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I. INTRODUCTION 

This Introduction will briefly review the historical development, 

and current state of the theory of quantitative genetics in order to 

put in perspective the particular deficiencies of the theory that 

create the need for the studies which are the subject of this thesis. 

Quantitative genetics, to quote Falconer (1960), 'is concerned 

with the inheritance of those differences between individuals that are 

of degree rather than of kind, quantitative rather than qualitative", 

It is therefore concerned with the inheritance of differences between 

individuals in characters whose population frequency distributions are 

continuous. Reproductive fitness, the character of prime importance 

in the evolution of natural populations, is undoubtedly of this type, 

as are the great majority of characteristics of commercial interest in 

our domestic animals and plants. 

Yet despite some (spirited) opposition from the English bio 

metricians in the first decade of this century (see for example Dunn, 

1965) it soon became accepted that the basic mechanism of Inheritance 

is the same for these characteristics as for discontinuous traits 

whose phenotypes fall into a few clearly distinct classes. That is, 

inheritance is by means of genes carried in diploid organisms in 

pairs, the members of which pass at random to different gametes and 

(if mating is at random) recombine at random to form new pairs in the 

next generation. What then produces the apparent continuity of 

phenotype? The generally accepted view is that the continuity is due 

to the combined influence of environment and segregation at many loci 

the individual effects of which are indiscernable. I 
The latter part 

of this idea apparently occurred to Mends]. in 1865 (see Wright, 1952) 
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but like all the rest of his work, i t was at the time Ignored. 

However, from the time of its "rediscovery" in 1900, Mendel's work was 

the stimulus for a vast quantity of experimental work which eventually 

provided the evidence that the genetic variation in quantitative traits 

was also attributable to segregation at individual loci (300 for ex-

ample Dunn, 1965  and Wright., 1952). Also during this same period, 

the statistical or population consequences of multiple factor 

Mendelian inheritance were elucidated. Weinberg (1909, 1910) made 

the first comprehensive investigations of the correlations to be 

expected between relatives for traits governed by many loci, and was 

the first to attempt analysis of variation into its genetic and 

environmental contributions (Wright, 1952). Weinberg's studies 

anticipated many of the main results obtained later but independently 

by both Fisher (1918) and Wright (1921), but these much more well 

known works greatly extended his findings and laid a firm foundation 

for the future development of population geietics. 

From this time forward, development took place along several 

lines (for a discussion of these lines and their associated workers 

see A. Robertson, 1963), but the one of greatest interest to animal 

breeders was that initiated by Wright, and greatly extended by Lush 

and his associates. This theory, "presents a description of 

phenomena In a hypothetical random breeding population as it is at the 

moment, and. allows some immediate predictions of the response to 

selection pressures of various kinds and, with less validity, to the 

effect of inbreeding" A. Robôrtson (1969). In Robertson's view 

"its great theoretical merit is that with the introduction of only 
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one new concept, that of the additive genetic variance and its 

related parameter, the heritability, a coherent framework can be 

presented for the integration of several otherwise apparently diverse 

phenomena", for example, prediction of response to selection based on 

individual merit as opposed to, say, progeny test information. 

Now,the well known formulae for prediction of genetic gain, 

arising from this theory can be written 

AG = hp 

= hiaA 

where 

= genetic gain per generation 

h2 = heritability 

In, P= selection differential 

I 	= selection intensity 

h 	= correlation between genotype and phenotype 

= additive genetic standard deviation 

and short term predictions (for up to, say, five generations) based 

on it have by and large been realised (A. Robertson, 1970 a). The 

conditions which must be fulfilled for this simple formula to provide 

useful longer term predictions have recently been reviewed by the 

same author (A. Robertson, 1970 b). important points are (i) that 

the additive variance should not change with time, which requires 

that the population size be large, the number of loci contributing to 

the variance be large, and that these loci segregate independently, 

(ii) that measurements are made on the appropriate scale, both genetic 

and environmental, and (iii) that the effective selection differential 
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does not change with time. 

Howev'er, the response to selection cannot be expected to continue 

indefinitely, since for any given initial population there exists, 

conceptually at least, a genotype whose value (in the absence of 

mutation or other introduction of genetic material) cannot be exceeded, 

Obviously, it would be extremely,  useful if this final limit could be 

predicted at the start of any selection programme, but the major 

shortfall of the classical theory is that it cannot provide us With 

such a prediction (A. Robertson, 1966). For example, even in the 

infinite population on which the theory is based, the limit, for a 

given initial genetic variance, depends on the number of loci con-

tributing to that variance and this number cannot be estimated from 

the information usually available. 

In recent years, and beginning with the work of A. Robertson 

(1960), we have seen the development of a theory of limits in 

artificial selection which recognises that most populations are finite 

and makes some attempt to cope with the problem of linkage (Latter 

1965s. Hill and. A, Robertson 1966s  A Robertson 1970 c). Dealing first 

with independently segregating loot, A. Robertson (1960) showed that 

"in artificial selection based on individual measurements, where the 

selection differential is & standard deviatIons, the expected limit of 

individual selection in any population is a function only of NI", 

where N is the effective population size. If the further assumption 

of genes of small effect was made, it was possible to show that, for 

additive genes, the total advance by selection is 2N times the gain in 

the first generation, and that the half life of the process would not 



5. 
be greater than 1.4N generations. For recessives*  the total advance 

ouia be much greater than for additive genes, particularly if their 

initial frequency was low, and the half life could approach 2N 

generations. The linkage studios have all assumed Initial samples 

drawn from a population in linkage equilibrium and additive gene 

action. The results of the two-locus studios (Latter 1965, Hill and 

A. Robertson 1966) could perhaps be broadly summarised by saying that 

linkage er se does not appear to effect the limits to selection to 

any appreciable degree unless the population size is small and 

linkage tight, and particularly if the favourable alleles are 

initially at low frequency. The results of A Robertson's (197C, ' O) 

many-locus studies are difficult to summarise briefly because of the 

large number of parameters involved. The effects of linkage were 

assessed by the ratio i/ia, which Is the selection advance with re-

combination (L) to that in its absence (L0), and the main results are 

perhaps those presented in his Figure 8, This shows that, for any 

given parameter combination, L/Lo is mostly .determined by the product 

Ni, where N is the population size, and. 1 the average chromosome 

length for the species. His Figure 8 also shows that for cases 

where its maximum value (which occurs when the numerator is the 

advance under free recombination) Is less than 2, I/Lo increases 

only marginally for values of NI> 10, 

In simple terms, these studies have shown that, when population 

size is finite, the average advance due to selection will be loss 

than in an infinite population with the same initial parameters 

because of the chance fixation of unfavourable alleles at some loci. 
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An immediate consequence of this is that, if population size is not 

large, further progress should be made if selection is practised in 

crosses between selected lines which have reached apparent limits, and 

some experimental support for this prediction has already been ob-

tained (A. Robertson, 1966). 

If the major deficiency of the classical theory is its failure 

to predict selection limits, what then are its other short comings 

Again according to A, Robertson (i 966) these are (i) that it cannot 

predict the changes in reproductive fitness which might be expected 

to accompany selection for almost any trait and which have been 

demonstrated in some cases, for example by Lerner and Dempster (1951) 

and. Roberts (1966), and (ii) that it provides almost no information 

about the genetics (numbers of loot, type of gene action, allele 

frequencies etc.) of the character whose variance is analysed. This 

latter deficiency means, for example, that predictions of the effects 

of inbreeding can only be made under the very limtting assumption of 

additive gene action. 

To suinniarise the position at this point we may say that (1) 

existing theory can generally be expected to provide us with 

realisable short-term predictions of direct response to selection, but 

that in some situations little or no progress may occur because of 

opposing natural selection (ii)'prediotions of response in correlated 

traits are likely to be valid over even shorter periods (Bohren, Hill 

and. A. Robertson, 1966)0  (iii) the conditions necessary for valid 

longer-term predictions are unlikely to be met with in practice, and. 

(iv) that while some progress has been made towards predicting limits 
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to selection from performance in early generations, the solutions have 

been obtained from relatively simple underlying genetic models. Those 

models all assume that no changes of fitness occur as a result of 

selection* Further, while such changes are likely, their magnitude 

can In no way be predicted* . 

Viewed from the standpoint of someone wishing to make precise 

long-term predictions on the basis of observations taken on the base 

population, or from the improvement in a single generation of selections  

the position is hardly satisfactory. On the other hand, in the 

larger species of domestic animals, where 5 generations may require 

10 - 20 years to complete, and where changing markets or consumer 

preferences might necessitate changes in the character under selection 

well before such a period has elapsed, the current precision of short-

term predictions, at least of direct response, may often be quite 

adequate. However, the unreliability of predictiona of response in 

correlated traits, the failure to anticipate ocourronQoS of opposing 

natural selection, and the limited value of predictions of the effects 

of inbreeding, remain as inadequacies. Furthermore, it is extremely 

doubtful whether these problems could be overcome by further refining 

our statistical procedures. 

These considerations led A. Robertson (1967) to suggest that a 

new approach was needed, and the nature of his proposal, that what is 

required is a description of genetic variance in terms of individual 

loci, was undoubtedly influenced by evidence (Thoday, Gibson and 

Spickett, 1964; Wehrahn and Allard, 1965; A. Robertson, 1966) that 

the genetic variance in some quantitative traits might be due to 



segregation at comparatively few loot. Instead, of the usual variance 

component analysis, the now description would be in terms of the 

contributions of individual loot to the variance, and would therefore 

need to embody specification of (3.) the type of gene action (to what 

extent do we find dominance and epistasia), (ii) the magnitude of gene 

effects (or alternatively the number of loot segregating) at least for 

those genes controlling the greater fraction of the variance, (iii) 

the distribution of gene frequencies, (iv) the linkage relationships 

with other genes, and (v) the relationship between the effects of 

segregation on the character and on reproductive fitness. It is 

clear, that if for any trait we could ascribe say, 80 percent of the 

genetic variance to the effects of segregation at individual led, 

then we would be in a much stronger position to predict the effects 

of selection or inbreeding than we are with our usual variance 

component analyses. It is also highly likely that for most organisms 

we shall not be In such a position for many years, but it is not 

necessary that our description be complete before it may begin to be 

of use. Neimaxm'Srensen and A. Robertson (1961), and Smith (1967) 

have investigated the conditions under which information on an animals 

genotype at a locus known to affect production can be of use in an 

improvement programme. In general, the value of the information 

depends on the additive variance due to that locus (or those loot) 

relative to the heritability of the trait concerned. When normal 

selection is effective, information on specific loot can add but 

little to the rate of improvement. However, for sex limited traits, 

or traits of low heritability, significant increases in the rate of 

improvement are possible. One note of warning sounded by Smith is 
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that sampling errors in the estimates of the maitude of gene eifeote, 

and in the actinate of the proportion of the additive variance 

attributable to the known loci (most likely to occiw when the herit—

ability is low) nt cAuse seiection eftort to be misdirected and may 

even lead to looses rather than gains in. 	ovement. 

The case forall inveatitions of the underlying genetics 

of quantitative traits therefore appears to be a strong one and it 

becomes important that an aaeosament be rna& of the currently avail-

able rethod3 for isolating the individual loci underlying quantitative 

variation, The precision and applionbilitY of those methods must be 

ii*ostigated and if possible, now methods devi3ads  if those avaUeblO 

5r0 not good enough. The work reported in 	thesis consists first 

of a review of the currently available mothod. Two of these, the 

first proposed by Thodsy (1 961) and the second by Wright (1952)0, are 

then investigated in detail. Te first was chosen for detailed study 

becauo it was designed for isolating quantitative genes in 	94la 

and it sufficiently proise and reliable it could significantly 

increase our understAvdine of the nature of quantitative variatton in 

this much studied speoios# The asoond was eeleted becauO, in 

principle, it could be used to determine whether geneS of large 

effect contribute to the variance of quantitative characteristics of 

domestic animals. 
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2. A REVIEW OF MkiTHODS OF ANALYSING QUANTITATIVE (ENiTIC DIFFERJNCES, 

OTHER THAN XY TRADITIONAL BIOMITRICAL PROCEDURES 

The ultimate objective of the genetic analysis of a quantitative 

character should be to describe the system in terms of the individual 

loot nvolved, to determine the action and frequencies of individual 

genes at those loci, and their interactions with other genes. 

Despite recent advances in biochemical and molecular genetics, this 

objective for the present, appears to be remote. Nevertheless, 

certain advances have been made in this direction, and the purpose of 

this review is to summarise and evaluate the procedures that have 

been used to date. 

It must be stressed at the outset, that this review is concerned 

with classifying the available methods of analysing quantitative 

genetic differences, and with assessing their potential powers of 

resolution, rather than with summarising the results that have so 

far been obtained. The olaasification system that has been derived 

is hierarchical and has two main levels, though on occasions up to 

four levels have proved useful. The first tier has just two 

categories, and divides the methods according as they are concerned 

with analysing the quantitative differences (I) between pairs of 

lines, or (II) between individuals in a genetically variable popul-

ation. Within each of I and II, the methods are classifiod 

according to the type of approach adopted, and the different cate-

gories within this second level are denoted by lower case letters 

enclosed in brackets (e.g. (a), (b) etc.). Within some categories 

of the second level, further divisions (denoted by (i), (ii) etc.) 
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have proved helpful because of dii'ferencos in the method of applio.  

ation of particular types of technique to different species. 

Finally within some classes in the third tier, still further 

divisions (denoted. 1., 2., etc.) have been made because of differences 

in the level of refinement applied to the analysis. The literature 

surveyed was published prior to Tune 1971,  and though an attempt was 

made to cover both plant and animal publications, it is likely that 

the latter may have received the more thorough oovrage. 

I, METHODS FOR ANALYSING QUANTITATIVE DIFF1RENC3S 13ETE.EN PAIIS OF 
Va 

LINES 

In general the lines compared are homozygous, or are assumed to 

be so at least for genes affecting the quantitative character. In 

cases, where there is homozygosity at only same of these loot, the 

effects of segregation at the remainder are assumed to be distributed 

in such a way as to be effectively neutral. In what follows, the 

name given to each technique is a one line summary of its essential 

features, If the meaning is not immediately apparent, it will 

hopefully be made clear by the subsequent text, 

(a) Utilization Of Genetic Markers Without The Assistance Of Methods 

Of Crossover Suppression 

In this technique, linesare crossed which s 	 rst for 

alleles at various marker loci as well at, for the quafttAtativio trait. 

Linkage between quantitative genes and the markers is looked for in 

subsequent sereatinç generations 02, backorosses) by comparing the 

mean values for the quantitative trait, of the contrasting marker 
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genotypes. For a particular locus, such contrasts have an expected 

value of zero under independent segreation of marker and quantitative 

genes, and approach a maximum as the map distance between the locus 

and the marker approaches zero. In a backoross situation, the 

maximum approached will, for additive genes, be one half of the 

difference between the lines attributable to that particular locus. 

This technique can on average do little more than indicate which 

chromosome may contain the loci affecting the particular comparison 

and suffers the added disadvantage that the markers or se may affect 

the trait. It is today largely of historical interest, in that it 

was used by Payne (1918, 1920) 0  Sturtevant (1918), Sax (1923), and 

others, to make the first demonstrations that quantitative genes 

were, like their qualitative counterparts, chromosomal. 

(b) Utilization Of Genetic Markers Combined With Methods Of Crossover 

Suppression 

The addition of methods of crossover suppression greatly increases 

the analytical precision, especially in organisms where ll chromo-

somes of the genome can be ident&fiod either cytologically or by use 

of marker genes. This new feature permits the effects of segregation 

of whole chromosomes to be observed, and therefore creates the 

Possibility of accurately determining the contribution of each 

chromosome to the between-line difference. But even more importantly, 

it becomes possible to harvest for subsequent, measurement, individual 

products of recombination between any specified pair of chromosomes, 

and this makes possible the detection and isolation of individual 

loci. There are only two organisms, Drosophila melanogaster and 

common wheat, whore this general class of techniques have been 
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extensively applied. The method by which crossing over is suppressed 

differs in the two organisms and this leads to differences of detail 

in the technique. In what follows therefore, the organisms are 

treated separately. 

(i) Drosophila me1anoaoter 

It is well known that there is no crossing—over in males of 

this species and that in females, crossing—over can be markedly 

reduced by the use of chromosomes containing large inversion. If 

in addition, these inversions are marked with dominant-  lethal genes, 

the heterozygous carriers are identifiable and homozygouos do not 

survive. This creates a powerful system for genetic analysis. 

1., whole chromosome analyses 

The first attempts to estimate the contributions of separate 

chromosomes to the differences between pairs of lines appear to 

have been those of Mather (1942). In that study, the contrib-

utions of the large autosomee to the difference in abdominal 

e 
ohaotaZ between various pairs of lines were assessed. In a later 

study, using a new tester line, Mather and' Harrison (1949) 

obtained estimates of the contributions of all three major 

chromosomes to the difference in abdominal chaetae between a pair 

of lines selected in opposite directions for that trait. 

However, it was not possible in either of these analyses to 

estimate the effects of the small fourth chromosome, or to be 

sure (because some crosses involvod heterozygous females) that 

crossing over had been completely suppressed. Those uncertain-

ties were removed by the modified procedure of P.W. Robertson 



(1952), which in addition extended the range of synthetic 

genotypes produced. Finally F,W. Robertson (195k) proposed a 

scheme by which all possible combinations of the three major 

chromosomes of any two lines (18 for males, and 27 for females) 

could be produced. This procedure and modifications of it to 

include fourth chromosome manipulations are now standard practice 

and the details need not be discussed here. 

20  within chromosome analyses 

The estimates of the total contribution of each chromosome, 

as well as being of interest themselves, assist in deciding which 

ohromosowarrazit further study. It i 8 likely to prove more 

rewarding to begin by analysing the chromosome making the 

greatest contribution to the difference, though it does not 

necessarily follow, particularly if the lines are inbreds, that a 

chromosome differing little from its homologue in total score, 

differs equally little in allele content. 

In the early forms of within chromosome analysis (e.g. 

ather, 1942) the chosen chromosome was first allowed to recombine 

with a chromosome carrying a number of recessive markers, and 

recombinants were detected by backorossing to the marker chromo-

some. These hetergote5 were then scored for the trait and 

by suitable comparisons among the various recombinant classes, 

the dactivehlregions of the chromosome were delineated. This 

technique has several serious limitations. These are (i) that 

the background genotype is different for the backcrosaes deriving 

from each of the lines being compared, and (ii) that at loci 



15. 

affecting the trait there may be genetic differences between the 

dominant marker chromosome used in the whole chromosome analysis 

and the recessive marker chromosome used in the within chromosome 

analysis. Wigan's (194) comparison of various regions of the 

X chromosome from a number of stocks also suffered from the 

background genotype being different for each X. and In both these 

studies, effects on the trait of the recessive markers themselves, 

could not be ruled out. The experiments of Breese and Mather 

(1957) represent the next stage of sophistication. In these, 

comparisons among crossovers were always made in a constant 

background., and the marker genes were eliminated before scoring, 

by combining a crossover of one chromosome with a complementary 

crossover in the same region of the chromosome with which it was 

being oopared., However, while the marker genes themselves may 

have been eliminated, it is highly likely that the dynthetic 

chromosomes retained. segments of the marked chromosome. In fact, 

for a given region, the chance is 5/6 that a synthetic chromosome 

contains a segment of the marked chromosome, and the expected 

length of the segment is 1/3 of the distance between the markers 

defining the region (A. Robertson, personal communication). 

These segments, because they may contain genes affecting the 

trait, could influence conclusions regarding the differences 

between the chromosomes being compared, and the method is there-

fore not entirely satisfactory. 

So far we hve been discussing techniques for partitioning 

differences among whole chromosomes or regions thereof. Such 

techniques may in fact expose the effects of individual loci 
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(for example, on a particular chromosome shown to be r;aotivett, 

thorO may only be one locus affecting the trait), but further 

experiments would be needed to show that such was the case, 

Thoday (1961) has proposed methods whereby "active" regions of 

chromosomes may be further analysed with the uim of locating and 

measuring the effects o the individual loci contained therein. 

In outline, the technique consists of first isolating the "active" 

region and finding a chromosome containing a pair of recessive 

markers which, by various tests, are shown to span the region. 

Individual crossovers within this region are then harvested and 

progeny tested (with or without prior removal of the markers) to 

reveal the number of quantitatively different subgroups into 

which they fall. A single locus in he region will L ive two 

subgroups, two loci, three subgroups and so on, These techniques 

have been applied with some success by Thoday's group (Thoday, 

Gibson, and Spickett, 1964; Whittle, 1969) and although they are 

in principle powerful, there are some inherent difficulties, 

First#  it is assumed that the marker chromosome contains no 

genes which, if substituted into the chromosome being analysed, 

would further increase the between-chromosome difference. 

Thoday (1961) recognised that such problems might arise, but felt 

that the techniques of Breese and Mather (1957) could be used to 

overcome them. It has, however, been mentioned earlier that 

such manipulations have only a 1/6 chance of producing a synthetic 

chromosome free of genetic material from the marker. Second, 

while it may not be difficult to demonstrate that there are 

significant differences between the members of the sample of 
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crossovers collected, there are some very real statistical 

problems associated, with estimating the number of quantitatively 

different subgroups present, and deciding on the membership of 

each. In the later chapter devoted to Thoday's technique, these 

and other considerations will be examined in greater detail and 

possible modifications discussed* 

(ii) Common wheat 

Common wheat, 	 is hexaploid, and although it 

is an allo-polyploid, much of its genetic material is duplicated or 

triplicated (Seax', 1953).  It is therafte not surprising that 

wheat has a high tolerance of anueploidy, and this feature of its 

biology permits the use of cytological markers and also makes 

possible effective crossover suppression. In order to understand 

how crossover suppression may be achieved as a result of the high 

tolerance of wheat to anueploldy, and also to better understand the 

rationale of the procedures that follow, it is necessary to under-

stand a little of the breeding behaviour of wheat nullisomio 

(with only 20 pairs of chromosomes instead of 21), and monosomios 

(20 pairs plus I single chromosome). This information and the 

table below are taken from Sears (1953). Nullisomic wheat plants 

produce only nullisømio offspring when selfed. Monosomica, by 

contrast, yield three types of offspring, disomlo, monosomic, and 

nullisomic, in frequencies which vary somewhat with the chromosome 

concerned. 
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TABLES 2, 1 

FREQUENCIES OF FUNCTIONING 21- AND 20-CHROMOSOME, GAM1TES 
PRODUCED BY PLANTS OF A TYPICAL MONOSOLIC OF WHEAT, AND 

THE RESULTING FREQUENCIES OF DISOMIC, MONOSO1IC, AND 
flJLLISOMIC OFFSPRING. 

21-chromosome 20-chromosome 
pollen pollen 

96% 4$ 

21-ohromosone Diaomio Monosoxnic 
eggs (Monosome from 	parent) 

2 
- 

24$ 1% 

20.chromosome Monosomic Nullisomic 
eggs (itonosonie from 	parent) 

Totals 	Disomic off2pring 24$ 

monosomic offspring 73% 

nu2.liaomic offspring 3% 

Copied from Sears (1953) 

Using the information given above, we may now illustrate how 

crossover suppression is achieved in wheat, and at the sane time, 

describe the procedures used in estimating the contribution of a 

particular chromosome to the difference between two strains for 

some quantitative character. 

1, whole chromosome analyses 

For example, suppose it is desired to estimate the contrib-

ution of chromosome XV to the quantitative difference in some 

character between strains A and. Be, To obtain this information 

it is necessary to transfer chromosome XV from strain A into 
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strain B and this may be achieved as follows, 

We require either a ziullisomic W, or monosomic XV subline 

of strain B in which the monosome is in some way abnormal and 

cytologically distinguishable from chromosome XV. (For some 

strains, such monosomics are availabae, with the abnormal 

monosomes being either telocentrios which have lost an entire arm, 

or isochromosomes, of which one arm has been lost and the other 

duplicated (Sears, I91.6)). The actual steps in the transfer will 

now be given for the case where the monosomic sublime of B is 

used. F1 a are produced by crossing strain A a 8 male parent with 

the monoaomic XV sublime of Strain B as female parent. From 

Table 2, 1, approximately 75 of F plants are expected to be 

monosomic (with the monosome coming from strain A). These are 

then backorossod as males to the same monosomic as females,. 

