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GENETIC VARIABILITY, TWIN HYBRIDS AND CONSTANT 

TTYt3.RIDS, IN A CA 37 OF BALANCED LETHAL FACTORSx 

by H. J. Muller, 

Rice Institute, Houston, Texas. 

THE ?'ROBLEM OF FACTOR VARIABILITY AND 

THE CASE OF BEADED WINGS 

In numerous breeding experiments there is positive 
evidence that the factors concerned undergo no sensible 
fluctuation, nor sensible contamination during segre- 
gation. But, unfortunately for a clear and simple 
proof or disproof of the generality of these principles, 
Mendelian theory demands, and experiment has proved, 
that not infrequently multiple factors and other com- 
plications quite consistent with factor constancy should 
be met with, that lead to results superficially similar 
to those which would arise from factor variability or 
contamination, although not really due to such a 

variability 

cause. Consequently, unless apparently irre -rular re- 
sults have been subjected to a rigorous factorial ana- 
lysis, they are equally reconcilable either to an ex- 
planation consistent with or to one contradictory to, 
the ' "genotype conception.' But the fact that these 
particular results cannot be used as arguments for 
factor constancy does not mean that they are argu- 
ments against it, and valid evidence against factor con- 
stancy could not be secured except by analyzing such 
results and proving that factor fluctuation is the 
only (or the more probable) explanation. 

As a matter of fact, whenever a factorial analysis 
of the questionable cases was possible and has been 
made, evidence of the presence of the multiple factors 
or other complicated genetic phenomena to be expected 
on the strict genotype conception has always been ob- 
tainer', and in no case has it been found possible to 
show that the factors underwent fluctuating* variation 
or contamination. Of course, this furnishes "pre- 
sumptive evidence" for all such cases, and, taken to- 
gether with the positive evidence for factor constancy 

xPublished, September 1912, in Genetics, 3: 422 -99. 
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3 
beaded flies together, he obtained, besides the beadeds 
of various types, some flies with wings entirely normal, 
and for years he was unable, by selection, to secure a 
strain consisting entirely of beaded flies. (b) This 
latter variability was proved to be not merely somatic, 
for it was found that the normals produced in this 
stock gave, on the average, a much larger proportion 
of normal flies among their offspring than did the 
beaded flies. (c) The tendency towards normal on the 
whole overbalances that towards beaded, for it was 
found, when the beaded stock was allowed to run for 
many generations in mass culture without selection or 
supervision, that the beadedness tended to disappear 
from it more and more, i.e., there was reversion towards 
normal. 

If we believe in factor constancy, these .genetic 
variations so continually occurring in the beaded stock 
must be referred to a different source from the somatic 
variations between the two wings of the same fly, and 
in order to account for them we would have to suppose 
that beaded flies for some special reason are always 
heterozygous, like Andalusian blue fowl or like yellow 
mice. If, on the other hand, we believe in factor 
fluctuation, all of the above results, of both pre- 
ceding paragraphs, are directly explained on the simple 
basis of a variability in the factor for beaded itself, 
and it is then further to be noted that the results 
would fall into line with the widespread notion that 
factors vary more in the reverse direction - regressing 
towards their ancestral condition - than in the original 
direction of variation. 

(3) (a) Not only the variation from beaded to 
normal, but also the variation in the intensity of 
"beading" was shown to be at least partly genetic, be- 
cause Morgan was able by selection to obtain stocks 
differing distinctly and consistently in the degree of 
their beading; in fact (b) he succeeded, by selection, 
in bringing the extreme and the average intensities of 
this character both far beyond their original points. 
These facts too can be covered by the one assumption of 
factor inconstancy; denying this interpretation, we 
must add to our previous apparently unrelated assump- 
tions of somatic variability and persistent hetero- 
zygosis the assumption of multiple factors.' 

(4) The climax came when, after very many genera- 
tions of the above selection work, a stock pure for 
beaded was, in some inexplicable way, finally obtained. 
The result came almost suddenly, as though a certain 
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critical point in. the "st.renTth" of the factor had been 
passed, owin to the Ion; selection; or, to be more 
specific, as though the beaded flies were now so far 
removed from their normal ancestors both in number of 
^;ener,Itions and in intensity of character that reversion 
to the latter no longer took place. In this more 
stable stock the character was on the whole well developed, 
and althouc ;h it was still somewhat variable its range 
of fluctuation was not as wide as before, and it seldom 
approached very closely to the normal type. This re- 
sult, like the others, falls naturally in line with the 
view of factor variability; the alternative view would 
require still another postulate, apparently discon- 
nected with the previous ones, - namely, that a new 
factor or factors had appeared in the stock, which some- 
how did away with, or obscured, the tendency to 
"reversion." 

To sum up., all the different peculiarities evinced 
by the character beaded point consistently to the ex- 
planation of factor inconstancy, and, neglecting the 
evidence against such a conclusion afforded by the 
treat body of work in genetics, it would seem by far the 
most probable interpretation here; to avoid it, at 
least four apparently unrelated assumptions, two of 
them seemingly unusual to a high degree, are necessary. 

An elaborate study of the character, beaded wings, 
was carried out several years ago by Dexter (1914) . 

His extensive and exemplary investigations have, besides 
confirming, points mentioned above, brought to light a 

number of further facts which have an important bearing 
on the problem. He has found, firstly, that the 
character is markedly affected by various environmental 
conditions; drought, for example, tends to inhibit its 
appearance. These effects, if they are really exerted 
on the factor itself, must be but temporary, as suc- 
ceeding generations, if brought up under the original 
conditions, will exhibit the character in its original 
form. In other words, there exists in beaded stock a 
sort of variation that is purely somatic, which is 

caused by external influences. Secondly, Dexter found 
that beaded is linked to pink eyes and to ebony body 
color, and a factor for beaded must therefore lie some- 
where in the third chromosome, as do the factors for 
both these characters. In some cases, however, he 
found that an intensifying factor was also present in 

the beaded stock, and this factor proved by its linkage 

relations to lie in the second chromosome. Hence there 
are at least two pairs of factors concerned in the 
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character beaded, one chief factor in chromosome III, 
and one accessory factor in chromosome II. Two of the 
four postulates which I have shown to be requisite for 
an explanation of the beaded case on the theory of 
factor constancy were thus proved by Dexter to be true: 
these are the postulates of "somatic" (non -genetic) 
variability and that of multiple factors. This would 
seem to be rather a stran-.e coincidence if the results, 
or part of them, are .really due to factor variability. 
Dexter accordingly concluded that the explanation of 
the peculiar behavior of beaded was to be found not in 
factor variability, but in complications of a different 
kind. 

There was as yet, however, no experimental basis 
for the other two suppositions which the adherent of 
factor constancy must make, - namely, that the stock 
was at first necessarily heterozygous, and that later a 
new factor or factors appeared, that somehow obscured 
or did away with this heterozygosis. Moreover, these 
latter postulates were, after all, much more unusual 
than the other two, and so the more important part of 
the problem still remained with only a vague and entirely 
hypothetical explanation. It is true that Dexter had 
found that the intensifying factor in chromosome II was 
not present in all the beaded flies which he examined, 
and that on the basis of this he had suggested, as an 
explanation of the difficulties in question, that 
perhaps this intensifier might act as a lethal, like the 
factor for yellow in mice. For if this were true, it 
would . be impossible to obtain stock pure for the in- 
tensifier, and since flies without the latter might 
sometimes be normal in appearance, an all -beaded stock 
could never be obtained. But the mere fact that the 
intensifier was not present in all beaded flies examined 
affords very little evidence for the assumption that it 

is lethal, and a serious objection to such an assumption 
might perhaps be found in the fact that in some strains 
at least of the pure stock that was finally obtained, 
all of the flies are beaded to a high degree, as if the 
intensifier was present in all. 

These difficulties and contradictions cave an air 
of unsoundness to the whole argument for factor con- 
stancy in the case of beaded wings. Opponents of the 
genotype idea, had they come across the case, would un- 
doubtedly have urged with much conviction (for them- 
selves at least) that the discovery of an intensifying 
factor and of somatic variability did not by any. means 
clear up the chief uncertainties of the case, nor weaken 
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very much the argument which this case, taken by itself, 
unquestionably provided for factor variability. 

PRELIMINARY CROSSES AND FORMULATION 

OF A WORKING HYPOTHESIS 

The present work will for the most part be de- 
scribed in its original sequence, as this mode of pre- 
sentation will probably provide the reader with the best 
working knowledge both of the war the phenomena in 
question interfere with "regular' Mendelian results, and 
of the genetic methods used to unravel them. 

The investigation originated in connection with 
some linkage experiments. As previously mentioned, 
beaded had been shown by Dexter (1914) to lie in the 
third chromosome, and, more recently, Sturtevant had 
found it to be about 15 units from sooty body color, on 
the other side of sooty from pink. As the writer was 
engaged in constructing a map of this chromosome, it 
was desirable to determine the linkage of beaded more 
exactly. With this object in view a fly from the 
'pure'' beaded stock - the stock in which all individuals 
were always markedly beaded - was crossed to a f ly of 
stock which I had made up for the study of linkage, and 
which contained in its third chromosomes the factors 
for sepia eye color (se), spineless integument (ss), 
kidney-shaped eye (k),-sooty body color (es), and-rough 
eye (rg). The F1 flies should contain the latter fac- 
tors in one of their third chromosomes, and beaded in 
the other. As, according to Dexter's statement, 
beaded is dominant, but only partially and irregularly 
so, and as the other mutant factors concerned are all 
recessive, we should expect that the F1 flies would ap- 
pear normal in their body, eye, and bristle characters, 
but that some (not all) would show a moderate amount of 

beading in the wings. This result was in fact ob- 
tained. (The cross is shown in the first two lines of 

diagram I.) Two of the beaded F1 females and one 
normal -winged. Fi female were then back- crossed to the 
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homozygous multiple recessive stock, sessk e-ro,2 in 
order to obtain the linkage data. 

The counts from the two F1 females with beaded 
wings were quite unexceptional. They showed the re- 
cessive factors to be linked with each other here in 
the order in which I had previously found them to lie 
(this is the order in which they are given above) , and 
the strengths of the linkages also agreed with those 
previously found to be usual (Muller 1916) . Further- 
more, these factors showed the amount of linkage with 
beaded which was to be expected on the basis of 
Sturtevant's previous results, though the numbers I se- 
cured at this time were not large enough to include 
crossovers between beaded and rough, its nearest 
neighbor, and so to. determine the position of beaded 
accurately. 

The results from the other F1 female - the one with 
normal wings - were so different that for a long; time 
I failed tó regard them seriously, and was persuaded 
that some mistake must have been made in the matin ;s. 

In the first place, the linkage was of a different 
type from that shown in the other counts - no crossing 
over was observed to have taken place between any of 
the loci except sepia and spineless, the characters of 
s., k, e -, and ro always appearing together. This re- 
s [lt recalls the-effects produced in the presence of the 
factor Ç', a brief account of which may accordingly be 
given here. It had been discovered by Sturtevant that 
the percent of crossing over between pink (b) and 
ebony (e) is usually much lower than between pink (p) 
and sooty (es), althouh sooty is an allelomorph of- 
ebony, and he had attributed this effect to a factor 
(which we may call Ç') in the ebony stock that, accor- 
din ; to his results, is rarely or never separated from 
the ebony factor. A similar factor in the second 

2If a horizontal line does not appear in the for- 
mula of an individual; it may be taken for granted that 
the latter is homozygous for all factors represented. 
In cases where a horizontal line appears, however, the 
compositions of the chromosomes received from the two 
parents will be shown on different sides of the line. 
Only mutant factors will be represented and the presence 
of the normal gene may then be assumed in every case 
where its mutant allelomorph is not shown. 



Diagram I 

Beaded female from "pure" stock crossed by sQ ss Ic es ro male. 
se ss h e ro 

Beaded flies $a, and normal flies C bd. 

s, ss kesro Se Ss Afesro 

2 beaded females of 1'2 1 normal female of above type was 
above type were back- back- crossed, i.e., 

crossed, i.e., 
s 

Dd4 X se S5 esra 
sess k e ro / sesSlce Yo 

2 
Expected count from 
back -cross, in which 
there appeared ordi- 
nary amount of crossing 
over, and beaded flies 
in usual proportions. 

Cs' 
21 X se s,, k es ED d' 

sesskesro X 4;s0[esro 

'2 Unexpected count, in which there was 
no crossing over, and no flies appeared 
beaded; flies thus of two kinds only: 

i 

sass k e obd (normal appearing) 

and mss kesro 
ssfcesro 

CI la7d' 
X DfpssQ 

SeSSkesro pse 

Flies of four expected classes 
obtained, namely: 

Pss DÁss Pss Df pss 
C' bd7 C 41? se Ss AC esr, ' se s.s fc esro 

r Dr pss crossed together to 
Códl 

Aomozygous ? te. .; 

C'ditiss DrPss / C C'.64? ' 
` A few nor - ;many deformed 

mals. D p Ss 
Noimals 
bred to- 
gether 

obtain 

d? 
afew 
Df pss C' Df ss 

, ,deformed bred deformed pink 
together spineless bred 

together. 

Same result Count similar 
as from de- to generation 
formed flies above. 
proving pa-. 
rents to P6 All flies 
have been allowed to 

DfP ss cross indis- 

C'b 
criminately. 

a 

no C 
obtainable. 

similar re- 
sult in 
every gene- 
ration. 

No offspring 
at all. 
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chromosome also was shortly afterwards discovered by 
Sturtevant (1915), and in the latter case he worked out 
the details of the effects produced. Subsequently to 
this, I found that the third chromosome factor, C', or 
a factor like it, is present not only in ebony flies, 
but also in flies of the mutant stock "spread' (sa), 
and, furthermore, that the third chromosome factor 
exerts a different amount of influence on the different 
parts of this chromosome, causing a very pronounced 
lowering of crossing over in the right -hand end, near 
sooty, where it itself is located, and having: less and 
less influence at increasing distances from its own 
region. In the section of the chromosome between ge 
and p, which lies furthest from it, crossing over is 
affected comparatively slightly. But when spread flies 
were crossed to ebonies, the F1 females (presumably 
homozygous for Ç') showed no reduction in crossing over 
at all, but rather an unusually large amount of crossing 
over; that is, C' produces a decrease of crossing over 
only when it is in heterozygous condition (Muller 1916) . 

The same sort of results had been found in Sturtevant's 
experiments with the similar factor in the second 
chromosome (Sturtevant 1917). 

It will be seen that the unusual linkage relations 
shown in the backcross of the non- beaded F1 female are 
similar to those occurring when C' is heterozygous - 

crossing over is lowered in the same regions and' to the 
same extent in both cases. And we may anticipate by 
saying; that later generations showed these effects to 
have been produced here also by a definite factor, 
lying in the third chromosome, and located somewhere 
near sooty. This factor, which may for the present be 

called Cn', had -never been met with in the 
se s2 k es ro stock, and it was therefore probable that 
it lay in the chromosome derived from the beaded stock, 
as indeed the later results proved to be true. 

The second remarkable feature of the count from 
the normal- winged F1 female is that not one offspring 
with beaded wings was produced from this fly; if the 
factor for beaded was present at all here it must 
therefore have been completely recessive, either on 
account of absence of the intensifier or for some other 
reason. But absence of the factor for beaded itself, 
or of the intensifier either, in the F1 female, seemed 
contra -indicated by the high degree of beading in all 

the flies of the parental beaded stock. As for the 



9. 

other mutant factors - se, ss, k, es, and ro - these 
appeared with their expected .f. requenc ies . 

It was now important to determine whether the fac- 
tor for beaded was merely recessive and "latent" in these 
flies, or really absent. To do this it was necessary 
to obtain flies homozygous for the chromosome derived 
from beaded stock, and to see whether they showed the 
beaded character. The normal -appearing offspring of 
this back cross were heterozygous for this chromosome, 
which we may temporarily call "Çb' bd ? ", they had re- 
ceived from their father the chrómos ©me containing 
se ss k es ro. Their composition therefore was 

Ç bd? (see F2 in diagram) . It should be 
se ss k e- ro 

g.1.: b? 
possible to obtain homozygous Çb'bd? by crossing these 

heterozygotes to each other, but any normal -appearing 

i12112J? individuals produced in such a cross might not 
Çb' bd? 

be distinguishable from the heterozygotes produced at 
the same time, and so it would not be possible to tell 

with accuracy what proportion of the ' 
bd? 

flies (if 
Çb' bd? 

any) showed the beaded character. A special scheme of 
crossing was accordingly followed, in order finally to 

t a count in which the Çb b1_ flies would be iden- 

D b ? 

tifiable through some other character than beaded; in 
such a count, then, the number of these homozygotes 
could be accurately determined, and the proportion of 
beadeds among them could be found out by inspection. 
The dominant character deformed eye (factor Df') was 
chosen as the means of identification. Flies were 
made up in which a chromosome containing Df' was sub - 
stituted for the one containing se ss k e -rg; on 

crossing the Cb' ba? flies so obtained to each. other 
Df' 

the homozygous bll progeny would be distinguishable 
úb' Da? 
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from the other flies, because they alone would not show 
the dominant deformed. The ratio of beadeds among them 
could then be readily ascertained. 

The following were the actual operations performed 
in accordance with this plan. Normal-appearing male 

flies of the composition (1? , which had re- 

-o 

salted from the back cross, were crossed to females from 
a stock of deformed eye, pink eye, and spineless integu- 
ment, which I had previously made up for the study of 
linkage (see P. in diagram). The stock was not pure 
for deformed, but since this factor is a dominant 
(though rather irre:xularly), it was possible to pick 
out, among the offspring of the cross, those flies 
which had received a Df' p s chromosome from their 
mother. Half of such-offspring must have received 
from their father the se ss k ea ro chromosome - their 

se Zs ks rQ 
composition would be ; the other half 

Df' p s s 

must have received Çb'bd ?, and their composition would 

be -b d . The former, being homozygous for 
Df' to ss 

spineless, were distinguishable from the latter, which 
were of course perfectly normal except in regard to 

their deformed eye. The bd? offspring were 
s 

then mated to each other (cross P4) in order to get the 
flies (F4) homozygous for Çb' bd? . It is in this 

latter cross that these homozygous 
bd? offspring 

Çb ' -d' 9 

should be distinguishable, for the most part at least, 
from the other types of offspring, because of the pre- 
sence in almost all the others of the factor deformed, 
which is usually dominant. (Theoretically, deformed 
might not occur in quite all the heterozygous flies, on 

account of crossing over, but such discrepancy due to 
crossing over should be very slight, because the pre- 
sence of Ob' would prevent almost all crossing over in 
the regions containing, the factors under consideration.) 
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The results of the cross (F4) should accordingly be 

nearly i Df) p ia (appearance Df'p se) : 2 D ? sg 

Df p ss - Cb bd? 

(appearance Dr'): 1 bd,? (appearance normal or 
2b 

beaded) . The )2112.d? flies would thus be distinguish - 
úb'bd? 

able from the others, and the proportion of beadeds 
appearing; in them could be determined. 

But amain the results played hide- and -seek with the 

experimenter. Strange to say, no .homozygous Cb 3241? 

Çb' bd? 

were produced at all, and the object of the experiment 
was apparently defeated. The very fact that this 
class of flies did not appear, however, seemed to 
afford an important clue to the constitution of the 

' bd? chromosome, and hence of the beaded stock, as 
wTl1- appear presently. But not only did the homozygous 

41 122 flies fail to appear in this count; the other 
Çb' bd? 

s 
types of homozy.otes expected, namely the D , 

s 
, for 

-f -s 

the most part failed to appear aldo. Thus the offspring 
of this cross were nearly all of the heterozygous type 

Dfp like their parents; they showed deformed 

b' 12d? 

eye, in varying intensity, but no other mutant charac- 
ters (see F4 of diagram) . A very few, however, had ex- 
tremely deformed eyes, and also showed the pink and 
spineless characters: these must have been homozygous 

for the Df' P ss chromosome, Df/ n ss . A very few 

Dr' P ss 

others also appeared, that were perfectly normal, but 

breeding; tests on some of the latter proved these to 
have been really heterozygotes in which deformed had 
failed to dominate, for they produced deformed -eyed 
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offspring. Now when heterozygous flies of the gene- 
ration which has just been described were crossed with 
each other, they again gave results like the preceding 
one, and this was continued generation after generation. 
The mixed stock was then allowed to run in mass - culture 
without supervision, or selection of parents for over 
six months (over 14 generations), and at the end of 
that time it was still in the same condition as before. 

It is true that the frequency with which the hetero- 
zygotes manifested deformed varied greatly, apparently 
in response to environmental influences, and that the 
proportion of homozygous Df' p ss also varied markedly. 
Still, the great bulk of the fries was of the type ex- 
pected for the heterozygotes; homozygous QQb'bd? were 
never found to be produced, and the number óf nomo- 
zygous Df'p ss did not tend to increase as it would in 
any ordiñary case in which the heterozygotes and one 
class of homozygotes were allowed to interbreed in every 
generation. The stock thus approached the condition 
seen in "constant hybrids." 

Various non- Mendelian interpretations of the con- 
stant hybridism - such as blending or imperfectly alter- 
native inheritance seemed now in order, and the fact 
that these phenomena appeared in flies descended from 
beaded stock might appear to strengthen much more than 
ever before the view that beaded also was not a strictly 
Mendelizing character. It was now possible only by 
means of certain very special assumptions to hold on to 
the strict Mendelian point of view; nevertheless this 
was rigorously followed and the interpretation which 
was thus arrived at proved indispensible in investi- 
gating and explaining the further developments. 

On the view that Mendelian inheritance was taking 
place, the absence of most of the 

Df1 
p ss homozygotes 

could best be explained by assuming that -there was a 

"semi -lethal" factor in the Df'p a chromosome, which 
usually killed the fly in which it was homozygous, al- 
though not invariably. Support was found for this 
latter assumption in the weakness and infertility of the 

homozygous Df n 20 flies which did appear, and actual 
Df' p ss 

proof of it was obtained when it was found that the ex- 

pected proportion of homozygous 2fí}2 ss are hatched if 

p ss 
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environmental conditions are very favorable; it was 
further found that this semi - lethal effect is produced 
by the factor for deformed itself. From this it was 
not a long step to the assumption that absence of all 

the homozygous ÇILbe flies also was due to a factor 
-b' bd? 

which exerted a lethal effect when homozygous - in this 
case, however, the factor must be completely lethal, 
and it would necessarily be a different factor from the 
semi -lethal in the Di p ss chromosome - otherwise the 

heterozygous Df p ss flies would die too as they 
Çb' bd? 

would be pure for the lethal. 

On the Mendelian view, then, the Ç 'b ? chromosome, 
which came originally from the beaded sf ocr_, probably 
contained a lethal factor. It might here he imagined 
that all three of the peculiarities that were found in 
this chromosome were due to one factor, - that (1) when 
homozygous this factor killed the fly, and when hetero- 
zygous (2) it reduced the amount of crossing over, and 
(3) inhibited beadedness so far as to make beaded re- 
cessive. But this would seem a peculiar coincidence 
of effects for one factor and it seemed more likely 
that the lethal effect (1) and the effect on crossing 
over (2) were due to two different factors, and that 
the absence of the beaded character (3) was due merely 
to the lack of the factor for beaded (i.e., to the 
presence of its normal allelomorph instead) . A theory 
of the inheritance of beaded was then formulated on the 
basis of this conclusion in regard to the Chiba? chromo- 
some, and by using as an analogy the above posulated 
mechanism of constant hybridism in the 

D' p a2 stock. Although looking far-fetched at 
Çb' bd? 

first sight, upon further consideration it appeared to 
the writer most probable,and was used as the working 
hypothesis for the investigations subsequently to be 
described. The theory was as follows: 

(1) The factor for beaded is itself lethal when 
homozygous, or, if not directly lethal, it at least 

makes the homozygous beaded flies of one sex or both 
sterile. Not only would this general postulate account 
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for the early difficulty in getting; pure stock, and for 
the reversion to normal which occurred in the early 
stock when selection was discontinued, but it would also 
explain why a non -beaded chromosome was found even in 
the ,apparently pure beaded stock that was evolved later. 
For on this theory it would be impossible ever to secure 
a homozygous race of beaded flies, and the seemingly 
pure stock must really be a heterozygous stock in which, 
by some mechanism, non -beaded flies are prevented from 
appearing. The nature and origin of this latter 
mechanism will next be considered. 

(2) During the course of the selection experiments 
that were undertaken to get pure stock, there must have 
appeared by mutation, or have been introduced by 
crossing, into the flies in one or more of the bottles, 
a lethal factor lying in the third chromosome that con- 
tained the normal allelomorph of beaded, and located 
in its right -hand portion. Therefore in this bottle 
not only would the flies homozygous for beaded die, as 
before, but those homozygous for the normal allelomorph 
of beaded would now die also, excent in the cases in 
which this normal allelomorph had become separated by 
crossing over from the new lethal factor. The bottle 
containing this new lethal would hence give a much lower 
proportion of normals than the other bottles, and so it 
would be selected to supply the parent flies for the next 
generation. 

(3) In the same chromosome in which the lethal 
factor arose, the factor Ç/ also must have been present, 
or must have arisen subsequently by mutation. Thus 
crossing over between the new lethal and the normal 
allelomorph of beaded would be prevented, and all flies 
homozygous for the normal allelomorph of beaded would 
die. Such a stock would give an even higher percent of 
beaded than that described in (2) and would, therefore, 
have been perpetuated in the selection experiments when 
it was found. In this stock, then, only flies hetero- 
zygous for beaded could appear, and these would breed 
true to their peculiar type because all homozygotes of 
both classes would now die. Even in this stock, how- 
ever, all the flies would not show the beaded character, 
if the stock was not pure for the intensifier. 

(4) When, in the course of selection, the intensi- 
fier which lies in the second chromosome was intro- 
duced, or arose by mutation, flies containing it would 
be chosen, on account of their greater degree of breeding. 

There was no reason to believe that the intensifier was 
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a lethal, and the constant hybrids above discussed might 
hence become pure for the intensifier, if they were not 
so already; thus the flies of the final stock would 
all show beadedness in rather marked degree. In the 
process of getting the stock pure for the intensifier 
the average intensity of the beading; would have been 
increased, and this would account for the success of the 
selection experiments in this respect. 

The further history of the beaded case has con- 
sisted in a substantiation of this theory in all its 
details, together with the finding of correlative facts. 
Besides this, considerations will be given which may 
make more comprehensible the reasons for the concurrent 
appearance of so many peculiarities in one case, and the 
general bearings of the .findings will be discussed. 

SUBSTANTIATION OF THE HYPOTHESIS, 

AND CORRELATIVE EXPERIMENTS 

(1) Existence of two kinds of chromosomes in 
beaded stock verified 

The first requirement, in the testing of the hypo- 
thesis, was to confirm the finding; of a non -beaded, 
lethal, CLbearing chromosome in the "pure" beaded 
stock. Several beaded flies were therefore taken from 
this ''pure" stock, and each was outcrossed separately 
to a fly from some non -beaded stock. 

The first cross was of a beaded female by homo- 
zygous s k es ro male. The F1 flies consisted of: 

beaded, 16 
as 

males; not beaded, 24 females, 
13 males. The second cross was of the same nature and 
resulted in beaded, 12 females, 11 males; not beaded, 
13 females, 7 males. Although the beaded mothers were 
decidedly infertile, nevertheless these counts are 
large enough to give a strong indication of a 1:1 ratio. 

The third cross was of a beaded male by 

se D p se k ea ro 

at b ss k es ro 

used all lie in the third chromosome and all are re- 

cessive except D: Deis the symbol for the dominant 

The mutant factors in the female 
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mutant factor. called ''dichaete," which causes the wings 
to be spread and which reduces the number of spines on 
the thorax. In this cross the F1 flies should all look 
normal extent with regard to the maternal character 
dichaete, which half of them should possess, and the 
paternal character beaded, which is under investigation. 
The results were 50 beaded (including 31 dichaete) and. 

62 non- beaded (including 24 dichaete). 

The results of these crosses, which have since 
been amply corroborated, would ordinarily be taken to 
mean that the beaded parent was heterozygous, since ap- 
proximately half the offspring were beaded in each case. 
Yet it was possible that the difference between the 
normal and beaded offspring; was merely somatic, and due 
to the varying dominance of beaded, especially since 
the beaded offspring in all the crosses were of various 
grades, merging into normal, and were all of a much less 

- 

marked type than that of their beaded parents. More- 
over, two other crosses, of beaded by black- bodied 
flies, cave a very much lower proportion of beaded in 
F1 than did the above crosses. 

To determine whether the normal F1 offspring were 
really different genetically from the beadeds, and con - 
tained a non- beaded, lethal, Ç- bearing chromosome, eight 
dichaete females from the third count - four beaded and 
four non -beaded - were back- crossed separately to 
s ss k es r males. The results are shown in table I. 

Tie classifiation in regard to kidney is not given, as 

the determination of this character is rather uncertain, 
and of little consequence for the present purposes. 
The counts from the beaded mothers have been designated 
as A -D, and those from the four which did not show 
beaded in their wings as r 

-H. 

One non -beaded female (I) which had not received 
the factor D; and which was therefore of composition 

se p s k es r was also back- crossed to s s k es ro 

males. It gave the following count. Non -crossovers: 
beaded 0, normal 81, se ss k es ro 55; crossovers: 
between s and ss - se -B4 -O, se 30, ss k es ro 20; 
between other loci, 07 

The results tabulated demonstrate that the F1 fe- 
males fell into two distinct genetic classes, corres- 
ponding with the phenotypic classes non -beaded and 
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beaded. From the five non- beaded F1 females no beaded 
offspring; at all were produced, except one fly with 
wings slightly cut into at the tip, and this one ex- 
ception was proved by later breeding tests to be due to 
a mutation in a different factor for beaded than that 
under investigation, lying in a different chromosome. 
From the four beaded F1 females, on the other hand, 
beaded flies were produced in the expected numbers, and 
the factor for beaded here concerned was shown, by its 
linkage relations to be the ordinary one. Secondly, 
the five non -beaded F1 females all agreed in having 
practically no crossing over in the portion of the third 
chromosome to the right of ss. They therefore con- 
tained the factor l; or a similar factor: The four 
beaded females, however, all produced a considerable 
number or crossovers (in proportions which will be 
discussed. later). 

The genetic difference between the F1 females in 
regard to the factor for beaded must have been due to 
heterozygosis in the P1 "pure beaded" fly, and since 
the distribution of among the F1 females was com- 
pletely correlated, negatively, with the distribution 
of the beaded (being exactly opposite to it), the factor 
Q 'too must have been derived from the "pure beaded" P1 
fly (not from the se D p ss k es _ro P1 fly), and it must 
have lain in that chromoso ie of th.é beaded fly not con- 
taining the dominant beaded. 

Since the non -beaded ab- bearing; chromosome had thus 
persisted in the beaded stock for several months after 
the preliminary crosses (pp. 7 and 8) were made, it was 
clear that this chromosome was not a mere transient in- 
truder in the race. Moreover, it will be recollected 
that all three Pl beaded flies which were reported in 
the present section as having been outcrossed to mul- 
tiple recessive females gave similar counts in F1, and 
so all three of them were probably of the same hétero- 
zygous composition as the one whose daughters (F1 fe- 
males) were tested. 

(2) Crossover frequencies of the two chromosomes; 
position of beaded L 

Before proceeding with a further inquiry into the 
composition of the "pure" beaded stock, the linkage 
ratios obtained in the back cross of these F1 females 
should be considered in more detail. It will be seen 
that the counts obtained from the beaded females conform 
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in orthodox fashion to the law of linear linkage. The 
data clearly show, thatthe factors are linked in line 
in the order se D ss e- ro (omittinc consideration of 

beaded for the moment), and that crossing over involves 
a breakage of this chain of factors usually at only one, 
and very rarely at more than two points, as in the 
author's previous experiments with factors in this 
chromosome. The following are the percents of crossing 
over shown here between adjacent loci, as compared with 
the percents previously observed; which are placed in 
parenthesis: se D'13.2 (10) ; D ss 16.3 (13.5) ; 
ss es 7.1 (11.5T; es rQ 18.4 (20) . The agreement is 
a"8 close as would be expected for a count of this size, 
considering the evidently poor viability of certain 
classes, as indicated by the discrepancy in size be- 
tween contrary classes like se D'ss and es ro, which 
should be equal. 

The number of coincident crossings over which took 
place in various positions, as compared with the number 
which would be expected if crossings over did not inter- 
fere with one another, were as follows: In regions 1 

and 2 (i.e., between s and D'and between D'and se), 
5 (7); in 1 and 3, 3 T3); 1 and 4, 4 (7.9); 2 ffnd 3, 

1 (3.8); 2 and 4, 11 (9.8); 3 and 4, 3 (4.3). This 
list includes all the combinations of crossings over, 
considered two at a time, which occurred in both the 
double and the two triple crossovers. It will be seen 
that the observed are almost always somewhat less than 
the "expected" values, i.e., that interference does 
occur here, just as in the case of the other two chromo- 
somes in which linear linkage has been found. So far 
as they 7o, the figures indicate also that the inter- 
ference is greater between positions that lie closer 
together in the chromosomes. For there were a total 
of 9 cases of coincident crossing over between adjacent 
regions (1 and 2, 2 and 3, 3 and 4), as compared with the 
expected number 15.1, whereas in regions more widely 
separated (1 and 3, 1 and 4, 2 and 4), there was a total 
of 18 observed cases, as compared with the expected 
number 20.7. The proportion which the observed formed 
of the expected values, i.e., the coincidence ratio, 
was in the first case 60 percent, in the second 87 
percent. This increase of interference accompanying; 
increase of distance has been observed in chromosomes 
I and II also. 

In determining the percent of crossing over of 
beaded with the other factors, only the offspring having 
beaded wings can furnish reliable data, since the non- 
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beadeds are a heterogeneous class, containing among 
them many genetic beadeds in which the beaded character 
failed to manifest itself. This is to be expected be- 
cause only half the offspring in this cross could have 
received the second- chromosome intensifier of beaded, 
and even these must have been heterozygous for it. 

Most of the non -beaded flies that are recorded in 
the table in the same bracket with the beaded are ac- 
cordingly genetic beadeds, but as we cannot be sure of 
the exact number of genetic beadeds in any of these 
cases, only those flies actually showing beaded should 
be considered; here we can be sure of the genetic con- 
stitution. Of the 153 beaded offspring, only 4 (or 
2.7 percent) had rough eyes; this shows that the locus 
of beaded is approximately 2.7 units from that of 

rough. That it is to the right of rough is shown by 
the fact that only one of the crossings over between 
rough and beaded involved also a separation between 
rough and sooty, which is directly to the left of 
rough. Thus the factor for beaded occupies at present 
a terminal position in a map of the third chromosome, 
being about two units farther to the right than rough, 
which is itself to the right of all the other factors 
so far studied. 

The above results are from the F females A, B, C 

and D. The counts from E, F, G, H,aM I, the non - 
beaded F1 females, gave a total of. 617 flies, with the 
following percents of crossing over (the percents found 
in previous experiments involving: Ci are shown in paren- 
thesis): se so 24.8 (20.9), s Qs 0.2 (0.2), fs r 0.0 
(0.0) . Of -these 617 flies, 411 were in counts fr$m the 
females carrying the factor D; these gave the percent 
of crossing over for the distance Qe D' as 15.3, and for 
D'ss as 7.9 (11.6) . There were 3 double crossovers 
in Ellis count, to be compared with an "expectation" of 

5.2; a coincidence ratio of 60 percent is not unusual 
for such a distance. 

(3) The lethal effect of the chromosome containing .j' 

The fact that all the "pure- stock" flies were 
beaded in character and that nevertheless all those 

Which end of the chromosome shall be called right 
and which left is a purely arbitrary matter, but once 
this has been decided upon for any two factors the case 
in regard to the others in that chromosome is of course 
determined. 
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tested proved to be heterozygous for a dominant beaded 
at least, in itself indicated strongly that homozygotes 
of both types died before reaching maturity, or, in 
other words, that both types of third chromosome in 
this stock carried a lethal.factor. Further tests 
were made, however, to determine these points more cer- 
tainly and to analyze the chromosome, more in detail. 
Proof of the lethal effect of the Bd- containing chromo- 
some will be given first. 

