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ABSTRACT

Genetics is fundamental to an understanding of differences

between individuals and between populations. Common minor

differences are found within what is generally accepted as the

normal range of variation, while relatively unusual but more major

differences may be appropriately considered under the heading of

pathology. Both major and minor differences occur in terms of

structure, function or susceptibility to disease. This submission

contains examples of such differences and their exploitation or

analysis, most of which fall within the general field of dentistry.

A number of observations of inherited dental abnormalities in

man and experimental animals are included. These indicate that

there can be compensatory interaction between neighbouring tooth

germs during development. Based on this interaction, a model to

account for differential evolutionary reduction of tooth size is

proposed. Studies of regional differentiation in the mouse vertebral

column are described, the vertebral column being a series of

homologous structures divided into morphological classes in the same

way as heterodont dentitions. The effects of a number of inherited

disorders of the axial skeleton indicate that vertebral class

boundaries in the mouse are established at a very early stage, even

before somite formation. The use of dental morphology for population

discrimination is discussed in relation to studies of the genetics of

dental morphological variation, and a population comparison in which

the discriminating power of dental morphology was tested against that

provided by known genetic variants.

Studies of inherited iron-deficiency anaemia in the mouse are

described. They show that the disorder is associated with thinner

lingual epithelium than normal and possibly with increased suscepti¬

bility to oral candidosis. Different strains of Candida produced

different levels of oral colonisation and infection in normal mice,

suggesting that susceptibility to candidosis may be related to

variation in the microorganism as well as the host. A human family
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study of Paget's disease of bone is reported. The results are

consistent with the hypothesis that Paget's disease is caused by a

common virus, with genetic variation for susceptibility to the

disease. Also in man, a comparison between carriers of X-linked

hypohidrotic ectodermal dysplasia (in whom manifestations of the

disease may be limited to minimal hypodontia) and females with

hypodontia for other reasons indicates that carriers may be

distinguished from among female hypodontia cases in general by means

of a reduced sweat pore count.

In the past, various genetic principles have been misapplied in

dentistry. Two critiques of such misapplications are included,

together with contributions to a review of current dental research,

undergraduate and postgraduate dental texts, and a major new medical

genetics text.
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SINGLE GENE EFFECTS
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Analysis of the effects of single mutant genes can give insight

into the control of normal development. For example, studies of

the mouse mutants 'tabby', 'crinkled', 'downless' and 'sleek' (the

latter two of which have recently been shown to be allelic), the

mouse mutant 'crooked' and a strain of rice rat, provide evidence

for interaction between tooth germs during development and point to

factors that may contribute to the initiation of tooth germs.

Dental abnormalities in the hypophosphataemic mouse appear to be

equivalent to those in the corresponding human condition, suggesting

that this mutant may be a useful model for studying the origin and

treatment of the dental manifestations of this disease.
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Aspects of the tabby—crinkled—downless syndrome
I. The development ol tabby teeth

By J. A. SOFAER1
The Institute of Animal Genetics, West Mains Road, Edinburgh

The sex-linked gene tabby, Ta (Falconer, 1953), and two autosomal mimics of
tabby, crinkled (cr, linkage group XIV) (Falconer, Fraser & King, 1951;
King, 1956) and downless (dl, linkage group IV) (Mouse News Letter, 1960,
1966) each produce a similar mutant syndrome involving the coat and denti¬
tion of the mouse. Studies on the coats of tabby and crinkled mice point to a
timed gene effect causing suppression of formation of new hair follicles between
124 and 17 days of gestation and again from birth onwards, with a reduction in
the rate ofgrowth of the follicles that do form (Falconer et al. 1951). Associated
with this is a reduction in hair calibre and a lack of differentiation of the coat

into hair types (Griineberg, 1966b). A model to explain the timed action of the
tabby gene has been proposed by Dun (1959).
The teeth of tabby and crinkled mice have been described in detail by Griine-

berg (1965, 1966a), and a comparative study of the effects of two alleles of
tabby, Ta and TcT, crinkled and downless, has been made by Sofaer (1969). In all
mutant homozygotes and tabby hemizygotes incisors may be reduced or absent.
The first and second molars are generally reduced and their morphology is
characteristic. Third molars are often absent. The dentitions of heterozygotes
for each of the genes may contain normal teeth, frankly mutant teeth, and teeth
combining characteristics of both the normal and mutant phenotypes. All three
types of tooth may be present in the same animal. A further feature of the hetero-
zygote dentition is the rare occurrence of an additional molar tooth. Griineberg
(1966 a) has called this phenomenon' twinning' and has described three categories:
(i) Overt twinning, where there are four molars in a row instead of the usual

three. The normal first molar is represented by two twin teeth, the anterior of
which tends to be the smaller.

(ii) Concealed twinning, which is similar to overt twinning except that the
third molar is absent. There are therefore, only three teeth in the row, as in the
normal mouse, but the first two can usually be diagnosed as twins with reasonable
certainty on the basis of the appearance of twins in the overt cases.
(iii) Incomplete twinning, which is recognized by the presence of additional
1 Author's address: National Institute of Dental Research, National Institutes of Health,

Bethesda, Maryland 20014, U.S.A.
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cusps and roots, and by anteroposterior elongation and pinching in of the sides
of the first molar crown. In one case described the twins had separate crowns,
but there was a single root that was common to both.
Griineberg (1966a) suspected that twinning may also take place in homo-

zygotes and tabby hemizygotes. Examples of twinning in homozygotes and
hemizygotes, including incisor twinning, have been found both in the embryo-
logical material which will be described presently, and amongst the adult
dentitions examined by Sofaer (1969).
The present investigation is concerned with the development of tabby (7a)

teeth only, with particular reference to the phenomenon of twinning. There is no
reason to suppose that the development of the teeth of 7a'', crinkled, or downless
mice is fundamentally any different, so conclusions drawn here could be applied
with equal confidence to all the genes. An attempt has been made to explain
dental aspects of the syndrome in the light of what is known of the development
of the coat so that both tooth and hair defects can be considered in terms of the

principle of 'unity of gene action' (Gruneberg, 1943a).

MATERIALS AND METHODS

The A strain background has been found to favour the expression of incisor
abnormality in tabby hemizygotes (Gruneberg, 1965), as well as the expression
of molar abnormalities in heterozygotes (Sofaer, 1969). Material for sectioning
was accordingly obtained as follows. A strain males mated to A strain females
provided a control group of litters. A strain males mated to homozygous tabby
females provided litters of mixed heterozygotes and tabby hemizygotes. The
majority of homozygous tabby mothers were from stock, but a few were the
result of one or two crosses to the A strain. It was originally intended to use
these latter animals exclusively, but poor fertility made this impossible. The
majority of litters examined were therefore heterozygous for the A strain back¬
ground, but a few were nearly homozygous. There were no obvious differences
between these two types of litter.
Animals were caged one male to a maximum of three females. No suckling

females were used. Matings were examined for births and females were examined
for vaginal plugs between 9 and 10 a.m. Material was collected between 10 a.m.
and midday. The day on which a plug was found was regarded as day zero.
Litters were collected at 2-dav intervals from day 13 to day 29. Eight post¬
partum litters were used for which plug dates were not known. Birth was then
taken as the criterion of age and was taken to have occurred at 20 days. (Of the
25 post-partum litters collected for which plug dates were known, one was born
on day 18, twelve on day 19, eleven on day 20, and one on day 21). The ages of
litters collected before birth were checked by examination of the external
features of the embryos (Gruneberg, 19436). All animals of the A strain litters,
but heterozygotes only of the mixed litters, were checked in this way.
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Tabby hemizygotes and heterozygotes of 13-day litters were separated on the

basis of presence or absence of the postorbital tubercles. These are the first
signs of the developing postorbital vibrissae which are very nearly always absent
in hemizygotes and present in heterozygotes. There was no difficulty in separa¬
ting the two types at this stage. For classification of older individuals additional
criteria were adopted: the degree of eruption of body hairs; the number of
supraorbital vibrissae; and in post-partum litters, the sex of the individual.
Although a postorbital fibre is rarely present in tabby hemizygotes at birth,
Dun (1959) found that at 5 days after birth there is invariably a small, slow
growing, atypical fibre at this site. Such fibres are lost in the hair of the fully
grown coat. Fibres of this type were found in the present material but were
easily distinguishable from those of heterozygotes. The additional use of the
other criteria at this stage made the possibility of misclassification very remote.

Table 1. The numbers of animals of each genotype sectioned at each stage,
followed in parentheses by the numbers of Utters from which they were taken

Stage A strain

Genotype

Ta+ To

13 days 5 (3) 5(2) 5 (2)
15 days 5(3) 5 (4) 5 (3)
17 days 5 (3) 9 (3) 5 (3)
19 days 5 (2) 7(3) 5 (3)
21 days 5 (3) 9 (3) 5 (3)
23 days 2(2) 5 (3) 4 (2)
25 davs 2 (1) 2 (1) 5 (3)
27 days 3 (1) 5 (3) 4 (2)
29 days 0 5 (2) 5 (2)

All individuals were classified prior to fixation after examination under a
dissecting microscope. The 13-and 15-day embryos were fixed whole. Seventeen-
day embryos were decapitated and the heads oniy were fixed. The classification
of these embryos was checked again after fixation and prior to further proces¬

sing. Individuals of 19 days and older were decapitated and the heads were
skinned before fixation. Classification of these animals could therefore not be
checked subsequently. There were very few cases where classification was in
doubt. These were mainly instances where a postorbital fibre was present on one
side but not on the other. Animals of this type were rejected. Examination of the
prepared material, in the light of what is known to occur in adult animals,
provided no evidence to suggest that any misclassification had been made.
All litters were fixed in Bouin's fluid. Litters of 19 days and older were de¬

calcified in 5 % nitric acid. All material was embedded in paraffin wax, serially
sectioned at 10 p in the sagittal plane, and stained with haematoxylin and eosin.
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A total of 127 animals from sixty-five litters were prepared and examined. The
numbers of each genotype sectioned at each stage are shown in Table 1.

RESULTS

These will be considered in four sections: incisors, lower first and second
molars, upper first and second molars, and third molars. The findings in the
control group were comparable with those of previous workers (Gaunt, 1955,
1956, 1961; Cohn, 1957; Hinrichsen, 1959; Hay, 1961).

1. Incisors

Heterozygotes showed no differences from the controls and are therefore not
considered here.
At 13 days there was no definite difference between the tooth rudiments of

Ta and control animals except that, on average, the Ta rudiments were probably
a little smaller. At 15 days a definite difference was apparent. The Ta tooth
germs were obviously smaller than the controls and were barely invaginated.
(Fig. 1, compare A and B).

EXPLANATION OF FIGURES

LL labial lamina D dentine
DL dental lamina PA pre-ameloblasts
IE internal enamel epithelium E enamel
EE external enamel epithelium 5 supernumerary tooth germ
O odontoblasts

Unless otherwise stated the left of each illustration is anterior and the right is posterior.

Figure 1.

A. Control lower incisor at 15 days. The tooth germ is in the early bell stage with
early differentiation of the internal and external enamel epithelia.
B. Tabby hemizygote lower incisor at 15 days. The downgrowth of labial lamina is
comparable with the control, but almost no invagination of the tooth germ has
taken place.
C. Control lower incisor at 19 days. Dentine formation has started and the pre-
ameloblasts are well differentiated.

D. Tabby hemizygote lower incisor at 19 days. An example of a more or less well
differentiated tooth germ of abnormal size and shape.
E. Tabby hemizygote lower incisor at 19 days. A poorly differentiated example
with degenerating internal enamel epithelium and abnormal odontoblasts.
F. Tabby hemizygote lower incisor region at 19 days, showing an undifferentiated
lower incisor rudiment (indicated by the arrow).
G. Tabby hemizygote lower incisor at 27 days. A poorly differentiated example
which has grown and maintained its structure.
H. Tabby hemizygote lower incisor region at 27 days, showing retained remnants
of degenerating dental epithelium (indicated by the arrow).
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There was a striking difference in intensity of abnormality between upper and

lower jaws. This is consistent with what has been found in fullyformed dentitions.
All the upper incisor germs looked as if they would have formed teeth. By
contrast there was a wide range of expression in the lowers varying from near
normality to degeneration. From 19 days three distinct categories of abnormal
lower incisor germ were discernible:
(i) More or less well differentiated though variable in size and shape (Fig. 1 D,

compare with control C).
(ii) Poorly differentiated (Fig. 1 E), in which the internal enamel epithelium

showed signs of degeneration and where the odontoblasts were abnormal. No
enamel but some dentine was formed. Such partially differentiated germs
increased in size up to the latest stage examined (Fig. 1 G).
(iii) Undifferentiated (Fig. IF), in which the dental epithelium showed no

sign of morphodifferentiation or further histodifferentiation and appeared to be
undergoing degeneration. Epithelial remnants were retained up to the latest
stage examined (Fig. 1H).
Table 2 shows the relative frequencies of these categories of abnormal lower

incisor germ at different stages.
In the upper jaw the relatively small size of the Ta germs was maintained at

all stages and was associated with delayed histodifferentiation (compare Figs.
2A and B).
It can therefore be concluded that, in Ta animals, growth and histodifferentia¬

tion of developing incisor germs may be retarded; that in more severely affected
cases, found only in the lower jaw, the internal enamel epithelium is the first
tissue to suffer degeneration; and that in the most severely affected cases there is

Figure 2

A. Control upper incisor at 17 days.
B. Tabby hemizygote upper incisor at 17 days. The bell is smaller and histo-
ditferentiation much less advanced than in the control.

C. Control lower first and second molar germs at 17 days.
D. Control lower first molar germ at 17 days, sectioned lingually to show the
normal anterior extension of dental lamina (indicated by the arrow).
E. Tabby heterozygote at 17 days with the first molar sectioned lingually. There is a
large bud of dental lamina anteriorly (indicated by the arrow).
F. The same example as in E, sectioned further buccallv to show the maximum
diameter of mt and rrr>, which are smaller than in the control.
G. Tabby hemizygote at 17 days with the first molar germ sectioned lingually.
There is an anterior bud of dental lamina showing some invagination (indicated by
the arrow).

H. The same example as in G, sectioned further buccally to show the maximum
diameter of mx and m2, which are smaller than in the heterozygote shown in F, and
much smaller than in the control.
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Table 2. The numbers of Ta lower incisor germs in three categories of
abnormality observed at different stages

Category

Well
differentiated.
Variable size Poorly Undiffer¬

Stage and shape differentiated entiated

19 days 5 1 4
21 days 0 0 10
23 days 2 1 5
25 days 5 2 3
27 days 3 1 4

Total 15 5 26

a complete lack of differentiation and epithelial growth very nearly, if not
completely, ceases.

2. Lower first and second molars
Both the heterozygote and hemizygote groups showed differences from the

controls and are therefore both considered here.
At 13 days there were no detectable differences between the tooth rudiments

of Ta, Ta+ and control animals. At 15 days differences became apparent. At
this and subsequent stages Ta tooth germs were generally smaller than the
controls and more bulbous in shape. Small size was sometimes associated with

Figure 3

A. Control lower first molar at 19 days.
B. The same example as in A, sectioned further buecally and further posteriorly to
show the maximum diameter of m.,.

C. Control lower first molar at 19 days sectioned lingually to show the normal
anterior extension of dental lamina at this stage (indicated by the arrow).
D. Tabby heterozygote at 19 days with mj sectioned lingually. There is a small
supernumerary germ anteriorly with its own laminal connexions.
E. The same example as in D, sectioned further buccally and further posteriorly to
show the maximum diameter of mx and m.2, which are smaller and less well differen¬
tiated than in the control.

F. The same animal as shown in D and E, but the opposite side. There is considerable
epithelial downgrowth anteriorly (indicated by the arrow). Comparison with the
opposite side suggests that this was an unsuccessful attempt to form a supernumerary
tooth germ.

G. Tabby hemizygote at 19 days, showing the maximum diameter of an anterior
supernumerary germ. The first molar is sectioned rather lingually.
H. The same example as in G. sectioned further buccally and further posteriorly to
show the maximum diameter of mt and m2.
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delayed histodilferentiation. Similar but less severe abnormalities were present
in some heterozygotes. Examples of interaction between developing first and
second molars were observed. Poor development of mx was sometimes associa¬
ted with an enlarged m.> in which differentiation was sometimes more advanced
than in the control m.,. However, m2 never appeared to be as advanced as m^ At
no stage was there any evidence of division of the first molar germ into two in
either Ta+ or Ta animals.
A feature of the control animals was a small extension of the dental lamina

anteriorly from the point of origin of the first molar germ, and somewhat
lingually (Figs. 2 D; 3 C). Tn a few Ta + and Ta animals there was proliferation
of this extension of lamina to form an epithelial downgrowth anterior to the
developing mx (Figs. 2E, G). In some of these cases a supernumerary tooth
germ was formed (Fig. 3 D, G) and in others the epithelial downgrowth appeared
to regress (Fig. 3F; Fig. 4 A, C). There was evidence of interaction between this
epithelial downgrowth and the developing mx and m.,, whether or not a super¬
numerary germ was formed. The presence of a potential or developing super¬
numerary germ was associated with a small mx and a small m2 (Fig. 2, compare
F, H with control, C; Fig. 3, compare E, H with control, A, B). Cases of
degenerating epithelial downgrowths showed signs of the same interaction
though to a lesser extent (compare Fig. 4A, B with Fig. 3G, H, and control,
A, B).
Whether the most anterior germ was a first molar or a supernumerary was

decided after comparison of all the molar tooth germs on that side (e.g. Fig. 3 D.
E; Fig. 4D, E); of the affected side with the opposite side, which was generally

Figure 4

A. Tabby hemizygote at 19 days, showing an anterior downgrowth of dental lamina
which suggests an unsuccessful attempt to form a supernumerary tooth germ.

B. The same example as in A, sectioned further buccally and further posteriorly to
show the maximum diameter of m, and m.,.

C. Tabby heterozygote at 21 days with the first molar sectioned lingually . There is a

degenerating downgrowth of dental lamina anteriorly (indicated by the arrow).
D. Tabby hemizygote at 23 days, showing the laminal connexions of an anterior
supernumerary with mj sectioned lingually. Dentine formation in these two teeth is
about equally advanced.
E. The same example as in D, sectioned further buccally and further posteriorly to
show the maximum diameter of m.,, which is much smaller and less advanced than the
rru of the opposite side (see F), and possibly would not have progressed to form a
tooth.

F. The same animal as in D and E, but the opposite side showing irq and a small m2.
There was no sign of an attempt to form a supernumerary tooth germ anteriorly.
G. Tabby hemizygote at 25 days, showing the maximum diameter of mt and m.,.
Enamel formation in mt is much further advanced than in m.>, but mt is much
smaller than m.;.
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more normal (e.g. Fig. 3D with F; Fig. 4E with F); and of the affected animal
with others at the same stage (e.g. Fig. 3D, E with control. A, B).

Tt was considered that a supernumerary germ could never be larger or more
advanced than the mj it preceded, although after 19 days histodifferentiation in
these two teeth appeared to be about equally advanced (Fig. 3D, G; Fig. 4D).
Tt was also considered that rrq would always be in a more advanced state of
histodifferentiation than m2. However, rrq and m2 were sometimes observed to be
of almost equal size, and in one case the tooth taken to be mq on the basis of the
thickness of its enamel and dentine was considerably smaller than m., (Fig. 4G).

Table 3. The total numbers of Ta+ or Ta lower first molars examined at each
stage (N), the numbers of cases where there was proliferation of the anterior
lamina without supernumerary tooth germ formation (P), and the numbers of cases
where a supernumerary germ was found (5).

Stage

Ta+ Ta

N P S N P S

17 days 17 3 0 9 1 0
19 days 14 1 2 10 1 1
21 days 18 1 0 10 0 0
23 days 10 0 0 8 0 1
25 days 4 0 1 10 0 0

Total 63 5 3 47 2 2

Table 3 shows the total numbers of developing Ta+ and Ta first molars
examined at different stages, the numbers of cases where proliferation of the
anterior lamina without supernumerary tooth germ formation was observed,
and the numbers of cases where a supernumerary germ had become established.

Figure 5

A. Control upper first molar germ at 15 days, showing the maximum concavity of
the bell.

B. The same example as in A, sectioned further buccally to show the maximum
height of the buccal margin of the bell (indicated by the arrow).
C. Tabby heterozygote at 15 days, showing the maximum heights of the buccal
margins of two bells (indicated by the arrows).
D. Control upper first and second molar germs at 19 days.
E. Tabby heterozygote at 19 days, showing an anterior supernumerary with m1 and
m2. The total anteroposterior length of these three germs is similar to that of the
normal m1 and m2 in D.

F. Tabby heterozygote at 23 days, showing an anterior supernumerary with ml, m2,
and the rudiment of m3.
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3. Upper first and second molars
Abnormalities of the upper molars were less striking than those of the lowers.

Just as in the lowers, there was no evidence of division of a first molar germ into
two. However, only one example of what appeared to be early supernumerary
development was found (Fig. 5; compare C with control, A, B). Amongst
individuals of the more advanced stages there were two examples of established
supernumerary teeth (Fig. 5E, compare with control, D; Fig. 5F). These three
cases were all in the Ta+ group. No upper supernumeraries were observed in
the Tci group.
The 'rampart' of the tabby upper second molar (Griineberg, 1965) has been

regarded as a reaction to the small size of m1. Figure 6 A, B shows the difference
in size between normal and tabby upper first molars at 17 days. The rampart
starts as an anterior outgrowth which is first noticeable at 19 days (Fig. 6D;
compare with control. Fig. 6C), and which subsequently becomes bent occlu-
sally as it increases in size and as the space between m1 and rrF closes (Fig. 6F,
H; compare with control, E, G). The attempt at compensation therefore appears
to be at least partially frustrated by lack of space.

4. Third molars

A difference between rudiments which were presumed to be destined for
regression and those which looked as if they would form teeth started to be
detectable at 25 days and was definite at 27 days. The rudiments which were
destined for regression did not invaginate to form bells. No cases of regression
were found in the controls, though absence of lower third molars does occur in
the A strain at a low frequency. No bell was formed by any of the Ta m3 rudi¬
ments at 27 and 29 days. About half the Ta m3 rudiments had formed bells at
these stages. Most of the Ta+ m3 and all of the Ta+ m3 rudiments had formed

Figure 6

A. Control upper first molar at 17 days.
B. Tabby hemizygote upper first molar at 17 days.
C. Control upper second molar at 19 days.
D. Tabby hemizygote upper second molar at 19 days, showing the first sign of the
developing rampart (indicated by the arrow).
E. Control upper second molar at 21 days.
F. Tabby hemizygote upper second molar at 21 days, showing further development
of the rampart (indicated by the arrow). Histodifferentiation appears to be a little
more advanced than in the control.

G. Control upper second molar at 23 days.
H. Tabby hemizygote upper second molar at 23 days, showing further development
of the rampart (indicated by the arrow). Histodifferentiation is more advanced than
in the control.

13-2
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Figure 7

Lower third molars

A. Control rudiment at 25 days.
B. Tabby hemizygote rudiment at 25 days.
C. Control at 27 days.
D. Tabby hemizygote at 27 days.
E. Tabby heterozygote at 29 days.
F. Tabby hemizygote at 29 days.

Upper third molars
G. Control rudiment at 25 days.
H. Tabby hemizygote rudiment at 25 days.
I. Control at 27 days.
J. Tabby hemizygote at 27 days.
K. Tabby heterozygote at 29 days.
L. Tabby hemizygote at 29 days.
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bells at these stages (Fig. 7). These findings are comparable with those of Grewal
(1962), who demonstrated a similar embryological basis for the absence of third
molars in CBA and crooked tail mice.

DISCUSSION

1. General observations

In tabby hemizygotes the general effect on the developing tooth germs
appeared to be one of reduced rate of growth and delayed histodifferentiation.
The effect on the lower incisors was the most severe. Sometimes no tooth at all

First Follicle Second
suDDression Dhase formation ' suDDression ohase

Fig. 8. The relationship of the developmental sequence of the lower teeth to the
phases of hair-follicle formation and suppression. The arrows represent the time
taken for the course of development of each tooth from the appearance of a definitive
epithelial bud to the first appearance of calcified dentine, observations being made
every 2 days from day 13. No example of a supernumerary tooth was found at the
21-day stage. The point of the S (supernumerary) arrow has been arrived at by inter¬
polation from 19- and 23-day examples. 1 = incisor.

was formed, and sometimes there was an intermediate condition where some

dentine but no enamel was formed. In the case of the molars there was no evi¬
dence to suggest that enamel formation is ever prevented or that a first molar is
ever completely suppressed. It did seem likely that complete suppression could
be the rare fate of some lower second molar germs (Fig. 4E). Regression of third
molar germs was a frequent occurrence. Similar but less severe effects were
observed in the molars of some heterozygotes.
'Overt twinning' in the lower jaw was found to be produced by the de novo

development of a supernumerary tooth from an overgrowth of a normal
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anterior extension of dental lamina. Direct evidence for this in the upper jaw was
limited, though observations here were not inconsistent with the lower jaw find¬
ings. There was no evidence of division into two of any first molar germ, either
upper or lower, at any stage. As the failure of third molar rudiments to form bells
was observed many times it is reasonable to assume that' concealed twinning' does
occur. Examples of developing supernumerary teeth were found in both upper
and lower jaws of heterozygotes, but in the lower jaw only of hemizygotes.
The picture formed is therefore one of a generalized partial suppression of

growth and differentiation of dental epithelium with occasional localized points
of abnormal overgrowth. The greatest variation was found in the lower molars.
These will now be considered in more detail in the light of what is known of the
development of the coat, and what has been observed in the fully formed denti¬
tion. A diagrammatic representation of the developmental sequence of relation¬
ships of the teeth of the lower jaw and the phases of hair follicle suppression is
shown in Fig. 8.
The first period of hair follicle suppression, from 12+ to 17 days, is just that

during which the first molar develops from a small bud of epithelium to an

early stage ofmorphodifferentiation and histodifferentiation. At 17 days, the end
of this suppression phase and the beginning of the phase of follicle formation,
definite signs of overgrowth of the anterior extension of dental lamina were ob¬
served (Fig. 2E, G). At 19 days, towards the end of the follicle formation phase,
the overgrowth had. in some instances, developed into a tooth germ in which
histodifferentiation was almost as advanced, if not equally advanced, as in the first
molar posterior to it (Fig. 3D, G). Subsequently, the various stages of histo¬
differentiation appeared to proceed together in the supernumerary and first molar
germs.

2. Stabilization of length of the tooth row

The interpretation offered for these observations is based on the premise that
there is a tendency for the length of the tooth row to be stabilized. Because of its
retarded growth the first molar fails to occupy all the space allotted to it. As a

consequence there is overgrowth of the dental lamina to form an additional
tooth germ to take up the vacant space.

Perhaps it would be better to say that, at least during the developmental
phase, the dental lamina is under a growth pressure which is inhibited when
normally developing tooth germs have become established. Poor growth of
developing germs would then result in a lesser degree of laminal inhibition which,
if below a critical level, would allow the lamina to proliferate further. Such an

explanation is consistent with the hypothesis that developing organs specifically
inhibit like differentiation of the surrounding tissues (Rose, 1952, 1957).
Evidence in support of this hypothesis has been provided by Saetren (1956) and
by Clarke & McCallion (1959a, b).
The formation of a supernumerary tooth at the anterior end of the molar

row can therefore be regarded as a positive reaction to the small size of the
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developing tooth row, tending to restore it to its normal length. There is good
evidence that in the reverse situation a negative response can also occur, namely
the reduction in size and eventual complete suppression of the third molar with
increasing size of the first two (Grtineberg, 1951; Grewal, 1962; Van Valen,
1962). Van Valen (1962) also cites evidence in favour of the existence of such
size interactions in a number of different developing systems.
The first obvious signs of laminal overgrowth were observed at 17 days—the

end of the suppression phase and the beginning of the follicle formation phase.
During the follicle formation phase rapid development of the supernumerary

germ occurred. It is difficult to avoid the conclusion that this reaction was a
response to relaxation of suppression. Such relaxation would no doubt affect
the first molar as well as the dental lamina, and this could explain why epithelial
downgrowths which failed to produce supernumerary germs were found. A
sudden increase in size of the first molar germ could presumably prevent a
downgrowth from developing further. However, there must be some difference
in sensitivity to the suppressive influence between the laminal cells and those of
the first molar germ. If there were not, no supernumerary downgrowths would
develop. It is suggested that this difference in sensitivity is associated with the
degree of differentiation of the two groups of cells, the less well differentiated
cells of the dental lamina being more ready to react by proliferation as relaxa¬
tion of suppression becomes more complete. The fact that the differentiating
internal enamel epithelium is the first tissue to suffer degeneration as abnor¬
mality of the lower incisors increases, is evidence in favour of such a differential
sensitivity.
The second molars, also in a less differentiated state than the first, would

similarly be likely to react more readily to a relaxation of suppression. This
would then be the basis of the general size interaction observed between first and
second molars, especially noticeable in cases where no supernumerary was
present. More specifically, it would explain the origin of the rampart of m2. The
existence of these size relationships in the fully formed dentition was recognized
by Grtineberg, (1965).
If this interpretation of the observations is correct, then it is basically the size

of the developing first molar at and before 17 days which controls the ultimate
form of the whole molar row. The final size of the first molar is not a good
indication of its status at 17 days, as recovery or further suppression could take
place after 17 days and before its final form is decided by the onset of hard
tissue formation. A slight difference in size between left and right first molars at
17 days could result in the successful formation of a supernumerary tooth germ
on one side but the suppression of a potential counterpart on the other. Thus
small differences in local conditions at a critical stage of development could be
responsible for formidable asymmetry in the adult dentition.
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3. Incomplete twinning
'Overt twinning" and 'concealed twinning' have already been discussed but

no explanation has so far been given for 'incomplete twinning'. IT the extra
teeth found in the first two cases arise independently, then in the third the rare
composite teeth observed must be the consequence of fusion rather than of
incomplete fission. Hitchin & Morris (1966) showed that fusion of the developing
incisors of the dog, or connation as they called it, is related to the persistence of
dental lamina between two adjacent incisor germs. Rapid growth of adjacent
germs was thought to cause the external enamel epithelium to be stripped off the
persisting interdental lamina. As a result, the stellate reticulum of the two germs
becomes confluent, their internal enamel epithelia come into contact, and
fusion takes place. In addition to connation of two incisors of the normal
series there were examples of connation of a first incisor with a supernumerary
tooth. Figure 9A shows a case already illustrated in a different section (Fig. 5 E).
The external enamel epithelium between the supernumerary and first molar has
just become separated from the underlying dental lamina. This illustration is
comparable with one of those of Hitchin & Morris, though in their case separa¬
tion was more extreme.

It seems probable that separation of the external enamel epithelium from
persisting interdental lamina would not only be a function of rapid growth of
adjacent tooth germs, but also of their proximity. The more tightly squeezed
together the developing germs the greater the likelihood of epithelial stripping.
Fusion would then be more likely to occur in the presence of a supernumerary
tooth, as a greater than normal number of germs are then growing and competing
for room in a restricted space.
In trials made prior to the main investigation some of the material was

sectioned transversely. Figure 9B-D are of a tabby hemizygote at 21 days.

Figure 9

A. Tabby heterozygote at 19 days (the same example as in Fig. 5E, in a different
section). The external enamel epithelium between the supernumerary and first molar
germs is becoming separated from the underlying lamina (indicated by the arrow).
B. Tabby hemizygote at 21 days. Transverse section through the upper right incisor
region. There are two germs with their internal enamel epithelia in intimate contact.
C. The left side of the same animal as in B, showing a single incisor germ.
D. The same example and the same side as in B, but further posteriorly to show a
connexion between the pulp cavities of the two germs.

E. A fully formed composite upper right incisor from a tabby homozygote at
4 weeks of age.
F. Complete separation between a supernumerary and an upper right incisor in a
tabby hemizygote, viewed from the buccal surfaces.
G. Lingual view of a composite lower right first molar from a downless homozygote.
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Anteriorly on the left of the upper jaw there was a single normal incisor germ
(Fig. 9C). Anteriorly on the right there were two incisor germs with their
internal enamel epithelia in intimate contact (Fig. 9B). Further posteriorly on
the right there was a connexion between the future pulp cavities of the two germs
(Fig. 9D). The anterior end of a developing incisor is the first to form, whereas
the posterior end is the youngest region where proliferation continues throughout
life. The case just described must therefore have started out as two separate
germs which fused subsequently. An example of a fully formed upper incisor of
this sort is shown in Fig. 9E. ft can be appreciated that once such a tooth has
been subjected to wear the nature of its origin would be obscured. Figure 9F
shows a case where separation between supernumerary and normal incisor has
been maintained.
A similar argument can be used to explain the origin of composite molars with

separate crowns and common roots. The crown develops before the root, so if
the crowns are separate and the root common there must originally have been
two germs which fused after formation of the crowns was complete. Such a case
is illustrated in Fig. 9G.
Further evidence for the origin of fusion being associated with restriction of

space comes from the study of artificially induced malformations. Knudsen
(1965a, b, 1966 a, b) made a detailed study of the dental malformations associ¬
ated with exencephaly induced in mice by teratogenic agents. There were various
degrees of fusion of the two incisors within each jaw, and also intermediate
cases where the future pulp cavities of the two germs were separate but their
stellate reticulum was confluent. Upper incisor fusion was very much more
common than lower incisor fusion. Ritter (1963) induced lower incisor
fusion, and fusion of the lower molars of one side with those of the other,
by A'-radiation. These mandibular fusions were associated with mandibular
micrognathy. Knudsen (1966a) reported on the molar malformations of
exencephalic embryos. There were amazing cases of fusion of upper molar
germs with lower molar germs on the same side. All these cases of
fusion appear to have been associated with a reduction in the amount of
connective tissue which normally separates the individual developing tooth
germs.
The occurrence of fused and supernumerary molars in a less well known

laboratory rodent, the rice rat, has been described briefly by Griffiths & Shaw
(1961), and by Shaw, Griffiths & Osterholtz (1963). Tt may well be that the basis
for these anomalies is similar to that discussed here for the tabby mouse.

SUMMARY

1. The development of the teeth of the tabby mouse has been studied and an

attempt has been made to explain aspects of the dental abnormalities in terms of
a single primary effect of the mutant gene, a partial suppression of the growth
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and differentiation of dental epithelium. Such an explanation is consistent with
the retarded growth and lack of differentiation of the coat.

2. It has been postulated that the level of this suppression varies in intensity at
different stages of development in parallel with the observed effects on the
developing hair follicles, and that the final outcome is dependent on an inter¬
play of the suppressive influence and interaction between the developing teeth.

3. 'Twinning' of the lower molars was found to be due to the de novo
development of a supernumerary tooth from a normal anterior extension of the
dental lamina. Evidence for this in the upper molars was not complete, although
observations here were not inconsistent with the lower jaw findings. There was
no evidence of division of a first molar germ into two at any stage.

4. It seems most likely that the rare composite teeth observed in cases of
'incomplete twinning' are produced by fusion of the supernumerary with the
adjacent germ of the normal series. Direct evidence for this was found in the
upper incisors, and indirect evidence was found in upper and lower molars.
Supporting evidence from other sources has been cited.

RESUME

Aspects du syndrome 'tabby—crinkled-downless\
I. Le developpement des dents ' tabby'

1. Le developpement des dents de souris " tabby' (tigre) a ete etudie et on a
tente d'expliquer divers aspects des anomalies dentaires en termes d'un effet
primaire unique du gene mutant, a savoir une suppression partielle de la crois-
sance et de la differenciation de l'epithelium dentaire. Une telle explication
s'accorde avec le retard de croissance et l'absence de differenciation du pelage.

2. On a postule que le niveau de cette suppression varie en intensite a
differents stades du developpement, parallelement aux effets observes sur les
follicules pileux en cours de developpement, et que le resultat final depend
d'une reaction reciproque de l'influence suppressive et de l'interaction entre les
dents en cours de developpement.

3. On a trouve que la duplication des molaires inferieures etait due au
developpement 'de novo' d'une dent surnumeraire a partir d'une expansion
anterieure normale de la lame dentaire. La realite de ce phenomene pour les
molaires superieures n'est pas evidente, quoique les observations faites ici ne
soient pas en contradiction avec les resultats obtenus pour la machoire inferieure.
II n'est pas evident qu'un germe molaire primaire se soit divise en deux a un
stade quelconque.

4. II parait tres vraisemblable que les rares dents composites observees dans
les cas de duplication incomplete soient produites par fusion du germe surnu¬
meraire avec le germe adjacent de la serie normale. Une preuve directe de ceci
a ete trouvee pour les incisives superieures, et une preuve indirecte I'a ete pour
les molaires superieures et inferieures. On a cite les preuves a 1'appui pour
d'autres origines.
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Aspects of the tabby-crinkled-downless syndrome
II. Observations on the reaction to changesC7

of genetic background

By J. A. SOFAER1
The Institute of Animal Genetics, West Mains Road, Edinburgh

Two alleles of the sex-linked gene tabby, Ta and Tcf, and two autosomal
mimics of tabby, crinkled, cr, and downless, dl, each produce a similar mutant
syndrome involving the coat and dentition of the mouse. Certain aspects of the
development of the mutant defects have already been studied, and some com¬
parisons between tabby and crinkled have been made. The present investigation
is concerned with a comparison of all four genes, and with further analysis of
the developmental basis for the dental abnormalities.
As the expression of a mutant gene can be modified considerably by genetic

background, critical comparison between genes with similar effects requires a
common genetic environment. The four genes under consideration here were
crossed twice from their stock backgrounds to two standard inbred strains.
Conclusions were then drawn from the reactions of characters scored to back¬

ground change, rather than from the absolute level of expression in any one
background. Comparative information about the genes was derived from a
consideration of the relative reaction of each character between genes, and
inferences as to the developmental basis for some of the dental abnormalities
were drawn from the relative reactions of different characters over all genes. In
addition, a combination of within and between gene comparisons gave some
indication of the level at which background modification was operating. Also,
the wide range of expression of the syndrome produced by the four genes in
different genetic backgrounds was itself useful in the developmental analysis.

MATERIAL AND METHOD

The superficial features of all mutant homozygotes and tabby hemizygotes
include: abnormal texture of the coat, a reduced complement of facial vibrissae.
a bald patch behind each ear, and, with the exception of Ta'' homozygotes and
hemizygotes, a more or less bald tail which is sometimes kinked towards the tip.
The tails of Tac homozygotes and hemizygotes are generally covered with hair

1 Author's address: National Institute of Dental Research, National Institutes of Health,
Bethesda. Maryland 20014. U.S.A.
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and are rarely kinked. However, Tac tail hairs are not entirely normal and are
more sparsely distributed than in the normal mouse. All homozygotes and tabby
hemizygotes have characteristically reduced molars, and incisors and third
molars are sometimes absent.
Crinkled and downless heterozygotes are generally outwardly normal, though

there is sometimes a faint suggestion of the mutant phenotype. Tabby heterozy¬
gotes which are phenotypically agouti show varying intensities of transverse
striping and are therefore immediately recognizable. They also show other
definite signs of the mutant phenotype to a variable extent. The dentitions of all
the heterozygotes may contain normal teeth, frankly mutant teeth, and teeth
combining characteristics of both the normal and the mutant phenotypes. All
three types of tooth may be present in the same animal. A further feature of the
heterozygote dentition is the rare occurrence of an additional molar tooth.
Crinkled and both tabby alleles arose and have been maintained at the Insti¬

tute of Animal Genetics, Edinburgh. Downless animals were obtained from the
Radiobiological Research Unit, Harwell.

1. The genes
(i) Crinkled
The first crinkled mouse appeared in the progeny of a male treated with

nitrogen mustard (Auerbach & Falconer, 1949). The genetics of the crinkled
gene and the development of abnormalities produced by it were studied by
Falconer, Fraser & King (1951). Crinkled has been assigned to linkage
group XIV (King, 1956). The teeth of crinkled mice have been described by
Griineberg (1965, 1966).

(ii) Tabby
The original tabby allele, here called TaF, arose in a strain selected for large

size on a low plane of nutrition. The original tabby male was at first thought to
be a crinkled mouse, but the new mutation subsequently proved to be sex-
linked (Falconer, 1953). The structure of the tabby coat was indistinguishable
from that of crinkled and its development was presumed to be the same. The
teeth of tabby (TaF) mice have been described by Griineberg (1965, 1966), and
their development has been investigated by Sofaer (1969).

To1' arose in a line selected for body weight (Mouse News Letter, 1966b).
Ta'' resembles another tabby allele of independent origin. Ta> (Mouse News
Letter, 1963).

(iii) Downless
Downless first appeared as an independent autosomal mutation'resembling

crinkled. Crossing with a crinkled mouse showed that the new mutation was not
at the crinkled locus (Mouse News Letter, 1960). Downless has been assigned to
linkage group IV (Mouse News Letter, \966a).
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2. Genetic background
Isaacson (quoted by Griineberg, 1965) found that the incidence of incisor

abnormality in tabby mice was influenced by genetic background. Homozygous
tabby females from stock were crossed to a number of inbred strains and the
/q tabby males were examined. The two most extreme degrees of manifestation
were 85-5 % abnormal in the A strain Fu and 11-0% abnormal in the JU Fx.
Strains A and/Uwere consequently chosen as the backgrounds onwhich thegenes
were to be compared. Both these strains have been maintained by brother x sister
mating at the Institute ofAnimal Genetics, Edinburgh, for over forty generations.
The main body of the material examined was composed of five classes of

animals according to background genotype: the stock background; the back¬
grounds after one cross to JU (\JU), and after two crosses to JU(§ JU); and the
backgrounds after one cross to A A), and after two crosses to A (f A). All of
these animals were the progeny of heterozygous mothers and homozygous or

hemizygous fathers, and in each mating both parents had the same level of
background genotype.
Within each background class there were four subclasses, one for each of the

genes. Within each tabby subclass there were four groups according to geno¬
type—TaTa, Ta + , Ta, and -l the wild-type males of the two tabby stocks
being designated +(7aF) and + (Tar). Within each crinkled and downless
subclass there were two groups, one of homozygotes and one of heterozygotes,
in which the sexes were balanced as far as possible. An average of six matings
was made within each subclass, and in most cases material was drawn from
several litters of each mating. Unfortunately the two subclasses tabby (TaF)
JJU and downless § JU were not completed because of poor fertility. There were
two additional groups, one of A strain and one ofJU strain control animals. The
number of individuals in each group varied between 21 and 26, and in all about
1300 animals were examined.

3. Characters scored

(i) Vibrissa number
On each side of the face of the normal mouse there are two supraorbital, one

postorbital, and two postoral vibrissae. Beneath the chin is a single group of
three inter-ramals. The supraorbital, postorbital and postoral vibrissae of both
sides are called groups A, B, and C respectively, and the inter-ramals are called
group D.
A survey by Dun (1958) and additional data of Dun & Fraser (1959), together

comprising about 6000 mice from a variety of stocks, showed that variation in
vibrissa number is normally very limited. Most of the variability that was present
was restricted to group D, which occasionally had two rather than three vibrissae.
Group B was absolutely invariant. The variation of inter-ramal score was at first
thought to be due to sensitivity of this group to environmental fluctuation.

14 J E E M 22
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However, crossing inbred strains which differed in respect of their inter-ramal
score produced an intermediate Fx, and selection for high and low inter-ramal
score was effective in both directions (Dun, 1958). The variation was thus shown
to be genetic in nature.
Reduction in the number of secondary vibrissae in crinkled and tabby mice

was first noticed by Falconer et al. (1951) and Falconer (1953). Not only is the
total number reduced, but variability is increased (Fraser, Nay & Kindred,
1959), and this variation responds to selection (Dun & Fraser, 1959).
Groups A-D were all scored in the present study.

(ii) Tabby heterozygote striping
The intensity of tabby heterozygote striping has been shown to respond to

selection for vibrissa number (Dun, 1959). The degree of striping can therefore
be modified by genetic background. Animals were scored on a six-point scale
where zero was indistinguishable from wild-type and 5 was the maximum
intensity of striping.

(iii) The dentition
(a) The level and pattern of abnormality. Twenty-four characters within the

dentition were considered. The object of the scoring method was to obtain an
estimate of the mean level of abnormality of each character in each group of
animals. The method combined an assessment of both penetrance and expres¬
sivity. Table 1 lists the characters and shows the scores given to the different
degrees of expression of each one. No intermediate level of expression was
scored for characters, 8, 9, 17, 18, 22, 23 and 24. Both sides were considered
together, so that the maximum possible score was 4 per character per mouse. In
each group of animals the total observed score for each character was expressed
as a percentage of the total possible maximum. The effects of the mutant genes
on the dentition were therefore considered in terms of percentage abnormality.
A joint consideration of all the characters taken individually indicated the pat¬
tern as well as the level of abnormality.

(.b) The incidence of tower supernumerary teeth. The rare occurrence of addi¬
tional molar teeth in tabby and crinkled heterozygotes was recognized by
Griineberg (1966), who suspected that such additional teeth also occurred
in homozygotes and tabby hemizygotes. This has indeed been shown to be
the case (Sofaer, 1969). Because of the relatively low incidence of upper super¬
numerary teeth, only lower supernumeraries are considered here.
The diagnosis of lower supernumerary teeth in adult heterozygotes is usually

a relatively simple matter. Comparison of all the molar teeth on the affected
side, of the affected side with the opposite side, which is usually more normal,
and of the affected animal with other animals, leaves little room for doubt. Tn
homozygotes and hemizygotes diagnosis is a little more difficult. Extreme
reduction of all the lower molars is the general rule so that morphological criteria
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are of little use. In this study the sole criterion adopted for scoring supernumera¬
ries in homozygotes and hemizygotes was relative size of the first two standing
molars. If the first was smaller than the second it was regarded as a super¬
numerary. This, however, is not always the case. Sofaer (1969) reported an
instance where the tooth taken to be m, on the basis of its developmental state
was much smaller than m2. Nevertheless, this criterion was considered to be the
most appropriate one.

Table 1. The scoring of twenty-four characters within the dentition
Ra = rampart, Rt = number of roots, N — normal, R = reduced,

A = absent, P = present, L = enlarged.

Score

Character scored on each side 0 1 2

1 Upper incisor N R A
2 Lower incisor N R A
3 m1 B1 N R A
4 B3 N R A
5 1 —L 1 separation N R A
6 L 1-L2 separation N R A
7 Rt 3 1

8 m2 Ra P — A
9 B 1 N — L
10 B3 N R A
11 Rt 3 -> 1

12 mj L1 N R A
13 B 1 N R A
14 B2-L2 separation N R A
15 B3-L3 separation N R A
16 4 N R A
17 Rt 2 — 1

18 m., B1 P — A
19 B2-L2 separation N R A
20 B3-L3 separation N R A
21 4 N R A
->2 Rt 2 — 1

23 Upper third molar P — A

24 Lower third molar P — A

4. Procedure

Animals were collected at 4 weeks of age, by which time all the teeth are fully
formed, except that root length has not yet reached a maximum. Vibrissa
number and tabby heterozygote striping were scored immediately after sacrifice.
The animals were then decapitated and the heads skinned and prepared by the
method of Luther (1949). The dentitions were stored and examined subse-

14-2
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quently. The counting of the vibrissae and examination of the dentitions were
carried out under a dissecting microscope.
In some of the previous work the abnormal postorbital vibrissae, detectable

in tabby animals 5 days after birth, were scored (Dun, 1959). These fibres are
lost with the growth of the coat. As scoring in the present study was at 4 weeks of
age only vibrissae with detectable sinus hair follicles were recorded.

RESULTS

1. Vibrissa number

The two inbred strains used in the present study, A and JU, differed in respect
of both the C and D vibrissa groups. The effect of crosses between the two
strains on the scores at these two sites is shown in Fig. 1. In each parental

Mean score

Postoral vibrissae
2-8 3 0 3-2 3-4 3-6 3-1
i—i—i—i—i—i—i—i—i—r—i

Parental JO A
strains

F,

F2

BC-JU •

8C-A •

Inter-ramal vibrissae

M 2-2 24 2-6 2-8 3 0Mean score
( ,—, ,—, ,—,—,—,

Parental A JU
• •

strains

F, •

F2

BC-JU •

8C-A •

Fig. I. The effect of crosses between strains A and JU on postoral and inter-ramal
vibrissa scores.

strain there was a high score at one site and a low score at the other. High
score or low score is therefore not necessarily a property common to both
groups together. In group C high score appeared to be almost completely
dominant over low score, whereas in group D high score and low score had
about equal weight. These observations suggest that the two groups are to some
degree under separate genetic control. Other indications of the existence of
separate genetic systems influencing the different groups have been reported by
Fraser et aI (1959) and by Fraser & Kindred (1962).
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Figs. 2-5. The reaction of vibrissa number to background change.
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The variation of vibrissa number in mutant animals with changes in genetic
background is presented diagrammatically in Figs. 2-5, first for total vibrissa
number, then for each group separately. Each point represents the mean
vibrissa score for that group of animals. The mean levels of the A and JU pure
strain groups are shown as heavy horizontal lines. Throughout, crinkled and
downless are compared with the two tabby alleles.
Both crinkled and downless behaved as more or less complete recessives.

Although there was variation, the heterozygote levels did not fall much below
those of the A and JU strains in any of the vibrissa groups. The greatest devia¬
tion from complete recessivity was shown in group D after two crosses to the
A strain. By contrast, both tabby alleles showed considerable variation in
dominance, both between vibrissa groups and as a reaction to background
change. Dominance was least in the supraorbital and postorbital groups. In
the postoral group heterozygotes were intermediate and relatively stable com¬

pared with their wild-type and mutant litter-mates. In the inter-ramal group
heterozygotes showed the widest variation, whereas their wild-type and mutant
litter-mates were relatively insensitive to background change. Dominance
differences between the different vibrissa groups have been previously reported
for tabby (TaF) by Fraser et al. (1959).

Fraser et al (1959) also suggested that differences between stock tabby (TaF)
and crinkled mice were due to background genotype. The present results are
consistent with this suggestion as crinkled homozygotes, which had a high score
in all groups on the stock background, tended to drop towards a common
homozygote-hemizygote level when crossed to the inbred strains. In addition,
Kindred (1967) crossed crinkled into the stocks that had been selected for high
and low vibrissa number in tabby. The extreme phenotypes of tabby (TaF) and
crinkled were found to be identical. The present results provide no evidence to
suggest that the extreme phenotypes of any of the genes differ to any appreciable
extent.

2. Tabby heterozygote striping
Unfortunately both the inbred strains used were albino. The consequent small

proportion of phenotypically agouti animals in the crosses made it necessary to
pool the i and f groups of each background. No zero-grade animals were found.
The mean scores of the stock and pooled backgrounds are shown in Fig. 6. and
the numbers of animals that contributed to each mean are shown in parentheses.
Although there was a marked difference in striping score between the two alleles
on their stock backgrounds, the difference became reduced after crossing. This
therefore suggests a fundamental similarity between the two alleles with respect
to striping score.
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,•'(24)

(19)

Fig. 6. The reaction of tabby heterozygote striping to background change.

3. The dentition

(a) Level and pattern of abnormality
Griineberg (1966) has already commented on the non-random involvement of

the different regions of the dentitions of tabby and crinkled heterozygotes. The
present results show that a pattern of abnormality was generally well maintained
within heterozygotes at different levels of expression produced by different
genetic backgrounds. Basically the same pattern was shown by homozygotes and
hemizygotes. The results are expressed diagrammatically according to the
scoring system described.
TaF + heterozygotes (Fig. 7) showed a wide range ofexpression and the pattern

was well maintained throughout. The stock background was intermediate, and
expression was increased by crossing to the A strain and decreased by crossing
to JU. Ta' + heterozygotes (Fig. 8) did not show the same range of expression
and this was presumably associated with low penetrance on the stock background.
Crossing to JU produced a slight increase of abnormality, whereas crossing to
A increased it to a level approaching that shown by TaF+ animals on the A
strain background. Thus, although the expression of Tac+ and TaF + on their
stock backgrounds was very different, the difference was reduced by making
genetic background more common to both.

Both cr+ and d/+ heterozygotes showed relatively low penetrance of the
abnormalities and little variation with change of genetic background (Fig. 9).
The lower jaw was hardly affected at all. In the upper jaw the level of expres¬
sion of cr+ on the stock background was higher than that of Ta'-' + on its stock
background. However, whereas crossing to the A strain markedly increased the
level of abnormality shown by Ta'' +, abnormality was reduced in cr+ animals.
Downless behaved in a similar way.
The control groups are presented in Fig. 10 for comparison. There were slight

deviations from total normality. The low frequencies of reduction in size of
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Figs. 7-10. Variation in level of abnormality within the dentition with background
change.
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Figs. 11-14. Variation in level of abnormality within the dentition with background
chanee.
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cusps and number of roots, and the absence of third molars in the A strain, were
not unexpected. However, the occasional occurrence of a rampart in the
+ {TaF) and +(Tac) groups was surprising, as this characteristic was thought to
be due specifically to the direct influence of the mutant genes. The A strain, which
as a background favoured the production of abnormalities in mutant animals,
itself showed the highest mean incidence of abnormality amongst the control
groups.
In homozygotes the range of expression of abnormality shown by first and

second molars was much less than in heterozygotes. That shown by incisors and
third molars was increased. In Figs. 11 and 12 the levels of the TaF+ \A and
Tac + \A groups for first and second molars are shown in conjunction with the
homozygote results so that homozygotes and heterozygotes can be compared.
The only inconsistency in the pattern between homozygotes and heterozygotes
involves cusps L 1 and L 2 of m1. In the TacTac group, and to a lesser extent in the
TaFTaF and crcr groups also, there was a difference of pattern in m1 between
animals with A and JU backgrounds. The general level and pattern of expression
shown by the crcr group (Fig. 13) were similar to those shown by tabby. The
dkil group differed slightly from the others, but only in respect of the pattern and
intensity of abnormality in m1 (Fig. 14). Tabby hemizygotes were no different
from their respective homozygous litter mates.
Total tooth score, the total mean score of all twenty-four characters and an

indication of the degree of abnormality of the dentition as a whole, is shown in
Fig. 15. As with vibrissa score the picture is one of near recessivity of crinkled
and downless and intermediate dominance of tabby. In crinkled and downless
heterozygotes, and in all homozygotes and hemizygotes, expression was rela¬
tively stable. Tabby heterozygotes showed a relatively wide range of variation
with background genotype.

(b) Incidence of lower supernumerary teeth
Figure 16 shows the incidence of lower supernumeraries in the different back¬

ground groups of animals, heterozygotes being separated from homozygotes and
hemizygotes. The number of lower quadrants with supernumeraries was expres¬
sed as a percentage of the total for each group. There are two very definite
opposing trends. In tabby heterozygotes the A strain background favoured the
development of supernumeraries, whereas in homozygotes and hemizygotes the
situation was completely reversed.

4. Correlated responses

Previous work has shown that selection for total vibrissa number produces
correlated responses in other aspects of the tabby phenotype. Dun (1959)
demonstrated a negative correlation between vibrissa number and tabby hetero-
zygote striping. Dun & Fraser (1959) found that the tabby gene depressed growth
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Fig. 15. The reaction of abnormality of the dentition as a whole to background
change.

more markedly in the low selection line than in the high selection line. Fraser &
Kindred (1962) showed that the number of mystacial vibrissae in tabby mice,
which is invariant in unselected stocks, responded slightly to selection practiced
on the secondaries (groups A-D plus the ulnar-carpals).
The relative responses to changes of genetic background of the following

characters scored in the present study will now be considered: total vibrissa
number and tabby heterozygote striping; total vibrissa number and total tooth
score; total tooth score and the incidence of lower supernumerary teeth.
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Lower supernumeraries (quadrants %)
Heterozygotes Homozygotes and hemizygotes
jJU Stock iA JA *JU -jJU Stock ^A JA
"I 1 i 1 o/ I 1 1 1 1

Fig. 16. Variation in the incidence of lower supernumerary teeth
with background change.

(i) Total vibrissa number and tabby heterozygote striping
The total vibrissa scores of heterozygotes of the i and f groups of each back¬

ground were pooled and compared with the mean striping scores of these groups.
There was a high negative correlation (r = —0-85; P < 0-05).

(ii) Total vibrissa number and total tooth score

Tabby heterozygotes were considered separately from all homozygotes and
hemizygotes. Crinkled and downless heterozygotes were not included in the
analysis. Correlation coefficients were calculated from the mean scores of each
group of animals; there were therefore nine pairs of measurements for tabby
heterozygotes, and twenty-seven pairs for homozygotes and hemizygotes of all
the genes.
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A high negative correlation was found between total vibrissa number and

total tooth score amongst tabby heterozygotes (r — -0-83, P < 0-01), but
amongst homozygotes and hemizygotes there was only a very low non-significant
negative correlation (r — -0-15). This discrepancy seems to be largely attribu¬
table to the reducing effect of the JU background on group C vibrissae. The
effect was marked in tabby homozygotes and hemizygotes, but not in hetero¬
zygotes (Fig. 4). As the JU background favoured greater normality of the teeth,
the vibrissa effect must have tended to blur any inverse relationship between
total tooth score and vibrissa number.

(iii) Total tooth score and lower supernumeraries
Correlation coefficients were calculated as described above. There was a high

positive correlation between total tooth score and the incidence of lower super¬
numeraries amongst tabby heterozygotes (r = +0-89, P < 0-01), but a negative
correlation amongst homozygotes and hemizygotes (r = - 0-45, P < 0-05).
These figures reflect the opposing trends already illustrated in Fig. 16.
The positive correlation amongst heterozygotes is to some extent spurious in

that interaction between supernumerary and first molar occurs. The presence of
a supernumerary would be automatically associated with an abnormal m1; and
probably a reduced m2 and absent m3. However, if mt were not intrinsically
abnormal the supernumerary would probably never have developed. In
homozygotes and hemizygotes the incidence of supernumeraries was highest in
the least abnormal dentitions, that is, at the lowest level of mutant expression.
There does not appear to be any reason why this relationship should be spurious,
as mj is more likely to be reduced to a point where m2 is larger, a condition
where mt could be mistaken for a supernumerary, in the most abnormal denti¬
tions. This kind of misdiagnosis of supernumeraries would therefore tend to
obliterate a negative correlation. The embryological evidence suggests that a
supernumerary could only rarely be larger than the first molar it precedes, so
that the reverse situation, namely mistaking a supernumerary for a first molar,
is unlikely to occur unless both teeth are of a similar size. As there were relatively
few cases where the first two standing molars were of a similar size, misdiagnosis
of this type is not likely to provide a major source of error. It is thus concluded
that both correlation coefficients reflect the true nature of the situation.

DISCUSSION

1. The pattern of abnormality in the dentition
In a study of tabby (TaF) and crinkled, Griineberg (1966) showed that the

mixed features of the tabby heterozvgote dentition cannot be accounted for in
terms of cell specific mosaicism. The present study, with the added dimension of
variation in the background genotype and including Tcf and downless, has
reinforced this conclusion. Homozygotes and hemizygotes showed basically the
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same pattern of abnormalities as heterozygotes in a more extreme form, and the
pattern was well maintained at different levels of expression within each geno¬
type group. The developmental basis for the pattern must therefore be common to
all the genes at all levels of expression.
The areas which are abnormal in mutant teeth are generally those which

develop late. The cusp pattern of a mutant molar may therefore be the result
of a more or less normal but rather slow course of development which has been
interrupted by the relatively premature onset of calcification. This interpreta¬
tion can be tested by comparing the relative sensitivities to the mutant genes of
the different regions of each tooth with the order in which these regions normally
develop. The relative sensitivities can be derived from the data already pre¬
sented.

Considering first m1? the order of sensitivity, starting with the most sensitive
region, was L 1, 4, B3-L3, B 1, B2-L2. This is almost exactly the reverse of the
sequence in which these regions normally develop, the only qualification being
that an anterior extension of the developing crown, which subsequently gives
rise to cusp L 1, is present before cusp 4 appears. The order in m, was B 1, 4,
B3-L3, B2-L2. This differs from mx in that B1 was the most sensitive region.
However, cusp B1 of m2 is very small, and is sometimes poorly defined and even
absent in 'normal' mice. It is therefore not difficult to understand how it could
be lost first with general reduction of size and complexity of the whole crown.
The first two lower molars therefore fit the interpretation reasonably
well.
An objection arises when the upper molars are considered in this way.

Referring to Gaunt (1955, 1956, 1961), Griineberg (1965) pointed out that cusp
B3, shown by the present data to be the most sensitive region, develops early. It
seems reasonable however to try and find an explanation for this discrepancy
within the framework of the suggested interpretation, as no alternative explana¬
tion of the pattern is apparent at present.
The most obvious difference between normal and tabby m1 germs at an early

stage of morphogenesis is the greater bulbosity of the tabby germ (Sofaer, 1969).
A comparison of wax reconstructions of control and Ta m1 germs at 17 days of
gestation showed that the tabby germ was not only considerably shorter
anteroposteriorly, but also a good deal wider. This difference in shape may well
be associated with a difference in the distribution of tensional forces within the
internal enamel epithelium, a factor which has been considered to play a role in
the establishment of crown pattern (Butler, 1956). A difference in the distribu¬
tion of tension in the posterior part of the crown at a critical stage could, perhaps,
prevent the formation of the sulcus which normally develops between B3 and
the future cusp 3. Tf this were the case, what has all along been called cusp 3
of tabby upper molars would be homologous with a normal cusp B3. The
proliferation that would normally have gone to producing a sulcus between B3
and cusp 3, and to enlarging the forming cusp 3, would then be diverted to
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enlarging B3 alone. Cusp B3 could then take up a fairly central position at the
posterior end of the crown.
The development of the rampart in tabby upper second molars starts at a

relatively early stage of morphogenesis (Sofaer, 1969). The development of the
rampart, thought to be an attempt to compensate for the small size of m1, need
not therefore be inconsistent with suppression of the late developing regions.

Lower left first molars

/'"CETA /o\

)czPj
^1

Normal 1

(Lingual) (Buccal)

Lower left supernumeraries

© @

Fig. 17. Varying grades of abnormality of m,, and varying degrees of complexity of
lower supernumeraries.

Returning now to mx, the varying grades of abnormality of this tooth are
shown in Fig. 17. An interesting parallel shown in the same figure is the increase
in complexity of supernumeraries with increasing size. Up to a point the com¬

plexity of supernumeraries varied as the reverse of the scale of abnormality in
mx. Tt therefore seems that the development of a supernumerary tooth follows a
similar course to irq in its early stages, the degree of complexity depending on
the size which is reached. However, a supernumerary was generally more com¬

plex for its size than mx. Tt is also of interest that the normal m2 is comparable
with grade 1, and the normal m3 comparable with grade 4 of mx abnormality.
There thus appears to be a single developmental sequence common to all the
lower molars. The difference between lower molars of the normal series, and
between normal lower molars and lower supernumeraries, is due to different
distances travelled by each tooth along a common developmental path.

2. Variation in the incidence of lower supernumeraries
Sofaer (1969) postulated that the development of molar supernumerary teeth

in tabby mice is a response to the partial suppression of growth of the first molar
of the normal series, ff this is the case, the greater the suppressive effect on the
developing teeth of the normal series, the greater the incidence of super-
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numeraries is likely to be. A general measure of this suppressive effect is given by
total tooth score. In a previous section it was shown that this expected relation¬
ship between total tooth score and the incidence of lower supernumeraries held
good in heterozygotes, where they were positively correlated, but not in homo-
zygotes and hemizygotes, where they were negatively correlated.
A model to explain these correlations is presented in Fig. 18. It has been

postulated that the primary effect of the mutant genes is to suppress epithelial
proliferation, but that the differentiating cells of a tooth germ are more likely to
be affected by this suppression than the less well differentiated cells of the dental
lamina. Using total tooth score as an indication of the level of suppression,

Suppression

Fig. 18. A model to explain the observed incidence of lower supernumerary teeth in
the different background groups.

suppression was maximum in homozygotes and hemizygotes ; within homo-
zygotes and hemizygotes and within heterozygotes it varied with genetic back¬
ground, the A strain background allowing maximum and the JU strain back¬
ground allowing minimum suppression. It is proposed that as n-^ is progressively
suppressed, there is an accompanying tendency for the anterior extension of
dental lamina to proliferate. With further increase of the suppressive influence
the dental lamina itself becomes affected, the rate of increasing incidence of
proliferation becomes reduced, a maximum level is reached, and a decrease
towards zero commences. It follows from Fig. 18 that the hypothetical maximum
incidence of supernumerary tooth formation would occur with a level of sup¬
pression somewhere between that in the most abnormal tabby heterozygotes,
and the least abnormal homozygotes and hemizygotes.
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3. Differences in local reaction to background change,
and differences between the genes

The patterns of variation of different characters within and between genes
with changes of genetic background not only provide information about the
relationships between the genes, but also about the level at which background
modification operates.
Mimic genes are unlikely to be identical if homozygosity of any one alone is

sufficient to produce the mutant phenotype. The simplest explanation is that the
wild-type allele of each gene is responsible for one of a number of related steps,
either in series or in parallel, towards the formation of a single end-product which
is necessary for the development of a normal phenotype. Complete blockage at
any point along an isolated pathway would be expected to produce an identical
result. If blockage is incomplete, or if there are cross-connexions with other
pathways, as seems more likely, differences between the genes may be detectable.
Modification acting on the end-product of the pathway, provided it is always
qualitatively the same, would cause all genes to react in the same way and all
pleiotropic effects to be influenced in the same direction. Modification acting
between the end-product of the pathway and the final phenotype could produce
different reactions in different aspects of the phenotype within each gene. Previous
studies have in fact shown that the different manifestations of a gene tend to be
independently modified by genetic background (Griineberg, 1963). If there were
also differences between genes this would indicate that the nature of the end- .

product is not independent of the position of the genetic lesion on the pathway.
The general reaction to background change of all characters scored in the

present study was in the same direction within each gene. This was shown by the
maintenance of the over-all pattern of abnormality in the dentition at all levels
of expression, and by the negative correlation of total vibrissa number with total
tooth score and tabby heterozygote striping. However, the different groups of
vibrissae, and different regions within the dentition, showed some difference in
their response. The two backgrounds had opposite effects on group C and D
vibrissae, and to some extent produced a different pattern of abnormality in m1.
It seems therefore that background modification has acted primarily at a funda¬
mental level, swinging the whole pleiotropic pattern in the same direction, although
there were definite, but limited, indications of secondary local interactions.
There was no evidence that the extreme phenotypes of the genes differed to

any appreciable extent. At the heterozygote level, however, for every character
examined, crinkled and downless tended towards complete recessivity, whereas
the two tabby alleles showed variable intermediate dominance. The conclusion
drawn is that the genes are qualitatively very similar, and that the quantitative
differences between heterozygotes may well be solely a reflection of the difference
between autosomal and sex-linkage.

15 J EE M 22
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SUMMARY

1. Two alleles of the sex-linked gene tabby, and two autosomal mimics of
tabby—crinkled and downless—were crossed to two inbred strains which dif¬
fered in their ability to favour mutant expression.

2. A consideration of the relative sensitivities to the mutant genes of different
regions within the dentition suggested that the cusp pattern of a mutant molar
may be basically the result of a more or less normal but rather slow course of
development which has been interrupted by the relatively premature onset of
calcification.

3. The incidence of lower supernumerary teeth varied widely with genetic
background. In tabby heterozygotes the incidence was maximal in groups which
showed the most severe general mutant effect, whereas in homozygotes and
hemizvgotes the incidence was maximal in the most normal animals. These
results were interpreted in terms of differential sensitivity of the first molar and
the dental lamina to mutant epithelial suppression.
4. Background modification caused a general swinging of the whole pleio-

tropic pattern in the same direction. There were, however, definite although
limited signs of secondary local interactions. The genes appeared to have
qualitatively very similar effects, but there was a difference in dominance in all
characters examined between crinkled and downless on the one hand and the two

tabby alleles on the other.

RESUME

Aspects du syndrome ' tabby-crinkled-downless'. II.
Observations sur les reactions a des changements du fonds genique

1. Deux alleles du gene 'tabby'' lie au sexe et deux mimes autosomiques de
'tabby'crinkled' et 'downless\ ont ete introduits dans deux lignees consan-

guines qui differaient par leur aptitude a favoriser l'expression de la mutation.
2. L'examen de la sensibilite relative aux genes mutants de diverses regions

dans la denture, a suggere que la structure d'une molaire mutante peut etre
le resultat d'un developpement plus ou moins normal, mais plutot lent, qui a
ete interrompu par le debut relativement premature de la calcification.

3. La presence de dents surnumeraires inferieures variait largement avec le
fonds genique. Chez les heterozygotes 'tabby', leur frequence etait maximale
dans les groupes qui presentaient l'effet general le plus grave de la mutation
tandis que chez les homozygotes et les hemizygotes, la frequence etait maximale
chez les animaux les plus normaux. Ces resultats ont ete interpretes en termes de
sensibilite differentielle de la premiere molaire et de la lame dentaire a regard de
la suppression epitheliale du mutant.
4. Une modification du fonds genique a provoque un glissement de tout le

systeme pleiotrope dans la meme direction. II y a eu, neanmoins, des signes
definis, quoique limites, d'interactions locales secondaires. Les genes apparais-
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sent avoir des effets qualitivement tres semblables mais il y a eu une difference de
dominance pour tous les caracteres examines, entre 'crinkled' et 'downless'
d'une part et les deux alleles ' tabby' de l'autre.
I am grateful to Professor D. S. Falconer for suggesting the investigation and for his

interest and valuable advice during the work, to Professor C. H. Waddington for laboratory
facilities, and to the Nuffield Foundation for financial support.
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INTERACTION BETWEEN TOOTH GERMS AND THE
ADJACENT DENTAL LAMINA IN THE MOUSE

J. A. S()FAER

University of Edinburgh. School of Dental Surgery. Edinburgh EH1 1JA. Scotland
and Department of Human Genetics. Western General Hospital. Edinburgh EH4 2HU. Scotland

Summary—In the mouse mutant tabby, an abnormal proliferation of the dental lamina some¬
times develops anterior to the first molar of the normal series, apparently as a response to small
size of the first molar at a critical stage of development. The abnormal proliferation may either
regress or go on to form a supernumerary tooth. Measurement of adult teeth in tabby heterozy-
gotes has disclosed three classes of first molars: small, associated with a supernumerary tooth:
intermediate, presumed to have been associated with a laminal proliferation that later regressed;
and large (normal). It is suggested that the discontinuities separating these three classes indicate
inhibition of the developing first molar by the adjacent dental lamina at two distinct levels: a
low level, produced by laminal proliferations that later regressed, and a higher level, produced
by developing supernumerary teeth. It is further suggested that inhibitory interactions may be
to some extent responsible for regulation during normal development, and may also have played
some part in changes of tooth number during evolution.

INTRODUCTION

It has been suggested that the ability of a given region
of dental lamina to proliferate and give rise to new
tooth germs may be retained after the time when nor¬
mal tooth germ formation in that region has been com¬
pleted, the proximity of established tooth germs inhi¬
biting a still potentially active lamina from proliferat¬
ing further. This hypothesis has been put forward to
explain the pattern of continuous tooth succession in
the frog (Gillette. 1955) and in the lizard (Osborn.
1971), where tooth germs develop from the free margin
of a persistent dental lamina beneath the spaces
between the teeth of the previous tooth generation.
The idea is that the point on the free margin of lamina
mid-way between neighbouring established tooth
germs would be the first to be released from any inhibi¬
tory influence during migration of these tooth germs
towards the oral cavity and away from the free margin
oflamina. Similar inhibitory influences may operate in
animals where there are only one or two tooth gener¬
ations. but may not be restricted to one-way effects
emanating from established tooth germs and influenc¬
ing the adjacent lamina. The status of the lamina itself
may affect the growth of established tooth germs, and.
moreover, neighbouring tooth germs may interact with
one another.
An opportunity to investigate such effects presents

itself in the tabby mouse. Tabby is an X-linked
mutation that causes characteristic morphological
changes in the molars and a general reduction of tooth
size (Grtineberg. 1965). In addition, a supernumerary
tooth sometimes develops anterior to the first molar of
the normal series, apparently as a response to small
size of the first molar at a critical stage of development

(Sofaer. 1969a). A small first molar germ can be
thought of as having less of an inhibitory influence on
the adjacent lamina than normal, and. should the inhibi¬
tory influence fail to reach a certain threshold level, the
lamina would be free to respond by forming an ad¬
ditional tooth. However, histological study of tabby
embryos has shown that, even though the lamina may
proliferate in response to a small first molar, a super¬
numerary tooth germ is not always formed (Sofaer.
1969a). There are. therefore, three kinds of quadrant in
these mutant mice: normal quadrants, where no super¬
numerary laminal proliferation has occurred, quad¬
rants where laminal proliferation has occurred but has
failed to go on to form a supernumerary tooth, and
quadrants containing a fully formed supernumerary
tooth.
The purpose of the present paper is to discuss poss¬

ible developmental consequences of abnormal laminal
proliferation in tabby mice in terms of the final size of
the first molar.

MATERIAL AND METHOD

Both right and left upper and lower first molars of
approximately 200 adult tabby heterozygous females
and approximately 200 of their normal male litter
mates, already subjected to morphological analysis
(Sofaer. 1969b). were measured to the nearest 1
100 mm. This was achieved with a projection micro¬
scope by projecting on a graduated screen a magnified
silhouette (x 100) of each tooth to be measured. The
measurement made was the maximum mesiodistal dia¬
meter of the crown parallel to the occlusal plane. For
each first molar, the presence or absence of an asso¬
ciated supernumerary was noted. Female controls
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Fig. I. The distributions of upper first molar size in normal males and their tabby heterozygote litter
mates.

were not available because of the nature of the crosses

that were made to produce the material, but the differ¬
ence between the sexes for tooth size in the mouse

appears to be very small. The proportion of the total
variance of buccolingual diameter of the lower molars
due to the difference between sexes has been estimated
at only about 1 per cent (Bader. 1965).

RESULTS

Figures 1 and 2 show the distributions of upper and
lower first molar size in normal males and their tabby
heterozygote litter mates. In both upper and lower
jaws, normal males form a single distribution at the
top of the scale, but the distribution of heterozygotes
appears to fall into three classes. First molars from
quadrants with supernumerary teeth constitute a
separate group at the bottom of the scale, and the dis¬
tribution of first molars from quadrants without super¬
numerary teeth is bimodal. the upper part of this bimo-
dal distribution corresponding to the distribution of
control teeth, though, at least in the upper jaw. the
sizes in this group of heterozygote teeth are. on the
whole, a little smaller than normal.

proliferating further. Assuming that the size of first
molargermsat this critical stage is normally distributed,
the situation can be illustrated as in Fig. 3. A possible
developmental basis for the trimodal distribution of
first molar size in heterozygotes is then as illustrated
in Fig. 4. the intermediate teeth being assumed to have
been associated with laminal proliferations that later
regressed. However, it is relevant to consider whv the

DISCUSSION

Histological observation of tabby embryonic mater¬
ial indicates that supernumerary laminal proliferation
may be associated with a smaller first molar germ than
normal at the time when the abnormal proliferation
first occurs. It can therefore be argued that first molar
germs smaller than a certain threshold size at a critical
stage of development will allow proliferation to occur,
whereas those larger than the threshold size will have
enough inhibitory influence to prevent the lamina from

Ta/+$$ quadrants with
supernumeraries

90 IOC NO 120 130 140 150 160 I ^0

Mesiodistal diameter, mm/100

Fig. 2. The distributions of lower first molar size in normal
males and their tabbv heterozvuote litter mates.
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Ta/+£5
quadrants without
supernumeraries

Ta/+g$ quadrants without
supernumeraries
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Threshold

Fig. 3. The hypothetical distribution of embryonic first
molar size in tabby heterozygotes. First molars below the
threshold allow supernumerary laminal proliferation to

occur.

three types of first molar were found to form distinct
classes rather than to occupy different parts of a single
continuous distribution of first molar size.
If development of the first molar is unaffected by

neighbouring laminal proliferation, the distribution of
adult first molar size should be similar to that in Fig.
3; that is. a single normal distribution in which first
molars from quadrants where abnormal proliferation
has occurred occupy the lower part, and those from
normal quadrants occupy the upper part. This is illus¬
trated in Fig. 5(a), but is not compatible with the obser¬
vations. On the other hand, if, once initiated, the
supernumerary laminal proliferation imposes an in¬
hibitory influence on the first molar, the first molar
would be unlikely to achieve its full growth potential.
Such first molars, already small because of the
mutant gene, would then be restricted further in
subsequent development. In this event, first molars
from quadrants in which an abnormal proliferation
had occurred would not simply occupy the lower end
of a single continuous distribution of adult first molar
size, but would form a distinct group lower down the
scale, as in Fig. 5(b). However, the distribution in Fig.
5(b) has a rather "unnatural" appearance due to the
abrupt separation between its two parts. There are. in-

Critical
developmental

stage

Fig. 4. Possible developmental pathways for the first molar
in tabby heterozygotes.

lamina interaction 59

Threshold

Fig. 5. Alternative hypothetical distributions of adult first
molar size in tabby heterozygotes.

Note: The distributions were derived by computations
based on the normal distribution, and, in each case, the
hatched area indicates the distribution of first molars asso¬

ciated with supernumerary laminal proliferation. In (b), (c)
and (d), inhibition has restricted growth of affected first
molars by one standard deviation of the complete distribu¬
tion shown in (a). In (c), the standard deviation of the thres¬
hold is 1/3 the degree of restriction (the distance between the
two halves of the distribution in (b), and in (d) it is equal to

the degree of restriction.

deed, reasons why separation should not be so precise.
Firstly, the position of the threshold at the critical
stage of development may be variable. This means
that in some cases a first molar of a particular size
would allow a supernumerary proliferation to occur,
whereas in others it would not. Secondly, the size of the
first molar at the critical stage might not be a clear in¬
dication of its size in the adult animal. If growth rates
varied among first molars after the critical stage, the
final distribution of adult first molar size would be
affected in a way similar to that resulting from varia¬
tion in the position of the threshold. As these two poss¬
ible effects cannot be separated, they are considered
together here as "threshold instability". Figures 5(c)
and 5(d) illustrate the final distributions of adult first
molar size with different degrees of threshold instabi¬
lity. instability being represented in each case by an in¬
verted normal curve showing the variability of thres¬
hold position. The kind of distribution in Figs. 5(c) and
5(d) does seem to be compatible with the observations.
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The results can therefore be accounted for in terms

of inhibition of the developing first molar by adjacent
luminal activity, but instead of two classes of first
molar appearing there are three: small first molars
associated with supernumerary teeth (presumably
exposed to a long period of inhibition), intermediate
first molars presumed to have been associated with
supernumerary luminal proliferations that later
regressed (and therefore exposed to a short period of
inhibition) and large first molars presumed to have de¬
veloped normally. The separation between the classes
appears to be in the order of that shown in Fig. 5(c). im¬
plying that the differences of growth restriction
between the classes due to different levels of inhibition
could have been in the region of three times the stan¬
dard deviation of each threshold (see explanation of
Fig. 5).
A criticism that might be made of this interpretation

concerns the mosaicism shown by heterozygotes for X-
linked genes in mammals and the single active X-chro-
mosome hypothesis (Lyon. 1972). It could be argued
that the different classes of first molar developed from
tooth germs in which the majority of cells contained
either the mutant or the normal allele on the active X-
chromosome. the predominantly mutant germs allow¬
ing laminal proliferation to occur and the predo¬
minantly normal germs developing normally. How¬
ever. an additional mechanism would have to be in¬
voked to account for the third category of adult teeth.
Furthermore, the non-random involvement of the den¬
tition in these mutants (Grtineberg. 1966) and evidence
for a diffusible gene product (McLaren. Gauld and
Bowman. 1973) suggest that mosaicism may not be
manifested on the morphological level in tabby hetero¬
zygotes. The trimodal distribution of first molar size in
tabby heterozygotes therefore seems likely to be
neither due to. nor incompatible with. X-chromosome
inactivation.
The discontinuous nature of the distribution of adult

first molar size disclosed here suggests that, once
supernumerary laminal proliferation has occurred,
whether or not the proliferation goes on to form a
supernumerary tooth, the growth of the adjacent first
molar is inhibited. Thus the proliferation of the rela¬
tively undifferentiated cells of the lamina, as well as the
presence of established supernumerary germs, may
affect the developing first molar. However, the inhibi¬
tory influence could be mutual. The intermediate cases
are possibly ones in which an overwhelming inhibitory
influence from the first molar, perhaps because it is
only just below the size threshold, prevents laminal
proliferation from progressing further. Whether the in¬
hibitory effect is a specific one or whether it arises
because of competition for common growth require¬
ments is not clear. In either event, the interaction
between germ and germ, and between germ and
lamina, can provide a developmental mechanism
whereby the length of the tooth row tends to be stabi¬
lized.
The implication for ontogeny is that size regulation

of developing tooth germs can work towards providing
a quantity of tooth material appropriate to the local
conditions. It has already been shown that, in cases of
unilateral absence of the upper lateral incisors in man.
the central incisor on the side where the lateral incisor
is missing tends to be larger than on the side where the
lateral incisor is present and of normal size (Sofaer.
Chung. Niswander and Runck. 1971). From the phvlo-
genetic point of view, it is evident that the mechanisms
discussed here could be responsible for changes of tooth
number during evolution. If some genetic influence
arises (either a major genetic factor like tabby or a
combination of minor factors) and the inhibitory in¬
fluence of established tooth germs relative to the
potential activity of the lamina is thereby reduced, an
additional tooth may appear. Conversely, if genes
occur that increase the inhibitory influence of teeth
that develop early, later developing teeth that had pre¬
viously been normal components of the dentition may
be eliminated.
The present example has shown how a mutant gene

can disrupt an apparently stable pattern of dental de¬
velopment and uncover relationships that may be diffi¬
cult to detect under normal conditions. The relation¬

ships disclosed indicate that tooth size may be regu¬
lated to some extent by local interactions during devel¬
opment. and that genetic changes causing alteration in
the balance of these interactions may be responsible
for changes of tooth number during evolution.
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THE TEETH OF THE "SLEEK" MOUSE
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University of Edinburgh. School of Dental Surgery. Edinburgh EH1 1JA
and Department of Human Genetics. Western General Hospital.
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Summary—The autosomal dominant mutant "sleek" {SlkI in the mouse produces the same
syndrome of dental abnormalities as is known to occur in homozvgotes and hemizygotes
for the X-linked gene "tabby" (7a), and in homozygotes for the autosomal recessive genes
"crinkled" (cr. chromosome 13) and "downless" {dl. chromosome 10). Incisors and third molars
are small or absent. First and second molars are usually smaller than normal and have a
characteristic morphology. A supernumerary molar germ sometimes develops anterior to the
first molar of the normal series, either in the upper jaw or the lower jaw. and may either
develop into a separate tooth, or become fused to the first molar to form a composite double
tooth.

The autosomal dominant mutant "sleek" (Slk) in the
mouse recently arose spontaneously in a stock main¬
tained at the MRC Radiobiology Unit. Harwell (Cat-
tanach. 1975). The general phenotypic effects of Slk
appear to be indistinguishable from those found in
homozygotes and hemizygotes for the X-linked gene
"tabby" (7a). and in homozygotes for the autosomal
recessive genes "crinkled" (cr. chromosome 13) and
"downless" (dl. chromosome 10). An examination of
the dentitions of 25 sleek heterozygotes (Slk/+) con¬
firmed that the sleek gene produces the same syn¬
drome of dental abnormalities as is already known
to occur in tabby, crinkled or downless mice.
The normal mouse dentition is composed of one

continuously growing incisor and three molars of
limited growth in each quadrant. The upper molars
are referred to as m1, m2 and m3. the lower molars
as m,, m2 and m3, and their surfaces as anterior,
posterior, buccal and lingual. The crown of m1 has
eight cusps, all of which are tilted posteriorly. Num¬
bered from anterior to posterior there are three cen¬
tral cusps, 1. 2 and 3; three buccal. Bl. B2 and B3:
and two lingual. LI and L2. All the cusps present
in m1, except cusp 1. are represented in m2. The
crown ofmj has seven cusps, most of which are tilted
anteriorly. Numbered from anterior to posterior there
are three buccal. Bl. B2 and B3. three lingual. LI.
L2 and L3. and a single central posterior cusp. 4.
All cusps present in except LI and sometimes
Bl. are represented in m2. The cusp patterns of the
third molars are simpler and subject to some vari¬
ation. Figure la and d show the crowns of normal
upper and lower molars. Both m1 and m2 have three
roots, anterior and posterior buccal roots and a single
lingual root. Both n^ and m2 have two roots, one
anterior and one posterior. Third molars usually have
single roots that may show a tendency towards divi¬
sion into three (m3) or two (m3) at a variable distance
from the apex.

All the dental abnormalities found in sleek mice
have previously been reported for tabby, crinkled and
downless (Griineberg, 1965; Sofaer. 1969a and b). In
sleek mice, the incisors may be reduced or absent.
The crown of m1 is smaller, more bulbous and has
more erect cusps than normal. Cusp Bl of m1 is
always absent, and cusp B3 of m! is usually absent.
Cusps LI and L2 of m1 are not as distinctly separated
from each other and from cusp 1 as they are in the
normal mouse, and. in some cases, complete absence
of separation between these cusps produces a single
cusp linguallv that is continuous with cusp 1. The
root of m1 is usually single, though there are some¬
times two or even three roots. The crown of m2 is
also more bulbous than normal, and cusp B3 is
usually absent. Cusp Bl of m2 may be of normal
size, but is sometimes larger than normal. There is
always a ridge of variable height, connecting cusps
Bl and LI. running transversely across the anterior
end of the crown of m2. Griineberg (1965) has called
this a "rampart". Cusps LI and L2 of m2 are often
smaller than normal. The whole crown of m2 may
be small or of about normal size, but is sometimes

larger than normal, probably as a compensatory reac¬
tion to the small size of m1. Usually, m2 has a single
root, but sometimes there may be two and rarely
three roots. The crown of m[ is reduced anteriorly
and posteriorly. Cusps LI and 4 of mt are always
absent, and cusp Bl is often absent. The separation
between cusps B3 and L3. and between cusps B2 and
L2 of mb is always less distinct than normal and.
in extreme cases.1 each of these pairs of cusps may
be represented by a single cusp only. There are
usually two roots, but sometimes only one. In some
cases, mj is smaller than m2. Nevertheless, the crown
of m2 is also always reduced anteriorly and poster¬
iorly. Cusps Bl and 4 of m2 are always absent. Cusps
B3 and L3 of m2 are poorly separated and may be
represented by a single cusp, and cusps B2 and L2
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may be affected similarly. There may be one or two
roots. Upper and lower third molars are either small
or absent. Mutant upper and lower molars, showing
the most common situation found in sleek hetero-

zygotes, are illustrated in Fig. lb and e.
Other abnormalities have been found occasionally

in the dentitions of tabby, crinkled and downless mice:
a supernumerary incisor, either separate from or fused
to the adjacent incisor of the normal series; a super¬
numerary molar anterior to the first molar of the nor¬
mal series, either with the third molar present, result¬
ing in a quadrant containing four molars, or with
the third molar absent; fusion between the first molar
and an adjacent supernumerary, producing a compo¬
site double molar tooth. Instances of all these abnor¬
malities. except supernumerary incisors, were found
in the Slk/+ material examined (Fig. lc. f. g).
The situation in tabby heterozygotes is somewhat

different and a little more complicated (Grlinebera,
1965. 1966; Sofaer, 1969a and b, 1975).
The severity of the abnormalities produced by

tabby, crinkled and downless can be influenced by
background genotype. A similar background effect
could probably be demonstrated for sleek by making
appropriate crosses to different inbred strains. Minor
differences in severity of effect between sleek mice and
tabby, crinkled or downless mice may not therefore
be due to differences between the mutant genes them¬
selves, but rather to interaction with other genes that
happen to be present in the individual. However, a
rudimentary cusp B3 was found in m1 and m2 of
six out of the 25 sleek heterozygotes examined,
whereas no cusp B3 has been detected in the upper
molars of a total of approximately 500 tabby hemizy-
gotes and tabby, crinkled and downless homozvgotes
on a variety of genetic backgrounds (Sofaer. 1969b).
There are therefore four mutant genes in the mouse,

each at its own locus, and each of which is alone
capable of producing the same syndrome of dental
abnormalities. The simplest explanation is that the
wild-type allele of each gene is responsible for one
of a number of related steps, either in series or in

parallel, towards the formation of a single end prod¬
uct that is necessary for normal development. These
steps may be either at the biochemical level, or at
levels of cell or tissue interactions. If it becomes poss¬
ible to study the genes at these more fundamental
levels, differences between them will probably become
apparent. There is already some evidence to suggest
that slightly different abnormalities of epithelium-
mesenchyme interaction are involved in tabby and
downless mice (Sofaer. 1974).
This report may be of interest to those working

with, or contemplating work with, the dentitions of
tabby, crinkled or downless mice. Sleek could be used
either as an additional source of material or as an

alternative, because an autosomal dominant gene may
have advantages over X-linked and autosomal reces¬
sive genes from the points of view of stock main¬
tenance and experimental design.

Acknowledgement—I am grateful to Dr. Bruce Cattanach
for the gift of sleek mice.
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Fig. I. Bucco-occlusal views of upper left molars (a, b, c) and linguo-occlusal views of lower right
molars (d, e, f, g) from normal (+/-r) and sleek (S/A7—) mice. Starting from the left, the teeth shown
are: (a) m1, m2, m3 (— /—); (b) m1, m2, m3 (SlkI— ); (c) Supernumerary, ml, m2, m3 (Slk/+); (d)
m,. m2, m3 (+ /H-); (e) mi, m2 (m3 absent, Slk/+ ); (f) Supernumerary, mi, m2 (m3 absent, 5/A7-F);
(g) Composite tooth (fused supernumerary and mi), m2 (m3 absent, Slk/ — ). Note: The explanations

given for c. f and g are based on what is known of the dental embryology of tabby mice.
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Tooth development in the 'crooked' mouse
By J. A. SOFAER1

From the University of Edinburgh,
School of Dental Surgery and the
Department of Human Genetics,

Western General Hospital, Edinburgh

SUMMARY

The semidominant gene 'crooked' (Cd) in the mouse produces anomalies of the axial
skeleton (resulting in a crooked tail), microphthalmia and dental abnormalities, including
small molars with simplified cusp patterns that are equivalent to patterns passed through
during normal morphodifferentiation. A series of embryonic litters from Cd/+xCd/ +
matings was used to investigate the embryological basis for the dental abnormalities. Micro-
phthalmic embryos were classed as CdiCd, and their most normal litter mates were selected
as controls ( + /+ or Cd/ + ). An additional set of control embryos came from the inbred
strain CBA/Cam (+/ + )• Serial sagittal sections of the heads of these embryos were examined
microscopically, and the maximum anteroposterior diameters of the developing upper and
lower first molars were measured. Reduction in the rates of growth and morphodiflferentiation
of CdlCd first molars, relative to those of litter mate controls, was associated with the ap¬
pearance of an adjacent abnormal proliferation of the dental lamina. Some proliferations in
older embryos showed signs of early tooth germ formation, but many were seen to have
regressed and no examples of supernumerary teeth have been found in Cd/Cd adults. Small
size of Cd'Cd molars may therefore result from competitive inhibition of molar growth by a
transient abnormal laminal proliferation, and CdlCd cusp patterns from the relatively prema¬
ture onset of hard tissue formation during normal but retarded sequences of morphodifferen¬
tiation.

INTRODUCTION

The semidominant autosomal gene 'crooked' in the mouse (also known as
'crooked-tail', symbol Cd) produces a variety of malformations when homozy¬
gous. Among these are anomalies of the axial skeleton, a relatively elongated
head with a pointed snout and abnormal ear inclination, microphthalmia, a
tail that has irregular tail rings and is sparsely populated with abnormal hairs,
and dental abnormalities. Homozygosity is frequently lethal, either before or
soon after birth. In the original mutant stock only an estimated 28 % of homo-
zygotes survived the perinatal period, and the majority of these were infertile.
Of the 72 % of homozygotes that did not survive beyond birth, about one third
were thought to have suffered lethality before implantation. In heterozygotes,
the abnormalities of homozygotes are expressed to a much lesser degree, mal¬
formations often being confined to the lumbo-sacral and caudal regions of the

1 Author's address: School of Dental Surgery, Chambers Street, Edinburgh EH1 1JA, U.K.
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vertebral column. In the original mutant stock about 11 % of heterozygotes
were phenotypically normal, and all appeared to be normally viable and fertile.
As a result of the anomalies of the caudal skeleton surviving homozygotes
and some heterozygotes have sharp bends in the tail. The effects of the gene
were first described by Morgan (1954) and have been further discussed by
Griineberg (1963).
Dental abnormalities of crooked mice have previously been reported by

Grewal (1962) and Griineberg (1965), but before describing these it is appro¬

priate to review the main features and nomenclature of normal mouse teeth.
The normal mouse dentition is composed of one continuously growing incisor
and three molars of limited growth in each quadrant of the jaws. The upper
molars are referred to as m1, m2 and m3, the lower molars as irq, m2 and m3,
and their surfaces as anterior, posterior, buccal and lingual. The crown of m1
has eight cusps, all of which are tilted posteriorly. Numbered from anterior to
posterior there are three central cusps, 1, 2 and 3; three buccal, Bl, B2and B3;
and two lingual, LI and L2. All the cusps present in m1, except cusp 1. are
represented in m2. The crown of m, has seven cusps, most of which are tilted
anteriorly. Numbered from anterior to posterior there are three buccal, Bl, B2
and B3; three lingual, LI, L2 and L3; and a single central posterior cusp, 4.
All the cusps present in mx, except LI and sometimes Bl, are represented in m2.
The cusp patterns of the third molars are simpler and subject to some variation.
Both m1 and m2 have three roots, anterior and posterior buccal roots and a

single lingual root. Both n-q and m, have two roots, one anterior and one pos¬
terior. Third molars usually have single roots that may show a tendency towards
division into three (m3) or two (m3) at a variable distance from the apex.
In Cd\Cd mice the lower incisors are either small or absent. The upper

incisors are of about normal size, but, if not worn down by an opposing lower,
grow round in a spiral. The crowns of the first and second molars, particularly
the uppers, are smaller and more bulbous than normal. In m1, cusp 1 is relatively
large and more erect than normal, cusp Bl is absent, and cusps LI and L2 are
not as distinctly separated from each other and from cusp 1 as they are in the
normal mouse. The anterior and lingual roots are usually fused. In m2, all
members of the normal complement of cusps are usually represented, but all are
reduced in size and less distinctly separated from each other than normal. This
lack of distinctness is most severe on the lingual side, where there may be an
undivided large cusp in the place of cusps LI and L2. The cusp patterns of the
lower first and second molars are less abnormal than those of the uppers. In m1;
cusps Bl and LI are poorly separated and cusp 4 is relatively small. In m2, cusp
Bl may be reduced or absent, and cusp 4 is usually absent. Bifurcation of the
roots of both mx and m, usually occurs a little further towards the root apices
than normal. Upper, and particularly lower third molars, are either relatively
small or altogether absent. Excellent illustrations of normal and CdjCd teeth
are given by Gruneberg (1965). The dental morphology of Cdj + mice is usually
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Table 1. The numbers of embryos of each genotype sectioned at each stage,
followed in brackets by the numbers of litters from which they were taken. Left
sides only of CBA mice, but both sides ofmice from the mutant stock were sec¬
tioned

Stage CBA/Cam
Litter mate
controls Cd/Cd

Day 14 10(3) 2(2) 2(2)
15 10(3) 2(2) 3 (2)
16 10(3) 2(2) 3(2)
17 10(3) 2(2) 3(2)
18 10(3) 2(2) 4(2)

normal, though the teeth may be slightly smaller than those of wild-type mice
from the same stock (Grewal, 1962).
The present paper is concerned with the embryology of the dental abnormali¬

ties in crooked homozygotes, particularly those of the molar crowns. This is an
aspect of CdiCd mice that has not previously been investigated.

MATERIAL AND METHOD

Embryos from litters of Cd/+xCdl+ matings were obtained from two
sources: University College London; and the author's own mutant stock,
founded by University College animals. The gestational stage was determined
either by an examination of the external features of the embryos (Griineberg,
1943), or by a combination of timing from the day on which a vaginal plug
was found (day zero) and an examination of external features of the resulting
litter. Litters of days 14, 15, 16, 17 and 18 were used. Embryos with microph¬
thalmia were classed as Cd/Cd, and the most normal and well-developed mem¬
ber of each litter was selected as a litter-mate control (presumed +/+ or Cd/+).
In addition, a series of embryos from the inbred strain CBA/Cam, wild-type
at the crooked locus, was used for comparison. The heads of all embryos were
fixed in Bouin's fluid, serially sectioned at 10 /im in the sagittal plane and
stained with haematoxylin and eosin. The numbers of embryos sectioned at
each stage are shown in Table 1.
The serial sections were examined, and, for CdjCd mice and their litter mate

controls, the maximum anteroposterior diameter of each tooth germ, from the
earliest stage at which it could be measured (day 14 for mj and day 15 for m1),
was taken from images produced by a projection microscope at a standard
magnification.
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RESULTS

No clear difference was found between litter mate control embryos and
CBA/Cam embryos at any of the stages examined. Dental development in
CdlCd embryos can therefore be compared with both groups of controls as a
whole.
No difference was observed between the upper incisor germs of Cd\Cd mice

and those of their controls. By contrast, the lower incisor germs of CdjCd mice
showed definite differences from the controls, particularly from day 16 onwards,
and a considerable degree of variation. Some CdjCd lower incisor germs were
fairly normal in size and histodifferentiation for their developmental stage,
whereas others were smaller, with abnormal odontoblasts and no ameloblasts
(Fig. 1 A, B).
A difference between the upper molar regions of CdjCd mice and controls

was observed at day 14. In one out of four Cd/Cd upper quadrants (two em¬
bryos) examined, there was a small knot of cells arising from the anterior half
of the band of dental lamina that later would have given rise to the upper first
molar germ. This knot, which appeared to have been produced by a localized
proliferation of laminal cells, was not present in control embryos (Fig. 1 C).
Larger and more definite laminal proliferations were found in five out of six
CdjCd upper quadrants at day 15 (Fig. 1 D), and larger proliferations still in all
of the six CdjCd upper quadrants at day 16 (Fig. IE and F). At day 17, the
proliferation was either absent or appeared to be regressing (four out of six
CdjCd upper quadrants, Fig. 1G), or had progressed further to an early stage
of tooth germ formation with an associated mesenchymal condensation (two
out of six CdjCd upper quadrants, Fig. 1 H). In the two cases of early tooth
germ formation found at day 17 the first molar germs were smaller than those
in the four cases where the proliferation had either regressed or was absent.
At day 18, the proliferation was either reduced or absent in all of the eight
CdjCd upper quadrants examined. The more bulbous shape of CdjCd upper
molar aerms, compared with controls, was clearly visible on days 17 and 18
(Fig. 11 and J).

Fig. 1. 10//m sagittal sections through Cd/Cd and control (CBA/Cam) embryos at
different gestational ages. Anterior to the left. AL. ameloblast layer; OL, odontoblast
layer; ER. remnants of internal enamel epithelium; AO, abnormal odontoblasts;
DL. dental lamina; R, rudiment of mj. Arrows indicate abnormal proliferations
of the dental lamina. See text under ' Results' for full explanation. (A) Control upper
incisor, day 18. (B) Cd/Cd upper incisor, day 18. (C) Control upper molar region,
day 14. (D) Cd/Cd upper molar region, day 15. (E) Control upper molar region, day
16. (F) CdjCd upper molar region, day 16. (G) CdlCd upper molar region, day 17.
(H) Cd/Cd upper molar region, day 17. (1) Control upper molars, day 18. (J) Cd/Cd
upper molars, day 18. (K) Control lower molar region, day 14. (L) Cd/Cd lower
molar region, day 15. (M) Cd/Cd lower molar region, day 16. (N) Control lower
molars, day 18.
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Fig. 2. Mean anteroposterior diameters of first molar germs for Cd/Cd embryos and
their litter mate controls at different gestational ages, related to the proportion of
jaw quadrants containing 'active' laminal proliferations (q°/0).

No difference between the lower molars of Cd\Cd mice and those of controls
was observed at day 14 (Fig. 1 K), but at day 15 there was evidence of an ab¬
normal proliferation of the dental lamina anterior to the point of origin of the
first molar germ in five out of six Cd/Cd lower quadrants (Fig. 1 L). At day 16,
all six CdjCd lower quadrants showed signs of abnormal laminal proliferation
(Fig. 1 M), but at days 17 and 18 the abnormal outgrowth was either much
reduced or absent in all Cd/Cd lower quadrants, and Cd/Cd lower molar germs
were morphologically indistinguishable from those of controls (Fig. 1 N).
Measurement of the anteroposterior diameters of upper and lower first

molar germs showed that the mean diameter of Cd/Cd germs was always less
than the corresponding mean diameter for litter mate controls. The difference
in size between Cd/Cd germs and their controls appeared to be related to the
proportion of Cd/Cd quadrants in which 'active' laminal proliferations were
observed; that is, definite proliferations that were larger than those of the
previous stage and where there were no signs of regression. The difference in
size was greatest at day 17, one day after the maximum incidence of active
proliferations in both upper and lower jaws (Fig. 2).
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DISCUSSION

The most general manifestation of the crooked gene in the dentition is small
size of the fully formed teeth. The measurements of developing first molar germs,
summarized in Fig. 2, show that after an initial period when tooth germ size
was similar in CdjCd embryos and their controls, there was a divergence be¬
tween the rates of growth of mutant and control first molars. This divergence
was associated with the appearance of an abnormal proliferation of the dental
lamina in both the upper and lower jaws. Figure 2 suggests that the relative
growth rates of mutant and control first molars are not maintained, but that,
after initial divergence, the growth of CdjCd first molar germs tends to run
parallel to that of their controls. Equivalent tooth size in the two genotype
groups is separated by a time lag of approximately one day, though the lag is
greater in the upper jaw than in the lower.
All parts of m1 and mt affected by the gene are those appearing late in the

ontogeny of normal first molar crowns, and m1 is more severely affected than
mx (Griineberg, 1965). The different time lags suggested by Fig. 2 may provide
an explanation for this. If hard tissue formation occurs at the same chrono¬
logical age in both CdjCd and normal embryos, irrespective of molar size and
morphodifferentiation (and there was no indication to the contrary in the
present material), the resulting morphology of fully formed mutant first molars
would be as is found, namely, corresponding to an incomplete level of normal
morphodifferentiation with the upper first molar more incomplete than the
lower. The small size and simplified morphology of CdjCd first molars might
therefore be explained, at least in part, by competitive inhibition of first molar
growth due to an adjacent proliferation of the dental lamina. It has already
been mentioned that within the present mutapt material first molar size was
smallest in quadrants where the laminal proliferations were most advanced.
There is good evidence that interaction between an abnormal laminal prolifera¬
tion and first molar growth also occurs in heterozygotes for the ^-linked gene
'tabby' (Ta) in the mouse (Sofaer, 1975).
However, competitive inhibition of first molar growth is unlikely to be the

whole explanation, because Cd'Cd second molars are also smaller than normal,
and third molars are frequently absent. Nevertheless, it is possible that the
effect of abnormal laminal proliferation may persist for second and third
molars, even though a proliferation itself is no longer present. It appears, both
from observation and experiment, that all three molars of one quadrant arise
from cells that, at early stages of tooth germ formation, are represented by the
first molar germ and its immediately associated epithelium; that is, the three
molars of one quadrant do not have clearly independent origins from different
points along the dental lamina (Lumsden & Osborn, 1976). More convincing
evidence in favour of an additional, perhaps more fundamental, cause of the
dental abnormalities comes from the lower incisor findings. These imply that

19 EMB 41
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there is an intrinsic deficiency in the internal enamel epithelium, or its inter¬
action with the adjacent preodontoblasts, that prevents it from differentiating
into ameloblasts (Fig. 1 A, B). This observation also provides another interest¬
ing parallel with tabby, where homozygotes and hemizygotes show an ab¬
normality of incisor histodifferentiation indistinguishable from that illustrated
in Fig. 1 B (Sofaer, 1969 a).
There are further points of similarity between the dental abnormalities of

CdjCd mice and homozygotes (or hemizygotes) for tabby, its recessive auto¬
somal mimics 'crinkled' (cr) and 'downless' (dl) (Griineberg, 1965; Sofaer,
19696), and its more recently discovered dominant autosomal mimic 'sleek'
(Slk) (Cattanach, 1975; Sofaer, 1977). The first molar crowns are all smaller
and more bulbous than normal and have simplified cusp patterns. The missing
cusps in both the upper and the lower molars are those that develop late in the
normal mouse, with one exception. Cusp B3 of m1 and m2, which appears
early in the ontogeny of normal upper molar crowns, and which is present in
CdjCdmice, is always missing in tabby, crinkled and downless. However, in sleek,
which in every other respect is indistinguishable from tabby, crinkled and down¬
less, cusp B3 has been found in about one quarter of the dentitions examined.
A point of difference between CdjCd mice and tabby, crinkled, downless

and sleek occurs in the upper second molars. These have always been found
to be smaller than normal in CdjCd mice, whereas they are sometimes larger
than normal in tabby and its mimics. A possible explanation for this is that
the effect of tabby and its mimics seems to be a timed one, causing suppression
of tooth germ growth during particular phases of development. Early growth
of the first molar occurs during such a suppression phase, whereas early growth
of the second molar occurs at a time when suppression has been relaxed, and
when there is therefore an opportunity for compensatory increase in size
(Sofaer, 1969 a). The absence of cusp B3 could also be due to this suppression
phase, in that the cusp normally appears first during the time when suppression
would be operative. In the sleek mice examined, cusp B3 may have developed
because of a slight shift or shortening of the suppression phase.
One of the most interesting features of tabby, crinkled, downless and sleek

dentitions is the occasional occurrence of a supernumerary tooth anterior to the
first molar of the normal series in both upper and lower jaws. These teeth
develop from a proportion of the abnormal laminal proliferations, the remainder
regressing before a tooth germ becomes established. In a large sample of tabby
heterozygotes, probably the majority of abnormal proliferations in the upper
jaw, and about half of those in the lower jaw, regressed without forming a
supernumerary tooth (Sofaer, 1975). It has been shown here that early stages
of tooth germ formation do occur in CdjCd mice. It therefore seems likely that
a proportion of the abnormal proliferations of CdjCd mice also go on to form
supernumerary teeth, and that if a larger number of CdjCd adults were examined
such teeth might be found.
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The Cd/Cd dentition therefore has some features in common with the denti¬

tions of tabby, crinkled, downless and sleek mice. The skeletal abnormalities
of crooked mice, the majority of which have been shown to be a consequence
of irregular somite formation (Gruneberg, 1963), suggest that there is a defect
in the mesenchymal element of developing CdjCd dentitions. By contrast,
experiments with downless (Sofaer, 1973) and crinkled (Mayer, Miller and
Green, 1977) indicate that, in these mutants, it is the epidermal component that
is at fault. Similar experiments with tabby have produced equivocal results
(Sofaer, 1974), and sleek has not been investigated in this way. Nevertheless,
the evidence available suggests that a reduction in tooth-germ growth and the
formation of bulbous tooth germs, associated with abnormal proliferations
of the dental lamina and even failure of histodifferentiation of the internal
enamel epithelium, can be produced by primary defects in either the epithelial
or the mesenchymal component of a developing dentition.
The author is grateful to Professor H. Gruneberg for his encouragement to undertake the

study, to Professor Griineberg and Dr G. M. Truslove for the gift of Cd/ ■+■ mice and fixed
embryonic litters, and to Miss Edith Redpath for technical assistance.
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The genetics and development of fused and
supernumerary molars in the rice rat

By J. A. SOFAER1 and J. H. SHAW2
From the National Institutes of Health, Bethesda, and the

Harvard School of Dental Medicine

summary

Analysis of breeding records suggests that the occurrence of fused and supernumerary
molars in the rice rat, associated with lower body weight than normal and with reduced
fertility, is dependent on a single autosomal recessive gene subject to background modification.
Molar fusion, which is preceded by stripping of the external enamel epithelium from the

interdental lamina, may involve the first two molars, or all three molars of the normal series
in either jaw.
The supernumerary is a posterior tooth, developing after the three molars of the normal

series in either jaw. Supernumerary development usually occurs with fusion of the molars
of the normal series, but occasionally a supernumerary may be present in the absence of
fusion.
Other examples of association between fusion, subsequent to separation of the external

enamel epithelium from the interdental lamina, and supernumerary tooth development are
cited. This association suggests that there may be a single common attribute of the
dental lamina predisposing to epithelial stripping and to laminal hyperactivity.

introduction

The occurrence of fused and supernumerary molars among members of a
colony of rice rats (Oryzomys palustris), and the relationship between this trait
and body weight, have been reported briefly elsewhere (Griffiths & Shaw, 1961;
Shaw, Griffiths & Osterholtz, 1963). Originally, a few affected individuals were
found sporadically with what appeared to be fusion of the first and second
molars; and in some animals a supernumerary tooth was present, apparently
posterior to the third molar. Subsequently, selection for animals with abnormal
teeth rapidly resulted in a strain with a high incidence of fused and super¬
numerary molars. The fused and supernumerary molar trait was associated
with lower body weight than normal, and breeding experience indicates that
fertility in the fused molar strain is reduced. In other respects fused and super¬
numerary molar animals are outwardly normal.
Comparable but not identical abnormalities are found in the mouse mutants
1 Author's address: Department of Genetics, Milton Road, Cambridge CB4 1XH, U.K.
2 Author's address: Harvard School of Dental Medicine, 188 Longwood Avenue, Boston,

Massachusetts 02115, U.S.A.
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tabby (Ta), crinkled (cr) and downless(<//)(Griineberg, 1965,1966;Sofaer, 1969),
and by a selected line of Lakeland Terriers (Hitchin & Morris, 1966). In the
mutant mice, supernumerary teeth sometimes develop anterior to the first
molar, and occasionally fusion between the supernumerary and first molar
occurs. In the dog, fusion of the deciduous or permanent incisors has been
observed, with or without a related supernumerary tooth.
The present paper is concerned with an analysis of the genetics of the condi¬

tion in the rice rat; and with a consideration of the development of the abnormal
dentition based on observations in adult animals and on direct examination of

embryological material. The relationship of the abnormal dental condition in
the rice rat to those in the mouse and dog is also discussed.

Fig. 1. Diagrams of occlusal views of rice rat upper right molars: (a) normal;
(b)-(d) from the fused molar and supernumerary molar strain.

The normal rice rat dentition is composed of one incisor and three molars in
each quadrant. Fig. 1(a) illustrates the occlusal view of the three upper right
molars in a normal animal. In abnormal animals molar fusion may occur with
or without a supernumerary being present, and conversely, but infrequently, a

supernumerary may be present without molar fusion.
Examination of several hundred abnormal animals suggests that the super¬

numerary tooth is nearly always situated posterior to the third molar and is the
last tooth to develop. Fig. 1 (6) shows a case where fusion of the first and second
molars has apparently taken place. In such cases the composite tooth is nearly
always slightly shorter than the combined length of the normal first and second

1 mm

MATERIALS AND METHODS
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molars, but some compensation often seems to have occurred through enlarge¬
ment of the presumed third molar. Fig. 1 (c) shows a similar case with an addi¬
tional tooth situated posteriorly. In this kind of case the combined length of the
composite tooth and presumed third molar is usually less than in case (b) where
no supernumerary is present. Fig. 1 (d) shows a case where all three molars of the
normal series appear to have fused, and there is an additional tooth situated
posteriorly. Similar cases without the supernumerary tooth have been observed
frequently. Very occasionally (about 1 % of the time) the additional tooth is not
situated posterior to the third molar but lingual to, and in contact with, the
second and third molars. Similar situations occur in the lower jaw.
It should be mentioned here that the composite teeth shown in illustrations

(b)-(d) of Fig. 1 describe the maximum degree of maintenance of normal size
and morphology of the component molars that was observed. In many cases
reduction in size was greater, and in some cases, where reduction was extreme,
it was not possible to identify all cusps of the component molars in the com¬
posite tooth.
For the genetic analysis, the distributions of offspring produced by mating

phenotypically different combinations of animals were studied from the mating
records kept over the 5-year period from 1963 to 1967 at the Harvard School of
Dental Medicine. Each animal was classified according to the number of
quadrants affected by either fusion or a supernumerary, or both. Throughout
these discussions an 'affected' animal is one in whom 1-4 quadrants were
affected. The affected and non-affected conditions are abbreviated as A and NA

respectively.
The embryological material consisted of 23 animals, from both the fused

strain and a normal control strain, ranging in age from an estimated 4-5 days
before birth to 5 days after birth. These 23 animals were serially sectioned at
8 /im in the sagittal plane and processed by routine histological procedures.

RESULTS AND DISCUSSION

1. Genetics

Table 1 shows the distribution of progeny of different kinds of mating
according to the number of quadrants affected. The distribution clearly shows
that the condition is inherited, but simple single gene inheritance could not apply
since Ax A matings produced some NA progeny and since NA x NA matings
also produced some A progeny. Further examination of Ax A, A x NA and
NAxNA matings, subdivided by sex, provided no evidence of any sex-linked
effect. The two possible extreme hypotheses that could account for the inherit¬
ance of the condition are therefore (1) the segregation of two alleles at a single
autosomal locus, with incomplete penetrance in abnormal homozygotes, and
(2) multifactorial inheritance.
Multifactorial control would classify the condition as a quasi-continuous
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character, dependent on some underlying continuous scale but expressed only
above a certain threshold. A feature of such characters is the positive relation¬
ship between the proportion of affected individuals in a given population and
the mean degree of expression of the character among those individuals who
are affected (Griineberg, 1952). Table 2 shows rank correlations between the
percentage of A and the mean number of quadrants involved among A progeny,
for different kinds of mating. The matings are divided into two groups, one in
which at least one parent was NA, and the other in which both parents were A.

Table 1. The number of quadrants affected and the percentage of affected indivi¬
duals among progeny of three different kinds ofmating

No. of progeny
^ A

Quadrants affected
No. of r * \

Mating matings 0 1 2 3 4 Total A (%)

Ax A 185 113 101 453 304 1209 2180 94-8
A x NA 24 213 28 64 27 43 375 43-2
NA x NA 54 1050 15 37 13 31 1146 8-4

There is no correlation in the first group, but a very high and significant correla¬
tion in the second. This suggests that the underlying variation among progeny
of Ax A matings is continuous, but that this continuity does not extend below
the threshold when NA parents are involved. The implication is, then, that there
is a relatively discrete difference between A individuals and at least some NA
individuals. The fact that matings in which at least one parent was NA, par¬
ticularly the 0x0 matings, produced A progeny with a relatively high mean
number of quadrants affected suggests that there may have been segregation of
a major recessive factor contributing to the abnormal dental condition.
The left half of Fig. 2 illustrates distributions of families of different kinds of

mating according to the percentage of affected individuals they contained, each
family comprising the total progeny (ranging from 2 to 47) of a single pair. There
is overwhelmingly only one kind of family among Ax A matings, but possibly
three among A x NA matings, and probably more than one among NA x NA
matings. This pattern is compatible with the hypothesis of a single autosomal
recessive gene with incomplete penetrance in homozygotes, as shown below.
Under the single autosomal recessive hypothesis all A individuals must be con¬

sidered homozygous, say ff, whereas NA individuals could have any one of the
three genotypes: + +, /+ or ff. There would then be only one kind of 4x4
mating, producing somewhat less than 100 % A offspring(ffxff); three kinds of
A x NA mating, producing no A offspring (ffx + +), somewhat less than 50 % A
(ffx f+), and somewhat less than 100 % A (ffx ff); and four kinds of NA x NA
mating, producing no A offspring (+ + x + + ; + + x/+, + + x ff), somewhat
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less than 25 % A (f+ x/+), somewhat less than 50 % A (/+ x ff), and somewhat
less than 100 % A (ffxff).
Having obtained this pattern of family distributions the mating records were

re-examined to try to establish the genotypes, according to the single autosomal
recessive hypothesis, of NA parents of A x NA matings, and of both parents of
those NA x NA matings that produced some A offspring. Non-affected indivi¬
duals whose parents were both affected were considered homozygous mutant

Table 2. Rank correlations between the percentage of affected progeny and the
mean number ofquadrants involved among affected progeny, for matings in which
at least one parent was non-affected, and for matings in which both parents were

affected
Mean no. of Rank correlations

Matings by quadrants in¬ between % A and
quadrants No. of volved among mean of quadrants
affected progeny <4 (%) A progeny involved

0x0 1146 8 2-6]
Ox 1
0x2
0x3

11
83
51

18
43
61

1-5
20
2-4

Spearman = — 010,
Kendall = 0

0x4 232 39 2-8J
1 x 1 83 70 1 -7\
1 x 2 58 71 2-0
1 x 3 22 55 1-6
1 x 4 41 90 2-4 Spearman = 0-95
2x2 262 92 2-3 (P < 0 01).
2x3 91 96 2-5

'

Kendall = 0-87
2x4 146 95 2-9 (P < 0 01)
3x3 83 95 3-1
3x4 263 97 3-3
4x4 1131 99 3-8/

(ff), those whose ancestors were consistently NA over several generations were
considered homozygous normal ( + +), and those with one presumed /f parent
and one presumed + + parent were considered heterozygous (/+). The results
of this re-examination are shown in Table 3. The 'probable' heterozygotes were

offspring of parents who were both presumed to be heterozygous themselves.
The right half of Fig. 2 illustrates distributions of progeny of the three

different kinds of A x NA mating, and of the three different kinds of NA x NA
mating that could produce affected offspring. Of the A x NA matings, none
classified as ffx + + produced any A offspring. (Of the two A x NA families
that produced between 1 and 20 % A progeny, shown in the left half of Fig. 2,
one was classified as ffxf+ and the other as ffxff.) The distribution of
offspring of A x NA matings classified a.sffxf+ strongly suggests segregation
into a non-affected group and a group with a relatively high degree of express¬
ivity. with rather less than half of the total affected. Offspring of A x NA matings
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classified as ffxff showed no evidence of any such bimodality, and had a mean
degree of effect somewhat lower than the presumed homozygous progeny
of the ffxf+ matings. This difference of expressivity between the two groups
of presumed homozygotes could be accounted for by a difference of genetic
background, since the homozygous parent of the group with high expressivity
was always affected, whereas one homozygous parent of the group with low
expressivity was always non-affected.
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Fig. 2. Distribution of families of phenotypically different kinds of mating according
to the percentage ofaffected individuals the families contained (left); and distributions
of progeny of genotypically different kinds of mating, based on the single auto¬
somal recessive hypothesis, according to the number of quadrants affected (right).

The distribution of progeny of NA x NA matings classified as /+ x/+ was
again strongly suggestive of segregation, with rather less than one quarter of the
total affected, and with relatively high expressivity among the affected progeny.
Evidence for segregation among the progeny of NA x NA matings classified as
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Jfxf+ was not so convincing, possibly due again to a background effect
imposed by a non-affected homozygous ff parent. The progeny of NA x NA
matings classified a.sffxff showed no evidence of bimodality, and expressivity
was rather lower than among offspring of A x NA matings classified as ffx ff.
This also could be due to background, since in the group with lower expressivity
both ff parents were non-affected.

Table 3. Presumed genotypes ofnon-affectedparents, derivedfrom an examination
of their ancestry, according to the single autosomal recessive hypothesis

NA x NA matings that
NA parent of A x NA matings produced some A offspring

+ + /+ ff /+ x/+ ffxf+ ffxff

Definite 6 4 10 6 0 6
Probable 0 4 0 2 3 0

The existence of a heritable background effect among presumed ff homo-
zygotes was tested for by calculating the heritability of the number of quadrants
affected from the regression of the mean of offspring on mid-parent value for
the 10 different Ax A matings listed in Table 2. The result, h- = 0-94, indicates
that a very high proportion of the variation of expression among presumed
ff homozygotes was due to additive genetic effects.

Thus, the observations are all compatible with the hypothesis of a single
autosomal recessive gene with variable penetrance in homozygotes, with
penetrance being largely dependent on genetic background.
It should be mentioned here that the apparently rather low numbers of

individuals in the 1-quadrant and 3-quadrant classes of the distributions in the
right half of Fig. 2 are probably due to relative developmental instability of the
asymmetrical condition, since when two quadrants were affected they were most
frequently in the same jaw. The relative stability of the 1-, 2- and 3-quadrants
affected conditions can in fact be calculated if certain assumptions are made.
The first requirement is a basically homogeneous group of individuals which
can be taken as being normally distributed on some underlying continuous scale
immediately related to the development of the phenotype. Different ranges on
this underlying scale are assumed to correspond to different grades of phenotype
(each grade being a different number of quadrants affected), and these different
ranges are assumed to be separated by constant thresholds. The relative sizes
of the intervals between the thresholds can then be derived from the frequencies
of the different grades of phenotype (Falconer, 1964, 1965; Rendel, 1967).
Calculation of the relative sizes of the 1-, 2- and 3-quadrant threshold intervals
from the distribution of progeny of all Ax A matings, on the assumption of
normality of this distribution, showed that the 2-quadrant interval was twice as
large as either the 1- or the 3-quadrant interval.
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2. Development
At approximately 4 days before birth early morphodifferentiation of first and

second molars, and the rudiment of the third molar were observed in both
normal and fused molar animals (Fig. 3A, B). In fusedmolar animals the external
enamel epithelium between adjacent tooth germs was generally well separa¬
ted from the underlying dental lamina, resulting in continuity of the stellate
reticulum of all three developing teeth (Fig. 3 B). Normal animals showed a slight
tendency towards separation (Fig. 3 A), but in no case was it observed to be as
extreme as in the most abnormal fused molar animal.