Among the baokoros plants approximately 7 (Table 29, 1) are 

expected to be moriosomic with a small fraction deriving their 

monosome. from the female parent. Those are distinguishable from 

the other monosoinios because they contain the abnormal monosome 

(ace above) and on each occasion are discarded. The backoroasing 

step I repeated 4 to 5 times until the background genotype 

differs little from strain B. The monosomios from the final 

back-cross are then Selfeds  and their disomic progeny (approx. 

24%, Table 2, 1) constitute a new line (termed. a "substitution" 

line) in which chromosome XV from strain A (termed "donor") has been 

substituted for Its homologue in strain B (termed "recipient"). 

Furthermore, by utilising the monoomios in the manner described, 
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crossing over between chromosome XV homologues from the two 

strains was completely suppressed during the transfer operation. 

The contribution of chromosome XV to the between-strain 

difference, may now be estimated by comparing the mean values 

for the quentitative character of the substitution line and 

strain B. This process could then be repeated for each chromosome 

(provided a suitable monosomic subline of strain B were available), 

and despite the time and work required, such analyses have 

successfully been conducted (eg, by Kuspira and Uurau, 1957 and 

L(xw, 1965 for between-strain differences in characters such as 

yield, ear number, grain weight and plant height), 

2 #  within chromosome analyses 

The first step in this form of within chromosome analysis is 

the construction of a substitution line as described, above. The 

principles of the technique for wheat were described by tjnrau 

(1956) and slight modifications were introduced by Law (1966), 

Recombination products from the F1  of a cross between a sub-

stitution and recipient line, are isolated by backorosaing the 

as male to the respective monosomic sublime of the recipient 

as female. The monosomic progeny of the backoross (with their 

monosome being a recombination product) are then selfed, and in 

the resulting disomics, the recombination products from the F1  

have become homozygous in the recipient strain background. 

These recombinant lines are then progeny tested, and the number 

of quantitatively different subgroups into which they fall, 

determined. The expected number (allowing for all possible 
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recombinants to occur) Is 	where n is the number of loci con- 

tributing to the quantitative difference between the substitution 

and recipient lines, but this may Only be realised if a very 

large sample of recombinant lines is produced. 

Like Thoday' a (1961) technique for within chromosome analysis 

in P. melanogaster, this 'technique is a potentially powerful method 

of detecting the individual loci contributing to quantitative 

genetic differences, However, it also suffers from exactly the 

same statistical problems as the Drosophila technique, namely 

that it is very difficult indeed to objectively determine the 

number (and membership) of quantitatively different subgroups 

within a. heterogeneous group of lines, 

(0) Backerossing With Inbreeding 

This technique was proposed by Wehrahn and .Allard (i 965), and 

though it was used by them in an analysis of the genetic differences 

between two varieties of common wheat, it could be applied to any 

species able to tolerate the effects of rapid inbreeding, In outline, 

the method consists of producing, from a cross between two lines, a 

group of individuals having k backorosses in their pedigrees, and then 

inbreeding these individuals and their descendants until a state of 

almost complete homosygoatty is attained. The resultant "inbred 

backorosa lines are then progeny tested, and the number of quan-

titatively different subgroups into which the lines fail, determined. 

Assuming random sampling and equal viability of genotypes, and 

provided that sufficiently large samples are taken at each backcross 

(except the first) so that genetic sampling can be ignored, the 
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probability ist1t a specific gene from the donor parent Will be 

incorporated into an "inbred backoross" line., in general, if the 

quantitative difference between the parent lines results from gene 

differences at N independent loci, then the probability, P, that R 

genes from the donor parent will be incorporated into an "inbred 

backoross" line is 

P = () 
qR• (1.q)N*R 

where 

ik+i 

and if n "inbred baokorosst1  lines are produced, then the expected 

number of lines containing R genes from the donor parent (later 

termed "expected subgroup size") is 

nP(l?). 

Some of these probabilities, together with various ratios among them, 

are given for a two locus model in Table 	The table also illus- 

trates the effects of linkage. 

TABLE ;1. 

THE RATIO, P(R=i )/P(R=1 ,2), OF NON-PARENTAL LIVES WHICH ARE 
SINGLE GNE DEVIATES FROM THE RECIPIENT PAREI, AND THE 
PROBABILITIES REQUIRED IN THE CALCULATION OF THAT RATIO 

k 	Recombinatn P(Ro) P(R=i) Fractions, c 

2 	0.10 0.84.1 0.068 0.426 
0.30 0.793 0.164. 0.793 
0.50 0.766 0.219 0.933 

3 	0.10 0.916 0.04.3 0.512 
0.30 0.890 0.095 0.864 
0.50 0.879 0.11 7 0.968 

4. 	0010 0.956 0.026 0.581 
0.30 0.94.3 0.052 0.908 
0.50 0.938 0.061 0.984. 
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From these data,~ and those in Table I of. Wohrahn and Allard 

(1965), it may be noted that for independent loci, a set of "inbred 

baokøroas lines" should consist largely of lines genotypically 

identical to the recipient parent, and of single gene deviates from 

it, even for as few as three backorossea. In the two locus model, 

moderate linkage (o%o.30) has little offect but tight linkage 

(o 40.10) causes a marked increase in the proportion of lines oon 

taming both genes from the donor. It may be expected therefore 

that this technique would isolate blocks of genes rather than in-

dividual loci. 

Once again, the investigator is faced with the problem of 

determining the number (and membership) of quantitatively different 

subgroups within the sample of "inbred backcross' lines, and 

Wehrahn and Allard.' a method is a new approach. It requires data 

from two coxeecutjvø generations on the "inbred backeros&' and 

recipient parent lines, and utilises probability ellipses (Mood and 

Graybill,. 1963) and expected subgroup sizes, (see above) to determine 

the number of separate subgroups present. On the whole the estimates 

of numbers of separate subgroups are convincing, but their method of 

deciding on the location of the centres of the ellipses seems quite 

arbitrary (except for that of the "recipient parent subgroup" of 

"inbred backoroas" lines which is determined from the consecutive 

measurements on the actual recipient paren. The estimates of size 

of effect of "genes" isolated should therefore be treated with 

caution as should the claims regarding precision made in the summary. 

The authors claim that"the inbred backorosa line technique was 
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sensitive enough to detect a locus which accounted for only 2 percent 

of the total additive variance", though the population displaying 

this "total additive variance" is not specified. They probably had 

in mind the F2  or random mating derivatives of it and if this is eo, 

the quotation above is misleading because it implies that the 

technique was able to isolate loci of quite small effect in a random 

mating, genetically variable population. 

(a.) BaO1CrOSsirig With Selection 

The idea that major genes might be isolated from genes of small 

effect by an appropriate course of baokorossing and selection 

originates from Wright (1952).  He visualised two quantitatively 

different lines possessing opposing alleles at a number of loci with 

unequal effects.*  and presented a theoretical consideration of the 

most expeditious way of conducting the baokorossing programme so as 

to maximise the chance of isolating major genes, His proposals 

involve progeny testing, and utilise selection indices which require 

large numbers of individuals per family for accurate estimation, 

They seem unnecessarily complex and their advantage over simpler 

procedures has not been established, 

This technique unlike most of those described here, could in 

principle be used to study quantitative genes in our domestic anal 

species, but to date It has received scant attention, It was used 

by Chal (1961) who attempted,, without conspicuous Success, to 

'isolate polygenes" in a cross between two strains of mica, and by 

loatafa (1963) in a study of orosses between various lines of 

Drosophila. In Mostafa's eerimenta, the technique appeared to 
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isolate blocks of genes, rather than single loci. 

Because of the technique's potential use in studios of large 

animal populations, it is important that its sensitivity and 

limitations be established. Some attempts to do so are presented 

in a later chapter of this thesis 

(0) Redefinition Of The Character 

The basic thesis behind this approach, generally attributed to 

S,G. Spickett, is that "the genes concerned with quantitative 

variation are also concerned with qualitative variation at a 

different level of observation" (Spiekett, Shire, and Stewart, 1967). 

Differences between approaches to the study of continuous and dis-

continuous variation are vsualised as merely reflecting differences 

in the specificity of phenotypic olasification, and the experimental 

analyses of quantitative differences are aimed at improving this 

specificity. The method is basically analytical and a particular 

investigation proceeds by determining which (if any) components of the 

original differences can be used to unambiguously classify individuals 

in a segregating generation. Spickett, Shire and Stewart (4967) 

present a model example of such an analysis, for two strains of mice 

(CM, and. A), differing slightly in adrenal activity as measured by 

steroid produotioiVut body weight, This difference was 

successively redefined - each new definition shifting the strain means 

further apart until the final definition "orticosterone/unit 

weight zone fasiculata and glomerulas&1  proved to be so specific as to 

render the strain distributions discontinuous. When this character 

(or for convenience the ratio I 1—deocortiso3/corticosterone) was 
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used as phenotype, there was clear evidence of segregation in the 

various crosses (Fe, backorossea) between the lines. Furthermore, 

the ratios observed were in accordanoe with segregation at a single 

locus, the allele from strain A being dominant. 

This approach can obviously be applied to the study of quan-

titative differences in domestic animals, and the experiments of 

Dolling and Moore (1960) 9  and Ahmeci, Dun and Winston (1963), 

rapresentcthe first stages of two separate attempts to utliae it 

in the study of genetic differences in woof production between various 

lines of Australian Merino sheep, One major problem for proponents 

of this technique is that its probability of success in any particular 

situation is virtually inestimable., 

Also falling within this category of methods are the proposals of 

Weber (1959).  They too involve redefinition of the character but in 

direct contrast to Spickett's approach, Weber's is 	thetip, the 

redefinition being achieved by discriminant function analysis. That 

is, instead of a single measurement, the new phenotype" is some 

appropriate combination of measurements. 

The basic idea appears to be that segregation will be observed 

provided a suitable combination of measurements can be found. This 

synthetic approach seems to contain a logical fault In that the coin—

bination, by its nature, Is likely to involve more loci than a single 

measurement, and is therefore less likely to exhibit the segregation 

patterns of a single locus. In Weber's example his technique was 

successful but of its general applicability I remain unconvinced. 
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(f) Statistical Methods 

Early workers in this area were mostly concerned with methods of 

estimating numbers of loci responsible for the genetic component of 

variance in the segregating derivatives of two line crosses. Some, 

notably Mather and his associates, were also very interested in methods 

of determining the type of gene action at the segregating loci. In 

all these methods of analysts, the answers obtained are conditional on 

the assumptions made about the remainder of the system. Since, in 

general, the validity of the assumptions is not well known, the 

answers must be regarded as at best approximate. The work published 

prior to 1950 has been adequately reviewed by Wright (1952) and will 

not be discussed further hero. 

Since Wright's review, the general approach in this area has 

somewhat changed. The more recent methods (e.g. Elton, 1966; 

Collins,1967 Stewart, 1969 a b; Elston and Stewart,, J. Stewart 

(personal coimnunicatiou)), differ considerably in detail, but not in 

basic philosophy. Each proceeds by first constructing a model of 

the genetic difference between the parent lines. Data collected on 

parents, F1, and various segregating generations are then utilised in 

a variety of ways to determine the goodness of fit of the data to the 

model. The aim of most investigations is to determine whether 

relatively simple models (e.g. one locus, two independent loci,. two 

linked loci) can adequately account for the observations, or whether, 

as in the past, the difference between the lines must be presumed to 

result from differences at many loci. 

If it happens that a relatively simple model does give an adequate 

fit, It must be emphasised that the model chosen is sufficient, but 
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that without further breeding tests (eg. Bloom and Falconer, 196) it 

cannot be regarded as complete. 

II. METHODS FOR ANALYSING QUANTITATIVE DIFFERENCES BEWE2N 

INDIVIDUALS IN A aErETIaALLy VARIABLE POPULATION 

It is in this area that progress is most urgently required, but 

appearS at present least likoly 	This is because, compared with the 

situation in the immediate derivatives of a two line cross (F2,, 

backcros), there are in the variable population a much larger number 

of different genotypes, and their frequencies are completely unknown. 

Moreover, the differences between individuals are small and often 

considerably influenced by non-genetic causes. Nevertheless, several 

attempts have been made to devise relevant procedures, and, in what 

follows, those are briefly outlined. 

(a) Estimation Of Plieotropic Effects Of Alleles At Known Loot 

context, "known loci" are those at which, for any given 

pair of alleles, at least two of the three genotypes are recognisable. 

In recent years, due to improved immunological and chemical techniques, 

it has become possible to survey populations of many species for 

naturally occurring variants of many enzymes and blood antigens. 

From the work on enzyme variation in man (Harris, 1966), Drosophila 

(Lewontin and. Huibby, 1966), and mice (Selander and Yang, 1969), 

"and from the large number of such polymorphisms that we are now 

finding in domestic animal species, we must expect that there are many 

thousands of loci segregating in our animal populations" (A. Robertson, 

1970 a). Those so far detected as segregating have come to our 

attention merely because a chemical or immunological assay was 
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available, and must therefore be only a small proportion of those 

remaining to be detected. If we then take the view that a relatively 

small number of loci control the variation in a given quantitative 

trait, we should not be surprised that with few exceptions the 

studies so far attempted have failed to reveal consistent effects of 

variants at these loci on quantitative traits (NeImann.Srensen and. 

A, Robertson, 1961)1, 

Recently, Bob et al (1968) have suggested that a more systematic 

approach might be to conduct prior tests of the effects of chemical 

inhibition of the enzyme of interest on the character concerned. 

However, savings of time or expense might not be great since there 

would be very real technical problems in designing the highly speeifi 

inhibitiors required, and in deciding on appropriate dosage levels. 

(b) Estimation Of The Distribution Of Gene Effects And Of Gene 

Frequencies In The Base Population From Patterns Of Response To 

Directional Selection 

A 3  discussed earlier (chapter 1), current selection theory allows 

us to make certain predictions about the outcome of various brooding 

procedures in finite populationso  Algebraic solutions have been 

obtained for relatively simple models (e.g. A. Robertson*  1960), and 

computer simulation techniques have been utillsed to allow models of 

greater complexity to be studied (e.g. A. Robertson, 1970  e). 

Simulation . techniques can in principle allow detailed study of the 

outcome of selection for any specified genetic model, though the 

exercise may be expensive in terms of computer time (Fraser, 1957). 

Yet, in a recent review of the progress of selection theory, 
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Latter (1969)  concluded, that "little progress has been made towards 

development of a sufficient genetic model for any quantitative traIt, 

oven in Drosoiplilp". This led him to propose that a combined 

programme of experimentation (presumably with DrosQphila or other 

suitably fast breeding organism) and computer simulation was needed 

to develop models which can be accepted as realistic, at least in the 

sense of being able to explain the most conspicuous features of 

response to selection in finite populations. He then wont on to 

outline a strategy of computer simulation and illustrated its 

potential to assist in both the design and interpretation of experiments 

in quantitative genetics, For example, an investigation of the 

effects of varying certain parameters (e.g. population size, linkage, 

selection intensity etc.) on the response to selection in five 

different model situations., indicated that a particular experimental 

design (where the outcome is Influenced by continuous selection 

pressure and marked sampling fluctuations in gene frequency) might 

yield results useful for discriminating between the five models. 

The experiment was conducted. with Drosophila and mimicked for each of 

the models on the computer. Responses from only two of the models 

were compatible with the Drosophila results, but more important, part 

of the range of values of one parameter in one model were shown to be 

totally inappropriate, and this enabled exclusion of a particular 

hypothesis. Latter emphasised that the models shown to be compatible 

provided only a sufficient, and therefore not unique, representation 

of the genetic system, but the sensitivity of this approach has not 

yet been established. There appears, for instance, to be an 
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appreciable difference between the two sufficient models. Yet, the 

fact that they both can mimic the detailed behaviour of the system 

over 15 generations of selection should give them greater authority 

than the models discussed earlier under section x() "Statistical 

Methods", where the fit is over many fewer generations. 

Selection experiments may also aid genetic analysis in a way 

which waO illustrated by the work of A. Robertson (1967).  In this, 

consistent associations between the direction of change of the 

quantitative character and the increase of frequency of particular 

body colour patterns were reported for replicated selection experiments 

with Drogphjla. It is of course unlikely that all quantitative 

genes will be shown to have such readily observable plieotropie 

effects. Nevertheless the possibility should be borne in mind, 

especially since our ability to follow gene frequency changes under 

selection has recently been much increased by the extensive applic-

ation of techniques of electrophoresis. 

(0) Utilisation Of Third And Fourth Degree Statistics To Detect The 

Segregation Of Genes Of Large Effect 

Fisher, Immer, and Tedin (1932)3, appear to have been the first 

to utilise measures of the shape of the frequency distribution of a 

character in genetic analysis. They were, however, primarily 

interested in a method of distinguishing between overdominance and 

directional dominance as causes of heterosis, and were concerned with 

data from between-line crosses. 

Their ideas were extended by Mrat (1968), who proposed that 

measures of the skewness, and especially of the kurtosis, of "within 
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family" distributions might be used to detect the segregation of 

genes of large effect in random mating populations, Genes of large 

effect, particularly if they are at low frequency, may cause an 

increase in variance within those families where they segregate, and 

at the same time are likely to distort the shape of within family 

distributions. Merat chooses high variance families, and from them 

forms a single distribution of deviations from individual family 

mean, He then tests this distribution for normality, skewness and 

kurtosis, and infers from certain types of distortion (paiticularly 

platykurtosis) the presence of genes of large effect. Because the 

families chosen to form the composite distribution are not a random 

sample, the tests of skewness and kurtosis depend on the statistical 

independence, for normal distributions, of the sample variance and 

either its skewness or kurtosis coefficients (Geary, 1933),  However, 

while the expectations of the skewness and kurtosis coefficients of 

the individual families may be unaltered by their being chosen on the 

basis of their large variance, it is nowhere made clear that this 

still holds for the pooled distribution. A further problem is the 

general one that 3rd and 4th order statistics are likely to be much 
/ 

affected by aberrant observations and. as Merat's technique utilises 

individual measurements, it must be maximally exposed to this danger. 

Hammond and James (1970)  have also considered the utility of 

third and fourth degree statistics for the detection of genes of 

large effect in random mating populations. For each of three 

different genetic models, they obtained expressions for the skewness 

and kurtosis coefficients of the distribution of true family means. 
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These expressions were then used to determine the particular con—

figurations of each genetic system which would disturb the 

coefficients from their "normal" values. In general it appeared 

that the skewness coefficient depended on the relative frequencies 

of high and . low alleles, while the kurtosis coefficient was negative 

for intermediate and positive for extreme frequencies of the genes of 

large effect. They analysed data on two characters in Drosophila 

(abdominal ohaotao number and total progeny number) by their method, 

and one of these (abdominal ohaetal number) by that of Merat. Both 

types of analysis suggested that genes of large effect did not make 

significant contributions to the variance of these characters in their 

populations. 

Commenting on their failure to detect segregation of genes of 

large effect in the abdominal ehaetae data, despite indirect evidence 

from other sources (cited in their paper) that such genes apparently 

influence this trait, Hammond and James say, "Assuming the method is 

of adequate sensitivity to detect these genes........." but they, like 
/ 

Merat,d.o not indicate how large the genes must be in order to have a 

high probability of detection. 

III CONCLUSIONS 

Genetics is concerned with determining the mode of inheritance of 

differences between individuals, and applied genetics (e.g. animal 

and plant breeding) with the construction of particular desirable 

genotypes. When, for any given trait, there are relatively few 

different genotypes, both the above tasks are fairly simple. On 

the other hand, when the number of different genotypes is large and. 



34 

the resultant population frequency distribution is continuous or 

nearly so, both these tasks become much more difficult. 

The traditional biometrical or "components of variance" approach 

for quantitative traits gives us a description of the genetic 

differences between individuals in terms of statistical aggregates 

which permit certain predictions about the outcome of various 

breeding procedures, The position is, however, far from satisfactory, 

and this review was undertaken to assess the value and scope of the 

available alternative methods of describing genetic differences bet-

ween individuals for quantitative traits. The main conclusions may 

be summarised in the following way. 

(1) The majority of methods are designed for analysis of differences 

of greater magnitude than the average of those encountered between 

individuals and require pairs of inbred or selected lines, For 

those species which do not readily tolerate inbreeding, notably the 

larger domestic animals, this means that a considerable amount of 

selective breeding must precede such analyses. 

In the absence of an effective meansof suppressing crossing. 

over, and of a well documented linkage map (which conditions exclude 

most species), the chances of partitioning the genetic difference 

between two lines, amongst individual loci, are not high. Even 

where these conditions are met, there remains the further problem 

that while the analysts of variance can detect the pence of 

discontinuity, it cannot decide the number of quantitatively 

different subgroups present, nor their relative frequency. 

Statistical techniques applicable to the analysis of 
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differences between lines at best provide-suffident models. However 

they may prove useful as a screening process. 

For the larger domestic animals, the only applicable techniques 

from those designed for the analysis of differences between lines are 

the "redefinition of character" approach of Sp±okett, Wright's 

method of backorossing with aelootion, and the statistical method5. 

Of the techniques applicable to genetically variable populattons,\ 

only those utilising plieotropy or linkage would seem to hold out 

prospects for the domestic animals, &nd these in the future when the 

linkage maps are much more complet 	Latter's approach would in 

most cases require too much time, or too many replicates, or both, 

and the statistical methods discussed suffer from the well known 

precision problems associated with higher order statistics. 
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3. ISOLATION OF QUANTITATIVE GNE$ IN DROSOPHILA 

I. INTRODUCTION 

Because of its short generation interval, high reproductive 

capacity, and minimal space requirements, DrosphUa inelanggaater has 

often been the animal of choice when experimental verification of 

quantitative genetic theory has been attempted (e.g. Clayton, Morris,, 

Ci Robertson, 1957, and many others). These characteristics, 

together with the ready availability on all its chromosomes of both 

dominant and recessive markera, the absence of crossing over in males, 

and the facilities for controlling. it in females, also make it a 

convenient experimental animal when attempts isolate individual 

quantitative genes are contemplated* 

The method of genetic analysis to be discussed in this chapter 

was first suggested by Thoday (1961) and in part derives from the 

earlier ideas of Breese and Mather (1957). By way of illustrating 

the basic ideas, lot us suppose that in respect of some quantitative 

trait, we have a "high" chromosome containing two "plus" genes 

(H1  and H 2  ) and a "low" chromosome containing "minus" genes (L1  and. 

L 2  ) at the same loot, as well as a pair of'neutral" recessive marker 

genes (a and b) located one at each end of the segment containing the 

quantitative loot. A diagram of the model being considered is shown 

below. 

"High" chromosome 
	 + 	H1 	H2 	+ 

"Low" chromosome 	
a 	L1 	L2 
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At all other loci the chromosomes are assumed id.entioal. Each 

product of a single crossover within the a b segment must contain 

QUO or other of the markers and, within each of these groups, there 

are expected to be three quantitatively different chromosomes 

according as they contain none,, one, or both of the "plus" genes. 

These individual recombinant chromosomes may then be passed unaltered 

through males (in which there is no crossing over), and, by utilising 

Stocks containing chromosomes with suitably marked inversions which 

suppress crossing over in females, may be made homozygous in any 

desired bcground. The resultant homozygous lines may then be 

expanded and their mean value for the trait determined with any 

desired degree of accuracy. 

For this model, each single marker gene group (a + or +b) of 

lines would be expected to f41 into three quantitatively different 

sub-groups but more generally, n + 1 subgroups are expected when 

there are n such loci between the markers. 

The estimated map locations of these loci and their gene effects 

are determined from the proportion of lines within each subgroup, and 

the subgroup means, respectively. For example,, let the mean values 

of the three subgroups within the "+b" group of recombinants 

(expressed as deviations from the mean of the line homozygous for the 

"low" chromosome) be 0, 3,, and  5 unite, and let the proportion of 

lines within each be 0.50, 0,25, and 0.2.5 respectively. The first 

of the two quantitative loci would then be placed halfway between a 

and b, and the second a further quarter of the a b distance to the 

right of the first, The effects of the "plus" genes at these loci 
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would be estimated as (3 - o), and (5  3) units respectively. 