Table I shows that in the back cross of F beaded 
females one spineless kidney sooty rough beaded fly 
was produced by crossing over. Its composition must 

p s k e s r B' 
have been -Q 21 . This individual (a fe- 

se as k e s ro 

male) was crossed to a fly from a stock with spread 
wings, which contains the factor Ç: The beaded off. - 

spring, of this mating accordingly had the composition 

(se 2) ss k es ro Bd' 

(some of them contain se and p, 
C' 

.. 

others do not) . Practically no crossing; over will 
occur in such flies between the factors to the right 
of ss, and if the flies are interbred with each other 
all such factors on either side of the horizontal line 
may therefore be considered en bloc.4 The expectation, 
so far as these factors are concerned, would be 1 pure 
spread: 2 beaded or normal- appearing heterozygotes of 

composition similar to the above: i homozygous for 
ss k es ro Bd; which latter would show all these 
cfiaracterg (except, possibly, beaded and kidney) . The 

observed count from an intercross of this sort was as 
follows: spread 50, beaded and normal 154 (consisting 
of 93 beaded and 61 normal, and including 23 with sepia 
and 1 with pink eyes) , ss e2 ro Bd' 0. The beaded 

4To facilitate cross reference and the following of 

pedigrees all the mutant factors present in a fly are 
shown whenever its genotypic constitution is repre- 
sented, no matter whether or not all of these mutant 
factors are essential for the purpose of the particular 
cross in question. The presence of additional mutant 
factors will not lead to confusion, however, if the dis- 
tribution of the group of factors in each chromosome is 

thought of en bloc, as it may be in most cases, instead 
of in terms of the individual factors.. 
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were of very different intensities, of course, owing; to 
the independent segregation of the intensifier. 

It is quite evident from this result that with the 
introduction of Bd into the ss k es ro chromosome the 
latter has become lethal, inagmuch as-all flies homo- 
zygous for this chromosome now fail to appear, whereas 
ordinarily there is no difficulty in securing homo- 
zyous es Is rQ. That this lethal effect must be due 
to the fáctor for beaded itself, or some factor very 
close to it, is shown by the fact that the lethal . 

ss k e2 rg Bd chromosome was the result of a crossing; 
over between r and Bd, and so it could have contained 
only the very rip of he chromosome derived from beaded 
stock, namely, just that part in which lay the factor 
Bd'itself. 

Several crosses similar to the above were also 
made, and yielded similar results. Thus a sooty beaded 
fly from the back cross of Fi beaded females was crossed 

to a fly from the Df p sg stock discussed in the r- Çb 1 

previous section. (The letter 1 is used to designate 
the lethal factor which this chromosome is assumed to 

contain.) Two e B1 offspring were then mated to each 
Çb 1 

other and produced 60 offspring with various degrees of 
beaded, 33 normals, and no sooties. The junction of 
the Ba'with sooty had prevented the homozygous sooty 
from appearing. In another instance a spineless 
kidney sooty beaded fly from the back cross was mated to 

Df p s 
, and the s es Bd offspring, when inter - 

Çb Cb 

bred, gave 89 beaded (of different degrees) , 14 normal, 
all other types O. By crossing spread flies with 
se Dip ss k e s B 'flies derived from the back cross 
given in -Table 1, offspring of the types 

ss D p s k ee Bá 
and se sa k es B' were obtained, 

Pd ad C 

and on mating the latter to each other the characters 
of ss, k and es were again conspicuous by their absence. 
In each case Bd' prevents recessive factors that are 
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joined with it from being homozygous and manifesting 
themselves. 

The factor ad' is, therefore, similar to the factor 
for yellow 

"superficial" 
mice, in that it has two distinct effects - 

a visible superficial effect, wherein it is dominant, 
and a lethal effect, in regard to which it is recessive. 

(4) Analysis of the Ci bearing chromosome 

The experiments on which a more exact determination 
of this chromosome was based began with a cross of 
beaded female by se ss k es ro male, which pave results 
like those of the similar crosses already reported, 
that is, about half of the F1 flies beaded and half 
normal -winged. To check the composition of the original 
beaded fly further, three of the beaded F1 females were 
bred with their beaded brothers. All of them gave F2 
counts of the predicted type, showing; the usual amount 
of crossing over, and the expected proportion and dis- 
tribution of beaded (including one crossover between 
ro and B, of type s ss k es ro 13') . 

It was the non -beaded F1 flies, however, which con- 
tained the CD- bearing chromosome now under consideration. 
Two of the normal -winged. F1 females were therefore 
chosen also, and they were bred to their normal -winged 
brothers. As this was not a back cross to a non - 
beaded stock, but an interbreeding of the Fl, there was 
a chance here for beaded to appear if it were really 
present in recessive condition in the 0b- bearing chromo- 
some, and if this chromosome could be obtained homo- 
zygous. Since beaded did not appear, one or both of 

these premises must be incorrect. The F2 count con- 
sisted of normal 45, s s k es rQ 7, se 8, 
á k es rQ 5, a k 0-1, beaded O. These results, it 
will be seen, also give a confirmation of the previous 
ones in showing the presence of Ct', for, whereas the 
factors in the left -hand portion of the chromosome cross 
over almost as freely as when CPIs absent, those to the 
right (near Ç) cross over hardly at all. 

Crossing; over was not entirely prevented in the 
extreme right -hand end, however, for the one ask es 
fly must have resulted from a crossing over between es 
and rQ (as well as coincidently in the left-hand end, 
between . se and s ) . The appearance of this one cross- 
over was a fortunate circumstance, for it provided a 
dissection of the non -beaded C'- bearing chromosome of 
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beaded stock which is now under analysis. It was im- 
portant, therefore, to study the properties of this 
Crossover chromosome, to find out whether it contained 
c 

12 

'and whether it contained a lethal factor. 

In order to find out whether it contained Oh', the 
ss k es crossover fly, which was a male of genetic com- 

position 
ss lteÇb? 1? was crossed to a beaded 

se ss k e- ro 

female, and one of the daughters, which proved to be of 

composition s2 U e9 Çb 1? was back- crossed to homo- 
Bdr 

zy7:ous o gs ' es r4. The count, as remards ss, es, 
and B,consisted of non- crossovers ss ?r es 47; not 
spineless or sooty 46 (25 of these showed beaded); 
crossovers betwen ss and es - ss 12 (including 4 
phenotypic Bd) , e- 7T between ea and Bd - ss es B ' 7, 
the contrAry class to the latter, namely the- normas, 
are included with Bd non -crossovers that failed to show 
B , as these two classes are alike phenotypically. The 
high percent of crossing over here shown excludes the 
possibility of Cb having been present. 

The original ss k es Çb? 1? male was also bred 
se ss 15 ro 

to a ge pro So k Qs rQ female. A daughter was chosen 
se p ss k es ro 

which had received from her father the chromosome in 
question and from her mother a chromosome containing D. 

s Hence her composition was k es Ç h? 1' 

se D' p ss k es ro 

This fly was back -crossed to a p ss k es r male. As all the offsprinm u were homozygous Tor or g k°and es, and 
none were homozyygous for se, the distrigbution of only 
17, p and ro could be followed. The result vas: non - 
crossovers -B' L r 12, normal (for characters considered) 

r 25; crossoves Between D and n - D'2, p rQ 2; between 
p and r - D p 17, r 25; double crossovers D ro 1, 
5 1. here töo, then, the frequency of crossin;'over 
proves that the factor ' WAS not present. This free- 
ness of crossinc; over was also shown when a female from 
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the above brood, of composition 
se Di sa k es Çb? 1? 

n ss k es ro 

was back -crossed to a se ss k es r male. A sample 
count with regard to se, and rQ gave: non -crossovers - 
sQD 13, rQ 21; crossovers between se and - D'2, 
s ro 3; between and rQ - se D rQ e, normal (for 
cgaracters considered) 13, double crossovers D ro 0, se 2. 

It is therefore clear that the original s k ea 
crossover fly did not contain Cab' even though ir, had re- 
ceived that part (the right-hand end) of the Ch-bearing 
chromosome which carried the normal allelomorp of 
rough. h/ therefore must lie to the left of the locus 
of rough. 

Crosses were also made to determine whether the 
s k es fly had received a lethal factor. For if the 
supposed lethal effect of the Chi-bearing chromosome of 
the beaded Stock were due to a lifferent factor than the 
effect on crossing over, it was suite possible that the 
crossover fly had received the lethal in spite of its 
not having received Çb. From the above cross of 

ss k es 1? female by homozygous p ssk es ro 
se !p ss ,r es rQ - 

male (the second cross of the preceding paragraph but 

one) two ae 71' 2 ss 1. 
es 1? male offspring were chosen. 

p ss k ea ro 

A glance at the formulae of the mother will show that 
these males must have resulted from a crossing over 
somewhere between p and ro. It is evident also that if 
this crossing over had occurred to the right of the 
hypothetical "l'', these flies, which contained only the 
right hand end of the ss k es 1? chromosome would 
necessarily fail to hava the lethal factor, but if the 
crossing over had occurred to the left of. 1, they must 
contain it, provided that such a factor existed in the 
parent fly. The subsequent crosses showed that one of 
the two males lacked the supposed lethal factor, but 
that the other male contained it. A lethal factor must 
consequently have been present originally, and the first 
of the two males was thus a crossover to the right of 1, 
the second a crossover to the left of it. 

The evidence that 1 was absent in the first male 
was obtained by crossing it to a female of composition 
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1? 

some derived from pure beaded stock. Now, if the sup - 
oosed lethal were present in the 

25. 

; Qb 1? here represents a non -beaded chromo- 

sP 'p ss k es 1? 

p se k es ró 

male it would also be present in the 

Qb 1? chromosome of the female (as in the former fly it 
would have been derived from a prototype of the latter 
chromosome). All flies resultinc from the union 

se D'p ss k es 1? - - -- --- - - would in that case die.; only the 
gip' 1? 

other three possible combinations could survive, 

s Dip s esl? namely, -e - -s - (appearing; D ss ea B(;)', 

ss k eg B - 

p ss k ea ro p ss keg ro 
(appe arinm normal) , and 

21', 1? ss k es Bd' 

(appearing ss k eg Bd) . But all four types appeared, 
in ne ̂ .riy equal numbers. Hence there was no lethal 
factor °1" in the father. 

The other B' ó ss ' e g 1? male, on the other hand, 

ss k ea ro 

gave different results. It was crossed to a beaded fe- 
male from pure stock, and therefore presumably of com- 

position $ ` 

d If lethal is present in both parents 
QT 1? 

only half as many dichaete as non- dichaete flies should 
appear, for those zyq,otes of composition 

pf p s . 

k ea 
1 will die. The flies which survive will 
1 

es l(appearin be dichaetes of composition ; 
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also beaded in most cases) and non-lichaetes of the two 

types 
ps r 

n s - -a (normal), and n s eg r 
/ 

42,7 

(beaded). The count was D'6 (Includir_7 beaeds): 
not dichaete 28 (includinT 12 beaded. 
was scarcely eirmificant, owing: to the 

the beaded female, the crosses were carr,e.--'L 

One of the 
D'n s k es 1? 

-s = female offsorin7 
B I 

to a oink ebony male (containing., 0, as do all ebony 

e 1?5 
flies). A son of composition 2- -a - - 

cif 
was 

s 17 as B/ 
then crossed to a a -- d female (derliation shown 

,'41a 

on n. 21). The count from the latter mating; was 

DID gs 17- e-P. 1? 

Dearin7 Df sz k 

a eC 
35, Lr". 471l(appearinR e-el 54) 34. 

This result was not due to lack of 2'n ss k eq 1? 
sperm, or to their inviability, since anpr6xifflately the 
expected number of D'ss k ea Baloffspring appeared- 
Neither could it have been due to selective fertiliza- 
tion, for in that case the third class (normals) would 
have been doubled, since all 1? es would have been 
fertilized by n e Csnerm. I must be concluded, 
therefore, that all expected classes of mametes were 
formed, and that fertilization was normal, in that all 
expected classes of zvotes were formed also. The 
first class of individuals, therefore, must have died 

(appearin7 ) 0, 

I) 25, 

1.7 aS 19 
(an- 

gs g2 

1? (normal-appearin7) 

5:bony (e) is an alielomorph of sooty (ea) and the 
-ea 

heterozy7ote e is intermediate in appearance between 
homozy7ous ebony and homozyous sooty. 
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before completing their development. That is, they 
contained a lethal factor. 

It is accordingly established, in the first place, 
that the non- beaded, Ct;- bearing chromosome present in 
pure beaded stock does contain a lethal factor. It 

should be noted that although this factor, when homo- 
zygous, is lethal in its effect, vet, when heterozygous, 
it produces no visible character differing from the 
normal. It is established, secondly, that this lethal 
factor is a different gene from the factor Oh; lying in 
a different locus, for the two became separated from 
each other by crossing over when the ss k es fly an- 
cestral to the father of the above count was produced. 
The fly received the lethal but not Cb'. Thirdly, the 
lethal factor, which we shall call -III 16, must lie 

to the right of Cl, since the ss k e- fly containing it 
had received the right -hand end-of the originally 0101- 

bearing chromosome. 

A scheme of crossing had meanwhile been undertaken 
in order to determine the position of BIII more ex- 
actly. From the mating; (described on p. 25) of 

Dip ss 
lT 

eg BIII 1 female by p e Ç'male, 19 offspring 
B1( 

were chosen which contained both es and B and which 
were hence crossovers between the latter factors. Each 
of these flies was tested for the presence of lIII in 
order to find in what proportion of cases 1III 1 hart 
remained with es, when es and Bd' crossed over, and so to 
determine the position of lIII with respect to eg 
and Bd! 

18 of these 19 flies showed the character of D' and 

were therefore of composition 
D' 

-s 
es 1? Bd'. 

n e C' 

They were tested for 1I I I i by being mated to flies of 

6The Roman numeral III designates the chromosome 
in which the lethal lies; the Arabic number 1, which is 
to distinguish it from other lethals in the same 
chromosome, is chosen because this is the f irst lethal 
found in that chromosome. 
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composition 7L 
es rQ 

. Now in this cross the 

'412 =III 1 

zygotes formed at fertilization would consist of equal 
numbers of the following four types: 

Din s k es 1? B i 
(1) -a -? (D Bd'in appearance), 

gbflIII 1 

( 2) n e ' ( norma l-appe a rin , 

Çbi lIII 1 

( 3) D11) s s e s 1? 

s i Qs r (appearance, D' ss k 
s -Q 

(4) ..- e C' (appearance, ea--e) . There would be, 

ss = rQ 

besides, in case the tested parent were a female, a 

small number of crossovers (so -e of sorts phenotypically 
like those above) , but these would be negligible in 
number because of the presence of Ç: The differentia- 
tion between counts in which the tested -parent contained 
the lethal and those in which it did not would lie in 
the absence from the former counts of all flies of 
class (1) (except for the few possible crossovers that 
resemble this class phenotypically). 

The tests showed that 8 of the offspring; (4 males 
and 4 females) contained the lethal, and 10 (4 males 
and 6 females) lacked it. A typical count from a male 
which carried the lethal was as follows: D' Bd'0, 
normal 27, D ss k e - 30 (including 25 showing -Bd also) , 

es -e 32. Besides these 18 crossover flies? one double 
crossover (a male), which did not contain D,was also 
tested, in the same way. It proved to have the lethal. 
In all, then, in the 19 cases of crossing over between 
the loci of es and Bd; 

1TII 1 
remained with sooty 9 

times and crossed over from it 10 tines. This shows 
that 1TIT 1 is nearly half way from es to B ; and so 
almost exactly midway between es and ro. The order and 

approximate distances of factors in this region are 
es 1 r B 

therefore -III 1 d 
with the factor C'somewhere 

10 9 2 

between Ds and 1I II 1, 
or else slightly to the left of 
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ea (other experiments prove it to be to the right of 
1.ridney) . 

As lIII is approximately 12 units from , a race 
of composition otherwise like that of the pure Beaded 
stock, but lacking Chi, would gradually revert to normal, 
for in every generation 12 percent of the chromosomes 

-d 
produced by the heterozygous -IIIl females would be 

crossovers. Half of these crossover chromosomes would 
contain both lI I I 1 and Bd, the other half would contain 
neither of these mutant fáctors. Individuals re- 
ceiving the latter, normal, chromosome would multiply 
at a greater rate than the others, both on account of 
their greater f ertility, and because not so many of 

their offspring would be killed before reaching 
maturity. 

B ' 

Even in the stock (the ''pure" race) , 

Çb lIII 1 

however, a normal chromosome should very rarely be pro- 
duced by crossing over, since, as we have seen in one of 
the crosses above, a crossover between the loci of eg 
and ro was found among the offspring: of a female hetero- 
zygous for CID'. This occurrence of a normal fly would 
be so infrequent in pure beaded stock that it would 
naturally be classed as a "reverse mutation" by an ob- 
server ignorant of the mechanism of inheritance of 
beaded. 

In order to put this expectation to the test, the 
writer examined a large number of flies of the pure 
beaded stock; all of them were markedly and un- 
questionably beaded except one, which had perfectly 
normal wings. This fly, when outcrossed, gave no 
beaded offspring in F1 or in any subsequent :generation. 
Tests of its offspring showed that it had been hetero- 
zygous for IIII 

1 
but homozygous for Çb; thus its com- 
a 1 

position had been U-, 1 The Çb chromosome 
b -III 1 

Could not have arisen by one step from the chromosomes 

in a --d female, for this would have required 2b 1 



30. 

double crossing over between Ba; which would be 
next to impossible in the presence of Qb'. We must 
therefore infer that a 413d/ chromosome Was first pro- 
duced by crossing over between Çh and 1 III 1; this 
chromosome must have entered a female W ich received Qb' 
1III 1 from its other parent. In the - 
Cb/i 
T b lIII 1 

female so constituted the homozygous condi- 

tion of Qbf would render crossing over frequent, and in 
such a female a chromosome with Ch' alone could easily 
be formed, by crossing over between 1I II 1 and $ '. In 
the production of the normal -winged fly tat was 
observed, the latter chromosome must have entered an egg 
that received Çb' lIII 1 from its other parent. Here, 
then, is a case in which the Çblfactor has been obtained 
separate from 1II . by crossing over; this forms a 
complement to t_.e other case, in which 1III 1 was ob- 
tained separate from Cb 

The preceding case also settles another question 
which was raised concerning the C1:-bearing chromosome, 
i.e., whether it contains a reces3ive factor for beaded, 
or merely the normal allelomorph of beaded ("not- 
beaded", a). On account of absence of the lethal 
from one or its chromosomes, the original 

fly was able to survive,althou..ch homozygous 
çbIII 1 

for that part of the 01j-bearing chromosome which con- 
tains the locus of headed (i. e. , the extreme right -hand 
portion). As the fly nevertheless did not have beaded 
wings, there could have been no recessive factor for 
beaded at this locus, but only the normal allelomorph, 
"not- beaded ". 

(5) 0ri in of the factor Qb' 

Having determined the mechanism of constant hy- 
bridism in beaded stock, it now became of interest to 
discover, if possible, the origin of the factors 
therein involved. It seemed probable that the factor 
Qb'present in the non -beaded chromosome of pure beaded 
stock was the same as the factor Q'present in ebony flies 
and in spread flies, for (1) it produced about the same 
amount of decrease in crossing over, (2) this effect 
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was exerted on the same regions of the chromosome in all 
three cases, (3) the factor itself, so far as its posi- 
tion could be ascertained, lay in the same locus (near 
sooty) in all three stocks, (4) all three races of flies 
containing it were genetically related, since both the 
ebony and the spread mutants were derived from beaded 
stock. 

Still another test was possible. It will be re- 
membered that when spread and ebony stocks were crossed 
together, the hybrid flies, having Q.' or a similar factor 
in both chromosomes, gave a lame proportion of cross- 
overs. If these factors are the same as the Q present 
in the non -beaded chromosome of pure beaded stock, 
hybrids containing the 0/from beaded stock in one chromo- 
some and the Q' from one of these stocks in the other 
should also give a high percent of crossovers, unlike 
most hybrids containing the Q' from beaded stock. Three 
hybrid females of this kind were tested. They were of 

composition roe Q' (produced by a cross of p e Q' ÇIII 1 ` e G' 

to Dr P sq 
a lIII 1 

latter stock having of course been originally derived 
from the pure beaded race) . On being; back- crossed to e Q' they gave the following count: non -crossovers, 
2 

normal 128, p e 52; crossovers, p 59, e 49; thus 
there were 40 percent of crossovers, instead of 0 to 5 
percent, the usual amount between these factors in 
crosses heterozygous for C'. It may, then, be regarded 
as nearly certain that the factor Qb' in the pure beaded 
stock is the same as that whic4 I have called Q', present 
in the spread and ebony flies» These results, it may 
be mentioned, explain the early finding by Dexter of a 
surprisingly large amount of crossing over in one of his 
crosses involving beaded stock. 

; the Ç 1III 1 chromosome in the 

Since the mutants ebony and spread, which contain 
the factor C; are both descended from the original 

7It has since been found that flies having the C' 
from spread stock, in addition to .the Q' from beaded, 
Rive a similarly high percent of crossovers. 



32. 

beaded stock, and since, conversely, Ç'has never been 
found in races not at least partially derived from the 
beaded stock, it seems highly probable that the Ç'in the 
above mutant races was derived from the Ç' present in 
beaded, even though the mutants in question were at 
first subjected to some outcrossing, before the above 
stocks pure for them were secured. But if this is 
true, Ç' must have been present in the beaded race 
without lIII 1 being present with it, as the mutants 
ebony and spread do not contain 1III 10 and never could 
have. For the presence of lIII 

i 
in the same chromo- 

some with Ç and ebony or spread would perpetually have 
prevented the latter factors from becoming homozygous. 
Moreover, these mutants were found in flies derived 
from beaded stock long before the "pure" beaded, 1I 

1 containing race had become established. Hence so t6 
or all, of the non- beaded chromosomes of the early im- 
pure beaded stock probably carried Ç' before 1III 1 had 
appeared in them, and the establishment of 

1III in all 
the Ç'- bearing chromosomes of the race must conse4uently 
have occurred a considerable time after the selection 
experiments on beaded had been inaumurated. Its ap- 
pearance in them at that time could not have been due 
to an introduction of it into beaded stock through some 
cross of the latter to another race of Drosophila, for 
the presence of T itself would then have made a trans- 
ference of lIII l into the chromosome with Ç' next to 
impossible. The lethal must, therefore, have arisen 
in situ by mutation, probably during; the progress of the 
selection experiments. Once having arisen, it is easy 
to see why the line containing it should have been per- 
petuated by the experimenter rather than the other 
lines, because of course this line would produce a 
smaller pronortion of normals. The occurrence of such 
a mutation is not surprising either, for, as will be 
pointed out later, there is reason to believe that 
lethals arise not infrequently by mutation, though they 
are, in the nature of the case, not ordinarily detected 
or selected for. 

That C_' should have been present so early in the 
history of the stock is somewhat more unusual, although 
it is not very uncommon to find factors affecting cros- 
sing over. There is no way of telling whether 0 arose 
in the beaded stock by mutation, or was introduced by 
crossinm. Once present there, however, it would auto- 
matically perpetuate itself, even though absent from 
the Bd' chromosome, for the latter could never be ob- 
tained homozygous. 
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(6) Modifying; factors 

It now remains to consider the possible effect of 
other factors than the above on the inheritance of 
beaded wing. The question of intensifying factors in 
the pure beaded stock may first receive our attention. 

The presence of at least one intensifying factor 
here is proved by the fact that F1 beaded flies, derived 
from a cross of pure beaded by almost any other stock, 
are not nearly as intensely beaded as their beaded 
na.rents. This cannot be due to heterozygosis in the 
chief factor for beaded, for it has just been proved 
that even the pure stock is heterozygous for this fac- 
tor. It must therefore be due to heterozygosis of the 
F1 flies in one or more intensifying factors, for which 
the pure stock is homozygous. The homozygosis of the 
intensifiers in P1 is further shown by the small varia- 
bility of the beading; in the Pi and in the F1 beaded 
flies, compared with the large variability in F2. 

The main intensifiers of beaded in question here 
can not, however, be present in the first (sex) chromo- 
some of this stock, as the F1 males show the above ef- 
fects as well as the females. (There appears to be 
some effect directly due to sex, however, the males 
being, on the whole, less beaded in crosses). Neither 
are there any factors markedly intensifying beaded 
peculiar to the third chromosome of pure stock. This 
is shown by the fact that flies with as high an intensity 
of beading as those in the pure stock may be obtained 
regularly in a race no part of whose third chromosome 
except the extreme right -hand end, i.e., the part con- 
taining the chief factor Bd' itself, is derived from the 
beaded stock. Such a race may be made up from the F2 
of a cross of pure beaded to se ss k ee r , by breeding 
together the crossovers of type s- ea k e7 ro Bd.'. It 
should be stated, however, that tFie presence of ee may 
here aid to some extent in the manifestation of the 
beaded character. Of course, all individuals of this 
race will not show beaded to the marked extent of pure 
stock, for a race so obtained could not, in any event, 
be pure for intensifiers; the full intensity of beading 
appears, however, in about the proportions expected on 
the supposition that it depends upon a single intensifier, 
segregating independently of the chief factor, and so 
not lying in chromosome III. 

As an intensifier is present, but lies neither in 
chromosome I nor III, it is almost certainly in II, for 
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IV is a very tiny group. The present results, then, 
agree with Dexter's finding of an intensifier for beaded 
iñ the second chromosome. They disprove, on the other 
hand, his postulate that this intensifier is a .lethal, 
which cannot appear when homozygous (Dexter 1914). 

Crosses were also made to ascertain whether the 
factor under consideration is truly an "intensifier" or 
whether it can, when homozygous, give rise to the 
character beaded by itself - that is, without the con- 
tributory activity of the chief factor, Bd. This was 
determined by breeding together the non- béaded offspring 
of a cross of pure beaded by homozygous ae ss k es rQ. 
Such offspring must have failed to contaiñ the factor 
B having received the Ç` 1III 1 third chromosome in- 
stead, yet they must all have inherited a second chromo- 
some containing the intensifier. One -fourth of the F2 
obtained by breeding these non -beaded flies together 
would hence be homozygous for the intensifier, without 
containing the chief factor st all. In a count of a 
large number of F2 flies obtained in this way not one 
had headed wings. The second chromosome factor is, 
therefore, simply an "intensifier ", or "plus modifier" 
of the chief factor, Bd; of chromosome III; it may ac- 
cordingly be designated as IBA', and its normal allelo- 
morph as lad. This choice 37 symbols would indicate 
that it is a dominant; the dominance is far from com- 
plete, however, as has been noted above. 

Although there is evidence of only one intensifier 
in the selected stock, other factors have been found, 
in other stocks, which also alter the intensity of the 
beading; produced in the presence of the chief factor Bd. 
For example, Dexter (1914) discovered that black, even 
when heterozygous, tends to inhibit beaded, and ves- 
tigial, when heterozygous, intensifies it. Counts made 
in the course of the present work also illustrate these 
points. Thus, beaded flies homozygous for sooty have 
been found to have more beading than beaded flies of the 
same count which were heterozygous for sooty. Again, 
crosses of pure beaded females by sg ss k es ro males 
gave F1 in which presumably all of the flies that had 
received beaded (i. e. ,about half of the population) had 
the inner margins of the wings well cut away; on the 
other hand, a cross of a pure beaded male by black pink 
spineless female gave, among 109 offspring only 3 beadeds, 
and these were very slightly beaded. The difference 
between these two counts is probably due partly to the 
presence of sooty in the first cross, but mainly to the 
presence of black in the second. Nevertheless, when a 
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pure beaded male was crossed to a female containing: the 
factors black, purple, vestigial, arc and speck (all in II), and also pink and spineless (in III), the presence 
of black did not prevent the appearance of beaded, for 
it was counterbalanced by the intensifying action of 
vestigial, and h.alf of the F1 - presumably all which had received Bd' - were intensely beaded phenotypically. 
The rest, lacking Bd`, were perfectly normal. 

The amount of intensification caused by va 
(vestigial) was compared with that caused by IBd by crossing an intensely beaded male of this count-(having 

the composition IBS], B 
) to a h P gs bPrYgársp pas ppss 

female. The ss offspring (26 in number) of course 
failed to receive and and so none of them showed the 
beaded character at all. The 37 red -eyed flies with 
normal spines, on the other hand, must all have re- 
ceived B6 and whether they received IB ' or vg could be 
determined by whether they had gray or -black 'body color, 
respectively. It was found that the 22 grays, which 
were heterozygous for I ' consisted of 10 slightly 
beaded and 12 phenotypi lly normal, whereas the 15 
blacks, which were heterozygous for vg (together with 
pr, sr, and sp) consisted of 9 fairly -well beaded and 
6 slightly beaded flies, in spite of the fact that 
black acts as an inhibitor of beaded. Thus the hetero- 
zygous Kr, (at least when in company with heterozygous 
Pr, ár, qnd so), is a much stronger intensifier of 
beaded than heterozygous IBd. 

As the intensifier vestigial lies in chromosome II 
it was thought possible that IRA' might be merely a 
"weaker" allelomorph of vestigÌ 1. Vestigial, when 
homozygous, results in a most extreme reduction or 
apparent cutting away of the wing, whether B' is present 
or not, unlike IB / which has been shown abovê to have no 
visible effect wThout Br]: If this contrast in results 
were merely due to a difference in intensity of action 
of two factors which, being allelomorphs, probably pro - 
duced their developmental effects by similar reactions, 
it was quite possible that a compound fly, containing 
Y2 in one chromosome and Ig a' in the other. (and not con - 
taining IV) might show a week intermediate between 
vesti;ialdand normal. This would indeed by expected 
by analogy with the results in other cases of multiple 
allelomorphs. Flies 1Tnown to have this genetic com- 
position were obtained as follows: A beaded F1 male 
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from the cross of pure beaded to black pink spineless 
was back- crossed to black pink spineless. As b is in 
II and 

2 
and Bs are both in III, the grey pink off - 

spring (F2) must have contained the second- chromosome 
intensifier but not the third -chromosome factor for 

beaded; their composition thus was IBd P ga. 
p ss 

male of this kind was crossed to a b pr v , ar s2 female. 
The gray offspring (F3) of this mating -mutt then have 
been of the desired composition, containing in one se- 
cond chromosome _IBd' pnd in the other vg (together with 
b pr ar and sp); Bd of course was absént completely. 
Among 79 such gray 'lies, however, not one showed an ab- 
normality of t. the wing; the black offspring (49) pro- 
duced in the same count were of course also normal- 
wincred. 

An F2 

If, then, IB and va are a Ile lomorphs their be- 
havior transgrestes the usual rule that the "compound" 
individual, heterozygous for two mutant factors that 
are allelomorphic to each other, is intermediate in 
appearance between the two respective homozygous types. 
It might be objected, however, that as in this case one 

of the homozygotes () looked exactly like normal the 
(zu2 ) 

usual rule did not apply; that the reactions tending 
to cause wing reduction in the compound v might 

IBd 
really be intermediate in strength between those in 

-B4 and yá , and still not have reached the critical 
IBd' 

intensity necessary for a. visible reduction of the wings. 

This objection could not apply to a determination 
made with flies otherwise like the above, but con - 
taining the factor Bc1', for the chief factor would bring 
the reactions of 1)3a, tending to cause wing reduction 
beyond the necessay critical point, as is shown by the 
fact that IBd'does, even when heterozygous, have a de- 
cided effect in the presence of Bd. The 

Bdf flies, produced by crossing pure 
ár ap n ae 
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beaded to b pr v ar ap 2 ss were therefore compared 

with the IBd flies of pure stock. It was 
lB d r--1' lI I I 1 

found that the amount of reduction of wing was not 
i 

greater in the former flies (compound I ), but was in 

fact just about the same in the two cases. This re- 
sult could not have been due to an inhibition of beaded 
caused by the b or other factors present in the compound 
flies, for we have already seen that even the "handicap' -' 
of these other factors does not prevent heterozygous yt 
from having a more intensifying effect on beaded than 
heterozygous Igd'alone. Thus, even in the presence of 
these factors, vg should act as a stronger intensifier 
than Igd' and, if-the two are allelomorphs, the compound 

Y` should therefore be expected to give rise to a 
Ìgd 

greater amount of beading than does homozygous IBd, . 

Igd' 

The fact that it does not may therefore be taken as 
strong. evidence that these factors are not allelomorphs, 
but occupy different loci in the second chromosome. 

It would be difficult to make quite certain of this 
point by using the most conclusive method - that of 
determining the distances of the v and Igd' loci from 
one another - because there is a strong possibility 
that the effect on the intensity of the beading, of the 
other factors which would be used correlatively, would 
seriously disturb the apparent linkage ratios. 

It is now evident that, in the presence of the chief 
factor, Bd; the boundaries of the wings must be subject 
to modification by many factors which would not other- 
wise influence them. This modifiability of beaded 
by various factors is paralleled by its modifiability 
under environmental influences. Thus, it was often 
noted in the course of the above experiments that beaded 
flies developing under drier conditions, such as are 
prevalent late in the history of a brood, usually show 
less beading than those raised under more normal con- 
ditions. An example of this effect may be found in 
the results of the back cross given in table I. In 
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these counts the distribution of the factor for beaded 
could be almost, exactly followed, by noting the dis- 
tribution of other factors linked with it. Among the 
flies hatching from the first four bottles there were 
136 which, by the linkage criterion, almost certainly 
carried beaded. 58 of these appeared in the two 
earliest counts and consisted of 56 flies phenotypically 
more or less beaded, and only 2 apparently quite normal. 
78 appeared in the later counts, that had developed 
under drier conditions, and these consisted of 50 
beadeds and 28 phenotypically normal. 

Dexter (1914), who has made an extensive study of 
the influence of environment on beading, was able, 
within certain limits, to alter the amount of beading; 
at will by various means. 

The fact that so many modifying factors and en- 
vironmental influences have been discovered, all in the 
case of a single character, beaded, whereas most 
characters seem to be fairly stable, should not be sur- 
prising, for it is to be expected that some characters8 
will depend, for their development, on structures or 
reactions that are in general easily modified, whilst 
other characters depend on processes that are beyond 
the reach of most agents. The former would of course 
be subject to influence by numerous modifying factors 
and external conditions, and the discovery of such 
modifying factors and conditions would thus be much more 
1i' -ely in their case than in the case of the other, 
more usual, characters. 

For these reasons it follows that with each new 
discovery of factors or environmental conditions which 
influence the amount of beading, the probability of the 
discovery of still other agents which will affect this 
character becomes not less, but greater, for there is 
more evidence that the character is of the "modifiable" 
type. The finding of one modifying factor for beaded 
hence in a sense explains, rather than makes more sur- 
prising, the finding of another, and the discovery of 
its environmental modifiability further helps to 
"explain" the finding of the modifying factors. The 
original postulation of both "somatic" variability and 
multiple factors in the case of beaded wings accordingly 

8It should be superfluous to mention that the terms 
character and factor must be rigorously distinguished 
from one another in the above discussion. 
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did not amount to the making of two independent assump- 
tions, and the experimental discovery that both are 
true at once is, from this point of view, not at all 
remarkable, since it is to be expected that the two 
phenomena will tend to occur together. 

(7) Other factors for beaded 

In all the cases reported above, the contributory 
agents can influence the character of the wing only if 
the chief factor Bd' is present, so that they may be 
termed mere "modif;ying" factors or conditions, de- 
pendent on Bat for their expression. This fact would 
indicate that the reactions which determine the edge of 
the wing when the normal allelomorph of Bd is present 
are more stable, or at any rate not subject to the same 
influences, as those taking place in the presence of Bd' 
itself. Yet it is conceivable that some factors might 
also be found that would cause similar imperfections in 
the margin of the wing even without the contributory 
influence of Bd' be ing necessary. These other factors 
might then be termed factors for beaded in the same 
sense as the original chief factor, B', itself. At 
least one such factor has already beef' found. 

On p. 17 it was reported that one slightly beaded 
fly was produced ,among the 128 offspring of a non - 
beaded female of composition 

i 

Ç 11II 1 crossed to a homozygous 
-s 't Je 

se ss .T es ro male. This exceptional "beaded" fly had 
received from its mother the chromosome Ç 1III 1 since 
it did not show any of the recessive characters; its 

CI 1 III 1 . The beaded composition, then, was 
se ss es ro 

character which it showed was scarcely of the usual 
type, as the wings were cut into only at the very tip, 
yet the fact that the fly was beaded at all seemed 
contrary to the supposition that the Ç' 1IIII 1 chromosome 
contained the normal allelomorph of Bd. To test this 
point the fly (a female) was back- crossed to a homo- 
zygous se se k e s ro male. The count, as regards se, 
s , es aid rQ, was as follows: Non -crossovers: normal 
14, se ss es ro 16; crossovers between se and se-se 12, 

as es ro 12; other crossovers O.. The result proves 
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that Q'is present, as was supposed; if, then, the factor 
B ' was present too, it would remain tied to the normal 
ailelonorphs of s3 ro, with which it was at the start, 
for Bd lies very close to ro. The distribution of the 
beade6 character was, howevér, quite different from this; 
there were only ' beaded flies in all and these were 
scattered at random among the various classes, the 
"normal" class including 2 beaded flies, the se ss eg ro 
2, and the se 2, although there happened to b3.-noñe -- 
among the ss as r . This distribution proved that the 
beaded factor in the present case does not lie in the 
same locus as .' and is, in fact, even in a different 
chromosome. This beaded is dominant, but very ir- 
regularly so, since it does not appear in nearly half 
of the offspring; its expression, too, is different 
from that of Bd; as it affects only the tip of the 
wings. It is not, however, a modifier of. Bd, as its 
character is shown in the presence of the normal 
allelomorph of the latter. 