By one day after birth hard tissue formation had begun in both first and second
molars (Fig. 3C), and in fused molar animals fusion had been completed
(Fig. 3 E, G). Cases were observed in which fusion of the first and second molars
had taken place (Fig. 3E), and in these cases the third molar germ was develop-
mentally more advanced than normal. In normal animals invagination of the
third molar germ was only just beginning, whereas in the abnormal animals a
well-defined bell had already been formed (Fig. 3 E). Other cases were observed
with a large composite germ in which there was a greater antero-posterior range
ofhistodifferentiation than that seen in fused first and second molars. The antero¬

posterior length of these composite teeth (Fig. 3G) was similar to the sum of the
lengths of the fused first and second molar and advanced third molar of the type
illustrated in Fig. 3 E. It was concluded that these composite teeth had developed
from the rudiments of all three molars of the normal series. In one such case,
the rudiment of an additional tooth was observed posteriorly (Fig. 3G, inset).
At 5 days after birth normal third molars had reached the late bell stage

(Fig. 3 D). In abnormal animals in which the third molar had remained separate,
differentiation of the third molar was again more advanced than normal, and
in some cases an extension of dental lamina distal to the third molar showed

signs of early odontogenic activity (Fig. 3F). Previous work (Grewal, 1962;
Sofaer, 1969) suggests that such supernumerary buds may or may not be
destined to form additional teeth. In the one abnormal animal of this age
examined in which all three molars of the normal series had apparently fused,
there was an additional germ, distal to the composite tooth, which had reached
the early bell stage (Fig. 3H).
Lower jaw findings were similar.
The mechanism of molar fusion in the rice rat seems to be basically the same

as that proposed by Hitchin & Morris (1966) to account for fusion of the de¬
veloping incisors of the dog. Following stripping of the external enamel epi¬
thelium from the interdental lamina, which was thought to be due to rapid
growth of adjacent tooth germs, the internal enamel epithelia of adjacent germs
would be free to come into contact and to fuse. The reason for epithelial
stripping in the rice rat is not clear. However, once separation between the
external enamel epithelium and the interdental lamina has occurred, it is easy
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0-5 mm ' 0-5 mm

Fig. 3. in1, nr, in3, upper first, second and third molars; s, supernumerary.
(A) Control first and second molars, and the rudiment of the third molar, at an

estimated 3-4 days before birth. Light arrows indicate points of relationship
between the external enamel epithelium and underlying dental lamina. Heavy
arrow indicates the normal anterior extension of dental lamina.
(B) First and second molars, and the rudiment of the third molar, at an estimated
4-5 days before birth, in an animal from the abnormal strain. Light arrows
indicate points of separation of the external enamel epithelium from the under¬
lying dental lamina.
(C) Control first and second molars at one day after birth.
(D) Control third molar at 5 days after birth.
(E) Fused first and second molars and developmentally advanced third molar, of
an animal from the abnormal strain at one day after birth.
(F) Developmentally advanced third molar, and rudiment of a potential super¬
numerary tooth (indicated by arrow), of an animal from the abnormal strain at
5 days after birth.
(G) Fused first, second and third molars, and the rudiment of a supernumerary tooth
(inset), of the same animal from the abnormal strain at one day after birth.
(H) Supernumerary tooth germ from a case as in (G) but at 5 days after birth.
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to understand how the case illustrated in Fig. 3B could develop into that
illustrated in Fig. 3G.
Despite the similarities between the rice rat and the tabby mouse, the origin of

the supernumerary molar in the two animals is not the same. In the tabby mouse
the supernumerary develops anterior to but later than the first molar, resulting
in adult cases in which the most anterior molar (the supernumerary) is smaller
than its neighbour. In no animal of the several hundred abnormal adult rice rats
examined was the most anterior molar smaller than the tooth immediately
posterior to it. Furthermore, histological examination failed to reveal evidence
of proliferation of the normal anterior extension of dental lamina (illustrated in
Fig. 3 A). In addition, there was direct evidence for the development of an
additional tooth both posterior to a third molar that had remained separate
(Fig. 3F), and posterior to a composite tooth thought to be derived from
rudiments of all three molars of the normal series (Fig. 3G. H). Therefore, as

suspected from an examination of adult material, the rice rat supernumerary
appears to be a posterior tooth.
A further difference between the rice rat and the tabby mouse concerns the

relationship between fusion and the supernumerary. In the tabby mouse, fusion
was always found to be secondary to supernumerary formation, and fusion
always involved the supernumerary. As already mentioned, fusion may occur in
the rice rat without a supernumerary being present, and conversely, a super¬
numerary may be present in the absence of fusion. Similarly, in the dog, fusion
was not found to be dependent on the presence of a supernumerary tooth.
In the tabby mouse it was suggested that the supernumerary represented an

attempt to compensate for small size of the developing first molar, caused by
a suppressive influence at a particular stage of development. Subsequent relaxa¬
tion of the suppressive influence was thought to result in rapid growth of the
supernumerary and adjacent first molar in a restricted space, predisposing to
stripping of the external enamel epithelium from the interdental lamina, and to
fusion. In the rice rat, epithelial stripping apparently occurs without undue
crowding of the developing teeth (Fig. 3B), and the supernumerary develops
only after fusion has taken place. The supernumerary tooth in the rice rat may
arise in some cases in response to a smaller than normal combined antero¬
posterior length of the molars of the normal series, consequent to fusion. On
the other hand, since supernumeraries occasionally occur in the absence of
fusion, this could not be the only explanation for their development.
In conclusion then, it seemed reasonable to suspect that the different kinds of

association between fusion and the development of supernumerary teeth dis¬
cussed here reflect a single common attribute of the dental lamina predisposing
to epithelial stripping and to laminal hyperactivity.

Support for the rice rat colony was provided in part by U.S.P.H.S. research grant D-1355
from the National Institute of Dental Research. National Institutes of Health.
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SHORT COMMUNICATION

NATURALLY-OCCURRING EXPOSURE OF THE
DENTAL PULP IN MICE WITH INHERITED

HYPOPHOSPHATAEMIA

J. A. Sofaer*+ and J. C. Southam*

*Department of Oral Medicine and Oral Pathology. Old Surgeons Hall. High School Yards.
Edinburgh EH1 1NR and

tUniversitv Department of Human Genetics. Western General Hospital. Edinburgh EH4 2XU,
Scotland. U.K.

Summary—The X-linked mouse mutant hypophosphataemia {Hyp) is a homologue of human
hypophosphataemia (vitamin-D-resistant rickets). In addition to dental abnormalities already
reported, exposure of the dental pulp occurs frequently through developmental deficiency of the
dentine.

Deficiencies of the dentine are a feature of human
X-linked hypophosphataemia (vitamin-D-resistant
rickets). The deficiencies typically take the form of
elongated pulp horns that stretch towards, and some¬
times reach, the dentine-enamel junction. These den¬
tine abnormalities may be associated with micro¬
scopic cracks or deficiencies in the overlying enamel,
resulting in channels of access for microorganisms
from the mouth to the pulp chamber. As a conse¬
quence. in human hypophosphataemia there may be
multiple periapical abscesses in the absence of any
obvious clinical dental pathology (Marks. Lindahl
and Bowden. 1965: Archard and Witkop. 1966:
Bixler. 1976).
The X-linked mouse mutant hypophosphataemia

{Hyp. Eicher et al.. 1976) provides an animal model
that appears to be entirely homologous with the
human condition, both human and mouse disorders

being caused by a primary renal defect (Bulfield.
1981). The dental abnormalities shown by a small
number of these mice were reported by Iorio et al.
(1979a.b). but without reference to exposure of the
dental pulp. Our purpose is simply to draw attention
to the fact that naturally occurring exposure of the
dental pulp may be found in hypophosphataemic
mice, just as in the human condition.
Hypophosphataemic mice were obtained from the

Jackson Laboratory. Bar Harbor. Maine. U.S.A.
{C57BL 6J-Hyp) and the stock was maintained by
two types of mating: (1) Hyp/ + females x +/Y
males, from which normal (+ T) and mutant [Hyp. Y)
male offspring of different ages were studied: (2) + +
females x Hyp/Y males, from which all female off¬
spring (Hyp/ +) were studied. Hypophosphataemic
males were easily distinguished from their normal
litter mates by their smaller overall size, shorter hind
limbs and shorter tail (Eicher et al.. 1976).
The cusp tips of mouse molars are not normally

covered by enamel (Gaunt. 1956) so that any exten¬
sion of a pulp horn through the full thickness of den¬
tine should be visible externally. Furthermore,
because lack of enamel promotes rapid initial attri¬
tion. a thin layer of dentine separating an elongated

pulp horn from the mouth would soon be worn away,
with consequent exposure of the pulp. Of 17 Hyp/Y
dentitions examined grossly under a low-power
binocular microscope. 10 (59 per cent) showed one or
more pulp exposures in the lower molars, particularly
the first molar, whereas, of 36 Hyp + dentitions from
mice of comparable ages, only 9 (25 per cent) showed
similar lesions. These exposures were not observed in
the upper molars of either Hyp. Y or Hvp/ + animals,
and are never found in the dentitions of normal mice.
The difference in frequency of mice affected by pulp
exposure between mutant males [Hyp Y) and hetero¬
zygous females (Hyp +) was significant (yj =4.37.
p < 0.02). which is consistent with incomplete domin¬
ance of the mutant gene for this character.
Demineralized mandibles (either right or left) from

hypophosphataemic males and normal male litter
mates were embedded in paraffin wax and serially
sectioned in the sagittal plane (Table 1). Sections were
cut at 5 pm and stained with haematoxylin and eosin.
0.1 per cent Azure A or by the method of van Gieson.
Among the molars of the apparently unexposed
mutant group, an additional example of exposure was
discovered when the sections were examined.
As reported by Iorio et al. (1979b). the molars of

Hyp/Y males tended to have rather larger pulp
chambers and a wider predentine band than + Y

Table 1. Numbers of mandibles sectioned from mice
of different genotypes and different ages

Genotype
5

weeks
10

weeks
20

weeks Total

Hvp Y with
externally visible

exposures 3 5 2 10

Hvp Y without
externally visible
exposures 3 3 3 9

+ 1' 3 3 3 9

701
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controls, with mutant dentine showing prominent
interglobular areas of deficient mineralization typical
of the human condition (Archard and Witkop, 1966;
Tracy et al., 1971) and not found in normal mice.
There was no evidence of a progressive change in the
consequence of pulp exposure with age, mice of all
three age groups showing pulp necrosis and periapical
involvement (Fig. 1A,B). Only one of the exposed
pulp horns provided any evidence of attempted repair
by dentine bridge formation (Fig. 1C). Whether or not
this lack of repair can be attributed to abnormal
odontoblast activity in these animals is a matter for
speculation, but mineralized tissue, either as a bridge
at the exposure site or elsewhere in the pulp chamber
or root canal, has been observed regularly following
experimental pulp exposure in the rat (Paterson.
1976).
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Plate 1.

Fig. 1. (A) Sagittal section through lower first and second molars of a 5-week hypophosphataemic male
mouse, showing a normal healthy pulp for the second molar but total necrosis of the first molar pulp
associated with exposure, van Gieson. (B) Sagittal section through mesial root apex of the first molar
shown in (A), showing dense inflammatory infiltration, van Gieson. (C) Sagittal section through cusp tip
of a lower second molar from a 10-week hypophosphataemic male mouse, showing an attempt at

dentine bridge formation. Azure A.
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One of the most prominent abnormalities shown by the mouse

mutant 'downless', in addition to its effects on the dentition, is

absence of hairs on the tail due to failure of hair follicle

initiation. Normal embryonic tail epidermis recombined with either

normal or mutant dermis produced hair follicles in culture whereas

mutant epidermis with either normal or mutant dermis did not. The

effect of 'downless' therefore appears to be restricted to the

epidermal component of the system. Similar culture experiments

using 'tabby' gave somewhat different results.
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In the development of structures formed by the interaction of an epithelium and its underlying
mesenchyme, the mesenchyme appears to be generally responsible for inducing the initiation of
development. On the other hand, the epithelium must be competent to respond to the inductive
stimulus if a structure is to be produced. One of the effects of the autosomal recessive mouse
mutation downless is to suppress tail hair follicle initiation. Failure of initiation could therefore be
due to failure in either the epidermal or the dermal component of the system, or both. Reciprocal
recombinations between downless homozygote and heterozygote tail epidermis and dermis were
made prior to the time when the first signs of follicle formation are visible in the tails of normal
mice, and the recombined elements were allowed to continue growth and differentiation on the
chick chorioallantoic membrane. The results suggest that the primary mutant effect is restricted
to the epidermis. Explants composed of heterozygote epidermis with either heterozygote or

homozygote dermis produced follicles, whereas explants composed of homozygote epidermis with
either homozygote or heterozygote dermis did not.

INTRODUCTION

The semidominant X-linked gene tabby
(Ta) in the mouse, and two recessive auto¬
somal mimics of tabby, crinkled (cr) and
downless {dl), are each associated with a
mutant syndrome involving abnormalities
of hair, teeth, and certain exocrine glands,
all structures formed by the downgrowth of
an epithelium into the underlying mesen¬

chyme (Falconer et al., 1951; Falconer,
1953; Griineberg, 1965, 1966a,b, 1971;
Sofaer, 1969a,b). Studies of a variety of
similar structures in different species indi¬
cate that the mesenchyme is generally
responsible for inducing the initiation of
development and for the gross form of the
structure that is produced (for example:
Gomot, 1958; Dameron, 1961; Rawles,
1963; Kratochwil, 1969; Spooner and Wes-
sells, 1970; Lawrence, 1971; Kollar, 1972),
but that the epithelium may determine
certain morphological or functional details
(for example: Dhouailly, 1967; Sullivan,
1972; Lawson, 1972). The fundamental
nature of mesenchymal induction is illus¬

trated by the fact that it can operate across
vertebrate classes. Mouse mesenchyme has
induced feather initiation in chick corneal

epithelium, an epithelium that normally
produces no such structure (Coulombre
and Coulombre, 1971).
However, the epithelium must have the

capacity to respond to induction by. the
underlying mesenchyme if downgrowth is
to occur. In the scaleless fowl, a mutant
that has certain features in common with

tabby, crinkled and downless mice (Abbott
and Asmundson, 1957), the mutant effect
has been shown by reciprocal recombina¬
tion of normal and mutant epidermis and
dermis to be intrinsic to the epidermis.
Feathers and scales are formed by the
interaction of normal epidermis with mu¬
tant dermis, but they do not develop from
mutant epidermis in combination with
normal dermis (Sengel and Abbott, 1963).
The mutation therefore appears to affect
the competence of the epidermis to react to
a normal inductive stimulus. A further

point of interest here is that, even though
289
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the scaleless mutation primarily affects the
epidermis, the dermis is not entirely nor¬
mal, both in undissociated mutant skin
(Goetinck and Sekellick, 1970) and in re-
combined skin composed ofmutant epider¬
mis and genetically normal dermis (Go¬
etinck and Sekellick, 1972). This demon¬
strates that the interaction between epi¬
dermis and dermis is not in one direction

only.
Studies on the coats of tabby and crin¬

kled mice suggest that there is a timed
gene effect expressed as suppression of new
hair follicle formation between 12.5 and 17

days of gestation. The follicles that do form
grow more slowly than normal (Falconer et
al., 1951), and there is a reduction in hair
caliber and a lack of differentiation of the
coat into hair types (Griineberg, 1966b). It
is during this period of suppression that
hair follicles start to form in the tails of
normal mice, the mesenchymal condensa¬
tions that precede epithelial downgrowth
appearing at about 16 days. The tails of the
mutants are therefore generally bald. (Ex¬
ceptions to this generalisation are provided
by the alleles of tabby Ta' and Tac, which
produce abnormal hair sparsely distrib¬
uted over the whole tail.) The original
tabby allele (Ta), crinkled, and downless
may each allow the presence of a few
abnormal tail hairs, but on certain genetic
backgrounds suppression of tail hair folli¬
cle initiation in mutant homozygotes and
tabby hemizygotes appears to be complete.
The tails of these mutants therefore pro¬
vide both an opportunity to study the
nature of dermal-epidermal interactions in
the initiation of hair follicles, and a rela¬
tively simple system in which to investi¬
gate the ways in which the genes affect
morphogenesis.
A comparison of hair follicle and hair

development in culture between the body
skin of normal and tabby mice has shown
that tabby skin explanted from 13- and
14-day embryos retains its mutant charac¬
teristics (Hardy, 1969). Tabby skin at this
stage of development therefore behaves

autonomously when removed from the in
vivo situation. However, on the question of
whether the primary abnormalities pro¬
duced by the mutant genes are restricted to
either the epidermis or the dermis there
has been no direct experimental evidence.
Observations of in vivo development do
perhaps tend to incriminate the epidermis,
since the growth and differentiation of the
epithelial component of the hair follicles,
teeth and glands that do become initiated
in the mutants are slower than normal

(Falconer et al., 1951; Sofaer, 1969a:
Griineberg, 1971). On the other hand, the
interaction known to occur between epider¬
mis and dermis leaves open the possibility
that epidermal growth and differentiation
are dependent on some critical factor or
factors in the underlying dermis. It has in
fact been suggested that tabby may act
through cells of mesodermal origin, since
the fine transverse banding pattern of the
coat in tabby heterozygotes is reminiscent
of the repetitive pattern of the somites in
early development (Lyon, 1970). The pres¬
ent investigation is an attempt to deter¬
mine experimentally whether the epider¬
mis or the dermis is the primary site of
activity of one of the mutant genes by
making reciprocal recombinations between
phenotypically normal and mutant tail
epidermis and dermis and continuing
growth in culture.

MATERIALS AND METHODS

Downless mice with a C3H/101 genetic
background, obtained from the MRC Radi-
obiology Unit at Harwell, were the founder
members of the mutant stock that was

used. An autosomal gene was chosen in
preference to tabby since two genotypes
(dl+ and dldl) producing normal and mu¬
tant phenotypes could be obtained in the
same litter. The tails of downless homozy¬
gotes of this stock are almost completely
devoid of hair.
Downless heterozygote females were

caged with downless homozygote males
and were examined for vaginal plugs on the
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following morning. The day on which a
plug was found was regarded as day zero.
On day 14 of gestation, 2 days before the
first signs of follicle formation in normal
tails, pregnant females were sacrificed by
cervical dislocation and the embryonic lit¬
ters were dissected out in Tyrode's solution
containing 1000 units of penicillin and 25
mg of streptomycin per liter. Downless
heterozygotes in these embryonic litters
were distinguished from homozygotes by
the presence of a postorbital tubercle, the
first external sign of a developing postorbi¬
tal vibrissa. Downless heterozygotes invari¬
ably possess the tubercle whereas homozy¬
gotes do not. In addition, a number of
litters that were wild type for downless
(and for tabby and crinkled) were obtained
in a similar way.
The middle third of the tail of each

embryo was removed in Tyrode's solution
and the epidermal epithelium was cut
longitudinally from one end of this segment
to the other. Clean cutting of the epi¬
thelium was achieved by passing a tung¬
sten needle longitudinally through the seg¬
ment of tail, beneath the epithelium, and
by cutting down to the needle with a
scalpel from the outside. The majority of
tail segments, each about 2 mm long and 1
mm in diameter, were then transferred to
2% trypsin (Difco 1:250) in Tyrode's solu¬
tion and maintained at approximately 4°C
for about 1.5 hr. After returning to Ty¬
rode's solution the epidermis was peeled
from the core of each tail segment, and
reciprocal recombinations were made be¬
tween littermates. From the litters that
were segregating for downless all four possi¬
ble genotype combinations of epidermis/
dermis were made: dl+/dl+, dldl/dldl,
dl+/dldl, and dldl/dl+.
Each recombination was made by plac¬

ing a core of known genotype on a piece of
black Millipore filter about 3 mm square,
and by easing onto the core the epidermis
removed from the tail of a littermate of
known genotype. The pieces of filter facili¬
tated manipulation of the cores and recom-
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bined segments, and provided a dark back¬
ground against which the thin epidermal
component could be seen clearly. The re-
combined tail segments were then carried
on the pieces of filter to the chorioallantoic
membrane of hens' eggs that had been
incubated for 8 days. Once on the mem¬
brane the filter could be removed easily
from beneath a recombined segment with¬
out disturbing the relationship between the
core and its overlying epidermal epithe¬
lium. Some of the wild type tail segments
were treated with trypsin, and explants
were made by reciprocal recombination
between littermates in the same way. A few
wild type tail segments were not treated
and were cultured undissociated, with the
core tissue exposed by incision of the epi¬
dermal epithelium placed in contact with
the chorioallantoic membrane. After 8 days
of incubation on the chorioallantoic mem¬

brane the explants were removed, fixed in
Bouin's fluid, serially sectioned at 10 jim
and stained with hematoxylin and eosin.

RESULTS AND DISCUSSION

Of 149 explants made, 106 were success¬

fully recovered and sectioned. Sections
were examined for the presence of early
hair follicles, distinguished by the typical
bell-shaped basal morphology of the epi¬
thelial downgrowth and by a basal concen¬
tration of melanin. Table 1 shows the total
numbers of explants of each genotype com¬
bination examined and the numbers of

explants in which follicles at this stage of
development were observed. Also shown
are the average numbers of follicles found
in the positive explants; that is, those
containing at least one early hair follicle.
The results are consistent with the hypoth¬
esis of restriction of the primary mutant
effect to the epidermis. Follicles were
formed by heterozygous epidermis with
either heterozygous or homozygous down¬
less dermis, but never by homozygous
downless epidermis.
The general relationship of the ex-

planted epithelium to the tissues of the tail
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TABLE 1

The Total Numbers of Explants Examined, the Numbers Containing Early Hair Follicles, and the

Average Numbers of Follicles Found in the Positive Explants Following: (A) Explantation of

Whole Middle Third Tail Segments; and (B) Trypsin Dissociation and Reciprocal
Recombination of Epidermis and Dermis between Littermates

(A) <B)
Undissociated Trypsin dissociation and reciprocal recombination

Genotype of epidermis + + + dl + dldl dl+ dldl

Genotype of dermis -i- + + + dl+ dldl dldl dl +
Total number of explants 7 14 20 21 24 20

Explants containing early fol¬ 7 6 8 0 6 0
licles

Average follicle number in 23.0 2.0 4.5 — 2.7 —

positive explants

core was variable. In some explants of all
genotype combinations, the epithelium re¬
mained external to and in good contact
with the core tissues, as the in vivo situa¬
tion. In others, only of the dissociated
group [Table 1 (B) ], the explanted epi¬
thelium was only partly in contact with tail
core tissue, the remainder spreading over
or being incorporated alone in the neigh¬
boring chick chorioallantoic membrane. In
the majority of explants of both the dis¬
sociated and undissociated groups at least
some of the mouse epidermal epithelium
had become included in the core tissues
and had formed epithelial pearls or cysts of
various sizes. Follicles were formed where
the explanted epithelium came into con¬
tact with tail core tissue whether the epi¬
thelium remained external or not. Follicles
were not observed in areas where the ex¬

planted epithelium appeared to be in con¬
tact only with tissues of the chick mem¬
brane. Nonspecific proliferative down-
growths of epidermal epithelium into the
tissues of the tail core were a common

finding.
Figure 1A shows the appearance of

downless heterozvgote tail skin at the time
of explantation. Homozygous downless tail
skin at this stage has a similar appearance.
Figure IB shows the separation between
14-day tail epidermis and dermis achieved
by trypsin treatment. Figure 1C illustrates
the state of tail hair follicle development 8
days lat&r in vivo in a downless heterozy-

gote. This can be compared with Fig. ID,
the appearance of tail skin at the same

stage in a downless homozygote. Figure IE,
F, G, and H show examples of early folli¬
cles produced after 8 days on the chick
chorioallantoic membrane by different ex-
plants of the dl+/dldl epidermis/dermis
combination.

Among the explants made by dissocia¬
tion and reciprocal recombination, the ge¬

notype combinations that produced folli¬
cles showed a low yield relative to the
undissociated controls, both in terms of the
proportion of explants containing follicles
(about one-third overall), and in terms of
the average number of follicles contained
by the positive explants. The low follicle
yield associated with downless heterozv-
gote epidermis is not attributable to in¬
complete dominance of the wild type allele
in culture, since the homozygous wild type
recombinations showed a similarly low
yield. Comparison between groups (A) and
(B) in Table 1 indicates that the low follicle
yield was due, at least very largely, to the
dissociation and recombination procedure.
Despite the low follicle yield that oc¬

curred after dissociation and recombina¬
tion. the overall pattern of the findings
suggests that the downless mutation re¬
sults in a failure of epithelial competence
to react to a normal inductive stimulus.
Evidence other than direct observation of
the phenotype is thus provided for a simi¬
larity between the scaleless mutation in
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Fig. 1. (A) Undissociated 14-day embryonic downless heterozygote tail skin. Longitudinal section. (B)
Separation between 14-day downless heterozygote tail epidermis and dermis achieved by trypsin treatment.
Transverse section. (C) The state of tail hair follicle development in vivo 8 days later in a downless heterozygote.
Longitudinal section. (D) Tail skin in a downless homozygote at the same stage as C. Longitudinal section. (E,
F, G, H) Early hair follicles produced after 8 days on the chick chorioallantoic membrane by different explants
of the dl+/dldl epidermis/dermis combination.
All tissue fixed in Bouin's fluid, sectioned at 10 yum and stained with hematoxylin and eosin.

the fowl and downless in the mouse. The therefore be affected by similar mutations
epidermis of birds and mammals can leading to analogous phenotypic defects of
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the cutaneous appendages. It is even possi¬
ble that the wild type alleles of scaleless
and downless (or tabby or crinkled) are
evolutionarily homologous, and that more
detailed comparison between the mutants
could ultimately provide evidence for or

against such a relationship.
In any event, observations on the in¬

teraction between nonmutant epidermis
and dermis in the development of integu¬
mentary derivatives are very similar in
birds and mammals. In both, the morpho-
genetic influence of the dermis is much
greater than that of the epidermis, even

though the final appendages are formed
largely by epidermal cells. In birds, dermis
from a prospectively featherless region of
the skin is unable to take part in feather
morphogenesis, whereas epidermis from
such a region, when combined with appro¬
priate dermis, can respond as well as epi¬
dermis from a prospectively feathered re¬

gion. Furthermore, the specificity of scale
as opposed to feather development is deter¬
mined largely by the dermis, and even the
fundamental pattern of feather morphol¬
ogy is dermally controlled (see review by
Sengel, 1971).
Many interesting parallels have been

demonstrated in mammals. Combinations
of dermis from prospectively hairy regions
with epidermis from the plantar surface of
the embryonic foot have produced hairs,
whereas combinations of epidermis from
prospectively hairy regions with plantar
surface dermis have produced only heavily
keratinizing epithelium. Similarly, dermal
papillae of early tooth germs are able to
induce lip furrow epithelium, and even
plantar surface epidermis, to form teeth;
whereas the enamel organ, the early epi¬
dermal component of tooth germs, be¬
comes a stratified keratinizing epithelium
when confronted with plantar surface der¬
mis, although it retains its ability to grow
down into the dermis. In addition, recipro¬
cal recombinations between epidermis and
dermis of tooth-bearing and non-tooth-

bearing regions of the mouse mandible
have shown that the positions in which
teeth develop within the jaw are controlled
by the dermis; and reciprocal recombina¬
tions between dermal papillae and enamel
organs of prospective incisor and molar
teeth have shown that it is the dermal

component also that dictates the shape of
the tooth that is formed (see review by
Kollar, 1972).
The similarities between the avian and

mammalian systems are likely to be more
than superficial, since cultured aggregates
of young chick skin cells that would nor¬

mally go on to produce feathers do not do
so either in the presence of older prospec¬
tively feather-producing chick embryo skin
cells (Garber and Moscona, 1967) or in the
presence of prospectively hair producing
mouse embryo skin cells of the comparably
older developmental stage (Garber et al.,
1968). Also, as already mentioned, dermis
from one class can cooperate with epider¬
mis from the other to form chimeric
structures (Coulombre and Coulombre,
1971). These observations suggest that
there may be metabolic features that are
common to the epidermis-dermis interac¬
tion systems of birds and mammals.
Even though the epidermis appears to

play a secondary and rather passive role,
the scaleless and downless mutations show
that the ability of the epidermis to respond
to dermal control can be independent of
more fundamental epidermal functions.
They also show that at least one compo¬
nent of the epidermal response is inde¬
pendent of the inductive capacity of the
dermis. By contrast, in the Brahma breed
of chick, where a normally scale-producing
area develops feathers, the abnormality
seems to arise through a modification of
both the inductive capacity of the dermis
and the response of the epidermis, al¬
though it has not been possible to show
that the abnormal phenotvpe is due to
allele substitution at a single locus
(Goetinck, 1967, 1971). Further analysis of
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single mutations, and of experimental in¬
teractions between tissues of different mu¬
tants, could possibly provide the basis for a
more detailed understanding of the de¬
velopmental processes that take place
during the formation of integumentary de¬
rivatives.
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SUMMARY

The semi-dominant X-linked gene tabby (Ta) in the mouse, and one of
its recessive autosomal mimics, downless (dl) each produces a mutant
syndrome that includes absence of hairs on the tail due to failure of tail
hair follicle initiation. However, whereas downless tails failed to produce
hair follicles in culture on the chick chorioallantoic membrane, which is
in keeping with the adult phenotype of both downless and tabby mice,
tabby tails produced follicles at about 40% of the control level. Further¬
more, in contrast to previous findings for downless, the culture of mixed
genotype epidermis-dermis combinations provided no evidence of a
primary epidermal effect in tabby.

1. INTRODUCTION

The semi-dominant X-linked gene tabby (Ta) in the mouse, and two recessive
autosomal mimics of tabby, crinkled (cr) and downless (dl), are each associated
with a mutant syndrome that is characterized by abnormalities of hair, teeth
and certain exocrine glands, all structures formed by the downgrowth of an epi¬
thelium into the underlying mesenchyme (Falconer, Fraser & King, 1951; Fal¬
coner, 1953; Griineberg, 1965, 1966a, b, 1971; Sofaer, 1969a, b). In mutant mice
some of these structures fail to form altogether, and those that do form are usually
reduced in size and have an abnormal morphology. The normal alleles of tabby,
crinkled and downless therefore appear to be concerned with the interaction be¬
tween epithelium and mesenchyme that takes place during the development of
such structures.

One of the most prominent mutant abnormalities is the absence of hairs on the
tail due to failure of tail hair follicle initiation. The degree of failure to form tail
hairs is influenced by genetic background, and, at least for tabby, by the particu¬
lar mutant allele that occupies the tabby locus; but for certain genotypes tail hair
follicle initiation appears to be completely suppressed, or at least very nearly so.
Failure to initiate a downgrowth of epithelium that would go on to form a hair

follicle could be due to an abnormality in either the epidermis, the epithelial com¬
ponent of the system, or the dermis, the mesenchymal component; or perhaps

* Present address: University of Edinburgh. The School of Dental Surgery. Edinburgh
EH1 1JA.
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both. It has been suggested that tabby may act through the dermis, since the
fine transverse banding of the coat in tabby heterozygotes is reminiscent of the
repetitive pattern of the somites in early development (Lyon, 1970; Mintz, 1971).
However, previous work indicates that in downless mice the primary effect of the
mutation on tail hair follicle initiation is restricted to the epidermis. Cultured
combinations of + /dl tail epidermis with dljdl dermis produced follicles, whereas
combinations of dl/dl epidermis and + jdl dermis did not (Sofaer, 1973). The pre¬
sent paper describes a similar epidermis-dermis recombination experiment in
which various combinations of Ta/Ta (or Ta), + /dl, and dljdl tail epidermis and
dermis were used. The experiment was undertaken to test independently the
capacity of tabby epidermis and dermis to produce the mutant phenotype, and to
compare the behaviour of tabby in culture with that of doivnless.

2. materials and methods

The mutant stocks used were derived from tabby (original mutant allele Ta)
and downless mice with a C3H/101 genetic background, obtained from the MRC
Radiobiology Unit at Harwell. The degree of suppression of tail hair formation
was determined for each stock by examining the tails of a sample of 50 adult
mutant mice under a dissecting microscope for the presence of hairs in the distal,
middle and proximal thirds of the tail. For comparison, the tails of 10 downless
heterozygotes were also examined, and the mean number of hairs in the middle
third of the tail was estimated. An estimate for each heterozygote was arrived
at by counting the number of hairs per tail ring at the two extremes and at the
centre of the middle third of the tail, and by taking the average of these three
counts and multiplying by the number of middle third tail rings.
Timed matings were set up using Ta/Ta$$ with Ta$£, and + /dl or dl/dlQQ

with dl/dlgg. The day on which a vaginal plug was found was regarded as day
zero. On day 14, two days before the first signs of hair follicle formation in normal
tails, pregnant females were sacrificed and the embryonic litters were removed.
Embryos from mixed litters of + /dl and dljdl individuals were classified on the
basis of presence or absence of a postorbital tubercle, the first sign of a developing
postorbitul vibrissa. Heterozygotes invariably possess the tubercle whereas homo-
zygotes do not .

The middle third of the tail of each 14-day embryo was dissected out in
Tyrode's solution containing 1000 units of penicillin and 25 mg of strepto¬
mycin per litre, and the external epithelium was cut longitudinally from one end
of this tail segment to the other. Segments to be used for epidermis-dermis
recombination were then transferred to 2 % trypsin (Difco 1:250) in Tyrode's
solution and maintained at approximately 4° C for about lj hours. After
returning to Tyrode's solution the epidermal epithelium was peeled from the
core of each tail segment, and recombinations were made between epithelium
and tail cores of selected genotypes. The recombined tail segments were then car¬
ried to the chorioallantoic membrane of hen's eggs that had been incubated for
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8 days. Undissociated control tail segments, not exposed to trypsin, were also
explanted, with the core tissue exposed by incision of the epidermal epithelium
placed in contact with the chorioallantoic membrane. Each egg received a single
explant. After 8 days of incubation on the chorioallantoic membrane the explants
were removed, fixed in Bouin's fluid, serially sectioned at 10 /tm and stained with
haematoxylin and eosin. The serial sections were then examined, and the number
of early hair follicles contained in each explant was recorded.
A few additional details of the explantation technique are given in Sofaer

(1973).

3. RESULTS

Table 1 shows the distribution of numbers of mutant tails of the two stocks

according to the number of hairs in the distal, middle and proximal thirds of the
tail. Suppression of hair formation was not complete for both dljdl and TajTa
or Ta tails, and the incidence and position of hairs were very similar in the two
mutants on this genetic background. When hairs did occur they tended to do so
towards the distal rather than the proximal end of the tail.

Table 1. The distribution of numbers of mutant tails according to the number
of hairs in the distal, middle and proximal thirds of the tail

Number of hairs
Geno- Total , *

type tails Position 0 1-5 6-10 11-20 21-40 > 40

dljdl 50 Distal ^ 37 8 3 0 2 0
Middle i 44 5 0 1 0 0
Proximal § 49 0 1 0 0 0

TajTa 50 Distal J 36 11 2 1 0 0
or Ta Middle J 46 4 0 0 0 0

Proximal ^ 50 0 0 0 0 0

Table 2 compares + dl, dljdl, and TajTa or Ta adult tail phenotypes with the
mean numbers of early hair follicles found per cultured undissociated embryonic
tail segment. Also shown are adjusted means of hair and follicle number based on

corresponding + /dl values of 1. In both dljdl and TajTa or Ta adults the incidence
of middle third tail hairs was very low compared with the + /dl controls (around
1/10000*of the + /dl level). However, whereas dl/dl explants produced no follicles
at all, as was expected, TajTa or Ta explants produced follicles at about 40%
of the + jdl control explant level. Tabby and downless therefore clearly responded in
different ways to the culture system.
The results for trypsin dissociated and recombined explants of different geno¬

type combinations are given in Table 3. Comparison with Table 2 shows that, in
the change from culturing undissociated tail segments to trypsin dissociation and
recombination prior to explantation, the proportion of follicle containing explants
of + jdl tail segments dropped from 100 % (19/19) to 40% (8/20), and that of
TajTa or Ta tail segments dropped from 82% (18/22) to 22% (5/23). The dis-

15-2
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sociation and recombination procedure therefore affected both genotypes that
produced follicles in this system in similar ways. Explants of dljdl tail segments
failed to produce follicles both when cultured undissociated (Table 2) and when
cultured following trypsin dissociation and recombination (Table 3).
The data in Table 3 indicate that dotvnless has its primary effect on the epi¬

dermis. All explants containing dljdl epidermis failed to produce follicles (columns
3-5), whereas explants containing dl/dl dermis (except in combination with dljdl

Table 2. The mean number of hairs per middle third of adult tails, and the mean
number of follicles found in cultured undissociated middle third explants

+ jdl
A

dljdl
A

TajTa or Ta

iV M
1

R N M R N M
A

R

Adult tails 10 2600 1 50 0-44 0-00017 50 0-14 0-00005

approx.

Explants 19 22-8 1 21 0 0 22 8-6 0-38

N is the number of tails or explants examined, M is the mean number of hairs
or follicles, and R is the mean number of hairs or follicles relative to a downless
heterozygote value of 1. All the + /dl explants, and 18 of the 22 TajTa or Ta explants
contained follicles. Means were based on the total number of tails or explants of
each genotype examined.

Table 3. The total numbers of explants of each epidermisIdermis genotype combina¬
tion, the numbers containing hair follicles, and the average numbers of follicles found
in the positive explants
Column 1 2 3 4 5 6 7 8 9

Epidermis 4- jdl + jdl dl/dl dljdl dljdl Ta Ta Ta + jdl
Dermis + /dl dljdl 4- jdl dljdl Ta + /dl dljdl Ta Ta

Total explants 20 24 20 21 25 23 24 23 21

Explants with follicles 8 6 0 0 0 11 9 5 4

Average follicles per positive 4-5 2-7 — — — 3-0 3-0 1-8: 2-3

explant J V. j V. )
Y Y Y

Positive: negative explants 14: 30 20: 27 9 : 35

Ta refers to either tabby female homozygotes or tabby hemizygous males. The first
four columns contain previous data (Sofaer, 1973).

epidermis - columns 2 and 7) showed some follicle yield. Explants containing
Ta/Ta or Ta epidermis produced follicles (columns 6-8), and those containing
Ta/Ta or Ta dermis (except in combination with dljdl epidermis - columns 8
and 9) produced follicles also. This is consistent with the lack of complete mutant
expression shown by cultures of undissociated TajTa or Ta tails (Table 2).
Since undissociated tabby tail segments produced follicles at less than the con¬

trol (+ jdl) level it follows that some effect of Ta may be retained in the culture
system and that it might be detectable in dissociated and recombined explants
also. Thus, if Ta affects either the epidermis or the dermis, it may be possible to
demonstrate a quantitative difference of follicle yield between explants containing
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Ta epidermis as opposed to those containing Ta dermis. If Ta has its primary
effect on the epidermis, as seems to be the case with dl, then explants containing
Ta epidermis could show a lower follicle yield than those containing Ta dermis.
Table 3 suggests that there is a tendency for the reverse to apply. There was a
higher proportion of follicle containing explants among explants containing tabby
epidermis (excluding those that also contained tabby dermis - columns 6 and 7)
than among those containing tabby dermis (excluding those that also contained
dl/dl or Ta epidermis - column 9); and the proportion for tabby epidermis (columns 6
and 7) was not significantly different from that for downless heterozygote control
epidermis (columns 1 and 2). There is therefore some basis for combining columns 8
and 9 to give an overall indication of the effect of tabby dermis. The difference
between the ratios of positive to negative explants for tabby epidermis (columns 6
and 7) as opposed to tabby dermis (columns 8 and 9) is of borderline significance.
However,the difference between column 6 and column 9, and that betweencolumns 8
and 9 as opposed to 1 and 2 are not significant. Nevertheless, while these results
may be insufficient to implicate tabby dermis they do not provide any evidence of
primary epidermal involvement in tabby mice.

4. DISCUSSION

The first difference disclosed between tabby and dovmless concerns their response
to the culture system. Undissociated embryonic downless tail segments failed to
produce hair follicles when cultured on the chick chorioallantoic membrane, where¬
as embryonic tabby tail segments produced follicles at about 40 % of the control
level. There are two kinds of explanation for this. It may be that the tabby muta¬
tion results in a deficiency that is partly made good by the developing chick egg.
The model proposed by Dun (1959) to explain the action of tabby is in fact based
on a partial deficiency hypothesis. Alternatively, tabby may have its effect by
inhibition of the normal developmental process. If this were the case, incomplete
mutant expression could result from dilution of the inhibitory influence by the
relatively massive volume of the chick egg.
Both the hypothesis of making good a deficiency and that of dilution of an

inhibitor imply that a diffusible substance is involved in producing the tabby
phenotype. Evidence for a diffusible substance comes from the observation that
both ' normal' and ' tabby' areas of the coat of Ta *-* + chimaeras contain both
normal and mutant hairs, only the proportion of the tabby effect differing in the
two types of area (Cattanach, Wolfe & Lyon, 1972). Furthermore, a study of tail
ring patterns in mice heterozygous or chimaeric for tabby has shown that only the
chimaeras have phenotvpically mosaic tails; the suggested interpretation being
that patch size in heterozygote tails is much smaller than in chimaeras and falls
within the diffusion range of a hypothetical gene product (McLaren, Gauld &
Bowman, 1973).
The implications for downless are as follows. If downless results in a deficiency

the chick egg must be unable to supply the explant with what is missing. On the
15-3
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other hand, if downless acts by inhibition the inhibitor substance must be either
poorly diffusible or produced in great excess.
The mode of action of the two genes might become clearer if undissociated

mutant tail segments were cultured in a completely artificial system, free from
the unknown factors associated with chorioallantoic grafting. It has already
been reported that, in the plasma clot system, hairs developing in skin that has
been taken from a prospectively hair producing area of tabby embryos show the
characteristic mutant pattern of developmental timing and hair morphology
(Hardy, 1969). The reason why the mutant characteristics of the cultured tissue
are retained in this instance but not in the case of tail segments grafted onto the
chorioallantoic membrane may be associated with the relative volumes of the two
culture systems and the presence of a circulation in the chorioallantoic case.
Both these factors would tend to allow more rapid exchange of a diffusible
substance in the chorioallantoic situation.
The second difference between tabby and downless concerns the site of activity

of each gene. There seems to be little doubt that the primary effect of downless
is restricted to the epidermis. By contrast, comparison of the follicle yield between
explants containing Ta epidermis and those containing Ta dermis does not pro¬
vide an equally clear cut answer for tabby.
In all respects studied so far the phenotypes of dljdl and TajTa or Ta mice are

qualitatively indistinguishable. Furthermore, the levels of mutant effect pro¬
duced by the two genes appear to react in similar ways to the same changes of
genetic background (Sofaer, 19696). Nevertheless, the two genes have been shown
here to respond differently to culture on the chick chorioallantoic membrane.
It is possible that the difference of response may simply reflect a quantitative
difference in the production of a single inhibitor. This would not necessarily be
detectable under normal circumstances if there were sufficient inhibitor in tabby
mice to cause maximum suppression of tail hair follicle initiation, but might be
disclosed in culture because of the postulated dilution effect associated with
chorioallantoic grafting. It is conceivable that such a difference could arise as
a consequence of the difference between autosomal and X-linkage. Alternatively,
since it appears possible that they may have their primary effect in different
tissues, the genes may not be mimics because they produce closely related bio¬
chemical blocks, but rather because they result in abnormalities in separate but
cooperating components of a single developmental system.

The author is grateful to Dr Bruce Cattanach for the gift of tabby and doivnless mice, and
to Professors J. M. Thoday and H. Griineberg for helpful criticism. Financial support was in
the form of a Nuffield Foundation Dental Research Fellowship and a Research Project
Grant from the Medical Research Council.
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In man, the upper lateral incisors are sometimes congenitally

absent. When absence occurs on one side only, the central incisor

adjacent to the missing tooth tends to be larger than the central

on the other side. In the mouse, compensatory changes of growth

rate occur between the developing lower first and second molars

such that the rate of growth of the two germs taken together remains

fairly constant. Both these findings provide further evidence for

interaction between neighbouring tooth germs during development.

Patients having cleft lip with or without a cleft of the palate

exhibit abnormally high levels of tooth size asymmetry, not only in

the vicinity of the malformation itself but throughout the dentition.

This generalised instability of development may be to some extent

under genetic control, as cases with positive family histories show

some signs of greater asymmetry than those with negative family

histories .



100

[Reprinted from Human Biology, February, 1971, Vol. 43, No. 1.]

DEVELOPMENTAL INTERACTION, SIZE AND
AGENESIS AMONG PERMANENT

MAXILLARY INCISORS

BY J. A. SOFAER,* C. S. CHUNG,** J. D. NISWANDER *
AND D. W. RUNCKf

THE development of the dentition is an apparently well integrated
process during which growing structures are presumably influenced by
their surroundings. Thus it is likely that the status of a developing
tooth is not independent of that of its neighbours, and that variation in
the size of one tooth germ may be reflected in others. Experimental
evidence from the mouse suggests that under some circumstances there
can be compensatory interaction between developing teeth. If in a given
segment the teeth which develop early are large then those which develop
late tend to be small or absent, and vice versa (Griineberg, 1951; Grewal,
1962; Van Valen, 1962b; Sofaer, 1969). A simple way to test the
hypothesis that such interaction occurs in man is to compare sides within
individuals. Here heredity and the general environment are expected
to influence both sides equally, so that any differences between sides
can be assumed to be due to chance local environmental effects only.

Consider the simplest case that could be used for such a test; a

morphological segment composed of just two teeth on each side. If as a
result of chance local differences the earlier developing tooth is larger
on the right than on the left, then, according to the hypothesis, the later
developing tooth will tend to be larger on the left than on the right. It
follows that the situation most likely to yield detectable asymmetry
in one of the teeth of such a segment is unilateral extreme reduction or
absence of the other. This situation sometimes occurs in the upper
incisor region. Lateral incisors are not infrequently congenitally missing
or small and peg shaped. Furthermore, the central incisors are easily
measured so that variation in their size can be studied conveniently. The
present paper is concerned with this variation in relation to different

* Human Genetics Branch, National Institute of Dental Research, National
Institutes of Health, Bethesda, Maryland 20014.

** School of Public Health, University of Hawaii, Honolulu, Hawaii 9GS22.
t School of Dentistry, Department of Oral Surgery, University of Minnesota,

Minneapolis, Minnesota 55455.
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conditions of the lateral incisors, and with some thoughts on the develop¬
mental basis for peg and missing teeth.

METHODS

Data were obtained on a population study of dental characteristics
in Hawaii. In this study over 17,000 high school students, ranging in
age from 11 to 20 years, were examined. Details of the study design and
examination procedure are given by Chung et al. (1970).

Missing teeth and morphological anomalies detected by visual ex¬
amination were recorded. Measurements of the greatest mesio-distal
diameter of the upper central incisors were obtained directly in the
mouth using a Helios caliper and were recorded to the nearest x/xo mm*
Ho radiographic confirmation of missing teeth was obtained, but it is
felt that for the upper lateral incisor a reasonably accurate assessment
of congenital absence can be obtained from visual inspection, palpation
and history.

FINDINGS

Data appropriate for the analysis were available for 13,734 indi¬
viduals. The distribution of cases, classified according to side and type
of lateral incisor anomaly, and the means of left and right central incisor
width for each class, are shown in Table 1. Table 2 lists the mean of

TABLE 1

The number of cases (N) and the mean mesiodistal diameters of left (L)
and right (B) central incisors in units of 1/10 mm for nine classes

of individuals according to whether the lateral incisors
were normal, peg shaped, or missing

EIGHT LATERAL

T.K.H'I' LATERAL Normal Peg Missing

N= 13,298 N = 55 N = 36
Normal L ==85.96 L = 84.11 L = 88.08

R = 85.92 R = 84.11 R = 89.65

N = 88 N= 109 N= 27

Peg L= 83.47 L = 83.10 L = 83.37
R = 83.34 R = 83.23 R = 83.33

N = 41 N = 22 N= 48

Missing L = 88.13 L = 85.67 L = 85.98
R = 86.99 R = 84.99 R = 86.56
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TABLE 2

Mean and standard error of (R + L) according to the condition
of both lateral incisors. Mean = 5 (R + L) /N where R and L

are one individual's right and left central incisor
measurements in units of 1/10 mm, and where N is

the number of individuals in each category

Lateral Ineisor Combination N Mean ± Standard Error

Both normal 13,298 171.88 ± 0.09
One peg and one normal 143 167.35 ± 0.91
Both peg 109 166.33 ± 1.13
One missing and one peg 49 168.47 ± 1.51
One missing and one normal 77 176.34 ± 1.38
Both missing 48 172.54 ± 1.76

TABLE 3

Means and variation of [R—L)/(R-\-L). M.S. = ^{{R— L) / [RL) )*/2N.
N is the number of individuals in each category (= d.f.), and R and L are one
individual's right and left central incisor measurements in units of 1/10 mm

A. MISSING VERSUS PEG AND NORMAL LATERALS

Side of

Missing Lateral Mean ± Standard Error d. f. M. S. F

Neither (—24.05 ± 6.90) X 10-' 13,560 6.46 X 10-s —

Left (— 551.82 ± 140.41) X 10"8 63 12.42 X 10-s 1.92 **

Right (450.25 ± 141.14) X 10"8 63 12.55 X 10-5 1.94 "
Both (331.49 ± 152.89) X 10"8 48 11.22 X lO"5 1.74 **

B. PEG VERSUS NORMAL LATERALS

Side of

Peg Lateral Mean ± Standard Error d. f. M. S. F

Neither (—24.69 ± 6.96) X 10"8 13,298 6.445 X 10-® —

Left (— 77.27 ± 89.94) X 10"' 88 7.118 X 10-5 1.10 (N.S.)
Right (—3.09 ± 108.39) X 10-5 55 6.462 X lO"5 1.00 (N.S.)
Both (63.23 ± 87.59) X 10"5 109 8.363 X 10-" 1.30 *

* P ^ .05.
**P^.01.

In Table A the " Neither " category contains 10 more cases than does Table 1.
This is because there are included 10 cases with unilaterally peg shaped laterals
for which the side of the anomaly was not specified.
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the sum of right and left central incisor diameters for different combina¬
tions of lateral incisor conditions on the two sides. It shows that in all
three combinations containing a peg lateral the central incisors were
smaller than normal, whereas a missing lateral on one side (with a
normal lateral on the other) was associated with larger central incisors
than normal. In cases of bilaterally missing laterals the centrals were
slightly but not significantly larger than normal.

Table 3 shows the means and variation of (E— L)/(R + L), where
E and L are one individual's right and left central incisor measurements.
This variable is an expression of asymmetry corrected for size of the
central incisors. It is more meaningful in terms of development than
E— L, the simple uncorrected difference between sides. Comparison
of the mean square for each abnormal situation with the normal (the
"Neither" category) by a variance ratio test shows that central incisors
were significantly more asymmetrical when there was a missing lateral,
either on one side or on both (Table 3A). Peg laterals, however, were
only associated with an increase of asymmetry of borderline significance
in bilateral cases (Table 3B).

Results of a stepwise multiple regression of missing laterals, and of
peg laterals, on age, sex, E -+- L and E — L are presented in Table 4.
Here E— L is used simply to indicate which central was the larger of
the two. It is not a measure of asymmetry. The condition of the lateral
incisors was scored -f- 1 if the abnormality being analyzed was on the
right, — 1 if it was on the left and 0 if it was bilateral or if both laterals
were normal. This allowed the detection of a relationship between E— L
and the side of the lateral incisor anomaly after the effects of age, sex
and size of the central incisors had been removed. Age, sex and E + L
were not significantly related to the side of either defect; there was no
significant association between E — L and peg lateral score; but there
was a highly significant positive association between E— L and missing
lateral score. Since E— L is positive when the right central is larger
than the left, this significant positive regression coefficient indicates
that there was a definite tendency for central incisors to be larger on
the side where the lateral was missing than on the side where the lateral
was present and either normal or peg shaped.

The salient features of the results are therefore as follows. Peg
laterals were associated with small central incisors whereas a missing
lateral on one side was associated with large central incisors; centrals
were more asymmetrical than normal in the presence of missing laterals;
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and in cases of unilaterally missing laterals the central on the missing
side was larger than the central on the other side.

DISCUSSION

Consider first how the findings relate to the original hypothesis of
compensatory interaction. As far as unilaterally missing teeth are con¬
cerned the results are certainly compatible with the interaction expecta¬
tion. However, the possibility of a measurement bias being involved in
the production of the directional difference between central incisors must
not be overlooked. Such a bias could have been introduced simply by

TABLE 4

The relationship of age (years), sex (9 =0, d" = 1), R + L and R— L
[in units of 1/10 mm) to the side of the lateral incisor anomaly
(anomaly on the right = A 1> anomaly on the left =— 1, no anomaly

or bilateral anomaly = 0)

A. MISSING VERSUS PEG AND NORMAL LATERALS

Regression
Coefficient t

Age — .00068 — 1.22

Sex — .00022 — .12
R + L — .00006 — .67
R—L .00179 4.44 ***

B. PEG VERSUS NORMAL LATERALS

Regression
Coefficient t

Age — .00065 — 1.02

Sex — .00079 — .39
R + L .00014 1.46
R—L .00006 .12

***P<0.001

the difference between the two sides in physical conditions for placing
the calipers when a lateral was missing on one side and present on the
other. Two features of the results suggest that a measurement bias was
not entirely responsible. Firstly, central incisors were barely and not
significantly larger than normal when laterals were missing on both
sides, but were significantly larger than normal when a lateral was missing



105

MAXILLARY INCISORS 41

011 one side only and the other side was normal (Table 2). If absence
of a lateral tended to cause an upward bias in measurement of the
adjacent central the sum of right and left central incisor diameters
in the bilaterally absent cases would be expected to be larger than in the
unilateral cases. Secondly, bilateral absence would be expected to facili¬
tate measurement of both centrals and therefore reduce any component
of asymmetry due to errors of measurement. What was found was a
significant increase of asymmetry in these cases compared with the
normal (Table 3A), suggesting reduced developmental stability in this
situation (Van Valen, 1962a; Bader, 1965). Thus it seems reasonable
to assume that the results reflect real biological effects.

Consider now the nature of lateral incisor variability as a whole,
and its relationship to the size of the central incisors. Peg and missing
teeth clearly have some aetiological factor or factors in common as they
appear together in individuals and in families more frequently than
would be expected by chance (Montagu, 1940; Mandeville, 1949; Table
1). However, there is evidence that the two conditions are to some extent
autonomous: the incidence of " degenerate " laterals and the incidence
of missing laterals do not appear to vary together from one race to another
(Montagu, 1940); in the present sample there was no laterality in the
occurrence of missing teeth, whereas, for a peg lateral on one side asso¬
ciated with a normal lateral on the other, peg laterals were significantly
more common on the left than on the right (Table 1, P < .01) ; and peg
laterals were associated with smaller centrals than normal, whereas uni¬
laterally missing laterals were associated with larger centrals than normal
(Table 2).
It seems reasonable to postulate, both a priori and because of this

partial autonomy of missing and peg laterals, that initiation and subse¬
quent growth of a tooth germ depend to some degree on different factors.
(Initiation in this context refers to the onset of rapid growth and
morphodifferentiation of the previously dormant permanent tooth pri-
mordium.) Initiation, for example, clearly depends on an adequate
primordium, but it is doubtful whether any excess over and above the
minimal primordial requirement woidd produce a larger tooth. Some
suggested basic relationships involved in normal tooth development,
showing the partial independence of initiation and subsequent growth,
are illustrated in Pig. 1. It is assumed here that once initiated a tooth
germ will progress to form some sort of tooth.

In making an interpretation of the observations it is important to
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keep in mind the normal sequence of development of the upper anterior
teeth. It seems that both the central incisor and canine are initiated
before the lateral incisor (Logan and Kronfeld, 1933). The lateral
incisor therefore depends for its initiation on what remains of any-
necessary local requirements, and, once initiated, must compete with
already established neighbours. Consequently it is easy to understand
how the laterals could be the first teeth to manifest effects of restriction
of any kind. Table 5 shows how this sequence of development, together
with the relationships illustrated in Fig. 1, can result in the findings
summarized in Table 2.

ADEQUATE GOOD
PRIMORDIUM ENVIRONMENT

/
/

X
/

INITIATION > GROWTH

Fig. 1. Some suggested basic belationships involved in nobmal tooth

development.

The relationship between Table 2 and Table 5 can be explained as
follows. It is considered here that a peg lateral is always the product
of a poor environment, whereas a normal lateral, not associated with a
peg lateral on the opposite side, is the product of a good environment.
Environment not only affects the laterals but the centrals also, so that
a poor environment results in centrals that are smaller than normal.
This accounts for the association between small centrals and peg shaped
laterals. Cases of one missing and one normal lateral are each assumed
to be due to an inadequate primordium in a good environment. Here,
with the reduction in number of incisors from four to three, the centrals
experience less competition for local requirements and consequently
grow to a larger size than normal. When one lateral is missing and the
other is peg shaped the environment is poor and possibly not sufficiently
good to allow compensatory increase in size of the centrals. There is
however some suggestion in Table 2 that the centrals in these cases were
larger than in the bilaterally peg shaped cases. When only one lateral
was missing and the other was normal the centrals were significantly
larger than normal. When both laterals were missing the centrals were
not significantly larger than normal. This is consistent with the assump-
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tion that in all the unilateral cases the centrals developed in a good
environment, as judged by the presence of one normal lateral, whereas in
bilateral cases the missing teeth may be the product of either inadequate
primordia or a poor environment, or both.

In connection with the adequacy of the local environment to allow
initiation it is interesting to note that missing teeth have been asso¬
ciated with a generalized delay in dental development (Witkop, 1961;
Garn, Lewis and Yicinus, 1963 ; Bailit and Sung, 1968). It may be
that an undue delay between the initiation of the central and canine and
the potential initiation of the lateral would, in the presence of a marginal
environment, allow the established central and canine to become large
enough effectively to suppress lateral initiation by overwhelming com¬
petition for restricted local requirements.

TABLE 5

The presumed origin of various conditions of the lateral incisors.
A peg lateral always indicates a poor environment, -f- = adequate
primordium or good environment. — = inadequate primordium

or poor environment

Lateral Incisor Combination Primordium Environment

Both normal + +
One peg and one normal + —

Both peg + —

One missing and one peg — —

or

+ —

One missing and one normal — +
Both missing — +

or

+ —

or

— —

Consider now asymmetry of the central incisors. A convincing in¬
crease of asymmetry was only detected when lateral incisors were missing,
not when there were peg laterals only. When a lateral was missing on
one side the centrals were not only both larger than normal, but the
central adjacent to the missing lateral was significantly larger than its
counterpart on the other side. Thus both centrals appear to have reacted
to the missing tooth by compensatory increase in size, the effect being
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most marked in the central adjacent to the space. The increased asym¬
metry observed in cases of bilaterally missing teeth suggests that under
normal circumstances environmental variation in the centrals may be
buffered by interaction with the adjacent laterals. When there was a

peg lateral on one side and a normal lateral on the other the inability
to demonstrate asymmetry of the centrals can be attributed to all four
teeth being present in a poor environment. Under such conditions severe
competition presumably stifles the potential for compensatory increase
in size of the central adjacent to the peg tooth. One final point that
may be worth commenting on is the apparent tendency for the left central
to be larger than the right when both laterals were normal, but for the
right central to be larger than the left when both laterals were missing
(Table 3). This presumably indicates some sort of developmental bias.
It can therefore be concluded that interaction does occur between

developing human teeth, but that compensatory increase in size can
occur only if requirements necessary for growth are not limited. It has
also been suggested that, under certain conditions, large size of the
central at a critical stage of development could be responsible for absence
of the lateral. It is possible that the relationships that have been dis¬
cussed are unique to the upper incisors. On the other hand, it may be
that the variability observed at the distal ends of other morphological
classes of teeth (Dahlberg, 1945) is due in part to interactions such
as have been demonstrated here, the more distal later initiated germs
tending to compensate for the combined deviation of their anterior
neighbours from the norm.

SUMMARY AND ABSTRACT

The consequences of compensatory interaction between developing
teeth of the same morphological class are most likely to be apparent when
there is unilateral extreme reduction or absence of one of the members
of this class. The expectation is then that the other teeth present on
the affected side will be collectively larger than their counterparts on
the normal side. This expectation can be tested conveniently in man in
the upper incisor region. Lateral incisors are not infrequently con-
genitally missing or reduced, and the central incisors are easily measured.
The results of such a test indicate that when a lateral was missing on one
side the central adjacent to the missing tooth was larger than the central
on the other side. Peg shaped laterals were associated with small central
incisors and were regarded as being indicative of poor environmental
conditions during development. These poor environmental conditions
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were considered to be responsible for the inability to demonstrate a
difference between centrals when there was a peg tooth on one side and
the other side was normal, the potential for compensatory interaction
being stifled by severe competition for restricted local requirements.
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COORDINATED GROWTH OF SUCCESSIVELY
INITIATED TOOTH GERMS IN THE MOUSE

J. A. SOFAER

University of Edinburgh. School of Dental Surgery. Edinburgh EH1 1JA, Scotland

Summary—Dentitions are formed by the successive initiation of individual tooth germs, but
there are periods of overlap, each new germ being initiated before the previous germ has
reached its full size. It might be expected that dental growth as a whole proceeds at a particu¬
larly high rate during these overlap periods. However, measurement of mouse lower first
and second molars at daily intervals from 14 to 23 days after fertilization showed that there
were compensatory changes in growth rate of the two germs during their overlap period,
and that the rate of growth of the two teeth taken together remained fairly constant.

During the development of a dentition, teeth take up
an increasing proportion of the space provided by
the growing jaw. It is therefore likely that factors in
the local tissue environment of the jaw that are
necessary for the growth of tooth germs are more
fully used up as development progresses, and that any
observable effect of restriction of these factors will
be most pronounced in the last tooth to develop. Put
more generally, variation in the local tissue environ¬
ment is more likely to affect later developing teeth
than their earlier developing neighbours. This is in
keeping with the well-known greater variability of the
later developing teeth within each morphological
class (incisors, premolars and molars), the greater
asymmetry and lower heritability of these later
developing teeth (Sofaer. Bailit and MacLean, 1971;
Alvesalo and Tigerstedt. 1974). and, at least in man.
probably also the greater evolutionary reduction of
the later developing teeth compared with their earlier
developing neighbours (Sofaer. 1973).
Dentitions are formed by the successive initiation

of individual tooth germs, but there are always
periods of overlap, each new tooth being initiated
before the previous tooth germ has reached its full
size. It might therefore be expected that, superim¬
posed on the progressive local environmental restric¬
tion that occurs with dental development, these
periods of overlap may result in phases of particular
sensitivity to the limitation of factors necessary for
growth. The reason for this is that the rate of growth
of the two teeth combined might be greater during
a period of overlap than the growth rate of either
the earlier developing tooth germ alone just before,
or the later developing tooth germ alone just after,
the period of overlap.
To investigate the nature of such a period of over¬

lap, developing lower first and second molars were
measured in routinely prepared 10/;m sagittal sections
of embryos and newborn mice from the inbred strain
CBA/Cam. Material was fixed in Bouin's fluid at daily
intervals from 14 to 23 days after fertilization (as
determined by the presence of a vaginal plug), and
the left sides only of a total of 10 mice (taken from
at least three litters with different parents) were

measured for each of these 10 developmental stages.
The maximum anteroposterior diameter of each tooth
germ, or at earlier stages each tooth primordium. and
the mid-sagittal anteroposterior diameter of the head
(snout to back of head, parallel to occlusal plane),
were taken from images produced by a projection
microscope at a standard magnification.
Table 1 lists the means and standard errors of these

diameters. Over the 10 stages investigated, there was
a more or less regular increase in size of the two
teeth and of the head, except from 21 to 22 days.
During this particular interval, there was no size in¬
crease in the first molar and the head, and a smaller
increase in the second molar than in the immediately
previous and subsequent day intervals. This interrup¬
tion of growth occurred just after birth, and can
therefore reasonably be attributed to the physiologi¬
cal adjustments necessary during the neonatal period.
Figure 1 shows mean tooth diameters (first molar,

second molar, and the sum of the two) expressed as
percentages of mean head diameter at the different
developmental stages. From 14 to 16 days after ferti¬
lization. first and second molars grew, relative to head
diameter, at about the same rate. From 16 to 18 days,
the first molar rate increased and this was mirrored

by a decrease in the second molar rate. This decrease
was so marked that at 18 days the second molar was
smaller, relative to head diameter, than during the
previous two days. From 18 days, the first molar rate
started to decrease slightly, and after 20 days was
levelling off. This change was again mirrored by the
second molar, where size increased at an accelerating
rate between 18-23 days. The changes of growth rate
in one tooth germ were so well balanced by those
in the other that the rate of increase of the combined

anteroposterior diameters of the two teeth, relative
to head diameter, was almost perfectly constant over
the period investigated. There was therefore no evi¬
dence for a critical overlap period when dental
growth as a whole was proceeding at a particularly
high rate.
One of the most interesting features of the results

is the complementary change in growth rate of the
first and second molar germs at 16 days. This was
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Table 1. Means and standard errors of the maximum anteroposterior diameters
of lower first and second molars and of the head between 14-23 days after fertiliz¬
ation. The left sides only of a total of ten mice were measured for each develop¬

mental stage

Diameters in millimeters

First molar Second molar Head

Day Mean s.e. Mean s.e. Mean s.e.

14 0.215 0.013 0.105 0.005 4.88 0.07
15 0.288 0.015 0.165 0.009 5.64 0.07
16 0.362 0.014 0.242 0.012 6.56 0.11
17 0.494 0.019 0.280 0.006 7.57 0.15
18 0.651 0.012 0.289 0.005 8.34 0.09
19 0.782 0.026 0.348 0.008 9.12 0.13
20 0.947 0.026 0.396 0.011 9.60 0.09
21 1.097 0.021 0.482 0.010 10.74 0.20
22 1.094 0.021 0.533 0.016 10.52 0.24
23 1.191 0.010 0.686 0.022 11.26 0.13

15
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Fig. 1. Mean anteroposterior tooth diameters expressed as
percentages of mean anteroposterior head diameter from
14 to 23 days after fertilization. 1 = first molar. 2 = second

molar. 1 + 2 = sum of first and second molars.

not reported in a previous study, which, although car¬
ried out in great detail, recorded second molar growth
from only 17 days (Gaunt, 1963). The present study
shows that from 14 to 16 days first and second molar
germs increased in size at approximately the same
rate, suggesting similar levels of cellular activity in
the two primordia at the early stages of development.
This is in keeping with the postulated origin of all
three molars of one quadrant in the mouse from a
single cell mass (Lumsden and Osborn. 1976). During
these early stages, the first and second molar primor¬
dia were closely associated with each other, with no
clear evidence of separate origins for the two teeth.
Nevertheless, despite this early close association and
similar rate of growth, only the growth rate of the
first molar increased at 16 days. The opposite effect

in the second molar suggests some kind of competi¬
tive interaction between the two teeth. Growth rate

in the second molar did not start increasing again
until two days later, and the size of the second molar
germ, relative to head diameter, had not recovered
its 16-day level until three days later. This is consis¬
tent with the period of between two and three days
that separates equivalent stages of histodifferentiation
in the two teeth.
It therefore seems likely that lower first and second

molars in the mouse develop from cells that, initially,
show the same level of activity; but that, for some
as yet unknown reason, a phase of rapid growth starts
in the first molar germ, postponing a similar growth
spurt in the second molar for between two and three
days through the suppressive effect of competitive in¬
teraction. It is possible that the smaller size and
simpler morphology of the second molar are simply
consequences of this two-to-three day delay, cellular
activity in the second molar germ being modified in
some way by the period of suppression. Over the
period investigated, interaction between the develop¬
ing germs apparently results in a fairly constant rate
of growth for the two teeth taken together, relative
to head diameter, with no critical overlap period
when their combined growth proceeds at a particu¬
larly high rate.
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HUMAN TOOTH-SIZE ASYMMETRY IN CLEFT LIP
WITH OR WITHOUT CLEFT PALATE
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Summary—Failure of corresponding teeth on the right and left sides to form as exact mirror
images of each other is an expression of imprecise developmental control. Levels of tooth-size
asymmetry can therefore be used to quantify developmental instability in different regions
of the dentition. Mesiodistal and buccolingual diameters of deciduous and permanent teeth
were measured to the nearest 0.1mm on serial plaster models of 77 patients with cleft lip
with or without a cleft of the palate, and 63 control non-cleft orthodontic patients. In the
cleft group as a whole, there were abnormally high levels of tooth-size asymmetry but. although
most marked in the upper lateral incisor region, these were neither restricted to the vicinity
of the cleft nor to the upper jaw. Thus, in addition to major local disturbances related to
the malformation itself, it appears that tooth-size asymmetry results from a generally high
level of developmental instability throughout cleft lip/palate dentitions. This generalized de¬
velopmental instability may be to some extent under genetic control, as cases with positive
family histories showed some signs of greater asymmetry than those with negative family
histories.

INTRODUCTION

In clinic populations of patients having cleft lip with
or without a cleft of the palate [CLlPl], less than
10 per cent suffer from syndromes of major malfor¬
mations. whereas in more than 90 per cent the cleft
occurs alone unaccompanied by any obvious associ¬
ated abnormality. The majority of cases that occur
as part of syndromes are caused by single mutant
genes or chromosomal abnormalities. However,
nearly all those where CL(P) occurs alone have a
multifactorial aetiology: that is. several factors, some
genetic and some environmental, contribute to the de¬
velopment of the malformation. In the multifactorial
situation, the degree of genetic determination varies
from one family to another, the evidence for this
being the wide range in number of affected relatives
found among families of cleft individuals (Fraser.
1970: Ross and Johnston. 1972: Gorlin. Pindborg and
Cohen. 1976).
For practical purposes, it is useful to divide multi¬

factorial cases into two classes: those with no affected
relatives, the negative family history or sporadic class:
those with at least one affected relative, the positive
family history class. In both, genetic factors may con¬
tribute towards producing the malformation but. in
the sporadic situation, the genetic influence is likely
to be minimal, whereas, in the familial situation, the
genetic component is on average relatively large.
Adams and Niswander (1967) suggested that the

genetic component in multifactorial instances does
not act positively to produce the malformation, but
rather reduces the resistance of the developing indi¬
vidual to adverse environmental influences. They used
the term buffering to convey the capacity of the indi¬
vidual to regulate its development, in keeping with
Waddington (1957) and analogous to the more fam¬
iliar usage of the term in discussions of physiological

homeostatic mechanisms. Adams and Niswander con¬
sidered the level of buffering to be an attribute of
the developing individual as a whole, and therefore
that reduced buffering should result in a generalized
instability of development. They consequently sug¬
gested that a cleft only occurs in conjunction with
reduced buffering because development in the future
upper lateral incisor region is particularly sensitive
to environmental effects. If this is so. those who have
inherited a low level of buffering require only minor
environmental insults to produce the malformation,
whereas in those with near normal buffering, a cleft
is only produced by a severe adverse environmental
influence.
One of the best general indicators of developmental

instability is the asymmetry of bilaterally paired struc¬
tures. It is assumed that the same genetic and general
environmental factors control development on the
two sides of the body, so that the extent to which
the sides differ is a measure of the lack of precision
of this developmental control. Therefore, as buffering
is reduced, asymmetry increases. In studies of spor¬
adic and familial CL(P) without associated malforma¬
tions (Adams and Niswander. 1967: Woolf and Gianas,
1976. 1977), it has been shown that abnormally high
levels of asymmetry occur in structures remote from
the cleft, both in familial cases and their non-cleft
relatives. However, no abnormality of asymmetry has
been demonstrated in sporadic cases or their relatives.
The variables used to express asymmetry were the
buccolingual diameter of the lower first molar and
three dermatoglyphic characteristics: the atd angle,
finger-ridge count and fingerprint pattern. The genes
common to familial CL(P) cases and their non-cleft
relatives therefore appear to increase asymmetry in
parts of the body remote from the cleft, indicating
an unusually high inherited level of developmental
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Table 1. The numbers of individuals investigated

CL(P)
Controls FH — ve FH + ve FH unknown Total CL(P)

63 39 14

instability in these individuals. These observations
therefore support the hypothesis that the genetic com¬
ponent in the multifactorial situation does not act
directly to produce the malformation itself, but in¬
directly. through a reduction in buffering.
There are thus two groups of individuals suffering

from the same malformation. The familial group
shows signs of an inherited generalized instability of
development: it is therefore likely that in this group
abnormally high levels of asymmetry occur through¬
out the dentition, in addition to more severe local
disturbances related to the cleft itself. However, in
the sporadic group, without generalized instability,
the abnormal levels of asymmetry are likely to be
due only to local effects and therefore restricted to
the region around the cleft.
The aim of my study was to assess the effects of

local and general influences on tooth-size asymmetry
in CL(P) dentitions and. more specifically, to compare
the observed patterns of asymmetry with those
expected on the basis of the reduced buffering hypoth¬
esis.

MATERIALS AND METHOD

All CLiP) cases seen at Edinburgh Dental Hospi¬
tal's Orthodontic Department in recent years, for
whom both serial plaster models and general hospital
records (Royal Hospital for Sick Children. Edin¬
burgh) were available, were included. The general
hospital records were studied to ascertain details of
the family histories and the cases were divided into:
those with a positive family history (FH 4- ve).
having at least one affected blood relative: those with a
negative family history (FH — ve). having no affected
blood relative recorded: those for whom the informa¬
tion given in the hospital records was considered in¬
sufficient to classify either one way or the other (FH
unknown). Plaster models from a randomly-selected
group of non-cleft orthodontic patients served as
controls. Table 1 shows the numbers of individuals
studied.

24 77

Mesiodistal and buccolingual diameters were
measured to the nearest 0.1 mm using dial calipers
for all deciduous and permanent teeth present, except
those for which caries, restorations or incomplete
eruption would have rendered measurement inaccur¬
ate. Mesiodistal and buccolingual axes were deter¬
mined with reference to the anatomy of each tooth,
making them independent of tooth alignment, and the
measurements taken were the maximum supragin-
gival crown diameters along these axes. The presence
of caries, restorations and incomplete eruption, as
well as the quality of the cast, were taken into account
when selecting the best cast for measurement in in¬
stances where a tooth appeared on more than one
cast of the same subject. In three CL( P) cases, there was
an additional tooth in the upper lateral incisor region
on one side, one in the deciduous and two in the

permanent dentition. For these subjects, the tooth
judged to be the least normal in appearance was not
included in the analysis.
The measure of asymmetry used. V, was the vari¬

ance of the difference between sides adjusted for tooth
size. That is. the variance of (R — L)/'(R + L), where
R and L are corresponding measurements on the
right and left sides. For each diameter and tooth,
asymmetry was expressed as either the ratio of the
total cleft-group asymmetry-variance to the corre¬
sponding control variance, or the ratio of the familial
cleft-group asymmetry-variance to the corresponding
variance for the sporadic group. Variance ratios were
tested for significant difference from unity, using the
standard F test. The numbers of right-left tooth pair
measurements available for the calculation of the

asymmetry variances, many of them considerably
lower than the numbers of individuals in the different
groups, are shown in Table 2.

EXPECTATIONS AND RESULTS

Figure 1 shows two possible patterns of the asym¬
metry ratio in the dentition as a whole. As the vari-

Table 2. The numbers of right-left tooth pairs available for measurement in all cleft
cases (CL(P)). familial cleft cases (FH + ve), sporadic cleft cases (FH — ve) and

controls

Tooth pair
ABCDE1 234567

/ CUP) 40 21 53 46 47 48 5 26 34 29 55 23
\ Control 13 12 13 11 13 56 52 50 36 51 51 37

/ CLIP) 36 43 59 47 46 61 60 44 38 22 55 20
\ Control 11 12 13 12 9 55 56 52 41 47 50 40

/ FH + ve 8 3 11 10 9 9 0 2 5 4 8 4
\ FH - ve 23 14 27 24 25 23 4 13 14 11 27 10
f FH + ve 10 11 13 9 9 10 10 7 7 3 10 0

Lower \ FH _ ve 20 24 30 25 24 30 29 20 18 12 28 10



114

Tooth-size asymmetry in cleft lip palate 143

(a) Local instability

Upper

Fig. 1. Two possible patterns of the asymmetry ratio in
the dentition as a whole.

In the permanent dentition (Fig. 3). the results were
similar but much more definite. In the upper jaw.
every measurement showed greater asymmetry in the
cleft group, and for only one did the difference fail
to reach significance. The ratio of cleft to control
values was clearly greatest at and towards the lateral
incisor region. In the lower jaw. 12 of the 14 measure¬
ments showed greater asymmetry in the cleft group
and. for six. the differences were significant.
Figure 4 shows possible patterns of the asymmetry

ratio in the upper jaw only, in keeping with the hy¬
pothesis that a generalized reduction of buffering
occurs in familial but not sporadic cases. Figure 4a
shows the pattern when asymmetry is due only to
local disturbances caused by the cleft itself. This is the
expectation for the ratio of FH — ve to control asym¬
metry. Figure 4b shows the pattern when there is a
generalized reduction of buffering, with superimposed
local effects due to the malformation itself. This is
the expectation for the ratio of FH + ve to control
asymmetry. Figure 4c shows the pattern for the ratio
of FH 4- ve to FH — ve asymmetry, based on the
familial and sporadic expectations shown in Figs 4a
and 4b. In Fig. 4c. the ratio is close to unity in the
incisor region, but consistently higher more distally.
A consistent difference between familial and sporadic

able plotted is a ratio, the value 1 indicates that the
cleft group and control group asymmetry variances
are the same. Figure la shows the pattern that might
be expected if tooth-size asymmetry in CLIP) were
entirely the result of local disturbances related to the
malformation itself. There is a peak of the asymmetry
ratio in the upper lateral incisor region, with asym¬
metry in the more distal teeth of the upper jaw. and
in all teeth of the lower jaw. at normal control levels.
Figure lb shows what might be expected if a general¬
ized reduction of buffering capacity were associated
with CL(P). There is a moderate increase in asym¬
metry throughout the dentition, with a superimposed
peak in the upper lateral incisor region.
Figures 2 and 3 show the actual patterns of results

in the deciduous and permanent dentitions for all
CL(P) cases, irrespective of family history, compared
with controls. Asymmetry here is expressed as the log
of the asymmetry ratio. Zero therefore indicates
equality of cleft and control asymmetry, positive
values indicate that cleft asymmetry was greater than
control asymmetry, and negative values that cleft
asymmetry was less than control asymmetry. The log
transformation was used simply to give equal weight
on the histograms to situations where the untrans-
formed asymmetry ratio was greater or less than
unity.
Figure 2 shows the results for deciduous teeth. In

the upper jaw. CL(P) cases were clearly more asym¬
metrical than controls in the rncisor region, with some
suggestion of increased asymmetry more distally.
Only one measurement showed less asymmetry in the
cleft group than in controls, and this difference was
not significant. In the lower jaw, there was also only
one measurement that showed less asymmetry in the
cleft group and. of the rest that showed greater asym¬
metry in the cleft group, three were significantly more
asymmetrical than the controls.
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Fig. 2. The observed pattern of asymmetry in the de¬
ciduous dentition for all CL(P) cases relative to controls.
For each tooth the log of the asymmetry ratio is shown
for both mesiodistal and buccolingual diameters. Asterisks
indicate that untransformed ratios differed significantly

from unity (*p < 0.05: **p < 0.011.
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Fig. 3. The observed pattern of asymmetry in the per¬
manent dentition for all CL(P) cases relative to controls.

groups should likewise occur throughout the lower
jaw.

Figure 5 shows the comparison of FH + ve with
FH — ve cases for the deciduous dentition. Taken as

a whole there were two deciduous measurements

showing significantly greater asymmetry, and two
others showing significantly less asymmetry in the
FH + ve group. These results are therefore incon¬
clusive. However, the corresponding results for the
permanent dentition (Fig. 6) are more in keeping with
the expectations illustrated in Fig. 4c. Of the six sig¬
nificant differences found, five showed that the FH +

ve group was more asymmetrical than the FH — ve
group, and none of these differences occurred in the
incisor region of the upper jaw.

DISCUSSION

In keeping with the pattern of asymmetry reported
here, previous studies of dental abnormalities associ¬
ated with CL(P) showed that, whereas the most
extreme abnormalities of number, form and structure

are almost always limited to the vicinty of the cleft,
though some of these abnormalities may be the result
of surgical intervention iBohn. 1963: Dixon. 1968:
Zilberman. 1973). less severe abnormalities either

appear in other regions or are generalized throughout
CLl Pi dentitions. For example. Olin (1964) found that
maxillary and mandibular premolars were absent
more frequently in CLl Pi cases than in the general
population, whereas Jordan. Kraus and Neptune

Fig. 4. Possible patterns for the asymmetry ratio in the
upper jaw according to the 'reduced buffering' hypothesis.

(1966) observed that certain minor morphological ab¬
normalities occurred in both the maxillary and man¬
dibular teeth of cleft individuals, concluding reason¬
ably that the abnormalities could not have been di¬
rectly produced by the cleft. Furthermore. Foster and
Lavelle (1971) found that a generalized reduction of
tooth size in both the upper and lower jaws occurred
with CL(P).

Ross and Johnston (1972) suggested that the wide¬
spread dental abnormalities associated with CL(P)
are due to the deficiency of facial mesenchyme which
plays a major part in the aetiology of primary palatal
clefts, the deficient mesenchyme providing poor sup-
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Fig. 5. The observed pattern of asymmetry in the de¬
ciduous dentition for FH + ve cases relative to FH — ve.
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Fig. 6. The observed pattern of asymmetry in the per¬
manent dentition for FH + ve cases relative to FH — ve.

port for the epithelial component of each developing
tooth germ. An alternative explanation is that the
feeding problems of CL(P) babies, together with the
systemic effects of repeated surgical operations at an
early age. may be responsible for generally abnormal
or retarded dental development. Either of these
explanations is consistent with unusually high levels
of tooth-size asymmetry, because abnormal pheno-
types. whether they have a genetic or an environmen¬
tal basis, are more variable than normal. However,

although these explanations are adequate from the
purely dental point of view, the evidence for a differ¬
ence between sporadic and familial CUP), and the
fact that dermatoglyphic asymmetry is also increased,
not just in familial cases but in their non-cleft rela¬
tives also, means that another asymmetry inducing
mechanism is in operation. The reduced buffering hy¬
pothesis of Adams and Niswander provides an attrac¬
tive explanation of all the observations, though con¬
tributions to tooth-size asymmetry from mesenchymal
deficiency, postnatal systemic effects and surgical in¬
tervention are not excluded. In fact, the greater asym¬
metry shown by the permanent dentition in CL(P)
may be due to the superimposition of disrupting post¬
natal environmental effects on other influences that

operate both prenatally and postnatally: the greater
asymmetry shown by the permanent teeth of the fam¬
ilial as opposed to the sporadic group could be the
result of greater sensitivity to these environmental
effects.

Although the distinction between sporadic and
familial groups is to some extent arbitrary, at least
some of the sporadic cases presumably having a
partly genetic aetiology; the difference between them
could perhaps be of practical importance for counsell¬

ing families in each of which there is, as yet. only
one affected individual. Such families are presumably
of two types: truly sporadic families, in which
the malformation has a non-genetic aetiology and
which, no matter how many subsequent offspring are
produced, are likely to remain in the sporadic cate¬
gory; and genetically predisposed families, some
of which will be transferred from the sporadic to the
familial category by subsequent affected births.
Whatever the precise nature of the aetiological fac¬

tors involved in producing CL(P), the sporadic and
familial groups appear to be distinguishable one from
the other on the basis of dental and dermatoglyphic
asymmetry. Furthermore, non-cleft relatives of fam¬
ilial and sporadic cases also fall into separate groups,
but as yet this distinction has been based only on
dermatoglyphic asymmetry data. If, instead of dis¬
tinguishing between large groups of individuals, it
were possible to discriminate between truly sporadic
and genetically-predisposed families on the basis of
family asymmetry levels, more accurate information
than at present available could be used for genetic
counselling. A family shown by asymmetry studies to
be of the truly sporadic type could be reassured that
the chance of recurrence is negligible. However, in
a family where abnormally high asymmetry levels
point to a genetic predisposition, the risk of recur¬
rence would be higher, perhaps considerably so. than
the empirical risk of approximately 1:25 that applies
to all small families containing one affected individual
(Ross and Johnston. 1972: Gorlin. Pindborg and
Cohen. 1976). the actual level of risk depending on
the relative frequencies of truly sporadic and geneti¬
cally-predisposed families.
Family asymmetry, to be sufficiently discriminating,

would have to be expressed by a composite score,
based on the asymmetry shown by several different
bilaterally represented structures throughout the
body. Dental measurements could make a substantial
contribution to such a combined asymmetry score,
and my study should provide helpful background in¬
formation for any such work.
In conclusion. CL(P) individuals as a group showed

a very clear pattern of asymmetry results. However,
the comparisons between familial and sporadic cases,
using smaller numbers of tooth pairs, were more equi¬
vocal. though for the permanent teeth the results were
consistent with the reduced buffering hypothesis for
the aetiology of CLIP). Similar investigations carried
out on larger samples of CL(P) cases and their non-
cleft relatives could perhaps provide additional
worthwhile information. From the purely dental point
of view, such studies could indicate whether or not
the upper lateral incisor region in non-cleft relatives
of familial cases shows signs of abnormally high devel¬
opmental instability, even though no malformation
has occurred. They could also provide information
that might ultimately help to discriminate between
a truly sporadic family and a genetically predisposed
family in which there is. as yet. only one individual
affected.
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Heterodont dentitions and the vertebral column are comparable

in that each comprises a series of homologous structures divided

into morphologically distinct classes. However, the vertebral

column is composed of a much larger number of elements in each class,

and this allows any morphological gradient to be sampled at a greater

number of positions. The vertebral column is therefore a useful

system in which to study the general problem of regional differentia¬

tion in a series of homologous structures. The effects of 24-hour

starvation and of six different mutant genes on various measures of

developmental stability in the mouse vertebral column indicate that

the vertebral class boundaries are established at a very early stage

of development, even before somite formation.
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Introduction

Developmental stability can be assessed through a study of the variation
shown by adult populations. Two aspects of this variation are: firstly, the
asymmetry of bilaterally represented structures within individuals; and
secondly, in experimental situations, differences between members of a
genetically homogeneous population. Asymmetry provides information
about the ability of the individual to produce the same developmental result
on two occasions, and is perhaps the most controlled indication of instability
of development, since, under normal circumstances, the genotype and general
external environment are the same for both sides of the body. Between-
individual variation in a genetically homogeneous population expresses the
lack of ability of a given genotype to produce the same developmental result
on several occasions, though it must be assumed that all individuals are in
fact genetically identical and that the general environment is constant. If
different organs or regions of the body are studied with respect to asymmetry
and between-individual differences, the resulting patterns of variation can
be regarded as patterns of relative developmental instability, and can, per¬
haps, throw some light on the distribution of morphogenetic influences that
may be operating during development. A further dimension can be added to
such an investigation by examining the response of these patterns to a
standard environmental disturbance imposed at different stages of develop¬
ment.

A Suitable System
In a series of homologous structures divided into morphologically distinct
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segments, such as the teeth of most mammals, differences within and between
segments with respect to asymmetry or the response to an imposed environ¬
mental disturbance can provide patterns of instability that may suggest how
these morphologically distinct regions are established during development.
However, the dentition of the most convenient experimental mammal, the
mouse, is far from ideal for such a study. There are only two morphological
classes of teeth, incisors and molars, represented by only one and three teeth
respectively in each quadrant. A series of homologous structures more
suitable for the study of patterns of developmental stability is found in the
mouse vertebral column. Anterior to the sacrum there are three morpho¬
logical segments: cervical, thoracic and lumbar, normally composed of 7,
13 and 5 or 6 vertebrae respectively. The potential for disclosing patterns of
morphogenetic influence is much greater among these 25 or 26 presacral
vertebrae than among the smaller number of teeth, since the effect of any
such influence can, as it were, be "sampled" at a greater number of positions.
The vertebrae, of course, are not bilaterally represented structures, so

asymmetry cannot be studied in the same way as for teeth; but each vertebra
has a right and a left half that can be measured and compared. It was there¬
fore decided to investigate vertebral asymmetry, and the response of vertebral
size and asymmetry to an environmental disturbance, in an inbred strain of
mice; the aim being to assess the value of the mouse vertebral column for
studying the way in which morphological segments in a series of homologous
structures arise during development.

Embryological Background
Before proceeding to the experiment itself, it is relevant to consider briefly
the early embryology of vertebral development.
Figure 1 is a summary of early mouse development. If the day on which

fertilization occurs is regarded as day 0, then implantation occurs between
days 4 and 5, mesoderm starts to appear between days 6 and 7. and somite
development starts on day 8. The first five somites contribute to the occipital
region of the skull, and the vertebrae are derived from subsequent somites.
Each vertebra is formed from the neighbouring caudal and cranial halves of
two adjacent somites, so there is a one-to-one somite-vertebra correspond¬
ence, though the sequence of vertebrae is displaced by half a unit relative to
that of the somites. The somites from which the presacral vertebrae are
formed have all appeared by the end of day 10 (Gruneberg. 1963; Snell and
Stevens, 1966; Theiler, 1972). It is during the time when their somites are
forming that the vertebrae have been found to be most sensitive to teratogenic
treatments. Variations in both vertebral number and form have been pro¬
duced by a variety of such treatments, including fasting, hypoxia, X-radiation
and a number of different chemical agents (Dagg, 1966).

Material and Methods

The material consisted of a control group and six groups of mice that were
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day: 0

1

■>

fertilization

vertebrae
sensitive to

teratogenic
treatments

4

5

6

7

I 10

implantation

mesoderm appears

somites: 0
5 occipital

13 cervical
21 upper and middle thoracic
30 lower thoracic and lumbar

12 segmentation complete
Fig. 1. A summary of early mouse development.

the progeny of females starved for 24 h on one of six different days of
pregnancy. All mice were from the highly inbred strain CBA/Cam. so for
practical purposes they could be considered genetically identical.

Females were caged with males (three females to one male per cage) and
were examined for vaginal plugs on the following morning. Plugged females
were then caged individually with ad libitum supplies of food and water. The
day on which a plug was found was regarded as day 0. Females for starvation
were transferred to individual clean cages without food, but with water as
before, at 16-00 h on day /? — 1 and returned to their original cages supplied
with food and water at 16-00 h on day /;, where n was one of the following:
5, 6, 7. 8. 10 or 12. Litters from starved and control mothers, if larger than
six. were reduced to six as soon as possible after birth. All offspring were
weaned at 4 weeks, stored six to a cage, and sacrificed at 6 weeks after birth.
The numbers of mice used and the numbers of litters from which they came
are shown in Table 1. Within each group there were approximately equal
numbers of the two sexes.

After sacrifice, each vertebral column down to the sacrum was dissected
out with its immediately adjacent tissues, and a hard stainless steel wire
(0-25 mm diameter) was threaded down the neural canal and twisted at each
end. The column was then subjected to papain digestion, normally formed
and unbroken vertebrae remainins in the correct order on the wire. A search
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Table I. The numbers of mice used and the numbers of
litters from which they came.

Starvation Individuals Litters
day

5 50 12
6 35 6
7 25 7
8 29 6
10 50 12
12 50 10
Control 39 8

was made following papain digestion for any abnormally formed or broken
vertebrae that may have fallen from the wire.

Measurement Technique
Vertebrae from each column were attached, cranial surface uppermost, onto
a 3-25 inch square lantern slide glass by means of double-sided transparent
self-adhesive tape, and silhouettes of each complete set of presacral verte¬
brae, plus the first sacral vertebra, were projected onto a screen at a conveni¬
ent standard magnification (x 17-5). Figure 2 illustrates the kind of picture
that was produced. Vertebra no. 1 is the first cervical, and vertebra no. 26 is
the first sacral. The first sacral vertebra was included because, as it articulates
with the pelvis, it was thought likely to be a relatively stable structure with
which the presacral vertebrae could be compared. Even though the vertebrae
vary considerably, each one, except the first, has a dorsal mid-line spinous
process, and all have lateral transverse processes; though in some vertebrae
they are poorly developed. The first cervical vertebra has a mid-line ventral
tubercle.
Two measurements were taken from each of these vertebral silhouettes by

placing a grid of millimetre squared graph paper against the screen and
adjusting its position until the transverse processes of each silhouette came
to lie along one axis. The two measurements taken were the distances along
this axis from the end of each transverse process to a perpendicular line
passmg through the spinous process, or, in the case of the first cervical
vertebra, the centre of the ventral tubercle. This is illustrated in Fig. 3.
In the few cases where the complement of presacral vertebrae differed from

25, adjustments in numbering were made so that the first sacral vertebra
always occupied position 26 in the series. When there was an additional
vertebra, one was removed from the series, and when there was one less than
the normal 25, a space was left in the appropriate position in the series. This
was done so that sets of measurements in such cases would be comparable
with those of the majority of individuals with the normal vertebral number.
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Fig. 2. Silhouettes from a control vertebral column.

Fig. 3. Silhouette of vertebra no. 6 showing the measurements that were made.

Measures of Developmental Instability
Asymmetry was expressed by Va, the variance of (R — L)j(R + L), where
R and L are corresponding measurements on the right and left sides of each
vertebra. This measure of asymmetry is therefore adjusted for the size of the
particular vertebra being considered. The response to starvation was expressed
firstly by relative asymmetry, the ratio of the experimental asymmetry
variance to the control asymmetry variance for each vertebra and for each
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starvation group; and secondly by the percentage change of full vertebral
width (the sum of right and left side measurements) associated with starvation
at each stage.
Since the anatomical landmarks used to provide reference points for

measurement are not equally well defined in all vertebrae, different degrees
of measurement error could arise for different vertebrae. In order to minimize
the possibility of such differences masking or distorting any underlying
pattern of instability, the control group of vertebrae was measured on a
second occasion. A repeatability variance, Vr, for each vertebra, comparable
with the asymmetry variance, could then be calculated as the variance of
(1st — 2nd) (1st -{-2nd) measurements, for the right and left sides separately.
Right and left side repeatability variances were combined to give a single
overall estimate of the repeatability variance for each vertebra, and two
asymmetry variances, one calculated from the first and the other from the
second set of measurements, were similarly combined to give a single overall
estimate of the asymmetry variance for each vertebra. The '"instability
variance", Vh of the control group was considered to be the difference
between the asymmetry and repeatability variances for each vertebra. Thus,
for each vertebra,

V, = Va~ Vr.
Patterns of developmental instability were expressed graphically, with the

measure of instability (control instability variance, relative asymmetry or
% change of width) plotted against vertebral position number. Positions 1-7
refer to the cervical segment, 8-10 the thoracic segment, 21-25 the lumbar
segment and 26 the first sacral vertebra. All measures of instability were
based on vertebral measurements expressed in mm.

Results

The numbers of presacral vertebrae that were found in the different groups
are shown in Table II. The halves arise because sometimes there is asym¬
metrical articulation with the pelvis (McLaren and Michie, 1954). However,
for the purpose of standardizing the recording of measurements, cases falling

Table II. The numbers of presacral vertebrae
found in the different groups.

Starvation
day 24

Vertebrae
244 25 254 26

5 _ 50 _ _

6 - 35 - -

7 - 25 - -

8 2 23 3 1
10 - 49 1 -

12 - 50 - - ■

Control - 39 - -
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into the 254- category were regarded as having 26 presacral vertebrae, so in
these cases one complete lumbar vertebra was removed from the series.
Exceptions to the normal presacral number of 25 in this strain occurred only
in the groups starved on days 8 and 10.
Figure 4 shows the pattern of instability variances in the control group for

the 26 vertebrae that were measured. The most striking feature is that verte¬
brae towards the extremes of each segment were the least unstable, and those
towards the centre of each segment were the most unstable. However, at the
very centre of the cervical and thoracic segments there was evidence of a
small localized decrease of instability.
The relative asymmetry for the different groups, that is, the variance ratio

of the experimental asymmetry variance to the control asymmetry variance,
is shown in Fig. 5. There was little by way of a consistent response to starva¬
tion on days 5, 6 and 7, though, at least in the cervical segment, vertebrae
towards the centre tended to be more affected by starvation than those at
the extremes. However, there was a definite response to starvation on day 8
in the thoracic segment. Vertebrae at the extremes of the segment tended to
be least affected by starvation, whereas those towards the centre showed a
marked increase of asymmetry, with a localized decrease of the starvation
effect a little anterior to the very centre of the segment. Starvation on days
10 and 12 tended to increase asymmetry on the whole, though there was no
very definite pattern of response.
The response of the full width of each vertebra to starvation is shown in

8

o
2 4 6 8 10 12 14 16 18 20 22 24 26

Vertebra

Fig. 4. The pattern of instability variances in the control group.
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Fig. 5. Patterns of relative asymmetry following starvation on different days of pregnancy.

Fig. 6. Surprisingly, the general effect of starvation on days 5 and 6 was to
increase vertebral width. However, by day 8 the effect of starvation was
definitely to reduce vertebral width, and this applied also to starvation on
days 10 and 12. For days 5 and 6 the cervical and thoracic segments again
tended to show least response at their extremes and most response towards
their centres, with some suggestion of localized resistance to the starvation
effect at the very centre of each segment. By day 8 the pattern became one of
relative stability at the anterior end and instability at the posterior end of
each segment, particularly of the thoracic segment. A similar pattern in the
thoracic segment was found for day 10, with some relaxation of the effect
by day 12.

Discussion

Theoretical Considerations

Three different patterns of developmental instability that might result from
different kinds of morphogenetic control are illustrated in Fig. 7. In the first
scheme, against (a), the morphogenetic influence for each segment, cervical
(C), thoracic (T) and lumbar (L), has its origin at the anterior end of each
segment and spreads posteriorly. Against (b) is the associated pattern of
instability that might be expected. Vertebrae at the anterior end of each
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Days 7and 8

Vertebra

Fig. 6. Patterns of percentage change in width following starvation on different days of
pregnancy.

segment, closest to the source of morphogenetic influence, show least
instability, whereas those at the posterior end, furthest away from the
morphogenetic source, are most unstable. In the second scheme, the morpho¬
genetic influence has its origin at the centre of each segment and spreads
outwards. The corresponding pattern of instability shows least instability at
the centre of each segment and greatest instability at their extremes. The
third scheme shows the sources of morphogenetic influence defining the
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Fig. 7. Possible alternative schemes of morphogenetic control.

limits of each segment and spreading towards their centres. The correspond¬
ing pattern of instability is characterized by least instability at the ends and
greatest instability at the centre of each segment.

The most common pattern of instability observed within segments was one
of least instability towards the extremes and greatest instability towards the
centre, corresponding to morphogenetic scheme no. 3 in Fig. 7. This pattern
was found in all three segments for the control instability variance, in the
cervical and thoracic segments of some of the starvation groups for relative
asymmetry, and in the cervical segment for percentage change in full width.
Superimposed on this pattern was some evidence of morphogenetic scheme
no. 2, that is, a localized tendency towards a low level of instability at or near
the very centre of a segment. This appeared in the cervical and thoracic seg¬
ments for the control instability variance, in the thoracic segment for relative
asymmetry on day 8, and also possibly in the lumbar segment for relative
asymmetry. There was also some suggestion of morphogenetic scheme no. 1,
particularly in the thoracic segment for percentage change in full vertebral
width after starvation on days 8, 10 and 12. The first sacral vertebra was
relatively stable in almost all situations.
The apparent increase in vertebral size following starvation on days 5 and

6 could perhaps have been due to physiological over-compensation by the
pregnant female on her return to a cage supplied with food. Such over¬
compensation would have coincided with the time when the developing
vertebrae were most sensitive to environmental effects. Even though this
response was in the opposite direction to that produced by starvation at later
stages, the pattern of low instability (resistance to size increase) towards the
ends, and high instability (maximum size increase) towards the centre of the
cervical segment, with a localized tendency towards less instability at the
very centre, still applied.

Observed Patterns of Instability

Components of Asymmetry
The expression of asymmetry used here was the total observed asymmetry,
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without regard to details of its underlying basis. However, the observed
differences between sides can be thought of as having three components:
fluctuating asymmetry, directional asymmetry and antisymmetry (van Valen,
1961). Fluctuating asymmetry is due to inability to buffer against minor
developmental accidents and non-specific local environmental differences
between sides, the distribution of R — L being normal and having a mean of
0. Directional asymmetry is due to a consistently greater degree of develop¬
ment of the organ on one particular side of the body, presumably due to a
consistent and "normal" difference in the local environment of the develop¬
ing organ between sides. Here the distribution of R — L is probably approxi¬
mately normal, but the mean is different from 0. Antisymmetry occurs when
a difference between sides is regularly induced by negative, presumably
competitive, interaction between sides, R — L having a mean of 0, but not
being normally distributed, since individuals with a near-zero difference
between sides are relatively rare. All three components arise through a lack
of rigid intrinsic control by the organ over its own development, so an overall
expression of asymmetry is a reasonable indication of developmental
instability in its broadest sense. However, a difficulty arises if the directional
and antisymmetry components take up more than a small proportion of the
total observed asymmetry, for the observed distribution of R — L would
then deviate from normality. In this event, the variance of the difference
between sides would not be a strictly valid measure. However, the general
consistency of the patterns of instability obtained from the different measures
in the different segments of the vertebral column suggests that this difficulty
has not given rise to undue error in the present case. Nevertheless, it would
perhaps be informative to look more deeply into the developmental basis of
vertebral asymmetry and vertebral size variation as a whole, particularly
with regard to possible interactions between sides within vertebrae, and
interactions between adjacent vertebrae.

Implications of the Results
The results therefore suggest that the predominant morphogenetic influence
in the establishment of the segments in the vertebral column is one in which
a prominent feature is the defining of the limits of each segment. There is
evidence that superimposed on this is an influence originating at the centre
of the cervical and thoracic segments: and there is also evidence for an effect
that originates at the anterior end of the thoracic segment, spreading
posteriorly. All effects related to starvation showed a maximum with starva¬
tion on day 8, which is consistent with previous teratological experiments.
The segmental response of asymmetry and vertebral width to starvation
indicates that division of the vertebral column into prospective morpho¬
logical segments is already established at the stage of somite development.
The thoracic segment, the longest segment, showed the greatest range of
effect for all measures of instability, which tends to support the concept of
morphogenetic influences spreading outwards from well defined sources,
their effects weakening with distance.
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An analysis of truly morphological, rather than size, variation over the
length of the vertebral column could perhaps serve to confirm these findings
and be more specific about the way in which vertebral development is con¬
trolled. The value of a detailed morphological analysis of the vertebral
column, in terms of underlying morphogenetic gradients, has already been
suggested (van Valen, 1970). The possibility of investigating vertebral
development through direct experimental manipulation in embryos of
oviparous amniotes has also been suggested (van Valen. 1970), and, more
recently, manipulations of this type have been performed on chick embryos
with a view to investigating regional determination in the vertebral column
(Kieny et al., 1972). In these experiments, segmented or even unsegmented
somitic or presomite mesoderm from the cervical region of a donor embryo
was transferred to the thoracic region of a host embryo from which a corres¬
ponding piece of mesoderm had been removed. A similar transfer of seg¬
mented or unsegmented thoracic mesoderm was made to the cervical region.
In both types of transfer the transplanted mesoderm developed according to
its origin, resulting either in a rib-free region within the thoracic segment, or
supernumerary ribs in the cervical segment. The fact that unsegmented
mesoderm behaved in this way indicates that, in the chick, the somitic
mesoderm has acquired regional determination before segmentation occurs.

Summary

Patterns of developmental instability in the mouse vertebral column have
been studied with a view to drawing general conclusions about influences
that divide a series of homologous structures into morphologically distinct
segments. It is suggested that the results indicate patterns of morphogenetic
control that might be less easily disclosed in dentitions, where the number of
elements in each segment is smaller. In addition, the possibilities for more
detailed investigation discussed, particularly direct experimental interference
at an early embryonic stage in the chick, make the vertebral column a useful
system for studying the way in which morphological segments in a series of
homologous structures arise during development.
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SUMMARY

The effects of six mutant genes (Sd, T, \rt, £>p, un, Ph) , which

influence different aspects of development of the axial skeleton in

the mouse, were studied both alone and in combination with 24-hour

starvation on day 8 of gestation, when teratogenic agents are known

to have a pronounced influence on this system. Responses to the

mutant genes were assessed in terms of mean size, size variation and

asymmetry of the presacral and first sacral vertebrae of young adult

mice. Normal controls showed craniocaudal morphological gradients

and relatively low variability towards the boundaries of the cervical,

thoracic and lumbar vertebral classes. Gene-induced craniocaudal

gradients of abnormality over the series were observed in response to

Sd and T_, and to Ph, which have direct and indirect effects respectively

on the primitive streak and/or notochord. 3y contrast, vt_, which

influences the unsegmented paraxial mesoderm, and Sp and un, which act

later, during segmentation and sclerotome differentiation respectively,

did not produce overall craniocaudal gradients of abnormality.

However, all six genes revealed a pattern of relative resistance to

their effects towards the vertebral class boundaries. The division

of the axial skeleton of the mouse into its morphologically distinct

classes of vertebrae thus appears to originate at the earliest stage

of axial development, even before the onset of somite formation, with

the positions of the future vertebral class boundaries established

both axially and paraxially as regions of relative stability that

persist into later stages of development. The primary craniocaudal

gradient associated with the advancing primitive streak, from which the

vertebral class boundary positions may be derived, appears to be

restricted to the axial structures themselves and to be lost after the

onset of segmentation.
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INTRODUCTION

There has long been speculation as to how a series of homologous

structures becomes differentiated into morphologically distinct

classes during development. A clear example occurs in heterodont

dentitions where early rudiments of the teeth of all classes (e.g.

incisor, premolar, molar) appear to be indistinguishable, and yet

considerable differences between classes become apparent as development

proceeds. A comparable situation is found in the axial skeleton,

where apparently similar somites contribute to a number of distinct

vertebral classes (e.g. cervical, thoracic, lumbar). Various

theoretical explanations have been formulated and, as Lumsden (1979)

has pointed out in relation to dentitions, these fall into two

categories: 'gradient' theories, where all primordia are initially

equivalent and differentiate in response to the gradient of a morphogen

(or morphogens) extrinsic to the primordia (Butler, 1967; Van Valen,

1970); and cell lineage theories, where the fate of each primordium is

determined by its own developmental history (Osborn, 1978). Within

the mouse molar class, cell lineage seems to be responsible for the

observed morphological gradient (Lumsden, 1979). However, at some

time before the operation of such a class as an autonomous unit, the

boundaries between classes (or prospective classes) must be defined.

The purpose of the investigation reported here was to try and

disclose possible influences leading to the establishment of

morphologically distinct classes in a series of homologous structures.

The system chosen was the mouse vertebral column in which, cranial to

the sacrum, there are three such classes: cervical, thoracic and

lumbar, normally composed of 7, 13 and 5 or 6 vertebrae respectively.
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Compared with dentitions, the relatively large number of elements in

each class allows any morphological gradient to be sampled at a greater

number of positions. A previous study has already demonstrated

relative stability of the vertebral class-^boundary regions in normal

inbred mice and, by means of 24-hour maternal starvation at different

stages of pregnancy, has suggested that this relative stability may be

established early in vertebral development (Sofaer, 1978). The present

paper is concerned with the effects of six mutant genes, known to

influence different aspects of development of the axial skeleton, both

alone and in combination with 24-hour starvation on day 8 of gestation.

It is around this stage of gestation that the vertebrae have been shown

to be most sensitive to a variety of teratogenic agents (Dagg, 1966).

It was anticipated that the mutant genes, with and without the

accompanying environmental stress, would result in a wide range of

disruption of the normal pattern of developmental stability in the

axial skeleton, and that a consideration of the abnormal patterns

produced, in the light of what is known of the site and time of action

of each of the genes, might shed more light on how and when the

morphological classes in the mouse vertebral column are established

during development.
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MATERIAL AND METHODS

Genes and genetic background

The six genes and their primary effects are listed in Table 1.

Sd and T were obtained from the Institute of Animal Genetics,

Edinburgh, and vt_, Sp, un and Ph. from the MRC Radiobiology Unit,

Harwell.

For the dominant genes, mothers of the mice studied were all

inbred females from the strain CBA/ca (University of Edinburgh, Centre

for Laboratory Animals) and fathers were heterozygotes resulting from

1 to 3 crosses of the original mutant stock to CBA/ca. Mice studied

therefore comprised mutants (heterozygotes) and control (normal

homozygote) littermates with a largely CBA/ca genetic background.

For the recessive genes, mothers were the heterozygous offspring of

crosses between CBA/ca and the original mutant stock and fathers were

homozygotes from the mutant stock. Mice studied therefore comprised

mutants (homozygotes) and control (heterozygote) littermates with a

partially CBA/ca genetic background.

Specimens from different genotype/environment groups

Females chosen to be mothers were caged with the appropriate

males, three females to one male per cage. Females to be starved

during pregnancy were examined for vaginal plugs each morning, the

day on which a plug was found being regarded as day 0. Females for

starvation were transferred to individual clean cages without food,

but with water, at 16.00 h on day 7 and food was resupplied from

16.00 h on day 8. Females exposed to a normal environment during
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pregnancy were transferred to individual cages when obviously pregnant,

being supplied with both food and water continuously. All offspring

were weaned at 4 weeks, stored 6 to a cage and sacrificed at 6 weeks

after birth.

After sacrifice, each vertebral column down to the sacrum was

dissected out with its immediately adjacent tissues, and a hard

stainless steel wire (0.25. mm diameter) was threaded down the neural

canal and twisted at each end. The column was then subjected to

papain digestion (Luther, 1949), normally formed and unbroken vertebrae

remaining in the correct sequence on the wire. A search was made

following papain digestion for any abnormally formed or broken vertebrae

that may have fallen from the wire.

For each of the genes, specimens of vertebral columns were

collected from mutants and their control littermates that had either

undergone normal gestation or whose mothers were subjected to 24-hour

starvation on day 8 of gestation. For each of the six genes there

were thus four genotype/environment groups, making a total of 24 groups

in all. It was the intention to collect 50 mice in each group, but

some of the numbers fell short of this because of poor fertility.

Eighteen of the groups comprised the full 50 mice each, five groups

comprised 37-49 mice and one comprised 26 mice. Within the groups

the sexes were represented in approximately equal proportions.

Measurement

Vertebrae from each column were attached, cranial surface

uppermost, onto a 3.25 inch square lantern slide glass by means of

double-sided transparent self-adhesive tape, and silhouettes of each
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complete set of presacral vertebrae, plus the first sacral vertebra,

were projected onto a screen at a standard magnification (x 20). The

first sacral vertebra was included because, as it articulates with the

pelvis, it was thought likely to be a relatively stable structure with

which the presacral vertebrae could be compared. Even though the

vertebrae vary considerably in size and morphology, each one, except

the first cervical, has a dorsal midline spinous process, and all have

lateral transverse processes; though in some vertebrae they are poorly

developed. The first cervical vertebra has a midline ventral tubercle.

Two measurements were taken from each of these vertebral silhouettes

by placing a grid of millimetre squared paper against the screen and

adjusting its position until the transverse processes of each silhouette

came to lie along one axis. The two measurements taken were the

distances along this axis from the end of each transverse process to a

perpendicular line passing through the spinous process, or, in the case

of the first cervical vertebra, the centre of the ventral tubercle.

This is illustrated in Fig. 1.

In cases where the complement of presacral vertebrae exceeded the

most usual number of 25, an adjustment in numbering was made by removing

one (or more) of the lumbar vertebrae. (In only one mouse were there

more than 26 presacral vertebrae.) In this way all sets of measurements

were comparable, each relating to a series of 26 vertebrae numbered in

a craniocaudal sequence, with position 26 always occupied by the first

sacral vertebra.

Since the anatomical landmarks used to provide reference points

for measurement are not equally well defined in all vertebrae, different

degrees of measurement error could arise for different vertebrae. In
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order to minimise the possibility of such differences masking or

distorting any underlying pattern of instability all vertebrae were

set up on the glass slides and measured on two separate occasions.

For each vertebra in each individual there were therefore first and

second measurements on the right side, R and R , and first and
1 <u

second measurements on the left side, L and L . The width of each
X a

vertebra in each individual was expressed in terms of the average for

each pair of duplicate measurements: R = (R + R )/2 and
1 A

L = (L + L )/2. From these I* and h values the following parameters
J. A

were calculated for each group:

1) Mean and standard error of (R + L), expressing overall vertebral

width;

2) Coefficient of variation of (R + L), expressing between individual

variation for width, independent of vertebral size;

3) Mean and standard error of (R - L)/(R + L), expressing directional

asymmetry, independent of vertebral size.

In addition, for each vertebra in each group, asymmetry was

expressed as the variance of (R^ - L^/CR^ + L^) and of
(R - L )/(R + L ) for the first and second sets of measurements, andA A A A

repeatability was expressed in terms of the variance of (R - R )/(R + R )
_L A JL A

and of (L - L )/(L + L ) for the right and left sides respectively.
J. A X A

A fourth parameter for each group, the 'instability' variance, V^, was
then calculated as V = V - V where V was the pooled asymmetry

1 A It A

variance for first and second sets of measurements, and V the pooledR

repeatability variance for the right and left sides. The instability

variance was thus independent of both vertebral size and repeatability.
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Comparisons between groups were then made in terms of:

1) Per cent difference in mean width;

2) Width variance ratio;

3) Instability variance ratio;

4) Difference in mean directional asymmetry.

The relative magnitude of the differences between test and

control groups at different positions in the vertebral column for

each of these comparisons was taken to be an indication of develop¬

mental instability. Patterns of developmental instability were

expressed graphically, with each measure of instability plotted

against vertebral position number. Positions 1-7 refer to the

cervical class, 8-20 the thoracic class, 21-25 the lumbar class and

26 the first sacral vertebra.
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RESULTS

Vertebral number

The numbers of mice with 25, 25§ or 26 presacral vertebrae in the

different genotype environment groups are shown in Table 2. Table 3

shows that in cases of asymmetrical articulation with the pelvis, the

more caudal articulation was found more frequently on the right side.

Baseline patterns of variation for wildtype mice in the normal

environment

Baseline patterns of variation for wildtype mice were obtained

by pooling the results from control littermates of the four dominant

mutants in the normal unstarved environment. Figure 2 illustrates

patterns for the mean and coefficient of variation of vertebral width,

and for the instability variance.

Mean vertebral width ranged from over 5 mm for the first cervical

vertebra to just below 3 mm in the lower thoracic and upper lumbar

region. Apart from the first cervical vertebra, which is a special

case because of its articulation with the base of the skull, each class

showed its own size gradient, with a change of gradient direction at

or near the cervicothoracic (C-T) and thoracolumbar (T-L) class

boundaries. Male vertebrae were consistently larger than female

vertebrae, but generally by only 1-2 per cent. For the smaller

genotype/environment groups, results for mean vertebral width are

therefore given for both sexes combined.
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There was an overall trend for the coefficient of variation of

vertebral width to increase in a craniocaudal direction. However,

superimposed on this trend were clear indications of resistance to

this increasing variability towards the C-T and T-L boundaries. Males

showed generally higher values over the whole series, with indications

of minimum sexual dimorphism towards the class boundaries and in the

mid-thoracic region. For the smaller genotype/environment groups,

results are given for both sexes combined.

The instability variance showed no consistent difference between

the sexes and so only pooled values are illustrated. The pattern was

one of minimum instability towards the vertebral class boundaries,

except at the caudal end of the lumbar class.

Figure 3 illustrates the pattern of directional asymmetry where

again there was no consistent difference between the sexes. There

were two peaks of left-sided predominance, one primarily cervical and

the other thoracic, and one primarily lumbar peak of right-sided

predominance.

Response to 24-hour starvation on day 8 of gestation

The effects of starvation alone were assessed by comparing wildtype

control progeny of starved mothers with wildtype control progeny of

unstarved mothers for the four dominant mutant stocks combined.

Starvation produced a modest increase in mean vertebral width

(1-5%) over the whole series of 26 vertebrae. This increase in size

was statistically highly significant (p < 0.01) for 24 of the 26

vertebrae, and there was no obvious difference of effect in the class

boundary regions. The variance of vertebral width tended to be
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reduced by starvation. The instability variance showed a tendency for

an overall increase of instability with starvation, but with more

normal levels towards the cranial and caudal ends of the series.

Starvation tended to exaggerate the directional asymmetry shown by

control mice in the normal environment, but this difference between

environments only reached statistical significance (p < 0.05) for two

vertebrae in the lumbar region.

Effects of the genes

(i) Mean vertebral width

The most striking effects were shown by Scl and un, with almost

identical patterns in the two environments for each gene, and a degree

of similarity of pattern between the two genes (Fig. 4). For Sd there

was an overall tendency for the gene to produce a reduction in width

at the cranial end of the series, gradually changing to an increase in

width at the caudal end. Superimposed on this overall craniocaudal

gradient were signs of resistance to the effect of the gene towards the

vertebral class boundaries and in the mid-thoracic region. For un,

the gene caused a dramatic general reduction in vertebral width (except

for the second lumbar vertebra), with relative resistance to this effect

at the cranial and caudal ends of the series and in the mid-thoracic

region. There was some sign of resistance to size reduction at the

T-L boundary, but little if any at the C-T boundary.

The effects of T_, S£ and Ph are illustrated in Fig. 5. For each

gene the starved mutant group tended to show greater vertebral width

in relation to its own littermate control than the unstarved mutant

group, indicating that these mutants enhanced the difference in mean
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vertebral width observed between starved and unstarved wildtype

controls. However, in other respects the three genes showed their

own patterns of effects. The greatest difference in response between

environments was shown by T? where, in the starved environment, the

pattern was suggestive of a craniocaudal gradient with relative

stability towards most class boundaries. For Sjd, in both environments,

the gene resulted in a weak pattern of increasing size from the cranial

and caudal extremes towards the centre of the complete series, with a

mild suggestion of relative stability at the class boundaries. For

Ph, in both environments, there was a weak overall tendency for the

gene to reduce vertebral width progressively in a craniocaudal

direction, again with a mild suggestion of relative stability at the

class boundaries. More pronounced stability was observed in the

mid-thoracic region.

There were no consistent effects of vt_ on mean vertebral width,

with the mutant group values fluctuating between +1 and -1 per cent of

those for their heterozygote controls in the two environments.

(ii) Variance of vertebral width

The most pronounced effects on the variance of vertebral width

were shown by Sd, T^ and Ph (Fig. 6). For Sd, the gene in the normal

environment produced a pattern of variances fluctuating widely around

the control level. However, in the starved environment, Sd. resulted

in variances, that were consistently and highly significantly increased

over the control level, though with no vertebral class related pattern.

For T, the gene in the normal environment tended to produce an increase

in variance with a suggestion of a craniocaudal gradient, while in the

starved environment variances were generally reduced below the control
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values, fluctuating around the 95 and 99 per cent confidence limits in

the thoracic segment. For Ph the reverse situation applied, with the

gene in the normal environment reducing variance consistently below

the 99 per cent confidence limit, while in the starved environment

variances tended to be more like those of wildtype controls, although

this effect was less pronounced in the C-T and T-L boundary regions.

The variances of un homozygotes showed significant increases over their

heterozygote control levels in the lumbar region for both environments,

but there was no obvious effect elsewhere in the series. Variance

patterns for Sp and vt_ showed no consistent or significant trends.

(iii) Instability variance

The instability variance ratio showed considerable fluctuations

about unity, but nevertheless certain trends were apparent. For Sji in

both environments the gene tended to cause a general increase of

instability with more normal levels at the cranial and caudal extremes

of the series. For Sp in both environments, the gene resulted in a

craniocaudal gradient of increasing instability in the cervical class

but not elsewhere in the series. The most clear-cut result was shown

by un (Fig. 7) where, in both environments, the gene produced a

surprising craniocaudal gradient of decreasing instability in the

cervical class from a maximum level towards its cranial end to a more

normal level at its caudal end, but a craniocaudal gradient of increasing

instability in the thoracic class. There were no obvious patterns

shown by the instability variance ratio for TT, vt_ or Ph.
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(iv) Directional asymmetry

No difference was noted between the pattern of directional

asymmetry produced by the dominant genes and that shown by normal controls

in either environment. However, vt_ and un caused marked disruption of

the normal wildtype pattern illustrated in Fig. 3, both when homozygous

and heterozygous. For each of these genes, patterns were similar for

both genotypes and in both environments, but the homozygote pattern for

the starved environment was perhaps the most pronounced. Homozygote

patterns of directional asymmetry for the starved environment are

therefore shown in Fig. 8, together with comparisons between these

patterns and that shown by pooled normal wildtype controls from the

dominant stocks. Both genes resulted in a widespread swing towards,

or exaggeration of, right-sided predominance. For vt the normal

cervical and thoracic peaks of left-sided predominance were lost and

the normal lumbar right-sided predominance was enhanced. The difference

between this pattern and that of normal wildtype controls showed

resistance to the general effect of the gene at the C-T and T-L

boundaries and for the first sacral vertebra. For un the normal

cervical peak of left-sided predominance was less well defined and

occurred more cranially, and increasing right-sided predominance was

observed from the second thoracic vertebra to, and including, the

lumbar segment. The difference between this pattern and that of

normal wildtype controls showed that the effect of the gene was more

pronounced towards the centre of the series, with relative resistance

towards the cranial and caudal extremes.
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The difference between these un and vt homozygote groups and

normal wildtype controls in terms of mean vertebral width showed that

un homozygote widths were generally less than those of controls (as

they were compared with heterozygote widths, Fig. 4), while vt

homozygote widths were generally greater than those of wildtype

controls (even though there was no difference between homozygotes and

heterozygotes) . Since both homozygotes enhanced right-sided

predominance, the smaller width for un must have been associated with

preferential reduction of the left side, while the greater width for

vt must have been associated with preferential enlargement of the

right side.
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DISCUSSION

A number of patterns were disclosed by normal wildtype controls

in the unstarved environment, by starvation alone, and by the action

of the different genes in the two environments. The five predominant

patterns and their expression in the different groups are summarised

in Table 4. In addition, there was the particular pattern of

directional asymmetry that was common to all groups except vt_ and un

heterozygotes and homozygotes.