In any such analysis, the probability of reaching the correct 

conclusion depends firstly on the correctness or otherwise of the 

underlying assumptions regarding the marker cromosome. These are 

That the marker genes are neutral with respect to the trait, 

that they lie one on either end of the segment of chromosome con 

taming the quantitative genes differentiating the marker and test 

chromosomes, and that they are sufficiently close together that the 

possibility of triple (and higher-order odd-numbered) crossovers 

between them can be safely Ignored. 

That at loci affecting the trait, the marker chromosome does 

not contain any genes which, if substituted into the test chromosome, 

would further increase the between-chromosome difference. 

Given that the above genetic conditions have been satisfied, the 

problems then become statistical ones, Firstly there are difficulties 

associated with attempting to determine the number and membership of 

the quantItatively different subgroups within a heterogeneous group 

of lines. Secondly there is the question of the precision of the 

technique (i.e. what size of effect must a gene have in order to have 

a high probability of being detected), and allied to this the 

question of whether, from the standpoint of maximising the reliability 

of the inferences drawn, there might be an optimum combination of 

the number of recombinants collected and the number of individuals 

measured per recombinant, for any given total number of observations. 

The vrk reported in this chapter forms part of an overall 

assessment of the reliability of the results produced by this type 

of genetic analysis, The specific aims, of the study were to 
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examine the consequences of the marker chromosome assumptions 

not being met, 

consider the diagnostic tests proposed by Thoday (1961) for 

ensuring that they have been met, and to compare these with possible 

alternatives, 

outline the statistical difficulties associated with 

attempting to classify a heterogeneous group of lines into their 

correct subgroups, and if possible, to develop objective procedures 

for so doings 

carry out an analysis of this type, on a chromosome which 

in terms of genetic correlation, was interesting because it was 

moderately "high" for both stornopleural and scutellar bristles. 

The questions of precision and strategy are being studied elsewhere 

in this laboratory, and it is hoped that some preliminary results will 

soon be available (A. Robertson, personal communication). 

II. TORY 

- .....(a) Some—Consequences Of The Assum ±ons-Regarding The Marker 

Chromosome Not Being Correct 

Initially we will examine the consequences of a particular 

assumption being incorrect against a background of the remaining 

assumptions being justified. In each se, the results obtained 

will then be interpreted from the standpoint of someone believing 

all assumptions to be correct. 

(i) Within a single marker gene group of recombinants, the effect 

of non—neutrality of the marker gene depends on whether its effect 
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Is to increase or to decrease the genotypic value. At this 

point, however, we are concerned, only with the latter cases  because 

we are assuming that the marker chromosome contains no genes which, 

if substituted into the test chromosome, would further increase the 

between-ohromosome difference. When the marker decreases geno-

typic value, the effect will be that none of the recombinants will 

attain the value of the test chromosome. In this case, the con-

elusion would be that, in addition to those already detected, there 

must be at least one more quantitative locus in the segments  and 

that it must be located close to the marker distinguishing this 

particular group of lines. 

(ii) When one of the relevant quantitative loci lies outside 

the segment delineated by the marker genes, the effect on the 

distribution of the line means (within each markOr gene group of 

recombinants) depends on which of the two markers the locus, is 

nearest, and on its actual map distance from that locus. 

If the locus is very near either marker, the probability of a 

double crossover involving that segments  and the adj"oiniug one 

between the two markers, will be very low, and the effect will 

simply be that only one (instead of both) of the original chromosome 

types will be included among the recombinants. If the quantitative 

locus lying outside the marked segment is nearer the marker gene 

distinguishing the particular set of lines being considered, there 

will be no recombinant lines equal in value to the line containing 

the test chromosome. If, on the other hand, the quantitative 

locus is nearer the other of the two marker loci, then none of the 



recombinant lines Will have the genotypic value of the line contain 

ing the marker chromosome, Data such as these would also be 

interpreted as indicating the presence of at least one more quan-

titative locus (in addition to those already detected) within the 

segment covered by the marker genes, The position of the locus 

would again be reckoned to be close to one or the other of the 

marker loci, with the one chosen being determined (as indicated 

above) by which of the parental chromosome types was not included 

in the particular set of recombinant lines, 

If the quantitative locus Is some distance from the segment 

,,being analysed, it is likely that some clouble crossovers involving 

these adjoining segments will occur, and that some of the resultant 

chromosomes will be included among each of the two sets of recom-

binant lines. Under these conditions, the potential number of 

effectively different recombinants is greater than that which 

would obtain if all the quantitative loci differentiatiiig the 

chromosomes were contained within the marked segment. This will 

lead to overestimates of the number of loci in the segment, and it 

also means that the estimates of the gene effects at these 1001 

and their map locations, are quite worthless, 

(iii) The next assumption is that each of the recombinant chromo-

somes In the sample is the product of a single crossover between 

the marker genes. The products of double and higher order - even 

numbered crossovers may safely be ignored since, because as they 

don't contain either marker gene, they are never collected. 

However, the single crossovers are not distinguishable from triple 
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or higher order - odd numbered crossovers, and if any of this 

latter type were included in the sample, the distribution of line 

means, and therefore the interpretation, of the results, would 

almost certainly be altered. The reaSon for this is again an 

increase in the potential number of quantitatively different 

recombinants over that eoted when each of the sampled recom-

binants results from a single crossover between the markers. 

In this context, the multiple-point backoross linkage data of 

Anderson and. Rhoades (1930), and. Graubard. (1932),  are of interest. 

The former consists of seven point 1inkae data for the X, and the 

latter of eight point linkage data for the second chromosome, of 

Drosophila mQlanogaster. The map distance between the terminal 

loot in each study was 62,1 cM (Anderson and. Rhoades) and 95.5 aM 

(raubard), and the observed frequency of triple crossovers was 

0.0017 and 0.01 96, and of quintuple crossovers 0.0 and 0.0016, 

respectively. These data would suggest that in Drosophila, 

provided that the two marker loci are no further apart than 50 60cM, 

the probability of including the products of the higher order 

crossovers in either sample of single marker recombinants is 

negligible, 

(iv) Finally, let us consider the effect of the marker chromosome 

containing gene(s) which, if substituted into the test chromosome, 

would further increase the between-chromosome difference, In the 

following examples, it will be assumed that the test chromosome 

carries the superior allele at all but one of the a quantitative 

loci in the marked segment. When a equals two, the P may be 
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thought of as a repulsion heterozygote. Under these circumstances, 

one of the recombinants will exceed the value of the higher, and 

the other will have a lower value than the lower, of the two 

parental chromosomes, When ii is three or more, recombinant 

chromosomes whose values lie outside the range of the parental 

chromosomes may also be pràducsd though by no means invariably. 

Failure to observe such recombinants cannot therefore be taken as 

evidence that this fourth assumption regarding the marker 

chromosome has been justified. If it is not justified, and the 

genetic situation is such that no "outlying"  recombinants are 

produced, how will the genetic model inferred from the data match 

the real situatiox7 Consider the situation illustrated in the 

diagram below, The test and marker chromosomes differ at three 

(I, II, and III) quantitative loci which are equally spaced 

between the a and b marker loc. At loci I, II, and. III the 

test chromosome carries alleles with value 2, 2, and 4 units 

respectively and the alternative alleles on the marker chromosome 

are all represented as having value zero. 

+ 	2 	 4- 	+ Test chromosome 	 - 	
—i 

I 	II 	III 
Marker chromosome,  

a 	0 	0 	0 	b 
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The between-chromosome difference is 4. units and among each single 

marker group of recombinants the followin8 quantitative values are 

expected 

Recombinant Value  
Frequency Type 

0 .50 
2 .25 

4. .25 

V 	 4. .50 

2 .25 

0 .25 

11 In both sets of data, there are just three quantitatively different 

recombinants and each of the parental values is obtained.. These 

data would in both cases be interpreted as follows. 

The number of loci differentiating the chromosomes is two. 

The first of these is located halfway between the marker 

genes and the second a further one quarter of the a b distance 

towards the b locus. 

Gene effects at both loci are equal and have effects in the 

heterozygote equal to 2 units. In this case it is clear that 

the inferred model bears no resemblance to the real situation and 

yet the data from the recombinant lines gave absolutely no hint 

that any of the underlying assumptions regarding the marker 

chromosome had not been met. 

So far we have been examining the consequences of particular 

assumptions being incorrect in the context of all others being 
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justified. We have shown that all violations lead to erroneous 

conclusions but that some are more misleading than others, It is 

therefore clear that a great deal of care must be exercised in the 

choice of marker chromosome. 

(b) Diagnostic Tests For Choosing A Suitable Marker Chromosome, And 

Other Approaches To The Problem Of Matching It With The 

Chromosome To Be Analysed 

(i) Thoday's (1961 technique 

This procedure, which is really a method for choosing a suitable 

marker chromosome from among existing stocks, has two basic steps. 

The first is to find a chromosome carrying a number of recessive 

genes which is quantitatively different from the chromosome to be 

analysed. (test chromosome). The next step consists of choosing, 

from among those availablo on the chosen chromosome, pairs of marker 

genes that are sufficiently close for double (and therefore triple 

and higher order) crossovers to be ignored, and testing each pair 

to determine which, if any, "straddles" the segment containing the 

quantitative loot differentiating the marker and test chromosomes. 

In each test, females heterozygous for the marker and test chrom—

osomes are backerossed to homozygous marker males, and the decision 

as to whether that particular pair of marker genes "straddles" the 

relevant quantitative loot depends on the relationships among the 

means and variances of the parental and recombinant classes. The 

sensitivity of this test is not discussed in the original paper, but 

in any case, there is a much more serious problem which arises from 
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uncertainty about the genetic constitution of the marker chromosome 

at loci affecting the quantitative character, The marker 

chromosomesoften come from inbred lines and in some eases may have 

a completely different origin to the test chromosome, In this 

situation,, it is probably not very realistic to assume that the 

marker chromosome contains no genes which, if substituted into the 

test chromosome, would further increase the between-chromosome 

difference (A. Robertson, 1967). The consequences of this 

assumption being incorrect depend on the size of effect of the 

genes at the relevant loci, and if, as illustrated in the previous 

section, this approaches the size of effect of other genes in the 

region, the effect can be disastrous, 

(ii) The modified procedures of Thoday, Gibson, and. Spckett (1964). 

These authors oonducted preliminary tests of the type described 

above, in an effort to determine approximately which segments of the 

test chromosome contained. the "plus" genes. A new marker chromosome 

was subsequently constructed in which this segment plus adjoining 

ones on either aide were marked. The new marker chromosome was 

then used in the manner described, by Breese and blather (1957) 

(see Review of Methods) to construct, for each marked segment, 

chromosomes combining different proportions of the test chromosome 

and its homologue from a quantitatively different standard inbred. 

line, These composite chromosomes were called. "synthetics", and 

as pointed out in the earlier discussion of Breese and. Mather's 

technique, there is a 5/6 chance that they will contain a piece of 

the marker chromosome as we.. For each marked segment, a number 
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of "synthetics" were constructed, made homozygous in a constant 

background and progeny tested. The analysis then proceeds in the 

same way as described for a single marker group of recombinants, 

with attempts to classify lines into subgroups followed, by 

inferences about the number, size of effect, and map locations of 

the quantitative loci in the segment. For all its complexity, 

this procedure achieves little more than the earlier method. It 

eliminates the marker genes from the "recombinants" before measure—

ment, but the main problem, the uncertainty about the genetic 

constitution at quantitative loci of the standard inbred and marker 

stock chromosomes, remains unsolved. 

(iii) Possible alternative procedures 

The chief problem in both the preceding approaches is that the 

test chromosome is compared with a chromosome whose genetic con— 

stitution at loci affecting the character is unknown. 

This being so, the most obvious way to effect an improvement 

would be to compare the test chromosome with one deriving from a 

line whinhitras been....selected very hard 1n oire-direct ion -for -the-  ---------- -- - 

trait of interest. Such a line might be one selected to the limit 

in one direction from a cr-oss between previously selected lines, 

but a suitable alternativ, would be a line selected to the limit 

with large population size and low intensity of selection. 

Chromosomes from such lines would be expected to contain few alleles 

with effects opposite to the direction of selection, and those that 

were present would., in general, be expected to be of small effect. 

Such chromosomes could be used directly in the way described by 
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Thoday, Gibson and. Spiekett (1964.), but there is still the risk of 

incorporating into, the "synthetic's  chromosome some segment of the 

marker chromosome. It is undoubtedly better to insert marker 

genes into the chromosome from the selected line, and then to 

proceed in the manner described by Thoday (1961) 0  

The marker gene' will, of course, not be introduced on its own, 

but along with a segment of the chromosome that was its source. 

The length. of the introduced segment may be minimised by a course 

of repeated backorossing accompanied by appropriate selection, For 

example, suppose it is desired to introduce the recessive gene , 

from a chromosome carrying the recessive genes a,, , , and d,, into 

a chromosome designated L. which derives from a line selected for 

low bristle count. We require three stocks, each isogenic for the 

same set of background chromosomes, but differing in the chromosome 

carrying the a. Is g. and d 1ci. The first stook should be 

isogenic for a chromosome carrying as , , and d. and the second, 

isogenic for L. The homologous pair of chromosomes in the third 

stock should constitute a balanced lethal system, with the first of 

the pair carrying a dominant lethal, say 	as well as , 	and d. 

and the second carrying an inversion which suppresses crossing over 

in females and which is maked by a second dominant lethal, say £. 

The actual steps in the process of introducing j2 into L are 

given below. In this representation, the background chromosomes 

are not shown because all three stocks are isogenic for the same set. 
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Q 

abo/abc 	 L/L 

abod/L 

+b++/abç 	 x 	 L/L 

WabcdP 	 ____ 
(selected group only) 

The "selected group" referred to in step 4. would. consist, in this 

case, of the lowest scoring 	of females and steps 3 and 4. would 

be repeated until, the investigator was satisfied that etep 4. 

heterozygous females did not differ quantitatively from the stock 

homozygous for L. A number of these new "b in L" chromosomes may 

then be made homozygous in the same baokround as the L and test 

chromosomes, and any of the b in L stocks whose mean differs from 

that of stock carrying L, may be discarded, The steps in this 

process, commencing with stop 4 of the above procedure are as 

follows. 

.9 

4. 	 £/abdr 	 x 

5, 	+b++/abcdP 	 x /abcdP ___ 

. 

. 	 ±nL/inL 

Finally, . a marker ohromosonie, which of course requires at least two 

marker genes, may be constructed by crossing the appropriate single 

gene stocks and collecting the desired crossover product. For 

example, a stock isogenic for the marker chromosome 14c in L could be 

constructed as follows. 



50., 

9 
1 	 b inIv'.±nL 	x 	olnI/cinL 

2/abe& 	 x 	in I/b in L 

++/bpd? 	 x 	 £/ab ad? 
(single male) 

 
41  

50 	 bo 1+/12 

Marker chromosomes so produced (i.e. by inserting marker genes into 

chromosomes from selected lines), should contain genes acting in 

only one direction at most bci affecting the trait. Furthermore, 

the effect on the character of any that do act in the wrong 

direction is likely to be small, and in any case can only affect 

the results if the test chromosome contains an allele of opposite 

effect at the locus. Even then, the effect on the results will 

not be too serious because of the small effect on the character of 

the pai' ticular locus. Also, it can be arranged that the marker 

genes are sufficiently close that triple crossover between them will 

be very rare and it will also be possible to utilise marker genes 

with no known effects on the character. This does not of course 

guarantee their neutrality, but it does mean that any effect on the 

character will probably be small, and therefore, that the effect on 

the resuLs of the analysis will be minimal, 

Finally, we must ensure that the segment of chromosome 

delineated by the pair of marker genes, contains all the loci 

affecting the character at which the test and marker chromosomes 

carry opposite alleles. Apart from the procedure described by 

Tho&ty (1961), there are at least three other methods 1uich could 
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be used, as briefly described below. 

I • The simplest method of ensuring that the marked segment 

contains all the relevant quantitative loci is to place one 

marker at each end of the chromosome. But with this arrange 

mont, the probability of occurrence of triple crossovers between 

the markers is perhaps too high to be tolerable (Chromosomes 

I, II, and III being 660  107 and 106 cM long respectively). 

However, distributed along the length of each of these chromo—

somes, there are at least five biochemical markers (O'Brien and. 

Macintyre, 1971), and, depending on the genotypes of the test and 

marker chromosomes at each of those loci, the risk of not 

detecting triple crossovers between the ends might be reduced to 

acceptable levels. As soon as it was derived, we would there—

fore determine the genotype, at each of these loci, of the basic 

chromosome into which the visible markers are to be inserted, and 

then, before any analysis, it would only be necessary to determine 

the corresponding genotypes of the test chromosome to determine 

whether this approach (i.e. visible markers at the ends of the 

chromosome) was suitable. The number of mapped biochemical 

markers is increasing all the time and, in the not too distant 

future this approach may well be feasible in the majority of 

situations. However, for any particular pair of chromosomes, 

the degree of genetic similarity at the biochemical loci may be 

such that the risk of not detecting triple crossovers, when the 

visible markers are at the chromosome ends, remains unacceptably 

high. If that is so, we are then forced to concentrate our 
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attention on shorter segments of the test chromosome, and the next 

two techniques are methods of ensuring that the visible markers 

stay close to the ends of the shortened seients. 

2. This technique derives from the ideas of Breese and Mather 

(1957) and utilises multiple marker 'chromosomes containing one or 

more pairs of visible markers very close together (i cM apart), 

By utilising crossovers: between these latter pairs of markers, it 

is possible to make a "synthetic" chromosome which combines an 

accurately specified segment of the test chromosome with an 

equally accurately specified segment of the chromosome with which 

it is to be compared, and which contains almost nothing of the 

multiple marker ohx'omosome. The marker chromosome for the anó.l* 

yses may then be constructod so that the marked segment corresponds 

with that segment of the synthetic deriving from the test chromo-

some* Provided that this segment is sufficiently short, single 

marker recombinants between the test and marker chromosomes will 

have resulted from single crossovers within, and in a proportion 

of cases, additional crossovers outwith the marked segment. 

However, with this technique, these additional crossovers cannot 

affect the results, because they take place between segments of 

chromosome that are genetically identical. 

3, The final technique derives from Dr. A. Robertson (personal 

communication) and is identical in principle with previously 

discussed method of inserting recessive genes into appropriate 

base material for a marker chromosome. We again require three 



53. 

stocks all isogonic for the same background set of chromosomes, 

but differing in the homolgues of the teat chromosome. The 

first stock should be isogenic for the test chromosome (T), and 
the second isogonic for an appropriate marker chromosome, say 

ç in L. The homologous pair in the third stock should again 

constitute a balanced lethal system, with one of the pair 

carrying a dominant lethal, say P, in additional to the recessive 

genes ja and, andthe other carrying an inversion which 

suppresses crossing over in females, and which is marked by a 

different dominant lethal, say . The actual steps involved 

are illustrated below. 

1.1LO in L/ in L 

3, 

4. 

9 

x 	 b in 4/T 

x 

x 
(selected group only) 

Assuming the genotypic value of T to be greater than L. the 

selected group in stepq would be the lowest scoring 	of 

females, and steps 3 and 4 would be repeated until the mean for 

the character of step 4 heterozygous females had become stable. 

The modified test chromosome, which should now be identical with 

the be in L chromosome at loci affecting the trait which are 

located outside the 	segment, may then be made homozygous in 

the same background as 	in L by methods which have been 

previously described. Following this, the 	segment of the 



modified test chromosome may be analysed using the be in L 

chromosome and the only crossovers which affect the genotypic 

value of the single marker recombinants will be the single. 

crossovers occurring in the - £ segment. 

In this section (part (b) of Theory) the mechanics of the 

methods proposed. by Thod.ay (1961),  and. Thoday, Gibson and. Spickett 

(1964.), for within chromosome analyses of quantitative genetic 

differences have been examined. Both methods have been shown to 

contain an inherent problem which arises from uncertainty about the 

genetic constitution of the marker or standard inbred chromosome at 

loci affecting the quantitative character. A series of alternative 

proposals which largely overcome this and other difficulties was then 

discussed. Central to all these alternative proposals is the com-

parison of the test chromosome with a homologue deriving from a line 

selected to the limit in one direction for the character of interest, 

(o) Statistical Difficulties  

As mentioned earlier, there are difficulties associated with 

attempting to determine the number and membership of the quantitatively 

different subgroups within a heterogeneous group of recombinant lines. 

The nature of these difficulties, and the methods employed, to cope 

with them in the analyses that follow are discuzaed in the section on 

materials and methods, 
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III. MATERIALS AND METHODS 

culture Conditions 

Flies for scoring were raised either in j pint bottles or inch 

vials in a constant temperature room at 25°C. With one exception the 

medium used was the standard mixture of this laboratory. The 

exception Was an experiment designed to test the effects of the 

chemical,, animoptarin, on the bristle scores of certain lines of 

flies. On this occasion, in addition to the normal ingredients, the 

medium contained sminopterin at a concentration of 5 mg/litre, When 

bottles were used, the number of parents was approximately 20 pairs 

but this was reduced to 5 pairs for vials. 

Egg laying was permitted for 5 days, after which parents were 

transferred to a second "spare" bottle or vial, After a further five 

days the parents were discarded. When virgins vre required., they 

were collected, twice daily at intervals of approximately 10 to 14-

hours. 

Characters Scored. 

Counts of both soutollar and aternopleural bristles were obtained 

in almost all experiments. For each sex and stock the mean scutoflar 

scores are, with few exceptions, based on 100 flies, while for 

sternopleural bristles the numbers varied between 10 and 50,; When 

flies were raised in vials, those for scoring came equally from each 

of 5 vials. 
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(0) Stocks 

(i). ra cgrouM genotype 

The background geiotype for all stooka used in those experiments 

was the line CA, which had been produced by selection for high 

oternopleural 	number in a cross between two previously 

plateaued lines, and which at its final limit had reached a zoan 

score of 50 (A. Robertson, 1967). C? has not deliberately been 

wade iaOçonic, but because of its long history of selection, it 

is likely to be very nearly isoenic for eenes atfectin eterno 

pleural bristles# in all stocks described here, chromosomes I, 

II, and. IV derive from 

(ii) D in c 

D3  in C was formed by replaeing the third chromosome of C? 

with a single third chromosome from D I  F 7 a  This latter line had 

been produced by solsction for low etonopleural 1.. •L•:. number iu 

a cross between a previously plateaued linO and another which had 

untegone some aoieetion. At its final limit, D1F7  had reached 

mftn score of 7.1. (0s.ai3, 1963),  T), in C thus has a "low" 

third ohromosoo in a hih background, and its moan aternopleural 

score is 16. 

(Lit) Kaduna third. chromosome lines 

A number of separate liven have been formed by replacing the 

thLrd chromosome of C,& with individual third chromosomos from the 

Kaduna population. This latter population of approximately 5,000 

flies was described by Clayton, orri, and Robort$ofl (957) and 
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has been maintained under constant conditions since. One of 

these Kaduna third chromosome lines, here called. K in C, had a 13 
relatively high mean count for both scutallar and sternopleural 

bristles, and it seemed worthwhile to determine to what extent 

these relatively high acorez had common causes. In the results 

that follow, the answers provided by an analysis of the type 

described above, are outlined, 

(iv) Dominant markers and crossover suppressors 

J 130  (Ultrabithóraz); Chromosome III; homozygous lethal; 

carries a short inversion on the left arm, and a long perioentrio 

inversion. Non-inverted terminal region marked with eo 

(Lewis, 1952). (Abbrev. in this study toil)*  

r_(z.o1cly); chromosome III; homozygous lethal. In these 

experiments, this dominant was carried in three separate third 

chromosomes. The first, designated rug by Louw (1966) derived 

from a single chromosome and in addition to Pr contained the 

recessive markers roughoid (a), hairy (), thread (), 

scarlet (), curled (a), stripe (), ebony  () and. claret 

The second carried only the markers sepia () and scarlet () in 

addition to Zr, and is hero called so  at.  Pr. The third Oortained 

Pr  plus sepia () and hairy (j) and isddesignated se h?. 