This factor or one with a similar effect must also 
have been present in another cross of the present 
series in which a mating of a pure beaded male by a fe- 
male of another stock (homozygous Br b p v_e á s ss) 
gave in Fl, not the ordinary count of half ?obd" 
beaded and half perfectly normal, that was expected, 
but 23 good beaded, and 20 other flies, 10 of which 
were perfectly normal and 10 slightly beaded. This 
ratio indicates that besides B_ there was another, 
"weaker," chief factor f-or beaded present in hetero- 
zygous condition in one of the parent flies. This 
factor too must have been a dominant to a certain ex- 
tent. One of the slightly beaded females of this 
count was then back -crossed to another stock homozygous 
for spineless (se ss k es rQQ) . There were 43 spineless 
and 43 spine -hearing offspring; 8 of the former and 3 
of the latter were slightly beaded; the rest were 
normal -winged. As there is certainly no linkage here 
between the new beaded factor and the normal allelomorph 
of spineless, the former could not have been located 
in the third chromosome derived from the beaded stock, 
although it might have lain in the other third. chromo- 
some. The chromosome of headed stock which these 
slightly, beaded flies had received was then proved to 
be the Ç- hearing chromosome, not the Bd- bearing chromo- 
some, by taking one of the slightly beaded spine female 
offspring of the last count and back -crossing; it to a 
homozygous ss k es rQ male. The results of the back 
cross proved that Ç' was present, since there was no 
crossing; over between the factors in question: 
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as k es ro 21, including 1 slightly beaded; normal in respect to ss, k, e and rQ 36, including 8 slightly 
beaded; othér classes O. The proportion of "beadeds" 
in the two classes furthermore proves that the new 
factor does not lie in the locus of Bd; for the latter 
would not cross over from ro in the presence of Ç! 

The frequency with which beaded seems to arise by 
mutation, also, suggests that various mutant factors can 
produce the beaded character. Duncan (1915) found that 
among 109 flies with abnormal characters which appeared 
in a total count of 16,537, 89 were beaded. Probably 
not all of these beaded flies, however, represented 
separate mutations which had just occurred, for it is 
Possible for the factor Bd'to exist for a long time in 
"latent" condition in a stock, entirely unsuspected and 
producing no effect upon the wing:, if only the intensi- 
fiers of the character are absent or inhibitors are 
present. Its occasional appearance above the threshold 
of visibility in such cases might then be wrongly inter- 
preted as due to a new mutation. 

Another reason why we cannot accept these figures 
as proving that beaded really arises oftener than other 
mutant characters is that, since the factor Bdis a 
dominant, it has a better chance of being detected when 
it does arise than have most other factors. That is, 
unli're the majority of mutants, which are recessive, it 
does not have to depend upon the rare event of being 
present in both of two uniting; gametes in order to 
manifest itself; it therefore will appear to arise more 
frequently than the others. For these reasons it cannot 
be concluded with certainty at present, merely because 
the headed character arises frequently, that many dif- 
ferent factors are likely, by their mutation, to produce 
this same effect, although we have seen that two at 
least may do so; neither can it be taken for granted 
that the factor bdfis itself unstable, so as to mutate 
relatively often io B. In connection with the former 
point it should, however, be noted that a number of 
other mutants besides actual "beadeds" are known, that 
produce a very similar effect upon the margin of the 
wing, although they cause other effects in addition. 
Among these factors are included notch, bifid and strap. 



42: 

CONSIDERATION OF R'?LATTD 

AND GEN :RAL DISCUSSION 

(1) The lethal effect of dominant mutants 

The possibility has doubtless suggested itself to 
the re der that this whole mechanism of beaded inheri- 
tance may be merely a highly exceptional case, of no 
general interest. It is at first hard to believe that 
it coull have any significance, or parallel in other 
cases. From this point of view it becomes of interest 
to '< -no,,, 

' ̂ ow widesvread is the occurrence of factors 
similar in their properties to Bd. An examination of 
other dominant mutant factors of- Drosophila might be of 
value here, for it should disclose whether or not it is 
a mere coincidence that Bd; a dominant mutant factor, 
should, like the factor for yellow in mice, be lethal in 
its effect when homozygous. 

T-vo dominant mutants which have for a long ti--e 
been 'mown in Drosophila are the sex - linked factors for 
abnormal abdomen and for bar eye. Unlike Bd; however, 
neither of these factors has been very difficult to ob- 
tain in pure stock, and the homozyrotes are known to be 
viable and fertile. It should be noted that these 
factors are far from completely dominant to their 
allelomorphs; in fact, the heterozygote in each case 
is about midway in character between the two types of 
homozy'zotes. Data for ascertaining, the viability of the 
ho;ozygote existed in the case of only one other domi- 
nant mutant - the factor called notch - which also lies 
in chromosome I. This factor, which affects the wings 
somewhat in the same fashion as Bd', had first been found 
by Dexter (1914) (and called "per `ect notch "), and the 
same factor afterwards arose amain by mutation both in 
stocks of Bridges and of the writer. In the case of 
this factor the results are more encouraTing for our 
present invests ation, as Dexter's work has proved 
notch to be a lethal and Brides and the author have 
each confirmed this finding for the notch which arose 
in their experiments. 

To obtain further data upon the question under 
consideration, the writer tested the other dominant 
mutant factors of Drosoohila. The first one studied 
was p'(dichaete). Heterozygous flies were made up of 
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se D' 

composition - and and these were bred inter se. As 
D'is only about ten units from sepia most of the homo - 
zygous sepia offspring would also be homozygous for D; 
and the count should be about as follows: non - 

crossovers: ' (appearing se D) 22.5 percent, sD' 
se D' - 

(appearing D) 45 percent, (appearing normal) 22.5 

percent; crossovers: se D'(appearing D) 2.5 percent, 
D' 

se D 
(appearing se D) 2.5 percent, (appearing D) 

se 

2.5 percent, (appearing normal) 2.5 percent. Adding 
se 

together the phenotypic classes we have se D'25 percent; 
D'50 percent; normal 25 percent. The actual count 
consisted of se 0/5, 0'59, normal 32. Thus there is a 
great lef is iency of se D' and a slight deficiency in the 
number of D: Reference to the tabulation of expected 
classes will show that nine -tenths of the se D' class is 
composed of homozygous D' and one -twentieth óf the D' 

class also. If we subtract these homozygous D'flies 
from the expected ratios, we obtain se D'2.5, D' 47.5, 
normal 25. These are almost exactly the ratios that 
wer actually obtained, and it is therefore evident that 
homozygous D'flies cannot live, i.e., that D' like B, 
is lethal when homozygous. That the D' when hetero- 
zygous does not lower the viability is indicated by a 

count obtained from a cross of heterozygous D' by homo- 
zygous normal. If the viability of heterozygous D is 
as good as normal, half the off spring which hatch 
should be D (heterozygous), and the rest normal. The 
count was D'73, normal 65. 

The dominant factors for star eye and for streaked 
thorax, which lie near together in chromosome II, were 
next tested by mating flies containing them to each 
other and then crossing together the F1 flies which 
showed both characters and were therefore of composition 

9A blank above or below the line of course indi- 
cates that all the factors in the chromosome not re- 
presented are normal. 
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S The expectation, if there were no crossovers, 
k 

/ 

3kf would be 1 
5' 

' 1 There would, 

however, be a small amount Of crossing over, as judged 
by the fact that star and streak do not show quite the 
same linkage values with other factors; hence, in ad- 
dition to the above classes, there would be a few 

k S' and 5k' 
The count was : star 16, 

S Ste, 
star streak 116, streak 61. The deficiency of stars 
shows that homozygous star flies die before hatching; 
the few stars that did .appear were expected on account 
of the production, by crossing over, of a few 

S , and also because some of the 5' were undoubtedly 
sy 

listed in this class, since heterozygous streak often 
fails to show the streak character. Here, then, is 
still another dominant which has a lethal effect when 
homozygous. Streak, however, turns out to be viable, 
although the homozygous streak flies have very poor 
fertility. 

It will be recalled that the third -chromosome 
dominant factor for deformed eye, reported upon in the 
first section, presents an intermediate condition in 
regard to the present question; it was found often to 
be extremely inviable when homozygous, so that in many 
cases all homozygous Df' fail to appear, but in some 
cases a few, and in still others nearly all of the ex- 
pected homozygous Df do appear. These are invariably 
much smaller and weaker- looking than normals or hetero- 
zygous Df; however, and have besides an abnormality of 

the wines not exhibited by the latter, for the wings of 

these homozygous flies are usually crumpled together 
and are always very weak and flimsy in texture. The 
reproductive system too is affected, for offspring 

cannot be obtained from a mating of Df by D' . This D Df 

was found to depend upon a total sterility of the males 
(the females laid only a few eggs, but these were 
viable, when fertilized by normal sperm). 
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The case of truncate flies, which was investigated 
by Altenburg and the writer (see Morgan, Sturtevant, 
Muller and Bridges 1915), presents many similarities to 
the case of beaded, but it is being; dealt with in 
another paper. Suffice it here to say that the more 
elaborate tests which were necessary in this case proved 
that T' (truncate) , also, prevents a fly homozygous for 
itself from living, although in heterozygous condition 
it has little noticeable effect except upon the wings, 
being in this latter respect a dominant factor. The 
lethal effect in the homozygoue is complete. 

The intensifiers of beaded and truncate might per- 
haps be classed as dominants too, since they can exert 
a noticeable effect when heterozygous. But in this 
case not only is the effect of the heterozygous factor 
incomplete, but, as before noted, it fails to appear at 
all unless the chief factor is present. These in- 
tensifiers are not lethal, yet, like Df and Sk, they 
cause a marked reduction of fertility When homozygous.' 

Omitting these "weak" intensifiers from considera- 
tion, and also one or two very recently discovered 
factors which have not yet been sufficiently investiga- 
ted, we may now list the dominant mutant factors of 
Drosophila as with regard to their lethal 
effect when in homozygous viable, 5ttß, Alp', 

ar'; partially lethal, D ; completely lethal, N", S'- T, 
D, Bd'. (The lethals, it should be noted, are scattered 
aui.tê at random among the three chromosomes.) 

This enumeration proves indisputably that there is 
a very strong tendency for dominant mutant factors to 
be lethal, in Drosophila at least., and so Bd' ís in this. 
respect rather an instance of the rule than -an exception. 
This fact may seem somewhat surprising, but there are 
two series of considerations which would furnish ground 
for expecting such a result. 

In the first place, it is likely that lethals are 
really among the commonest forms of mutants, but they 
would be discovered much more readily if they were 
dominant in regard to some visible character than if 

they were completely recessive, and this would cause 
the proportion of lethals among the dominant mutant 
factors to appear to be excessively high, when compared 
with the proportion among the recessives. Most present - 
day animals are the result of a long process of evo- 
lution, in which at least thousands of mutations. must 
have taken. place. Each new mutant in turn must have, 
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derived its survival value from the effect which it pro - 
duced upon the "reaction system that had been brought 
into being by the many previously formed factors in co- 
operation; thus a complicated machine was gradually 
built up whose effective working; was dependent upon the 
interlocking action of very numerous different ele- 
mentary parts or factors, and many of the characters and 
factors which, when newj were _originally merely an 
asset finally became necessary because other necessary 
characters and factors had subsequently become changed 
so as to be dependent on the former. It must result, 
in consequence, that a dropping out of, or even a 
slight change in any one of these parts is very likely 
to disturb fatally the whole machinery; for this reason 
we should expect very many, if not most, mutations to 
result in lethal factors, and of the rest, the malority 
should be "semi -lethal" or at least disadvantageous in 
the struggle for life, and likely to set wrong any 
delicately balanced system, such as the reproductive 
system.l0 

Although this conclusion had suggested itself to 
the writer in 1912 it would manifestly have been very 
difficult to obtain experimental evidence f or it, not 
only because of the great rarity with which mutations 
of any sort occur, but more especially because the de- 
tection of a lethal mutation, after it has occurred, re- 
quires special breeding tests of the particular flies 
containing; the lethal factor. To detect a recessive 
lethal factor it is necessary not only to mate together 
two individuals both of which happen to be heterozygous 
for it, but also to determine what proportion of the 
offspring that receive a "visible" factor linked with 
this unsuspected lethal come to maturity. For this 
purpose it is usually necessary to have both the parents 
carry, in the same chromosome with the lethal, another 
recessive, non- lethal factor in heterozygous condition; 
the deviation from the expected ratio of 3:1 will then 
indicate the presence of a lethal. Hence, it is only 
in exceptional cases that a recessive lethal will be 
noticed. 

Lethals that are linked with sex, however, will be 
discovered much more readily than the others, since the 
progeny of a female containing one of them will exhibit 

10Consequently, too, the larger the character change 
caused by a mutation, the greater would be the likeli- 
hood of the mutation being disadvantageous or lethal. 
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a 2:1 instead of 1:1 sex ratio (the Y chromosome in the 
male here takes the place of the lethal- bearing chromo- 
some which the father must carry, since it is not domi- 
nant to any mutants in X) . All flies the sex ratio of 
whose progeny has been determined will therefore ex- 
hibit their sex - linked lethals. This should result in 
the discovery of many more recessive lethals in chromo- 
some I (the sex chromosome) than in any of the other 
chromosomes, although still it does not make the finding 
of recessive lethals in I nearly as easy as the finding 
of other recessive factors there, for mere inspection 
of a male will reveal any non -lethal sex - linked mutant 
that it carries. Even with this great handicap, about 
17 mutant lethal factors have within the last few years 
been discovered in chromosome I of Drosophila; about 70 
other factors, altogether, are known in this chromosome. 
When we allow for the much greater difficulty of finding 
lethals than other factors herell it becomes evident 
that probably the majority if not the vast majority, of 
mutants are lethals. (Of course we do not take into 
account, in this statement, the unknown number of very 
"small" mutations, which have so slight an effect that 
they escape detection. Perhaps these are more numerous 
than the lethals.) 

Experimental evidence for the above conclusion can 
at present be adduced only in the case of chromosome I, 

for, as we have seen, the lethals occurring in autosomes 
can be discovered even much less readily than the sex - 
linked. ones. There is, however, no reasonable' ground 

llSex- linked lethals may be discovered only in fe- 
males which are bred and among whose progeny a sex 
count is taken; "visible" sex -linked mutant factors, 
on the other hand, may be discovered in males loy in- 
spection.. Since for each female that is bred there are 
produced on the average at least 50 males that are in- 
spected this will seem to make the chance of finding a 
visible mutant in the X chromosome 50 times greater than 
that of finding a lethal there; as the female, however, 
has two X chromosomes, both of which. are tested in this 
process, and each male only one, the chances of finding 
a visible mutant in X are really about 25 times as 
great as those if finding a lethal. To find the true 
proportion of visible to lethal mutations that have 
occurred here we must therefore multiply the number of 
lethals found by 25. This calculation applied to the 
above figures makes the occurrence of lethals about six 
times as frequent as that of ''visible" mutations. 
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for believing that lethals arise less frequently in auto - 
somes than in the sex chromosome, and so 'III 1 is pro- 
bably merely the first representative found of a large 
number of similar mutations that are continually oc- 
curring, - a number which, if our methods of detection 
were impartial, would exceed that of non -lethal 
mutations. 

The conclusion that lethals have a much poorer 
chance of discovery than non -lethals applies, however, 
only to strictly recessive factors. In the case of 
dominants, if a factor is dominant only in regard to a 
visible, non -lethal effect, the probability of its being 
found will not be decreased by its being lethal when 
homozygous, for it can be discovered by inspection when 
in heterozygous condition, regardless of whether or not 
it can live when homozygous. This fact will tend to 
result in the finding, among the dominant mutant fac- 
tors, of much more nearly the true proportion of lethals 
than _among the recessive mutants. Even here, never- 
theless, not the full proportion of lethals will be ob- 
served, since we have excluded from consideration in the 
above account all factors that are dominant in regard 
to the lethal effect itself (and not merely for a visible 
character); as such factors would kill even hetero- 
zygous individuals they have no means all - 

petuating themselves and becoming known by any ordinary 
methods. We cannot tell how much to allow for factors 
of this sort. But in view of the unimpeded chance of 
detection of any dominants which are lethal only when 
homozygous, and of the great frequency with which leth- 
als occur anyhow, it should not be surprising; that such 
a large proportion of lethals have been found among the 
dominant mutants of Drosophila, as compared with such a 

small proportion among the autosomal recessive mutants. 

It is also possible that not only would `relatively 
more of the lethals occurring among; dominant mutant 
factors be found, but that the excess of lethals obser- 
ved among dominants is partly due to a greater chance 
of lethals actually occurring among dominant than among 
recessive mutant factors. The reasons for such a sup- 
position are as follows: 

The mutant factors which have been called dominants 
in Drosophila are not dominants in the same strict sense 
of the word as most of the normal factors are, in those 
cases where the normal allelomorphs are called dominant. 
For in the case of a mutant it has been called dominant 
if only it produces a conspicuous effect when hetero- 
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zygous, regardless of whether in homozygous condition its effect is still more marked. Thus, bar is called a 
dominant, but heterozygous bar differs almost as much from homozygous bar as from normal, and so the mutant 
factor bar scarcely has any more right to be called the dominant in this case than has its normal allelomorph. 
The same is true of all the other so- called dominant 
mutants in which the homozygoue can be examined; 
namely, abnormal, streak, deformed and the truncate and 
beaded intensifiers. This is in line with and adds 
significance to the fact that so many more recessives 
than even partial dominants have been found among; the 
mutant factors of Drosophila. The great majority of 
the mutants, then, are recessive, while the few that are 
called dominant are very incompletely so. 

We may generalize these two findings together in 
the single statement that, in Drosophila, there is a very 
strong tendency for the normal allelomorph to exert a 
more powerful influence than the mutant upon the charac- 
ter of the heterozygoue; thus the latter inclines to 
resemble the normal much more closely than the homo- 
zyzous mutant type. Cases of multiple allelomorphs 
have shown that two different mutant allelomorphs, on 
the other hand, tend to exert about equal effects upon 
the heterozywote, producing in the latter characters of 
intermediate grade. These facts are very striking, 
and undoubtedly of great significance; they might sug- 
gest, for example, that mutant factors are usually less 
active, and that possibly the mutations may often con- 
sist in a loss of some portion of the factor structure, 
but in our present ignorance of factor chemistry the 
real meaning of the facts must remain hidden. We are 
at present concerned, however, not with their cause but 
with their results, 

In consequence of this more marked effect which all 
known mutant factors of Drosophila produce when in homo- 
zygous than heterozygous condition, it is to be ex- 
rpected that those customarily called dominants will, 
inasmuch as they produce appreciable effects even when 
heterozygous, cause especially pronounced abnormalities 
when homozygous. Homozygous dominants, therefore, 
would tend to produce more marked effects than homo- 
zygous recessives. Now since, for reasons already ex- 
plained, the abnormalities produced by mutant factors 
are generally of an injurious nature, it follows that 
these dominants should be especially injurious when 
homozygous. A larger proportion of lethals might thus 
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actually occur among these so- called dominant mutant 
factors than among the recessives. 

To sum up, then, the observed excess of lethals 
among dominant mutant factors may be due both to the 
greater chance of lethals being detected among the 
dominants than among the recessives, and also to their 
actually occurring in greater relative numbers in the 
case of this class of mutants. It should thus be evi- 
dent that, from an a priori standpoint as well as on the 
basis of experimental facts, the lethal effect of the 
dominant mutant Bd'can in no sense be considered an 
atypical finding.- 

(2) The balancing; lethal 

The chief peculiarities of the beaded case depend 
upon the co-incidence of a factor (Be of the lethal - 
dominant type just discussed, with another lethal (in 
this case purely recessive) in the homologous chromo- 
some. Now, the occurrence of a recessive lethal like- 
wise cannot be considered, in the light of the pre - 
ceding discussion, an unusual circumstance, as such 
lethals must be arising not infrequently. Why did just 
this lethal, so precisely adapted to produce the un- 
usual results of the present case, happen to occur in 
just this stock, however, whereas lethals are not or- 
dinarily found to be existing at all in usual stocks? 
There is an especial reason why a lethal should be found 
in this particular case, and why it should occur near 
the locus at which 1III i actually lies. 

Granting that lethals are really arising by muta- 
tion not very infrequently, they would nevertheless 
tend, one by one, to he eliminated from stocks by 
natural selection (provided there is an appreciable 
amount of inbreeding). In the case of the beaded stock 
this invisible process of mutation and elimination 
would have occurred too, until a lethal arose in the 
chromosome homologous to that containing Bc1', in some 
locus near -by; this factor, unlike the others, would 
tend to be selected by the very conditions of the ex- 
periment, which was aimed at getting stock producing 
as low a proportion of normals as possible. Once se- 
lected and established, moreover, the lethal would per- 
sist indefinitely in the stock by the process of 
"enforced heterozygosis" previously described. For 
if the two parents in a certain bottle both had happened 
to receive this factor (say from a mutant grandparent), 
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this particular bottle would produce an unusually 
small percenta -°e of normal flies, and since this would 
be a result desired, the offspring in this bottle would 
then be selected to continue the beaded race, rather 
than the offspring; in other bottles. All of these off- spring would, in such a case, contain the factor in 
question again, and so the pure race would at one jump 
be established, and both lethal factors, once selected, 
would persist indefinitely in the self -perpetuating 
stock. 

Selection for stock pure in respect to one lethal 
thus automatically tends to result in the establishment 
of a balancing, lethal, if I may call it so, in the homo- 
logous chromosome. When this happens, a state of en- 
forced heterozygosis is set up which may be regarded as 
a kind of constant hybridism. Whereas any ordinary 
heterozygous population, when inbred, will separate more 
and more into the respective homozygous strains, one of 
this type must remain always and necessarily hetero- 
zygous for the two lethals it contains, except in so far 
as the "balancing" of the lethals is imperfect, i.e., so 
far as crossing over between them occurs. It remains 
heterozygous also for any other factors lying in the 
same chromosome with either one of the lethals, so long 
as they too do not cross over from it. 

(3) Tffects of balanced lethals on crosses 

Since in such a race all individuals, though 
heterozygous, are alike in genetic composition, the 
stock would seem to be pure, until tests were made upon 
it by crossing it to other races. Then its heterozygosis 
would be made manifest by the appearance of "twin 
hybrids," provided only that the chromosome containing 
one of the lethals differed from the other in being 
dominant in regard to some visible character for which 
the foreign race was recessive. Thus, in the case of 
beaded, the chromosome containing Bd differs from that 
containing 1III 1 in being dominant for the visible 
character beaded wings, and so, when the stock is 
crossed to non -beaded races, twin hybrids - beadeds and 
non -beadeds - are produced. On being inbred, the F1 
beadeds of course would not breed true, since the B_ 

in them is no longer "balanced" by another lethal; the 
non -beadeds, however, would appear to breed true, if the 
foreign stock had not differed from the beaded in any 
visible characters except those carried in the B4- 
bearing chromosome. T ,1 ion- beaded F1 would conse- 
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quently be "constant hybrids," using- the term here in a 
different sense from that employed in apnlyin 

; it to the 
beaded stock itself. By introducing other "visible" 
mutant factors into one of the third chromosomes of the 
beaded stock, these effects can be duplicated for other 
characters besides beaded itself. 

Thus the factors ss k es (and in one lot also ro) 
were introduced, by appropriate crosses, into the chromo- 
some with Bd, making the composition of the stock 

ss k es Bdi 

this stock perpetuated itself in hetero- c' 1III 1 

zygous condition just like the original 
1 
-III 1 

Since all three (or four) introduced factors were re- 
cessive and heterozygous there was nothing to indicate 
their presence in the stock, and all the flies were nor- 
mal in appearance except for the beading in the wings, 
which was rather weak and uncertain of appearance owing 
to loss of the intensifiers in making the crosses. A 
sample of 103 flies taken from this stock gave the 
following; count: much beaded 1, moderately beaded 49, 
slightly beaded 49, normal 14, flies showing any of the 
characters of as k es or rQ O. When this stock was 
crossed to the homozygous recessive stock ss k es rg, 
twin hybrids of very different appearance were produced, 
as expected. Half of the F1 flies (all those that had 
received Bd) showed all of the characters of ss k es ro, 
and most of them showed Bd' in addition; the other half, 
which were all non -beaded, looked perfectly normal. 
The hybrid flies of the first type, when crossed to each 
other, were constant, i.e. bred true, for all four re- 
cessive characters, although they showed segregation for 
IV. They were therefore "constant hybrids' with re- 
spect to the former characters, if we use this term in 
its customary empirical sense. The normal -appearing 
clasR, on the other hand, split up, giving approximately 
2 normal to i ss k e9 r0 in F2. Similar results were 
obtained with a stock having only es in the chromosome 
with the Bd'. 

ss k es 
In the stocks like - S 1- which contain 

'III 1 

in the chromosome with Bd, a very small percent of 

crossing over is possible between ss and the factors to 
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the right of it (about 2 crossovers in 1000 gametes), 
although practically no crossing over occurs between any 
of the other loci. By such crossing; over ss C' lIII 1 
and k es r0 13d' chromosomes are produced (say -1 of each 
kind in 1000). If the ss Q' 1I ;I 1 chromosome meets in 
fertilization one of the ss k e_ ro ßa type, as it has 
an even chance of doing, a -fly homozygous for ss, and 
showing the spineless character, is produced. Thus one 
individual in 1000 that hatch is spineless; the rest 
appear normal in all characters but beaded. Here, then, 
is a stock apparently breeding true, except for the 
fact that it throws spineless about once in a thousand 
times. In ignorance of the condition of balanced 
lethals existing in this stock, and of the not quite 
complete linkage of ss with one of these lethals, the 
appearance of this character in such small but constant 
proportions would ordinarily be attributed to mutation. 

Similar results were obtained in the case of the 
factors se and n, except that, as these lie further to 
the left of Ç'than does ss, there was more crossing 
over, and so a higher percent of "mutations "; in fact, 
sepia appeared in such numbers that it would rather 
have been ascribed to the action of multiple factors, 
by a casual observer. This semblance of mutation with 
se and p was also obtained in the case of a stock of 

composition 4e 2 ss 
es rQ 

Qcd; which differs from 

sd Ç" 

those above discussed in that there is no lethal in the 
0'- bearing chromosome (though the flies homozygous for 
Pá , spread wings, are not as viable as the others). 

ies of this type, mated together, should therefore 
give counts like those of the balanced lethal stock, 
with the addition of (nearly) 1 homozygous spread in- 
dividual for every two of the others that hatch. The 

sample count gave 50 spread and 136 not spread; the 

latter consisted of 5 well beaded, 35 moderately beaded, 
50 slightly beaded, and 49 normal -winged; these were 
all red -eyed with the exception of 1 pink and 15 sepia - 

eyed crossovers, in which the respective eye -color 
mutants had escaped from their bondage to the lethal pd, 

and so emerged into visibility as though they had just 

arisen by mutation directly. 

(4) Other cases of enforced heterozygosis 

The correspondence between these findings and those 

in Oenothera is more than curious. Twin hybridism, 
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constant hybridism, and the repeated production of cer- 
tain definite types of "mutants" in determinable pro- 
portions - any one of these genetic phenomena alone is 
remarkable, and has been found hitherto only in rare 
instances; for two organisms both to exhibit any one 
of them would thus immediately raise a presumption in 
favor of these organisms having certain special genetic 
processes in common, yet here we find not one, but the 
whole concatenation of striking peculiarities present 
in both forms. The two forms resemble each other also 
in certain other features of their genetic behavior, 
which are more difficult of formulation, such as the 
peculiar ratios in which the "mutants" emerge from 
crosses with other varieties, and it should be noted 
that the ratios are lust as unusual in the Oenothera 
crosses as in the crosses of beaded. It is difficult 
in view of all these parallelisms to believe that the 
two sets of phenomena have not a similar basis, and that 
the Oenotheras do not represent a complicated case of 
balanced lethals. An interpretation which really 
amounts to a form of the balanced lethal idea has in 
fact already been proposed by de Vries (1911), for the 
purpose of explaining his double reciprocal crosses. 
In order, then, to arrive at a general understanding of 
the genetic behavior of Oenothera, we may not have to 
introduce a totally new set of notions, but may merely 
extend the conception that has already been used for the 
double reciprocal crosses.* For, as the analogy of the 
beaded case demonstrates, a mechanism of this same sort 
will explain nearly all the other types of genetic ir- 
regularities observable in the Oenothera genus. It 
will be pointed out later that even abnormalities in 
chromosome distribution, together with the genetic con- 
sequences thereof, may be an indirect result of the 
balanced lethal.condition. 

One important difference in detail should, however, 
be noted, between the results in the two forms: the 
Oenotheras do not give even qualitatively the same re- 
sults in reciprocal crosses, that are due to the occur- 
rence of crossing; over in one sex only. This dif- 
ference between the factors contained in the functional 
sperm and ova of Oenothera indicates, as de Vries 
(1911) has suggested, that here the lethals, or some of 

xA beginning is already being; made in this 
direction. See addendum to this paper, pace 86. 
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them, act directly upon the germ cells rather than upon 
the zygotes. 

The above consideration raises the question as to 
what must be the attributes of balanced lethal factors, 
and how generally this term may be applied. In order 
to "balance" each other so as to enforce h.eterozygosis, 
each of the two lethals must be responsible for the non- 
appearance of a different type of homozygote. For this 
end they must lie opposed in "opposite" '(homolorcous) 
chromosomes, and must cross over with each other little 
or not at all. Either one of them may produce its 
effect either by killing all gametes of one sex which 
it enters or by killin-. individuals homozygous for it; 
if both lethals affect the gametes primarily, they must 
exert their influence on gametes of opposite sex, one 
killing the sperm it enters, the other the ova. An 
intermediate case also is possible, in which one of the 
lethals kills zygotes whereas the other frills gametes; 
in this case the lethals would balance no matter which 
kind of gametes (male or female) were killed by the 
second lethal. 

Reciprocal crosses seem to indicate that some 
Oenothera species are of the latter type or of the type 
in which both lethals affect gametes (of opposite sex). 
On attempting, however, to work out the details of any 
of the reported series of Oenothera crosses, on either 
of these two schemes, some result is usually found which 
will not fit in with the specific assumptions. Perhaps 
the material used to represent the same type of plant 
in different individual crosses, although it appears 
similar phenotypically, is really of different genetic 
composition, or possibly the effect of some of the 
lethal factors is dependent upon environmental condi- 
tions, differences in which would then prevent the re- 
sults from seeming consistent with each other according 
to any of the schemes. Then, too, it is likely that 
the problems are complicated by crossing over, multiple 
factors, and a balanced lethal condition in more than 
one pair of chromosomes or regions of a chromosome. 

It will take very carefully controlled crosses to 

analyze the facts with reference to each of these 
various possibilities. Meanwhile, it seems likely that 

a condition or conditions of balanced lethal or semi - 
lethal factors forms the essential part of the explana- 
tion. This conclusion seems especially plausible in 

view of Davis's (1916, 1917) recent work, in which a 
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high and differential mortality existir» 
of Oenothera is conclusively proved. 
portant, by way of suggesting an explar. .' . -; 
apparent inconsistencies of earlier rey loi t;, , y 
scheme of balanced lethals, are the great variati 
mortality which he finds to exist, a.ccorlin , to t , wír i- 
mental conditions; in fact, he has been able to .7v/ 

that certain classes may appear under uauS 
circumstances which ordinarily are entirely .: : /1,. 

The attainment of constant culture conditions, ts, 
as he points out, a factor highly important for In- 
telligible results. 

In a recent paper de Vries (1917) reports th 
in^; of a "mutant" of Oe . Lamarckiana which fails 
twin hybrids when outcrossed to other species, mss. 
instead gives them on being; bred bac',_ to L9.ß- i.rcr! 
itself. This is just the situation whit, 
expect to arise occasionally if Oe. 1, - 

contains balanced lethals, and it is ez 

curred in the case of the normal -winge 
in beaded stock, described on p. 29. 

of this fly contained neither 112 1ì2e I. 
as it had resulted from crossing; over bet g:- these tvo 
lethal factors, while the other chromois s ri 

iIII 1- bearing chromosome of the type u Ln 
stock. This normal -winged fly, unli''e its par- t 

beadeds, on being; crossed with flies from , ed 
races lid not produce twin hybrids, since ' was not 
heterozygous for any dominant factor; o _ crossed 
back to the beaded stock from which it s;: -, houaewer, 
this fly would'have produced twin hybrids, a o.ffsprtnr 
which received its normal chromosome might hri ie raeceinve? 
either _.n lIII 1- or a d- bearing chromosome fro t 
beaded parent. The Oendthera mutant in oueation, then, 
may be a similar individual in which the balanced] 
condition that was originally established in the species 
has been caused to disappear again by crossing over be- 
tween the lethals. As we shall see later (p.58), re- 
sults shorain7 a disappearance of the balanced lethal 
condition could also be caused by non -disjunction and 
by doubling (tetraploidy). 

If the balanced lethal interpretation of Oenothera 
should hold, the feature of it which would probably be 
most interesting to the 7eneral biolooist wo.d1,1 not be 
its explanation of aberrant ratios, and peculiar hybrid 
but its disproof of the validity of most of the 
Oenothera "mutations." For the majority of the ;.- called 
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mutants" would, in this case, merely consist of 
crossovers, in which recessive factors that had pre- 
viously been held heterozygous by their linkage to a 
lethal had broken their bond with this lethal and so had 
been able to emerge into homozyosis and visibility. 
As this might happen to a group of linked recessive 
factors as well as to one factor alone, these "mutants" 
might usually be departures from the normal type in a 
considerable number of characters simultaneously, unlike 
most ordinary mutants, and this is a finding that 
de Vries has often noted in Oenothera. It. cannotbe 
too strongly emphasized, however, that such disclosures 
as to the spuriousness of Oenothera mutants can no 
longer in any sense be regarded as a challenge to the 
mutation idea in general, for the reality of the process 
of mutation has been often and conclusively demonstrated 
in Drosophila and other forms. Mutations in Drosophila 
can be distinguished with certainty from the curious 
counterparts of them which occur in balances stocks, 
because in Drosophila there is ready means of conducting 
definitive genetic analyses of the composition of parents 
and offspring. Thus the mutation theory holds true, 
even though it may originally have derived its main sup- 
port from facts in Oenothera belonging to quite a 
different category. 

A still more evident instance of balanced factors 
is Miss Saunders's (1911, 1913) case of double -flowered 
stocks (Matthiola). Here a race of singles is known 
all the individuals of which must be heterozygous, for 
they always give rise to a high percent of doubles when 
crossed with each other. Homozygosis for singleness 
is prevented by the death or non -functioning of all 
pollen ,grains carrying the factor for single, for it 
has been found that in crosses of this race to ordinary 
singles it transmits the (recessive) factor for double- 
ness to all its offspring, if used as pollen parent, 
but to only half its offspring, if used as egg parent. 
There is therefore a factor lethal to pollen which is 
closely 1inIxed with the factor for singleness, or pos- 
sibly identical with it. This conclusion was first 
arrived at by Goldschmidt (1913), who, however, be- 
lieved that the lethal effect was in some way connected 
with the factor for sex; this latter postulate is 
superfluous, as Frost (1915) in his illuminating 
analysis of the whole case, has pointed out. Miss 
Saunders herself avoids the conclusion that the single - 
carrying pollen is killed by assuming that there is a 

segregation of factors occurring during development, so 
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regulated that all cells destined to form pollen receive 
only the allelomorph for doubleness; the assumption of 
such "somatic segregation," however, runs counter to our 
knowledge of the mechanism of segregation send chromosome 
reduction. There ist therefore, in the chromosome 
carrying singleness a pollen -lethal factor. In the 
opposite (homologous) chromosome the factor for double 
itself, or some factor closely linked with it, acts as 
a balance to this lethal, for, although this chromosome 
is not actually lethal, homozygous doubles are sterile. 
The homozygous doubles, then, cannot be bred, and homo- 
zygous singles cannot be produced in this race at all. 
Hence all plants eligible for parentage in any genera- 
tion must be heterozygous, and the heterozygous stock 
will automatically perpetuate itself. 

In breeding these balanced singles we are virtually 
performing a back cross, for the equal numbers of single- 
and double- carrying eggs will be fertilized exclusively 
by double- carrying pollen. There should therefore be 
50 percent of heterozygous singles and 50 percent of 
pure doubles produced at fertilization. It has been 
shown, however, that the singles have a lower viability 
than the doubles (perhaps on account of a slight effect 
of the lethal factor when in heterozygous condition), 
and., in accordance with this fact, it is usually found 
that somewhat less than 50 percent of the plants which 
come to maturity are singles. This, of course, does 
not alter the general situation in regard to enforced 
heterozy;osis. Saunders (1911) however, has attempted 
to explain such discrepancies from the calculated 
ratios by assuming that there are two factors for 
doubleness, which are linked together in varying degrees. 
Although the explanation of differential viability is 
much more probable, it is not impossible that, in the 
course of the long selection work whereby breeders en- 
deavored to increase the proportion of doubles, another 
factor for doubleness may have arisen in the same 
chromosome and have been perpetuated; but we would also 
have to assume in that case that the second double,like 
the first, caused sterility, and that a lethal arose in 
a locus opposite to it, liege the lethal opposite to the 
first factor for double. 