In normal wildtype mice, the overall increase in the coefficient

of variation of vertebral width with increasing distance from the

cranial end of the series suggests a craniocaudal decrease in

developmental control. A similar overall gradient might therefore be

expected for the instability variance in normal mice, but this was not

observed. However, it has been shown that different genetic systems

may influence within individual variation (asymmetry) and between

individual variation (Waddington, 1957, 1960; Reeve, 1960), and this

may be responsible for differences of pattern shown by these two

measures. On the other hand, both the coefficient of variation and

the instability variance provided evidence of relative stability of the

vertebral class boundary regions in normal mice (Fig. 2). The only

exception was the high level of instability shown towards the caudal

end of the lumbar region, which presumably was associated with the

readiness of the background genotype to allow an increase in number of

presacral vertebrae from 25 to 26, particularly as a result of

starvation (Table 2). The right side was involved preferentially in

this increase (Table 3), which is consistent with the right-sided

predominance in directional asymmetry at the L-S boundary that was
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found in almost all genotype/environment groups.

The response to 24-hour starvation on day 8 of gestation among

wildtype controls showed an overall increase in vertebral width,

previously reported to have followed starvation at earlier stages of

pregnancy (Sofaer, 1978). This increase in size may have been the

result of physiological overcompensation by the pregnant female

following the resupply of food. The tendency for an increase in the

instability variance, which might be expected, was not matched by an

increase in the variance of vertebral width, which again may have an

explanation in the different systems of control over within individual

and between individual variation.

The response to starvation was generally rather uniform over the

whole series; that is, there was no definite craniocaudal gradient

and no clear vertebral class related pattern of response. The

implication is therefore either that position in the series has no

influence on the magnitude of the starvation effect, or that at the

time of starvation the craniocaudal gradient and class boundaries have

not yet become well established. However, two genes that are known

to affect the very earliest stages of development of the axial

skeleton (Sd and T^, Table 1), stages that occur around day 8, produced

patterns of effects showing both an overall craniocaudal gradient and

relative stability of the class boundary regions (Table 4). Overall

craniocaudal gradients of abnormality have previously been reported

for both of these genes; for Sd_ in terms of vertebral size reduction,

with maximum reduction at the cranial end of the series (cf Fig. 4),

and for T^ in terms of increasing frequency of morphological anomalies

(Griineberg, 1963). Failure of starvation alone to disclose graded
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and/or class related patterns of response is somewhat at variance with

the mild indications of such responses reported previously (Sofaer,

1978). However, this difference may perhaps be partly attributable

to background genotype, particularly since the total number of

presacral vertebrae, which is known to be genotype dependent (e.g.

Green, 1962), showed a much greater readiness to increase from 25 to

26 with starvation in the present material than in that reported

previously.

The patterns observed for v^t were a marked general increase in

right-sided predominance, together with clear indications of resistance

to this effect at the C-T and T-L boundaries (Fig. 8). This gene is

known to affect the unsegmented paraxial mesoderm at around the same

time that Sd and T^ have their effects on the truly axial structures.

The disruption of normal developmental stability produced by these

three genes therefore implies that both the axial and paraxial tissues

acquire the potential for establishing vertebral class boundaries before

segmentation occurs. The two patterns observed for Hp (Table 4), where

segmentation may be affected secondarily to abnormal closure of the

neural folds, both tend to confirm that the prospective class boundaries

are established before segmentation.

The most marked and widespread effects of all were produced by un.

This gene is known to influence sclerotome differentiation (Table 1),

the process during which somites contribute to the early rudiments of

the vertebrae. All patterns of disruption of normal developmental

stability except an overall craniocaudal gradient were observed (Table

4) .

The gene Ph, whose effects on the axial skeleton are indirect,

through the development of hydrops around the notochord, resulted in
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patterns of disruption of normal developmental stability that were

similar to those shown by Sd and T, implying that both direct and

indirect influences on the notochord can produce similar effects. A

feature of the patterns shown by Ph, which was also present for Sci and

un, was relative resistance to the effects of the genes in the mid-

thoracic region. This is difficult to interpret in terms of

vertebral class differentiation, but could conceivably be related to

neighbouring cardiac development.

Reference to Table 4 shows that an overall craniocaudal gradient

only occurred in response to genes affecting the primitive streak or

notochord. Such a gradient is presumably some function of time and/

or distance from the point of origin of the first axial structures,

since the primitive streak starts to form at the cranial end and

progresses towards the caudal end of the future axial skeleton, a

process which takes approximately two days to reach the prospective

lumbosacral region in the mouse. The gene v^t, which affects the

unsegmented paraxial mesoderm, and Sjd and un, which have their effects

after the onset of segmentation, did not produce a craniocaudal

gradient of response, implying that the gradient is restricted to the

truly axial structures and that after the onset of segmentation this

information along the embryonic axis may be lost. This loss of

overall craniocaudal gradient with segmentation is consistent with the

passage of a wave of abrupt change in the presomite tissue that has

been shown to confer resistance of segmental specification to the

earlier disrupting effect of heat shock in amphibian embryos (Pearson &

Elsdale, 1979). However, both S£ and un showed some signs of a

residual craniocaudal gradient within vertebral classes.
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Perhaps the most interesting finding is that the future vertebral

class boundary regions appear to be established before visible signs

of segmentation have occurred, since genes affecting the presegmentation

stages (Scl, T, vt^, Ph) produced vertebral class related patterns of

disruption. This specificity of vertebral class boundaries prior to

visible segmentation may be related to the metameric pattern of

somitomeres in the presomitic mesoderm (Meier, 1979). Even at this

stage, the somitomeres show signs of division into cranial and caudal

halves, anticipating the contribution of each somite to the caudal and

cranial halves of adjacent vertebrae which occurs during sclerotome

differentiation (Solursh et al, 1979). Unlike the overall craniocaudal

gradient, the special nature of the vertebral class boundary regions

seems to persist, since genes affecting axial development after the

onset of segmentation (Sjd, un) also produced vertebral class related

patterns of abnormality. The caudal and particularly the cranial

extremes of the series appeared to be the regions of greatest stability

in the column.

The evidence presented here for the establishment of vertebral

class boundaries in the mouse before the onset of segmentation is

supported by the results of direct experimental manipulation aimed at

investigating regional determination in the vertebral column of chick

embryos (Kieny et al, 1972). In these experiments, unsegmented

presomitic mesoderm from the cervical region of a donor embryo was

transferred to the thoracic region of a host embryo from which a

corresponding piece of mesoderm had been removed. A similar transfer

of unsegmented thoracic mesoderm was made to the cervical region. In

both cases, the transplanted mesoderm developed according to its origin,

resulting in either a rib-free area within the thoracic region or
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supernumerary ribs in the cervical region of the column.

If the vertebral class boundaries are established before

segmentation, the question of how they are established becomes

analogous to the question of how somite size is regulated according

to the size of the embryo. Somites are formed in a continuously

growing system, the earliest appearing well before the embryonic

axis is complete, so it is unlikely that their size is decided by a

process of proportioning existing tissue (Flint et al, 1978). However,

some mechanism is required whereby the correct number of somites of

appropriate size is provided. There is persuasive evidence to suggest

that the metameric pattern of somitomeres is generated at the very time

when the paraxial mesoderm is being formed at the primitive streak, and

that the amount of tissue incorporated into each prospective somite is

determined by the rate of cell recruitment to the paraxial mesoderm and

the rate of somite formation (Tam, 1981). At a different level of

organisation, the C-T and T-L boundaries also appear to be specified

before the embryonic axis is complete, so that the system must have

some means of discriminating position in the series as the series is

being formed. Specification of the L-S boundary has a ready

explanation in the rather abrupt reversal of the somite size gradient

observed in this region, presumably related to changes in the rates of

cell recruitment and somite formation (Tam, 1981). However, the

apparent specification of the C-T and T-L boundaries before axial

development has reached the lumbosacral region remains, at least for

the present, an enigma.
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Table 1. The six genes used, the site/nature of their abnormalities

and the approximate gestational ages involved (Griineberg, 1963) . The

differentiation of early axial structures takes place in a

craniocaudal direction with about 2 days separating equivalent stages

in the cranial and lumbosacral regions. AD = autosomal dominant,

AR = autosomal recessive.

Gene

Inheri- Site/nature of
Symbol tance abnormality

Approximate
gestational age

Danforth's short

tail

Sd AD Primitive streak

or notochord

days 6^-8j

Brachyury AD Primitive streak

or notochord

days 6j-8i

Vestigial tail vt AR Unsegmented

paraxial mesoderm

days 6J-8J

Splotch Sp AD Segmentation (2ry

to abnormal closure

of neural folds)

days 8-10

Undulated un AR Sclerotome

differentiation

detectable effect

from day 11

Patch Ph AD Hydrops in

association with

notochord

most homozygotes

die during days

9-10
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Table 2. Numbers of mice with 25, 25^ or 26 presacral vertebrae in

the different genotype/environment groups. The '25^' situation

arises when there is asymmetrical articulation with the pelvis.

Normal environment Starved environment

Control Mutant Control Mutant

% % % %
Gene 25 25^ 26 > 25 25 25^ 26 > 25 25 25% 26 > 25 25 25j 26 > 25

Sd 38 6 6 24 42 5 3 16 25 7 18 50 19 1 19 51

T 50 - - 0 49 1- 2 24 - 2 8 36 -1 3

vt 49 - 1 2 47 3 6 37 9 4 26 39 3 3 13

Sp 50 - - 0 49 1 2 31 2 17 38 22 6 9 41

un 2 1 47 96 8 6 36 84 1 - 49* 98 5 - 45 90

Ph 46 3 1 8 48 - 2 4 21 1 28 58 26 3 21 48

* Includes one mouse with 27 presacral vertebrae
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Table 3. Numbers of mice of all genotype/environment groups for

each mutant stock with 25^ presacral vertebrae showing the most

caudal side of articulation with the pelvis (x2 = 13.5, p < 0.01 for

the overall difference between sides).

Stock Left Right

Sd 8 11

T 0 1

vt 4 11

Sp 2 7

un 1 6

Ph 0 7

Total 15 43
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Table 4. A summary of the predominant patterns of instability observed

for wildtype controls in the normal unstarved environment (N), due to

starvation alone (S) and associated with the different genes in either

or both environments. M or m, V or v, I or i , and D indicate that the

pattern was observed in terms of Mean vertebral width, Variance of

vertebral width (or coefficient of variation), the Instability variance,

or Directional asymmetry respectively. Capital letters indicate a

pronounced effect and lower case letters a mild effect.

Pattern N S

Overall cranio- V

caudal gradient

Intraclass cranio- M

caudal gradient

Relative stability of V,I

class boundaries

Relative stability of

mid-thoracic region

Sd T vt Sp un Ph

M m,v - - - m

i I

M m D m m m

M - - - M M, V

Whole series effects M, V, i V, i v D M, D V
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Fig. 1. Silhouette of a sixth cervical vertebra showing the two
measurements made.
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Fig. 2. Mean and coefficient of variation of vertebral width,
and instability variance, for wildtype control mice in the normal
unstarved environment (<jo = 97, c?c? = 103).
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i—i—i—i—i i i
-3 -2 -1 0 *1 *2 .3

Mean (R-L)/(R»L) %

Fig. 3. Directional asymmetry, expressed as mean (R - L)/(R + L)
per cent, for wildtype control mice in the normal unstarved
environment (both sexes = 200). 21 of the 26 mean deviations
differed significantly and 19/26 differed highly significantly from
zero (p < 0.05 and p < 0.01 respectively).
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12 14 16 18 20 21

VERTEBRA

Fig. 5. Effects of the genes T, Sjj and Ph on mean vertebral
width in the normal and starved environments, expressed as the
percentage difference in width shown by the mutant groups relati
to their littermate controls.



165

12 14

VERTEBRA

20 21 25 26

Fig. 6. Effects of the genes Sd, T and Pli on the variance of
vertebral width, expressed as the ratio of mutant variance to
littermate control variance in the two environments. The
horizontal broken lines indicate the 95 and 99 per cent
confidence limits for individual variance ratios.
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Fig. 7. Effects of the gene un on the instability variance,
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the two environments. The horizontal broken lines indicate the
95 and 99 per cent confidence limits for individual variance ratios.
The plots are incomplete because of some negative estimates for the
instability variance in one or other of the genotype/environment
groups.
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vt/vt vt/vt - +/+

C-T

T-L

Mean <R-U/(R»L>%

un/un un/un - +/+

Fig. 8. Effects of the genes vt_ and un on directional asymmetry,
expressed both as mean (R - L)/R + L) per cent for homozygotes
in the starved environment, and in terms of t^ values showing the
direction and statistical significance of the difference between
these mean values and those of wildtype controls for the dominant
stocks in the normal environment (Fig. 3). The broken lines
indicate the 95 and 99 per cent confidence limits for individual
mean comparisons.
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Reduction in size of the jaws during hominid evolution has been

accompanied by a general reduction of tooth size, but within each

morphological class the later a tooth develops the more it has been

reduced. Within each class, greater evolutionary reduction is also

associated with greater phenotypic variability in contemporary

populations, and this greater variability appears to be due to a

larger environmental component. The apparent paradox of this

association between more rapid evolutionary change and greater

non-genetic variability can be explained on a developmental basis

involving compensatory interaction between early and late developing

teeth of the same class under the constant restricting pressure of

a changing skeletal system.
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Reduction in size of the jaws during
hominid evolution has been accompanied
by a general reduction of tooth size. Nat¬
ural selection has presumably operated to
maintain a harmonious tooth to jaw size
relationship by tending to eliminate geno¬
types that produced teeth too large for the
changing skeletal system. An interesting
feature of the reduction process is the
more rapid change that has occurred in
the most posterior teeth of each jaw.
Taking Australopithecus as representative
of the early hominid condition, the data
presented by Robinson (1954), for the
tooth size module (length + width)/2 in
the lower jaw, show a clear pattern of re¬
duction in the change from early hominid to
modern man. Not only has size reduction
been greater in the most posterior teeth
of the jaw as a whole, but the most pos¬
terior members of each morphological class
(incisors, premolars and molars) appear to
have been reduced more rapidly than their
anterior neighbors. The pattern of reduc¬
tion found by Robinson in the upper jaw
was apparently very similar. The data
presented by Brace (1967), using the
module length X width for the upper teeth,
show the same pattern for the premolars
and molars.

Robinson (1954) postulated that the
more rapid reduction of the second and
third molars has been secondary to restric¬
tion of space due to skeletal reduction.
The third molar was presumed to be the
most vulnerable because it is the last
tooth to erupt and must therefore fit into
the space that remains after all the other
teeth in the jaw have come into functional
occlusion. However, the most posterior

position and time of eruption of the second
and third molars are not alone sufficient
reasons for the more rapid change that has
occurred in these teeth. For example,
malposition of the third molar due to in¬
sufficient space would not result simply
in selection against large third molars but
against large teeth in general, since lack
of space for the third molar depends on
the sizes of all the teeth in the jaw. Fur¬
thermore, there is some evidence from the
mouse and man to suggest that genetic
variation forms the lowest proportion of
total size variation in the most posterior
tooth of each class (Bader and Lehmann,
1965; Bader, 1965; Lundstrom, 1948;
Hunter, 1959); a condition which, all other
things being equal, would result in a less
rapid response to selection in these teeth.
Nevertheless, the time at which each

tooth develops does seem to be related to
the amount of reduction it has undergone.
Figure 1 shows the reduction that has taken
place from Australopithecus to modern
man, the data being taken from Robinson
(1954); and the time of the first appear¬
ance of hard tissue in each developing tooth
(Orban, 1957). The correspondence be¬
tween the evolutionary reduction and de¬
velopmental timing patterns is clear. Ex¬
cept in the case of the lower incisors,
which develop at very much the same time,
the later the development of a tooth within
a morphological class the more it has been
reduced.
The purpose of this paper is to examine

aspects of variation in the dentition of a

sample of modern man, with particular
reference to the way in which tooth size
can be modified by the local environment

Evolution 25:509-517. September 1971 509
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Fig. 1. The pattern of evolutionary reduction from Australopithecus to modern man, and the pat¬
tern of developmental timing (Orban, 1957), for incisors (II and 12), canine (C), premolars (PI and
P2), and molars (Ml, M2 and M3). The solid lines connect points for teeth of the same class, and
the broken lines connect points for adjacent teeth of different classes. The pattern of evolutionary
reduction was obtained from Robinson's (1954) Figure 1 by subtraction of the module values plotted
for modern man ("White") from those plotted for Australopithecus.

during development. The analysis is largely
concerned with making comparisons be¬
tween early and late developing teeth of
the same class. An explanation is then
advanced, in terms of space restriction and
developmental timing, for the differential
size reduction that has taken place during
hominid dental evolution.

Materials and Methods

The data were derived from an examina¬
tion of dental casts of two Melanesian
tribes: Nasioi, collected on the island of
Bougainville in the Territory of Papua
and New Guinea; and Kwoio, collected on
Malaita, one of the British Solomon Is¬
lands. These two tribes have been the

subject of other recent investigations

(Bailit et al., 1968; Friedlander and
Bailit, 1969; Bailit et al., 1970). Each in¬
dividual had at least one first degree rela¬
tive in the sample, the total of 229 individ¬
uals yielding 117 parent-offspring pairs and
146 sibling pairs for both tribes combined.
Mesiodistal and buccolingual tooth diam¬
eters were measured to the nearest .05 mm

using a Helios Dial Caliper, model VD6HC,
with specially pointed beaks. All teeth
except the canines are considered here.
Three aspects of size variation were in¬

vestigated. Firstly, coefficients of varia¬
tion for each tooth and phenotypic correla¬
tions between all pairs of teeth within each
jaw were calculated. The results of these
calculations simply gave a general picture
of the pattern of variation in the dentition
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Table 1. Mean tooth size in millimeters and its
standard error, and the coefficient of variation
(C.V., %), for mesiodistal and buccolingual diam¬
eters of all teeth except the canines. N is the
number of individuals, each of whom was scored
either as the average of measurements on the right
and left sides, or, if only one side was measured,
as the measurement on that side.

Mesiodistal Diameter Buccolingual Diameter

N Mean ± S.E. C.V. V Mean ± S.E. C.V.

UIl 216 8.83 ± .04 7.5 167 7.74 ± .05 9.1

UI2 217 7.SI ± .05 9.8 193 6.89 ± .05 9.5
UP1 214 7.46 ± .04 7.3 210 10.28 ± .05 6.7
UP 2 207 7.00 ± .04 7.3 204 10.25 ± .05 7.2
UMl 222 10.80 ± .04 5.5 220 12.05 ± .05 6.1
UM2 184 10.13 ± .06 7.5 191 12.17 ± .06 7.0
UM3 103 8.93 ± .09 10.2 106 11.35 ± .12 11.3

Lit 209 S.63 ± .03 7.0 138 6.54 ± .06 11.0
LI2 213 6.33 ± .03 7.0 168 6.75 ± .05 9.8
LP1 210 7.36 ± .04 7.7 198 8.57 ± .04 7.3
LP2 207 7.43 ± .05 9.1 195 9.07 ± .05 7.2
LM1 221 11.54 ± .04 5.7 213 11.13 ± .04 5.6
LM2 194 10.84 ± .06 7.1 186 10.98 ± .05 6.7
LM3 100 10.81 ± .09 8.6 94 10.52 ± .10 8.8

as a whole and of the relationships of one
tooth to another. Secondly, the analysis
was concerned with asymmetry, as mea¬
sured by (R-L)/(R+L), where R and L
are one individual's tooth measurements on

the right and left sides. The variable
(R-L)/(R+L) is an expression of asym¬
metry corrected for tooth size, allowing
meaningful comparisons to be made be¬
tween large and small teeth. The variance
of (R-L)/(R+L) was calculated for each
tooth, and the more anterior and more pos¬
terior teeth of each class were compared
using a variance ratio test. Correlations
between all teeth within each jaw were
also calculated for (R-L)/(R+L). Since
the genetic size potentials of the two sides
of the same individual can be regarded as
identical, the asymmetry results gave some
indication of how different teeth may be
influenced by local environmental effects
during development. Finally, the degree of
resemblance between relatives was esti¬
mated by the intra-class correlation for
each measurement among all parent-off-
spring pairs and all sibling pairs. Com-

Table 2. Correlations of (R-\-L)/2 between
pairs of teeth within each jaw for the mesiodistal
diameter (upper right) and the buccolingual diam¬
eter (lower left half of each matrix).

till UI2 UP1 UP2 UMl UM2 UM3

UI1 .67 .55 .49 .59 .38 .31
UI2 .75 — .54 .50 .44 .37 .17

UP1 .49 .44 — .78 .53 .53 .48
UP2 .44 .31 .84 — .54 .65 .47
UMl .59 .47 .72 .70 — .51 .47
UM2 .56 .55 .70 .73 .79 — .50
UM3 .56 .20 .64 .62 .63 .71 —

LI1 LI2 LPl LP2 LM1 LM2 LM3

LI1 — .74 .44 .37 .55 .41 .23
LI2 .87 — .60 .45 .59 .47 .33
LPl .51 .60 — .62 .58 .61 .54
LP2 .48 .55 .84 — .42 .64 .44
LM1 .35 .40 .67 .70 — .68 .48
LM2 .43 .46 .61 .64 .81 — .49
LM3 .40 .24 .51 .48 .49 .81 —

parisons of different teeth with respect to
the degree of resemblance between relatives
were then carried out to detect differences
in the extent of genetic control over tooth
size between teeth. For this analysis all
female measurements were increased by
4%, since a regression of tooth size on sex
showed male measurements to be approxi¬
mately 4% larger on average.

Results

Table 1 shows the mean mesiodistal and

buccolingual diameters for the different
teeth, and the coefficients of variation for
each measurement in each tooth. There
is no question about the relative variability
of the molars. For both measurements in
both upper and lower jaws the later the
development of the molar the greater its
variability. From Figure 1 it can be seen
that the greatest difference of develop¬
mental timing between teeth of the same
class is shown by the molars. The next
greatest difference is shown by the pre¬
molars and upper incisors, and the lower
incisors show no difference of any sig¬
nificance. The relationship between vari¬
ability and developmental timing within
a tooth class is therefore reasonably con-
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Table 3. Comparison of the variance of (R-L)/(R-\-L) between members of the same tooth class,
for mesiodistal and buccolingual diameters.

Upper Jaw Lower Jaw

Mesiodistal Buccolingual Mesiodistal Buccolingual

Var. (X10<) F ' Var. (X1C) F Var. (X10*) F Var. (X104) F

11 1.43 2.46 3.46 4.02
2.39** 27.09** 0.88 1.01

12 3.42 66.65 3.05 4.08

PI 2.72 1.81 4.26 2.88
1.07 1.97** 0.78t 1.11

P2 2.91 3.56 3.34 3.19

Ml 1.51 3.00 1.13 2.10
3.35** 1.19 1.70** 1.92**

M2 5.06 3.58 1.92 4.04

Ml 1.51 3.00 1.13 2.10
6.03** 29.60** 4.25** 53.40**

MS 9.10 88.81 4.80 112.13

M2 5.06 3.58 1.92 4.04

1.80** 24.81** 2.50** 27.75**
M3 9.10 88.81 4.80 112.13

*P±£ .05, ** P ^ .01.
t P — .05 with the more anterior tooth more asymmetrical.

sistent over all classes, since the differ¬
ences between early and late developing
premolars and upper incisors are not as
marked as between the molars, and since
the lower incisors show no difference be¬
tween central and lateral with respect to
the mesiodistal diameter. On the other
hand, the lower central did show greater
variability than the lateral with respect to
the buccolingual diameter. It should be
mentioned here, however, that the buc¬
colingual diameter of the lower incisors is
perhaps not a very reliable measurement
since the accumulation of salivary calcu¬
lus, which may not be noticed on a cast,
is likely to be a source of error.
Table 2 presents correlations for the

mean measurement of right and left sides
for each tooth between pairs of teeth
within each jaw. The highest coefficients
are between members of the same tooth
class. Between tooth classes the highest
coefficients are between the earliest de¬

veloping members. These findings are in
agreement with those of Garn, Lewis and
Kerewsky (1965), and suggest a decrease

of intrinsic control over tooth size from

early to late within each class.
Table 3 lists comparisons of the variance

of (R-L)/(R+L) between members of the
same tooth class. Except for the lower
premolars there is little doubt that within
each class the later a tooth develops the
more asymmetry it expresses. This holds
for both dimensions, though the difference
between early and late appears on average
to be greater for the buccolingual diameter.
The lower incisors show no differences, but
again they show little or no difference of
developmental timing.
Table 4 presents correlations of (R-L)/

(R+L) between pairs of teeth within each
jaw. The difference between the two di¬
mensions is striking. There are many sig¬
nificant positive coefficients for the buc¬
colingual diameter but few for the mesio¬
distal diameter. Further, the mesiodistal
diameter shows a large number of negative
coefficients. Positive correlation of (R-L)/
(R+L) between two teeth indicates that
they tended to be larger on the same side
of the jaw. Positive correlation can there-
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Table 4. Correlations of (R-L)/(R-\-L) between
pairs of teeth within each jaw for the mesiodistal
diameter (upper right) and the buccolingual diam¬
eter (lower left half of each matrix).

UIl UI2 UP1 VP2 UM1 UM2 UM3

UI1 — .04 .22** .03 .07 .15 .06
UI2 .08 — .02 -.14 .05 0 -.03
UP1 .12 .21* — .08 .11 -.01 .14
UP 2 -.02 .37** .51** — -.16* .06 .31*
UM1 -.04 .03 .30** .46** — -.05 -.25
UM2 -.14 .25** .20* .43** .52** — .22
UM3 .01 .26 .33** .17 .19 .28* —

Lit LI2 LP1 LP2 LM1 LM2 LM3

LI1 .23** -.10 .08 -.02 .09 .29*
LI2 .01 — .10 .02 -.07 .19* .24
LP1 -.08 .24* — 0 .02 .04 -.18
LP 2 .11 .11 .27** — -.06 .05 .03

LM1 .08 .07 .18* .19* — -.08 .05
LM2 .20 .09 .11 .23** .55** — .30*
LM3 .17 .45* .37** .15 -.11 .28* —

* P — -05, »« p .01

fore be interpreted as being due to re¬
sponses to common local environmental
conditions affecting neighboring teeth on
the same side of the jaw. On the other
hand, negative correlation implies the ex¬
istence of compensatory interaction be¬

tween adjacent teeth. That is, in a seg¬
ment of say two teeth, a larger than average
first tooth would tend to be associated
with a smaller than average second tooth,
and vice versa. Since any local environ¬
mental conditions causing the size of neigh¬
boring teeth to be positively correlated
presumably have the potential to affect
both tooth dimensions equally, the differ¬
ence between the buccolingual and mesio¬
distal diameters can be taken as represent¬
ing a dampening of the reaction to the
common local environment by compensa¬
tory interaction along the length of the
jaw.
Correlations between pairs of relatives

are shown in Table 5. The t values indicate
the significance and direction of the dif¬
ferences between correlations for siblings
and correlations for parents and their off¬
spring. The pattern of values again illus¬
trates that the two dimensions do not react

equally to all conditions. The mesiodistal
diameter shows no meaningful differences
between the two kinds of correlations,
though the majority of t values are nega¬
tive. By contrast, for the buccolingual

Table S. Correlations between relatives.

Mesiodistal Diameter Buccolingual Diameter

Parents & Parents &
Sibs Offspring Sibs Offspring

Tooth N r N r t N r N r t

UI1 125 .51 99 .42 .88 84 .09 48 .11 -.11
UI2 127 .39 102 .44 -.45 108 .31 71 .17 .90
UP1 124 .45 92 .59 -1.46 120 .44 88 .39 .45
UP2 111 .40 83 .49 -.80 112 .30 80 .27 .27
UM1 136 .49 107 .54 -.46 137 .43 105 .31 1.01

UM2 96 .31 56 .29 .14 106 .42 60 .26 1.09

UM3 45 .28 18 .47 -.77 51 .21 19 .25 -.16

LI1 126 .27 88 .15 .92 64 .33 37 -.06 1.89
LI2 129 .28 93 .33 -.44 83 .38 48 .09 1.67
LP1 121 .55 88 .51 .34 103 .33 78 .26 .54
LP2 114 .18 79 .35 -1.25 105 .41 68 .12 1.99*
LM1 131 .27 102 .24 .22 126 .41 94 .22 1.58
LM2 100 .22 67 .43 -1.45 97 .44 64 .27 1.15
LM3 47 .09 15 .50 -1.43 46 .12 16 .60 -1.83

.V is the number of pairs of relatives that contributed to the calculation of r, the correlation coefficient.
The value and sign of t indicate the significance and direction of the differences of correlations for
parents and their offspring from those of siblings.

* P =» .05, d.f. — so.
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Table 6. Correlations between all fairs of first degree relatives showing the differences between the
more anterior and more posterior teeth within each class.

Mesiodistal Diameter Buccolingual Diameter

Tooth Pair Ant. Post. t Ant. Post. t

UI1 and UI2 .47 .42 .75 .10 .26 -1.40

UP1 and UP2 .51 .44 .95 .42 .29 1.48

UM1 and UM2 .51 .30 2.43* .38 .37 .16
UM1 and UM3 .51 .33 1.54 .38 .22 1.28

UM2 and UM3 .30 .33 -.20 .37 .22 1.11

LI1 and LI2 .22 .30 -.88 .20 .29 -.68
LP1 and LP2 .53 .25 3.32** .30 .31 -.09
LM1 and LM2 .26 .31 -.55 .33 .38 -.50
LM1 and LM3 .26 .18 .52 .33 .25 .61
LM2 and LM3 .31 .18 .88 .38 .25 .93

The value and sign of t indicate the significance and direction of the difference of posterior from an¬
terior.

*P^.05, ** P^ .01, d.f. = oo.

diameter, the differences are on average
definitely positive, suggesting possible ef¬
fects of dominance and common sibling en¬
vironment (Falconer, 1964). However,
since any such effect must have been small,
the correlations between siblings and those
between parents and their offspring were
pooled to give a single set of correlations
for first degree relatives.
Correlations between first degree rela¬

tives, comparing the more anterior and
more posterior teeth within each class, are
shown in Table 6. The t values indicate
the significance and direction of the dif¬
ference between anterior and posterior.
Only two t values are significant, but these
are both positive. The remaining t values,
though not high, are positive on average.
Disregarding the lower incisors, the general
suggestion is then that relatives tend to be
more alike with respect to the more an¬
terior, earlier developing, tooth in each
class than with respect to the more pos¬
terior, later developing tooth. The propor¬
tion of the total size variation due to

genetic causes would therefore seem to be
lowest in the latest developing tooth of
each class. The difference between anterior
and posterior does however appear to be
more convincing for the mesiodistal than
for the buccolingual diameter. This could
perhaps be due to the more pronounced

reaction to common local environment
shown by the buccolingual diameter
(Table 4).
Though none of these results alone can

be regarded as conclusive, the overall pic¬
ture, interpreted in the light of previous
work, indicates that the greater variability
observed in the later developing tooth of
each class is due to greater environmental
variation, and that this environmental
variation is partly the result of local effects
related to compensatory interaction be¬
tween teeth developing in a confined space.

Discussion

In addition to the antero-posterior de¬
velopmental sequence within each tooth
class, Figure 1 shows that the most pos¬
terior member of each class starts to de¬

velop after the most anterior member of
the class distal to it (except in the case of
the lower incisors). The most posterior
tooth of each class is therefore usually the
last to start developing in its region of the
jaw, and must therefore make do with
what remains of any local requirements
that are necessary for development. Thus
it is likely, simply on developmental
grounds, that the most posterior tooth of
each class will reflect most the effects of
variation in the amount of available space.
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It has in fact long been recognized that
the last tooth to develop in each class
tends to be the most variable (Dahlberg,
1945). The relationship between develop¬
mental timing and coefficients of varia¬
tion in Table 1 is intended as a confirma¬
tion of this fact in the present sample.
That this greater variability is due to a
higher environmental component is sug¬
gested by the apparent falling off of
intrinsic control over tooth size from the
early to the late developing teeth within
each class (Table 2); and by the greater
asymmetry (Table 3), and the tendency
towards lower correlation between relatives

(Table 6) shown by the later developing
teeth.
The expression of environmental varia¬

tion seen in the buccolingual diameter ap¬
pears however to be modified in the mesio-
distal diameter, presumably by local inter¬
actions between teeth developing in a space
that is restricted mesiodistally. Differences
between the two dimensions are shown with

respect to asymmetry differences between
the more anterior and more posterior teeth
of each class (Table 3), asymmetry correla¬
tions between teeth (Table 4), correlations
between different kinds of relatives (Table
5), and differences with respect to correla¬
tions between relatives between the more

anterior and more posterior teeth of each
class (Table 6). This evidence for local
interactions between teeth in a confined

space is in fact supported by other studies
that have pointed towards the existence
of compensatory interaction between tooth
germs during development. The findings of
these studies indicate that if in a given
morphological class the teeth which de¬
velop early are large, then those which
develop late tend to be small or absent, and
vice versa (Griineberg, 1951; Grewal,
1962; Van Valen, 1962; Sofaer, 1969;
Sofaer et al., 1971).
Selection acts on the phenotype, but the

response to selection depends on the extent
to which the phenotype reflects the geno¬
type. The role of environmental factors in

modifying the development of the pheno¬
type is therefore an important considera¬
tion when evaluating the basis of any evolu¬
tionary change. The results presented here,
taken in conjunction with the results of
previous work, indicate that different teeth
are subject to different local environmental
conditions, and the extent to which the
final phenotype reflects the genotype dif¬
fers from one tooth to another. It is there¬
fore easy to understand how the response
to selection for tooth size, under the pres¬
sure of the changing skeletal system, could
differ among teeth. However, the teeth
that have changed most rapidly appear to
have phenotypes that are the poorest reflec¬
tion of the genotype, or at least no better
than any other.
Assuming that dental change has been

largely secondary to skeletal change, the
following conclusions can be drawn. Since
the dental changes must have lagged be¬
hind the skeletal changes the teeth must
have always been, on average, genetically
too large for the jaw in which they de¬
veloped. Environmental deviations, ex¬
pressed most by the latest tooth to develop
in each class, would then have been over¬
whelmingly negative due to the restriction
of space. Lack of harmony between tooth
size and jaw size would therefore have
been the result of inability of the individual
to respond sufficiently by negative environ¬
mental deviations, and selection would have
operated against genotypes that failed to
produce negative deviations large enough
to accommodate all the teeth comfortably
in the restricted jaw.
If there was no difference between jaw

size and tooth size potential then negative
deviations would not be necessary to ac¬
commodate the teeth. It is therefore rea¬

sonable to suppose that the size of the
negative deviation expressed by any late
developing tooth would somehow be re¬
lated both to the genetic size potential of
the tooth and to the amount of space
available. One possible relationship would
depend on the ratio of the size potential
of the tooth to the available space. On this
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Table 7. The four possible combinations of
"genotypically small" and "genotypically large"
teeth (arbitrarily defined by values of 3 and 4
respectively) in a hypothetical class of two. The
first tooth to develop is assumed to be unaffected
by any directional environmental bias, whereas
the second tooth to develop shows a negative en¬
vironmental deviation, the size of which is equal
to some constant proportion, x (say x=:%), of
the ratio of the size potential of the second tooth,
G, to the space available, S. The total space al¬
lotted to the two teeth is assumed to be 5 units.

Space re¬
maining
after Pheno¬ Com¬

2nd develop¬ type of bined
1st Tooth Tooth ment 2nd Pheno¬
Genotype Geno¬ of 1st Tooth type
& Pheno¬ type Tooth (=G- (1st -f-
type (= G) (=S) x(G/S)) 2nd)

3 3 2 2 5
3 4 2 2.67 S.67
4 3 1 1 5
4 4 1 1.33 5.33

basis, a tooth whose size potential was, say,
three times as large as the available space
would suffer greater reduction than a tooth
whose size potential was only twice as large
as the available space.
The above relationships are illustrated

in Table 7. Listed are the four possible
combinations of "genotypically small" and
"genotypically large" teeth (arbitrarily de¬
fined by values of 3 and 4 respectively) in
a hypothetical class of two. The first tooth
to develop is assumed to be unaffected by
any directional environmental bias, so the
phenotype is, on average, the same as the
genotype. The second tooth to develop
shows a negative environmental deviation,
the size of which is equal to x(G/S), where
x is a constant, G is the genetic size po¬
tential of the second tooth, and S is the
space available.
The two combinations of genotypes in

Table 7 that are critical to the present argu¬
ment are those in which one of the two

teeth is genotypically large and the other
genotypically small. Selection for or against
a large-small combination would tend to
change the relative frequency of large
genotypes in the two teeth and thus pro¬
duce a differential change of mean size

potential. Selection for or against the
large-large combination or the small-small
combination would not result in such a size
differential. The proposed relationship be¬
tween the phenotype of the second tooth
and its genotype and the space available
shows how the two critical combinations,
in which the combined genetic potentials
of the two teeth are identical, can produce
different combined phenotvpes. The smal¬
lest combined phenotype of the two, which
because of the reducing skeletal system
can be regarded as selectively the most
advantageous, results from a genotypically
large first tooth and a genotypically small
second tooth. Thus, on the basis of the
model illustrated in Table 7, there could
be a tendency for the first tooth to remain
large but for the second tooth to become
reduced through selection for tooth to jaw
size harmony.
Table 7 obviously illustrates a specific

and simplified situation. However, on the
assumption that the negative deviation in
the second tooth is proportional to some
function of G and S, there would only be
one case (in which the phenotype of the
second tooth = G - x(G - S)) where a
phenotype differential between the two
critical combinations would not occur. Very
many different functions of G and 5 would
therefore produce a phenotype differential
in the postulated direction, and even a rela¬
tively small differential could conceivably
be sufficient to result in a difference of
selective advantage between the two critical
combinations. The apparent paradox of the
association of more rapid evolutionary
change with greater non-genetic variation
can therefore be explained in terms of de¬
velopmental sequence and the response to
restriction of space.
It is not intended to imply that the

mechanism proposed here has been respon¬
sible for all the changes that have taken
place during hominid dental evolution.
Reference to Figure 1 shows that even
though the within tooth class changes could
be reasonably explained largely on this
basis, the between tooth class changes ap-
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pear to have involved another factor. The
first molar, which is one of the first per¬
manent teeth to develop in the whole jaw,
has undergone considerably more reduction
than the incisors which develop at around
the same time. This additional factor has

presumably been related more directly to
the teeth through the changing use to which
they themselves have been subjected. How¬
ever, it does seem that effects purely
secondary to skeletal reduction could have
provided a relatively potent force in pro¬
ducing differential tooth reduction during
hominid evolution.

Summary

Reduction of tooth size during hominid
evolution has been greater in the most pos¬
terior teeth of each jaw as a whole, and
within each tooth class (incisors, premolars
and molars) the later developing teeth have
been reduced more rapidly than their earlier
developing neighbors. Within each class,
greater evolutionary reduction is also as¬
sociated with greater phenotypic variability
in present populations, and this greater
variability appears to be due to a larger
environmental component. Part of this
component seems to result from local inter¬
actions between teeth developing in a con¬
fined space. The apparent paradox of the
association of more rapid evolutionary
change with greater non-genetic variability
can be explained on a developmental basis
which involves compensatory interactions
between early and late developing teeth of
the same class under the constant restricting
pressure of a changing skeletal system.
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Reduction in size of the jaws during
hominid evolution has been accompanied
by an overall reduction of tooth size, but
the degree of reduction varies from one
tooth to another in a definite pattern.
Within each morphological class (incisors,
premolars and molars) the later a tooth
develops the more it has been reduced.
Similar relationships between developmen¬
tal timing and degree of reduction may
have been commonplace during the evolu¬
tion of mammalian dentitions in general
(Ziegler, 1971). However, later developing
teeth tend to have lower heritabilities for
tooth size than their earlier developing
neighbours (Lundstrom, 1948; Hunter,
1959; Bader, 1965; Bader and Lehmann,
1965; Sofaer et al., 1971a). Thus there ap¬
pears to be an association between lower
heritability and more rapid evolutionary
change. It is possible that this is the result
of selection that has acted directly on the
later developing teeth of each class causing
a reduction of genetic variation. It is per¬
haps more logical to consider that the bulk
of any selection acts on each morphological
class as a whole rather than differentially
on the individual teeth of which it is com¬

posed.
In the absence of direct differential se¬

lection on members of the same class the
association between lower heritability and
more rapid evolutionary change can be ex¬
plained if it is assumed that some propor¬
tion of the reduction that has taken place
in the dentition has been secondary to
skeletal reduction, through selection for
harmony between size of teeth and size of
jaws. In such a system the primary re¬
duction of jaw size might be expected to

Evolution 27:427-434. September 1973 427

have resulted in restriction of the develop¬
ing teeth, with consequent compensatory
interaction between adjacent tooth germs
due to competition for requirements nec¬
essary for growth. That is, if for some
reason a tooth which developed early was
larger than normal, then its later develop¬
ing neighbour would have tended to be
smaller than normal, and vice versa. There
is evidence to suggest that this kind of
compensatory interaction occurs in con¬
temporary populations of both man and
experimental animals (Griineberg, 1951;
Grewal, 1962; Van Valen, 1962; Gould and
Garwood, 1969; Sofaer, 1969a; Sofaer et
al., 1971a; Sofaer et al., 19716).
In order to explain differential tooth

reduction in terms of selection for harmony
between tooth size and jaw size, it is nec¬
essary to show that genotypes with the
potential to produce relatively large early
developing teeth and small late developing
teeth are favoured over those with the po¬
tential to produce relatively small early
and large late teeth. A simple example of
how compensatory interaction under con¬
ditions of local restriction can produce this
result has already been proposed (Sofaer
et al., 1971a). The purpose of the present
paper is to put forward a generalised model
and to discuss the patterns of variation that
might be expected in contemporary popu¬
lations if the model were valid.

The Model

The assumptions underlying the model
are as follows. Firstly, reduction in size of
the teeth has been to some extent secondary
to reduction in size of the jaws, through
selection for harmony between tooth size
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and jaw size. This selection is taken to act
primarily on each morphological class as a
whole rather than on the individual teeth
of which it is composed. Secondly, com¬
pensatory interaction can occur between
developing teeth, the later dev eloping teeth
tending to compensate for the combined de¬
viations of their earlier developing neigh¬
bours from the norm; and thirdly, early
developing teeth experience a relatively un¬
restricted local environment whereas later
developing teeth tend to suffer most from
the effects of skeletal restriction, simply
because later developing teeth must make
do with what remains of any local require¬
ments that are necessary for growth.
If these assumptions are valid, it follows

that, when size reduction was occurring,
dental change lagged behind skeletal change
and that the teeth were, on average, always
genetically too large for the jaw in which
they developed. However, the degree of
restriction suffered by each tooth would
have depended on the time at which it de¬
veloped. The relative difference between
the levels of local environmental restriction
experienced by early and late developing
teeth would have allowed more complete
realisation of genetic size potential by the
earlier developing teeth. If for the purpose
of illustration it is assumed that the growth
of early developing teeth was quite unre¬
stricted, then early developing teeth would
have grown to their full genetic potentials
whereas later developing teeth would have
tended always to be smaller than their ge¬
netic potentials. Thus, in a hypothetical
class of two teeth the situation could be
summarised in this way: Px = Gi, whereas
p2 = Ga - d, where Pi, Gi, P2 and G2 are
the phenotypes and genetic potentials of
the earlier and later developing teeth re¬

spectively, and where d is the deviation due
to local environmental restriction.
The magnitude of d clearly depends on

at least two factors: the genetic potential
of the later developing tooth, and the
"space" available. (The use of the term
"space" is perhaps an oversimplification,
but it is meant to imply all the local re-

Fig. 1. The relationship between the phenotype
of the later developing tooth (Pi) and the space
available (S2) in terms of the genetic potential of
the later developing tooth (Gi), for different
values of y, where Pi — G»(l - e'"s^°-).

quirements necessary for growth.) The
greater the genetic potential of the later
developing tooth the more it will be re¬
stricted in a given space, and the smaller
the space the greater will be the restriction
suffered by a tooth of a given potential.
Thus d is proportional to G2/S2, where 52
is the space available for the later develop¬
ing tooth; but when G2 = 52, d should ap¬
proximate to zero.
A relationship between P2 and G2 that

has these qualities is:

P2 = G2 (1 - e'yS"-/Gi)
where y is a factor that determines the
rate of approach to P2 = Go with increase
in 52- In this relationship: d = G2 e'ya"-/a"-.
Figure 1 illustrates the relationship between
P2/G2 and S2/G2 for different values of y.
It has been pointed out above that in

order to provide an explanation for the
more rapid evolutionary reduction of the
later developing teeth it must be shown
that genotypes with the potential to pro¬
duce large early and small late developing
teeth were likely to have been favoured
over genotypes with the potential to pro-
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duce small early and large late teeth. That
is, for a given combined genetic potential
of early and late teeth under conditions of
restriction, the combined phenotype of the
large early and small late combination
should be smaller than that of the small

early and large late combination; or, put
another way, Pi + P2 should decrease as
Gi - G2 increases from negative to positive,
with G\ + G2 constant and with 5 <G\ + G2,
where 5 is the total space available for
both teeth. When 5 — G\ + G2, Pi + P2
should remain constant and approximately
equal to Gi + G2.
Figure 2 illustrates the relationship be¬

tween (Pi + P2)/(Gi + Go) and (Gi -
G2)/(Gi + G2) for different levels of re¬
striction and different values of y. It can
be seen that the requirements necessary to
explain differential tooth reduction in
terms of developmental interaction and se¬
lection for harmony between tooth size and
jaw size are satisfied. The model therefore
provides a possible basis for interpreting
the trend of evolution.

A Prediction Based on the Model

The validity of the model clearly cannot
be tested in an evolutionary context. How¬
ever, the model does imply particular pat¬
terns of variation among populations of
contemporary individuals, and these pat¬
terns can be compared with suitable ob¬
servations.
Patterns of variation predicted by the

model were determined by computer simu¬
lation. Considerations were restricted to a

hypothetical class composed of two teeth,
one early and one late developing, in sam¬
ples of SO individuals from several hypo¬
thetical genetically homogeneous popula¬
tions. The genetic potential of the early
developing tooth was varied from one pop¬
ulation to another, but the genetic poten¬
tials of the total space available (S) and
of the late developing tooth (G2) were kept
constant (5 = 2G2). For each of these
hypothetical populations the mean pheno¬
type of the early tooth was taken to be

Fig. 2. The relationship between the combined
phenotype of early and late developing teeth
(Pi + Pi) and the difference between their genetic
potentials (Gi - G2) in terms of the constant sum
of genetic potentials (Gi + G2).The relationship
is shown for two levels of restriction, where 5 is
the space available for both teeth, with S/(Gi +
Gi) equal to 1.0 (no restriction) and 0.8 (space
available is S0% of combined potential), and for
two different values of y. Pi = Gi, Si = 5 - Pi,
Pi = G2( 1 - . At zero on the horizontal
axis early and late developing teeth have the
same genetic potential. To the left of zero the
potential of the late tooth is greater than that of
the early tooth, and to the right of zero the
potential of the late tooth is less than that of
the early tooth.

equal to the common genetic potential for
the population, but each individual was
assigned a phenotype (Pi) for each of his
early teeth (on the right and left sides)
which deviated from the mean value. The
deviations were alotted randomly with
respect to magnitude and direction, but
over the whole of each population sample
the size of the early developing tooth on
each side was normally distributed with a
standard deviation equal to five % of the
mean. The deviations represented random
developmental variation associated with a
constant genetic potential.
The value of S2 was varied by assigning

values of 5 to each side of each individual
at random from a normally distributed
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Fic. 3. The predicted relationship between the

interaction correlation, r, and the level of space
restriction suffered by the later developing tooth,
S2/G2, for different values of y. Gi/G° is in the
range 1 to 1.5, 5 = 2G«, Pi — G»( 1 - e~vS''0*).

hypothetical group of S values with a
standard deviation equal to five % of the
common mean for all populations. For each
side of each individual So was then equal
to 5-Pi.
The phenotype of the late developing

tooth was calculated for each side of each
individual from the relationship P2 — Go
(1 - e~"32/G-) for different values of y. Each
value of P2 calculated in this way was re¬
garded as a mean for the particular values
of So and y. Each actual value of P2 as¬
signed to each side of each individual was
selected at random from a hypothetical
group of P2 values normally distributed
around the calculated mean with a standard
deviation equal to five % of G2.
Having assigned phenotypes to early and

late developing teeth on each side of each
individual a number of variances and cor¬

relations between variables based on these

phenotypes were calculated.

Fig. 4. The predicted relationship between the
asymmetry variance ratio, Fj/Ti, and the level of
space restriction suffered by the later developing
tooth, S2/G2, for different values of y. G1/G2 is in
the range 1 to 1.5, S = 2G2, Pi — G-( 1 - e'"3-/a-).

A quantity that has bearing on the model
and that can be estimated easily in con¬
temporary populations is the degree of
asymmetry shown by corresponding teeth
on the two sides of the jaw. This is usually
expressed by the variable (R - L)/(R + L)
for each individual, where R and L are

corresponding measurements on the right
and left sides. This is the difference be¬
tween sides relative to the absolute size of
the measurements being made, allowing
asymmetry in objects of different size to
be compared directly. Two relevant statis¬
tics can be calculated using this variable.
The first statistic is the correlation be¬

tween values of (R - L)/(R + L) for two
adjacent pairs of teeth. This estimates the
nature of the interaction between adjacent
teeth. If there is compensatory interaction,
then, when R - L for one tooth pair is
positive, R - L for the other will tend to be
negative, producing a negative correlation.
Conversely, a positive correlation means

that, for both tooth pairs, teeth tend to
be larger or smaller on the same side of the
jaw. Figure 3 shows the predicted relation-
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ship between the interaction correlation
and the level of restriction for different
values of y. The greater the restriction
(So/C2 smaller) the greater the negative
correlation. The reason for this is clear on
examination of Figure 1. For a given dif¬
ference between sides in S2> a low level of
restriction will produce a smaller difference
between sides in P2 than a high level of
restriction.
The second statistic of interest is the

variance of (R - L)/(R + L) for each
tooth pair in each population. This is an
estimate of the degree of asymmetry shown
by each tooth pair in each population as
a whole. The ratio of the asymmetry vari¬
ance of one tooth pair to that of the other
changes with the level of restriction, as
shown in Figure 4. The greater the restric¬
tion (S2/G2 smaller) the greater the ratio
V2/Vi, where Vx and V2 are the asymmetry
variances of the early and late developing
teeth respectively. This occurs for the same
reason as does the change in the interaction
correlation.
It should be emphasised here that Figs.

3 and 4 are specific to the conditions built
into the model. As far as real populations
are concerned these Figures can only sug¬
gest a general pattern of possible relation¬
ships. There are presumably many factors
other than those considered that have some

effect on tooth size and that could perhaps
modify the picture. For example, there is
a tendency for the sizes of adjacent teeth
on the same side of the jaw to be positively
correlated, due to common local environ¬
mental influences during development. Thus
there must be a balance between the re¬

action to common local environment on the
one hand and the necessity for compensa¬
tory interaction imposed by space restric¬
tion on the other. It may in fact be pos¬
sible to estimate the relative magnitude
of these opposing influences (Van Valen,
1962; Gould and Garwood, 1971). It is
therefore reasonable to suppose that for
real populations the interaction correlation
approaches a maximum at some positive
value rather than at a level just below zero.

Evidence in support of the model might
be forthcoming if the interaction correla¬
tion and the asymmetry variance ratio
could be related to the level of space re¬
striction in different populations. How¬
ever, estimation of the level of restriction
poses a problem since the "space" of
relevance is that which is available at a

particular phase of development, and mea¬
surements in adults may not provide a
good indication of this. A possible solution
is to relate the asymmetry variance ratio
to the interaction correlation, without di¬
rect consideration of the level of restriction.
Reference to Figs. 3 and 4 shows that the
greater the level of compensatory inter¬
action (greater negative correlation) the
greater the asymmetry variance ratio. A
simple test of trend would therefore be to
rank a number of populations by inter¬
action correlation and by asymmetry vari¬
ance ratio and to perform a rank correla¬
tion between the two statistics. Aside from
the model there does not appear to be any
a priori reason why the predicted relation¬
ship should be found. On the contrary, it
might be argued that greater asymmetry in
the early tooth pair would be likely to in¬
duce greater negative correlation.

A Test of the Prediction

The predicted relationship between the
asymmetry variance ratio and the inter¬
action correlation was tested for twelve
groups of mice, each group comprising
around 25 individuals. Three of the groups
were the inbred strains A/Fa and JU/Fa,
and their Fi; two were composed of wild-
type segregants from two stocks carrying
different mutant alleles of the X-linked

gene tabby, and the remaining seven groups
comprised wild-type progeny of crosses of
these stocks, and of backcrosses, to the two
inbred strains (Sofaer, 19696). The twelve
groups therefore presented a variety of
genetic constitutions.
The mouse normally has three molars in

each quadrant. The basic configuration of
the crown is established entirely prenatally
for the first molar and largely prenatally
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Table1.Thegeneticconstitutionsofthetwelvegroups*;thenumberofindividualsofeachgroupinwhich1stand2ndmolars bothsides,N;theinteractioncorrelation,r;andtheasymmetryvarianceratio,Va/Vi.Allindividualswerewild-typeatthe
weremeasuredon tabbylocus.

GeneticConstitutionofGroup

UpperJaw

LowerJaw

Tat stock

Tac

Mean±S.E.of(R+L)/2

Mean±S.E.of(R±L)/2

A/FaJU/Fa
back¬ ground

back¬ ground

N

1stmolar

2ndmolar

r

w,

N

1stmolar

2ndmolar

r

V,/V,

1

26

172.69±0.65
91.88±0.63

-.18

4.76

26

142.87±0.35
87.81±0.59

-.28

2.39

1

23

176.43±0.60
102.04±0.40

.39

1.59

23

144.59±0.40
94.78±0.37

.13

0.78

%y2

23

180.26±0.58
99.70±0.45

-.26

4.16

24

145.02±0.32
92.98±0.38

-.01

3.84

1

22

181.82±1.36
100.18±0.48

.03

1.14

22

148.36±1.02
95.89±0.73

.01

2.18

%

y2

22

184.75±0.83
102.73±0.51

-.65

4.47

20

151.23±0.57
98.50±0.56

-.35

4.59

y2

y2

22

183.77±0.93
99.95±0.86

-.07

3.92

22

147.23±0.87
94.70±0.92

-.20

1.25

%

%

22

179.64±0.77
100.39±0.60

.16

5.36

21

145.12±0.58
93.93±0.66

.05

3.03

1

22

189.34±1.97
105.91±1.30

-.12

1.46

22

151.00±1.26
99.84±1.08

-.24

1.43

y2

20

181.30±1.01
100.87±0.52

-.25

2.67

22

148.95±0.91
96.20±0.69

-.47

2.35

%

%

22

179.23±0.83
99.25±0.50

.12

2.17

22

147.91±0.42
95.34±0.57

-.59

0.94

y2

y2

22

183.25±0.78
100.64±0.66

.01

1.80

22

150.48±0.58
96.11±0.59

-.19

1.32

%

%

22

182.77±1.06
99.16±0.66

.11

6.59

22

148.23±0.72
93.50±0.68

.40

0.61
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for the second molar. For both the first
and second molars the time taken from the

appearance of a tooth bud to the onset of
dentine formation is approximately eight
days, and about two days separate equiva¬
lent stages of differentiation in the two
teeth (Gaunt, 1955; Cohn, 1957; Sofaer,
1969a). The third molar, on the other hand,
develops entirely postnatally and is sub¬
ject to the environmental rigours of the
immediate postnatal period (Griineberg,
1951; Searle, 1954; Tenczar and Bader,
1966). Since the model assumes that the
general environment during tooth develop¬
ment remains constant, it is appropriate to
consider only the first and second molars
in a test of any prediction based on the
model.
The anteroposterior lengths of upper and

lower first and second molars of the twelve
groups were measured in a projection micro¬
scope by projecting a magnified silhouette
(X100) of each tooth to be measured onto
a graduated screen. Each measurement,
which was made to the nearest Hoo mm,
was the maximum anteroposterior diameter
of the crown parallel to the occlusal plane.
Tooth size, the interaction correlation

and the asymmetry variance ratio are listed
for upper and lower first and second molars
in Table 1. The Spearman and Kendall
rank correlations between the interaction
correlation and the asymmetry variance
ratio over the twelve groups are rs = -.15
and r = -.15 for upper first and second
molars, and rs — -.29 and r = -.21 for
lower first and second molars. There is
therefore a slight though non-significant
tendency for greater compensatory inter¬
action to be associated with greater asym¬
metry of the later developing tooth in each
jaw.

Since there is no indication of the pre¬
cise nature of the relationship between the
interaction correlation and asymmetry vari¬
ance ratio it seems that a ranking test is
the best that can be applied to the data.
However, assuming the model to be valid,
there are at least two reasons why conven¬
tional significance levels may be mislead¬

ing. Firstly, Figs. 3 and 4 show that the
relationship between the two statistics is
likely to be non-linear; and secondly, it is
possible that the underlying pattern of the
relationship is not entirely the same for all
genotype groups. Both of these are com¬
plications that would tend to reduce the
level of correlation. Considered in this light,
the results, together with the ability of the
mechanisms discussed here to account for
the trend of evolution, indicate that the
model may be of some value when con¬
sidering the basis for evolutionary changes
of tooth size.

Summary

Reduction in size of the jaws during
hominid evolution has been accompanied
by a general reduction of tooth size, but
within each morphological class the later
a tooth develops the more it has been re¬
duced. This pattern of differential reduc¬
tion can be explained by assuming that a
proportion of the reduction that has taken
place in the dentition has been secondary
to skeletal reduction, through selection for
harmony between size of teeth and size of
jaws. Primary reduction of jaw size im¬
plies that the teeth were always genetically
too large for the jaw in which they de¬
veloped, and under such conditions of re¬
striction were likely to have shown com¬
pensatory interaction due to competition
for requirements necessary for growth.
In order to explain differential reduction

of tooth size in terms of selection for har¬

mony between size of teeth and size of jaws
it is necessary to show that genotypes with
the potential to produce relatively large
early and small late developing teeth were
likely to have been favoured over genotypes
with the potential to produce relatively
small early and large late developing teeth.
That is, it must be shown that the geno-
typically large early and small late com¬
bination results in a smaller combined

phenotype, which is presumably better
suited to a reduced jaw. A model that
embodies these features has been proposed.
The model predicts that among populations
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of contemporary individuals greater com¬
pensatory interaction is associated with
greater asymmetry of the late relative to
the early developing teeth within a mor¬
phological class. A test of this prediction
in twelve genetically different samples of
mice showed a slight though non-significant
tendency in accordance with this prediction
for the relationship between first and sec¬
ond molars in both the upper and lower
jaws.
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Dental morphology is used traditionally for phylogenetic

classification and has also been applied to comparisons between

contemporary populations. However, little is known of the genetic

contribution to the observed morphological variation, so the

biological significance of such comparisons has been a matter for

speculation. The three papers in this section have a bearing on

this problem. In the mouse, the expression of a supernumerary cusp

varies from one inbred strain to another; in man, the later

developing teeth within a morphological class exhibit a lower

additive component of genetic variation; and lastly, in a comparison

of contemporary human populations, moderately good correspondence is

found between the degree of population difference based on known

genetic variants and that based on tooth morphology alone.
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THE GENETICS AND EXPRESSION OF A DENTAL
MORPHOLOGICAL VARIANT IN THE MOUSE

J.A. SOFAER*

The Institute of Animal Genetics, West Mains Road, Edinburgh,
Scotland

Summary—A supernumerary cusp on the lower first molar of the mouse is described.
By means of appropriate crosses of affected animals to different inbred strains it is shown
that the cusp behaved as a quasi-continuous variable and that its presence or absence was
not controlled by a single gene. Limitations involved in the genetic analysis of morpho¬
logical characters not showing discrete or metric variation are discussed.

INTRODUCTION

Specific morphological variants in the dentition of the mouse have been shown to be
characteristic of different inbred strains (Gruneberg, 1965). There is therefore reason
to believe that they are to some extent under genetic control. The variant considered
here, a supernumerary cusp on the lower first molar, has not been described previously.
The cusp varied in penetrance and expressivity and, as such, showed quasi-continuous
rather than discrete variation. When investigating the genetic control of characters
not showing discrete variation, appropriate tests are required to demonstrate a single
gene (Weber, 1959; Bloom and Falconer, 1964). In the absence of evidence for a

single gene the implication is that the genetic component of variation of the character
is due to segregation at more than one locus. Under certain circumstances it may be
possible to estimate experimentally, or infer from a response to selection, the actual
number of loci involved in such a multifactorial situation (Wehrhahn and Allard,
1965; Thoday, Gibson and Spickett, 1964), and even the relative magnitude of each
gene's effect (Wehrhahn and Allard, 1965). However, detailed analysis of this sort
would not have been possible here because of the non-metric nature of the character.
Investigation of the genetic control of the supernumerary cusp was therefore restricted
to discriminating between single gene and multifactorial inheritance. In addition, the
pattern of its variable expression was considered in terms of the criteria of quasi-
continuous variation (Gruneberg, 1952).

MATERIAL

Variation in the form of mouse molars is largely composed of small differences of
relative size and position of the normal complement of cusps, but may include a
difference of cusp number. The normal crown of the lower first molar is composed of
seven cusps. Numbered from anterior to posterior there are three buccal, Bl, B2, and
* Present address: National Institute of Dental Research, National Institutes of Health, Bethesda,

Maryland, 20014, U.S.A.
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B2-

B3-

B1

Fig. 1. Diagrams of occlusal surfaces of normal (left) and Tuck (right) lower left
first molars.

B3; three lingual, LI, L2, and L3; and a single central posterior cusp, 4. A super¬
numerary cusp, S, between B1 and LI was found to occurwith high frequency among
animals of the Tuck No. 1 strain (Fig. 1). At its largest the cusp was comparable in
size and form with its neighbours, but more usually it consisted of a projection of
variable size, either from the groove between B1 and LI, or from the antero-buccal
surface of LI. In very many cases the impression was given of different degrees of
division of LI into two daughter cusps. In a few cases the cusp was restricted to the
base of a widened groove between B1 and LI. Normal and Tuck teeth are shown in
Fig. 2.

Fig. 2. Antero-buccal views of lower left first molars, (a) Normal (b) Small super¬
numerary cusp, and (c) Large supernumerary cusp.

The Tuck No. 1 strain has been maintained by random mating within a closed
colony for 20 years. Tuck animals are therefore not highly inbred but can be regarded
as being genetically similar. Three matings were obtained from Tuck's Mousery,
Rayleigh, Essex, and the offspring of these matings were subsequently mated at ran¬
dom to provide material for the experiment. Eighty out of 89 Tuck animals showed a
supernumerary cusp, some on one side and others on both. Such phenotypic variation
does not necessarily imply genetic heterogeneity (Searle, 1954a), but in order to reduce
the possible effects of any genetic variation only the most severely affected Tuck
animals were used for mating.

(a) (b) (c)
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Four inbred strains were used in crosses with Tuck animals. These were strains A,
C57, JU, and CBA, which have been maintained by brother X sister matings at the
Institute of Animal Genetics, Edinburgh, for between 40 and 50 generations. Animals
of the same strain can therefore be regarded as being genetically identical. Lower first
molars of a number of these inbred mice were examined. Six out of 87 C57 animals
showed unilateral slight but definite grooving of the antero-buccal surface of LI
toward its tip, similar to that seen in the most mildly affected Tuck animals (Fig. 2b).
The remaining C57 animals, and all those of other three strains, were entirely normal
in this respect. It should be mentioned that cusps B1 and LI of C57 lower first molars
are always much less well separated than they are in the other three strains. This
minimal separation of B1 and LI in C57 mice has already been noted by Gruneberg
(1965). Cusps B1 and LI of the few unaffected Tuck teeth were well separated.

METHOD

{a) Scoring and examination
In the genetic analysis the cusp was treated as an all-or-none character. However,

as it varied in size, some attempt was made to score the degree to which animals were
affected, so that expressivity as well as penetrance could be considered. Animals were
scored 0 for no cusp, 1 for a small cusp, and 2 for a large cusp. Each side was scored
separately, so that the maximum possible total score was 4. The results of the crosses
are expressed as histograms based on this method of scoring.

Animals required for mating were examined under anaesthesia produced by an
intraperitoneal injection ofNembutal (0-1 ml of a 0-9 per cent solution per 10 g body
wt.). Scoring required a special light source as the first molars are too far back from
the small opening of the oral cavity to be seen with conventional illumination. A
dissecting microscope was used with a glass slide held at 45° just below the objective
lens. A horizontal light beam was directed at the slide which reflected light down along
the optical axis of the lens. At the same time the slide allowed an image of sufficient
intensity to pass back through it unreflected and to be observed through the micro¬
scope. A pair of adapted tweezers served as a mouth prop, and a small funnel-shaped
instrument was constructed to act as a retractor for the tongue and lips through which
the observer could see. Animals not required for mating were sacrificed and dissected
prior to examination.

Tuck animals and the progeny of the crosses were examined between weaning at
3 weeks and mating at 6 weeks of age. Some of the inbred mice were a little older, but
not enough to allow wear to affect scoring.

(b) Experimental design
When affected Tuck animals were crossed to the four inbred strains there was a

striking difference between the Fj of the C57 cross, where the character behaved as
almost completely dominant, and those of the other three, where it behaved as almost
completely recessive. This variable expression of the character on different genetic
backgrounds enabled two parallel sets of crosses to be carried out, one of which would
have been able to demonstrate a dominant gene, and the other of which would have

A.O.B. 14/10—F
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been able to demonstrate a recessive gene. Fx animals of the C57 cross were back-
crossed to C57, and then a second backcross was made to C57. Fi animals of the JU
cross, taken as being representative of the recessive situation, were backcrossed to
affected Tuck animals, and then a second backcross was made to Tuck.

When dealing with a character showing variable penetrance and expressivity,
meaningful conclusions can only be drawn if an underlying scale of continuous
variation is assumed to exist. Such a scale would be a measure of some attribute

immediately related to the development of the character and all individuals below a
threshold value would be normal and all those above it affected. The more the value
exceeded the threshold the more severely would the individual be affected. On this
basis, the theory behind the system of crosses is illustrated in Fig. 3.

SINGLE GENE MULTIFACTORIAL

THRESHOLD

NON-AFFECTED

(a) (b)

Fig. 3. The theoretical distributions of two parental strains, their Fj, and progeny of
backcrosses of the Fi to the two parental strains, (a) For a character controlled by a
single gene with intermediate dominance, (b) For a character under multifactorial

control. Based on the quasi-continuous variation model.

In the single gene case the two strains differ in respect of the gene A and one is
all affected and one all non-affected. Fx individuals are all identical heterozygotes
with some above and some below the threshold. In the real case the F^ were not
exactly intermediate but high in the C57 cross and low in the others. Backcrossing
the Fx produces two distributions, one identical to the Fx and one identical to the
parental strain to which it was crossed. The proportion of affected individuals amongst
the first backcross progeny is therefore intermediate between the Fj and the parental
strain to which it was crossed. In the case of multifactorial inheritance, Fx individuals
are all identical heterozygotes with some above and some below the threshold, just
as in the single gene case. But, unlike the single gene case, backcrossing produces a
single distribution of greatly increased variance, composed of individuals of 2"
different genotypes, where n is the number of loci which are different between the two
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parental strains. The progeny of the Fj backcrossed to the unaffected parent form a
distribution whose mean is shifted down from the threshold, and the progeny of the Fx
backcrossed to the affected parent form a distribution whose mean is shifted up from
the threshold. The outcome, on an all-or-none basis, is just as in the single gene case.
The proportion of affected individuals amongst the first backcross progeny is inter¬
mediate between the F! and the parental strain to which it was crossed. The two
alternatives, single gene and multifactorial inheritance, are therefore indistinguishable
at this stage. However, if there was a reliable scale composed of a sufficient number of
subdivisions with which to classify affected individuals, the shape of the distribution
of progeny of the first backcross to the affected strain would be an indication of which
of the two alternatives applied.

The critical test to distinguish between single gene and multifactorial inheritance
is made by a second backcross, where first backcross progeny are taken at random
to be used as partners in mating to the original parental stocks. The genotypes of first
backcross progeny are then reflected in the families they produce, and the families
can be scored on the basis of the proportion of affected individuals they contain. The
behaviour of the two alternative situations in a second backcross is illustrated in Fig.
4. A single gene is expected to produce a bimodal distribution of second backcross
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Fig. 4. The behaviour of single gene and multifactorial inheritance in a second backcross.

family scores, as there are two distinct genotypes of first backcross progeny which'are
used as parents. Multifactorial inheritance is expected to produce a unimodal dis¬
tribution, as there are many different genotypes amongst the first backcross progeny.

RESULTS

The matings made and numbers of progeny produced are shown in Table 1. The
incidence of affected individuals amongst the parental strains and the progeny of the
crosses, according to the scoring method described, is shown in Fig. 5.
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Fig. 5. The incidence of affected individuals amongst the parental strains and progeny
of the crosses, according to the scoring method described in the text.

(a) Genetics
Comparison of the F: groups shows that the character was almost completely

dominant on the C57 background and almost completely recessive on the other three.
As expected, the first backcross, both to C57 and to Tuck, produced progeny amongst
which the proportion of affected individuals was intermediate between the F x and the
parental strain to which it was crossed. The scoring method was not fine enough to
indicate the shapes of the distributions. The results at this stage are therefore equally
compatible with single gene and multifactorial inheritance.

The results of the second backcross treated in the same way are similarly com¬
patible with both forms of inheritance. The proportion of affected individuals in each
case was intermediate between that of the first backcross group and the parental
strain to which it was crossed. If, however, the second backcross results are plotted as
distributions of family scores, the presence of a major gene should be detectable as a
bimodality. Figure 6 shows the distributions of second backcross family scores. There
was no definite trend towards bimodality in either cross, which indicates that no single
gene was responsible for the presence of the cusp.
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Table 1. Matings made and the numbers of progeny produced

Cross ? Parent o Parent Code Number
of matings

Number
of progeny

Tuck x A Tuck A TA 4 87

Tuck x C57 Tuck C57 TCa 4 63

C57 Tuck TCb 8 68

Tuck x JU JU Tuck TJa 3 57

Tuck JU TJb 1 15

Tuck x CBA CBA Tuck TCBA 4 36

BC, to CJ7 C57F! C57 TCC,a 5 47

C57 C57Fi TCC,b 5 32

BCi to Tuck JUFi Tuck TJT,a 5 56

Tuck JUFi TJT,b 4 41

BC2 to C57 C57BCi C57 TCC2a 11 193

C57 C57BCi TCC2b 13 266

BC2 to Tuck Tuck BCi Tuck TJT2a 13 253
Tuck Tuck BC, TJT2b 12 228

e . BCj to C57

2-

2
3
2 4b BC> to TUCK

0«-
I II 21. 31 41 51 61 71 81 91
to to to to to to to to to to
10 20 30 40 50 60 70 80 90 100
PERCENT AFFECTED INDIVIDUALS

Fig. 6. Distributions of second backcross family scores.

Family size 12 13 14 15 16 17 18 19 20 21 22 23 24 25

No. of C57 BC2 families 1 0 0 1

No. of Tuck BC2 families 0 0 0 0 0 1
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(b) Pattern of variation
The proportions of affected individuals in each of the crosses conformed with what

would be expected of an underlying scale of continuous variation. The group distribu¬
tions of the two sets of crosses moved in opposite directions with successive back-
crossing. Further evidence for such an underlying scale was obtained by examining
the distributions of animals between classes within each affected group. This will now
be described.
If an underlying scale of continuous variation does exist, then the greater the

proportion of animals affected in any particular group the more severely will they be
affected on average. This relationship between penetrance and expressivity was tested.
Animals were scored in five classes: 0, 1, 2, 3 and 4. Zero must represent the threshold,
so, if all classes above zero are to be of equal size, 1, 2, 3 and 4 must be the upper
limits of each class. The midpoints of the four classes are then 0-5, 1-5, 2-5 and 3-5.
It was from these midpoints that the observed mean score of affected animals in each
group (observed MSA) was calculated.

Given the proportion of affected individuals in any one group, and assuming that
the group is normally distributed, two values can be read from tables. These are, x,
the distance of the threshold from the group mean, and a, the distance of the mean of
affected individuals from the group mean. They are both in terms of cr, the standard
deviation of the group (Falconer, 1965). Thus, if a is known, purely theoretical
expected MSA values relative to the constant threshold (that is u-x), can be calculated
for distributions which have different positions on the underlying scale.

Strict comparison between groups can only be made if the o of each group is
known. Accordingly, estimates of a in terms of a constant, the threshold interval, were
made (Falconer, 1964). For this purpose animals were divided into three classes;
those scored as 0, those scored as 1, and those scored as 2 and above. The values for
<t were then calculated in terms of the interval between the 0-1 and 1-2 thresholds.
Once <7 for each group had been estimated the expected MSA values could all be
expressed in terms of the common threshold interval as a (a - x).

The MSA expectation, based on the quasi-continuous variation model of a normal
distribution moving across a fixed threshold, embodies an increase of MSA with
percentage affected; that is, an increase of expressivity with penetrance. A positive
correlation between expected MSA and observed MSA values would therefore
demonstrate that such a relationship exists in the material under study.

Table 2 shows the particulars of nine groups considered. The A, JU, and CBA Fj
groups were omitted from the calculation of cr and MSA as they had respectively only
2, 1, and 0 animals in the upper class. Values for the CBA Fx group could therefore
not be calculated, and for the other two groups were unlikely to have been reliable.

Figure 7 shows the relationship between expected MSA and observed MSA.
There was a very high positive correlation (r = 0-98) and the regression (b = 0-86)
was not significantly different from unity. However, all the observed values were a
little higher than would have been expected on the basis of complete colinearity of the
underlying scale of continuous variation and the subjective scale ofmeasurement used
to score the phenotype. Nevertheless, the result does indicate that there was an increase
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Table 2. The particulars of nine groups, for six of which a and expected and observed MSA
(mean score of affected individuals) were calculated

Number scored in
Group each category % affected <7 Expected Observed
code MSA MSA

0 1 2 and above

Tuck 9 29 51 90 0-90 1-33 1-34
TA 78 7 2 10 — — —

TC a & b 22 53 56 83 0-88 1-10 1-12
TJ a & b 66 5 1 8 — — —

TCBA 35 1 0 3 — — —

TCC, a & b 39 25 15 51 1-17 0-94 1-08
TJTj a & b 65 25 7 33 0-97 0-64 0-72
TCC2 a & b 258 158 43 44 0-84 0-63 0-77
TJT2 a & b 227 167 87 53 1-01 0-84 0-86

Fig. 7. The relationship between expected and observed MSA (mean score of affected
individuals).

of expressivity with penetrance and is therefore consistent with the model of quasi-
continuous variation.

Reciprocal crosses were then considered separately. Values for a and M (M =

ax), the distance of the distribution mean from the 0-1 threshold in threshold units,
were calculated for each reciprocal group. Reciprocal crosses of the C57 groups showed
a constant relationship in respect of both a and M. The calculated values of both were
lower for the progeny of C57 mothers. No such relationship was apparent between
reciprocals of the JU crosses. Reciprocal groups were then compared by a chi-square
test using the actual numbers of animals scored in the three classes 0, 1 and 2 and
above. The sexes were similarly compared, males of both reciprocal groups with
females of both reciprocal groups within each cross. No differences were found between
reciprocals of the JU crosses, but there were differences between reciprocals of two
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of the three C57 crosses (P< 0-05 and P<0-02). Details of the reciprocals of the C57
crosses are shown in Table 3. There was no difference between the sexes in any cross.

Table 3. Details of the reciprocals of the C57 crosses. M is the mean of each group relative

to the 0-1 threshold expressed in threshold units

Numbers scored in
Group each category X1 a M
code

0 1 2 and above

TCa 10 21 32 xl = 3-45 1-03 +0-03
TCb 12 32 24 (J°>0-1) 0-76 -0-29

TCCia 22 12 13 X2 = 6-19 1-52 -0-89

TCCib 17 13 2 (P< 0-05) 0-68 -1-06

TCC2a 105 61 27 X K)K» II oo C/l 1-02 -1-10

TCC2b 153 97 16 (P<0-02) 0-74 -1-15

If the difference between reciprocals were due to sex-linkage, consistent differences
of a similar magnitude would be expected between the sexes. As these were not found,
the difference between reciprocals, if it was a real one,must be attributed to a maternal
effect. The difference between reciprocal F, groups was not significant, whereas the
difference between reciprocal first and second backcross groups was. This could be
related to the fact that both F t groups had parental strain mothers, whereas, in each
backcross, one group had a C57 mother and its reciprocal had a hybrid mother.

The three groups of progeny of C57 mothers had lower means than those of Tuck
and hybrid mothers. The animals expected to be the more vigorous mothers therefore
produced more abnormal offspring. This seems to be at variance with previous
findings (Gruneberg, 1951; Searle, 1954b; Deol and Truslove, 1957). However,
the present abnormality is an addition to rather than a subtraction from the normal,
and as such may only be expressed under optimum conditions. The three groups of
progeny of C57 mothers also had lower variances than their reciprocals. This could be
explained in terms of narrower canalization of the normal phenotype.

CONCLUSIONS

There is little doubt that no single gene is responsible for the presence of this
supernumerary cusp. The variability of expression must therefore have been due to
segregation at more than one locus. This variability of expression appeared to fulfil
three criteria of quasi-continuous variation: there was a marked difference between F,
groups when affected animals were crossed to different inbred strains; increased
penetrance was accompanied by increased expressivity; and there was some evidence
for differences between reciprocal crosses. The behaviour of this part of a tooth is
therefore analagous to the behaviour of whole third molars (Gruneberg, 1952).
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However, there is a difficulty involved in the analysis of a morphological character not
showing discrete variation which does not apply to a metric character like third
molar size. Although it may be obvious that the size of the morphological character
varies continuously, precise measurement may not be possible. A rather arbitrary,
subjective, and limited, classification of expression, such as that used here, may have
to be adopted. This then imposes limitations on the amount of information that can be
derived, even from an appropriately designed experiment.

Acknowledgements—I am grateful to Professor H. Gruneberg for suggesting a
study of the Tuck No. 1 strain, to Professor D. S. Falconer for his interest and val¬
uable advice during the work, to Professor C. H. Waddington for laboratory facilities,
and to the Nuffield Foundation for financial support.

Resume—Une cuspide surnumeraire de la premiere molaire inferieure de la souris est
decrite. En croisant les animaux atteints a diverses souches, il apparait que cette cuspide
se comporte comme une variable pratiquement continue et que sa presence ou son
absence n'est pas sous le controle d'un seul gene. Les limites de l'analyse genetique des
caracteres morphologiques, ne permettant pas de demontrer des variations discretes ou
metriques, sont envisagees.

Zusammenfassung—Es wird ein uberzahliger Hocker am unteren ersten Molaren der
Maus beschrieben. Durch Kreuzung der mit dieser Eigenart behafteten Tiere mit
verschiedenen Inzuchtstammen wird gezeigt, daB sich der Hocker wie eine quasi-
kontinuierliche Variable verhalt und daB dessen Vorhandensein oder Abwesenheit nicht
durch ein einzelnes Gen kontrolliert wird. Die Grenzen der genetischen Analyse
morphologischer Erscheinungsbilder, die weder diskrete noch metrische Variationen
aufweisen, werden diskutiert.
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EARLY AND LATE DEVELOPING HUMAN TEETH OF
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Summary—Analysis of the resemblance between relatives from two Melanesian popula¬
tions indicated that, for each of five morphological characters scored on an earlier and
a later developing member of a tooth class, the later developing tooth showed a smaller
component of additive genetic variation. This finding suggests that the greater morpho¬
logical variability generally observed at the distal ends of tooth classes may be due
primarily to a difference between the environmental conditions experienced by earlier
and later developing teeth within a morphological class. The cusp of Carabelli and
groove pattern of the lower molars, on the first tooth of their respective classes, were
uncorrelated and showed higher degrees of resemblance between relatives than the other
three characters studied. These two characters would therefore seem to serve as relatively
good and independent population discriminators.

INTRODUCTION

It has long been recognized that teeth at the distal ends of morphological classes tend
to be more variable than their anterior neighbours (Dahlberg, 1945). As far as tooth
size is concerned, there is evidence to suggest that this greater variability is due to a
larger environmental component of variation rather than a larger genetic component.
The evidence comes from the fact that estimates of total genetic variance and heritability
of the width of lower molars in the mouse have been found to tend towards progressive
reduction from first to third molars (Bader and Lehmann, 1965; Bader, 1965), and,
in man, estimates of heritability for the size of upper incisors, upper and lower pre¬
molars, and upper and lower molars, have tended to be lower in the more distal
teeth within each class (Lundstrom, 1948; Hunter, 1959). Also in man, the more
mesial teeth of each class appear to be more highly correlated among themselves and
with the rest of the dentition than the more distal teeth, suggesting a decrease of
intrinsic control over tooth size from mesial to distal in each class (Garn, Lewis and
Kerewsky, 1965).

* Present address : University of Cambridge, Department of Genetics, Milton Road, Cambridge
CB4 1XH, England.
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The apparently greater non-genetic variability of size shown by the more distal
teeth in each class seems to be related to developmental sequence and to local inter¬
actions between teeth developing in a confined space. If in a given morphological class
the teeth which develop early are large, then those which develop late tend to be small
or absent, and vice versa (Gruneberg, 1951; Grewal, 1962; Van Valen, 1962;
Sofaer, 1969; Sofaer etal., 1971). The environmental component ofvariation therefore
includes not only a contribution from the environment of the animal as a whole but
also a possibly more important contribution from the local environment around the
developing tooth. Restriction of the local environment, interactions between developing
teeth and developmental sequence provide an explanation in man for the paradoxical
association between greater non-genetic variation in the more distal teeth of each
class and the more rapid evolutionary change in size shown by these teeth than by
their anterior neighbours (Sofaer, Baiut and MacLean, 1971).

Tooth variability is not only expressed in terms of size but also in terms of shape.
Investigations into the basis of morphological variation could thus provide additional
information about differences in the sources of variability between the more mesial
and more distal members of each tooth class. Furthermore, such investigations could
indicate the relative value of different morphological characters and of different teeth
as population discriminators, a result which could serve to clarify the significance of
previous ethnic comparisons and perhaps point the way to more efficient use ofmorph¬
ological variables in the future. It was with these points in mind that the present
analysis was undertaken.

MATERIALS AND METHODS

The data were derived from an examination of dental casts of two Meianesian tribes: Nasioi,
collected on the island of Bougainville in the Territory of Papua and New Guinea: and Kwoio,
collected on Malaita, one of the British Solomon Islands. Each individual had at least one first-
degree relative in the sample, the total of 229 individuals yielding 117 parent-offspring pairs and 146
sibling pairs for both tribes combined.

The variables being considered are listed in Table 1. Only two categories of expression were used,
so that for each character each tooth on each side was either non-affected and scored as 0, or affected
and scored as 1. For each character for each tooth, each individual was given a score equal to the
mean of the scores of the two sides, or, in cases where scoring was possible on one side only, to the
score on this side.

Table 1. The morphological characters, the two categories in which each was scored, and the frequencies of
the affected conditions

Character Tooth Non-affected Affected

Number of teeth
scored on
both sides

Frequency
of affected

teeth

Shovel form UI1 (Upper central incisor) No trace of All degrees of 358 0-84
UI2 (Upper lateral incisor) rim or fossa shovel form 357 0-78

Cusp of UM1 (Upper first molar) No feature All degrees from 394 0-27
Carabelli UM2 (Upper second molar) pit, groove or 342. 0-12

ridge to pro¬
nounced cusp

Cusp number UM2 (Upper second molar) 3 cusps 4 cusps or more 350 0-62
UM3 (Upper third molar) 167 0-28

Cusp number LM1 (Lower first molar) 4 cusps 5 cusps or more 391 0-79
LM2 (Lower second molar) 343 0-28

Groove LM1 (Lower first molar) + pattern Y or X pattern 350 0-67
pattern LM2 (Lower second molar) 305 0-20
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Two aspects of morphological variation were studied: the relationships among characters and
among teeth, investigated by calculating correlations between characters and between teeth within
individuals, and the resemblance between relatives, analysed by calculating the intra-class correlation
for each character for each tooth among all parent-offspring pairs and all sibling pairs. For the analy¬
sis of resemblance between relatives, the basis of morphological variation was assumed to be multi¬
factorial, as there is at present no evidence to the contrary (Sofaer, 1970).

RESULTS

The correlations between characters for each tooth, and correlations between
teeth within characters, are shown in Table 2. Among the correlations between charac¬
ters, there was an overwhelmingly large number of positive coefficients. Even though
few of these were significant, it seems that there may have been some general factor,
perhaps tooth size, causing this overall tendency. Correlations between the mor¬
phological characters and mesiodistal tooth diameter were in fact all found to be
positive, 8 out of 10 being significant at the 5 per cent level or better. Returning
to Table 2, the only consistently significant association among the morphological

Table 2. Correlations between characters for each tooth, and correlations between teeth within characters

Shovel Cusp of Cusp Cusp Groove
Character form Carabelli number number pattern

Tooth UI1 UI2 UM1 UM2 UM2 UM3 LM1 LM2 LM1 LM2

Shovel form UI1
UI2 0-67*

Cusp of Carabelli UM1
UM2

0-11
001

0-20f
0-15 0-65*

Cusp number UM2
UM3

0-07
002

008
003

0-12
0-07

0-04
0-12 0-231"

Cusp number LM1
LM2

014
012

0-161"
0-181"

0-11
0-10

0-08
0-00

0-13
0- 17f

0-13
0-08 0-35*

Groove pattern LM1
LM2

003
0-12

0-04
0-12

0-06
0-11

0-03
0-05

0-201"
0-14

0-07
0-35*

0-31*
0-201"

0-20t
0-24* 0 29*

* P < 001.
t P < 0-05.

characters themselves was that between cusp number and groove pattern of the lower
molars. Correlations within characters between teeth of the same class were all

positive and significant, suggesting a degree of common basis for variation of each
character within a tooth class. They were particularly high for shovel form of the
incisors and for the cusp of Carabelli.

Correlations between pairs of relatives are shown in Table 3. The t values indicate
the significance and direction of the difference between correlations for siblings and
correlations for parents and their offspring. Two differences were of borderline sig¬
nificance. In both, siblings were more alike than parents and their offspring, suggesting
a possible effect of dominance or common sibling environment (Falconer, 1964).
However, as any such effect must have beensmall and was not general for allcharacters,
the correlations between siblings and those between parents and their offspring were

pooled to give a single set of correlations for first-degree relatives. Insofar as members
of each pair of such relatives have, on average, half their genetic material in common
with each other, they can be considered to form a homogeneous group.
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Table 3. Correlations between relatives showing the difference between siblings and
parents and their offspring

Parents and
Character Tooth Sibs offspring

N r N r t

Shovel form UI1 100 0-17 57 0-20 -0-23
UI2 99 0-02 55 012 -0-57

Cusp of Carabelli UM1 120 0-41 87 0-28 0-99
UM2 93 0-29 51 -0-06 1-97*

Cusp number UM2 99 002 54 0-29 -1-59
UM3 44 010 11 -0-18 0-71

Cusp number LM1 123 0-18 70 0-18 0-01
LM2 101 0*25 45 -0 02 1-53

Groove pattern LM1 97 0-31 60 0-34 -0-22
LM2 78 0-35 36 -0 05 1 99*

N — number of pairs; r = correlation coefficient; t indicates the significance and direction of the
difference between r for sibs and r for parents and their offspring.
*P » 0-05.

The correlations between first-degree relatives, for each character, for early and
late developing teeth within each class, are shown in Table 4. If the relationships among
these correlations are an indication of common relationships for all populations, it
follows that the cusp of Carabelli and groove pattern of the lower molars, on the first
tooth of their respective classes, would serve as relatively good and independent
population discriminators, since they show the greatest degree of resemblance between
relatives (Table 4) and appear to be uncorrelated (Table 2). The high correlation
between relatives shown by the cusp of Carabelli is consistent with previous recogni¬
tion of this character as a good ethnicmarker (Pinto-Cisternas and Figueroa, 1968).

Table 4. Correlations between first-degree relatives showing the
difference between early and late developing teeth for each character

Character Tooth pair Early Late t

Shovel form UI1 and UT2 0-18 006 10
Cusp of Carabelli UM1 and UM2 0-35 0-17 1 •81
Cusp number UM2 and UM3 012 0-05 0- 42
Cusp number LM1 and LM2 0-18 0-17 0 ■04
Groove pattern LM1 and LM2 0-32 0-24 0 •75

t indicates the significance and direction of the difference between early and
late.

The t values in Table 4 summarize the significance and direction of the difference
between early and late teeth for each character. Although none of the five differences
was itself significant, all were in the same direction, the correlation shown by the later
developing tooth of each class being lower than that shown by its earlier developing
partner. Thus it appears likely that, for the characters and teeth studied here, there is a
real general tendency for the proportion of variation due to additive genetic effects to be
lower in the later developing tooth than in the earlier developing tooth of the same class.
If therefore seems reasonable to suppose that the environmental component of
variation tends to be greater in the later developing tooth of a given class.
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CONCLUSIONS

The five morphological characters studied here showed low, generally non-sig¬
nificant, but consistently positive within individual correlations one with another;
possibly due to a general effect of tooth size. Correlation between characters was

consistently significant only for the relationship of cusp number of the lower molars
to groove pattern of the lower molars, suggesting a more intimate developmental
relationship between these characters than between any others. Correlation within
characters between teeth of the same class was significant for all characters, suggesting
a degree of common basis for variation of each character within a tooth class. For
all characters, the consistently lower correlation between relatives for the later develop¬
ing more distal tooth in each class indicated that the greater morphological variation
generally observed at the distal ends of tooth classes is probably due to a larger en¬
vironmental component rather than a larger genetic component, the environmental
component receiving contributions from the local environment of the developing tooth
as well as from the environment of the animal as a whole. The cusp of Carabelli and
groove pattern of the lower molars, on the first tooth of their respective classes, were
uncorrelated and showed higher degrees of resemblance between relatives than the
other three characters studied. These two characters would therefore seem to serve as

relatively good and independent population discriminators.

Resume—L'analyse de la ressemblance entre des parents de deux populations melane-
siennes indique que, pour chacun des cinq caracteres morphologiques etudies sur deux
dents d'un meme groupe, se formant successivement, la dent formee en dernier presente
moins de variation genetique additive. II semble que la variability morphologique
generalement observee, a l'extremite distale des groupes dentaires, peut etre due princi-
palement a la difference entre les conditions d'environnement s'exerqant sur les dents. Le
tubercule de Carabelli et Ie type de sillons des molaires inferieures, de la premiere dent
des classes respectives, ne presentent pas de correlation et presentent un plus haut degre
de ressemblance entre parents que les trois autres caracteres etudies. Ces deux caracteres
pourraient done servir a discriminer deux populations independantes.

Zusammenfassung—Die Ahnlichkeitsanalyse zwischen Verwandten aus zwei melanesi-
schen Bevolkerungsgruppen ergab, daB bei jeder von 5 morphologischen Eigenheiten
eines friiher und eines spater sich entwickelnden Zahnes der spater entwickelnde einen
kleineren Anteil zusatzlicher genetischer Variationen aufwies. Dieser Befund deutet
daraufhin, daB die allgemein an den distalen Enden der Zahnklassen beobachtete
groBere Variabilitat in erster Linie auf unterschiedliche Milieubedingungen zuriickzu-
fuhren sind, die auf die sich frilher und spater entwickelnden Zahne innerhalb einer
morphologischen Klasse einwirken. Der Carabelli-Hocker und das Fissurenbild der
unteren Molaren am ersten Zahn ihrer entsprechenden Klassen waren nicht miteinander
korreliert und zeigten zwischen Verwandten hohere Ahnlichkeitsgrade als die anderen
drei untersuchten Eigenheiten. Die beiden genannten Eigenschaften scheinen deshalb
ein relativ gutes und unabhangiges Unterscheidungsmerkmal zu sein.
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ABSTRACT The value of phylogenetic comparisons between populations
based on tooth morphology depends on a knowledge of the extent to which the
observed morphological variation is genetic in origin. This knowledge can be
derived unequivocally only from the analysis of family data. However, in the
absence of such knowledge the ability of tooth morphology to distinguish bio¬
logical differences can be evaluated directly by testing its discriminating power
in practice on populations between which the degrees of genetic difference are
already known. The results of such an evaluation show that different degrees
of subjectivity of scoring are associated with different characters, but that
moderately good correspondence between known genetic differences and dif¬
ferences based on tooth morphology can be achieved when characters showing
the least subjectivity of scoring are used.

The unique qualities that make teeth
valuable for evolutionary studies are well
known. Teeth are among the most durable
parts of the body and accordingly consti¬
tute a large proportion of the human and
prehuman fossil remains available for
study. In living populations they are read¬
ily accessible and, if required, permanent
and accurate records in the form of casts
can be made with little difficulty. Dental
characteristics can therefore be used to

compare both past and present popula¬
tions. However, a difficulty involved in
tooth based comparisons that has not been
sufficiently stressed in the past is that the
significance of such comparisons is not
clear unless the underlying causes of the
observed variation are understood. A pri¬
mary requirement in drawing valid con¬
clusions is a knowledge of the extent to
which the observed variation is genetic in
origin.

A small amount of experimental evi¬
dence from the mouse indicates that den¬
tal morphological variation has a consid¬
erable genetic component. Morphological
variants are characteristic of different
inbred strains maintained under the same

environmental conditions (Griineberg, '65;
Sofaer, '69a); and specific dental morpho¬

logical anomalies have been shown to re¬
sult from known allele substitutions at

single loci, the effects of these allele sub¬
stitutions being subject to modification by
genetic background (Griineberg, '65; So¬
faer, '69b). In man also, at least some
proportion of the observed variation ap¬
pears to be genetic. Human morphological
anomalies of the teeth have been associ¬
ated with syndromes of hereditary origin
(Gorlin and Pindborg, '64); and limited
twin studies have demonstrated a greater
concordance of dental morphological char¬
acters within monozygotic pairs than
within dizygotic pairs (Korkhaus, '30; Lud-
wig, '57; Saheki, '58; Lundstrom, '63).
The actual mode of genetic control of these
characters has yet to be established,
though there have been attempts to sup¬
port the suggestion that particular human
dental morphological variants are con¬
trolled by single autosomal loci. These at¬
tempts have involved the use of a few
small pedigrees (Kraus, '51; Tsuji, '58),
or the application of the Hardy-Weinberg
Law to population frequencies of arbitrar-

1 Present address: University of Cambridge, Depart¬
ment of Genetics, Milton Road, Cambridge, England.

2 Present address: Department of Anthropology, Uni¬
versity of Massachusetts, Amherst, Massachusetts
01002.
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ily defined levels of expression of each
character (Turner, '67; '69; Devoto et al.,
'68). However, no firm conclusion can be
drawn from these pedigrees, and the pop¬
ulation approach alone is certainly not a
valid one (Sofaer, '70). Clearly, a present
need is to accumulate good family data.
If no simple genetic model is then found
to be applicable, quantitative methods can
be applied to establish the degree of reli¬
ance that can be placed on a particular
variant or combination of variants as an

indicator of a genetic difference.
In the absence of good family data pop¬

ulation comparisons based on tooth mor¬
phology must be interpreted with caution.
However, it may be possible to evaluate
directly the ability of tooth morphology to
distinguish biological differences by test¬
ing its discriminating power in practice on
populations between which the degrees
of genetic difference have already been
estimated by the study of gene frequencies
for a number of simple genetic polymor¬
phisms. The present paper is concerned
with such an approach.

The population comparisons described
here are of two different kinds. Firstly, a
comparison is made between the Pima,
Papago and Zuni, three North American
Indian tribes of the Southwestern United
States. The Pima and Papago are closely
related desert agriculturalists with simi¬
lar languages and cultures who occupy
neighboring reservations in Arizona. The
Zuni, who live on a reservation in North¬
western New Mexico, are a Western Pue¬
blo people, relatively distantly related to
the Pima and Papago (Niswander et al.,
'70; Workman et al., unpublished manu¬
script). To evaluate the usefulness of
tooth morphology as an indicator of micro-
evolutionary change, tooth based distances
between these tribes are compared with
geographic distances and with estimates
of genetic difference calculated by Work¬
man et al. (unpublished manuscript) from
blood group and serum protein variant
frequencies (Brown and Johnson, '70).
Secondly, tooth based distances between
seven broad world population groups are
calculated from data taken from the liter¬
ature. These distances are then consid¬
ered in the light of current thoughts on
the relationships between peoples, bear¬
ing in mind that the data have been

Maclean and p. workman

drawn from a number of different sources.

material and methods

Original data were derived from intra¬
oral examinations of 610 Zunis (380 fe¬
males and 230 males), and from the ex¬
amination of dental casts of 327 Pimas
(156 females and 171 males), and 164 Pa-
pagos (98 females, 55 males and 11 of
unknown sex). Scoring was restricted to
two categories, "non-affected" and "af¬
fected," for each of ten morphological
characters. For present purposes the ten
characters are assumed to be independ¬
ent — an assumption which is not strictly
true but of little importance for consider¬
ation of relative distances. Teeth in which
the characters could have been obliterated
by wear or restoration were not included.
All individuals were scored by the same
observer.
Many dental morphological characters

behave as quasi-continuous variables; that
is, they are either present or absent, but
when present they vary continuously from
the lowest level of expression to the high¬
est. The accepted model of quasi-continu¬
ous variation is based on the assumption
that there is an underlying scale of contin¬
uous variation of some attribute (a combi¬
nation of all the genetic and environmental
factors involved) that is immediately re¬
lated to the development of the character.
Individuals in the non-affected class occu¬

py positions on this scale below a thresh¬
old value, and affected individuals occu¬

py positions above the threshold value.
The higher the position above the thresh¬
old the more intense the expression of the
character (Gruneberg, '52). All-or-none
classification is thus a somewhat arbitrary
division of a continuous scale. If such a

model applies to the characters considered
here, then different populations can be
regarded as being distributed over differ¬
ent ranges of the underlying continuous
scale. The most important characteristic
of a population is the mean of its distribu¬
tion on this scale. The relative positions
of different population means are reflected
in the population frequencies of the af¬
fected class, assuming a common variance
for all populations. Further subclassifica-
tion of affected individuals gives no addi¬
tional information about the mean, though
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it could be used to test for equality of vari¬
ance between populations. However, sub¬
division of the affected class increases the
opportunity for misclassification, and is
likely to exaggerate any differences be¬
tween scoring from intraoral examination
and from casts. This latter source of pos¬
sible error could only be evaluated by tak¬
ing casts of a sample of individuals who
were scored by intraoral examination, a
procedure for which there were insuffi¬
cient resources.

The scoring of morphological characters
is known to be a subjective evaluation and
therefore open to differences of interpre¬
tation, not only between observers, but
also within a single observer from one
scoring session to the next. In order to
establish the relative degrees of subjec¬
tivity of scoring associated with the differ¬
ent characters the Papago casts were
scored on two different occasions sepa¬
rated by several months. During this pe¬
riod the observer was not involved in any
similar scoring procedures.
The measure of distance applied to

both the dental and genetic data was
Sanghvi's X2. This is a chi squared sta¬
tistic that provides a mean measure of
divergence, enabling estimates of diver¬
gence based on different numbers of char¬
acters, each possibly scored in a different
number of categories, to be compared di¬
rectly (Sanghvi, '53). The measure is
equal to:

=

SS r Pi-Q)2 , (Po-Q)2
11 L § h Q

dT
3

where Pt and P2 are the percentage inci¬
dences in two populations of each of r
classes in which a given character is
scored, where Q = (Pi + P2)/2, where n
is the number of characters scored, and
where d.f. = n(r — 1). (Since in this study
r = 2 in every case, d.f. = n).
The requirements of a true distance

function, listed by Rao ('52), include that
the distance between any two of three
populations should not be greater than
the sum of the two distances between each
of these populations and the third. This
is known as the triangle law of distance,
and it must apply if the relationships be¬
tween populations are to be plotted graph¬

ically in a conventional way. Sanghvi's
X2, although a valid measure of divergence,
is not a true distance function since it
violates the triangle law. However, the
square root of this measure does not vio¬
late the triangle law and was therefore
chosen as the basis of the present com¬
parisons.

RESULTS

The characters, the two categories in
which each was scored, the number of
individuals in whom scoring was possible,
and the percentages of affected teeth
(both sides combined) are shown for the
three Indian tribes in table 1. Table 2
shows the result of scoring the Papago
casts on two separate occasions, and
lists the characters in order of decreasing
concordance (frequency of identical scores
on both occasions). The low concordance
shown by the cusp of Carabelli was a sur¬
prising finding since previous studies have
suggested that this character is a good
ethnic marker (Pinto-Cisternas and Fig-
ueroa, '68) and that it shows a relatively
high component of additive genetic vari¬
ation in another population (Sofaer, Bailit
and MacLean, '72).
The considerable lack of repeatability

associated with some of the characters

suggested that small differences between
tribes might be masked by inconsistent
scoring. Accordingly, Sanghvi's X2 was
calculated for different numbers of char¬
acters, progressively reducing the num¬
ber of characters by removing those show¬
ing the poorest repeatability. The results
of these calculations are shown in table 3.
Also given in this table are total x2 values,
which test the significance of the differ¬
ences between tribes. They are the sum
of x2 values for the test of homogeneity
(each with one degree of freedom) calcu¬
lated for the characters individually.
Triangles of relative distance based on

different numbers of dental morphological
characters are shown in figure 1 together
with triangles showing the relative geo¬
graphic distances between tribes and the
relative estimates of genetic distance,
based on gene frequencies at 12 loci
(Workman et al., unpublished manuscript).
The numbering of the dental characters
is according to table 2.
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TABLE1

Thecharacters,thetwocategoriesinwhicheachwasscored,thenumbersofindividualsscored(N), andpercentagesofaffectedteeth(%A)inthethreetribes1
Numberofindividualsscored andpercentaffectedteeth

Tooth

Zuni

Pima

Papago

Character

Non-affected

Affected

N

%A

N

%A

N

%A

Uppercentral
Palatalshovelling
Notraceofrim

Alldegrees

549

94.4

325

97.5

148

97.3

incisor(Ull)

orfossa

ofshovelling

Labialshovelling
Notraceof labialridging oneitherside

Alldegrees ofridging

549

13.6

324

11.6

147

30.9

Upperlateral
Barrelshape

Normalspatulate
Barrelshaped

548

3.0

320

6.7

149

6.5

incisor(U12)

incisor

Upperfirst

Cuspof

Nofeature

Alldegreesfrom

517

36.2

322

53.3

146

44.6

molar(UM1)

Carabelli

pit,grooveor ridgetopro¬ nouncedcusp

Uppersecond

Cuspnumber

3cusps

4cusps(including3+)
531

66.7

237

81.8

138

75.6

molar(UM2)
Lowerfirst

Protostylid

Nofeature

Allmodificationsof

520

0.1

323

7.8

140

3.3

molar(LM1)

buccalsurfaceof mesiobuccalcusp

Groovepattern

+pattern

YorXpattern

187

84.5

265

94.8

108

78.0

Cuspnumber

5cuspsorless

6cuspsormore

516

4.0

322

17.4

142

5.1

Lowersecond
Groovepattern

+pattern

YorXpattern

274

5.6

230

10.6

132

5.2

molar(LM2)
Cuspnumber

4cusps

5cuspsormore

523

34.9

258

45.5

132

24.3

ScoringwasbasedonthedescriptionsofDahlberg,('49,'63)withthe"non-affected"and"affected"classesasdescribedabove.
O > M&

C/)
S:

> z o m »
o
r > Z > 2 O 3 o V g > 2
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The percentage incidences of the af¬
fected condition for five of the characters

already described are shown for seven
world populations in table 4. The refer¬
ences from which these data were drawn
are listed under data references at the
end of the paper. In some cases the only
sample size information given was the
number of teeth on which the frequency

table 2

Concordance of scoring 164 Papago casts on two
occasions. Characters ranked according

to degree of concordance

Character Concordance

1. UI2 Barrel shape 0.99
2. UI1 Palatal shovelling 0.99
3. UM2 Cusp number 0.94
4. LM1 Protostylid 0.94
5. LM2 Groove pattern 0.93
6. LM1 Cusp number 0.93
7. UI1 Labial shovelling 0.88
8. LM2 Cusp number 0.85
9. LM1 Groove pattern 0.79

10. UM1 Cusp of Carabelli 0.78

361

estimate was based. In these cases it was
assumed that both right and left teeth
were scored for each individual and ac¬

cordingly N was taken as half the num¬
ber of teeth. The effective sample size was
taken as the number of individuals rather
than the number of teeth since the two

sides of the body of an individual are
phenotypic expressions of a single geno¬
type. The "Caucasian" population con¬
tains European and North American white
groups, the "Negro" population contains
African and North American black groups,
and the "Semitic" population contains
Bedouin, and Jews from Yemen and
Cochin. For each population table 4 gives
low and high extreme frequency esti¬
mates, and a weighted mean estimate of
the frequency of the affected condition
for each character. The combined Zuni-
Pima-Papago frequencies are shown for
comparison.
Distances between all pairs of popula¬

tions listed in table 4 are shown in fig-

TABLE 3

Measures of distance based on different numbers of characters

Characters Significance
(numbered as Tribal tests
in table 2) pair X2 (d.f. = N 3) Sanghvi X2 Distance 1

Zuni-Pima 153 4.17 1.38
1-10 Zuni-Papago 52 2.18 1.00

Pima-Papago 84 4.72 1.47

Zuni-Pima 118 3.76 1.26
1-8 Zuni-Papago 47 2.37 1.00

Pima-Papago 59 4.21 1.33

Zuni-Pima 110 4.60 1.91
1-6 Zuni-Papago 19 1.26 1.00

Pima-Papago 18 2.10 1.29

Zuni-Pima 65 4.16 2.31
1—4 Zuni-Papago 19 1.85 1.54

Pima-Papago 4 0.78 1.00

Zuni-Pima 10 1.40 11.83
1-2 Zuni-Papago 5 1.20 10.95

Pima-Papago 0 0.01 1.00

Genetic distance 2
from blood typing d.f.

Zuni-Pima 15 1.94 1.52
Zuni-Papago 17 2.42 1.70
Pima-Papago 15 0.84 1.00

1 VX2 scaled by setting smallest calculated figure in each series equal to 1.
2 Data from Workman et al., based on ABO, MNSs, Rh (4 classes) P, Fy, JK, Di, Hp, Tf, AL. Gc and

cerumen used in Zuni-Papago calculation only.
3 N, number of characters.
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Fig. 1 Dental, genetic, and geographic dis¬
tance among three southwestern Indian tribes.
Dental distances are calculated for different num¬
bers of characters.
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DISTANCE FROM SEM
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Fig. 2 Dental distances among several world
populations based on data in table 4. Scale is ten
times the calculated values.

ure 2. The distances are based on the
weighted mean frequency estimates. The
two axes of the plot in figure 2 were chosen
because the distance between the Amer¬
ican Indian and Semitic populations was
greater than any other. One set of points

in figure 2 shows the relative positions of
the populations based on all five charac¬
ters, and the other set shows the positions
based on only the two characters judged
by the present investigation to be scored
with the greatest reliability (UI1 palatal
shovelling and UM2 cusp number— see
table 2). The general relationship among
the populations is similar for both sets of
points. There is no overlap between the
mongoloid populations (American Indian;
Zuni, Pima and Papago; Eskimo; Asian)
which occupy the lower right portion of
the plot, and the non-mongoloids (Semitic;
Caucasian; Pacific and Australian; Negro)
which occupy the upper left portion of the
plot. Furthermore, within the mongoloids
the relationship of Asians and Eskimos to
the American Indians is consistent with
current thoughts on the origin of the
American Indians. The fact that the Zuni,
Pima and Papago are out of line could be
attributed to observer bias, values for the
other three mongoloid populations being
based on means of data from a number
of sources. Among the non-mongoloids the
Caucasians are closest to the Semitic
population, and the Pacific and Australian
group is closest to the Negroes, both of
which are not unexpected relationships.
The effect of removing those characters

showing poor repeatability of scoring is to
increase the separation between the mon¬
goloid and non-mongoloid groups, and to
close the distances within the mongoloids.
It is possible that this change is an indi¬
cation that the two chosen characters are

providing better discrimination than all
five taken together.
Having considered each type of popula¬

tion comparison alone it is relevant to com¬
pare the inter-tribal distances with those
separating the different world populations.
The two world populations most closely
related to the Zuni, Pima and Papago are
the American Indians (composed of sam¬
ples from different areas of North and
South America) and the Eskimos. The
VX2 distance between these two popula¬
tions, based on weighted mean frequency
estimates for the two best dental charac¬
ters, is 15.1, the smallest mean distance
for all pairs of populations in figure 2
except that separating the Zuni, Pima and
Papago combined from the Eskimos. This
can be compared with a Zuni-Pima dis-



TABLE4

Low,highandweightedmeanestimatesofthepercentageincidenceoftheaffectedcondition,%A,forfivemorphologicalcharacters indifferentworldpopulations.Nisthenumberofindividualsonwhicheachestimatewasbased. Referencesarelistedunderdatareferencesattheendofthepaper
Populationcode:

CharacterEstimate
of%A

ZPP Zuni-Pima -Papago

AMI

AmericanIndian

ESK

AleutandEskimu

AS1 Asia

N

%A

N

%A

References

N

%A

References

N

%A

References

UllPalatal

Low

342

100.0

6,12

499

99.2

20

269

85.0

17

shovelling

High

342

100.0

6,12

267

100.0

3,19,21

259

97.7

27

Mean

1022

95.8

342

100.0

6,12

766

99.5

3,19-21

1817

92.8

11,17,27

UM1Cusp

Low

41

12.0

6

60

13.3

19

339

31.9

28

ofCarabelli

High

200

83.5

7

61

78.3

29

339

31.9

28

Mean

985

43.1

844

60.2

6,7,9,16,30

384

66.3

19,29,30

339

31.9

28

UM2Cusp

Low

53

66.2

9

91

65.7

21

887

84.6

26

number

High

97

91.8

30

118

72.9

30

887

84.6

26

Mean

906

72.0

241

82.1

6,9,30

264

69.6

19,21,30

887

84.6

26

LM1Groove

Low

53

76.9

9

29

41.4

19

40

100.0

10

pattern

High

55

100.0

10

30

97.0

10

40

100.0

10

Mean

560

88.3

270

95.1

6,9,10

202

88.2

10,19,21

40

100.0

10

LM2Cusp

Low

55

32.0

10

30

43.0

10

19

19.0

10

number

High

53

72.0

9

58

66.1

21

21

31.0

10

Mean

913

36.3

197

60.4

6,9,10

124

57.4

10,19,21

40

25.3

10

Populationcode:
Character

Estimate■ of%A

/

PAC

PacificandAustralia

CAU Caucasian

NEG Negro

SEM Semitic

N

%A

References

N

%A

References

N

%A

References

N

%A

References

UllPalatal

Low

167

41.0

22

100

17.0

3

264

16.6

25

137

41.5

24

shovelling

High

59

88.1

11

212

91.0

15

807

44.4

11

60

47.0

23

Mean

1045

56.8

1,11,22,27
1833

40.5

3,11,15,17,27
1193

37.2

3,11,25

197

43.2

23,24

UM1Cusp

Low

67

19.4

1

91

41.0

6

389

2.0

25

30

62.0

23

ofCarabelli

High

30

33.0

2

140

85.7

7

274

57.7

16

30

93.0

23

Mean

97

23.6

1,2

3789

59.5

6-8.14,16,18

663

25.0

16,25

197

73.9

23,24

UM2Cusp

Low

53

69.8

1

53

58.0

6

78

100.0

25

137

30.5

24

number

High

104

100.0

2

50

87.5

7

78

100.0

25

30

73.0

23

Mean

265

88.7

1,2,5

103

72.3

6,7

78

100.0

25

197

42.1

23,24

LM1Groove

Low

57

54.9

I

85

86.0

10

133

86.9

4

30

53.0

23

pattern

High

20

100.0

10

75

96.0

6

49

100.0

10

137

70.4

24

Mean

77

66.6

1,10

221

91.6

6,10

182

90.4

4,10

197

65.7

23,24

I.M2Cusp

Low

97

12.5

5

61

1.0

10

167

18.6

4

60

0

23

number

High

20

48.0

10

356

14.0

13

69

53.7

25

137

7.0

24

Mean

232

24.6

1,2,5,10

611

11.0

10,13

285

28.2

4,10,25

197

4.9

23,24



215

J. SOFAEH, J. NISWANDER, C. MacLEAN AND P. WORKMAN364

tance of 11.83, a Zuni-Papago distance
of 10.95, and a Pima-Papago distance of
1.00.

DISCUSSION

The subjectivity associated with scoring
morphological characters, which has been
recognized as a problem in the past, is
emphasized here by the results of both
kinds of population comparison. The re¬
sults from the Indian data show that, for
two of the ten characters, even when
scoring each character in two categories
only in the hope of reducing subjective
error, the same observer without perma¬
nent standards of reference could only
score the same individual twice in the
same way about 80% of the time. It is
perhaps worth restating at this point that
scoring each character in more than two
classes could only increase the frequency
of error. It is also true that more experi¬
enced observers would be likely to show a
higher repeatability, and conversely those
with less experience might do more poorly.
This demonstrates the necessity for stan¬
dardized scoring conditions, and the value
of standardized reference plaques showing
the bounds of each category being scored.
On the other hand, certain of the charac¬
ters showed high repeatability of scoring
in spite of the possible shortcomings of
the scoring procedure. These characters
presumably would also be scored more
consistently by different observers, and
are therefore likely to be more reliable
variables when using data from different
sources.

Even though the low repeatability of
some of the characters was a disquieting
finding, the consistent change in the
tooth based triangles in figure 1 with pro¬
gressive removal of the characters show¬
ing the poorest repeatability was encour¬
aging. This change, towards a relative
closeness between the Pima and Papago,
and their mutual distance from the Zuni,
the fundamental relationship shown by
geography and by the genetic estimates,
suggests that tooth morphology has the
potential of providing moderately good
discrimination, even on the fine level on
which the three Indian tribes are related.
It should be pointed out, however, that
four of the ten characters listed in table 1

show relative frequencies in the three
tribes contrary to the expectation based
on geographic relationships and the study
of gene frequencies; that is, the Zuni are
intermediate between the Pima and Pa¬

pago. In the two instances of labial shovel¬
ling and LM2 groove pattern the results
are so clearly at odds with the expectation
that some doubt could be cast on the im¬

portance of genetic factors in the varia¬
bility of these traits. All four characters
are among those with the lowest repeat¬
ability and, until more information is
available on their genetic basis, they
should perhaps be considered among the
least useful for population discrimination.
The near equilateral quality of the trian¬
gles based on all characters is therefore
consistent with the assumption that, in
these triangles, distances were composed
largely of equal amounts of random error
which masked the true relationship be¬
tween tribes. Only after the majority of
this error was removed did a relationship
approaching the geographic and genetic
relationships begin to emerge.
Various combinations of the low and

high extreme frequency estimates in ta¬
ble 4 were used to calculate the minimum
and maximum possible distances between
each pair of populations that would be
obtained if individual frequency estimates
were used. Minimum and maximum dis¬
tances ranged from one-fourth to over
four times the distance based on the
weighted mean frequencies. These widely
disparate and often inconsistent results
contrast with the relatively reasonable
picture that emerges when the mean fre¬
quencies are used. This emphasises the
need for caution when using single esti¬
mates from different sources to draw in¬
ferences about population relationships.
In conclusion then, it seems that the

value of tooth morphology as an indicator
of genetic differences between populations
can be viewed with cautious optimism.
However, careful standardization of the
scoring procedure is clearly an important
prerequisite to the collection of meaning¬
ful data. Analysis of family data is still
urgently required, and should allow the
selection of characters showing the great¬
est genetic variation. Such characters can
be expected to be the best discriminators
of genetic differences between populations.
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The comparison between world populations
made here has shown that there is a great
deal of variation between different esti¬
mates of the frequency of a particular
variant in a particular population; and
that when population comparisons are
made using data from different sources,
the mean of several estimates is likely to
be considerably more valuable than any
one estimate alone.
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Mice with 'sex-linked anaemia', an inherited iron deficiency

due to defective iron absorption, have thinner lingual epithelium

than normal, and observations suggest that they may be more

susceptible to oral candidosis. Different strains of Candida

produce different levels of oral colonisation and infection

suggesting that differences in susceptibility to candidosis may

result from variation in the microorganism as well as the host.

In man, the results of a family study of Paget's disease of bone

are consistent with the hypothesis that the disease is caused by a

common and widespread virus, with genetic variation for susceptibility

and perhaps severity of the disease.
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SHORT COMMUNICATION

LINGUAL EPITHELIAL THICKNESS IN MICE WITH
INHERITED IRON-DEFICIENCY ANAEMIA (sla)

B. Steele, J. A. Sofaer and J. C. Southam
University of Edinburgh. Department of Oral Medicine and Oral Pathology.
Old Surgeons Hall. High School Yards, Edinburgh EH1 INR, Scotland. U.K.

Summary—The mouse-mutant sex-linked anaemia (sla) suffers from iron-deficiency anaemia
due to a defect of iron absorption from the gut. The lingual epithelium of anaemic mice was
significantly thinner and less well-differentiated into papillae and rete pegs than normal when
taken from the anterior dorsum but not from the posterior dorsum. The mutant may be a
useful experimental model in which to study more detailed effects of iron deficiency on the oral
mucosa.

Atrophy of the lingual mucosa has long been recog¬
nized as a sign of iron-deficiency anaemia, although
the mechanisms involved remain a matter for specu¬
lation. The present study was carried out to determine
whether the mouse-mutant sex-linked anaemia (sla)
might be a suitable animal model in which to study
the effect of iron deficiency on lingual epithelium, the
advantage of the mutant over previous model systems
being its consistent level of anaemia without the need
for artificial induction through dietary restriction or
bleeding.
Mice with sex-linked anaemia have a defect of iron

transport in which intestinal cells take up iron but fail
to pass it on normally to the circulation (Pinkerton,
1968; Edwards and Bannerman, 1970; Manis, 1971;
Sorbie. Hamilton and Valberg, 1974). The anaemia is
hypochromic and microcytic. In animals aged up to
200 days, plasma iron is reduced to approx. 1/3 of
normal (Edwards et ai, 1977) the red-cell count
approx. 80 per cent, packed cell volume 60-80 per
cent and haemoglobin concentration 40-80 per cent
of control values, the anaemia being most severe in
younger animals and tending to lessen with age (Ban¬
nerman and Pinkerton, 1967). Iron stores, which can
be demonstrated clearly in the spleens of normal mice
by Prussian-blue staining, are almost invariably
absent in mice with sex-linked anaemia, although oc¬
casionally detectable in trace amounts (Pinkerton.
1968). The basic biochemical defect is not known, but
it is unlikely to be restricted to the intestinal mucosa
because there is evidence for defective placental trans¬
port of iron also (Kingston. Bannerman and Banner-
man, 1978).
Heterozygous female mice (sla/+ ) were mated to

normal males ( + /Y), the offspring expected being half
heterozygous and half normal females (all normal
with respect to the anaemia), and half anaemic (sla/Y)
and half normal males. Male offspring only were stud¬
ied. At ages from 57-99 days, blood was taken for
investigation and the tongues and spleens removed
and fixed in 10 per cent buffered formol saline. After
embedding in paraffin wax, 5 /rm thick sections of
tongue and spleen were cut. For the tongue, these

were taken sagittally in the region of the midline for
some animals, or transversely at the junction of the
anterior 2/3 and posterior 1/3 of tongue for others.
Tongue sections were stained with haematoxylin and
eosin, and spleen sections with Prussian blue. Mice
were classified as normal or anaemic on the basis of
the haematological findings and the presence or
absence of a significant Prussian-blue reaction in
sections of spleen.
For each mouse, measurements of dorsal tongue

epithelium using a Kontron MOP AMOl Image
Analyser were made either on 3 consecutive serial
sagittal sections, or on 2 consecutive serial transverse
sections. For sagittal sections, a standard length. L. of
epithelium was measured from an arbitrary point just
posterior to the tip. backwards along the dorsal sur¬
face. The area. A, occupied by the epithelial cells
within this length (excluding the keratin layer), and
the perimeter. P. of this area were then recorded. A
similar procedure was adopted for measurements on
transverse sections. Two sets of area and perimeter
measurements were made on each section, and means
for each mouse calculated from the total of 6 (from 3
sagittal sections) or 4 (from 2 transverse sections) area
and perimeter measurements. Based on these mean
values, the mean thickness of epithelium for each
mouse was expressed as A/L and the degree of papill¬
ary and rete-peg differentiation as the ratio P/L.
Simple r-tests were then used to make comparisons
between the overall means of A/L or P/L values of
anaemic mice and their normal littermate controls for
the two regions and planes of section of the tongue.
The results (Table 1) indicate that, in the midline of

the anterior dorsum of the tongue, the epithelium of
anaemic mice was significantly thinner and less well-
differentiated into papillae and rete pegs than normal,
although for the posterior dorsum neither effect could
be demonstrated. It could be argued that the observed
difference might have reflected an overall difference of
body size between normal and anaemic mice (the
present anaemic males weighed, on average. 93 per
cent of their littermate controls). However, the fact
that lingual epithelium was not universally reduced in
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Table 1. Comparison of overall means for average epithelial thickness {AIL) and for
epithelial perimeter to length ratio (P/L) for two regions of the tongue in normal

(+/Y) and anaemic (sla/Y) mice (n = number of mice, p — probability)

n A/L (pm) P/L

+ /Y sla/Y +/Y sla/Y p +/Y sla/Y p

Anterior dorsum

(sagittal) 28 16 98.8 86.5 <0.02 2.48 2.39 =s0.05
Posterior dorsum
(transverse) 20 19 71.4 77.7 — 2.25 2.27 —

thickness suggests that this is unlikely to have been
the case. The findings are therefore consistent with the
tendency towards reduction in thickness of epithelium
and loss of filiform papillae from the dorsum of the
tongue observed in human iron-deficiency anaemia
(Monto, Rizek and Fine, 1961; Jacobs, 1960. 1971),
and suggest that the mouse-mutant sex-linked
anaemia may be a useful experimental model in which
to study more detailed effects of iron deficiency on the
oral mucosa. Nevertheless, it should be borne in mind
that the effect of the mutant gene on lingual epithe¬
lium may be a direct one rather than secondary to the
iron-deficiency anaemia.