All three chromosomes containing jr. were maintained by being 

balanced against U in a C?  background. Thus we have 

/rrc in C : C; Co Wrro: C 

£/setPr  in C :. C; C; 	 C 

/sehPr in C : C' C; j/aehPr ; 	C 
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(i,) Recessive marker stocks 

The background genotype of all the recessive marker stocks 

used, here was 	in C. Its third chromosome, in addition to 

having a low aternopleural count, also has a low ineafl scutellar 

count (1)3  in C scoring 4.19 compared with c3A scoring 64) and 

may be expected to contain few if any "plus's genes for either 

trait, 

Marker stocks used in these analyses were constructed by 

substituting recessive genes into chromosome III of 1)3  in C in the 

manner described earlier in the Theory section of this chapter. 

The source of those genes, was, viith one exception (sepia,Be)*  

the 3toolc 	in C which has a third chromosome identical with 

rFroa except that It lacks . Sepia derives from a single 

So ja at third chromosome which is maintained. In this laboratory 

in a stock called- pt in C. 

The parioular combinations used in these experiments were as 

follows* 

1.8tcain D3 InC, 

2, peat in 1)3  in C. 	wo separate stocks of this combination 

were used, the second being created for reasons given below. 

3. Iewhmt in 
D   

in CO 

1)3  in C also carries a marker gene, ad (spot; Louw, 1966), 

which affects the pigment pattern of the sixth tergito of imale.s 

only. "Spot" hornosygotes have a distinct round area of pigment 

In a lateral position on both aides of the sixth terite. 
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MorgOte8 for the alternative allele, JU (light; Lou, 1966), 

which is carried by C?  and K13in  C may be distinguished because 

they lack pigment in the same regions  but heterozygotee are not 

always distinguishable In the 9 background. If, as postulated, 

The 
D   in C marker chromosomes contain very little of the genetió 

material of the source chromosomes  they should all, like D   in C 

itself, contain the 	allele. The 3eoOud seat in D in C stock 

was constructed when It was found that the first (which had a 

three or four chromosome origin instead of a single chromosome) 

contained some"light" phenotpe5o Except in the case of the 

second 	in 1)3  in C stock (from now on referred to as pt sj in 

D  
in C) all stocks used In these analyses were supplied by 

Dr. A. Robertson. The positions on chromosome III of all loci 

referred to so far are indicated below. With the áoeption of Adj, 

which is located to the left of ru at 3: .4 (A. Robertson, personal 

communication), map distances are according to Lindeloy and Grell 

(1968). 

J7V \.. 
.! 	.2 

u4 	Q 26.0 	26.3 3.2 4.0 	50.0 	58.8 	62.0 	70.7 90.0 100,7 

For the convenience of readers, this diagram has been reproduced in 

afold-out appendix at the back of the thesis. 
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(d) Collection Of Crossover Chromosomes 

The method of collecting and storing individual crossover chromo-

somes is essentially the same as outlined by Thoday (1961). The 

details depend on the particular marker stock chosen, but the set of 

operations is always the same and is illuatrated below for the 

marker stock $ ca in D3  in O, 

11 	 stoainD3 inC z K13 inC 

2. /iPrcainC 	x 	atcainD3  inG/K13 inC 

5. (a) IttJru Pr- ea 
(single male)  

Vz'u Pr ca in C 
(b) +ca/rupx ca 

(single male 

4. (a) at/U z 	3t +/U 

(b) 	 X _ 

5 ,, 	 at +1st E;i.nC 	+c'+inC 

The third chromosome in each of the stocks emerging in step 5 

thus derives from a single recoznbinant. In such stocks, it may be 

preserved unaltered for an indefinite period, and as many measure-

ments made of it as are required, In those experiments, the single 

recombinatn were not always immediately made homozygous. Some 

were left segregating against the crossover suppressor, Us for up to 

5 generations, and during this period some crossing over between the 

extreme right hand ends of the V and recombinant chromosomes may 

have occurred. However, the amount of such recombination is small 

(Linasley and Groll, 1968), and in any case, unless the fitness of 

the second phase recombinant was much greater than that of the 
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original recombinant, it would be unlikely to become sufficiently 

numerous to influence the results, 

Choice Of Marker Stocks 

A preliminary experiment, using the marker stock 42t ,at ca in D  
in C. was conducted to determine whether the genes responsible for the 

differences between K13  in C and 
D   

in C, in mean sternopleural and 

outoUar counts, lay to the right or left or on both aides of . 

Thi experiment indicated (see Results) that all of the genes con-

tributing to the moan soutellar difference, and moat of those 

responsible for the mean sternopleural differences, lay to the left of 

. In the main experiments therefore, the marker stocks were 

constructed so as to permit further investigation of the Segment of 

chromosome III of K13  in C to the loft of Ale 

Statistical Methods 

The general aim of the analyses was the same for both characters 

and consisted of attempts to determine the number of quantitatively 

different subgroups contained within each group of recombinant 

chromosomes of a single marker gene class. Data on the number of 

distinct subgroups and their relative frequencies are then used to 

make inferences about the number, size of effect, and map location 

Of the loci affecting the character in the particular segment of 

chromosome delineated by the marker genes. 

For both characters, there is a difference between sexes (females 

almost invariably having higher moan counts than males), and the 

between fly variance Increases with increase in mean count, In 
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addition, the frequency distribution of souteflar bristle count 

becomes decidedly non-normal as the mean count approaches four. From 

the standpoint of statistical analyie, the above difficulties are 

scale problems with fairly standard remedies, but in addition there 

arc much more difficult problems associated with trying to establish 

the number and membership of the different subgroups within any single 

marker sot of recombinant lines. The procedures adopted differed for 

the two oharaetors, and will be discussed separately. 

(i) Stornopleural bristles 

The aim of the genetic analysis undertaken in these experiments, 

was to estimate the number, map location, and also of effect of the 

chromosome III genes ditfarentlatIn the mean oternopleural and 

ocuteflar bristle counts of 
13 

in C and. D in C. A suitable scale 

of measurement woull then be one on which the effect of a given gene 

substitution is constant, irrespective of the background on which 

it is made. While there is no Information regarding single gene 

substitutions, It has been shown (A. Robertson#  1970 b) that for 

aternop2eraCiiTh count, the effect of a given whole chromosome 

substitution was very nearly constant on the scale 1g0  (count 

This transformation also has the desirable property of correcting 

in large measure the tendency of the variance to Increase with mean 

count, and has been adopted tbrouhout these analyses. 

For each group of recombinant lines (of one starker class) the 

analysis of the data then proceeds as follows. After tranaformatto, 

the atifioanoo of the differences between lines and sexes and of 

the sex x line interaction are tested in a two-way analysis of 
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variance. The results of this analysis determine the next atop as 

outlined below. 

It sex x line interaction Is important (i.e, contributes more 

than say, 5% of the total sum of squares as well as being stat-

istically significant) then all further comparisons of lines are 

dons within sexes. On the other hand, If this interaction Is not 

important (i.eo contributes---' 	of the total sum of squares 

regardless of its statistical significnoe), but the line 

differences are real, then all further comparisons are made between 

line means averaged over sexes. If neither of those mean squares 

(lines, or sex x line) is significant, the analysis proceeds no 

further, 

When there are real differences between lines (either within or 

averaged over sexes) the final stage in the analyses consists of 

ranking the line moans and then making all the possible pairwlse 

comparisons to determine which of the lines differ from one another 

Because we have no aripri reason for expecting particular lines to 

differ, we are not entitled to use standard tables of the 1 t" 

distribution for assessing the significance of the difference 

between any particular pair. However, tables are available which 

give values of "t" adjusted so as to ensure that the overall 

probability of Tpe I error remains at the desired level (say 	, 

even when all the possible parwise comparisons among a given set 

of moans are made. For example, Table A15 of Snedecor and. 

Cochran (1967), lists the adjusted values of "t" x /2 for various 

combinations of numbers of groups and "error" degrees of freedom. 
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Using this Table,, the significance of the difference between any 

particular pair of lines may simply be assessed by noting whether 

it exceeds the product of the appropriate table entry and the 

standard error of an individual means  

The final outcome of such an analysis is a classification of 

the lines into a number of groups (some of whose members may be in 

more than one group) within which no one member differs significant—

ly from any other. The minimum number of genes in the region is 

then taken as one less than the minimum number of groups. Finally 

if the analysis has produced unambiguous groups (i.e. no lines 

present in more t'an one group) we can then proceed to estimates 

of the effects and map locations of the postulated. genes. 

This form of analysis is unbiassed, and objective, but is no 

doubt highly conservative, It is not necessary, for instance, to 

make all the pair-wise contrasts to effect the above classification. 

However, the problem of how many comparisons we need to make in any 

one data set cannot be answered objectively,, and it was decided to 

be conservative. Clearly a new approach to this whole question is 

required, and one suggested. recently by Dr. A. Robertson (personal 

cornmuzication) is to develop by computer simulation a sampling 

distributioii of differences between means when say, x samples of 

size n are drawn from a normal distribution, Probabilities could 

then be ascribed to each of the z 1 sequential (1 2, 2 3......, 
(x 1).. x) differences among the ranked set of means, and groups 

delineated., by "gaps" of sufficiently low probability of occurrence. 

This scheme has obvious) appeal since it always produces unambiguous 
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groups but on assessment of its merit must await further study. 

(ii) Soutoflax' bristles 

As noted by other workers (e.g, Fraser and. Green, 1964.)  the 

sexes differ in their moan counts for this trait in Posophilg 

melanpaster. Within any line, females invariably have higher 

mean counts than males and the sex difference tends to increase 

with moan count. For this reason, all analyses of seutellar  

bristle data have been done on a within sex basis*  

When all lines are included, the individual fly counts varied 

from three to eight bristles, but not all classes were represented 

in all lines. Those with high moan counts characteristically had 

flies in all classes for four to seven (with occasional eights), 

while lines with low means generally had flies in only the four 

and five, and occasionally the three, class. 

For this typo of data (discrete and with few lases), 

differences between lines may be assessed using 	techniques. 

Alternatively, we oould assume (e.g. Latter, 1964.) that there is a 

continuous underlying variable influenced by both genetic and 

environmental causes with threshold values corresponding to 

particular bristle, counts, then transform the data, and analyse it 

Using traditional continuous data techniques. The former procedure 

involves fewer assumptions, and has been adopted throughout these 

analyses. 

The first step in the analysis of any set of recombinant lines 

was therefore to enquire (using an r (classes) xc (lines) 

heterogeneity.2  test) whether the complete sot of observed 
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distributions oould hwe arisen by chance awpling from a single 

distribution. If thiLX was not zinificant (at the 50 level), 

the analysis proceeded no further. However., since all classes  

ware not rcproanted in all lines, it was often neceary to reduce 

the number of classes in order to obtain a single clasii'ication 

ytem whose classes would be represented in all lines of a given 

sot. ½jeoifically,. it was often necessary to reduce the number of 

claaaea to just two ( 4,> 4) and in the and this system of 

classification was used in all data sets. It is rscoaei that by 

s'lmpyf'in the classification systems  wo are not ,makino full use 

of the available data. However, the simplification enables us to 

compare all lines thin a set in a s,tntle teat, and to 	the 

same criterion of cenpnri6on over all 3ota. There is a further 

advantage which will be described In the move relevant context of 

the discussion of the next state in the analysis. 

This stage,, like the second atae of the sternopleural bristle 

analyses, coasts of ranking the lines on tho basis of mean 

scutollar bristle count, and then making all the possible pairwise 

comparisona of distributions (again uain a heteotaneIty 	test) 

to establish the minimum number of different aubroupe. As before 

we have no 	reason for choosing these contrasts and are 

therefore not ontitled to use standard-2  table (a fact overlooked 

in whittle's 1969  a lye) as a basis for assessing the sinU'icanoe 

of the differences between &tstribution8. Unfortunately, however., 

there are no tables of A. adjusted to allom for multiple pairiae 

comparions In the same way as the adjusted "t tables mentionerl in 
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the previous section. Under these circumstances, adjusted values 

of X2, were adapted from well known relations between the sampling 

distributions of ttt, p, 	 When only two groups are being 

compared and as the "error" degrees of freedom approaches infinity, 

2 so the sampling distributions of t , F, and. ".. become indistinguish- 

able. Therefore, provided we are using a 2  with one degree of 

freedom (as is the case for a 2 classes x 2 lines heterogoneityX 

test) then a suitably adjusted 12  for making all the possible 

pairwse comparisons among a set of n lines, might be obtained by 

squaring the appropriate adjusted "t" ( "erro2Y degrees of freedom, 

n lines), The upper 5 values of X, 2 , for n varying from 2 to 20 

have been determined. (using the adjusted. "t" values from Table A15 

of Snadecor and Cochran, 1967) and are presented in Table 3, 1, 

No claims are made for the complete statistical validity of 

tests based on these adjustedi. , but the arguments leading to 

their derivation seem Intuitively reasonable, and in the absence of 

a suitable alternatives  they have been used in the manner described 

thoughout these analyses. 

IV. RESULTS 

(a) Mean Bristle Counts Of K13  In C, 
D   

In C, And 1)3  In C Marker 

Stocks  

As a partial check on contamination., it was planned to obtain 

counts of these various stocks at A- 6 monthly Intervals. This was 

not always achieved, and in particular, the marker stock used in the 

preliminary experiment (t ca in D in C, see below) was accidentally 
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TABLE 3, 1 

UPPER 5% VALUES OF 

x2 (i DEGREE OF FREEDOM) IDJUSTED* TO ALLOW ALL 
POSSIBLE PAIRV'ISE COMPARISONS 

AMONG n GROUPS EACH WITH 
TWO CLASSES ONLY 

Number Degrees of 	Upper 5% Upper 5% 
of Freedom (n—I) for 	Vaues. i Values of 

Groups, ri Heterogeneity)C2 Adjusted 

2 1 	 3.841 3.84 

3 2 	 5.991 5.51 

4 . 3 	 7.815 6.59 

5 4 	 9.488 7.45 

6 5 	 11.070 8.12 

7 	.• 6 	 12.592 8.69 

8 : 	7 	 14.067 9.20 

9 8 	.. 	15.507 9.64- 

10 9 	 16.919 	- 9.99 

II 10 	 18.307 10.35 

12 II 	 19.675 10.67 

13 12 	 21.026 10.95 

14 13 	 22.362 11.23 

15 14 	 23.685 11.52 

16 15 	 24.996 .. 	11.71 

17 16 	... 	26.296 11.96 

18 17 	. 	27.587 12.15 

19 18 	 28.869 12.35 

20 19 	 30.144 12.55 

*See text for method, 
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TABLE 3, 2 

STERNOPLEURAL AND SCUTELLR BRISTLE COUNTS 
OF VARIOUS PARENTAL AND MARX?. STOCKS 

Line 211 Scutellars Approximate Sternop].eurals 
Dat& Males Females Males Females 

K13 in C April, 1970 29.02 ± 0.30(50)* 30.52 + 0.32(50) 4..85(100) 5.4.5(100) 

in C May, 1971 2.36 + 0.28(50) 29.78 + 0.37(50) 4.82 (100).  5.4.8(100) 

D3 in C May, 1970 t5.86+ 0.22(50) 16.34.+ 0.21(50) - - 

D3 in C April, 1971 15.60+ 0.22(50) 16.14.~ 0.22(50) 4..08(100) 4..30(100) CN 
00 

se st in f 970 17 	. - 

.1) - 1 G 	 - 

I 
3fl 

apt sest in 	November, 1970 	114.80 ± 0.18(50) 	15.24.+ 0,22(50) 	3.99(100) 	4..04.(100) 

pt 
1
•sest 	July, 1971 	15.26 + 0.20(50) 	15.64.+ 0.20(50) 	4.01+(100) 	4..16(100) 

3 
fl 
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probably contains a 'plus" gene to the right of &t not O eased by 

by the other two stocks. The net effect is that st se sl in D In C. 

and .pe.at  in D in C have mean sternopleural bristle counts rospeo 

tively one bristle lower and one bristle higher than that of 1)3  n C. 

In any caseo  those differences are small compared with the difference 

between X 
13  in C and the markers, and they are therefore not likely 

to have drastic consequences for the results. 

Finally, from the standpoint of estimating the extent to which 

the stocks might have been affected by contamination, it is pleasing 

to note that in those stocks where they were taken, successive mean 

counts on no occasion differed*  

(b) Preliminary Experiment To Locate Approximate Positions Of High 

Genes 

K13  in C females were mated with at_oa in 1)3  in C males and 

their female progeny mated with /ru Pr -ft males. The stock at ga 

in D3  in C is also homozygous for alp and K13  in C for its allele, , 

Among the progeny of the second mating, are flies heterozygous for one 

or other of the various possible recombinants, and in this preliminary 

experiment, 16 of them were collected and made homozygous In the C3A 

background. One half contained st and the other Ca, and among the 

latter group two were double crossovers. The mean scutollar and. 

(where available) stornopleural bristle counts of these homogous 

recombinant lines are given in Table 3, 3 	Assuming that the mean 

counts for the marker stock would differ little from D3  in C the 

main points of interest' in Table 3, 3 are as follows. 
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TABLE 3, 3 

MEAN SCtJTELLAR AND, WhERE AVAILABLE, 
STERNOPLEURAL BRISTLE COUNTS OF 

MALES AND FEMALES FROM LINES 
HOMOZYGOUS FOR CHROMOSOME III 
RECOMBINANTS BETWEEN K13  in C 

AND st ca in D
3 
 in 	C 

Sternopleurals* Scuteflarst Line Males 	Females 	. Males Females 

it + ca I 28.00 	28.44 4.4.5 5.10 

it + ca 2 - 	. 	- 	. 4.4-3 5.26 

it + ca 3 28.76 	28.28 4.55 5.20 

it + ca 4. 28.76 	30.12 4.71 5.47 

it+ca5 	. - 	. 	- 4..62 .5.20 

spt + ca I 24.414. 	 25.00 4.61 5.04. 

spt + ca 2 23.64. 	23.52 	. 4.29 	. 4.58 

spt ..t +. I . 16.24- 	17.04. 4.01 4.03 -. 

spt st + 3 - 	 - 	- 4-.00 4-.07 

spt st + 4- 16.12 	17.32 4.01 	'. 4.05 

spt st + 5 . 	- 	. 3.99 4.02 

spt st + 6 - 	. 	- 4.05 .. 	4.06 

8 18.60 	18.44 	•. 4.04 4-.03 

spt St +9 . 	- - 	. . 4.03 4.02 

spt st .+ 10 19.72 	21 	12.. 4.07 . 4.09 

*Each mean based. on 25 flies 

tEach mean based. on 100 flies 
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The mean soutellar counts of the at carrying recombinants are 

uniformly low and probably not different from the marker chromosome. 

The mean sternopleural counts are also on the low side, but in this 

case the lines are not a homogeneous group. 

The mean scutellar and sternopleural counts of the single 

crossovers carrying A are uniformly high and appear to differ 

little from K13  in Co 

Of the two double crossovers carrying.9a both have lower 

mean sternopleural counts than K13  in C. or the single crossover 

lines, and. one 	+ 	2) also has a low mean scutellar count. 

In terms of the approximate locations of the genes contributing to 

the mean scutellar and sternopleural bristle differences between 

these stocks, the simplest interpretation of the above results 

would be as follows. 

(i) With a fair degree of certainty, all the genes contributing 

to the souteliar difference are located to the left of at, and 

the minimum number of genes involved is not less than two, 

(i) Most, but not all of the mean sternopleural differences 

appear to be contributed by genes that lie to the left of at, and 

for this character the minimum number of genes involved is at 

least three. 

In view of these results, it was decided that a detailTstudy of 

the area to the left of st was likely to be informative, and the 

first segment inveatiated was that located between 	and. , 
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(o) Iinalyai Of K
13  
	 In 	in C Recombinants 

This experiment was aimed at gathering further information 

regarding the location of those gones to the left of , that differ—

entiate the mean sternopleural and souteflar bristle counts of K13  in 

C and D in C. The recombinants collected were those that had 

retained jLg but lost h and , These are rare (se and h being 0.5 oM 

apart) and only two wore collected, Unfortunately one of those had 

to be diseardod because of contamination (with h) before its counts 

for each character had boon recorded, but those obtained for the 

second are given below. 

--------------------------------------------- -------------- 	 - 	-- 	--- --- 

Stornoplourala 	 Scutellara 

Males 	Females 	 Was 	Females 
- 	 - 	 - 	- 

24.12 	25.00 
	

4.42 	 4.88 

These means are each based on 50 (sternopleurals) or 100 

(auto lore) flies and for both characters they are lower than those of 

K13  in C. Taken at face value, these results, together with those of 

	

section (b) above, would suggest that in both the, and 	at 

segments, there are genes that contribute to the mean eternopleural 

and ecutellar bristle difference between K13in 
C and 1)3  in C. 

Bowever, a note of caution should be sounded regarding this interpre—

tation because of the presence in the marker chromosome of the gene ho 

This gene has the effect of increasing the mean count for both 

bristle characters and it therefore becomes very - difficult to be at 

all sure about the genetic constitution of the marker chromosome at 
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other loot affecting these characters. 

In any event, marker chromosomes containing so and at were 

available, and it was decided to investigate that segment thoroughly 

before worrying a great deal about the segment to the left of aeo 

(a) Recombinants Of X 13 In C With so Ltln D In C And apt so st 

In D In C 

In each case, both se and at containing recombinants wore 

collected and substituted into the C?  background, Bristle counts 

were then recorded for all lines, but, since the information deriving 

from each of the two separate classes 	or 	) of recombinant is 

essentially the same, only those from the slightly more numerous 

group •() have been presented. 

be mean sternopleural and scutellar bristle counts of males and 

females of the lines carrying the homozygous recombinants are given 

in Zables 3, 4. and 3, 5 respectively. Before proceeding to the 

detailed analyses, some general points may be noted from these tables.. 

These are 

A number of the recombinant lines have mean scutellar counts 

that are clearly as high as that of K13  in C. This confirms the 

earlier observation that all the genes contributing to the mean 

scutellar difference between K13  in C and the marker stooks are 

located to the left of at, It would also indicate that, unlike 

its postulated effect on sternopleural count, the at gene does not 

effect scutellar count. 

None of the recombinant lines has a mean sternopleural or 

scutellar count as low as that of the marker stocks. This would 
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TABLE 3, 4 

MEAN STERNOPLEURAL AND SCUTELLAR BRISTLE 
COUNTS OF MALES OF LINES HOIIOZYGOUS 

FOR CHROMOSOME III RECOMBINANTS BETWEEN 
K13  in C AND TWO 1)3  in C MARKER STOCKS 

Soutellars* Marker. stock Recombinant Line Sternopleurals 

'se st in + st 1 25.10 + 0.55 4.75 

D3  in C + st 2 25.30 + 0.86 4,75 
+ st 10 28.90 + 0.46 4.68 

Sternopleural + st 9 25.40.± 0.45 4.67 
means based +st 7 23.80 + 0.71 4.65 
on 10 flies + st 5 22.50 ± 0,64 4.38 

+ st 3 .20.80 + 0.33 L29 

spt se st in .+ st 12' 23.70 -f 0.33 4.93 
D3  in C +'st 16 . 	'24.80+ 0.56' 4.87 

+st 3 26.50+ 0.40" 4.86 

Sternopleural' ' +st 2 	. 24.770.39 . 4.83 
means based + st 13 	• 24.80 + 0.32 4.76 

on 30 flieS + st I 	, ' • . 25,83± 0.32 	• 4.65 

st 9 '  23.93+ 0.33 	• ' 	4.52 	. 