It has been stated that when double -throwing 
Matthiola is used as egg parent in an outcross to ordi- 
nary singles, half the offspring receive a factor for 
doubleness and half do not; in other words, twin hybrids 
are formed (double -throwing singles and apparently pure 
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singles). Yioreover, in other crosses, disturbances in 
ratios are produced which are clearly owing' to the 
presence of the lethal factor. But the parallel with 
the Oenothera and beaded results goes still further than 
this, for it is also found that some lines of the double - 
throwing stocks are eversporting, giving off a small 
proportion of cream- colored "mutants" in each generation. 
This circumstance is here admittedly due to the partial 
linkage of the recessive factor for cream with the 
single (and therefore with the lethal) . The sports are 
merely crossovers. Here, then, is another illustration 
of spurious mutation due to a "balanced" condition. 

The case of Metthiola shows that we may broaden 
our conception of enforced heterozygosis to include not 
only balanced lethal factors, but balanced factors which 
in any way prevent races of both types of homozygotes 
from becoming established. For this purpose the fac- 
tors may only produce sterility of the homozygotes. 
Two such factors might be balanced against each other, 
or one lethal against one sterility factor. Here the 
population would be kept genetically heterogeneous (not 
pure for a certain type of allelomorp7, although not 
every individual would be heterozygous; all parents, 
however, would have to be heterozygous. As sterile in- 
dividuals are, however, usually a burden on the group, 
such cases would, under natural conditions, tend to 
change over into cases of balanced lethals, for, when a 
lethal factor arose, linked with the sterility factor, 
it would give the line containing it an advantage. A 
yet greater departure from the balanced lethal type, in 
which not even all the parents need be heterozygous but 
in which the population is still kept heterogeneous, 
would be a case where one or both of the homozygotes 
were sterile in one sex only, or sterile only when mated 
to similar homozygotes. Here pure stock could never be 
maintained, for though homozygous individuals might be 
used as parents, they would always have to be crossed 
to the heterozygous or the opposite homozygous type. 
Theoretically, two other types of production of enforced 
heterozygosis also are conceivable, namely, somatic 
segre - ration, and selective fertilization12 between 
gametes dependent upon the genotype they possess and not 

12Selective not in the sense that some gametes of an 
individual are functional and not others, but in the 
sense that, though all may unite with some kind of ga- 
metes or other of a particular individual, they ferti- 
lize gametes of different genetic constitution, depen- 
din:g upon what factors they themselves contain. ti, 
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arose that was of such advantage when in heterozygous 
condition that it made headway in spite of a lethal 
effect on homozygotes; the establishment of a balancing 
lethal was then but a matter of time. In the case of 
beaded, the "beneficial" factor was of course beaded 
itself, since the experimenter consciously selected 
beaded- winged flies to breed from. Artificial selec- 
tion was no doubt responsible for the case of stocks 
also, for double flowers are always considered desirable 
by the fancier. Moreover, there could have been no 
natural advantage in the flowers` having the factor for 
double, because it is recessive and so every time it 
produces its visible doubling effect, it also produces 
sterility. For a natural selection of a beneficial 
factor which cannot persist in pure stock, the factor 
must be dominant in respect to its beneficial effect 
(except where sterile workers are of advantage to a 
community). The case of stocks, then, differs from the 
others in that the desirable factor is here completely 
recessive, and it is actually the sterile homozygous 
individuals which must have been selected for, not 
heterozygotes in which the factor produced its bene- 
ficial without its harmful effect. This being the 
case, such races of singles would be selected as yielded 
the highest proportion of the sterile doubles; thus 
eventually the cultivated singles would be found to 
contain a balancing lethal. 

It should also be pointed out that very long con- 
tinued breeding from heterozygotes exclusively would in 
itself tend to result in the establishment of a balancing 
lethal, even without the special selection, in the way 
above described, of those strains which produced the 
smallest proportion of homozygotes among their viable 
and fertile offspring. For even though a balancing 
lethal were not specifically selected for, it would be- 
come established sooner or later unless it were speci- 
fically selected against, since when any lethal happened 
to arise in the appropriate position, there would be 
nothing to prevent its continuance in the race. Hence 
eventually all individuals would come to contain some 
balancing lethal. 

This argument applies, moreover, not only to a 
second or "balancing4 lethal factor, but also to the 
appearance of a lethal in the first place. That is to 
say, if for some reason heterozygotes are always selected 
as parents, then, even if there are no lethal factors 
oresent to begin with, one or more recessive lethals 
linked with the factor which is being kept heterozygous 
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will eventually come to exist with it 
some, for there will be no selection 
lethals; meanwhile, in the opposite c! -, ee Y) 
balancing lethal will tend to arise. 
it is likely that if the practice of breedir ;ero= 
zygous pink Mirabilis were kept up for a verj 
time, even without purposive selection. of ," hrilie 
which gave the highest proportion of pink e'' >s 
the race would eventually come to "breed truer to 
pink color. 

The establishment of lethal factor; in eases litee 
the above would simply depend upon the ` . et that the 
individuals used as parents would in 'n cases alw ys 
have to be heterozycous for any leth l f - ors t :: t 
might arise. Lethal mutants that were .: 

heterozy ous condition mi7ht then -et he 
and so they would become est ?blis 
?'ow the same process would also t 
he erozyr otes are specifically chosen á 

generation, but also when orye.nis.ms 
cet -bred to unrelated lines, for hez 
are :t necessarily kept heter'oz:,¡ y to , ,. 

fact= present at the beginnin-~, 
mutet factor that mic-ht arise we, hetero_ 
-7.7ous condition and, if recessi- -rot be 
: - =cted against. For this re . it - - . exectert 
t.. t lethal factors and all sorts of x , -' - re= 
ce _ - e °- ,.ctors would gradually /cree, í chromic 
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bred from, this must be because each chromosome containg 
a factor or factors, that produce sore, , r0- 
zygous condition which leads to their , r_ 
ents (i.e., some "beneficial" effect), 
theless for some reason cannot exist in pe to.:/ 

wise the homozygotes too would be chosen as ,. 

And, in cases where out -crossing is always s' ?,..fi,lt ,. 

each chromosome of course contains "benef°- :' ''" 

factors potentially dominant to any reces:y'_ 
mutant that may arise, yet, on account of the out- 
crossing, not one of these chromosomes 
in stock pure for its particular self (1-, 
having the homologous chromosomes so cis: -: - - -11tel. 
genealogically that in cases where a m tat %Tas occur- 
red, both of them are likely to contain the mutent 
factor) . So we see that the two modes of production of 
balanced lethals just considered are merely special 
cases of the general type first enunciated. 

(h) ' Effect of the continued heterozygosis- on the 
chromosomes and on the evolution of the rte 

The causes leading un to the state of balanced le- 
thals having been examined, it now , 

; to consider 
what conditions the heterozygosis ` -.: -- -: -,forced ? ouli 
itself induce. The way for a. treatmt of this; ó ?tter' 
has already been paved by the consider of the ef- 
fects of out- crossing and Of continual) . 1?ete -- 
rozygotes as parents.' In the ba.lanc ! stov , lust as 
under the latter circumstances, any 7n-7:-; 

tors appearing, in the chromosome r¢-,: .- .: 

be selected against, for they would yr';. 

fects only on homozygotes, which never 
least never function as parents) . Rece, 
all kinds 7ould therefore gradually a.cc 
fected chromosomes, so that finally, ei .. -. 

possible to r t rid of either of the ory . o:3;.11, members- of 
the r °-r of `o-.1-nceri lethal factors, !_t would still te ß.rn- 

possi : _ s to obtain homozygotes, on ac-:s . nt . 

- im 11.e- 

tha ls Lch had arisen near the old . . . :n n,. .r vords, 
the ._ tion of balanced lethal s it- 717es rise to 
more Haced -*'cals, linked wit.-. t _ -. : ious ones, 1Lf 

t'-:-. r_ , ere no :sing over, letha z . -.1J1', within the 
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and these secondarily formed lethals would then consti- 
tute new foci, protecting the existence of still other 
lethals in the regions next adjoining: thus the 
"degenerative" process would gradually spread throughout 
the chromosome. Besides the lethals, other abnormal 
factors also might arise, and these too would be pro- 
tected by the balanced lethal mechanism from being weeded 
out; nevertheless they might occasionally become homo- 
zygous, by some rare crossing over from their enfettering 
lethal, and then they might be hailed as new mutations. 

Knowing the frequency of mutations, it would be 
possible to calculate just how quickly these degenera- 
tive changes would take place. Thus, if recessive 
lethals in a particular chromosome arise with such fre- 
quency that (on the average) one out of 500 gametes of 
each normal individual contain one such mutant factor, 
then, after 500 generations of enforced heterozygosis 
in regard to this type of chromosome, each individual 
would (on the average) contain one lethal in each of its 
chromosomes of this type, for the lethal should have been 
present as a mutant in one of the 500 ancestral gametes 
that transmitted one of these chromosomes, and, once 
havil; arisen, the lethal would of course have persis- 
ted. On the same supposition of lethal frequency 
after 1000 generations (about 40 years in Drosophila), 
each of the chromosomes which has been kept heterozygous 
;ould tend to have two lethals in addition to what it 
may have had at the beginning. In this calculation it 
is assumed that the whole chromosome has been involved 

31t might be urged that the lethal could mutate 
back to normal or to some non -lethal factor. But even 
if this tendency were as strong, on the average, as the 
tendency for the original normal factors to mutate to 
lethals, a condition of equilibrium would not be estab- 
lished, wherein mutations in either direction were 
equally frequent, until half of the normal factors had 
been transformed into lethals. Until that time, then, 
lethals would gradually accumulate, and in the early 
stages of the 'degeneration," reverse mutations would be 
so infrequent as to be negligible. It should .be noted 
moreover that if the same tendency which made lethals 
revert also caused other factors to revert to an ances- 

tral form the occurrence of lethals would really be 
favored, for a normal factor on returning to an ancestral 
form would usually not be well adapted to the life 

complex of the existing race, and so would tend to be 
lethal. 
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in the enforced heterozygosis; if part of it was beyond 
the influence of the latter, owing to crossing over 
correspondingly fewer lethals would have become estab- 
lished - i.e., only those of the above which happened 
to lie in the restricted region that was under the 
'protective" influence of the enforced heterozygosis. 

There is now evidence in Drosophila (Bridges 1917) 
that besides the "point-mutations," in single loci, 
changes occasionally occur that involve a whole region 
of the chromosome, perhaps destroying, or, more pro- 
bably, "inactivating" all the contained rectors In some 
way; for it is found that the latter no longer give 
any evidence of their existence, inasmuch as any re- 
cessive mutant allelomorphs that may be introduced into 
the opposite chromosome will not be dominated over by 
factors in such a region of the once normal chromosome. 
(Such a region, moreover, even if relatively short, is 
always found to be lethal when homozygous, corroborating 
our conclusion that not many changes, or losses, can 
occur among factors without undoing some mechanism that 
is necessary for life.) Now, these recessive regional 
mutations, or "deficiencies," like the point-mutations, 
could of course persist in the chromosomes protected by 
heterozygosis from the action of natural selection, and 
although these changes must be very rare,14 they might 
make up for their infrequency by the quantity of change 
produced by them when they did come. By this sort of 
change too, then, the chromosomes originally containing 
one pair of balanced lethals may gradually degenerate. 

It should be noted, however, that degenerative 
alterations of any kind (whether deficiencies or ordi- 
nary mutations) could not become established in one 
member of the pair of chromosomes, if they involved loci 
allelomorphic to any that had already become changed in 
the opposite member of the chromosome pair, for in- 
dividuals so affected would die. Thus not more than 
half of the loci of each chromosome could, on the 

1415,000 F1 flies were examined by the writer, in 
a cross of se ss k eg 1% (all in chromosome III) by 
ler ce sp (in-II T but no one case of deficiency was 
founa among them. Yet these crosses were so arranged 
that all deficiencies involving any one of the eight 
rather widely separated loci would be detected. 
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average, become changed. These loci would, of course, 
be scattered anywhere along the chromosome. 

Since there would be no process of selection either 
for or against any of these mutants, corresponding 
chromosomes in different individuals might,in the course 
of time, come to have very different compositions. The 
accidental decline and spread of certain lines would 
however, tend to keep the number of different sorts of 
chromosomes from becoming very large, except in ex- 
tremely populous groups;, for although this process of 
"extinction of families is slow, that of mutation is 
slow also. 

Since the synapsis of homologous chromosomes must 
depend in some way on a specific attraction of (certain ?) 
like loci (allebomorphs) for each other, the synaptic 
attraction of the members of the balanced pair would 
tend to diminish as they diverged more and more from 
oné another through their unlike mutative processes.15 

15The reasoning in detail is as follows: Chromosomes 
and regions of chromosomes having a certain genetic 
composition usually conjugate in a certain distinctive 
way (i.e., with each other only), regardless of what 
their derivation or previous history may have been.. Now 
since the genetic composition of these chromosomes or 
regions has been, ipso facto, the only persistent feature 
which caused them to retain their individuality, it fol- 
lows that it must be their own genetic composition which 
determines these distinctive features of their synapsis - 

i.e., how and with what they shall conjugate. That is 

to say, the genetic factors situated in each particular 
chromosome -segment cause a specific attraction between 
it and another chromosome-segment containing like factors. 
This means that the factors themselves or local products 
of them, attract each other, like for like. Of course 
there is no experimental evidence to prove that these 
genetic factors for synapsis are the same as the factors 
for the visible characters, but certainly there must be 
such "synapsis factors" present in every region of the 
chromonerna, as shown by the exactness of the apposition 
which occurs. Moreover, these factors must, like the 
factors for visible characters, be subject to mutation, 
else they could never have become differentiated. This 

being true, the factors determining synapsis which are 
present in a balanced pair of chromosomes must gradually 
diverge more and more from one another in character, and 
so the synaptic attraction between the chromosomes of 
that pair will be weakened. 
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This might lead to diminution in crossing over, which 
would be an advantage so far as productivity was con- 
cerned, for crossover chromosomes, containing lethals 
of both members, would cause death unless they met in 
fertilization with crossovers of just the opposite type. 
The weakening of the synaptic attraction might also lead 
to visible peculiarities of behavior in the maturation 
period, such as failure of homologous chromosomes to 
become finely spun out during maturation,and their late 
or imperfect (end -to -end ?) conjugation. Non- disjunction 
too would then occur more often, for when chromosomes 
do not conjugate, it is a matter of chance whether or 
not they enter the same cell at the segregation divisions. 

"Degeneration" of the general sort above described 
is not a process quite peculiar to pairs of chromosomes 
containing balanced lethals, but it must take place in 
every chromosome that is for any reason kept in company 
with homologous chromosomes of remote genealogical re- 
lationship to it, for the latter chromosomes, not having 
mutations in the same loci as the former, would by their 
dominant normal factors prevent the recessive mutants 
in the former chromosome from manifesting themselves, 
and so from being eliminated by selection. Thus, in 

hybrid Andalusian fowl or yellow mice, if the animals 

were for centuries bred from heterozygotes, and also in 

any of the chromosomes of species which propagate by 
continual out -crossing (as corn tends to do), lethals 

would tend to arise, as we have already seen, and this 
whole degenerative process would in fact gradually take 
place . 

The best examples of this sort of change are to be 

found in the Y chromosome of species of the Drosophila 
(XY) type of sex determination, and in the W chromosome 
of species of the Abraxas (WZ) type, for these chromo- 

somes (or at least the region of them opposite the sex 

factor, in cases where crossing over was possible), have 

been continuously in company with remotely related homo- 
logues ever since the respective types of sex determi- 

nation have been established. Moreover, the "degenera- 
tive" changes in these cases could be much more extensive 
than in cases of balanced lethals, because the Y and 
chromosomes were more completely protected by their 
homologues from the action of selection. This is be- 

cause their homologues (X and Z respectively) themselves 
remained quite normal, owing to the fact that they were 

subjected to selection when in the homozygous sex (XX 

or ZZ). Recessive changes could consenuently be es- 

tablished in any locus of Y and 7, whereas in cases of 

balanced lethals, where both homologues might become 
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involved, only half of either chromosome might, on the 
average, degenerate. This consideration would apply to 
any case where the back cross was continually performed, 
for one chromosome would be kept normal while the other 
would be completely protected from selection, so far as 
recessive mutations were concerned. It is probably 
needless to point out that theta and especially the Y 
chromosome (which is perhaps of more ancient origin), 
do show the expected evidences of this degeneration and 
differentiation from their homologues, both genetically 
and cytologically. The evidences are now as follows: 
(1) Recessiveness of W and Y in respect to any mutant 
factors arising in the homologue, even though these 
mutants are usually themselves recessive to the original 
normal allelomorph; (2) similar non -dominance over 
normal factors in the homologue, as shown in cases where 
the normals are themselves recessive to mutants; (3) 

failure of occurrence, or relative infrequency, of 

dominant mutations in W ,ind Y (recessives would not be 
detected); (4) visible differences in size and shape 
between them and their homologues; (5) great variations 
in their own size and shape even in closely related 
species; (6) weak synaptic attraction between them and 
their homologues, as indicated by the tendency for the 
sex chromosomes in the heterozygous sex to remain con- 
densed during the growth period, while the autosomes are 
spinning out for intimate conjugation, (7) and as shown 

by their frequently delayed synapsis, (8) and by the 
lack of crossing over between them and their homologues 
when they conjugate, even in the sex where other chromo- 
somes are undergoing crossing over (shown in Bridges's 
(1916) non- disJunctional females of type XXY), (9) and 

by 'the tendency, in these XXV individuals, for X and X 

to conjugate more often than X and Y. All of these 
peculiarities were to have been expected in the light of 

the previous considerations. The fate of the Y chromo- 
some, then, illustrates what will eventually happen to 
the chromosomes in cases of balanced lethals, although 

in the latter cases each member of the pair can change 
only half as much. 

Non- disjunction leads to the production of indi- 
viduals with three, and eventually four, members of the 

chromosome pair originally involved. When this hap- 

pened to chromosomes containing balanced lethals (as it 

probably would at some time), the members, A and a, of 

the originally balanced pair, would now tend to become 
two pairs, AA and aa, like nairin with like, provided 
the differentiation between A and a had become marked. 
Each of the members of these two pairs, now having 
identical mates, would (if this tendency was completely 
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realized) behave like normal chromosomes, a ,. e 

gamete would receive one of each pair, namely T 
'very gamete and zygote would consequently coat -_r 
the dominant normal factors necessary for life; 
lethal effect would thus be nullified and product' 
would again rise to 100 percent.16 If, however, 
two pairs were not well differentiated and occa si e :_ -. 

conjugated in a criss -cross fashion (Aa and 
mediate values for productivity would result. he, 

individuals of higher productivity would obviously to 
selected in the struggle for existence (unless the 
ration which had occurred in the proportions of the 
chromatin materials had disturbed the mechanism of de- 
velopment, as it does in Oenothera lata) . Thus the 
race containing balanced lethals might eventually re- 
turn to a condition of normal genetic behavior, throu7h 
the occurrence of non -disjunction, which would itself 
have been favored by the weakening of synaptic att_r?c- 
tion between the degenerating chromosomes. 

A similar situation would develop if, inst.' cR 

non-disjunction merely of the balanced chromoso:Le, , 

whole nucleus became tetraploid.. nere similarly 
balanced pair would tend to form two independent pa`- s, 

the lethal effect would then disappear, and productivity 
would rise, provided the tetraploid condition as not 

harmful in other ways. Other things being equal, 
however, a tetraploid condition of all the chro: c _ ; _e 
would not be as advantageous as the tetraploid._ 
of only the balanced. pair (produced by non - 
disjunction) , for evolution is hindered in tetraploid 
individuals by the fact that recessive mutants can 
manifest themselves here only in the rare coincidence 
that more than two of the mutant allelomorphs enter the 
same zygote. 

Another important consequence of enforced hetero- 
zygosis, besides its allowing the degeneration of 
chromosomes, is that it hinders the establishment of 
progressive changes in them. That is to say, not only 
are (recessive) mutant factors which ordinarily would be 
disadvantageous not selected against, but the much rarer 

beneficial ones that would, if. homozygous, produce ad- 
vantageous effects, cannot be selected for, since none 

16Exception must be made of the special case in 

which the lethals are gamete lethals and dominant to 
their normal allelomorphs. In such a case, as all 

gametes would nove receive the lethal, every gamete of 

the sex affecter) by that lethal would be killed. 
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of them has an opportunity to manifest itself except in 
case of the (initially) very remarkable accident that 
the same mutation has occurred independently in both 
members of the chromosome pair. The evolution of the 
race is therefore hindered almost exactly in proportion 
to the fraction which the affected chromosomes form of 
the whole bulk of chromatin - e.c,., if they form one 
fifth of the mass, selection has only four -fifths of the 
ordinary amount of genetic material to work upon, at 
least so far as recessive changes are concerned, and so 
evolution will (other things being; equal) proceed at 
about four- fifths of the speed which it otherwise would 
have. For this reason, as well as on account of the 
disadvantage of their lowered productivity, species 
containing balanced lethals would in the long run have 
a poorer chance of survival than ordinary species. 
Nevertheless, in the long course of evolution by which 
any present -day form has been produced, this condition 
may have arisen more than once, especially since, as 

will now be explained, the retardation of evolution 
would not be absolutely permanent. 

Although progressive change might for a long time 
be hindered in the way described, yet, after an extensive 
degeneration has taken place in either member of a pair 
of balanced chromosomes, many recessive changes in the 
other member will be able to "show," just as recessive 
mutants in the X chromosome can now manifest themselves 
in the XY male, owing to the "degenerate" condition of 
the Y. (In producing changes extensive enough to show 
these effects, point mutations would be vastly less 

effective than deficiencies.) Thus, after a long time, 

selection and progress can start in again, rendered 

possible, paradoxically enough, by the degeneration 
which preceded it. After this degeneration, in fact, 

recessive mutants will be able to manifest themselves, 
and will be selected, even more readily than under or- 

dinary circumstances, for they do not need to be re- 

ceived from both parents in order to become evident, any 

more than sex - linked mutants do in the male Drosophila. 

A doublino4 in number of the balanced chromosomes through 
non -disjunction or "tetraploidy" would now make of them 

two ordinary pairs, the factors in one of which do not 

interfere with, or dominate over, the factors in the 
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other. If the doubling had come before the differen- 
tiation, the same stage would nevertheless be reached 
in the end.17 

Although the series of events described are entirely 
theoretical, they are the quite inevitable consequence 
of the random mutations and mitotic accidents that are 
continually though very infrequently occurring. 
.tether the course of processes_ outlined could actually 

come to pass therefore depends upon how long a race with 
balanced lethals would be able to maintain itself in 
competition with its less handicapped neighbors, and 
upon the actual frequency with which point -mutations, 
deficiencies, and mitotic abnormalities happen. 

(7) 2ecial results obtainable with lethal factors 

Various peculiar sorts of results besides those 
seen in the crosses already reported may be obtained 
with lethal factors arranged in special combinations. 
For example, recessive factors present in heterozygous 
condition in both parents may be prevented from "showing 
themselves" in any of the offspring (i.e., appearing in 
homozygous condition), not only by having them com- 
pletely linked with a recessive lethal factor, as before 
explained, but also, in case there is crossing over in 
one sex, by having a partially linked lethal on each 
side of them in the chromosome. For then the crossovers 
are killed too, inasmuch as the factor in question cannot 
cross over from both lethals at once (except in the rare 

171t is interesting to note that in tetraploid 
forms there would be a tendency for a series of changes 
to occur in the ordinary chromosomes similar to those 
occurring in balanced pairs. Groups of four would 
tend to differentiate into separate pairs, which would 
"protect" each other from selection; originally similar 
pairs would thus tend to undergo unlike degenerative 
changes, until they no longer protected one another, 
when degeneration would gradually cease, and selection 
of progressive mutants would at the same time gradually 
set in again. 
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case of double crossing over) . 18 From the crossover 
fly containing 1III 1 without Ç; described on p. 23, 
flies were made up containing; sa D'2 ss k eá 1 in 
one third chromosome, and their normal allelomoroh 
the other. Ç' was not preset,. As D' is lethal' when 
homozygous, the factors 2, ss, k and es are penned in 
by a lethal on either side. Vence even though there 
is abundant crossing; over these factors will nearly 
always be accompanied in the eggs by either D' or 1IZI 
and as the sperm containing p, sa, k or ee will always 
carry both D' and ZTII 1, 

owing to the absence of 
crossing over in the male, no homozygous 2, sat, k or 
flies can appear. The count was: completely normal 
27, dichaete but otherwise normal 64, dichaete pit" -E 

sepia eyes 3. Pink -eyed, spineless, kidney -eyed, ,.._ 
sooty flies were completely absent. Since sepia h:. 
lethal on only one side, but is linked to it, a few 
crossovers homozysous for se appeared, as expected. 

If each of the above two lethals were o _._: 
another recessive lethal in a nearly opposite locus 
the homologous c=hromosome, this stock would auto= _ 
maintain its original composition ge erati 
ration without the production of 2, ss, k 
virduals, just like the stock 

s k e - 

on p. 52. In that stock crossovers do not ocl.r; 
this one they would be killed. 

In lieu of the two extra lethal factors, 

D' p ss k es fill 1 chromosome was automatic _ - _ - r -- 
r 

tamed by crossing it to a chromosome cone- 

PID The flies were therefore of composition s - III L 

Q e ÿ" 

Homozygous e flies are not killed but as they are 
somewhat less viable and much less fertile than most 
varieties, there is little danker o'" t'-_eir crowding, out 

the off s-;rir. - of the above composi ti.:,n. This stock 

18 
This of course does not oeci; ;, which 

cross _ o occurs in both sexes; or : ' e;,: ; 

i to the 
ä:s for 

containing the visible recessive f tor,3 

lethal :o-the :^;ht, fertilized by a cros_ 
, -.ta-ning the visible factors without tir-:e 

le, wou-. produce viable inlivil.als homo7, 
. 

: .:._.... fr.ct*ors. 
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maintained itself fairly well, all flies appearing pink - 
eyed and either sooty -ebony compound or ebony, nearly 
all of the former being dichaete in addition. Dichaete 
crossed over occasionally, however. Spineless and 
kidney did not appear, so that the stock was seemingly 
pure for normal spines and normal eye shape. This race 
was then crossed to the self -maintaining 

s 1 

_s- 
e- Bd 

stock, which, like it, was apparently 
11II 1 

pure for normal spines and eyes, and unlike it, seemed 
pure for normal body color as well. It is evident that 
zygotes of the following four types, should be formed in 

equal numbers: g e Ç' (appearing es-e 
ss k es Bd 

e Q? ( appearing normal) ; 21Q sg es 1III 1 

1III 1 ss '' es Bd' 

1;3_ 
). d 

(appearing D' ss k es 1.); 
D p sa k eg 1III 

1 (dies) . 

G' 111I 1 

The count was / 34, normal 35, 2' ss k es Bd' 26. 
TTere, then, we have the spectacle of two races, both 
apparently agreeing in the complete "absence" of certain 
characters (spineless and kidney), which nevertheless, 
when crossed to one another, produce individuals. (about 
one -third of the count) pure for those characters in the 
very first generation. It will be observed moreover, 
that "triple hybrids" were produced this time. If the 
cross had been 

es -III 1 (appearing dichaete beaded) 
p' 

by 
es 

Bd' (likewise dichaete beaded), all the off- 
7Y1; 11I 1 

spring would have been of the new type (not dichaete, 

sooty, beaded) for only the 
es 

-Ili 1 individuals 

could live. 

By crosses designed for the purpose, flies were made 

up of composition D` -III 1 Bd 
e C' 

They appeared dichaete 
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and somewhat beaded. These flies maintained themselves 

s in the same manner as the 
D 

-s 
k e- 

-III i stock 
e c' 

already described, there being always a mixture of 
dichaete beaded flies of the desired composition and 
weaker homozygous ebonies in the bottles. A dichaete 
male of the sort in question vas then crossed to beaded 
females of "pure" stock, and therefore of composition 

-d In this cross sperm having; the dichaete - 
1III 1 

bearing chromosome, D' -III l Bd; should be checkmated, 
for it contains two lethals, and both 'rinds of eggs 
carry either one of these lethals or the other. Only 
offspring derived from the e Ç' sperm should therefore 
come to light, and these would consist of ordinary- 

, looking beadeds (composition -d ) and normals 
éTr_a 

r 

( 

Ç 
-III 1 ) . On making the cross it was found that in 

Ç' 

truth, among; a large number of offspring examined, not a 
single dichaete fly appeared, and on breeding together 
the F1, which consisted of beadeds and normals as ex- 
pected, dichaete failed completely to appear. Hence, 
this was a case in which a certain obvious character, 
dichaete, that is clearly genetic and present in a 
majority of the individuals of a certain race, dis- 
appears entirely on crossing a fly exhibiting it to 
another stock, and never reappears in subsequent gene- 
rations derived from the cross; it is no longer present 
even genetically. Yet ordinarily this character is a 

dominant. The result nevertheless presents no mystery; 
it was "made to order." Various other unusual results 
could be secured by carefully arranging lethal factors. 
For example, it would have been possible to "checkmate" 
both of the chromosomes of a parent in a properly chosen 
cross, in the same way as the Di-bearing chromosome was 
checkmated above. In that case, none of the offspring 
would be able to live, and we should have two otherwise 
fertile flies quite unproductive when crossed to each 
other. The results described in the sub -section 
dealing with the effects of crossing races with balanced 
lethals to ordinary races, or inter se, are comparatively 
simple and unexceptional compared with the results of 
crossing lethal- bearing races to other races also con- 
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taining lethals, but other lethals, or lethals dif- 
ferently arranged. Triple, quadruple, and still more 
multiple hybrids may be produced, hybrids that breed 
true or those that segregate in all sorts of ways; 
impure stocks may be rendered "pure" on crossing, and 
vice_versa, and bizarre ratios ad nauseam will appear. 

It would be idle to continue the enumeration fur- 
ther. The factors may be put together like bricks, 
and the reader may work out for himself what the con- 
sequences of a cross will be. Enough crosses have been 
made to demonstrate that the results with these lethal 
factors obey the precise Mendelian reulations, and to 
piece together experimentally more unusual cases is an 
occupation no more requisite for determining the out- 
come of the various possible crosses than it is necessary 
for a civilized man to count on an abacus in order to 
be certain of the correctness of an addition. The 
study of the effects on crosses of lethal factors that 
have already been located, thus becomes merely a mental 
exercise. 

(8) The variability of the character beaded 

Practically all the peculiarities of inheritance 
in the beaded case have been shown to have their origin 
in just two circumstances: (1) that the mutant is a 

dominant, and (2) that the reaction by which the char- 
acter is produced is readily modifiable. The first 
circumstance has been shown to be causally connected 
with the lethal effect of Bd'itself, and this lethal ef- 
fect in turn explained the éstablishment of a balancing 
lethal. The second circumstance must be responsible 
for the fact that the character is so variable somati- 
cally, and also for the fact that so many (5 9r more) 
known genetic factors act as modifiers of it. '9 The 
question may now be asked, is there any connection be- 
tween these two circumstances themselves. 

There seems no a priori reason why dominant mutants 
should be more modifiable than recessives, although all 
the dominants so far found in Drosophila, without ex- 
ception, are especially noteworthy for the relatively 
high variability of the characters they produce, as 

19The occurrence of a' in the chromosome with -III 1 
does, however, seem to be exceptional coincidence, 
not referable to either of the two circumstances named. 
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compared with the average of characters due to recessive 
mutants. Possibly the fact that the dominants are 
usually judged when in heterozygous condition has some- 
thing to do with this result, although, again, there 
appears to be no theoretical reason why heterozygotes 
should be more variable than homozygotes. Hut whether 
or not individuals heterozygous for dominant mutant 
factors really are more variable than homozygous re- 
cessive mutants, as the facts certainly seem to show, 
there is a cogent reason for believing that mutant char- 
acters are more apt to be variable than normals are. 
The reason is that it is usually disadvantageous for an 
individual to have its characters depend on reactions 
that are easily modified, because then the normal, 
optimum, type would not so often be produced; factors 
will therefore have been perpetuated, by natural selec- 
tion, which are especially undeviating in their effects. 
(Of course, in special cases, normal characters may be 
modified by ordinary agencies, but then they are only 
modified "adaptively," and under particular conditions; 
this is in fact physiology.) Thus normal factors pro- 
duce reactions that are less changeable than those of 

the average factor, or conversely, the characters pro- 
duced by mutants would be, on the whole, more modifiable. 
The modifiability of the beaded character is thus cor- 
related with the fact that it is a mutant. 

All this character variation has of course nothing 
to do with factor variability, and, so far as this 
question is concerned, it should now be evident that 
the known peculiarities of beaded inheritance are en- 
tirely explained by the findings above reported. The 
argument for factor variability in this case therefore 
falls, and in similar cases the burden of proof must 
hence be on the proponents of that hypothesis, until 
the genetic facts are thoroughly analyzed. But, besides 
these experimental findings, some considerations have 
been raised in the preceding discussion that lead to 
certain theoretical objections to factor. variability. 
These and other general arguments bearing on the pro- 
blem here at issue will now be examined. 

(9) General considerations concerning 
factor variability 

If the conception of the organism sketched in the 
section dealing with the frequency of lethal mutations 
is correct, alterations in factors are very apt to have 
harmful, if not fatal, results on the individual. It 
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is probable, moreover, that at least thousands of fac- 
tors co- operate to make the individual. In view of 
these two circumstances, it is certainly venturesome to 
assume that the ^enetic factors are all continually 
varying from generation to generation. The individual 
formed of these factors would, to put it bluntly, have a 
very hard time holding together. Among thousands of 
fluctuating factors it would, on any such assumption, 
seem likely that a few at least in every individual 
would have varied so much as to be lethal or semi -lethal. 
In other words, as soon as it is postulated that the 
larger visible variations are merely the extremes of a 

fluctuation curve, and that innumerable factors in the 
individual are each producing curves of similar sort, 
it becomes difficult to see how an appreciable propor- 
tion of these visible, non -lethal changes can be taking 
place, without every individual also receiving many 
lethal, or at least very disadvantageous, variations at 

the same time. Under such circumstances, natural 
selection would be scarcely sufficient even for the work 
of conserving the factors as they are, and maintaining 
the race at its normal standard, let alone for the task 
of race improvement, or the alteration of particular 
characters in desirable directions, in addition to all 
this. On the other hand, if factor changes are rare 
and definite, these difficulties are not encountered. 

Of course if the individual factor fluctuations 
were made indefinitely small, the total variation could 
be held within harmless bounds, but in that case it is 

very doubtful whether any one factor would vary enough 
for the changes in it to be appreciable, and it is dif- 

ficult to see how, under such circumstances, natural 
selection could obtain a grip. Besides, it cannot be 
taken for granted that the variations may be indefinitely 
minute, for the factor itself is so tiny that changes 
in the number of its molecules, or in its radicles, 
might well produce quite discrete effects. 

Factor changes, however, probably do not consist 
in mere variations in the number of molecules at all; 
they are probably qualitative, rather than quantitative 
in this sense, and so they should not be expected to 
follow a "normal curve." One reason against regarding 
factor changes as quantitative is that in Federley's 
(1913) crosses of butterflies, where zygotes are formed 
in which some of the chromosomes are half the size of 

others, due to an extra division of the former, the 
size differences are evened up again during development. 
The factors must necessarily have been halved when the 
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chromosomes were; presumably they also recovered their 
form or size when the chromosome did, but if there is 

any doubt about this point it could be easily tested 
genetically. Another reason for believing that there 
is a definite size which each gene tends to approach as 
its equilibrium a.mount20 is that, if this were not so, 

the sizes of corresponding genes in different cells 
would, by the accumulation of chance differences, surely 
come to vary enormously from each other after the long 
series of multiplications occurring during development 
(and generation after generation). For the genes, 
after all this time, to present just "tractable ".dif - 

20Althoug>h it is likely that the size of any parti- 
cular gene is determined by a certain equilibrium point 
towards which its growth reactions tend, nevertheless 
we cannot, as in simple cases of mass action, consider 
all the genotypic material of a certain kind present in 
the cell as a whole, and say that this will tend to ap- 
proach a certain amount, for the total amount is also 

dependent on the number of "units of this gene that are 
present in the cell. Thus, if two units, or "doses," 
are present, there will be a different amount of geno- 

typic material produced in the cell than if there is only 

one, as indicated by the different results produced by 
the sex factor, according to its dosage, and by the 
factors in a certain chromosome of Oenothera which in 

three doses cause the lata form and in two the 
Lamarckiana. Observations on the relative sizes of 

homologous chromosomes when they may be present in cells 

in varying numbers proves that the same principle holds 

here (thus each of the two sex chromosomes in a female 

is just as large, relatively, as the single one in an 

{0 male) , but of course one cannot surely argue from the 

size of the visible chromosome structure to that of the 

factors contained in it. /e may therefore conclude 
that the growth of each individual gene and chromosome 
is carried on until a certain equilibrium point is at- 

tained, but that this equilibrium amount for any one 
gene or portion of a chromosome is more or less inde- 
pendent of how much material of this same sort is already 

present elsewhere In the cell. These principles appear 

to hold for the visible structure of chromosomes in 
Federley's crosses of butterflies, where different num- 

bers of chromosomes may be present, some of which may 

have been reduced in size by a double division during 
maturation, but where all chromosomes nevertheless 
eventually attain the normal size. 
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ferences from each other, of the order of magnitude 
postulated by the believers in fluctuation, would re- 
quire a delimitation of variation adjusted with the ut- 
most nicety, considering how many times the genes must 
reproduce themselves in all the cell generations from 
gamete to gamete. In doubling themselves in any one 
cell generation, then, their amount of growth would 
have to be regulated with infinite exactitude, and their 
course of variation would need to be steered along.a 
knife edge. 