REFERENCES

Bannerman R. M. and Pinkerton P. H. 1967. X-linked
hypochromic anaemia of mice. Br. J. Haemat. 13,
1000-1013.

Edwards J. A. and Bannerman R. M. 1970. Hereditary de¬
fect of intestinal iron transport in mice with sex-linked
anemia. J. clin. Invest. 49. 1869-1871.

Edwards J. A.. Hoke J. E.. Mattioli M. and Reichlin M.
1977. Ferritin distribution and synthesis in sex-linked
anemia. J. Lab. clin. Med. 90. 68-76.

Jacobs A. 1960. The buccal mucosa in anaemia. J. clin.
Path. 13, 463-468.

Jacobs A. 1971. The effect of iron deficiency on the tissues.
Geront. clin. 13, 61-68.

Kingston P. J„ Bannerman C. E. M. and Bannerman R. M.
1978. Iron deficiency anaemia in newborn sla mice: a
genetic defect of placental iron transport. Br. J. Haemat.
40. 265-276.

Manis J. 1971. Intestinal iron-transport defect in the mouse
with sex-linked anemia. Am. J. Physiol. 220, 135-139.

Monto R. W„ Rizek R. A. and Fine G. 1961. Observations
on the exfoliative cytology and histology of the oral
mucous membranes in iron deficiency. Oral Surg. 14,
965-974.

Pinkerton P. H. 1968. Histological evidence of disordered
iron transport in the X-linked hypochromic anaemia of
mice. J. Path. Bad. 95. 155-165.

Sorbie J.. Hamilton D. L. and Valberg L. S. 1974. Effect of
various factors on iron absorption in mice with X-linked
anaemia. Br. J. Haemat. 27. 559-569.



222

Archs oral Biol. Vol. 27. pp. 497 to 503. 1982 0003-9969/82 060497-07S03.00/0
Printed in Great Britain. All rights reserved Copyright <0 1982 Pergamon Press Ltd

EXPERIMENTAL ORAL INFECTION WITH THE
YEAST CANDIDA ALBICANS IN MICE
WITH OR WITHOUT INHERITED
IRON-DEFICIENCY ANAEMIA (sla)
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Summary—The role of iron deficiency in the development of oral candidosis was investigated
using the mouse mutant sex-linked anaemia (sla). Susceptibility was assessed in terms of the
recovery of organisms, particularly from oral swabs, and histological evidence of infection
approximately 10 days after the last exposure to Candida albicans. The influence of three factors
was studied in mixed groups of normal and anaemic mice: mode of inoculation, treatment with
tetracycline and treatment with hydrocortisone. The most susceptible group had received
drinking water containing tetracycline (1 mg/ml), hydrocortisone (0.1 mg/ml) and Candida
(5 x 104 c.f.u./ml for 6 days). Anaemic mice showed a rather higher rate of recovery of organ¬
isms and more frequent histological evidence of infection that normal mice in certain groups.
Neither of these tendencies was statistically significant alone but, taken together, they suggest
that some small difference of susceptibility may exist between normal mice and mice with sla.
The mouse model could be of value in studying the influence of several other inherited dis¬
orders on susceptibility to candidosis.

introduction

Iron deficiency is thought to be a predisposing factor
in the development of oral ~ candidosis in man.
although its mode of influence is in dispute (Klebanoff
and Clark, 1978; Odds. 1979). The present study was
carried out to determine whether the mouse mutant

sex-linked anaemia (sla) might be a suitable animal
model in which to study the effect of iron deficiency
on infection with Candida albicans. This mutant has
an advantage over previous model systems in showing
a consistent level of anaemia without artificial induc¬
tion through dietary restriction or bleeding.
Mice with sla have a defect of iron transport in

which intestinal cells take up iron but fail to pass
it on normally to the circulation (Pinkerton. 1968;
Edwards and Bannerman, 1970; Manis, 1971; Sorbie,
Hamilton and Valberg, 1974). The anaemia is hypo¬
chromic and microcytic. In animals aged up to 200
days, plasma iron is reduced to about one-third of
normal (Edwards et al., 1977) with mean red cell
counts about 80 per cent, mean packed-cell volumes
60-80 per cent and mean haemoglobin concentrations
40-80 per cent of control values, the anaemia being
most severe in younger animals and tending to moder¬
ate with age (Bannerman and Pinkerton, 1967). Iron
stores, which can be demonstrated clearly in the
spleens of normal mice by Prussian-blue staining, are
almost invariably absent in mice with sla, although
occasionally detectable in trace amounts. The spleens

X Present address: Faculty of Odontology. University of
Iceland, Landspitalinn, Reykjavik. Iceland.

of anaemic mice also tend to be enlarged (Pinkerton,
1968). The basic biochemical defect is not known, but
it is unlikely to be restricted to the intestinal mucosa
because there is evidence of defective placental trans¬
port of iron also (Kingston, Bannerman and Banner-
man. 1978).

materials and methods

Experimental groups
Two experiments were carried out. each seeking to

compare colonization and infection by C. albicans in
different groups of mice, all of which started the
experiments with a normal natural flora. In the first
experiment, there were three groups: 1A, untreated;
IB. receiving Candida by oral inoculation; and 1C,
receiving Candida by oral inoculation together with
tetracycline in the drinking water. In the second ex¬
periment, there were two groups: 2A. receiving both
Candida and tetracycline in the drinking water; and
2B, receiving a combination of Candida, tetracycline
and hydrocortisone in the drinking water. Through¬
out both experiments, the mice were maintained 5 to
a cage. The schedules for the two experiments are
shown in Table 1.
All groups were composed of male offspring from

matings between heterozygous females (sla/+) and
normal males. Matings of this type are expected to
produce half anaemic males (sla/Y) and half normal
males ( + /Y). Ages ranged from 57-99 days at the
end of the experiments, when blood was taken for
haematological analysis, and various other tissues
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Table 1. Experimental schedules

Experiment 1 Experiment 2

Day 1A IB 1C 2A 2B

0 S S S T T T
5 S S Ca S Ca H
6 Ca Ca
7
8

Ca Ca
Ca Ca

9 Ca Ca 1
10 Ca Ca
12 I i
13 s S S

Ky

19 S s
20 s s SN / V / \ r ■> /

23 End End End End End

S. swab; T, tetracycline; Ca. Candida; H, hydro¬
cortisone.

were removed for microbiological and histological
investigation (see below).

Tetracycline and hydrocortisone
Chlortetracycline as pure 'Aureomycin HC1' powder

was obtained from Lederle Laboratories (Gosport,
Hants. England). A stock solution was prepared and
diluted to 1 mg/ml final concentration in the drinking
water of groups 1C, 2A and 2B. This concentration
has been shown not to affect water intake in the
mouse (Helstrom and Balish. 1979). Hydrocortisone as
hydrocortisone sodium succinate (Organon, London.
England) was added to the drinking water of group
2B at a final concentration of 0.1 mg/ml.

Exposure to Candida
A strain of C. albicans isolated from human oral

chronic atrophic candidosis was used for both experi¬
ments. In the first experiment, each mouse received a
single oral inoculum of 10^ colony-forming units
(c.f.u.) on each of three occasions over 5 days (Table 1),
making a total oral exposure of 3 x 107 c.f.u. per
mouse. Each inoculum was given as a drop of a sus¬
pension of 10s c.f.u./ml. In the second experiment, the
organisms were added to the drinking water to pro¬
duce a suspension with a final concentration of 5 x
104 c.f.u./ml. Exposure was continuous over a total
of 6 days, with a fresh drinking-water suspension sub¬
stituted every other day (Table 1). Assuming an aver¬
age water consumption of 5 ml/mouse/day (Bernstein,
1966), this gives a total oral exposure of 1.5 x 106
c.f.u. per mouse, one-twentieth of the total exposure in
experiment 1. All inocula and drinking-water suspen¬
sions were prepared from dilutions of cultures of the
test strain that were grown up for 48 h at 37°C in malt
broth (see below). Fresh cultures were used for each
day on which inoculation was made or the drinking-
water suspension changed; all organisms were in the
yeast form.

Tissues for haematological, microbiological and histo¬
logical examination
At the end of both experiments, each animal was

killed by etherization, blood was immediately taken for
haematological analysis by aspiration from the infer¬
ior vena cava, and the spleen, tongue and stomach
were removed. In experiment 1, a small portion of
stomach and a faecal pellet from the rectum were
cultured separately in malt broth (see below). In both
experiments, the spleen, tongue and fore-stomach,
with lower oesophagus attached, were fixed in 10 per
cent buffered formol saline. In experiment 1, each
spleen was weighed immediately after removal (before
fixation). In experiment 2, each spleen was weighed after
fixation. All fixed tissues were embedded in paraffin
wax and sectioned at 5 gm. In experiment 1, tongue
sections were cut sagittally in the region of the mid¬
line; in experiment 2, sections were cut transversely at
the junction of the anterior two-thirds and posterior
one-third of the tongue. Longitudinal sections were
cut through the lower oesophagus and fore-stomach.
Sections of tongue and stomach were stained with
haematoxylin and eosin, periodic acid Schiff (PAS)
and Grocott silver. Sections of spleen were stained
with Perl Prussian blue.

Recovery of Candida
At different stages of experiments 1 and 2 (Table 1),

swabs were taken from the mouth, held open by ster¬
ile tweezers, and immediately plated on malt agar
(malt-extract syrup; Boots Pure Drug Co., Notting¬
ham. England; 40g/1 in nutrient agar). A standard
technique was used so that approximate comparison
of colony counts could be made. The portions of
stomach and faecal pellets removed at the end of ex¬
periment 1 were cultured in malt broth (malt-extract
syrup. 20 g/1, in nutrient broth) at 37°C for 24 h and
the cultures subsequently plated on malt agar to
detect the presence of yeasts. Incubation of malt-agar
plates was at 37=C for 48 h in all cases. Malt agar
allows considerable morphodifferentiation of yeasts
(L.J.R. Milne, 1981, personal communication) and
further confirmatory tests were not felt to be necess¬
ary for every specimen. However, germ-tube forma¬
tion was used to confirm the identity of the yeast in
one specimen of each batch examined.

RESULTS

Distinguishing between normal and anaemic mice
Automated red-cell counts, and haemoglobin and

haematocrit estimates showed that the only one of
these parameters for which two non-overlapping dis¬
tributions of mice could be distinguished was red-cell
count. However, due to abnormalities of red cell size
in the mutants, some of the count results were difficult
to interpret. Haemoglobin and haematocrit values
showed bimodal distributions but. because of overlap,
it was not possible to use these values to classify
individual mice as either normal or anaemic with
certainty. Spleen histology almost completely dis¬
criminated between mice with definite Prussian-blue

staining and those with none. Only a few spleens
showed possible trace amounts and these were ex¬
cluded from the classification. In all other cases, the
results of spleen histology were consistent with red-
cell count when this was considered reliable. Individ¬
ual mice could not be classified as normal or anaemic
on the basis of spleen weight. The final classification
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Table 2. Numbers of normal and anaemic mice in the
different experimental groups

Un¬

Group Normal Anaemic classified Total

1A 12 8 0 20
IB 9 8 3 20
1C 14 4 2 20
2A 22 22 1 45
2B 18 26 1 45

as either normal or anaemic was therefore based on

Prussian-blue staining of the spleens, with confirma¬
tory evidence from haematological investigations when
this was available. The numbers of normal and anaemic
mice in the different groups are shown in Table 2.

White-cell counts

The mean white-cell counts in group 1A (9.65 x

109/1) and group 1C (9.42 x 109/1), both inoculated
with Candida, were significantly higher than in the
untreated group 1A (7.34 x 109/1; p ^ 0.01 and 0.02
respectively by t tests). White-cell counts were mark¬
edly depressed in group 2B (hvdrocortisone-treated)
compared with group 2A, with an accompanying
reduction in spleen weight (Text Fig. 1).

Microbiology
In experiment 1, C. albicans was not isolated from

any mouse sampled on days 0 or 5. No mouse in
group 1A (untreated) yielded Candida from any sub¬
sequent swab. The recovery of Candida from mice in
groups IB and 1C is summarized in Table 3. At day
13, the proportion of mice yielding Candida in group
1C (chlortetracycline-treated). and the average colony
count for positive isolations, were higher than in
group IB (no chlortetracycline). At days 20/23, no
significant difference between groups IB and 1C could
be demonstrated for mouth, stomach or faecal pellet
sources individually, although taken together group

d
2
5 15

J™

j.

WBC x 10 / LITRE

100 200 420 480

SPLEEN WEIGHT (mg )

Fig. 1. White-cell counts and spleen weights in experiment 2.

Table 3. Recovery of C. albicans on days 13 and 20/23 in experiment

Day 13

Average colony
+ ve isolations count for
out of 20 + ve isolations

Davs 20/23

+ ve isolations out of 20

Mouth Stomach
Faecal

pellet
Total +ve
(out of 60)

Group IB
Group 1C

14
19

p < 0.05

14
30

p < 0.02
14
NS

7
13
NS

10
14
NS

26
41

p < 0.01

Significance for -fve isolations by chi-square tests. Significance for colony count difference by t-test after log
transformation.

o.B. 27 6—E
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Fig. 2. Recovery of C. albicans on day 19 in experiment 2.

1C again showed a significantly higher proportion of
positive isolations. There was no significant difference
in the isolation of Candida between normal and
anaemic mice.
In experiment 2. colony counts from swabs taken at

day 19 showed a marked enhancing effect of hydro¬
cortisone. almost all mice in group 2B (hydrocorti-
sone-treated) having counts greater than 200c.f.u.
(Text Fig. 2). In group 2A. there was a tendency for
higher colony counts among anaemic as opposed to
normal mice (Table 4). but this difference was not
statistically significant.

Histology
In experiment 1, there was no histological evidence

of candidal infection of the tongue, oesophagus or
stomach mucosa, although organisms were grown
from oral and stomach cultures.
In experiment 2. two types of candidal infection

could be demonstrated histologically. In the first,
large numbers of Candida yeast forms and hyphae
penetrated the keratin, but there was no associated
inflammatory reaction (Plate Fig. 3a). This type of
infection was seen on the dorsal tongue, rarely on the
ventral tongue and occasionally in the oesophagus. A
prominent pattern on the dorsal tongue surface was
one with valleys between the filiform papillae heavily
infected, but without involvement of the papillae
themselves (Fig. 3b). In the second type of infection,
the individual foci were less extensive, the keratin was

disrupted, and there was a dense neutrophil-leucocyte
infiltrate, either localized to the disrupted keratin
(Fig. 3c) or extending through the full thickness of the
epithelium (Fig. 3d). Only odd yeast forms and
hyphae could be identified in the keratin of these
lesions, which were mostly on the dorsal tongue sur¬
face but also occasionally in the oesophagus.
The frequencies with which the two different types

of infection were found are summarized in Table 5.
No difference in type or frequency of infection was
found between normal and anaemic mice, except for a
tendency towards a higher overall infection rate in the
tongues of anaemic compared with normal mice in
group 2B (Table 6), although this difference was not
statistically significant. Both types of infection were
often found in the same mouse.

DISCUSSION

Candida albicans does not appear to contribute to
the natural flora of the mouse (Phillips and Balish.
1966). Consistent with this finding was the failure to
isolate Candida from any swab on days 0 and 5 in
experiment 1. Colonization and infection must there¬
fore be induced by varying the experimental con¬
ditions if a suitable model for human oral candidosis
is to be developed.

Tetracycline
The apparent enhancing effect of tetracycline on

candidal infection in man is well known (Odds, 1979).
It has been demonstrated in studies of the rat (Russell
and Jones, 1973b; Jones et al., 1976) and mouse
(Helstrom and Balish. 1979), and in the present study-
by the difference between groups IB and 1C (Table 3).
There is considerable experimental evidence to
indicate that the effect results from suppression of
sensitive competing flora (Phillips and Balish, 1966;
Nishikawa et al.. 1969: Liljemark and Gibbons, 1973;
Jones et al., 1976; Helstrom an'd Balish. 1979).
although more direct influences of antibiotic and
other treatments on the body's capacity for fungal
killing have been reported (Harkness, Grant and
Cockle, 1979).

Mode of inoculation
There was no detectable difference in the recovery

of Candida from oral swabs on days 19/20 between
group 1C (3 single inoculations over 5 days) and
group 2A (continuous exposure over 6 days). The
number of positive isolations from group 1C was
14/20 (Table 3) and from group 2A was 28/45 (Fig. 2).
However, whereas histological evidence of infection
was absent in group 1C. it was present in a propor¬
tion of mice from group 2A (Table 5). even though
the total exposure to Candida in terms of number of
colony-forming units was much lower. The lack of
histological evidence of infection in experiment 1 is
consistent with the reduction in number of positive
isolations from oral swabs between days 13 and 20,
both for groups IB and 1C (Table 3). This suggests
predominance of colonization rather than infection.

Table 4. Numbers of normal and anaemic mice in

group 2A showing three different levels of colony
count from oral swabs taken on day 19

Colony count

0 1-25 >25

Normal 10 10 i

Anaemic 7 6 9
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Table 5. Numbers of mice (each out of a total of 45)
showing the two different types of infection

Tongue Oesophagus

Y & H Polys Y & H Polys

Group 2A 1 8 1 2

Group 2B 36 19 22 4

Y & H = infection with yeast forms and hyphae
predominating. Polys = infection with tissue reaction
predominating.

gradual elimination of yeasts occurring with time
after the most recent inoculation, as reported by Hel-
strom and Balish (1979). Nevertheless, some degree of
undetected penetration of Candida into the tissues
seems likely because the white-cell count was signifi¬
cantly elevated in groups IB and 1C.

Hydrocortisone
The most striking finding was the effect on suscepti¬

bility produced by treatment with hydrocortisone
(Fig. 2; Table 5). The enhancing effect of steroids on
candidal infection has been noted both in man (Odds,
1979) and experimental animals (Louria. Fallon and
Browne. 1960; Cantrell and Widra. 1964; Hurley,
Balow and Fauci. 1975). Systemic steroids have a
wide range of effects on the body, including the sup¬
pression of both inflammatory and cell-mediated
immune responses (Haynes and Murad. 1980). This
perhaps accounts for the relatively infrequent tissue
response in group 2B (hydrocortisone-treated) com¬
pared with group 2A. although both types of infection
were found in both groups (Table 5). Steroid treat¬
ment also produces a lymphocytopenia and. in
rodents, rapid and dramatic dissolution of lymphoid
tissue (Haynes and Murad. 1980). Mice have a much
higher proportion of circulating lymphocytes (65-75
per cent; Russell and Bernstein, 1966) than man
(20-25 per cent), so the observed leucopenia and
reduction in spleen weight (Fig. 1) can be attributed
largely to the general effect of hydrocortisone on the
lymphoid system.

Suitability of the model
Histologically, the pattern of infection produced

was similar to that observed in human oral candi-
dosis. though the reason why a tissue response should
be found in some instances but not in others is not

clear. A recent report suggests that strain variation of
C. albicans may be a factor determining whether or
not a tissue response occurs (Field et al., 1981).

Table 6. Numbers of normal and anaemic mice in

group 2B in which histological evidence of infection
of the tongue was absent ( —ve) or present ( + ve).

Both types of infection are included

— ve + ve

Normal 5 13
Anaemic 2 24

There were two independent and consistent tenden¬
cies among anaemic mice in experiment 2. one
towards increased recovery of Candida from group 2A
(Table 4) and the other towards increased infection,
irrespective of type, in group 2B (Table 6). Although
neither of these was statistically significant individu¬
ally. taken together they suggest that some small dif¬
ference in susceptibility to Candida may exist between
normal mice and mice with sla. Any increased suscep¬
tibility of these anaemic mice could be related to their
thinner lingual epithelium (Steele, Sofaer and
Southam. 1981), which is consistent with the tendency
towards reduction in thickness of epithelium and loss
of filiform papillae from the dorsum of the tongue
observed in human iron-deficiency anaemia (Monto.
Rizek and Fine, 1961; Jacobs, 1960, 1971). It should,
however, be borne in mind that any effect of the
mutant gene on the mucosa could possibly be direct
rather than secondary to the iron deficiency.
More generally, a mouse model has advantages

over the rat model in which a number of studies of
oral candidosis have already been made (Jones and
Adams, 1970; Adams and Jones, 1971; Jones and
Russell, 1973; Russell and Jones, 1973a.b: Jones et al.,
1976). First, mice are cheaper to house and maintain,
so that larger numbers can be used at lower cost;
secondly, several mutants are available to provide
consistent and repeatable variants, many apparently
homologous with human disorders, that could use¬
fully be employed in the study of candidosis. In ad¬
dition to other anaemic mutants (Bannerman and
Edwards. 1976; Harrison. 1979), there are endocrine
disorders such as diabetes (Hummel. Dickie and Cole¬
man. 1966) and immune disorders such as the athymic
state, already used in the study of candidosis (Hel-
strom and Balish. 1979), and the more recently de¬
scribed X-linked B lymphocyte defect (Scher et al.,
1980). A mouse model could also be of value for more
detailed studies of the role of antibiotics and steroids
in susceptibility to candidosis, for the testing of anti-
candidal drugs, and for the evaluation of candidal
strain infectivity.
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Plate 1.

Fig. 3a. Mouse dorsum tongue (Group 2B) with numerous Candida yeast forms and hyphae penetrating
the keratin, but with no associated inflammatory reaction. PAS. x 222.

Fig. 3b. Mouse dorsum tongue (Group 2B) showing Candida yeast forms and hyphae restricted to the
valleys between the filiform papillae. PAS. x 222.

Fig. 3c. Mouse dorsum tongue (Group 2B) with neutrophil-leucocyte infiltration in the disrupted surface
keratin. Haematoxylin and eosin. x 222

Fig. 3d. Mouse dorsum tongue (Group 2B) showing dense neutrophil-leucocyte infiltration extending
through the whole thickness of the epithelium with disruption of the surface keratin. Haematoxylin and

s eosin. x 133
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Summary - Oral infection by Candida albicans is thought to be

related more to host susceptibility than to virulence of the

organism. However, using a simple mouse model of oral candidosis,

differences in colonisation and infection between two strains of

C. albicans have been demonstrated.
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INTRODUCTION

In humans, oral infection by the yeast Candida albicans is

thought to be primarily related to host susceptibility, and several

predisposing factors are well known. These include the wearing of

dentures, iron deficiency anaemia, diabetes, debilitation, and

several drugs such as steroids, immunosuppressives and broad

spectrum antibiotics. Little attention has been given to the

possible association between virulence and the capacity of the

organism to cause oral candidosis, although variation in patho¬

genicity of C. albicans by other criteria has occasionally been

reported (Louria, Brayton and Finkel, 1963; Albano and Schmitt,

1973; Richardson and Smith, 1980). The purpose of the investigation

reported here was to test the hypothesis that the ability to cause

oral candidosis is partly related to virulence using the experimental

mouse model recently described (Sofaer, Holbrook and Southam, 1982),

a system representative of the human situation but uncomplicated by

individual variation in host susceptibility.

MATERIALS AND METHODS

Two groups of 40 male mice from the inbred strain CBA/ca

(Centre for Laboratory Animals, University of Edinburgh) were used,

8 cages of 5 mice per cage for each group. Ages ranged from 45 to

121 days at the start of the experiment, with the two groups matched
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with respect to age distribution. All mice were given drinking

water containing 1 mg/ml chlortetracycline throughout the experiment

(pure 'Aureomycin HCl'powder from Lederle Laboratories, Gosport,

Hants, England), and 0.1 mg/ml hydrocortisone from day 5 until the

end of the experiment (hydrocortisone sodium succinate from Organon,

London, England). No gross differences in water consumption

between mice were noted (Helstrom and Balish, 1979; Sofaer et al.,

1982). Doses received by the mice were approximately 200 mg/kg/day

of chlortetracycline and 20 mg/kg/day of hydrocortisone.

Two strains of C. albicans were obtained from Professor H. Smith,

Department of Microbiology, University of Birmingham, England. One

(strain 19321) had been isolated from a case of vaginal thrush and

was termed virulent, while the other (strain 22114) had come from a

'transient candidaemia' and was termed attenuated, although virulence

had not been artificially reduced. The virulent strain adhered more

readily to buccal epithelium (Kearns, Richardson and Smith, 1980) and

showed greater resistance to intracellular killing by phagocytes

(Richardson and Smith, 1980) than the attenuated strain. Both

strains have been independently identified as C. albicans (T. Placido,

Curator, Culture Collection, Laboratorio de Microbiologia, Instituto

Gulbenkian de Ciencia, Oeiras, Portugal, 1981, personal communication).

The strains were grown up in malt broth (malt extract syrup - Boots

Pure Drug Co., Nottingham, England - 20 g/1 in nutrient broth)

overnight and added to the drinking water on day 6 at a final

concentration of 10 4 colony-forming units per ml. The virulent

strain was given to one group of mice and the attenuated strain to

the other. Exposure to the organisms was continuous at this level
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over a total of 6 days, with a fresh drinking water suspension

substituted every other day. From day 12 all mice were given

drinking water containing chlortetracycline and hydrocortisone only.

Oral swabs were taken at the start of the experiment and again

on day 19. The mouth of each animal was held open with sterile

forceps and a small sterile cotton wool pledget, held in fine

sterile tweezers and moistened with malt broth, was wiped over the

dorsum of the tongue and the buccal and palatal mucosa. Swabs

were plated immediately on malt agar (malt extract syrup 40 g/1 in

nutrient agar) using a standard plating technique so that approx¬

imate comparisons of colony counts could be made. Colony counting

was carried out after incubation of the plates at 37°C for 48 h.

All mice were killed by etherisation on day 21. The tongues

were removed, fixed in 10 per cent buffered formol saline, embedded

in paraffin wax and sectioned at 5 ym transversely at the junction

of the anterior two-thirds and posterior one-third of the tongue.

Sections were stained with haematoxylin and eosin, periodic acid

Schiff and Grocott silver.

RESULTS

The two strains of C. albicans were somewhat different from

each other in colonial appearance when grown on malt agar, but

considerable differences were seen in pseudohyphal production

when grown on corn-meal agar. The virulent strain (19321)

produced a small number of short pseudohyphae and very few
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chlamydospores while the attenuated strain (22114) produced

abundant long pseudohyphae and large numbers of chlamydospores.

Both strains were germ-tube positive and showed the carbohydrate

assimilation pattern of C. albicans, the only difference from the

standard description being in the assimilation of xylose which was

negative for the attenuated strain. The biochemical and cultural

reactions of the two strains are summarised in Table 1.

No yeasts were isolated from oral swabs taken at the start of

the experiment. The colony counts from swabs taken on day 19, 7

days after the last exposure to Candida in the drinking water, are

shown in Fig. 1. There was a clear difference in the distribution

of colony counts between strains.

Two types of histological appearance were seen in the tongue

sections as already described and illustrated (Sofaer et al., 1982).

In the first, large numbers of blastospores and hyphae penetrated

the keratin but there was no associated inflammatory reaction. In

the second, there was disruption of the keratin with a dense

polymorphonuclear leucocyte infiltration, either localised to the

disrupted keratin or extending through the full thickness of the

epithelium. The relative frequencies of these two types of

appearance in mice exposed to the different Candida strains are

summarised in Table 2. Comparisons by chi square test showed that

for the virulent strain, over all colony counts, the inflammatory

response was found significantly more often than blastospores and

hyphae alone (33:7 compared with 4:36, p < 0.01), while for the

attenuated strain the inflammatory response was found significantly

more often with higher than with lower counts (12:8 compared with
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4:16, p < 0.05). Comparisons between strains revealed that, over

all colony counts, the virulent strain produced the inflammatory

type of response significantly more often than the attenuated

strain (33:7 compared with 16:24, p < 0.01).

DISCUSSION

Variation in pathogenicity between strains of C. albicans has

received only limited attention, particularly with regard to the

capacity to produce oral candidosis. Louria et al. (1963) showed

that a strain of C. albicans isolated from the pharynx of a patient

with chronic mucocutaneous candidosis was much less virulent than

strains isolated from the blood of 5 patients with disseminated

candidosis. Their test involved an intravenous injection of

5 x 105 blastospores into mice, with death rate and histological

signs of renal damage being used as criteria for virulence.

Albano and Schmitt (1973) carried out a similar study and showed

that one strain of C. albicans isolated from the mouth of a patient

on long-term antibiotics was less virulent than two strains isolated

as sole pathogens from fatal burns cases. As evidence for

differences in virulence of C. albicans strains in the mouth, Martin

and Lamb (1982) reported that 29 of 30 patients with denture

stomatitis yielded C. albicans serotype A only from the lesions,

although mixed serotypes were found in unaffected parts of the same

mouths. Lesions produced by subcutaneous injection of C. albicans

into rats were more extensive for strains isolated from a case of
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denture stomatitis than for those isolated from healthy carriers

(Abdelghaffer and Russell, 1979).

The two strains used in the present study fall within the

currently accepted definition of the species C. albicans. Within

the attenuated strain there was an association between colony count

and histological evidence of infection. Differences between

strains were found both in the level of oral colonisation and for

the ability to cause disruption of the keratin and an inflammatory

response. The present in vivo findings therefore complement the

earlier in vitro studies on the two strains (Richardson and Smith,

1980; Kearns et al., 1980) and are consistent with the recent

suggestion that strain variation in C. albicans may be a factor

determining whether or not a tissue response occurs (Field et al.,

1981). The present study has demonstrated that strains of

C. albicans may differ in their capacity to produce infection in an

experimental system more closely representative of human oral

candidosis than those that have used lethality or the response to

infection in other sites as the criterion for virulence.
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Table 1. Biochemical and cultural reactions of the two

C. albicans strains. (See Odds, 1979)

Test Virulent (19321) Attenuated (22114)

Assimilation of:

Glucose

Sucrose

Lactose

Trehalose

Rhamnose

Xylose

Surface growth

Urease

Pseudohyphae

Chlamydospores

few, short

few

abundant, long

many
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Table 2. Numbers of mice negative and positive for histological

evidence of infection of the dorsum of the tongue, by colony count.

Virulent

(19321)

Colony count

Low (<_ 50)

High (> 51)

All counts

Attenuated

(22114)
Low (< 12)

High (> 13)

All counts

Blastospores
and hyphae

-ve +ve

21 1

15 3

36 4

Polymorph
infiltration

-ve

6

1

7

+ve

16

17

33

18

12

30

2

8

10

16

8

24

4

12

16

Footnote:

The classification of mice into 'low* and 'high* colony count
groups was to provide approximately equal groups within each
strain. The difference in the classification between strains

means that comparisons between 'low' and 'high' groups are only
valid within strains.
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virulent

attenuated

1-2 3-5 6-12 13-25 26-50 51- 101- >200
100 200

COLONY COUNT

Fig. 1. The distribution of colony counts from oral swabs

taken on day 19.
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SUMMARY - Familial aggregation of Paget' s disease of bone occurs

occasionally and an exclusively genetic aetiology has been proposed

in the past. On the other hand, epidemiological surveys point to

an important environmental contribution, and evidence is

accumulating to suggest that the disease may be caused by a slow

virus infection. Analysis of 407 family history questionnaires

completed by Paget's disease patients confirmed the familial

nature of the disease. Overall, the findings were consistent with

the hypothesis that Paget's disease is caused by infection with a

common and widespread virus superimposed on genetic variation for

susceptibility and perhaps severity of the disease.
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Paget's disease of bone is a remarkably common condition in

later life, radiological surveys having detected characteristic

bony changes in 2.3 - 8.3 per cent of the British population at age

The disease involves rapid remodelling and the development of

structurally abnormal bone, and can be the cause of pain, fracture

deformity and rarely malignancy. Many affected individuals are

asymptomatic, but because of its high prevalence the disease still

makes a considerable contribution to morbidity among the elderly (2).

Paget's disease shows a degree of familial aggregation, including

occurrence in successive generations, and has consequently been listed

as a possible autosomal dominant disorder (3). Genetic linkage has

also been suggested between a presumed Paget's disease locus and the

HLA complex on chromosome 6 (4). On the other hand, there is

increasing evidence of an important environmental contribution. For

example, prevalence among migrants from the United Kingdom to

Australia, although higher than for native Australians, is lower than

for British residents (5); and within Britain there is a remarkably

localised area of particularly high prevalence in Lancashire (1). In

the United States, blacks and whites show similar prevalences that

vary from one part of the country to another, even though the disease

is rare among African blacks (6).

The most exciting recent finding is ultrastructural and

immunohistological evidence of viruses within the osteoclasts of

affected bone, suggesting that Paget's disease may be caused by a

slow virus infection (7). Two different viruses have been implicated,

measles virus (8) and respiratory syncytial virus (RSV) (9).

This apparent inconsistency is a little puzzling, although very recent

55 years and above, with a moderate male predominance (1) •
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work suggests that the two viruses may have an antigen in common

(10). Attempts to demonstrate raised viral antibody titres in the

serum of Paget's disease patients have been unsuccessful for measles

(11,12) while for RSV there have been conflicting results (12,13).

The present study was undertaken in the hope of gaining further

information on the aetiology of Paget's disease. It differs from

previous work in that an attempt has been made to analyse both genetic

and environmental influences on the disease within the same sample.

SUBJECTS AND METHODS

During 1980 and 1981, 595 family history questionnaires were

distributed to known sufferers of Paget's disease, almost all of

whom were ascertained through the British National Association for

the Relief of Paget's Disease. Questions were asked about the

index cases, their first degree relatives, their spouses and their

spouses' first degree relatives. For each index case or relative

the information requested included: year of birth, sex, place of

birth and main place of residence in each of three different age

ranges, occupation, any chronic illness other than Paget's disease

and, if affected by Paget's disease, the age of onset and any illness

or unusual circumstance that occurred within the year prior to onset

of the Paget's disease. Respondents were not asked to give details

of the circumstances under which each diagnosis of Paget's disease
"\

had been made.
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Occupations were coded according to the Office of Population

Censuses and Surveys 1970 classification (14), and illnesses

according to the International Classification of Diseases (15).

For the purpose of analysis each known place of birth or residence

was specified by one of the 120 outer postcode areas in the United

Kingdom (the single or double letter code at the beginning of the

complete postcode), or by country if abroad.

RESULTS

Composition of the sample and prevalence among relatives

A total of 407 questionnaires were returned completed, a response

rate of 68 per cent, the mean age of index cases being 73 years. The

numbers of different types of relative who had survived to at least

55 years, and the numbers affected by Paget's disease, are given in

Table 1. The prevalence of the disease among parents and sibs of

index cases (57/1450 = 3.93%) was about ten times greater than among

parents and sibs of spouses (3/823 = 0.36%), and the same degree of

female predominance was found among parents and sibs of index cases

(<j>/cT = 37/20 = 1.85) as among the index cases themselves
(<j>/cT = 255/152) = 1.68). There was no significant difference of
prevalence between the parents of index cases and the sibs of index

cases at age 55 and above. After combining parents and sibs there

was no significant difference between male and female index cases in

the proportions of these relatives affected. However, male index

cases differed from female index cases in that they had significantly
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(j> < 0.01) fewer affected male relatives (fathers and brothers) than

affected female relatives (mothers and sisters).

Of the 407 index cases, 56 (13.8%) had a family history of Paget's

disease. Of these 56 familial cases 31 came from families where

successive generations were affected ('dominant') and 25 from families

where only sibs were affected ('recessive'). Overall there were 42

concordant parent-offspring pairs, 17 involving fathers (3 of which

were father-son pairs) and 25 involving mothers. Among the 33

sibships that contained more than one individual reported to have

Paget's disease there were 39 sib pairs concordant and 194 sib pairs

discordant for the disease.

Onset of Paget's disease

The mean age of onset (awareness of having the disease) was

significantly earlier among familial than among isolated cases

(Table 2) but there was no difference between 'dominant' and

'recessive' cases. The within family variance for age of onset was

significantly lower than the between family variance, indicating that

relatives tended to be more alike with respect to age of onset than

unrelated individuals, and the within sibship variance for year of

onset was significantly greater than that for age of onset (Table 3).

Only two unusual circumstances occurring within the year

preceding onset were each reported by more than one per cent of the

total of 480 cases (index cases plus affected relatives), a fall in

23 patients (4.8%) and a road accident in 6 patients (1.3%).
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Other chronic illnesses

Index cases were asked if they or their relatives suffered

from any chronic illness or disability other than Paget's disease, and

if so to name the one that was the most troublesome. The distribution

of the most troublesome other chronic illnesses showed a significant

difference (£ < 0.001) between index cases on the one hand and normal

living sibs and spouses' sibs on the other, deafness and arthropathy

being reported more often among index cases.

Occupation and social class

Male index cases were compared with normal male sibs of cases and

female index cases with normal female sibs of cases. For both sexes

a greater proportion of index cases than of normal sibs was engaged

in non-manual work. The proportions in males were 54% as opposed to

47%, and in females were 71% as opposed to 59%. The difference was

significant for females (jj < 0.01). In particular, there was an

excess of index cases in Occupation Unit Groups 24 (Administrators

and Managers) and 25 (Professionals, Technical Workers and Artists).

Some 26% of male index cases fell into these groups compared with 16%

of normal male sibs, and 23% of female index cases fell into these

groups compared with 12% of normal female sibs. The difference was

significant both for males (p < 0.01) and for females (£ < 0.001).

Normal sibs of spouses were also less likely to be engaged in non-

manual work and to be in Occupation Unit Groups 24 and 25 than index

cases but none of the differences were statistically significant.

The distribution of social class among index cases showed a

significant (_p < 0.005) overrepresentation of the higher classes

compared with the general population (16).
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Places of birth and residence

Table 4 shows the distribution of concordant and discordant sib

pairs from the 33 sibships that each contained more than one case of

Paget's disease. The two members of each pair were classified as

having been born or having had their main place of residence over

three age ranges in either the same or different postcode areas.

There was no significant tendency for concordant pairs to have been

born or to have lived in the same postcode area and for discordant

pairs to have been born or to have lived in different postcode areas.

A similar analysis was carried out using all sibships of index cases,

comparing those having only a single case of Paget's disease with

the 33 multiple case sibships. Sibships were classified as all

members born or having lived in either a single postcode area or

multiple postcode areas. There was no significant association between

single postcode areas and multiple case sibships, either for place of

birth or for main place of residence in any of the three age ranges.

Year of birth

Among the index cases there appeared to be a fluctuating

distribution of years of birth with a periodicity of around 3 years

(Fig. la), reminiscent of the cyclic changes in prevalence known to

occur for various infectious diseases. Such fluctuations could be

the result of cyclic changes of birth rate or differences in

longevity associated with different years of birth, independent of

Paget's disease. Accordingly, the number of index cases known to

have been born in England and Wales in each year was expressed as a
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proportion of all persons with the same year of birth in the total

population of England and Wales at 31st December 1980. The total

population figures used were unpublished estimates provided by the

Population Estimates Unit of the Office of Population Censuses and

Surveys. Figure lb shows that after this adjustment the fluctuations

in relative frequency of different birth years remain. However,

using standard statistical tests no significant cyclic variation for

any given periodicity was found in the relative frequency of Paget's

disease cases for different years of birth.

DISCUSSION

Genetics

Previous investigations into the genetics of Paget's disease

have been of two types: pedigree studies, those concerned with the

pattern of distribution of the disease in selected families; and

studies of prevalence among relatives of unselected samples of index

cases. The pedigree data (17-20) appear to be consistent with

dominant inheritance and reduced penetrance. The results of the

present study are compatible with this, there being no detectable
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difference between 'dominant* and 'recessive' cases. However,

there are two main difficulties of interpretation. First there

is the variable but generally rather late onset of the disease, and

second the lack of uniformity of diagnostic criteria, in particular

the absence of symptoms in a large proportion of those who, on

radiological evidence, would be regarded as having the disease.

Conventional segregation analysis is therefore not appropriate and

it seems necessary, at least initially, to resort to simple

quantitative expressions of the familial nature of the disease.

Table 5 illustrates the wide range in the proportion of cases

reported to have had a positive family history. This variation may

simply reflect differences in the level of diagnosis.

In the present study the tenfold higher prevalence of Paget's

disease among parents and sibs of index cases (3.93%) compared with

parents and sibs of spouses (0.36%) both illustrates the familial

nature of the disease and gives some indication of the overall level

of detection. The prevalence of radiological evidence of the

disease at age 55 years and above is around 5 per cent in the

United Kingdom (1) so, if parents and sibs of spouses are regarded

as representative of the general population, only 7 per cent of those

with radiological signs have been detected by the questionnaire.

This is in good agreement with the usually quoted figure of 5 per cent

for the proportion of affected individuals who have symptoms (27).

The female predominance observed, which occurred both among

index cases and among parents and sibs of index cases, appears to

conflict with the generally reported male predominance. This finding

could perhaps be explained by the more frequent GP consultations of

females (28), leading to a higher probability of detection of mild or
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asymptomatic cases and therefore a higher degree of self awareness

for the disease among females.

The difference between isolated and familial cases for mean age

of onset (Table 2) is consistent with different levels of genetic

contribution to the two types of case but could also be explained by

the likelihood of earlier diagnosis in families already known to

contain an affected individual. Likewise, the similarity of age of

onset within families (Table 3) could be caused either by common genes

or by common environmental influences. However, the greater within

sibship variance of year of onset compared with age of onset (Table 3)

suggests that onset is influenced more by the length of time that has

elapsed since birth than by any environmental factor of short duration

affecting members of the same sibship together. This is in keeping

with a genetic influence on age of onset, but does not exclude an

origin for the disease through the effect of a common and widespread

environmental agent acting at or around the time of birth, or of long

term environmental effects.

It is possible to estimate the heritability of 'self knowledge of

Paget's disease' using the method of Falconer (29), assuming that

'self knowledge' constitutes the more severe extreme of the distribution

of those with radiological signs. Barker et al (1) have given the

overall British prevalence of radiological signs in those aged 55 years

and above as 6.2% for men and 3.9% for women. Assuming that only 5%

of those with radiological signs are aware that they have the disease,

the population prevalence of 'self knowledge' is then 0.31% for males

and 0.20% for females. Using the figures for prevalence among parents

and sibs who survived to at least 55 years (Table 1), the heritabilities

calculated for 'self knowledge of Paget's disease' are 21±17% for males
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and 77±6% for females. The relatively low estimate and high standard

error for males are due to the fact that so few male index cases had

affected male relatives.

Other factors

The reporting of a fall or a road accident within the year prior

to onset is more plausibly explained in terms of detection of existing

disease following radiography for injury, particularly because of the

predisposition to fracture, rather than in terms of a traumatic

origin for Paget' s disease. Deafness and arthropathy are known

complications of Paget's disease, so the reporting of these disabilities

as the most troublesome other chronic illness more often among index

cases was to be expected and provides no new information on the

aetiology of Paget's disease.

The excess of index cases in Occupation Unit Groups 24 and 25,

compared with normal sibs, is difficult to interpret, but appears

unlikely to reflect an occupational component in the pathogenesis of

the disease. If anything, it might be expected that those involved

in manual rather than non-manual work would be more likely to know of

any Paget's disease present since physical stress is thought to

encourage development of the disease (30). On the other hand, it is

possible that some of the deficiency of cases involved in manual work

could have been caused by the more severely affected changing to more

sedentary jobs after the onset of disability. The overrepresentation

of the higher social classes can be plausibly explained by better

access to medical services (31) and therefore greater likelihood of

diagnosis in the higher social classes, and by greater readiness of

those in the higher social classes to become members of the National
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Association for the Relief of Paget's Disease and to complete the

questionnaire (32). The present data thus provide no convincing

evidence that either occupation or social class contributes to the

aetiology of Paget's disease.

Geographical location has been shown to have a marked influence

on the prevalence of Paget's disease at the population level (1,5,6).

However, it was not possible to demonstrate an association between

geographical location and Paget's disease either within sibships (Table

4) or between sibships in the present sample. Any contribution to

resemblance between relatives made by a common geographical location

is therefore likely to be small, although, because of the large size

of certain postcode areas, very localised clustering of concordant

sibs could have occurred undetected.

Failure to demonstrate statistically significant cyclic variation

in the distribution of years of birth for index cases could perhaps

have been due to the small number of cases born in any particular year

and to the fact that the 3-year periodicity was not present over all

years studied. If future investigations are able to confirm the

existence of cyclic variation in relative frequency of different years

of birth for Paget's disease patients, this would be very suggestive

of an infectious aetiology, with infection occurring at or around

the time of birth. It is relevant to note that the majority of cases

of serious infection by RSV are found in infants less than 12 months

old, with the peak incidence at 1-2 months. This is in marked

contrast to measles, against which a degree of protection during

the first year of life is afforded by maternal antibody and where the

age at infection is much more variable (33). A more pronounced year

of birth effect would therefore be expected from RSV than from measles.
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CONCLUSIONS

The familial nature of Paget's disease of bone has been confirmed.

The aetiology of the disease is likely to be independent of other

illnesses, occupation and social class. Similarity between relatives

with respect to presence or absence of the disease is more readily

explained by common genes than by common environment. Variation in

age of onset of the disease may also have a genetic basis. The

findings of the present study are consistent with the hypothesis that

Paget's disease results from infection by a common and widespread

virus, possibly at or around the time of birth, superimposed on

genetic variation for susceptibility and perhaps severity of the

disease. Further investigations of the possible year of birth effect

might provide epidemiological support for the viral hypothesis.
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Table1.Numbersofdifferenttypesofrelativewhosurvivedtoatleast55yearsofageandthe numbersandpercentagesaffectedbyPaget'sdisease.Numbersofindexcasesinbrackets. Male

Index

(152)

Female
Index

(255)

Both

Sexes(407)

Affected

Affected

Affected

Typeofrelative
Total

No.

%

Total

No.

%

Total

No.

%

Fathers

113

1

0.88

172

11

6.40

285

12

4.21

Mothers

119

8

6.72

183

7

3.83

302

15

4.97

Brothers

148

1

0.68

257

7

2.72

405

8

1.98

Sisters

166

6

3.61

292

16

5.48

458

22

4.80

Sons

4

0

0.0

20

0

0.0

24

0

0.0

Daughters

12

0

0.0

23

0

0.0

35

0

0.0

MaleSpouses

-

-

-

146

0

0.0

146

0

0.0

FemaleSpouses

110

0

0.0

-

-

-

110

0

0.0

Spouses'fathers

81

0

0.0

99

0

0.0

180

0

0.0

Spouses'mothers

94

2

2.13

103

0

0.0

197

2

1.02

Spouses'brothers
95

0

0.0

124

1

0.81

219

1

0.46

Spouses'sisters
107

0

0.0

120

0

0.0

227

0

0.0
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Table 2. Mean age of onset for isolated and familial cases

Mean age of
Number onset (years) s.e. Diff. t p

Isolated 327 56.98 0.72

> 3.49 2.24 0.02

Familial 95 53.49 1.38
^



259

Table 3. Analysis of variance for age of onset, and comparison of

within sibship variances for year of onset and age of onset.

Mean

s.s. d.f. square

Age of onset between families 11486 35 328.17

Age of onset within families 3720 40 93.12

> 3.52 <0.005

Year of onset within sibships 4759 29 164.29

Age of onset within sibships 2162 29 74.63

> 2.20 <0.025
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Table 4. The distribution of sib pairs concordant and discordant

for Paget's disease from 33 sibships by postcode area of birth and

main postcode area of residence over three age ranges.

Birth 0-20 yrs 21-40 yrs > 40 yrs

Postcode area Same Diff. Same Diff. Same Diff. Same Diff,

Concordant pairs 30 9 35 4 18 21 18 21

Discordant pairs 159 33 157 31 94 72 70 84

X2 0.41 0.54 1.01 0.01

p u • s • n • s • n • s • n • s •
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Table 5. The numbers and proportions of cases of Paget's disease

reported to have had a positive family history.

Source Year Number Per cent

Gutman and Kasabach (21) 1936 4/115 3.5

Locke (22) 1943 10/48 20.8

Dickson et al (23) 1945 16/367 4.4

Rosenkranz et al (24) 1952 7/111 6.3

Galbraith (25) 1954 4/52 7.7

Galbraith et al (26) 1977 3/285 1.1

Present study 56/407 13.8
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Figure 1. (a) Distribution of the 386 index cases born from 1888

to 1924, by year of birth. (b) The number of index cases born in

England and Wales in each year from 1888 to 1924 (total 347) as a

proportion of all persons with the same year of birth in the total

population of England and Wales at 31st December 1980.
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The teeth and other oral tissues frequently show manifestations

of more generalised disease, so that oral signs may be valuable in

the diagnosis of certain systemic conditions, including inherited

disorders. One such disorder is the X-linked form of hypohidrotic

ectodermal dysplasia, carriers of which usually show only mild

signs that often appear to be restricted to minimal hypodontia.

However, some carriers can be identified from among female

hypodontia cases in general by means of an abnormally low sweat

pore count, so that the potential exists for a reasonably practical

method of screening for carriers at the population level.
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Hypothesis

Journal of Medical Genetics, 1981, 18, 459-460

A dental approach to carrier
screening in X linked hypohidrotic
ectodermal dysplasia
summary The frequency of carriers of X
linked hypohidrotic ectodermal dysplasia among
females with hypodontia of the permanent
dentition (excluding third molars) could be as
high as 1 in 500, and among females with
deciduous hypodontia could be as high as 1 in
50. Since it may be possible to identify carriers
from among female hypodontia cases in general
by virtue of a reduced sweat pore count, the
potential exists for a reasonably practical method
of screening for carriers at the population level.

The X linked form of hypohidrotic (anhidrotic)
ectodermal dysplasia (XHED) is a severe disorder
characterised by hypodontia, hypotrichosis, and
hypohidrosis, in which affected males can succumb
to brain damage and even death through hyper¬
thermia. Expression in heterozygous females is
variable but generally mild and the majority of
carriers are likely to escape detection unless rigorous
clinical criteria are employed by experienced ob¬
servers. The counting of sweat pores has been used as
a means of identifying carriers within families,1-4 but
is not a practical proposition on a much larger scale.
On the other hand, the majority of schoolchildren
undergo regular dental examinations and hypo¬
dontia, a lower than normal number of teeth caused
by failure of development, is a simple objective
criterion that could perhaps be of value in preliminary
screening for carriers at the population level. The
purpose of this short paper is simply to draw atten¬
tion to the probable frequency of carriers of XHED
among females with hypodontia.
Assuming equilibrium, normal fitness of carriers,

Received for publication 21 January 1981

and a mutation rate common to both sexes, the
population incidence of carriers, c, can be estimated
from the equation c/m = (4 + 2f)/3, where m and f
are the incidence and fitness of affected males.3
Substituting f = 06 and a range for m of 1 in
100 000 to 1 in 10 000,6 7 the population incidence of
XHED carriers can be calculated as 1 -73 to 17-3 per
100 000 females. Average figures for the prevalence
of hypodontia among females from the general
population are 6-0% for the permanent dentition
(excluding third molars) but only 0-5% for the
deciduous dentition,8 that is, 6000 and 500 per
100 000, respectively. The prevalence of hypodontia
among carriers of XHED, estimated from published
reports of families, is 75% for the permanent
dentition (excluding third molars) and 60% for the
deciduous dentition.9 Given the calculated incidence
of XHED carriers, this provides ranges of 1-3 to
13-0 and 1-04 to 10-4 per 100 000 females for the
population frequency of carriers with hypodontia of
the permanent and deciduous dentitions, respectively.
The table shows that using these figures the frequency
of carriers among females with hypodontia of the
permanent dentition is in the range 2-17 X 10-4 to
2-17 x 10-3, or approximately 1 in 5000 to 1 in 500,
and the frequency of carriers among females with
hypodontia of the deciduous dentition is in the range
2 08 x 10-3 to 2 08 x 10-2, or approximately 1 in
500 to 1 in 50. In a recent study,9 sweat pore counts
were markedly reduced in all of six XHED carriers
but in none of eight control female hypodontia cases,
the level of hypodontia in the permanent dentition
(excluding third molars) ranging from one to seven
missing teeth for the carriers and one to eight missing
teeth for the otherwise apparently normal females.
Sweat pore counts can therefore be used to dis¬
tinguish between carriers of XHED with hypo¬
dontia and females whose teeth have failed to

develop for other reasons.
Preliminary screening for hypodontia therefore

brings population screening for carriers by sweat

table The frequency of carriers of XHED among female hypodontia cases

Population frequency per 100 000 females Carrier frequency among
female hypodontia cases

Carriers Carriers with
hypoclontia

Total hypodontia

Permanent dentition
(excluding 3rd molars)

Deciduous dentition

A

}■ 1-73-17-3
f 1-30-13-0

\ 1-04-10-4

6000

500

2-17 x 10-4 - 2-17 X

2-08 x 10-3 2-08 X

10-3

10-2

459
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pore counting down to a reasonably practical level.
However, the efficiency of such a screening method
would depend not only on the proportion of carriers
who have missing teeth, but also on the regularity
with which carrier sweat pore counts fall below the
normal range. The reported frequency of abnormally
low sweat pore counts in small samples of carriers
ranges from 20 to 25%210 to 80 to 100%.1349
Furthermore, a reliable diagnosis of carrier status
depends on the lack, or relative rarity, of alternative
causes of hypohidrosis that could occur in con¬
junction with hypodontia, either as part of the same
syndrome or simply by chance. Perhaps the most
important possible drawback of the proposed
screening method concerns the autosomal recessive
form of hypohidrotic ectodermal dysplasia, since
carriers of this disorder have a negligible chance of
producing affected offspring. However, the available
evidence suggests that carriers of the recessive form
have normal dentitions, and normal sweat pore
counts.1011A summary of the clinical features
(including sweat gland number and dental abnor¬
malities) of several ectodermal dysplasia syn¬
dromes12 indicates that none of these conditions, nor
other disorders characterised by hypohidrosis,13 is
likely to jeopardise the potential of the proposed
screening method.
Larger scale investigations than those already

undertaken are required before the practicability and
reliability of any such screening programme could be
assessed, but it seems likely that a substantial
proportion of carriers of XHED could be identified
by sweat pore counting from among cases of
hypodontia found at routine dental examinations.

The author is grateful to Professor A E H Emery for
pointing out the problems involved in detecting
carriers of XHED.
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Hypodontia and Sweat Pore Counts in
Detecting Carriers of X-linked
Hypohidrotic Ectodermal Dysplasia
Sni. dent J.. 1981. 151.

The X-linked form of hypohidrotic ectodermal dysplasia
is a severe inherited disorder in which affected males can

succumb to brain damage and even death due to hyper¬
thermia. For each son of a carrier of this disorder there is
a 50 per cent chance of being affected, yet carriers
themselves usually show only mild manifestations that
frequently appear to be restricted to only minimal
hypodontia. The present study indicates that at least some
carriers can be identified from among hypodontia cases in
general by virtue of a reduced sweat pore count. The
frequency of carriers among females with hypodontia of
the permanent dentition (excluding third molars) could be
as high as 1 in 500, and among females with deciduous
hypodontia couid be as high as 1 in 50. The potential
therefore exists for identifying women with a high risk of
having a severely affected child from among patients with
what is usually regarded as a rather unremarkable dental
anomaly.

males affected by the X-linked form of" hypohidrotic
ectodermal dysplasia show the triad of hypodontia,
hypotrichosis and hvpohidrosis with a characteristic
physiognomy. The skull tends to resemble an inverted
triangle when viewed from in front, with frontai bossing
and a depressed nasal bridge. The skin is soft, thin and dry,
and the hair fine and usually blond. Eyelashes, and
especially eyebrows, are often missing. The few teeth that
may be present are sometimes retarded in eruption and
frequently of a rudimentary conical shape. Other features
include a susceptibility to asthma and eczema (Gorlin et
al.. 1976).
The most dangerous aspect of the condition is the aimost

total failure of sweat gland development with the
consequent inability to perspire. The result is that only
mild exertion or infection can produce hyperthermia
sufficient to cause permanent brain damage and even
death. Nevertheless, the diagnosis of hypohidrotic
ectodermal dysplasia is frequently overlooked in young
children presenting with unexplained episodes of fever
since, in infants, sparse hair is common and absence of
teeth normal. Furthermore, the characteristic fades of the
disorder is not fully developed until the second decade of
life.

The Pattern of Inheritance
In families with X-linked hypohidrotic ectodermal
dysplasia (XHED) it is not uncommon to find that early

University of Edinburgh, Department of Oral Medicine and Oral
Pathology, Old Surgeons Hail. High School Yards. Edinburgh EH I
ISR. and University Department ofHuman Genetics. Western General
Hospital, Edinburgh EH4 2XU.

J. A. SOFAER', PhD. BDS

infant mortality has occurred among the male offspring,
presumably because of hyperpyrexia associated with
uncontrolled infection. These tragedies could be preven¬
ted, or at least reduced in number by identifying women at
risk of having affected sons and giving appropriate genetic
counselling.
The pattern of inheritance shown by XHED is typical of

the majority of X-linked disorders. Males are most

severely affected because when they have the abnormal
allele (form of the gene) on their single X-chromosome
there is no corresponding normal allele to moderate its
effects. Females with the abnormal allele are nearly always
heterozygous; that is, they have the abnormal allele on one
member of their pair of X-chromosomes and the corres¬

ponding normal allele on the other. This is simply because
the abnormal allele is rare ana therefore uniikely to occur
on both X-chromosomes in the same individual.

Heterozygous females are known as 'carriers' of the
disorder and show a generally rather mild, somewhat
variable, degree of manifestation. The disorder is passed
from a father, through his daughters, all of whdm are
carriers, to an average of half the sons of these carriers.
Half the daughters of a carrier, on average, are also
carriers. A consequence of this is that frequently the
maternal uncles of an affected male are also affected. The
condition is never passed directly from father to son.

Occasionally affected males occur sporadically, without
any known affected relatives. In these situations new-
mutations may have been responsible.
For each son of a carrier of XHED there is thus a 50 per

cent chance of being affected, yet in these carriers
manifestation of the disorder may be restricted, at least on
superficial examination, to minimal hypodontia ana/or
peg shaped teeth. Carriers might therefore pass unnoticed
among the body of hypodontia cases at large and
consequently remain unaware of this genetic risk. The
study reported here was therefore undertaken to establish
whether it might be possible, by means of making sweat
pore counts, to identify carriers of XHED from among
female hypodontia cases.

The Prevalence of Hypodontia
The prevalence of hypodontia in the general population
has been the subject of a number of studies summarised
and supplemented by Brook (1974). The combined results
of Brook's summary and original data show that
hypodontia in the deciduous dentition is relatively rare,
the frequency of affected individuals being in the region of
0-1 to 0 • 9 per cent among a total of approximately 20,000
children, with no evidence of a difference between the
sexes. In the permanent dentition, however, hypodontia
(excluding agenesis of the third molars) is much more
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common, the proportion of those affected being in the
range 3-5 to 6-5 per cent among a total of approximately
31,000 individuals. These studies also showed hypodontia
in the permanent dentition to be consistently more
frequent among females than males in the ratio of
approximately 1-5:1. Based on these figures, the frequen¬
cies of individuals with hypodontia of the permanent
dentition (excluding third molars) can therefore be taken
as around 6 per cent for females and 4 per cent for males.
The prevalence of hypodontia in the permanent den¬

tition of carriers of XHED can be estimated by combining
data from reports of families in the literature. There are
numerous such reports compatible with X-linked in¬
heritance, with frequent mention of hypodontia and
occasional mention of peg-shaped teeth among female
relatives of affected males. However, reliable dental
information on females for whom there is acceptable
genetic (rather than clinical) evidence of their carrier status
is limited. Table I lists a number of studies in which the
dental status of carrier females is mentioned. The criterion
for including a female in Table I was either having an

Table I.—The Prevalence of Hypodontia of the Permanent
Dentition, excluding Third Molars, among Carriers of XHED by

Genetic Criteria
Carriers Carriers with

Authors studied hypodor
Glicklich and Rosenthal (1959) 2 -)

Kerr et al. (1966) 4 3
Priest (1967) 2 1
Frias and Smith (1968) 3 0
Emery (1969) 8 6
Reed et al. (1970) 1 1
Verbov (1970) 2 7

Beanrs et al. (1971) 1 1

Crump and Danks (1971) 2 ->

Familusi et al. (1975) I 1
Settineri et ai. (1976) 20 15
Pinheiro and Freire-Maia (1979) 5 4

Present study 2 2
Total 53 (75ro) 40

affected father, or having an affected son and at least one
other affected male relative (usually a brother, a nephew or
another son). Having an affected son alone is not
sufficient evidence of carrier status since this son could be
the recipient of a new mutation. The prevalence of
reported hypodontia of the permanent dentition (exclud¬
ing third molars) among these carriers is 75 per cent,
though it should be noted that the rigour of the dental
diagnosis is likely to have been variable. Some of these
females were reported to have no other signs of the
disorder, while others had only mild signs that either might
not have been detected by the untrained eye or could only
be demonstrated by special tests for sweat gland number or
function.
The prevalence of hypodontia in the deciduous den¬

tition of carriers is less easy to estimate, since either a good
long- term dental history is required or the carriers must be
in a restricted age range w-hen examined. However, 3 of the
5 adult carriers (by genetic criteria) discussed by Pinheiro
and Freire-Maia (1979) were reported to have had missing
deciduous teeth. The level of deciduous hypodontia,
relative to hypodontia of the permanent dentition, could
therefore be much higher among carriers than among
females from the general population.

Sweat Pore Counting
There is evidence to show that the counting of sweat pores

british dental journal

per linear centimetre of epidermal ridge can distinguish
between normal females and carriers of XHED (Frias and
Smith, 196S: Verbov, 1970), although counts in carriers
may not always fall outside the norma! range (Crump and
Danks, 1971). Sweat pores are the openings of the sweat

gland ducts that are found along the crests of epidermal
ridges. These pores can be counted either by direct
inspection, or indirectly by using imprint or impression
techniques. For the direct method the untreated skin of the
subject, usually of the" palms or fingertips, can be
examined under a low-power stereomicroscope. Alter¬
natively, the pores can be made more distinct by painting
the skin with a 5 per cent solution of o-phthalaidehyde in
xylene, shortly after which darkly stained puncta appear at
the sweat gland orifices due to a reaction with ammonia.
However, the dark pigment is retained in the skin for 2 or
3 days until the surface layers are shed (Juhlin and Shelley,
1967). Indirect methods, which have the advantage of
providing a permanent record, have involved making
cellulose acetate imprints or rubber base impressions of
the skin, followed by pore counting under a low power
stereomicroscope or from standardised photomicrograph
enlargements. Acetate imprints can be made by painting a
thin film of 2 per cent cellulose acetate and 0-35 per cent

crystal violet in acetone onto the skin. When this is dry,
two further layers of 2 per cent cellulose acetate alone are

applied, and when these are dry the whole film is stripped
off with cellulose adhesive tape and mounted, imprint side
uppermost, on a microscope slide (Crump and Danks.
1971). For rubber base impressions (Verbov. 1970) the
materials normally available in dental practice can be used.
Figure 1a shows the appearance of a fingertip im¬

pression from a 9-vear-old child. The impressions of the
sweat pores can be seen easily along the crests of clearly
defined epidermal ridges. Figure 1b shows a fingertip

old child and b, an affected 9-year-old boy.
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impression from a 9-vear-old boy with XHED. The ridges
are relatively flat, making them less distinct, and in
addition there are deeper criss-crossing furrows in the
skin. There are no signs of any sweat pores. It is therefore
not difficult to distinguish between this affected male and
a normal individual.

Method
In order to investigate the possibility of using sweat pore
counts to identify carriers of XHED from among female
hypodontia cases, counts were made on fingertip im¬
pressions from 44 normal females ranging in age from 4 to
72 years. 2 known carriers, both daughters of the same
affected male, and 4 probable carriers, all relatives of a
second affected male from another family. These probable
carriers were classified as such on the basis of their

hypodontia or rather sparse hair. In addition, counts were
made on 8 female hypodontia cases who were not
suspected of being carriers of the disorder. The level of
hypodontia in the permanent dentition (excluding third
molars) ranged from 1 to 7 missing teeth for the carriers
and 1 to 8 for the otherwise apparently normal hypodontia
cases.

For each subject, impressions of the tips of the thumb
and all 4 fingers of each hand were taken using Kerr's
Permlastic Lightbodied Rubber Base. Mixed material was
placed on the tip of each finger, and the subject asked to
rest the fingertips gently on a sheet of paper until the
material was set. When the fingers had been removed, the
impressions remained attached to the paper without the
need for adhesive. The impressions were examined and
sweat pores counted under a stereomicroscope with a
calibrated eyepiece graticule at a magnification of x 10.
For each fingertip, 4 counts, each over 0- 5 cm of ridge,

were used to arrive at a representative count per centi¬
metre. For each individual, the mean count with its
standard error over all 10 figures was then plotted against
age, as shown in figure 2. The results for normal subjects
are consistent with those of Frias and Smith (1968) and
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distinguish between female hypodontia cases who are. and
those who are not, carriers of XHED.

Discussion
The Frequency of Carriers among
Female Hypodontia Cases
It is difficult to estimate with accuracy the prevalence of
the disorder in any given population unless effective
screening procedures are adopted. In one survey where
screening for XHED was carried out the frequency of
affected males was found to be approximately 1 in 100.000
live male births (Stevenson and Kerr, 1967), but it is
possible that in other populations the frequency of
affected males could be as high as 1 in 10,000 (Carter,
197"). According to population genetic theory, and based
on a relative reproductive fitness of 0-6 (60 per cent of
normal) for XHED males (Stevenson and Kerr, 1967), the
frequency of carriers should be approximately 1 -73 times
the frequency of affected males born into the population
(Emery, 1976).

Frequencies of affected males in the range 1 in 100,000
to 1 in 10,000 therefore give corresponding carrier
frequencies of approximately 1 in 60,000 to 1 in 6.000.
Based on these carrier frequencies, and taking a figure for
non-third-molar hypodontia of 6 per cent for females in
general (Brook, 1974) and 75 percent for carriers (Table I),
the frequency of carriers among females with hypodontia
of the permanent dentition (excluding third molars) is in
the range of approximately 1 in 5,000 to 1 in 500. Because
the relative prevalence of deciduous to permanent
hypodontia is likely to be much higher among carriers than
among females in general, the frequency of carriers is
likely to be much higher among females with deciduous as

opposed to permanent hypodontia. For example, taking
the prevalence of deciduous hypodontia among females in
general as 0-5 per cent (Brook, 1974) and among carriers
as 60 per cent (3 out of 5 carriers by genetic criteria from
Pinheiro and Freire-Maia. 1979), the frequency of carriers
among females with hvpodontia of the deciduous den¬
tition is in the range of approximately 1 in 500 to 1 in 50.
It should, however, be borne in mind that the ability to

identify carriers of XHED by the approach suggested here
depends not only on their missing teeth but also on the
regularity with which their sweat pore counts fall below the
normal range. Furthermore, the diagnosis of carrier status
using this approach depends on the lack, or relative rarity,
of alternative causes of hvpohidrosis that could occur in
conjunction with hypodontia, either as part of the same

syndrome or simply by chance.

Fig. Z.—Mean sweat pore counts ( r one standard error) for normai
females (small closed circles>, known and probable carriers (large closed
circles) and otherwise apparently normal female hypodontia cases (open
circles).

Crump and Danks (1971), showing a reduction from
around 30 pores/cm at 4 years of age to around 22 pores/
cm at ages over 70. Both known carriers and ail 4 probable
carriers snowed an abnormally low number of sweat
pores, and all 8 presumed otherwise normal hypodontia
cases had counts in the normai range. On the basis of these
results, it therefore appears to be quite possible to

Other Causes of Hypohidrosis
A relatively rare autosomal recessiv e form of hypohidrotic
ectodermal dysplasia is known to exist (McKusick, 1978).
For carriers of this form of the disorder there is a negligible
risk of having an affected child, because affected children
are almost invariably born into families in which both
parents are carriers, and the likelihood of this kind of
family occurring is very small. It is therefore important to
be able to distinguish between carriers of the X-linked and
autosomal recessive forms. Carriers of autosomal
recessive disorders, if they are affected at all, usually show
even milder signs than carriers of X-linked conditions. The
available evidence suggests that this is the case for
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hypohidrotic ectodermal dysplasia, since the parents ot' a
family with the recessive form, who were presumably both
carriers, had normal dentitions (Bartlett et at., 1972). The
parents of another recessive family had both normal
dentitions and sweat pore counts (Crump and Danks,
1971).
Recessively inherited anhidrosis due to failure of sweat

gland development has been reported as an isolated
character in one family (Mahloudji and Livingston, 1967).
Recessive anhidrosis also occurs in conjunction with
congenital sensory neuropathy, but in this disorder the
anhidrosis is primarily or exclusively neurogenic in origin
since normal sweat giands have been demonstrated
(McKusick, 1978). There appears to be no information on
sweat pore counts in the carriers of these disorders, but
both are evidently very rare.
Autosomal dominant conditions in which hypohidrosis

has been found include anhidrotic ectodermal dysplasia
with cleft lip and palate, and the amelo-
onychohypohidrotic syndrome (McKusick, 1978). In the
latter condition it is sweat gland function that is abnormal,
with sweat pore counts for affected individuals in the
normal range. Other signs include hypoplastic or hypocal-
cified enamel and nail dysplasia (Witkop et at., 1975).
Dominantly inherited hypohidrosis with hyperpigmenta-
tion and hyperkeratosis is also a recognised syndrome
(Sparrow et at., 1976). However, in these dominant
conditions the question of mild hypohidrosis alone does
not arise, all individuals with the abnormal gene usually
showing the complete syndrome.
In Fabry disease (diffuse angiokeratoma), an X-linked

disorder, sparse or atrophic sweat glands are found in
conjunction with clusters of dark red keratotic angiectases
of the skin, corneal opacities and defective renal function
(Goriin et at., 1976). Carrier females can frequently be
identified because of corneal involvement (McKusick,
1978). In the amelocerebrohypohidrotic syndrome, for
which either X-linked or autosomal recessive inheritance is

possible on present evidence, hypohidrosis associated with
decreased numbers of sweat glands occurs with severe

seizures, progressive mental retardation and hypoplasia of
the enamel (Witkop and Sauk, 1976).
The relationship between sweat gland number and

function and abnormalities of the dentition and other

ectodermally-derived structures has been summarised for
several ectodermal dysplasia syndromes by Witkop et at.
(1975).

Conclusion
For each son of a carrier of XHED there is a 50 per cent
chance of being affected. Dentai practitioners could have
an important role to play in detecting carriers since 75 per
cent of them show some degree of hypodontia of the
permanent dentition (excluding third molars). Sweat pore
counting is able to identify at least some carriers of XHED
from among females with hypodontia of the permanent
teeth. However, any programme for detecting carriers
based on hypodontia and sweat pore counting is likely to
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produce a much better return if only females with
deciduous hypodontia are included. Larger scale investi¬
gations are required before the practicability and
reliability of any such screening programme could be
assessed, but it is reasonable to say at this stage that the
potential exists for identifying women with a high risk of
having a severely affected child from among patients with
what is usually regarded as a rather unremarkable dental
anomaly.
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Studies of the genes 'tabby' and 'crinkled' in the mouse

(papers 1-3) led to the first two papers in this section. In one,

different alleles of 'tabby' are shown to have different dominance

relationships, and in the other, the non-allelic genes 'tabby' and

'crinkled' are found to have additive effects on tooth size. The

third paper is of completely non-dental interest, being concerned

with the possibility that single genes may be responsible for

unusually high IQ scores, and the fourth arose out of the family

study of Paget's disease (paper 23), being an investigation of

dental extraction history in Paget's disease patients and their

normal spouses.
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'

| 'WO alleles of the sex-linked gene tabby, Ta and Tac, reduce the number of
secondary facial vibrissae in the mouse. Dominance on the phenotypic level

in this system is considerably affe:ted by background modification, so that esti¬
mates of dominance based directly on observations are difficult to interpret. The
present analysis was based on a model which allowed transformation of the dis¬
continuous observations to a postulated continuous scale of amount of gene
product. With this accomplished, the dominance relationships of the alleles were
investigated at a more fundamental level, relatively independent of genetic
background.

MATERIALS AND METHODS

The original tabby allele (Ta), here called Taf, arose in a strain selected for large size on a
low plane of nutrition (Falconer 1953). Tac arose in a line selected for body weight (Mouse
News Letter 1966), and resembles another tabby allele of independent origin. Ta> (Mouse News
Letter 1963). The effect of Ta1 and Tac on vibrissa number was examined for each allele on its
original stock background, and on the backgrounds produced after a number of crosses to the
inbred strains. JU/Fa and A/Fa. These strains differed in their ability to favor mutant expression
(Sofaer 1969).

For each allele, the material collected was composed of five groups of animals according to
background genotype: the stock background; the background after one cross to JU (V2 IU), and
after two crosses to JU (%, JU), and the background after one cross to A (}/> A), and after two
crosses to A (%, A). The Ta! (3/^ JU) group could not be completed because of poor fertility and
was therefore not examined. All animals were the progeny of heterozygous mothers and tabby
fathers, and all four genotypes of offspring were scored (Ta-f- and TaTa 9 9. and + and Ta
S S ). The number of individuals of each genotype in each background varied between 21 and 26.

Fraser, Nay and Kindred (1959) showed that there was no significant difference between
tabby homozygotes and tabby hemizygotes with respect to vibrissa number. These two genotypes
were therefore pooled so that in each background group for each allele there were three major-
genotype classes of animals: +. Ta-\-, and TaTa plus Ta. Only the mean vibrissa scores of each
of these genotypic classes were available for the analysis.

The secondary facial vibrissae are divided into four groups. On each side of the face there are
1 or 2 supraorbital. 0 or 1 postorbital. and 0, 1, or 2 postoral vibrissae; and beneath the chin there
is a single group of 1, 2, or 3 interramai vibrissae. Animals with scores outside these ranges are

rare, and none occurred in the present study. These four groups appear to be under nearly inde¬
pendent genetic control (Fraser, Nay and Kindrfd 1959; Fraser and Kindred 1962; Sofaer
1969). Any analysis of vibrissa number is then best carried out for each group separately.

THE MODEL

The model on which the analysis was based assumed a continuous scale of gene
Genetics 64: 273-280 February 1970.
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product expressed on the phenotypic level in discrete categories (each phenotypic
category being a particular number of vibrissae in a given vibrissa group). The
values on the gene product scale corresponding to the different phenotypic cate¬
gories were taken to be separated by constant thresholds. Within each back¬
ground. each major-genotype class of animals was assumed to be normally dis¬
tributed on the gene-product scale and. since animals of the same class were
always to some extent inbred, the bulk of the variance within each class was con¬
sidered to be environmental rather than genetic. As only mean vibrissa scores
were available, the variance within all classes was of necessity assumed to be
the same.

For the three bilateral vibrissa groups, the scores on the two sides of one indi¬
vidual. say L; and R;. can be regarded as two independent realizations of the same
vibrissa-producing potential. Thus for these groups, the number of phenotypic
categories was taken as the number of possible phenotypes on a single side (1 or 2
vibrissae at the supraorbital site, 0 or 1 at the postorbital site, and 0, 1 or 2 at the
postoral site). The mean score of a class of N animals was then [2(Li + R;) ]/2Ab
For the interramal group there were three possible phenotypes at this single site
(1, 2 or 3 vibrissae), and the mean of a class of N animals was simply taken as
(2 Xj)//V, where X, was an individual's interramal score. Thus a two-phenotype
category or one-threshold model was used for the supraorbital and postorbital
groups, and a three-phenotype category or two-threshold model was used for
the postoral and interramal groups.
The mean phenotvpa of a class of animals clearly depends on how the distribu¬

tion of the class on the gene product scale is partitioned by the thresholds. Figure
1 illustrates the two-threshold situation. The one-threshold situation can be re-

Figure 1.—The relationship between gene product and phenotypic scales. The two thresholds,
separated by t standard deviations, divide the distribution of a class of individuals on the gene-

product scale into those with minimum, intermediate, and maximum vibrissa scores, in the
proportions p, q. and r. respectively. When t — 0, then <7 = 0, and the distribution is divided by
a single threshold in the proportions p and r. For the purposes of illustration, the supraorbital
(SO.b). postorbital (POrb), postoral (PO), and interramal (IR) phenotypic scales have been
superimposed. This is not meant to imply that they are equivalent.
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garded as a special case with the threshold interval, f, being equal to zero. If the
scores given to each phenotvpic category when there are two thresholds are n.
n+1, n+2, and if p, q, and r are the proportions of a distribution that fall, re¬
spectively, below both thresholds, between the two thresholds, and above both
thresholds, then the mean phenotypic score produced by that distribution is: np +
(re+l)<7 + (n+2)r. If when t = 0 the scores given to each phenotypic category
are n and n+1. and if p and r are the proportions of the distribution that then fall,
below and above, respectively, the single threshold, then the mean phenotypic
score is: np + (n+l)r.
Consider a series of distributions of given variance spread out along the gene-

product scale. The means of these distributions plotted against their correspond¬
ing mean phenotypes produce a sigmoid curve. The shape of this curve depends
on the relationship between the common standard deviation of the distributions
(cr) and the threshold interval (t). Different values of t in relation to o- produce
different curves. When t = 0, and there is only one threshold, the resulting curve
is simply that of the cumulative normal distribution. As t increases, a central
plateau in the curve appears. The size of this plateau is an indication of the range
in which changes on the gene-product scale have little effect on moving the mean

phenotype away from the intermediate value. It is therefore an expression of
canalization at this level. Curves for t = 0, o-, 2<r and 3<r are illustrated in Figure 2.
These curves, used inversely, represent possible transformations of the data

S P
Orb Orb PO IR
2 12 3

GENE PRODUCT

Figure 2.—The relationship between gene product and phenotypic means produced by a series
of normal distributions of given variance spread out along the gene-product scale across two
thresholds separated by t standard deviations. All curves have been adjusted to the same range.
SOrb. POrb. PO and IR refer to supraorbital, postorbital, postoral and interramal vibrissa number.
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from the observed mean vibrissa scores to their corresponding class-distribution
means on the gene-product scale. The choice of an appropriate transformation
allows dominance to be investigated at this more fundamental level.
The appropriate transformation for the one-threshold situation is clearly

represented by the curve of t = 0. The choice of transformation for the two-
threshold situation is based on the postulate that differences between means of
different classes on the gene-product scale are due not only to allele substitution
at the tabby locus but also to differences in genetic background, and that a given
background change moves all class means on the gene-product scale by the same
amount in the same direction. Thus, over a number of backgrounds, the variances
due to background change at each of the three major-genotype levels are assumed
to be equal on the gene-product scale. The transformation which minimizes the
differences between these three backround variances is therefore considered the
most appropriate. For practical purposes, this is represented by the curve which
produces, in the transformed data, a ratio between a combined background vari¬
ance for its extremes (mutant and wild-type homozygote and hemizygote levels),
say Vx, and a background variance for its middle (heterozygote level), say Vm,
which is closest to unity.

RESULT AND DISCUSSION

The observed mean vibrissa scores for each major-genotype class in each back¬
ground are shown in Table 1.
In the supraorbital and postorbital groups there were no animals with less than

the maximum number of vibrissae in all the wild-type classes. The positions of
the distribution means of these classes on the gene-product scale could, therefore,
not be estimated. Dominance calculations for these two groups were consequently
restricted to untransformed data.

TABLE 1

Mean vibrissa scores for the three major-genotype classes (+, Ta+, TaTa and Ta) in different
genetic backgrounds at the supraorbital (SOrb), postorbital (POrb), postoral (PO),

and interramal (IR) sites

SOrb POrb PO IR
Allele and
background + Ta+

TaTa
plus Ta + Ta+

TaTa
plus Ta + Ta+

TaTa
plus Ta + Ta+

TaTa
plus Ta

Taf stock 4.00 3.86 2.12 2.00 1.68 0.00 3.59 2.00 1.82 2.86 2.05 1.21
Taf V2JU 4.00 3.68 2.00 2.00 1.82 0.00 3.59 1.95 0.91 2.95 2.41 1.28

Taf V2A 4.00 3.50 2.24 2.00 1.55 0.00 3.95 2.00 1.45 2.86 1.55 1.05
Taf %.A 4.00 3.45 2.03 2.00 1.27 0.00 3.86 2.00 0.98 2.50 1.14 1.05
Tac stock 4.00 3.81 2.10 2.00 2.00 0.05 3.95 2.67 1.65 2.41 2.33 1.26
7V y2ju 4.00 4.00 2.04 2.00 1.96 0.00 3.32 2.00 0.52 2.91 2.74 1.37

Tac y4JU 4.00 3.77 2.03 2.00 1.36 0.00 2.86 1.86 0.14 2.68 2.27 1.03

Ta' y2A 4.00 3.95 2.34 2.00 1.77 0.00 3.91 2.18 1.45 2.77 1.77 1.03
Ta< y4A 4.00 3.59 2.27 2.00 1.73 0.03 3.95 2.09 1.41 2.55 1.64 1.03

Each row contains data collected for either Ta1 or Tac in one background group. Each figure
represents the mean score at one site in one class of animals. Figures in the bilateral groups are
the means of individuals, not sides.
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The postoral and interramal observations were transformed for several differ¬
ent values of t, and estimates of Vx and Vm were made on each transformed scale.
The two background variances were estimated by first calculating the squared
deviations of the mean vibrissa scores of each genotypic class for each allele, from
its own within-genotype within-allele mean. The deviations of the wild-type and
tabby homozygote or tabby hemizygote classes were then averaged to arrive at
an estimate of Vx, and the deviations of the heterozygote classes were averaged
to arrive at an estimate of Vm.
In the postoral group, the two variances were equal with a t value between 2a

and 3a. The value of t — 2.3a, with Vx/Vm = 0.94. was taken to be representative
of this. At t — 2a, Vx/Vm = 2.06; and at t = 3a, Vx/Vm = 0.49. The transforma¬
tions included in this range are enclosed in the area between the t — 1o and t — 3a
curves in Figure 2.
In the interramal group, the two variances were most nearly equal when

t = 0, with Vx/Vra = 0.53. This clearly could not have been the true value of t
as some mice did have 2 interramal vibrissae. However, transformation is rather
insensitive to changes in t in the range t — 0 to t = a. This is illustrated in
Figure 2 by the similarity of the t = 0 and t = a curves. A small threshold
interval would therefore be just as compatible with this result as none at all. At
t = cr. Vx/Vm was only reduced to 0.34.
The degree of dominance is defined as d/a where 2a is the difference between

wild-type and mutant homozygote (or hemizygote) values, and where d is the
amount by which the heterozygote exceeds H, the mid-homozygote point. Thus
if d — 0, then d/a — 0, and there is no dominance; if d = +a, then d/a = +1.
and the wild-type allele is completely dominant over the mutant allele; and if
d = —a, then d/a — — 1, and the mutant allele is completely dominant over the
wild-type allele.
The degree of dominance on the gene-product scale was calculated for each

allele in each genetic background following transformation with t = 2a. 2.5a, and
3a, for the postoral group; and transformation with t — 0 and t = a for the inter¬
ramal group. The results, together with those of similar calculations in the un-
transformed data of all four groups, are illustrated in Figure 3. Each point in
Figure 3 represents the degree of dominance calculated from the means of the
three major-genotype classes for one allele in one background group.
The tendency at the phenotypic level was for a greater degree of dominance

over wild-type to be associated with Ta' than with Tac, but there was considerable
overlap between the alleles in all vibrissa groups. Transformation of the postoral
and interramal data had a marked effect on this overlap. All transformations in
the ranges t — 2a to t = 3a for the postoral group, and t = 0 to t = a for the
interramal group, reduced overlap. The transformations estimated to be the most
appropriate on the basis of equality of background variance (t = 2.5a for the
postoral group, and t = 0 for the interramal group) produced complete and maxi¬
mal separation between alleles, and resulted in minimal variance of degree of
dominance within alleles. 7.:r clarity of these results suggests that the assump¬
tions involved in the model v. : re not unreasonable.
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DEGREE OF DOMINANCE

Figure 3.—The degree of dominance on the phenotypic scale (P) for the supraorbital (SOrb),
postorbital (POrb), postoral (PO). and interramal (IR) vibrissa groups; and the degree of domi¬
nance on transformed scales for different values of t in the postoral and interramal groups. Each
point represents the degree of dominance associated with one allele in one background genotype
group. Closed circle = Ta'; open circle = To1'.

The nature of the dominance calculation is such that inequality of background
variance at the three major-genotype levels imposes an association between d/a
and the general level of expression in any one background, which can be repre¬
sented by H. the mid-homozygote point. If the extreme genotypes vary more than
the heterozygote, d/a will be negatively correlated with H. This was the case
with the postoral vibrissa scores, where the correlation between d/a and H was
r = —.80. Conversely, if the extreme genotypes vary less than the heterozygote.
d/a will be positively correlated with H. This was the case with the interramal
scores, where the correlation of d/a with H was r = +.42. An indication of the
efficiency of the most appropriate transformations is that, in the transformed data,
the correlation of d/a with H demonstrated no significant association between
dominance and general level of expression (r = —.14 and r = +.15 in the postoral
and interramal groups, respectively).
These transformations increased the correlation between degree of dominance

in the postoral and interramal groups from r = .59 (untransformed) to r = .73
(transformed). This increase with transformation is good evidence for a real
dominance association between these two groups. The correlation between degree
of dominance in the untransformed supraorbital and postorbital data was also
r = .59. but, as no transformation could be made, it is possible that r = .59
represents an association between the general levels of expression in the two
groups. However, as evidence that it represents a dominance association, at least
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TABLE 2

Values of d/a on transformed scales for Taf and Tac, and D, the absolute value of the
difference between them in different backgrounds, for the postoral (PO)

and interramal (IR) vibrissa groups

% JU Vi JU Stock Vi A 3A A

Taf —.29 —.43 —.40 —.22
PO

Tac —.06 +.04 +.20 .00 —.15
(t= 2.5a)

D 0.33 0.68 0.40 0.07

Taf +.06 —.03 —.20 —.62
IR

Tac +.60 +.56 +.87 +.12 +.18
(t = 0)

D 0.50 0.90 0.32 0.80

to some extent, the correlations of d/a values of each of these two groups with
d/a on the transformed scale of the postoral and interramal groups (shown above
to be independent of general level of expression) were all around r = .50. Thus,
common fluctuations in the degree of dominance, for whatever reason, appear
to be expressed in all four vibrissa groups.
Finally, it should be mentioned that this demonstration of a dominance differ¬

ence does not necessarily imply an intrinsic difference between the alleles. There
is evidence that gene activity on the X chromosome is controlled from an "inacti-
vation center," and that different X chromosomesmay have different inactivation
properties (Russell 1964; Cattanach and Isaacson 1967). Moreover, the in¬
activation center appears to be in the neighborhood of the tabby locus (Russell
and Montgomery 1965). Thus, an apparent difference between alleles could be
accounted for by a difference between closely linked controlling factors derived
from the two mutant stocks. Evidence for the existence of controlling factors is
provided by the fact that the difference between the alleles appeared to be reduced
by crossing. Table 2 shows d/a values for Ta' and Ta''. and the absolute value of
the difference between them (D), for the different levels of inbred backgrounds
on the best transformed scales of the postoral and interramal vibrissa groups. The
tendency was for D to decrease as the background was made more common to
both alleles.

The authors are grateful to Professor D. S. Falconer for suggesting the possible existence of
a dominance difference between the alleles, and to Professor Falconer, the staff of the Human
Genetics Branch, NIDR. and one of the two reviewers of the manuscript for helpful criticism.
The material was collected by the first author at the Institute of Animal Genetics, Edinburgh.
Scotland.

summary

In all the secondary facial groups of vibrissae there was a suggestion of a differ¬
ence in dominance between Taf and Tac on a number of genetic backgrounds at
the phenotypic level. Common fluctuations in dominance appeared to be reflected
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in all vibrissa groups. Observed postoral and interramal vibrissa scores were each
transformed to a postulated continuous scale of amount of gene product, and in
each case the transformation judged to be the most appropriate on the basis of
other criteria resulted in complete separation of the alleles with respect to degree
of dominance, minimal variance of degree of dominance within alleles, and a high
positive correlation between degrees of dominance in these two vibrissa groups.
There is therefore little doubt that there was a real dominance difference associ¬
ated with the alleles at a fundamental level. However, at least some of this differ¬
ence appeared to be attributable to a difference between controlling factors
derived from the two original mutant stocks.
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SUMMARY

The semi-dominant A-linked gene tabby (Ta) in the mouse and its
recessive autosomal mimic crinkled (cr) produce the same mutant
syndrome involving abnormalities of the hair, teeth and certain exocrine
glands. Previous work has provided some indication of interaction between
these loci in terms of vibrissa number. The results of the present study
demonstrate that, for tooth size, mice doubly heterozygous for tabby
and crinkled show a more extreme phenotype than either heterozygotes
for tabby or crinkled alone.

1. INTRODUCTION

The semi-dominant A'-linked gene tabby (Ta) in the mouse, its two recessive
autosomal mimics crinkled (cr) and downless (dl), and its one dominant autosomal
mimic sleek (Slk), appear to produce the same mutant syndrome involving abnor¬
malities of the hair, teeth and certain exocrine glands (Falconer, Fraser & King,
1951; Falconer, 1953; Gruneberg, 1965, 1966a, b, 1971; Cattanach, 1975; Sofaer,
1969a, b, 1977). Crinkled is located on chromosome 13, and both downless and sleek
on chromosome 10. Linkage tests have shown dl and Slk to be less than 4-8 map
units apart with 95 % certainty, though allelism has not been demonstrated
(Crocker, 1978).
The most general effect of the mutant genes on the dentition is to reduce tooth

size, but, at least for the upper and lower first molars of tabby heterozygotes, there
are three fairly distinct levels of reduction. The most severely reduced first molars
are always found adjacent to abnormal additional teeth. On the other hand,
minimally reduced and moderately reduced first molars do not occur with super¬

numerary teeth, though it seems likely that each moderately reduced first molar
was associated with an unsuccessful attempt to form a supernumerary tooth during
its early development (Sofaer, 1975).
Previous work has provided some indication of interaction between Ta and cr

in terms of vibrissa number. However, the results were difficult to interpret in that
there were instances of both enhancement and reduction of the normal mutant
effect in doubly mutant animals (Kindred, 1967). The present report describes a

study of molar tooth size in which mice doubly heterozygous for tabby and

0016-6723/79/2828-7370 SOI.00 © 1979 Cambridge University Press
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crinkled were compared with tabby heterozygotes and crinkled heterozygotes,
the object being to provide further evidence of interaction between these
two loci.

2. MATERIAL AND METHOD

The tabby allele used was that originally designated Tac (Roberts, 1966). This
can now be regarded as equivalent to the allele Ta> of earlier and independent
origin (Stevens, 1963). Tabby and crinkled were transferred to a largely common
genetic background by crossing to the inbred strain JU/Fa. Four groups of mice
were examined: JU/Fa animals, wild type for Ta and cr, and Taf + , + /cr and
Ta/ + . + /cr mice with backgrounds produced by either two or three crosses to
JU/Fa. Three of the groups were composed of around 25 animals each, but the
fourth, the doubly heterozygous group, consisted of only nine animals because of
poor fertility. In contrast to the Taj + and Taj + . + /cr groups, the inbred and
+ /cr groups contained males and females in approximately equal numbers. The
Ta/ + and Ta/ + • + /cr animals were also all the progeny of Ta/Ta mothers,
whereas mice of the + /cr group were the progeny of heterozygous mothers.
However, these differences are unlikely to confound the results since previous
work has estimated the proportion of the total variance of tooth size due to the
difference between sexes at only about 1 % (Bader, 1965), and no evidence of a
difference in maternal effect on the mutant phenotype has been found between
Ta\ + and TajTa mothers (Kindred, 1961) or between +/cr and cr/cr mothers
(S ofaer, 1968).
All molar teeth of the normal series were removed from the skulls of four week

old mice prepared by papain digestion. The teeth were measured using a projection
microscope, a magnified silhouette ( x 83) of each tooth being projected onto a
graduated screen. The measurements made were the maximum antero-posterior
diameters of the molar crowns parallel to the occlusal plane. Corresponding
measurements from the right and left sides were pooled.

3. RESULTS

The data are presented as distributions of raw measurements in Fig. 1. There is
a clear trend between groups common to measurements for all teeth. Compared
with inbred controls, the + /cr group is most normal, which is consistent with the
recessivity of cr for other characters, the Ta/+ group less so, and the doubly
heterozygous group distinctly most abnormal. However, there was an apparently
anomalous finding for the lower first molar in that the effect of the mutant genes
was to increase rather than reduce the size of this tooth.

Because there is reason to believe that the distributions, at least of first molar
measurements, are not strictly homogeneous, statistical procedure was confined
to the calculation of means and t values to test the significance of the difference
between the mean of the double heterozygotes and that of the Ta/ + group, the
most abnormal single heterozygote group. Since, ideally, the t test requires
normality of the distributions being tested, it must be regarded as only a rather
gross indicator of significance in the present situation.
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Molar length (mm/83).

Fig. 1. Distributions of molar length (antero-posterior crown diameter) for the
upper 1st, 2nd and 3rd molars (Ul, U2, U3) and lower 1st, 2nd and 3rd molars (LI,
L2, L3). Arrows show the means of the distributions. A single asterisk indicates a
significant difference (P < 0-02) and a double asterisk a highly significant difference
(P < 0-001) between double heterozygote and tabby heterozygote means for each
tooth.

The three absent upper third molars in Ta/ + . + /cr mice (plotted against zero
length) were not included in the calculation of the mean for this group.

4. DISCUSSION

The discovery ofmimic genes leads naturally to speculation over the functional
relationship between them. Since homozygosity at any one locus alone is sufficient
to produce the mutant phenotype, their functions are unlikely to be identical.
The simplest explanation is that the wild type allele of each gene is responsible
for one of a number of related steps, either in series or in parallel, towards the

12 GRH 33
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formation of an end product or developmental state that is necessary for the
production of the normal phenotype. Complete blockage at any point along an
isolated pathway is expected to produce the same result. If blockage is incomplete,
or if there are cross connexions with other pathways, differences between the genes
may be detectable.
Such differences, although not apparent under normal conditions, may be dis¬

closed in different ways: first, by changing genetic background, and second, by
various environmental manipulations. Background changes have produced broadly
similar modifications of the mutant phenotype for Ta, cr and dl, though certain
phenotypic details showed minor differences of response (Sofaer, 19696). A more
definite difference between Ta and dl has been demonstrated with respect to the
ability of embryonic tail tissue to produce hair follicles when cultured on the chick
chorioallantoic membrane. Downless tails failed to produce follicles, which is in
keeping with the adult phenotype of both downless and tabby mice, whereas tabby
tails produced follicles at about 40% of the normal control level. Furthermore,
dermis-epidermis recombination experiments have demonstrated clearly that the
effects of both dl and cr are restricted to the epidermis, but have not provided
similar evidence of a primary epidermal effect for Ta (Sofaer, 1974; Mayer, Miller
& Green, 1977).
A third way of drawing inferences about the functional relationships between

mimic genes is to compare the usual mutant phenotype with that shown by
doubly mutant animals. Kindred (1967) investigated the effects on the coat and
vibrissae of combinations between Ta and cr, the genetic backgrounds being those
of lines selected for high and low total vibrissa number in tabby mice. Both Ta and
cr normally reduce the number of vibrissae. However, the addition of a crinkled
allele increased vibrissa number in both Ta/ + mice with the high selection
line background and Ta/Y mice with the low selection line background. In other
words, the addition of crinkled in these situations produced a phenotype closer to
wild type. By contrast, when cr was added to Ta/Y on the high selection line
background, the mutant effect was enhanced. The coat findings were inconclusive.
Similar evidence of interaction between Ta and cr had already been found in
other stocks by Fraser, Nay & Kindred (1959) but was then thought to be due to a

background effect. These findings are difficult to interpret, though they do suggest
the possibility of interaction between the two loci.
The size of molar tooth crowns is a valuable indicator of early developmental

conditions since, once the crowns have been formed, they do not alter except as a
result of occlusal wear. Such wear does not appreciably affect the dimensions
normally studied in younger animals. The present results therefore show that on
the JU/Fa genetic background, at least during the time when the molar crowns
develop, the combination of heterozygosity at both the tabby and crinkled loci
produces a more extreme mutant phenotype than heterozygosity at either locus
alone. For all teeth except the lower first molar the change in phenotype was in
the expected direction of reduction in tooth size. The paradoxical increase in size
produced by the mutant alleles in the lower first molar was nevertheless consistent
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with the findings for the other teeth in that the deviation from wild type was least
in the + /cr group, greater for Ta/ + and greatest of all for Taj + . + /cr.
The increase in size of lower first molars may be explained in terms of a difference

of developmental timing between upper and lower first molars. The basis of such
an explanation is as follows. The mutants appear to have their effect in two main
phases characterized by partial suppressionof epithelial growth and differentiation.
These two phases are separated by a period, from 17 days of gestation to birth,
during which there is no suppression. Early growth of the epithelium of the first
molar occurs during the first suppression phase, with the majority of its later
growth and differentiation occurring when suppression is no longer active. After
suppression has been released there appears to be rapid compensatory increase in
size, the amount of size increase probably depending on the state of epithelial
differentiation. Indeed, in cases where supernumerary teeth develop, it is just this
period when they reach a remarkably large size and advanced state of differentia¬
tion in a relatively short time (Sofaer, 1969a). A slight difference of degree in
epithelial differentiation between upper and lower tooth germs at 17 days of
gestation could perhaps allow more rapid compensatory increase in size in the
lower first molar than the upper, sufficient in some cases actually to result in
overcompensation. This phenomenon would not apply to the other molars since
the second half of the growth and differentiation of the second molar germ, and
the entire development of the third molar germ, occur during the second suppres¬
sion phase.

The material was collected at the Institute of Animal Genetics, Edinburgh, during 1966/7.
The measurements were made recently by Edith Redpath at the Department ofOral Medicine
and Oral Pathology.
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summary The results of a postal questionnaire distributed to British members of Mensa failed to
confirm an association of superior intelligence with torsion dystonia, retinoblastoma, or phenyl¬
ketonuria, but were consistent with real associations between high [Q and infantile autism, gout,
and myopia. Further confirmation of these findings in other populations might well indicate that
genes producing these disorders have more or less direct effects on cerebral development and
function.

It is well known that a number of single genes can Subjects and methods
influence IQ scores, several inherited malformations
and biochemical defects being associated with
abnormally low levels of intelligence. Perhaps less
well known are recent reports suggesting that among
the families of those with certain heritable disorders
there is a greater proportion of subjects with
unusually high intelligence than could reasonably
be expected to occur by chance.1
Six disorders for which an association with high

IQ has been suggested are recessive torsion dystonia,2
retinoblastoma,3 4 phenylketonuria,5 6 infantile
autism,7 gout,8 and myopia,9 though for retino¬
blastoma10 and phenylketonuria 1112 there have been
observations inconsistent with the earlier findings.
In the present study, an attempt was made to confirm
the association between each of the six disorders and
unusually high intelligence. This was done not by
measuring IQ in families containing affected subjects,
as in the past, but by ascertaining the prevalence of
the disorders in a sample of highly intelligent
subjects and their first degree relatives, and, where
possible, by comparing the observed prevalence with
published figures for the general population.
Because the biochemical basis for some of the
disorders is known, and because the biochemistry
of all of them may ultimately be understood, such
confirmation could help to provide situations in
which specific biochemical differences are known to
be associated with measurable degrees of enhance¬
ment of intellectual ability. This could be a valuable
step towards a better understanding of cerebral
development and function.
Received for publication 10 December 1980

The subjects of the investigation were the approx¬
imately 2100 British members of Mensa, the
international society for the highly intelligent.
Membership of Mensa is only open to people whose
IQ score is at least 2 SD above the mean, approxi¬
mately within the top 2% of the general population.
On the Cattell scale (mean 100, SD 24), which is used
by Mensa as their criterion for membership, this
means that eligibility is restricted to those who score
148 IQ points or more.
Each subject was sent a questionnaire designed to

ascertain whether a Mensa member or any first
degree relative suffered from any of the six disorders
being studied. For torsion dystonia, retinoblastoma,
phenylketonuria, and infantile autism a brief descrip¬
tion of each disorder was given. Positive responses
for these four conditions were noted before the data
were analysed and letters sent to the subjects
concerned requesting permission to confirm the
diagnosis with the hospitals where they or their
relatives had been seen. The criterion for myopia
was the need to wear glasses for shortsightedness
before the age of 10.

Results

Of the 2100 questionnaires distributed, a total of
1355 were returned more or less fully completed, a
response rate of 65%. Male respondents totalled
817, females 373, and for the remaining 165 the
sex could not be determined because insufficient
personal information had been given. The 1355
Mensa members provided information for 5821

410
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first degree relatives: 2647 parents, 1969 sibs, and
1205 children.
There were five positive responses for torsion

dystonia, one in a Mensa member and four in
relatives. Correspondence revealed that none of
these was a case of true torsion dystonia. There were
two positive responses for retinoblastoma, both in
Mensa members, but for neither was the diagnosis
confirmed. The single positive response for phenyl¬
ketonuria, in the son of a Mensa member, was
confirmed by a consultant psychiatrist. The popula¬
tion incidence per 10 000 of recessive torsion
dystonia, retinoblastoma, and phenylketonuria can
be taken respectively as less than 0-3,13 0-3 to 1-0,14
and 0-6 to 2-0.15 The results therefore provide no
evidence for abnormally high incidence of these
disorders among Mensa members or their relatives,
although, because of the rarity of the disorders, the
sample size may have been inadequate in this respect.

table 1 No of confirmed cases of infantile autism
compared with reported population incidence1''

Autism in sibs and children of respondents

Population incidence Per Relative to general
per 10 000 Observed 10 000 population

2-4 4/3174 12-6 3-2-6-3
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For infantile autism there were ten positive
responses, three for Mensa members themselves and
seven for their relatives. In only four of these cases,
all either sibs or children of respondents, was the
diagnosis confirmed by a consultant psychiatrist.
Assuming that it is unlikely for a case of infantile
autism to become either a parent16 or a member of
Mensa, the incidence of the disorder should be
calculated only with respect to sibs and children of
respondents. Table 1 shows that this was 3-2 to
6-3 times greater than reported for the general
population.
The results for gout are compared with figures for

the general population in table 2. The prevalence
among male respondents was higher than among
brothers of all respondents, and data for both sexes
combined show that the prevalence among sibs at
mean age 35 was twice that reported for the general
population at mean age 44.
The results for myopia are summarised in table 3.

Both male and female respondents showed a
significantly higher incidence of the disorder than
either like-sexed sibs or children of all respondents.
The incidence was similar in both sexes and compar¬
able in sibs and children. The lower incidence among
parents could perhaps be attributed to less efficient
diagnosis of myopia in the parental generation.

table 2 No ofmale, female, and all respondents, and like-sexed relatives ofall respondents, for whom a positive
response for gout was given. Figures for the general population18 are included for comparison

Positive responses for gout

Males Females Both sexes

Mean Mean Mean
age No /o age No 0/ age No %

Respondents 36 14/817* 1-7 36 5/3731 1-3 36 24/1355% 1-8
Sibs 34 6/965 0-6 35 5/918 0-5 35 11/1969 0-6
Children 14 0/612 0-0 14 1/533 0-2 14 1/1205 0- 1
Parents 64 50/1319 3-8 63 10/1328 0-8 63 60/2647 2-3
General population / - — — — — — 44 13/5127 0-3

\ 58 65/2283 2-8 58 11/2844 0-4 58 76/5127 1-5

•Significantly higher than in brothers of all respondents (p<0-05).
tNot significantly higher than in sisters of all respondents.
+Not directly comparable with sibs because of unequal sex distribution.

table 3 No of mate, female, and all respondents, and like-sexed relatives ofall respondents, who were reported to
have required glasses for shortsightedness before the age of 10. Only subjects aged 10 and above are included

Required glasses for shortsightedness before age 10

Males

No

Females

No

Both sexes

No

Respondents
Sibs
Children
Parents

149/817*
101/932
46/400
78/1319

18-2
10-8
11-5
5-9

85/373*
100/883
41/345
59/1328

22-8
11-3
11-9
4-4

270/1355*
207/1895
91/788
137/2647

19-9
10-9
11-5
5-2

•Significantly higher than in either like-sexed sibs or children of all respondents (p <0-005).
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Unfortunately, it was not possible to compare these
incidence figures with figures for the general popula¬
tion because population surveys have generally used
different and more technical criteria for defining
myopia.
The findings therefore appear to be consistent with

real associations between high IQ and infantile
autism, gout, and myopia.

Discussion

Two drawbacks of the investigation method must
be borne in mind when these results are being
interpreted. One concerns selection of the sample,
and the other the level of ascertainment in respond¬
ents and their relatives.
The sample of respondents was a doubly selected

group that consisted of only a very small proportion
of all highly intelligent subjects. Firstly, the top 2%
of the United Kingdom population exceeds 1
million, so that the entire British membership of
Mensa (2100) represents only about 0-2% of those
eligible. Secondly, only 65% of the membership
responded, and the desire to co-operate may have
been biased by whether or not there was something
positive to report.The difficulty of sample selection is
removed, however, if comparisons are made not
between the sample and the general population, but
within the sample between respondents and their
relatives. This could be done for both gout and
myopia, but the possibility of different levels of
ascertainment in respondents and their relatives then
becomes a potentially confounding factor.
The significantly greater prevalence of gout in

male respondents than in brothers of all respondents
could have been at least partly the result of a lower
level of ascertainment for relatives, but since the
prevalence among sibs of both sexes was rather
high compared with the general population, under¬
reporting for relatives would imply an even higher
prevalence among brothers. As far as myopia is
concerned, Mensa members can be expected to
have responded accurately on their own children's
need to wear glasses before the age of 10. The fact
that the observed incidence was similar in both sibs
and children therefore suggests that under-reporting
made little or no contribution to the difference
between respondents and sibs for this disorder. An
ascertainment effect is therefore unlikely to explain
the association between high IQ and either gout or
myopia in the present sample.
There are several ways in which superior intel¬

ligence and disease may be associated. An association
would occur if a disorder were more readily diag¬
nosed in brighter families. There may be a cause and
effect relationship, as has been postulated for

Jeffrey A Sofaer and Alan E H Emery

myopia, shortsightedness possibly developing as a
result of high IQ through reading to excess. Fortui¬
tous associations could result from the chance
occurrence of an unusually high incidence of a
disorder in brighter families. However, because a
substantial genetic component appears to be
involved in the aetiology of infantile autism, gout,
and myopia,19-21 and because IQ is also to some
extent inherited,22 there may be purely genetic
explanations for the observed associations. The
most attractive of these is pleiotropy, namely that
the genes producing the disorders have more or less
direct effects on cerebral development and function.
Associations for other genetic reasons such as

linkage, or through chance, are unlikely to be
maintained when samples from several different
sources are studied. Therefore, assuming that
appropriate allowance can be made for non-
genetic effects, the greater the variety of samples in
which the same association is observed, the greater
the likelihood of pleiotropy.
Independent evidence for pleiotropy may be

forthcoming if the biochemistry of each disorder is
at least partly understood. At present this applies
only to gout, in connection with which some
interesting observations and speculations have been
made. Among mammals, significant levels of serum
uric acid are found only in higher apes and man,
other mammals possessing the enzyme uricase
which oxidises uric acid to allantoin. It has been

suggested that uric acid, like other purines, can
stimulate the cerebral cortex, and that the superior
intellectual powers of the higher primates may be
to some extent a consequence of high uric acid
levels through mutations causing loss of uricase
activity.23 Consistent with this idea is the finding that
glutamic acid, which is involved in the production of
endogenous uric acid,24 appears to improve cognitive
function when given therapeutically in cases of
mental retardation.25
It is possible that future investigations will further

confirm the association between various inherited
disorders and superior intelligence, and that, as the
biochemistry of the disorders becomes better
understood, there may be direct demonstrations of
intellectual enhancement by the products of the
genes involved.

The authors are grateful to the members and
administration of Mensa for their co-operation; to
Mr W Lutz, Director of Edinburgh University's
Medical Computing and Statistics Unit, for advice
on questionnaire design; and to the International
Brain Research Organisation, Mason Medical
Research Foundation, and W R Henderson's Trust
for financial support.
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Abstract

The results of a postal questionnaire completed by 360 patients

with Paget's disease of bone, on behalf of themselves and their

unaffected spouses, suggest that dental practitioners have some

awareness of the potential problems associated with extractions for

patients with Paget's disease, but that nevertheless patients still

suffer from greater difficulty at extraction and more post-extraction

complications than normal.
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Introduction

Paget's disease of bone is a remarkably common condition in later

life, characterised by rapid remodelling and the development of

structurally abnormal bone. It can be the cause of pain, fracture,

deformity and rarely malignancy. Radiological surveys have detected

bony changes consistent with the disease in 2.3 - 8.3 per cent of the

British population at age 55 years and above (1), with prevalence rates

for native Australians (4) and for both blacks and whites in the United

States (5) falling around the lower end of this range. Symptoms are

relatively uncommon, but because of its high prevalence the disease still

makes a considerable contribution to morbidity among the elderly. The

aetiology of Paget's disease is unknown, but evidence is accumulating

to suggest that it may be caused by a slow virus infection (7, 14).

The jaws are thought to be involved only infrequently in Paget's

disease. Dental radiographs of 138 patients have revealed evidence of

the disease in the maxilla of 20 patients and in the mandible of 3

patients (12). A more recent survey has shown that of 1225 patients

with Paget's disease as an incidental finding on routine radiology,

27 per cent showed skull involvement; but of these, radiographic changes

could be found in the maxilla of only 2 patients and in the mandible of

only 1 patient (6).

It is generally accepted that dental extractions for patients with

Paget's disease of the jaws are likely to be more difficult and followed

by more complications than normal. In the early stages of the disease

the bone is unusually vascular, with the risk of excessive post-extraction

haemorrhage, while later there is progressive sclerosis predisposing to

healing complications and infection. Furthermore, there may be

hypercementosis and/or ankylosis of the roots (8) .
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Difficulties and complications associated with extractions for Paget's

disease patients have been mentioned in a number of previous reports

(2,3,9,10). However, conclusions have generally been based on small

selected samples or single case reports. By contrast, the present

study makes use of a large sample of Paget's disease patients to assess

both the dental profession's awareness of potential problems associated

with extraction and the frequency with which extraction difficulties

and complications arise irrespective of the accepted clinical or

radiographic signs of jaw involvement.

Subjects and methods

As part of a large family study of Paget's disease, 520 known cases

of the disease, almost all of whom were ascertained through the British

National Association for the Relief of Paget's Disease, were sent a

postal questionnaire requesting dental extraction history information

about themselves and their living spouses. Of the 520 questionnaires

distributed 360 were returned completed, a response rate of 69 per cent.

Respondents were first asked to confirm whether or not they or their

spouses suffered from Paget's disease. For each Paget's disease patient

and for each spouse, each of the seven questions listed in Table 1 was

then asked four times:

first, for upper extractions carried out at age 40 years or younger;

second, for lower extractions - - - - " ____

third, for upper extractions carried out at age 41 years or older;

fourth, for lower extractions ____ » - - - -
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Answers to questions 2 to 4 should reflect the dental profession's

attitude towards extraction for Paget's disease patients, and answers

to questions 5 to 7 should provide some indication of the overall

frequency of difficulties and complications. With reference to

question 7, respondents were also asked to indicate the nature of any

complication that occurred.

Numbers of positive and negative responses were tabulated, and

the percentages of positive responses were calculated. Comparisons

were then made by sex, by age at extraction, by jaw, and by presence

versus absence of Paget's disease, using 2x2 chi-square tests with

the numbers of individuals involved in each positive and negative

category.

Results

All respondents confirmed that they suffered from Paget's disease,

and all spouses were unaffected. The numbers of Paget's disease

patients and normal spouses, together with their mean ages at the time

of completing the questionnaire, are given in Table 2.

Tables 3 and 4 summarise responses to question 1. Table 3 shows

that for both Paget's patients and normal spouses, a higher proportion

of individuals reported extractions at or before age 40 than at or

after age 41. Also, a significantly higher proportion of Paget's

patients than of normal spouses reported extractions, both overall, and

for each sex alone at or before age 40. Table 4 shows that among

Paget's patients, for extractions carried out at or before age 40,

upper extractions were significantly more common than lower extractions
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for females and for both sexes combined. This difference between

jaws was not found for normal spouses. Upper extractions were also

significantly more common among Paget's patients than among normal

spouses, again both for females and for both sexes combined.

Figure 1 summarises comparisons by sex, by age at extraction

and by presence versus absence of Paget's disease for questions 2 to

7. Comparisons by jaw are not included because none achieved

statistical significance. Responses to question 5 (difficulty at

extraction) have been subdivided into 5a (all extractions) and 5b (only

those for which local anaesthesia was given). Of the comparisons by

sex (Fig. 1A) only one achieved statistical significance, a higher

proportion of female as opposed to male Paget's patients having had

a general anaesthetic (question 4). Of the comparisons by age at

extraction (Fig. IB) only two showed significant differences, both

among Paget's patients. Extractions at or after age 41 were more

often preceded by an X-ray examination than extractions at or before

age 40 (question 3); and extractions carried out in the younger age

range showed a higher frequency of heavy or prolonged bleeding than

those in the older age range, the frequency at or after age 41 in

Paget's patients being comparable to that reported by normal spouses

for extractions in either age range (question 6). The frequency of

positive responses among Paget's patients relative to normal spouses

(Fig. 1C) showed the same pattern among females and males with the

exception of questions 3 and 4. Paget's patients reported significantly

more frequent X-ray examination prior to extraction (males, question 3),

general anaesthesia (females, question 4), difficulty at extraction

(males, questions 5a and 5b) and post-extraction complications (both
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sexes, question 7). The majority of the complications described

were consistent with 'dry socket'.

Discussion

There are a number of difficulties involved in a survey of

this type, particularly with regard to the accuracy of the information

given, and to whether respondents are representative of Paget's

disease patients in general. The diagnostic criteria for Paget's

disease in the sample cannot be defined, but because the majority

of those who have radiological signs of the disease are symptomless,

it can be assumed that respondents, all of whom knew they had the

disease, occupied the more severe end of the Paget's disease spectrum.

Similarly, some of the presumed normal spouses, if examined

radiologically, might have shown early signs of the disease.

However, these difficulties are minimised if comparisons are made

within the sample only, that is between respondents and their living

spouses.

A greater proportion of Paget's disease patients than normal

spouses reported that they had undergone dental extraction,

particularly at age 40 or younger (Table 3). This is perhaps

attributable to loosening of the teeth resulting from changes in

the supporting bone, as well as to occasional root resorption (2,11).

The greater frequency of upper as opposed to lower extractions in
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Paget's patients (Table 4) would then be consistent with the more frequent

involvement of the maxilla (2,12,13).

Questions 2 to 4 showed some evidence of greater frequency of

positive responses for Paget's patients compared with normal spouses

(Fig. 1C), suggesting that the dental profession tends to anticipate

some difficulty with extractions for patients with Paget's disease.

A higher frequency of general anaesthesia is assumed to be due to

relative reluctance to use local anaesthetics containing vasoconstrictors

in the presence of sclerotic bone, to allow the healing socket a better

chance of remaining infection free. For questions 5 to 7, respondents

showed consistently higher frequencies of positive responses compared

with normal spouses, although not all comparisions were significant

(Fig. 1C), suggesting that Paget's disease patients in general are

indeed more likely than normal to suffer from difficulty at extraction

and from post-extraction complications. The greater frequency of heavy

or prolonged bleeding following extractions in the younger compared

with the older age range for Paget's patients (Fig. IB) is consistent

with initial vascularity and progressive sclerosis of the supporting

bone.

The results are in keeping with the known skeletal distribution and

progress of Paget's disease. They also suggest that dental practitioners

have some awareness of the potential problems associated with extractions

for patients with Paget's disease, but that nevertheless patients still

tend to suffer from greater difficulty at extraction and more post-extraction

complications than normal. Perhaps this is inevitable, but on the other

hand it may be that there is some room for improvement in the management

of dental extractions in Paget's disease. Against the background of
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rarity of obvious jaw involvement in unselected samples, the results

suggest that even Paget's disease patients without the accepted clinical

or radiographic evidence of jaw disease may be unusually prone to

extraction problems. However, proof of this last point would require

more detailed investigation.
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Table 1. The seven questions relating to extraction history and the

two categories into which responses were divided for analysis.

Question

1. Have you had any teeth

extracted?

Responses

Negative

No

Positive

Yes

2. Where were the teeth

extracted? Own GDP only

Hospital/Clinic/

GDP

3. Were any X-rays taken

before the teeth were

extracted? No Yes

4. What type of anaesthetic

was given? Local only Seneral/Local

5. Would you say that the

extractions were

surprisingly easy, normal

or unusually difficult? Easy/Normal Difficult

Following the extractions

would you say that bleeding

was less than expected, Less than

normal or unusually heavy expected/

or prolonged? Normal

Heavy or

prolonged

7. Would you say that healing

of the tooth sockets was

uneventful or complicated

by problems? Uneventful Complicated



305

Table 2. Number and mean age (in years) of Paget's disease patients

and their normal spouses.

Females Males Both sexes

Mean Mean Mean

Number age Number age Number age

Paget's patients 225 72 135 71 360 72

Normal spouses 113 67 135 73 248 70



306

Table 3. Per cent Paget's disease patients and normal spouses who

reported extractions from either jaw at or before age 40 years

(<_ 40), at or after age 41 years (>_ 41) and at any age (*Pj< 0.05,

**p < 0.01).

Females Males
Both sexes

< 40 > 41 p _< 40 > 41 p (Any age)

Paget's patients 91 73 ** 88 74 ** 99

Normal spouses 79 66 * 77 65 95

P ** _ * **
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Table 4. Per cent Paget's disease patients and normal spouses who

reported upper and lower extractions at or before age 40 years

(*P <_ 0.05, **p < 0.01) .

Females Males DUU CACa

Upper Lower p Upper Lower p Upper Lower p

Paget's patients 87 78 * 83 79 85 78 *

Normal spouses 71 73 - 74 70 73 71

p ** _ _ **
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The first of the two critiques in this section comments on the

application of the Hardy-Weinberg law to population data in an

attempt to demonstrate single gene control of various human dental

morphological characteristics. This approach is shown to be

invalid by a consideration of the principles involved and by the

use of an obviously fallacious example. The second critique

discusses Jackson's complex theory of caries aetiology, which has

been used to account for patterns of site attack by dental caries.

It is pointed out that the theory is based on several improbable

assumptions for which no independent evidence has been forthcoming.

An alternative hypothesis involving a simple quantitative model in

keeping with the current majority view of caries aetiology is

proposed.
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Dental Morphologic Variation and the Hardy-Weinberg Law

J. A. SOFAER

Human Genetics Branch, National Institute
Health, Bethesda, Maryland 20014, USA

Recently, the Hardy-Weinberg Law has been
applied to population data to support the
contention that various human dental mor¬

phologic characteristics are controlled by
single autosomal genes. By a discussion of
the principles involved and by the use of
an example, this approach is shown to be
invalid.

Recently, attempts have been made to sup¬
port the contention that various human
dental morphologic characteristics are con¬
trolled by single autosomal genes, merely
by an examination of the frequencies in
populations of different rather arbitrarily
defined manifestations of each character¬
istic.1'3 No reference to individual rela¬

tionships within the populations were made,
and yet conclusions were drawn about the
way in which the characteristics are trans¬
mitted frorrr one generation to the next.
Such conclusions can only be valid if they
are drawn from family data, because the
study of inheritance clearly demands the
use of related individuals. Furthermore, be¬
cause different modes of inheritance may
appear similar, and because nongenetic
causes may result in observations that are
compatible with some form of genetic con¬
trol, large samples composed of several dif¬
ferent sorts of relative are required.4'5 In
this paper the fallacy of the population ap¬
proach is discussed in the hope that future
investigations will be based on firmer
theoretical foundations.