+ st 7 	• ' 	22.53.t 0.37 4.50 
+ st ,4 	-' 22.70 + 0.43 	•, 4.29 

10 19.77 0.40 	• .... 	4.28 
+ st 18 	.. 	• . 	21.90 + 0.46 . 	4.27 

+ st 8 21,80 + 0.31 4.27 
+ st 20' ' 	21,83 + 0.41 4.26 

+ st 19 ' 	• 	22,47+ 0,31 . 	4.24 

• +st 6 18.77+ 0.26 	• 4.18 
+stfl 21.47+ 0.34 ' 4.17 
+ st 5 18.33 ± 0.28 4.16 

+st 14. 20.83+0.35 4,16 

+st 17'. 19.13+0.31 ".. 	'4.15 

* Means based on 100 flies 
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indicate that for both oharactersp  there is a gene(s) contributing 

to the moan difference between K 
13 in C and the marker stocks which 

is either located to the left of, or if on its right, thei 

close enough that no crossovers between it and se were present 

among the twenty six st recombinants shown in Tables 3,, ! and 

3, 5. (This figure of twenty six may in fact be increased, to 

fifty, because none of the twenty four é containing recombinants 

from the same segment attained the mean count of K13  in c), 

(iii) One of the twenty six 	recombinants has a mean sterno 

pleural count resembling that of K13, in C. and this was not 

expected for two reasons. Firstly, there is some evidence (see 

section (a) above) that the 	gene has a slight negative effect 

of aternopleural count, and secondly, there is the evidence from 

the preliminary experiment (see section (b) above), which indicated 

that the segment to the right of 	also contained genes con- 

tributing to the mean sternoploural difference between K13  in C and 

in C. However, in the particular recombinant concerned, the 

segment to the right of at derives from the se t in 
D   in C stock, 

and as indicated in section (a) above, that segment probably 

contains a gone(s) with a positive affect on sternopleural (but 

not seuteflars), which is not present in the equivalent segments-

from 

egments-

from either spt 50 St in 
D   in Co  or 

D   in C itself. If this is so, 

then the mean stornopleural counts of the 	recombinants from the 

so at in 
D   

in C stock should be reduced (by roughly the difference 

in mean count between the twostocks) in order to make them 

comparable with those from the sit so at in 
D   in C stock, and, if 
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this were done, the apparent inconsistency would, be removed. 

The detailed analyses of the data will now be presented in 

three sections. The first two will deal with each character 

separately and the third with the relationship between them. 

(i) Sternoploural bristles 

For each of the two groups of 	recombinants, the differences 

between lines and sexes were significant (P -e_.0,001, except for 

sex difference in go at in D3  in C group where p0.05) and for the 

pt jest in D in C group there was also a significant line x sex 

interaction, (P---- 0,001), However, its contribution to the total 

sum of squares was small (. 3%) and the next stage of the analys., 

the attempt to classify each group of lines into its component 

subgroups, was therefore conducted utilising the overall line means. 

For each group of lines, these means are listed in Pablo 3, 6, 

together with the estimated variance of a single observation, and the 

estimated minimum difference between any pair of means required for. 

significance at the 	level. All estimates in Table 3, 6 have 

been derived after transformation (Loge  (Count - 4.):) of the raw data. 

The results of the attempted classification into subgroups are 

given in the top third of Tables 3, 7 and  3, 8 for the Se at in D3  

in C, and .st $$ sit in 1)3  in C groups respectively. When the 

marker stock was se at in 
D   

in C the estimated minimum number of 

subgroups was four, and the minimum number of loot indicated by 

these data is therefore three. The equivalent estimates for the 

apt se at in D3  in C group are nine and eight respectively, d. an 

since these estimates are based en almost nine times more information 

than those from the first group (almost 3  times the number of 
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TABLE 3, 6 

IIEAN STERNOPLEURAL BRISTLE COtJTcT (TRANSFORMED 
SCALE) OF LINES HOOZYGOUS POR CHROMOSOME III 

RCOMNANTS BTW 	K1 	in C AND TWO 
D3 inCMAR.KERTOCKS 

Marker Stock Line Mean Recombinant Line 

se st in + st 10 .3.1981 

D3  in C : 	+ st 	2 

- 

	

i-st 	1 

3.0918 

3.0753 
Means based + st 	9 3.0631 

on 20 flies +st 	7 3.0118 

(iou; ioc) + 	5 2.9351 

+st 	3 	. 2.8535 

Variance of a mean = 0.0115385184/20 
Minimum difference for significance (5) = 0.1019 

spt se st in 	 + st 3 	 3.1350 
D3  in C 	. 	... +.st I 	 .3.1055 

+st 16 	 3.0581 

Means based •. 	 + st 13 	 3.04.90 

on 60 flies . 	 + st 2 	 3.0190 

(30, 3099) 	 + st 9 	 3.0026 

+stl2- 	 2.9794. 

	

-+ st 19 	 2.9660 

-- 	+ st 4. 	 \ 	2.9308 

+st 7 	 2.9151 

+st 20 	 2.9150 

+ st 8 	 . 2.8907 

+ st 14. 	. 	2.874-3 

+sti1 	 2.8711 

+stj8 	 2.8608 

2.8088 

+st 17 	 2.7676 

+st 6 	 2.7517 

- i-st 5 . .. 	2.74.82. 

Variance of a mean = 0.0119591755/60 
Minimum difference for significance (5%) 0.0710 
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recombinants and 3 times more flies measured per recombinant) 

they should more closely resemble the real situation, 

The estimates of the number of loci in the region are of course 

only part of the information sought • The next, and perhaps more 

important, estimates required are the map locations of each of 

these loci, and the magnitude of their gene effects. To obtain 

these latter estimates it is required that each group of lines be 

classifiable into mutually exclusive subgroups. However, for 

neither of these groups of lines has such a classification been 

ottined, in every case (see Tables 3, 7 and. 3, 8) each 

successive subgroup overlaps to some extent with its neighbours, 

and therefore no objective estimates can be derived. 

(ii) Soutellar bristles 

For reasons outlined earlier (see Statistical Methods), 

comparisons between lines for this character are based on the 

respective frequencies of flies in the 4., and >4 bristle classes, 

and the significance of the differences is asseased by heterogeneity 

methods. 

For each group of recombinant lines (classified in this case 

by sex as well as marker took), the first step was to decide 

whether the constituent distributions were heterogeneous, and in each 

case the heterogeneity% was highly significant (p o,°Oi). 

Each group of lines was then ranked in descending order on the 

basis of numbers of flies in the> 4, bristle class, and the 

classification into subgroups effected as previously described. 

The results of these analyses are given in Tables 3, 7 and  3, 8 for 
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• TABLE 3,7 

MEMBERS OF THE PUTATIVE SUBGROUPS 
WITHIN THE se st in D3  in C/K13 	in C 

GROUP OF RECOINPNT LINES 

. 

Char4eter 	 Subgroup 
Number Members 

I 	 .+stl0,2 

Sternopleural 	 2 	 + st 2, 1 9  99  7 

bristles 	 3 	 + st 72 5 

4. 	 +st5,3 

Scutellar 	.. 	1 	• 	• 	• + st 10, 	7, 	I s, 	2, 	9 

bristles 	 • 	2 	 + st 	9, 5 

males 	• 	. 	. 	..• 3 	 ,., 	+ 	st 	5, 	3 

Scutellar 	
.. 	'1 	 + st 	7, 	9, 2, 10, 1 

bristles 	 • 	2 	 • 	•• 	+ st 10 ,1, 	5 

females 	 3 	 + st  



the s 	in D in C and 	so et in D3  in C groups reepeO&vely. 

In the former group, the aCreemont between the exOs io good And 

the membership of the three groups is substantially similar. 

However, in the latter group, the overall agreeent between the 

sexes is only fair, bein cod when the mean is high but poor when 

it is low, Thud the membership of the top two subgroups is almost 

identical, but in the females there are four more overlapping 

zubroups, and in the males only three, This difference probably 

results from the lower mean counts, and associated lower between 

line variance in the malo group of lines. 

TakIng the information from the et se 	in 1))  in C groups 

as bein the more reliable, we would therefore estimate the minimum 

number of genes in the re.-ion to be tour to five, and to account for 

the complete X13  in C D3  In C ecutellar difference, we must add 

at least another one. 

As regards estimating the effects and map locations of these 

genes, we are again faced With the problem that none of the sub-

groups is distinct. For both characters, therefore, the analysis 

ha3 lead to estimates of the number of genes, but in neither ease 

have estimates of their effects or map locations been obtainable. 

(iii) Relationship between mean sternopleural and soutellar 

bristle counts 

This relationship is ifluatz'a ted separately for the males and 

females of both groups of lines in Figures 3, 1 and 3, 2 reepeot 

ivaly. It is clear from the figures that in these data, there is a 

fairly strong positive relationship between the two characters; 
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the estimated correlation coefficients (calculated separately for 

each sex and marker stock group of lines) are given below. 

Croup 	Sex Coefficient of Correlation Between Mean 
Stornopleural and Scuteflar Counts 

a 	 .771 
seat in 

D 
  in C 	9 	 556 

apt so st in 1) in C 	 .844 

9. 	 .781 

Had it been possible to estimate the map locations of the loot 

"detected." by these genetic analyses, then it would also have been 

possible to determine to what extent does the observed correlation 

results from plieotropy. However, in the absence of map locations, 

there is no way of choosing between the alternative explanations of 

on the one hand, piieotropy, and on the other, two sets of 

completely independent loot randomly scattered along the length of 

the chromosome, 

(a) Three Small Experiments To Investigate Various Aspects Of The 

Differences Between Lines In Soutellar Bristle Count 

In each of the three experiments described below, the recombinant,'  

lines used come from the spt se at in D   in C group. In the first 

experiment the lines were the eight highest ranking (on mean seutollar 

count) at recombinants, but in the second and third experiments the 

lines come from among the 	containing group, and where appropriate, 

their mean acutellar counts will be indicted. 
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(i) The first experiment was designed to test whether the com-

paratively large between line differences associated with high mean 

counts might be tartly due to the fact that the measured flies came 

in each case from just one culture bottle. In this experiment, 

therefore, the measured flies came equally from each of five vials, 

the the resultin, mean count, together with those from the bottle 

culture, are given below. 

Mean Scutellar Bristle Count* 
Recombinant 

Males Females 
Lino 

Bottle Vials Bottle Vials 

+t I 4.65 5.28 5,39 

+st 2 4.83 4.97 5.37 5.61 

.86 5.11 5.37 5.54 
tat 7 4,50 1,84 5.29 

+st 9 4.52 4.74. 5.13 5.24 

+st 12 4093 4.,57 5,57 5.16 

4..76 5.02 5.42 5.62 
4~st 16 4.87 4091 5,56 5,71 

Each moan based. on 100 flies 

The overall mean counts appear higher in the vial cultures but 

there is no obvious reason why this should be so. This effect has 

not been -observed in other experiments whore the same stockhas-been 

measured in both vials and bottles, and it must be presumed that the - 

change in mean count results from a change. in some other component 

of the -envirornento 

hile there may have been a change in mean thezets certainly 
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(i) The first experiment was designed to test whether the com-

paratively large between line differences associated with high mean 

counts might be tartly due to the fact that the znoasurod flies came 

in each case from just one culture bottle. In this experiment, 

therefore, the measured flies came . equally from each of five vials, 

the the resultint mean counts, together with those from the bottle 

culture, are given below. 

Mean Scutellar Bristle Count* 
Recombinant 

Males Females 
Line 

- 
- 

Bottle Vials Bottle Vials 

+st 1 4.65 4.69 5.28 5.39 
+st 2 4.83 4..97 5.37 5.61 

4"St 3 4.86 5.11 5.37 5-54 
tat 7 4..50 4.84 4.94 5.29 

+st 9 1 ,52 2..74 5.13 5.24 

4~st 12 4.93 4.57 5.57 5.16 

4.76 5.02 5.42 5.62 

+at 16 4.87 4191 5.56 5.71 

Each wean based on 100 flies 

The overall mean counts appear higher in the vial cultures but 

there is no obvious reason why this should be so. This effect has 

not been observed in other experiments where the same stock haaeefl 

measured in both vials and bottles, and it must be presumed that the 

change in mean count results from a change in some other component 

of the environment. 

While there may have been a change in mean thexeis certainly 
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no evidence of a reduction in the between line variance and it may 

therefore be concluded that "bottle effects" are not a particularly 

important component of it. 

(ii) As indicated in the Materials and Methods section, the first s  

second, and fourth chromosome of all stocks utilise& in these 

experiments derive from the selected line C3A.. This stock has not 

been deliberately. made isogenic, though from its selection history 

there is a high probability of its being so at least at loci 

affecting sternopleural.bristles. However, the possibility that 

part of the between line variance might be due to differences in 

background genotype could not be ignored., and this experiment was 

set up to test that proposition. 

Males from three lines that, at first scoring, covered a range 

of about 0.25 brIstles were crossed with females from the £/i_?ra 

stock, and heterozygous Pr male offspring collected. These males 

were then romated with 	Pr ca females and again the heterogous 

male offspring collected. This step was repeated three times 

and on each occasion, the males were mated with 1525 females. By 

this means it was hoped to even out any differences in background 

genotype that might previously have existed. To reconstitute the 

lines, male and female offspring heterozygous for N were chosen 

from the progeny of the last of the above matings, and mated 

together, The se homozygotez among their progeny were mated In 

vials, and the measured flies again came equally from each of five 

vial's. These data together with the 'original mean counts of the 

lines (which were based on a single bottle culture) are given below. 



80. 

Recombinant. Mean Soutellar Bristle Count* 

Line Males Females 

First 
- 	- 

Second First 
- 	- 

Second. -- 

se+ 13 4.05 4.02 4.16 4.04 
80 + 16 4.08 4.17 4.28 4.42 
se + 18 4.25 4.35 4.44 4.69 

*Eaoh mean based on 100 flies 

These data do not support the contention that differences in back-

ground genotype might exaggerate the between line differences. In 

fact they might be taken to support the reverse view, since the 

between line differences appear to increase in the second set of 

counts* 

(iii) The third experiment was aimed at testing the effect on the 

between line variance of incorporating aininoptorin (4-Aminopteroyl 

Glutonjic acid) into the culture medium. Bos 	(1 968) had 

reported that, among other effects, this chemical had caused marked 

increase in the mean counts of certain classes of bristle 

(including scutellars) in a number of different • melanogaster 

t-ock.. In the experiment reported here, the hope was that 

genetically different lines might respond to different extents, and 

that this chemical might therefore assist in classifying a 

heterogeneous group of lines into its component subgroups. Bor 

this experiment, which was really a pilot trial to gain experience, 

the chosen concentration of aminopterin, 5 mg/litre of medium, was 

one which, in the experiments of Bos at als had produced large 

effects on bristle count, but almost no effect on viability, The 



aminopterin solution was simply pipetted into the vial at the same 

time as the medium, and then stirred with a glass rod to assist 

rnixin. The quantity of aminopterin added to each vial was 

precisely controlled, but the amouht of medium added was much less 

well controlled, and consequently there would have been some 

variation between vials inaminopterin concentration. The lines 

tested were the eight with the lowest mean counts from the se 

recombinants and they were chosen because, although the differences 

between them were small, there was good reason to believe that in 

respect of genotypic value for scutellar bristles, they were not a 

homogeneous group. The D in C and at aet in 1)3  in C lines were 

also included. 

There were between 5  and. 10 vials set up for each line, but in 

many cases no progeny were produced, and among those that were 

successful, there was a great deal more variation in numbers 

emerging than is usually encountered.. Even more striking,however, 

was the between-vial variation in the proportion of flies affected 

by the chemical. This varied from none at all in most vials to 

over 8V16 in others. Among affected flies, the types of aberration 

observed, and these not necessarily all together, were as follows. 

1. Increased oscellar bristle count. 

2 Increased scutellar bristle count. 

3, Notches in the wing edges and wings held at odd. angles. 

However, there didn't appear to be any differences between 

lines in the proportion of flies with increased bristle counts, and 
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the utility of this chemical for assisting the classification of a 

heterogeneous group of lines was therefore not established. 

It is, of course, recognised that this one experiment has not 

been an adequate test of either the utility of the particular 

chemical, or of the general approach, and considerably more work 

Bhould probably be directed to its proper evaluation. Unfortunately, 

there was not sufficient time available after the results of the 

first experiment became known, to permit the results of an adequate 

investigation to be included in this thesis, 

V.. DISCUSSION 

In order to improve our understanding of the genetic control of 

quantitative characters, either for the purpose of impLoving the 

precision of predictions in animal and plant breeding, or simply for 

heuristic reasons, it is necessary that the more important individual 

loci should be identified and. described. One of the more promising 

approaches to this problem, though at present restricted in its 

application to very few species, is the technique proposed by 

Thoday (1961) for D. melanoaster. In the work reported here, a 

detailed study of various aspects of this technique has been under-

taken. 

It has been shown that the results obtained depend to a very 

great extent on the genetic constitution of the marker chromosome at 

loci affecting the character. . it is of particular importance that 

the marker chromosome does not contain genes, which, if substituted 

into the chromosome being analysed, would further increase the 

between-chromosome difference in genetic value for the particular 



character. However, the extent to which this is a serious problem 

declines with size of effect of the gene concerned, and it therefore 

seems desirable that the marker genes should be inserted into chromo-

somes from lines selected to the limit in one direction for the 

character of interest, A marker chromosome produced in this way 

cannot, of course, be guaranteed to have genes that act in only one 

direction at loci affecting the trait, but it is much more likely to, 

at least for the more important genes, than one chosen from the 

stocks available simply because it has a convenient array of marker 

genes. 

Another problem, and one for which these studies have not 

produced a satisfactory solution, is the method of statistical 

analysis of the data collected. It is a relatively simple matter to 

decide whether or not there are differences between the members of a 

group of recombinant lines, But, it is a much more difficult task to 

decide whether the observed heterogeneity results from the presence of 

2, 3, 4., or n (where n Is the number of lines) quantitatively different 

genotypes, and to decide vthich of the lines belongs to the different 

subgroups. Yet, this is what must be done if the individual loci are 

to be located on a linkage map, and estimates of their effects on the 

character obtained. 

Allied to the, above, though not forming a part of those studies, 

are the problems of the precision of the analysis and of the strategy 

to be adopted. It is obvious that there will be a lower limit to 

the size of "gone" detected which will depend on the number of 

flies (n) on which individual line means are based. It is also 
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obvious that the greater the number of recombinant lines (r), the 

greater will be the chance of all the effectively different single 

crossovers being included in the sample of recombinants, But for a 

given total number of observations, (T), these two interests are 

somewhat opposed, and it is therefore likely that different com-

binations of n and r will yield different results. These problems 

are being studied elsewhere in this laboratory, and the results are 

awaited with interest, 

The resuLa of the genetic analyses conducted in these studies 

were not particL.larly satisfactory. Estimates were obtained of the 

numbers of loci at which the lines differed for each of the two 

characters, but, because the lines could not be classified into 

discrete subgroups, it was not possible to obtain estimates of their 

map locations or relative effects on either character. By contrast, 

in the analyses of this type reported by Thod.ay and his co-workers, 

the results have generally been much more clear out (e.g. Thoday, 

Gibson and Spickett, 1964; Spickett and Thoday, 1966). In their 

analyses the estimates of rxuibers of loci have generally been 

accompanied by estimates of map locations and gene effects, and in 

one case (Spickett, 1963), by further studies which revealed that 

some of the located polygenes" also had qualitatively different. 

developmental effects. However, in the 1964 paper, and again in the 

1966 paper, the authors point out "that good arguments may be advanced 

for supposing that the selection lines described and analysed in this 

series of papers may be exceptional, for the analysis was only under-

taken in the first place because the regularity of (pattern of) 

responses in the related lines seemed to suggest it would be possible". 
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The question of whether or not their lines were exceptional will only 

be answered when many more analyses have been undertaken. In the 

only other published report of an analyses of this type, Whittle 

(1969) concluded that the differences in scutellar bristle count 

between the standard Oregon inbred strain and two different selected 

lines could be satisfactorily accounted for by "three factors in one 

took and five in the other". However, as indicated earlier in the 

Materials and Methods section, there were some deficiencies in the 

statistical procedures utilized by Whittle, and the precision of his 

classifications (and therefore of his estimates of numbers of loci, 

as well as their map locations, and effects on the character) may be 

questioned. 

Unfortunately, it is not possible to append standard errors to 

the estimates of numbers of loci obtained in this typo of analysis. 

However, the estimates deriving from analyses of the differences 

between K13  in 'C and 1)3  in C (thioh are mostly co,uoerned with only a 

small segment of third chromosome) do suggest a rather laLger number. 

of loci involved than appears to be the case in analyses undertaken 

by Tho day and coworkers. 



4. ISOLATION OF MAJOR GENES BY BACKCROSSING WITH SELECTION 

I. INTRODUCTION 

Wright (1952), suggested that the isolation of one or more 

genes of large effect, or alternatively the demonstration that none 

were present, might be accomplished by a course of repeated back—

crossing accompanied by appropriate selection. Chai (i 961) 

utilised this procedure in an attempt to determine whether a 

particular pair of mouse lines, selected up and down respectively for 

60 day bodyweight, were differentiated by any major bodyweight genes. 

He tentatively concluded "that a small number of, if not single, 

inheritance units may have been introduced from the large to the small 

mice", but the data are not wholly convincing. A more extensive 

series of experiments with Drosopbia were conducted by Mostafa (1963). 

These experiments investigated the effects of incorporating periods of 

directional selection, or of relaxation, into the backorossing 

programme, as well as the effects of drift and of two different 

selection intensities, Genetic analysis (as per Breese and Mather.. 

1957) of the resultant lines, revealed that most of them retained whole 

sections of chromosome but the form of analysis used (see earlier) 

could not directly estimate the numbers of loci contained by these 

sections. 

The studies reported here were undertaken (i) to determine, for 

simple genetic models, the parameter space (selection intensity, gene 

effect, population size) within which the technique may be expected to 

be recognisably successful, (ii) to assess fusing the information 

from (i) above) the potential value of the technique for large 
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animal studies, and. (iii) to examine the results of applying the 

technique in a very simple genetic system, where the two "parent" 

lines were differentiated solely by genes on one chromosome. 

II. THEORY 

Let us assume that we hwo two lines which are homozygous at 

the majority of loci affecting the trait, and that at n of these loci, 

the lines carry different alleles. F1  individuals are all identical 

but in the first backeroas there are t different genotypes whose 

expected frciuences are equal under independent segregation. 

If no selection is practised, then after k backorosses the 

expected frequency of any specified gene from the mn-recurrent parent 

is which becomes vanishingly small for k)6, This is this 

regardless of the size of effect of the gene. However, if at each 

backaross some selection is practised (such that "high" individuals 

are retained if the recurrent parent is low, and vice versa), then 

the expected frequencies of the different non-recurrent parent genes 

will be a function of the size of their effect, their linkage 

relationships, the intensity of selection, and the population size. 

The higher the intensity of selection, the higher on average will be 

the frequency of non-recurrent parent genes, and for a given selection 

intensity there should be a positive relationship (though there may 

be a threshold) between the size  of  effect of a gene and its expected 

frequency, 

Those ensIderations suggest that. a. course of backorossing with 

selection might be a useful way of enquiring whether two lines are 

differentiated by any genes of large effect, However, before we can 



say just how useful, we need more information about the effects of 

population size, intensity of selection, and linkage, on the prob-

ability of retaining genes of different sizes of effect. 

Mostafa (1963) has developed some theory for one and two locus 

models and infinite population size. Taking the selective advantage 

of the recurrent parent genotype as unity, he assigns arbitrary 

relative selective advantages, denoted. S, to the other possible 

genotype( s), and enquires what the absolute and relative magnitudes 

of the S values must be, in order that specified genotypes have 

equilibrium frequencies greater than zero. In the one locus case the 

equilibrium frequency of the "highs gone was a function only of the S 

value of the heterozygote. However, in the two locus case, Whore 

the S value of the F genotype was taken as the product of the S 

values of the recombinant genotypes, the equilibrium configuration 

(both or either or none of the Thigh" genes segregating) was 

dependent on the absolute and relative magnitudes. of the S values, and 

on the map distance between the loci as well. 

In that it allows us to make our statements about backcrossing 

with selection a little more precise, Mostafa's theory is a step 

forward. However, in the complete absence of any discussion of how 

the S values relate to gene effects and selection intensities, our 

understanding of the relationship between these parameters and 

equilibrium gone frequencies is still incomplete. 

In the theory developed later in this chapter, it has proved 

helpful to recognise that, in truncation selection, relative selec- 

tive advantages are really ratios of probabilities. For example, in 



a one locus model, the relative selective advantage of the hete 

ozygote is simply the ratio of the probability of it being selected 

to that of the recurrent parent genotype. Provided the distribution 

function of phenotypic values is known, these probabilities can be 

directly related to gene effects and selection intensities, and so 

therefore can the equilibrium gene frequencieso koreovers  as a 

result of using these probabilities in equations which predict 

changes of genotype frequency from one generation to the next, it has 

become clear that the relative selective advantages change, in some 

cases a great deal, during the approach to equilibrium. For example, 

consider the situation for a one locus model, where the heterosygoto 

differ from the recurrent parent by I ,6a and the percentage retained, 

p is 40 percent. In the first backoross, where both genotypes are 

at equal frequency, the relative selective advantage of the hoter 

osygote is 5,39, but at equilibrium, when the heterosygote frequency 

in 0.31, this reduces to 3.58. This aspect was not considered by 

oatafa, and consequently his theoretical treatment of pattern of 

change of genotype frequency is inadequate. 