The hypothesis of a continual fluctuation of fac- 
tors, though regarded by many as such a natural assump- 
tion, really fails to account for the fact of continuous 
character variability which it was invented to explain. 
For if the factors are varying slightly all the time, 
they should vary in the embryo as well as in the adult, 
and in early gonia as well as late, but a variation in 
a factor at that early stage would give a bias to the 
size or nature of that factor in all descendant cells 
in the direction of this original variation. Thus the 

offspring of an individual should often have their 
factors varying about a mean different from the value of 

that factor in the parent, and the curve of offspring 
should not be a normal curve at all, but polymodal, with 
more individuals grouped about some of the modes, re- 
presenting variations that occurred in earlier gonia, 
than about others, which would have been caused by 
variations in later cells that did not have so many de- 
scendants. Within the groups about each mode, moreover, 
there would be subsidiary centres of aggregation. This 
would seem true especially when we remember that the 
cells do not grow and divide synchronously but develop 
in more or less discontinuous groups. 

To escape this dilemma it would seem to be necessary 
for the proponents of fluctuation to postulate that 
variation is confined to the maturation period of the 
germ cells, or at least to their later stages. But to 

do this is to dig the ground from under the very foun- 
dations of the hypothesis, for its chief claim to re- 
cognition lay in the inherent plausibility of the idea 
that factors, like so many other things, must be sub - 
ject to continual slight variation, and could not be 

kept constant. To now admit that the factors may 
nevertheless be practically constant through most of the 
life cycle is to admit the existence of the whole 
mechanism necessary for factor constancy. To suppose 
that, in addition to this fixity, there is a variability 



80. 

at just about the time of maturation thus becomes a very 
special and unnecessary assumption; one not to be 
tolerated without the most cogent experimental proof. 

In addition, then, to the exper.inental findings 
showing that there is another explanation for the cases 
used as arguments for factor fluctuation, we must bear 
in mind that the a priori basis for this hypothesis is 
very uncertain also. Toow, when the definitely as- 
certained mutations are examined, still further evidence 
against this assumption appears, for in factors in which 
large channesare found small changes are not more 
frequent; at any rate, there is evidence against the 
existence of a probability curve of variations, one with 
the minuter plus and minus changes more and more nume- 
rous. Perhaps the best example of what is meant here 
may be seen in the case of the mutations in the locus 
W of Drosophila, a case which has at times been cited 
in support of the variability contention. Seven dis- 
tinct allelomorphs (all affecting eye color) are already 
known at that locus, yet all six mutants are (in inten- 
sity of the color they produce) minus variants from the 
normal red, and furthermore, they show no tendency at 
all to group themselves in its vicinity. Instead of 
finding most of the allelomorphs very nearly like red 
in the character they produce, with the wider deviations 
most exceptional, there is only one factor ( "blood ") in 
the lop interval between red and cherry, although 
cherry is, in intensity of color, about half way between 
red and white, the most extreme variant. The other 
four mutants are more extreme deviants than cherry. 
This is not because less extreme variants than cherry 
would be likely to escape observation, for hardly any of 
the mutations affecting eye color in other loci of 
Drosophila are even as extreme as blood, and very much 
smaller deviants than cherry or blood would be detected 
unfailingly. It is therefore quite gratuitous to as- 
sume here that there are a very large number of small 
variations; certainly the number does not increase as 
we approach the parent type within the limits of obser- 
vation, but, in fact, decreases conspicuously. 

Of course, it would be scholastic to deny that some 
mutant genes may occasionally occur that are genetically 
unstable in some way or other. Emerson's (1911, 1914) 
variegated corn in fact proves this possibility, but it 

is noteworthy that even in this case there is no evi- 
dence of continuous fluctuation and a normal curve. 
Although such instability may be expected as an oc- 
casional abnormality, it is to the advantage of the 
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organism that most genes shall be very stable, and 
present -day races are doubtless the products of a long 
process of selection in that respect as well as in re- 
gard to the constancy of the reactions whereby the fac- 
tors produce the characters. In view of all the ex- 
perimental data, and theoretical considerations, prac- 
tically absolute factor fixedness seems the established 
rule, with the exception of occasional definite muta- 
tions that in any one locus must usually be exceedingly 
rare, and geneticists may well pause before ascribing 
any unusual results to a fluctuating variability of a 

single factor. The positive evidence against such a 
process still remains unchallenged by relevant facts or 
plausible hypotheses. 

(10) Contamination of factors 

It should be noted that, although Bá has been kept 
continually heterozygous, in company wit Pi its normal 
allelomorph, for years, without then being subjected to 

artificial selection, nevertheless it shows no evidence 

of having been contaminated by that association, or 

weakened in any way. 

SUIVLiARY 

1. 13 ` the factor for beaded wings in Drosophila, 
is, like t e factor for yellow in mice, a lethal which 

'rills all individuals homozygous for it. Like yellow 

it is recessive for the lethal effect and behaves as 

dominant in regard to a visible character, but in the 

present case the dominance is rather irregular. BdTis 

located at about 2 units to the right of the locus óf 

rough eyes; thus it lies at the extreme right -hand end 

of the known factors in the third chromosome. 

2. In the so- called pure stock of beaded, although 

of course none of the individuals can be homozygous for 

8dß, nevertheless all show the character beaded. This 

is because they contain, in the third chromosome homo- 
logous to the one carrying Bd, another lethal factor, 

II , which prevents individuals homozygous for 
itselr from appearing. This factor, unlike Bd; pro- 

duces no visible effect when in heterozygous condition. 
Its locus is situated about 12 units to the left of 
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that of Bd. Since here it lies in the same chromosome 
with the normal allelomorph of Bdd'no flies of this stock 
that are homozygous for normal wings can live, except 
when crosses over from the factor for normal 
wings. 

3. There is, however, another mutant factor be- 
sides 1III 1 in the chromosome containing the normal 
allelomorph of lad. This is the factor C, which pro- 
duces no visible effect, but which, when heterozygous, 
practically prevents crossing, over in the region of the 
chromosome near to it. Cris located somewhat to the 
left of 1 .III 1, and effectually prevents the latter 
from becoming separated from the factor for normal 
wings, except in very rare cases. As neither the homo- 
zygous normals nor the homozygous beadeds can live, the 
condition is created of a heterozygous stock which 
nevertheless breeds true to its own type. 

It is proposed to designate a condition of this 
sort, in which heterozygosis is enforced by two opposed 
lethal factors, each of which in some way prevents the 
appearance of an opposite type of homozygote, as one of 
"balanced lethal factors." 

4. 1 `, the factor in chromosome II which inten- 
sifies the -tended character, is not a lethal, and it is 
probably not an allelomorph of v (the factor for 
vestigial wings). It is partially dominant. 

The composition of all flies in the "pure" beaded 

stock may now be represented 
IB 

V 
B 

III 1 

I3d C 1III 1 14 

5. Investigation of the other dominant mutant fac- 
tors of Drosophila showed that it is a phenomenon of 
general occurrence for dominant mutants to be lethal. 
There are nine dominant mutants known, excluding beaded 
and truncate intensifiers. The viability of the homo- 
zygote was known in the case of three (all sex -linked); 
the remaining six have been tested. The total enume- 
ration shows that 3 of the 9 factors are non -lethal, 1 

is semi -lethal, and 5 are lethal. It is probable that 
lethals are more often found among the dominant mutants 
than among the recessives mainly because lethals have a 

better chance of being detected in the case of dominants, 
but perhaps also the dominants may on the whole exert 
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more effect than recessives when they are homozygous, 
and therefore more harmful effect. 

6. The lethal effect of B ' not only explains why 
it was at first impossible to obtain pure stock of 
beaded, but also why stock that did breed true was fi- 
nally secured; for if lethals are fairly frequent in 
occurrence (as there is good reason to believe) the 
selection of stock containing as high a proportion as 
possible of one lethal automatically tends to the es- 
tablishment of a race containing another lethal in the 
opposite chromosome. In general the condition of 
balanced lethals should tend to arise whenever a 
"beneficial" lethal factor (one that is selected for) 
already exists. 

7. Although -III 1 is the first lethal recessive 
factor found in autos.omes of Drosophila, the evidence 
from sex - linked lethals, lethal dominants, and theore- 
tical considerations, makes it probable that such fac- 
tors form a large proportion of the factors arising by 
mutation. Hence they should be found to have arisen 
in any chromosome region that has been protected for a 
long time from the action of natural selection. The 
chromosomes involved in a case of balanced lethals are 
so protected by each other, and the Y chromosome is so 
protected by the X; chromosomes of stocks continually 
out -crossed or kept heterozygous are also removed from 
selection. In all these cases, then, lethal factors, 
and undesirable mutant factors of other sorts, would 
gradually accumulate in the affected chromosomes. 
Besides this, evolution of the species would be hindered 
in these cases by the fact that recessive mutant factors 
of a beneficial nature could not be selected for. It 

has been shown in the text, however, that if the race 
containing balanced lethals persisted very long, the 
degenerative processes themselves might cause it finally 
to revert to a condition of normal genetic behavior, in 
which each of the originally balanced chromosomes would 
be represented by an independent pair. 

8. In out -crosses of the balanced lethal stock of 
beaded with other races twin hybrids and constant 
hybrids are produced, according to the Mendelian ex- 
pectations for these cases. By the introduction of 

other factors into the affected chromosomes these re- 

sults were made more striking. Balanced lethal stocks 
were obtained containing in heterozygous condition re- 

cessive factors that never came to light except on 

crossing, or as a result of a rare crossing over from 
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one of the lethals. In the latter case mutation was 
simulated. The parallel results that have-been ob- 
tained with Oenothera indicate clearly that this, too, 
constitutes a complicetec case of balanced lethals. 
In double-flowered stocks there is a very similar 
situation. 

9. Unusual and apparently non-Mendelian results of 
various other sorts can be; and have been made to order 
with beaded flies. For example, it was possible to 
cause the total di_sappeara.nce, on crossing, of a dominant 
character present in one of the parents, and its com- 
plete absence from all subsequent generations. Unfor- 
tunately for the geneticist who is still "open- minded" 
about the strict genotype interpretation of heredity, 
the Mendelian machinery at work here is quite trans- 
parent, owing to previous analysis. But of course one 

'may always have recourse to taking the end results 
Purely at their face value, as it is sometimes urged 
that, after all, we are concerned with facts, and. that 
factors are merely concepts. 

l0. The apparently conclusive and unusually elabo- 
rate evidence of factor variability which the case at 
first presented has resolved itself, upon factorial ana- 
lysis, into a quite different set of phenomena. This 

makes it imperative not to accent similar evidence in 

other cases until as complete genetic analyses have been 
made. 

Theoretical objections to factor variability have 
also been presented. 
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ADD7?'?DUm 

Since the above has gone to press, de Vries (1918) 
has adopted an explanation identical with that of 
"balanced lethal factors" in order to account for the 
twin hybrids of his species crosses. For he finds that 
Oe. grandiflora is a permanent heterozygote for the 
semi -lethal factor "ochracea," and, as he points out, 
this circumstance must evidently be due to the existence 
of another, completely lethal, factor, which segregates 
from it. Fe finds, moreover, that in crosses of Oe. 
grandiflora with other species, the gametes containing 
the factor for ochracea give rise to one type of hybrid - 

laeta, - while the other gametes (those that must have 
the balancing lethal) give rise to the twin hybrid - 

velutina. In Oe. Lamarckiana, whose genetic behavior 
on crossing is similar to that of grandiflora, the 
"ochracea" type of gamete probably contains a com- 
pletely lethal factor, as homozygous ochracea never 
appears. 

This important confirmation of the conception of 
balanced lethal factors in Oenothera now opens the way 
to an explanation of the other peculiar results of 
crosses in that genus (constant hybrids, etc.) on the 
same basis. But it should be remembered that, whereas 
the lethals dealt with in Iamarc, iana and grandiflora 
are zygotic (since both reciprocal crosses often give 
the two types of hybrids), the corresponding chromosomes 
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in some of the other species evidently here -emete- 
lethals instead, or in adlition. 'his Is to 1-Je ex- 

pected on the view of "chrollosoffie d- - ion" pre 

viously outlined. At the same tlrj, ew 

of de /Tries must also make more orob ' 9 vie; 
vanced in the present per th7t most of I, e "mut 
are really the appeerine., in homozygous condition, 
previously existin n. heterozygous reces-ive 
Which chanced to cross over from the leth-,ls ,e 

they had been atteched. These recessive f'ictors , - 

selves must, however, have come into existence 0r17,i- 

nally by a process of true mutation, althoel- this may 
have happened in the remote pest. It seem- anfortun-te 
to confuse their origin with the question of species 
hybridity. Since the time -Then t'ee reJ1 mutations oc- 
curred, or before then, in the ancestry of any species 
of Oenothera, there may or may not have been species 
crossin7, and so the mutnt factors may or may not have 
previously been evident in homozygous condition, as the 
"normal" factors of some parental species, but there 
seems little object, from the present point of view, in 
affirminc or denying such crossing, since there is no 
reason to believe that the occurrence of true mutations 
has anything to do with hybridity. 

A paper of de 7ries (1916) on seed bilit7 te 
Oenothera, which has also just come to 1 T, Is isee 

of importance in this connection. It ap 
that Renner too, some years DP,"0, proposed 
balanced lethal to explain the twin id eze, 
although he believed that the cause o 71: 

lay in in original species hybridity. 
complicated results do not seem explicable on 2ene-_-os 
one simple scheme, yet many of de 7ries's own fiee7iin7s, 
here reported, do favor the general idea of b ---- 
lethal factors. We may note here particularly t 

fact that not more than 50 percent of the offsprie- e' 
Oe. Lamerckirina are viable, together with the fact e t 

the productivity of some of its mutants is much n:re 

Among mutants of high productivity is to be noted 
especially the tetraploid form n.igas (see discussion 
on page 69). 
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Beneath the imposing building called "Heredity" 
there has been a dingy basement called "Mutation." 
Lately the searchlight of ,genetic analysis has thrown 
a flood of illumination into many of the dark recesses 
there, revealing some of them as ordinary rooms in no 
wise different from those upstairs, that merely need to 
have their blinds flung back, while others are seen to 
be subterranean passageways of quite a different type. 
In other words, the term mutation originally included a 
number of distinct phenomena, which, from a genetic 
point of view, have nothing in common with one another. 
They were classed together merely because they all in- 
volved the sudden appearance of a new genetic type. 
Some have been found to be special cases of Mendelian 
recombination, some to be due to abnormalities in the 
distribution of entire chromosomes, and others to con- 
sist in changes in the individual .genes or hereditary 
units. It seems incumbent upon us, however, in the 
interests of scientific clarity, to agree to confine 
our use of the term mutation to one coherent class of 
events. The usage most serviceable for our modern 
purpose would be to limit the meaning of the term to 
the cases of the third type - that is, to real changes 
in the gene. This would also be most in conformity 
with the spirit of the original usage, for even in the 
earlier days, mutations were conceived of as fundamental 
changes in the hereditary constitution, and there were 
never intentionally included among them cases merely 
involving redistribution of hereditary units - when 

*Address delivered at 2nd International Congress of 
Eugenics, New York City, Sept., 1921; published in 
Eugenics, Genetics and the Family ", vol. 1: 106 -112 
(1923); and in "Evolution, Genetics and Eugenics" by 
H.H.Newman, pp. 495 -502 (1925). 
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these cases were recognizable as such. In accordance 
with these considerations, our new definition would be: 
"mutation is alteration of the gene." And "alteration; 
as here used, is of course understood to mean a change 
of a transmissible, or at least of a propagable, sort. 

In thus trimrnin; down the scope of our category 
of mutation we do not deprive it of the material of 
most fundamental evolutionary significance. For all 
changes due to the redistribution of individual genes 
or of groups of genes, into new combinations, propor- 
tions, or quantities, are obviously made possible only 
by the prior changes that make these genes differ from 
each other in the first place. It should in addition 
be noted that changes due merely to differences in the 
gross proportions of entire groups of genes must be re- 
latively incapable of that delicate adjustment which is 
required for evolutionary adaptation. And as to the 
question, frequently raised, whether all evolution is 
ultimately due to mutation, this is necessarily an- 
swered in the affirmative by our definitions of the 
gene and of mutation, which designate the gene as any 
unit of heredity, and mutation as any transmissible 
change occurring; in the gene. The question of the 
basic mechanism of evolution thus becomes transferred 
to the problem of the character, frequency, and mode of 
occurrence of mutation, taken in this precise, yet com- 
prehensive sense. And since eugenics is a special 
branch of evolutionary science it must be equally con- 
cerned with this problem. 

In choosing the body of data wherewith to attack 
these questions of mutation, in their new form, it must 
unfortunately be .recognized that the results with the 
evening; primrose, Oenothera, although they formed the 
backbone of the earlier mutation theory, can no longer 

be regarded as having a direct bearing on the modern 
problem, since they cannot be shown to be due directly 
to changes in the genes. Certain of them, such as 

gigas, lata, scintillans, etc., have been proved by 

Geerts, Lutz, Gates, and others, to be due to abnorma- 
lities in the apportionment of the chromosomes. Very 
valuable information on the genetics of cases of this 

sort is now being obtained, especially in the work of 
Blakeslee, Belling, and Farnham on much clearer cases 
of similar character in the Jimson weed, and, finally, 

in work of Bridges on the fruit fly Drosophila. Most 

of the other so- called mutations in the evening prim- 
rose appear to be due to the normal hereditary pro- 
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ceases of segregation and crossing over, working on a 
genetic constitution of a special type. Evidence for 
this was obtained in my analysis of the analogous case 
existing in the fly Drosophila, as follows. It had 
previously been shown by de \Tries, and further elabo- 
rated by Renner, that germ cells or individuals of 
Oenothera bearing; certain genes always died, in such a 
way that all the surviving individuals were hetero- 
zygous (hybrid) in regard to these genes. I later 
showed, through work on Drosophila, that when such a 
condition (there called "balanced lethal factors ") 
exists, the situation tends to become still further 
complicated through the presence of other hetero- 
zygous genes, which are linked to those which cause 
death. When one or a group of these non- lethal genes 
crosses over (separates) from the lethals, as they oc- 
casionally do, they may become homozygous, producing a 
visible effect. Thus new types of individuals appear 
which may be ascribed to "mutation," whereas they are 
really due to crossing over. The work of Frost on 
stocks has shown that a precisely analogous situation 
exists in that form also, and G.H.Shull is obtaining 
direct evidence for the same conclusion in the evening; 
primrose itself. In any event, it must be granted 
that so long as this interpretation cannot be definitely 
refuted, these variations cannot be used as examples on 
which to base our theory of gene change. In place, 
then, of the elaborate system of conclusions which has 
derived its support chiefly from the results in the 
evening primrose, it will be nedessary for our present 
theory of gene change to erect an independent structure, 
built upon an entirely new basis. 

The data upon which the new theory must be built 
consist of two main sorts, which may be called direct 
and indirect. (1) In the cases giving the direct evi- 
dence, the occurrence of the gene change can be proved, 
and it is possible to exclude definitely all alterna- 
tive explanations, such as contamination of the 
material, emergence of previously "latent" factors, 
non -disjunction, etc. So far, the only considerable 
body of such evidence is that gotten in the Drosophila 
work, where mutations have (in this sense) been actually 
observed in at least 100 loci. Considered collec- 
tively, however, there exist in other organisms enough 
scattered data to afford ample corroborative evidence 
for the generality of occurrence of mutations like 
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those observed in the Drosophila work. In addition 
several specially mutable genes have been found in a 
number of plants (as well as in Drosophila) that are 
giving highly valuable information along their parti- 
cular lines. And a number of selection experiments 
that have been performed on non -segregating lines of 
various organisms have also given us direct evidence, 
if not or the frequency, then at least of the infre- 
quency, of mutations. (2) As for the indirect data, 
these may be gotten by examination of Mendelian factor - 
differences of all kinds, on the assumption that they 
must have arisen through mutation. Although this as- 
sumption can be shown to be fully justified, these 
cases cannot provide information concerning the manner 
of origin of the mutants, nor can they furnish a re- 
liable index of the frequency of mutations, since the 
mutant genes may have been subjected to an unknown 
amount of selective elimination or selective propagation 
before the observations were taken. As for the still 
more indirect data, derived from studies of ph7lo- 
genetic series and comparisons between different 
species, genera, etc., these occasionally give sug- 
gestive results, but where crosses cannot be made or 
where the differences cannot be traced down to the in- 
dividual genes, such facts can seldom lead to trust- 
worthy genetic conslusions. 

On these various data, duly weighted, we may found 
our new mutation theory. We know nothing, as yet, 
about the mechanism of mutation, or about the nature of 

the gene - aside from the fact that nearly all genes 
hitherto studied behave like material particles exis- 
ting in the chromosomes. Nevertheless there is al- 

ready evidence for a number of empirical principles re- 

garding the changes of the genes, some of which may con- 

veniently be listed here in the form of 14 statements. 

I shall have opportunity merely to present these prin- 

ciples, without attempting any adequate explanations 
of how they have been derived from the data. 

1. The first and probably most important prin- 
ciple is that most genes - both mutant and "normal'' - 

are exceedingly stable. Some idea of the degree of 

this stability may be obtained from some quantitative 
studies of mutation which Altenburg and I have made in 

the fruit fly Drosophila. It may be calculated from 

these experiments that a large proportion of the genes 
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in Drosophila must have a stability which - at a mini- 
mum value - is comparable with that of radium atoms. 
Radium atoms, it may be recalled, have a so- caked 
"mean life" of about two thousand years. 

2. Certain genes are, however, vastly more mutable 
than others. For example, a gene causing variegation 
in corm, studied by rmerson, and another in the four- 
o'clock, studied by Maryatt, ordinarily have a mean 
life of only a few years; and that causing bar eye in 
Drosophila has a mean life of only about 65 years, as 
is shown by the results of Ze leny . (In expressing 
these results we are here using the physicists' index 
of stability, which seems most appropriate for the 
present purpose also.) 

3. external agents do not ordinarily increase the 
mutability sufficiently (if at all) to cause an obvious 
"production" of mutation. 

4. The changes are not exclusively of the character 
of losses; this is shown by the well established oc- 
currence of reverse mutations, in bar -eyed and white - 
eyed Drosophila, in Blakeslee's dwarf Portulaca, 
Emerson's variegated corn, and probably in a number of 
other recorded instances. It is known that mutations 
having an effect similar to that of losses do occur, 
however, and they may be relatively frequent. 

5. The change in a given gene is not in all cases 
in the same direction, and it does not even, in all 
cases, involve the same characters. The latter point 
is illustrated by a series of mutations which I am in- 
vestigating in Drosophila, which all involve one gene, 
but which produce, as the case may be, either a shor- 
tened wing, an eruption on the thorax, a lethal effect, 
or any combination of these three. 

6. The direction of mutation in a given gene is, 
however, preferential, occurring oftener in some direc- 
tions than in others. This is well illustrated in the 
studies on variegated corn and four- o'clocks, and on 
thetar eye and white eye and other series in Drosophila. 

7. The mutability and preferential direction may 
themselves become changed through mutation, as illus- 
trated by some of the same cases. 
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8. The mutations do not ordinarily occur in two or 
more different genes at once. In only two instances 
in Drosophila have mutations been found in two dif- 
ferent, separated genes in the same line of cells of 
one individual. But a recurrent case, apparently of 
this kind, has recently been described in oats, by 
Nillson -Ehle. 

9. Not only does the mutation usually involve but 
one kind of gene - it usually involves but one gene of 
that kind in the cell. That is, the allelomorphs 
mutate independently of one another, just as totally 
different genes do. There is evidence for this de- 
rived from corn, Portulaca, and Drosophila. 

10. Mutations are not limited in their time of oc- 
currence to any particular period of the life history. 
This has been proved in the above mentioned studies on 
mutable plants, in Drosophila, and in other cases. 

11. Genes normal to the species tend to have more 
dominance than the mutant genes arising from them. 
This is very markedly the case in Drosophila, where 
even the relatively few mutant genes that have been 
called dominant are very incompletely so, and might 
more justly be called recessive. In other organisms, 
the same condition of things is strongly suggested, al- 
though the direct data on occurrence of mutations is as 
yet too meagre to allow of certainty. 

12. Most mutations are deleterious in their ef- 
fects. This applies not only to the organism as a 

whole but also to the development of any particular 
part: the delicate mechanisms for producing characters 
are more likely to be upset than strengthened, so that 
mutations should more often result in apparent losses 
or retrogressions than in "progressive" changes. This 
is both an a priori expectation and a phenomenon 
generally observed. 

13. Mutations with slight effects are probably 
more frequent than those with more marked effects. 

1Contiguous genes may be affected in the rare cases 
known as "deficiencies," found by Bridges and Mohr. 
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This must not be understood as .referring to the dif- 
ferent mutations of each given gene, but it applies in 
a comparison of the mutations occurring in different 
genes. Thus, there are more than a dozen mutations, in 
different loci, which reduce the size of the wing in 
Drosophila so slightly as to leave it more than half 
its original length, whereas only four reduce it to less 
than half -length. Mutant genes with effects so slight 
as to be visible only by the aid of specific co -genes 
seem to arise still more frequently. It is reasonable 
to conclude that the mutations with slighter effects 
would more often take part in evolution, because they 
should usually be less deleterious, and this conclusion 
is borne out by observations on the multiplicity with 
which such factor- differences with relatively slight 
effects are found in species crosses. 

14. The range of those mutations which are of ap- 
propriate magnitude to be visible is probably very 
small, in comparison with the entire t'spectrum" of muta- 
tions, so that there are many more lethals than visible 
mutations, and probably more subliminal than visible. 

The above and -empirical principles 
must be regarded as a mere preliminary scaffolding, for 
the erection of a later, more substantial, theory of 
mutation. Time does not permit me here to discuss 
which directions of research, and what methods, seem 
the most promising for future results. Suffice it to 
say that it is especially important to obtain accurate 
data concerning the effect or various conditions upon 
the rate of mutation. This seems one of the logical 
routes by which to work towards the artificial produc- 
tion of mutation and consequent more perfect control 
of evolution. At the same time such results should 
also give a further insight into the structure of the 
gene. The way is now open, for the first time, to 
such studies on mutation rate, first through the finding, 
by Emerson, Baur, Maryatt, Zeleny, and Blakeslee, of a 
number of specially mutable factors in different orga- 
nisms, and second, through certain special genetic 
methods which I have elaborated in Drosophila, for the 
detection of lethal and other mutations there. 

It has now become recognized that advances in 
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theoretical or "pure" science eventually carry in their 
train changes in practice of the most far reaching 
nature - changes which are usually far more radical 
than those caused by progress in the applied science 
directly concerned. It may therefore be asked at this 
point by eu;enists: "Are there any applications of the 
knowledge which has already been gained about mutation 
in general, to eugenics and to the principles which 
should govern us in guiding human reproduction ?" 
I think that one such application is already clearly 
indicated. 

In order to understand the nature of this applica- 
tion it will be necessary first to consider the pro- 
position - emphasized by East and Jones in their book, 
"Inbreeding and Crossbreeding" - that the only way for 
a ,genetically sound stock to be formed is by its going 
through a course of inbreeding, with elimination, by 
natural or artificial selection, of the undesirable in- 
dividuals that appear in the course of this inbreeding. 
The truth of this proposition depends upon the fact 
that many recessive genes of undesirable character are 
apt to exist in a population. Since the frequency 
with which these genes are able to produce their 
characteristic effects, i.e., to "come to light," de- 
pends on the closeness of the inbreeding, it is evident 
that inbreeding; will be necessary in order to recognize 
the genes adequately, and hence to eliminate them. 

Our present theory of mutation, however, carries 
us further than the proposition just considered. It 
shows that these undesirable genes have arisen by muta- 
tion; in fact, as stated in point 12, the great 
majority of mutations are deleterious, p robab yy even to 
the degree of being lethal, and it is also known, as 
noted in point 11, that many - probably the great majo- 
rity - are recessive. In other words, our mutation 
theory shows that probably the majority of the muta- 
tions that are occurring; are giving rise to genes of 
just the type specified in the above discussion. This 
immediately shows us that not only are inbreeding and 
selection desirable for raising the genetic level of a 

population, but they are absolutely necessary merely in 
order to maintain it at its present standard. For the 
same process of mutation which was responsible for the 
origination of these undesirable genes in the past must 
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be producing them now, and will continue to produce 
them in the future. Therefore, without selection, or 
without the inbreedinr that makes effective selection 
possible, these lethals and other undesirable genes 
will inevitably accumulate, until the germ plasm be- 
comes so riddled through with defect that pure lines 
cannot be obtained, and progress through selection of 
desirable recessive traits can never more be effected, 
since each of them will have become tied up with a 
lethal. To avoid such a complete and permanent col- 
lapse of the evolutionary process, it is accordingly 
necessary for man or nature to resort to a periodically 
repeated, although not continuous, series of inbreedings 
and selections in the case of any biparental organism. 

This conclusion is more than a mere speculation, 
or even a deduction from our principles. The reality 
of this process of mutational deterioration has been 
directly proved, in the case of Drosophila, through ex- 
periments that I have conducted on lines in which the 
processes that usually accompany inbreeding and selec- 
tion were prevented: in these lines there was found an 
accumulation of lethal genes so rapid that it would have 
taken but a few decades to have brought about the pre- 
sence of a lethal gene in practically every chromosome 
of every fly. Although the same general thesis un- 
doubtedly applies also to mankind we do not yet know 
the speed of the process here. Its speed depends upon 
the actual frequency of mutations, which it will be very 
important - and extremely difficult - to determine in 
the case of mankind. Meanwhile, no matter what this 
rate may be, the process remains a real one, which must 
eventually be reckoned with, and either grappled in 
time, and conquered, or else yielded to. 

I have dwelt at length upon this particular appli- 
cation to eugenics, of some of the mutation studies. 
I believe, however, that this is but one example of such 
applications, and that from an increasing knowledge of 
our theoretical science there will inevitably flow an 
increasingly adequate technique for coping with our re- 
fractory human material. Meanwhile, the crying need 
is for more of the theoretical knowledge - and for the 
support of pure science, in its investigation of the 
processes lying at the root of the germ plasm. 
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VARIATION DUE TO CHANGE IN THE INDIVIDUAL GENE1 

by H. J. Muller, 

Department of Zoology, University of Texas. 

I. THE RELATION BETWEEN THE GENES AND THE CHAR- 

ACTERS OF THE ORGANISiv1 

The present paper will be concerned rather with 
problems, and the possible means of attacking them, 
than with the details of cases and data. The opening 
up of these new problems is due to the fundamental con- 
tribution which genetics has made to cell physiology 
within the last decade. This contribution, which has 
so far scarcely been assimilated by the general physio- 
logists themselves, consists in the demonstration that, 
besides the ordinary proteins, carbohydrates, lipoids, 
and extractives, of their several types, there are 
present within the cell thousands of distinct sub- 
stances - the "genes "; these genes exist as ultra- 
microscopic particles; their influences nevertheless 
permeate the entire cell, and they play a fundamental 
role in determining the nature of all cell substances, 
cell structures, and cell activities. Through these 
cell effects, in turn, the genes affect the entire 
organism. 

It is not mere guesswork to say that the genes are 
ultra -microscopic bodies. For the work on Drosophila 
has not only proved that the genes are in the chromosomes, 
in definite positions, but it has shown that there must 
be hundreds of such genes within each of the larger 
chromosomes, although the length of these chromosomes 
is not over a few microns. If, then, we divide the 
size of. the chromosome by the minimum number of its 
genes, we find that the latter are particles too small 
to give a visible image. 

lIn symposium on "The Origin of Variations" at the 
thirty -ninth annual meeting of the American Society of 
naturalists Toronto, December, 1921 ublished in The 
American Naturalist, Vol. LVI, Jan.-Feb-., 1922. Con- 
tribution No. 155 of Dept. of Zoology, University of 
Texas. 
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The chemical composition of the genes, and the for - 
mulae of their reactions, remain as yet quite unknown. 
We do know, for example, that in certain cases a given 
pair of genes will determine the existence of a parti- 
cular enzyme (concerned in pigment production) , that 
another pair of genes will determine whether or not a 
certain agglutinin shall exist in the blood, a third 
pair will determine whether homogentisic acid is se- 
creted into the urine ( "alkaptonuria ") , and so forth. 
But it would be absurd, in the third case, to conclude 
that on this account the gene itself consists of homo- 
gentisic acid, or any related substance, and it would 
be similarly absurd, therefore, to regard cases of the 
former kind as giving any evidence that the gene is an 
enzyme, or an agglutinin -like body. The reactions 
whereby the genes produce their ultimate effects are 
too complex for such inferences. Each of these ef- 
fects, which we call a. "character" of the organism, is 
the product of a highly complex, intricate, and deli- 
cately balanced system of reactions, caused by the 
interaction of countless genes, and every organic 
structure and activity is therefore liable to become 
increased, diminished, abolished, or altered in some 
other way, when the balance of the reaction system is 
disturbed by an alteration in the nature or the relative 
quantities of any of the component genes of the system. 
To return now to these genes themselves. 

II. THE PROBLEM OF GENE MtTTABILITY 

The most distinctive characteristic of each of 
these ultra- microscopic particles that characteristic 
whereby we identify it as a gene - is its property of 
self -propagation: the fact that, within the complicated 
environment of the cell protoplasm, it reacts in such a 
way as to convert some of the common surrounding material 
into an end -product identical in kind with the original 
gene itself. This action fulfills the chemist's de- 
finition of "autocatalysis"; it is what the physiologist 
would call "growth "; and when it passes through more 
than one generation it becomes "heredity." It may be 
observed that this reaction is in each instance a rather 
highly localized one, since the new material is laid 
down by the side of the original gene. 

The fact that the genes have this autocatalytic 
power is in itself sufficiently striking, for they are 
undoubtedly comb lex substances, and it is difficult to 
understand by what strange coincidence of chemistry a 
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gene can happen to have just that very special series of 
physico -chemical effects upon its surroundings which 
produces - of all possible end-products - just this 
particular one, which is identical with its own complex 
structure. But the most remarkable feature of the 
situation is not this oft -noted autocatalytic action in 
itself- it is the fact that, when the structure of the 
gene becomes changed, through some "chance variation," 
the catalytic property of the gene may2 become corre- 
spondingly changed, in such a way as to leave it still 
autocatalytic. Sn other words, the change in gene 
structure - accidental though it was - has somehow re- 
sulted in a change of exactly appropriate nature in the 
catalytic reactions, so that the new reactions are now 
accurately adapted to produce more material just like 
that in the new changed gene itself. It is this para- 
doxical phenomenon which is implied in the expression 
"variation due to change in the individual gene," or, as 
it is often called, "mutation." 

What sort of structure must the gene possess to 
permit it to mutate in this way? Since, through change 
after change in the gene, this same phenomenon persists, 
it is evident that it must depend upon some general 
feature of gene construction - common to all genes - 

which gives each one a zeneral autocatalytic power - a 
"carte blanche" - to build material of whatever specific 
sort it itself happens to be composed of. This general 
principle of gene structure might, on the one hand, mean 
nothing more than the possession by each gene of some 
very simple character, such as a particular radicle or 
"side- chain " - alike in them all- which enables each 
gene to enter into combination with certain highly or- 
ganized materials in the outer protoplasm, in such a 
way as to result in the formation, "by " the protoplasm, 
of more material like this gene which is in combination 
with it. In that case the gene itself would only ini- 
tiate and guide the direction of the reaction. On the 
other hand, the extreme alternative to such a conception 
has been generally assumed, perhaps gratuitously, in 
nearly all previous theories concerning hereditary 
units; this postulates that the chief feature of the 
autocatalytic mechanism resides in the structure of the 

2It is of course conceivable, and even unavoidable, 
that some types of changes do destroy the gene's auto- 
catalytic power, and thus result in its eventual loss. 
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genes themselves, and that the outer protoplasm does 
little more than provide the building material. In 
either case, the question as to what the general prin- 
ciple of gene construction is, that permits this 
phenomenon of mutable autocatalysis, is the most funda- 
mental question of genetics. 