Dental Morphologic Variation
The following characteristics have been

considered in the population approach: the
cusp of Carabelli (on the lingual surface of
the mesiolingual cusp of the maxillary
molars), the hypocone (or distolingual
cusp) of the maxillary second molar, the
Received for publication December 8, 1969.

of Dental Research, National Institutes of

protostylid cusp (on the buccal surface of
the mesiobuccal cusp of the mandibular
molars), and shovel-shaped incisors. The
level of manifestation of each characteristic
is variable, and the incidence of each may
differ from one population to another.6-14
All are quasi-continuous variables; ie. they
are either present or absent, but when present
they vary continuously from the lowest level
of expression to the highest.
The accepted model of quasi-continuous

variation is based on the assumption that
there is an underlying scale of continuous
variation of some attribute (a combination
of all the genetic and environmental factors
involved) that is immediately related to the
development of the character. The character
is absent in individuals below the threshold
level and present in those above it. The
more the level on the underlying scale ex¬
ceeds the threshold, the more intense the
expression of the character is likely to be.
A quasi-continuous character can therefore
be regarded as a continuous variable whose
expression has a "visible"' and a "nonvisible"
range.15'16
Although dental morphologic characters

behave as quasi-continuous variables, there
is a difficulty involved in analysis that does
not apply to a truly metric quasi-continuous
character, eg, third molar size in mice.15-19
In this situation, any size of tooth can be re¬
corded; the only limitation is the accuracy
of the instrument and method used. Precise
measurement of a morphologic characteris¬
tic is not a simple matter, even though it
may be obvious that the degree of its ex¬
pression varies continuously. It has been
necessary, therefore, to use limited and sub¬
jective classifications, such as "moderate"
and "pronounced" expression, which impose
restrictions on the amount of information
that can be derived, even from an appro¬
priately designed animal experiment.20 Fur-

1505
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thermore, the subjectivity renders data col¬
lected by different individuals of "dubious
comparative value."21
In explanations of the genetic control of

human dental morphologic variation in
terms of single autosomal genes, the expres¬
sion of each character has been divided
into three classes: nonaffected, minimally to
moderately affected, and moderately to
maximally affected. This procedure is valid
from the phenotypic point of view; but since
all three classes appear to represent ranges
on the same continuous scale there is, at

present, no reason to suspect any qualitative
biologic difference between them. However,
the assumption has been made in these ex¬
planations that the three classes of expres¬
sion correspond to three distinct genotypes
produced by the segregation of two alleles
(eg, At and A,) at a single autosomal locus.
All nonaffected individuals have been pre¬
sumed homozygous for one allele (eg,
AjAj); minimally to moderately affected
individuals have been presumed heterozy¬
gous (AjA,,); and moderately to maximally
affected individuals have been presumed
homozygous for the other allele (A2A3).
The agreement of the frequencies of these
three hypothetical genotypes in a population
with the expectation derived from the appli¬
cation of a fundamental theorem of popula¬
tion genetics, the Hardy-Weinberg Law, has
then been taken as evidence of single gene
control.1-3

Principles of the Hardy-Weinberg Law
Before proceeding further it is important

to consider the principles embodied in the
Hardy-Weinberg Law. If it is assumed that
in a given population p and q are the fre¬
quencies of alleles At and A2 at a single
autosomal locus, and that p + q = 1, then,
if the population is infinitely large, if mating
within it is at random, and with certain
other reservations, all of which constitute
"ideal" conditions, the three genotypes

J Dent Res November-December 1970

AtAt, AjA2, and A,A, will appear in the
proportions p-, 2pq, and q2, respectively.22
When the ideal conditions do not apply the
genotypic proportions will approximate the
expectation.
If a, b, and c are the numbers of individ¬

uals of the three genotypes AtAu AtA,, and
A ,A 2 respectively, and a + b + c — N, then,
because N individuals possess IN alleles
at an autosomal locus, the frequencies of the
alleles are p=(2a + b)/2N and q —

(2c + b)/2N.
Thus, it is a simple matter to estimate p

and q, and therefore the Hardy-Weinberg
expectation of p-, 2pq, and q2 for the three
genotype frequencies from the observed
numbers in each category. The chi-square
test can then be used to compare the ob¬
served numbers of each genotype with those
predicted by the Hardy-Weinberg Law.

Criticisms of the Use of the

Hardy-Weinberg Law
The fallacy of the approach under con¬

sideration lies in the misconception that the
appearance in a population of three arbi¬
trarily defined classes in the proportions
p2, 2pq, and q2 constitutes evidence of
single gene control. As already pointed out,
there is no good reason to suppose that

TABLE 1
Ways of Breaking Down Sample into Three

Parts and Percentage that Fit the
Hardy-Weinberg Expectation at

5% Level

Percentage Fitting
Hardy-Weinberg
Expectation
(to nearest

Sample
Size

No. of Ways
of Breaking
Down into
Three Parts

whole no.)
at the 5%
Level of

Significance
25 325 50
50 1,275 36
75 2,850 30
100 5,050 26
200 20.100 18
500 125,250 12

TABLE 2
Percentage Distribution of Adult Male Dental Patients in

Two Income Groups According to Dental Visit Data24

Length of Time Since
Last Visit to Dentist

Annual No. 1 Year 2-9 10 Years and
Income of Patients and Under Years Over or Never

< $1,000 597 ~ 45L5 46A 84
$3,000 and over 533 72.6 24.3 3.1
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these classes represent genotypes, and if
there were, this test would certainly add
nothing further. The chi-square test for
goodness of fit with the Hardy-Weinberg
expectation is concerned only with whether
the numbers of each of the three types of
individual are distributed according to the
binomial expansion. It is clearly incapable
of providing any information about the na¬
ture of each of these three types of indi¬
viduals. The test is only meaningful if it is
applied to a known locus, identified through
a study of related individuals, when its
purpose is to see how closely a population
resembles the ideal. Even then, the conclu¬
sions that can be drawn are limited.23
In fact, distribution according to the bi¬

nomial expansion can occur surprisingly
frequently purely by chance. The figures*
presented in Table 1 show that there are
325 possible ways of breaking down a sam¬
ple of 25 into three parts, and about half
of these 325 ways fit the Hardv-Weinberg
expectation at the 5% level. In a sample of
19 individuals, which has been used in one
instance to provide evidence for single gene
control of the cusp of Carabelli,2'3 the prob¬
ability of fitting the Hardy-Weinberg expec¬
tation at the 5% level is therefore greater
than 0.5, no matter what the basis is for
the distribution of the different levels of

expression.
To illustrate that it is not meaningful to

invoke a single gene to explain the fit of
population frequencies with the Hardy-
Weinberg expectation, the method will be
applied to data on visiting the dentist, a
characteristic that is obviously greatly, if
not completely, dependent on social and
cultural background.
Table 2 shows the percentage distribu¬

tion of adult male dental patients for two
income groups in three categories according
to the time elapsing since their last visit to
a dentist.24 If the character "dental visit¬
ing" is controlled by the segregation of two
alleles D„ (dental visitor) and Dn (dental
nonvisitor) at a single autosomal locus,
then individuals for whom the time elapsing
since their last dental visit was one year
and under could be presumed DVDV homo-
zygotes; those for whom the time elapsing

* P. L. Workman. Division of Medical Genetics,
Mt. Sinai School of Medicine, New York, NY 10029,
USA.
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was two to nine years could be presumed
DvDn heterozygotes; and those for whom the
time elapsing was ten years and over, or
who had never visited a dentist, could be
presumed D„Dn homozygotes. Table 3 shows
the observed numbers of each presumed
genotype, the presumed allele frequencies,
and the numbers predicted by an application
of the Hardv-Weinberg Law. For both in¬
come groups the observations are not signifi¬
cantly different from the expectation at the
5% level. Also, there is a highly significant
difference between the two income groups.
It would surely be ridiculous to conclude
that visiting the dentist is controlled by two
alleles at a single autosomal locus, and that
the frequency of the dental visitor allele is
related to economic status.

Conclusions

It should be reemphasized that the nature
of the genetic control of any characteristic
can only be derived from a study of related
individuals. In a population where relation¬
ships are not known or not taken into ac¬
count, the Hardy-Weinberg Law can only be
applied to known loci. The distribution of
characters with already established modes of
inheritance can then be used to provide
information on the genetic structure of the
population. It is hoped that the present dis¬
cussion and fallacious example will serve to
indicate that the approach under considera¬
tion is not a valid one, and that considerable
caution should be exercised in the interpre¬
tation of dental variation.
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Genetics and Site Attack in Dental
Caries
Comments on Jackson's Theory
Hr Own J WKC: 152:26" J. A. SOFAER*, PhD. BDS

Jackson's complex theory of caries aetiology has been
used in a number of publications over recent years to
account for patterns of site attack by dental caries.
However, the theory is based on several improbable
assumptions for which no independent evidence has been
forthcoming. An alternative hypothesis, involving a
simple quantitative model in keeping with the current
majority view of caries aetiology, can be used to explain
why Jackson's single/double, unilateral/bilateral and
asymmetrical/sy mmetrical attack ratios stabilise with age
at levels above zero.

over the past few years there have been several reports
concerned with the pattern of carious attack on the mesial,
distal and lingual pit sites of permanent maxillary
incisors1 on the cervical sites of permanent maxillary
incisors4, on the mesial and distal surfaces of permanent
mandibular incisors "" on permanent molars -' and in
the permanent dentition as a w hole '1. Major emphasis has
been given to the numbers of individuals in whom either
one or both members of a pair of maxillary incisor sites
have been decayed or filled, the majority of pairs being of
3 types: adjacent proximal surfaces ('single' or 'double'
attacks); mesial and distal surfaces of the same tooth
('unilateral' or 'bilateral' attacks), and corresponding
sites on the right and left sides of the mouth ('asymmetric¬
al' or 'symmetrical' attacks). The general findings indicate
that the ratio of individuals with single, double,
unilateral/bilateral or asymmetrical/symmetrical attacks
tends to fall to a limiting value with age. The limiting value,
which in all cases is greater than zero, is reached at
different levels and at different ages according to which
pair of sites is involved, but once achieved remains
essentially stable throughout the rest of life.
The fact that these ratios never reach zero means that

there are always some individuals in whom only one
member of the pair of sites being studied is decayed or
filled, while the other is sound. In other words, sites that
might be expected to succumb to caries because the
adjacent surface, another site on the same tooth or the
corresponding contra-lateral site has succumbed, never
do. This has been interpreted as evidence for two
qualitatively different kinds of site, caries vulnerable and
caries resistant.
The theory of caries aetiology that has been developed

from these observations involves two fundamental

propositions: first, that superimposed on a general
susceptibility to caries is a pattern of relatively susceptible
and resistant sites within eacn mouth that depends on the
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Ho^/ntai. Edinburgh EH4 2XL .

genotype of the individual: and second, that the particular
vulnerability of specific sites arises through 'auto-
aggressive' attacks on distinct sets of odontoblasts,
rendering the associated hard tissue susceptible to the
caries process.
The purpose of this article is to summarise the theory

and the observations and arguments used in its support, to
comment on the plausibility of the theory, and to suggest
a simple alternative hypothesis, in keeping with the current
majority view of caries aetiology, to explain the failure of
the single/double, unilateral/bilateral and asymmetrical/
symmetrical ratios to reach zero.

Jackson's Theory
The Proposed Developmental Basis for Different Patterns
of Site Attack
The existence of an inherited susceptibility to caries at

particular anatomical sites, different patterns of suscep¬
tibility being associated with different genotypes, is
supported by greater concordance for particular patterns
of site attack between identical as opposed to fraternal
twins15. The mechanism suggested to account for the
inheritance of different patterns of site attack involves 3
main assumptions: first, that there are multiple
qualitatively distinct sets of odontoblasts within each
tooth; second, that the distribution of these sets is under
genetic control, so that the potential exists for a difference
in pattern of distribution between ail individuals except
identical twins; and third, that the pattern of caries
susceptibility at the enamel surface is related to the way in
which these specificities have been distributed within the
odontoblast layer during development.
It has been suggested that the distinctness of these

proposed odontoblast sets occurs through differences in
the type, siting and orientation of antigenic determinants
on the cell membrane"', and that the pattern of
distribution of different sets plays some part in determin¬
ing tooth shape. The following are quotations from the
original papers:

In our view, the complicated morphoiogy of a given tooth, and
the difference, for example, between right and left homologous
teeth, derive in part from multiple, distinctive sets of
odontoblasts, together with the architecture of their associated
protein fibres in dentine and enamel'.
We hold, for example, that the odontoblasts within a given

tooth comprise a vastly complicated mosaic of distinctive
elements. The complex shapes of organs I including teeth) derive,
we propose, from the multiplicity ofmosaic elements, the contact
relations between them, and the morphology of individual ceils
and extracellular processes. We conclude that ceils with a
particular TCF [tissue coding factor) are distributed at one or
more anatomical sites and that, in general, the distribution
differs from one genotype to another. Morphological differences
between genotypically-dissimilar individuals can be accounted
for in this way'.
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Comments
A significantly greater concordance for pattern of site

attack between identical as opposed to fraternal twins does
not imply a pattern of caries vulnerability or resistance
intrinsic to the dental hard tissues. The greater concor¬
dance shown by identical twins could presumably be
imposed by a variety of inherited characteristics such as
tooth morphology, tooth position and salivary con¬
stitution, as well as more indirectly (because identical
twins are more alike with respect to taste preferences,
temperament and ability) through such environmental
factors as diet and oral hygiene practices.
The existence of multiple sets of antigenically distinct

cells of the same histological type, and the control of
morpTiogenesis through the relative positions of these
different cells, is not a concept favoured by modern
developmental biologists. Current thinking, based on
observation, experiment and computer simulation, is that
the development of form and pattern is usually much
simpler than it appears at first sight. A relatively small
number of simple cellular forces can give rise to complex
changes of form, regional differentiation generally being
compatible with control by quantitative gradients rather
than by a mosaic of qualitatively distinct elements'"-".

The Autoaggressive Hypothesis
The hypothesis of autoaggressive disease proposed by
Burctr assumes that normal growth is controlled by
humorally distributed mitotic control proteins (MCPs)
synthesised by the lymphoid system. Each antigenically
specific cell type in the developing body carries a unique
tissue coding factor (TCF) and the growth of each cell type
is controlled by the correspondingly specific MCP.
Somatic mutation in a lymphoid stem cell can produce a
'forbidden clone' which synthesises a mutant form of
MCP which, rather than promoting growth, is pathogenic
towards the cell type bearing the complementary TCF,
resulting in tissue destruction and the initiation of an

autoaggressive disease:

We have proposed that autoaggressive disease is initiated when
appropriate genes, in one or more central ceils synthesising
distinctive MCPs. become changed through a spontaneous
somatic mutational process. The target ceils suffering an
autoaggressive attack bear TCFs complementary to a mutant and
pathogenic MCP. These are the target cells whose normal growth
is regulated by the MCP in its non-mutant form. Hence, if this
theory is essentially correct, the svstematics of the site
distribution of the lesions of an autoaggressive disease should
reflect the systematic; of morphogenesis'.

It is argued that the age distribution of dental caries at
each anatomical site is consistent with initiation of the
disease process by one or more specific and independent
random events followed by a latent period before clinical
caries is detected. It has been suggested that these random
events are somatic mutations, and that dental caries can be

explained by the hypothesis of autoaggressiv e disease:

In theory, the age-prevalence of dental caries at a particular site,
or set of genetically associated sites, depends on: (i) the
proportion of the population that is genetically-predisposed, (iii
the number of pathogenic forbidden clones, (iii) the av erage rate
of their initiation (ivi the average interval, or latent period,
between the initiation of the last forbidden clone and tl.
emergence of dental caries. It follows that differences in the age-
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prevalence of dental caries between any two sites might in theory-
arise from any one or more of the factors (i)-(iv V .

The general expression that has been proposed for the
age specific prevalence. P., of caries at a given site is

P =F0 <l-e ")"

where F is the percentage of the population at risk, the
average rate of each type of initiating event (somatic
mutation) is k per individual per year, initiation of the
disease process occurs at age t by the accumulation of n
somatic mutational events, but where the clinical
manifestation of disease is delayed for \ years (the latent
period) so that clinical onset is observed at age t-A
years \
The assumption is that the target cells are odontoblasts,

and that once they have suffered an autoaggressive attack,
their associated hard tissue is rendered susceptible to the
diffusion of exogenous cariogenic factors:

We suggest that damaged odontoblasts probably fail to maintain
the integrity of the associated protein matrix in dentine and
enamel. In this way, perhaps, the denuded crystallites of the
tooth are rendered v ulnerable to the action of exogenous factors
such as acids, and possibly, chelating agents'.

In one person, certain sets of odontoblasts may beat risk with
respect to an autoaggressive attack, but in another person, of
dissimilar genotype, different sets of cells may be at risk'.

Comments
In order to accommodate the change in caries

prevalence with age shown by different sites it is necessary
to postulate different proportions of the population
genetically predisposed, different mutation rates, dif¬
ferent numbers of forbidden clones required for the
initiation of disease, and different latent periods "' ; ".
The theory therefore rests on the conformity of age
prevalence observations with a mathematical model in
which there are 4 independent variables, any one or
combination of which can be arbitrarily manipulated to

produce a fit with a new set of data. Manipulation of these
4 variables can produce a very wide range of expectations
indeed, so that the fit of observations with the model is
very unrigorous evidence for the hypothesis.

No clear explanation has been given as to how the
resistance of surface enamel to caries can be influenced by
the status of underlying odontoblasts, if odontoblast
integrity were the criterion for caries resistance, it might be
expected that teeth rendered non-vital by trauma should be
more susceptible to caries than comparable teeth in control
subjects.
The concept of particular sets of odontoblasts 'at risk"

with respect to an autoaggressive attack seems to imply
either that only certain MCPs are susceptible to mutation
while others are not, or that only certain TCFs are
vulnerable to corresponding mutant MCPs. and that these
differences vary with the genotype of the individual. This
introduces a further level of complexity into the
hypothesis, for no apparent reason other than that it is
required to provide expectations consistent with tiie
observations.

Additional Observations and Arguments Used in Support
of Jackson's Theory
The relationship between lingual pit curies and proximal
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caries of the maxillary incisors. Caries prevalence for
permanent molars.
Among individuals with some kind of caries experience

in maxillary incisors the proportion of decayed or filled
(DF) proximal sites in subjects with DF lingual pits was
about half that in subjects with caries-free or unfilled pits-.
Furthermore, maxillary incisors showing both DF lingual
pit and proximal sites had an appreciably higher propor¬
tion of bilateral attacks than incisors without DF pits1.
These findings were taken as evidence for a genetic
difference between individuals with and without lingual
pit caries.

In contrast to observations in most Western countries,
caries prevalence for the second permanent molars of a
Nigerian sample has been found to be approximately twice
as high as for first permanent molars. This finding has
been interpreted in terms of a genetic difference between
Western populations and the Nigerian sample:i.

Comment
The existence of two different classes of individual,

either within the same population or in two different
populations, although consistent with a genetic difference
between them, cannot be regarded as evidence for such a
difference. If this vvere the case it could just as well be said
that individuals who visit the dentist regularly are likely to
be genetically different from those who do not, or that
those who have acrylic partial dentures are genetically
different from those who have chrome-cobalt partial
dentures, and so on. The only way to demonstrate a genetic
basis for the observed difference would be to study the
distribution of individuals with these particular patterns
of site attack in families. Even if such a study supported a

genetic interpretation, this would still not imply that the
difference was mediated through intrinsic vulnerability of
the dental hard tissues.

The stability of caries pattern prevalence with time and
place
The consistency of caries pattern prevalence from year

to year and in different parts of the country has been taken
as evidence supporting the proposed genetic control of
specific site vulnerability:

In the years 1959, 1960 and 1961 the percentage of individuals
with caries experience (ie DMF teeth) in maxillary incisors was 49
per cent. 48 per cent and 49 per cent respectively. The remarkable
regularity of these values obtained from individuals from all
parts of the UK strongly suggests a community characteristic
which has a genetic basis'.

Comment
The lack of change in frequency of a particular attribute

in a population with time, or the uniformity of its
frequency in populations from different areas, provides
no evidence for genetic control of the attribute. Such
stability of frequency could equally well apply to com¬

pletely non-biological characteristics. Population data
cannot provide information about the way in which a
characteristic is transmitted from one generation to the
next. The study of inheritance clearly demands the use of
related individuals.

Symmetry ofsite attack within individuals
Even though the asymmetrical/ symmetrical attack
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ratios do not fall to zero with age. the degree of symmetry
of attack is still considerably greater than would occur if
each site were attacked independently of the correspond¬
ing contra-lateral site. This symmetry has been observed in
both maxillary and mandibular incisors, and it has been
suggested that the findings implicate an endogenous
contribution to caries" ". Other symmetrical patterns of
site attack on the maxillary incisors also appear to occur
more frequently than would be expected by chance' '.
The average number of DF maxillary incisor proximal

sites per person increases slightly from 15 to 30 years, but
the relative prevalence of individuals with 1, 2, .... 8 DF
sites remains fairly stable with age. There is a tendency for
similar levels of prevalence for 1 and 2, 3 and 4, 5 and 6,
and 7 and 8 sites attacked. This non-random pattern has
been taken as evidence for genetically controlled site
vulnerability*.

Comments
If correlation for caries attack between corresponding

sites on the two sides of the mouth were complete, only
even numbers of DF sites would be found. If there were no

correlation, and attack occurred at each site independently
of the others, the prevalence of 1, 2, .... 8 DF sites would
fall off in a graded fashion. The intermediate situation
observed suggests a degree of positive correlation and
therefore of symmetry, which is consistent with the more
direct observations of symmetry of site attack.
If different TCFs are responsible for the morphology of

corresponding sites on the two sides of the mouth" ;!, and
if mutation for MCPs is at random' \ attacks at

corresponding sites on the two sides should be uncor¬
rected. This theoretical expectation is not consistent with
the degree of symmetry of attack observed. Correlated
attacks on the two sides of the mouth can however be

explained in terms of common constitutional and local
environmental factors.

Prevalence ofmirror image patterns ofsite attack
The prevalence of a particular pattern of site attack is

generally similar to that of the corresponding mirror image
pattern"

Another intriguing feature of these data is the prevalence of
mirror image patterns. The pattern (d)-S occurs with the same
order of frequency as does S-(d); (dm)-(d) has the same order of
frequency as (d)-(dm) and so on. These patterns are in complete
accord with the genetic hypothesis and in no way can they be
explained on the basis of the acid theory or any other
environmental theory4.

Comment
The genetic hypothesis proposes that corresponding

sites on the right and left sides of the mouth are specified
by different TCFs, and that each TCF is coded for by a
particular genotype. Similar prevalence of mirror image
patterns therefore requires similar population frequencies
for "right sided genes' and 'left sided genes.' It would add
considerable complexity to the theory to explain how and
why these similar frequencies are maintained. On the other
hand, the correlation for site attack observed between
sides within individuals, which can be explained simply in
constitutional and local environmental terms, would

automatically result in a degree of similarity of prevalence
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for mirror image patterns.

Cervical caries on maxillary incisors
It is argued that, according to the acid theory, because

plaque is usually distributed symmetrically on the labial
surfaces of maxillary incisors, cervical caries should also
be distributed symmetrically. Considering only those
individuals who showed some cervical caries on either the
permanent maxillary central or lateral incisors, the
percentage ratios 'right side DF: both sides DF: left side
DF' were found to be 33:33:33 for central incisors and
40:20:40 for lateral incisors. The presence of a substantial
proportion of individuals with only one side DF, despite
the presumed symmetrical distribution of plaque, was
taken as evidence for genetically controlled site specific
vulnerability to caries'.

Comment

Although a substantial proportion of individuals was
found to have asymmetrical attacks, the ratios are

compatible with a degree of positive association between
sides. Suppose for example that 10 per cent of the
population had some cervical caries on maxillary lateral
incisors. The population frequency of right side lesions,
which is the same as that of the left side lesions, would be
lO^o x (dO^o + 20ro) = 0-06. If attack on the right side
were independent of attack on the left, the expected
frequency of symmetrical attacks would be
0-06: = 0-0036. However, with a 10 per cent prevalence
of cervical caries in the population, the observed propor¬
tion of individuals with symmetrical attacks would be
lOS x 20roo = 0-02, which is approximately 6 times
greater than expected if there were no correlation between
sides. The observations therefore do suggest some degree
of symmetry of attack, which is not consistent with
independent genetic control of attack at corresponding
sites on the two sides of the mouth.

The proportion of caries-free sites in the dentition as a
whoie

[It has been shown] that a substantial proportion of approximal
sites remains caries-free throughout the lifespan and would
remain caries-t'ree even on the assumption that all approximal
sites on missing teeth were, or would have become, carious. It is
concluded that the acid theory can offer no convincing
explanation for these and previously published data without
invoking an essential contribution from intrinsic host factors,
specific to particular sites on teeth'4.

Comment
There is considerable evidence to indicate a graded

increase of enamel resistance with increasing exposure to
the oral environment. This implies that the longer a site
remains sound the less likely it is to suffer a carious attack,
initial small quantitative differences of vulnerability or
local environment between sites in the same mouth could
therefore be amplified with age. resulting in the apparently
qualitative all-or-none phenomenon of vulnerability as
opposed to resistance. Some of the evidence for, and
consequences of, this graded increase in resistance with
age are considered below.

Invoking the Hardy-Weinberg law
The Hardy-Weinberg law, a fundamental theorem of
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population genetics, has been invoked in an attempt to
support the autoaggressive explanation of caries aetiol¬
ogy. This law states that for an autosomal locus at which
there can be either allele A (at frequency p) or allele a (at
frequency q = 1-p), if the population is infinitely large, if
mating within it is at random, and with certain other
reservations, the 3 genotypes AA, Aa and aa will appear in
the proportions p;, 2pq and q; respectively.
Burch:' has arbitrarily assigned hypothetical genotypes

to different caries phenotvpes. arbitrarily chosen the gene

frequency, and then drawn attention to the similarity
between the observed frequencies of these chosen
phenotvpes in the population and those expected on the
basis of the Hardy-Weinberg law.

Comment
This procedure is entirely without justification and

provides no support for Jackson's theory. The Hardy-
Weinberg law can only be used to provide support for a

genetic hypothesis when applied to family data. If
population data alone are available, the law must be
applied to a known locus, previously identified through a
study of related individuals, when its purpose is to test
whether or not the population is in genetic equilibrium^.

Anomalous Observations
The asymmetrical/symmetrical attack ratiosformaxillary
incisor lingual pits
In contrast with the behaviour of the asymmetrical/
symmetrical attack ratios for proximal sites on the
maxillary incisors, the ratio for lingual pit sites on the
maxillary lateral incisors increases with age until at least 40
years, after which it remains relatively stable. For lingual
pit sites on the maxillary central incisors the ratio shows a
more complex age dependence, with an initial rise from 15
to 19 years followed by a fall to about 49 years, with
relative stability thereafter. Distortion of the natural
pattern of age dependence for this ratio through
symmetrical placement of preventive restorations in the
younger age groups has been suggested as a factor
contributing to this anomalous finding".

The single/double attack ratios for mandibular incisors
In contrast to the behaviour of the single, double attack

ratios for maxillary incisors, the corresponding ratios for
mandibular incisors increase with age:

The change of ratio (for mandibular incisors] with age indicates:
(i) that a higher proportion of the examined population is
genetically-predisposed to singie- than doubie-attacks. and
either (ii) that the average rate of initiation of forbidden clones
that result in double-attacks is higher than for those that result in
single attacks, or (iii) that the average latent period between the
initiation of the last pathogenic forbidden clone and the first
appearance of clinical dental caries is shorter for double- than for
single-attacks, or (iv) that both (ii) and (iii) are effective'/

Comment
The interpretation of the difference in age dependence

of the single/double attack ratios between maxillary and
mandibular incisors in terms of the autoaggressive
hypothesis requires an additional assumption, namely that
the frequency with which common TCFs occur in
association with adjacent sites in the mandible is different
from the frequency with which they occur in the maxilla.
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Since the morphology of maxillary and mandibular
incisors is basically the same, it is difficult to see why this
should be the case. On the other hand, it is known that the
iocal environment of the two groups of incisors is very
different.

An Alternative Hypothesis
It is well known that the proportion of all sites carious
tends to level off after a relatively rapid initial increase
with age. This reduction in the rate of initiation of new-
carious lesions has been interpreted by Jackson as being
due to the saturation of intrinsically vulnerable sites by-
caries, leaving sound those sites that are intrinsically
resistant. Although this explanation has been applied to a
vast array of site attack observations, there is no

convincing evidence from any other independent source to
support it.
There is, however, a variety of compelling evidence to

show that changes occur in the surface enamel with
exposure to the oral environment. These changes have
been summarised by Jenkins5' who cites a number of
original references. 4 relevant points will be mentioned
here: first, several investigations have shown that the
permeability of enamel falls with age; second, the enamel
surface concentration of fluoride increases after eruption,
the areas of fluoride uptake being particularly or perhaps
exclusively those that have suffered early demineraiisa-
tion; third, the solubility of surface enamel in acid
decreases with age; and fourth, if two comparable groups
of rats are fed a cariogenic diet, one immediately after
weaning and the other some weeks later, more caries
develops over a given period in the first group than in the
second. These findings imply an overall graded increase in
resistance of the enamel to caries with age. The observed
change in prevalence of attack with age at a given site (fig.
1) can be interpreted as a direct consequence of this graded
increase in resistance.

T

.1 ^
Age

Fig. 1.—The general pattern of observed change in prevalence of
attack, p. at a given site with age (after Jackson ).

A Quantitative Model
Given only the age specific prevalence of attack for each
member of a pair of sites it is possible to use a simple
quantitative model to predict change in the single/double,
unilateral/bilateral or asymmetrical/symmetrical ratios
with age. assuming different levels of association of attack
between the two sites within individuals, mediated
through common constitutional and local environmental

tr i

factors. The relationship between the prevalence of attack
at site 1 (p), the prevalence of attack at site 2 (q) and the
proportions of the four different combinations of attack
at the two sites (a,b.c,d.) can be summarised as shown in
Table 1, where
a + b = 1 - q, c - d = q, a - c = 1 — p.
b-r- d = p, a ^ b -i- c + d = 1.

tvbifc I.—The Proportions of Individuals (a. b. c. d) Showing
Different Combinations of Attack at a Pair of Sites. The Prevalence

of Attack at Sites I and 2 are p \nd q Respectively
Site 1

Sound Attacked

Sound a b j 1-q
Site 2

Attacked c d q

i-p p I i

When carious attacks at a pair of sites are independent
or uncorrelated the relationship ad = be will hold for large
samples. This implies that the proportion of individuals
with attack at site 2 is the same for those with and without
attack at site 1 (d,< b = c/a). Any association between attack
at the two sites will result in an increase in a and d at the
expense of b and c. There are several measures that can be
used to describe the degree of association in such a
situation, including various versions of the correlation
coefficient14. The measure chosen here is the 'cross-

product ratio', 'odds ratio' or 'relative risk'-5. It has the
advantage of a simple epidemiological interpretation at
different levels of prevalence.
The cross-product ratio can be defined in terms of Table

I as the odds of attack at site 2 when site 1 is attacked (d/b)
relative to the odds of attack at site 2 when site 1 is sound
(c/a). The relative risk, a, is therefore given as

d/b , ,

a = = ad/be
c/ a

When attacks at the two sites are independent, a = t.The
greater the relative risk the higher the proportion of double
attacks.

Using the relationships in Tabie I:

,
_ qbc _ q(p -d) (q - d)
~~

a 1-p—q+d

Therefore

d: +d(l-p-q) = q[pq-d(pq) + d;]

so that

d"( 1 — a) + d[l — (p-r-q)( 1 -a)] -apq = 0

and

— B + n B; -i- 4AC
d =

2A

where

A = 1 - a
B = 1 -(p + q)(l -q)
C = qpq
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(The alternative solution for d with the square root
negative is inadmissible.)
Since:

a = 1-p-q-d
b = p - d

and c = q-d

it is possible to derive the expected proportions a.b,c,d,
and thus the single/double ratio of (b-f-c)/'d, for any
chosen value of a, given only p and q. In other words, the
model assumes that each pair of sites has its own odds ratio
which remains constant as prevalence increases with age.
What are needed to test this model are attack prevalence

figures for different ages and for each site independently,
preferably the figures that apply to Jackson's own study
populations in which the single/double, unilateral/
bilateral and asymmetrical/symmetrical ratios were obser¬
ved. However, Jackson's publications are concerned
primarily with individuals who show attacks rather than
the proportion of the population that these individuals
represent. Nevertheless, an average age specific
prevalence, p, for all incisor proximal sites can be derived
from data given by Jackson, Burch and Fairpo'h These
average figures (Table II) are adequate to show how the
model can be applied.

Table II.—Average Age Specific Prevalence of Caries Attack, p.
over all Incisor Proximal Sites'4

Age Total DF

/years) sites sites P

15-19 763.060 52.170 0-068
20-24 649.478 56.282 0-087
25-29 486,984 45.881 0-094
30-54 392.040 40.929 0-104

35-39 300, "46 32.432 0-108
40-44 233."82 25.118 0-107
45-49 158.676 17,339 0-109

50-54 98.586 10.981 0-111

55-59 54."36 6.095 0- III

The predicted single/double ratios derived from the p
values listed in Table II are illustrated for different values
of a in figure 2, assuming the same prevalence of attack for
each member of the hypothetical pair of sites (p = q). The
pattern of change of the ratio with age is the same as that
observed by Jackson (with the exception of the anomalous
findings discussed earlier) and shows that the stabilised
value occurs at a progressively lower level with increasing
relative risk, as would be expected. Furthermore, the
higher the relative risk, the earlier the stabilised value is
reached. Curves for u=l and <* = *= correspond to a

correlation between sites of r = 0 and r= 1 respectively.
The simple quantitative model described can therefore
generate, directly from single site attack prevalence data,

Table III.—Jackson's Own Observed Stabilised Ratios for 4
Different Pairs of Sites "1 Together with a Summary of Whether the
Sites Involved had Mirror Image Surfaces and/or a Common Contact

Point

Mirror
Stabilised image

Jackson ratio surfaces
0-7-0-3

1-1
1-4

Common Estimated
contact aSites

RCeimi—LCetm)
C'e(d)— Lac(m) iR or L)
RCeid)—LCetd)
Ceim)—Co(d)iRorL) 2-5 - - 11

R = right. L = left. Cc and Lai = maxillary central and lateral incisors, m = mesial.
j = distal. The approximate estimate of the relative risk. a. was calculated by
assuming a prevalence or'attack ot il percent for each site when the stabilised ratio
had been achieved (see Table II. older age groupv).

20

27

26
25

24

23

22

21

20
19

18

17

Q = 2

CU5

a.10
a=20
a*ico
G = C0

a»*o

a*2C

G = 20
C = 4Q
a=5C
a>7C
a*iOC

15 20

2-1

25

29

30

3-1

35

39

Veers

40 45 5C

49 54

7 3

59

F'u ">—Predicted single, double ratios. (b-vcl/d. for a hypothetical
pair of incisor sites, derived from p values listed in Table II for different
values of <* with p = q. Plot A shows a full range of curves. Plot B shows
curves covering a range of stabilised ratios comparable to that obser.ed
by Jackson.

ratios comparable to those observed. This can be done by
incorporating oniv a single variable, the level of associa¬
tion for carious attack between sites, expressed in terms of
relative risk.

In the light of the model, the levels at which Jackson's
observed single/double, unilateral/bilateral and
asymmetrical/symmetrical ratios stabilise are of some
interest in that they imply different levels of relative risk
for different pairs of sites. Table III lists the observed
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stabilised ratios for 4 pairs of sites along with
approximate estimates of relative risk. The pair of sites
with the highest relative risk had mirror image surfaces and
a common contact point, the two pairs with intermediate
relative risks had either a common contact point or mirror
image surfaces but not both, and the pair of sites with the
lowest relative risk had neither mirror image surfaces nor
a common contact point. These findings are consistent
with an important local environmental contribution to
carious attack, and therefore with the current majority
view of the aetiology of dental caries.

Conclusions
Jackson's theory of caries aetiology is a complex one

requiring the co-ordinated operation of a number of
improbable mechanisms for which no independent sup¬

porting evidence is available. The reduction in incidence of
new carious cavities with age. and in particular the
stabilising of Jackson's single/double, unilateral/
bilateral and asymmetrical/symmetrical ratios at levels
above zero, can be plausibly explained in terms of a simple
quantitative model that assumes a graded increase in
enamel resistance w'ith exposure to the oral environment
(for which there is considerable independent evidence),
together with a variable degree of association for carious
attack between sites within individuals, mediated through
common constitutional and local environmental factors.
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Teeth arise from the dental lamina, a band of thickening of
the oral epithelium that marks out the position of each future
dental arch. The lamina forms as an ingrowth of oral epithelial
cells into the underlying mesenchyme of the jaw. and from it,
by further cell proliferation, develop localized swellings that
go on to form tooth germs. Each bud of lamina destined to be
a tooth germ becomes invaginated, producing a bell-shaped
epithelial structure that increases in size and morphological
complexity, until the basic configuration of the future tooth
crown is fixed with the onset of dentine and enamel matrix
apposition and mineralization. Enamel formation usually
ceases once the tooth crown is complete, but dentine formation
continues with root development. A layer of cementum is laid
down on the outer surface of the root dentine and incorporates
periodontal fibres that support the tooth through their attach¬
ment to the bony wail of its socket. Genetic variation may
affect each of these stages of tooth development.

1. Initiation

Variation in the capacity to initiate tooth germs results in
some individuals possessing more, and others less, than the
normal complement of teeth. Studies ofman and experimental
animals show that both failure of initiation and the capacity to
initiate additional teeth may be at least partly inherited.
The mouse normally has three molars on each side of each

jaw, but the third molar, which is usually initiated soon after
birth, sometimes fails to develop. Failure to develop may be a
characteristic of a particular wild population or laboratory
strain, or one aspect of a syndrome of abnormalities produced
by a single mutant gene. For example, some years ago the
inbred strains CBA. A and C57BL were found to have,
respectively, 17.9%, 2.3% and 0.1 % of individuals with one or
more missing third molars, and crosses between strains con¬
firmed the genetic basis for this difference between them
IGriineberg. 1963). In the mouse mutant crooked, which
develops anomalies of the axial skeleton, and themutant tabby,
which develops a generalized abnormality of epidermal
derivatives, third molars may again be absent (Griineberg,
1965): though, strangely enough, tabby mice may possess an

additional molar anterior to the first molar of the normal
series. Supernumerary molars have also been found in a strain
of rice rat. possibly related to a single gene (Sofaer & Shaw,
1971); and additional incisors in the mouse (Dant'orth, 195S)
and in the dog (Hitchin & Morris, 1966) may have a hereditary
basis.
Embryological study of the third molars of CBA and

crooked mice (Grewal. 1962). and of the supernumerary and
third molars of tabby mice (Sofaer, 1969b), indicates that the
critical stage for initiation of a tooth germ is after localized
laminal proliferation has started but before invagination takes
place. Localized proliferations from the dental lamina that
normally go on to form established tooth germs can therefore
sometimes regress.
The initiation ofa tooth germ depends on interaction between

the proliferating dental epithelium and its underlying mesen¬
chyme. Both tissues must function normally if a normal tooth
germ is to be formed. In themousemutant tabby, and in another
mutant, downless, which is phenotypically indistinguishable
from tabby, there is, in addition to the abnormalities of tooth
germ initiation, a virtually complete failure of initiation of hair
follicles in the tail. Hair follicle development also depends on
epithelium-mesenchyme interaction, and, in its early stages,
is very similar to that of tooth germs. The suppression of tail
hairs in these mutants can therefore be used to investigate how
the abnormalities of initiation arise. Failure of initiation
could be due to failure in either the epidermal ("epithelial) or the
dermal (mesenchymal) component of the system, or both.
Reciprocal recombinations between downless homozygote
(phenotypically mutant) and heterozvgote fphenotypically
normal) tail epidermis and dermis have been made prior to the
time when the first signs of follicle formation are visible in the
tails of normal mice, and the recombined elements allowed to
continue growth and differentiation in culture. Explants
composed of heterozvgote epidermis with either heterozygote
or homozygote dermis produced follicles, whereas explants
composed of homozygote epidermis with either homozygote
or heterozygote dermis did not. Failure of initiation in
dowttless therefore appears to result from an abnormality
restricted to the epidermis (Sofaer. 1973a). However, similar
experiments with tabby provided no evidence of a primary
epidermal effect (Sofaer, 1974), suggesting that, although the
two genes produce the same development result, they may do
so in different ways.
The most commonly missing tooth in most human popula¬

tions is also the third molar, the incidence of individuals with
one or more missing third molars varying from around 1 % in
some African Negro and Australian aboriginal samples to
estimates of over 30% among Japanese, with values for Cauca¬
sians lying somewhere between. For teeth other than third
molars, six large studies of different populations have shown
the incidence of individuals with missing teeth to vary from
2.3% to 9.6% (Pindborg, 1970); and these different frea.uencies
probably, though not necessarily, reflect a degree of hereditary
determination for the absence of teeth. Apart from the third
molar, one of the most frequently missing teeth is the upper
lateral incisor, absent in 1-3% of individuals of most samples
examined, but in over 20% of residents of the isolated Swiss
mountain village of Illgau (Johr. 1934). The high incidence in
a small, isolated and therefore probably relatively inbred
community suggests a genetic basis for the abnormality, and
family studies have shown that the condition is indeed highly
heritable, with the possibility of a single gene making a major
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contribution (Mandeville, 1950; Alvesalo & Portin, 1969).
However, a family study of missing teeth in general, excluding
third moiars, points to a largely quantitative genetic basis,
since not only is the incidence of missing teeth higher than
normal among relatives of those in whom teeth have failed to
develop, but the greater the number of missing teeth in any
individual the higher the incidence of individuals with missing
teeth among his relatives (Grahnen, 1956).
In man, missing teeth and supernumerary teeth may also be

part of generalized syndromes of abnormalities caused by
single mutant genes (Gorlin & Pindborg, 1964). A striking
example of such a circumstance is shown by individuals with
hypohidrotic (or anhidrotic) ectodermal dysplasia, usually an
X-linked recessive condition where many, and occasionally
ail, of the teeth fail to develop. This is a general abnormality
of ectodermal derivatives and it is therefore not difficult to
understand how the teeth may be involved; but for some
syndromes the developmental relationship between missing or
supernumerary teeth and the other abnormalities may not be
so clear. For instance, in cleidocranial dysostosis, an autosomal
dominant condition that includes absence or hypoplasia of the
clavicles and abnormal ossification of the skull, numerous
though frequently unerupted supernumerary teeth may occur,
despite the fact that teeth of the normal series sometimes fail
to develop.

2. Growth

The genetic control of the growth of tooth germs acts through
a number of different influences. Firstly there is the intrinsic
potential of the tooth germ itself, controlled by genes that
affect directly the rate of proliferation of dental epithelium
and its associated mesenchyme; secondly there is the immediate
local environment around the developing germ, influenced by
genes affecting the tooth germ's nutritional requirements
through, for example, blood supply and the number, size and
proximity of competing contemporary tooth germs; and third¬
ly there is the general environment of the individual as a whole,
contributed to in the early stages by the lactational performance
of the mother. In experimental situations it may be possible
to study these influences separately. For example, the inbred
mouse strain A has small lower third molars, and small size
can be attributed to the genotype of the A strain; but ifA strain
young are suckled by more vigorous hybrid mothers their third
molars grow a little larger. The growth of third molar germs
therefore depends both on the genotype of the individual and
on the genotype of his mother (Griineberg. 1963).
In many cases, however, it is possible to study only the

combined effect of ail sources of genetic variation in producing
size differences between adult individuals. In randomly bred
populations of laboratory animals this combined effect can be
expressed in terms of the total genetic variance, by comparing
the observed variance of a chosen dental dimension with the

corresponding variance in a genetically homogeneous labor¬
atory sample, usually the hybrid of two inbred strains. The
variance shown by hybrids is assumed to estimate the effect of
ail the non-genetic sources of variation, and when subtracted
from the total randomly bred variance leaves the variance due
to genetic differences between individuals in the randomly bred
strain. This genetic variance expressed as a proportion of the
total observed variance is known as the degree of genetic
determination, and has been estimated at about 60% for the
width of mouse lower first molars in four randomly bred
laboratory stocks (Bader & Lehmann, 1965).

Another way to approach the problem is to study the resem¬
blance between relatives, expressed either as a correlation or as
an estimate of the heritability. Estimates of resemblance be¬
tween relatives in both human and mouse populations indicate
that relatives tend to be most alike with respect to the size of
early developing teeth within a morphological class (incisors,
premolars and molars), and least alike with respect to the last
tooth to develop in each class. This means that the later a tooth
develops in a given region of the jaw the more its size variation
appears to depend on non-genetic differences and the less on
genetic differences between individuals. This pattern of genetic
variation can be interpreted in terms of compensatory inter¬
action between tooth germs during development, the later
developing teeth tending to compensate for the combined
deviations of their earlier developing neighbours from the
norm, and consequently showing signs of greater local environ¬
mental influence (Sofaer. 1973b).
In addition to considering different sources of genetic

variation from a developmental point of view, it may also be
possible to assess the relative contributions of sex-linked as
opposed to autosomal genes in controlling tooth size. There
are conflicting reports here. Some human investigations
suggest that X-linked genes do contribute to the control of
tooth size (Gam. Lewis & Kerewsky, 1965; Alvesaio, 1970),
whereas others find no evidence ofX-chromosome involvement
(Niswander & Chung, 1965; Bowden & Goose, 1969). Since
tooth size is dependent on many interacting factors, each
individually subject to genetic control, it is likely that some
genes involved are carried by the X chromosome. On the other
hand, unless a sample contains detectable genetic heterogeneity
at the X-linked loci concerned, there will be no evidence of
X-linked control. In contrast to this is the finding that the
teeth of males are consistently larger (by 2-6%) than'those
of females, an observation that could be explained by the
difference of general physiology between the sexes, though a
direct Y-linked effect has been suggested (Alvesalo, 1970).
Major genetically determined human conditions may also

affect tooth size. A generalized reduction of tooth size has been
reported in chromosomal aberrations—namely Down's syn¬
drome and Turner's syndrome, as well as in conditions asso¬
ciated with single mutant genes—notably chondrcectodermal
dysplasia, focal dermal hypoplasia and Hurler's syndrome
(Gorlin & Pindborg, 1964).

3. Morphodifferentiation
As tooth germs grow, morphodifferentiation of the crown

proceeds in a regular sequence for each tooth, each cusp
appearing in a prescribed developmental relationship to its
neighbours. It is therefore not surprising to find situations
where tooth size and shape are related. For example, cusp
number and crown size of human lower first molars have been
found to vary together (Gam. Dahlberg, Lewis & Kerewsky,
1966); and, in the tabby mouse, larger supernumeraries tend to
be morphologically more complex (Sofaer, 1969c). However,
it has been usual to consider dental morphological features as
characters for independent study, and many observations show
that they are under some degree of genetic control. Different
minor morphological variants of mouse molar crowns are
characteristic of different strains and are likely to depend on
many genes for their expression (Griineberg, 1965; Sofaer.
1969a); and gross dental morphological abnormalities in the
mouse may be associated with single mutant genes (Griineberg,
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1965). In man, studies on twins have demonstrated a greater
concordance of dental morphological characters within
monozygotic pairs than within dizygotic pairs (Lunastrom,
1963).
An example of the kind of morphological variable that has

been studied in man is the cusp of Carabelli, a feature that is
sometimes present on the lingual surface of the mesiolingual
cusp of some upper molars. In common with other dental
morphological characters, the level ofmanifestation is variable
and the incidence may differ from one population to another.
Limited pedigree data have appeared in the past to support the
contention that this character is controlled by a single gene
(Kraus, 1951; Tsuji, 1958), but these are not sufficient to reach
any firm conclusion about the inheritance of the feature; and,
furthermore, there is direct evidence that the single-gene model
does not apply, either to this or to certain other dental morpho¬
logical characters (Lee & Goose, 1972). In fact, the patterns
of variation of these features suggest that they are controlled
by many genes and environmental factors, so that quantitative
genetic methods rather than pedigree studies are probably more
appropriate for their analysis. Such methods involve a study of
the resemblance between relatives, and require family data that
have not been available in sufficient quantity in the past.
In the absence of adequate family data it may be possible to

infer something about the genetics of these characters by
comparing their incidence in populations that are known to be
genetically different. For instance, the cusp of Carabelli and
shovel-shaped upper incisors appear to be good ethnic markers
in Chilean populations with different proportions of Indian
and Caucasian ancestry, the incidence of each character
approaching that in each ancestral population with increasing
contribution from that population (Pinto-Cistemas &
Figueroa, 1968; Rothhammer. Benado & Pereira. 1971). More
specifically, it may be possible to compare relationships be¬
tween populations derived from a study of dental morpholo¬
gical variables with relationships based on gene frequencies for
a number of established simple genetic polymorphisms. This
can be done in the following way. Differences between popu¬
lations in terms of allele frequencies at each polymorphic locus
investigated (usually one controlling a blood-group or serum
protein variant) can be combined over several loci to provide
an estimate of genetic distance between populations. Similarly,
differences between populations in terms of the frequencies of
alternative forms of each dental morphological variant (for
example, Carabelli's cusp either present or absent) can be
combined over a number of variants to provide a tooth-based
distance between populations. The relationship between three
populations derived from genetic distance estimates, and the
relationship between the same three populations derived from
different tooth-based distances, have shown a degree of
correspondence for some dental variants but not for others
(Sofaer, Niswander, MacLean & Workman, 1972). Some
dental morphological characters may therefore be good
indicators of genetic difference between populations, and
therefore largely under genetic control, whereas others may
not.

Two examples of more gross morphological variants may
also be of interest: fusion of two adjacent tooth germs during
development, resulting in a composite double tooth; and
abnormal invagination of the dental epithelium during mor-
phodifferentiation, producing a dens in dente or dens invagin-
atus. In man, the incidence of each of these anomalies seems to

vary from one racial group to another (Chung, Niswander,

Runck, Bilben & Kau, 1972), and there are some human family
data (Grahnen, Lindahl & Omnell, 1959; Brook & Winter,
1970) to suggest a substantial hereditary component in their
aetiology.
Fusion of adjacent tooth germs is also known to occur in

experimental animals. In the dog, incisor fusion, with or with¬
out an associated supernumerary incisor, has been found in a
strain ofLakeland terriers, indicating at least a partly hereditary
origin for the abnormality (Hitchin & Morris, 1966). In the
rice rat, fusion may occur between the first and second molars,
or even between all three molars of the normal series; and there
is some evidence that this condition, which also may occur
with or without an associated supernumerary tooth, is con¬
trolled by a single major gene (Sofaer & Shaw, 1971).

4. Matrix Apposition and Mineralization
There are two main processes involved in the development of

human dental enamel: matrix apposition, when the basic
tissue structure of the enamel is established; and mineralization,
during which the mineral content rises to about 96 %. There are
correspondingly two broad categories of hereditary abnorm¬
alities of enamel formation: hereditary enamel hypoplasia
(amelogenesis imperfecta of the hypoplastic type), primarily
affecting matrix apposition: and hereditary enamel hypo-
mineralization (amelogenesis imperfecta of the hypomineral-
ized type), primarily affecting mineralization. The former
results in a quantitative deficiency of more or less normally
mineralized enamel, and the latter in a qualitative abnormality
in enamel of more or less normal thickness. However, inter¬
mediate conditions where both qualitative and quantitative
disturbances occur are relatively common, indicating that the
two processes are not inuepenaent. Each of these categories
ofabnormality has been further subdivided according to details
of the clinical presentation and histopathology, and the pattern
of hereditary transmission (Witkop. 1965); but the majority
of cases of genetically determined hypoplastic defects appear
to be due to an X-linked gene, and the majority of those in the
hypomineralized category to an autosomal dominant. An
intriguing feature of the X-linked hypoplastic disturbance is
the occurrence of "striped" teeth in presumed heterozygous
females (Shokeir, 1971). During normal enamel formation the
ameloblasts retreat from the dentine-enamel junction, each
laying down a continuous column of matrix that soon starts to
mineralize. On the basis of the singie active X-chromosome
hypothesis, it is assumed that the enamel stripes in X-linked
hypoplasia heterozvgotes represent regions formed by groups
of ameloblasts in which the active X chromosome carried either
the normal or the hypoplastic allele. An electron-microscope
and microprobe study has in fact demonstrated two distinct
types of sub-surface enamel corresponding to the externally
visible stripes (Sauk. Lyon & Witkop, 1972). Hereditary
abnormalities of the enamel occur in about 1:15 000 individuals
(Witkop, 1965).
The most common hereditary abnormality of the dentine is

dentinogenesis imperfecta (hereditary opalescent dentine), an
autosomal dominant condition occurring in 1, 8000 of one
population surveyed (Witkop, 1965). The dentine has an
irregular structure, particularly away from the dentine-
enamel junction, is poorly and irregularly mineralized and
correspondingly softer than normal. The enamel often frac¬
tures under stress, perhaps because of poor support, exposing
the soft dentine and leading to marked attrition of the tooth
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crowns, sometimes down to gum level (Shokeir. 1972). In an
extreme and striking variant of dentinogenesis imperfecta,
known as shell teeth, the phase of dentinogenesis is greatly
curtailed throughout the developing tooth, resulting in only a
thin layer of dentine and a much larger pulp chamber than
normal (Rushton, 1955). A condition similar to dentinogenesis
imperfecta is frequently, though not always, seen in cases of
osteogenesis imperfecta, a more generalized autosomal
dominant disease where loose ligaments, deafness and blue
sclerae may occur in association with fragility of the bones. It
is thought likely that both dentinogenesis imperfecta and
osteogenesis imperfecta are due to a primary abnormality in
the organic component of the tissue involved, affecting the
access of calcium and phosphorus to the sites of mineralization
(Eastoe, Martens & Thomas, 1973). A rarer abnormality,
restricted to the teeth, is dentinal dysplasia, also apparently due
to an autosomal dominant gene, in which the roots of the
teeth are much shorter than normal. The first formed dentine
of the tooth crown is normal, but root dentine formation is
apparently prevented by irregular and abnormal collagenous
deposits (Rushton, 1955).
Inherited diseases with primary effects elsewhere in the

body may also influence the formation of enamel and dentine,
or cementum. One such condition is familial hypophosphat-
aemia, an X-linked disease characterized by impaired renal
reabsorption of inorganic phosphate, resulting in low serum
phosphate concentrations and. in some cases, rickets or osteo¬
malacia that do not respond to the normal therapeutic doses of
vitamin D i Williams & Winters. 1972). The dentine is poorly
calcined and may contain deficient tracts extending from the

dentine-enamel junction to the pulp. The enamel above the
tracts may be hypoplastic or cracked, providing access to the
pulp chamber for oral micro-organisms. This can lead to
multiple periapical abscesses associated with apparently
normal and healthy-looking teeth (Archard St Witkop, 1966).
In hypophosphatasia. probably an autosomal recessive
condition, there is decreased serum alkaline phosphatase
activity with inadequate mineralization of the bone matrix
(Bartter. 1972). In addition, there may be almost a total
lack of cementum and normally attached periodontal fibres,
leading to poor support and premature loss of the teeth
(Bruckner, Ricklcs & Porter, 1962).

5. Conclusions

Genetic variation can be found at each stage of dental
development from the initiation of a tooth germ to the func¬
tional attachment of the resulting fully formed tooth in the bone
of the jaw. Althoughmany examples come from human studies,
the conclusions are often of a rather general nature, more
detailed, though from the human point of view indirect,
information perhaps coming from work with experimental
animals. Progress in human dental genetics has been frustrated
in the past by a lack of adequate family data, though recent
investigations and current work in the field indicate that this
deficiency is being made good. It is to be hoped that more
critical studies of human dental variation in the near future will
provide better direct information about the control of tooth
development in man.
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APPENDIX 4C

Computation of Heritability Values
Since the genetic basis of a large

proportion of cases of cleft lip with or
without cleft palate (CL(P)) cannot be
adequately explained, either in simple
Mendelian terms or in terms of detectable
chromosomal derangements, the problem
becomes one of the relative importance of
heredity and environment. The solution to
such a problem can be arrived at only by
using the methods of quantitative genetics
and, in order to apply these methods, it is
necessary to make certain assumptions
about the underlying basis of the observed
variation and to formulate some sort of
model to explain it. In the present instance
it seems that the appropriate model is that
of quasi-continuous variation (2).
A quasi-continuous variable, in this case

CL(P), is either present or absent but,
when present, it varies continuously from
the lowest level of expression to the
.highest. The accepted model of quasi-
continuous variation is based on the
assumption that there is an underlying
scale of continuous variation of some

quality (the result of a combination of all
the genetic and environmental factors
involved) which is immediately related to
the development of the character. The
character is absent in individuals who
occupy a position on the scale below a
critical threshold value and is present in
those who occupy a position above it. The
more the level on the underlying scale
exceeds the threshold, the more intense is
the expression of the character. A quasi-
continuous character can therefore be
regarded as a continuous variable whose
expression has "visible" and "nonvisible"
ranges. In the case of CL(P), the visible
range starts just above the threshold, with
slight notching of the lip, and extends
through complete clefts of the lip and
alveolus to complete clefts of the lip.
alveolus and palate.
In a population of individuals, of whom

some show the character and others do
not, the distribution on the underlying
scale is divided by the threshold.
Assuming that the population is normally
distributed, it is possible, by looking up

standard tables of the normal distribution,
to locate the mean of the population
relative to the threshold in terms of the
distribution's standard deviation. It is also
possible to locate the mean of those
individuals who fall above the threshold.
The only information that is required is
the proportion of the distribution that falls
above (or below) the threshold (1).
In the general population CL(P) has an

incidence of 0.1T. When we look up the
appropriate tables (1), we find that the dis¬
tance between the mean of the general
population and the threshold, a distance
which we can call x, is equal to 3.090 SD.
The distance between the mean of the af¬
fected individuals and that of the general
population, a distance which we can call a,
is equal to 3.367 SD (see Figure 4C-1).
It should be clear that, if CL(P) has

some hereditary basis, the frequency of
this abnormality among relatives of CL(P)
individuals should be higher than that
among the general population. If, on the
other hand, there were no hereditary basis
and CL(P) were produced entirely by
chance or by environmental factors, a
group of relatives of CL(P) individuals
would simply represent a random sample

t
MEAN OF

WHOLE POPULATION
MEAN OF
AFFECTED

INDIVIDUALS ONLY

UNDERLYING SCALE OF CONTINUOUS VARIATION

Figure 4C-1. For CUP) in the general population,
the proportion failing above the threshold is 0.1^?; then
x = 3.090 SD and a = 3.367 SD.
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of the general population with a mean
approximating that of the general popula¬
tion itself. Thus the difference between the
mean of a group of relatives of CL(P) indi¬
viduals and the mean of the general popu¬
lation, a difference which we can call d, is
a measure of the degree to which CL(P) is
a heritable character. This difference is
simply the difference between the x value
of the general population and a similar x
value for the group of relatives (see Figure
4C-2).
The difference, d, has, however, to be

considered in relation to the distance a

and, also, to the degree of relationship
(symbolized by r) of the relatives being
studied. The distance a is the maximum
value that d can assume, and this value
would occur only if the relatives were
monozygotic twins (genetically identical
with the index cases, with r = 1) and if
the character were entirely under genetic
control. It should be pointed out here that,
as the standard deviation is the only
measure with which we can compare the
positions of the general population and the
group of relatives of affected individuals,
and as we do not know what the variances
of the two distributions are, we have to
assume that both distributions (designated
A and B) have the same standard devia¬
tion or variance (see Figure 4C-2).
The quantity which we are interested in

calculating by all these manipulations is
called the heritability and is symbolized by
h2. The heritability is the proportion of the
observed variation which is due to additive
genetic effects and is calculated from, and
can be used to predict, the degree of re¬
semblance between relatives. If the rela¬
tives we are dealing with are first degree
relatives (full sibs, parents or children),
then r = Vi as, on an average, these rela¬
tives have one-half of their genes in
common with their index case. If they are
second degree relatives (uncles, aunts,
nephews and nieces) or third degree rela¬
tives (first cousins), then r = G and ,

respectively, as second- and third degree
relatives have, on an average, respectively,
!4 and '.'8 of their genes in common with
their index case. The maximum values of
d when using first-, second- and third de¬
gree relatives are therefore a/2, a/4 and
a/8, respectively, and these values would

THRESHOLD

MEAN OF MEAN OF

DISTRIBUTION DISTRIBUTION
A B

Figure 4C-2. Distribution A represents the gen¬
eral population. Distribution B represents relatives of
affected individuals in distribution A. The assump¬
tion is that the two distributions have the same vari¬
ance.

occur only if h2 — 1. The actual value of
the heritability is simply the difference d
expressed as a proportion of its maximum
possible value. Thus h2 = d/ar.
It should be mentioned that there are a

number of complications and refinements
associated with this method, and the in¬
tention here has been only to convey the
principles involved. For further details, the
reader is referred to Falconer (1).
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1. THE INFLUENCE OF HEREDITY

J. A. SOFAER

Terms and definitions
Variation
Genes and chromosomes

Genotype and pnenotvpe

Types of variation
Discrete variation
Continuous variation '

Quasi-continuous variation

Genetic variation and development
Normal variation

• Abnormal variation
Within-individual differences
Tissue and regional specificities
Asymmetry

Correlated characters

TERMS AND DEFINITIONS

Variation

When observing an organism, or when studying its
development, it is important to realize that every character
and every developmental process is subject to some degree
of variation. No attribute, whether anatomical or physio¬
logical. normal or pathological, has an identical manifesta¬
tion in all individuals, and there is no single rigid path of
growth and development that is common to all members of
a species. All characters therefore show some differences of
nature or degree between individuals, and these differences
are due partly to the inheritance of different genes and
partly to chance and differences in the environment to
which individuals have been subjected.
The first step in investigating the influence of heredity

on growth and development is to observe the ways in which
individuals differ with respect to any character of interest,
and to study the patterns of variation of the character
within families and within and between populations. A
variety of analytical methods can then be applied to estimate
the extent to which differences between individuals are due
to genetic differences rather than to the influence of different
non-genetic factors. Once something is known about the
genetic contribution to the observed variation, established
hereditary variants can be used to draw conclusions about
developmental processes and their genetic control.
Differences occur not only between populations and

between individuals but also, within individuals, between

tissues or regions of the body. These differences begin to
appear early in developmentwhencells or groups ofceils start
to differentiate along a variety of developmental pathways.
The basis for this differentiation seems to be that only par¬
ticular genes have been "switched on" in particular ceils,
the majority of genes remaining inactive for most of the
time. In certain circumstances it may be possible to com¬
pare gene activity in different tissues, and this can be a
powerful way in which to study the effects of heredity on
development.
Another kind of within-individual difference is that

which occurs between paired structures on the two sides
of the body. .As hereditary potential and the general en¬
vironment are expected to influence both sides of the same
individual equally, asymmetry can be assumed to indicate
lack of ability of a developing organ to buffer itself against
chance developmental fluctuations and variation in its own
local environment within the developing individual. The
symmetry of bilateral structures is therefore an estimator
of developmental stability, which, like any other character,
is affected by both hereditary and environmental influences.
In addition to studying the variation of each character

of interest separately, it may be useful to consider how two
or more characters vary together. In the case of a syndrome
of abnormalities produced by a single gene it is fair to
assume that all characters showing some sign ofabnormality
are associated during development. When two characters
that are correlated appear to be affected by several genes,
it may be possible to estimate the degree to which their
observed patterns of variation are due to common genetic
influences and thereby draw conclusions about their devel¬
opmental relationships.

Genes and Chromosomes

The variation observed among living things is composed
of hereditary and environmental components. Heredity-
supplies the potential and the environment dictates the
manner and degree to which this potential is expressed.
The determinants of hereditary potential are the genes, each
gene being an item of stored information that can be used
to produce or control the production of a particular sub¬
stance. The products of gene activity are ultimately partly-
responsible for all the physiological and anatomical proper¬
ties of the individual. The fundamental property of the gene
itself is its capacity for self-replication. The information
contained in it can therefore be passed from one cell

l
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generation to the next, and from a parent to its offspring.
However, since genes cannot be observed directly, the
existence of any gene can only be interred from a study of
variation in the character or characters it helps to produce.
The term gene is sometimes too general, and it may be

more appropriate to talk of a locus, which is the site on a
chromosome occupied by a gene, or an allele, which is one
of a number of alternative forms that a gene may take.
For example, at the MN blood group locus in man there
may be either an "M-substance" producing allele or an
"N-substance" producing allele. Allelic differences like
this form the basis of the genetic component of variation,
and, conversely, it is the possession of common alleles,
derived from a common ancestor, that is responsible for
the resemblance between relatives.
The nucleus of each human somatic cell normally con¬

tains 23 pairs of chromosomes. One member of each pair
is derived from each parent so that each pair comprises a
maternal and a paternal chromosome. One of the 23 pairs
is a pair of sex chromosomes and the other 22 pairs are
called autosomes. Each gamete contains only one member
of each chromosome pair. At fertilization one gamete from
each parent unite to form a single-celled zygote that subse¬
quently develops into a new individual. As the zygote
receives one chromosome of each pair from each parent,
it is able to start its development with the full somatic
complement.
The two members of each pair of autosomes are poten¬

tially identical in that the same loci are normally present in
the same sequence in both. The only differences are allele
differences that may be present at aiL any or none of the
loci. Each pair of autpsomes is normally completely differ¬
ent from each of the others so that there are only two auto¬
somal loci of each kind in each individual. Therefore, no
matter how many aileies are available for a particular auto¬
somal locus, no more than two will normally be present
in each individual. If both alleles at a given locus are
identical the individual is said to be homozygous at that
locus for that allele, and if the alleles are different the
individual is said to be heterozygous.
The sex chromosomes differ from the autosomes in that

there are two alternative forms. One is the X-chromosorae,
which can be regarded as comparable to an autosome, and
the other is the Y-chromosome. Loci carried by the
X-chromosome are said to be X-linked or sex-Linked, but no

corresponding Y-linked loci have been demonstrated. Tne
Y-chromosome can therefore be regarded as relatively inert.
All viable individuals possess at least one X-chromosome,
sex being dependent on whether the other member of the
pair is another X-chromosome (which comers femaleness)
or a Y-chromosome (which confers maieness). Females can
therefore be either homozygous or heterozygous for all
X-linked genes, but as males possess only one allele at each
X-Linked locus they can be neither. Males are consequently
said to be hemizygous at all X-linked loci.
If an individual is homozygous (or hemizvgous) at a given

locus for any allele, then the observed effect is that of this
allele alone. When an individual is heterozygous, and there
are therefore two different alleles at the same locus, the
outcome is dependent on the relationship between the

alleles. If the two alleles are symbolized by .4i and A2, and
in heterozvgotes the observed effect is entirely that of .4-,
then H.2 is completely dominant over .4,, and .4i is com¬
pletely recessive to .4,. Ail levels of dominance can occur
from complete dominance of one allele over its partner to
a situation of no dominance where each allele is expressed
unaffected by the other.
Alleles are not absolutely stable entities. .Although they

are usually transmitted unaltered from generation to gener¬
ation through the process of self-replication, rare events
occur to cause changes within them. These events are called
mutations, the new allele is a mutant allele, and individuals
who show the effect of the mutant allele are known as

mutants. The chromosomes themselves are also not entirely
stable, and aberrations of the chromosomal complement,
some of them associated with physical or mental abnor¬
malities, may occur at low frequencies in all populations.

Genotype and Phenotype
The genetic constitution of an individual is known as his

genotype. Genotype may refer to a specified locus or loci,
or to all loci in general. An individual's pheaotvpe is the
final observed product of a combination of genetic and
environmental influences. Phenotype may be used to refer
to a specified character, or to the observable properties of
the individual in general.
Different types of character can be thought of as being

different distances from the fundamental level of gene activ¬
ity. The further a character is removed from this funda¬
mental genetic level, the greater the likelihood that its
variation is dependent on allele differences at more than one
locus, and aiso on environmental fluctuations. Enzymes."
for example, are substances that are almost direct products
of gene action, and in most cases it has been shown that the
molecular structure of a single enzyme is dependent on a
single gene.' This means that variation in the structure, and
consequently the function, of a particular enzyme is usually
due to allele differences at a single locus. Morphological
characters, on the other hand, are furthest from the funda¬
mental genetic level and are the end results of a vast com¬
plexity of interacting developmental processes controlled
by many genes and sensitive to external influences.
Since ontogeny has a basically diverging nature, the

earlier an event occurs the more widespread its effects are
likely to be. Each gene therefore probably affects many
morphological characters, the breadth of its influence de¬
pending on the developmental stage at which it becomes
active. It has in fact been observed that detectable single
allele substitutions usually produce syndromes of morpho¬
logical effects. Different aspects of such a syndrome may
at first appear unrelated, but connections between them can
often be established by probing back into their develop¬
mental relationships iGnineberg, 1963).

TYPES OF VARIATION

Discrete Variation

Characters that show discrete variation exist in two or

more qualitatively different forms. It is therefore not
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possible to compare individuals by their measurements on
a simple common scale. The best examples of discrete vari¬
ables are found among biochemical or immunological
characters such as blood groups. Here individuals are
either of one blood type or another and there is no con¬
tinuum of intermediates. Characters that exist in two forms
only, such as sex. are examples ofdimorphisms; and charac¬
ters that exist in more than two forms, such as.ABO blood
type, are examples of polymorphisms. Variation within a
population implies that not all individuals are of the same
type. Variation between populations implies that the
frequencies of the different forms in one population are
different from those in another.
Discrete variation is often due to allele differences at a

single locus. This can be demonstrated by studying the
pattern of distribution of the character's different forms
within families. The investigator compares the pattern with
the theoretical expectations associated with different modes
of genetic control, and by a process of elimination arrives
at the most 'likely genetic hypothesis to explain the
observations.

Continuous (Quantitative or Metric) Variation

Continuous variables, such as height, weight, tooth size
and eruption time, are characters that can be measured
azainst a continuous scale. In anv ranze on anv scale of
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Fig. 2. Normal distributions corresponding to the data
in Fig. 1. The means (indicated by arrows) of groups
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Fig. 1. Distributions of mesiodistal diameter of lower
third molars in two genetically different groups of
mice. A and B. The two groups differ with respect to
both position ana spread on the scaie.

measurement there is theoretically an infinite number of
possible values, but for practical purposes it is usual to
measure in terms of a chosen size of subdivision. For

example, the mesiodistal diameter of mouse lower third
molars can be measured to the nearest 1/100 mm. Variation
within a population can then be expressed by the number of
individuals that fall within each subdivision, and popu¬
lations can be compared by the way in which individuals are
distributed over all subdivisions of the scaie (fig. 1).
The general form of each distribution in fig. 1 approxi¬

mates to the most commonly encountered type of distribu¬
tion. the normal distribution, the "ideal" shape of which is
described by the normal curve. The position of such a distri¬
bution on the scale and the variation within it can be

expressed in precise statistical terms as the mean and vari¬
ance. and differences between populations can be estab¬
lished by a comparison ofmeans and variances. The "ideal"
distributions of the data in fig. 1 are shown as corresponding
normal curves in fig. 2. The horizontal axis is still a scaie
of tooth diameter, but the vertical axis now measures the

frequency with which teeth of a particular size occur in each
group.
Continuous variables usually have a multifactorial basis:

that is, several genes and environmental influences, each
with a reiativelv small effect, contribute to an individual's



335

SCIENTIFIC FOUNDATIONS OF DENTISTRY

position on the continuous scale. Investigating the genetic
control ofcontinuous variables is then a problem ofestimat¬
ing the proportion of the observed variation due to genetic
differences between individuals, and the proportion due to
differences of environment. More specifically, it is a ques¬
tion of partitioning the observed or phenotvpic variance,
V?, into its genetic and environmental components.
The total genetic variance is itself made up of a number

of components, the most important being the additive
genetic variance, Vu which is the main cause of resemblance
between relatives. Tne proportion of the phenotvpic vari¬
ance taken up bv the additive genetic component is known
as the heritabilitv, and is symbolized by hr. Thus: h2 —

VJ VP. Heritabilitv is an expression of the reliance that can
be placed on an individual's phenotvpe as an indication of
the phenotvpe of his relatives. It is therefore useful when
attempting to predict a course of development in a growing
child, or the likelihood of his developing a disease for which
there is a heritable predisposition.
The estimation of heritabilitv depends on an analysis of

resemblance between relatives. Consider a character that
has no genetic component of variation. Phenotvpic differ¬
ences between individuals then have nothing to do with
genetic differences and are due entirely to chance or en¬
vironmental factors. Provided all individuals are exposed
to the same environment, a group of related individuals is
just as random a sample of the population as a group of
unrelated individuals, as far as the character is concerned.
Suppose, now, that the character does have some additive
genetic component of variation. Related individuals, with
more alleles in common than unrelated individuals, are

expected to be more alike. The phenotvpic variance of a
group of related individuals is then lower than that of a
random sample of the population, and these variances can
be used to estimate the heritabilitv of the.cnaracter.
A common way of expressing the degree of resemblance

between relatives is by a regression of offspring mean on
midparent value (the mean ofmeasurements of the character
in the two parents of each family). If the two parental
phenotypes are p. and p», the midparent value, P, is then:
P = (pl -|-p2)l'2. Consider that h2={. .Ml phenotvpic
variation is then due to additive genetic effects, and the
phenotype of an individual is an exact indication of his
genotype. Since each individual receives, on average, half
his genetic information from one parent and half from the
other, the mean of offspring, 0, is on average equal to:
0 ~ (pi/2) 4- (pi/2). Therefore 0 tends to equal P, and
if 0 is plotted against P for several different families the
results average out as a straight line with a slope of 1. Thus,
when hr = 1. the regression ofoffspring on midparent value,
bo? = 1; so that h2 = bob When hr = O, and assuming
that there is no environmental reason why offspring should
be like their parents, each offspring is equivalent to a ran¬
domly selected individual from the general population, and
the offspring means of ail families vary around the mean of
the general population. The results of plotting 0 against P
then average-out as a straight line with zero slope. Thus,
when A-= 0, bo?= 0; 30 &at this case also Ir—bop
(fig. 3). The equality of h2 and br,p can in fact be shown to
apply for all values of hr.

Further details of these and other methods of estimating
the heritability of continuous variables are given in
Falconer (1964).

M

MIDPARENT VALUE

Fig. 3. The regression of offspring mean on midparenc value.
The :wo lines indicate the average relationships between
parents and offspring for the two extremes of hentability. .V
is the mean value of the character in the population.

Quasi-continuous Variation

Characters that are either present or absent, but when
present vary continuously, are known as quasi-continuous
variables. The accepted model of quasi-continuous vari¬
ation is based on the assumption that there is an underlying
scale of continuous variation of some attribute (the resuit
of a combination of all the genetic and environmental fac¬
tors involved) that is immediately related to the develop¬
ment of the character. The character is absent in individuals
who occupy a position on the scale below a critical threshold
value, and present in those who occupy a position above it.
The more the level on the underlying scale exceeds the
threshold the more intense is the expression of the character.
A quasi-continuous character can therefore be regarded as
a continuous variable whose expression has a "visible" and
a "non-visible" range.
In a population of individuals, some of whom show a

quasi-continuous character and others of whom do not.
the distribution on the underlying continuous scale is
divided by the threshold. The shape of the whole distribu¬
tion is therefore not disclosed, and unless there is reason to
think otherwise it may be useful to assume it is normal. It
is then possible, by consulting standard statistical tables of
the normal distribution, to establish x. the distance of the
threshold from the mean of the distribution in terms of a,
the distribution's standard deviation. The only information
required is the proportion of the population, q, that falls
above the threshold (fig. 4).
A simple comparison between populations can be made

of means arrived at in this way, but such a comparison
suffers from the possibly over-simplified assumption that
the variances of all populations are the same. In order to
compare variances as well as to make a more accurate com¬
parison of means, the variable concerned must be caoable

OFFSPRING
MEAN
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of being scored in three categories rather than two: non-
affected, minimally affected, and moderately to maximally
affected. In such a situation there are therefore two

thresholds, and variances and means can be expressed in
terms ofwhat is assumed to be a constant interval between
the two thresholds.

THRESHOLD

NON-AFFECTED ! AFFECTED

THRESHOLDS
1 2

UNDERLYING SCALE OF CONTINUOUS VARIATION

Fig. 4. The model of quasi-continuous variation. Only those
individuals who fall above the threshold can be measured but
the distribution on the underlying continuous scale is assumed
to be normal. The distance, x, of the threshold from the mean,

M, in terms of the standard deviation, ff, can be derived from
tables given the proportion of affected individuals, q (hatched
area as a proportion of the total area under the curve).

Figure 5 illustrates how such comparisons can be made.
Applying proportions of each population to tables, as
already described. qM will give^A1, the distance of threshold
1 from the mean of distribution A; and qA2 will give ,x12,
the distance of threshold 2 from the mean of distribution A.
Both these distances are in terms of <jA, the standard devi¬
ation ofdistribution A. A similar procedure can be adopted
for distribution B. Thus the interval between the two

thresholds, r, is equal to:
t = (XA2 ~ X4l)ffA — (*32 — xBl)<x9

If for the sake of simplicity the distance between the two
thresholds, t. is denned as unity, or one threshold unit, then
the standard deviations of the two populations are equal to:

A1) threshold units,
o3 — ll(x32 — *Bi) threshold units,

and the variances follow as crA2 and <r32. It follows also
that the mean of distribution A:

Ma = — xA1oA threshold units from threshold 1,

and the mean of distribution B:

Mb = —x31o3 threshold units from threshold 1.

Greater detail of this kind of analysis is aiven in Falconer
(1964.1965).
Certain features of quasi-continuous variation are illus¬

trated by a dental morphological variant in the mouse, a
supernumerary cusp that has been found to occur at high
freouencv on the lower first molars of the Tuck No. 1

ca
u.

! M1N.

NON-AFtcCTSO i AFr MOD-MAX AFFECTED
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fir aAl"^A2

SiHi
Way,
Wf,

*3°A mA

XA1

♦3Ca

XA2

UNDERLYING SCALE OF CONTINUOUS VARIATION

Fig. 5. Quasi-continuous variation with two thresholds.
Values ofx can be derived from tables given the appro¬
priate proportion, q: and variances and means can be
compared in terms of the threshold interval, r.

strain (fig. 6). Individual mice can be regarded as either
non-affected (normal) or affected (variant), and affected
animais can be classified according to four levels of ex¬
pression of the cusp. Crosses of Tuck animals with other
strains have resulted in groups of progeny with different
frequencies of the cusp. Each group was genetically differ¬
ent from the others, and the different frequencies presum¬
ably reflect different mean levels of underlying genetic
potential for cusp formation. These groups make it possible
to test whether the relationship between the frequency of
affected animals and the observed mean score of affected
animais (observed MSA) conforms with what would be
expected of normal distributions occupying different posi¬
tions on the underlying continuous scale. The higher the
frequency of affected individuals, the more severely they
should be affected on average.
Just as it is possible to locate the mean of an entire distri¬

bution relative to the threshold, it is also possible to deter¬
mine from tables the position of the mean of only those
individuals who fall above the threshold. This, then, is the
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theoretical position of the mean of affected individuals
(expected MSA) based on the frequency of affected animais
in each group. Expected MSA values were calculated for
six groups of mice, making allowance for differences of
variance by using the two-threshold model described above.

1 mm

Fig. 6. Diagrams of occlusal surfaces of normal (left)
and Tuck (right) lower left rirst molars. Both teeth have
three buccal and three lingual cusps, 31-3 and Ll-3.
and a single distal cusp, 4. The Tuck tooth has an
additional cusp, S. Reproduced with the permission of
Pergamon Press Ltd. from Sofaer (1969a).

Figure 7 shows the relationship between observed and
expected MSA values. There is a high correlation (r = 0-98),
and the regression (b = 0-86) is not significantly different
from 1. The mean levels of expression of the cusp in groups

OBSERVED
MSA
1-4 /

1-2

1-0

0-8

• ✓'
/

y •

*

0-6 0-8 1-0 1-2

EXPECTED MSA

1-4

Fig. 7. The relationship between observed and expected
MSA values for 6 groups of mice produced by crossing
Tuck animais with different strains. Redrawn from
Sofaer (1969a).

resemblance between relatives. Consider the case of cleft

lip with orwithout a cleft of the palate, CL(P). The assump¬
tion is that for each individual a combination of genetic and
environmental influences determines the level ofdisposition
to develop the malformation. An individual whose level
falls below the threshold is normal, whereas one whose
level falls above it is affected.
If CL(P) has no hereditary basis and is produced entirely

by chance or environmental factors, then, provided all indi¬
viduals are exposed to the same environment, a group of
relatives of CLIP) individuals is equivalent to a random
sample of the population with an incidence of the mal¬
formation approximating to that of the general population
itself. On the other hand, if CL( P) is under some degree of
genetic control the frequency of this abnormality among
relatives of CL(P) cases should be higher than among the
general population. Thus, assuming that there is no environ-

. mental reason why relatives should tend to be alike, d. the
distance between the mean of a group of relatives of CLi P>
individuals and the mean of the general population, is a
measure of the degree to which CLIP) is a heritable con¬
dition. This is simply the difference between .x, and xr
derived from applying the proportions q, and q. to tables
as described above (fig. 8). It should be pointed out here

THRESHOLD
NORMAL CUP*

9 / \/ i \
/ 1 \
/ 1 \
/ \

/ I V

Mg

X3
a

'

J |
showing different frequencies of affected individuals there¬
fore conform with what would be expected on the basis of
the model of quasi-continuous variation.
As with continuous variables, the expression of a quasi-

continuous character is usually dependent on a combination
of many genes and environmental factors. It is therefore
appropriate to be able to estimate the heritability, and. as
with continuous variables, this is done bv studvina the

UNDERLYING DtSPOSmCN TO CEVELCP CUP)

Fig. 8. Heritabiiity estimation for a quasi-continuous
character, CL(P). Distributions of the general popula¬
tion. g, and of a group of relatives of affected indi¬
viduals, r, are shown. The values of x7 and J. and .r,,
are derived from tables given the proportions q, and <?..
The distance d, relative to a and the degree of relation¬
ship of the reiatives used, provides the estimate of
heritability.
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that, as this is a single-threshold situation, it must be
assumed that the variances of the general population and
the group of relatives are the same.
The difference d has however to be considered in relation

to a. the distance of the mean of affected individuals in the

general population from the general population mean;
and also to r, the degree of relationship of the relatives
being used. The distance a is the maximum value that d
can assume, and this can only occur if h2 = 1 and if the
relatives are monozygotic twins (genetically identical with
their originally identified CL(P) cases, with r = 1). If the
relatives used are first-degree (full sibs. parents or children),
second-degree (aunts, uncles, nieces or nephews) or third-
degree relatives (first cousins) then r = *, t and $ respec¬
tively. as these relatives have on average 4, J and J of their
genes in common with their originally identified CL(P)
cases. The maximum values of d when using first-, second-
and third-degree relatives are accordingly a/2, a/4 and a/8,
ana these can only occur if hr = 1. The actual value of the
heritabilitv is simply the difference d expressed as a propor¬
tion of its maximum possible value. Thus; k2 — djar
(Falconer, 1965).
Estimates of heritabiiitv for familial CLIP) from first-,

second- and third-degree relatives by this method are
respectively 0-83. 078 and 0-81 (Ross and Johnston. 1972).
These values suggest that the differences between familial
CLIP) cases and normal individuals could be largely due
to the inheritance of different genes.

GENETIC VARIATION AND DEVELOPMENT

Normal Variation

The differences that are observed between "normal"
individuals are often referred to as constituting normal
variation. These differences may be due to allelic differences
at single loci, as in the case of blood-group variants, and
are then likely to be discrete differences; or they may have
a multifactorial basis, as appears to apply to most dental
characteristics, in which case variation is usually continuous
or quasi-continuous. Investigating the genetic basis of
normal variation in dental characteristics therefore depends
largely on estimating the relative contributions of inherited
and environmental differences to the observed differences
between individuals. This is done by studying the degree
of resemblance between relatives, which is often expressed
as a heritabilitv estimate for the character concerned. Since

heritability is the ratio of the additive genetic variance to
the total phenotvpic variance, alteration of either the
environmental or the genetic componentwill affect its value.
This applies equaliv to any other expression of resemblance
between relatives. Comparison of the resemblance between
relatives for similar structures in the same population, such
as neighbouring teeth, may therefore provide some infor¬
mation about the relative stability of the local environment
around each developing structure within the developing
individual as a whole.
Estimates of resemblance between relatives with respect

tc tooth size in man show that within each morphological
c:ass i incisors, premolars and molars) relatives tend to be
most alike with respect to the teeth that develop early, and

least alike with respect to those that develop late. That is,
environmental variation contributes proportionally more
to the observed differences between individuals in the later-

developing teeth of each class (fig. 9, Table 1). Since, as is
widely recognized, later-developing teeth show greater
phenotvpic variability, it follows that environmental varia¬
tion also contributes more in absolute terms to the observed
size differences between individuals in the later-developing
teeth of each class. The point of interest here is what this
pattern of hereditary versus environmental influence sug¬
gests about the way in which teeth develop. A possible
interpretation is as follows. The early tooth of each class is
the first to develop in its own region of the jaw and is there¬
fore not initially in competition with any closeiv adjacent
tooth germs. The later-developing tooth, on the other hand,
must compete with already established tooth germs from the
start, making do with what remains of any nutritional
requirements that are necessary for growth. Consequently,
variation in the supply of these requirements, within certain
limits, is likely to affect the later rather than the earlier
developing tooth of each class.

Abnormal Variation

The term abnormal variation is usually used to refer to
gross differences from the population norm, many of which
are due to single genes with major pnenotypic effects, or to
aberrations of whole chromosomes or parts of chromo¬
somes. A study of the effect of a single gene on develop¬
ment generally consists of working back from the adult
pnenotype through to earlier and earlier stages, comparing
normal and mutant individuals until there is no discernible
difference between them. In doing this, it may be possible
to formulate a hypothesis about the developmental basis
of the mutant pnenotvpe. It may even be possible to assoc¬
iate the observed abnormalities with a fundamental bio¬
chemical difference between normal andmutant individuals.
On the other hand, a chromosomal aberration involves

many loci, so there is unlikely to be a simple genetic cause
for an associated syndrome of abnormalities. Investigation
of a chromosomal aberration at the biochemical and even

developmental level is therefore a more complex problem
than the study of single genes.
Examples of single genes with major phenotvpic effects

in themouse are the X-linked gene tabby, and two autosomal
recessive genes, crinkled and downless. Each produces the
same syndrome of abnormalities of hair, teeth and certain
exocrine glands; all structures formed by the downgrowth
of an epithelium into the underlying mesenchyme. These
genes therefore presumably affect in some fundamental way
the interaction that is known to occur between epithelium
and mesenchyme during the formation of such structures,
and. since the phenotypes they produce appear to be indis¬
tinguishable, their activities must be closely related during
development.
Dental manifestations of the mutants include reduced

size of the teeth and a characteristic mutant molar mor¬

phology (fig. 10), the rare occurrence of a supernumerary
tooth just anterior to the first molar, and, very rarely, a
composite tooth, apparently composed of incompletely
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FiC. 9. The pattern of developmental timing (data from Orban. 19571 for incisors
(II and 12), canine (C), premolars t ?I and P2) and molars (Ml. M2 and M3). Solid
lines connect points for teetn of the same class, and brotten iines connect points for
adjacent teeth of different ciasses.

Table 1

THE RESEMBLANCE BETWEEN RELATIVES WTTH RESPECT TO MESIOOiSTAL TOOTH DLAMETER. THE DATA OF LUNDSTROM ARE RATIOS OF "HEREDITY/
NON-HEREDITY" DERIVED FROM A COMPARISON OF IDENTICAL AND FRATERNAL TWINS; THOSE OF BOWDEN AND GOOSE ARE THE COMBINED
CORRELATIONS FOR ALL P AIRS OF FIRST-DEGREE RELATIVES I AND THOSE OF SOFAER. 3AILTT AND MACLEAN ARE CORRELATIONS 3ETWEEN

FIRST-DEGREE RELATIVES

I

11

Upper Jaw
PI p: Ml m: m3

Lundstrom f 1948)

Combined from
3owden and
Goose 11969)

/Tdenticai-twin
pairs

Fraternal-twin

pairs

Heredity
-Non-heredity

[Pairs of first-! degree relatives
'
Carrel, coetf.

[ Pairs of first-
Sofaer, Bailit and ! degree relatives
MacLean (1971) [' Correi. coeff.

91 90 62 53 — — —

94 98 60 — — —

3-9 2-8 5-1 .2-8 — — —

308 234 — — — — —

0-49 0-38 _____

224 229 216 194 243 152 63

0-47 0-42 0-51 0*44 0-51 0-30 0-33

Lower Jaw
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Lundstrom (1948)
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3-5

214 222
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35

3-6

209[Pairs of first-
Sofaer. Baiiit and ' degree relatives
MacLean 11971) I

I.Correi. coeff. j 0-22 0-30 0-53

62

67

193 233

0-25 0-26
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0-31

oZ
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separate firstmolar and supernumerary elements. Embryo-
logical study has shown that the most fundamental mutant
characteristic observed is a partial suppression of growth
and differentiation of dental epithelium during a particular
phase of development. The reduced size of the teeth and

1 mm

Fig. 10. Occlusal views of normal Oeft)
and labby (right) upper right firstmolars.
Reproduced with the permission of
Professor H. Gruneberg and The
Company of Biologists Ltd. from
Gruneberg (19651.

the mutant molar morphology seem to be due directly to
the suppression ofgrowthwithout an associated comparable
delay in the onset of calcification, since the morphology of
fully formed mutant moiars corresponds in most respects
to the morphology of an earlier stage of development in
normal animals. The supernumerary tooth was found to
arise independently from a normal extension of dental

recently been released from the effects of the suppressive
influence (fig. He). Since the supernumerary tooth arises
independently, the composite teeth observed in adult ani¬
mals are likely to be the result of fusion of the super¬
numerary and first molar germs. Thus, a complex pattern
of dental abnormalities appears to result from a basically
simple genetically controlled defect of epithelial function.
This defect could be either intrinsic to the epithelium itself
or secondary to an abnormality in the related mesenchyme.
These mutant mice do not provide the only example of

an inherited association between fused and supernumerary
teeth. Such an association can occur in the incisor region
ofdogs, and has led to the proposal of a mechanism whereby
fusion might take place. It has been suggested that rapid
growth of adjacent tooth germs can result in stripping of
the external enamel epithelium from the dental lamina
separating adjacent teeth, allowing the internal enamel epi¬
thelium of neighbouring germs freedom to come into con¬
tact and fuse. A further example is provided by the rice rat.
a rodent native to the southern United States. In this case

a supernumerary tooth sometimes develops posterior to
the three molars of the normal series, and fusionmay involve
the first two molars, or ail three molars of the normal series.

Breeding records provide some evidence that the condition
is caused by a single recessive gene. A section of a develop¬
ing composite tooth composed of first, second and third
molar elements is shown in fig. 12. It illustrates the
bizarre result of fusion, the anterior end of the composite
tooth germ showing an advanced state of histodifferenti-
ation but the posterior end barely having progressed beyond
undifferentiated internal enamel epithelium.
The reason for the association between supernumerary

and fused teeth is not entirely clear, but may simply be
related to the amount of space available to the developing
tooth aerms. Crowding of adiacent aerms at a critical staae

0*5 mm

Fig. 11(a). Tabby neterozygote lower first molar at 17 days of gestation showing a large bud of dental lamina anteriorly.
(b) Tabby heterozygoie lower first moiar at 19 days of gestation with a small supernumerary germ antenoriv.
(ci Lower first moiar from the opposite side of the same animal as in (b) showing a laminal aowngrowtn that has failed to form a supernumerary
tooth germ. (Anterior to the left.) Reproduced with the permission of the Company of Bioiogists Ltd. from Sofaer (1969b).

lamina anterior to the point of origin of the first molar,
apparently as a response to small size of the first molar at
t.ae end of the suppression phase (fig. 1 la and b). However,
ar. overgrowth of dental lamina elicited at this stage does
not necessarily progress to form a supernumerary tooth.
Regression of the laminal downarowth may occur, possibly
as a result of competition with a first molar germ that has

of development may predispose to epithelial stripping and
subsequent fusion, and crowding may result from the
presence of an additional tooth germ. Conversely, fusion,
since it usually results in a smaller volume of developing
tooth material than normal, may allow the lamina to pro¬
liferate further and form a supernumerary tooth. On the
other hand, it could be that the basis of the association lies
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in the lamina itself, and that there is some inherited quality
of the dental lamina predisposing to epithelial stripping
and laminai hyperactivity.
Inman. a relatively commonly occurring inherited abnor¬

mality is the absence of one or both upper lateral incisors.
There is some evidence that the abnormality is due to a single
gene, but the situation is not sufficiently clear cut to regard
this as proved. In any event, it is certain that the condition

N'S OF DENTISTRY

operate with lip furrow epithelium, and even with epidermis
from the plantar surface of the foot, to form teeth; whereas
the enamel organ becomes a stratified keratinizing epi¬
thelium when confronted with plantar surface dermis. The
specificity for continued dental development therefore
seems to reside in the dental paoiila rather than the enamel
organ at this stage ((Collar. 1972).
Direct evidence of differential gene action in the different

l i 0'5mm
Fig. 12. Rice rat fused upper molar at one day after birth composed of first, second and third molar elements. ("Anterior to the
left.; Reproduced with the permission of The Company of Biologists Ltd. from Sofaer and Shaw (1971).

is largely genetic in origin, the most informative kind of
case perhaps being one in which an upper lateral incisor
is absent on one side and present and of normal size on the
other. In such a case, the two central incisors developed
under different conditions, one having adjacent tooth germs
on both sides, and the other having an adjacent germ on
one side only. Unilateral absence therefore provides a
simple situation in which to study the effect of local compe¬
tition between tooth germs during development. In a
sample of over 13,000 school-children from Hawaii uni¬
lateral absence, with a normal lateral on the other side, was
observed in 77 cases. Measurements of the widths of the
central incisors showed that the centrals tended to be larger
on the side where the lateral was missing than on the side
where the lateral was present and of normal size. This
hereditary variant has thus revealed an association between
local competition during development and final tooth-size.

Within-Individual Differences

fa) Tissue and Regional Specificities
Differences may occur within individuals between tissues

or regions of the body in terms of their developmental
potencies. These potencies appear to be under the control
of different sets of genes that have become activated in the
different tissues. Variation in developmental potency is illu¬
strated by studies of epidermis-dermis interaction that have
involved separation of epidermis and dermis and the recom¬
bination of epidermis and dermis from different sources,
allowing continued growth in culture. The results of such
recombination procedures indicate that dental papillae
from earlv tooth serms of mouse embrvos are able to co-

tissues may be forthcoming if a suitable mutant affecting
the system is available. Instead of making reciprocal
recombinations between epidermis and dermis from differ¬
ent regions it is then possible to make combinations of
normal epidermis with mutant dermis, ana vice versa. In
the case of dowrdess mice, the dental abnormalities ofwhich

Fig. 13. Segments of normal (above) and downiess homozygote
(below) adult tails.

have already been mentioned, a simple difference between
normal and mutant animals caused by the abnormality of
epidermis-dermis interaction presents itseif in the tail. The
tails of normal mice are covered with hair whereas those of
the mutants are bald I fig. 13). This results from suppression
of formation of hair follicles in mutant tails, and could be



342

THE INFLUENCE OF HEREDITY

due to a failure in either the epidermal or dermal component
of the system. Recombinations between epidermis and
dermis from embryonic tails of downless homozygotes
(phenotypicallv mutant) and downless heterozvgotes
(phenotypicallv normal) have been made at a stage well
before the first signs of tail hair follicle formation in normal
mice. Alter further development in culture, recombinations
containing downless heterozvgote epidermis and downless
homozvgote dermis produced hair follicles, whereas those
containingabwn/ershomozygoteepidermis andheterozvgote
dermis did not. Phenotvpically normal epidermis was there¬
fore required for foiiicie initiation, and mutant dermis did
not prevent initiation from taking place. The mutant defect
therefore appears to be restricted to the epidermis. Thus
it seems reasonable to suppose that all the abnormalities
shown by downless mice are due to a primary epithelial
defect resulting from the presence of the mutant gene.
An example of regional rather than tissue specificity is

the difference ofmorphology shown by different teeth along
the length of the jaw. These differences have been explained
in terms of developmental fields that may be related to
gradients of evocating substances along the length of the
developing tooth row. It is assumed that all prospective
tooth germs have identical prepatterns, that is to say each
is competent to form a complete set of morphological com¬
ponents in a prescribed relationship: but that the presence
and relative size of each component depends on the level of
the appropriate gradientat the positioninwhicha tooth germ
finds itself. Both prepatterns and gradients are presum¬
ably under genetic control, so that a study of variation in
morphological fields may help to indicate how they are
established during development.

(b) Asymmetry
The difference between sides within individuals with

respect to a bilaterally represented character is of consider¬
able interest in the study ofdevelopment. As already noted,
the level of asymmetry can be taken as a measure of
developmental instability. Numerous studies using experi¬
mental animals have shown that normal phenotvpes are
relatively stable, or, put another way, normal development
is narrowly canalized. On the other hand, if a major genetic
or environmental influence acts to produce an abnormal
phenotvpe. the abnormal phenotvpe is frequently much
more variable. Abnormal development is therefore usually
poorly canalized, and is accordingly associated with a rela¬
tively high level of asymmetry. In the case of an inherited
malformation it is of interest to know whether the insta¬

bility of development is restricted to the areas of the body
primarily affected by the abnormality, or whether poor
canalization is a general feature of development of affected
individuals.
Two measures of developmental instability have been

made in individuals suffering from familial CL(P) (cleft lip
with or without cleft palate). As seen above, this condition
has a high hentabilitv, indicating that differences between
CLIP) and normal individuals are largely due to the inheri¬
tance of different genes. The first measure of instability was
the asymmetry of the lower first molar teeth. Although part
of the same developmental complex as that affected by the

11

malformation, these teeth are remote from the site of the
cleft. The second measure was the asymmetry of the ard
angle, a feature of thedermatogivphic pattern of the palm of
the hand. The atd angle is clearly far removed in develop¬
mental terms from the lip. alveoius and palate. Both the
lower first molar and the atd angle showed greater asvm-
metrv in familial CLi P) cases than in a control group, sug¬
gesting that developmental instability is not restricted to
the area immediately related to the cleft. The interpretation
of this finding was that there is a system of normal genes
that buffers development against environmental fluctu¬
ations, that replacement of these normal genes by deleteri¬
ous alleles lowers developmental stability, and that when
buffering becomes too low to compensate for adverse
environmental influences a major malformation in a
particularly sensitive region may occur.
.Animal experiments have shown, too. that developmental

stability is reduced not only by major genetic or environ¬
mental influences but also through inbreeding. That is. as
a result of a population becoming progressively more
homozygous over all loci by the mating of closely related
individuals, the phenotype becomes more unstable. Rapid
progress towards a high level of homozygosity in laboratory
animals is achieved by successive generations of brother-
sister mating. In human populations lower levels of in¬
breeding may result from cousin marriages, or may occur
in small isolated communities where potential mates are
likely to be related. Instability may foilow for two reasons.
Firstly, homozygosity allows the expression of deleterious
recessive alleles whose effects are masked by normal domi¬
nant counterparts in heterozvgotes: and secondly, homo¬
zygosity provides the developing organism with a poorer
choice of genes with which to deal with fluctuations of the
developmental process. In keeping with the experimental
findings is the association with inbreeding of an increases
variance of tooth size and a suggestion of increased dental
asymmetry in man.
By comparing different populations, it may be possible

to learn more about the relative contributions of the genetic
and environmental sources of instability. Four populations
subject to different environmental conditions have been
studied with this in mind. These were: natives of Tristan
da Cunha, two distinct groups from the Solomon Islands
(Kwaio and Nasioi). and Boston school-children. Dental
asymmetry was found to be greatest in the population sub¬
ject to the greatest environmental stress (Tristanites), as
assessed by a consideration of climate, housing, diet and
disease experience; and progressively lower in those sub¬
ject to lower levels of environmental stress (Kwaio—
Nasioi—Boston school-children). The measure of asym¬
metry used was the intraclass correlation between the
rnesiodistai diameters of antimenc teeth, and for all but one
of the populations (Boston school-children) correlations for
several pairs of teeth could be combined into a mean c score
for each individual. The frequency distributions of indi¬
vidual r scores of males are shown for the other three

populations in fig. 14. A lower r score means lower corre¬
lation between sides and therefore greater asymmetry.
There is cieariv a definite separation between the popula¬
tions.
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Fig. 14. Frequency distributions of individual r scores expressing
dental asymmetry in three populations. Redrawn from Baltic.
Workman. Niswander and MacLean (1970).

Correlated Characters

Correlation between characters in adult individuals may
be the result either of common generic control or of com¬
mon environmental influence, or a combination of both.
Associations between various dental characteristics have
been discussed in the past; for example, third molar
agenesis appears to be related to agenesis of other teeth and
to retarded development. However, although plausible
explanations may be advanced as to the basis of any associ¬
ation. it is not possible to determine the underlying nature
of the observed correlation unless family data are available.
Through an analysis of the resemblance between relatives,
comparable to that by which heritabilities are estimated, a
genetic correlation between characters can be calculated
(Falconer, 1964). This is an expression of the degree to
which characters are associated because they are influenced
by the same genes. A high genetic correlation indicates a
high degree of common genetic control, whereas a low
genetic correlation implies that the characters vary together

MS OF DENTISTRY

largely because ofcommon environmental influences during
development.
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Disorders

Most genetic disorders fail into one of three
broad categories. There are disorders associated
with chromosomal abnormalities; those produced by
single abnormal genes', and those with multifactorial
aetiologies, due to the combined effects of several
genes with a variable contribution from the
environment. In addition, there are certain
disorders in which the same clinical picture can be
produced by different genetic mechanisms, and/or
in which different forms are recognizable on
clinical or biochemical grounds. In such situ¬
ations, there is said to be heterogeneity.
This chapter is concerned only with disorders

for which there is irrefutable evidence, or at least
reasonably good evidence, for single gene control.
More than 150 single gene disorders are included,
classified in terms of their sites of action in the
mouth. Despite this large number, most of the
inherited immunological disorders and blood
disorders affecting the mouth have been omitted.
These are considered in Chapters 4 and 10.

SOME FUNDAMENTALS OF GENETICS

Genes and Chromosomes

Genes are determinants of hereditary characteris¬
tics. Each gene is an item of stored information
that either specifies the structure of a particular
substance or can be used to control the activity of
other genes. Genes also have the capacity for
accurate self-replication. The information con¬
tained in them can therefore be passed unaltered
from one cell generation to the next, and from a
parent to its offspring.
The term 'gene' is sometimes used rather

loosely, and it is often better to be more specific. A
locus is the site occupied by a gene. Loci are
arranged linearly along each chromosome. An
allele is one of a number ofalternative forms that a

gene may take, and different forms of the same
gene are said to be allelic. For example, at the
achondroplasia locus the normal allele is necessary
for the production of normal cartilage, whereas
the abnormal allele leads to the production of
cartilage with abnormal growth properties.
In biochemical terms, an allele is a unique

nucleotide sequence, and its locus is the position of
this sequence in the very much longer linear series
of nucleotides of a chromosome's DNA. The
difference between one allele and another at the
same locus may be limited to only one nucleotide
position in the sequence, or it may occur at more
than one position.
The nucleus of each human somatic cell

normally contains 23 pairs of chromosomes. One
member ofeach pair is contributed by each parent
so that each pair can be said to comprise a
maternally derived and a paternally derived
chromosome. The two members of a pair are
known as homologous chromosomes or homologues.
One of the 23 pairs is a pair of sex chromosomes, and
members of the other 22 are called autosomes. Each

gamete contains only one member of each chro¬
mosome pair. At fertilization one gamete from
each parent unite to form a single-celled zygote that
subsequently develops into a new individual. As
the zygote receives one member of each chromo¬
some pair from each parent, it is able to start its
development with the full somatic complement of
chromosomes.
The two members of each pair ofautosomes are

potentially identical in that the same loci are
present in the same sequence in both. The only
differences are allele differences. Each pair of

23
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autosomes is normally completely different from
each of the others so that there are only two
homologous autosomal loci of each type in a
diploid cell, one on each member of a chromosome
pair. Ifboth alleles at a given locus are identical (it
is usual to use docus' to refer to a pair of
homologous loci) the individual is known as a
homozygote, or is said to be homozygous at that locus
for that allele; and if the alleles are different the
individual is known as a heterozygote, or is said to be
heterozygous at that locus.
The sex chromosomes differ from the autosomes

in that there are two quite different forms. One is
the X-chromosome, which can be regarded as
comparable to an autosome. Loci carried by the
X-chromosome are said to be X-linked, but are not
necessarily directly concerned with sexual
differentiation. The other is the much shorter
T-chromosome. All viable individuals possess at least
one X-chromosome. The sex of an individual is

dependent on whether the othermember of the sex
chromosome pair is another X-chromosome,
associated with femaleness, or a Y-chromosome,
which confers maleness. The Y-chromosome
therefore carries genes essential for male sexual
differentiation, but no Y-linked loci corresponding
to those on the X-chromosome have been dem¬
onstrated. Females can thus be either homo¬

zygous or heterozygous for any X-linked gene,
just as for an autosomal gene, but as males possess
only one allele at each X-linked locus they can be
neither. Males are consequently said to be hemi-
zygous at all X-linked loci.

The Special Case ofX-linked Genes

Over the past few years there has been increasing
interest in why males, with only one copy of each
X-linked gene, have similar characteristics to
females, with a double dose ofeach X-linked gene.
More specifically, heterozvgotes for enzyme de¬
ficiencies controlled by autosomal genes (such as
the deficiency of phenylalanine hydroxylase that
causes phenylketonuria) generally have half the
enzyme activity of normal homozygotes, whereas
enzymes controlled by X-linked genes, such as
G6PD, usually show the same level of activity in
normal males and females, despite the difference in
X-linked gene dosage. It is widely accepted that
dosage compensation results from random in-
activation ofone or other of the X-chromosomes in
each somatic cell of females at an early stage of
embryonic development, so that only one of the
two alleles at each locus is able to function in any
cell. This action is irreversible, and the same

chromosome remains inactive in all descendants of

any given cell. Therefore, in a female heterozygous
at an X-linked locus, about half the somatic cells
have one allele active and the other half have the
other allele active. This means that X-linked

heterozygotes are mosaics made up of patches of
two different cell types. This mosaicism may or
may not be readily detectable.
The mosaicism situation can be illustrated by

X-linked hypomaturation of the dental enamel, a
form of amelogenesis imperfecta controlled by a
single X-linked gene. Affected males, who have
only the abnormal allele, possess only one type of
somatic cell and produce uniformly abnormal
enamel. Heterozygous females, with the normal
allele on one X-chromosome and the abnormal
allele on the other, have two types ofsomatic ceil as
a consequence of X-inactivation. In one, the
X-chromosome carrying the normal allele is
active, and these cells produce normal enamel. In
the other, the X-chromosome carrying the abnor¬
mal allele is active, and these cells produce
hypomature enamel. Heterozygous females there¬
fore show patchiness of the enamel, with areas of
normal translucent enamel side by side with areas
of opaque, rather soft, hypomature enamel. The
two types of area may occur as alternating
irregular vertical bands. These bands probably
reflect the pattern of proliferation and migration
of cells of the internal enamel epithelium during
growth of the tooth germ, before they differentiate
into ameloblasts and lay down enamel.
It should be mentioned, however, that mosaic¬

ism of this type requires that the products of the
normal and abnormal alleles remain within the
cells in which they are produced. If there is
diffusion of gene product between cells having
different alleles active, the mosaicism present at
the chromosome level will not be observed.

The Origin of Abnormal Alleles

Alleles are not absolutely stable. .Although they are
usually transmitted unaltered from one generation
to the next, rare events occur that cause changes
within them. These events are called mutations, and
an allele that has undergone such a change is
transmitted in its new mutant form.
The processes giving rise to new alleles are

essentially random, so that many mutants result in
reduced fitness, a reduced ability to contribute
progeny to the next generation. In this way,
harmful genes tend to be eliminated so that only
the more favourable new variants remain. This is
natural selection, and is responsible for sorting out
the best genes for a particular environment.
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Nevertheless, because mutation occurs at every
generation, disadvantageous alleles are always
being produced. A balance between the pro¬
duction of disadvantageous alleles through mu¬
tation and their elimination by selection results in
a permanent presence of harmful alleles in the
populauon, albeit at a low frequency. It is some of
these alleles that are responsible for single gene
disorders.

Genotype and Phenotype

The genetic constitution ofan individual is known
as his genotype. Genotype may refer to a specified
locus or loci, or to all loci in general. An
individual's phenotype is the final product of a
combination of genetic and environmental in¬
fluences. Phenotype may be used to refer to a
specified character, or to all the observable
properties of the individual taken together.
Different types ofcharacter can be thought of as

being different distances from the fundamental
level of gene activity. Enzymes, for instance, are
almost direct products of gene action, and in most
cases where genetic variation of enzyme structure
has been demonstrated it has been shown that a

single locus is responsible for the structure of a
single enzyme. The structure and consequently the
function of an enzyme is therefore usually simply
and directly related to allele substitutions at a

single locus.
Morphological characters, on the other hand,

such as the almost infinite number of dimensions
that can be used to describe the shape of the face
and jaws, are furthest removed from the funda¬
mental genetic level and are the end results of a
vast complexity of interacting developmental pro¬
cesses. Each gene is therefore likely to influence
many morphological characters, so that a detect¬
able single allele substitution, although producing
a unitary effect at the biochemical level, almost
always results in a syndrome of morphological
abnormalities. When a gene is known to affect a
number of different characters in this way its
action is said to be pleiotropic. By probing back into
the early development of a syndrome, it may be
possible to demonstrate how seemingly un-
associated abnormalities in the adult have a

common basis.
Some genes produce the same phenotype under

all known conditions, but the effects ofothers may
be modified, either by the environment or by other
genes, or both. When the same mutant gene
produces an abnormal phenotype in some in¬
dividuals but not in others, it is said to have
incomplete penetrance. If, among individuals who
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show the abnormal phenotype, the degree of
abnormality varies, the phenotype is said to have
variable expressivity. Incomplete penetrance tends
to be associated with variable expressivity.

Dominance and Recessivity

Ifan individual is homozygous at a given locus for
any allele, then the observed effect can only be the
effect of this allele alone. When an individual is

heterozygous, and there are therefore two different
alleles at the locus, the phenotype is dependent on
the relationship between the alleles. If the two
alleles are symbolized by Al and At, and in
heterozygotes the observed effect is entirely that of
A2, then A* is completely dominant over Au and dj
is completely recessive to A2. A dominant mutant
allele therefore produces its disorder even if
accompanied by a normal allele. In other words,
heterozygotes for a dominant disorder are affected.
By contrast, heterozygotes for a recessive disorder,
with one normal and one recessive mutant allele,
are phenotypically normal. An individual is
affected by a recessive condition only if homo¬
zygous for the mutant allele.
All levels of dominance can occur from com¬

plete dominance of one allele over its partner to a
situation of no dominance where each allele is

expressed, unaffected by the other. In cases where
there is no dominance, heterozygotes therefore
show a level of abnormality intermediate between
the mutant homozygote and normal phenotvpes.
Levels of heterozygote expressivity between no
dominance and complete dominance constitute
incomplete dominance.

Patterns of Inheritance for Single Gene
Disorders

Alleles are transmitted from one generation to the
next in a generally predictable way. The distri¬
bution ofa disorder within families is related to the

pattern of inheritance of the alleles involved, and
to their dominance relationships with each other.

Autosomal dominant disorders

Individuals affected by an autosomal dominant
disorder are almost always heterozygous, and the
vast majority ofmatings in which such a disorder is
involved are those between a heterozygote and a
normal individual. This is simply because the
mutant allele is generally very rare, which makes
heterozygotes correspondingly rare and matings
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between two heterozygotes, virtually the only
source of homozvgotes, very rare indeed. Never¬
theless, cases ofprobable homozygosity, at least for
the more common autosomal dominant disorders,
are reported from time to time.
An autosomal dominant disorder is passed down

from one generation to the next without a break,
provided it does not affect fertility. Individuals of
either sex pass the disorder on to both their sons
and daughters. On average, half the children of
matings between a heterozvgote and a normal
individual are affected and the other half normal.
The affected children can likewise pass the
condition on to half their offspring, but non-
affected children cannot. An autosomal dominant

pedigree illustrating these points is shown in
Figure 2-1 a.
The main exception to these general rules is that

sometimes a dominant disorder is found in the
child of two apparently normal parents. This
could of course be due to the fact that the child is
not the true biological offspring of these two
parents, but there are two other possible expla¬
nations. The first is that one of the parents does in
fact carry the mutant allele but does not express it.
In other words, the gene is not fully penetrant. The
second explanation is that a new mutation has
occurred. These two alternatives can usually be
distinguished, since in cases of incomplete pene¬
trance there is often evidence of the mutant allele's

presence in the family in previous generations.

Autosomal recessive disorders

In autosomal recessive inheritance the majority of
affected individuals have unaffected parents.
These unaffected parents are almost invariably
heterozygotes, though it is possible, but extremely
unlikely, that such a parent could be normal,
passing on a mutant allele because of a new germ
cell mutation. An autosomal recessive disorder is
almost never passed down from one generation to
the next, since this could happen only ifan affected
individual were to marry a heterozvgote or, again,
someone in whose germ cells a new mutation had
occurred. As before, both of these possibilities are
extremely unlikely.
When both parents are heterozygous, an aver¬

age of one quarter of their offspring are affected,
one halfheterozygous and apparently normal, and
the remaining quarter homozygous for the normal
dominant allele. Heterozygous individuals who
appear normal are known as carriers of the mutant
allele. Both sexes are equally affected. An impor¬
tant finding in recessive disorders is that the
parents of an affected individual are more often

related than the parents of individuals selected at
random from the population. That is, affected
individuals tend to be the offspring of con¬
sanguineous marriages. The reason for this is that
the chance ofhomozygosity occurring at any locus
increases with the number of genes that parents
have in common.

The pedigree shown in Figure 2—ib illustrates
autosomal recessive inheritance. The two affected
individuals are the offspring ofa marriage between
first cousins, both of whom have inherited the
abnormal recessive allele from the same common

ancestor.

X-linked disorders

In X-linked recessive disorders it is usually only males
who are affected. This is because males carrying
the abnormal allele always show its effects, as it is
present in the hemizvgous state, whereas females
carrying the abnormal allele are nearly always
heterozygous, again simply because the abnormal
allele is generally rare. The abnormality is passed
from a father, through his daughters, all of whom
are unaffected carriers, to an average of half the
sons of these carriers. Half of the daughters of a
carrier, on average, are also carriers. A con¬
sequence of this is that frequently the maternal
uncles of an affected individual are also affected.
The condition is never passed directly from father
to son. That is, there is never male-to-male
transmission. A pedigree illustrating X-linked
inheritance is shown in Figure 2-1 c.
In X-linked dominant disorders heterozygous

females as well as hemizvgous males are affected.
The result of this is that all the daughters but still
none of the sons of an affected male are affected,
producing a greater number of affected females
than males in the population. For a small number
ofX-linked dominant disorders hemizvgous males
are so severely affected that they do not survive.
The only affected individuals are therefore hetero¬
zygous females, and the disorder is inherited
through them only. It should be noted, however,
that abnormal sex ratios can also occur in auto¬

somal disorders, through a difference of pene¬
trance between males and females. If a disorder
occurs more frequently in one sex than the other,
and assuming there is no simple genetic reason for
this, it is known as sex influenced. If it never occurs in
one sex, even though individuals of that sex carry
the gene, it is said to be sex limited.
The degree of dominance shown by X-linked

disorders is usually less predictable than in
autosomal conditions. In X-linked disorders
where neither 'dominant' nor "recessive' is speci-
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fied, heterozygous females generally show an
intermediate and variable level of expressivity.

Some Factors Affecting the Frequency of
Single Gene Disorders

A dominant mutation has an immediately ap¬
parent effect on the individual in whom it first
occurs. If the effect is not a serious one, the
individual will survive and probably reproduce,
with a 50 per cent chance of passing on the
abnormal allele to each of his or her offspring. If
the allele is passed on, further affected individuals
arise, and the original mutation becomes re¬
sponsible for more than one case of the disorder.
On the other hand, in situations where a dominant
gene causes early lethality or complete infertility, a
single mutation is responsible for only one case of
the disorder. The frequency with which a dom¬
inant disorder appears in a population therefore
depends firstly on the rate at which new mutations
occur, and secondly on the likelihood that an
affected individual will pass the mutant gene on to
the next generation.
An obvious consequence is that dominant genes

causing early lethality or infertility do not produce
disorders that occur within families. (The chances
of two or more independent mutations of the same
sort in the same family are too small to be
considered.) Such disorders therefore occur

sporadically, and there is no direct evidence for
their genetic basis. By contrast, dominant disor¬
ders that do not reduce fitness show the typical
familial pattern already described.
Unlike dominant mutations, recessive muta¬

tions do not affect the individuals in whom they
first occur, since these individuals almost in¬
variably become heterozygotes. (The chance of a
new mutation occurring in an already existing
heterozygote is very small indeed.) Because the
effects of a recessive mutation are apparent only in
mutant homozvgotes, and because the production
of homozygotes depends on matings between two
heterozygotes, which occur only infrequently,
large numbers of deleterious recessive alleles can
accumulate in a population with only the oc¬
casional appearance of an affected individual on
whom natural selection may act.
For X-linked disorders the situation is an

intermediate one. A new mutation is expressed
immediately in males, but not, or at least not
usually, in females.
In small isolated populations, known as isolates,

unusually high incidences of genetic disorders are
often found. One reason for this is that if a

mutation is introduced into such a population, the
individual who carries it automatically constitutes
a much larger proportion of this small population
than would have been the case had the mutation
occurred in the general population at large. In the
case of dominant disorders not reducing fitness, a

Figure 2-1. Pedigrees illustrating auto¬
somal dominant (a), autosomal recessive (b)
and X-linked (c) inheritance. Full de¬
scriptions are given in the text.

□

*T°
-rTTOri 0 • C^-O

A 6 A A• ■

b ®-rD

A o-pA A A-pQ A
AAA A-pA A
A A A A A A i

Or*

OjQ ~~ijD
A AAA A A A A A A A

Q Normal female

| [ Normal male

(•) Heterozygous female, unaffected in fully recessive disorders

["■"} Heterozygous male, unaffected infullv recessive disorders

^ Affected female, heterozygous in dominant disorders but nomozvgous in fully recessive
w disorders
M Affected male, heterozygous in dominant disorders out homozygous in fully recessive
® disorders and hemizvgous in X-linkeo disorders

Consanguinity



349

28 J. A. SOFAER

relatively high proportion of affected individuals is
maintained in subsequent generations. In the case
of recessive disorders, another factor comes into
play. In small isolated populations a higher level of
inbreeding than normal is inevitable, simply
because of the limited choice ofmarriage partners.
Since madngs between related individuals in¬
crease the chance of homozygosity at any given
locus among their offspring, and since there are
likely to be some deleterious recessive alleles at
relatively high frequencies in the population,
unusually large numbers of individuals with
recessive disorders may be produced.

A CLASSIFICATION OF SINGLE GENE
DISORDERS WITH ORAL
MANIFESTATIONS

The remainder of this chapter is devoted to a
classification ofsingle gene disorders that have oral
manifestations. The classification is in the form of
a descriptive catalogue divided into five parts (I,
II, III, IV, V), each ofwhich comprises a different
number of sections. These are as follows.

I. Single gene disorders affecting the maxilla and
mandible

III.D. Disorders producing bullae and vesicles
III.E. Disorders producing vascular lesions
III.F. Disorders resulting in mucosal fragility
III.G. Metabolic disorders with associated oral

ulceration
III.H. Disorders increasing susceptibility to

candidosis

IV. Single gene disorders affecting the teeth

IV.A. Disorders affecting the number, size or
shape of teeth

IV.B. Primary disorders of enamel formation
IV.C. Primary disorders of dentine formation
IV.D. Generalized disorders in which enamel

and/or dentine formation may be ab¬
normal

IV.E. Disorders in which cementum for¬
mation is abnormal

IV.F. Metabolic disorders resulting in tooth
pigmentation

IV.G. Disorders with known manifestations in
the dental pulp (excluding abnormal
hard tissue formation)

IV.H. Disorders affecting the periodontium
IV.I. Disorders affecting tooth eruption
IV.J. Disorders in which there may be natal

teeth

I.A. Disorders in which there is almost

always a cleft of the lip and/or palate
I.B. Disorders in which there is often a cleft

of the lip and/or palate
I.C. Disorders producing hyperostosis, os¬

teopetrosis, osteomas or odontomas
I.D. Disorders producing radiolucencies

V. Single gene disorders with functional or neurological
manifestations

V.A. Disorders affecting the temporo¬
mandibular joint and/or mandibular
movement

V.B. Disorders with primarily neurological
manifestations

II. Single gene disorders with particular effects on the
lips, tongue or gingiva

11.A. Disorders affecting the lips
II.B. Disorders affecting the tongue
II.C. Disorders affecting the gingiva

III. Single gene disorders affecting the oral mucosa and
underlying soft tissues

III.A. Disorders resulting in mucosal thicken¬
ing or abnormal keratinization

III.B. Disorders resulting in nodular in¬
filtration, fibrosis or deeper soft tissue
lesions

III.C. Disorders resulting in papillomatosis

Within each section, each disorder has been
given a number according to where it falls
alphabetically. The position of any disorder in the
classification as a whole can therefore be specified
by a catalogue number made up of a part number
(Roman numeral), a section letter, and a number
indicating the disorder's position within a section
(Arabic numeral): for example, III.B.5. An index
ofdisorders together with their catalogue numbers
is given at the end of the chapter. Disorders
producing a variety of effects on different oral
structures appear in more than one section and
therefore have more than one catalogue number.
Against each disorder listed in the body of the

catalogue the mode of inheritance is indicated as
autosomal dominant (AD), autosomal recessive
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(AR) or X-linked (XL). An added asterisk, as for
example in AR*, indicates that the mode of
inheritance given can be regarded as fully proven.
Absence of an asterisk indicates that the mode of
inheritance given is only probable in the light of
present knowledge of the disorder. Against dis¬
orders in which different clinical, biochemical or
genetic forms can be recognized, the letter H,
indicadng heterogeneity, is given instead of a
mode of inheritance. When this occurs, modes of
inheritance of the different forms are given
elsewhere.
For each disorder there is usually only a brief

description, but selected references have been
included so as to provide easy access to the most
detailed information. There are four major re¬
ference works that include much more complete
considerations of many of the disorders listed.
These are: the fourth edition of The Metabolic Basis

of Inherited. Disease, edited by J.B. Stanburv, J.B.
Wvngaarden and D.S. Fredrickson, published by
the McGraw-Hill Book Company of New York
and London in 1978, referred to in this chapter as
MBID; the fifth edition of Mendelian Inheritance
in Man, by V.A. McKusick, published by the
Johns Hopkins University Press of Baltimore and
London in 1978, referred to in this chapter as
McK; Oral Facial Genetics, edited by R.E. Stewart
and G.H. Prescott, published by the C.V. Mosbv
Company of St Louis in 1976, referred to in this
chapter as OFG; and the second edition of
Syndromes of the Head and Neck, by R.J. Gorlin, J.J.
Pindborg and M.M. Cohen, Jr, published by the
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McGraw-Hill Book Company of New York and
London in 1976, referred to in this chapter as SHN.
Where appropriate, references to these works are
cited at the head of the bibliography list for each
disorder. A number following McK is a
McKusick's catalogue number, and numbers
following MBID, OFG and SHN are inclusive page
numbers. OFG and SHN also contain illustrations
ofmany of the disorders. In addition, some of the
disorders are described more fully elsewhere in this
book.
In this chapter each description and bibliog¬

raphy list is given only once, even if the disorder
appears in more than one section. Only the name
of the disorder, its catalogue numbers, mode of
inheritance, and reference to where in the classifi¬
cation its description and bibliography list can be
found appear in additional sections of the
catalogue-.
Finally, before continuing with a consideration

of the disorders themselves, it should be noted that
any classification of genetic disorders is subject to
change as more information becomes available.
On one hand, the designation of a newly described
disorder as a single genetic entity is not always
final, since it may later become apparent that
what was thought to be a single disorder is really a
heterogeneous group of related conditions. On the
other, newly described disorders that initially
appear to be distinct may ultimately be included
within a single syndrome as evidence accumulates
to show that the syndrome in question has a wide
range of expression.