For all the genetic models investigated below, the method of 

selection of parents, and the mating system are constant. In brief, 

the selected group are the highest x percent of backorosa Individuals, 

and these are mated at random with low parent line individuals to 

form each successive backoroes. 

Initially, the parent lines are assumed to differ at only one 

locus, and there are therefore just two possible genotypes in any 

given backoross. These will be denoted A1A2  and AA2  which symbols 
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represent reepeotively the F1  (A4 A2), and recurrent parent (A2A2) 

genotypes. The phenotypic values of individuals of either genotype 

are random variables because there are chance environmental effects, 

and are assumed to have continuous probability density functions, and 

cumulative distribution functions given by 

A1A2: 	F1(), —c'O Z >< 4:: oO 

A2A2: f2(x) , F(x) .  -oO 	> 

The mean of each distribution is then the appropriate genotypic value. 

(a) Single Locus, 2 Alleles, Infinite Population Size 

The distribution of phenotypic values in any backcross wi].l be the 

sum of the underlying A1  A.and A2A2  distributions. Let the proportion 

of A1A2  genotypes be q, noting that q is also the frequency of the A1  

gene among individuals selected from the previous generation. 

From each generation, a percentage p of individuals are chosen 

for further backorossing and the probability of choosing either 

genotype is 

T 	I I 

00 

P(AA) = 

where T. and T2  are the respective standardised truncation points. 
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The recurrence relation for the frequency of the A1  gene in 

successive selected groups is then 

(A1  A2) 

	

2 	l*u.q)P(AA2) + qP(A1A2 jj 

from which it follows that at equilibrium qhere t+l =qt = 

r p( 1A2) 

A 	
7A [—P -  

- rp(A1A2) 	1 

	

2 L=AIP 	
. 

This shows that the relative selective advantage of the A1A2  genotype 

(P(A1A2)/P(A2A2), denoted S by Mos%tfa, 1963) must be greater than 2 

for 1>0*  It should be noted that this result could also be argued 

from the simple fact that the gain of A1  genes from selection must at 

least balance the halving of A1  gene frequency due to backorossing, 

for there to be a stable non—zero equilibrium. 

Also, since the proportion selected, p'= P/100.. is 

p = (I.a-q)P(A2A2) + q?(AjA2) 

then at equilibrium 

?(A1A2) 	2p 	 (.3) 

and 	P(A2A2) 	 p 	 00 
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The standardised truncation points corresponding to these 

probabilities, P1  and T2, may then be trans formed (using the 

respective phenotypic standard deviations of the A1A2  and A2  A2  

distribution) into their corresponding values, t1  and t2, on the 

scale of measurement. The difference, d = t1-t2, is then the 

difference between the genotypes which is required in order that 

the equilibrium frequency of A1  be when the percentage retained is 

P& Thus, provided the respective standard deviations and distribu-

tion functions are known, we may make p pricz'i predictions of q  given 

d. and p, and (using equation (1)) we can follow the pattern of approach 

to equilibrium. 

Tn the results that follow it ha been assumed that for each of 

the A1A2  and A2A2  genotypes, the phenot Ic values have a normal 

distribution with variance unity, an means , and. 0 respectively. 

In this representation, 	is the proportion of a phenotypic standard 

deviation (0) by which the genotypic values of the two genotypes 

differ (i.e. = a/o-  where d is the difference between the genotypes 

on the scale of measurement), and is therefore the standardised 

heterozygous effect of the 	gene. The selection intensity, 

measured as the percentage of each backerosa retained, varied from 
ri 

5 to 40 percent, and the difference between the two genotypes varied 

from slightly less than half, to just greater than one and half 

phenotypicstandard deviations (i.e. 0.4 4 ce_f .6). 

It may seem that, at the upper end of the scale, these gene 

effects are so large that they would be detected from the bimodality 

of the phenotypic distribution in the first backoross. However, 

that this is not the case can be seen from Figure 4., 1 which 



(c)6=i.2 
O4r 
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04 r 
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illustrates, for each of fbur value's of ' (o., 0.810  1.2, 1.6), the 

expected distributions in the first backcross when the phenotypic 

values of the F1  and recurrent parent genotypes are normally 

distributed., with variance unity, and means & and o respectively. 

The figure also shows that, even for the two higher values of 

there is not a great deal of difference between the expected die 

tribution in the first backoross and a normal distribution having the 

same moan and variance. Purthorsiore, the difference is only in the 

kurtosis coefficient and this degree of platykurtosis would almost 

certainly go undetected except in very large populations. 

Figure 4, 2 shows the standardised heteroygOus gene effect 

required for various combinations of equilibrium gene frequency and 

selection intensity, These values of gene effect have been obtained 

by numerical methods using equations (3) and. (4) above. As would be 

expected, there is, for any Individual value oft a positive 

relationship between gene effect required and percentate retained. 

Furthermore, it may be noted that over the range of selection 

intensity from 5 to 25 percent, this relationship is very nearly 

linear for all values of . Also as expected, there is a positive 

relationship between and gene effect and the figure shows that for 

the value of 	must be -> 0.5. 

The influence of selection intensity on the pattern of change 

of gene frequency with time, is illustrated for each of four values of 

in Figures 4. 3 (a) to (d.) • Apart from once more demonstrating 

the above noted relationships between selection intensity, gene 

effect, and equilibrium gene frequencies, these figures show that, 
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Fig.4,2.Backcrossing;With selection -single locus model. The 
figure shows the standardised heterozygous effect of the 
gene (&)required for various ôombination3 of selection 
intensity and. equilibrium gene frequency0 
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at low values of gene effect and of selection intensity (i.e. high 

values of p), the equilibrium gene frequencies are only slowly 

approached, and that as gene effects and selection intensities both 

increase, so the change becomOs increasingly more abrupt. The time 

scale of the process is summarised in Figure ).., 4t  where all observed 

have been plotted against the time required (in generations) to 

get within 0.5 percent of the equilibrium value. This figure shows 

that for "q\> 0.2, the time required to almost attain equilibrium is in 

most instances < 20 generations, and that for q > 0.35 this time 

reduces to 10 generations. 

In an actual experimental situation it would of course not be 

possible to observe that the gene frequency had become stable, 

Instead it would beobserved that the baokcrosa mean had ceased to 

decline, and we should then have to decide whether this mean, or the 

backoroas variance, or both, were significantly greater than the 

corresponding values for the recurrent parent line. Table A, I lists 

the equilibrium gene frequencies for various combinations of gene 

effect and selection intensity, and also, for each frequency, tile 

expected deviation of the backoroas mean and variance from that of the 

recurrent parent line. The final column gives the numbers of 

individuals required per group in order to have a 90 percent chance of 

showing the expected difference in the means to be significant at the 

5 percent level, It should be noted, that for values of q 4-0.30, 

the numbers required would make such a test impractical in most 

situations. 

(b) Single Locus, 2 Alleles, Finite Population Size 

Finite population size introduces an element of chance at two 
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(d) 6=1.6 
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separate points in the cycle of operation. Firstly,, there is the 

genetic sampling associated with production of a finite number of 

progeny, and secondly there is the effect of random environmental 

deviations on the proportion of each genotype which enters the 

aeleoted sample of parents. These effects combine to create the 

possibility of chance 1088 of the large gene in situations where it 

would remain segregating if the population size were infinite. 

Therefore, when the population in finite, there can be no absolutely 

stable quilibrium gene frequency. Its nearest equivalent is when 

the proportional decline in the mean gene frequency over all replicates 

becomes constant, at which point the mean gone frequency in the 

segregating replicates will have reached a stable value (hill and 

Robertson, 1968). 

In the development of the formulae, we follow very closely the 

methods and, notation of Hill (1969). Thus, each generation, which 

comprises one cycle of backorossing and selection, may be considered 

in two separate stages. First a sample of M individuals is produced 

by a. backeross mating procedure. These M individuals are a sample 

from a conceptual population of infinite size, and have a probability 

distribution of genotypes which depends on the mating system, and on 

the parental genotype frequencies, In the second stage the M 

individuals are ranked on phenotype and the top ranking N, say, are 

selected for mating with the low line to produce the next backoross 

generation. 
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TABLE 

EQUILIBRIUM GENE FREQUENCIES, ', DEVIATIONS OF 
BACKCROSS MEAN AND VARIANCE FROM LOW PARENT 

VALUES, .AND GROUP SIZE REQUIRED TO DEMONSTRATE 
SIGNIFICANCE OF DIFFERENCE OF MEANS 	- 

Heterozygous Percentage Equilibrium Deviation of Backcross 
Effect of Gene Retained. Gene From Low Parent Line Group. 

p Frequency Mean Variance Size* 

5 .071 .0284. .0106 21342 

10 0 0 0 

o.40. 15 0 0 0 

20 0 0 0 

5 .288 .1728 .0738 595 
10 .202 .1212 .0580 1199 

0.60 
15. .117 .0702 .0372 3539 
20 .020 .0120 	- 00071 119332 

5 .386 .3088 .1517 193 

10 .332 .2656 .14.19 260 
0.80 

15 .278 .2224. .1285 368 

20 .214. .1712 .1077 616 

Continued. over 
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(i) A single cycle of backorossing and selection 

Let us first consider the production of M progeny from N 

parents. Among the N parents the number, N1, of A1A2  Individuals 

may take any value in the range 0 < N1 < N and there are therefore 

N + I different possible values. Similarly there are M + I 

different possible values of M1, the number of A1A2  individuals 

among the !'i! progeny. The frequencies of these M + I possible 

values of Iv will depend on the genotype's of the parents, the 

mating system, fertility differences among the parents, and 

viability differences among the progeny. Assuming that viability 

and fertility differences may be ignored, the problem becomes one 

of writing down for any particular mating system, the probability, 

miks  that there Will be k(k=0,.0,.0..,M)A1A2  individuals among the 

M progeny, given that there were i(i=O,......,N) of them present 

among the N parents. 

For this genetic model and backorosa mating system, only two 

genotypes are possible in the progeny, and the expected frequency 

of the A1A2  class is equal to the frequency of the A1  gene in the 

selected parents. The number, !k, of A1A2  individuals among the 

M progeny will therefore follow the binomial distribution with 

index 14 and basic probability q, where q = 112N (1--0 	N) is 

the frequency of the A1  gene in the given set of parents. 

That is 

61,i  k l - 	Mk 	=0,...,N
1c' 	J L 2NJ 

The second or selection stage of the single cycle, consists of 



ranking the M progeny by phenotype and then selecting the highest. 

ranking N.. As before the phenotypic values are considered to be 

random variables with distribution functions as previously defined. 

Let us suppose that in our sample of M individuals there are M of 

type A1A2  and. N2  = N 	of type A2A2. The N individuals with the 

best phenotype are then chosen and we are concerned to determine the 

conditional probability of selecting N1  of A1A2  and N2  = N N1  of 

A 2  A  2  individuals conditional on N1  and. N2, and also on N and N. 

The limits within which N1  may fall are in this case determined by 

the actual values of If, and N2  as well as by N, and. Hill 969) has 

shown that for N1 , N2  0, N1  must lie in the range. 

maz( 0, N - 142) 	N1  min( 14, .4  N) 	 (6) 

where max and min denote the greater and smaller terms in their 

arguments. To restate the problem, we are concerned to determine 

the probability, a, that there Will be j(j = O,...,N) A1A2  

individuals among the N selected, given that there were k(k = O.0 .,M) 

of them among the N available for selection. For any combination 

of N1 , N2, and N, the s kj  are zero for values of N1  outside the 

limits defined in (6) above. For other values of N1, the skjare 

given by the following expression which derives from the general 

solution obtained by Hill (1969). 
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2M\ 	MoN 	N 

	

?robability(N1 j 1=k) = 	() [(x)i 	i.Pj()] 

N[ I F3(x) J t( x) dx 

1*1 
(7) 

We are now in a position to construct a matrix, F, each element 

of which, pij# is the probability that among the N selected parents, 

there are j A1 A2  individuals in generation t+1, given that there 

were I of them In generation t(i, j = 0, ,..., z). Combining the 

relevant probabilities((), (7)) we obtain 

p 

	

k mko kj 	 (8) 

P is therefore a transition matrix. whjøh may be used to predict the 

probability distribution of N1  (the number of A1A2  individuals 

among the N parents) in generation t+l, given its probability 

distribution in generation t. 

(ii) Repreated cycles of backorosaing with selection 

Since all programmes commence with F individuals (generation 0 

for reference purposes), the initial sample of N parents always 

consists of N heterorgot6s. However., after a number of cycles of 

backorossing with selection, the number of N1, Of A1A2  individuals 

amongst the N selected, may., for a given population, take any value 

in the range 0 N1  N. Our task is to derive the probabilities 

of those various states after say, t generations, and given them, to 

derive the mean gene frequency over n1l, replicates, , and over the 

segregating replicates, q , and also to derive their respective 



sampling (between replicato)variances. 

Let us represent the probabilities of the N + 1 different 

possible values of N1  (N1 Of .., N) among the selected group by 

the row vector, x% At generation 0 all elements of x are 

zero except the N + 1  t which is unity, Utilising the properties 

of the transition matrix P we obtain the probability distribution 

of N1  after one generation, as 

= X0  P 

And. since P is independant of tiflie 

= x;P = 

and therefore 

It 

,It =xoP (9) 

We now define two column vectors, y and. z. The elements of y are 

the gene frequencies, qj = 312N (i= 09, ...., N), and the corres-

ponding elements of z are the q  (1 - qj). The mean gene frequency 

at generation t, it., id given by 

and the expected "within" replicate variance,Oq  by 

Cr2 = x'z 	 (11) 
qir 	t 
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The expected "between" replicate variance, oqB   can then be obtained 

as 

2 - -.2 q(l-q) 40 Cr 
qw 

(12) 

The d.eai'ed parameters for the segregating replicates only, may be 

obtained as follows. As a first step, the last N elements of the 

row vector x are "normalised' by dividing each element by the sum 

of the last N elements. The above vector multiplioations((1O), 

(11), (12)) are then repeated, but with only the last N elements 

of the x # y and z vectors pazioipatinga 

In the results that follow, it is again assumed that for each 

of the A1A2  and A2A2  genotypes, the phenotypic values have a normal 

distribution with variance unity, and means and. 0 respectively. 

Because of this difference of means, the respective distribution 

functions F(x) are not equal for any given value of x, and. 

equation (7) above, cannot be evaluated without recourse to 

numerical methods. However, for the above model, the probability 

defined by equation (7) is only dependent on & and can therefore be 

evaluated using the normal distributions N(/23) and N(-'2,1) for 

the A1A2  and. A2A2  genotypes respectively. Letting (x) and. (x) 

denote the density and distribution functions of the standardised 

normal distribution, N(0,1), equation (7) becomes 
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s 	= Probability (111=j I M1=k) 

MI 	M2) 
too 

= 	), 
(13) 

x (x4/J 
MN2 	 N2  

4 N1Eil(-x4m] -' (x42) + N2 	 (x+&/2 dx 

In the computation of each value of 5kj'  equation (13) was 

integrated by Simpsoua rule over the region 

5.i2x5.i2 

using an ICL 4/75 computer with double precision arithmetic. Values 

of D(z) (for the range .i.6,00x 6.00) accurate to 14 decimal 

places wets obtained using a program lirovided by the Edinburgh 

Regional Computer Centre, and these, together with the values of 

(x) for the same range of x, were tabulated in the computer prior 

to the commencement of each run. As pointed out by Hill (1969), 

the function defined by equation (13)  is a probability mass function, 

and it must therefore sum to unity over the total number of com—

binations of N1  and. N2  that are possible for each specified com' 

binatlon of U1  and U2. Accordingly, the precision of each integra-

tion of equation (13) was made sufficiently high, that for each 

combination of U1  and U2, the absolute value of the difference 

between the above awn and unity was, with one exception, <3 x 10 . 

The exception was the parameter combination U = 100  N 1, but even 

then, the difference was always <7 x 
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TABLE i,2 	 . 

PROBABILITIES OF SELECTING. EACH OF 	. 
• THE POSSIBLE COMBIN.ATIC1S OF 	. 

ENOTUE3 IN A SINGLE STAGE OF SELECTION . 	. .. 

(M1 	= 5,• M 	= 5, N = 4.) 	. 	. 

Probability (N1  =.ilMf - k) 

141 N2 . 5=0 	. 	3=0.8 	S =1.6 

0 ' 	.' 	4. ' 	•" 0,023810 	0.001316. 	0.000024 

i 	• 	' . 3 ' 	0,238095 .' 	0.044507 	0,003036 

2  2. ' 	. 	0,4.76190 	. '0.298)+10,'.
' 	0.074.325' 

3 1 0,238095 	0,4.9)4-21 	- 	0.4.38308 

4. 060238% 0.16134.4. 	0.484.306 

E(N1/N) 0.500000 	0.550607 	0.6744.59 

\ 



102. 

Before proceeding to the main results, it is perhaps worth 

while to demonstrate the type of effect that random environmental 

deviations have on the genotypic composition of the selected group 

when population size is finite. in Table 4.0  2 this effect is 

illustrated for the case where four individuals are being selected 

from a total of ton and where M and. M2, the numbers of A1A2  d. an 

A2  A2 individuals available for selection, 	fi are each 	)a. Under 

each of three values of the A gene effect ( 	0, 0.8, i.), the 

table lists a column of six numbers. The first five are the 

probabilities that the selected group will consist of the 

combinations of N1(AA2) and. N2(A2A2) individuals indicated in the 

two left hand. columns. The final figures in each column are the 

probabilities of selection of the A1A2  genotype in the infinite 

population. 

By utilising the procedures developed above, the patterns of 

change of gene frequency in populations of size 100 -20,#  30 and 40, 

have been determined for each of three selection intensities (10, 

20, 40 percent retained) and seven sizes of effect of the A1  gene 

0.4., 0#  6s  0.81, 1.0, 1.2, 1.4., i,). 	These results, together 

with some relevant extracts from the infinite population studies 

are tabulated in Table 4., 3# 

For each population size, and selection intensity-gene effect 

combinatioz (except those which resulted in equilibrium gene 

frequencies of zero when population size was infinite), either two 

(infinite size) or three (finite size) values are listed. The 

first is the equilibrium gene frequency it which, for finite 



TABLE 4., 3 

EQUILIBRIUM GENE FREQUENCIES*, % GEN ERATIONS REQUIRED, t, TO REACH 
WITHIN 0.5% OF  It AND, FOR FINITE POPULATIONS, THE 

PERCENT-AGE, Q, OF REPLICATES SEGREGATING AT GENERATION t 

Heterozy— Population Size 
Percentage.. 

gous 'EffectRetained 10 20 	 30 4C. 

of Gene 
t 	Q 	 t Q t Q ' t 

0• 

- 	10 - 	- - 	- 	- - - - - - 0 - 
004'' 20 - - = 	- 	- - - - - 0 - 

0 - 
10 .500(.000) 	1 72 .361(.124.) 	14. 	50 	302(.125) 	6 18 .269(.120) 7 54. .202 22 

0.60 20 - 	- - - 	- 	- 	- 	- - - - - .020 14.5 

40 
- - 	 - - a - 0 - 

10 .500(.000) 	1 78 .368(.125) 	4. 	66 	344(.127) 	5 76 .323(.124.) 7 78 .332 9 

0.80;. 20 .363(124.) 	4. 51 .274.(.122) 	7 	55 	.239(.11)+) 	10 56 ,219(.108) 13 57 .2114. 18 

4.0 - 	- - - 	- 	- 	- - - - 0 

Continued over 
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populations, is defined as the mean gene frequency among egre 

gating replicates when the proportional decline in wean gene 

frequency over all replicates has become constant, This is 

followed by the number of generations required, t, to get within 

0. of , and the third figure (for finite populations only) is 

the percentage of populations Q. still segregating at generation t. 

The main features of the table may be summarised as follows: 

I, As expected, increases with increasing size of gene 

effect and selection intensity, regardless of population size, 

Q  also increases with increasing size of gene affect and 

selection intensity and in almost .all cases with increasing 

population size as flell. This latter was, also to be expected 

since it is well known that in finite populations, the amount 

of genetic drift Is inversely proportional to population size. 

The effect of population size on i and t depends on gene 

effect and selection intensity and for purposes of summary these 

latter two factors have been combined into a single variable, S. 

a is given by the prpduct &i, where i is the expected super 

jority of the sølectod group in units of the phenotypic standard 

deviation, and has been obtained from Tables 2 and 3 of Becker 

(1967) which are basedon normally distributed phenotypic values. 

For additive genes of small, effect, the quantity s is a good 

approximation to the selectio advantage of a gene (A, Robertson, 

1960) but for genes of large effect such as those studied here, 

this approximation may be considerably in error (C'riffing, 1960). 

Nevertheless it has proved to be a useful 'reparameterieation" for 
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summary purposes and in terms of a the main effects of population 

size, M, on q and t were as follows. 

Ci) For a'< 1.2', declinesand t increases with increasing M. 

(ii)For 1.3's' 1.5 t continues to increase with increasing M. 

while i declines up to M equals 401, but increases again for 

infinite M, 

(iii)For '>f.60 the relationship between j and. M is concave while 

that between t and. M is convex but almost constant for 

20M40. 

These results were somewhat surprising, and no obvious 

explanation is immediately apparent. 

An overall synthesis of the one locus model studies has been 

attempted. in Figure 4, 5. This shows for each population size, the 

combination of gene effect and selection intensity which result in 

equilibrium situations having the following characteristics. 

(j) Forfinit e M, >0.2. 

(ii) For finite M, >0.2 and proportion of replicates segregating 

when q is within 0.5 percent of 4, >0.90. 

It may be argued that these criteria are excessively conservative, 

but they have been chosen so as to define the parameter space 

within which this technique may generally be expected to be 

successful. It may be noted that over the range of finite sizes 

studied, a is always> 1.60 in cases where the above criteria are 

satisfied. 

(() -Two irilced'Icci, Each Withwo Alleles, .5infiniteopulation 

iz e 

The model being considered here is one in which the parent 
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Baciccrossing with selection - single locus model. For each 
population size, the shaded area represents those combin-
ations of gene effect and selection intensity for which 
the following conditions hold. 

when population size is infinite (M =oo)  the 
equilibrium gene frequency exceeds 0.2. 

when population size is finite (M = 10, 20, 309  40), 
the mean gene frequency among segregating replicates 
exceeds 0.29  and the proportion-of-replicates still 
segregating when the mean gene frequency among segregating 
replicates has reached within -. 	of. its equilibrium 
value, exceeds 0.90o 
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lines carry different alleles at each of two loci affecting the 

trait. Both high line alleles (subscript 1) make a positive, 

and both low line alleles a negative, contribution to the between 

line differences. Gene action is additive between loci, and the 

recombination fraction is o (0< c—<0.50). In first backoross 

generation there are four genotypes whose relative frequencies 

depend on o. As before, the phenotypic values of individuals 

of each genotype are random variables, and are assumed to have 

continuous probability density functions, and cumulative distribution 

functions as follows 

f;(x), F1 (x), - . X 

A1  B2/A2B2  : f2(x) , F2( 4, - 	. 

A2B1/A2B2  : f 3(x), F3(x), -DO 	X .<cc 

A2B2/A2B2  : f( x), F( 4 	)< o6 

Again, for each genotype, we define the genotypic value as the mean 

of the appropriate distribution, the probability of selection as the 

appropriate integral (e.g. P(A1  B1/A2B2) = Wj= S f1  (9 dx), and 

the relative selective advantage as this probability divided by the 

probability of selection of the low parent genotype (e.g. w1/w = Sit  

and so on to w/w41). 
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In any generation let the frequencies be 

A1  B1/A2B2 	A1  BA22 	A2B1/A2B2 	A2B/A22  

where 	Z q1  =1 

Then among solected parents the frequencies are 

WI  q1  w2q2  w3q wq4  

w 
m 	• 

w w w 

whore W 	ZWjq 

These parents have gametic outputs 

J111 A, B2 A2111  A2B2  

AB 
.2 .2 1.00  

A 2  B  2 	2 2 2 2 

AB 

22 
0 

A ai  B 

A 	0 
2 B  2 

AB 
0 A2B2  0 0 3. 