The subject of gene variation is an important one, 
however, not only on account of the apparent problem 
that is thus in',erent in it, but also because this same 
peculiar phenomenon that it involves lies at the root 
of organic evolution, and hence of all the vital pheno- 
mena which have resulted from evolution. It is commonly 
said that evolution rests upon two foundations - inheri- 
tance and variation; but there is a subtle and important 
error here. Inheritance by itself leads to no change, 
and variation leads to no permanent change, unless the 
variations themselves are heritable. Thus it is not 
inheritance and variation which bring about evolution, 
but the inheritance of variation, and this in turn is 
due to the general principle of c ene construction which 
causes the persistence of autocatalysis despite the al- 
teration in structure of the gene itself. Given, now, 
any material or collection of materials haling this one 
unusual char :cteristic, and evolution would automati- 
cally follow, for this material would, after a time, 
through the accumulation, competition and selective 
spreading of the self -propagated variations, come to 
differ from ordinary inorganic matter in innumerable 
respects, in addition to the original difference in its 
mode of catalysis. There would thus result a wide gap 
between this matter and other matter, which would keep 
^:ro ,in7 wider, with the increasing complexity, diversity 
and so- called "adaptation" of the selected mutable 
material. 

III. A POSCI NLL ATTACK TTIROUTT CuROMOSOT BET- TATTIOR 

In thus recognizing the nature and the importance 
of the problem involved in gene mutability have we now 
entered into a cul de sac, or is there some way of pro- 
ceeding further so as to get at the physical basis of 
this peculiar property of the gene? The problems of 
growth, variation and related processes seemed difficult 
enough to attach even when we thought of them as in- 
herent in the organism as a whole or the cell as a 
whole - how now can we get at them when they have been 
driven back, to some extent at least, within the limits 
of an invisible particle? A gene can not effectively 



 

be ,round in a mortar, or distilled in a retort, and 
although the physico-chemic al investigation of other 
biological substances may conceivably help us, by 
anal -)gy, to understand its structure, there seems at 
present no method of approach along; this line. 

There is, however, another possible method of ap- 
proach available: that is, to study the behavior of the 
chromosomes, as influenced by their contained genes, in 
their various physical reactions of segregation, crossing 
over, division, synapsis, etc. This may at first sight 
seem very remote from the problem of getting at the 
structural principle that allows mutability in the gene, 
but I am inclined to think that such studies of synaptic 
attraction between chromosomes may be especially en- 
li=htening in this connection, because the most remark- 
able thing we know about genes - besides their mutable 
autocatalytic power - is the highly specific attraction 
which lifre genes (or local products formed by them) show 
for each other. As in the case of the autocatalytic 
forces, so here the attractive forces of the gene are 
somehow exactly adjusted so as to react in relation to 
More material of the same complicated kind. Moreover, 
when the gene mutates, the forces become readjusted, so 
that they may now attract material of the new kind; 
this shows that the attractive or synaptic property of 
the gene, as well as its catalytic property, is not 
primarily dependent on its specific structure, but on 
some general principle of its make -up, that causes 
whatever specific structure it has to be auto - 
attractive (and autocatalytic). 

This auto- attraction is evidently a strong force, 
exerting an appreciable effect against the non- specific 
mutual repulsions of the chromosomes, over measurable 
microscopic distances much larger than in the case of 
the ordinary forces of so- called co- hesion, adhesion 
and adsorption known to physical science. In this 
sense, then, the physicist has no parallel for this 
force. There seems, however, to be no way of escaping 
the conclusion that in the last analysis it must be of 
the same nature as these other forces which cause in- 
organic substances to have specific attractions for 
each other, according; to their chemical composition. 
These inorganic forces, according to the newer physics, 
depend upon the arrangement and mode of motion of the 
electrons constituting the molecules, which set up 
electro- magnetic fields of force of specific patterns. 
To find the principle peculiar to the construction of 
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the force -field pattern of genes would accordingly be 
requisite for solving; the problem of their tremendous 
auto -attraction. 

vow, according to Troland (1917) the growth of 
crystals from a solution is due to an attraction between 
the solid crystal and the molecules in solution caused 
by the similarity of their force field patterns, somewhat 
as similarly shaped magnets might attract each other - 

north to south poles - and Troland maintains that es- 
sentially the same mechanism must operate in the auto - 
catalysis of the hereditary particles. If he is right, 
each different portion of the gene structure must - like 
a crystal - attract to itself from the protoplasm 
materials of a similar kind, thus moulding next to the 
original gene another structure with similar parts, 
identically arranged, which then become bound together 
to form another gene, a replica of the first. This 
does not solve the question of what the general prin- 
ciple of gene construction is, which permits it to re- 
tain, like 
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crystal, these properties of auto - 

attraction, but if the main point is correct, that the 
autocatalysis is an expression of specific attractions 
between portions of the gene and similar protoplasmic 
building blocks (dependent on their force -field pat- 
terns) , it is evident that the very same forces which 
cause the genes to grow should also cause like genes 
to attract each other, but much more strongly, since 
here all the individual attractive forces of the dif- 
ferent parts of the gene are summated. If the two 
phenomena are thus really dependent on a common prin- 
ciple in the make -up of the gene, progress made in the 

31t can hardly be true, as Troland intimates, that 
all similar fields attract each other more than they 
do dissimilar fields, otherwise all substances would be 
autocatalytic, and, in fact, no substances would be 
soluble. Moreover if the parts of a molecule are in 
any kind of "solid, three dimensional formation, it 
would seem that those in the middle would scarcely 
have opportunity to exert the :,moulding effect above 
mentioned. It therefore appears that a special manner 
of construction must be necessary, in order that a 
complicated structure like a gene may exert such an 
effect. 
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study of one of them should help in the solution of the 
other. 

Great opportunities are now open for the study of 
the nature of the synaptic attraction, especially 
through the discovery of various races having abnormal 
numbers of chromosomes. Here we have already the 
finding by Belling, that where three like chromosomes 
are present, the close union of any two tends to ex- 
clude their close union with the third. This is very 
suggestive, because the same thing is found in the cases 
of specific attractions between inorganic particles, 
that are due to their force field patterns. And 
through Bridges` finding of triploid Drosophila, the 
attraction phenomena can now be brought down to a de- 
finitely genic basis, by the introduction of specific 
genes - especially those known to influence chromosome 
behavior - into one of the chromosomes of a triad. 
The amount of influence of this gene on attraction may 
then be tested quantitatively, by genetic determination 
of the frequencies of the various possible types of se- 
gregation. By extending such studies to include the 
effect of various conditions of the environment - such 
as temperature, electrostatic stresses, etc. - in the 
presence o.° the different genetic situations, a con- 
siderable field is opened up. 

This suested connection between chromosome be- 
havior and gene structure is as yet, however, only a 
possibility. It must not be forgotten that at present 
we can not be sure that the synaptic attraction is. 

exerted by the genes themselves rather than by local 
products of them, and it is also problematical whether 
the chief part of the mechanism of autocatalysis re- 
sides within the enes rather than in the "protoplasm." 
1.:eanwhile, the method is worth following up, simply 
because it is one of our few conceivable modes of ap- 
proach to an all- important problem. 

It may also be recalled in this connection that be- 
sidles the ;eves in the chromosomes there is at least 
one similarly autocatalytic material in the chloro- 
plastids, which likewise may become permanently changed, 
or else lost, as has been shown by various studies on 
chlorophyll inheritance. Whether this plastid sub - 
stance is similar to the genes in the chromosomes we 
can not say, but of course it can not be seen to show 
synaptic attraction, and could not be studied by the 
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IV. THE ATTACK THROT?qT{ STUDIES OF Mt?TATIO\T 

There is, however, another method of attack, in a 

sense more direct, and not open to the above criticisms. 
That is the method of investigating the individual gene, 
and the structure that permits it to change, through a 
study of the changes themselves that occur in it, as 

observed by the test of breeding and development. it 

was through the investigation of the changes in the 

chromosomes - caused by crossing over - that the struc- 
ture of the chromosomes was analyzed into their con- 
stituent genes in line formation; it was through study 
of molecular changes that molecules were analyzed into 
atoms tied to -ether in definite ways, and it has been 
finally the rather recent finding of changes in atoms 
and investigation of the resulting nieces, that has led 
us to the present analysis of atomic structure into 
positive and negative electrons having characteristic 
arrangements, Similarly, to understand the properties 
and possibilities of the individual gene, we must study 
the mutations as directly as possible, and bring the 
results to bear upon our problem. 

(a) The Quality and Quantity of the Change 

In spite of the fact that the drawing of inferences 
concerning the gene is very much hindered, in this 
method, on account of the remoteness of the gene -cause 
from its character- effect, one salient point stands 
out already. It is that the change is not always a 

mere loss of material, because clear -cut reverse muta- 

tions have been obtained in corn, Drosophila, Portulaca, 
and probably elsewhere. If the original mutation was 

a loss, the reverse must be a gain. Secondly, the 

mutations in many cases seem not to be quantitative at 
all, since the different allelomorphs formed by muta- 
tions of one original gene often fail to form a single 
linear series. One case, in fact, is known in which 

4It may be that there are still other elements in 
the cell which have the nature of genes, but as no 
critical evidence has ever been adduced for their 
existence, it would be highly hazardous to postulate 
them. 
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the allelomorphs even affect totally different char- - 

ters: this is the case of the truncate series, in 
which I have found that different mutant ^enes at the 
same locus may cause either a shortening of the wing, 
n eruption on the thorax, a lethal effect, or any com- 
bination of two or three of these characters. In such 
a case we may be dealing either with changes of dif- 
ferent types occurring in the same material or with 
changes (óossibly quantitative changes, similar in type) 
occurring, in different component parts of one gene. 
Owing to the universal applicability of the latter 

interpretation, even where allelomorphs do not form a 
linear series, it can not be categorically denied, in 

any individual case, that the changes may be merely 

quantitative changes of some part of the gene. If all 

Changes were thus quantitative, even in this limited 

sense of a loss or gain of part of the gene, our problem 

of why the changed gene still seems to be autocatalytic 
would in the main disappear, but such a situation is 
excluded a priori since in that case the thousands of 

genes now existing could never have evolved. 

Although a given gene may thus change in various 
ways, it is important to note that t'.ere is a strong 

tendency for any given gene to have its changes of,a 

particular kind, and to mutate in one direction rather 
than in another. And although mutation certainly does 

not always consist of loss, it often gives effects that 

might be termed losses. In the cPse of the mutant 

genes for bent and eyeless in the fourth chromosome of 

Drosochila it has even been proved, by Bridges, that . 

the ef-'sects are of exactly the same kind, although of 

lesser intensity, than those produced by the entire 
loss of the chromosome in which they lie, for flies 

having bent or eyeless in one chromosome and lacking 

the homologous chromosome are even more bent, or more 

eyeless, than those having a homologous chromosome that 

also contains the gene in question. The fact that 

mutations are usually recessive might be -taken as 

pointing in the same direction, since it has been found 

in several cases that the loss of genes - as evidenced 
by the absence of an entire chromosome of one pair - 

tends to be much more nearly recessive than dominant 
in its effect. 

71e effect of mutations in causing a loss in the 

characters of the organism should, however, be sharply 

distinguished from the question of whether the gene has 

undergone any loss. It is generally true that muta- 

tions are much more apt to cause an apparent loss in 
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character than a gain, but the obvious explanation for 
that is, not because the gene tends to lose something, 
but because most characters require for proper develop- 
ment a nicely adjusted train of processes, and so any 
change in the genes - no matter whether loss, gain, 

substitution or rearrangement - is more likely to throw 
;he developmental mechanism out of gear, and give a 

'weaker" result, than to intensify it. For this 
reason, too, the most frequent kind of mutation of all 
is the lethal, which leads to the loss of the entire 

organism, but we do not conclude from this that all the 
genes had been lost at the time of the mutation. The 

explanation for this tendency for most changes to be 

degenerT.tive, and also for the fact that certain other 
kinds of changes - like that from red to pink eye in 
Drosophila - are more frequent than others - such as red 
to brown or green eye - lies rather in developmental 
mechanics than in genetics. It is because the develop- 
mental processes are more unstable in one direction than 
another, and easier to push "downhill" than up, and so 
any mutations that occur - no matter what the gene change 
is like - are more apt to have these effects than the 
other effects. If now selection is removed in regard 
to any particular character, these character changes 
which occur more readily must accumulate, giving ap -. 
parent orthogenesis, disappearance of unused organs, of 

unused physiological capabilities, and so forth. As we 
shall see later, however, the changes are not so fre- 

quent or numerous that they could ordinarily push evo- 
lution in such a direction against selection and against 

the immediate interests of the organism. 

In regard to the magnitude of the somatic effect 

produced by the gene variation, the Drosophila results 

show that there the smaller character changes occur 
oftener than large ones. The reason for this is again 
probably to be found in developmental mechanics, owing 
to the fact that there are usually more genes slightly 
affecting a given character than those playing an es- 
sential role in its formation. The evidence proves 
that there are still more genes whose change does not 
affect the given. char _._cter at all - no matter what this 
character may be, unless it is life itself - and this 
raises the question as to how many mutations are abso- 
lutely unnoticed, affecting no character, or no detec- 
table character, to any appreciable extent at all. 
Certainly there must be many such mutations, judging 
by the frequency with which "modifying factors" arise, 
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which produce an effect only in the presence of a special 
genetic complex not ordinarily present. 

(b) The Loi,ylizati.on of the Change 

Certain evidence concerning; the causation of 
mutations has also been obtained by studying the rela- 
tions of their occurrence to one another. TTitherto it 
has nearly always been found that only one mutation has 
occurred at a time, restricted to a single gene in the 
cel'.. I must omit from consideration here the two 
interesting; cases of deficiency, found by bridges and 
by l.ohr, in each of which it seems certain that an entire 
region of a chromosome, with its whole cargo of genes, 
changed or was lost, and also a certain peculiar case, 
not yet cleared up, which has recently been reported by 
TTilson -Tale; these important cases stand alone. Aside 
from them, there are only two instances in which two 
(or more) new mutant genes have been proved to have been 
present in the same gamete. Both of these are cases 
in Drosophila - reported by Muller and Altenburg (1021) 
- in which a gamete contained two new sex - linked lethals; 
two cases are not a greater number than was to have been 
expected from a random distribution of mutations, 
judging by the frequency with which single mutant lethals 
were found in the same experiments. Ordinarily, then, 
the event that causes the mutation is specific, affecting 
just one particular kind of gene of all the thousands 
present in the cell. That this specificity is due to 

a spatial li ,- _cation rather than a chemical one is shown 
by the fact 1 -.._ t when ti-_e single gene changes the othe 
one, of identical composition, located near by in the 

homolagous chromosome of the same cell, remains unaf- 
fected. This has been proved by 'rmerson in corn, by 
Blakeslee in portulaca, and I have shown there is strong 
evidence for it in Drosophila. Hence these mutations 
are not caused by some general pervasive influence, but 
are due to "accidents" occurring on a molecular. scale. 
When the molecular or atomic motions chance to take a 
particular form, to which the gene is vulnerable, then 
the mutation occurs. 

It will even be possible to determine whether the 
entire gene changes at once, or whether the gene con- 
sists of several molecules or particles, one of which 
may change at a time. This point can be settled (in 
organisms having some regularity of cleavage), by studies 
of the distribution of the mutant character in somatically 
mosaic mutants. If there is a group of particles in 
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the gene, then when one particle changes it will be 
distributed iriîe ularly amont; the descendant cells, 
owing to the random orientation of the two halves of 
the chroelopome on the mitotic spindles of succeeding 
divisions, but if there is only one particle to change, 
its mutation must affect all of the cells in a bloc, 
that are descended from the mutant cell. 

(c) The Conditions under which the change occurs 

But the method that appears to have most scope and 
promise is the experimental one of investigating the 
conditions under which mutations occur. This requires 
studies of mutation frequency under various methods of 
handling the organism. As yet, extremely little has 
been done alonf this line. That is because, in the 
past, a mutation was considered a windfall, and the ex- 
pression "mutation frequency" would have seemed a con - 
tradiction in terms. To attempt to study it would have 
seemed as absurd as to study the conditions affecting 
the distribution of dollar bills on the sidewalk. You 
were simply fortunate if you found one. Not even con- 
trols, riving the "normal' rate of mutation - if indeed 
there is such a thin^-, - were attempted.° Of late, 

however, we may say that certain very exceptional banking 
houses have been found, in front of which the dollars 
fall more frequently - in other words, specially mutable 
genes have been discovered, that are beginning to yield 
abundant data at the hands of Nilsson -,;. le, Zeleny, 

;This depends on the assumption that if the gene 

does consist of several particles, the halves of the 

chrodiosorì s, at each division, receive a random sample 
of these particles. That is almost a necessary assump- 
tion, since a 7ene formed of particles each one of which 
was separately partitioned at division would tend not to 
persist as such, for the occurrence of mutation in one 
particle after the other would in time differentiate 
the gene into a number of different genes consisting of 
one particle each. 

6Studies of "mutation frequency" had of course been 
made in the Oenother -es, but as we now know that these 
were not studies of the rate of gene change but of the 
frequencies of crossing over and of chromosome aber- 
rations they may be neglected for our present purposes. 
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Emerson, Anderson and others. For some of these 
mutable genes the rate of change is found to be so rapid 
that at the end of a few decades half of the genes de- 
sea:Ideq from those originally present would have beäome 
changed. After these genes have once mutated, however, 
their previous mutability no longer holds.. In addition 

. 

to this "banking house method" there are also methods, 
employed by Altenburg and myself, for - as it were - 

automatically sweeping up wide areas of the streets 
and sifting the collections for the valuables. By these 
special genetic methods of reaping mutations we have re- 
cently shown that the ordinary genes Qf Drosophila - un- 
like the mutable genes above - would usually require at 
least a thousand years - probably very much more - before 
half of them became changed. This puts their stability 
about on a par with, if not much higher than, that of 
atoms of radium - to use a fairly familiar analogy. 
Since, even in these latter experiments, many of the 
mutations probably occurred within a relatively few 
rather highly mutable genes, it is li':ely that most of 

genes have a stability far higher than this result 
suggests. 

The above mutation rates are mere first gleanings - 

we have yet to find how different conditions affect the 
occurrence of mutations. There had so far been only 
the negative findings that mutation is not confined to 
one sex (Muller and Altenburg, 1919; Zeleny, 1921) or 

to any one stage in the life cycle (Bridges, 1919; 

Muller, 1920; Zeleny, 1921) , Ze lent'' s finding that 
bar -mutation is not influenced by recency of origin of 
the gene (1921), and the as yet inconclusive differences 
found by Altenburg and myself for mutation rate at dif- 
ferent temperatures (1919) until at, this year's meeting 
of the botanists Emerson announced the definite dis- 
covery of the influence of a genetic factor in corn upon 
the mutation rate in its allelomorph, and Anderson the 
finding of an influence upon mutation in this same 
gene, caused by developmental conditions - the mutations 
from white to red of the mutable gene studied occurring 
far more frequently in the cells of the more mature 
ear than in those of the younger ear. These two results 
at least tell us decisively that mutation is not a 

sacred, inviolable, unapproachable process: it may be 
altered. These are the first steps; the way now lies 

open broad for exploration. 

It is true that I have left out of account here the 
reported findings by several investigators, of genetic 
variations caused, by treatments with various toxic sub- 
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stances and with certain other unusual conditions. In 
most of these cases, however, the claim has not been 
made that actual gene chan;es have been caused: the 
results have usually not been analyzed genetically and 
were in fact not analyzable «;enetically; they could 
just as well be interpreted to be due to abnormalities 
in the distribution of genes - for instance, chromosome 
abnormalities like those which favor has recently pro- 
duced with X -rays - as to be due to actual gene muta- 
tions. But even if they were due to real genic dif- 
ferences, the possibility has in most cases by no means 
been excluded (1) that these genic differences were 
present in the stock to begin with, and merely became 
sorted out unequally, through random segregation; or 
(2) that other, invisible -,epic differences were present 
which, after random sorting out, themselves caused dif- 
ferences in mutation rate between the different lines. 
Certain recent results by Altenburg and myself suggest 
that genic differences, affecting mutation rate, may be 
not uncommon. To guard against either of these pos- 
sibilities it would have been necessary to test the 
stocks out by a thorough course of inbreeding before- 
hand, or else to have run at least half a dozen different 
pairs_áf parallel lines of the control and treated 
series,and to have obtained a definite difference in the 
same direction between the two lines of each pair; 
otherwise it can be proved by the theory of "probable 
error" that the differences observed may have been a 

mere matter of random sampling among genic differences 
originally present. Accumulating large numbers of ab- 
normal or inferior individuals by selective propagation 
of one or two of the treated lines - as has been done in 
some cases - adds nothing to the significance of the 
results. 

At best, however, these genetically unrefined 
methods would be quite insensitive to mutations occurring 
at anything like ordinary frequency, or to such dif- 
ferences in mutation rate as have already been found in 
the analytical experiments on mutation frequency. And 
it seems quite possible that larger differences than 
these will not easily be hit upon, at least not in the 
early stages of our investigations, in view of the evi- 
dence that mutation is ordinarily due to an accident on 
an ultramicroscopic scale, rather than directly caused 
by influences pervading the organism. For the present, 
then, it appears most promising to employ organisms in 
which the genetic composition can be controlled and 
analyzed, and to use genetic methods that are sensitive 
enough to disclose mutations occurring in the control 
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as well as in the treated individuals. In this way 
relatively slight variations in mutation frequency, 
caused by the special treatments, can be determined, and 
from the conditions found to alter the mutation rate 
slightly we might finally work up to those which affect 
it most markedly. The only methods now meeting this 
requirement are those in which a particular mutable 
gene is followed, and those in which many homozygous 
or else genetically controlled lines can be run in 
parallel, either by parthenogenesis, self- fertilization, 
balanced lethals or other special genetic means, and 
later analyzed, through sexual reproduction, segregation 
and crossing over. 

V. OTHER POSSIBILITIES 

We can not, however, set fixed limits to the pos- 
sibilities of research. We should not wish to deny 
that some new and unusual method may at any time be 
found of directly producing mutations. For example, 
the phenomena now being worked out by Guyer may be a 
case in point. There is a curious analogy between the 
reactions of immunity and the phenomena of heredity, in 
apparently fundemetnal respects,7 and any results that 
seem to connect the two are worth following to the limit. 

Finally, there is a phenomenon related to immunity, 
of still more striking nature, which must not be neg- 
lected by geneticists. This is the d'Hérelle.pheno- 
nenon. D'Hérelle found in 1917 that the presence of 
dysentery bacilli in the body caused the production 
there of a filterable substance, emitted in the stools, 
which had a lethal and in fL ct dissolving action on the 

7I .refer here to the remark ble specificity with . 
r¡hic' a particular complex antigen calls forth pro- 
cesses that construct for it an antibody that is at- 
t,a:Ácted to it wend fits it "like lock and key ", followed 
by further processes that cause more and more of the 
antibody to be reproduced. If the antigen were a gene, 
which could be slightly altered by the cell to form the 
anti' t' . L neutralized it - as some enzymes can be 
slightly changed by heating so that they counteract the 
previous active enzyme - and if this antibody -gene 
'then became implanted in the cell so as to keep on 
growie -, all the phencmena of immun'ty would be pro- 
duced. 
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corresponding type of bacteria, if a drop of it were 
applied to a colony of the bacteria that were under 
cultivation. So far, there would be nothing; to dis- 
tinzuish this phenomenon from immunity. But he further 
found that when a drop of the affected colony was ap- 
plied to a secon.:J livinm colony, the second colony would 
be killed; a drop from the second would kill a third 
colony, and so on indefinitely. In other words, the 
substance, when applied to colonies of bacteria, became 
multiplied or increased, and could be so increased in- 
definitely; it was self- propa; able. It fulfills, 
than, the definition of an autocatalytic substance, and 
although it may really be of very different composition 
Yid work by a totally different mechanism from the genes 

in the phromosomes, it also fulfills our definition of 
a gene.0 But the resemblance goes further - it has 
been found by Grati. t hat the substance may, through 
appropriate treatments on other bacteria, become 
changed (so as to produce a somewh it different effect 
than before, and attack different bacteria), and still 
retain its self- propagable nature. 

That two distinct kinds of substances - the 
d'F relle substances and the genes - should both possess 
this most remarkable property of heritable variation 
or "mutability," each working by a totally different 
mechanism,is quite conceivable, considering the comple- 
xity of protoplasm, yet it would seem a curious co- 
incidence indeed. It would open up the possibility 
of tyro totally different kinds of life, working by dif - 
Perent mechanisms. On the other hand, if these 
d'9érelle bodies were really genes, fundamentally like 
our chromosome genes, they would give us an utterly new 
angle from which to attack the gene problem. They are 
filterable, to some extent isolable, can be handled in 
test -tubes, and their properties, as shown by their 
effects on the bacteria, can then be studied after 
treatment. It would be very rash to call these bodies 
genes, and yet at present we must confess that there is 

no distinction known between the genes and them. Fence 

8D' Here lle himself thought that the substance was 

a filterable virus parasitic on the bacterium, called 
forth by the host body. It has since been found that 
various bacteria each cause the production of d'Herelle 
substances which are to some extent specific for the 
respective bacteria. 
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we can not cL t 7orically deny that perhaps we may be 
able to grind genes in a mortar and cook there in a 
beaker after all. Must we geneticists become bacteri- 
ologists, physiological chemists and physicists, simul- 
taneously with being; zoologists and botanists? Let us 
hope so. 

I have purposely tried to paint things in the 
rosiest possible colors. Actually, the work on the in- 
dividual gene, and its mutation, is beset with treiendous 
difficulty. Such prowess in it as has been made has 
been by minute steps and at tl^.e cost of infinite labor. 
71 acre results are thus meager, z 11 thin'Tin: becomes 
almost equivalent to specula_ tion. But we can not give 
up thinking on that account, and thereby give up the 
intellectual incentive to our work. In fact, a wide, 
unhampered treatment of all possibilities is, in such 
cases, all the more imperative, in order that we may 
direct these labors of ours where they have most chance 
to count. We must provide eyes for action. 

The real trouble comes when speculation masquerades 
as empirical fact. For those who cry out most loudly 
against "theories" and "hypotheses" - whether these 
latter be the chromosome theory, the factorial "hypo- 
thesis," the theory of Bros sing over, or any other - are 
often the very ones most guilty of stating their re- 
sults in terms that make illegitimate implicit assump- 
tions, which they themselves are scarcely aware of 
simply because they are opposed to dragging "specula- 
tion" into the open. Thus they may be finally led into 
the worst blunders of all. Let us, then, frankly admit 
the uncertainty of many of the possibilities we have 
dealt with, using them as a spur to the real work. 
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1. THE LOCALIZATION OF GFNES 

What is meant in this paper by the term "gene" 
material is any substance which, in given surroun- 
dings - protoplasmic or otherwise - is capable of 
causing the reproduction of its own specific composi- 
tion, but which can nevertheless change repeatedly - 

"mutate" - and yet retain the property of reproducing 
itself in its various new forms. There is clear evi- 
dence that such material is to be found in the chromatin 
(where it is linearly arranged), and to some extent in 
the chloroplastid orimmordia and their derivatives, and 
there is no reason to believe that it exists anywhere 
else within the cell. In this connection it may also 
be noted that in the most primitive organisms which con- 
tain a chlorophyll -like substance the chromosomes do, not 
seem yet to have become distinctly grouped apart from their 
cytoplasmic surroundings, into a walled -off nucleus; 
hence the genes more directly associated with the chloro- 
phyll, on the one hand, and the nuclear genes, on the 
other hand, may well have had a common origin, and may 
only in later phylo;eny have become separated. 

2. THE SIZE AND NUMBER OF GENES 

In order first to make our tonic as concrete as 
possible let us now nut to ourselves the question: What 
is the size of the chromosomal gene, - or, if a more 
pedantic f ormulation be demanded, what is the size of the 
smallest -portion of protoplasm, separable under some con- 
ditions by chromosome interchange, which includes all the 

2Presented before the International Congress of Plant 
Sciences, Section. of Genetics, Symposium on '(The Gene ", 
Ithaca New York, Aug. 19, 1926. 

The typed pa,,es are taken from the revised edition 
of this paper, published in: "H.J.Mulier: Selected Workd 
on Genetics" (published in Russian by Selkhozgiz, Moscow, 

1937). 
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substance specifically necessary for the transmission of 
a single given Mendelian difference? One way to approach 
this question is through an attempted determination of 
the number of genes (taken in this sense), since this 
number may then be divided into the known bulk of the 
chromatin containing these genes. The present author, 
after an attack upon this problem, stated (in a paper 
written in collaboration with Altenburg in 1919) that the 
minimum number of genes in the X chromosomes of Drosophila 
must be about 500. (The total haploid number would con- 
sequently be about 2000.) From this it readily fol- 
lowed (as I stated in 1921) that the gene is an "ultra- 
microscopic particle" - though the determination did 
not yet seem precise enough to warrant an overt com- 
parison with the size of protein molecules, or of other, 
less familiar, colloidal bodies of the cell and such 
comparison was therefore left to the reader' s imagina- 
tion.2 As I have never explained the method by which 
these conclusions were arrived at this may be briefly 
sketched here, together with some recent refinements of 

it, and the results thereby obtained. 

a.. The evidence from mutations in identical loci 

de cannot know specifically of the existence of any 

genes except those in which, by the chance occurrence of 

mutation, a I?endelizin.g difference has arisen, and so we 

cannot directly count the total number of genes. However, 

we can estimate their number from the number of those 
that have mutated once, twice, three times, etc. The 

problem here is the same as if we had a bag containing a 

large but finite number of balls, whose number we wished 
to know. 'We may suppose that every ball is differently 
marked from every other ball, and that we are allowed to 

reach into the bag a definite number of times, blindly 
pull out a ball each time, then note its mark, and replace 

it at random before drawing again. The larger the total 

number of balls in the bag the less often would we tend 

to draw the same ball over again, and by noting how often 

we obtained identical draws, in comparison with unique 

draws, we could, by the aid of certain principles derived 

2The estimate of number or size thus made has since 

been used in a publication by Sturtevant (1921) , and 
later by others (e.g. , Morgan, 1922, Morgan, Bridges, and 

Sturtevant, 1925). 
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from the mathematics of probability, calculate the 
approximate total number of balls that the ba7 must 
contain. 

In the case of random draws - which woulr: -iorre v-d 
to the condition that all loci in the chro7osr 
equally readily (to forms equally detectable) - 

mathematics is simple, for then there is the s 

between the number of balls drawn once (n1) -- 
number of balls in the hay; (n ) as betweeh twice 
number drawn twice (n2) and the number drawn once, 

n1 2n2 
is, Genetically, no would represent the 

n n 
0 l 

_ 

total number of unobserved gene -loci, n1 the number in 
which one mutation had been observed, and n2 the number 
in which 2 mutations had been observed. `_e latter 

2n2 
ratio, -,71 , in turn, is the same as three times the 

1 

ratio of the number drawn at least 3 times to the 

2n2 3n3 
drawn at least twice, that is, -nl = n2 , and this 

relation holds throuhout, that is, 

nxrl 
(x +l) - r (a constant), (Fo 

n 
r 

x 

within the limits of error due to random sampling, On 
account of these relations no, the unobserved number, can 

in such a case be calculated from any of the formulae: 
n1 2n2 xnx 

n0 = r , or -2 , or x r 
(Formula 2) 

n 12 2 1 112 3 

or, suhstitutin9; values of n for r, n,- , or , 2 ,n32 

x+1 x I 

no - ----x -X ( x +1) x 
(Formula 2a ) 

nx+ i 

In our genetic case, however, we do not have strictly 
"random draws," as some loci (like that containing the 
normal allelomorph of white eye) obviously mutate, in a 
detectable way, much oftener than do others (for ex- 
ample, the locus of the normal allelomorph of dichaete ), 

this is as if some balls were more apt to escape our 
fin7ers than were others. In consequence, we obtain 
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more draws of a higher recurrence- number, in proportion 
to those of lower recurrence -number, than given by the 
formula, that is, 

nx +2 nx+-1 

(x+2) nx +1 
7 (x +l) fix; the unique draws thus 

form a smaller proportion of the entire number of balls, 
or loci, than calculated, on the basis of formula 2, from 
the data on recurrence. Hence the total number of balls, 
or genes, so arrived at, falls short of the actual number; 
and we obtain only a minimum estimate of the total number 
of genes. This gives us, correspondingly, a maximum 
estimate, certainly much too large, of the average size 
of the individual gene. 

The above proposition is capable of rigorous proof. 
Starting with the condition of equal mutability, we have 
in a given group of genes, inclusive of nnO.a in which no 
mutations hgve been observed, by f_ormula(2), 
no.a = nl,a /2n2, . low suppose that there is another 
group of genes, also ali're in their mutation rate, but 
having a different rate from the first group; these genes 
include n b 

in which no2mutations have been observed, 
and for t em 110 = n1b /2n2. If then the two groups 
were mixed, the total number o_ unmutated genes would be 
no. +no ,b; the number found to mutate once (111 a+b) 
would. be 1 + nl, b; those mutating twice (112 a+b) 
would be n2,a + n ,b; etc. If we applied formula (2) 
to the lumped data obtained from the mixed group we 
would write: 

n0a+b 

2 
(n1 a+b) 
2112. a +b 

which would be the same as saying: 
(nl..a 

2 

(nOa+ n0b) 
2(nZ a 2,b) 

' 

whereas actually 

( no. a+ np.b) 

2 
n1.a 

2n2a 

2 
n1b 

+ 
2n2, b 

It can be proved that the latter, true expression is 
necessarily a larger quantity than the former, assumed 
expression. To prove this, i.e., that 



5. 
2 2 

nl. a n1.10 (ni. a+ ni ,b) 2 
2ffi2, a -n2.10 2( n.2. a+ n2 b) 

' 

reduce all terms to the common denominator 
n2an2 b (n2-a+ n2b) ; 

the numerators then become 

2 2 2 2 2 __ nl -a n2,an2,b + nl,a n2,ß 4- nlb .n 

nl a2 n2an2b +. 2nlanlbn2a,'n2b 2 
b 'n2an2b 

Transposing terms and adding: 

ni.a2.n2, b2 -2n-nl,b n2 ,an2, b +nl.b2- n2a2 > 0; 

this reduces to l, a n2, b - nib- n2. a) 2 )0, which is 

necessarily true, owing. to the fact that the square of 
any real number is positive. This means that the actual 
number of unobserved genes (n0.a +b), which is equal to 

2 2 
nl a ni b 

+ s 2n2 2n2 -b 

is large than that calculated by taizing n 
(nla +b) /2n2.a +b, which represents the apolic tion of 
formula (2) to the lumped data on' the two sets of genes. 

This result for two sets of genes can now be genera- 
lized by showing that, no matter how many sets of genes 
of different mutation rates are lumped together, if the 
value of the total number of unobserved cases, 

n0 +b +c - 
is larger than that represented (according 

to formula 27 by the expression 

2 (nl, a +b +c i) 

2n 2 a +b +c i 

then, if we add to the lot still another set of genes 
(n0k), the value of the new total number unobserved 

110a +b +c ' is larger than that ^given (according 
to formula 2) 

+ 

by the expression 

2n2a +b +c itk 



 

For 

YlO.a+b+c i+k = n0 a+b+c i+n0 k- n0. a+b+c-. ... i+( 
n1 k) 2 

2 2 
(nla+b+c.....i) (ni,k) 

2ri 2n2, i 2" ' 
(by our original 

2 
assumption that n (nl a +b +c i) ) But 0a +b +c -. -i 2n2, a +b +c - i 

2 2 2 (nl a +b +c..... i) (nl. k) (nl a +b +c .....1 4-nl. k) 
2n2 

- a +b+c . . i + 211-2.k 2(n2 a +b +c . i +n2 k) 

(by the same proof as given in the preceding paragraph, 
changing only the subscripts of n). Hence, 

(n 
1. a +b +c i +k) 

2 

n0 a +b +c i +k 2n2a +b +c - - i +k 
As this relation has previously been proved to be valid 
for a lot consisting of two sets (n and n0,b), and 
since it is here proved that the addition of an . extra set 
never changes its validity, provided it was true in the 
previous case (before the addition) , it follows, according 
to the principle of mathematical induction, that the 
relation is true in general. 