SINGLE GENE DISORDERS AFFECTING THE MAXILLA AND MANDIBLE

LA. Disorders in which There Is Almost Always
a Cleft of the Lip and/or Palate

Hi.I. Brachial plexus neuritis and cleft palate
(AD*)

Cleft palate associated with deep set and hvpoteloric
eyes, and recurrent attacks of brachial plexus neuritis.
Attacks of neuritis involve pain, weakness, wasting,
depression of reflexes and sensory loss.

McK 16210 OFG 543 SHN 166
Erikson, A. : 1974) Hereditary syndrome consisting ofrecurrent
attacks resembling brachial plexus neuritis, special facial
features and cleft palate. Acta Paediatnca Scandinavica. 63,
885-888.

Jacob, J.C., Andermann. F. & Robb, J.P. ,'19611 Heredo¬
familial neuritis with brachial predilection. Neurology. II.
1025-1033.

Hi.2. Campomelic (camptomelic) dwarfism
(AR*)

A combination of flat face, ocular hypertelorism,
micrognathia and cleft palate, associated with bowing of
the long bones and other skeletal defects. The condition
is frequently lethal in the neonatal period or during the
first few months of life due to respiratory distress.

McK 21197 OFG 543 SHN 156
Schmickel. R.D., Heidelberger. K.P. & Poznanski. A.K.

(1973; The camptomelique syndrome. Journal of Pediatrics,
82. 299-302.

Spranger, J.. Langer. L.O. & Maroteaux. P. 1 19701 The
increasing frequency of a syndrome of multiple osseous
defects? Lancet, ii, 71b.

Storer. J. & Grossman, H. (1974: The campomelic syndrome.
Radiology, xiz, 673-681.
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I.A.J. Camptodactyly, cleft palate and clubfoot
AD)

Cleft palate in conjunction with club foot and a flexion
contracture deformity of the fingers.

McK 11430 OFG 544 SHSV 147

Gordon, H., Davies, D. 3c Berman. M. (1969) Camptodactyly,
cleft palate and club foot. A syndrome showing the
autosomal-dominant pattern of inheritance. Journal of
Medical Genetics. 6. 266—274.

I.A.4. Cerebrocostomandibular syndrome
(A*•)

A combination of microcephaly, thoracic deformity
(hypoplastic or absent ribs and vertebral anomalies!
and the Robin anomalad see I.A. 17.).

McK 21400 OFG 543 SHy 149

Miller, K.E., .Mian, R.P. & Davis, VV.S. (1972) Rib gap defects
with micrognathia. American Journal of Roentgenology. 114,
253-256-

/„■I.5. (IIM..J.) Cleft lip-palate, mucous cysts of
the lower lip, popliteal pterygium, digital and
genital anomalies [popliteal pterygium
syndrome) AD*)

Cleft lip-palate associated with genital and
musculo-skeletal anomalies and a variety of abnorma¬
lities of the skin and oral mucous membranes. The most

striking of these is a web of skin, extending from the heel
to the ischial tuberosity, that limits movement of the leg.
There may be pits, fistulae or mucous cysts of the lower
lip, and abnormal cords or threads of mucous memb¬
rane connecting the upper and lower jaws, limiting
intermaxillary opening. Similar epithelial strands may
be found connecting the upper and lower eyelids. There
may be hypoplasia or agenesis of the digits, and soft
tissue syndactyly of the second to fifth toes.

,V/rA" 11950 OFG 539 SH.V 121-124

Bixler, D., Poland. C. & Nance, W.E. (1973) Phenotvpic
variauon in the popliteal pterygium syndrome. Clinical
Genetics, 4, 220-228.

Gorlin, R.J., Sedano, H.O. & Cervenka, J. (1968) Popliteal
pterygium syndrome; a syndrome comprising cleft lip-
palate, popliteal and intercrural pterygia, digital and genital
anomalies. Pediatrics. 41, 503-509.

Rintala, A. 3c Lahti, A. (1970) The facio-genito-popliteal
syndrome. Scandinavian Journal of Plastic and Reconstructive
Surgery, 4, 67-71.

Rintaia, A., Lahti. A. & Gylling, U. (1970) Congenital sinuses
of the lower lip in connection with cleft lip and palate. Cleft
Palate Journal, 7, 336-346.

IM.S. Cleft lip-palate, ocular hypertelorism and
microtia (Bixler syndrome) (AR*)

Cleft lip-palate associated with ocular hypertelorism,

hypoplasia of the external ear, mild microcephaly,
ectopic kidneys and congenital heart defects.

McK 23980 OFG 538 SHy 142

Bixler, D., Christian, J.C. & Gorlin. R.J. G969) Hyper¬
telorism, microtia and facial clefting: a newly described
inherited syndrome. American Journal of Diseases of Children.
"8. 495-5°°-

1-A.J. Cleft lip-palate with abnormal thumbs
and microcephaly (AR)

Cleft lip-palate with microcephaly, hypoplastic and
distallv positioned thumbs, and shortened radii.

McK 21610 OFG 539 SHy 142

Juberg, R.C. & Havward. J.R. (19691 A new familial
syndrome of oral, cranial and digital anomalies. Journal of
Pediatrics. 74, 755-762.

IM.S. Cleft palate and oral synechiae (.AD*)

Cleft palate in combination with cord-like adhesions
between the free borders of the palate and lateral parts
of the tongue and floor of the mouth.

McK 11955 OFG 543 SH.K 138-141
Fuhrmann, W., Koch, F. 3c Schweckendick, VV. (1972)
Autosomal dominante Vererbung von Gaumenspaite und
Svnechien zwischen Gaumen und Mundboden oder Zunge.
Humangenetik, 14, 196—203.

I.A.J. Cleft palate, deafness and oligodontia
AR

Cleft palate with stapes fixation, reduction in number of
deciduous teeth, absence of permanent teeth, and bony
abnormalities of the foot.

McK 21630 OFG 544 SHf' 147
Gorlin, R.J.. Schlorf. R.A. 3c Paparella. M.M. 1971 Cleft
palate, stapes fixation and oligodontia - a new recessively
inherited syndrome. Birth Defects, 71,7), 87-88.

IM.10. Congenital spondyloepiphyseal dysplasia
and cleft palate (AD*)

Congenitallv reduced stature due primarily to shortness
of the neck and trunk, but also to shortness of the
extremities. There may be associated myopia and cleft
palate.

McK 18390 OFG 546 SH.\ 141-142
Ginter. D.N. 3c. Lee, S.O. 1974; Spondyloepiphyseal dysplasia
congenita. Birth Defects. 101 12), 379-382.

Spranger. J.W. Sc Langer. L.O. 19701 Spondyloepiphyseal
dysplasia congenita. Radiology, 94, 313—322.



352

l~A.il. [IIIJi.2., IV.A.5., IVJ).j.) Ectro-dactyly-
ectodermal dysplasia-clefting (EEC) syndrome
CAD*)

A combination of lobster claw deformity of the hands
and feet reduction in number of fingers or toes with
syndactyly). nasolacrimal duct obstruction and cleft lip-
palate. Scalp hair, eyelashes and eyebrows may be
sparse, nails brittle and sebaceous glands absent. There
may be anodontia or severe oligodontia with enamel
hypoplasia. The oral mucosa is predisposed to can-
didosis.

McK 12990 OFG 564-566 SHN 113-120

Bixler, D., Spivack,J., Bennett. J. & Christian, J.C. (1971) The
ectrodactvly-ectodermal dvsplasia-clefting (EEC) syn¬
drome. Report of two cases and review of the literature.
Clinical Genetics. 3, 43-51.

Bvstrom, E.B., Sanger. R.G. & Stewart, R. 1975) The
syndrome ofectrodactvly. ectodermal dysplasia and clefting
EEO. Journal of Oral Surgery. 33, 192-198.

Pashayan. H.M., Pruzanskv, S. & Solomon, L. i 1974) The
EEC syndrome. Report of six patients. Birth Defects. 1017),
105-127.

Penchaszadeh, V.B. & De Negrotd, T.C. (1976)
Ectrodactylv-ectodermal dysplasia—clefting (EEC) syn¬
drome. Dominant inheritance and variable expression.
Journal of Medical Genetics. 13, 281-284.

Rosenmann, A., Shapira, T. & Cohen, M.M. I1976'! Ectrodac-
tyly, ectodermal dysplasia and cleft palate
(EEC syndrome). Report of a family and review of the
literature. Clinical Genetics, 9, 347-353.

I~A.I2. Hypohidrosis, thin wiry hair, dystrophic
nails and cleft lip-palate AD)

Cleft lip-palate with hvpohidroric or anhidrotic ecto¬
dermal dysplasia and short stature.

McK 12940 OFG 540 SHy 144-146

Rapp. R.S. & Hodgkin. W.E. 1968) Anhidrotic ectodermal
dysplasia: autosomal dominant inheritance with palate and
lip anomalies. Journal of Medical Genetics. 5, 269-272.

IM.13. (I.I.A.8., IlJB.j.,
IV.A.14.) Oral-facial-digital syndrome I (OFD I
syndrome) (XL*)

Cleft palate associated with a median 'pseudocleft' of
the upper lip, cleft or lobulated tongue, hypoplasia ofthe
nasal alar cartilages, digital malformations and mental
retardation. The pseudocleft of the upper lip is due to
the presence of abnormal frenula that cause a severe
reduction in the depth of the mucobuccal fold. Similar
abnormal frenula may occur in other parts of the buccal
sulcus of both upper and lower jaws. Ankyloglossia is
sometimes present. There may be supernumerary teeth
in the maxillary canine; premolar region, and absence of
mandibular lateral incisors. The syndrome is inherited
as an X-linked dominant trait, limited to females and

apparently lethal in males.

SINGLE GENE DISORDERS 3 I

McK 31120 OFG 557-560 SHy 562-567
Axrup, K., Lindquist, B. 3c Samuelson. G. ^ 1971) Oral-facial-
digitai syndrome. Odontologisk Ray, 22. 137-144.

Burzynski, N.J., Podruch, P.E., Dinno. N. & Snawder, K.
(1975) Oral-facial-digital syndrome. Oral Surgerv. 39,
735-74'-

Lauterstein, A. & Pruzanskv, S. (1969) Tooch anomalies in the
oral-facial-digital syndrome. Teratology, 2, 137-146.

Melnick. M. <3t Shields, E.D. (1975) Orofaciodigital syndrome,
type I. A phenotypic and genetic analysis. Oral Surgery, 40.
599-610.

Whelan, D.T., Feldman, W. & Dost, I. (1975) The oro-facial-
digital syndrome. Clinical Genetics. 8. 205-212.

Yeamans, E.H. (1973) OFD I syndrome and mental re¬
tardation. Cleft Palate Journal, 10. 84—91.

IM.14. Oto-palato-digital (OPD) syndrome
(XL*)

A combination of characteristic facies, conduction
deafness, short stature and generalized bone dysplasia
with cleft palate. The supraorbital ridges are prominent
with the brow overhanging, andmongoloid obliquity of
the palpebral fissures, ocular hypertelorism, a broad
nasal root and depressed nasal bridge. The thumb and
great toe are short and spatulate, and the fingers and
toes irregular in form and direction of curvature.

McK 31130 OFG 561-564 SHy 592-595
Gall, J.C., Stem, A.M., Poznanski, A.K., Gam, S.M.,
Weinstein, E.D. & Havward.J.R. 19721 Oto-palato-digital
syndrome. Comparison of clinical and radiographic
manifestations in males and females. American Journal of
Human Genetics, 24, 24-3<5.

Gorlin. R.J., Poznanski. A.K. & Hendon, I. (1973) The oto-
palato-digital OPD syndrome in females. Oral Surgery, 35,
218-224.

L.4./J. Pterygium syndrome AR*)

Multiple pterygia (skin webs) involving the neck,
fingers, and antecubital, popliteal and intercrural areas,
associated with growth retardation and cleft palate.

McK 26500 OFG 545 SHy 527-529
Norum, R.A., James. V.L. & Mabry, C.C. (1969) Pterygium
syndrome in three children in a recessive pedigree pattern.
Birth Defects, 5(2), 233-235.

I~A.i6. Roberts syndrome (cleft lip-palate and
tetraphocomelia; Appelt syndrome) ART

Bilateral cleft lip-palate associated with tetra¬
phocomelia, a reduction in digit number, ocular
hypertelorism and growth deficiency.

McK 26830 OFG 538 SHy 125-127

Freeman. M.V.R., Williams. D.W., Schimke. N. & Temtamv,
S.A. . 1974; The Roberts syndrome. Clinical Genetics, 5, 1-16.
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I.A.IJ. Robin anomalad (cleft palate,
micrognathia and glossoptosis; Pierre Robin
syndrome) (HI

A subset of characteristics that may be present in a
number ofsyndromes with a variety ofaetiologies, some
genetic. .Among these are campomelic dwarfism (I.A. 2.),
the cerebrocostomandibuiar syndrome (I.A.4.), and the
Stickier syndrome (I.B.8.). The main features are
mandibular hypoplasia and cleft palate. The micro¬
gnathia results in poor support for the tongue, thereby
allowing it to fall downwards and backwards (glosso¬
ptosis), causing partial respiratory obstruction and
feeding difficulties. The Robin anomalad ■ may also
appear in conjunction with congenital heart malforma¬
tions and club foot (X-linked), or as an isolated defect
(autosomal recessive).

McK 26180 (AR), 31190 (XL) OFG 537, 549

SHN 132-136
Carroll, D.B.. Peterson, R.A., VVorton, E.W. & Birnbaum.
L.M. ',1971) Hereditary factors in the Pierre Robin
syndrome. British Journal of Plastic Surgery, 24, 43-47.

Gorlin, R.J., Cervenka, J., .Anderson, R.C., Sauk, J.J. & Bevis.
VV.D. (1970) Robin's syndrome. A probably X-linked
recessive subvariery exhibiting persistence of left superior
vena cava and atrial septal defect. American Journal of
Diseases of Children, 119, 176-178.

Hanson, J.W. & Smith, D.VV. (1975) U-shaped palatal defect
in the Robin anomalad: developmental and clinical
relevance. Journal of Pediatrics, 87, 30-33.

Opitz, J. (1969) Familial anomalies in the Pierre Robin
syndrome. Birth Defects, 5(2), 119.

Randall. P., Krogman. W.M. & Jahina, S. '1965) Pierre
Robin and the syndrome that bears his name. Cleft Palate
Journal, 2, 237-246.

I,A.i8. X-linked cleft palate (XL*)

An X-linked recessive form of incomplete clefting of the
secondary palate with palatopharyngeal incompetence.

McK30340
Lowrv, R.B. (1970) Sex linked cleft palate in a British
Columbia Indian family. Pediatrics, 46, 123-128.

13. Disorders 111 which There Is Often a Cleft of
the Lip and/or Palate

I.B.i. [IV.I.j.) Apert syndrome (acrocephalo¬
syndactyly type I) (AD*)

Craniosvnostosis producing flattening of the frontal and
occipital regions of the skull. There is a high steep
forehead, and often ocular hypertelorism, proptosis and
antimongoloid obliquity of the palpebral fissures. The
middle third of the face is always underdeveloped,
resulting in relative prominence of the mandible and.
frequently, a class III malocclusion. These features are
invariably associated with severe osseous and soft tissue
syndactyly of both hands and feet. There may also be

aplasia or ankylosis ofjoints, progressive synostosis of the
bones of the hands and feet and of the vertebrae, and
retarded tooth eruption. Cleft palate occurs in about
one-third of cases.

McK 10120 OFG 571, 576-580 SHN 32-36
Blank, C.E. (1960I Apert's syndrome (a type of acrocephalo¬
syndactyly) : observations on a British series of thirty-nine
cases. Annals ofHuman Genetics. 24, 151-164.

Cohen, M.M. Jr (1975) An etiologic and nosologic overview of
craniosynostosis syndromes. Birth Defects, 11(2), 137-189.

Peterson, S.J. & Pruzansky, S. (1974) Palatal anomalies in the
syndromes of Apert and Crouzon. Cleft Palate Journal. 11,
394-403.

Solomon, M.P. & Cohen, E.S. (197r i Oral manifestations of
acrocephalosyndactyly. Apert's syndrome, a case report.
New Fork State Dental Journal, 37, 421-424.

LB.;?. (IVM.J., IV.D.4., IV.E.i., IVJ.4.) Cleido¬
cranial dysplasia (cleidocranial dysostosis)
(AD*)

See IV.A.3.

I.B.J. (II.A.4.) Congenital lip pits (AD*)

See II.A.4.

I.3.4. Diastrophic dwarfism AR*)

A combination of severe reduction of the limbs, digital
abnormalities, club foot, progressive scoliosis and
external ear deformities. Cleft palate is found in over 50
per cent of cases.

McK 22260 OFG 586-587 SHN 250-252

Taybi, H. (1963) Diastrophic dwarfism. Radiology, 80. 1-10.
Vazquez, A.M. & Lee, F.A. ,1968) Diastrophic dwarfism.
Journal of Pediatrics, 72, 234—242.

Walker, B.A., Scott, C.I., Hall, J.G., Murdoch, J.L. it
McKusick, V..A. (1972) Diastrophic dwarfism. Medicine. 51.
41-60.

I.B.j. Larsen syndrome (multiple congenital
dislocations; flattened facies and cleft palate)
(H)

A syndrome of flattened facies with a depressed nasal
bridge, multiple congenital dislocations, short stature,
and digital and foot anomalies. Cleft palate has been
observed in about 50 per cent of cases. There appear to
be both autosomal dominant and recessive forms of the
disorder.

McK 15025 (AD*), 24560 (AR*) OFG 544
SHN 128-131

Harris. R. & Cullen. C.H. ; 1971; Autosomal dominant
inheritance in Larsen's svndrome. Clinical Genetics, 2. 87-90.

Latta, R.J., Graham. C.B.. Aase, J.M., Scham. S.M. & Smith,
D.W. 11971} Larsen's syndrome: a skeietal dysplasia with
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multiple joint dislocations and unusual facies. Journal of
Pediatrics, 78. 291-298.

Robertson. F.W. '1975) Larsen's syndrome. Clinical Pediatrics,
14, 53-60.

Silverman, F.N. (1972) Larsen's syndrome: congenital dislo¬
cation of the knees and other joints, distinctive facies and
frequently, cleft palate. Annals ofRadiology, 15, 297-328.

Steel, H.H. & Kohl, E.J. (1972) Multiple congenital dislo¬
cations associated with other skeletal anomalies (Larsen's

syndrome) in three siblings. Journal of Bone and Joint Surgery,
54^, 75-32-

I.B.6. Mandibulofacial dysostosis (Treacher
Collins syndrome) (AD*)

Characteristic facies, including marked antimongoloid
obliquity of the palpebral fissures, malar and mandi¬
bular hypoplasia, and deformities of the external ear.
The auditory ossicles and cochlear and vestibular
apparatus may also be malformed, with consequent
deafness. Cleft palate is found in about one-third of
cases, and the poor jaw development frequently results
in malocclusion. The severity of the disorder is variable,
minimally affected individuals sometimes being difficult
to distinguish from normal. In some families miscarriage
or early postnatal death is common, indicating lethality,
whereas in others this is not the case and the disorder

may occur over several generations. Malformations
appear to be restricted largely to derivatives of the first
branchial arch, groove and pouch. This disorder also
occurs in conjunction with limb and hand anomalies
(McK 15440 and 18370).

McK 15450 OFG 528-530 SHN 453-458

Garner, L.D. (1967) Cephalometric analysis of
Berry-Treacher Collins syndrome. Oral Surgery, 23, 320-327.

Huffman, G.G. & Lorson, E.L. (1974; Treatment of maloc¬
clusion in a case of Treacher Collins syndrome. Journal of
Oral Surgery, 3a, 612-616.

Poswillo. D. (1975) The pathogenesis of the Treacher Collins
syndrome 'mandibulofacial dysostosis). British Journal of
Oral Surgery, 13, 1-26.

Rogers, B.O. (1964) Berry-Treacher Collins syndrome. A
review of 200 cases. British Journal of Plastic Surgery, 17,
109-137.

Rovin, S., Dachi, S.F., Borenstein. D.B. & Cotter, VV.B. (1964)
Mandibulofacial dysostosis: a familial study of five gen¬
erations. Journal of Pediatrics, 65, 215—221.

IJB.y. Meckel syndrome (AR*)

A combination of microcephaly, exencephalocele,
microphthalmia, congenital heart defects, Poly¬
dactyly, and polycystic kidneys, liver and pancreas.
Cleft lip and/or palate occurs in about 50 per cent of
cases. The syndrome is lethal, death usually occurring
soon after birth.

McK 24900 OFG 539 SHN 465-467
Hsia, Y.E., Bratu, M. & Herbordt, A. (1971) Genetics of the
Meckel syndrome dvsencephalia splanchnocystica). Pediat¬
rics, 48. 237-247.
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IJI.8. Stickler syndrome (hereditary arthro-
ophthalmopathy with retinal detachment and
cleft palate) (AD*)

A combination ofenlargement and hvperextensibility of
joints, sometimes painful with use, congenital myopia,
and a range of facial abnormalities varying from
normality, through midface flattening, to the Robin
anomalad (see I.A.17.). There may also be retinal
detachment with consequent blindness. The disorder is
considered to be a connective tissue dysplasia.

McK 10830 OFG 537 SHN 149-150

Hall, J. (.1974) Stickler syndrome presenting as a syndrome of
cleft palate, myopia and blindness inherited as a dominant
trait. Birth Defects, 1018), 157-171.

Say, B., Berry, J. & Barker, N. (1977) The Stickler syndrome
Hereditary arthro-ophthaimopathy). Clinical Genetics, 12
179-182.

Schreiner, R.L., McAlister, W.H., Marshall, R.E. & Shearer,
W.T. 11973) Stickler syndrome in a pedigree ofPierre Robin
syndrome. American Journal ofDiseases ofChildren, 126, 86—90.

LC. Disorders Producing Hyperostosis,
Osteopetrosis, Osteomas or Odontomas

I.C.I. (IV.E.J.) Gardner syndrome (intestinal
polyposis III) ' AD*'1 "see also Chapters)

A syndrome ofmultiple osteomas, especially of the facial
bones, epidermoid cysts and fibromas of the skin, and
intestinal polyposis. The intestinal polvps frequently
undergo malignant degeneration. The osteomas, which
appear around puberty and usually precede the
intestinal polyposis, are generally described as globoid,
the maxilla and mandible being among the bones most
frequently affected. There may also be odontomas, more
normal unerupted supernumerary teeth, and hvper-
cementosis. Osteosarcoma has been reported in at least
one family with intestinal polyposis, but malignancy of
the bony lesions does not appear to be usual. Intestinal
polyposis also occurs without extraintestinal manifesta¬
tions (McK 175 io), and with different oral manifesta¬
tions (see II.A. 10.).

McK 17530 OFG 594-595 SHA" 324-328
Amato, A.E. & Small. E.VV. (1970) Oral manifestations of
Gardner's syndrome: report of a case. Journal ofOral Surgery,
28, 458-460.

Davies. A.S. (1970) Gardner's syndrome-a case report. British
Journal ofOral Surgery, 8, 51—57.

Fader, M., Kline, S.N., Spatz, S.S. & Zubrow, H.J. (1962)
Gardner's syndrome (intestinal polyposis, osteomas, seb¬
aceous cvsts) and a new dental discovery. Oral Surgery, 15,
153-172.

Hoffman, D.C. & Brooke. B.N. (1970) Familial sarcoma of
bone in a polyposis coli family. Diseases of the Colon and Rectum,
13, 119-120.

Neal, C.J. (1969) Multiple osteomas of the mandible associated
with polyposis of the colon (Gardner's syndrome). Oral
Surgery, 28, 628-631.

Utsunomiva, J. & Nakamura, T. (1975) The occult
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osceomatous changes in the mandible in patients with familial
polyposis coli. British Journal of Surgery, 62, 45-51.

I.C^2. Generalized cortical hyperostosis (Van
Buchem disease: hyperphosphatasia tarda)
AR*)

A disorder characterized by slowly progressive mandi¬
bular enlargement and diaphyseal thickening. The
bony changes start to occur around puberty, and there
may eventually be signs ofoptic atrophy, deafness, facial
paralysis and other cranial nerve involvement, due to
the narrowing ofcranial foramina with associated nerve
compression. The alkaline phosphatase level is in¬
creased. The disorder is similar to sclerosteosis see

I.C.9.).
McK 23910 SHN 238

Dyson, D.P. (1972) Van Buchem's disease (hyperostosis
corticaiis generalisata familiaris). A case report. British
Journal of Oral Surgery, 9, 237-245.

Van Buchem, F.S.P., Hadders. H.N., Hansen, J.F. St
Woldring, M.G. (1962) Hyperostosis corticaiis generalisata:
report of seven cases. American Journal of Medicine, 33,
387-397-

I.C.3. Infantile cortical hyperostosis (Caffey
disease) (AD)

This condition first appears as a tender soft tissue
swelling over the affected bones, most frequently the
mandible, at between two and four months of age. The
swelling may be preceded or accompanied by hyper-
irritability and mild fever. Radiographic evidence
shows that new periosteal bone formation occurs in
relation to the soft tissue swelling, but that this resolves,
partly or completely, in later life. The disorder bears a
superficial resemblance to cherubism, but can be
distinguished from it on several grounds (see I.D.3.).

McK 11400 SHN 397-400

Ball, M.J. & Feingold, M. (1974) Autosomal dominant
inheritance ofCaffey's disease. Birth Defects, 10(9), 139-146.

Burbank. P.M., Lovestedt. S.A. Sc Kennedy, R.L.J. (1958)
The dental aspects of infantile cortical hyperostosis. Oral
Surgery, n, 1126-1137.

Caffey, J. (1957) Infantile cortical hyperostosis; review of
clinical and radiographic features. Proceedings of the Royal
Society of Medicine, 50, 347-354.

Van Buskirk, F.W., Tampas, J.P. & Peterson, O.S. (4961)
Infantile cortical hyperostosis: an inquiry into its familial
aspects. American Journal ofRoentgenology, 85, 613-632.

I.C.4. Juvenile cortical hyperostosis [juvenile
Paget disease; congenital hyperphosphatasia)
(AR*)

Hyperostosis affecting the skull and long bones, with
replacement of the cortical bone by trabecular bone.
The disorder appears in early childhood with fever,
bone pain, multiple fractures and shedding of teeth.

Affected individuals have an enlarged head, short
stature and bowed limbs. The alkaline phosphatase level
is elevated.

McK 23900 SHN 240-241

Caffey, J. 1973) Familial hyperphosphatasemia with ateliosis
and hypermetabolism ofgrowing membranous bone: review
of the clinical, radiographic and chemical features. In
Intrinsic Diseases of Bones, Volume 4 of Progress in Pediatric
Radiology (Ed.) Kaufmann, H.J. pp.438-468. Basel: S.
Karger.

I.C.j. Multiple odontomas, oesophageal stenosis
and chronic interstitial cirrhosis of the liver IAD!

Multiple maxillary and mandibular tumours contain¬
ing large numbers of teeth in various stages of
development. The evidence suggests that multiple
odontomas can occur either alone or in combination
with oesophageal stenosis and cirrhosis of the liver.

McK 16433 SH-V 751-752

Bader, G. (1967) Odontomatosis • multiple odontomasi. Oral
Surgery, 23, 770-773.

Browne, W.G. (1970) Familial compound composite odon-
tomes. Oral Surgery, 29, 428-430.

Malik, S.A. Sc. Khalid, M. (1974; Odontomatosis '.multiple
odontomas)-a case report. British Journal ofOral Surgery. 11,
262-264.

Schmidseder, R. Sc. Hausamen. J.R. 1975; Multiple odonto¬
genic tumors and other anomalies. Oral Surgery, 39, 249-258.

I.C.6. [IVJ.14.) Osteopetrosis fmarble bones';
Albers-Schionberg disease) (H)

A disorder resulting from defective physiological
resorption of immature bone, though the formation of
new bone is essentially normal. .As a consequence, there
may be macrocephalv. anaemia due to obliteration of
marrow cavities, and progressive deafness and blind¬
ness, possibly due to nerve pressure through narrowing
of cranial foramina, though there is some evidence for
primary retinal atrophy. Other complications include
fragility of bones, and dental abscesses that are
presumably the result ofocclusion of the blood supply to
the teeth with consequent pulpal necrosis. There may be
fractures and osteomyelitis, particularly of the man¬
dible, and dental eruption may be retarded. The age of
onset varies from as early as fetal life to the second
decade. There are autosomal dominant and recessive
forms, the recessive form generally manifesting itself
earlier and being the more severe.

McK 16660 (AD*), 25970 (AR*)
Brown, D.M. Sc. Dent. P.B. (1971) Pathogenesis of osteopet¬
rosis: a comparison of human and animal spectra. Pediatric
Research. 5, 181-191.

Enell. H. Sc Pehrson. M. ; 1958^ Studies on osteopetrosis. I.
Clinical report ot three cases with genetic considerations.
Acta Paediatnca. 47, 279-287.

Johnston. C.C. Jr, Lavv, N.. Lord, T.. Vellios. F.. Merritt.
A.D. Sc Deiss, VV.P. Jr (1968) Osteopetrosis. A clinical.
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genetic, metabolic and morphologic study of the dominantly
inherited benign form. Medicine, 47, 149-167.

I.C.7. (IV.E.S.) Paget disease of bone (osteitis
deformans) (AD)

A slowly progressive disorder, usually appearing after
the age of 40, characterized by abnormal resorpuon of
bone and excessive apposition of new, abnormally
coarse, bone. Deformity results from this excessive
apposition and from the bending of weight-bearing
bones under stress. Affected bones may be painful and
liable to fracture, and have a fluffy 'cotton wool'
appearance in radiographs. Other complications in¬
clude: anaemia, due to invasion of marrow spaces;
impaired vision, hearing and other sensors' and motor
disturbances caused by nerve compression; and cardiac
failure, resulting from reduced ventilatory capacity
through involvement of the thoracic skeleton, together
with unusual vascularity of the bony lesions, demanding
an increased cardiac output. In a small proportion of
cases osteosarcoma or fibrosarcoma has developed. The
maxilla is more frequently involved than the mandible,
and may undergo enlargement with consequent distor¬
tion of tooth alignment and loosening of the teeth. There
may also be hvpercementosis. In cases where a denture is
worn, it requires replacement often due to the gradual
increase in size of the supporting bone. There is a wide
variation in severity of the disorder, some cases being
asymptomatic and diagnosed only by chance on routine
x-ray. The incidence may be as high as 3 per cent among
individuals over the age of 40.

McK 16725

Aegerter, E. & Kirkpatrick. J.A. 1975) Orthopedic Diseases.
pp.407-419. Philadelphia, London and Toronto: VV.B.
Saunders.

Cooke. B.E.D. '1956) Paget's disease of the jaws: fifteen cases.
AnnaLs of the Royal College ofSurgeons of England, 19, 223—240.

Stafne. E.C. & Austin, L.T. (1938) A study of dental
roentgenograms in cases of Paget's disease (osteitis defor¬
mans), osteitis fibrosa cystica and osteoma. Journal of the
American Dental .Association. 25, 1202— 1214.

I.C.3. (IVJ.17.) Pyknodysostosis (AR*J

A combination of osteopetrosis, dwarfism, abbreviated
terminal phalanges, and various cranial anomalies.
There is increased radio-opacity and increased fragility
of all bones. The skull shows frontal and occipital
bossing and persistence of all sutures and fontanels. The
facial bones are underdeveloped and the mandibular
angle obtuse. There may be premature or delayed tooth
eruption. There is good evidence to suggest that
Toulouse-Lautrec had this syndrome.

McK 26580 OFG 625-626 SHJV 639-642
Elmore, S.M. 1967) Pycnodysostosis: a review. Journal ofBone

and Joint Surgery, 49A, <53-'63-
Maroteaux, P. & Lamv, M. 1965; The malady ofToulouse-
Lautrec. Journal of the American Medical Association, 191,
715—717-
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I.C.g. Sclerosteosis (cortical hyperostosis -tenth
syndactyly) AR*)

A disorder similar to generalized cortical hyperostosis
see I.C.2.), but with an earlier age of onset, a rather
different radiographic appearance and frequently, but
not always, with soft tissue syndactyly of the index and
middle fingers. The mandible has an unusually square
appearance when viewed from in front, and there is a
high steep forehead, ocular hypertelorism and a broad
flat nasal root. These facial features are apparent from
infancy. Deafness, facial paralysis and other manifes¬
tations ofcranial nerve involvement may occur later as a
result of nerve compression at narrowed cranial
foramina.

McK 26950 SHN 238-240
Beighton, P., Davidson. J., Durr, L. &. Hamersma, H. (1977)
Sclerosteosis. .An autosomal recessive disorder. Clinical
Genetics, it, 1-7.

Sugiura, Y. & Yasuhara. T. 1975; Sclerosteosis. JournalofBone
and Joint Surgery, 57A. 273—276.

I.C.10. (I.D.i2., III.By., IVJB.ig.) Tuberous
sclerosis (AD*)

See III.B.5.

LD. Disorders Producing Radiolucencies

IJ).1. Acro-osteolysis tenth osteoporosis and
changes in skull and mandible (Cheney
syndrome) (AD*)

A combination of generalized osteoporosis, hypoplasia
(rather than dissolution) of the terminal phalanges,
abnormal skull shape and short stature. The bones are
unusually fragile and liable to fracture, and the joints
may be painful. There is almost always early loss of teeth
with marked atrophy of the alveolar processes.

McK 10250 SHjV 28-31
Cheney, W.D. (1965) Acro-osteolysis. American Journal of

Roentgenology. 94, 595—607.
Herrmann. J., Zugibe, F.T., Gilbert, E.F. & Opitz, J.M.

(1973) Arthro-dento-osteo dysplasia (Hadju-Cheney syn¬
drome). Review of a generic 'acro-osteoivsis' syndrome.
feitschnftfir Kinderheilkunde, 114, 93—110. (Name changed to
European Journal ofPediatrics since Volume 121, 1975.;

I.D.2. Basal cell naevus syndrome (Gorlin
syndrome) (AD*) (see also Chapter)

A syndrome of multiple naevoid basal cell carcinomas,
cysts of the jaws, vertebral and rib anomalies and
abnormal calcifications. The basal cell carcinomas

usually appear during adolescence or early adult life
and involve particularly the face, neck, back and chest.
They are papular lesions, generally lightly pigmented
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and sometimes ulcerated, vary ing from 1 mm to t cm in
diameter and having a wide range of histological
appearances. Not all individuals with the syndrome
have the skin lesions. There may be a variety of skeletal
anomalies, including bifurcation of the ribs, and rib and
vertebral fusions. A number of instances of abnormal
calcification ofvarious organs have been described. The
intracranial calcifications are the most noteworthy,
including bridging of the sella turcica and lamellar
calcification of the falx cerebri. Keratocvsts of the jaws
produce radiolucencies. particularly in the mandibular
third molar region. They usually start to appear during
adolescence and are the chief cause of complaint in at
least half the cases. However, they are difficult to treat,
recurrences after removal being common.

McK 10940 OFG 596-606 SHN 520-526

Hickory, J.E., Gilliland, R.F., Wade. W.M. & Taylor, C.G.
('9751 Conservative treatment of cysts of the jaws in nevoid
basal cell carcinoma syndrome. Report of a case. Journal oJ~
Oral Surgery, 33, 693-697.

Kellev, J.E., Hibbard, E.D. & Giansanti, J.S. (1972) Epider¬
mal nevus syndrome. Report of a case with unusual oral
manifestations. Oral Surgery, 34, 774-780.

Millar, A.S., Leifer, C„ Pullon, P.A. & Bowser, M.W. (1973)
Nevoid basal cell carcinoma syndrome. Report ofa pedigree
with electron microscopy of skin lesions. Oral Surgery, 36,
533-543-

Rayne, J. (1971) The multiple basal cell naevi syndrome.
British Journal of Oral Surgery, 9, 65-71.

Towns. T.M. St Lagattuta. V. (1974) Basal cell nevus
syndrome: 20 year follow up. Journal of Oral Surgery, 32.
5°-53-

I.D.J. Ch.eru.bism (familial multilobular cystic
disease of the jaws) (AD*)

A benign self-limited condition characterized by
swelling of the lower face, beginning in early childhood
and tending to regress around puberty. Expansion of the
mandible occurs through the growth of multilocular
cystic lesions that contain large numbers of giant cells.
The disorder may not always be severe enough for its
presence to be suspected on clinical grounds alone.
There is a superficial resemblance to infantile cortical
hyperostosis ;Caffev disease, see I.C.3.). However, in
Caffev disease the x-ray appearance of the mandible is
quite different, there are usually associated systemic
manifestations, onset and resolution occur earlier, and
bones other than the mandible are frequently involved
also.

McK 11840
Anderson, D.E. & McClendon. J-L. (1962)
Cherubism-hereditary fibrous dysplasia of the jaws. I.
Genetic considerations. Oral Surgery, 15 (Supplement 2),
5-16.

Bixler, D. & Gamer, L.D. (1971) Cherubism: a family study to
delineate gene action on mandibular growth and develop¬
ment. Birth Defects, 7(7). 222—225.

Jones, W.A. (1965; Cherubism: a thumbnail sketch of its
diagnosis and a conservative method of treatment. Oral
Surgery, 20. 648-653.

I-D.j. Familial hyperparathyroidism AD* 1

Generalized osteoporosis with consequent reduction of
radiodensitv, development of a 'ground glass' ap¬
pearance of bone on x-rav. and loss of the lamina dura
around the teeth. There may also be sharply defined
round, oval or lobuiated areas of particular radio-
lucency in the jaws, produced by multinucleated giant
cell lesions.

McK 14500

Kennett, S. & Pollick. H. 11971) Jaws lesions in familial
hyperparathyroidism. Oral Surgery, 31. 502-510.

IJD.j. Gaucher disease (Hi

Irregular but clearly circumscribed radiolucent areas in
the jaws and other bones, in conjunction with haema-
tological abnormalities, splenomegaly and abnormal
yellowish pigmentation of the skin and conjunctiva.
Tooth extraction from affected regions of the jaws may
result in bleeding complications. Three forms, ail

• autosomal recessive, are recognized. There is an acute
infantile form, death usually occurring during the first
year; and two adult forms, one of which includes
neurological complications. Deficiency of the enzyme
glucocerebrosidase is common to all three, so the
likelihood is that the different forms are produced by-
different mutant alleles at the same locus.

MBID 731-746 McK 23080 (AR*), 23090 (AR), »
23100 (AR) OFG 396-397

Bender, I.B. (1959) Dental observations in Gaucher's disease.
A twenty year foilow up. Oral Surgery, 12, 546-561.

Michanowicz, A.E., Michanowicz, J.P. & Stein, G.M. (1967'
Gaucher's disease. Report of a case. Oral Surgery. 23, 36-42.

Sela,J., Polliak, A. St Ulmanskv, M. (1972) Involvement of the
mandible in Gaucher's disease. British Journal ofOral Surgery.
9, 246-250.

I.D.6. (IV.G.6.) Haemoglobinopathies (H)

Disorders of haemoglobin structure, for example sickle
cell anaemia, a haemoglobin beta chain variant. In
sickle cell anaemia, there are general signs and
symptoms of anaemia together with hyperplasia of the
haemopoietic marrow in an attempt to compensate for
the poor oxygen-carrying capacity of the blood. In
addition to generalized osteoporotic changes there is
consequently expansion ofmedullary spaces with loss of
trabeculation in the bones of the jaws. Medullary cavity-
expansion in the facial bones may be particularly-
prominent, causing an enlargement of the bones
themselves with associated malalignment of the teeth.
Microthrombi composed of sickled cells have been
demonstrated within the blood vessels of the dental pulp
in a patient with sickle cell anaemia who had suffered
repeated episodes of tooth pain.

McK 14190 (AD*) OFG 424-429

Halstead. C.L. (1970) Oral manifestations of hemoglobino-
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pathies. Oral Surgery. 30. 615-623.
Michelson, R.K. 8c Whitmore. R.B. 11967J Sickle cell anaemia
in the dental pacient. Oral Surgery, 23, 19-24.

Mourshed, F. & Tuckson, C.R. .1974) A study of the
radiographic features of the jaws in sickle cell anemia. Oral
Surgery, 37, 812-819.

Parkin. S.F. 1968) Dental treatment for child with thal¬
assemia. Oral Surgery, 25, 12— 18.

Ryan, M.D. (1971- Osteomyelitis associated with sickle cell
anaemia. Oral Surgery, 31, 754-759.

Witkop. C.J. Jr. (1971 Manifestations ofgenetic diseases in the
human pulp. Oral Surgery. 32, 278-316.
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Block, C. 8c Lucatorto. F.M. [9711 Gargovlism: Hurler's
syndrome, a case history. Journal of Oral Medicine. 26.
106—112.

Cawson. R.A. (19621 The oral changes in gargovlism.
Proceedings of the Royal Society of Medicine. 55, 1066-1070.

Fay. J.T. 1972; An early case ofHurler's syndrome. Journal of
Oral Medicine, 27, 64-66.

Gardner, D.G. 1968! Metachromatic cells in the gingiva in
Hurler's syndrome. Oral Surgery, 26, 782-789.

Gardner, D.G. : 1971) The oral manifestations of Hurler's
syndrome. Oral Surgery, 32. 46-57.

Worth, H.M. (19661 Hurler's syndrome: a study of radiologic
appearances in the jaws. Oral Surgery, 22. 21-35.

IJO.J. Marfan syndrome AD*)

A combination ofdisproportionate skeletal growth with
excessive length of the extremities, eye abnormalities
iespecially subluxation of the lenses), and cardiovas¬
cular abnormalities (especially aortic aneurisms). The
syndrome is associated with abnormal collagen pro¬
duction. Multiple jaw cysts have been reported, but do
not appear to be a frequent finding.

McK 15470 OFG 608—610 SHN 459-462
Oatis, G.W., Burch, M.S. 8c Samuels. H.S. (1971) Marfan's
syndrome with multiple maxillary and mandibular cysts.
Report of a case. Journal of Oral Surgery, 29, 515-519.

Smith, N.H. (1968) Multiple dentigerous cysts associated with
arachnodactylv and other skeletal defects. Oral Surgery, 25, •

99-107-

I.D.8. [U.A.6., IIJS.5., II.C.3., IV.G.3.,
IVJ.is.) Mucopolysaccharidosis l-H [Hurler
syndrome) (AR*)

A syndrome manifesting itself in early infancy, consist¬
ing of mental retardation, growth retardation, an
enlarged deformed head, coarse and expressionless
facial features, progressive corneal clouding, skeletal
abnormalities, flexion contractures, hernias and hepato-
splenomegalv. Death usually occurs before the age of ten
due to pneumonia and cardiac failure. There are
increased quantities of intracellular and urinarv acid
mucopolysaccharides. The tongue is enlarged, and the
lips are enlarged and patulous. There may be hyper¬
trophy of the alveolar bone, gingival tissues and
adenoids. Tooth eruption tends to be delayed. There are
frequently localized areas ofbone destruction associated
with unerupted teeth, particularly in the mandible,
resembling dentigerous cysts. These radiolucent areas
are thought to be caused by the accumulation of
mucopolysaccharide in hyperplastic dental follicles.
Histological and histochemical signs of the disorder have
been observed in the dental pulp. The disorder is due to
a deficiency of the enzyme alpha-L-iduronidase.

MBID 1282-1307 McK 25280 OFG 206-207,
303-306, 391-393, 610-614 SH-V 476-481

I.D.g. [IIM.y., II.B.S.) Mucopolysaccharidosis II
[Hunter syndrome) (XL*)

A similar disorder to mucopolysaccharidosis I-H
'Hurler syndrome, see I.D.8.), though generally less
severe. There is a type A that has progressive mental
retardation, with death usually occurring before the age
of 15, and a milder type B compatible with survival and
reproduction. The tongue and lips are enlarged, and the
same jaw lesions seen in the Hurler syndrome are found.
The disorder is due to a deficiency of the enzyme iduron-
ate sulphatase.
MBID 1282-1307 McK 30990 OFG 393,612

S/LV 483-485

Hopkins, R., Watson. J.A.. Jones, J.H. 8c Walker, M. (1973)
Two cases of Hunter's svndrome-the anaesthetic and

operative difficulties in oral surgery. British Journal of Oral
Surgery, 10. 286-299.

Lustmann. J., Bimstein, E. 8c Yacziv, S. f 1975) Dentigerous
cysts and radioiucent lesions of the jaw associated with
Hunter's syndrome. Journal ofOral Surgery. 33, 679-685.

I.D.10. [IIIJS.3.) Neurofibromatosis [Von
Recklinghausen disease) (AD*!

See III.B.3.

I.D.11. [II.C.i., IVJ.18.) Rutherfurd syndrome
(AD*)

See II.C. 1.

I.D.12. [I.C.10., IlI.B.j., IV.D.ig.) Tuberous
sclerosis AD*)

See III.B.5.
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SINGLE GENE DISORDERS WITH PARTICULAR EFFECTS ON THE LIPS, TONGUE OR
GINGIVA

II.A. Disorders Affecting the Lips

I1-A.I. Blepharochalasis and 'double lip' (Ascher
syndrome) AD*)

A combinacion of drooping eveiids and duplication of
the upper lip. Occasionally the lower lip is also enlarged.
The disorder has been associated with non-toxic

enlargement of the thyroid gland.
McK 10990 SKY 253-255

Bamett, M.L.. Bosshardt, L.L. & Morgan, A.F. (1972) Double
lip and double lip with blepharochalasis (Ascher's synd¬
rome). Oral Surgery, 34, 727-733.

Findlav, G.H. (1954; Idiopathic enlargements of the lips:
cheilitis granuiomatosa. Ascher's syndrome and double lip.
British Joumai of Dermatology, 66. 129-138.

Papanavatou, P.H. & Hatziods, J.C. (1973) Ascher's syn¬
drome. Oral Surgery, 35, 467-471.

SwerdloE G. (19601 Double lip. Oral Surgery, 13, 627-629.

Il^i.2. (1V.A.2., IV.D.3.,
IV.J.i.) Chondroectodermal dysplasia
(Ellis-van Creveld syndrome) (AR*)

A syndrome of dwarfism resulting principally from
shortening of the distal parts of the extremities.
Polydactyly, ectodermal dysplasia affecting particularly
the nails and teeth, and cardiac malformation. There is
invariably fusion of the middle portion of the upper lip
to the maxillary gingival margin, so that there is no
labial sulcus in the upper incisor region. There is a
reduction in number of teeth, and the teeth that do form
are usually small and of abnormal morphology. The
enamel may be hvpoplasuc. Natal teeth have been
reported.

McK 22550 OFG 589-592 SHJV 80-85
Biggerstaff, R.H. & Mazaheri, M. (1968) Oral manifestations
of the Ellis-van Creveld syndrome. Joumai of the American
Dental Association, 77, 1090-1095.

Winter, G.B. & Geddes, M. (1967; Oral manifestations of
chondroectodermal dysplasia (Ellis-van Creveld syn¬
drome). British Dental Joumai, 122, 103-107.

U.A.3. {I.A.3.) Cleft lip-palate, mucous cysts of
the lower lip, popliteal pterygium, digital and
genital anomalies [popliteal pterygium
syndrome) (AD*)

See I.A.5.

ll.A.4. (I.B.3.) Congenital lip pits AD*

Pits or depressions in the vermilion border of the lower
lip, usually one on either side of the midline and

occasionally located at the ups of slight elevations.
Rarely, these elevations mav be sufficiently large to fuse
in the midline. The pits are 0.5 to 2.5 cm deep, and are
usually fistulae communicating with the duct systems of
the underlying minor salivary glands. Consequently,
they often discharge saliva, either spontaneously or on
pressure. About 70 per cent of affected individuals have
cleft lip, cleft palate or both. This is an exception to the
rule that affected relauves of cleft lip-palate cases have
only cleft lip-palate, and that affected relatives of cleft
palate cases have only cleft palate. An associated
absence of second premolars has been reported. The
gene has an estimated penetrance of 80 per cent.

McK 11930 OFG 556-55 7 SKY 115-117

Baker. B.R. (1964) A family with bilateral congenital pits of the
inferior lip. Oral Surgery,' 18, 494-497.

Bowers, D.G. (1970) Congenital lower lip sinuses with cleft
palate. Plastic and Reconstructive Surgery, 45, 151-154.

Cervenka, J., Gorlin, R.J. & Anderson, V.E. 1967) The
syndrome of pits of the lower lip and cleft lip and/or palate:
genetic considerations. American Journal ofHuman Genetics, 19,
416-432.

Schneider, E.L. fi973J Lip pits and congenital absence of
second premolars: varied expression of the lip pits syndrome.
Journal ofMedical Genetics, 10, 346-349.

11.A.3. Craniocarpotarsal dysplasia (whistling
face syndrome; Freeman—Sheldon syndrome)

! AD*)

A combination of microstomia, flat midface, deeply
sunken eyes, contractures of the fingers, and club foot.
The lips are pursed as in whistling. Two grooves extend
over the surface of the skin from the lower lip to the chin,
one on either side of a central fibrous band.

McK 19370 OFG 567-569 SKY 214-219

Burzynski. N.J., Podruch, P.E., Howell. J. & Snawder, K..
(1975) Craniocarpotarsal dysplasia (whistling face syn¬
drome). Oral Surgery, 39, 893-900.

Cervenka.J., Figalova, P. & Gorlin, R.J. 1969,; Cranio-carpo-
tarsal dysplasia or the whistling face syndrome. II. Oral
intercommissurai distance in children. American Journal of
Diseases ofChildren, 117, 434-435.

Sauk, J.J. Jr, Delaney, J-R-> Reaume, C.. Brandjord, R. &
W'itkop, C.J. (1974) Electromyography of oral-facial
musculature in craniocarpotarsal dysplasia (Freeman-
Sheldon syndrome). Clinical Genetics, 6, 132-137.

Weinstein. S. & Gorlin. R.J. (1969,1 Cranio-carpo-tarsal
dysplasia or the whistling face syndrome. I. Clinical
considerauons. American Journal of Diseases 0] Children, 117,
427-433-

H.A.S. (I.D.3., II.B.5., II.C.3., IV.G.3.,
IV.I.12.) Mucopolysaccharidosis l-H (Hurler
syndrome) AR*)

See I.D.8.
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II.A.?. (I.D.g., II.B.6.) Mucopolysaccharidosis II
(.Hunter syndrome) XL*

See I.D.9.

I1.A.3. (IM.13., II-B.7.,
IV.A.14.) Oral-facial-digital syndrome I (OFD I
syndrome) • XL*!

See I.A. 13.

II.A.g. (II.B.3.) Oral-facial-digital syndrome II
(OFD II syndrome; Mohr syndrome) AR*)

See II.B.3.

ll.A.10. (III.C.j.) Peutz-Jeghers syndrome
(intestinalpolyposis II) (AD*) (see aiso Chapter 5)

A combination of gastrointestinal polyposis and muco¬
cutaneous melanotic pigmentation. Onset of the
gastrointestinal symptoms can occur at any age, but the
polyps rarely undergo malignant change. Almost all
affected individuals show melanotic pigmentation of the
lips, brown to bluish-black macules ranging in size from
1 mm to 12 mm across but of no particular shape. The
oral mucosa may be involved, though slighdy less often,
and the skin, particularly around the mouth, nose and
eyes, is affected in about 50 per cent of cases. Pigmented
oral papillomas have also been reported. Intestinal
polyposis can occur without oral manifestations (McK
17510) or with different oral manifestations (see I.C.I.).

McK 17520 OFG 359-360 SHJf 604-608
Bartholomew. L.G., Moore, C., Dahlin, D.C. & VVaugh, J.M.

19621 Intestinal polyposis associated with mucocutaneous
pigmentation. Surgery, Gynecology and Obstetrics, 115, t-t 1.

Lowe. N.J. (1975) Peutz-Jeghers syndromewith pigmented oral
papillomas. Archives of Dermatology, 111, 503-505.

Zegarelli, E.V., Kesten. B.M. Sc Kutscher, A.H. (1954)
Melanin spots of the oral mucosa and skin associated with
polyps: report of a case of peculiar pigmentation of the lips
and mouth. Oral Surgery, 7, 972-978.

Zegarelli, E.V., Kutscher. A.H., Mercadante, J., Kupferberg,
N. & Piro, J.D. 1959) Adas of oral lesions observed in the
syndrome of oral melanosis with associated intestinal
polyposis (Peutz-Jeghers syndrome). American Journal of
Digestive Diseases, N.S. 4, 479-489.

IIJB. Disorders Affecting the Tongue

II.B.i. Beckwith-Wiedemann syndrome
(exomphalos-macroglossia-gigantism
syndrome) (AR)

A syndrome of umbilical hernia, cytomegalv of the
adrenal cortex, hyperplasia of the gonadal interstitial
cells, renal medullary dysplasia, visceromegaly, somatic
gigantism, mild microcephaly, and a dome-shaped
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defect of the diaphragm. Microglossia is very common,
but not an essential feature.

McK 22560 OFG 526-528 SH.V 42-47
Cohen, M.M. Jr, Gorlin, R.J.. Feingold. M. & Bensel. R.W.

(1971) The Beckwith-Wiedemann syndrome: seven new
cases. American journal of Diseases ofChildren, 122, 515—519.

Filippi, G. & McKusick. V.A. 197m Beckwith Wiedemann
syndrome \ exomphalos-macroglossia-gigantism syndrome .

Report of two cases and review of the literature. Medicine, 49,
279-298.

Kosseff, A.L., Hermann, J. & Opitz. J.M. (1972) The
Wiedemann-Beckwith syndrome: genetic considerations
and a diagnostic sign. Lancet, i, 844.

Thorbum. M.J., Wright. E.S., Miller, C.G. & Smith-Read.
E.H.M. (1970) Exomphalos-macroglossia-gigantism syn¬
drome in Jamaican infants. American Journal of Diseases of
Children, 119, 316-321.

II.B.2. ( V.B.I.) Familial dysautonomia
(Riley-Day syndrome) AR*)

See V.B.i.

IIJ3.J. (VJS.j.) Melkersson syndrome
(Melkersson-Rosenthal syndrome) AD*)

See V.B.4.

II.B.j. (V.B.j.) Moebius syndrome (congenital
facial diplegia) (AD*)

See V.B.5.

II.B.j. (IJD.3., II.A.6., II.C.3., IV.G.3.,
IV.1.12.) Mucopolysaccharidosis I-H (Hurler
syndrome) AR*)

See I.D.8.

II.B.6. (I.D.g., 11.A.7.) Mucopolysaccharidosis II
(Hunter syndrome) XL*)

See I.D.g.

IIJI.7. (I.A.13., 11M.S.,
IV.A.14.) Oral-facial-digital syndrome I (OFD I
syndrome) (XL*)

See I.A.i 3.

IIJI.3. (II.A.g.) Oral-facial-digital syndrome II
(OFD II syndrome; Mohr syndrome) AR*

A syndrome of cleft or lobed tongue, manual polv-
dactvlv, polysyndactyiv of the halluces, and frequently
a midline cleft of the upper lip. Menial deficiency,
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microcephaly, hydrocephaly, deafness, various other
neurological abnormalities, and increased susceptibility
to respiratory infection have also been reported.
Occasional oral findings include multiple frenula.
ankyloglossia and fatty hamartomas of the dorsum of the
tongue.

McK 25210 OFG 560-561 SHfif 568-570
Goldstein, E. & Medina, J.L. (1974) Mohr syndrome or oral-
facial-digital II: report of two cases. Journal of the American
Dental Association, 89, 377-382.

Gustavson, K.H., Kreuger, A. & Petersson, P.O. (1971)
Syndrome characterised by lingual malformadon, Poly¬
dactyly, tachypnea, and psychomotor retardauon .Mohr
syndrome). Clinical Genetics, 2. 261—266.

Rimoin, D.L. & Edgerton, M.T. {1967" Generic and clinical
heterogeneity in the oral-facial-digital syndromes. Journal of
Pediatrics, 71, 94-102.

LLC. Disorders Affecting the Gingiva

Il.C.i. Gingivalfibromatosis H)

Gingival fibromatosis may occur either alone or in
conjunction with a variety of other abnormalities.
General references are:

OFG 596 SHjV 329-336
Witkop, C.J. Jr (1971) Heterogeneity in gingival fibromatosis.
Birth Defects, 7(7), 210-221.

A list of disorders in which gingival fibromatosis occurs
is given below:

Gingival fibromatosis without hypertrichosis (AD). Gingival
fibromatosis unassociated with any other abnormality.
However, cases of supposed isolated gingival fibro¬
matosis may have had minimal hypertrichosis, that is,
'without hypertrichosis' and 'with hypertrichosis' cases
(see below) may represent different levels of manifes¬
tation of the same mutant gene.

McK 13530

Becker. W., Codings, C.K., Zimmerman, E.R., De La Rosa,
M. & Singdahlsen, D. (1967) Hereditary gingival fibro¬
matosis. Oral Surgery, 24, 313-318.

Zackin. S.J. & Weisberger, D. (1961) Hereditary gingival
fibromatosis. Report of a family. Oral Surgery, 14, 828-836.

Gingival fibromatosis with hypertrichosis (AD*). Gingival
fibromatosis associated with hypertrichosis alone or with
hypertrichosis, mental deficiency and/or epilepsy.

McK 13540

Jorgensen, R.J. & Cocker, M.E. (1974) Variation in the
inheritance and expression of gingival fibromatosis. Journal
of Periodontology, 45, 472-477.

Miles, A.E.W. (1974) Julia Pastrana, the Bearded Lady.
Proceedings of the Royal Society of Medicine. 67, 160-164.

Nevin, N.C., Scallv, B.G., Kernohan. D.C. & Dodge. J.A.
(1971: Hereditary gingival fibromatosis. Journal of Mental
Deficiency Research, 15, 130-135.

Snyder. C.H. 1965; Syndrome of gingival hyperplasia,
hirsutism and convulsions. Journal of Pediatrics, 67, 499-502.

Winter, G.B. & Simpkiss, M.J. (1974; Hypertrichosis with
hereditary gingival hyperplasia. Archives of Disease in
Childhood, 49, 349-399.

Gingival fibromatosis with ear, nose, bone, nail defects and
splenomegaly (Laband syndrome) uAD*). In this syndrome
cartilage has a soft consistency, resulting in poor
structural definition of the nose and external ear.

Fingers and toes may lack terminal phalanges, nails are
hypoplastic or even absent, and the liver and spleen are
enlarged. Gingival fibromatosis has been observed in
every case.

McK 13550

Alvandar. G. (1965) Elephantiasis gingivae. Report of an
affected family with associated hepatomegaly, soft tissue and
skeletal abnormalities. Journal of the All India Dental
Association, 37, 349-353.

Leband, P.F., Habib, G. & Humphreys, G.S. (1964; Her¬
editary gingival fibromatosis. Report of an affected family
with associated splenomegaly and skeletal and soft tissue
abnormalities. Oral Surgery. 17, 339-351 •

Gingivalfibromatosis with microphthalmia, mental retardation,
athetosis and hypopigmentation (Cross syndrome, oculo-cere'oral
syndrome with hypopigmentation) (AR*). Gingival fibro¬
matosis in conjunction with microphthalmia, cloudy
cornea, spasticity, mental retardation, athetoid move¬
ments and hypopigmentation.

McK25780

Cross, H.E., McKusick, V.A. & Breen. VV.A. '1967) A new
oculocerebral syndrome with hypopigmentation. Journal of
Pediatrics. 70, 398-406.

Gingival fibromatosis with progressive deafness (AD). Gin¬
gival fibromatosis associated with progressive hearing
loss that becomes symptomatic late in the second decade
of life.

McK 13555

Jones, G., VVillrov, R.S. & McHanev, V. (1977) Familial
gingival fibromatosis associated with progressive deafness in
five generations ofa family. Birth Defects, 13138), 195-201.

Juvenile hyaline fibromatosis (Murray—Puretic-Drescher
syndrome) (AR*). Multiple hyaline fibrous tumours,
especially of the scalp and back, associated with gingival
fibromatosis. The tumours appear in early life, slowly
enlarging to the size of small oranges. Some gradually
regress, while others calcify, ulcerate and slowly
disappear. There may be painful flexion contractures of
the knees, elbows, hips and shoulders, generalized
osteoporosis, osteolysis of the terminal phalanges,
atrophic changes in the skin and recurrent suppurative
infections. There are two entries in McKusick's cat¬

alogue: juvenile fibromatosis (22860) and Puretic
syndrome (26570).

McK 22860, 26570
Drescher. E., Wovke. S.. Markiewicz, C. & Tegi. S. 1967'
Juvenile fibromatosis in siblings (fibromatosis hvalinica
multiplex juvenilis). Journal of Pediatric Surgery. 2, 427-430.

Ishikawa, H. & Mori, S. ) 1973) Systemic hvalinosis or
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fibromatosis multiplex juvenilis as a congenital syndrome.
Acta Dermato-Venereologtca IStockholm), 53, 185-191.

Puretic, S. & Puretic, B. (1971) Clinical and histopathological
observations on systemic familial mesenchvmatosis. Proceed¬
ings of the 13th International Congress on Pediatrics, Vienna. 1971,
5. 373-381 -

Rutherfurd syndrome ^AD*). Mild gingival fibromatosis
associated with mental deficiency, aggressive be¬
haviour, corneal opacifies, failure oftooth eruption, root
resorption and denfigerous cysts. (Also listed under
I.D.i 1 and IV.1.18.)

McK 18090
Houston, I.B. Sc. Shotts, N. ( 19661 Rutherford's syndrome: a
familial oculodental disorder. Acta Paediatrica Scandinamca,
55. 233-238.

Rutherford. M.£. (1931) Three generauons of inherited dental
defect. British Medical Journal, ii, 9-11.

II.C.2. (IV.D.14.) Mucolipidosis II (I-cell disease)
(AR*)

A combination of severe psychomotor retardation,
marked shortness of stature, Hurler-like facial features
see I.D.8.) and impressive gingival enlargement. Death
usually occurs in childhood as a result ofcardiac failure.
There is marked hvpocalcificafion of the dental enamel.
The disorder is known as I-cell disease because of
numerous granular inclusions visible in fibroblast
cytoplasm under phase contrast microscopy.

McK 25250 OFG 394 SHN 497-499
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Blank. E. & Linder, D. (t974/ disease ML II): a

lysosomopathv. Pediatrics. 54, 797-805.
Galili, D.. Yatziv. S. & Russell, A. (19741 Massive gingival
hyperplasia preceding dental erupdon in I-cell disease. Oral
Surgery. 37, 533-539-

Lerov, J.G., Spranger, J.W., Feingold, M„ Opitz, J.M. St.
Crocker, A.C. . 1971) I-cell disease: a clinical picture.
journal of Pediatrics, 79, 360-365.

II.C.3. (I.D.8., IIM.6., IIJB.3., IV.G.3.,
IV.I.12.) Mucopolysaccharidosis I-H (Hurler
syndrome) AR*)

See I.D.8.

II.C.4. Palmoplantar hyperkeratosis and
attached gingival hyperkeratosis AD)

Hyperkeratosis of the palms and soles associated with
sharply demarcated hyperkeratosis of the labial and
lingual attached gingiva, appearing in early childhood
and increasing in severity with age.

McK 14855 OFG 367-369 SHN 371-372

Fred. H.L., Gieser, R.G., Berrv. W.R. & Eiband, J.M. 11964)
Keratosis palmaris et plantaris. Archives of Internal Medicine,
113, 866-871.

James. P. & Beggs, D. (1973) Tylosis: a case report. British
Journal of Oral Surgery, ti, 143-145.

Raphael, A.L., Baer. P.N. & Lee, W.B. {1968) Hyperkeratosis
of gingival and plantar surfaces. Periodontics, 6, 118-120.

SINGLE GENE DISORDERS AFFECTING THE ORAL MUCOSA AND UNDERLYING SOFT
TISSUES

OLA. Disorders Resulting in Mucosal
Thickening or Abnormal Keratinization

III.A.I. (III.C.i.) Acanthosis nigricans (AD*) (see
also Chapters 5 and 12)

A condition with a severe non-heritable form, associated
with adenocarcinoma, particularly of the stomach, and
a benign form showing dominant inheritance. Thicken¬
ing, pigmentation and papillomatous changes develop
in the skin, particularly on flexural surfaces. There may
also be thickening and papillomatosis of the oral
mucosa, particularly of the tongue and lips, and gingival
enlargement.

McK 10060 SHN 4-8
-Cohenour, VV. & Gamble, J.W. 1971) Acanthosis nigricans:

review of literature and report of a case. Journal of Oral
Surgery, 29, 48-51.

Pindborg, J.J. & Gorlin, R.J. (19621 Oral changes in
acanthosis nigricans Juvenile type. Acta Dermato- Venereologtca
<Stockholm), 42. 63-71.

IIIM.2. (IVJ.7.) Cutis laxa H)

Generalized laxity of the skin producing a 'bloodhound'
or elderly appearance in the face. There may be oral
mucosal thickening and delayed or disturbed tooth
eruption. There are autosomal dominant, autosomal
recessive and X-linked forms. The X-linked form has
been associated with deficiency of the enzyme Ivsyl
oxidase.

McK 12370 (AD*), 21910 (AR*), 30415 (XL*)
SHN 246-249

Brighton, P.H. (1972) The dominant and recessive forms of
cutis laxa. Journal ofMedical Genetics, 9, 216-221.

Goltz, R.W., Hult. A.M., Goldfarb, M. 3l Gorlin, R.J. (1965)
Cutix laxa, a manifestation of generalized elastosis. Archives
of Dermatology, 92. 373-387.

III.A.3. Darier-White disease (Darier disease;
follicular keratosis) (AD*)

A disorder characterized by cutaneous hyperkeratotic
papules. 2 to 3 mm across, first appearing in childhood
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and changing from skin colour to greyish-brown with
age. Similar hyperkeratotic papules occur on the oral
mucosa, particularly of the hard and soft palates, and
have the whitish appearance common to hyperkeratotic
lesions in the mouth. The papules may become
confluent as the disorder progresses.

McK 12420 OFG 365-366
Gorlin, R.J. 1969; Genetic disorders affecting the mucous
membranes. Oral Surgery. 28, 512-525.

Gorlin, R.J. & Chaudhrv, A.P. i 1959) Oral manifestations of
keratosis follicularis. Oral Surgery, 12, 1468-1470.

Ravne, J. 11970) Keratosis follicularis. A case report. British
Journal of Oral Surgery. 8, 133-137.

Spouge. J.D., Trott. J.R. & Chesko, G. (1966) Darier-White's
disease: a cause ofwhite lesions of the mucosa. Oral Surgery,
al< 44I-457-

Weathers, D.R. & Driscoil. R.M. 1974) Darier's disease of the
oral mucosa. Oral Surgery. 37, 711-721.

111.A.4. Hereditary benign intraepithelial
dyskeratosis AD*)

Asymptomatic, soft white plaques on the oral mucosa,
sometimes folded and similar in appearance to the white
sponge naevus of Cannon (see III.A.7.). usually
apparent at birth and increasing in severity with age.
There are associated eye lesions, and. if these involve the
cornea, blindness may result. Buccal scraping smears
can be used as an aid to diagnosis, showing the 'cell-
within-a-cell' phenomenon.

McK 12760 OFG 360-363 SHM 349-351

Pollitzer, W.S., Menegaz-Bock, R.M., Renwick, J.H. &
Witkop, C.J. (1965) Hereditary benign intraepithelial
dyskeratosis: a linkage study. American Journal of Human
Genetics, 17, 104-108.

Witkop, C.J. & Gorlin, R.J. (1961) Four hereditary mucosal
syndromes. Archives ofDermatology, 84, 762-771.

Witkop, C.J., Shankle, C.M., Graham. J.B.. Murray, M.R.,
Rucknagel, D.L., & Byerlv, B.H. 19601 Hereditarv benign
intraepithelial dyskeratosis. II. Oral manifestations and
hereditary transmission. Archives of Pathology, 70. 696-711.

Yanoff, M. 1968) Hereditary benign intraepithelial dyske¬
ratosis. Archives of Ophthalmology, 7g, 291-293.

HI.A.y. (IV.J.4.) Pachyonychia congenita AD*'

There are two forms of this disorder:

Jadassohn-Lewandouuski syndrome. Thickening of the nails
at or soon after birth, sometimes with palmoplantar
hyperkeratosis and hvperhidrosis. There is a general
thickening of the skin and oral mucosa due to acanthosis
and parakeratosis. This may produce white lesions of the
oral mucosa. The dorsum of the tongue is usually the
most severely affected area, showing marked thickening
and having a greyish-white appearance. Aphthous
ulceration is common.

Jackson-Lawler syndrome. As above, but with no oral
lesions. In addition, there may be epidermoid cysts and
natal teeth.

Gorlin. R.J. & Chaudhry, A.P. 19581 Oral lesions accom¬
panying pachyonychia congenita. Oral Surgery. 11. 541-544.

Shrank, A.B. 1966. Pachyonychia congenita. Proceedings of the
Royal Society ofMedicine, 59, 975-976.

Soderquist, N.A. & Reed. W.B. 1968) Pachyonychia con¬
genita with epidermal cysts and other congenital dyske¬
ratoses. Archives ofDermatology. 97, 31-33.

Young, L.L. & Lennox, J.A. (1973) Pachyonychia congenita.
A long term evaluation ofassociated oral and dermal lesions.
Oral Surgery, 36. 663-666.

1II.A.6. Porokeratosis (Mibelli disease) AD*

Chronic, slow-growing, raised, ring-like keratotic
lesions of the skin with atrophic centres, appearing in
early life, especially on the hands and feet. There may be
similar oral lesions, particularly on the upper lip.

McK 17580 OFG 372

Ramanathan, K.. Omar-Ahmad. U.D.. Kuttv, M.K., Ching,
L.K. & Dutt, A.K. 1969, Porokeratosis Mibelli. British
Dental Journal. 126. 31-32.

Reed. R.J. &. Leone. P. 19701 Porokeratosis-a mutant clonal
keratosis of the epidermis. Histogenesis. Archives of Der¬
matology. 101, 340—347.

III.A.y. White sponge naezrus of Cannon (white
folded dysplasia of the mucous membranes)
(AD*)

A thickened, spongy, folded lesion of the oral mucosa
with an opalescent white appearance. It is either
congenital or appears before puberty on any part of the
oral mucosa. There is hyperkeratosis, with intracellular
oedema and pvknosis of the cells in the stratum
spinosum. The condition is differentiated from her¬
editary benign intraepithelial dyskeratosis see III.A.4.
by associated vaginal and anal involvement, and by the
absence of conjunctival lesions and the 'cell-wichin-a-
cell' phenomenon.

McK 19390 OFG 360
Browne. W.G., Izatt. M.M. & Renwick. J.H. 1969) White
sponge naevus of the mucosa: clinical and linkage data.
Annals of Human Genetics, 32, 271-281.

McGinnis. J.P. & Turner, J.E. 1975) Ultrastructure of the
white sponge naevus. Oral Surgery, 40. 644-631.

Simpson, H.E. 1 19661 White sponge naevus. Journal of Oral
Surgery, 24, 463-466.

Stiff. R.H. & Ferraro. E. (1969; Hereditary keratosis. Oral
Surgery. 28, 697-701.

Witkop. C.J. & Gorlin, R.J. ('1961! Four hereditary mucosal
syndromes. Archives ofDermatology, 84. 762-771.

m.B. Disorders Resulting in Nodular
Infiltration, Fibrosis, or Deeper Soft Tissue
Lesions

III.B.i. (IV.A.ijIV.D.13.) Lipoid proteinosis
[hyalinosis cutis et mucosae) 1AR*

McK 16720 OFG 364-365 SH.V 600-603 Discrete or confluent vellowish nodules in the skin. 1 to
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3 mm across, usually appearing in early life, particularly
on the face and hands. There may be wart-like
hvperkeratotic lesions on the knees and elbows, and
bead-like excrescences along the margins of the eyelids
with loss of the lashes. Laryngeal involvement produces
hoarseness, and intracranial calcification may result in
neurological manifestations. Nearly all the oral soft
tissues become infiltrated by raised, yellowish, pea-sized
plaques, usually appearing before puberty and increas¬
ing in severity with age. The tongue may become firm
and woody and lose its papillae. Ulcers may occur.
Buccal mucosal involvement may cause stenosis of the
parotid duct, with consequent parotitis. Teeth may fail
to develop or the enamel may be hypoplastic.

McK 24710 OFG 373-375 SHN 366-370

Orton, C.I. & Buchan, N.G. (1975; Lipoid proteinosis-cheoro¬
facial manifestations. British Journal of Oral Surgery, 12,
289-291.

Simpson, H.E. (1972) Oral manifestations of lipoid pro¬
teinosis. Oral Surgery, 33, 528-532.

Williams, R.F. (1971) Lipoid proteinosis. Oral Surgery, 31,
624-626.

IIIJt~2. Multiple mucosal neuromas,
phaeochromocytoma and medullary thyroid
carcinoma (AD*) (see also Chapters)

A syndrome of multiple mucosal neuromas, tumours of
the chromaffin ussue of the adrenal medulla

{phaeochromocvtomas) and carcinoma of the thyroid
medulla. Phaeochromocvtomas are associated with

hypertension, headache, weakness and flushing. Medul¬
lary thyroid carcinoma results in overproduction of
calcitonin, serotonin and various other substances. Body
build is often reminiscent of the Marfan syndrome (see
I.D.7.). Mucosal neuromas are particularly common in
the lips, where they lead to nodular enlargement, and on
the tongue. The buccal mucosa is involved less
frequently. Neuromas may also arise from the con¬
junctiva, and from the nasal and laryngeal mucosa.

Mck 16230 OFG 356-358 SHN 513-519

Bartlett, R.C., Myall, R.W.T., Bean. L.R. & Mandeistam, P.
(1971) A neuropoivendocrine syndrome: mucosal neur¬
omas. pheochromocytoma and medullary thyroid car¬
cinoma. Oral Surgery, 31, 206-220.

Carney, J.A., Sizemore, G.W. & Lovestedt. S.A. (1976)
Mucosal ganglioneuromatosis. medullary thyroid car¬
cinoma and pheochromocytoma: muldple endocrine neo¬
plasia, type 2b. Oral Surgery, 41. 739-752.

Miller, R.L., Burzvnski, N.J. & Giammara, B.L. (1977) The,
ultrastructure of oral neuromas in multiple mucosal
neuromas, pheochromocytoma. medullary thyroid car¬
cinoma syndrome. Oral Pathology. 6, 253-263.

Simpson, H.E. (1965; Oral neurofibromatosis with differentia¬
tion of sensory end organs. Oral Surgery, 19, 228-233.

Walker. D.M. (1973) Oral mucosal neuroma-medullary
thyroid carcinoma syndrome. British Journal of Dermatology.
88. 599-603.
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IIIJI.3. [I.D.io.) Neurofibromatosis (Von
Recklinghausen disease) AD* see also
Chapter 5;

A syndrome of multiple neurofibromas, cutaneous
pigmentauon in the form of cafe-au-lait spots, and
skeletal abnormalities including kyphoscoliosis and
pseudoarthroses, sometimes with central nervous system
involvement. There is a tendency for the tumours to
undergo malignant change. Neurofibromas are parti¬
cularly common in the skin, but may occur in any part of
the body. Oral neurofibromas have been reported in less
than 1 o per cent ofcases, but may involve any of the oral
soft tissues. Extrabonv or intrabonv tumours may result
in subperiosteal erosive changes or central radio-
lucencies in the maxilla and mandible. There is a wide

range of severity of the disorder.
McK 16220 OFG 615-618 SHN 535-540

Freedus, M.S. So Doyle, P.K. , 1975; Multiple neurofibromato¬
sis with oral manifestations. Journal of Oral Surgery. 33,
300-363.

Freeman, M.J. & Standish. S.M. (1965) Facial and oral
manifestations of familial disseminated neurofibromatosis.
Oral Surgery, 19, 52-59.

tvobiin, I. & Reil. B. (1975} Changes in the facial skeleton in
cases ofneurofibromatosis. Journal ofMaxillofacial Surgery. 3,
23-27.

Rittersma, J., Ten Kate. L.P. & Westerink, P. (1972)
Neurofibromatosis with mandibular deformities. Oral Sur-

33. 718-727-

IIIJl.4. Pseudoxanthoma elasticum (H)

A combination of skin changes, recurrent severe
gastrointestinal bleeding, retinal haemorrhages with
consequent failing vision, and weak peripheral pulses.
The primary abnormality is calcification of elastic
connective tissue fibres. In the skin this produces raised,
flat, yellowish papules, especially on flexural surfaces,
usually appearing in early adult life. The thickened,
yellowish skin eventually becomes loose, folded, and
apparently redundant. Haemorrhage occurs because of
the involvement of small blood vessels, and the weak
pulse is due to calcification ofperipheral arteries. About
10 per cent of cases have intramucosal nodules in the
mouth, especially in the lower lip. There are autosomal
dominant and autosomal recessive forms of the disorder.

McK 17785 1 AD*), 26480 (AR*)
OFG 372-373 SHN 634-638

Danielsen, L., Kobavasi, T. & Larsen. H.W. (1970') Pseudo¬
xanthoma elasticum. a clinico-pathological study. Acta
Dermato-Venereologica (Stockholmj, 50. 355—373.

Pope. F.M. (1974, Autosomal dominant pseudoxanthoma
elasticum. Journal of Medical Genetics. 11. 152-157.

Pope, F.M. (1974.! Two types of autosomal recessive pseudo¬
xanthoma elasticum. Archives ofDermatology, no. 209-212.
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///J?.j. [I.C.io., I.D.is., IV.D.ig.) Tuberous
sclerosis • AD*)

A triad of epilepsy, mental retardation and cutaneous
angiofibromas, the first signs usually appearing in early
childhood. The most common skin lesions take the form
of clusters, sometimes massive, of reddish, flat or
rounded growths of various sizes, particularly on and
around the nose, and on the cheeks and chin. There may
also be fibromatous masses in the skin of the back and

scalp and along the nail beds, and patchy loss of
pigmentation of the skin. The epilepsy and mental
retardation are due to the growth of potato-like
tuberous) masses of glial elements within the brain.
There may also be retinal tumours. Fibrous outgrowths
of the oral mucosa, particularly from the anterior
gingiva, have been noted in about 11 per cent of cases of
one series. Cystic radiolucencies and hyperostosis of the
jaws have been reported. Hypoplastic enamel defects
are also found.

McK i g 11 o OFG 198-200, 634-636 SHX 704-708
Davis, R.K., Baer. P.N., Archard. H.O. & Palmer, J.H. , 1964)
Tuberous sclerosis with oral manifestations. Oral Surgery, 17,
395-400.

Hoff. M., van Grunsven. M.F.. Jongebloed, VV.L. &
's-Gravenmade, E.J. (1975) Enamel defects associated with
tuberous sclerosis: a clinical and scanning-electron-
microscope study. Oral Surgery, 40. 261-269.

Papanavotou, P. & Vezirtzi, E. , 1975) Tuberous sclerosis with
gingival lesions. Oral Surgery, 39, 578-582.

Rush ton. M.A. (19561 Some less common bone lesions affecting
the jaws. Oral Surgery, 9, 284-304.

Wedgewood. D. & Skene-Smith, H.S. (1973) Tuberose
sclerosis with unilateral involvement of the maxilla and
mandible: a case report. British journal of Oral Surgery, 11.
126-130.

IllJ}. 6. Xanthomatoses (Hi

Conditions in which there is an excess of lipids in the
body due to disturbances of lipid metabolism. Yellowish
nodules (.xanthomas/ containing lipid deposits develop
in the skin. Oral xanthomas have been associated with
two autosomal recessive disorders of lipid metabolism,
familial hvperprebetalipoproteinaemia and familial
hvperchvlomicronaemia. the second of which is as¬
sociated with low levels of activity of the enzyme
lipoprotein lipase.
MBID 656—669 McK 23840 (AR), 23860 (AR*)

OFG 376-377
Raffle, E.J. & Hall. D.C. (1968) Xanthomatosis presenting
with oral lesions. British Dental Journal, 125, 62—66.

IQ.C. Disorders Resulting in Papillomatosis

III.C.J. [IllM.I.) Acanthosis nigricans AD*)

See III.A. 1.

III.C.2. [III.D.i., III.H.i.) Acrodermatitis
enteropathica AR*)

See III.D.i.

III.C.J. [IV.A.6., IV.D.9., IV.l.9.) Focal dermal
hypoplasia [Goltz syndrome) XL*)

Multiple papillomas of the mucous membranes, as¬
sociated with atrophy and streaky hyperpigmentation of
the skin, localized deposits of superficial fat, syndactyly
and dystrophic nails. There may be hypodontia, enamel
fragility and delayed tooth eruption. A variety of other
abnormalities have been reported. The disorder is
inherited as an X-linked dominant condition, limited to

females and apparently lethal in males.
McK 30560 SHX 310-314

Daly, J.G. (1968) Focal dermal hypoplasia. Cutis. 4,
'354_I359-

Ferrara. A. (1972) Goitz's syndrome. American Journal of
Diseases ofChildren. 123, 263.

Goltz, R.W., Henderson. R.R.. Hitch, J.M. & Ott.J.E. 11970
Focal dermal hypoplasia syndrome. A review of the
literature and report of two cases. Archives ofDermatology, 101.
1-11.

Ishibashi. A. <Sc Kurihara, Y. 1972) Goitz's syndrome: focal
dermal hypoplasia syndrome. Dermatologica. 144, 156-167.

Ruiz-Maldonado, R., Carnevale, A., Tamavo, L. & de
Montiel, E.M. >1974) Focal dermal hypoplasia. Clinical
Genetics, 6, 36-45.

III.C.j. Multiple hamartoma and neoplasia
syndrome [Cowden syndrome) AD*

A syndrome ofmultiple tumours in which there may be
papillomatous outgrowths from the buccal mucosa and
papular lesions of the lips, gingiva and palate. The
tumours include fibroadenomas and carcinomas of the
breast, adenocarcinomas of the thyroid, and colonic
polyposis and carcinomas. Large numbers of small
papillomatous lesions occur on the skin, particularly of
the external ear. neck and nose.

McK 15835 OFG 521 SHX 510-512

Gentry, W.C. Jr, Eskritt, N.R. & Gorlin. R.J. , 1974, Multiple
hamartoma syndrome (Cowden disease). Archives of Der¬
matology, 109, 521-525.

Lloyd, K.M. & Dennis. M. 1963; Cowden's disease: a possible
new symptom complex with multiple system involvement.
Annals of Internal Medicine. 58. 136-142.

Rosenbluth, VI. 1963) Multiple noduli cutanei'with gingival
manifestations. Periodontics, 1, 81-83.

III.C.j. (II.A.10.) Peutz-Jeghers syndrome
[intestinal polyposis II) AD*

See II.A.10.
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IU.D. Disorders Producing Bullae and Vesicles

I11.D.1. (II1.C.2III.H.i.) Acrodermatitis entero-
pathica (AR*)

A syndrome ofskin lesions, loss ofhair, abnormalicies of
the nails, and gastrointestinal disturbances. The disor¬
der normally appears in early life with an erythematous
then vesiculo-bullous rash, particularly around the eyes
and nose and on the hands and feet. The gastrointestinal
disturbances manifest themselves in bouts of diarrhoea.
In the mouth, the buccal mucosa, and less often the

palate and gingiva, are affected by oedema and erosions.
There may be numerous small whitish papillomas on the
buccal mucosa and borders of the tongue. Over half the
cases reported have suffered from secondary candidosis.

McK 20110 OFG 354-356 SHN 17-20

Gorlin. R.J. 11969) Genetic disorders affecting mucous
membranes. Oral Surgery, 28. 512-525.

III.Dji. Dyskeratosis congenita 1 XL*)

A combination of hyperpigmentation of the skin,
dystrophy of the nails, and oral leucoplakia. There may
also be continuous lacrimation due to atresia of the
lacrimal ducts, thrombocytopenia, anaemia and testi¬
cular atrophy. In the mouth, recurrent crops of painless
vesicles and bullae appear during childhood. After
several attacks the mucosa becomes atrophic, thickened,
fissured, and white in patches. The tongue loses its
papillae and becomes smooth. Verrucous carcinoma of
the oral mucosa has been reported in some cases.

McK 30500 OFG 338-340 SHN 258-261
Canneil, H. (1971) Dyskeratosis congenita. British Journal of

Oral Surgery, 9, 8-20.
Inoue, S.. Mekanik, G., Mahallati. VI. & Zuelzer, W.W.
(1973) Dyskeratosis congenita with pancytopenia. American
Journal of Diseases ofChildren, 126. 389-396.

Milgrom, H.. Stoll, H.L. & Crissey, J.T. 1964) Dyskeratosis
congenita. Archives of Dermatology. 89, 345-349-

Waid. C. & Diner, H. 1974) Dyskeratosis congenita with
associated periodontal disease. Oral Surgery. 37, 736-744.

III.D.j. (IVJ3.8., IV.E.2.) Epidermolysis bullosa
H,

A group of several hereditary vesicular disorders
involving the skin, and sometimes the oral and other
mucosas. Cutaneous vesicles often arise at sites ofnormal
friction and following trauma, but may also appear
spontaneously or in response to heat. Rupture of bullae
exposes a raw and painful surface, and subsequent
healing can produce gross keloidal scarring, con¬
traction, and pigmentation or depigmentation. The
nails may be thickened and dystrophic. Oral bullae
occur with different frequency in the different forms. In
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some forms, particularly the recessive dystrophic type,
even the manipulations involved in routine dental
treatment can cause the eruption of bullae on the lips
and oral mucosa. There may also be enamel hypoplasia,
and overproduction of poorly calcified cellular cemen-
tum. A full classification of these disorders can be found
in McKusick's Mendelian Inheritance in Man ( fifth edition,
1978), Table A-III, page xxxvii.

OFG 201-206, 281, 346-349 SHN 281-288
Arwill, T., Olsson, O. & Bergenholtz, A. i 1965) Epidermolysis
bullosa hereditaria. III. A histologic study ofchanges in teeth
in the polvdysplastic, dystrophic and lethal forms. Oral
Surgery, 19, 723-744.

Brain, E.B. & Wiggieswonh, J.S. . 19681 Developing teeth in
epidermolysis bullosa hereditaria letalis: a histologic study.
British Dental Journal, 124, 255-260.

Gardner, D.G. & Hudson, C.D. (1975) The disturbances in
odontogenesis in epidermolysis bullosa hereditaria letalis.
Oral Surgery, 40, 483-493.

Giansand, J.S. 1975) Oral nodular excrescences in epider¬
molysis bullosa. Oral Surgery, 40. 385-390.

Gormlev, J.W. Sc. Schow. C.E. (19761 Epidermolysis bullosa
and associated problems in oral surgical treatment. Journal of
Oral Surgery. 34, 45-52.

Hitchin, A.D. 19731 The defects of cementum in epider¬
molysis bullosa dvstrophica. British Dental Journal, 135,
437-442-

Vlorgan, VV.C. 1975) Dental anesthetic management in
epidermolysis bullosa: a new approach. Oral Surgery, 40.
732-735-

Winstock. D. 1962) Oral aspects of epidermolysis bullosa.
British Journal of Dermatology, 74, 431 -438.

111.D.j. Familial benign chronic pemphigus
{Hailey-Hailey disease) (AD*)

A relatively benign disorder in which there are recurrent
vesicular eruptions on the skin, particularly of the neck,
groin and axillary regions. Oral involvement has been
reported.

McK 16960

Berger. R.S. & Lynch. P.J. 1971) Familial benign chronic
pemphigus. Surgical treatment and pathogenesis. Archives of
Dermatology, 104, 380-384.

Botvinick, I. (1973) Familial benign pemphigus with oral
mucous membrane lesions. Cutis, 12, 371-373.

Izumi, A.K., Shmunes. E. & Wood. M.G. (1971) Familial
benign chronic pemphigus. The role of trauma including
contact sensitivity. Archives of Dermatology, 104, 177-181.

Sire. D.J. & Johnson. B.L. (1971) Benign familial chronic
pemphigus treated with dapsone. Archives ofDermatology, 103,
262-265.

IllJ}.J. (IV.F.J., IV.H.j.) Porphyria H)

See IV.F.3.
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m.E. Disorders Producing Vascular Lesions

III.E.i. Ataxia telangiectasia (AR*)

A syndrome of progressive cerebellar ataxia, oculo¬
cutaneous telangiectasia and sinopulmonarv infections.
Venous telangiectasia usually appears in the temporal
and nasal areas of the conjunctiva in early childhood.
The cutaneous telangiectasia appears first on the ears,
then on the face, and later extends to the neck and
elsewhere. In some cases the telangiectases may not be
conspicuous. If the nasal mucosa is involved, there may
be recurrent bouts of epistaxis. Telangiectasia of the
hard palate has been reported. There is a tendency for
affected individuals to develop lymphatic malignancy,
including lymphosarcoma of the palate.

McK 20890 SHJV 37-41

Boder, E. (1975) Ataxia-telangiectasia: some historic, clinical
and pathologic observations. Birth Defects, 11(1), 255—270.

Gimeno, A., Liano, H. & Kreisler, M. 11969) Ataxia-
telangiectasia with absence of IgG. journal of Neurological
Science, 8, 545-554-

Reve, C. (i960! Ataxia-telangiectasia. American Journal of
Diseases ofChildren, 99, 238-241.

Smeby, B. (1966) Ataxia-telangiectasia. Acta Paediatrica
Scandinavtca. 55, 239-243.

III.E.2. (IV.G.i.) Fabry disease (diffuse
angiokeratoma) XL*) ;see also Chapter4)

A disorder in which there is abnormal accumulation of
the glycosphingolipid trihexosyl ceramide, particularly
in the cardiovascular system and kidneys, due to a

deficiency of the enzyme x-galactosidase A.
Clusters of macular to papular, punctate, dark red,
keratotic angiectases appear in the superficial layers of
the skin, usually during childhood. These lesions do not
blanch with pressure. Dilation and tortuosity of
conjunctival and retinal vessels, and corneal opacities,
develop. There is progressive deterioration of renal
function, renal failure being the usual cause of death.
Periodic episodes of severely painful paraesthesias
occur, probably due to lipid changes in the ganglia of
the autonomic nervous system. There are usually
pinpoint macular purplish spots on the lips and, less
frequently, on the buccal mucosa. Heterozygous females
may be mildly affected by the disorder, though they
rarely show skin lesions. A diagnosis ofhemizygositv for
Fabry disease can be confirmed by histochemical and
biochemical analysis of the dental pulp.

AIBID 810-840 McK $0150 OFG 294-298,
349-351 -S7LV 295-299

Brindley. H.P., Archard. H.O., Ailing, C.C., Jurgens, P.E. St
Jurgens, E.H. (1975) Angiokeratoma corporis diffusum
i Fabry's disease). Journal ofOral Surgery, 33, 199-205.

Desnick, S.J., VVitkop, C.J. Jr, Kxivit, W., Thies. J.K. &
Desnick, R.J. 1 1972) Fabry's disease: diagnostic confirma¬
tion by analysis of dental pulp. Archives of Oral Biology, 17,
I473-!479-

Wise, D.. Wallace, H.J. & Jellinek, E.H. '1962) Angioker¬

atoma corporis diffusum: a clinical study of eight affected
families. Quarterly Journal ofMedicine, 55 N.S.31), 177—206.

Witkop. C.J. Jr 11971) Manifestations of genetic diseases in the
human pulp. Oral Surgery. 32, 278-316.

III.E.J. Hereditary haemorrhagic telangiectasia
(AD*) (see also Chapter4)

A condition in which there are multiple capillary venous
dilations of the skin and mucous membranes, which may
be accompanied by a variety of internal vascular
anomalies. The cutaneous and mucosal lesions may take
different forms, being pinpoint, or spider like, or
noduiar. These lesions blanch on pressure. Skin telan¬
giectases usually appear in adolescence or early adult
life, particularly on the face, and increase in number
and severity with age. Involvement of the nasal mucosa
leads to recurrent bouts ofepistaxis, and gastric mucosal
involvementmay result in haematemesis and melena. In
the mouth, the tip and dorsum of the tongue and
mucosal surfaces of the lips are most frequently affected,
though other oral sites may also be involved.
McK 18730 OFG 353-354, 440-441 SHN 352-355

Caldwell, T.A., Schweber, S.J. & Lucchesi, F.J. (19701
Resection of tongue lesion associated with hereditary
telangiectasia (Osler-Weber-Rendu disease:: report of a
case. Journal of Oral Surgery, 28, 299-301.

Donaldson. D. & Myall, R.W.T. (1973; Hereditary hemor¬
rhagic telangiectasia, Raynaud's disease and the C.R.S.T.
syndrome. Oral Surgery, 36, 512-516.

Durocher, R.T., Moeeis, A.L. & Burket. L.W. (1961) Oral
manifestations of hereditary hemorrhagic telangiectasia.
Oral Surgery, 14, 550-555.

Hashimoto, K. St Pritzker, M.S. (1972) Hereditarv hemor¬
rhagic telangiectasia. Oral Surgery. 34, 751-768.

Soudah, H.P. St Tilson, H.B. (1971) Hereditary hemorrhagic
telangiectasia {Osler-Weber-Rendu disease): discussion
and report of a case. Journal of Oral Surgery. 29, 225-229.

m.F. Disorders Resulting in Mucosal Fragility

111J. I. (IV.D.6., 1V.H.I., V.A.I.) Ehlers-Danlos
syndromes ,H)

A series ofdisorders in which there is hyperelasticitv and
fragility of the skin, cutaneous and internal haemor¬
rhages, and loose jointedness. The oral mucosa is also
unusually fragile and easily bruised. If surgery is
required there may be operative difficulties due to
abnormal bleeding and because sutures do not hold
satisfactorily. There may be severe bleeding following
tooth extraction. The teeth may have stunted and
deformed roots and contain large pulp stones, resembl¬
ing the abnormal teeth found in cases of dentine
dysplasia type I (see IV.C.i.). The enamel may be
hypoplastic. Periodontal disease occurs at an early age
in some cases, and, in a few of these, periodontal
destruction may be severe. Recurrent dislocation of the
temporomandibular joint has also been reported. The
classification of Ehlers-Danlos syndromes, with modes
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of inheritance, reference numbers in McKusick's
catalogue, and associated biochemical defects, is as
follows:

Types I, II, III (AD*) McK 13000 Biochemical defect
unknown

Type IV 'AD) McK 13005, 22535 Type 3 collagen
deficiency

Type V (XL*) McK 30520 Lvsyl oxidase deficiency?
Type VI (AR*) McK 22540 Protocollagen lysyl
hydroxylase deficiency

Type VII (AR*) McK 22541 Procollagen peptidase
deficiency

Type VIII (AD*) McK 13008 Biochemical defect
unknown

OFG 257, 340-344 SHJV 262-269
Barabas, G.M. (1969.) The Ehlers—Danlos syndrome: abnor¬
malities of the enamel, dentine, cementum and the dental
pulp: a histological examination of 13 teeth from 6 patients.
British Dental Journal, 126. 509-515.

Barabas, G.M. 8c Barabas, A.P. (1967) The Ehlers-Danlos
svndrome: a report of the oral and haematological findings
in nine cases. British Dental Journal, 123, 473-479.

Goodman, R.M. 8c .Allison, M.L. (19691 Chronic temporo¬
mandibular joint subluxation in Ehlers-Danlos syndrome.
Journal of Oral Surgery, 27, 659-661.

Hughes. C.L. (1970) Odontectomv in treatment of
Ehlers-Danlos syndrome: report of a case. Journal of Oral
Surgery, 28, 612-614.

Recant, B.S. 8c Lipman, J.S. (1969) The Ehlers-Danlos
syndrome. Oral Surgery, 28. 460-463.

Stewart. R.E.. Hollister, D.W. & Rimoin. D.L. (1977) A new
variant ofEhlers-Danlos syndrome: an autosomal dominant
disorder of fragile skin, abnormal scarring, and generalized
periodontitis. Birth Defects, 13 (3B), 85-93.

Thexton, A.A. (1965) A case of Ehlers-Danlos syndrome
presenting with recurrent dislocation of the temporo¬
mandibular joint. British Journal of Oral Surgery, 2, 190-193.

m.G. Metabolic Disorders with Associated Oral
Ulceration

III.G.I. Acatalasia (AR*)

A deficiency of the enzyme catalase. In normal
individuals, hydrogen peroxide produced by oral
microorganisms is broken down by blood and tissue
catalase into water and oxygen. In the absence of
catalase activity, hydrogen peroxide accumulates in the
tissues and is thought to cause local tissue destruction,
probably both directly and through breakdown of
haemoglobin with a consequently reduced local oxygen
tension. The resulting necrosis favours further pro¬
liferation of microorganisms and therefore further
hydrogen peroxide production. The enzyme deficiency
is associated with varying degrees of severity of oral
ulceration, but only in about 75 per cent of individuals
homozygous for the abnormal, zero-catalase-
producing, allele. There are no other signs elsewhere in
the body, and the remaining 25 per cent of abnormal
homozvgotes are completely asymptomatic. There is
evidence for different forms of the enzyme deficiency.
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some abnormal homozvgotes showing low levels of
catalase rather than zero catalase activity.
MBID 1792-1807 McK 20020 OFG 371-372, 402,

424

Hamilton, H.B. 8c Neel, J.V. ,1963) Genetic heterogeneity in
human acatalasia. American Journal of Human Genetics, 15,
408-419.

Takahara, S. (1954) Progressive oral gangrene due to
acatalasemia. Laryngoscope, 64, 685-688.

III.Gj2. (IV.I.8.) Cystinosis H)

A condition in which there is abnormal deposition of
cystine crystals in the body tissues, growth retardation,
signs resembling those of vitamin D-resistant rickets,
and photophobia. There may be associated stomatitis,
retarded dental calcification and delayed eruption of
the teeth. Three autosomal recessive forms of the
disorder have been described, but in none is the basic
biochemical defect understood.

MBID 1660-1682 McK 21975 ( AR*), 21980 (AR*),
21990 (AR*) OFG 398-399

.Nazif, M. 8c Osman, M. ! 1973) Oral manifestations of
cystinosis. Oral Surgery, 35, 330-338.

HLH. Disorders Increasing Susceptibility to
Candidosis

III.H.i. (I1I.C.2., III.D.i.) Acrodermatitis
enteropathiea AR*)

See III.D.i.

IIIJIj2. (I~A.11., IV.A.J., IV-D.j.) Ectro-
dactyly-ectodermal dysplasia-clefting (EEC)
syndrome (AD*)

See I.A.i 1..

III.H.3. (IV.D.y.) Endocrine candidosis
syndrome AR*)

A combination of Addison's disease, hypopara¬
thyroidism and superficial candidosis. Candidosis
usually appears during the first few months of life, the
endocrine abnormalities manifesting themselves either
months or years later, though usually before puberty.
Hypoparathyroidism nearly always produces tetany,
and Addison's disease results in progressive weakness,
anorexia, hypotension and pigmentation of the skin and
mucous membranes. Death is usually the result of an
adrenal crisis. The skin, nail beds, and oral and other
mucosae are affected by candidosis. In the mouth, thick
creamy white plaques appear, surrounded by reddened
hvperaemic areas. The teeth may have chalky and
hypoplastic enamel.

McK 24030 OffG 344-346 SHJf 270-275
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Casteils, S.. Fikrig, S., Inamdar. S. & Orti. E. 1971) Familial
moniliasis, defective delayed hypersensitivity, and adreno¬
corticotropic hormone deficiency, journal of Pediatrics, 79,
72-79-

Greenberg, M.S., Brightman, V.J., Lynch. M.A. & Ship, I.I.
(19691 Idiopathic hypoparathyroidism, chronic candidosis
and dental hypoplasia. Oral Surgery, 28. 42-53.

Nallv, F.F. (1970) Idiopathic juvenile hypoparathyroidism
with superficial moniliasis. Oral Surgery, 30, 356-365.

Perheentupa, J. & Hiekkala, H. (1973) Twenty cases of the
syndrome of autoimmune endocrinopathy and candidiasis.
Acta Paediatrica Scandinavica. 6a, 11 o— 111.

associated with iron deficiency in a high proportion of
cases.

XlcK 21205

Higgs, J.M. & Wells. R.S. 1972.) Chronic mucocutaneous
candidiasis: associated abnormalities of iron metabolism.
British Journal of Dermatology, 86 (Supplement 8), 88-102.

Wells, R.S. 1970) Chronic oral candidiasis -autosomal
recessive inheritance:. Proceedings of the Royal Society of
Medicine, 63, 890-891.

Wells, R.S., Higgs, J.M., MacDonaid. A., Valdimarsson, H. &
Holt, P.J.L. (1972) Familial chronic mucocutaneous can¬
didiasis. Journal ofMedical Genetics, 9, 302-310.

III.H.4. Familial chronic mucocutaneous
candidosis, autosomal dominant type (AD)

Early onset, mild mucocutaneous candidosis with
increased susceptibility to bacterial infection, follicular
hyperkeratosis, universal alopecia, keratoconjunctivitis,
diarrhoea in infancy, T- and B-cell abnormalities and
possible hvpoadrenalism.

XlcK 11458
Okamoto, G.A., Hall, J.G., Ochs, H., Jackson, C., Rodaway,
K. Sr. Chandler. J. (1977) New syndrome of chronic
mucocutaneous candidiasis. Birth Defects, 13(36), 117-125.

Illdi.j. Familial chronic mucocutaneous
candidosis, autosomal recessive type fAR*)

A disorder distinct from candidosis with endocrino¬

pathy. The condition affects the nails and skin as well as
the mucous membranes, and has been found to be

111.H.6. Myeloperoxidase deficiency (AR*)

Lack of activity of the lysosomal enzyme myelo¬
peroxidase in neutrophils and monocytes, associated
with disseminated candidosis.

XlcK 25460
Klebanoff. S.J. & Pincus, S.H. (1971) Hvdrogen peroxide
utilization in mveloperoxidase-deficient leukocytes: a
possible microbicidal control mechanism. Journal ofClinical
Investigation. 50, 2226-2229.

Lehrer, R.I. & Cline, M.J. (1969) Leukocyte myeloperoxidase
deficiency and disseminated candidiasis: the role of
myeloperoxidase in resistance to Candida infection. Journal
of Clinical Investigation, 48. 1478-1488.

Salmon. S.E., Qine, M.J., Schultz, J. & Lehrer, R.I. (1970)
Myeloperoxidase deficiency: immunologic study of a
genetic leukocyte defect. Xew England Journal of Medicine,
28a. 250-253.

Valdimarsson, H.. Moss, P.D., Holt, P.J.L. &. Hobbs. J.R.
(1972) Treatment of chronic mucocutaneous candidiasis
with leukocytes from HL-A compatible siblings. Lancet, i,
469-472.

SINGLE GENE DISORDERS AFFECTING THE TEETH

IV.A. Disorders Affecting the Number, Size or
Shape of Teeth

IV.A.i. Achondroplasia (AD*)

A quantitative reduction in endochondral ossification,
leading to short-limbed dwarfism, an enlarged head,
depressed nasal bridge, lumbar lordosis, prominent
buttocks and protruding abdomen. Tapering upper
incisor crowns and other dental anomalies have been

reported, but only in two cases.

• XlcK 10080 OFG 523-524 SHff 12— 16
Brook. A.H. & Winter. G.B. (1970) Dental anomalies in
association with achondroplasia. British Dental Journal. 129,
5 '9-520.

IV.A.2. (II^Aji., IV.D.3., IV.J.i.) Chondro-
ectodermal dysplasia (Ellis-van Creveld
syndrome) (AR*)

See II.A.2.

IV.A.3. (l.B.2., IV.D.4., IV.E.i., IV.1.4.) Cleido¬
cranial dysplasia (cleidocranial dysostosis)
(AD*)

A combination of aplasia or hypoplasia of the clavicles,
exaggerated transverse diameter of the cranium,
delayed ossification of the fontanels, and other skeletal
abnormalities. There is usually short stature, a depress¬
ed nasal bridge, maxillary hypoplasia, and a highly
arched palate that may have a submucous or even a
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complete cleft. Tooth eruption is delayed or may fail to
occur altogether. Cysts may develop around the
unerupted teeth. Supernumerary teeth are frequent.
The enamel may be hypoplastic, and the roots regularly
lack the normal layer of cellular cementum.

McK 11960 OFG 140, 282-284, 566-567
SHN 180-184

Bjorn, H. & Grahnen, H. (1966) Cleidocranial dysostosis.
Odontalogisk Revy, 17, 67-74.

Hitchin, A.D. & Fairley, J.M. (1974) Dental management in
cleidocranial dysostosis. British Journal of Oral Surgery, 12,
46-55-

Kalliala, E. & Taskinen. P.J. (1962) Cleidocranial dysostosis.
Report ofsix typical cases and one atypical case. Oral Surgery,
15, 808-822.

Magnus, W.W. it Sands. VV.R. (1974) Cleidocranial dysos¬
tosis. Report of a case. American Journal of Orthodontics, 65,
638-643.

Rushton, M.A. (1937) The failure of eruption in cleidocranial
dysostosis. British Dental Journal, 63, 641-645.

Rushton, M.A. (1956) An anomaly of cementum in cleido¬
cranial dysostosis. British Dental Journal, 100, 81-83.

Smith, N.H. (1968I A histological study ofcementum in a case
of cleidocranial dysostosis. Oral Surgery, 25, 470-478.

Winter, G.R. (1943) Dental conditions in cleidocranial
dysostosis. American Journal ofOrthodontics, 29, 61-89.

IVM.4. Craniofacial dysostosis (Crouzon
syndrome) (AD*)

A syndrome of craniosvnostosis, maxillary hypoplasia,
ocular hypertelorism, and shallow orbits with con¬
sequent ocular proptosis. There is no characteristically
shaped calvarium, the nature of the cranial deformity
depending on the sutures involved. Raised intracranial
pressure with epilepsy and mental deficiency may be
observed in some cases. Missing teeth, peg-shaped teeth
and macrodontia have been reported.
McK 12350 OFG 569, 574-576 SHN 220-223

Cohen, M.M.Jr (1975) An etiologic and nosologic overview of
craniosvnostosis syndromes. Birth Defects, 11(2), 137-189.

Dodge, H.W., Wood, M.W. & Kennedy, R.L.J. (1959)
Craniofacial dysostosis: Crouzon's disease. Pediatrics, 23,
98-106.

Gustafson, M.O., Petersen, J.K., Banasik, P.M. St Laskin,
D.M. (1971) Surgical correction for craniofacial dysostosis:
report of a case. Journal ofOral Surgery, 29, 217-222.

Kelln, E.E., Chaudhrv, A.P. & Gorlin, R.J. (i960) Oral
manifestations of Crouzon's disease. Oral Surgery, 13,
1245-1248.

IVM.y. (I~A.11., III.H.2., IVJ).5.) Ectrodactyly—
ectodermal dysplasia—clefting (EEC)
syndrome (AD*)

See I.A.i 1.

IVM.S. (III.C.J., IVJD.g., IVJ.g.) Focal dermal
hypoplasia (Goltz syndrome) (XL*)

See III.C.3.
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IVM.7. (IV.J.2.) Hallermann-Streijf syndrome
(oculomandibulodyscephaly) (AR)

See IV.J. 2.

IV.A.8. Hereditary generalized microdontia (AD
or XL)

A condition, reported in seven members of one family
over three generations, in which all the teeth are smaller
than normal. The distribution in the family was
consistent with either autosomal dominant or X-linked
dominant inheritance.

McK 15680
Steinberg, A.G., Warren, J.F. St Warren. L.M. ' 1961)
Hereditary generalized microdontia. Journal of Dental
Research, 40, 58-62.

IV.A.g. Hypodontia and nail dysplasia (tooth
and nail syndrome) (AD*)

A combination of fine hair, missing teeth, and hy¬
poplasia or koilonychia of the nails, particularly the
toenails. The teeth most frequently absent are the
mandibular incisors, second molars and maxillary
canines.

McK 18950 SHN 736
Giansanti, J.S., Long, S.M. it Rankin. J.L. \1974) The 'tooth
and nail' type of autosomal dominant ectodermal dysplasia.
Oral Surgery, 37, 576-582.

Hudson, C.D. it Witkop, C.J. (1975) Autosomal dominant
hypodontia with nail dysgenesis. Oral Surgery, 39, 409-423.

Redpath, T.H. it Winter, G.S. (1969) Autosomal dominant
ectodermal dysplasia with significant dental defects. British
Dental Journal, 126. 123-128.

IV.A.10. Hypodontia, taurodontism and sparse
scalp hair (AR)

Hypodontia associated with taurodontism among the
teeth that do form. The condition has been reported
with and without general manifestations of ectodermal
dysplasia.

Stenvik, A., Zachrisson, B.U. it Svatun, B. (.1972) Taurodon¬
tism and concomitant hypodontia in siblings. Oral Surgery,
33, 841-845.

Stov, P.J. 1,1960) Taurodontism associated with other dental
abnormalities. Dental Practitioner, 10, 202-205.

IV.A.11. Hypohidrotic (anhidrotic) ectodermal
dysplasia H

A syndrome of hypodontia, hypotrichosis and hypo-
hidrosis. There is also frontal bossing and a depressed
nasal bridge. Scalp hair is sparse and often blond, and
eyelashes and eyebrows may be reduced almost to the
point of complete absence. The skin is soft and thin.
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frequently showing obvious signs ofdryness. Inability to
sweat can result in severe hyperpyrexia after only mild
exertion. The nails are sometimes spoon-shaped. Teeth
that do develop are usually of a rudimentary shape,
often having conical crowns. There are autosomal
recessive and X-linked forms of the disorder, but the
X-linked form is by far the most frequent. In the
X-linked condition, carrier females may show minimal
signs, such as mild hvpodontia, conical teeth, and a
reduced number of sweat glands.
McK 22490 (AR*), 30510 (XL*) OFG 588-589

SH.V 379-385
Bartlett. R.C., Eversole, L.R. & Adkins. R.S. (1972) Auto¬
somal recessive hypohidrotic ectodermal dysplasia: Dental
manifestations. Oral Surgery, 33, 736-742.

Borjian, H. (i960) The effect of early dental treatment of
anhidrotic ectodermal dysplasia. Journal of Ike American
Dental Association, 61. 555-564-

Sackett, L.M., Marans, A.E. & Hursev, R.J. (1950) Con¬
genital ectodermal dysplasia of the anhidrotic type. Oral
Surgery, 9, 659-665.

Sarnat, B.G., Brodie, A.G. & Kubacki. VV.H. (1953) Fourteen
year report of facial growth in a case of complete anodontia
with ectodermal dysplasia. American Journal of Diseases of
Children, 86, 162-169.

Settineri, W.M.F., Salzano, F.M. & De Melo e Freitas, M.J.
(1976) X-linked anhidrotic ectodermal dysplasia with some
unusual features. Journal of Medical Genetics, 13, 212-216.

IV.A.is. (IVJ.10.) Incontinentia pigmenti (XL*)

A disorder in which there are vesicular, verrucous and
pigmented lesions of the skin in infancy. There may also
be mental retardation and abnormalities of the eve,

including strabismus, optic atrophy and retinal detach¬
ment. Dental abnormalities have been reported in both
the primary and permanent dentitions. They include
missing teeth, peg-shaped teeth, teeth with conical
crowns, and delayed eruption. Some form of dental
abnormality has been found in nearly all cases de¬
scribed. The pattern of inheritance is consistent with
X-linked dominance, with almost complete lethality in
affected males. About 95 per cent of reported cases have
been females.

McK 30830 SHN 393-396
Foster, S.C. & Album, M.M. .19701 Incontinentia pigmenti:
Block-Sulzberger, Block-Seimens disease. Oral Surgery, 29,
837—84-5-

Gorlin, R.J. & Anderson, J.A. (i960) The characteristic
dentition of Incontinentia pigmenti. Journal ofPediatrics, 57,
78-85:

Russell, D.L. & Finn, S.B. (1967) Incontinentia pigmenti
Bloch—Sulzberger syndrome): a case report with emphasis
on dental manifestations. Journal ofDentistry for Children, 34,
494-500.

IV.A. j3. (III.B.1., IV.D.ij.) Lipoid proteinosis
(hyalinosis cutis et mucosae) (AR*)

See III.B.i.

IV.A.14. (I.A.13., IIM.S.,
IIJJ.7.) Oral-facial-digital syndrome I (OFD I
syndrome) XL*)

See I.A.i 3.

IV.A.jj. Otodental dysplasia (globodontia)
(AD*)

A combination of high-frequency hearing loss and
strikingly large, globe-shaped posterior teeth with
abnormal cusp patterns.

McK 16675 OFG 154-155, 290

Levin, L.S., Jorgenson, R.J. & Cook, R.A. (1975J Otodental
dysplasia: a 'new' ectodermal dysplasia. Clinical Genetics. 8.
136-144.

Witkop, C.J. Jr, Gundlach, K.K.H., Streed, W.J. & Sauk, J J.
Jr (1976) Globodontia in the otodental syndrome. Oral
Surgery, 41, 472-483.

IV.A.I6. Premolar aplasia, hyperhidrosis and
canities prematura (PHC syndrome; Book
syndrome) (AD*)

A combination of absence of one or more premolars,
hyperhidrosis, and premature greying of the hair,
reported in 25 individuals over four generations in a
Swedish family.

McK 11230 OFG 137

Book, J.A. (1950) Clinical and genetical studies ofhvpodontia.
I. Premolar aplasia, hyperhidrosis, and canities prematura.
A new hereditary syndrome in man. American Journal of
Human Genetics, 2, 240-263.

IV.A.17. Pyramidal molar roots, juvenile
glaucoma and unusual morphology of upper lip
(.Ackerman syndrome) (AD)

Pyramidal, taurodont or fused molar roots, associated
with juvenile glaucoma, sparse body hair, and a full
upper lip lacking a cupid's bow.

SH.V 731

Ackerman, J.L., Ackerman, A.L. & Ackerman, A.B. (1973)
Taurodont. pyramidal and fused molar roots associated with
other anomalies in a kindred. American Journal of Physical
Anthropology, 38, 681-694.

IVM.18. Rieger syndrome (AD*)

A syndrome of hvpodontia, dysgenesis of the iris and
cornea, and myotonic dystrophy. There may be
associated maxillary hypoplasia. The teeth most fre¬
quently missing are the maxillary incisors and second
premolars. Conical crown form has also been reported.

McK 18050 SH.V 649-651

Feingold. M., Shiere. F.. Fogels, H.R. & Donaldson. D. 1960,

t
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Rieger's syndrome. Pediatrics, 44, 564-569.
Langaon. J.D. (1970) Rieger's syndrome. Oral Surgery, 30,
788-795-

Sedeghi-Najar. A. St Senior, B. 1974.) Autosomal dominant
transmission of isolated growth hormone deficiency in iris-
dental dysplasia Rieger's syndrome). Journal of Pediatrics.
85, 644-648.

Wilson, J.P. (1955) A case of partial anodontia. British Dental
Journal, 99, 199-200.

IV.A.ig. Total absence ofpermanent teeth i AR)

Total failure of development of the permanent teeth,
with no obvious associated defects, has been reported in
the offspring of a first cousin marriage and in two
members of a sibship of seven. These observations are
consistent with autosomal recessive inheritance, but
require confirmadon.

Cramer. M. (1947) Case report of complete anodontia of the
permanent teeth. American Journal of Orthodontics, 33,
760-764.

Warr, V.C. (1938) A case of complete absence of permanent
dentition. British Dental Journal, 64, 327-328.

IVJJ. Primary Disorders ofEnamel Formation

IVJi.i. (IVJ.i.) Amelogenesis imperfecta,
hypocalcified type (AD*)

This is the most common form of amelogenesis imper¬
fecta. The enamel on newly erupted teeth is usually of
normal thickness, though there may be mild hypoplasia.
However, the enamel is so soft that it is rapidly lost once
exposed to attrition. There may be a delay or failure of
eruption. Patients with this condition appear to be
unusually prone to develop calculus, particularly on the
mandibular teeth. There is some evidence for a recessive
form of the disorder.

McK 10450 OFG 188-193
Chabora, A.J., Berkman, M.D., Horowitz, S.L. St Xahoum.
H.I. (19721 Hereditary hypocalcified amelogenesis imper¬
fecta. Pedigree analysis. Oral Surgery, 33, 922—925.

Darling, A.I. (1956) Some observations on amelogenesis
imperfecta and calcification of the dental enamel. Proceedings
of the Royal Society ofMedicine, 49, 759-765.

Rushton. M.A. (1964) Hereditary enamel defects. Proceedings of
the Royal Society of Medicine, 57, 53-58.

Witkop, C.J. Jr & Rao, S. (1971) Inherited defects in tooth
structure. Birth Defects, 7(7), 153-184.

IV.Bj2. Amelogenesis imperfecta,
hypomaturation types i H)

These are disorders in which the enamel is generally of
normal thickness, and in which it has an opaque,
mottled, brownish-vellow to white appearance. The
enamel is softer than normal, though usually not as soft
as in cases ofhypocaicification amelogenesis imperfecta,
and tends to chip from the dentine.
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Autosomal recessive pigmented hypomaturation form i.AR*).
Newly erupted teeth have a milky to shiny brown
appearance, but darken further with time due to
extrinsic staining. Ground sections of unerupted teeth
show a localized band of brown pigment midway
between the enamel surface and the enamel-dentine

junction. Patients with this condition tend to form large
amounts of calculus that is itself often pigmented and
that shows an intense red-violet fluorescence.

McK 20470 OFG 182-187

Snow capped teeth. (AD). A fairly common disorder in
which varying proportions of the enamel on the incisal
or occlusal surfaces of the teeth have an opaque white
appearance. Maxillary teeth tend to be more severely
affected than mandibular teeth. The distribution of the
defect is not consistent with a timed environmental
insult affecting the dentition as a whole. The defect
involves surface enamel only, and appears to be due to
an abnormality in the final stages of enamel formation
within each tooth.

McK 18230 OFG 187-188

X-linked hypomaturation amelogenesis imperfecta (XL*). The
permanent teeth of affected males are mottled vellow-
white, darkening due to extrinsic staining with age. The
primary teeth are opaque white with translucent white
mottling. In heterozygous females the enamel shows
irregular vertical bands of opaque white and normal
translucent enamel, and scanning electron microscopy
and calcium microanalysis have confirmed that these
bands correspond with two distinct types of enamel
occurring side by side in the subsurface layers. These
findings are consistent with random inactivation of one
or other of the X-chromosomes in the somatic cells of

heterozygous females. The defect, which appears to be
restricted to the enamel rod sheaths, occurs primarily in
the outer layers of the enamel.

McK 30110 OFG 174-181
McLarty, E.L., Giansanti. J.S. St Hibbard, E.D. 1973)
X-linked hypomaturation type of amelogenesis imperfecta
exhibiting lyonization in affected females. Oral Surgery, 36.
678—685.

Sauk, J.J., Lyon, H.VV. & Witkop. C.J. Jr. (19721 Electron
optic microanalysis of two gene products in enamel of
females heterozygous for X-linked hypomaturation amelo¬
genesis imperfecta. American Journal of Human Genetics. 24,
267-276.

Winter, G.B. & Brook, A.H. (1975) Enamel hypoplasia and
anomalies of the enamel. In Symposium on Genetics (Ed.) Poole,
A.E. Dental Clinics ofNorth America, 19(1), 3-24.

Witkop, C.J. Jr St Rao, S. (1971! Inherited defects in tooth
structure. Birth Defects, 7(7), [53-184.

IV.B.j. (IVJj2.) Amelogenesis imperfecta,
hypoplastic types H)

These are disorders in which the enamel does not reach
normal thickness, either over the whole crown of each
tooth, or in localized areas, resulting in pitting or
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grooving of the enamel surface. Inherited hypoplastic
enamel defects can be divided into three classes:

Autosomal dominant, smooth, rough or pittedforms AD*}. In
the smooth form the enamel is thin, hard and glossy,
with the morphology of the tooth crowns being little
different from that of the enamel-dentine junction.
There may be an associated delay or failure of tooth
eruption, and pulpal calcifications may be present in
both unerupted and erupted teeth. In the rough form
the enamel is thin but has a rough granular surface. In
the pitted form the enamel approaches normal thickness
but has pinpoint to pinhead-sized pits distributed over
its surface. The relationship between these different
forms is not known.

McK 10453 OFG 157-158, 161-167

Autosomal recessive rough amelogenesis imperfecta (enamel
agenesis) (AR). In this type of amelogenesis imperfecta
there is an almost complete lack of enamel formation.
Failure of eruption is common, the unerupted teeth
frequently undergoing resorption.

OFG 167-169

Hereditary localized enamel hypoplasia (AD). Here the
hypoplastic defect manifests itself as a horizontal row of
pits, linear depressions, or one large hypoplastic area,
with hypocalcification of the adjacent enamel. These
defects are most common on the middle thirds of the
buccal and labial surfaces of the tooth crowns. The

pattern of defects in a given dentition does not conform
to what would be expected ofan environmental insult at
a particular stage of development.