Thus, the frequencies of the four gametic types produced by 
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A1B1 	(cli w1(fj1 

A132  WI 	g 
2 

A2B1 	q3  

AB2  

0 	0 	0 

0 	0 

0 	JV3 	0 
/1 

 q3  

2 	•3 

(14) 

Because of the mating system, these gametic frequencies are 

also the frequencies of the corresponding genotypes in the ensuing 

backoross progeny, and the above equation is therefore a recurrence 

relationship connecting genotype frequencies in successive gener-

ations. It should be noted that the Wi are, as before, expected 

to change with time, and that therefore, in equation (14) both 

and the non zero elements of the diagonal matrix are time 

dependent. This means that the array of genotype frequencies at 

equilibrium, or at any intermediate generation, can only be found 

by repeated single step evaluations of (14). In all such operations, 

the starting values of the q array must be those obtaining in the 

first backoross, namely, j, 	, 	, jo , for q1  to q. 
2 22 2 

respectively. 

It is acknowledged that equation (i4) does not represent a 

great theoretical advance. Nevertheless, it is probably fair to 

suppose that a simple but completely algebraic solution will not 

be forthcoming, and that in these circumstances, we may consider—

ably improve our understanding by using (ii) to evaluate 
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numerically the equilibrium frequencies for a sufficiently large 

number of parameter combinations. 

While it has not proved possible to derive relationships 

which permit algebraic determination of equilibrium frequencies 

given the basic parameters, predictive theory is presented below 

for one particular combination of gone effects 	The situation 

envisaged is one where the lines are differentiated by two genes, 

one of large effect which would remain segregating over a tango 

of selection intensities, and the other of small effect and which, 

on its own and over the same range of selection intensities, would 

be lost. The theory developed allows us to determine, for a 

given degree of linkage, the maximum . permissible selection 

intensity consistent with the loss of the small gone* From (14) 

the frequencies, q1  and q2  of the genotypes A1B1/A2B2, and 

A1B/A2B2  in generation t + 3. are 

Qi(t+i) 	= 	f ()ç0) w 

MI 

2+1) = q2w2  l  oq W1  

We wish to define the conditions under which the equilibrium 

frequencies 
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which implies thatq , the equilibrium frequency of the A2B1/A2B2  

genotype also approaches zero, 

At equilibrium, j(t+, )  z q1(t) 	q1  and. 	'a2() -q2 

and 	 tt  
= q2w + 

from which it follows that 

qa  (w, (1-0,) iu.W2) 
owl  

Then for 	0 we need w1(1c)-w2  0 and 	0 

which is the same as o'. 	
-w,,>) 

and. 	0.  

Using a limits approach, we may now determine the value of o consistent 

with Q (and therefore ) just greater than zero. First, we note 

that as 	0, so the proportion of A1A2  genotypes that are also 

1. 	Under these conditions we may infer from equation (3) 

that as q - 0 then w2  - 2p'. Where p'  is the overall 

proportion selected. 

Now 	
CIO 

 -S 	f2( x) ,dz and as w2 - 2p , so 

w 	f1(x)dx2p +dw1  + 	dw1  + 	
(17) rn n 

dx 2 
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where 9.is the hotérogyou; effØct of the B1  gene in units of crs, 

and as - 0, so 	d vi + • . - 0, 
2 

andw—>2p' + SB 1=ap'+(x) 
dx 

But, if x is normally ditribute,, then f.(z) 

where 	i = standardised selection differential corresponding 

to a proportion of A1A2  retained = 2p'  

and 	w1 	> 2p' (1 + 

For 9B  small -r--0.20) 

2p B 	B 

whore. 5B = ij 	and for 

c: 8B 

It should be noted in the above, that provided q2 >O, then 

depends only on p'o Moreover w2/w1  depends only on 	and p', and 

therefore is independent ofA,  the stsndarised heteroygous effect 

of the A1  gene. This means that the relationship between o and 

for 	and q2> 0, is also independent of 

Equation (18) has been evaluated for a range of selection 

intensities and three sizes of effect of the B gene 	= 0.05,. 

0.10, 0.15). 

The results are depicted in Figure 4p 6 which shows, for each 





value of E BOthe relationship between percentage retained and the 

maximum value of the recombination fraction, c, consistent with 

retention of the B1  gene. 

By combining this information, with that given in Figure 4, 5 we 

may make the following observations. 

I • At the selection intensities roquired to hold genes of large 

effect in moderately sized populations (M? 30#  10%6.4 p 2, and 

g1.0), we could be confident of losing linked genes, only when 

their effects are very small (& 0,10) and the map distance 

between them and the large gene exceeds 12. eM. 

2. Only at very low selection intensities (p4) can W be 

confident of losing all but vary tightly linked (0-4  0-05) genes of 

small effect ( 	0.15). 

We have in addition made some estimates of maximum c consistent 

with retention of linked genes of larger effect than those considered 

in Figure 4., 6. 

These calculations have been done for only one intensity of 

selection (p = 4), and in them the s of equation (18) has been set 

equal to 

B = i1j 	+ i2 

where x is the standardised truncation point corresponding to 

proportion selected = 2p'. This alteration makes some correction 

for the fact that E B is no longer small. 

The results have been tabulated below and they show that even 

at a selection intensity of 40 percent, linked genes with 
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heterozygous effect of the order of o/2 will only be lost if their 

map distance from the large gene exceeds 12 c1, 

Proportion 	 Value of a 
Retained 	 B 	 S 	 for q >0 

(%) 

40 0.2 0.064.1 0.06 

40 00 0.0917 0.08 

40 Os tf  0.1164. 0.10 

40 0.5 0,1382 0.12 

P-m-----: - • 
Two Or;MorèLoci Two Orjvlor_e- --Allele. 	--.----- 	---s, Finite Popu1at-- ioni.Size--. ,- 	-, - 	 - 

For a single locus model there are only two possible genotypes, 

and as noted earlier, the number of distinguishable distributions, 

DR  , is M1 when the population size is M. The general forumula ,M 

for D 	is 

R+14"1 - fR+M.4 where M = population size 	- 
- R-1 	- 	M I  and. R = Number of possible genotypes* 

and for a two locus model and population size as small as ten, 

Dis 286 (Feller, 1968). Thus, the computation of the transition. R,M 
matrix applicable to the situation where we choose 2 (DR,M  iO) from 

-  

10 	ROM = 286), would require 2,860 evaluations of an equation more 

complex but of the same general type as equation (7).  For the same 

selection intensity, but population size equal to 40, the equivalent 

figure is 2,036,265. It is therefore clear that exact methods of 

analysis of the effects of finite population size, are simply not 

feasible for models with more than one locus. To conduct a thorough 
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investigation, incorporating a sufficiently large number of parameter 

combinations, would be inordinately expensive in terms of computer 

time. Furthermore, the accumulation of rounding errors over such 

a. large number of matrix operations could well cause the results to 

depart significantly from their true values. 

Under these circumstances we must resort to Monte Carlo simulation 

methods, but these too are expensive, because of the numbers of 

replications required. I have therefore not attempted any, but some 

preliminary runs made by Dr. A. Robertson were made available to me, 

and are discussed briefly below. 

Two general conclusions may be drawn from the theory and results 

of the single and two locus studies. In the first place, for a 

given intensity of selection, the heterozygous effect of the'lu&' 

gene (or sum of heterozygous effects if more than one gene is 

involved) must exceed a definable minimum In order that continued 

segregation may be expected. Secondly, provided this condition is 

satisfied, the likelihood of continued segregation when the effect is 

due to more than one gene, would appear to depend on the linkage 

relationships between the "plus" genes. The two locus studies show 

that the chance of separating two linked genes depends on. the size 

of effect of the smaller gene relative to the map distance between 

them, and the same principles may be expected to apply when more than 

two genes are involved. Thus, we might expect that a group of genes 

whose total effect exceeds the required minimum would, in very large 

populations (M-), continue to segregate as one unit provided that 

the largest between-gene gap, relative to the smaller of the adjoining 

sum of effects, was less than a certain minimum value. In small 



populations,. there would of course be no stable equilibrium frejuen.' 

cios, ', of the modified non-recurrent parent chromosomes. Instead., 

as in the one locus case, there would be a more or less rapid decline 

in mean frequency of "plus" genes, Also, those parameter combin- 

ations giving rise to low % when population size is infinite, may be 

expected, when population size is small, to result in high between-

replicate variances among those replicates retaining "plu&' genes, 

and a high proportion of replicates from which all "plus" genes have 

been lost. 

In the simulation program used to produce the results below, chro- 

mosome length was held constant and, for each replicate, loci were 

allocated, to position on the chromosome at random,. assuming an under- 

lying uniform distribution. F1  individuals are all identical, and 

each of the M gametes contributed by them to the M individuals of the 

first backoross was formed by sampling the crossover points randomly 

and then collecting together the relevant pieces of the two F1  

chromosomes. At the 1th locus, the "plus" gene contributes 	and 

the minus gene zero, and genotypic values were calculated by adding 

together the & for each locus at which a "plus" gene was present. 

To these was added an environmental component by sampling a normal 

distribution with appropriate variance, and in the majority of 

perimofltz the selected group consisted of the highest ranking N 

individuals. However, in two experiments, this procedure was 

modified and the selected group consisted of the highest ranking N 

minus the extreme highest ranking K (x 4 N) • This modification was 

introduced to determine whether a moderate amount of "back" selection 
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might increase the probability of breaking up linked groups of genes. 

The N gametes contributed by the selected N (or N x) to the M 

individuals of the next backoross were formed by first sampling 

(with replacement) one of the selected individuals and thou making 

a gamete in the same way as described for F1  individuals. 

This model of linkage assumes no interference, and that the 

relationship of t6ecombination fraction (C) to map d.iatance (a) is 

given by c = (i s e, -2d 	For each experiment, the parameters of 

the genetic model (numbers of loci, size of effect of genes, 

populationsize), and the details of intensity of selection, numbers 

of replicates and maximum number of generations allowed, are given in 

Table 44  i. 

Because of the limited number of parameter combinations, very 

little may be said about the relationship of variation in these to 

the variation in outcome. Moreover, because of the limited number 

of replicates for each combination, any conluaion drawn must be 

regarded as highly tontat±ve. Bearing in mind these limitations, 

the data may be summarised as follows. 

In those replicates (regardless of parameter combination) where 

'plus" genes were segregating at generation 50, their sum of effects 

was always':,-- i.5o.  This result is consistent with single locus 

infinite population theory which predicts (equations (3) and (14.)) 

that for p' = .14., 	must be>1.i6 for 	'0.25. 

For experiments I to 7 respectively, the proportion of 

replicates, P. retaining high genes at generation 50 was 01, 0.5, 

0.33, 1.0, 0.1, 0,5,  and 1.0. Comparisons among the P's must be 

treated with caution because of the small number of replicates but 
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some confirm previous findings, For example, comparison of 

experiments 4 and 5 (p = 1#0 and 0,1 respectively) confirms the 

previously established effect Of small population size (M 20), 

and comparison of experiments 4. and 6 (P 1,0 and 0.5) shows the 

effect of lowering the selection intensity, 

3, in those oases whore, from one generation to the next, a 

single"plus" gene was lost from either end of a group, its map 

distance from the nearest member of the group was often less, but 

rarely greater than that predicted ,as being consistent with 

retention, by the two locus -, infinite population theory. Such 

losses should probably be ascribed to genetic sampling rather than 

the failure of the theory, 

The limited amount of data do not really permit an evaluation 

of the efficacy of excluding the most extreme indivIduals, from the 

selected group, It may have reduced the mean number (n) of small 

genes retained, with the large one (n  1.9 and 0,3 for experiments 

4. and 7 respectively).*  but it does not appear to have much 

influenced the outcome when all genes were of the same size 

(p = I and 1/3  for experiments 2 and. 3 respectively)* 

For any particular pair of parent lines, simple backorossing 

with selection is not likely to distinguish a single large gene 

from a tightly linked group of smaller genes. The modification of 

discarding the extreme X from the selected N may improve the 

resolving power but we do not yet have sufficient data to make any 

definite statements* 
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III. MttTIRZAI$ AND MTHODS 

(a)Culture Conditions, and (b) Characters Scored 

As described for the experiments of the previous chapter. 

(C) Stooks 

Background genotypes, and 

Dominant markers and crossover Suppressors 

As described for the. eiperimenta of the previous chapter. 

Recessive marker stocks 

Three of the four used in the earlier experiments were also 

used in the analyses that follow. The stock omitted was st caInD 

in C and this was replaced by one containing 	in addition to st 

and 	, It is known as u st. ca in D in Co  

EL stocks 

The line, or more precisely the third chromosome, to be 

investigated in this set of experiments,, is one derived by a process 

of backoroasing with selection, and its history prior to my 

acquiring it from Dra A. Robertson was 55 follows. 

The parent lines were C A and D   
in C, the latter  being the 

recurrent parent. Selection was practised among females only, the 

top 20 percent being retained for crossing with D   
in C males to 

produce the next generation, Population size was 25 and 17 in 

generations I and 2,respectivelyq  but thereafter deviated 

negligibly from 50. The mean imale sternopleural ohaetao count 

from generation 0 (Fl ) to 10 is shown in Figure 4s, 7. It may be 
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noted that from the second baooroas (BX2) onwards, there was no 

evidence of any trend in the mean count, and at BX10  the line was 

Judged to have effectively ceased to change. Amongst BXW 

individuals, some will be homozygous for chromosome III of D in C. 

Others are expected to be heterozygous for this chromosome and 

modified C3A third chromosomes, and in order to determine, the number 

of CA genes retained it was necessary that a sample of these modified 

chromosomes be made homozygous, Accordingly, from BX10, the highest 

scoring 13 (out of 50) males were chosen, and a single third ohromo 

some from each of them was made homozygous, Of the resultant lines, 

two which had obviously received the D3  in C third chromosome were 

discarded, and the remainder (known as FJL 2 • 12) were retained for 

future examination. Among females of the lines retained, the mean 

aternopleural count.(based on 4. or 5 flies) varied from 30.2 to 33.6. 
Differences between lines were not significant, and the overall 

average of moans was 31.34.. In addition to these single chromosome 

lines, a relaxed line was begun with a random sample from BX,0. This 

line was called iLR and was maintained by 20 30 pair transfers each 

generation, 

Of an these EL lines, the one acquired by me for detailed 

genetic analysis was meant to be 2L69. which at its first scoring had a 

mean sternopleural cont (based on 39) of 31.8 IN 1-28* However,,, at 

Its first scoring in my hands, the mean sternoploural count of females 

(based on 50 flies) was 22.04. 	0.60, the difference being highly 

significant (P.-- O,00i). 

In the mistaken belief that the line had originally been created 

by simply mating together the top few percent of males and females 
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from BXIOS,I assumed that the apparent drop In mean count and increase.,-

of variance had resulted from an increase in frequency (either by 

drift or as a result of natural selection) of a 
D 
  in C chromosome, 

introduced, by chance with the original parents. With hindsight it is 

more likely that the line acquired by me was MR and that the increase 

of mean count, from about 19,5.(which  is the average of means of 

to nx10) to 22.04 was the result of drift or natural 8 election. 

Contamination cannot of oourae..be entirely rued out, but, if this is 

the oausa j  then the contaminant( s) cannot have carried any of the more 

obvious mutantso and in addition, must have been homozygous for the 

gene Aa (iii, rni),  and for the fast allele at the Adh locus (iIi  50.1). 

This combination of circumstances is considered less likely than the 

alternative explanation given above, 

My second mistake, largely resulting from inoxperence, was to 

attempt a recreation of uEI6H from among the progeny of a mass mating 

of the top 15 percent (15 out of oo) of 19L61t males. The actual 

steps, in the attempted tre_crt2 were as follows 

9 

1, 	 uEL6tt 	 X Er  so 
(top i/wo) 

+/jj 	 x 

+/+ 	 x 	 +1+ 
(top 15/50) 	 (top 15/50) 

6 (new) 

EL6(new females had a mea sternopleural count (based on 50 flies) of 

29.&48.t 0.4.6 which does' not differ significantly from the original 

"1L6" mean of 31,8+ 1.280  and on that basis I went ahead with the 
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genetic analy8es. 

This rather crude attempt to clean out the "low" chromosomes was 

however, not successful, for after an interval of about 12 months the 

mean sternopleural count of females had slipped to 27.34 0.45 which 

differs significantly from the first mean count of EL6 (new) (pz0.001), 

and also from. the first mean count of SL6 (P4  0,.01). Additional 

evidence of segregation within EL6 (New) has also been provide.d by an 

examination of the genotypes at the Esterase ø'6 locus (III, 368, 

Lindsloy and Grells, 198) of a sample of 14 flies (78 and 792). 

Two were homozygous for the fast allele, 6 were homozygous for the 

"slow" allele, and 6 wore heterorgous. 

Unfortunately, the evidence of continued segregation in E16 (New) 

only became available after all the crossover (with i in C markers) 

chromosomes had been harvested and scored, and too late to remake the 

EL6 line properly. In any case', the presence of more than one type 

of chromosome III in EL6 (New) does not entirely wreck the analyses, 

though it does make them loss satisfactory. The complications 

introduced by heterogeneity of the relevant chromosome are best 

illustrated by an example. In what follows, we will assume that, at 

equilibrium, the modified chromosome contained two "high" genes 

located at ILt, 32 and III, 
3 8  with homozygous effects equal to 2a 

and cr respectively. We will fuilther assume that the marker 

chromosome has been appropriately constructed, and. contains se 

(III, 26:) and 	(iii, 44), Then, when the "high" line is isogenic 

for the modified Ihightt chromosome, we would expect among 

containing recombinants three types of chromosome (retaining 0, 1, or 

2 "high" genes) in equal frequency. The mean counts of lines 
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homozygous for these recombinants would therefore be expected tolJ -11 

into just three sub-classes, with deviations from the marker line of 

zero, 2cr and 3cr respectively. 

However, if in addition to the modified "high" chromosome, the 

"thigh" line contains chromosomes (at unknown frequencies) having "low" 

alleles at either or both of..position Iii, 32,.and III, 38, then our 

expectations are altered. It is now possible to obtain for types 

of 	containing recombinant (retaining none, either, or both 'high" - 

genes) ana we no longer have any definite expectations about their 

frequencies. The mean counts of lines homozygous for these recom-

binants would be expected. to an into one of four sub-classes having.. 

deviations from the marker line of zero, cr, 2cr, or 30-  respectively. 

Therefore, when the line being, analysed is not isogonic for the 

relevant chromosome (at least as far as the quantitative genes are 

concerned.),, we can no longer expect to be able to make meaningful 

statements about the position (except as bounded by the markers), or 

offocta, of the quantitative genes. We can,. however, still make 

some statements about their minimum number. Thus, if there are 

only two sub-classes among the recombinant lines, we may Infer just 

one locus regardless of whether the line being analysed is, or is 

not, Isogenic for the relevant chromosome, For two loci between 

the markers, we have aeon that effective heterogeneity of the 

relevant chromosome may lead to there being four instead of three 

sub-classes among the recombinant lines, but such data are still 

consistent with a minium of two lad. Similarly, four to seven 

subclasses is consistent with a minimum of three, and five to eleven 
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with a minimum of four looi 

Because of the heterogeneity of chromosome III of EL6 (New), 

therosulte of the genetic analyses have been interpreted as 

indicated above. 

Collection Of Crossover Chromosomes 

As described for the experiments of the previous chapter, 

Choice Of Marker Stocks  

A preliminary experiment (see Results) using the marker etóck 

rust oa in 	in C indicated that of the genes contributing to tho 

difference between EL6 (new) aM D in C, at least one lay on either 

side of . Themarker stocks used in the main experiments corx 

oentrate1 attention on the area to the left of . 

Statistical Methods 

As described for the experiments of the previous chapter. 

IV. RESULTS 

(a) Mean Counts In EL6, EL6 (New), 1)3  in C, and 1)3  in 

Marker Stocks 

The mean sternopieura. and (where available) scutellar bristle 

counts for males and females of these various stocks are given in 
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Table 4e5 	The number of flies contributing to each mean are 

given in brackets,, and for 8ternopleurai bristles, standard 

errors are also inoludedo 

The differences between the various EL lines, and between 

D in C and the two recessive marker stocks used in the main 

analyses (sq stin D  in C; apt sat in D   in c), have been 

discussed previously, and will not be considered further here. 

The recessive, marker stock used in the preliminary experiment, 

zt at ca in D  in C, also differs in mean sternopleural count 

from both 
D   in C and st se at in D in C but not from so at in 

D  in C, Once again, these differences are very small in 

comparison with the differences between any of the D   in C stocks 

and the line being analysed, EL6 (New). 

(ii) Preliminary experiment to locate approximate position(s) 

of "high" &VAOS 

ELG (New) females were mated with rut Ca in D in C males 

and their female progeny mated with 3)/ru Prjag males. Among 

the progeny of the mating there will be flies heterozygous for 

one or other of the various possible recombinant third 

chromosomes. Four recombinants which had ratainedjjh but not ca 

were collected and made homozygous in the C?  background. Three 

of the four had also lost ru and differences among these three 

may be taken to indicate the presence of "high" genes to the 

left of st6 The mean sternopleural and seutellar bristle 



TABLE 4., 5 
MEAN STERNOPLEURAL AND (WHERE AVAILABLE) SCUTELL&R 
BRISTLE COUNTS OF VARIOUS PARENTAL AND MARKER STOCKS 

Approximate  
Sternopleurals .. 	------ .----- ..S cut elarz'. 

Line Date 
Males Females Males Females 

EL6 May, 1969 32X0 - + 0 90 (5)* 31,80 ± 1.28 - 0) 

"EL6" April, 1970 22.34.+ 0.67 (50) - 22.04 -.t - 0 - 60 - (50)'. ......... 

EL6 (NEW) May, 1970 29.26 ± 0.42 (50) 29.48 0.46 (50) 4.29 (100) 4.67 (ioo) 

EL6 (NEW) April, 1971 26.62 + 0.36 (50) 2734 1 05  (50) io (ioo) 4.62 (ioo) 

11EL6" 	....... •July,1971 ........19.70O.67(10) ......21.60±1.57(10) .....4.15(20) 40- 4-5 (20) - 
D3  in C May, 1970 15.86 O22 (50) ......16+ 021 (50) 	.............. ... 

D3  in C April, 1971 15.60+ 0.22 (50) -16.14 -± - 0022 - (50) 4.08 (100) 4.30 (ioo) 

1'ii st ca in-  May, 1970 17.32 ± 0.33 (25) 17.68 0.324. (25) 4.024. (25) 4.08 (25) D 	in C 
 

se st in May, 1970 - 17.53 0.22 (60) - 4.02 (60) 
3 
sptsest in 

November, 1970 14.80+0.18 (so) 1/5.224.+ 0,22 (50) 3.99 (100) 4.O1.(ioo) 
3 
sjtsest in 

in C 
July, 1971 	. 15.26+ 0.20(50) 15.614.+ 0.20 (50) 0o(oo) 4.16 (100) 

3 
*. Numbers of flies contributing to each mean given in brackets. 
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counts of these four lines are given In Table 2, 6. Numbers of 

flies on which the moans are based are given in brackets, and for 

sternopleural bristles, standard errors are also Included.. For 

this latter trait, and in both sexes, the single crossover 

(ru..at 1) differs significantly (p.&O.00i) from the double 

crossovers (+ It., + 'I to ) which dii'f era significantly (pzQ.00fl) 

among themselves. 

These data suggest that there are at least two "high" genes 

in EL6 (New), one to the left (and incorporated into +t± I and 3 

but not into t± 2) and the.other to the right (incorporated only 

Into pt 1) of at. Furthermore, the fact that one of the 

double crossover lines (+ a) appears to contain no "high" genes, 

and that the other two do not appear to contain "the gene" to the 

right of atj suggests the "the two genes" are located some distance 

in from the ends of the chromosome, 

On the basis of these data alone we may conclude that the 

backorossing with selection did not succeed in isolating a single 

/ gene but rather a piece of chromosome containing at least two 

genes. The experiments of the next three sections where a more 

thorough analysis of the area to the ie%cj of d has been 

attempted, vAU show-  that this number must be increased to at 

least four. 