We can allow, to some extent, for the above source of 
error, when we have sufficient figures to give us an idea 
of the relation, not only of the number of unique draws 
to double draws, but of draws of higher frequencies of 
recurrence to each other. To illustrate this procedure, 
let us take the latest figures giving the number of re- 
currences in the loci that have been studied in 
Drosophila melanogaster (compiled chiefly by Bridges, and 
given in Bibliographia (enetica II), and use in con- 
nection with this the approximate number of separate loci 
in which only one mutation is known to have occurred - 

excluding, however, those in which, for any reason, 
possible recurrences could scarcely have been recognized 
as such, in case they had taken place. We then obtain 
the figures in table 1(see column "a +b ", figures not in 
braclkets) ; 

Now we can, if we choose, use Lhe figures giving the 
higher numbers of recurrences to estimate approximately 
the total number of genes having a high mutation rate (rb), 
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on the basis of our simple principle that, for genes having 
a high mutation rate, the constant r is x times the ratio 
of each number (ny) to the one next below it in re- 
currence- frequency (nx_i) and this is the same as x -1 times 
the ratio of the latter to the number similarly below 
itself. The value of r in the case of values of n ranging; 
from n8. a +b to n4. a +b is found to approximate 4.3. 
Since we may take the values of nb as practically equal 
to those of na +b in the case of these high recurrence- 
frequencies, we may put rb = 4.3 and n4; b = 5; from 
these values we may then obtain the series for n to 
nO,b which. is given in brackets in column "b." 3T }be 
-°_gures n33 b, n2. b and n1,b so obtained may then be 
subtracted from the observed, "lumped" figures for 3, 
2, and 1 occurrences (n.3_a +b' n2.a+b' and nl a +b), to 
get the calculated figures of column a, showing the 
numbers of loci of lower mutation rate (ra) having 3, 
2 or 1 occurrences. From the ratios of Ehe numbers 
n3. a, n2. a and nl ,a to each other we next find that 
ra = 0.3 approximately in these experiments. This, 
multiplied by the value of n gives n the total 
number of unobserved genes of mutation r te- ra, as 
370. The addition of nO.a and nO,b finally gives us 
an estimated total number of unobserved genes of "both" 
mutation rates, and this may be added to 165, the 
number of observed loci, to get the grand total. 

(Table 1 here.) 

It will be seen. that the figure Totten by this 
rather crude approximation process is 535. This is still 
a low minimum estimate, since it only divides the genes 
into two categories of mutability, whereas the genes in 
each of these categories really differ very much among 
themselves; hence the estimated number for each cate- 
gory is too small. For greater accuracy more cate- 
gories could be used, or a more elaborate method could 
be employed as follows: 

Draw a hypothetical curve of "mutability frequency" 
in which the abscissae represent r, the single mutation 
rates, and the ordinates no, the numbers of unobserved 
loci having such mutation rates. The term "single 
mutation rate" here has a similar meaning; to the ratio 
"ri° previously used; it may be defined as the "chance 
that just one mutation would have been observed in the 
locus under consideration, throughout the entire series 
of experiments which have been carried out on the 
organism in question. The actual shape of this curve 
is of course unknown, but its area, N (or ""n0.2,2,"), 
represents in any event the total number of unobserved 
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Ú 

genes, of all mutation rates combined, and it is this 
number which we desire to obtain. Vow in the case of 
the nOa genes having a given mutation rate, ra, we 
would, by our definition of r, have observed ra_ n genes 
in which just one mutation had occurred, and, by 

nn 

(1), which applies properly to genes of a given mutation 
rate, we have 2ra(ran0 ) of these genes, or 2r2n 
in which two mutations gave been observed, 3.2ra3n in 
which three were found, and so forth (x'. rRxn0, in r Hich 
x were found) . The same rule applies for each value of 
r. Hence the sum of r no taken for each value of r 
(i.e. 2r no) is the total number of loci in which 1 muta- 
tion has been observed, in the lumped data, 2%r2n0 is the 
total number of loci in which 2 mutations have been ob- 
served, and so forte. (x:Erxn0 being the number in which 
x mutations have been observed). Our data derived from 
the experimental work give us the numerical val,.es of 

these expressions. But Er n 
0 is what is known in 

mathematics as the "first moment of the curve involving 
r and no, taken not from its mean but from its origin on 
the left hand, and multiplied by N, the area; this would 
orcginarily be representEd by the symbols ; likewise 
Zr 'no is 152N, gr nO is µN , etc. (Zrxn 5e i ng , N) . 

The moments of a curve, ¢ven those ta' -enOf rom its Xorigin 
rather than from its mean, can usually be used to re- 
construct the curve and to obtain- its area, N, but in 
this case the problem is complicated by our knowing only 
the product of these moments times N itself. To readh 
an approximate solution in such a case we can proceed by 
first assuming, various apparently possible values va lues of N, 
and, given assum finding 

r 
etc. 

(by N intotheobtainedfigures foT, 1 
N, etc.) . Using the hypothetical values of the moments 

so obtained (for each assumed value of N) we may then 
follow the well -known biometrical rules for obtaining, 
from its moments, the approximate equation of the curve 
involving r and no. It may next be integrated to find 
its area, N, and a comparison may be made between the N 
thus gotten and the N originally assumed. That assumed 
value of N which results in a final value agreeing best 
with the originally assumed one may be taken as nearest 
the correct value of N, the total number of unobserved 
genes. ?°'e would scarcely be justified in applying this 
very cumbersome method to our present ewer data, as the 
results could not differ significantly from those more 
simply arrived at. 

It should be emphasized that, in t he above aethol 
and also in the previous rougher approximation nethod, 
r, the"rate of single mutations,' was really the rate 
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of sino;le detectable mutations, that is, the frequency 
with which, in an indefinite series of "experiments" 
similar to that _already performed (regarding for 
example, all the Drosophila work to date as 'one ex- 
periment "f.rom this point of view), just one mutation 
in the locus in question would have been discovered. 
Now, within a miven "experiment" (in this extended 
sense) the detectability of a given sort of mutation may 
vary 7reptly, owinm to differences both in physical, 
in genetic, 
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and in psychological factors, from cross to cross, from observer to observer, and 
in the course of practice; the actual time -rate of mutation itself, in given loci, 
may conceivably change also. However, no such variations in the distribution 
of detectable mutations, due to any of these causes, can in any way invalidate 
the above methods, as the latter do not deal with the temporal or spatial dis- 
tributions of the mutations occurring within an "experiment," but only with 
their total chances of occurrence (in given loci) for the "experiment" as a 
whole. 

There is, however, a real source of difficulty in applying the methods pre- 
viously outlined. That is, it is likely that data like the above will never allow 
us to ascertain at all closely the shape of the curve of mutability -frequency 
near its left -hand extreme, where the genes of very low mutation rate are reire- 
sented. The latter genes might be very numerous even though our data (which 
tend to comprise mostly genes of higher mutation rate) gave us very little 
indication of their existence, and still less of how their numbers varied as the 
mutation rate considered became progressively lower. In that event, all we 
could do would be to determine the minimum of genes (the smallest X) that 
yielded a curve consistent with the data. 

One obvious reason why calculations based on data like the above will prob- 
ably leave the number of genes having a very low rate of detectable mutation 
so indeterminably large is because in such work we have been detecting little 
else than the mutations in epidermal morphology and pigmentation. Over 
90 per cent of the mutations numbered in the table involve eye, wing, or bristle 
formation, or coloration of eye or skin. Most mutations causing physiological 
or even internal morphological changes may well escape our observation. Fer 
it is evident from the data on recurrence of mutation in particular loci th t a 
given locus usually mutates preferentially in a certain direction; if, then, we 
are detecting mutations only in some other direction, most of the genes that 
mutate chiefly in the first direction may be lost to our view. In illustration of 
this, we may note that very few of the numerous loci known to affect eye 
color in Drosophila have been found also (on mutation) to cause chart ; es in 
wing shape,.or, in fact, in any of the other commonly noted cha.racters,and so 
if some condition had prevented us from noting the eye color changes hardly 
any of these loci would have been discovered, certainly not enough to render 
any data on recurrences of mutation among them significant. Their rate of 
mutation (that is, of detectable mutation) would have been practically sub- 
liminal. The range of detectable character changes does, to be sure, tend to 
widen, as our technique of detection improves, yet it may always remain t 
limited to allow significant data to be obtained, in the course of ordinary genetic 
work, on the mutations of the majority of loci. 

The above obstacle to the obtaining of any but an unknowably low mini- 
mum estimate of the number of genes can perhaps be largely avoided if we make 
use of lethal rather than of "visible" mutations in our calculations. For it seems 
likely that most genes, when the change in them becomes extreme, may pro- 
duce lethal effects. Certainly a very large proportion 

ofofVthe 

ordinary "visible" 

\s1 

lG 
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mutations of all kinds, in Drosophila, carry in their train some reduction of via- 
bility; in the case of multiple allelomorph series the more extreme allelomorphs 
(visibly differing most from the normal) commonly cause the greatest reduction 
in viability; and, despite the small amount of investigation of this matter yet 
carried out, a number of cases are already known in which very extreme allelo- 
morphs of ordinary, non -lethal "visible" mutant genes are themselves completely 
lethal when homozygous. In studies of lethal mutation rates, then, would seem 
to lie the road leading nearer to a solution of our problem of the number of genes. 
It is, however, necessary in such work with lethals to save stocks of each lethal, 
and to make innumerable crosses for the determination of allelomorphism. 
Only autosomal lethals can be used for such determinations, since of course 
males with sex -linked lethals are not available for crossing. Hence an elaborate 
and costly campaign will be needed, and it must be a long time before sufficient 
data on the recurrence of lethals can be accumulated to render possible a more 
adequate attack on the question at issue. The data so far obtained by the 
present writer, in experiments with lethal mutation rate, would, if taken at 
their "face value," yield a figure for gene number approximately like that ob- 
tained above -in fact, slightly smaller -but the probable error of the number 
of recurrences, in such a small total, is far too large, as yet, to make even the 
order of magnitude of the result significant. 

b. EVIDENCE FROM CROSSOVER FREQUENCIES 

A more obvious method than the above, for trying to count the genes in 

Drosophila, is to multiply the total number of so- called "units" in the linkage 
maps (which is about 285) by the number of genes which may occur in one unit. 
This leads us to the figure of 285 X5, or 1425 genes, if we accept one fifth of a 

unit as the shortest usual "distance," in terms of percentage of separations, be- 

tween genes -i.e., 5 genes to a section giving 1 per cent of crossing over. There 
are several 'well- determined cases of approximately this degree of association, 
in regions of the map where the genes do not seem, otherwise, to be closely 
crowded, and where, consequently, it is not suspected that the unusual strength 
of linkage between the two loci in question may be due merely to local hind- 

rance to crossing over rather than really to close proximity. The best of these 

cases is perhaps Claussen's case of 0.2 per cent jaunty -black crossing over in 

chromosome II (though this is not very far from the crowded central region); 
another is Bridges' case of tan and lozenge in chromosome I. Other cases, of 

still closer linkage, are as yet open to the above or other suspicions. 
In the above calculations based on the strength of linkage between near -by 

genes in ordinary chromosome regions, it would have been more correct to have 

taken account of the fact just alluded to: that certain chromosome regions 

(especially some central and some terminal ones) probably comprise longer 

regions than their map values would indicate,-as shown by the clustering of 

the genes there, which is almost certainly caused by a relatively low crossover 

frequency. The real lengths of these regions, in proportion to the "units" of 

the other regions, may be approximately gauged by the relative numbers of 
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mutated loci therein observed. If we make this allowance (assuming at the same 
time that there are not converse regions, of especially low crossover frequency), 
we increase the estimated total length of the chromatin, and consequently the 
estimated total number of genes, by at least one fourth again. This would make 
the estimated number of genes about 1800. 

May we, however, conclude that just because genes have not been found 
"closer" together than one fifth of a unit they are not in fact closer together? 
How may we determine whether our sample of genes, obtained by their "chance" 
mutation, gives us a fair estimate of the closest distance between the genes? This 
question too is soluble by mathematical means. Suppose we are dealing with "n" 
genes, in a map "m" units long, and wish to find the chance that, given a random 
distribution of these genes, none of them should happen to fall within a given 
distance, "d," of each other, where d represents some fraction of a unit. The 
first of the n genes considered may lie in any position along the given map, but 
the second gene, in order not to be within the distance d of the first, must not fall 
in either of the spaces, d in length, lying to the right or to the left of the first 
gene, being thus excluded from a total length = 2d, of the entire map, m. The 
chance of its thus falling "correctly" (that is, no closer than distance d to the 

other gene) is therefore 
m- 2d. We neglect here the very rare chance that 

the first gene may have fallen within a distance d of either end of the map; in 
this case the second gene is excluded from a space correspondingly less than 
2d in length. The third gene, now, has a space of In- 4d in which it may fall 

"correctly," the chance of this occurrence being 
m -4d; 

for the fourth gene 
m 

the chance, similarly, is 
m- 6d, and so forth. Here we also neglect the slight 

source of inaccuracy due to the rare cases where two previously considered genes 
fall at a distance less than 2d apart from each other, leaving for the succeeding 
genes a slightly greater length of chromosome in which they may "correctly" 
fall than if the previous genes had been less crowded. This latter effect works 
in a direction opposite to that of the inaccuracy caused by possible terminal 
positions, but neither effect would cause a noteworthy error in data like those 
we have at present. The chance that all the n genes shall fall at least as 
far apart as postulated is now: 

(m- 2d)(m- 4d)(m -6d) (m- 2(n -1)d) 
m (n -1) 

This can be reduced approximately to: 

n -1))n 
1 944 
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The above formula, then, represents approximately the chance that none 
of the n mapped genes in a map m units long will fall as close together as the 
small distance d. Applying this formula to our best case-that of the approxi- 
mately 25 well mapped genes in the 69 units of the X chromosome of Droso- 
phila melanogaster that lie to the right of the obviously crowded region in the 
first unit at the left end -we find that, if d, the small distance considered, is 
taken as one tenth of a unit, our formula yields a chance of about one in three 
that no genes would be found so close together, no matter how close together Me 

undetected genes actually lay in the chromosome. Our methods have not yet 
been delicate enough to distinguish gradations so fine as to lie between one 
and two tenths of a unit; the above result therefore means that, in our material, 
we had a very good chance (1 in 3), among only the 25 genes studied, of not 
finding any of them closer together than two tenths of a unit, even though 
the genes were as close together as 0.1 unit, or even if they were a million times 
as densely packed as this. The chance is even more against our finding closer 
linkage than 0.2 per cent in the autosomes, because of the difficulties in the 
way of the measurement of low linkage frequencies there. Thus our estimate 
of 1425, or 1800, genes, obtained by this method, even though it agrees fairly 
well with our estimate based on mutational recurrences, is only what we might 
readily have obtained by the random sampling of genes far more crowded, and 
it, like our other figure, may be a gross underestimate. 

The above method of estimating gene number is also subject to other weak- 
nesses, which make it unsafe even for the securing of a minimum estimate. 
One such defect is that the frequency of crossing over between two very closely 
neighboring loci may, for all we know, be somewhat different in the heterozy- 
gous condition -in which the determination of the short distance must be made - 
than in the homozygous condition, in which most of the chromosome existed 
when the determinations of its total number of units were made. If the cross- 
ing over frequency was lessened, locally, by heterozygosis, this would make the 

short distances appear spuriously short, in comparison with the total map 
length, and so the genes might be reckoned to be more crowded, more numerous, 
and smaller, than they really were. Again, there may be regional peculiarities 
of crossover frequency and gene spacing other than those responsible for the 

more obvious clusterings of the genes in the maps. The method based on cross- 

over frequency is as yet, therefore, far less reliable, even for giving us an esti- 

mate of the smallest possible number of genes, than the method based on muta- 
tional recurrences,andfor this reason the author has not,inprevious publications, 
based any conclusions upon the results thereby obtainable.3 

c. THE EVIDENCE FROM CHANGES IN BAR EYE 

There is still another "straw in the wind," the significance of which for the 

problem here at issue has not hitherto been pointed out. It is, in a sense, a 

3 The first publication in which this method was put forward for obtaining an estimate of gene 

number was that of Morgan ('22). 
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special case of the above linkage method, but it has peculiar advantages of its 
own -as well as disadvantages. The matter in question is that of the so- called 
"mutations " -or crossings over -occurring at the locus of bar eye. Sturtevant 
has demonstrated that the supposed mutations of bar eye are nearly all of them 
really cases of askew crossing over. Now, if we assume that, in general, crossing 
over between the bar gene and its neighbors occurs with about the same fre- 
quency as crossing over ordinarily occurs between two neighboring genes, but 
that, here, the allelomorphs lie either opposed or askew, at random we find, 
on examining the data from Zeleny and from Sturtevant, that the bar gene is 

about one fifth of a unit from its neighbor. 
These data, then, would again indicate a total of 1400 to 1800 genes in the 

haploid chromatin. 
In this case we can be practically certain that we are dealing only with 

crossing over between directly adjacent loci (that is, loci without any other 
gene between them)- otherwise varying effects would have been produced by 
the askew crossing over, depending upon exactly which genes it happened to 
cut between. There are drawbacks in the present evidence, however, and that is 

that the crossing over relations at the bar locus are much disturbed when the 
bar genes are present, as shown by the asymmetry of crossing over, and so this 
may in itself entail an abnormal crossover frequency. It is also possible that 
the region containing bar lies close to the cytologically discovered "attenuated" 
section of the X chromosome. This might cause the frequency of crossing over 
to be unusually low in this region, as in the central portions of the autosome 
maps, and would correspond, with the observation that the known loci in this 
region seem to show a tendency to clustering. To allow for such an effect, our 
estimate of gene number would have to be lowered. 

d. CONCLUSIONS AS TO GENE SIZE 

Taking, provisionally, the figure 1800, in the light of our three very different 
methods, as representing at any rate the minimum number of genes present, and 
dividing this into the haploid volume of chromatin, from 0.2 to 0.3 cubic micra, 
as determined by measurements of chromosomes, we obtain a maximum average 
gene diameter of approximately one twentieth of a micron. This is just below the 
limits of image formation by visible light, and in the range of size accepted for 
"colloidal" particles, but it might still contain hundreds of typical protein mole- 
cules. If, however, the actual number of genes is really much larger, if the gene is 
highly compound (see next section), or if the genes occupy but a small fraction 
of the volume of the chromatin -as is probably the case- then the real size of 
the elementary genetic unit becomes much smaller.4 It should be pointed out 

4 It must be remembered that some sperm heads seem mainly composed of a combination of 
nucleic acid with protein of a relatively simple, small molecule type, with little (but probably enough) 
room left over for large protein molecules to be present in as great abundance as the genes seem to 
exist. There is, however, no strong reason to suppose either that the genes are composed of, or contain 
or form a part of, either simple protein molecules oß nucleic acid, just because the major part of the 
chromosome substance is of this nature; on the other hand, it would be still more gratuitous to deny 
this possibility. At present any attempt to tell the chemical composition of the genes is only guess- 
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again, in this connection, that the above calculations deal only with the size of 
that portion of material, separable by crossing over, which is responsible for the 
transmission of an ordinary Mendelian difference. That difference might depend 
upon just a chemical radical or a single atom, or even upon a single electron 
position; at the other extreme it would also be possible that the ordinary 
Mendelian difference in higher organisms was a "regional" chromosome change, 
of variable extent, which generally covered much more than the minimal amount 
of substance capable of self -propagation in the nucleus. 

Our formula, then, does not give us any direct information concerning the 
size of the smallest portion of gene material which would be capable of repro- 
duction as such, without the coöperation of other, contiguous gene material. 
The small size of some "microchromosomes," and of some chloroplastid pri- 
mordia, shows us, however, that the minimal amount of gene material, in this 
sense too, at most borders on the ultramicroscopic. We shall see later, more- 
over, that the primary mechanism of gene -propagation in all forms of life is 

probably identical with that in the simplest, smallest known organisms, and 
since in a virus we know this can be crowded into a space about a fiftieth of 

a micron in diameter the minimal amount of self -propagable substance is seen 
to be of ultramicroscopic dimensions. The similarity of dimensions of the 
quantity just mentioned to that above calculated for "maximal gene size" 
is interesting, although it may be accidental. Reasons will be given subsequently 
for the view that the smallest self -propagable unit is probably much smaller than 
this. 

3. THE INTERRELATIONS OF GENES IN THE CHROMOSOME 

Although we may speak of genes as units, either in the sense of Mendelian 
differentiators or in the sense of independently propagable elements, it must 
be recognized that they may be only potential units, and that in the chromosome 
they may conceivably exist not as separate particles, or even as chemically 
disunited substances, but in the form of a linearly continuous structure. True, 

there is a tendency for a given differential to hold together as a unit when it 

crosses over aganist its allelomorph in the heterozygote, but we must also re- 

member that in cases of mutation of an entire region, so- called "deficiency," 

work. It is tempting, for instance, to suppose that genes are enzyme molecules, in special form, and 

that enzymes are proteins in special form, but while this appears more probable than any other 

individual guess, its chief merit after all is that it lies in the path of least mental resistance. Just 

because the molecular basis of the genes does multiply is the very reason why it is unnecessary to 

suppose that, in their reactions upon the cell protoplasm, these molecules, like those of enzymes, do 

not become used up. They may merely be reproduced as fast as they are used up. And the substances 

formed in these reactions may eventually lead to the production, or the modification, of the real en- 

zymes. This speculation is not here urged as a probability, but merely as a warning against too ready 

acceptance of definite conclusions concerning gene chemistry. As we shall see later; the act of repro- 

duction itself, which the gene carries out, must be designated as "catalytic," and in this respect it is 

indeed like the action of an enzyme, but its actual mechanism may or may not be like that of enzymes 

in general. In fact, "enzymes in general" are not yet known to constitute a chemically coherent gro 

of substances. 
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this region, comprising numerous ordinarily separable loci, now holds together 
as a unit too, when crossing over occurs in the heterozygote. In the case of the 
unequal crossing over of bar eye, however, we can determine that the bar gene 
holds together as a unit even in the homozygous condition, for the askew 
crossing over here occurs just to the right or left of it, but never within it. 
Furthermore, in cases of chromosome breakage, fusion, or inversion of a region, 
such as is sometimes found in Drosophila, if the genetic material in the chromo- 
some did not have some kind of segmental structure, then the rearrangement of 
its parts, at the point of breakage or reunion, should always be equivalent, in 
its effects, to what we now call a "gene mutation;" a number of cases are known 
in which no such effect has been observed, although in others "mutation" has 
apparently accompanied the rearrangement. More observations will be neces- 
sary on this point. Further important observations of Sturtevant on bar eye 
do suggest that the spatial relations of the genes with their neighbors are of 
genetic consequence, as well as their internal arrangements. In finding that two 
bar genes in contiguity in the same chromosome exert more effect than two 
lying in homologus chromosomes, he discovered that the local pattern of the 
genes is a fact which may itself become, in effect, genic in its significance. 
Nevertheless, this does not make improbable a segmental structure of the gene 
material. 

If we accept the inferences, later to be drawn, that the self -propagable 
material everywhere is fundamentally alike, and that the smallest independently 
reproducing portion of it is exceedingly minute, then the chromosome must 
have some kind of linearly repetitive structure. It also would follow from the 
"gene- element" interpretation of eversporting genes, presently to be discussed, 
that the gene material at times at least may be non -linearly repetitive in its 
formation. Finally, the regularity of the mathematical relations observed in 
linear linkage, with its corollary, interference, proves that the disunion of parts 
of the chromatin structure from each other (in crossing over) is determined by 
geometrical and physical factors and not by chemical bonds or affinities of a sort 
that would differ from point to point according to the atomic configurations 
within the gene material. This fact too, then, connotes a chain -like, segmental 
arrangement of those atomic connections that must exist within the "chromatin" 
thread, allowing of breaks, between these segments, which are governed by 
"mechanical" circumstances. 

Admitting as yet, however, the provisional nature of our conclusions regard- 
ing genic discontinuity, it is still quite legitimate to speak of the number or 
size of "genes," as suggested in the beginning, in the sense of the number or 
size of linearly connected5 regions so taken that in them non -overlapping 
genetic differences, separable by crossing over, can occur, and these differentiable 
parts fit our conception of genes in being concerned in the propagation of their 

See Sturtevant's work on bar and infra -bar for proof that even two directly adjacent "genes" 
are linearly connected. 
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own specific structure largely independently of what other kinds of genetic 
material they may happen to be associated with. 

4. Is THE GENE COMPOUND? 

A converse of the above question of gene interrelations is that of its interior 
composition. If what we call the gene, in the above sense, can be shown to be 
made up of several or many identical parts (such as like molecules), then our 
most fundamental genetic unit becomes much smaller and our interpretation 
of basic genetic phenomena will be much affected in various ways. The work on 
eversporting, variegated plants, particularly the brilliant studies of Emerson, 
Anderson, Eyster, and Demerec, have, taken collectively, shown that here 
at least the gene is in all probability compound, since segregation of parts 
obviously occurs within it at some mitoses, but it is most important to know 
whether these cases afford a real glance into the interior of typical genes or are - 
if I may so put it- "teratological." 

I mentioned.in 1921 that the question might be solved if we could observe 
the distribution of mutant genes from the time of their origin, by noting the 
appearance or non -appearance of the mutant character in cells descended 
in a known way from the cell in which the mutation had occurred, as might 
conceivably be done in some somatic tissue. For, if the mutation originally 
happened in one of a number of interchangeable gene parts, or particles, then, 
as the particles of the new and the old kind, now existing side by side in the 
same gene, multiplied and became separated into two groups by chromosome 
division, followed by cell division, some cells would finally be formed having 
genes containing particles all of the mutant type, others particles all of the old 

type, just as, more grossly, green may become segregated from white plastids 
in leaf development, and -here is the important point -these differing cells, 

forming areas of different genetic type, should dovetail amongst each other in the 

form of an irregular patchwork. On the assumption of a gene compounded of 

equivalent particles, there appear only two alternatives to this eventuality, both 
of which, on analysis, turn out to be spurious. 

The first apparent alternative would be that the collection of particles 
within the gene always divides by a kind of "equation division," so that the two 

gene -halves destined for the two daughter cells always contain a half of each 

gene -particle that the original gene had contained. In that case there would be 

no sorting out whatever, and the mutation, if it could produce any phaenotypic 
effect at all, could (subject to developmental influences) exert its effect from 

the beginning, on the whole block of cells derived from the cell in which the orig- 

inal mutation had taken place. In that case, however, with the passage of 

innumerable zygote -generations more and more of the gene particles within 

the gene in question would become differentiated from each other, through 

their separate mutations, until we had, in effect, as many different genes, of 

one particle each, which were individually capable of showing the typical 

phenomena of stable, Mendelizing differences. Hence this alternative destroys 

itself . 
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The second apparent substitute notion, for avoiding a patchwork effect, if 
the gene is compound, is that the original particles in the gene become sorted 
out, in subsequent cell divisions, in the same exact order of dichotomy in which 
they had originally been formed from one another within the gene. Thus the 
most closely related gene particles, and the group of particles descended from a 
mutated particle would come to lie in a group of related, adjacent cells, instead 
of becoming scattered irregularly in cell inheritance. Examining such a sup- 
position further, we find that it would require an elaborate and orderly dicho- 
tomous grouping of the particles, bundle within bundle, in the order in which 
they had been formed in a hypothetical doubling and redoubling of the gene 
particles as the gene grew. This is shown in the figure. Now, as the chromosome 
split for mitosis, it would have to be supposed to divide first along the line of 
earliest separation (between the two largest, bundles). In the gene growth 
following this division each particle would have to form exactly two again, and 
a new, as yet least- marked, line of division would form from between each of 
these two sister -particles, that became more prominent in each successive cell 

Fig. 1. Cross sectional diagram of chromosome, -showing the sort of dichotomous grouping of 

gene parts which would prevent the descendants of a single mutated gene particle (shown in solid 
black) from becoming scattered amongst non -contiguous cells. 

generation till it became the oldest division line, along which the split occurred. 
Since this set of conditions would have to apply to all the genes arranged linearly 
along the chromosome, we should probably have particles of corresponding 
descent arranged and held adjacent to one another in adjacent genes, so that all 
genes could undergo the same orderly splitting at the division of the chromosome. 
This would amount to our having the whole chromosome divided jup into 
strands, bundle within bundle, in the same order as we supposed the gene 
particles to be grouped within the individual genes. In other words, we should 
really have, not so much multiple genes, as multiple chromosomes, longitudinally 
divisible and subdivisible finally into elementary strands. This notion seems to 
fall of its own weight, if carried beyond the stage of a few strands, but, in any 



912 INTERNATIONAL CONGRESS OF PLANT SCIENCES 

event, within each strand the gene would have but one particle (that is, no repeti- 
tion of identical parts). Hence we see that the sorting out of descendants of a 
mutant gene -particle into just one block of cells(consisting of cells all more 
closely related to each other than to any others) would mean that the individual 
chromatin strands, at any rate, had a non -compound gene structure. A patch- 
work, on the other hand, would mean a compound gene, provided the cells 
remained together in order of their relationship. 

I had at first thought that Drosophila, because of its "indeterminate cleav- 
age," was unsuited for a study of the order in which mutant gene particles might 
be distributed in the embryonic cell divisions, but it occurred to me later that 
this feature need not make it impossible to obtain the desired evidence here, 
for, as the arrangements of parts in gynandromorphs showed, the cleavage 
nuclei usually preserve their original arrangements after division. Thus, although 
the first two nuclei sometimes are destined for the formation of anterior versus 
posterior halves, at other times for right versus left halves, or for somewhat 
diagonally cut fractions, their respective descendant nuclei seldom become ir- 
regularly scattered amongst one another, in the form of a patchwork. If, then, 
the gene consists of a number of particles, which do not maintain their order 
in the elaborate manner above detailed, the genetically differing parts of mosaic 
flies in which a mutation had occurred during early development should be 

scattered about irregularly in a much larger proportion of instances than is the 
case with male and female parts of gynandromorphs. But if the different parts 
do not have such a tendency to be scattered more irregularly than in gynandro- 
morphs we could conclude the converse, that is, that the gene has not more 
than one particle, or at least not more than one particle in each strand of an 
orderly group of strands. 

A survey of the rather meager number of somatic mosaics in Drosophila 
which had originated by gene mutation then indicated that in all these cases 

the mutated region seemed to form one complete block, contrasted with the 

complete block of non -mutated tissue. The clearly bilaterally divided yellow 
and gray male reported by me in 1920 is a good example of this. This, then, 
makes it seem likely that, in Drosophila, the genes in each chromosome strand 
are units, in that they do not contain more than one of any given kind of inter- 
changeable, separately mutable, self -propagating molecules (or particles of 

any order). 
In view, however, of the very remarkable results of Demerec, to be re- 

ported at the present meeting of the Congress, I must for a time reserve 
judgment, and admit the possibility that the mutational mosaics which more 

nearly resembled patchworks simply had not been detected, and that in the 

ones seen the superficial cells studied were already too far removed in descent 
from the original mutant ancestral cell to show the interdigitative effects of 

such intra -gene segregation. Or -as seems more plausible -it might be sup- 

posed that there is a partially orderly distribution of "gene elements," which 

only sometimes becomes irregular. Meanwhile, we must be prepared to watch 

closely for as many mutational mosaics as we can find, as well as to follow the 
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possible segregations of the gene particles from generation to generation of 
individuals- though previously it had not seemed to me likely that such 
segregation would still remain incomplete after an entire zygotic generation. 

5. THE GENE IN RELATION TO HIGHER LIFE PROCESSES 

It may be reiterated at this point that there is no good evidence from genetics 
of any heritable differences between organisms except such as are resident 
either in the numerous genes of the nuclear "chromatin ", or, much more rarely, 
in the plastid primordia, which may contain a homologous substance. And 
since our evidence is extensive, and the phenomenon of heritability a highly 
peculiar one, it is logical to conclude that in all probability all specific, generic, 
and phyletic differences, of every order, between the highest and the lowest 
organisms, the most diverse metaphyta and metazoa, are ultimately referable 
to changes in these genes- chiefly in the multitudinous and very diverse chro- 
mosomal genes, to a lesser extent in the plastid genes. 

It is, to be sure, still contended, especially by a few paleontologists not 
familiar with genetics, that the "evolutionary" differences distinguishing species 
and other more widely separated groups are of another kind from the Mendelian 
gene- differences dealt with in ordinary crosses. But to these persons we may 
throw back the question: "Why, then, is it that we never find, in our crosses, 
organisms that differ in these other ways, the ways that are supposed to be of 
evolutionary significance "? Has evolution suddenly been stopped, somehow 
frozen, so that within species such differences are no longer accruing; or do the 
individual smallest steps out of which the larger differences are built always 
make the organisms so differing uncrossable? How convenient that arrange- 
ment would be for avoiding a genetic test of the issue! If so, why is it that the 
varieties of a species are so seldom found to be uncrossable (more often do we 
find intra- varietal or self -sterility, following Mendelian lines) ; do not crossable 
varieties represent "evolutionary" steps? As a matter of fact, many so- called 
"species" themselves are crossable, and, when crossed, they too give evidence 
that their differences are truly genic, of the kind dealt with above but very 
numerous. Are all such cases, then, to be outlawed, and put in a different category 
from those in which the species -building is of "true evolutionary significance ?" 
Then indeed would nature have perpetrated a hoax on the geneticist. In that 
event certainly the correctness of an evolutionist's views would be measured by 
the extent of the faith which enabled him to hold to them, despite all evidence to 
the contrary. But fortunately such an attitude is now uncommon in science. 

And so, even if the genes should not form the basis of the distinction between 
animate and inanimate matter in general (though I shall try to show later that 
they do), at least most biologists will now admit that they do form the bases of 
all the higher developments that distinguish the most advanced from the most 
primitive forms of life. And by the expression, "they form the bases," is meant 
that the change in the gene structure was the cause of the more superficially 
observable morphological or physiological difference, and that this same (thus 
changed) gene structure, now existing, is somehow necessary for the continued 
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maintenance of these observed properties, forms, and physico- chemical reactions. 
The genes are, of course, by no means the only necessary cause of the character. 
istics of the organism, any more than the present author is the sole cause of the 
present paper, but they are the differential causes of the specific, generic, etc., 
differences noted. 

Just how these genes thus determine the reaction -potentialities of the organism 
and so its resultant form and functioning, is another series of problems, at present 
practically a closed book in physiology, and one which physiologists as yet seem 
to have had neither the means nor the desire to open! 

6. THE GENE IN RELATION TO MORE FUNDAMENTAL LIFE PROCESSES 

If the preceding discussions have seemed to carry us far afield, they are after 
all closely connected with actual data, the inferences therefrom are capable of 

concrete expression, the possibilities involved can largely be mapped out, and 
perhaps subjected to final testing by methods not unlike those we now possess. 
We may now allow ourselves to enter a realm further removed from our present 
experimental methods, devoted to basic questions that must as yet be treated in 
rather an abstract fashion. 

We may put the questions: Could there ever have been a time, in the evolu- 
tion of living matter, prior to the existence of what we may permissibly term the 
genes, and, at or before the time when genes did arise, how complicated could 
living matter have been, and what could have been its properties? We shall 
examine these questions only in the light of the naturalistic interpretation, that 
the complications of living matter evolved gradually, and that its operations 
were referable only to physical and chemical processes that were not somehow 
guided in advance by the relative advantages of alternative outcomes. 

To start with, I think that most biologists will agree that we cannot speak of 

matter as "living" unless it has the property of growth, at least during a part of 

its career. In physico -chemical terms, growth involves "autocatalysis," inasmuch 
as the substances that grow must so affect some of the surrounding materials 
that the latter are transformed into end -products some of which are identical in 

composition with the former substances. Chemists ordinarily understand by an 

autocatalytic process any reaction, or set of reactions, in which one of the prod- 

ucts formed (called the "autocatalyst)" tends to augment the speed of the reac- 

tion, and hence to cause the formation, within a given time, of more end -products, 
including, therefore, more substance like itself, than would otherwise have been 

produced. Thus, within that time, the "autocatalytic substance" causes an 

increase in the amount of material of its own kind. (This increase must, moreover, 
be greater than the amount of its substance used up.) Naturally, it is a not uncom- 

mon occurrence for the product of a reaction to influence, at least to some slight 

extent, either positively or negatively, the speed of that reaction, since few sub- 

stances act with complete indifference in the presence of others that are under -, 

going recombination. Hence some degree of autocatalysis in the general sense 

above defined is by no means rare in chemistry. 
In the growth of "living" substances, it is to be observed that a much more 
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peculiar type of autocatalysis occurs than the general type above described, 
since here it is not merely a question of the autocatalyst happening to affect the 
speed of reactions that are going on appreciably anyway. For "living" matter 
is not ordinarily produced, at least not to any appreciable extent, unless it is 
priorly present (else we should have "spontaneous generation. ") Here, then, 
the "autocatalytic" substances -those that grow -may be considered as actually 
causing those particular reactions to occur whereby they themselves are produced. 

When it is remembered that the medium surrounding living matter is neces- 
sarily complex, containing constituents that would render it ultimately capable 
of running through the whole multitudinous gamut of recombinations of organic 
chemistry, and that, on the other hand, the syntheses of "growth" must in any 
case be highly specific, it is seen to be a very noteworthy coincidence indeed that 
any organic autocatalysts should exist which happened to cause,among this array 
of possibilities, just those reactions which again produced their own particular 
physico -chemical structure. If, however, the fine distinction be made that pos- 
sibly these reactions are not "caused" by the autocatalyst in an absolute sense, 
inasmuch as the reactions may actually be going on otherwise, but at an inap- 
preciable rate, it must be observed also that the latter statement would apply 
equally well to innumerable other reactions, which also would be proceeding, 
at an inappreciable rate, amongst the substances initially present in a complex 
medium, but that the autocatalysts here in question must then be considered as 
specifically selecting that one amongst all these series of reactions, to catalyze, 
which happens to result in the products identical with themselves. Moreover, 
the addition of other substances to the medium, instead of the specific autocat- 
alysts in question themselves, does not, in any case so far discovered, "cause" 
(in the above sense) those particular reactions to occur whereby these autocat- 
alysts are produced. This emphasizes the special nature of the latter reactions, 
and therefore the degree of the coincidence that our growth -autocatalysts should 
be selectively "causing" just these reactions. It is in line with these considerations 
that, although autocatalytic reactions in the more general sense first defined are 
not uncommon in general chemistry, "specific autocatalysts " -which, in the 
above sense, are specifically necessary to "cause" the production of more material 
of their own kind, -are highly unusual outside of living matter,' since, regarded 
as a series of chemical events, such autocatalyses represent far more of a coin- 
cidence than the former ones. 