McK 13090 OFG 158-161

X-linked hypoplastic amelogenesis imperfecta (XL*). In
affected males the enamel is thin, smooth, glossy and
yellowish brown. In heterozygous females there is a
series of alternating irregular vertical bands of normal
and hypoplastic enamel, producing irregular vertical
grooving of the enamel surface. The appearance of the
enamel in heterozygous females is consistent with
random inactivation of one or other of the X-
chromosomes.

McK 30120 OFG 169-173

Berkman, M.D. & Singer, A. 1971) Demonstration of the
Lyon hypothesis in X-linked dominant hypoplastic amelo¬
genesis imperfecta. Birth Defects, 7(7), 204-209.

Burzynski, N.J., Gonzalez, W.E. & Snawder, K.D. (1973;
Autosomal dominant smooth hypoplastic amelogenesis
imperfecta: report of a case. Oral Surgery. 36, 818-823.

Fischman, S.L. & Fischman, B.C. (19677 Hypoplastic amelo¬
genesis imperfecta: report of a case. Journal of the American
Dental Association, 75, 929-931.

Sauk, J.J., Vickers, R.A., Copeland, J.S. & Lyon. H.W. (1972:
The surface ofgenetically determined hypoplastic enamel in
human teeth. Oral Surgery. 34, 60-68.

Shokeir. M.H.K. 1971} Hereditary enamel hypoplasia.
Clinical Genetics, a. 387—391.

:• Witkop. C.J. Jr & Rao. S. 1971: Inherited defects in tooth
structure. Birth Defects. 7(7,1, 153-184.

IV.B.J. Amelogenesis imperfecta with epilepsy
and mental deterioration (amelocerebro-
hypohidrotic syndrome) AR or XL)

A combination of almost complete absence of enamel,
epilepsy and mental deterioration, leading to death
before the age of ten years. The condition has been
reported in five male siblings. Hypohidrosis was
demonstrated in one case.

McK 22675 OFG 200—201 SHY 767

Kohlschtitter, A., Chappuis. D., Meier. C., Tdnz. O.. Vassella.
F. & Herschkowitz, N. 1 1974,1 Familial epilepsy and yellow
teeth-a disease of the central nervous system associated with
enamel hypoplasia. Helvetica Pacdiatnca Acta, 29, 283-294.

IV.B.5. Amelogenesis imperfecta with tauro-
dontism, curly hair and sclerotic bones (tricho-
dento-osseous syndrome) 1 AD*}

A combination of hypoplastic and hypocalcified en¬
amel, taurodont teeth, tightly curled hair and cortical
osteosclerosis.

McK 19032 OFG 208-212 SHY 745-746

Crawford, J.L. (1970) Concomitant taurodonusm and amelo¬
genesis imperfecta in an American Caucasian, journal of
Dentistry for Children, 37, 171-175.

Jorgenson. R.J. & Warson, R.W. (1973,: Dental abnormalities
in the tricho-dento-osseous syndrome. Oral Surgery. 36.
693-700.

Lichtenstein, J.R.. VVarson, R.W., Jorgenson, R.J.. Dorst. J.P.
& McKusick. V.A. . 1972) The tricho-dento-osseous TDO'
syndrome. American Journal ofHuman Genetics, 24, 569-582.

Robinson, G.C., Miller, J.R. & Worth, H.M. 19661 Her¬
editary enamel hypoplasia: its association with characteristic
hair structure. Pediatrics, 37, 498-502.

Winter, G.B.. Lee, K.AV. & Johnson, X.W. ' 19691 Hereditary
amelogenesis imperfecta. A rare autosomal dominant type.
British Dental Journal, 127, 157-164.

IV.B.S. Amelogenesis imperfecta with terminal
onycholysis (amelo-onychohypohidrotic
syndrome) (AD*)

A syndrome of hypoplastic and hypocalcified enamel,
onycholysis with subungual hyperkeratosis, seborrhoeic
dermatitis of the scalp, and hypohidrosis with rough, drv
skin.

McK 10457 OFG 194-196 SHY 751

Witkop. C.J. Jr, Brearlev, L.J. & Gentry. W.C. 1975,
Hypoplastic enamel, onycholysis and hypohidrosis inherited
as an autosomal dominant trait: a review of ectodermal

dysplasia syndromes. Oral Surgery. 39, 71-86.
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IV.C. Primary Disorders of Dentine Formation

IV.C.i. Dentine dysplasia H)

Two distinct forms of this disorder have been described.

Dentine dysplasia, type I (radicular dentine dysplasia) AD* 1.
The crowns of permanent and deciduous teeth appear
normal, though there may be a slight amber transluc-
ency. There is a tendency towards complete obliteration
of pulp cavities by abnormal dentine before eruption in
the permanent teeth. Failure of normal root develop¬
ment results in short roots or "rootless' teeth that are

sometimes associated with multiple periapical cysts in
the absence of caries. Because of poor root formation
there is frequently severe mobility and malalignment of
the teeth. The earliest formed coronal dentine has
normal structure and organization, but the later formed
dentine, and the dentine that obliterates the pulp
chamber, are grossly abnormal. The dentinal tubules
seem to have been repeatedly deflected around abnor¬
mal calcified masses during dentine formation, produc¬
ing a characteristic cascaded appearance. The abnor¬
mal dentine is less radio-opaque than normal. These
abnormalities of dentine also occur in the brachio-

skeleto-genital iBSG) syndrome isee IV.D.a.).
XIcK 12540 OFG 237-239

Dentine dysplasia, type II (coronal dentine dysplasia, pulpal
dysplasia) (AD*). Primary teeth have a definite trans¬
lucent amber appearance whereas the permanent teeth
appear normal. Obliteration of pulp chambers tends to
occur after eruption, particularly in the deciduous teeth,
and is not as complete as in the type I form of the
disorder. Root length is normal and there are no
multiple periapical cysts. The permanent anterior teeth
and premolars frequently show a radicular extension of
the pulp cavity, producing a thistle-shaped appearance
of the pulp chamber in radiographs. Almost all teeth
have multiple accumulations of pulp stones. The first
formed dentine has a normal structure, but the later
formed dentine is either irregularly tubular or atubular
and amorphous. 'Pulpal dysplasia' is probably the same
condition.

McK 12542, 17875 OFG 239-243

Giansanti,J.S. & Allen. J.D. 11974; Dentin dysplasia. Tvpe II.
or dentin dysplasia, coronal type. Oral Surgery, 38. 911-917.

McFarlane, M.W. & Cina, M.T. 1,1974) Dentinal dysplasia:
report of a family. Journal of Oral Surgery. 3a. 867-869.

Petersson, A. (19721 A case of dentinal dysplasia and/or
calcification of the dental papilla. Oral Surgery, 33,
1014-1017.

Rao, S.R.. Witkop, C.J. Jr & Yamane. G.M. ; 19701 Pulpal
dysplasia. Oral Surgery, 30, 682-689.

Sauk, J.J., Lyon. H.W., Trowbridge, H.O. & Witkop. C.J. Jr
■ 1972) An electron optic analysis and explanation for the
etiology of dentinal dysplasia. Oral Surgery. 33, 763-771.

Shields. E.D.. Bixler, D. & El-Kafrawy, A.M. 1073;
proposed classification for heritable human dentine defect
with a description of a new entity. Archives ofOral Biology, 18.
543~553-
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Wesley. R.K.. Wysocki, G.P.. Mintz. S.M. 4 Jackson, J.
19761 Dentin dysplasia Type I. Oral Surgery, 41, 516-523.

Witkop. C.J. Jr & Rao. S. 1971 Inherited defects in tooth
structure. Birth Defects. 7(7j, 153-184.

IV.C.2. (IV.D.ij.) Dentinogenesis imperfecta Hi

Three forms of this disorder have been described. The
first is included in this section for the sake of complete¬
ness.

Dentinogenesis imperfecta, type I (the dental manifestations of
osteogenesis imperfecta7 Hi. Dentine defects occurring as
part of the generalized inherited skeletal disease,
osteogenesis imperfecta. Themajor non-dental manifes¬
tations of this disorder are multiple recurrent bone
fractures, hvperextensible joints, blue sclerae and
progressive deafness. The most common form of the
disorder is autosomal dominant with a wide range of
expressivity and incomplete penetrance, but there is also
a much more rare and severe congenital autosomal
recessive type. The disorder is thought to be due to
defective maturation of collagen. Dentine defects have
been described in about 50 per cent of cases, the
deciduous teeth always being more severely affected
than the permanent teeth, but no systematic survey of
subclinical dentine involvement in the disorder has been
carried out. Affected teeth may have a translucent
amber appearance and may show a tendency for the
enamel to fracture off the underlying dentine. Radio¬
graphs may show teeth with short constricted roots
and accelerated obliteration of the pulp chambers. The
earliest formed dentine is usually normal, but there is
a progressive increase in interglobular areas and disor¬
ganization of tubule size and direction in the later
formed layers.

McK 16620 (AD*), 16622 (.AD*), 25940 (AR*),
25941 (AR*) OFG 230-232 SH.\" 584-589

Dentinogenesis imperfecta, type II (hereditary opalescent
dentine) AD*). Dentine defects similar to those found in
osteogenesis imperfecta dentinogenesis imperfecta,
type I), but without accompanying general manifes¬
tations. In contrast to the type I disorder, penetrance
appears to be complete, there is a high correlation
between affected members of the same family for
severity of effect, and deciduous and permanent teeth
are equally affected.

McK 12549 OFG 232-236

Dentinogenesis imperfecta, type III (brandywine type) (AD).
Similar dentine defects to those found in types I and II
of the disorder, but with a wider range of severity. An
almost unique feature is the occasional occurrence of
'shell teeth' (8/252 cases in the brandywine isolate), in
which dentinogenesis ceases after the formation of the
initial mantle layer, leaving an abnormally large pulp
chamber. No examples ofshell teeth have been observed
in the dentitions of the large number of individuals
shown to be affected by types I and II of the disorder.
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However, a condition resembling shell teeth has been
reported in an offspring of two individuals affected by
dentinogenesis imperfecta type II. Furthermore, most of
the cases of shell teeth have come from the brandvwine
isolate itself, a population showing a high level of
inbreeding and an unusually high incidence of dentino¬
genesis imperfecta. It is therefore possible that shell
teeth are the result of homozygosity for dentinogenesis
type II.

XlcK 12550 OFG 236-237
Bergman, G., Engfeldt. B. it Sunvall-Hagland, I. (1956)
Studies on mineralised dental tissues. VIII. Histologic and
microradiographic investigation of hereditary opalescent
dentine. Acta Odontologica Scandimvica, 14, 103-117.

Bixler, D., Conneailv, P.M. it Christen, A.G. 11969) Dentino¬
genesis imperfecta: genetic variations in a six generation
family. Journal of Dental Research, 48. 1196-1199.

Eastoe, J.E., Martens, P. it Thomas, N.R. (1973) The amino
acid composition of human hard tissue coilagens in
osteogenesis imperfecta and dentinogenesis imperfecta.
Calcified Tissue Research, 12, 91-100.

Godfrey,J.L. (1973) A histological study ofdentin formation in
osteogenesis imperfecta congenita. Journal of Oral Pathology,
2, 95-! n.

Gray, P.H.K.. (1970) A case of osteogenesis imperfecta
associated with dentinogenesis imperfecta dating from
antiquity. Clinical Radiology, 21, 106-108.

Heys, F.M., Blattner, R.J. it Robinson, H.B.G. (i960)
Osteogenesis imperfecta and odontogenesis imperfecta:
clinical and genetic aspects in eighteen families. Journal of
Pediatrics, 56, 234-245.

Mars, M., Farrant, S. it Roberts, G.J. (1976) Dentinogenesis
imperfecta-report of a five generation family. British Dental
Journal, 140. 206—209.

Miller, W.A., Winkler, S., Rosenberg, J.J., Mastracola, R.,
Fischman, S.L. it Wolfe, R.J. (1973) Dentinogenesis
imperfecta traceable through five generations of a part
American Indian family. Oral Surgery, 35, [80-186.

Rushton, M.A. (1954) A new form ofdentinal dysplasia: shell
teeth. Oral Surgery, 7, 543-549.

Sauk,J.J., Witkop, C.J., Brown, D.M. it Kendall, W.C. (1976)
Glycosaminogiycans of EDTA soluble and insoluble dentin
in dentinogenesis imperfecta Type I. Oral Surgery, 41,
753-757-

Shieids, E.D., Bixler, D. it El-Kafrawy, A.M. (1973) A
proposed classification for heritable human dentin defects
with a description ofa new entity. Archives ofOral Biology, 18,
543-553-

Shokeir, M.H.K. (1972) Dentinogenesis imperfecta: severe
expression in a probable homozvgote. Clinical Genetics. 3,
442-447-

IV.D. Generalized Disorders in which Enamel
and/or Dentine Formation may be Abnormal

IV.D.J. Aarskog syndrome XL*)

A combination of short stature, genital anomalies and
unusual facies, including broad forehead, ocular
hypertelorism, ptosis, a short stubby nose, and pooriv
formed external ears. Heterozygous females may be
mildly affected. Enamel hypoplasia and hypo-
calcification have been reported.

McK 30540 SHN 1-3

Melnick. M. it Shields. E.D. (1976) Aarskog syndrome: new
oral-facial findings. Clinical Genetics, 9, 20—24.

IVU.S. Brachio-skeleto-genital (BSG) syndrome
(AR or XL)

A syndrome of severe maxillary hypoplasia, mental
retardation, vertebral anomalies, hypospadias, and
dentine abnormalities typical ofdentine dysplasia type I
(see IV.C.i.).

XlcK 21138 OFG 254 SHjV 743-744

Elsahy, N.I. it Waters, W.R. (1971) The brachio-skeieto-
genital syndrome. Plastic and Reconstructive Surgery, 48.
542-550.

IV.D.3. (H.A.2., IV.A~2., IV.J.i.) Chondro-
ectodermal dysplasia (Ellis—van Creveld
syndrome) (AR*)

See II.A.2.

IV.D.4. (!£.*., IV.A.3., IV.E.i., IV.I.4.) Cleido¬
cranial dysplasia (cleidocranial dysostosis)
(AD*)

See IV.A.3.

IV.D.5. (I.A.U., III.H.2.,
IV.A.j.) Ectrodactyly-ectodermal
dysplasia—clefting (EEC) syndrome AD *

See I.A.i 1.

IV.C.3. Fibrous dysplasia of dentine \ AD)

A disorder restricted to dentine, apparently due to
abnormal collagen formation. The teeth appear out¬
wardly normal, but there are small radiolucent foci
within the dentine, associated with disorganization of
the dentine matrix and absence of normal regular
tubular structure.

IVJ0.6. (III.F.I., IV.H.I., V.A.I.) Ehlers-Danlos
syndromes (H)

See III.F.i.

IV.D.7. (III.H.3.) Endocrine candidosis
syndrome AR*)

OFG 248 See III.H.3.
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IV.D.3. (IllJ).3; IV.E.2.) Epidermolysis bullosa
(H)

See III.D.3.

IVJJ.g. (III.C.3., IV.A.6-, IVJ.g.) Focal dermal
hypoplasia (Goltz syndrome) XL*)

See III.C.3.

IVJi.io. Hypophosphataemia (vitamin D-
resistant rickets) (H)

A disorder characterized by impaired renal re-
absorption of inorganic phosphate, resulting in low
serum phosphate concentrauons and, in some cases,
rickets or osteomalacia that do not respond to the
normal therapeutic doses of vitamin D. The dentine is
poorly calcified and may contain deficient tracts
extending from the tips of elongated pulp horns to the
dentine—enamel junction. The enamel above these
tracts may be hypoplastic or cracked, providing access
to the pulp chamber for oral microorganisms. As a
consequence, there may bemultiple periapical abscesses
associated with apparently normal and healthy looking
teeth. The classical disorder is X-linked, with heterozy¬
gous females usually moderately affected, but there
also appears to be a related autosomal dominant
condition.

MBID 1537-1562 McK 14635 (AD*), 30780
(XL*) OFG 249-253, 402

Archard, H.O. & VVitkop, C.J. Jr (1966) Hereditary hypo¬
phosphatemia ivitamin D resistant rickets) presenting
primary dental manifestations. Oral Surgery, 22, 184-193.

Gigliotti, R., Harrison, H., Revelev, R.A. & Drabkowski, A.J.
(1971) Familial vitamin D-refractory rickets. Journal of the
American Dental Association, 82. 383-387.

Marks, S.C., Lindahl, R.J. & Bowden, J.YV. f 1965) Dental and
cephalometric findings in vitamin D resistant rickets, journal
ofDentistry for Children, 32, 259-265.

Pliskin, M.E., Brown, A.M., Baden, E.E. & Kimball, H.G.
1975J Vitamin D resistant rickets ofa young adult patient-a
review and case report. Journal of Oral Medicine. 30. 77-80.

Sauk. J.J. & Witkop, C.J. Jr {1973; Electron optic analysis of
human dentin in hvpophosphatemic vitamin D-resistant
rickets (report of a kindred with consanguinity;. Journal of
Oral Pathology, 2, 203-214.

Soni, N.N. & Marks, S.C. (1967) Microradiography and
polarised light study of dental tissues in vitamin D-resistant
rickets. Oral Surgery, 23, 755-762.

Tracy, W.E., Steen, J.C., Steiner, J.E. & Buist, N.R. (1971)
Analysis of dentine pathogenesis in vitamin D resistant
rickets. Oral Surgery, 32, 38-44.

IV.D.i1. (IV.E.j., IVJI.2.) Hypophosphatasia , H)

A disorder in which there is low serum alkaline

phosphatase activity, inadequate mineralization of the
bone matrix, urinary excretion of phosphoethanol-
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amine, and abnormalities of the dentine and cementum.
Based on age ofonset and severity, the disorder has been
divided into three types: an infantile cvpe with severe
skeletal abnormalities at birth and a high perinatal
mortality; a less severe juvenile type, appearing after six
months of age; and a mild adult type. Dental abnor¬
malities have been described in the juvenile type only.
There is an unusually wide predentine zone, large
dentinal tubules and many areas of interglobular
dentine. In addition, there may be almost a total lack of
cementum and normally attached periodontal fibres,
leading to poor support and premature loss of the teeth,
particularly in the deciduous dentition. The most
common mode of inheritance is autosomal recessive, but
autosomal dominant transmission has also been de¬
scribed.

MBID 1340-1349 McK 14630 (AD*), 24150

(AR*) OFG 275-278, 402-403
Baer, P.N., Brown, N.C. & Hamner, J.E. (1964) Hypo¬
phosphatasia. A report of two cases with dental findings.
Periodontics, 2, 209—215.

Beumer, J., Trowbridge, H.O., Silverman, S. St Eisenberg, E.
(19731 Childhood hypophosphatasia and the premature loss
of teeth. A clinical and laboratory study of seven cases. Oral
Surgery, 35, 631-640.

Bruckner, R.J., Rickles, N.Y. St Porter, D.R. (1962) Hypo¬
phosphatasia with premature shedding of teeth and aplasia
of cementum. Oral Surgery, 15, [351-1369.

Donoff, R.B. St Guralnick, W.C. (1970) Premature deciduous
tooth loss in hypophosphatasia. Journal of Oral Surgery, 28.
50«-505-

Pimstone, B., Eisenberg, E. St Silverman, S. (1966) Hy¬
pophosphatasia: genetic and dental studies. Annals of
Internal Medicine, 65, 722-729.

Poland, C., Eversole. L.R., Bixler, D. St Christian. J.C. (1972)
Histochemical observations of hypophosphatasia. Journal of
Dental Research, 51, 333-338.

IV.D.12. Lacrimo-auriculo-dento-digital (LADD)
syndrome (AD*)

A combination of aplasia or hypoplasia of the lacrimal
puncta with obstruction of the nasolacrimal duct, cup
shaped external ears and hearing deficit, mild enamel
dysplasia, and a variety of digital anomalies.

McK 14973

Hollister, D.W., Klein. S.H.. Dejager, H.J., Lachman, R.S. &
Rimoin, D.L. (1973) The lacrimo-auriculo-dento-digital
syndrome. Journal of Pediatrics, 83, 438-444.

IVJ).13. (IIIJB.i., IV.A.I3.) Lipoid proteinosis
(hyalinosis cutis et mucosae) (AR*)

See III.B.i.

IVD.14. (II.C.2.) Mucolipidosis 11 (I-cell
disease) (AR*)

See II.C.2.
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IV.D.i5. Mucopolysaccharidosis IV (Morquio
disease) AR*:

A syndrome of dwarfism, progressive spinal deformity,
broad nose, thick lips and short neck, the head
appearing to rest directly on the shoulders. There is
progressive hearing loss, corneal clouding, and marked
enamel hypoplasia in both deciduous and permanent
dentitions. The enamel is hard and of normal radio-

opacity, but is uniformly very thin, with occasional
pitting, particularly on the buccal aspect of the tooth
crowns. The teeth appear grey and small, but have an
exaggerated morphology reminiscent of the
dentine-enamel junction. The disorder is due to
deficiency of the enzyme hexosamine 6-sulpnatase.
MBID 1282-1307 McK 25300 OFG 207-208,

614-615 SHN 487-490
Gam. S.M. & Hurme, V.O. 1952') Dental defects in three
siblings afflicted with Morquio's disease. British Dental
Journal, 93, 210-212.

Levin, L.S., Jorgenson, R.J. & Salinas, C.F. 1975) Oral
findings in the Morquio syndrome mucopolysaccharidosis
IV). Oral Surgery, 39, 390-395.

Sela, M., Eidelman. E. & Yatziv. S. (1975) Oral manifestations
ofMorquio's syndrome. Oral Surgery, 39, 583-589.

IV.D.16. Oculo-dento-osseous dysplasia (oculo¬
dentodigital syndrome) 'AD*)

A combination of microphthalmia, iris anomalies, thin
nose without alar flare, finger and toe anomalies
including syndactyly, and gross enamel hypoplasia in
both deciduous and permanent dendtions. The enamel
is hard but yellow, and has a rough and severely pitted
surface.

McK 16420 OFG 196-198, 618-619 SH.V 553-556
Eidelman, E., Chosack, A. & Wagner, M.L. (19671 Orodigito¬
facial dysostosis and oculodentodigital dysplasia. Oral
Surgery, 23, 311-319.

Gorlin. R.J-, Meskin, L.H. & St. Geme. J.W. 1963) Oculo¬
dentodigital dysplasia. Journal of Pediatrics. 63, 69-75.

Rajic, D.S. & de Veber. L.L. (1966) Hereditary oculodento-
osseous dysplasia. Annals ofRadiology, 9, 224-231.

Zach, G.A. (1975) Oculodentoosseous dysplasia syndrome.
Oral Surgery, 40. 122-125.

IV.D.iy. (IV.Ca.) Osteogenesis imperfecta (Hi

See IV.C.2. (dendnogenesis imperfecta, type I).

IV.D.18. (IV.I.16.) Pseudohypoparathyroidism
[PHP; Albright hereditary osteodystrophy) iXL
or AD)

A hvpocalcaemic syndrome resembling hypopara¬
thyroidism but unresponsive to administered para¬
thormone. There is frequently short stature, a rounded
face, depressed nasal bridge, shortening of one or more

fingers or toes, and sometimes mental retardation.
Severe hvpocalcaemia leads to muscle cramps and
tetanic convulsions. Thin and pitted enamel has been
found in one third to one halfof the cases reported. Since
the age of onset of the disease is variable, teeth that
develop early may escape being affected. However, once
the disorder is sufficiently established to produce enamel
hypoplasia, all teeth formed subsequently appear to
show the enamel defect. In addition, affected teeth mas
have short roots, and show delayed apical closure ana
retarded eruption. In the dentine of affected teeth
interglobular areas are common. The pattern of
inheritance is reasonably consistent with X-linked
dominance, though females are, on average, more
severely affected than males. It is possible that the
disorder is in fact a sex-influenced autosomal dominant.

MBID 1350-1365 McK 30080 OFG 212—218
SHN 626-629

Croft. L.K.. Witkop. C.J.Jr Ck Glas.J.-E. (1965) Pseudohypo¬
parathyroidism. Oral Surgery. 20. 758-770.

Ritchie, G.M. (1965; Dental manifestations of pseudohypo¬
parathyroidism. Archives of Disease in Childhood. 40. 565-572.

Witkop. C.J. Jr (1966) Inborn errors of metabolism with
particular reference to pseudohypoparathyroidism. Journal
of Dental Research, 45, 568—574.

Witkop. C.J. Jr & Rao. S. (1971) Inherited defects in tooth
structure. Birth Defects, 717), 153-184.

IV.D.ig. (I.C.10., I.D.12., III.B.j.) Tuberous
sclerosis AD*)

See III.B.5.

IV.D.20. Vitamin D-dependent rickets AR*

A disorder characterized by hvpocalcaemia and hvpo-
phosphataemia, developing within the first year of life
and responsive to massive doses of vitamin D. If the
condition is left untreated, the teeth that calcify
postnatallv show gross enamel hypoplasia, large pulp
chambers with high pulp horns, and delayed apical
closure.

McK 26470 OFG 2i 3-219
Arnaud. C., Maijer, R., Reade. T., Scriver, C.R. & Whelan.
D.T. , 19701 Vitamin D dependency: an inherited postnatal
syndrome with secondary hyperparathyroidism. Pediatrics.
46, 871-880.

IV.E. Disorders in which Cementum Formation
is Abnormal

IV.E.I. (1.3.2., IV.A.3., IV.D.4., IV.I.4.) Cleido¬
cranial dysplasia (cleidocranial dysostosis)
AD*)

See IV.A.3.
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IV.E.3. (III.D.j., IV.D.8.) Epidermolysis bullosa
h;

See III.D.3.

IV.E.J. [I.C.i.) Gardner syndrome (intestinal
polyposis III) 1 AD*

See I.C.i.

IV.E~j. (IV.D.11., IV.H.2.) Hypophosphatasia (h)

See IV.D.i 1.

IV.E.j. (IV.1.13.) Multiple non-erupting teeth,
maxillo-zygomatic hypoplasia and other
congenital defects (AR)

See IV.1.13.

IV.E.S. (I.C.?.) Paget disease of bone (osteitis
deformans) (AD)

See I.C.7.

IV.F. Metabolic Disorders Resulting in Tooth
Pigmentation

IV.F.I. Alcaptonuria AR*1

A disorder in which homogentisic acid, an intermediary
product in the metabolism of phenylalanine and
tyrosine, cannot be further metabolized, due to a
deficiency of the enzyme homogentisic acid oxidase.
Homogentisic acid consequently appears in the urine,
which usually darkens slowly on exposure to air. There is
associated arthritis, and a generalized greyish to blue-
black pigmentation of connective tissues. Intrinsic
pigmentation of the teeth has also been reported.

MBID 268-282 McK 20350

Vogel. R.I. ! 1975) Intrinsic and extrinsic discoloration of the
dentition 'a literature review). Journal of Oral Medicine. 30,
99-i°4-

IV.F.2. (IV.G.j.) Oxalosis (hyperoxaluria) (h)

A disorder in which oxalate deposits accumulate in the
kidney, causing renal damage, renal failure, uraemia
and early death. Oxalate deposits are also found in
many other organs and tissues throughout the body.
There are two forms of the disorder, both autosomal
recessive: oxalosis I yglvcolic aciduria) and oxalosis II
glyceric aciduria). A slate-grey intrinsic stain of the
teeth has been reported. In addition, oxalate crystals
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have been demonstrated within odontoblasts and
dentinal tubules, and within the dental pulp. Oxalosis I
is due to a deficiency of the enzyme x-ketoglutarate
glvoxvlate carboligase, and oxalosis II to a deficiency of
the enzyme D-glvceric dehydrogenase.
MBID 182-204 McK 25990 (AR*), 26000 (AR*)

Glass, R.T. (1973) Oral manifestations in primary hyper¬
oxaluria and oxalosis. Report of a case. Oral Surgery, 35,
502-509.

IV.F.3. (III.D.j., IV.H.j.) Porphyria Hi

A group of disorders of porphyrin metabolism. In the
congenital erythropoietic form, which is autosomal
recessive, the deciduous and permanent teeth show an
irregular reddish brown or pinkish discoloration and red
fluorescence under ultraviolet light, due to the in¬
corporation of porphyrin during development. The
urine is reddish, there is frequently hirsutism, and there
may be vesicular or bullous eruptions of the skin,
especially after exposure to sunlight, followed by poor
healing and severe scarring. There may also be
periodontal involvement. Painful bullae of the oral
mucosa have been reported following dental treatment
in the hepatic form, which appears to be autosomal
dominant. A full classification of the porphyrias,
including known biochemical defects, can be found in
McKusick's Mendelian Inheritance in Man i fifth edition,
1978), Table A-VIII, page lii.

MBID 1166-1220 OFG 403-404, 430-434

Gilhuus-Moe. O. & Koppang, H.S. (1972! Oral manifes¬
tations of porphyria. Oral Surgery. 33, 926-933.

Kench, J.E., Langlev, F.A. &. Wilkinson, J.F. (1953)
Biochemical and pathological studies of congenital por¬
phyria. Quarterly Journal of Medicine. .VS. 22. 285—294.

Rayne, J. (1967) Porphyria ervthropoietica. British Journal of
Oral Surgery, 5, 68-74.

Waldenstrom, J. & Haeger-Aronsen, B. 1903) Different
patterns of human porphyria. British Medical Journal, ii.
■272—276.

IV.G. Disorders with Known Manifestations in
the Dental Pulp (Excluding Abnormal Hard
Tissue Formation)

IV.G.I. (III.E.2.) Fabry disease (diffuse
angiokeratoma) (XL*)

See III.E.2.

IV.G.2. Metachromatic leucodystrophy H

A group ofautosomal recessive disorders ofmyelin form¬
ation. due to deficiency of the enzyme arvlsulphatase A,
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the most common of which is the late infantile
form. Less common are the juvenile and adult forms,
and the combination of metachromatic leucodys-
trophv with amaurotic idiocy. The late infantile form
usually appears towards the end of the second year of life
with minor sensory and motor disturbances. There is
generally rapid progression of the disorder, with
eventual blindness, deafness and widespread paralysis
leading to death during childhood. Accumulations of
sulphatides, in the form of brown metachromatic
granules within the cytoplasm of Schwann cells, have
been demonstrated in the peripheral nerves of the dental
pulp. These accumulations are diagnostic of the
disorder.

MBID 770-809 McK 24980 (AR), 25000 (AR),
25010 (AR*), 25020 (AR) OFG 292-293

Gardner. D.G. (1967) Pulpectomy as a diagnostic procedure in
metachromatic leucodystrophv. Oral Surgery. 23, 379-384.

Gardner, D.G. & Zeman, W. (1965; Biopsy of the dental pulp
in the diagnosis of metachromatic leucodystrophv. De¬
velopmental Medicine and Child.Veurology, 7, 620-627.

IV.G.3. (IJD.8II.A.S., IIA.y., II.C.3.,
IV.1.12.) Mucopolysaccharidosis I—H (Hurler
syndrome) (AR*)

See I.D.8.

IV.G^f. Niemann-Pick disease (sphingomyelin
lipidosis) (AR*)

A disorder of lipid metabolism with primarily neur¬
ological manifestations, due to deficiency of the enzyme
sphingomyelinase. There is widespread intracellular
accumulation of lipid, mainly sphingomyelin. The main
clinical features are hepatosplenomegalv, retarded
physical and mental growth, and severe neurological
disturbances. Symptoms generally appear in the first
few months of life, and death usually occurs before three
years of age. A typical histological feature is the foam
cell, usually an enlarged reticuloendothelial cell whose
cytoplasm contains numerous droplet-like inclusions of
lipid. The foam cell has been demonstrated in the dental
pulp of a patient with Niemann-Pick disease.

MBID 718-730 McK 25720 OFG 294-295

Stewart, R.E. (1970) Dental pulp biopsy in the diagnosis of
neurological disorders in childhood. Journal ofHospital Dental
Practice, 4, 13-17.

IV.G.f. (IV.Fji.) Oxalosis (hyperoxaluria) (H)

See IV.F.2.

IV.G.6. (I.D.6.) Sickle cell anaemia AD*)

See I.D.6.

IV,H. Disorders Affecting the Periodontium

IV.H.i. (III.F.i., IV.D.S., V.A.i.) Ehlers-Danlos
syndromes H)

See III.F.i.

IV.H.2. (IV.D.I I., IV.E.4.) Hypophosphatasia (H

See IV.D.i 1.

IV.H.3. Palmoplantar hyperkeratosis and
periodontoclasia (Papillon-Lefevre syndrome)
AR*)

A combination of hyperkeratosis of the palms and soles,
with periodontal destruction in both the deciduous and
permanent dentitions. The first signs ofperiodontal and
skin involvement generally appear soon after the
eruption of the last deciduous molar. Gingival swelling
and severe halitosis accompany periodontal destruction,
the teeth usually being involved in the order in which
they erupt. Most of the deciduous teeth are usually lost
before the age of four years. After tooth loss, the gingival
inflammation subsides until the permanent teeth erupt,
when the process of gingival swelling, periodontal
breakdown and tooth loss repeats itself. All the
permanent teeth except the third molars are usually lost
before 16 years of age.

McK 24500 OFG 279-281 SH.Y 373-376
Carvel, R.I. 1969) Palmar-plantar hyperkeratosis and
premature periodontal destruction. Journal of Oral Medicine.
24, 73-82.

Galanter, D.R. & Bradford. S. 1969) Hyperkeratosis paimo-
plantaris and periodontosis: the Papillon-Lefevre syndrome.
Journal of Periodontology, 40. 40-47.

Giansanti, J.S., Hrabak. R.P. & Waldron, C.A. : 1973.
Palmar-plantar hyperkeratosis and concomitant periodontal
destruction Papillon-Lefevre syndrome:. Oral Surgery. 36.
40—48.

Gorlin, R.J., Sedano. H. &. Anderson. V.E. 1964; The
syndrome of palmar-plantar hyperkeratosis and premature
periodontal destruction of the teeth. Journal of Pediatrics. 65.
895-908.

Smith, P. & Rosenzweig, K.A. 1967) Seven cases of Papillon-
Lefevre syndrome. Periodontics, 5, 42-46.

Wilson, F.M. (1969; Papiilon-Lefevre syndrome. Report of a
case. Oral Surgery. 28, 488—492.

IV.H.4. Periodontosis (familialjuvenile
periodontosis; Gottlieb syndrome) AR or XLj

A condition in which primary periodontal degeneration
and alveolar bone loss occur in anv otherwise healthy
adolescent, without accompanying periodontal in¬
flammation. However, once periodontal pocket for¬
mation has occurred, secondary inflammation follows.
Both males and females are affected, with a pre-
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ponderance of affected females.
McK 26095, 31175 0FG 273-274

Benjamin, S.D. & Baer, P.N. (1967) Familial patterns of
advanced bone loss in adolescence periodontosis). Per¬
iodontics, 5, 82-88.

Buder, J.H. (1969) A familial pattern ofjuvenile periodontosis
periodontosis^. Journal of Penodontology, 40, 115-118.

Jorgenson, R.J., Levin. L.S., Hutcherson. S.T. & Salinas. C.F.
(1975) Periodontosis in sibs. Oral Surgery, 39, 396-402.

Melnick. M., Shields. E.D. & Bixler, D. (1976) Periodontosis: a
phenotvpic and generic analysis. Oral Surgery, 41, 32-43.

IVJI.5. (IIIJO.s., IV.F.3.) Porphyria H)

See IV.F.3.

IV.H.6. Universal permanent alopecia,
psychomotor epilepsy, pyorrhoea and mental
subnormality AD*)

A syndrome of congenital universal permanent alop¬
ecia, frequently associated with psychomotor epilepsy
and mental subnormality. Advanced periodontal dis¬
ease has been observed in all cases.

McK 10413

Shokeir, M.H.K. (1977) Universal permanent alopecia,
psychomotor epilepsy, pyorrhea and mental subnormality.
Clinical Genetics, II, 13-17.

IV.I. Disorders Affecting Tooth Eruption

IVJ.i. [IV.B.i.) Amelogenesis imperfecta,
hypocalcified type AD*)

See IV.B.i.

IV.I.2. (IV.B.3.) Amelogenesis imperfecta,
hypoplastic types H)

See IV.B.3.: autosomal dominant, smooth, rough or
pitted forms; autosomal recessive rough amelogenesis
imperfecta.

IV.I.3. (IJI.I.) Apert syndrome (acrocephalo¬
syndactyly, type I) (AD*)

See I.B.i.

IVJ.4. (IJB.S., IV.A.3., IVJO.4., IV.E.i.) Cleido¬
cranial dysplasia (cleidocranial dysostosis)
(AD*)

See IV.A.3.
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IV.I.3. Complete failure oferuption of
permanent teeth (AD)

A condition in which there is complete failure of
eruption of permanent teeth, associated with delayed
eruption and persistence of the deciduous dentition.
Non-eruption of the permanent teeth may be com¬
plicated by the development of multiple dentigerous
cysts.

McK 12535

Shokeir, M.H.K. (1974) Complete failure of eruption of all
permanent teeth: an autosomal dominant disorder. Clinical
Genetics, 5, 322-326.

IV.I.6. Cryptodontic brachymetacarrpalia
(brachydactyly, type E) (AD*)

Type E brachydactyly is a combination of brachv-
dactylv, due mainly to short metacarpals and metatar¬
sals, a round face and moderately short stature. There is
wide variability in the number of digits affected.
Multiple impacted teeth and delayed eruption have
been reported in cases that have shown some of the
features of type E brachydactyly, and the whole
syndrome has been given the name cryptodontic
brachvmetacarpaiia. Affected individuals appear sim¬
ilar to those with pseudohvpoparathyroidism (see
IV.D.18.).

McK 11330 OFG 284
Arvvstas. M.G. (1976) Familial generalized delayed eruption
of the dentition with short stature. Oral Surgery, 41. 235-243.

Gorlin, R.J., Sedano, H.O. & Vickers, R.A. 1971) Crypto¬
dontic brachymetacarpalia. Birth Defects, ^\"), 200-203.

IVJ.J. (III-A.2.) Cutis laxa (H)

See III.A.2.

. IV.1.8. (III.G.2.) Cystinosis ;H)

See III.G.2.

IVJ.q. (III.C.3., IV.A.6., IVJO.9.) Focal dermal
hypoplasia (Goltz syndrome) (XL*)

See III.C.3.

IV.I.10. (IV.A.12.) Incontinentia pigmenti (XL*"

See IV.A.12.

IV.I.11. Molar 1 reinclusion AD*)

A condition consisting of recession or reinclusion of the
first molars into the alveolar bone following complete
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eruption. The condition has been observed in several
families.

McK 15795

Bosker. H.. Ten Kate. L.P. & .N'ijenhuis, L.E. ; 1978) Familial
reinclusion of permanent molars. Clinical Genetics, 13,
314-320.

IV.1.13. (IJD.3., IIM.S., II.B.j., U.C.3.,
IV.G.j.) Mucopolysaccharidosis l-H (Hurler
syndrome) (AR*)

See I.D.8.

IV.l.13. {IV.E.J.) Multiple non-erupting teeth,
maxillo-zygomatic hypoplasia and other
congenital defects AR

Multiple non-erupting permanent teeth associated with
delayed eruption of deciduous teeth, midface hy¬
poplasia. abnormalities of the external ear. and genua
valga. The unerupted teeth appear to be ankylosed, and
have malformed roots, hvpercementosis and many
cementicles in the periodontal membrane.

McK 27305

Stoelinga. P.J.W., DeKoomen, H.A. 3c Davis. G.B. 1976)
Multiple non-erupting teeth, maxillo-zvgomatical hy¬
poplasia and other congenital defects: an autosomal
recessive disorder. Clinical Genetics. 10, 222-225.

IV.I.14. (I.C.6.) Osteopetrosis ('marble bones';
Albers-Schonberg disease) HI

See I.C.6.

1V.1.IJ. Progeria AR:

A combination of dwarfism and precocious senility. By
ten years of age, height is approximately that of a
normal three-year-old child. The face is disproportion¬
ately small, giving the head a hydrocephalic ap¬
pearance, though no hydrocephaly is present and the
head is actually smaller than normal. The skin is thin
and atrophic. Scalp hair and eyebrows are lost at about
one year of age and replaced by a downy fuzz. Delayed
eruption has been reported in most cases, and the
deciduous dentition is often retained.

McK 26410 SHy 622-625
Album. M.M. St Hope.J.W. (1958's Progeria. Report ofa case.

Oral Surgery, it, 985-998.
Gabr. M. . 1954) Progeria: review of the literature with report
of a case. Archives of Pediatrics. 71, 35-46.

Ozonoff. M.B. & Clemett. A.R. 1967 ! Progressive osteolysis in
progeria. American Journal of Roentgenology. 100. 75-79.

IV.I.16. (IV.D.18.) Pseudohypoparathyroidism
(PHP; Albright hereditary osteodystrophy) XL
or AD

See [V.D.18.

IV.I.iy. (I.C.3.) Pyknodysostosis AR*

See I.C.8.

IVJ.18. (I.D.H., II.C.i.) Rutherfurd syndrome
AD*;

See II.C.i.

IV,J. Disorders in which There may be Natal
Teeth

IV.J.1. (II.A.3., IV.A.3., IV.D.3.) Chondroecto-
dermal dysplasia (Ellis-van Creveld syndrome)
AR*1

See II.A.2.

IV.J.3. (IV.A.y.) Hallermann-Streiff syndrome
(oculomandibulodyscephaly) AR;

A syndrome of beaked nose, mandibular and sometimes
malar hypoplasia, dwarfism, hypotrichosis, micro¬
phthalmia, blue scleras, cataract, and a variably
shaped, sometimes bulging, skull. Teeth may be absent
or malformed. There may also be supernumerary teeth,
and natal teeth have been reported in a number of cases.
McK 23410 OFG 138,143,606 SH.V557-561

Falls, H.F. & Schull. W.J. (19601 Hallermann—Streiff syn¬
drome: a dvscephalv with congenital cataracts and hy¬
potrichosis. Archives of Ophthalmology. 63, 409-420.

Hoet'nagel. D. 3t Benirschke. K. 1965; Dvscephalia
mandibulo-oculo-facialis Hailermann-Streiff syndrome .

Archives of Disease in Childhood. 40. 57-61.
Hutchinson, M. 1971) Oral manifestations of oculoman¬
dibulodyscephaly with hypotrichosis Hallermann-
Streiff syndrome). Oral Surgery. 31. 234-244.

IV.J.3. Natal teeth AD

The presence of teeth at birth, unassociated with major
malformations.

McK 18705

Sibert, J.R. & Porteous. J.R. 1974; Erupted teeth in the
newborn. 6 members of a family. Archives of Disease in
Childhood. 49, 492-493.

IV.J.4. (III.A.5.) Pachyonychia congenita AD*
See III.A.5.



382

SINGLE GENE DISORDERS 61

SINGLE GENE DISORDERS WITH FUNCTIONAL OR NEUROLOGICAL
MANIFESTATIONS

V.A. Disorders Affecting the
Temporomandibular Joint and/or Mandibular
Movement

VA.l. [HIS.I., IV.D.6., IV.H.I.) Ehlers-Danlos
syndromes , H)

See III.F.i.

V.A.2. Hereditary quivering of the chin i AD*)

A transient tremor of the mentalis muscle triggered by
emotional disturbances and/or specific stimuli, both
pleasant and unpleasant. The tremor disappears during
sleep, and attacks become less frequent with age.

McK 19010 SHy 208-209
Grossman, B.J. 1957; Trembling of the chin-an inheritable
dominant character. Pediatrics, 19, 453-455.

Laurance, B.M., Matthews. VV.B. Sc. Diggle, J.H. (1968)
Hereditary quivering of the chin. Archives of Disease in
Childhood. 43, 249—251.

Wadlington, VV.B. 1958V Familial trembling of the chin.
Journal ofPediatrics, 53, 316-321.

V.A.J. Inability to open the mouthfully . AD*'

A disorder in which inability to open the mouth fully is
associated with pseudocamptodactylv (curvature of the
fingers at all interphalangeal joints on dorsiflexion of the
wrist), and moderately short stature. There may also be
other minor musculoskeletal abnormalities. The max¬

imum distance recorded between upper and lower
incisal edges is i .8 cm. This limitation ofmouth opening
has been shown to be due to an abnormally large
coronoid process of the mandible that butts against the
posterior surface of the maxillary zygomatic process
when opening is attempted, preventing further rotation
of the mandible.

McK 15830 SHy 390-392
De Jong, J.G.Y. (1971) A family showing strongly reduced
ability to open the mouth and limitation ofsome movements
of the extremities. Humangenetik. 13, 210-217.

Hecht. F. Sc Beals, R.K. : 1969) Inability to open the mouth
fully: an autosomal dominant phenotype with facultative
campylodactyly and short stature. Birth Defects, 513), 96-98.

Horowitz. S.L., McNuity, E.C. Sc. Chabora, A.J. (1973]
Limited intermaxillary opening-an inherited trait. Oral
Surgery, 36. 490-492.

Mabrv, C.C., Barnett. I.S., Hutcheson. M.VV. St Sorenson.
H.VV. 1974/ Trismus-pseudocamptodactyiv syndrome.
Journal of Pediatrics. 85, 503-508.

Wilson. R.V.. Gains. D.L., Brooks, A., Carter. T.S. & Nance,
VV.E. 19691 Autosomal dominant inheritance ofshortening
of the flexor profundus muscle-tendon unit with limitation of
jaw excursion. Birth Defects. 513). 99-102.

VA.q. Ophthalmo-mandibulo-melic dysplasia
(AD*)

Temporomandibular joint fusion, absent coronoid
process and obtuse mandibular angle, associated with
corneal opacities, and short forearms due to radio-
humeral and radio-uinar dislocations with aplasia of the
lateral humeral condyle; head of radius and distal third
of ulna.

McK 16490 SH,\ 737
Pillav, V.K. (1964) Ophthalmo-mandibulo-melic dysplasia,
an hereditary syndrome. Journal of Bone and Joint Surgery,
46A. 858-862.

V.B. Disorders with Primarily Neurological
Manifestations

V.B.I. (IIJI.2.) Familial dysautonomia
[Riley-Day syndrome) (AR*)

A disorder, primarily of the autonomic nervous system,
in which there is reduced lacrimation, vasomotor

instability, paroxysmal hypertension, excessive sweating
and drooling. In addition there is relative insensitivitv to
pain and to taste, and frequently a diminished gag reflex
or disturbance of swallowing. Lingual fungiform and
circumvallate papillae may be reduced in number or
absent. Speech is often slurred.
McK 22390 OFG 300, 351-353 300-305

Brunt. P.VV. Sc. McKusick, V.A. : 1970) Familial dysauton¬
omia : a report ofgenetic and clinical studies with a review of
the literature. Medicine. 49, 343-374.

Henkin, R. Sc. Kopin. I. 1964' Abnormalities of taste and smell
■thresholds in familial dysautonomia: improvement with
methacholine. Life Sciences, 3, 1319-1325.

Pearson. J., Finegold, M.J. & Budzilovich. G. 1 19701 The
tongue and taste in familial dysautonomia. Pediatrics. 45,
739-745-

Reitman, A.A., Blacharsh, C. Sc Levy. J.M. 1965; Clinical
evaluation of the dental aspects of familial dysautonomia.
Journal of the American Dental Association, 71, 1436-1446.

Smith, A.A., Farbman, A. & Dancis, J. (1965) Tongue in
familial dysautonomia. American Journal of Diseases of
Children. 110. 152-153.

V.B.2. Inherited sensory neuropathies H)

A group of disorders, some of which show widespread
insensitivitv to pain. There is consequent self-
mutilation, often particularly evident in the tongue and
lips, and no toothache, even in the presence of an apical
abscess.

McK 24300 !AR*), 25675 (AR*), 25680 (AR*),
25690 (AR*) OFG 300-302 SHy 188-191
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Murray, T.J. v 1973) Congenital sensorv neuropathy. Brain, 96.
387-394.

Ogden, T.E., Robert, F. & Carmichael, E.A. '1959) Some
sensory syndromes in children: indifference to pain and
sensory neuropathy. Journal of .Veurology, Neurosurgery and.
Psychiatry, 22, 267—276.

Thrush, D.C. (1973; Congenital insensitivitv to pain. Brain, 96.
369-386.

Vassella. F., Emrich. H.M., Kraus-Ruppert, R., Aufdermaur,
F. & Tonz, O. (1968) Congenital sensory neuropathy with
anhidrosis. Archives of Disease in Childhood, 43, 124-130.

V.B.J. Lesch—Nyhan syndrome (HGPRTase
deficiency) (XL*)

A syndrome of mental retardation, spastic cerebral
palsy, choreoathetosls, excessively high serum uric acid
levels, and compulsive self-destructive biting of the
fingers and lips. In contrast to the inherited sensory
neuropathies where there is self-mutilating behaviour
(see V.B.2.), no impairment of pain perception can be
demonstrated. The disorder is due to a deficiency of the
enzyme hypoxanthine-guanine phosphoribosvl trans¬
ferase (HGPRT).
MBID tot 1-1036 McK 30800 OFG 399-400

SHJV 433-435

Nyhan, W.L. (1972) Clinical features of the Lesch-Nyhan
syndrome. Archives of Internal Medicine, 130. 186—192.

Reed, W.B. & Fish, C.H. (1966) Hyperuricemia with self
mutilation and choreoathetosis. Archives of Dermatology, 94,
194-195-

V.B.J. {UJB.3.) Melkersson syndrome
{Melkersson-Rosenthal syndrome) AD*

Facial paralysis, indistinguishable from Bell's palsy,
frequently combined with facial oedema and fissured
tongue. Recurrent attacks of facial oedema, especially of
the upper lip, usually start during childhood prior to the
onset of facial paralysis. Facial palsy appears suddenly
before 20 years of age. and, though ultimate recovery is
usual, relapses often occur.

McK 15590 SHff468-472
Burzynski, N.J. & Weisskopf, B. (1973) Familial occurrence of
Bell's palsy. Oral Surgery, 36, 304-506.

Nally. F.F. (1970) Melkersson-Rosenthal syndrome. Oral
Surgery, 29, 694—703.

V.B.j. (II.B.4.) Moebtus syndrome {congenital
facial diplegia) (AD*)

A combination of sixth and seventh cranial nerve

palsies, present from birth, sometimes associated with
palsies ofother cranial nerves, limb dysplasia, unilateral
or bilateral tongue hypoplasia, and a variety of other
defects.

McK 15790 SHM 575-578
Becker-Christensen, F. & Lund. H.T. (1974; A family with
Mobius' syndrome. Journal ofPediatrics, 84, 115-117.

Evans, P.R. 1955) Nuclear agenesis. Mobius' syndrome: the
congenital facial diplegia syndrome. Archives of Disease in
Childhood, 30. 237—243.

Gutman, D.. Sharon, A. & Laufer. D. (1973) Moebius
syndrome. British Journal of Oral Surgery, 11, 20—24.

INDEX OF SINGLE GENE DISORDERS

The following is an index of single gene disorders that can be found in the catalogue, including some of their more
common alternative names. If the biochemical basis of a disorder is understood this is indicated by (4). For disorders
that appear more than once in the classification, the first catalogue number given refers to the position where a brief
description and references can be found. Second and subsequent catalogue numbers given in brackets) refer only to
other positions in the classification and are not sources of additional information.

Aarskog syndrome, IV.D.i.
Acanthosis nigricans, III.A.i. (III.C.I.)
Acataiasia (4), III.G.i.
Achondroplasia, IV.A. 1.
Ackerman syndrome - see Pyramidal molar roots,
juvenile glaucoma and unusual morphology ofupper
Up

Acrocephalosyndactyly type I - see Apert syndrome
Acrodermatitis enteropathica, III.D.i. (III.C.2.,
III.H.i.)

Aero-osteolysis with osteopetrosis and changes in skull
and mandible (Cheney syndrome), I.D.i.

Albers-Schonberg disease - see Osteopetrosis
Albright hereditary osteodystrophy - see Pseudo¬
hypoparathyroidism

Alcaptonuria (4), IV.F. 1.
Amelocerebrohypohidrotic syndrome - see Amelo-

genesis imperfecta with epilepsy and mental de¬
terioration

Amelogenesis imperfecta, hvpocalcified tvpe, IV.B.i.
(IV.I.i.)

Amelogenesis imperfecta, hypomaturation type, auto¬
somal recessive pigmented form, IV.B.2.

Amelogenesis imperfecta, hypomaturation type, snow¬
capped teeth, IV.B.2.

Amelogenesis imperfecta, hypomaturation type,
X-linked form, IV.B.2.

Amelogenesis imperfecta, hypoplastic type, autosomal
dominant smooth, rough or pitted forms. IV.B.3.
(IV.1.2.)

.Amelogenesis imperfecta, hypoplastic type, autosomal
recessive rough form (enamel agenesis), IV.B.3.
(IV.I.2.)

Amelogenesis imperfecta, hypoplastic type, hereditarv
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localized form. IV.B.3.
.Amelogenesis imperfecta, hypoplastic type, X-linked
form, IV.B.3.

Amelogenesis imperfecta with epilepsy and mental
deterioration (amelocerebrohvpohidroticsyndrome!,
IV.B.4.

.Amelogenesis imperfecta with taurodontism. curly hair
and sclerotic bones (tricho-dento-osseous svndrome),
IV.B.5.

Amelogenesis imperfecta with terminal onycholysis
(amelo-onychohypohidrotic syndrome), IV.B.6.

Amelo-onychohvpohidrotic syndrome - see .Amelo¬
genesis imperfecta with terminal onycholysis

Anhidrotic ectodermal dysplasia - see Hypohidrotic
ectodermal dysplasia

Apert svndrome (acrocephalosyndactyly, type I), I.B.i.
I.IV.I.3.)

Appelt syndrome - see Roberts syndrome
Ascher syndrome - see Blepharochalasis and 'double lip'
Ataxia telangiectasia, III.E.i.
Basal cell naevus syndrome (Gorlin syndrome), I.D.2.
Beckwith-VViedemann syndrome (exomphalos-
macroglossia-gigantism syndrome), II.B. 1.

Bixler syndrome - see Cleft lip-palate, ocular hyper¬
telorism and microtia

Blepharochaiasis and 'double lip' (.Ascher syndrome),
II.A.I.

Book syndrome - see Premolar aplasia, hyperhidrosis
and canities prematura

Brachial plexus neuritis and cleft palate, I.A. 1.
Brachio-skeleto-genital (BSG) syndrome, IV.D.2.
Brachvdactyly type E - see Cryptodontic brachy-
metacarpalia

Caffev disease - see Infantile cortical hyperostosis
Campomelic (camptomelic) dwarfism, I.A.2.
Camptodactvly, cleft palate and club foot, I.A.3.
Cere'orocostomandibular syndrome, I.A.4.
Cheney syndrome - see Acro-osteolvsis with osteo¬
petrosis and changes in skull and mandible

Cherubism (familial multilocular cystic disease of the
jaws), I.D.3.

Chondroectodermai dysplasia (Ellis-van Creveld syn¬
drome), II.A.2. (IV.A.2., IV.D.3., IVJ.1.)

Cleft lip-palate and tetraphocomelia - see Roberts
syndrome

Cleft lip-paiate, mucous cysts of the lower lip, popliteal
pterygium, digital and genital anomalies (popliteal
pterygium syndrome), I.A.5. (II.A.3.)

Cleft lip-palate, ocular hypertelorism and microtia
^Bixler syndrome), I.A.6.

Cleft lip-palate with abnormal thumbs and micro¬
cephaly, I.A. 7.

Cleft palate and oral synechiae, I..A.8.
Cleft palate, deafness and oligodontia, I.A.9.
Cleft palate, micrognathia and glossoptosis - see Robin
anomalad

Cleidocranial dysostosis - see Cleidocranial dysplasia
Cleidocranial dysplasia (cleidocranial dysostosis 1,
IV.A.3. (I.B.2.; IV.D.4., IV.E.i., IV.I.4.)

Complete failure of eruption of permanent teeth,
IV.I.5.

Congenital facial diplegia - see Moebius syndrome
Congenital hvperphosphatasia - see Juvenile cortical
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hyperostosis
Congenital lip pits, II.A.4. (I.B.3.)
Congenital spondyloepiphyseal dysplasia and cleft
palate, I.A. 10.

Coronal dentine dysplasia - see Dentine dysplasia, tvpe
II

Cortical hyperostosis with syndactyly - see Scierosteosis
Cowden syndrome - see Multiple hamartoma and
neoplasia syndrome

Craniocarpotarsal dysplasia (Freeman-Sheldon syn¬
drome; whistling face syndrome), II.A.5.

Craniofacial dysostosis (Crouzon syndrome), IV.A.4.
Cross syndrome - see Gingival fibromatosis with
microphthalmia, mental retardation, athetosis and
hypopigmentation

Crouzon syndrome - see Craniofacial dysostosis
Cryptodontic brachvmetacarpalia (brachydactylv,
type E), IV.1.6.

Cutis laxa (4), III.A.2. (IV.1.7.)
Cystinosis, III.G.2. (IV.1.8.)
Darier disease - see Darier-White disease
Darier-White disease (Darier disease; follicular kera¬

tosis), III.A.3.
Dentine dysplasia, type I (radicular dentine dysplasia),
IV.C.I.

Dentine dysplasia, type II (coronal dentine dysplasia;
pulpai dysplasia), IV. C. 1.

Dentinogenesis imperfecta, type I (dental manifesta¬
tions of osteogenesis imperfecta), IV.C.2. (IV.D.17.)

Dentinogenesis imperfecta, type II (hereditary opal¬
escent dentine), IV.C.2.

Dentinogenesis imperfecta, tvpe III (brandvwine type),
IV.C.2.

Diastrophic dwarfism, I.B.4.
Diffuse angiokeratoma - see Fabry disease
Dyskeratosis congenita, III.D.2.
Ectrodactviv-ectodermal dvsplasia-clefting (EEC)
syndrome,' I.A.n. (III.H.2., IV.A.5, IV.D'.s.)

Ehlers-Danlos syndromes (4), III.F.i. (IV.D.6.,
IV.H.i., V.A.i.)

Ellis—van Creveld syndrome - see Chondroectodermai
dysplasia

Enamel agenesis - see .Amelogenesis imperfecta, hypo¬
plastic type, autosomal recessive rough form

Endocrine candidosis syndrome, III.H.3. (IV.D.7.)
Epidermolysis bullosa. III.D.3. (IV.D.8., IV.E.2.)
Exomphalos-macroglossia-gigantism syndrome - see
Beckwith-Wiedemann syndrome

Fabry disease (diffuse angiokeratoma) (4), III.E.2.
(IV.G.i.)

Familial benign chronic pemphigus (Hailey-Hailey
disease), III.D.4.

Familial chronic mucocutaneous candidosis, autosomal
dominant type, III.H.4.

Familial chronic mucocutaneous candidosis, autosomal
recessive type, III.H.5.

Familial dvsautonomia (Riley-Day svndrome), V.B.i.
(II.B.2.)

Familial hyperparathyroidism, I.D.4.
Famihai juvenile periodontosis - see Periodontosis
Familial multilocuiar cystic disease of the jaws - see
Cherubism

Fibrous dysplasia of dentine, IV.C.3.
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Focal dermal hypoplasia Goltz svndrome:, III.C.3.
IV.A.6., IV.D.g., IV.I.9.)

Follicular keratosis - see Darier-White disease
Freeman-Sheldon syndrome - see Craniocarpotarsal
dysplasia

Gardner svndrome (intestinal polyposis III;, I.C. 1.
(IV.E.3.)

Gaucher disease (b), I.D.5.
Generalized cortical hyperostosis (hvperphosphatasia
tarda; Van Buchem disease;, I.C.a.

Gingival fibromatosis in juvenile hyaline fibromatosis
(Murrav-Puretic-Drescher syndrome), II.C.i.

Gingival fibromatosis in the Rutherfurd svndrome,
II.C.i. (I.D.i i„ IV.I.18.)

Gingival fibromatosis with ear, nose, bone, nail delects
and splenomegaly (Laband syndrome), II.C.i.

Gingival fibromatosis with hypertrichosis, II.C.i.
Gingival fibromatosis with microphthalmia, mental
retardation, athetosis and hvpopigmentation 1 Cross
syndrome; oculo-cerebral syndrome with hypo-
pigmentation), II.C.i.

Gingival fibromatosis with progressive deafness, II.C. 1.
Gingival fibromatosis without hypertrichosis. II.C.i.
Globodontia - see Otodental dysplasia
Goltz syndrome - see Focal dermal hypoplasia
Gorlin syndrome - see Basal cell naevus syndrome
Gottlieb syndrome - see Periodontosis
Haemoglobinopathies ,b), I.D.6. (IV.G.6.)
Hailey—Hailev disease - see Familial benign chronic
pemphigus

Hallerman—StreifF syndrome (oculomandibulodys-
cephaly), IV.J.2. (IV.A.7.)

Hereditary arthro-ophthalmopathv with retinal
detachment and cleft palate - see Stickler syndrome

Hereditary benign intraepithelial dyskeratosis, III.A.4.
Hereditary generalized microdontia. IV.A.8.
Hereditary haemorrhagic telangiectasia. III.E.3.
Hereditary opalescent dentine - see Dentinogenesis
imperfecta, type II

Hereditary quivering of the chin. V.A.2.
Hunter syndrome - see Mucopolysaccharidosis II
Hurler syndrome - see Mucopolysaccharidosis I-H
Hvalinosis cutis et mucosae - see Lipoid proteinosis
Hyperoxaluria - see Oxalosis
Hvperphosphatasia tarda - see Generalized cortical
hyperostosis

Hvpodontia and nail dysplasia tooth and nail syn¬
drome 1, IV.A.g.

Hvpodontia, taurodontism and sparse scalp hair.
IV.A. 10.

Hypohidrosis, thin wiry hair, dystrophic nails and cleft
lip-palate, I.A.12.

Hypohidrotic (anhidrotic) ectodermal dvsplasia.
IV.A.i 1.

Hvpophosphataemia -vitamin D-resistant rickets),
IV.D.io.

Hvpophosphatasia (b), IV.D.ii. , IV.E.q.. IV.H.2.')
Hvpoxanthine guanine phosphoribosvl transferase
(HGPRTase; deficiency - see Lesch-Nvhan syn¬
drome

I-cell disease - see Mucolipidosis II
Inability to open the mouth fully. V.A.3.
Incontinentia pigmenti, IV.A. 12. (IV.1.10.)

Infantile cortical hyperostosis Catfey disease . I.C.3.
Inherited sensory neuropathies, V.B.2.
Intestinal polyposis II - see Peutz-Jeghers syndrome
Intestinal polyposis III - see Gardner syndrome
Juvenile cortical hyperostosis congenital hyper-

phosphatasia; juvenile Paget disease;, I.C.4.
Juvenile hyaline fibromatosis - see Gingival fibromatosis

in juvenile hyaline fibromatosis
J uvenile Paget disease - seeJuvenile cortical hyperostosis
Laband syndrome - see Gingival fibromatosis with ear.

nose, bone, nail defects and splenomegaly
Lacrimo-auriculo-dento-digital (LADD) svndrome.
IV.D.12.

Larsen syndrome (multiple congenital dislocations.
flattened facies and cleft palate;, I.B.5.

Lesch-Nyhan syndrome (hvpoxanthine guanine phos¬
phoribosvl transferase-HGPRTase-deficiencv 0 .

V.B.3.
Lipoid proteinosis (hvalinosis cuds et mucosae;. III.B. 1.

IV.A. 13., IV.D.13.)
Mandibulofacial dysostosis <Treacher Collins syn¬
drome), I.B.6

'Marble bones' - see Osteopetrosis
Marfan syndrome, I.D.7.
Meckel syndrome, I.B.7.
Melkersson syndrome (Melkersson-Rosenthal syn¬
drome), V.B.4. (II.B.3.)

Melkersson-Rosenthal syndrome - see Melkersson
syndrome

Metachromatic leucodystrophv lb), IV.G.2.
Mibelli disease - see Porokeratosis
Moebius svndrome

, congenital facial diplegia;, V.B.5.
(II.B.4.)

Mohr syndrome - see Oral-facial-digital syndrome II
Molai 1 reinclusion. IV.1.11.

Morquio disease - see Mucopolysaccharidosis IV
Mucolipidosis II (I-cell disease), II.C.2. IV.D.14.;
Mucopolvsaccharidosis I-H Hurler svndrome - b'<,
I.D.8. (H.A.6., II.B.5.. II.C.3., IV.G^., IV.I.12.

Mucopolvsaccharidosis II Hunter svndrome: b .

I.D.g. II.A.7.. II.B.6.)
Mucopolvsaccharidosis IV .Morquio disease; b ,

IV.D.15.
Multiple congenital dislocations, flattened facies and
cleft palate - see Larsen syndrome

Multiple hamartoma and neoplasia syndrome Cowden
syndrome), III.C.4.

Multiple mucosal neuromas, phaeochromocytoma and
medullary thyroid carcinoma, III.B.2.

Multiple non-erupting teeth, maxillo-zygomatic hy¬
poplasia and other congenital defects, IV.I.13.
(IV.E.5.)

Multiple odontomas. I.C.5.
Multiple odontomas, oesophageal stenosis and chronic
intersutial cirrhosis of the liver, I.C.5.

Murray-Puretic-Drescner syndrome - see Gingival
fibromatosis in juvenile hyaline fibromatosis

Myeloperoxidase deficiency lb), III.H.6.
Natal teeth, IV.J.3.
Neurofibromatosis (Von Recklinghausen disease .

III.B.3. (I.D.10.)
Niemann-Pick disease .sphingomvelin lipidosis-, b ,

IV.G.4.
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Oculo-cerebral syndrome with hvpopigmentation - see
Gingival fibromatosis with microphthalmia, mental
retardation, athetosis and hvpopigmentation

Oculo-dento-digital syndrome - see Oculo-dento-
osseous dysplasia

Oculo-dento-osseous dysplasia oculo-dento-digital
syndrome), IV.D.16.

Oculomandibulodyscephalv - see Hailermann-Streiff
syndrome

Ophthalmo-mandibulo-melic dysplasia, V.A.4.
Oral-facial-digital svndrome I OFD I svndrome i,
I.A.i3. (H.A.8., II.B.7., IV.A.14.)

Oral-facial-digital syndrome II Mohr syndrome;
OFD II syndrome), II.B.8. (II.A.9.)

Osteitis deformans - see Paget disease
Osteogenesis imperfecta - see Dentinogenesis imper¬

fecta. type I
Osteopetrosis (Albers-Schonberg disease: 'marble

bones"1. I.C.6. IV.I.14.)
Otodental dysplasia globodontia;, IV.A. 15.
Oto-palato-digital syndrome OPD syndrome), I.A.14.
Oxalosis .hyperoxaluria,) (A), IV.F.2. IV.G.5.)
Pachyonychia congenita. III.A.5. 1TV.J.4.:
Paget disease of bone osteitis deformans), I.C.7.

IV.E.6.)
Palmoplantar hyperkeratosis and attached gingival
hyperkeratosis, II.C.4.

Palmoplantar hyperkeratosis and periodontoclasia
Papillon-Lefevre syndrome), IV.H.3.

Papillon-Lefevre syndrome - see Palmoplantar hyper¬
keratosis and periodontoclasia

Periodontosis (familial juvenile periodontosis; Gottlieb
syndrome), IV.H.4.

Peutz-Jeghers syndrome (intestinal polyposis II),
II.A. 10. 1 III.C.5.)

Pierre Robin syndrome - see Robin anomalad
Popliteal pterygium syndrome - see Cleft lip-palate,
mucous cysts of the lower lip, popliteal pterygium,
digital and genital anomalies

Porokeratosis Mibelli disease:, III.A.6.
Porphyria (A), IV.F.3. (III.D.5., IV.H.5.
Premolar aplasia, hyperhidrosis and canities prematura

Book syndrome; PHC syndrome;, IV.A.16.
Progeria, IV.I. 15.
Pseudohypoparathyroidism Albright hereditary osteo¬
dystrophy; PHP\ IV.D.i8. IV.1.16.)

Pseudoxanthoma elasticum. III.B.4.
Pterygium syndrome, I.A. 15.
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Pulpal dysplasia - see Dentine dysplasia, type II
Pyknodvsostosis. I.C.3. IV.I.17.)
Pyramidal molar roots, juvenile glaucoma and unusual
morphologv of upper lip Ackerman svndrome:,
IY.A.17.

Radicular denrine dysplasia — see Dentine dvsplasia,
type I)

Rieger syndrome. IV.A. 18.
Rilev-Day syndrome - see Familial dysautonomia
Roberts syndrome iAppelt syndrome; cleft lip-palate
and tetraphocomelia 1, I.A. 16.

Robin anomalad (cleft palate, micrognathia and
glossoptosis; Pierre Robin syndrome), I.A. 17.

Rutherfurd syndrome, II.C.i. (I.D.11., IV.1.18.)
Sensory neuropathies - see Inherited sensory neuro¬

pathies
Sclerosteosis : cortical hvperostosis with svndactvlvy
I.C.9.

Shell teeth - see Dentinogenesis imperfecta, tvpes II and
III

Sickle cell anaemia - see Haemoglobinopathies
Sphingomyelin lipidosis - see Niemann-Pick disease
Stickler syndrome (hereditary arthro-ophthalmopathv
with retinal detachment and cleft palate), I.B.8.

Tooth and nail syndrome - see Hypodontia and nail
dysplasia

Total absence of permanent teeth, IV.A. 19.
Treacher Collins syndrome - see Mandibulofacial

dysostosis
Tricho-dento-osseous syndrome - see Amelogenesis
imperfecta with taurodontism, curly hair and scle¬
rotic bones

Tuberous sclerosis, III.B.5. (I.C.10., I.D.12., IV.D.19.)
Universal permanent alopecia, psychomotor epilepsv,
pyorrhoea and mental subnormalitv, IV.H.6.

Van Buchem disease - see Generalized cortical hyper¬
ostosis

Vitamin D-dependent rickets. IV.D.20.
Vitamin D-resistant rickets - see Hypophosphataemia
Von Recklinghausen disease - see Neurofibromatosis
Whistling face syndrome - see Craniocarpotarsal
dysplasia

White folded dysplasia of the mucous membranes - see
White sponge naevus of Cannon

White sponge naevus ofCannon i white folded dysplasia
of the mucous membranes), III.A.7.

X-linked cleft palate. I.A. 18.
Xanthomatosis (A), III.B.6.
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CHAPTER 2

Biological Variation and
its Measurement

Variation is a fundamental characteristic of all

biological processes, and it is only through a
study of variation and its underlying causes that
insight can be gained into the ways in which
biological systems operate. This chapter is con¬
cerned with types and sources of variation,
where variation occurs, and some elementary
statistical ideas that can be used in the interpre¬
tation of observed differences.

VARIATION AND WHERE IT
COMES FROM

Variation can be categorized according to the
nature of the differences that are observed, and
also according to the underlying basis for these
differences.

Types of variation
The majority of biological variation falls into
one of the following four categories: discrete,
continuous, quasicontinuous or discontinuous
variation.
Characters that show discrete variation exist

in two or more qualitatively different forms.
Those existing in two forms only, such as sex. are
known as dimorphisms, and those for which
there are more than two forms, such as ABO
blood type, are known as polymorphisms. Using
blood type as an example, individuals are either
of one type or another, there is no continuum of
intermediates, no variation within each type and
no continuous scale of measurement against
which different types can be compared. Discrete
variation between individuals usually has a sim¬
ple genetic basis, different forms of the same
character being produced by different alleles at
the same locus (see Book 2, Chapter 2).
Continuous variables, such as height, weight,

tooth size, rate of tooth eruption or the activity
of an enzyme, are characters that can be meas¬
ured against an appropriate continuous scale.

Continuous variation is quantitative rather than
qualitative, and levels of expression of the same
continuously variable character in different situ¬
ations can be compared by means of the com¬
mon scale of measurement. Continuous varia¬
tion usually has a multifactorial basis, several
genes and environmental influences, each with a
relatively small effect, contributing to the level
of expression.
Characters that are either present or absent,

but when present vary continuously, are called
quasicontinuous variables (or threshold charac¬
ters). An example is the accessory feature on the
mesiolingual surface of the crown of upper
molars, known as the cusp of Carabelli (or
Carabelli's trait). It is present on some teeth but
not on others, and when present it may appear as
anything from a small pit or groove to a pro¬
nounced extra cusp. The accepted explanation
of quasicontinuous variation rests on the
assumption that there is an underlying scale of
continuous variation of some attribute (the
result of a combination of all the genetic and
environmental factors involved) that is immedi¬
ately related to the development of .the charac¬
ter. The character is absent in situations where
the level on the scale fails to reach a critical
threshold value, and present when the level
exceeds this threshold value. The greater the
distance above the threshold the more intense is
the expression of the character. A quasi-
continuous character can therefore be regarded
as a continuous variable whose expression has
a 'visible' and a 'nonvisible' range. Quasi-
continuous variation, like continuous variation,
usually has a multifactorial basis.
Variation in number of similar items is discon¬

tinuous in that the number of items must always
be an integer (whole number); for example, the
number of teeth an individual possesses or the
number of children in a family. Variation occurs
about a modal number, the number that is found
more frequently than any other, but only in
decreasing or increasing integer steps. For

5
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Chapter 26

example, the modal number of teeth in a fully
developed human permanent dentition is
thirty-two. In other words, individuals with
thirty-two teeth make up the largest category.
Other individuals have thirty-one, thirty or even
fewer teeth, and still others have thirty-three,
thirty-four and sometimes even more.
Development never produces, for instance,
thirty-one and a half teeth. Each structure
formed is a whole tooth even though teeth vary
continuously in size. It is sometimes useful to
think of discontinuous variation as an extension
of quasicontinuous variation, with the underly¬
ing scale divided by several thresholds, each
threshold separating one integer value from the
next. Discontinuous variation, like continuous
and quasicontinuous variation, usually has a
multifactorial basis.

Sources of variation

Differences may occur for either genetic or
environmental reasons, or some combination of
both. Observed variation is also contributed to

by errors of observation or measurement and by
differences due to chance. However, even if all
the observed variation can reasonably be attri¬
buted to measurement error and chance, undis¬
closed biological differences may still exist.

HEREDITY AND ENVIRONMENT

The variation observed among living things is
composed of hereditary and environmental
components. Heredity supplies the potential and
the environment determines how this potential
is expressed. Variation may also be broken down
into other causal components, either subdivi¬
sions of heredity or environment, or components
that contain both hereditary and environmental
fractions.

Every individual, with the exception of identi¬
cal twins, ha's a unique genetic constitution.
There is therefore enormous genetic diversity,
and this is partly responsible for the observed
differences between individuals. Differences
between 'normal' individuals may be discrete
differences under simple genetic control (as in
the case of blood type); or multifactorially con¬
trolled differences leading to continuous varia¬
tion (as for body height), quasicontinuous varia¬
tion (as for a dental morphological variant), or
discontinuous variation (as for tooth number).
Gross differences from the population norm

may be caused by single genes with major effects
or by chromosomal abnormalities. For example,
in achondroplasia, an abnormality of cartilage
controlled by a single gene, there is reduced
epiphyseal growth resulting in dwarf stature.
Achondroplastics fall well outside the normal
range of body height. In Down's syndrome
(mongolism) several abnormalities, from the
characteristic facial appearance to mental retar¬
dation and congenital heart defects, stem from
the presence of one small additional chromo¬
some, or sometimes only part of it.
One of the major subcomponents of normal

genetic variation is the difference between the
sexes, a difference that ultimately rests on the
different sex chromosome complements (XY
and XX) ofmales and females. In addition to the
more obvious differences between the sexes

there are less common but nevertheless interest¬

ing ones, particularly in the expression of certain
developmental and metabolic abnormalities.
For example, cleft lip with or without a cleft of
the palate affects males more frequently than
females (about 60% of cases are males), and also
tends to be more severe in males than in females.
A more extreme difference between the sexes is
found in congenital dislocation of the hip, where
there are about six times as many female cases as
male cases. A good example of a metabolic dis¬
order affecting the sexes differently is gout,
where the afflicted are predominantly males.
All individuals are, of necessity, exposed to at

least slightly different environments, simply
because more than one individual cannot be in

exactly the same place at the same time.
Extreme environmental differences of, for
example, climate, altitude or availability of food,
are understandably likely to have definite
biological effects, but even minor environmental
variation within a population occupying a
restricted area often contributes considerably to
observed differences between individuals.
Environmental effects are superimposed on
genetic differences. Thus individuals with the
same hereditary potential may grow to different
heights, depending on the environments to
which they have been exposed during the growth
period. Similarly, individuals with different
hereditary potentials may grow to the same
height if an environmental difference exactly
compensates for the hereditary one. Some ways
of estimating the relative contributions of gene¬
tic and environmental differences to the
observed variation between individuals are

described elsewhere (Book 2, Chapter 2).
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Biological Variation and its Measurement
For most characters studied, members of the

same family tend to be more alike than unrelated
individuals. This resemblance between relatives
can usually be attributed largely to the fact that
relatives have a proportion of their genes in
common. However, particularly for characters
showing continuous, quasicontinuous or discon¬
tinuous variation, the common environment
experienced by members of the same family may
also contribute to the resemblance between rela¬
tives. Members of a family group may therefore
be alike not only because they have inherited the
same genes but also because they are exposed to
similar environmental influences.
For some characters a given change in the

environment produces different observed
effects in individuals with different genetic con¬
stitutions. Many examples of this kind of inter¬
action between heredity and environment are
found in the field of disease susceptibility. There
may be inherited variation of susceptibility to a
disease produced by a specific extrinsic factor,
for example a particular microorganism, making
individuals with different inherited suscep¬
tibilities react differently to the same level of the
same pathogenic agent.

MEASUREMENT ERROR AND CHANCE

VARIATION

Most measuring procedures are not absolutely
accurate; that is, measurements made of an iden¬
tical situation on more than one occasion may
give slightly different answers. Some proportion
of the variation that is recorded by measurement
can therefore arise from measurement error.

The importance of the error in a given situation
can be assessed by measuring the same set of
items on two occasions and by comparing the
differences between first and second sets of
measurements with the variation within each set

of measurements. If the differences between
first and- second measurements are very small
compared with the variation between one item
and the next, measurement error can be ignored.
In addition to the differences ascribable to

major or minor inherited or environmental dif¬
ferences or to measurement error there is always
a small residual component of variation due to
chance. This is the variation that would be
recorded, if it were possible to do so, between
genetically identical individuals in identical
environments with a perfect measurement tech¬
nique. It is the result of random variation of cell
function and interaction.

7

HETEROGENEITY

Absence of observed variation, other than that
attributable to measurement error and to

chance, does not imply absence of variation at a
more fundamental level. Different combinations
of hereditary and environmental factors may
produce the same end result, so a group of indi¬
viduals with, for example, a particular develop¬
mental malformation may be heterogeneous;
that is, what appears to be the same condition
may have been produced in a number of differ¬
ent ways. Any attempt to analyze such a group as
a whole can only lead to misleading or nonsensi¬
cal conclusions. Every effort should be made to
subdivide it into more homogeneous classes
using whatever information is available. For
instance, clefts of the palate may occur either in
association with cleft lip (cleft lip with orwithout
a cleft of the palate, CL(P)). or alone (isolated
cleft palate. CP). When studied further, these
two classes of cleft palate cases are found to
differ in other respects also. First, different
developmental processes are involved. Cleft
palate in CP cases results directly from an
abnormality at the stage of secondary palate
(hard palate) formation, whereas in CL(P) cases
it is a consequence of failure of fusion of the
primary palate (lip and alveolus) at an earlier
stage of development. Second, many CL(P)
cases have affected relatives but fewer CP
cases do; and affected relatives of CL(P)
cases have CL(P) not CP. There are therefore
grounds for believing that CL(P) is a separate
entity from CP and has a larger genetic com¬
ponent in its aetiology.

WHERE VARIATION OCCURS

Differences exist not only between individuals
but also within individuals, between tissues or

regions of the body, and with time. Differences
are also found between populations or groups of
individuals.

Variation within individuals

All the somatic cells of an individual contain, at
some stage, the same complement of genes, yet
differences within an individual begin to appear
early in development when cells or groups of
cells start to differentiate along a variety of
developmental pathways. The basis for this dif¬
ferentiation seems to be that only particular
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genes are 'switched on' in particular cells, the
remaining majority of genes in each cell type
being inactive for most of the time. Discrete
differences between tissues can be detected by
immunological techniques, each tissue type hav¬
ing a unique set of chemical specificities that is
presumably a direct consequence of the activity
of a particular set of genes. These discrete differ¬
ences may be expressed at a different level
through variation in such characters as cell size,
shape and staining intensity, characters that can
be measured on continuous scales.
A second kind of variation that occurs within

individuals is that between right and left sides of
the body. In bilaterally symmetrical organisms
many structures are represented on both sides
and develop as mirror images of each other.
However, perfect symmetry is rarely attained,
minor differences between sides being the gen¬
eral rule. It is reasonable to assume, barring
exceptional circumstances, that at any given
stage of development the same genes are active
in the same tissues on both sides of the body.
Failure of bilaterally represented structures to
form as exact mirror images of each other is
therefore an expression of imprecise genetic
control over development.
Variation within individuals may also occur

with time. There may be changing levels of
expression of a character, either over the growth
period or from day to day due to cyclic changes
of physiology. For instance, there is the continu¬
ous change in body height through infancy,
childhood and adolescence into adulthood, and
diurnal variation throughout life caused by post¬
ural fatigue, individuals tending to be taller in
the morning and shorter in the evening. Parallel
instances can be found within developing sys¬
tems. During tooth formation, for example, cells
of the internal enamel epithelium become pro¬
gressively more columnar as they differentiate
into ameloblasts, reaching a maximum height
when enamel formation is in progress. A con¬
tinued rhythmic variation of ameloblast function
then occurs as enamel matrix is being laid down,
variation that results in the incremental lines
(brown striae) of Retzius, visible in sections of
fully formed enamel.

Variation between individuals and between

groups of individuals

DISCRETE VARIATION

Discrete variation between individuals means

that some individuals show one form of a charac¬

ter whereas others show other forms. Differ¬
ences between groups are measured in terms of
relative frequencies of the different forms. For
example, there is variation both within and bet¬
ween racial groups for ABO blood type. About
45% of Caucasians are of blood type A, whereas
only 28-29% of individuals from mongoloid or
negro groups are of blood type A (Table 2.1).

Table 2.1. Percentage frequencies of ABO blood
types in large samples from different racial groups.

A B AB 0

Caucasian (North Europe) 45 8 3 44

Negro (Africa) 29 17 4 50

Mongoloid (China) 28 24 7 41

CONTINUOUS VARIATION

Continuous variation results in individuals

occupying different positions on the scale of
measurement. In any range on any scale there is
theoretically an infinite number of possible val¬
ues, but for practical purposes measurements
are made in terms of a chosen size of subdivision.
A population is described by the number of indi¬
viduals fallingwithin each subdivision; that is, by
the distribution of individuals over these sub¬
divisions of the scale. Examples of two such dis¬
tributions are shown in Fig 2.1 a and b. They are
distributions of third molar size in two geneti¬
cally different groups of mice, measured to the
nearest hundredth of a millimetre. The horizon¬
tal scale is marked off in the chosen subdivisions
and the vertical scale shows how many teeth fell
into each one. The pictures shown in Fig. 2.1 a
and b are called histograms.
Each of these histograms approaches the most

commonly encountered type of distribution for
continuous variables, the normal distribution,
whose 'ideal' shape is described by the bell-
shaped normal curve. Normal curves corres¬
ponding to the two histograms are shown in Fig.
2.1c and d. The horizontal scale for these curves,

though still a scale of tooth size, is not sub¬
divided, and the vertical scale measures the rela¬
tive frequency with which, teeth of particular
sizes are found in each 'idealized' group. These
'ideal' curves can be regarded as histograms that
would be produced if the groups were infinitely
large, and if tooth size were measured in
infinitesimaily small subdivisions. Other aspects
of these distributions will be referred to later.
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Fig. 2.1. Histograms showing the distribution of
mesiodistal diameters of lower third molars in two

groups of mice (a (n = 139) and b (n = 141)), and
corresponding normal curves (c and d). 1 unit = 10
/am.

The normal curve has quite specific
mathematical properties, and many statistical
procedures are based on them. Before going into
some of these properties a few symbols com¬
monly used in the analysis of continuous varia¬
tion must be introduced.
The average, or mean, of several measure¬

ments is equal to the sum of all the measure¬
ments divided by the number of measurements.
If each measurement is given the symbol X, the
sum of all the measurements can be represented
by IX, where 2 (the Greek capital sigma) means
"sum of. If there are n measurements altogether,
and if X ('X-bar') stands for the mean of all
these measurements, then X= 2X/n. The mean

is an indication of the most fundamental prop¬
erty of a distribution, its position on the scale.
The second important property of a distribu¬

tion is its spread on the scale. This can be
expressed by the deviation of a 'typical' or "stan¬

dard' measurement from the mean of the dis¬
tribution. The deviation of one measurement
from the mean can be given the symbol x, so that
x = X - X. For measurements that fall above
the mean x is positive, whereas for measure¬
ments that fall below the mean x is negative. It is
a characteristic of the mean that 2x, the sum of
all the deviations from it. is equal to zero. There¬
fore the average of all the deviations, which in
other situationsmight be considered the 'typical'
value, is also equal to zero and provides no
information about the spread of the distribution
on the scale. The way in which this difficulty is
overcome is to take, instead of the deviations
themselves, the squared deviations, which are all
of necessity positive. The average of these
squared deviations, known as the variance, is an
indication of spread. However, since the quan¬
tity required here is an expression of devia¬
tion (rather than squared deviation) the square
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root of the variance is used. This is known as

the standard deviation and is given the sym¬
bol cr (the Greek lower case sigma). Thus,
cr = y'2x2/n. Table 2.2 illustrates how a value
for cr is calculated. The variance will be referred
to again later, but for the present it should be
noted that the variance is given by crJ = Ix7n.

Table 2.2. Calculation of cr for ten lower third
molar diameters (under X) from distribution b of
Fig. 2.1. All values are in units of one hundredth
of a millimetre.

X x = X-X x1

48 -4.7 22.09
54 + 1.3 1.69
51 -1.7 2.89
58 +5.3 28.09
53 +0.3 0.09
50 -2.7 7.29
57 + 4.3 18.49
54 + 1.3 1.69
50 -2.7 7.29
52 -0.7 0.49

IX = 527 Ix = 0.0 Ix1 =90.10

n = 10
X = XX/n = 527/10 = 52.7
cr = v IxJ/n = „ 90.1/10 = 3.0

Consider the proportion of a normal distribu¬
tion that falls within the range bounded by a
given number of standard deviations, say w, on
each side of the mean. If the mean is given the
value zero on the scale this range extends from
-wcr to +wcr. As w increases, and therefore as

the range on the scale increases, so does the
proportion of the distribution falling within the
range. It is a characteristic of the normal dis¬

tribution that the area under the curve bounded

by a given number of standard deviations on
each side of the mean always contains the same
proportion of the distribution, no matter what
the degree of spread in terms of units on the scale
ofmeasurement (Table 2.3). One, two and three
standard deviations on each side of the mean are

shown for the two normal curves in Fig. 2.1. For
each of these curves the area under the curve

falling within the range — 3cr to + 3cr amounts to
99.8% of the total (Table 2.3).

QUASICONTINUOUS VARIATION

With this in mind the third type of variation'
between individuals, quasicontinuous variation,
can be considered in greater detail. In a popula¬
tion of individuals, some of whom show a

quasicontinuous character and others of whom
do not, the distribution on the underlying con¬
tinuous scale is divided by the threshold. The
shape of the whole distribution is therefore not
fully disclosed, but unless there is reason to think
otherwise it is often useful to assume it is normal.

Fig. 2.2 (a and b) shows two histograms, the
distributions of two groups of mice affected or
nonaffected by the presence of a supernumerary
cusp on the lower first molar. The zero category
contains mice without the cusp and is separated
from category 1 by the threshold. The arbitrarily
defined categories 1 to 4 contain mice with pro¬
gressively more extreme levels of expression of
the cusp. In'one of the groups most of the mice
are affected. The histogram of this group (a)
bears some resemblance to a normal distribution
because most of the animals are allotted an

appropriate value on the scale above the
threshold. The histogram for the other group (b)

Table 2.3. The proportion of a normal distribution
falling below, within and above the range bounded by
different numbers of standard deviations from the

mean. The ranges are expressed relative to a mean at
position zero (see. for example, standard deviation
scales in Fig. 2.1 c and d).

Percentage of distribution

Total

Range Below range Within range Above range outside range

-0.5cr-+0.5o- 31.0 38.0 3l'.0 62.0
- l.Ocr - + l.Oo- 15.9 68.2 15.9 31.8
- 1.5cr - + 1.5cr 6.6 86.8 6.6 13.2
-2.Oct - + 2.0cr 2.3 95.4 2.3 4.6
-2.5cr - + 2.5<r 0.6 98.8 0.6 1.2
- 3.Oct - +3.Oct 0.1 99.8 0.1 0.2
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Fig. 2.2. Histograms showing the distribution of
scores for a supernumerary cusp on the lower first
molar in two groups of mice (a (n = 131) and b
(n = 87)), and corresponding normal curves

(c and d), assuming the same standard deviation
for both groups. The shaded areas indicate
affected and the non-shaded areas non-affected
animals.

does not resemble a normal distribution because
all unaffected mice, the majority in the group,
are lumped together into the single zero cate¬
gory, even though theymay occupy different posi¬
tions below the threshold on the presumed
underlying continuous scale. However, if it is
assumed that both these groups are normally
distributed on an underlying continuous scale, it
is possible to establish the distance between the
threshold and the mean for each group in terms
of a number of standard deviations. This is done

simply by applying the proportion of affected
individuals in each group to tabids of the normal
distribution, like that shown in Table 2.3. Fig.
2.2 c and d show the normal curves correspond¬
ing to the two groups ofmice, assuming that they
both have the same standard deviation, with the
means of both distributions expressed relative to

the threshold on the standard deviation scale

(for example, X = -1.28cr, Fig. 2.2d). The
difference between groups can now be given
by the distance between means on the under¬
lying continuous scale rather than simply by a
difference in the proportion affected.
A simple comparison between groups can be

made in terms of means arrived at in this way,
but such a comparison suffers from the possible
unjustified assumption that the standard devia¬
tions of the groups being compared are the same.
In order to compare the spread of different
groups, and also to make a better comparison of
means, the quajicontinuous variable must be
capable of being scored in three categories
rather than two: nonaffected, minimally
affected, and moderately to maximally affected.
In such a situation there are therefore two

83% affected

X = -1.28 a



394

Chapter 212

thresholds. Threshold 1 separates nonaffected
from minimally affected, and threshold 2 sepa¬
rates minimally affected from moderately to
maximally affected. The standard deviations of
the groups can then be expressed in terms of
what is assumed to be a constant interval be¬
tween the two thresholds. Fig. 2.3 illustrates how

Thresholds
1 2

3<rb Xb +3<rb
*bi

J*b2
i

(b)

Underlying scale of continuous variation

Fig. 2.3. Quasicontinuous variation with two
thresholds. A value for x can be derived from tables
given the appropriate proportion, q; and standard
deviations and means can be compared in terms of the
threshold interval, i.

comparisons of this sort can be made. Applying
proportions (q) of each group to tables of the
normal distribution, qai gives xal, the distance of
threshold 1 from the mean of distribution a; and
qa2 gives xa2, the distance of threshold 2 from the
mean of distribution a. Both these distances are
in terms of cra, the standard deviation of distribu¬
tion a. A similar procedure is adopted for dis¬
tribution b. Thus the interval between the two

thresholds, i, is given by i = (xa2-xal)cra =
(xb2-xbi)crb. If, for the sake of simplicity, i is
defined as unity, or one threshold unit, the
standard deviations of the two groups are: cra
= l/(xa2—xai) threshold units, and crb =
l/(xb2~Xbt) threshold units. Jt follows that
the mean of distribution a, Xa, is given by
Xa = — xalo-a threshold units from thres¬
hold 1, and the mean of distribution b, X b, is
given by Xb = -xblcrb threshold units from
threshold 1.
Defining the position and spread of groups on

the underlying continuous scale is perhaps one
step closer to understanding the biological basis
of quasicontinuous variation than simple con¬
sideration of the proportions of groups falling
into two or three different classes.

DISCONTINUOUS VARIATION

An example of the last type of variation, discon¬
tinuous variation, is found in the dentition of the
rice rat, a rodent native to central America. In a

particular strain of these animals the molars,
instead of remaining separate, frequently
become fused together during development.
Fusion may affect the molars of one, two, three
or all four quadrants (each quadrant being the
right or left side of the upper or lower jaw in each
animal), or no quadrants at all. The number of
quadrants affected is therefore always an
integer. Table 2.4 shows the distribution of a
large group of rice rats from the 'fused molar'
strain over these five categories. Assuming that
the number of quadrants affected is dependent
on an individual's position on an underlying
scale of continuous variation divided by four
thresholds, and that the group of animals is nor¬
mally distributed over this scale, reference to
tables of the normal distribution can locate each
threshold relative to the mean of the rice rat

distribution in terms of this distribution's stan¬

dard deviation. This is illustrated in Fig. 2.4. A
point of interest to emerge is that the one-
quadrant and three-quadrant categories, those
categories that necessarily contain asymmetrical
individuals, each occupies a range on the scale
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Table 2.4. The distribution of a group of rice rats from
the 'fused molar' strain according to the number of
quadrants affected by molar fusion.

Quadrants affected

0 1 2 3 4 Total

Number of animals 113 101 453 304 1209 2180
Percentage 5 5 21 14 55 100

about half the size of the two-quadrant interval.
The two-quadrant category contains predomin¬
antly individuals with either two upper or two
lower quadrants affected, in other words sym¬
metrically affected animals. The level on the
underlying scale therefore has to change twice as
much to move from one end of this symmetrical
category to the other as it does to move across
either the one-quadrant or the three-quadrant
interval, implying greater developmental stabil¬
ity of the symmetrical condition.

DIFFERENCES OF POSITION AND
SPREAD

The general features of biological variation
described in previous pages have been discov¬
ered by observation and experiment in a very
large number of situations. It is appropriate now
to consider how to interpret a particular
observed difference, the basis of which is not yet
understood. The approaches to this problem

given here are largely concerned with differ¬
ences between individuals or groups of individu¬
als for continuous variables, but similar princi¬
ples can be applied to quasicontinuous and dis¬
continuous variables and to differences operat¬
ing within individuals. A later section deals with
the analysis of differences between groups for
discrete variables.

Sampling
It is usually quite impractical to study an entire
population or every example of a particular
biological situation. Investigators must there¬
fore be content to take samples; but how rep¬
resentative of an entire population, or every
situation of a particular type, is a sample likely to
be?

Suppose that the group of teeth in Fig. 2.1 b
represents a complete population from which
samples are drawn at random. The distributions
of five random samples of ten teeth and five
random samples of fifty teeth from this 'popula-

45% 55%

^4 Quadrants affected
4- 0.13ct

frso;:

1.28-T

1.65n

Underlying scale of continuous variation

Fig. 2.4. The assumed normal
distribution of the group of rice
rats from Table 2.4 on an

underlying scale of continuous
variation divided by four
thresholds. The distance of_each
threshold from the mean. X. is
shown in terms of cr, the standard
deviation, as are the sizes of the
intervals between adjacent
thresholds.
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Fig. 2.5. Samples of ten and fifty taken at random from
the group of teeth shown in Fig. 2.1 b. The mean of the
group from which the samples were drawn is shown by
the broken vertical lines, and the samples means are

shown by arrows. The average spread of samples of ten
is 12.0 units, and the average spread of samples of fifty
is 16.4 units of the scale. 1 unit = 10 ;xm.

tion' are shown in Fig. 2.5. The most obvious
finding is that the means of the large samples
agree much more closely with the mean of the
whole group than the means of the small sam¬
ples. In other words, the standard deviation of
sample means from the true mean of the group is
smaller for larger samples. The standard devia¬
tion of sample means from the true mean of a
population is known as the standard error of the
mean, and is symbolized by <T\. If the popula¬
tion is normally distributed (or nearly so), the
means of samples of a given size are also nor¬
mally distributed. The standard error is there¬
fore exactly the same kind of statistic as the
standard deviation. For instance, if in the pres¬
ent example each sample were composed of only
one tooth, the standard error would be equal to

the standard deviation, cr, of teeth in the group
as a whole. It can be shown that the standard
error decreases from this maximum value with

increasing values of /n, the square root of sam¬
ple size. "Die standard error is therefore given by
ox = cr/vn.
The standard error is used in attaching a level

of reliability to the mean of a sample as an indi¬
cator of the true mean of the population from
which the sample was drawn. The larger the
standard error, the more unreliable the sample
mean. Reliability is expressed by giving a range
of values together with an associated level of
confidence that the true mean of the population
lies within the range. This can be accomplished
using Table 2.3, where the values for standard
deviations also apply to standard errors (because
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the standard error is itself a standard deviation,
that of sample means). The implication of Table
2.3 in this context is that when a large number of
samples is taken from a given population their
means fall, for example, within the range -crx
to +<rx(that is, one standard error on each side
of the true mean) 68.2% of the time. The con¬
verse must also apply, namely that the true mean
lies somewhere within one standard error on

each side of the sample mean, also in about
sixty-eight samples out of every 100. A greater
level of confidence can be given if the range is
widened. The true mean lies within two standard
errors on each side of the sample mean in about
ninety-five samples out of every 100. or within
three standard errors in very nearly all samples
(Table 2.3). Thus, once a value for cr* has
been calculated from a sample, the reliability
of the sample mean can be expressed in terms
of ranges on the scale of measurement.
A further point to notice in Fig. 2.5 is that the

average spread of each sample on the scale, the
distance on the scale between the smallest and

largest items in the sample, is smaller for small
samples than for large samples. Thus, whereas
the mean of a sample is an unbiased estimate of
the true mean of the population from which it
comes, the standard deviation calculated from a

sample is biased, always tending to underesti¬
mate the true spread of the population. This
underestimation becomes more marked as

sample size is reduced.
It has already been shown that the standard

deviation of a complete group is given by cr =
v' SxVn.but it is apparent now that if this for¬
mula is applied to a sample it will underestimate
the true standard deviation of the population
from which the sample was drawn. What is
needed is some sort of correction for this bias
that will have a larger effect in smaller samples.
It can be shown that a good correction for bias is
achieved by substituting n—1 for n, so that the
corrected, unbiased estimate of the standard
deviation of a population, made from a sample
of size n, is given by cr = v 2xs/(n-l). The
larger the sample the less effect the correction
will have.
The quantity n—1 is known as the number of

degrees of freedom. The reason for this may be
illustrated as follows. Suppose that the mean of
ten measurements is 100. Values for nine of
these can be freely assigned; that is, each of nine
measurements could theoretically take on any
value from a very large negative number to a
very large positive number, but the tenth can
only have the value that makes the mean of all

15

the measurements equal to 100. In a sample of n
items there are therefore n—1 degrees of free¬
dom.

Variance

As already mentioned, the square of the stan¬
dard deviation, cr®, is known as the variance. It is
also sometimes symbolized by V. (The symbols
(t2 and V are normally used in slightly different
contexts, but this distinction is not made here).
The unbiased estimate of the variance of a popu¬
lation, made from a sample of size n, is therefore
given by V = cr® = 1x2/{n— 1). The variance, like
the standard deviation, is an indication of spread
on the scale, but the variance has particular
properties that make it useful for certain kinds of
statistical analysis. The most important of these
properties is the additive nature of the variance.
This is best explained using an example. The
diameter of the crown of a tooth is dependent
both on the width of the dentine core and on the
combined thickness of enamel on opposite faces
of the crown. The width of the dentine core and
enamel thickness vary from one individual to
another, so there is a variance for dentine width,
say Vd, and a variance for enamel thickness, say
Ve. Assuming Vd and Vc to be independent of
each other, the variance of crown diameter, say
Vc, which is equivalent to the variance of the sum
of the two measurements, symbolized by Vd+e, is
simply the sum of the two variances. Thus Vc =
Vd+e = Vd + V;. What may appear surprising is
that the variance of the difference between
dentine width and enamel thickness, symbolized
by Vd_e, is the same, that is, Vd_e = Vd +- Ve. The
reason for this is that two sources of variation
contribute to the difference between dentine
width and enamel thickness, as well as to their
sum. These properties of variance are referred to
later.

Differences between samples
There are two common kinds of statistical tests.
First, there are tests for deciding whether a par¬
ticular sample is likeiy to have been produced by
the same general set of circumstances as that
prevailing in a known situation; in other words,
whether the sample is likely to have come from a
known 'population'. Second, there are tests for
deciding whether two samples are likely to be
results of common influences, even though the
nature of these influences may not be under¬
stood; or, put another way, whether the two
samples are likely to have come from a single
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'population'. In the sense used here and in the
rest of this chapter, 'population' refers to groups
not only of living individuals but also, for exam¬
ple, of fossil jaw bones or red blood cells.

THE NULL HYPOTHESIS

The samples in Fig. 2.5 obviously differ from
each other. However, since they have all been
made by random choice of individual teeth from
the same group of third molars, the differences
between them are due to nothing more than
random sampling variation. Another way of say¬
ing this is that the differences are due to chance
alone. The procedure for interpreting a differ¬
ence of unknown origin, for example a differ¬
ence between two samples, is to start with the
hypothesis that the two samples are in fact
derived from the same population. This is known
as the null hypothesis, the hypothesis that there
is no 'real' difference between the samples. A
statistical test is then made, and if the result
shows that the difference can reasonably be
accounted for by chance alone the null
hypothesis is accepted; that is, it is concluded
that the samples come from the same source.
Alternatively, if the test indicates that the
observed difference is unlikely to have arisen by
chance alone the null hypothesis is rejected and
the difference between samples is said to be
statistically significant. When this occurs, it is
reasonable to accept that the difference is due, at
least in part, to a real difference of circumstances
that produced the different samples. Some sim¬
ple statistical tests will now be described.

DIFFERENCES INVOLVING MEANS

Between the mean of a single sample and
a known value

Suppose that an investigator wants to know
whether the mean. X, of a sample is significantly
different from a value A, the known mean of a

population. In other words, in terms of its posi¬
tion on the scale, is the sample likely to have
come from this population? To answer this ques¬
tion the observed 'error', the difference between
the sample mean and the mean of the known
population, is compared with the standard error
associated with the sample mean. (It will be
recalled that the standard error is the difference
from the true mean of the source population that
is exceeded by sample means 31.8% of the
time—Table 2.3). Under the null hypothesis, the
population from which the sample was drawn is
taken to be the known population itself. The

investigator can therefore decide whether the
observed eiror, in terms of the standard error
assumed to apply to the known population, is
small enough to be accounted for by chance
alone. If so, he must conclude that there are no

grounds for suspecting that the given sample has
come from any other than the known popula¬
tion.
The ratio of the observed error to the standard

error is distributed in the same way as a statistic
known as Student's t; 'Student' being the
pseudonym of W. S. Gosset, who introduced the
statistic in 1908. Thus, t = FX-aI/o-x, where
Fx-A| stands for the absolute value of the
difference between the sample mean and the
mean of the known population, a positive value
no matter whether X is larger or smaller than A.
The larger the difference between the sample
mean and the mean of the known population the
larger the value of t. Tables have been drawn up
to show values of t for different degrees of free¬
dom and different levels of confidence. The t

values for. say, the '5% level' (the 5% level of
significance, or the 95% confidence limits) are
those which would be exceeded by chance alone
in only 5% of samples. In other words, the mean
of one in every twenty samples taken from the
same population, when tested against the popu¬
lation mean, is expected to give a t value greater
than that shown for the 5% level and the approp¬
riate number of degrees of freedom. Yet another
way of saying this is that the probability of this
difference occurring by chance alone is less than
5%, symbolized by P < 0.05. Samples giving
probabilities of less than 5% are generally
regarded as being significantly different from the
population against which they are being tested,
and are therefore accepted as coming from a
different source. Table 2.5 lists values of t

for the 5% and 1% levels of significance (the
95% and 99% confidence limits) and for a
few selected degrees of freedom.

• Between the means of two samples
Suppose now that an investigator is comparing
two samples, one with the other, and wants to
know whether the difference between their
means can be attributed to chance alone. In
other words, is it likely that the two samples have
been drawn from the same source? It is relevant
here to have in mind the kind of distribution that
results from plotting the difference between two
sample means for a large number of pairs of
samples drawn at random from the same popula¬
tion, a distribution that expresses the relative
frequency with which differences of various size
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Table 2.5. Values of t for two levels of significance and
a few selected degrees of freedom.

Probability of a larger
t value occurring by

chance alone

Degrees of freedom 5% (0.05) 1% (0.01)

1 t = 12.71 t = 63.66
2 4.30 9.93
3 3.18 5.84
4 2.78 4.60
5 2.57 4.03
6 2.45 3.71
7 2.37 3.50
8 2.31 3.36
9 2.26 3.25
10 2.23 3.17
20 2.09 2.85
50 2.01 2.68
100 1.98 2.63

occur. If the population is normally distributed
(or nearly so), so that the distribution of means
of samples of a given size is also normal, the
difference between sample means is normally
distributed too. Consequently, a standard devia¬
tion of the difference between sample means,
known as the standard error of the difference,
can be calculated. The investigator can therefore
assess the difference between his two samples in
a way similar to that used for testing a single
sample against a known population; by compar¬
ing the observed difference between sample
means with the standard error of the difference.
One standard error (of the difference) is the
difference that would be exceeded in about

thirty-two pairs of samples out of every 100
drawn from the same population (Table 2.3).
The standard error of the difference between

sample means is calculated as follows. The var¬
iance of sample means is the square of the stan¬
dard deviation of sample means (the square of
the standard error), that is. cr*2- Because of a
property of variances already referred to. the
variance of the difference between two sample
means, symbolized by crd2, is given by the sum of
the variances ofsample means. Thus, crd2 = crxi2
+ <7x22. where the variances o*xi2 and crx22 are
the squares of the two standard errors, crxi
and ctx2, calculated for the two samples being
compared. The square root of the variance of the
difference, crd, is the standard deviation of the
difference between sample means, and this is the
standard error of the difference. The ratio of the
observed error (the difference between sample
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means) to the standard error (of the differ¬
ence)^ again distributed as Student's t. Thus,
t = 1X1 — X 21 /crd. The appropriate number
of degrees of freedom is ni + n2-2, where nt and
n2 are the sizes of the two samples being com¬
pared.

DIFFERENCES BETWEEN VARIANCES

A comparable test can be applied to variances.
What is required is simply the ratio of the two
variances being compared. The larger variance is
always divided by the smaller so that the var¬
iance ratio, symbolized by F, is always greater
than unity. Tables of F values are available for
different levels of significance and various
degrees of freedom. Two different degrees of
freedom are required for each comparison, nt — 1
and n2— 1, where n, and n2 are the sizes of the
groups being compared. Table 2.6 shows values of
F for the 5% and 1% levels and for a few
selected degrees of freedom. The F values for,
say, the 5% level are those which would be
exceeded by chance alone in only one out of
every twenty pairs of samples drawn from the
same population.
As an example, consider again the two groups

of mouse lower third molars illustrated in Fig.
2.1. For the two groups n = 139 and 141. and cr2
= 4.5 and 12.3. The variance ratio is given
by Fi39 = 12.3/4.5 = 2.73. Reference to Table
2.6 shows that this ratio exceeds the value given
for F^SS at the 1% level (that is. the value given
for degrees of freedom closest to but less than
139 and 141), so the probability of this differ¬
ence occurring by chance alone must be less than
1%. There is therefore good reason to believe
that the variances of the two groups have been
produced by sets of biological circumstances that
are fundamentally different.

Problems of scale

Table 2.7 shows the mean and standard devia¬
tion of upper first molar width in one human and
one mouse sample. Measured in millimetres, the
standard deviation for the mouse molars is less
than one tenth that for the human molars. Does
this mean that upper first molars vary much less
from one mouse to another than they do from
one person to the next? In purely numerical
terms this is certainly so. However, a given dif¬
ference between two teeth, say a difference of
0.2 mm, has a much greater biological implica¬
tion in mice than it does in man. This is a differ¬
ence of four standard deviations in the quoted
mouse sample, one that would be exceeded only
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Table 2.6. Values of F for two levels of significance and a probability of 1%; that is, values of F larger than those
few selected degrees of freedom. Values in the upper shown occur by chance alone only 5% and 1% of the
row for each number of degrees of freedom correspond time,
to a probability of 5%, and those in the lower rows to a

Degrees of
freedom Degrees of freedom for larger variance
for smaller
variance 5 6 7 8 9 10 20 50 100 200

5
5.05 4.95 4.88 4.82 4.78 4.74 4.56 4.44 4.40 4.38
10.97 10.67 10.45 10.27 10.15 10.05 9.55 9.24 9.13 9.07

t.- 4.39 4.28 4.21 4.15 4.10 4.06 3.87 3.75 3.71 3.69
0 8.75 8.47 8.26 8.10 7.98 7.87 7.39 7.09 6.99 6.94

*7 3.97 3.87 3.79 3.73 3.68 3.63 3.44 3.32 3.28 3.25
7 7.46 7.19 7.00 6.84 6.71 6.62 6.15 5.85 5.75 5.70

Q 3.69 3.58 3.50 3.44 3.39 3.34 3.15 3.03 2.98 2.96
O 6.63 6.37 6.19 6.03 5.91 5.82 5.36 5.06 4.96 4.91

r\ 3.48 3.37 3.29 3.23 3.18 3.13 2.93 2.80 2.76 2.73
y 6.06 5.80 5.62 5.47 5.35 5.26 4.80 4.51 4.41 4.36

10
3.33 3.22 3.14 3.07 3.02 2.97 2.77 2.64 2.59 2.56
5.64 5.39 5.21 5.06 4.95 4.85 4.41 4.12 4.01 3.96

20
2.71 2.60 2.52 2.45 2.40 2.35 2.12 1.96 1.90 1.87
4.10 3.87 3.71 3.56 3.45 3.37 2.94 2.63 2.53 2.47

50
2.40 2.29 2.20 2.13 2.07 2.02 1.78 1.60 1.52 1.48
3.41 3.18 3.02 2.88 2.78 2.70 2.26 1.94 1.82 1.76

100
2.30 2.19 2.10 2.03 1.97 1.92 1.68 1.48 1.39 1.34
3.20 2.99 2.82 2.69 2.59 2.51 2.06 1.73 1.59 1.51

200
2.26 2.14 2.05 1.98 1.92 1.87 1.62 1.42 1.32 1.26
3.11 2.90 2.73 2.60 2.50 2.41 1.97 1.62 1.48 1.39

rarely if pairs of teeth were drawn at random
many times from this group of mice; whereas it
represents less than one third of a standard
deviation in the human sample, a difference that
would be exceeded frequently if pairs of teeth
were drawn at random many times from this
human group. Any biological deductions made
from the spread of a distribution on the original
scale of measurement must therefore take into
account the position of the distribution on the
scale. The usual way in which this is done is to
indicate the level of variability by the coefficient
of variation, the standard deviation in terms of
(divided by) the mean. When expressed as a
percentage the coefficient of variation is there¬
fore given by CV% = 100cr/X. Table 2.7 shows

Table 2.7. The mean (X). standard deviation (cr) and
coefficient of variation (CV%) for the width
(buccolingual diameter) of upper first molars in one
large human sample and one large mouse sample.
Measurements for both samples were made in
millimetres.

Sample X u cv%

Human 12.05 0.71 5.9
Mouse 1.06 0.05 4.7

that the coefficients of variation of the human
and mouse groups, although not the same, are
very much more alike than the standard devia¬
tions. For their size, mouse molars therefore
vary among themselves about as much as human
molars.
Sometimes comparable scale effects operate

within a single group spread over a wide range of
the scale, resulting in an asymmetrical or skewed
distribution with, for positive measurements, the
highest point of the distribution curve shifted to
the left of centre. Logarithmic transformation of
the measurements may be effective in eliminat¬
ing skewness to produce a more or less normal
distribution, allowing statistical procedures
based on the normal curve to be applied. Other
kinds of transformation may be appropriate
under other circumstances.

VARIATION FROM MORE THAN
ONE SOURCE OR WITH MORE
THAN ONE EFFECT

A single variable may be subject to more than
one influence. As already mentioned, tooth
crown size is dependent both on the size of the
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dentine core and on enamel thickness. However,
restricting considerations to the outside of the
crown alone provides no information about the
dentine and enamel of which it is composed.
Demonstration of a significant difference, for
example between two groups for tooth size,
therefore provides no information about the
sources of variation that are responsible for the
difference, or the relative sizes of their contribu¬
tions. Conversely, two or more variables may be
affected by a single common source of variation.
The size of the dentine core and the thickness of
enamel are probably dependent to some extent
on common nutritional and metabolic factors,
but studying the dentine and enamel separately
will not disclose such an association between
them. Statistical methods are therefore available
for assessing the relative importance of different
sources of variation, and for analyzing the way in
which two or more characters vary together.
Before going into this in a little more detail, it

should be mentioned that if dentine width and
enamel thickness are found to have a common

source of variation, the equation Vc = Vd + V„
referred to earlier, does not apply (unless the
common source can be shown to have a rela¬

tively small effect). This is because the commom
source variance contributes to both Vd and V„
causing it to be represented twice instead of only
once in the right hand side of the equation. The
size of Vc therefore becomes progressively smal¬
ler than Vd + Vc as the common source variance
increases.

Components of variance
In many other situations too, the total observed
variation can be partitioned into components
associated with different sources of variability.
For example, two examiners may be scoring den¬
tal caries in children of the same age group at a
number of different schools. To check on the

accuracy of the scoring procedure they may
choose to score each child on two separate occa¬
sions. If all caries scores collected in this way
were considered together there would be an
overall variance of caries score, but differences
between scores may have arisen for three differ¬
ent reasons. First, there may be a real difference
between schools, perhaps due to a preponder¬
ance of different dietary habits. Second, there
may be a difference between examiners, one
examiner consistently recording higher scores
than the other because of slightly different scor¬
ing criteria. Third, the caries score for each indi¬
vidual may not be exactly the same for the two
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occasions on which it was recorded, a difference
due to imperfect repeatability.
The relative importance of different sources

of variation in a situation of this kind can be
assessed by what is known as analysis of var¬
iance. As already shown, the unbiased estimate
of the variance of a population, made from a
sample of size n, is given by V = cr2 = 2x2/(n—1).
The quantity 2x2, the sum of squared deviations
from the mean, is often referred to as the sum of
squares. The variance is therefore equal to the
sum of squares divided by the number of degrees
of freedom. Suppose that there are s samples
each composed of n items, so for the sake of
simplicity only two possible sources of variation
are being considered, 'within sample' and 'bet¬
ween sample' variation. Under the null
hypothesis there is no real difference between
samples; in other words the assumption is that
they have been drawn from the same population.
Sums of squares and degrees of freedom are first
computed for each sample separately. For each
of the s samples, this gives a value for 2x2 (the
sum of squared deviations from their own sam¬
ple mean) with n—1 degrees of freedom. The
variance within samples, Vw, is the sum of ail
these within sample sums of squares, symbolized
by 22x2, divided by the sum of all their degrees
of freedom, s(n—1). Thus, Vw = 22x2/s(n—1).
Assuming the null hypothesis to be correct, this
observed within sample variance provides an
estimate of cr2, the true variance of the popula¬
tion from which the samples were drawn. It has
already been shown that the variance of the
means of samples drawn from the same popula¬
tion is given by <t\ = cr2/n. Thus, if the null
hypothesis is correct, the observed variance of
sample means, V^, should not differ signific¬
antly from Vw/n, the expected variance of sam¬
ple means if all samples come from the same
population. This difference can be tested using
the variance ratio F = Vx : Vw/n = nVx/Vw,
with s — 1 degrees of freedom associated with the
variance of sample means and s(n— 1) degrees of
freedom associated with the within sample var¬
iance. If the F test shows that there is a signific¬
ant difference between these variances it can be
concluded likely that the samples have been
drawn from more than one population with
means that differ from each other.
The difference between the observed variance

of sample means, and that predicted by the
null hypothesis, Vw/n, is the between sample
component of variance, Va. Thus. VB = Vx —

(Vw/n). Once the null hypothesis has been
rejected it is concluded that individuals are dif-
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ferent partly because of within sample variation
and partly because of variation between sam¬
ples. The relative size of these two components
indicates the relative importance of within and
between sample sources of variation. Other
forms of analysis of variance can be applied to
more complex situations where several sources
of variation are considered at the same time.

Regression and correlation
So far only a single variable, symbolized by X,
has been considered. Suppose now that there is
some reason for studying two variables, X and Y,
at the same time. For example, does an indi¬
vidual with a large upper jaw also have a large
lower jaw; and likewise, does a small upper jaw
go with a small lower jaw? In more general
terms, do the sizes of upper and lower jaws tend
to vary together from one individual to another?
Consider how the two variables X and Y might

be related. The simplest (and luckily the most
frequent) kind of relationship can be rep¬
resented graphically by a straight line. It could
be that Y is simply proportional to X. so that Y is
equal to X multiplied by some unknown con¬
stant, say b. In such a case Y = bX. For example,
if b = 1 the value ofY is always equal to the value
ofX. ifb = 2 the value ofY is always twice that of
X, and if b = £ the value of Y is always half that of
X. The value of b is known as the slope of the line
(Fig. 2.6a). If the relationship between X and Y
is always exact, only one pair of corresponding X
and Y values is required to find b (from the
equation b = Y/X). However, this is extremely
unlikely. The general trend of the association
between X and Y may be described by a straight
line, but the association is almost never perfect

so that different X,Y pairs usually give different
values of b. A series of X and Y values is there¬
fore required to arrive at a slope for the line that
is representative of the situation as a whole.
Furthermore, straight lines expressing the

relationship between two variables do not
always pass through the origin, the point corres¬
ponding to zero on both axes of the graph. The
full equation for a straight line is given by Y =
bX + a, where a is the point where the line
intersects the Y axis (Fig. 2.6b). Values for both
a and b are required to describe a straight line
relationship fully. The question is how to arrive
at values of a and b for a sample of X and Y
measurement pairs. The values required are
those specifying the "best straight line' for the
particular set of data. One thing that can be seen
intuitively_is that this line must pass through the
point (XY), corresponding to the means of X
and Y values, but a second point through which
the line passes must be known before the line can
be drawn.

Returning for a moment to the case of a single
variable, X, it can be shown that the sum of
squared deviations of individual measurements
from any point selected on the scale is a
minimum when the selected point is at the mean,
X. If deviations are taken from any other point
on the scale their sum is larger than £xs. This
principle of least squares is used to arrive at the
best fitting straight line. The value of b, the
regression coefficient, for the best straight line is
known as the regression of Y on X_and is given
by b = lxy/Zx2, where x = X - X as before,
and where y = Y - Y. The quantity Ixy is the
sum of products of the deviations x and y for
each pair of X and Y measurements. Since the
value of b can be calculated in this way, and

Fig. 2.6. Different straight line
relationships between two
variables. X and Y. The slope of
the line is given by b.
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since X and Y are known, the value of a can be
found from the equation a = Y — bX. There
are now two points through which the best
straight line is known to pass, (X.Y) and
(X=0, Y=a), so the line can be drawn. The line
produced in this way is that from which the sum
of sq uared deviations of Y values is at its lowest.
The null hypothesis here is that Y is unrelated

to X. In other words, variation in Y has nothing
to do with variation in X, and the true value of
the regression coefficient, b, is zero; but how is
an investigator to know whether the value of b
he has calculated reflects a real relationship be¬
tween X and Y or whether it occurred by chance
alone in a situation where no real relationship
existed? The level of confidence in the estimated
value being significantly different from zero is
taken from tables of F values, the same tables
that are used to test variance ratios. The value of
F is given by

P _ b!xy(n-2)
2y2 - b2xy

where n is the number of pairs of X and Y
measurements. One degree of freedom is associ¬
ated with the numerator and n—2 degrees of
freedom with the denominator. The standard
error of the regression coefficient, given by
b/vT\ can be used to test for a difference bet¬
ween regression coefficients calculated for two
samples.
The regression coefficient indicates the direc¬

tion (in graphical terms) of the association bet¬
ween X and Y rather than its strength. The most
usualway ofexpressing the strength of an associa¬
tion is by means of the correlation coefficient.
This is a quantity that always falls between -1
and +1. A value of zero means that there is no

association; a value of +1 means that there is
perfect association, with Y increasing as X
increases; and a value of -1 means that there
is perfect association but that Y decreases
as X increases. Different correlation situations
are illustrated in Fig. 2.7. The correlation coeffi¬
cient, symbolized by r, is given by

Ixv

v-'IHp"
The level of confidence that a calculated value of
r is significantly different from zero is taken from
special tables drawn up for this purpose (Table
2.8). There are also ways of testing for a differ¬
ence between correlation coefficients calculated
from two samples of unknown origin, but these
are too involved to be mentioned here.
There are three kinds of reason for a signific¬

ant correlation coefficient, and the investigator
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must use whatever other facts are available to

decide which one applies in any given situation.
The first is that the association stems from a

direct cause and effect relationship as, for
instance, between physical exertion and heart
rate. Second, the two variables may not be
directly related but affected by a common influ¬
ence. For example, human development can be
divided into stages according to either the state
of ossification of the skeleton or the degree of
calcification of the forming teeth. The develop¬
mental stages defined by ossification are highly
correlated with those based on dental calcifica¬
tion, but not because the skeleton influences the
dentition directly, or vice versa. Both are
affected by the general body changes associated
with growth and development. Third, the associ¬
ation may be entirely spurious, with no causal
relationship between the two variables, either
direct, or indirect through the operation of a
common influence. This spurious association is
what the significance test is designed to reduce to
an acceptable level of probability.