(iii) Recombinants of EL6 (new) with sehst in 1)3  in C 

The recombinents collected in this experiment, were those 

retaining Ig but having lost and iLt, Such recombinants are 

rare and only two were successfully collected and made homozygous 
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In the C3   background. At the time of their -collection, it was 

still believed. that EL6 (new) was isogenic for chromosome III. 

Had that been so, then the mean count of these recombinants could 

have been used to decide whether any high genes lay to the left 

of , If the mean count was equal to that of EL6 (New) (then 

standing at 29.48 0.46 in females) we could conclude that all 
OW 

the high genes lay to the right of ' -set, 

Unfortunately however,, a mean count lower than that of EL6 (New) 

cannot be taken as hard evidence for a gene or genes to the loft of 

. This is because of the possibility of a second, croSSover to 

the right of 	(not detected in this eiporirnent) which could 

result in loss from the recombinant of high gene(s). The 

presence within EL (New) of more than.one chromosome further 

complicates the interpretation. Thus, when more than one locus 

contributes to the IJL6 (New) marker stock, differetice, it would 

be possible for the recombinants to have been formed, by crossing 

over with chromosomes carrying one or more 'low" alleles at looi 

which retained "high"' alleles in the original modified CA 

chromosome. 

The mean sternOpleural counts of males and. females (based in 

each ease on 50 flies) in the two lines are tabulated below). 

- - 
STERNO?LEUaAL BRISTLE -COUrT 

Line 	-------'''r -- 

MMS 	 FEMALES 
--,-,--- -- -- -- - - --- 	_- _ -- _1_-_ -  - 

i 	 25,86± 0.33 	- 	27.84 i 0.31 

2 	 27,28 030 	 28.14. 0.32 
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Differences between lines were significant for males (p<O.Oi) but 

not for females and it is therefore not clear whether these lines 

really differ. In any event, since the mean counts of both are 

significantly lower than the original count of 1L6 (New), we 

cannot conclude that all the "high genes lie to the right of . 

(i'v) Recombinants of 1L6 (New) with so st in 
D   in C and 

staes in D  In C 

In these oxperiments, two classes of recombinant (carrying 

either Le or ) were collected and scored but only the data from 

those carrying 	Is presented. These latter recombinants are 

unlikely to carry the "high" gene(s) to the right of, and arO 

also unlikely to contain any of the marker chromosome to the 

left of so, Differences between these recombinants may then be 

taken to indicate the presence of "high" gene( s) between M andatp  

the-minimum number being one lees than the minimum number of sub-

classes into which, the whole group may be divided. 

The mean gternopleural and aouteUar bristle counts of males 

and.: females, in the lines carrying the homozygous recombinants are 

given in Tables ), 7 and 4# 8 respectively* Analysis of variance 

of the transformed data revealed significant differences between 

lines (p ZO.00i), and. sexes (p 4 o.oi), irrespective of marker 

stock, In the case of apt se st in D   in C the sex x line inter 

action was also significant (p Z,  o.oi), but since it contrIbuted 

less than two percent of the total sum of squares, it has been 

ignored in subsequent analyses. When the marker stock was ss 

in D in C this interaction was not significant. 
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TABLE 4, 7 

JEAN STERNOPLEIJRAL AND 
SCUTELLAR BRISTLE COUNTS OF MALES 
OF LIIES HOMOZaOUS FOR CHROMOSOME  
III RECOMBINANTS BETWEEN `EL6(NEW) 

AND TWO D in C MARKER STOCKS 

Marker , 'Recombinant Sternopleurals* Scutellars 
Stock... , 	' Line 

se st in 	' 	+ st I 25.44+ 0.66 	- 
DInC 3 	+st9 '. 23.56+0,4.9 - 

+ st 5 21.92 + 0.61 	- 
+ st 10 21.00 + 0.36 
+ st 6 19.60 ± 0.37 

apt se st in , ' 	+ st 13' 21.16 + 0.26 4.49 
D3  in C 	+ st 2 20.96 + 0.27 4..16 (96) 

+ st 9 20.40 ± 0.24. 4..03 

+ 12 20.38 ± 0.28 4..38 
+ st 19 	, 20.20 + 0.26 4..02 

+ st 17 19.96 ± 0.23 4..05 
+ ..t 	3 	' ' 19.82 ± 0.22 4.02 
+ M 7 19L +021 L03 

+ st 	18,.,,"- ,  19.4.2 ± 0.29 
+'st  4. 19.28 ± 0.28 4..26 

+ st 20 18.82 + 0.29 4..13 
+ st 84. 18.55 + 0.38 4..08 (25) 

+ st 	14. 	' 18.16+ 0.27 4.,05 
+ st 6 17.96 ± 0.24. 4..03 
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TABLE i,8 

MEAN STERNOPLEURAL AND 

SCUTELLAR BRISTLE COUNTS OF FEMALES 
OF LINES HOMOZYGOUS FOR CHROMOSOME  
III RECOMBINANTS BETWEEN -EL6(NEW) 

AND TWO D3  in C MARKER STOCKS 

Marker 	Recombinant Sternopieurals* Scutel].ars 

	

Stock 	 Line 

se at in 	+ at I 	25,96 ± 0.80 	- 
D3inC 	

+st9 	25.12+0.40. 

+ at 5 	23.00 + 0.69 	- 

+stf0 	21.68+0.37 	- 

+ st 6 . 	21.08 + 0.44 	• 	- 

apt se at in + at 2 21.74.± 0,33 4,55 (99) 
D3  in C 

+ at 19 21.48 ± 0.28 4.32 
+ at 13 21.16 + 0.28 5.09 

+ at 7 21,16 + 0,19 4.09 (97) 
+ st 9 20,98 ± 0,26 4,07 

+ at 3 20.94 + 0.26 4.22 
+ at 12 20.82 + -- 0.26 	------ 4.83 

+ st 18 	. - 	20.72 + 0.26 4.50 
+stI7 20.14±0.33 4,22 

+.st 4. 	• 19.86+ 0.19' 	• 	. 4.50 
+st 8t 19.30 ± 0.42 	. 4.52 (27) 
+st2O • 18.98± 0.26 4.39. 
+st 6 	: . 	18.92+0.24. 4.09. 

• +.st.14 18.36+ 0.28 	• 4.18 ' 	• 
• '+ at 16 17,96 + 0,27 4.31 

• + at I 	. 17,26 + 0,22 4.04- 

*Means based. on 25 
(apt se at in D 

(se at in D3  in c) or 50 	• 
in C) flies except for line marked. T. 

fMeans based on 100 flies except where indicated. 
FMean based on 20 flies, 
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TABLE 4., 9 

MEAN STERI'IOPLEURAL BRISTLES 
courr (TRANSFORMED SCALE) OF 

LINES HOMOZYGOUS FOR 
C1]ROI4OSOME III RECOMBINANTS 

BETWEEN EL6(NEW) AND TWO 
D3  in C MARKER STOCKS 

Marker Recombinant Line Mean 
Stock Line 	''-(Pransformed. Scale) 

zest in .At I• 3.06.51 

D3  in C + St 9 3.0056 

Means based + st 2 2.8995 

on 50 flies + zt 10 2.84.75 

(25; 99) + at 6 2.7852 

Variance of a mean = 0.02075054.85/50 

Minimum difference for significance (5%) = 0.0799 

apt se at in 2,84.61 + at 2 

1)3  in C + at 13 2.8366 

+ at 19 2,8165 

Means based + at 9 2.8090 

on 100 flies + at 12 	 2.8027 

(5o&3; 5099) + at 3 2.7902 
- 	+ at 7 2.7892 

+ st 18 2.7688 

+stI7,  2.7678 

+zt4. 	
5  

2.7390 

+ st 20 2.6930 

+ at 6 2.6627 

+stI4. 2.6484. 

+stl6 2.6274- 
5 . 	5 	+1 2.5333 

Variance of a mean = 0.0136139142/100 

Minimum difference for significance (5%) = 0,0572 

¼) 
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is two or move. However, this heterogeneity within EL6(New) 

cannot effect the estimate If there really is only one locus 

in the region since, with or without it, we would expect just two 

subgroups among the set of recombinants. Therefore, as there are 

a minimum of three subgroups within the se 	in 1)3  in C recom- 

binants then the estimate provid.ed by them of the minimum number 

of loci, must remain at two. The second set of recombinants 

(with ept so stin 
D   

in C) was however, collected some seven months 

later than the first and consequently the frequency of recombinants 

within EL6 (New) itself would have increased. If the actual 

number of loci in the region were two and their effects were not 

equal, then up to four (instead of throe) quantitatively different 

subgroups are possible among the marker carrying recombinants. For 

three loci in the region, the number of different possible subgroups 

is increased to seven (instead of Ibur), and for four loci the 

number is eleven (instead of five). The number obsered was six, and 

the minimum number of loci consistent with these data is therefore 

three. 

For EL6 (New) as .a whole, we must add to these estimates a 

minimum of a further two lad, At least one is required to account 

for the fact that over half of the EL6 (Now) • ru Lt  in D   
in C 

difference, lies to the right of . The second must be postulated 

to account for the difference in mean count (in both sets of data) 

between the marker stock and the lowest of the recombinant lines. 

With regard to this latter locus, Dr. A. Robertson (personal 

communication) has located an allele at the h locus (0.5 cm to 

the right of ) in C? which has a positive effect on sternopleural 
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TABLE., 10 

?4E1(EERS OF PUTATIVE SUBGROUPS 
IN EACH SET OF RECOMBINANTS 

LIflTD X4 TA3L 	, 9 

	

Markqr. 	Subgroup 	 M e 

	

Stodk 	 Number 	
em rs 

sestin I + st l,9 

D3 iriC 2 + st 2,1O 

3 +stiO,6 

spt se st in I + 2, 13, 19, 9, 12, 3, 7 

 2 +.st 199 	9.9 ,  12*  3j. T9  18,17 D3  in 

3 +zt3,7,f8,17,I+ 

1.1. +st.,2O 

5 +.st 20,6,14 

6 +6,11,16 

7 +stl 

- -- 

/ 

/ I I 
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bristles, This same allele could easily have been retained, by 

EL6, but not detected in these analyses because of the low 

expectation of crossing over between M and h# 

Of the effects of the "high"' genes and the positions of the 

loci we can say little. In most cases we have not been able to 

place unambiguously a particular line in a particular subgroup and 

we therefore cannot make meaninful estimates of the means of these 

subgroups. Also because of these uncertainties of classification, 

but additionally because of the third chromosome heterogeneity in 

EL6 (New), we cannot make any satimatos of the map locations of 

those lad. 

(v) Conclusions 

Caution must be exercised when drawing conclusions about the 

efficacy of backorossing with selection on the basis of a single 

experiment. This is especially true when the evaluation of the 

outcome, that is, the genetic analysis of the resultant modified 

population, has not itself been entirely satisfactory. 

Nevertheless, on this occasion the technique appears to have 

isolated not a single locus, but a segment of chromosome containing 

at least four, and very possibly more,"high!' genes. The def* 

iciencies of the genetic analysis do not permit very specific 

statements about the location of these genes, but three appear to 

lie between so and. st j, and at least one more lies to the right of sto 

This latter gene(s) may well not be very far to the right of st 

since of the four recombinants in the 	to 	region which lost 

(see analysis of recombinants with ru at ca in D in c) only one 
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appears to have picked up the high scoring segment. 

This being the case, the total length of the segment containing 

the "high" genes may not greatly exceed. 30 cIi, and since their 

total effect is of the order of 2 to 5o,. the result is quite 

compatible with the theoretical considerations discussed earlier. 

V. DISCUSSION 

The basic Idea behind this study, of a kind first proposed by 

Wright (1952), was that the isolation of one or, more relatively 

major genes, or alternatively the demonstration that none were 

present, might be accomplished more often than is realised by a 

course of repeated backorosaing accompanied by appropriate selection. 

The assumptions behind Wright's proposals were that the parent 

lines were homozygous and that tt.Ore was no gene complomentarity.. 

This means that neither line contained genes which, if substituted 

into the other, would further increase the between line differences. 

It was also assumed that this difference resulted from the joint 

action of genes at a number of independently segregating loci whose 

effects were additive. 

He then outlined three separate ways in which the major gene(s), 

if present, might be isolated, Each of these proposals involved 

the production of large numbers of progeny from each member of a 

fairly large number of backoross individuals and for this reason 

alone, all three proposals appeared impractical for most domestic 

animal species. 

Furthermore, they are all critically dependent on the correctness 

of the assumption of lack of gene complementarity. This is a very 
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restrictive condition, unlikely to be satisfied by many pairs of 

inbred lines,, no matter how far apart their means may be. Nor, for 

that matter, would a high proportion of pairs of lines selected to 

the limit in opposite directions be expeoted to satisfy such a 

condition, for, unless population size were very large indeed, we 

should expect some chance fixation of high alleles in low lines, and 

lice versa. 

Wright, of course, recognised that lack of gene complementarity 

was to be expected, and proposed that, prior to proceeding with the 

attempted isolation, there should be an initial course of repeated 

baokorosa±ng, with selection of the extremes from the baokcross 

distribution for further backorossing. He suggested that "such a 

procedure should soon eliminate the unde/aired minus factors (genes) 

from the line of plus selection" and that "after a number of gener-

ations it my be assumed that the crossbreds differ from the parent 

strain only by factors (gen4 that act in a single direction", 

Almost as an aside, he noted that during this procea, "some of 

the less important plus factors (genes) are likely to be eliminated 

(from the line of plus selection) but this is incident:L" However, 

it is reasonable to suppose that the importance (i.e. size) of the 

plus genes eliminated might be inversely related to the selection 

intensity, and that if this could be suitably. adjusted, then all but 

the most important plus gene( s) might in fact be eliminated by 

Wright's prelirninar procedures. 

The requirements for the modified scheme adopted for this study 

are much less in terms of numbers of animals, than for any of Wright's 

three schemes, and there is no necessity either to assume independent 
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and additively acting loci. Furthermore, this procedure is not 

dependent on lack of gene complementarity, it does however, require 

that the recurrent parent be homozygous (at lest for genes affecting 

the characters), for unless this is so, there is clearly no prospect 

of the backoross and recurrent parent lines eventually being 

differentiated by just one gene. In terms of its applicability to 

domestic animals this condition is not as limiting as might first 

appear. Admittedly,*  the experience with attempts at inbreeding to 

high levels of homozygoity have not generally been encouraging, but 

there are now in progress selection experiments for many different 

characters in most species and it is perhaps not unlikely that at 

least some of these will sooner or later cease responding because 

they have become fixed at all loot affecting the character of 

interest. 

It therefore seemed worthwhile to examine theoretically, and if 

possible experimentally, the results of applying this procedure over 

a wide variety of parameter combinations (gene effects, selection 

intensities, linkage relationships and population sizes) so as to gain 

a better idea of the poaaible,usofulness of the technique as a means 

of isolating major genes in the domestic animal specieso &c1sting 

theory, due to Mostafa (1963), had not proved particularly useful 

because its conclusions were framed in terms of relative selective 

advantages of different genotypes, but the relationship of selective 

advantage to gene effect and selection intensity was never made clear. 

Furthermore, while the experiments of Chat (1961) and of kostafa (196 

had provided some information, they were not followed, up by the type 

of genetic analysis which would have permitted some reasonably detailed 
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statements about the genetic makeup of the resultant lines. In 

thai's case, the techniqueosimply were not available, while those 

used by Mostafa (due to Breeze and Mather, 1957) showed that whole 

segments of the original chromosomes had been retained by the 

modified lines, but could not indicate how many genes those segments 

oontaifled. 

The (infinite population size) theory developed hero has shown 

how predictions of outcome can be framed in terms of gene effects 

and selection intensities, instead of the somewhat vague "selection 

advantages" of Mostafa (1963). The single locus studies confirm 

the finding (Mostafa, 1963) that, for a given selection intensity, 

there is a minimum gene offct necessary,  to avoid loss of the non-.-

recurrent 

ono 

recurrent parent gone, and they succeed in quantifying these minima. 

The finite population-single locus studies show that these expecta-

tions are not likely to be greatly influenced by sampling effects 

provided population size exceeds 40. The two locus studies extend 

these findings, and show that when the total effect of the two genes 

exceeds the minimum defined by the selection intensity, they will 

both be retained provided the map distance between them does not 

exceed a value defined by the selection intensity and size of effect 

of the smaller gene. 

These two results lead to the notion that, even if parent lines 

are differentiated by only a moderate number of genes, this procedure 

is likely to isolate closely linked groups of genes rather than 

single major genes. The finite population-many locus results, 

though not extensive, confirm this view,, as does the experimental 

evidence from the Drosophila experiment. 
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Those findings, together with the difficulties of obtaining 

homozygous lines, and the cost in terms of numbers of generations to 

reach equilibrius., combine to limit the usefulness of this technique 

as a tool for genetic analysis in domestic animalapeciese 

Nevertheless, the findings provide a framework within which the 

problems of application to domestic livestock can be considered more 

rationally, 
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5o GENE!AL DISCUSSION 

Current theories of biometroal or quantitative genetics have, 

as their central concept, the partitioning of the phenotypic variance 

in any particular character among its genetic and environmental 

components. In particular, the proportion of the total phenotypic 

variance that is due to the additive effects of genes figures 

prominently in the theories. The practical purpose of this theory 

is to provide a moans of predicting the consequences of specific 

breeding procedures, particularly selection, but it is precisely in 

this area that some deficiencies of the theory are revealed. Those 

limitations were disotssèd in the introduction to this thesis, and 

they may briefly be summarised, in the following way. 

While some progress has been made towards predicting the 

limits to selection from performance in early generations, the 

solutions obtained have all assumed fairly simple underlying 

genetic models. 

The theory cannot predict the changes in fitness that might 

be expected to accompany selection for almost any character, and 

which have been demonstrated in some eases, for example by 

Lerner and Dempster (191) and Roberta (1966). 

The variance analyses tell us almost nothing about the 

underlying genetics of the character analysed. 

Furthermore, because of the nature of these limitations, it is 

extremely doubtful that they will be overcome by further refinements 
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of the already sophisticated analytical procedures currently employed. 

After presenting just Such a summary of the present state of 

quantitative genetic theory, A. Robertson (1967) suggested that if 

improvements are to be effected in our ability to predict the long 

term consequences of selection, and if we are to understand better 

the effects Of procedures such as inbreeding, then a much more 

detailed analysis of the underlying genetics of quantitative oharac 

tars is required. Essentially similar sentiments were expressed by 

Latter (1969). The nature of Robertson's proposal was that in 

place of the usual "variance components" analysis, there should be 

an analysis of the genetic variance in terms of the contributions 

of at least the more important individual loci. This approach 

requires that estimates be made of the gene effeots, type of gone 

action, and gone frequencies at these loci, and alo of the inter-

actions 

uter

actions between them. In turn, this therefore requires techniques 

for isolating and describing the Individual loci that contribute to 

the variance in quantitative characters. 

In the past few years, there have been a number of attempts to 

isolate individual quantitative genes, and the results of those 

studies suggest that the number of genes contributing to the variance 

of some quantitative characters may be considerably fewer than was 

originally supposed (moday, 1961; Thoday, Gibson and Spickett, 19614.; 

Sp±ckett and Thoday, 1966). It is obvious that if we could account 

for, say, 70 8UA of the genetic variance in terms of the contrib—

utions of individual loci, then we would be in a much stronger 

position to predict the long term consequences of specific breeding 

procedures. However, as pointed out earlier, it is not necessary 
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that our description be as complete as this before the information 

may be of use in speeding up the response to selection in situations 

where the heritability of the character is law. With characters of 

commercial interests. therefore, any advance along these lines becomes 

potentially fruitful. 

The studios reported in this thesis were undertaken to assess 

the value of the currently available methods of analysing quark* 

titative genetic differences in terms of ±nd.ividua3. genes Or blocks 

of genes, and two methods, one proposed by Thoday (i 961) and the 

other by Wright (1952)  have been subjected to detailed study. The 

first of these was chosen because it was designed for oohila 

and, if sufficiently powerful, it could therefore play an important 

part in advancing our understanding of the genetic control of 

quantitative characters in the organism whose genetics is best known. 

The second was chosen because, in principle, it could be used to 

determine the extent to which genes of large effect contribute to the 

variance in quantitative characters of commercial interest. 

In terms of the prospects for isolating individual quantitative 

genes by existing methods, the results of these studies have not 

been particularly encouraging. In general, it appears that in the 

absence of an effective means of suppressing crossing over, and of a 

well documented linkage map (which conditions exclude most species), 

the chances of isolating individual genes are not high. Furthermore, 

the detailed analysis of the technique proposed by Thoday have shown 

that even when these facilities are available, a great deal of effort 

is required for the analyses to have any prospect of producing a 

reliable answer. The same remarks apply to the related procedures 
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for wheat, discussed. by Law (1966), and to some extent also to the 

procedures discussed by Wehrahn ond Allard (1965). Very few of the 

procedures examined were really suitable for use with domestic 

animals. The detailed studies of Wright's (1952) proposals showed 

that they are unlikely to distinguish a tightly linked group of 

genes of small effect from .a single gene of large effect, Moreover#  

the number of generations required for the "isolation" of the "major" 

gene makes the technique impractical for most species. The 

Hrodefinition  of the character" approach of Spickett is feasible, but 

its prospects of SUCCeSS in any given situation are completely 

indeterminate. Those techniques utilising plieotropy or linkage 

would seem to hold out some prospects for the domestic animals, but 

only in the future when the linkage maps are much more complete. 

In those species where there is a welldocumented linkage map 

and where effective means of suppressing crossing-over exist, the 

future prospects for this type of genetic analysis appear reasonably 

bright. However, in the case of the domestic animals, routine 

attempts at this type of genetic analyses must await the development 

of some new techniques. In the meantime, we shall have to content 

outaei.ves with siort term (up to 5 generations) predictions of 

progress based on periodic determinations of the heritability of the 

character concerned. 

At a point in time seven decades after the rediscovery of 

endel's works  this state of affairs does not appear to be completely 

satisfactory. However, as indicated earlier, for the larger species 

of domestic animals, whore 5  generations may take 10 - 20 years to 



complete, and where changes in consumer preference might necessitate 

changes in the criterion of selection well befo'e such a period has 

elapsed., it is of some comfort to think that the present techniques  

may servo anadoquato purpose. 

For the present therefore, the identification and manipulation 

of individual loci should probably be restricted to laboratory 

species. The prospects there are encouraging, but for the domestic 

species, facilities should at present be diverted to such studies, 

only when other benefits, for example a deeper understanding of 

biochemistry or physiology, are likely to accrue. 
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The current state of the theory of quantitative inheritance as it 

applies to predicting the consequences of specific breeding procedures 

has been reviewed. The major limitations of the present theory were 

outlined and the need establishod for the adoption of a new approach 

to the analysis of quantitative Ønetic differences, 

This new approach envisages a description of the genetic variance 

in a particular quantitative trait in terms of the contributions of 

the individual underlying loci. It therefore requires techniques for 

isolating individual quantitative genes, and the currently available 

techniques for so doing have also been reviewed, It appears that, in 

the absence of an effective means of suppressing crossing-over and of 

a well documented linkage map (which conditions exclude most species), 

the chances of isolating individual quantitative genes are not high. 

Furthermore, a detailed analysis of the technique for Drosophila 

proposed by Thoday (1 961) has shown that, even when both of the 

above aids are available, a great deal of effort and time is still 

required in order for the analyses to have any prospect of producing 

a reliable answer. 

Very few of the procedures examined were suitable for use with 

domestic animals, and the detailed analysis of Wright's (1952) 

backorossing with selection technique showed that it would be unlikely 

to distinguish between a tightly linked group of genes of small 

effect and a single gene of large effect. For the domestic animal 

species, it appears that routine attempts to determine the contrib- 

utions of individual loci to the variance of quantitative 



characters must await the development of new techniques. 

The significance of these fndins in relation to future 

strategies for domestic animal improvement is briefly discussed.. 
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APPENDIX 
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of small effect and a single gene of large effect. For the 

domestic animal species, it appears that routine attempts to 

determine the contributions of individual loot to the variance 

of quantitative characters must await the development of new 

techniques. 

The significance of these findings in relation to future 

strategies for domestic animal improvement is briefly discussed. 
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