DIFFERENCES OF FREQUENCY

Populations or groups of individuals may be
characterized by the frequencies of the different
forms of discrete variables (see, for example,
Table 2.1). There are two kinds of question that
can be asked here, analogous to those for which
the two kinds of t test are used. The first is, are
the frequencies in a sample compatible with the
null hypothesis that the sample has come from a

Table 2.8. Values of the correlation coefficient at the
5% and 1% levels of significance. For an observed
correlation to be regarded as significantly different
from zero it must be equal to or larger than the value
shown for the chosen level of significance and the
appropriate number of degrees of freedom. The table
applies to negative as well as positive values.

Degrees of 5% 1%
freedom (0.05) (0.01)

5 0.75 0.87
6 0.71 0.83
7 0.67 0.80
8 0.63 0.77
9 0.60 0.74
10 0.58 0.71
20 0.42 0.54
50 0.27 0.35
100 0.20 0.25
200 0.14 0.18
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(a) (b)

•

(c) X

Fig. 2.7. 'Scatter diagrams' showing different kinds of
association between two variables. X and Y. (a) shows
perfect positive association, with r = 1 (and b = 1); (b)
shows strong positive association, with r between 0.8

known population where the overall frequencies
of the different forms have been established?
For example, prior knowledge leads to the
expectation of a 1:1 female to male ratio in
human populations. The ratio of females to
males in samples of human populations should
therefore not differ significantly from a 1:1 ratio
unless there are factors involved in making up
the samples that tend to alter the ratio in one
direction or the other. Suppose that in a class of
dental students nineteen are females and

thirty-one are males. Some of us may be all too
ready to ascribe this difference to superior
academic achievement of males, and others to

poorer opportunity for females. (There are, of
course, other possible reasons for a difference
also.) However, before jumping to any rash con¬
clusion, the data should be properly analyzed to
see if there is any justification for accepting that
the difference from a perfect 1:1 ratio is likely to
be due to anything other than chance.
Table 2.9 shows how such an analysis is car¬

ried out. The observed numbers. O, are nineteen
females and thirty-one males, with a total of

(d) X

and 0.9 (and b = 1); (c) shows perfect negative
association, with r = -1 (and b = -1); and (d) shows
no association, with r = 0.

fifty. The expected numbers, E. are based on the
expected proportions (1:1) and the total (fifty),
and so are twenty-five females and twenty-five
males. The appropriate number of degrees of
freedom is equivalent to the number of
categories whose frequencies can be assigned
arbitrarily.'For example, in this case the fre¬
quency of females could take on any value, but

Table 2.9. The calculation of chi-square expressing
the difference between observed and expected
numbers. The symbol x? means chi-square with one
degree of freedom. The probability of this particular
difference occurring by chance alone is greater than
5%, and the difference is therefore not regarded as
statistically significant.

Females Males Total

Observed (O) 19 31 50

Expected (E) 25 25 50
O-E -6 6

(O-E)3 36 36

(0-E)3,'E 1.44 1.44 2.88

Xf = X((0-E)J/E) = 2.88 P>5%
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once the female frequency is decided the fre¬
quency of males is fixed by the total. In these two
categories there is therefore only one degree of
freedom. (More than two categories are allowed
in such a test, and the number of degrees of
freedom is always one less than the number of
categories.) The sum of the squared differences
between observed and expected numbers, each
squared difference expressed relative to the
expected number for its own category, is given
the symbol x2 (chi-square). Thus, chi-square is
given by x' ~ 2((0—E)2/E). Tables of chi-
square values are available for different degrees
of freedom and different levels of significance.
The values of x2 for. say, the 5% level (the 95%
confidence limits) are those which would be ex¬
ceeded by chance alone in one out of every
twenty samples drawn from the known popula¬
tion. Samples giving larger values are therefore
regarded as significantly different from the ex¬
pected proportions against which they are being
tested, and are accepted as coming from a differ¬
ent source. Values of x2 f°r the 5% and 1%
levels, and for a few selected degrees of freedom,
are shown in Table 2.10. It can be seen that the
value calculated from the example given in
Table 2.9 would be exceeded by chance alone
more often than 5% of the time. The difference
between the sex ratio in the class of students and
the expected 1:1 ratio is therefore not statis¬
tically significant, and there is no reason to sup¬
pose. on statistical grounds, that anything other
than chance is responsible for the difference.
The second question is, given the frequencies

of the different forms of a discrete variable in
two samples, is it likely that the two samples
have come from the same source? For example,
suppose that a new treatment for a particular
disease has been developed, and everyone is
anxious to know whether it is better than the old
treatment. Patients are assigned at random to

Table 2.10. Values of x2 for two levels of significance
and a few selected degrees of freedom.

Probability of a larger
X1 value occurring by

chance alone

Degrees of 5% 1%

freedom (0.05) (0.01)
1 X2 = 3.84 X2 = 6.63
i 5.99 9.21
3 7.81 11.34
4 9.49 13.28
5 11.07 15.09
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the two treatment groups and the results of the
treatment, in terms of the numbers of patients
cured and uncured. are set up in the form of a
contingency table, as shown in Table 2.11. The
contingency table in Table 2.11 is a 'two-by-two'
table, that is, it has two rows and two columns,
but more than two rows and two columns are

allowed. For instance, if three treatments were

being tested there would be three rows, and if
some of those individuals left uncured suffered a

toxic reaction to treatment a third column could
be added. The number of degrees of freedom in
a contingency table is given by (R-1)(C-1),
where R is the number of rows and C is the
number of columns. The numbers of patients in
Table 2.11 have been represented by symbols.
Using these sympols, chi-square is given by

2 _ n(ad—be)2
(a+b) (c+d) (a+c) (b+d)

Values that exceed those given for the 5% level
are generally taken to indicate that the two sam¬
ples have been drawn from different sources; in
other words, in this case, the treatments had
different effects.

Table 2.11. A 'two-by-two' contingency table for
calculating chi-square that expresses the difference
between two samples. The symbols a. b. c and d stand
for different numbers of patients.

Patients Patients
cured not cured Total

Old treatemt a b a+b
New treatment c d c+d
Total a+c b+d a-!-b+c-i-d = n

V1 —
n( ad—be)1'

Xi
(a+b) (c+d) (a+c) (b+d)

CONCLUDING REMARKS

Whenever anything is measured numerically,
some procedure is required for giving meaning
to the numbers obtained. Statistical tests have
been devised for this purpose. Statistics is con¬
cerned with probabilities that are invariably
greater than zero (complete impossibility) and
less, than unity or 100% (absolute certainty).
Statistical tests can therefore neither prove
nor disprove anything absolutely. They can
only indicate the relative likelihoods of
alternative explanations. It is up to the
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investigator to decide what level of probability
he will regard as providing acceptable evidence
for or against a particular hypothesis.
There are two problems for the user of statisti¬

cal procedures. The first is the choice of an
appropriate test for the situation in hand, and
the second is the interpretation of the results of
the test. The tests dealt with in previous pages
are among the simplest and most commonly
used in biology, and it is hoped that the explana¬
tions given are sufficient to provide the reader
with some insight into a few relevant fundamen¬
tals of statistics. There are. however, many more
tests in use. the application and interpretation of

which may be difficult for anyone other than a
professional statistician. This should not deter
the biologist from using more sophisticated tests,
since professional statisticians can easily be con¬
sulted when all but the simplest of procedures
are being contemplated.
Finally, it may encourage the critical faculties

of the reader to ponder on the following. Every
year in the research literature thousands of
results significant at the 5% level are quoted and
taken as evidence of real differences. Five out of

every hundred of these are suggesting a differ¬
ence where no real biological difference exists.
Which results are the misleading ones?
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Genetics

Genetics, in the classical sense, is concerned with
the contribution to biological variation made by
inherited differences between individuals. On a

broader scale it is also concerned with differences
between populations, as well as the changes that
occur in the genetic characteristics of the same
population from one generation to the next. At a
finer level, genetics includes the study ofhow gene
activity is controlled within individuals to produce
differences of structure and physiology between
various parts of the body. Some of these aspects
are dealt with in Book 1. The aim of this chapter is
to give a general overall view of how inherited
differences, which are fundamentally biochemical,
contribute to the variation observed between
individuals and populations.

GENES. CHROMOSOMES AND
GENETIC VARIATION

Genes are determinants of hereditary character¬
istics. Each gene is an item of stored information
that either specifies the structure of a particular
substance or can be used to control the activity of
other genes. Genes also have the capacity for
accurate self replication. The information con¬
tained in them can therefore be passed unaltered
from one cell generation to the next, and from a
parent to its offspring. It is important to realize
that the existence of genes can only be inferred
from variation in the characters they produce.

Genes and chromosomes

The majority of known genes are located in the
chromosomes. The earliest and most compelling
evidence for this was the discovery that the
transmission of most inherited characters from
one generation to the next parallels the trans¬
mission of the chromosomes themselves. The

remaining few hereditary characters do not
behave in this way. and it is concluded that these
are controlled by non-chromosomal genes. Non-

chromosomal inheritance is not as well under¬
stood as chromosomal inheritance and is of little
relevance in the present context. The following
discussions are therefore concerned only with
chromosomal genes.

Gene is a rather indefinite term and it is often
better to be more specific. A locus is the site
occupied by a gene. Loci are arranged linearly
along each chromosome. An allele is one of a
number of alternative forms that a gene may take
and different forms of the same gene are said to be
allelic. For example, the MN blood group locus in
man may be occupied by either an "M substance'
producing allele or an "N substance' producing
allele. Such allelic differences provide the basis for
the genetic component of variation of any charac¬
ter. Conversely, it is the possession of common
alleles, derived from a common ancestor, that
contributes to the resemblance between relatives.
In biochemical terms, an allele is a unique

nucleotide sequence and its locus is the position of
this sequence in the very much longer linear series
of nucleotides of a chromosome's DNA. The
difference between one allele and another at the
same locus may be limited to only one nucleotide
position in the sequence, or it may occur at more
than one position.
The body is composed of two classes ofcells: the

somatic cells, which form the substance of the
individual, and the germ cells or gametes, which
are the individual's potential contribution to the
next generation. The nucleus of each human
somaticcell normally contains 23 pairs ofchromo¬
somes. One member of each pair is contributed by
each parent so that each pair can be said to
comprise a maternally derived and paternally
derived chromosome. The two members of a pair
are known as homologous chromosomes or
homologues. One of the 23 pairs is a pair of sex
chromosomes, and members of the other 22 pairs
are called autosomes. Each gamete contains only
one member of each chromosome pair, and its
chromosome complement is known as haploid. At
fertilization one gamete from each parent unite to

47



408

Chapter 248

form a single-celled zygote that subsequently
develops into a new individual. As the zygote
receives one member of each chromosome pair
from each parent it is able to start its development
with the full somatic, or diploid, complement of
chromosomes.
The two members of each pair of autosomal

chromosomes are potentially identical in that the
sameloci arepresentin the same sequence on both.
The only differences are allelic. Each pair of
autosomes is normally completely different from
each of the others so that there are only two
homologous autosomal loci of each type in a
diploid cell, one on each member of a chromo¬
some pair. If both alleles at a given locus are
identical (it is usual to use 'locus' to refer to a pair
of homologous loci) the individual is known as a
homozvgote (homozygous at that locus for that
allele), and if the alleles are different the individual
is known as a heterozygote (heterozygous at that
locus).

The sex chromosomes and X-linked genes

The sex chromosomes differ from the autosomes

in that there are two quite different forms. One is
the X-chromosome. which can be regarded as
comparable to an autosome. Loci carried by the
X-chromosome are said to be X-linked (or sex-

linked) but are not necessarily directly concerned
with sexual differentiation. The other is the much
shorter Y-chromosome. All viable individuals

possess at least one X-chromosome. The sex of an
individual is dependent on whether the other
member of the sex chromosome pair is another X-
chromosome. associated with femaleness. or a Y-
chromosome. which confers maleness. The Y-
chromosome therefore carries genes essential for
male sexual differentiation, but no Y-linked loci

corresponding to those on the X-chromosome
have been demonstrated. Females can thus be
either homozygous or heterozygous for any X-
linked gene, just as for an autosomal gene, but as
males possess only one allele at each X-linked
locus they can be neither. Males are consequently
said to be hemizygous at all X-linked loci.
Over the past few years there has been increas¬

ing interest in why males, with only one copy of
each X-linked gene, have similar characteristics to
females, with a double dose ofeach X-linked gene.
More specifically, heterozvgotes for enzyme de¬
ficiencies controlled by autosomal genes (such as
the deficiency of phenylalanine hydroxylase that
causes phenylketonuria) generally have half the
enzyme activity of normal homozygotes, whereas

enzymes controlled by X-linked genes, such as

glucose-6-phosphate dehydrogenase, usually
show the same level ofactivity in normal males and
females, despite the difference in X-linked gene
dosage (Book 1). It is widely accepted that dosage
compensation results from random inactivation
of one or other of the X-chromosomes in each
somatic cell of females at an early stage of
embryonic development so that only one of the
two alleles at homologous X-linked loci is able to
function in any cell. This action is irreversible, and
the same chromosome remains inactive in all
descendants of any given cell. Therefore, in a
female heterozygous at an X-linked locus, about
half the somatic cells will have one allele active and
the other halfwill have the other allele active. This
means that X-linked heterozygotes are mosaics
made up of patches of two different cell types. This
mosaicism may or may not be detectable.

Normal and abnormal chromosome behaviour

During growth and regeneration somatic cells give
rise to more somatic cells by mitosis. Mitosis
involves the replication of each chromosome so
that when a parent cell divides each of its two
daughter cells can receive the full somatic comple¬
ment of chromosomes. The gametes are derived
from somatic cells by meiosis. At the reduction
division of meiosis there is cell division without
chromosome replication, and. as a result, only one
member ofeach chromosome pair passes into each
gamete. For each chromosome pair it is purely a
matter of chance whether a given daughter cell
receives the maternally derived or the paternally
derived chromosome. This chance distribution of
maternal and paternal chromosomes at meiosis is
known as independent assortment.

Prior to independent assortment, the members
of each chromosome pair come into close contact
with each other and corresponding segments may
be exchanged. Therefore, the chromosomes
passed into the gametes are often reconstituted,
the maternally derived chromosome of each pair
now containing some segments of paternal origin,
and the paternally derived chromosome some
segments of maternal origin. This exchange can
occur anywhere along the chromosome and is
known as recombination. Each chromosome seg¬
ment exchanged by recombination carries many-
loci. Thus alleles at neighbouring loci tend to be
transmitted together, whereas those at a greater
distance from each other are more likely to be
separated by the recombination process. The
frequency with which two loci are separated by
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recombination can often be determined and is a

measure of their physical proximity on the
chromosome, known as their degree of linkage.
Occasionally something goes wrong with the

assortment of chromosomes at meiosis. If mem¬
bers of a chromosome pair fail to become sep¬
arated after recombination, one daughter cell will
receive both members of the pair and the other
daughter cell neither. This failure of separation is
known as non-dysjunction and is responsible for
producing gametes, and through them indi¬
viduals. with abnormal chromosome comple¬
ments. For example, if non-dysjunction of the
small autosome numbered 21 occurs at the re¬

duction division of female meiosis. one of the

gametes produced will carry both of these auto¬
somes instead of one. and the other will carry
neither. If each of these cells is later fertilized by a
normal sperm two different types of abnormal
zygote will be formed. One will have the two
autosomes 21 ofmaternal origin and an additional
autosome 21 from the father: that is, three copies
of chromosome 21 in all. a condition known as

trisomy 21. The other will have only one copy of
chromosome 21 (monosomy 21) which was con¬
tributed by the father. Monosomic individuals
are not viable but trisomy 21. which produces
Down'ssyndrome(mongolism), isoneof the most
frequently found chromosomal abnormalities.
Non-dysjunction occurs sporadically and at a low
frequency.

Rarely, a segment of chromosome of one pair
may become attached to a member of another
pair. This is known as translocation, and again
chromosome 21 may be involved. Part ofchromo-
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some 21 may become attached to one of the larger
autosomes so that, at the reduction division of
meiosis, one of the two gametes formed receives
the normal larger autosome and the other the
larger autosome carrying the translocation. In
addition, one of the gametes receives the normal
untranslocated chromosome 21. If the normal
chromosome 21 and the autosome carrying the
translocation pass into the same gamete, fertiliza¬
tion will produce a zygotewith a greater amount of
chromosome 21 material than normal: two free
chromosomes (one from each parent) and, in
addition, the translocated portion. The result
again is Down's syndrome. If the normal
chromosome 21 and the autosome carrying the
translocation pass into different gametes, each will
have amore or less balanced haploid complement.
Fertilization of the gamete containing the
translocated chromosome produces a zygote with
a balanced diploid complement, though such
individuals will themselves produce abnormal
gametes carrying both the translocation and a free
chromosome 21 which, when fertilized, result in
trisomy 21. Individuals carrying the translocation
may therefore be unaffected but can producemore
than one offspring with Down's syndrome.

The maintenance of genetic variation

Alleles are not absolutely stable. Although they
are usually transmitted unaltered from one gen¬
eration to the next, rare events occur that cause
changes within them. These events are called
mutations, and an allele that has undergone such a
change is transmitted in its new. mutant form.

Philip I - Joan

I
Emperor Charles V

Isabella = (Charles I of Spain)
1500-1558

U 1
Philip II = Anna

Ferdinand I = Anna

1 C
Maria = Maximilian II i Anna «• Albert V

I

U 1 1 C
Charles - Maria William IV = Renata

CI '
Philip III = Margaret Ferdinand II = Maria Anna

I
'

C
Maria Anna = Ferdinand

Philip IV = Maria Anna

Charles II of Spain
1661-1700

Fig. 2.1. Inbreeding among some
of the Spanish Hapsburgs. In the
interval between the emperor
Charles V and his descendant
Charles II of Spain there were
three marriages between uncles
and their nieces (U), three be¬
tween first cousins (C) and one

between first cousins once re¬

moved (CI).
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Fig. 2.2. The emperor Charles V (left) by Christoph
Amberger [Cat. No. 556—Detail—Staatliche Museen
Preussischer Kulturbesitz, Gemaldegalene, Berlin

(West)]; and his descendant Charles II of Spain (right)
by Juan de Miranda Carreno (Inv. No. 1714—Detail—
Kunsthistorisches Museum. Gemaldegalene. Vienna).

Mutation increases genetic variation by introduc¬
ing new genetic material. Recombination and
independent assortment allow new combinations
of existing genetic material to arise, but the
effectiveness of these processes in creating genetic
diversity depends on the mating of genetically
dissimilar individuals. Mating between close rel¬
atives. known as inbreeding, therefore results in a
reduction of genetic variation. This is exploited in
the laboratory to produce genetically homo¬
geneous (or nearly so) animal strains by successive
generations of brother x sister mating. In man.
inbreeding is never so intense, but marriage
between close relatives can lead to the persistence
of inherited characteristics over several gen¬
erations. The protruding lower jaw of the
Hapsburgs, for instance, retained a high degree of
expression on the Spanish side of the family for
200 years. Persistence of extreme expression was
probably contributed to by inbreeding (Figs. 2.1
and 2.2).

GENOTYPE AND PHENOTYPE

The genetic constitution ofan individual is known
as his genotype. Genotype may refer to a specified
locus or loci, or to all loci in general. An
individual's phenotvpe is the final product of a
combination of genetic and environmental in¬

fluences. Phenotype may be used to refer to a

specified character, or to all the observable prop¬
erties of the individual taken together.

Genes and characters

Different types of character can be thought of as
being different distances from the fundamental
level of gene activity. The further a character is
removed from this fundamental genetic level the
greater the likelihood that its variation is depend¬
ent on allele differences at more than one locus,
and also on environmental influences. Enzymes,
for instance, are products of gene expression,
and in most cases it has been shown that a

single locus is responsible for the structure of
a single enzyme. Characters dependent on the
structure of a single enzyme therefore usually
show variation that is directly related to allele
substitution at a single locus. For example, the
most common variety of albinism results from a
lack of the enzyme tyrosinase, which is necessary
for the formation of pigment (Book 1). At the
tyrosinase locus normal individuals possess the
allele responsible for producing a normal
functional enzyme, whereas tyrosinase-negative
albino individuals have at this locus other alleles
that are unable to produce a functional enzyme.
Morphological characters, on the other hand,

such as the almost infinite number of dimensions

■yr'- -rgvy N) .J.,'
. '..'VI- AA-.*.' ""itSi ' -S
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Tabby gene

Interference with normal epithelium - mesenchyme interaction

External epithelium Oral eDithelium Nasal epithelium

Hair abnormalities

Failure of initiation
of tooth germs

Retarded growth
of tooth germs

Absent and reduced
exocrine glands

Abnormal growth pattern
of tooth germs

Supernumerary
teeth

Composite teeth
formed by fusion
of supernumerary
with adjacent germ
of normal series

Abnormal tooth

morphology Fig. 23. Part of the hierarchy of
developmental abnormalities
caused by the mutant gene
'

tabby' in the mouse.

that can be used to describe the shape of the face
and jaws, are furthest removed from the funda¬
mental genetic level and are the end results of a
vast complexity of interacting developmental
processes. Each gene is therefore likely to influence
many morphological characters, and, since devel¬
opment has a basically hierarchical nature, the
earlier a gene becomes active the more widespread
and varied its effects are likely to be. Detectable
single allele substitutions, although producing a
unitary effect at the gene level, almost always
result in syndromes of morphological abnorm¬
alities. When a gene is known to affect a number of
different characters its action is said to be pleio-
tropic. For example, the most fundamental ob¬
served effect of the mutant gene 'tabby' in the
mouse is an interference with the interaction
between epithelium and its underlying mesen¬
chyme that occurs during the formation of
epithelial derivatives. As a consequence, these
mutant mice have abnormalities of the hair,
certain exocrine glands and the teeth. The teeth are
generally reduced in size, of abnormal shape and
sometimes absent altogether, but there may also
be supernumerary teeth and composite teeth
formed by fusion of two adjacent tooth germs
(Fig. 2.3). The unitary action of the gene therefore
has different manifestations in different
developmental systems, and even within a system
may have a variety of effects depending on the
local conditions prevailing during development.

By contrast, the interaction that occurs between
different tissues and different cell types at ail stages
ofdevelopment allows allele substitutions at many-
different loci to have some effect on each morph¬
ological character. Consequently, variation in the
majority of morphological characters studied
cannot be shown to be due to allele substitutions at
a single locus alone. Many genes and an environ¬
mental component are usually responsible. This
has been demonstrated clearly for the absence of
third molars in mice. Absence appears to be
merely an extreme expression of small size, and is
affected by many genes, diet and the lactational
performance of the mother.

Modification of gene effects

Some genes produce the same phenotype under all
known conditions, but the effects ofothers may be
modified, either bv the environment, by other
genes, or both. When amutant genotype produces
an abnormal phenotype in some individuals but
not in others it is said to have incomplete
penetrance. If, among individuals who show the
abnormal phenotype, the degree of abnormality
varies, the phenotype is said to have variable
expressivity.

GENOTYPE AND ENVIRONMENT

The interaction between genotype and the
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external environment may fall into one of a
number ofcategories, two ofwhich are mentioned
here. First, the same genotype may produce
different phenotypes in different environments. In
the United Kingdom, as in many other countries,
the average height for any given age group has
been increasing over several years. This does not
appear to be due to a change in genetic
composition of the population but rather to an
improvement in nutritional status and medical
care. Secondly, different genotypes may react
differently to the same environmental change. A
normal diet causes severe mental disability in
individuals with phenylketonuria but. whereas in
early diagnosis a low phenylalanine diet makes all
the difference between disability and mental
normality to phenylketonurics. it has no
comparable effect on normal individuals.

In addition to the external environment there is
the internal environment of the developing indi¬
vidual. At any stage of development it is
reasonable to assume that the same genes are
active on both sides of the body, yet bilaterally
represented structures regularly fail to form as
exact mirror images of each other. This is partly
due to differences in the local environment around
the developing structures on the two sides,
differences which, as far as the dentition is
concerned, can lead to asymmetry of tooth size,
shape and even number. The internal environment
may also change as development proceeds,
causing the same genotype to be expressed
differently at various stages of development. The
retention of a child-like voice in castrated boys,
and the acquisition of a masculine voice in women
who produce pathologically high levels of male
sex hormones, confirm that this change in
expression of the genotype is a result of an
alteration in hormone production.

INTERACTION BETWEEN GENES

Ifan individual is homozygous (or hemizygous) at
a given locus for any allele, then the observed effect
must be the effect of this allele alone. When an

individual is heterozygous, possessing two
different alleles at the same locus, the phenotype is
dependent on the relationship between the alleles.
Ifthe twoalleles aresvmboiized byAi andA2 .and
in heterozygotes the observed effect is entirely that
of A2, then A, is completely dominant over Al,
and A, is completely recessive to A2. All levels of
dominance can occur from complete dominance
of one allele over its partner to a situation of no
dominance where each allele is expressed
unaffected by the other.

Gene interaction can also occur between loci.
For example, alleles at the "secretor" locus in man
control the presence or absence in the saliva and
other body fluids of ABO blood group antigens,
which are specified by another locus. In homozv-
gotes for the dominant allele. Se. and in heterozy¬
gotes (Sexe) blood group antigens appear in the
saliva, but in homozygotes for the recessive non-
secretor allele, se. they do not.
A further kind of interaction occurs when a

particular gene has a large effect that can be
modified by several other genes, each with a small
effect. It is then convenient to refer to this

particular gene as the major gene and the others as
minor or modifying genes. The modifying genes
are collectively known as the genetic background.
In animal experiments, crossing to different

inbred strains is likely to result in variation of
expression of a major gene since, because of their
different origins, each strain probably has a
unique complement of modifiers. For instance,
hemizygotes for the X-linked gene "tabby' in the
mouse have, among their dental malformations,
abnormalities of the incisors. Producing the
hemizygous mutant genotype in five different
inbred strains by appropriate crossing, resulted in
an incidence of incisor abnormalities ranging
from 11 % for one strain to 86% for another. The
results of crossing are not predictable but depend
on random differences between strains that cannot
be evaluated until after the crosses have been
made.

PATTERNS OF INHERITANCE

Alleles are transmitted from one generation to the
next in a predictable way. If a character is under
genetic control, the distribution of the different
forms of the character within families will be
related to the pattern of inheritance of the alleles
involved.

Inheritance of alleles at a single locus
AUTOSOMAL INHERITANCE

The nature of meiosis is such that for any one
autosomal locus each gamete contains either the
maternally derived allele, Am. or the paternally
derived allele. Ap. These two types of gamete are
produced in equal numbers so that half the total
gamete population contains Am and the other half
Ap. Any one gamete withdrawn at random
therefore has the same chance ofcontaining Am as
it does of containing Ap. Such chance situations
can be defined in terms of probability (svmbo-
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Table 2.1. The four possible zygotic constitutions of
maternally and paternally derived alleles. Am and
Ap. at an autosomal locus, and their probabilities of
occurrence.

Zygotic constitutions
Probabilities

Allele from parent 1 Allele from parent 2

1 Am Pm * Pm = 0.5 x 0.5
= 0.25

2 ap AP P, * PP = 0.5 x 0.5
= 0.25

3 Am Ap Pm * PP = 0.5 x 0.5
= 0.25

4 Ap Am Pr* Pn, = 0.5 x 0.5
= 0.25

Total = 1.00

lized by P), which is measured on a scale bounded
by zero and one. The valued = 1 denotes absolute
certainty, and P = 0 implies complete impossi¬
bility. In any situation the sum of the probabilities
of all possible alternatives is equal to one. Thus, if
Pm is the probability that a gamete withdrawn at
random contains Am, and Pv is the probability
that it contains Ap, then Pm = Pp = 0.5 and
Pm + P,= \.
When a particular event is dependent on the

previous occurrence ofmore than one other event,
the probability of this particular event occurring is
equal to the product of the probabilities ofeach of
the events upon which it is dependent. At fertiliza¬
tion, which can be regarded as the random union
of two gametes, the probability that a zygote will
receive maternally derived alleles from both par¬
ents is equal to Pm2 = 0.25. This is one of a total of
four possible zygotic constitutions, illustrated in
Table 2.1, based on maternal or paternal origin of
the allele contributed by each gamete.

Suppose that in Table 2.1 both parents are
heterozygous for the same two alleles. There
would then be only three possible zygotic con¬
stitutions based on genotype: the two hornozv-
gotes. each with a probability of 0.25. and a
heterozvgote. with a probability of 0.5. To ill¬
ustrate how this comes about suppose that the
maternally derived alleles of both parents are the
same, say At. and that the paternally derived
alleles of both parents are also the same, say A,.
Constitutions 1 and 2 in Table 2.1 then represent
the two homozvgotes. A1Al and A,A, respective¬
ly, and constitutions 3 and 4 show that there are
two ways in which the heterozygote. A,A2. can be
formed. Each of these has a probability of 0.25. so
the total probability for heterozvgotes is 0.5.

Consider now the different kinds ofmating that
can occur with respect to an autosomal locus at
which there can be either allele A or allele a. Each

parent can have one of the three possible geno¬
types AA. 'Aa or aa. and for each of the three
genotypes that one parent can have the same three
are available for the other. Thus there is a total of
32 = 9 possible parental combinations. These are
illustrated in Table 2.2. However, if it is not

importantwhich parent has which genotype, these
nine combinations are reduced to six possible
kinds ofmating by duplication. The combinations
are numbered in Table 2.2 to show where the

duplications arise. The six kinds of mating and
their outcomes are listed in Table 2.3. If PA is the
probability that a randomly withdrawn gamete
contributed by a parent contains allele A. and Pa is
the probability that it contains a. then for hetero¬
zygous parents PA = P„ = 0.5. for AA homozv-
gotes PA = 1 and Pa = 0. and for aa homozygotes
PA = Oand Pa = 1. The offspring genotype prob¬
abilities in Table 2.3 are simply the products of the
probabilities for alleles contributed by the two
parents and are a direct indication of the relative
numbers of the different genotypes that can be
expected among the progeny of each kind of
mating. The transmission of different alleles to
different offspring is known as segregation.

X-LINK.ED INHERITANCE

Gametes produced by males contain either an X-
chromosome or a Y-chromosome. and these two

types of gamete are produced in equal numbers.
Gametes produced by females all contain an X-
chromosome. The Y-chromosome of a male is
therefore always inherited from his father and the
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Table 2.2. The nine possible parental combinations
with respect to a single autosomal locus with alleles
A and a. The numbers in brackets show how these
nine combinations are reduced to six possible kinds

of mating by duplication. Pairs of ceils containing
the same number represent two different ways of
forming the same kind of mating.

Genotype Genotype of parent 1
of parent

2 AA Aa aa

(1) (2) (3)
AA AA x AA AA x Aa AA x aa

(2) (4) (5)
Aa Aa x AA Aa x Aa Aa x aa

(3) (5) (6)
aa aa x AA aa x Aa aa x aa

X-chromosome is always inherited from his
mother. Similarly, one of the X-chromosomes ofa
female is always the one carried by her father and
the other comes from her mother. It follows that,
whereas a mother's X-linked alleles are trans¬

mitted both to her daughters and sons, a father's
X-linked alleles are transmitted only to his daugh¬
ters. and through them to his granddaughters and
grandsons. For example, the bleeding disorder
haemophilia is caused by an X-linked mutant
gene. Hemizygous mutant males show the dis¬
order. but. since the mutant allele is almost
completely recessive, heterozygous females are
usually unaffected and are consequently known as
carriers of the gene. A haemophiliac father trans¬
mits themutant allele to all his daughters, who as a
result are carriers and who. on average, pass it on
to half their sons and half their daughters. These
sons are haemophiliacs and these daughters are
carriers.
Consider all the possible kinds of mating that

Table 2.3. The six possible kinds of mating (see
Table 2.2) with respect to a single autosomal locus
with alleles A and a. The probability that a random-

can occur with respect to an X-linked locus at
which there can be either allele A or allele a. There
are then three possible genotypes for the female
parent. AA. Aa and aa. and for each one there are
two possible genotypes for the male parent. A and
a. There is thus a total of 3 x 2 = 6 possible
parental combinations. Unlike the autosomal case
there is no duplication; male and female parents
can never have the same X-linked genotype. Each
of the six parental combinations therefore repres¬
ents a completely different kind of mating. These
matings and their outcomes are listed in Table 2.4.
Again, the offspring probabilities are a direct
indication of the relative numbers of the genotypes
that can be expected among the progeny of the
different kinds of mating.

Inheritance of characters controlled by a single
locus

A knowledge of the genetic constitution of an
individual allows predictions to be made about the

ly withdrawn gamete from each parent will contain a
given allele is shown, as are the offspring genotype
probabilities.

Offspring
genotype

Parent 1 Parent 2 probabilities

Gamete Gamete

iting Genotype

probabilities

Genotype

probabilities

AA Aa aaA a A a

1 AA 1.0 0.0 AA 1.0 0.0 1.00 0.00 0.00
*) AA 1.0 0.0 Aa 0.5 0.5 0.50 0.50 0.00
3 AA 1.0 0.0 aa 0.0 1.0 0.00 1.00 0.00
4 Aa 0.5 0.5 Aa 0.5 0.5 0.25 0.50 0.25
5 Aa 0.5 0.5 aa 0.0 1.0 0.00 0.50 0.50
6 aa 0.0 1.0 aa 0.0 1.0 0.00 0.00 1.00
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Table 2.4. The six possible kinds of mating with
respect to an X-linked locus with alleles A and a.
The probability that a randomly withdrawn gamete
from each parent will contain a given allele is shown.
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as are the offspring genotype probabilities for the
three possible genotypes of female offspring and two
possible genotypes of male offspring.

Female parent Male parent Offspring genotype probabilities

Gamete Gamete
probabilities probabilities Females Males

Mating Genotype A a Genotype A a AA Aa aa A a

1 AA 1.0 0.0 A 1.0 0.0 1.0 0.0 0.0 1.0 0.0
Aa 0.5 0.5 A .1.0 0.0 0.5 0.5 0.0 0.5 0.5

3 aa 0.0 1.0 A 1.0 0.0 0.0 1.0 0.0 0.0 1.0
4 AA 1.0 0.0 a 0.0 1.0 0.0 1.0 0.0 1.0 0.0
5 Aa 0.5 0.5 a 0.0 1.0 0.0 0.5 0.5 0.5 0.5
6 aa 0.0 1.0 a 0.0 1.0 0.0 0.0 1.0 0.0 1.0

types of offspring he produces. If there is no
dominance or intermediate dominance all geno¬
types are phenotypically distinct, but if there is
complete dominance of one allele over another it
may only be possible to determine an individual's
genotype through an examination of his progeny.
Table 2.5 lists the six possible kinds of mating

with respect to a single autosomal locus with the
alternative alleles A and a. The expected offspring
segregation ratios are shown both for genotypes
and also for phenotypes when A is completely
dominant over a. The phenotvpe produced by
genotypesAA and Aa is symbolized by .4, and that
produced by genotype aa is symbolized by a. Only
three different parental combinations can be
identified on the basis of phenotype alone. A x A
(matings 1. 2 and 4), A x a (maiings 3 and 5) and
a x a (mating 6). All matings except 1 and 2 can.
however, be distinguished through their offspring

segregation ratios. Mating 4 has a different ratio
from matings 1 and 2. and mating 3 has a different
ratio.from mating 5. Matings 1 and 2 can be
separated by a second generation of matings of
their A offspring with a individuals. Offspring of
mating I are then partners in matings of type 3.
whereas offspring ofmating 2 contribute to some
matings of type 3 and some of type 5. The transfer
of dominant alleles from one generation to the
next makes it possible for a dominantlv controlled
phenotype to occur in several successive gen¬
erations of a family in the absence of inbreeding.
Table 2.6 shows a similar listing for a single X-

linked locus. There are four parental combina¬
tions based on phenotype. x 2*,4 (matings 1
and 2), 2A x (matings 4 and 5), 2a x £A
(mating 3) and 2a x £a (mating 6). All matings
are distinguishable on the basis of parental pheno¬
type and offspring segregation ratio.

Table 2.5. The six possible kinds of mating with
respect to an autosomal locus with alleles A and a.
The expected ratios of the different types of offspring

are shown for genotypes and for phenotypes when A
is completely dominant over a.

Genotypes Phenotypes
(A completely dominant over a)

Offspring ratios Offspring ratios
Mating Parents AA Aa : aa Parents A a

1 AA x AA 1 0 0 A x A 1 0
-> AA x Aa 1 I 0 A x A 1 0
3 AA x aa 0 1 0 A x a 1 0
4 Aa x Aa 1 1 A x A 3 1
5 Aa x aa 0 1 1 A x a 1 1
6 aa x aa 0 0 1 a x a 0 1
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Table 2.6. The six possible kinds of mating with are shown for genotypes and for phenotypes when
respect to an X-linked locus with alleles A and a. A is completely dominant over a.
The expected ratios of the different types of otfspring

Genotypes Phenotypes
(A completely dominant over a)

Offspring ratios Otfspring ratios

Mating
Parents
- * 5 AA : Aa : aa

£
A '. a

Parents
a

s
A : a

1 AA x A 1:0: 0 1 : 0 ,lxj 1 0 1 0
"> Aa x A 1:1: 0 1 : 1 A x A 1 0 1 1
3 aa x A 0:1: 0 0 : 1 J x A 1 0 0 1
4 AA x a 0:1: 0 1 : 0 A x a 1 0 1 0
5 Aa x a 0:1: I 1 : 1 A x a 1 1 1 1
6 aa x a 0:0: 1 0 : 1 a x a 0 1 0 1

More complex situations

Many characters of interest are controlled by
more than one locus, possibly with more than two
alleles at each locus, but the theory behind the
behaviour of such characters is nevertheless based
on that described for two alleles at a single locus.
When considering more than one locus the proba¬
bility of any genotype occurring among the
progeny of a particular mating is simply the
product of the probabilities for the genotypes at
each of the loci taken separately, and the complex¬
ity resulting from more than two alleles at a locus
can be simplified by creating a numberof two allele
situations in which each allele is considered in
relation to all the others. As an illustration of the
enormous variety ofexpression that can occur for
a character controlled by only a small number of
loci with few alleles at each locus, it has been
estimated that the wide range of human skin
pigmentation among individuals ofmixed Cauca¬
sian and black African ancestry can be accounted
for by between three and six loci with two alleles
per locus.

Demonstration of the mode of genetic control of a
character

Genes are identified through variation in the
characters they produce, and in particular by the
distribution of different forms of each character
within families. Theoretically, with unrestricted
numbers of progeny from all kinds ofmating, it is
possible to determine the mode of genetic control
of any character in great detail. However, because
of restrictions of time and space in the laboratory,
and because of difficulties associated with the

collection of human data, it may only be practi¬
cable to make the fundamental distinction be¬
tween control by a single locus and multifactorial
control wheremany loci, or at leastmore than one.
and an environmental component are involved. In
the single locus case, analysis is based on the
patterns of inheritance of the characters. The
pattern of inheritance on the phenotvpic level is
compared with the theoretical expectations as¬
sociated with different types of single locus con¬
trol. The analysis of multifactorial control, on the
other hand, is concerned with the size of the
contributions of genetic and environmental
sources to the observed variation between
individuals, and rests on the degree of resemblance
between relatives.

QUANTITATIV E AND POPULATION
GENETICS

Quantitative and population genetics involve
extensions of the basic principles already des¬
cribed. They permit the analysis of. respectively,
the degree of resemblance between relatives and
the behaviour of genes in populations rather than
families.

Quantitative inheritance

When a character is under some degree of genetic
control but no simple mode of inheritance can be
demonstrated, the question of interest is: what
proportion of the observed variation between
individuals is due to genetic segregation and what
proportion to environmental differences?



417

Genetics 57

SOURCES OF VARIATION

Variation is expressed in terms of variance and
variances are additive so that the total observed or

phenotypic variance. Vf. is composed of a genetic
component. Va. and an environmental compo¬
nent. VF. so that Vp = VG 4- VF. The genetic
variance is itselfmade up of three components, the
additive, dominance and interaction variances.
Dominance and interaction effects are dependent
on particular combinations of genes at the same
and different loci respectively, and are therefore
not inherited in a simple manner. However, they
are likely to be small and. in addition, are difficult
to estimate from human data. Human genetics is
therefore usually concerned only with the additive
genetic component of variance. VA . which is the
main genetic cause of resemblance between rel¬
atives. The proportion of the phenotypic variance
taken up by the additive genetic component is
known as the hentabilitv and is symbolized by A2.
Thus.A2 = VA! VP. Heritability is an expression of
the reliance that can be placed on an individual's
phenotype as an indication of the phenotvpe ofhis
relatives. If. for a particular character, there is no
dominance or interaction and the observed varia¬
tion is entirely additive genetic in origin (that is
VA = VP and A2 = 1). then the phenotype of an
individual is. on average, equal to the mean
phenotvpe of his parents.
As heritability is a ratio ofone component of the

observed variation to the total, changes in any
component can affect its value. Thus, the henta-
bility of the same character in genetically similar
populations could have different values under
different environmental conditions. Similarly,
genetically different populations are likely to show
variable heritabilities for the same character in the
same environment. A specific heritability estimate

therefore applies only to a particular population
in its own environment.

ESTIMATION OF HERITABILITY

A common way of expressing the degree of
resemblance between relatives for a continuously
variable character is by a regression of offspring
mean on midparent value, the mean of measure¬
ments of the character in the two parents of each
family. If the two parental phenotvpes are pl and
pz then the midparent value is P = (/>, + p2)/2.
Suppose that It2 = 1. All phenotypic variation has
an additive genetic origin and the phenotype of an
individual is an exact indication of his genotype.
Since each individual receives, on average, half his
genetic information from one parent and half
from the other, the mean phenotype ofoffspring is
D = (pv 2) -t- (p2/2). Therefore D tends to equal
P. and if0 is plotted against P for several different
families, the results average out as a straight line
with a slope ofone. When A2 = 1. the regression of
offspring on midparent value is bSP = 1 and thus
h2 = t>oP • When hr — O. and assuming that there
is no environmental reason why offspring should
resemble their parents, each offspring is equivalent
to a randomly selected individual from the general
population, and the offspringmeans ofall families
vary around the mean of the general population.
The results of plotting 0 against P then average
out as a straight line with zero slope. When
h2 = O. b6P = O. so that in this case also h2 = bSP
(Fig. 2.4). The equivalence ofA2 and bSPcan in fact
be shown to apply for all values of A2. Different
methods of analysis are available tor expressing
the resemblance between other sorts of relatives.
Consider a quasicontinuous variable (Fig. 2.5).

Individuals are classified as either affected or non-

.£ ML ■ = h — 0

M

Midparent value

Fig. 2.4. The regression of off¬
spring mean on midparent value.
The two lines indicate the

average relationships between
parents and offspring for the two
extremes of hentability. M is the
mean value of the character in the

population.
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Threshold
Normal Cl(P)

, . *r
d

Underlying disposition to develop CL(P)

Fig. 15. Heritability estimation for a quasicominuous
or 'threshold' character, CL(P). Distributions of the
general population, g, and of a group of relatives of
affected individuals, r, are shown on an underlying
continuous scale of disposition. The values of x8 and a,
and xr, are derived from tables of the normal distri¬
bution given the proportions q, and qr. The distance d,
relative to a and the degree of relationship of the
relatives used, provides the estimate of heritabiiity.

affected. In human populations individuals
affected by an abnormality or disease are usually
in the minority and are the ones who attract
attention. They are therefore often called index
cases. As an example of a quasicontinuous
variable consider cleft lip with orwithout a cleft of
the palate. CLi P). The assumption is that for each
individual a combination of genetic and
environmental influences determines the level of

disposition to develop the malformation. An
individual whose level falls below the threshold is
normal, whereas one whose level falls above it is
affected. If CL(P) has no hereditary basis and is
produced entirely by chance or environmental
factors, then, provided all individuals are exposed
to the same environment, a group of relatives of
CL(P) individuals is equivalent to a random
sample of the population with an incidence of the
malformation approximating to that of the

general population itself. On the other hand, if
CL(P) is under some degree of genetic control the
frequency of themalformation among relatives of
index cases should be higher than among the
general population. Thus, assuming that there is
no environmental reason why relatives should be
alike, d. the distance between Mr, the mean of a
group of relatives of index cases, and Mg. the
mean of the general population, is a measure of the
degree to which CL(P) is a heritable condition
(Fig. 2.5). This is simply the difference between x8
and xr derived from applying the proportions qs
and qr to tables. It must be assumed, though, that
the variances of the general population and the
group of relatives are the same.
The distance d must be considered in relation to

a, the distance of the mean of affected individuals
in the general population from the general popu¬
lation mean: and also to r, the degree of relation¬
ship of the relatives being used. The distance a is
the maximum value that d can assume, and this
can only occur if h1 = 1 and if the relatives are

monozygotic twins (genetically identical with
their index cases, with r = 1). If the relatives used
are first degree (full sibs. parents or children),
second degree (aunts, uncles, nieces or nephews)
or third degree relatives (first cousins) then
r - 1/2, 1/4 and T8 respectively: these relatives
have on average 1/2, 1/4 and 1/8 of their genes in
common with their index case. The maximum
values of d when using first, second and third
degree relatives are accordingly a/2, a/4 and a/8,
and these can only occur if h2 = 1. The actual
value of the heritability is simply the difference d
expressed as a proportion of itsmaximum possible
value. Thus h1 = d/ar. Estimates of heritability
for familial CL(P) from first, second and third
degree relatives by this method are respectively
0.83. 0.78 and 0.81. These values suggest that the
difference between famiiial CL(P) cases and
normal individuals is probably largely (about
80%) due to the inheritance of different genes.

Genes in populations

Populations are described in terms of frequencies
ofdifferent types of individual. Frequency, as used
here, is expressed relative to the total number of
individuals in the population. Used in this way.
frequency is. like probability, measured on a scale
bounded by zero and one. and the probability of
withdrawing a particular type of individual from a
population by random choice is equal to the
frequency of that type in the population. Thus, in
any situation, frequency and probability are
numerically the same. From the genetic point of
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view a population can be described in terms of
phenotvpe frequencies, genotype frequencies and
'gene' frequencies (that is allele frequencies).
Starting with gene frequencies it is a simple matter
to derive genotype frequencies, and therefore
pnenotvpe frequencies, if certain assumptions are
made about the population. Conversely, knowing
the phenotype frequencies, it is possible to deter¬
mine genotype and gene frequencies. The concepts
involved in these determinations are embodied in
the Hardy-Weinberg law.

THE HARDY-WEINBERG LAW

Suppose that A, and A: are two alleles at an
autosomal locus, and that in a population the
frequency ofA, is p. the frequency ofA: is q. and
p -q = 1. Fromeach individual takenat random
the probability ofwithdrawing a gamete contain¬
ing A1 is equal to the frequency of A, ( = p). and
the probability ofwithdrawing a gamete contain¬
ing A2 is equal to the frequency of A, ( = q). The
results of random mating within the population,
which is equivalent to the random union of
gametes, are then as illustrated in Table 2.7. This
shows that there are four possible zygotic con¬
stitutions with respect to parental origin of alleles
but only three possible genotypes, as the heterozv-
gote can be formed in two different ways. The
frequencies of these genotypes. A,A,. A,A; and
A2A2. among the otfspring are respectively p-.
2pq and q2.
For every A,Ai homozvgote there are two A,

alleles, for every A2A: homozvgote there are two
A: alleles, and for every heterozvgote there is one
A, and one A: allele. Thus, if N otfspring are
produced after random mating there will be
N(2p* + 2pq) A, alleles and N(2q2 4- 2pq) A:
alleles. This is known as gene counting. As N
individuals possess 2N alleles at an autosomal
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locus, and because p + q = 1. the frequencies of
these alleles among the otfspring are:

Frequency of A,
= N(2p- + 2pq)/2N
= p" 4- pq
= p2 -i- p(l - p) = p

Frequency ofA:
= N(2q2 4- 2pq)/2N
= q2 + pq
= q2 4- q(l - q).= q

Thus the gene frequencies among the otfspring of
random mating are the same as in the parental
generation.
Extending these principles over many gen¬

erations it is clear that as long as random mating
persists the gene frequencies will remain the same,
and A,A,. A,A2 and A2A2 offspring will always
be produced in frequencies p2, 2pq and q2
respectively. In such a situation the population is
said to be in Hardy-Weinberg equilibrium. It
should be stressed that the equilibrium genotype
frequencies, which appear among the otfspring of
the first and subsequent generations of random
mating, are quite independent of the genotype
frequencies in the population from which the
parents are drawn. They depend only on the gene
frequencies.
It may also be helpful to consider the results of

random mating in terms of genotypes only. Table
2.8 shows the frequencies of the nine possible
parental combinations when the genotype fre¬
quencies have equilibrium values. These nine
parental combinations are reduced to six kinds of
mating (by duplication: they are numbered to
show where the duplications arise.) The matings.
their frequencies and their outcomes are listed in
Table 2.9. The three genotypes of otfspring,
A,A[, A,Aj and A2A2, again appear in the
frequencies p2. 2pq and q2 respectively.

Table 2.7. The four possible zygotic constitutions
and three possible genotypes with respect to a single
autosomal locus, and their frequencies assuming

random mating. Alleles A, and A, have the
frequencies p and q respectively, with p + q = 1.

Zygotic constitutions

Allele from
parent 1

Allele from

parent 2 Frequency Genotype
Genotype
frequency

1

3
4

Ai
At
A,
A ]

A,
A 2

Ai
A,

P2
pq
pq
q2

A,A,

A,A.
A,A,

P2
2pq

q2

Total = p- + 2pq + q2 = 1
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Table 2.8. Frequencies of nine possible parental
genotype combinations at an autosomal locus
assuming random mating, reduced to six lands of
mating by duplication. Pairs of cells containing the

same number in brackets represent two ways of
producing the same kind of mating. The frequencies
of the ditferent kinds of mating, and their outcomes,
are listed in Table 2.9.

Genotype of parent 1
Ai A] AtA2 A2A 2

Genotype of
7

qparent 2 Frequency p~ 2pq

(1) (2) (3)
A,A, p" px 2p3q p2q-

(2) (4) (5)
A,A, 2pq 2p3q 4p;q2 2pq3

(3) (5) (6)
A2A2 q- pV 2pqJ q*

Similar theory can be applied to an X-linked
locus, but account must naturally be taken of the
difference in X-linked genotype between females
and males.

FACTORS TENDING TO DISTURB

HARDY— WEINBERG EQUILIBRIUM

The maintenance of Hardy-Weinberg equilib¬
rium depends on random mating within the
population. Random mating means that each
individual of one sex has an equal chance of
mating with each individual of the opposite sex,
irrespective of genotype. Random mating, as
already mentioned, is therefore equivalent to
random union of gametes. If particular parental
genotype combinations tend to occur in matings
more frequently than expected by chance, the
genotype frequencies among the otfspring of the
parental generation will be biased in favour of
those produced by the more frequent kinds of
mating.

Table 2.9. Six possible kinds of mating with respect
to an autosomal locus. The two alleles A, and A2
have the frequencies p and q respectively, with
p + q = 1. The frequency of each kind of mating

Alleles transmitted from one generation to the
next can be regarded as a sample of the alleles
present in the parental generation. The larger the
number of alleles transmitted the more confidence
there can be that the frequencies among offspring
are a good indication of the frequencies in the
parental generation. The Hardy-Weinberg expec¬
tations are therefore dependent on population
size. In small populations allele frequencies can
change markedly from one generation to the next,
purely by chance.
If the locus of interest has some control over

fitness, then alleles associated with poor fitness
will tend to be eliminated whereas others will tend
to be present at progressively increasing fre¬
quencies. Hardy-Weinberg equilibrium is
therefore only established in the absence of
selection. Allele frequencies are also affected by
the introduction of new allelic forms through
mutation, and by the introduction or loss of alleles
through migration into or out of the population.

(from Table 2.8) and the frequencies of the three
genotypes of offspring are based on the assumption
of random mating.

Offspring genotype frequencies
Mating

Mating frequency A,A, A,A2 A2A,

1 AtA, x A,A, Pa p1 0 0
2 AtAt x A,A, 4p3q 2p3q 2p3q 0
3 AtAt x AiAi 2p:q- 0 2p:q: 0
4 A|A2 x AjAi 4p:qz

7 7

p-q- 2p;q; p-q-
5 AiA: x A:A2 4pq3 0 2pq3 2pq3
6 A2A2 x A2A2 q* 0 0 q*

Total P2 2pq q2
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These factors may also tend to upset Hardy-
Weinberg equilibrium.
In spite of all this, statistical tests show that in

most populations of reasonable size studied the
genotype frequencies are in accordance with the
Hardy-Weinberg expectations. Non-random
mating, random sampling variation, differential
selection, mutation and migration, although they
probably occur to some extent in all populations,
usually do not have large enough effects to disrupt
Hardy-Weinberg equilibrium to a significant
extent. With this in mind, the relationships be¬
tween gene frequencies and genotype frequencies
described by the Hardy-Weinberg law can be used
to some advantage.
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RACIAL DIFFERENCES OF
TOOTH MORPHOLOGY

A race is usually defined as a subdivision of a
species formed by individuals who share common
biological characteristics. Races can however be
distinguished not only biologically but also from
the cultural point of view, though the cultural
differences are probably largely secondary to the
biological ones and to differences ofenvironment.
The biological characteristics that have been used
traditionally to distinguish the races of man are
skin pigmentation, facial form and body build:
characteristics that have been shown to be highly
heritable. These have been chosen simply because
they are conspicuous but heritable differences
between races undoubtedly exist for a wide variety
of less noticeable characteristics. The highly
heritable nature of the biological characteristics
distinguishing one race from another indicates
that differences between races are fundamentally
of genetic origin. Nevertheless, only a small
proportion ofall known human genetic variation
appears to be responsible for racial differences. It
has been estimated that, of the worldwide total of
human genetic variation, about 80% occurs
within races and only about 20% accounts for the
biological differences between races.
It has long been known that minor morpholog¬

ical variation is superimposed on the basic shapes
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of human teeth. In common with the variation
shown by other biologicalcharacteristics. much of
this minor dental variation is found within races;

different individuals of the same race often show
different manifestations of each morphological
variable. However, a proportion also occurs
between races, so that individuals from a par¬
ticular race tend to have a particular constellation
of morphological features, with different
constellations being typical of different races. In
fact, minor differences of tooth shape have
contributed to the characterization of the races of
man and have been used to provide an indication
of racial affinity between human populations.
Both contemporary and past populations can be
compared. The study of contemporary-
populations requires intraoral examination or.
preferably, plaster casts of the teeth: that of past
populations requires adequate skeletal or fossil
remains. Nevertheless, it must be remembered
that the use of a particular variant for the
biological characterization of races is only valid if
the variant is known to be largely under genetic
control. This condition is probably fulfilled for
most minor variants of tooth shape; in other
words, individuals probably have particular
dentalmorphological characteristics because they
have inherited particular genes and not simply
through chance or for some environmental
reason. Direct evidence for the genetic control of a
character comes from studies of resemblance
between relatives, and for tooth morphology such
studies are few and far between.
Even so, it is justifiable to use tooth morphology

for studying racial affinity, provided it is borne in
mind that the underlying basis for the observed
variation is not yet fully understood. Affinity is
measured by comparing the frequencies of differ¬
ent morphological variants in different groups. A
similar percentage frequency of the same highly
heritable variant form in two groups implies a high
degree of affinity, whereas the greater the dif¬
ference in frequency the lower the affinity and the
greater the biological distance between the
groups. Data for more than one variable can be
combined to provide a single estimate of biolog¬
ical distance between two groups, and the larger
the number of variables used the more reliable the
estimate. A comparison of the pattern of racial
affinities derived from a study of tooth morph¬
ology with the pattern based on other, better
understood, biological criteria can provide a clue
to the underlying basis of dental morphological
variation. If the patterns are similar it is reason¬
able to infer that dentalmorphological variation is
likely to have a high degree of genetic deter-
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Fig. 5.33. Morphological variables on the upper
central incisor (UI1), upper first and second molars
(UM1 and UM2), and lower first and second molars
(LM1 and LM2): and division of the range of
variation of each into two categories, nonaffected

mination and can therefore make a useful con¬
tribution to the biological characterization of
human populations.
There have been many studies of the frequency

of variant forms for dental morphological charac¬
ters in different populations. Five of the more
commonly studied characters are illustrated in
Fig. 5.33. They all appear to behave as quasi-
continuous variables: that is. the variant form is
either present or absent, but when present it can
show different levels ofexpression from the lowest
to the most extreme. For example, the upper
second molar may have three cusps or four cusps
but the fourth cusp, when present, varies in size.
Some indication of the range of expression of the
different characters is given in Fig. 5.33 but for the
present purpose all the variables are regarded as
all-or-none characters: in other words, a tooth is
considered to be either non-affected or affected.
The relevant characteristic of a population is the
proportion of teeth affected.
The frequencies of the variant forms reported

for different populations of the same racial group

and affected. Diagrams are modified from Lee
G. T. R. and Goose D. H. (1972). The inheritance of
dental traits in a Chinese population in the United
Kingdom. Journal of Medical Genetics 9, 336.

sometimesdifferconsiderably. This must be partly
because of real differences between samples taken
from the different populations, but undoubtedly is
alsoduetodifferences between the scoring criteria
of different investigators. The most reliable es¬
timate of the frequency of a variant in a given race
is therefore the frequency of affected teeth in a
group composed of as many samples as possible
pooled together. Table 5.1 lists the lowest and
highest frequency values found in the literature,
each calculated from a single sample, and the
pooled frequency estimate, calculated for teeth
from several samples, for each of the five dental
morphological characters in seven racial groups.
The low and high values indicate the considerable
range of variation in frequency reported for some
of the characters in some racial groups. The
pooled frequency estimates can be used to derive
the most reliable pattern of affinities between
different racial groups.
Many different statistical procedures, some

very complex, have been used to combine ob¬
servations on several characters to express biolog-
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Table 5.1. The percentage frequency of affected teeth
(%A) for five dental morphological characters in
seven racial groups. For each character and each
group the 'low' and 'high' values are the lowest and
highest reported in the literature by different
investigators, and the 'pooled' value is the frequency
of affected teeth over several separately reported

samples combined. N is the number of individuals on
which each frequency is based. Sources of the data
are given in Sofaer j.A.. <?r al. (1972) Population
studies on south-western Indian tribes. V. Tooth
morphology as an indicator of biological distance.
American Journal of Physical Anthropology, 37. 357.

Racial group: CAU SEM NEG
Caucasian Semitic Negro

Estimate
Character. of "„a N °«,a N 0 A

O" N °;,a

UI1 Shovel Low 100 17.0 137 41.5 264 16.6

shape High 212 91.0 60 47.0 807 44.4

Pooled 1833 40.5 197 43.2 1193 37.2

UM1 Cusp Low 91 41.0 30 62.0 389 2.0
of Carabelli High 140 85.7 30 93.0 274 57.7

Pooled 3789 59.5 197 73.9 663 25.0

UM2 Cusp. Low 53 58.0 137 30.5 78 100.0
number High 50 87.5 30 73.0 78 100.0

Pooled 103 72.3 197 42.1 78 100.0

LM1 Groove Low 85 86.0 30 53.0 133 86.9

pattern High 75 96.0 137 70.4 49 100.0
Pooled 221 91.6 197 65.7 182 90.4

LM2 Cusp Low 61 1.0 60 0 167 18.6
number High 356 14.0 137 7.0 69 53.7

Pooled 611 11.0 197 4.9 285 28.2

Racial group: PAC ASI ESK AMI
Pacific and Aleut and American
Australia Asia Eskimo Indian

Estimate
Character of°0A N °0A N °0A N °;A N °„A

UI1 Shovel Low 167 41.0 269 85.0 499 99.2 342 100.0

shape High 59 88.1 259 97.7 267 100.0 342 100.0
Pooled 1045 56.8 1817 92.8 766 99.5 342 100.0

UM1 Cusp Low 67 19.4 339 31.9 60 13.3 41 12.0
of Carabelli High 30 33.0 339 31.9 61 78.3 200 83.5

Pooled 97 23.6 339 31.9 384 66.3 844 60.2

UM2 Cusp Low 53 69.8 887 84.6 91 65.7 53 66.2
number High 104 100.0 887 84.6 118 72.9 97 91.8

Pooled 256 88.7 887 84.6 264 69.6 241 82.1

LM1 Groove Low 57 54.9 40 100.0 29 41.4 53 76.9

pattern High 20 100.0 40 100.0 30 97.0 55 100.0
Pooled 77 66.6 40 100.0 202 88.2 270 95.1

LM2 Cusp Low 97 12.5 19 19.0 30 43.0 55 32.0
number High 20 48.0 21 31.0 58 66.1 53 72.0

Pooled 232 24.6 40 25.3 124 57.4 197 60.4

ical distance between populations. Each has its
own application. Probably the simplest that is
suitable for the present purpose is the square root
of the sum of squared differences of percentage
frequency over all characters studied; that is.

v T (Pi — P:)2. where Pi and P: are percentage
frequencies of a particular variant in the two
populations being compared. Distances
calculated in this way, based on the five dental
morphological variables illustrated in Fig. 5.33.
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Fig. 5.34. A comparison between geographical
distances along possible routes of migration and
' dental morphology distances' (given in figures
against corresponding routes) separating
neighbouring racial groups. The dental morphology
distances are calculated from the frequencies of

are shown on a world map in Fig. 5.34. The
position of each racial group is marked at
approximately the geometric centre of the area
from which samples contributing to the pooled
frequency value were drawn. The geographical
distances between racial groups, along possible
routes of migration, are indications of the ease of
admixture and consequently of genetic similarity.
Provided there are no extreme geographical or
cultural barriers between particular races, the
shorter the geographical distance the shorter the
biological distance.
Four 'triangular' relationships between neigh¬

bouring racial groups are shown on the map:
CAU-SEM-NEG. CAU-ASI-SEM. SEM-
ASI-PAC and ASI-ESK-AMI. For each of these
the 'dental morphology distance' is least between
the two geographically closest groups. For
example, the dental morphology distance between
the Caucasian and Semitic groups is less than that
between either of these groups and the Asians. The
dentalmorphology distances therefore show some
degree of correspondence with the geographical
distances, and so, assuming that biological
distance is closely associated with geographical
distance, the dental morphological variables
considered here seem to be of some use for

indicating biological relationships between
populations.

affected teeth for five dental morphological
characters in several samples pooled for each racial
group (see Table 5.1). (CAU = Caucasian:
SEM = Semitic: ASI = Asian: ESK. = Aleut and
Eskimo: AMI = American Indian: PAC = Pacific
and Australia: NEG = Negroid)

It can be argued that racial differences of tooth
morphology do reflect fundamental biological
differences between races. However, there is still a
need for family studies of tooth morphology to
provide direct and more detailed information
aboutthegeneticcontrol ofhuman dental morph¬
ological variation. Until this information becomes
available the precise value of dental morpholog¬
ical differences as indicators ofbiological distance,
and the relative usefulness of different morpholog¬
ical variables for biological characterization, will
be a matter for speculation.
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8

Population genetics (Hardy-Weinberg equilibrium and
factors affecting it)
J. A. Sofaer

An understanding of the behaviour in populations of the
relatively rare mutant alleles responsible for single gene
disorders can provide valuable insights into several
aspects of medical genetics. For example, population
genetics is applied in assessing the practicability of car¬
rier screening programmes, it contributes to evidence for
genetic heterogeneity and can be used to predict the pos¬
sible effects of medical intervention on the incidence of

genetic disease. A number of medical applications of
population genetic principles are given later in this chap¬
ter, but first it is important to introduce the basic con¬
cepts involved.
Populations can be described in terms of frequencies

of different types of individual or different types of allele
at a given locus: phenotvpe frequencies, genotype fre¬
quencies and 'gene' frequencies (that is allele frequen¬
cies). Frequency is expressed relative to the total number
of individuals or genes, and is therefore measured on a
scale bounded by 0 and 1. Starting with gene frequencies
it is a simple matter to derive genotype frequencies, and
therefore phenotype frequencies, if certain assumptions
are made about the population. Conversely, knowing the
phenotype frequencies, it is possible to estimate genotype
and gene frequencies. The concepts involved in these
determinations were formulated independently by the
English mathematician G.PI. Hardy and the German
physician W. Weinberg in 1908.

HARDY-WEINBERG EQUILIBRIUM

Two alleles at an autosomal locus

Suppose that A and a are two alleles at an autosomal
locus, and that in a population the frequency of .4 is p,
the frequency of a is q, and p + q = 1. For each gamete
from each individual taken at random the probability of
containing A is equal to the frequency of A (= p), and
the probability of containing a is equal to the frequency
of a (= q). The results of random mating (random with
respect to genotype at the locus involved), which is
equivalent to random union of gametes, are then as illus¬
trated in Table 8.1. There are four possible zygotic con-

Table 8.1 The four possible zygotic constitutions and three
possible genotypes with respect to a single autosomal locus,
and their frequencies assuming random mating. Alleles A and a
have the frequencies p and q respectively, with p+ q = 1.

Male
gamete

Zygotic constitution
Female Frequency
gamete

Genotype Genotype
frequency

A
A
a

a

A
a

A
a

P2
pq i
pq J
q2

AA

Aa

aa

P2
2pq

q2

Total genotype frequency = p2 + 2pq + q2 = (J> + q)2 = 1

stitutions with respect to parental origin of alleles but
only three possible genotypes, as the heterozygote can be
formed in two different ways. The frequencies of these
genotypes, AA, Aa and aa, among the offspring are p1,
2pq and q1 respectively. This is simply an expansion of
the expression (p + q)1.
For every AA homozvgote there are two A alleles, for

every aa homozygote there are two a alleles, and for
every heterozygote there is one A and one a allele. Thus,
if N offspring are produced after random mating there
will be iY(2p-' + 2pq) A alleles ana N(2q1 + 2pq) a alleles.
As iY individuals possess 2N genes at an autosomal locus,
and because p + q = 1, the frequencies of the different
alleles among the offspring are:

r- c ^ iY(2p2 + 2pq)Frequency of A = —c-i—
= p2 + pq
= P2 + P( 1 — P)
= P

„ r N(2<? + 2pq)Frequency ot a =

= <T + PI
'

= q2 + 9(1 - q)
= 1

80
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Thus the gene frequencies among the offspring of ran¬
dom mating are the same as in the parental generation.
Extending these principles over many generations it

is clear that as long as random mating persists the gene

frequencies will remain the same, and AA, Aa and aa

offspring will always be produced at the frequencies pl,
2pq and q1. In such a situation the population is said to
be in Hardy-Weinberg equilibrium. It should however

Table 8.2 Frequencies of the nine possible parental genotype
combinations for two alleles at an autosomal locus assuming
random mating, reduced to six kinds of mating by duplication.
The appearance of the same number in bold type twice
indicates two ways of producing the same kind of mating. The
frequencies and outcomes of the different kinds of mating are
listed in Table 8.3.

Paternal genotype (and frequency)
Maternal genotype
(and frequency) AA (p2) rlu (2pq) v aa (q2)

1 2 3
AA (p2) P4 2p'q p-r

2 4

Aa (2pq) 2p3? 3py 2p?3
3 5 6

aa (q2) p-r 2p?3 qA

Table 8.3 The six possible kinds of mating with respect to two
genotype frequencies.

1
2
3
4
5
6
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be stressed that the equilibrium genotype frequencies,
which appear among the offspring of the first and sub¬
sequent generations of random mating, are quite inde¬
pendent of the parental genotype frequencies. They
depend only on the gene frequencies.
It may also be helpful to consider the results of random

mating in terms of genotypes. Table 8.2 shows the fre¬
quencies of the nine possible parental combinations when
the genotype frequencies have equilibrium values. These
nine parental combinations are reduced to six kinds of
mating by duplication. The matings are numbered to
show where the duplication arises. The matings, their
frequencies and their outcomes are listed in Table 8.3.
The three genotypes of offspring AA, Ha and aa, again
appear in the frequencies p2, 2pq and q2 respectively.

Two alleles at an X-linked locus

For an X-linked locus the situation is rather different in
that equilibrium is not reached after the first generation
of random mating but is approached in an oscillatory
manner over a number of generations. The reason for
this is that the inheritance of X-chromosomes follows a

different pattern in males and females. Males have only
one X-chromosome which they inherit from their moth¬
ers, so the frequency of an X-linked gene in males is

alleles at an autosomal locus (see Table 8.2) and their offspring

iating Mating frequency AA
Offspring genotype frequencies

Aa aa

AA x AH
AH x Aa
AA x aa

Aa x Aa
Aa x aa

aa x aa

P"
4p3?
2pV
4py
4p?3
?4

P"
2p3?
0

py
0
0

0
2plq
2py
2py
2pq1
0

0
0
0

py
2p?3
<7J

Totals p2(p: + 2pq + q2) Ipqip1 2pq + q1
= 2pq

+ 2pq - r)
= <r

Table 8.4 The six possible kinds of mating with respect to two alleles at an X-linked locus. The equilibrium frequencies of the
alleles A and a are p and q respectively, with p + q — 1.

Offspring genotype frequencies
Paternal Maternal Male genotype Female genotype
genotype genotype Mating
(& freq) (& freq) frequency A a AA Aa aa

A (p) AA(p2) p\ ' Pl 0 p3 0^ 0
A (p) Aa (2pq) 2p2q p2q p2q p2q p2q 0
A (p) aa y) pq2 0 pq2 0 pq2 0
a (?) AA (p2) p2q p2q 0 0 p2q 0
a (?) Aa (2pq) 2pq2 pq2 pq2 0 pq2 pq2
a (?) aa (?2) ?3 .0 ?3 0 0 ?3

Totals: p(p2+ 2p?+?2) q(p2+ 2pq+q2) p2(p + ?) 2p?(p + ?) ?~(P + ?)
= p = ? = p2 =2p? = ?2
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equal to its frequency in females of the previous gener¬
ation. Females have two X-c'nromosomes, one of pater¬
nal and the other of maternal origin. The frequency of
an X-linked gene in females is therefore equal to the
average of its frequencies in males and females of the
previous generation. At equilibrium, gene frequency is
the same in both sexes, the frequency of affected males
is equal to that of the mutant allele, while the genotype
frequencies for females are the same as for an autosomal
locus. Table 8.4 shows that once equilibrium has been
reached it is maintained over subsequent generations.

Multiple alleles
On the assumption of random mating, and by analogy
with the two allele situation, the equilibrium frequencies
of various genotypes at an autosomal locus where there
are alleles A|, A2,...., An at frequencies p\, p2,
. . .., pn can be computed by expanding the expres¬
sion (pi + p2 + . . . +pn)2. For an X-linked locus, just
as in the two allele situation, the equilibrium frequencies
of genotypes in males correspond with the allele fre¬
quencies, whereas in females they are the same as for an
autosomal locus.

FACTORS TENDING TO DISTURB HARDY-
WEINBERG EQUILIBRIUM

If a population is in Hardy-Weinberg equilibrium, the
relationship between phenotype, genotype and gene fre¬
quencies can be used in a variety of ways in the practice
of medical genetics (see below). However, the Hardy-
Weinberg expectations rest on two fundamental assump¬
tions: first, that mating is random; and second, that gene
frequencies remain constant from one generation to the
next. Any influence that encourages non-random mating
or promotes changes of gene frequency could therefore
result in deviation from the Hardy-Weinberg propor¬
tions. The significance of these influences will now be
considered briefly.

Non-random mating
The two most important kinds of non-random mating
are: (a) assortative mating, where like individuals pref¬
erentially select each other (positive assortative mating
or homogamy) or unlike individuals preferentially select
each other (negative assortative or disassortative mating);
and (b) inbreeding, where related individuals mate with
each other. In positive assortative mating, in so far as the
common attributes of marriage partners are under
genetic control, mating tends to occur between like gen¬

otypes. In inbreeding, because related individuals have
more genes in common than unrelated individuals, mat¬
ing also tends to occur between like genotypes. Both pos¬
itive assortative mating and inbreeding therefore increase

the level of homozygosity above the expected Hardy-
Weinberg level. Nevertheless, if each genotype has the
same probability of mating and producing progeny as any
other, that is the same probability of passing genes on
to the next generation, the allele frequencies will remain
unchanged.

Positive assortative mating
Posidve assortative mating for single gene differences is
generally rare, but with the improvement of medical and
social care for the disabled, the opportunity for marriage
between two persons with the same disability, such as
deafness or blindness, has increased. For recessive con¬

ditions, an increasing frequency of such marriages could
result in a rise in the incidence of affected individuals in
the population. However, because several different
inherited disorders as well as nongenetic causes can result
in each type of disability, the probability that the same
recessive disorder is involved in a marriage between two
individuals with the same disability is still rather low.

Consanguinity and inbreeding
Two individuals are considered to be consanguineous if
they have at least one common ancestor no more remote
than a great great grandparent. The offspring of consan¬
guineous parents are, by definition, inbred. The level of
inbreeding is expressed by the inbreeding coefficient, F.
This is defined as the probability that an individual re¬
ceives at a given locus two genes identical by descent. In
other words, it is the probability that an individual is
homozygous at the given locus because of inheriting the
same gene from the same common ancestor through
both parents.
It can be shown that each common ancestor contrib¬

utes ^"|+"!+1) to the value of F, where nt and n2 are the
numbers of generations separating each of the two indi¬
viduals involved in the consanguineous union from the
common ancestor. Thus the coefficient of inbreeding can

be given as F = X ^"'+n=+1') the summation being over
common ancestors. For X-linked loci F = I 1", where
n is the number of females in each line of descent from
a common ancestor in which there is no male to male
succession. The level of consanguinity in a population as

Table 8.5 The coefficient of inbreeding, F, for various
consanguineous matings.

Mating F

Sibs 1/4

Uncle-niece, aunt-nephew 1/8
1st cousins 1/16
1st cousins once removed 1/32
2nd cousins 1/64
2nd cousins once removed 1/128
3rd cousins 1/256
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a whole can be expressed by the average coefficient of
inbreeding, F = Ipj/q, where p-t is the proportion of
marriages with inbreeding coefficient F,. Table 8.5 lists
various types of consanguineous mating and the corre¬
sponding F values.

Factors affecting gene frequency

Random genetic drift
In a large population, for loci that have no effect on

viability or fertility, differences between individuals of
different genotype in terms of the number of children
produced tend to average out so that gene frequencies
remain more or less stable. In a small population, the
chance occurrence of a particular allele in parents with
an unusually large (or unusually small) number of chil¬
dren can cause marked fluctuations of gene frequency
from one generation to the next. This is a natural statis¬
tical consequence of sampling in a small population. The
cumulative effect of these fluctuations over a number of

generations, known as random genetic drift, can lead to
complete extinction (gene frequency = 0) or fixation
(gene frequency = 1) of an allele. However, because drift
is a random process, changes of gene frequency from one
generation to the next are not predictable. The precise
effect of drift on Hardv-Weinberg equilibrium in any

given situation is therefore difficult fo assess.

Gene flow
The preferential introduction of particular alleles into a

population can occur if gene frequencies among immi¬
grating individuals are different from those in the pop¬
ulation they are entering. This is known as gene flow,
and its effect on Hardy-Weinberg equilibrium can per¬

haps be most easily understood in terms of a simple
example of population admixture.

Suppose that a single event of admixture between two
populations X and Y gives rise to the hybrid population
Z, and that the frequencies of the only two alleles .4 and
a at an autosomariocus in the three populations are px,
py and pz for A, and qx, <?y and qz for a. If w and 1-za
are the relative contributions of populations X and. Y re¬

spectively, then:

pz = wpx + (1 -w)pY and
?z= wqx + (1-zo) qY

The frequency of heterozygotes after admixture but
before mating, HA, is then:

HA — 2wpxqx + 2(\-w)prqY

and the equilibrium frequency of heterozygotes after one
generation of random mating, HE, is:

He = 2pzqz = 2 [wpx +<1—te)py] [wqx + (l-«0?y]
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The difference between the equilibrium heterozygote
frequency and that found after admixture but before ran¬
dom mating is therefore:

He-Ha = 2w(l-w) (px-py)1

This difference is always positive so that recent admix¬
ture always results in a deficiency of heterozygotes and
therefore a tendency towards deviation from the expected
Hardy-Weinberg proportions.

Mutation and selection
The majority of new mutations are deleterious and are
therefore selected against. The frequencies of deleterious
alleles in a population are thus dependent on two oppos¬
ing forces, recurrent mutation which produces them, and
selection which tends to eliminate them. If a population
cannot be shown to deviate significantly from Hardy-
Weinberg equilibrium, a balance between mutation and
selection is assumed to exist.
Selection can be measured in terms of fitness, sym¬

bolised by /. This is the ability of an individual to con¬
tribute genes to the next generation and therefore
depends on both viability and fertility, although normal
viability with complete infertility is equivalent, in the
genetic sense, to zero fitness. It is usual to express the
fitness of mutant genotypes relative to that of normal
individuals. Thus, if normal fitness is defined as 1, that
of individuals with an inherited disorder can be given as

/ = 1-s, where s is the coefficient of selection, the pro¬

portional reduction in the contribution of the mutant
genotype to the next generation.
For an

a:

autosomal recessive disorder caused by allele

Frequency

Genotype Fitness
Before
selection

After
selection

AA
Aa
aa

1
1
1 -j

P1
2pq
<T

P2
Ipq
9*0 -0

1 1 -sq:

The loss of sq2 individuals as a proportion of the total
occurs at each generation, and in those lost both genes
are of the mutant type, a. The loss of a alleles as a pro¬

portion of all genes is therefore also sq2. At equilibrium
the gene frequency remains constant so that at each gen¬
eration the loss of a alleles must be made good by new-
mutations. The mutation rate, /a, is the proportion of A
alleles that mutate to a at each generation. The proba¬
bility of mutation from ,4 to a is therefore pp., which can

be taken as p., at each generation (q small, p = 1). There¬
fore, if there is no change of gene frequency from one

generation to the next, p. = sq2.
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For a rare autosomal dominant disorder caused by allele
A, homozygotes for which are too rare to be considered
(p small, q — 1):

Frequency

Before After

Genotype Fitness selection selecuon

aa 1 q2 = 1 - 2p l-2p
4a 1 -1 2pq - 2p (1 - s)2p

1 1 - 2ps

The loss of 2ps individuals as a proportion of the total
occurs at each generation, but in those lost only half the
genes are of the mutant type, A. Therefore only ps
mutant genes as a proportion of all genes are lost at each
generation. The probability of mutation from a to ,4 is
qp., which can be taken as p.. Thus, if there is no change
of gene frequency from one generation to the next,
M = P*-
For a rare X-linked disorder caused by allele a, female

homozygotes for which are too rare to be considered:

Frequency

Male Before After
genotype Fitness selection selecuon

.4 1 P P
a 1 - s ? q(\ -s)

1 1 -sq

The loss of sq males as a proportion of all males occurs
at each generation, but only one third of all X-linked
genes are carried by males. Therefore sq/3 a alleles as a

proportion of all genes are lost at each generation. The
probability of mutation from A to a is pp., which can be
taken as p (because p = 1). Thus, if there is no change
of gene frequency from one generation to the next,
p = sq/3.
The high incidence of some recessive disorders in the

face of a clear disadvantage to mutant homozygotes can¬
not always be accounted for by new mutations alone. In
such situations the mutant allele may be maintained in
the population through a selective advantage to hetero-
zvgotes. This can be represented for an autosomal locus
as shown at the top of the next column. Because each
.4,4 homozygote has two 4 alleles and each heterozy-
gote has one ,4 allele, the proportion of A alleles lost is
2p2S\l(2p2 + 2pq) = psi. Similarly, the proportion of a
alleles lost is qsr. At equilibrium there is no change of
gene frequency from one generation to the next.
Therefore, disregarding the effect of new mutations,
ps| = qsi. When the recessive homozygote has zero
fitness, that is when s2 = 1, ps, = q so that s, = q]{\-q).

Frequency

Genotype Fitness
Before
selection

After
selection

44
4a
aa

1-s,
1
1-j-

Pl
2pq
r

P2(l-st)
2pq

- <r(i-*2)

1 l -p2q -<7^2

THE VALIDITY OF HARDY-WEINBERG

EQUILIBRIUM IN PRACTICE

Bearing in mind the considerable potential for disruption
of equilibrium, it is important to be able to test popu¬
lations for conformity with the Hardv-Weinberg expec¬
tations before the principles of equilibrium are applied
in practice. This can be done as follows.
If x,y and z are the numbers of individuals of the three

genotypes 4,4, 4a and aa respectively at an autosomal
locus, and x + y + z = N, then, because N individuals
possess 2N alleles at an autosomal locus, the frequencies
of the two types of allele are p = (2x + y)/2N for 4 and
q = (22 + y)/2N for a. This method of arriving at allele
frequencies is known as gene counting. It is therefore a
simple matter to calculate the expectation of pl, 2pq and
q: for the equilibrium genotype frequencies. The chi-
square goodness of fit test can then be used to compare
the observed numbers of each genotype (x, y, z) with
those expected in Hardv-Weinberg equilibrium (pW,
2pqN, q2M). For this test, even though there are three
categories, chi-square has one degree of freedom. This
is because the expectations are derived from the obser¬
vations through the computed allele frequencies, only
one of which is sufficient to specify the expectations com¬

pletely. The chi-square test can also be used to confirm
equilibrium in the multiple allele situation where, in gen¬
eral, the degrees of freedom are the number of pheno-
typic classes minus the number of alleles. Examples of
applications of the test to a two allele system and a three
allele system can be found in Olaisen et al (1976) and
Sorensen (1973).
The chi-square goodness of fit test indicates whether

or not a population deviates significantly from Hardy-
Weinberg equilibrium. Any such deviation can be
expressed in terms of either a deficiency or an excess of
heterozygotes. Three possible causes of heterozygote
deficiency have already been outlined: positive assorta-
tive mating, inbreeding and admixture. Two possible
causes of heterozygote excess have also been mentioned:
heterozygote advantage and negative assortative mating.
In addition, for some single gene conditions there may
be a phenotypic overlap between homozygotes and het-
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erozygotes, making the classification of phenotypes in
terms of genotypes unreliable. Such errors in classifica¬
tion of phenotypes could result in spurious deviation
from Hardv-Weinberg equilibrium. Other possible
causes of deviation exist but need not be considered here.
The problems involved in estimating deviations from
Hardy-Weinberg equilibrium have been discussed more
fully by Smith (1970).
Despite the potential for equilibrium to be disrupted,

it is very unusual to find a population in which the
observations deviate significantly from the Hardy-
Weinberg expectations. However, failure to demonstrate
deviation from the Hardv-Weinberg proportions does
not imply that disrupting influences are not present. It
simply indicates either that they are not sufficiently pro¬
nounced to be detected with the size of sample tested,
or that more than one influence may be operating in
opposite directions, tending to cancel each other out. It
should also be pointed out that the chi-square goodness
of fit test is not a sensitive test, so that any disruptive
effect must be relatively large for a significant deviation
to be demonstrated. On the other hand, it must be
remembered that significant deviations will occur in a
small proportion of tests, not for any biological reason,
but simply because of the random nature of the sampling
process.
The contribution of random sampling to observed

deviations from equilibrium has recently been studied by
comparing the results of numerous goodness of fit tests
for three different genetic systems with the expected dis¬
tribution of chi-square values, assuming that the Hardy-
Weinberg assumptions are fully justified and that devia¬
tion results from random sampling alone. For two of the
three systems the observed distribution of chi-square was

significantly different from that expected, indicating that
factors other than random sampling contributed to the
observed deviations (Stevens & Fox, 1977). Neverthe¬
less, because it is rare to find examples of significant
deviation from the expected Hardy-Weinberg propor¬
tions it is accepted practice to assume that all large pop¬
ulations are in equilibrium unless there is evidence to the
contrary. The expected genotype proportions can then
be used to advantage in a variety of ways, some of which
are outlined briefly below.

SOME APPLICATIONS OF THE HARDY-
WEINBERG PRINCIPLE IN MEDICAL GENETICS

Estimating gene frequencies and genotype
frequencies

Autosomal disorders
Consider again the two allele model summarised as fol¬
lows:
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Population frequency

Genotype
Number
in sample

Dominant
disorders

Recessive
disorders

AA
Aa
aa

X

y
:

= 0

2pq- 2p
q2 = 1 — 2p

P2
2pq
r

N 1 1

For a rare dominant disorder caused by allele A (p
small, ?=1) the observed incidence of affected individ¬
uals, y/N, is equal to twice the gene frequency j p. There¬
fore p = y/2N.
For a completely recessive disorder caused by allele a,

where the heterozygote cannot be distinguished from the
normal homozvgote, the observed incidence of affected
individuals, z/N, is equal to the square of the gene fre¬
quency, q. Therefore q = Vs. .V. However, this estimate
may be subject to a negative bias, particularly in small
samples (Huether & Murphy, 1980). Having estimated
q, and knowing that p = 1 -q, the incidence of hetero¬
zygous carriers in the population can be calculated as

2pq. Using this method, the frequency of the recessive
allele for the Bloom syndrome among Ashkenazi Jews of
Israel has been estimated as 0.0042, with a corresponding
carrier incidence of approximately 1/120 (German et al,
1977). Similarly, the frequency of the recessive allele for
chronic childhood spinal muscular atrophy in north-east
England has been estimated as 0.0055 with a correspond¬
ing carrier incidence of 1/90 (Peam, 1978). Alternatively,
for a recessive disorder in which undetected lethality is
suspected, the observed incidence of affected homozy-
gotes can be compared with that expected on the basis
of a known carrier frequency, yN, since y/N = 2pq =

29(1-9), so that 2cf - 2g + y.V = 0. This provides the
solution 9 = [ 1 -V1 -(2_y')V)l/2, from which the estimated
incidence of affected conceptuses, q:, can be derived
(Severn, 1981).
For an incompletely recessive disorder where the het¬

erozygote is recognisable, a better estimate of 9 can be
obtained by gene counting from the equation 9 = (2z
+ y)/2N. The allele frequencies for erythrocyte glyox-
alase types 1 and 2 have been found by this method to
be 0.4512 and 0.5488 in a West German sample (Mauff
et al, 1978).

X-linked disorders
For an X-linked disorder the incidence of affected males
at equilibrium is equal to the population frequency, 9,
of the mutant allele. The incidence of carrier females

might be expected to be 2pq, or approximately 2q
(because p = 1). However, unlike autosomal recessive
disorders where relatively few carriers are the offspring
of affected individuals, in X-linked disorders the daugh¬
ters of affected males constitute a potentially major pro-
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portion of all carrier females. The fitness of affected
individuals therefore has a much greater influence on the
incidence of carriers in X-linked disorders than in auto¬

somal recessive disorders.
For an X-linked disorder the complement of affected

males in each generation is made up of those produced
by new mutations and those who have inherited the
mutant allele from carrier mothers.' If the incidence of
affected males and of carrier females at equilibrium are
m and h respectively, then because half the male off¬
spring of carriers are affected, m = p. + hJ2.
The complement of carrier females in each generation

is made up of those produced by new mutations, those
who have inherited the mutant allele from carrier moth¬
ers and those who are daughters of affected males.
Therefore, because females have twice the chance of
receiving a new mutation at an X-linked locus compared
with males (provided the mutation rate is the same for
both sexes), because half the female offspring of carriers
are themselves carriers, and because the contribution
made by daughters of affected males is dependent on the
fitness,/, of affected males, h = 2/x + hi2 + fm.
Substituting for /a:

h = 2{m - hJl) + h/2 + fm = m(4 + 2/)/3

The incidence of carriers for an X-linked disorder can
therefore be expressed in terms of a ratio of carriers to
affected males, given by the simple straight line relation¬
ship:

him = (4 + 2/)/3

A more complete approach to the analysis of equili¬
brium frequencies for X-linked disorders takes into
account the possibility of reduced fitness in carriers and
a difference of mutation rate between the sexes (Hollo-
wav & Smith, 1973).

Multiple allele frequencies
The estimation of multiple allele frequencies at an auto¬
somal locus can be illustrated with reference to the ABO
blood group system, where the frequencies of the A, B
and O specificity producing alleles are p, q and r respec¬
tive!v. Then:

From this tabulation, z/N = r2,
and (w + z)/N = p2 + 2pr + r2 = (p + r)2
Therefore:

Phenotype
Observed
numbers Genotype Frequencies

A
B
AB
O

x

y

TT

AA and AO
BB and BO
AB
00

p- + 2pr
<T + 2qr
2pq
r2

r = Vz/n
P= V(iv + z)/N - r
q=1-p-r

When all six genotypes produced by three alleles at a

single autosomal locus can be distinguished, each allele
frequency can be determined directly by gene counting,
as for example in the red cell acid phosphatase system
(Wiebecke & Brackebusch, 1974).

An allele frequency test of a genetic hypothesis
If a character exists in two distinct forms, individuals
being classified as either 'affected' or 'non-affected', then
the hypothesis that this character is controlled by two
alleles at a single locus can be tested using the Hardv-
Weinberg assumptions. Table 8.6 shows the different
kinds of 'affected x affected' and 'affected x non-

affected' matings, based on the hypothesis that there are
two alleles, A and a, at frequencies p and q respectively,
with p + q = 1 and with A completely dominant over
a and producing the 'affected' phenotype. A prerequisite
for the hypothesis is evidence that 'non-affected x non-
affected' matings produce only 'non-affected' offspring.
Mating and offspring frequencies are based on the
assumptions of random mating and equal fitness of ail
genotypes. Taking the frequency of allele a as the square
root of the observed incidence of 'non-affected' individ¬

uals, it is possible to derive the expected proportions of
'non-affected' individuals among the offspring of the two
different classes of mating. The observed numbers of
'affected' and 'non-affected' offspring can then be com¬

pared with the numbers expected under single locus con¬
trol by means of a chi-square test. However, even if no
significant difference can be demonstrated there is a need
for cautious interpretation, since alternative genetic and
non-genetic hypotheses might fit the observations equally
well. The ability to taste phenylthiocarbamide has been
used to illustrate the application of the allele frequency
test (Stern, 1973), and the test has been used to add
weight to the contention that plasma paroxonase activity
is controlled by two alleles at an autosomal locus (Plavfer
et al, 1976).

Inbreeding and recessive disorders
A population with average coefficient of inbreeding F can
be regarded as equivalent to a hypothetical one in which
a proportion, F, is fully inbred and the remainder, 1-F,
is bred at random. If alleles A and a at an autosomal locus
are at frequencies p and q, with p + q = 1, then in the
fully inbred part, where the probability of homozygosity
|through identity by descent is 1, the two types of homo-
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Table 8.6 The different kinds of'affected x affected' and 'affected x non-affected' matings, their frequencies and the
frequencies of'affected' and 'non-affected' offspring expected at Hardy-Weinberg equilibrium. Alleie A is completely dominant
over a and produces the 'affected' phenotype. The frequencies of the different kinds of mating are taken from Table 8.3.

Mating Mating frequency
Offspring

Affected
frequency

Non-affected

Affected x affected
AA x AA
AA x An
Aa x Aa

P4
4plq
4pY

p4
4plq
3py

°o

Total
Relative

p\\+2q)
1 + 2q

pV
r

Affected x non-affected
AA x aa

Aa x aa

2pV

4p<?3

2pV

2pqi

0

2pq1

Total
Relative

ipr
l

2pq'
?

Proportion of non-affected individuals among the offspring of:
affected x affected matings = q2i( 1 + 2q + q2) - [?/(! + ?)]2
affected x non-affected matings = q/(\ + q)

zygote are distributed simply as the corresponding gene

frequencies. In the random bred part, all three genotypes
are distributed according to the Hardy-Weinberg expec¬
tations. The overall genotype frequencies in the popu-
lation are therefore:

Frequencies

Genotype Inbred Random bred Total

AA
Aa
aa

Fp

Fq

(1 - F)pz
(1 - F)lpq
(1 -F)q2

p2 + Fpq
2pq - IFpq
q2 + Fpq

When the incidence, m, of individuals affected by a
rare recessive disorder is known, together with the aver¬

age coefficient of inbreeding, F, it is possible to estimate
the gene frequency, q, and the incidence of carriers, h,
because:

m = + Fpq = q2 + Fq
and:

h = (1 -F)2pq

These equations have been used, for example, to calcu¬
late the gene frequency and carrier incidence for albinism
among the Hopi indians of Arizona (Woolf & Dukepoo,
1969). It also follows from the relationship m — q2 + Fq

. that the incidence of a recessive disorder is approximately
twice the incidence expected under random mating when
F = q, three times when F = 2q and n times when
F — (n-1 )q. The highest levels of inbreeding recorded for
human populations are in the region of F = 0.04, but

such extreme values are very rare (Cdvaili-Sforza & Bod-
mer, 1971).

Genetic heterogeneity in recessive disorders
The offspring of consanguineous marriages are more
likely to be homozygous at any given locus than the off¬
spring of unrelated parents. The frequency of consan¬
guineous marriages among parents of individuals with
recessive disorders is therefore higher than for the pop¬
ulation at large. Furthermore, the rarer the recessive
allele, the greater the frequency of consanguinity among

parents of recessive homozygotes compared with the gen¬
eral population. This is illustrated in a recent study of
a number of recessive disorders (Tchen et al, 1977). The
majority of consanguinity can usually be attributed to
first cousin marriages, so that the relationship between
gene frequency and consanguinity can be expressed as:

_ Cc (1 - Cp)
16CP- CcCp - 15Cc

where q is the recessive allele frequency at a single locus,
and Cc and CP are the frequencies of first cousin marriages
in the general population and among parents of affected
individuals respectively. (Dahlberg, 1948). Given CG and
Cp it is therefore a simple matter to arrive at an expected
value for the incidence of a recessive disorder in the pop¬
ulation, mE, on the assumption that the disorder can only
be produced by homozygosity at one particular locus,
because, at equilibrium, mE = q2.
If only one locus is indeed involved, the observed

incidence of affected individuals in the population, m0,
should approximate to mE. On the other hand, if the
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disorder can be produced by homozygosity at any one of
n loci, and assuming that the frequency of the recessive
allele at each of these n loci is the same as in the single
locus case, then Cq and CP are unchanged, but the
observed incidence of affected individuals in the popu¬
lation is greater than mE by a factor of n. The ratio of
the observed incidence of the disorder to that expected
on the basis of single locus involvement therefore pro¬
vides an estimate of the actual number of loci involved,
the accuracy of this estimate depending on the relative
contributions of the loci concerned.
The consanguinity approach to heterogeneity analysis

in recessive disorders is mentioned by Stern (1973) in
relation to albinism. Extensions of the method have been
used to estimate the number of recessive genes involved
in severe mental handicap (Dewey et al, 1965) and con¬

genital deafness (Costeff & Dar, 1980).

Quantifying gene flow
If the frequency of a particular allele, a, at a given locus
is known both for a hybrid population, Z, and for its two
ancestral populations, X and Y, it is possible to estimate
gene flow because qz = wqx + (l-w)?y. Therefore w, the
proportional contribution of population X to the hybrid
population, can be given as:

w = (?z - ?y)%Y - QY)

This formula has been used, for example, to quantify
gene flow that has been occurring through racial admix¬
ture between blacks and whites in the United States

(Reed, 1969) and in Cuba (Gonzalez et al, 1976).
Associated with the increase in heterozygosity that

occurs with random mating after admixture, there is a
decrease in homozygosity. The incidence of a recessive
disorder after admixture but before random mating,
which is simply the weighted mean of the incidence in
the two ancestral populations, therefore falls once ran¬
dom mating has taken place.

Estimating mutation rates
For a disorder with an established mode of inheritance
it is possible to estimate the mutation rate if the incidence
of the condition and its fitness are known. Thus, if there
is a balance between mutation and selection, and if the
observed incidence of affected individuals is given as m,
then:

for an autosomal recessive disorder /a = sqz — ms
for an autosomal dominant disorder /a = ps = ms/2
for an X-linked disorder (males only) /a = sqj3 = ms/3

This approach has been used by Stevenson & Kerr
(1967) to estimate mutation rates for a number of
X-linked disorders. For autosomal dominant disorders,
and for X-Linked disorders where the heterozygote is

recognisable, it may be possible to compare the expec¬
tations based on balance between mutation and selection
with more direct estimates of mutation rate (Gardner,
1977; Davie & Emery, 1978).

Heterozygote advantage
The degree of heterozygote advantage required to main¬
tain the incidence of a deleterious recessive disorder at
a high level can be estimated if the gene frequency q, is
known, because when the disorder .confers zero fitness,
Si = ?/(l - q), where S) is the proportional reduction in
the fitness of normal homozvgotes relative to the fitness
of heterozygotes. In fibrocystic disease and phenylketon¬
uria, for example, the degree of heterozygote advantage
required to maintain incidence at the present levels is 2-3
% and around 1 % respectively (Emery, 1976; Burdick,
1977). Attempts to confirm heterozygote advantage by
direct estimation of fitness have been made for these two

disorders by Knudson et al (1967) and Woolf et al (1975).
However, as illustrated by Tay-Sachs disease, a delete¬
rious allele can occur at high frequency for other reasons
also (Spyropoulos et al, 1981).

Predicting the outcome of medical and social
practices
The incidence of a genetic disorder may be decreased as
a result of genetic counselling with consequent selective
abortion or voluntary limitation of family size, or
increased if the fitness of affected individuals is improved
by medical treatment. The potential for reducing dis¬
ease incidence through counselling depends on the pro¬
portion of mutant alleles inherited compared with those
produced by new mutations. For dominant disorders,
the only individuals able to transmit mutant alleles are
those who have the condition themselves. Most dominant
disorders have a rather low fitness, so the majority of
affected individuals are recipients of new mutations. The
potential for reducing the incidence of a dominant dis¬
order through counselling is therefore generally less than
the potential for increasing it by improving fitness. In
recessive disorders, the majority of mutant alleles are
contributed by carriers from the previous generation,
most of whom have normal or near normal fitness and
are not exposed to counselling. It may be possible to
improve fitness for affected homozygotes, but because
such individuals are rare compared with carriers this
could lead to only a very slow increase in gene frequency.
The potential for changing the frequency of a recessive
disorder in either direction, at least over the next several
generations, is therefore rather limited. The situation for
X-linked disorders is intermediate, since mutant alleles
are exposed to selection in males but can be transmitted
by minimally affected carrier females.
The long term effect of any single medical or social

practice on the incidence of an inherited disease can be
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predicted by applying the basic principles of population
genetics introduced in this chapter. For example, the
effect of increasing the fitness of haemophiliacs has been
discussed by Merritt (1975). However, it has been
pointed out that predictions of this kind are unrealistic,
both because a number of practices are operating
together, some in opposite directions, and because the
medical and social climates are changing continually.
The net effect of current practices appears unlikely to
cause any appreciable change in the incidence of genetic
disorders in the foreseeable future, with the possible
exception of dominant disorders in which fitness can be
greatly improved by treatment. Nevertheless, it is impor¬
tant to monitor any changes that do take place and to
assess the possible consequences of new practices as they
are adopted (Holloway & Smith, 1975).

A fallacious application
It is appropriate to end by mentioning an application of
population genetics that is not legitimate. Recently,
attempts have been made to support the contention that
various human characters are controlled by single auto¬
somal loci, merely by applying the Hardv-Weinberg
principle to the frequencies in populations of different
manifestations of each character." The assumption has

POPULATION GENETICS 89

been that, for each character, three more or less arbi¬
trarily defined levels of expression ('absent', 'moderately
affected', 'maximally affected') correspond to the three
genotypes produced by two alleles at a single locus. The
agreement of the observed frequencies of these three
hypothetical genotypes in the population with the Hardv-
Weinberg expectations has then been taken as evidence
of single locus control. The fallacy of this approach can
be illustrated by applying the goodness of fit test in cir¬
cumstances where the classification of individuals is
known to have little or no biological basis. For example,
the distribution of individuals over three categories
according to the length of time since their last visit to the
dentist (s 1 year, 2-9 years, 2 10 years), from official
American Dental Association statistics, has been shown
to be consistent with single locus control of the character
'visiting the dentist', an obviously misleading conclusion
(Sofaer, 1970). The testing for agreement of observed
frequencies with the Hardy-Weinberg expectations in a

population (rather than in families u as in an allele fre¬
quency test) is therefore only valid when it is applied to
a known locus, identified through a study of related
individuals. Its purpose then is to see whether or not a

population is in equilibrium.
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Twins

J. A. Sofaer

The value of twin studies rests on the fact that there are

two different types of twin pair: monozygous (monozy¬
gotic, MZ, identical), where both members of a pair are
derived from a single fertilised egg and can therefore be
presumed to be genetically identical; and dizygous
(dizygotic, DZ, fraternal), where members of a pair de¬
velop from different fertilised eggs and are thus compa¬
rable to normal sibs. Differences between members of a

monozygous pair are consequently entirely non-genetic
(environmental) in origin, whereas differences between
members of a dizygous pair are due to a combination of
genetic and environmental influences. Other types of
twinning are possible but are likely to occur with a neg¬

ligible incidence.
The relative incidence ofMZ and DZ twinning can be

estimated using the method proposed by Weinberg. All
MZ pairs, by definition, must be like-sexed. In DZ
pairs the sexes are presumably combined at random so
that half the DZ pairs should be like-sexed and half un-
like-sexed (lA 99j '/2 $Cf, Vi C?Cf)> assuming a sex
ratio of unity. Thus, if L and U are the numbers of like-
sexed and unlike-sexed pairs observed, the estimated
proportions of MZ and DZ pairs are respectively (L-
U)I(L+ U) and 2UKJL+ U).
The random combination of sexes in DZ twins has

however been questioned because of evidence for a pre¬

ponderance of like-sexed pairs (James, 1976, 1979).
Such a preponderance would lead to an overestimate of
the proportion of MZ twinning and a corresponding
underestimate for DZ twinning. Nevertheless, pooled
data from the literature have failed to support the non-
random association of sexes (Buhner, 1976). An ap¬

propriate adjustment can be made for deviation from a
sex ratio of unity, based on observations in the popula¬
tion under study, but the effect is likely to be negligible.
The incidence of MZ twinning appears to be stable

throughout the world, being around 4/1000 births. By
comparison, the incidence of DZ twinning is very vari¬
able, ranging from around 3/1000 in Oriental popula¬
tions, through around 7/1000 among Caucasians, up to
around 20/1000 births for some Negro populations. The
incidence of all twinning among Nigerians is particular-
120

ly high, being in the region of 4.5% (Morton et al,
1967). Monozygous twinning, which presumably results
from chance developmental variation, is also little
affected by maternal status, whereas DZ twinning,
which has its basis in multiple ovulations, has been
shown to increase with maternal age and parity (Bulmer,
1970; Elwood, 1978), and to be influenced by maternal
genotype (White & Wyshak, 1964; Morton et al, 1967)
and secular environmental changes (British Medical
Journal, 1976; Brackenridge, 1977; Nielsen et al, 1978).

ZYGOSITY

A prerequisite to the use of twins in studying the genetic
contribution to observed variation is a reliable diagnosis
of zygosity, the accurate classification of twin pairs as
either MZ or DZ. This, of course, need only be consid¬
ered for like-sexed pairs, since unlike-sexed pairs are al¬
ways DZ. Different approaches are available. First,
knowledge of the configuration of the fetal membranes
can provide some information. Monochorionic pairs are
invariably MZ whereas dichorionic pairs are only largely
DZ, the dichorionic group including a proportion of
MZ pairs also. Second, reciprocal skin grafting can be
used. This is a potentially powerful, although impracti¬
cal, means of zygosity diagnosis simply because the large
number of polymorphic loci contributing to tissue com¬
patibility is unlikely to allow DZ twins to have compati¬
ble genotypes at all these loci by chance. However, the
occasional occurrence of a vascular anastomosis between
the early fetal circulations of fraternal twins, and the
possible consequent development of mutual immunolo¬
gical tolerance, suggests that even this method of zygos¬
ity diagnosis could be subject to occasional error. The
third and most usual approach involves an assessment of
similarity in terms of a number of different inherited
characteristics, independent of the traits the study has
been designed to investigate.
Similarity in terms of simple visual criteria may pro¬

vide an acceptable level of zygosity diagnosis under
some circumstances when used by an experienced o'oser-
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ver, and questionnaires to assess similarity, directed to¬
wards either twins themselves or their parents,' have
been found to be remarkably reliable (Cohen et al, 1975;
Kasriel & Eaves, 1976). Nevertheless, for research
purposes more objective information is desirable (Car-
ter-Saltzman & Scarr, 1977). Three sources of this in¬
formation are available: the population incidence of
monozygosity and dizygosity; phenotypes/genotypes for
characters controlled by single loci; and within pair dif¬
ferences for quantitative characters, particularly those
with high heritabilities.

Prior probabilities of monozygosity and dizygosity
among like-sexed pairs
Given a like-sexed pair but no additional information,
the prior probabilities of dizygosity and monozygosity
can be expressed in terms of the incidence of dizygosity
and monozygosity among like-sexed pairs in the popula¬
tion under study, approximately U/L and (L-U)/L re¬
spectively. Given a like-sexed pair the prior probability
of dizygosity relative to the probability of monozygosity,
the ratio R, is then: R = U/(L-U).

Single locus polymorphisms
Phenotype or genotype information for a number of
polymorphic loci controlling such characters as blood
groups, serum proteins or tissue enzymes serves either
to confirm dizygosity (once a genotype difference has
been detected) or to decrease the probability of dizygos¬
ity (with increasing number of loci for which identical
phenotypes/genotypes have been demonstrated). Given
phenotypic/genotypic identity, the probability of dizy¬
gosity relative to the probability of monozygosity, the
ratio s, can be calculated if either the parental genotypes
or the population gene frequencies are known.

The relative probability of dizygosity given parental
genotypes
Table 11.1 shows how the relative probability of dizy¬
gosity can be calculated from observations of poly¬
morphisms when the parental genotypes are known and
when at least one parent is heterozygous. Three differ¬
ent situations are illustrated. At locus 1, one parent is
heterozygous and the other homozygous, but at loci 2
and 3 both parents are heterozygous. At locus 1 the

heterozvgote, .4a, is distinguishable from the homozy-
gote, AA, but at locus 3 the allele C is dominant.

The relative probability of dizygosity from population gene
frequencies
Table 11.2 shows how the relative probability of dizy¬
gosity can be calculated using gene frequency data when
the parental genotypes are unknown. For each observed
twin genotype the probability of dizygosity relative to
the probability of monozygosity, the ratio s, is expressed
in terms of p, the population frequency of allele A. For
each twin genotype, s is therefore a different function of
gene frequency (Gaines & Elston, 1969).
When there are more than two alleles at a locus cal¬

culation becomes much more complex. However, tables
of probabilities based on gene frequency data have been
constructed for the more commonly tested polymorph¬
isms (Smith & Penrose, 1955; Smith et al, 1961).

Quantitative characters
For quantitative characters such as height, finger ridge
count, atd angle and so on, the relative probability of
dizygosity can be derived by reference to previously
observed distributions of within twin pair differences
for known MZ and DZ pairs. This is illustrated in
Table 11.3. Given monozygosity, the probability of an
observed difference of magnitude t is therefore m,/M,
and given dizygosity, the probability of an observed dif¬
ference of the same magnitude is djD. Given an
observed difference of magnitude i, but no other in¬
formation, the probability of dizygosity relative to the
probability of monozygosity, the ratio s, is therefore s =

dfrllmf).
Published tables are available listing the relative prob¬

ability of dizygosity for given ranges of observed within
pair differences for a number of the more commonly
used quantitative characters (Smith & Penrose, 1955;
Smith et al, 1961).

The overall probability of dizygosity
The overall probability of dizygosity relative to the over¬
all probability of monozygosity,. the ratio S, taking into
account the prior probability of dizygosity among like-
sexed pairs in the general population and the relative
probabilities of dizygosity from all single locus poly-

Table 11.1 The probability of dizygosity relative to the probability of monozygosity, the rauo s, from observations for three
autosomal loci at which parental genotypes are known. At locus 1 the heterozygote is recognisable but at locus 3 the allele C is
dominant.

Probability of observed genotype
Locus Known parental genotypes Observed twin genotype in 1 zygote in 2 zygotes s

1 AA x Aa AA 1/2 1/4 0.5
2 Bb x Bb bb 1/4 1/16 0.25
3 Cc x Cc CC or Cc 3/4 9/16 0.75
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Table 11.2 The probability of dizygosity relative to the probability of monozygosity, the ratio s, for three different twin
autosomal genotypes when the parental genotypes are unknown, based on the assumption of random mating. The population
frequencies of alleles A and a are p and q respectively, with p + q — 1.

Observed twin

genotype

Possible parental
genotypes Mating frequency

Probability of observed genotype, ;

in 1 zygote in 2 zygotes s

AA AA x AA
AA x Aa
Aa x Aa

p4
4p3q
4p¥

P4
Zp'q
py

P4
P3<?
py/4

Total: P2 p2(l 4- p)2/4 (1 4- p)2/4

A a AA x Au

AA x aa

Aa x Aa
Aa x aa

4pX
Zp-q2
4pV
4pq2

2plq
2py
2py
2pq3

P3?
Zp-q2
py
p?3

Total: Zpq p?(l 4- p-p2) (1 4- p - p2)/2

AA or Aa AA x AA
AA x Aa
AA x aa

Aa x Aa
Aa x aa

P4
4p3?
2py
4py
4p?3

P4
4plq
2py
3py
Zpq1

p4
4plq
2py
9p2q2/4
PI3

Total: p{2 - p) P(4 4-5p - 6p2 4- p3V4
4 4-5p - 6p2 4- p3

4(2 - p)

Table 11.3 The distribution of observed differences within pairs of twins of known zygosity for a quantitative character,
expressed in terms of arbitrary units on the appropriate continuous scale. The numbers of twin pairs showing each class of
difference are given by m and d.

Difference between
measurements in

arbitrary units 0 12 3. n Total

MZ pairs m0 rnt m2 m, mn .Vf
DZ pairs dQ d] d2 d2 d„ D

morphisms and quantitative characters scored, is simply
the product of the individual relative probabilities.
Thus, based on n traits, 5 = Rs\S2S}. . . s„. The prob¬
ability of dizygosity, Ppzi allowing that twins can be
only MZ or DZ, is therefore Pqz = 5/(1 + 5), and the-
probability of monozygosity, P.uz, is similarly P.viz = 1/
(1 + S) — 1 Pdz-

THE ANALYSIS OF TWIN DATA

The resemblance between twins can be expressed either
in terms of an ail-or-none character, such as a congenital
malformation or disease state, or in terms of a contin¬
uous variable, such as intraocular pressure or the con¬
centration of a serum constituent. Different approaches
are required for the two different kinds of trait, but the

ultimate goal is to use resemblance to assess the con¬
tribution of heredity to the observed variation. In addi¬
tion, the families of MZ twins provide a unique oppor¬

tunity to estimate certain components of variation, the
magnitude of which might otherwise remain a matter for
speculation.

Concordance
The study of resemblance between twins for all-or-none
characters involves comparing the number of pairs that
are concordant, where both members are affected (4-4-),
with the number of pairs that are discordant, where only
one member is affected (+-).
The pairwise concordance rate, C,.., is defined as the

proportion of concordant twin pairs among all those
which include at least one affected member, so that Cw
= C'KC + D), where C and D are the numbers of +4-



440

and +- pairs respectively. A more acceptable measure
of concordance is the proband concordance rate, Cp,
which takes account of ascertainment. It is equivalent to
the incidence of the trait among co-twins of previously
ascertained cases, so that ++ pairs in which both mem¬
bers have been ascertained independently are counted
twice. The proband concordance rate is therefore given
as Cp = (C + C')/(C + D + C'), where C is the total
number of ++ pairs, C' is the number of ++ pairs in
which the two affected members have been ascertained

independently, and D is the number of + — pairs. When
ascertainment is complete, C = C', so that Cp = 2CI
(2C+D).
The significance of a difference in concordance be¬

tween MZ and DZ twins can be tested by means of a 2
x 2 contingency chi-square, as has been done, for exam¬
ple, with allergic disorders (Lubs, 1972); but such a test
is only able to indicate whether MZ twins are signif¬
icantly more alike than DZ twins with respect to the
character studied and cannot provide a quantitative esti¬
mate of the genetic contribution to resemblance. It is
however possible to derive an estimate of heritability
from a concordance rate using the assumptions involved
in the multifactorial threshold model (Falconer, 1965).
The incidence of the trait in the general population, qg,
establishes the distance, xg, of the mean of the general
population from the threshold on the presumed under¬
lying scale of continuous variation, the scale of 'liabil¬
ity', and the proband concordance rate, qMZ or qDZ,
establishes the distance, xuz or xDZ, of the mean of the
distribution of co-twins (either MZ or DZ) from the
threshold. A simple approximate estimate of the correla¬
tion, r, between twins is then given by rMZ = (x„ -
xMZ)/a and rDZ = (xe - xDZ)la for MZ and DZ pairs re¬
spectively, where a is the distance between the overall
mean of the general population and the mean of affected
individuals in the general population. Values for x and a
are given in tables in standard deviation units against
the appropriate values of q (Falconer, 1965; Emery,
1976).
These correlations estimate the proportion of the total

phenotypic variance, VP, which is common to members
of a twin pair, so that rstz - (Va + ^'d + VC)/VP an<f
rnz = ('/iV-i + {AVd + Vc)/VP, where V., is the addi-
uve genetic variance, VD the dominance variance and
Vc the common environmental variance (Falconer,
1960). The variance due to epistatic interaction between
loci is regarded as negligible. Thus, if VD = 0 and Vc =

0, the heritability is estimated simply as h2 = VA/VP =
rmz = 2roz. Non-genetic familial effects are however
likely to make a significant contribution to resemblance
between twins; but such effects can be eliminated in the
analysis, assuming the same common environmental
variance for MZ and DZ pairs, by using the difference
between the MZ and DZ correlations, when 2(r.wZ -
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*dz) = (VA + V2VD)IVP. Thus, if VD = 0, hl = VAIVP
— 2(ryZ — rDZ). The actual value of 2(r^z — rDZ) calcu¬
lated from observations, in situations where the con¬
tribution of the dominance variance is not known, is
therefore an upper limit estimate of the heritability.
This estimate is twice the difference between two inde¬

pendent correlations, and consequently its standard
error is relatively large (Smith, 1974). This kind of
analysis has been applied to a variety of malformations
and diseases, including clubfoot (Smith, 1970), schi¬
zophrenia (Gottesman & Shields, 1973) and psoriasis
(Brandrup et al, 1973).
It is also possible to derive an upper limit estimate of

heritability from MZ.and DZ concordance rates without
knowing the general population incidence of the trait
since, when all the genetic variance is additive, h~ = (xg
- x.mzVa = 2(xg - xDZ)/a, so that x„ = 2xDZ - xMZ.
Using this value for xg, reference to tables gives the cor¬
responding value for a, and values for r can be calcu¬
lated as already described.
This approach to the analysis of threshold characters

assumes that the distribution of relatives on the under¬

lying continuous scale of liability has the same variance
as that of the general population. However, affected in¬
dividuals (those failing above the threshold) form a trun¬
cated group with a skewed distribudon, so that the dis¬
tribution of relatives is likely to have both a lower
variance than the general population and a skewed dis¬
tribution also. These sources of bias are particularly
likely to affect estimates of heritability from concord¬
ance in MZ twins. Elimination of this bias has shown
that the proband concordance rate for MZ twins, which
depends both on heritability and population incidence
of the trait, will not be high unless heritability is very

high, a heritability of 80%, for example, giving a pro¬
band concordance rate for MZ pairs of only 37% with a

population frequency of 1% (Smith, 1970, 1972). A low
concordance rate for MZ twins cannot therefore be
taken as evidence that genetic factors are unimportant in
the aetiology of a disease.
Complications in the interpretauon of concordance

rates can arise for a number of reasons, including a dif¬
ference in incidence of the trait between the sexes, vari¬
able age of onset of a disease, or variation in diagnosis or
ascertainment. These are discussed by Smith (1974).

Continuous variadon
For condnuous variables, resemblance between twins
(either MZ or DZ) can be expressed by the intrapair
variance, the variance within pairs, V',,,. This is given by
Vw = I(AT - Y)ZI2N, with N degrees of freedom, where
X and V are values for members of each twin pair and N
is the number of pairs. The interpair variance, the
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variance between pairs, Vb, is then given as

V, =
1

N- 1
sex + y)2 (Z(X + y))2

2 2N

with N - 1 degrees of freedom. The significance of a dif¬
ference between MZ and DZ pairs in terms of either Vw
or Vb can be tested by calculating the variance ratio, F,
and referring to standard statistical tables, as has been
done for plasma free and esterified cholesterol (Christian
et al, 1976); but again, such a test is only able to indi¬
cate whether MZ twins are significantly more alike than
DZ twins with respect to the character studied and does
not provide a quantitative estimate of the genetic con¬
tribution to resemblance between members of twin

pairs. A quantitative estimate can however be derived
from these variances via the intraclass correlation, r,,
where r, = {Vh - Vw)/(Vh + V^,). The intraclass correla¬
tions for MZ and DZ pairs can then be used as de¬
scribed above to provide an upper limit estimate of the
heritability. This kind of analysis has been applied, for
example, to plasma creatine phosphokinase activity
(Meltzer, 1978).
For characters unlikely to fulfil the criteria for para¬

metric statistics, non-parametric methods can be applied
to assess the relative similarity of MZ and DZ pairs.
Such methods have recently been used to investigate the
EEG reaction to ethanol (Propping, 1977) and the fre¬
quency of sister chromatid exchanges (Pedersen et al,
1979).

Holzinger's index
The use of Holzinger's index, H, to express the impor¬
tance of hereditary factors in the aetiology of a disease,
where H = (VDZ - V^tz)lVDZ = (rMZ - rDZ)/(\-rDZ),
and where VMZ and VDZ are within pair variances for
MZ and DZ pairs, is considered to be misleading and
inappropriate for the analysis of twin data. Holzinger's
index seriously underestimates the contribution of
heredity and, for a given heritability calculated by
conventional methods, increases with the population
frequency of the disorder under study (Cavalli-Sforza &
Bodmer, 1971; Smith, 1974). In spite of this, Holzin¬
ger's index has been used widely in the genetic litera¬
ture.

The families of MZ twins

Monozygous twins have identical genotypes and conse¬

quently their children are related as half-sibs. The ex¬

pected size and age range of the two sibships with MZ
twin parents are the same, in contrast to conventional
half-sibships, so that the families of MZ twins provide
the opportunity for half-sib analysis under what for hu¬
man investigations are remarkably controlled conditions
(Nance & Corey, 1976; Haley et al, 1981). The particu¬
lar advantage of half-sib analvsis is that it allows differ¬

ent components of genetic and environmental variance
to be estimated directly, without the need to resort to

assumptions about whether or not particular compo¬
nents can be ignored. The method has been used recent¬
ly to study the influence of X-linked genes on serum
immunoglobulin M (Escobar et al,1979).

LIMITATIONS OF TWIN STUDIES

The previous section has shown briefly how resem¬
blance between twins can be quantified and how, assum¬
ing that MZ and DZ pairs have equally similar environ¬
ments, it is possible to eliminate the variance due to
common environment in the analysis. However, very
large numbers of twin pairs may be required to draw the
simplest conclusions with confidence (Martin et al,
1978), and on the basis of twin data alone there is no

way of knowing if the genetic component of resem¬
blance has its basis in dominant or recessive genes, auto¬
somal or X-linked genes, one or many loci. Further¬
more, the assumption of equal similarity of environment
for MZ and DZ pairs, although often the only course, is
a source of error, since it is likely that general similar¬
ities of temperament and ability will result in a higher
postnatal environmental correlation within MZ pairs
than within DZ pairs.
On the other hand, although development in the same

uterus at the same time clearly eliminates a major source
of environmental variation, there is evidence that within
pair prenatal environmental differences for dichorionic
twins can be substantial. In terms of IQ and dermato-
glyphic characteristics, greater within pair differences
have been demonstrated for dichorionic as opposed to
monochorionic MZ twins, whereas IQ differences for
dichorionic MZ and DZ pairs were similar (Melnick et
al, 1978; Reed et al, 1978). Intrauterine competition,
particularly in MZ pairs, can'also lead to marked differ¬
ences in birth weight that can persist at least during ear¬
ly childhood (Wilson, 1979), and these differences could
conceivably promote environmental differences from a

variety of sources.
An additional source of confusion is that although the

chromosomal complements of MZ twins are identical,
the splitting of a single zygote into two could result in
unequal distribution of cytoplasmic constituents. There¬
fore, whereas each DZ twin starts life with a full com¬
plement of cytoplasm, members of a monozygous pair
may differ with respect to cytoplasmic factors. Such dif¬
ferences would contribute to what appear to be non-
genetic differences between members of MZ pairs.
A potentially powerful way of studying the contribu¬

tion of postnatal environment to resemblance between
MZ twins involves the comparison of twins reared
together with those reared apart. This comparison has
been expressed by the ratio E, comparable to Holzin-
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ger's H index, the ratio being given as E = (Va-Vt)/Va,
where Va and V, are the within pair variances for twins
reared apart and reared together respectively. The re¬
sults of three such studies (Newman et al, 1937; Shields,
1962; Burt, 1966) have been summarised by Cavalli-
Sforza & Bodmer (1971). There are two major difficul¬
ties with this approach. First, the number of MZ pairs
reared apart is severely limited; and second, a consider¬
able degree of similarity of environment is likely to per¬
sist even for separated pairs. The environmental differ¬
ences found between members of separated pairs are
therefore not comparable to the range of environmental
variation found in the populadon as a whole. These
problems make the interpretation of such studies dif¬
ficult in general terms, particular phenotypic differences

between members of separated MZ pairs often being
attributable to known environmental differences specific
to the pair involved. A further assumption is that non-
genetic intrapair differences for MZ twins occur inde¬
pendently of genotype. However, the same environmen¬
tal difference could produce varying phenotypic differ¬
ences depending on the genotype of the pair involved.
Despite these limitations, or perhaps because of

them, the major source of confusion in twin studies has
been the notable lack of comparability of data collection,
analysis and interpretation (Smith, 1974). This confu¬
sion should not obscure the fact that the twin method is
a valuable approach to the study of genetic determina¬
tion of a character, and, used in conjunction with in¬
formation from other relatives, can be very informative.
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