We must note further that, in all such cases in ordinary chemistry, if we 

caused a change in the composition of the autocatalytic substance (through 
some further reaction that occurred after it had been formed) we should prac- 
tically always render it non -autocatalytic. For the change will either leave the 
substance still capable of affecting the original reaction in the same way as before 
-in which case the substance will not be causing the production of material of 

° In these connections, the analogy of growth- autocatalysis to ordinary crystallization, as 

drawn by Troland, is suggestive, but it does not go far enough; moreover, if it did hold as pictured, 
we should expect much more evidence of gene -like action in "inorganic" material. 
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exactly its own kind any more -or, if the effect of the substance on the original 
reaction becomes altered, it would be most remarkable if it chanced to be altered 
in precisely such a direction that the reaction now caused was of just such a 
nature as to- produce this substance in the exact form in which it had become 
modified. Such reciprocity between the change in the specifically autocatalytic 
substance and the change in the effect which it had on the substrate would require 
a special kind of construction in the former, of a sort not yet known to the chem- 
ists', which allowed of variation in certain features of its pattern while at the 
same time a mechanism was retained which caused that variable pattern to be 
copied in its present form by the substances being newly formed. A specifically 
autocatalytic substance of this kind would fulfill our definition of a gene, since 
it would be able to "mutate" without losing its property of "propagation." If 
able to mutate thus, indefinitely, it would eventually go through an evolution 
akin to biological evolution. 

Now we shall attempt to show that, in the evolution of living matter, there 
was probably not a form of protoplasm, ancestral to our present protoplasm, 
which already had the power of growth (or "specific autocatalysis") without 
containing genes (that is, without that exceptional form of specific autocatalyst 
which is able to mutate and still retain its specific autocatalytic function, as we 

know a chromosomal gene can). If this is true, it means that "life" did not occur 
before the gene. And we shall attempt to show, further, that this first material, 
ancestral to our own, that could grow, probably consisted of little else than the 
aforementioned gene, or genes. 

In the first place, attention should again be called to the fact thaí the more 
complicated a given chemical product is, the more special will be the reactions 
necessary to produce it, and therefore the slimmer and slimmer (in geometrical 
progression) will be the chance that this product will happen itself to produce 
just these same reactions, that is, to be "specifically autocatalytic" (unless we 

either suppose some purposive organization of the external medium in adaptation 
to it, or suppose a gene- mechanism within it that built up the complications 
through a series of selected mutations). Thus it is almost inconceivable that a 

whole system of substances as complicated as that which any protoplasm or 

cytoplasm is conceived to be, should have come together by the chance action 
of physical and chemical substances, to form just such a structure that the work- 

ing of this system reproduced that same system again, in all its features -unless 
the whole mechanism of biological evolution, involving reproduction, variations, 
the reproduction of variations, and natural selection, had long previously been 

at work building up this system in just the right way from much simpler begin- 

nings, that is, unless substances that may, in effect, be called genes, had existed 
first. 

The difficulty involved in the production of any such system, antecedent to 

the existence of mutably autocatalytic bodies -that is, genes- becomes still 

more insurmountable when we consider that the highly adapted system thus 

thrown together would, on one view (1), have to have the property not only of 

reproducing its protoplasmic portion -growing, if you prefer -but, in addition, 
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it would by chance have to possess in perfected form before their use properties 
like those of a mimeograph. For when (perhaps much later) the mutable genes 
came into existence in connection with this protoplasm, the latter would have to 
have the effect of reproducing these genes too, each after its own mold, somewhat 
as a mimeograph reproduces forms presented to it. An alternative (2) -if we 
should still hold to the hypothesis in question that the protoplasm arose without 
the coöperation of preëxisting genes -would be to ascribe to the composition 
of the genes themselves most of the mechanism necessary for their mutably 
specific autocatalytic properties, but such a double origin of the remarkable 
attribute autocatalysis, in both protoplasm and genes independently, is doubly 
improbable -or, should we say, improbable as the square, especially in considera- 
tion of these two autocatalyses being of fundamentally different types, immutable 
in the protoplasm, mutable in the genes. Thirdly (3), we cannot well derive 
the genes from the protoplasm, by some sort of mutation, in order so to explain 
their specific autocatalytic ability, because we have not supposed the protoplasm 
to be able to mutate without losing its autocatalytic ability. If it had been able 
to do so, it would itself fulfill the definition of "gene material" and so we should 
after all have had the genes to begin with. Moreover, in that case there might 
be evidence of the existence, even today, of material in the cytoplasm having 
the potentialities of genes -that is, propagable despite mutation. Any inter- 
mediate position between the three hypotheses noted above will simply share, 
in appropriate ratios, their respective difficulties. 

We are, therefore, practically driven to the!conclusion that the extraordinary 
property of protoplasmic growth, or reproduction- biological autocatalysis-did 
not exist before the property distinctive of the gene existed -namely, before 
that peculiar form of specific autocatalysis existed which is compatible with 
change in composition (mutation). The gene, then, arose coincidentally with 
growth and "life" itself, if our argument be correct. 

We shall further conclude that at the time of its inception this mutable auto - 
catalytic system was extremely simple, as compared with forms of protoplasm 
that have as yet been analyzed, consisting of little or nothing else, in fact, than 
what may be called the gene. For the more complicated we imagine any chance - 
supplied companion- structures (corresponding to the general "protoplasm ") to 
have been, which were supposedly necessary in the first place for the operation 
of the genic autocatalysis, the more we run into difficulty in trying to account 
for the lucky coincidence that the combined activity of the genes and of these 
necessary by- standing substances should have caused the reproduction, not only 
of the genes, but also of these other materials themselves. Similar considerations 
to those followed here also lead us to the view that probably the gene itself was 
not highly complicated in its essential structure, inasmuch as it had to be speci- 
fically autocatalytic in respect to all its parts. 

What the structure of the gene itself actually was, in physico -chemical terms, 
the modern geneticist would like to know -perhaps beyond all other questions 
of genetics -but as yet he remains in almost complete ignorance of this matter. 
What feature or features of its structure allowed it to mutate without losing this 
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specific autocatalytic ability can only be guessed at most inadequately now, but 
in these features lay all the promise of life, as distinguished from the inanimate. 
The mutations must have been, must still be, rearrangements in pattern of one 
sort which leave unchanged certain other arrangements, of an entirely different 
sort, which are responsible for the specific autocatalysis. The latter, stable 
arrangements somehow result in the copying of the former, mutable arrange- 
ments (as well as their own), by the raw material as it becomes organized, and 
the character of these mutable arrangements, in turn, is of great moment in 
determining those not directly autocatalytic reactions of the gene with its sur- 
roundings, whereby it now organizes its environment in its own interests. 

The latter, mutable sorts of arrangements within the gene material have 
certainly undergone vast changes and complications in the course of evolution, 
and under their influence, of course, the protoplasm has evolved and changed, 
but the other arrangements, those features of gene structure which are respon- 
sible for its primary autocatalysis -these must still be the same as in the im- 
memorial ages past, before green slime bordered the seas. The secret of this 
immutable (but mutation -permitting) autocatalytic arrangement of gene parts 
may perhaps be reached first by an upward thrust of pure physical chemistry, 
or perhaps by biologists reaching down with physico- chemical tools through the 
chromosome, the virus, or the bacteriophage. Studies of the nature of gene - 
attractions may help. This matter lies, as it were, in another dimension from 
mutation -and perhaps this statement may be true even literally speaking. 

When we take this point of view, it is evident that we escape our logical diffi- 

culty concerning the origin of present -day protoplasm, with its intricately inter- 
locking parts that all act to further the growth and exact ¶ eproduction of the 
whole. For the origination of this system, just like that of the complicated gross 
morphology of the higher plants and animals (which was a later accomplishment 
of the gene), came about gradually, step after tested step, as mutation followed 
mutation in the primordial autocatalyzing genes. In this process those mutant 
genes whose by- products (end -products other than their own material, not origi- 

nally necessary for "life ") were most useful in further reproduction differen- 
tially survived, multiplied, and mutated again. On this view, then, the view that 
seems best to stand the tests of ultimate analysis, the great bulk, at least, of 

the protoplasm was, after all, only a by- product, originally, of the action of the 
gene material; its "function" (its survival- value) lies only in its fostering the 
genes, and the primary secrets common to all life lie further back, in the gene 
material itself. 

Even now, in a large cell, which (in diploid) contains thousands of genes, a 

change in a single invisible one of these ultra- microscopic particles can pro- 

foundly affect the physical and chemical properties of the entire mass, and the 

resultant physiological reaction- systems are distant reflections of the new gene - 

composition. The mutations of the genes have thus laid the building blocks of 

the present protoplasm even as they hold hope for its still further improvement. 
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7. THE ATTACK THROUGH STUDIES OF MUTATION 

How little critical work has been done in the study of these all- important 
mutations, as compared with the work on what we may now term the super- 
ficial aspects of organisms ! Through the work on gene mutation we may not only 
gain knowledge of the mode of occurrence of the changes themselves, leading 
possibly to some degree of control over protoplasm from its root, as it were, but 
we may perhaps also gain some insight into those genetic arrangements which 
are subject to this mutation. As will be explained in the papers of Eyster and 
Demerec, most instructive work is now being done on "eversporting" plants 
and animals, which throws light on the possibly compound nature of the gene 
as it exists in them. I should, however, prefer to call these cases of eversorting, 
rather than eversporting, genes, since we seem to be dealing with a phenomenon 
of intra -genic segregation of particles already differentiated by mutation. This 
still leaves open for study the problem of the original causation of mutation in 
whatever may be the elementary gene particles. 

On the latter question, that of the causation of the primary mutations, there 
has -with one exception -been only negative evidence as yet, all agents tested in 
the attempt to produce mutation having visibly failed. Recent experiments of the 
present author, however -especially when taken in connection with some prior 
work done in collaboration with Altenburg, and some work done with Hanson, 
have indicated that a rise in temperature increases the likelihood of mutation 
in Drosophila. This is only a first step in a laborious quest, but the elaboration 
of special genetic methods and stocks in Drosophila, which allow the detection of 
lethal factors in relatively great abundance, now makes such work on mutational 
origins feasible for the first time. The beginning of the pathway to the microcos- 
mic realm of gene- mutation study thus lies before us. It is a difficult path, but, 
with the aid of the necromancy of science, it must be penetrated. 

We cannot leave forever inviolate in their recondite recesses those invisibly 
small yet fundamental particles, the genes, for from these genes, strung as they 
are in myriad succession upon their tiny chains, there radiate continually those 
forces, far -reaching, orderly, but elusive, that make and unmake our living 
worlds. 

RÉSUMÉ 

1. The method is explained whereby a minimum estimate of the number 
of genes in Drosophila may be obtained from data showing the observed fre- 
quency of occurrence of mutations in loci identified as separate. The (haploid) 
number based on recent data is about 1150. Both rough and more refined ap- 
proximation methods are described. It is proved mathematically that the 
number of genes so arrived at is truly minimal, probably far below the actual 
number, and it is shown that more nearly correct (though still minimal) num- 
bers might be obtained by such methods if extensive data on autosomal lethals 
were at hand. 

2. The attempt to estimate the number of genes by dividing the frequency 
of crossing over between genes as nearly adjacent as possible into the total 
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frequency of crossing over is criticized. It is shown mathematically that the re- 
sults obtained could have been produced even if the genes were indefinitely 
more numerous than they are calculated to be by this method, but other ele- 
ments of uncertainty, concerning the relative frequencies of crossing over in 
different parts of the chromatin, and under different genetic conditions, make 
possible the other alternative, that the estimate so arrived at is too large. The 
number of genes calculated by the method here discussed is between 1400 and 
1800. 

3. It is shown that the data on symmetrical and asymmetrical crossing over 
between the "genes" for bar eye, obtained by Sturtevant, furnish a special 
case of the second method, with the peculiar advantage that the crossing over 
is known to be between adjacent loci. This method gives a figure similar to that 
obtained by the second method. 

4. When the "minimal number" of genes is divided into the bulk of the 
chromatin containing them (as measured by Bridges) it is found that the "maxi- 
mal" diameter possible for the average gene is about a twentieth of a micron, 
just within the range of size of ultramicroscopic, colloidal bodies. The real 
size may be much smaller, however, and we have as yet no clue to possible gene 
chemistry. 

5. Various considerations make it probable that the genes in the chromo- 
some are not in the form of a continuum, but occur segmentally, in units the 
interconnections of which are like one another, and different from their intra- 
connections. Nevertheless the spatial arrangements of the genes with regard to 

one another may have some influence upon the effects which the genes produce 
in the cells. 

6. The arrangement of parts in mosaics of Drosophila caused by mutation 
furnishes evidence indicating that the gene is not composed of identical particles 
which ordinarily may undergo rearrangement in the formation of the daughter - 
genes. It is therefore indicated that a gene in a given chromosome -strand does 

not contain more than one molecule of a given kind. However, in the face of the 

apparently contrary evidence of Anderson, Eyster, and Demerec on eversport- 
ing organisms, more data will be necessary to decide whether or not the "typical" 
gene is composed of a number of identical parts that may at times become re- 

arranged. 
7. It is pointed out that growth involves a specific autocatalysis, without 

which life cannot exist. The gene, when in its protoplasmic setting, is known to 

possess this property of "specific autocatalysis." Still more remarkable, the 

gene can mutate without losing its specific autocatalytic power. In view of this 

latter peculiarity of the gene, it becomes a supererogation, and involves im- 

probable assumptions, to suppose that any other portion of the protoplasm, 
independently of the gene, is specifically autocatalytic; "growth" of the rest 

of the protoplasm would follow as a by- product of gene activity. Likewise 
it involves apparently insuperable difficulties to suppose that, in the most 

primitive living matter, highly organized companion substances to the gene 

( "protoplasmic" in nature) were necessary to make the gene- autocatalysis 
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possible. Genes (simple in structure) would, according to this line of reasoning, 
have formed the foundation of the first living matter. By virtue of their pro- 
perty (found only in "living" things) of mutating without losing their growth 
power they have evolved even" into more complicated forms, with such by- 
products- protoplasm, soma, etc. -as furthered their continuance. Thus 
they would form the basis of life. 

8. Modern work on mutation holds promise of attacking successfully some 
of the important problems concerning the gene. Such studies are now feasible 
for the first time, and a beginning has already been made, in the finding that 
temperature affects the rate of mutation. 
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THE PROBLEM 

THE FAILURE OF ATTEMPTS TO "PRODUCE" GENE VARIATION2 

Biologists are in general agreed that the basic problems of organic 
evolution are concerned largely with the nature, the causation, and the 
modes of transmission of heritable variations. Great have been the 
strides of the last quarter century in our understanding of the last men- 
tioned phenomena -those relating to the transmission of variations - 
owing chiefly to the growth and ramifications of the gene and chromo- 
some theories, and these advances, together with the manifold discovery 
of "mutations" of these genes, have profoundly affected our viewpoint 
on the former questions. In accordance with these findings, most gene- 
ticists at present conceive of heritable variations (at least, of most of 
those heritable variations which might be of importance in evolution) as 
consisting in sudden, rare, discrete changes in individual genes, and the 
problem of variations thus becomes transferred from the germ plasm as 
a whole, or even from the organism as a whole, to a much minuter (ultra- 
microscopic) portion of it. Nevertheless, this being admitted, there is 

nearly as great a lack as ever of positive knowledge concerning the 
questions first mentioned -namely, the real nature of heritable variation 
in that material in which it` does occur, and the factors causing, condition- 
ing, or influencing that variation. 

Numerous claims, have, to be sure, been made, ranging from assertions 
concerning the general heritability of the effects of training to such 
specific theses as that of the induction of a given mutation by means of 

an antibody. And more such claims are being made, almost daily. It 
is to be noted, however, that the respectability of such claims is in almost 
direct proportion to their newness; none of those which has had the op- 

portunity to withstand the test of many years, of critical analysis, and 
of repeated trial, has succeeded in doing so. For the pilotage of modern 
genetics is essential to steer clear of the mines of heterozygosis and re- 

combination, of delayed or "maternal" inheritance, of varying differential 
viability, and of unconscious or even "accidental" selection. Exceptional 
care is sometimes necesssary also to avoid a systematic repetition, in 

particular lines of descent, of certain environic modifications which may 

2 The present paper was written in the fall of 1926, just prior to the author's mutation experi- 

ments involving X -rays (a preliminary account of which has been given in SCIENCE, July 22, 

1927). The discussion in the present paper, therefore, must nowhere be taken as applying to 

this later work, the results of which deviate widely from those of previous mutation experiments. 
Nevertheless, it is believed that the points made in the present paper still hold, within the limits 

thus set. 
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be caused by contagious disease, by special treatment, or by other con- 
ditions. The fluctuating personal equation and means of detection em- 
ployed in the finding of the variations is another important factor. Further, 
to analyze the results genetically, when obtained, requires special methods. 
In addition, an elementary knowledge of the theory of probability is 
usually prerequisite in order to avoid being misled by the mirage of non- 
significant numerical differences. Sometimes not all of these dangers have 
been overlooked, but after a careful survey of all this literature on al- 
legedly induced variation, the present writer has been led to the opinion 
that in none of the reported cases, not even in the recent ones, have any 
changes of the genes been demonstrated to have been brought about by 
treatment,' nor does such an effect seem to me to have been made even 
reasonably probable, in the light of genetic analysis. On the other hand, 
in a fair number of recent cases (e.g. MANN 1923) adequate technique for 
avoiding the above common sources of error has been employed, and in 
these very cases the results of treatment, so far as could be determined, 
were all admittedly negative. It is in this sense that "positive" knowl- 
edge may be said to be lacking. 

For all that, gene change most certainly does occur sporadically, hav- 
ing been demonstrated most frequently in the more numerous "untreated" 
cultures used in breeding experiments primarily concerned with 'gene 
distribution, -not to mention the cases of mutated genes that have been 
found in nature. Do the preceding results mean, then, that mutation is 
unique among biological processes in being itself outside the reach of 
modification or control, -that it occupies a position similar to that till 
recently characteristic of atomic transmutation in physical science, in 
being purely spontaneous, "from within," and not subject to influences 
commonly dealt with? Must it be beyond the range of our scientific 
tools? 

THE NEED FOR A MEANS OF MEASURING MUTATION RATE 

We need be forced to no such hopeless conclusion as might above seem 
indicated. The simple reason is that the "rate" of mutation, that is, of 
readily detectible mutation, is probably so low under ordinary circum- 
stances in most of the organisms dealt with in the experiments hitherto 
carried out, that a 100 percent, or even a 500 percent effect upon it, due 
to a given treatment, would, with the methods and number of individuals 
that have been employed, be very likely to escape detection. For ex- 

3 We may except here the case of variegated corn, in which only a single, especially mutable, 
genetic locus is concerned. We are also excepting the preliminary experiments of ALTENBURG 

and the present writer, on temperature, which led up to the present work. 
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ample, in certain experiments in which mutations have been looked for 
in Drosophila melanogaster -(popularly supposed to be so exceptionally 
mutable), scarcely one mutant has been found among 50,000 flies; a figure 
of the same order of magnitude would be reached by dividing the several 
hundred (400 ± ) mutations found in the collective work on these flies 
into the twenty million (more or less) flies of this species that have, all 
in all, been examined. An experiment comprising 10,000 flies is usually 
considered respectable, yet it will be seen that such a count might 
easily fail to reveal a single mutation, even though, owing to a given 
treatment with, say, radium or alcohol, the usual tendency to mutation 
had been exceeded a thousand percent! On the other hand, if 2 or 3 

mutations had been obtained here, this small figure would be practically 
meaningless, even if personal equation and the other sources of error 
could be allowed for. In mammals, much smaller numbers are usually 
dealt with; here, then, a hundred fold increase of the mutation rate, due 
to treatment, might well escape discovery (supposing that in them mu- 
tations ordinarily occurred and could be detected with the same fre- 
quency, per animal counted, as in flies). 

Previous experiments, then, not only seem inadequate to prove that 
environic agents "produce mutations," but they also fail to prove that 
such agents do not "produce mutations, " -if in the word "production" 
we may include the idea of the causation of a radical increase of frequency 
of the process (inasmuch as this would involve the appearance of many 
mutants that otherwise would have been non -existent). All that the ex- 

periments do indicate is that mutations cannot, by means of most of the 
agents and with the dosages used, be produced en masse, in such vast 
numbers as to exceed the ordinary mutation rate perhaps a hundred fold 
(10,000 percent). 

It may be emphasized again here that no ultimate distinction exists 
between the idea of "production" as such and the idea of a change in 

rate of occurrence. If, however, mutation is a physical or a chemical 
reaction depending on certain disturbances of molecular stability that can 

occur to an appreciable extent even under "ordinary" conditions, it may 
be very useful to consider it in the manner above suggested, that is, in 

terms of its rate, just as we consider many chemical reactions in this 
way, even though mutation must have a vastly slower rate than most 
reactions with which the chemist deals. The question as to "what agents 
will produce mutations" may then be changed to read, "what agents 
will cause a noteworthy change in mutation rate ?" 

We must certainly consider as "noteworthy" in the present connection 
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such a change as a doubling of the rate (100 percent increase), just as 
this would be considered significant in the case of any other kind of reac- 
tion. A change of this magnitude in the rate of mutation might be of 
significance both in its bearing on the nature of mutation and of the 
mutating gene material and in relation to the process of evolution. The 
finding of such a change, morever, might be but an entering wedge. For 
if, by systematic and precise investigations, agents were discovered that 
produced increases of the above order of magnitude in the mutation rate, 
it might be that eventually, by combining them, or applying them in 
special ways, methods might be arrived at whereby vastly greater ef- 
fects than those first obtained could be achieved, and so the ideal of the 
"production of mutations" (en masse) might finally be realized. 

It will now be evident, however, that a new technique will be desirable 
for attacking the problem of the variation of the hereditary units . from 
this angle. A method is called for whereby enough mutations can be dis- 
covered to yield a figure for mutation rate in a control series of individuals, 
which will be large enough, in absolute numbers, so that, when it is corn - 
pared with a corresponding figure obtained from the treated series, a 
difference of about 100 per cent, at least, could be recognized as being a 
"real" or "significant" difference rather than a mere "chance difference" 
or "error of sampling." This figure of 100 per cent is tentatively chosen 
because in some already known processes within the organism, for instance 
some reactions of "basal metabolism," larger changes in rate than this 
are not commonly produced, while at the same time changes as large as 
this should be attainable for most chemical reactions. 

The idea of developing such a technique, for bisexual organisms at 
any rate,' does not seem to have suggested itself before the experiments 
preliminary to the present series were undertaken, for the seeming 
extraordinary rarity of mutations, even in Drosophila, apparently put 
them beyond the pale of such quantitative measurement. The task of 
actually counting mutations in ordinary cultures, in order to compare 
their frequencies of occurrence there with those under other, contrasting 
conditions would have seemed almost like that of counting needles in 
haystacks, to compare their frequencies, or like making graphs to show 
the rates of occurrence of gold pieces on streets of different types. The 

4 In the case of BAUR'S recent experiments with self -fertilized lines of Antirrhinum the fre- 
quency of detectable mutations appears considerably higher than in other organisms examined; 
this is doubtless due in part to the fact that selfing makes possible, after just one generation, the 
manifestation of all recessive genes for which an individual may be heterozygous. On the other 
hand, the relatively high "mutation" rates reported for Oenothera are, as has been abundantly 
shown, due to gene and chromosome recombinations rather than to real changes in the genes. 
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objective of most genetic counts, therefore, was the determination of the 
frequencies of crossing over; of chromosome reassortment, of non -dis- 
junction, and of other phenomena connected with the transmission rather 
than with the origination of gene variations. Meanwhile, mutations 
were of course recorded as they arose, but the numbers in which they 
were found were insignificant in any one given experiment, and still 
meant little even when many different experiments were totalled, because 
of the fact that the conditions for their detection varied so greatly from 
one experiment to another -owing to personal equation, to the differing 
characters being considered, to the different methods of breeding used, 
the varying external conditions, diverse stocks, etc. 

LETHALS AS A PRACTICABLE INDEX OF MUTATION RATE 

It had long been held, however, by the present writer, on the basis 
of theoretical considerations ( MULLER 1917, 1918), that the number of 
mutations resulting in lethal genes probably greatly exceeds the number 
resulting in genes that cause visible, readily detectable character changes. 
If this were true, then, counts of the number of lethals arising by mutation 
might yield figures high enough to make mutation rate capable of quan- 
titative study in the sense previously explained. Differences in mutation 
rate thus discovered could in all probability be generalized, to apply to 
visible mutations as well, since there are both theoretical and experimental 
reasons for believing that most lethals, as a class, differ from other 
genes only in the more drastic and disastrous end results they happen to 
produce in embryogeny, and not in their essential nature, or in their 
mode of origin by mutation. 

The correctness of the idea of a relatively high lethal mutation rate 
was then proved by ALTENBURG and by the present writer, both in se- 

parate and in joint work (only a fraction of which has yet been published, 
and that only in the form of preliminary notes). This work will be 
referred to in somewhat more detail later; it will suffice here to say that 
the number of lethals that arise was found to be far in excess of the number 
of "visible mutants," both in the X- and in the second chromosome of 

D. melanogaster; the frequency of origin of the lethals was so high, in 

fact, that it immediately seemed evident that a quantitative study of 

mutation, using the frequency of origin of lethals as the index of mutation 
rate, was indeed possible. Another advantage of using lethals lay in the 
fact that "personal equation" was thereby largely eliminated: observers 
will often disagree or be uncertain regarding the existence of a "visible" 
mutation, whereas, with lethals, detection is objective and there are 

relatively far fewer border -line cases (of "semi- lethals "). 
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Even with these advantages, however, the work with lethals was 
laborious, and further serious difficulties and apparent inconsistencies 
arose, which will be described. It has been the chief aim of the present 
writer's work during the past 8 years to develop a technique that will 
overcome these difficulties, and by the use of it, to obtain decisive counts 
that would establish the effectiveness, or the non -effectiveness within 
certain limits, of some important environic influence in modifying the rate 
of gene mutation. It is believed that this object has at last been definitely 
achieved, and that the data so obtained in the first place furnish 
information of theoretical (perhaps ultimately of practical) value, and, 
in the second place, demonstrate the general usefulness of the method 
for an unlimited amount of further work on the rate of gene mutation 
under varying external and internal conditions. 

TEMPERATURE AS THE CONDITION FIRST TO BE INVESTIGATED 

The environmental condition which was first chosen for the study of 
its effectiveness in altering the rate of gene mutation was temperature. 
This was decided upon for a number of reasons. There was, of course, 
the important practical reason that temperature differences are relatively 
easily produced and maintained. Another reason was that heat is bound 
to penetrate the organism of Drosophila and there to alter decidedly 
the rate of nearly every chemical reaction: for example, a rise of 10 °C, 
to which it is quite practicable to subject the flies, causes chemical reactions 
to rise to between 2 and 3 times their former speed. Hence, if mutation 
involves a chemical reaction it might well be expected to increase in 
frequency at least 100 percent, with a rise of 10 °C, unless its rate is some- 
how restricted by that of some physical process, or unless there is involved 
in addition some chemical process or processes of an antagonistic nature, 
that are accelerated more than those processes which induce mutation. 
But if mutation is controlled by some "entelleche," or "vital force," or 
"perfecting principle" (see "rectigradation "), or if its rate depends wholly 
on some unguessed magnetic, sub -atomic, or other physical force little 
affected by the kinetic energy of molecules, it could scarcely be expected 
to respond so strongly to temperature change. 

Data on effects of temperature would have another point of contact 
with other problems inasmuch as the rate of evolution must necessarily 
be limited, for one thing, by the rate of mutation; in fact, given rigor- 
ous selection, with other factors equal, these rates would be proportional to 
one another. Since great differences in temperature are common in nature 
the experimental results should therefore inform us concerning the ef- 
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fectiveness of one possibly important natural factor in the differing rates 
of evolution of different groups of organisms. Then, too, if the answer 
was positive (that is, heat found effective), temperature regulation might 
be used to advantage in some practical breeding work, either for the pur- 
pose of stabilization, or of promoting variation. Finally, a positive re- 
sult with temperature could rather readily be followed up in various ways 
in subsequent experiments, in further analysis of the phenomena, by ap- 
plication of the temperature influence to different points in the life cycle, 
to one or the other sex, in varying degrees, etc. 

The account of the present series of experiments will at first deal 
chiefly with the earlier stages of the development of that method of attack, 
involving "balanced lethals," which later culminated in the final experi- 
ment indicating the effect of temperature. The earlier work on this method 
was largely independent of other work, but, concomitantly with it, as 
well as slightly before and after it, another method was being used and 
improved, involving the X- chromosome. The results with the latter 
finally exerted an important influence in forcing modifications on the meth- 
od first referred to. The account of the balanced lethal work will there- 
fore be interrupted, after the first experiment involving it has been 
presented, and the parallel investigations on the X will be reviewed. 
These will be followed, finally, by a description of the latest balanced 
lethal work, in which that method in modified form was carried through 
to an apparently decisive result. 

THE METHOD OF ACCUMULATING MUTANT GENES BY THE AID OF 

"BALANCED LETHALS," AS AT FIRST APPLIED. 

TESTING FOR LETHALS 

There is one very serious obstacle in the way of using lethal mu- 
tations rather than "visible" mutations as an index of the mutation 
rate: this is the greater difficulty involved in detecting them. To under- 
stand this, it must be recalled that the great majority of mutant genes 
with which we can deal are recessive, and that, when a mutant gene is 

first inherited, it usually occurs in only a single individual, in heterozy- 
gous condition. If the mutant gene is in an autosome, before it can be- 

come homozygous and in any way recognizable, F2 descendants must 
be obtained (if we are dealing with bisexual organisms) from this single 
heterozygous individual. These F2 must be derived by the inbreeding 
of just those F1 which received the gene in question; only one fourth of 

the pairs of F1, if mating were random, would have both their members 
of the required composition. In the F2 from these particular F1 any "visi- 
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ble" mutation could then be detected (in the ratio 1:3) ; if, however, the 
gene were lethal, the experimenter would become aware of its existence 
only if it happened to be in the identical chromosome with, and linked to, 
another heterozygous recessive "visible" gene, that was previously ex- 
pected to occur in the same F2 in the 1:3 ratio. The absence of some or 
all of the expected "visible" recessives (causing a departure from the 
1:3 ratio expected) would here point to the existence of the lethal, and 
further tests might be made to confirm this conclusion. In the case of 
autosomal genes, then, the number of individuals that can be 
used in a count of the frequency of mutation is limited to the number 
that can be bred, in a special way, as grandparents, and, even so, when 
lethal or other than visible mutations are being looked for, only those 
lethals in particular chromosome regions, in which a preordained genetic 
arrangement was present, can be found. 

The case is different with mutant genes in the X- chromosome, for here 
the males allow all visible mutant genes which they received to be ap- 
parent in them by mere inspection; lethals in the X would kill the males 
directly, however, and so would escape detection. The lethals could 
only be found by breeding females containing them; they would then kill 
half of the sons of these females, resulting in a .2:1 sex ratio (in which 
certain expected classes of the males would be absent or diminished in 
numbers, if the female had also been heterozygous for known visible 
genes in the X- chromosomes). Thus the existence of such lethals could 
not be recognized until F1, and the number of individuals available for 
a "mutation count" will, in the case of sex -linked lethals, be limited to 
the number of mothers whose offspring can be examined, whereas in the 
case of sex -linked visible mutants the count consists of the total number 
of male offspring examined. In Drosophila, for the same expenditure of 
time and labor, the latter count will ordinarily be 50 or 100 times as 
great as the former (since one generally obtains 50 to 100 sons from each 
mother bred), and it will be still more in excess of the grandparental 
count required in the case of autosomal mutants. So far as ease of de- 
tection is concerned, then, sex -linked visible mutant genes present in- 
comparably the most favorable material, sex -linked lethals being very 
far inferior to them in this respect, autosomal visible mutants still worse 
and autosomal lethals standing decidedly at the bottom of the list. 

Thus we see that, although exceedingly large counts seem called for 
in the mutation work, the counts to be obtained, when lethals are looked 
for, are limited to the number of grandmothers, or, in the case of sex - 

linked lethals, to the number of mothers, bred, instead of consisting of 
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all the offspring inspected, as they do in most experiments on crossing 
over, non -disjunction, etc. The rate of counting may thereby be reduced 
to a value perhaps 1 /100, or even 1 /1000 of the rate in ordinary experi- 
ments. This difficulty might seem largely to nullify the advantage at- 
taching to the relatively high frequency of origin of lethals, unless a 
method could be developed which would radically increase the number of 
individuals available for a count of lethal mutations, with a given ex- 
penditure of time and labor. 

THE INCREASE IN NUMBER OF MUTANT GENES IN SUCCEEDING 

GENERATIONS 

In developing such a method, advantage was taken of the fact that if 
a given lot of individuals, known to contain no mutant genes at the 
start, is bred through a series of n generations (that is, to "Fn "), and one 
of the individuals of this last (nth) generation is then tested for mutant 
genes (by obtaining F2 from it in the way above described, if autosomal 
genes are in question), this test will reveal all mutant genes that arose in 
any of the preceding n generations, in the chromatin ancestral to that which 
eventually entered the individual in question and was subjected to the 
test. The ancestral chromatin amounted to a total equalling that of 
at least one gamete, in each of the n generations; hence the single test, 
carried out after n generations, really informs us of the number of mutations 
which occurred (in the chromosome regions investigated) in n gametes, 
and it is equivalent to n ordinary tests. In this way the value of the tests, 
the "count" which a certain number of tests represents, may be multi- 
plied n- fold,- according to the number (n) of generations through which 
the experimenter finds it feasible to carry his cultures and accumulate his 
mutant genes before making the tests. It is true that the mere raising 
of the cultures in each generation requires labor in itself, but this is 

routine, and very small compared with that which would be necessary 
in the special crosses and examinations involved in the same number of 

tests. 
If this were all there were to our problem, its solution would be com- 

paratively simple, merely requiring that the cultures be carried through 
a large number of generations before being tested. This by itself, however, 
would not give us a true picture of the average frequency of mutation, 
because the chromatin that survives to be tested, either in nature or in 

ordinary experimental cultures, is selected material. That is, random 
breeding, and more especially the close breeding of most small experi- 

mental cultures, may result In a mutant gene becoming homozygous 
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several generations after its origin; if it is a lethal, it will then eliminate 
itself, and even if it is "visible," but causes a reduction in viability, it 
will have a greater tendency to become eliminated than the chromatin 
in unmutated individuals. The individuals existing after n generations, 
therefore, will come from a selected line of ancestors, in which, on the 
average, fewer than the usual number of mutations had occurred -how 
many fewer could not be calculated accurately. Our next task, therefore, 
must be to stop the process of "natural selection" (as it occurs in ordinary 
material) . . 

THE PREVENTION OF DIFFERENTIAL SURVIVAL 

This end was accomplished by the expedient of artificially construct- 
ing a stock containing "balanced lethals." In such a stock, both homo- 
logous chromosomes of a certain pair are, in all individuals alike, equally 
and maximally handicapped for the selection process to start with, by 
having a lethal gene already inserted into them. Thus, if another lethal 
arises in these chromosomes later, by mutation, this new lethal cannot put 
the chromosomes to any furthur disadvantage in selection. 

The lethals intentionally inserted into the two given homologous 
chromosomes of each individual are different ones, lying at different loci, 
otherwise the individual would be a homozygous lethal and could not 
live; since, however, the two lethals are in different loci, each of the two 
chromosomes in question in the individual contains, at the locus where 
the other chromosome contains a lethal, a normal gene which is dominant 
to that lethal and so saves the individual's life. Neither of these lethal - 
bearing chromosomes is at a selectional disadvantage, as compared with 
the other, since both are lethal and neither could ever survive in homozy- 
gous condition. There are, however, no normal chromosomes to compete 
with them so long as individuals of such a stock are bred together ex- 
clusively. Such interbreeding of any two individuals of the doubly 
heterozygous stock must result in the formation of zygotes in the ratio:1 
homozygous for one of the lethals (this will die) :2 heterozygous like the 
parents (these will live) :1 homozygous for the other lethal (this too dies). 
The heterozygous balanced lethal condition hence automatically per- 
petuates itself. To be sure, if there were crossing over between the lethals 
some crossover homologous chromosomes, having neither lethal or both 
together, would be formed, and this would upset the "balance," but cross - 

ingover can be prevented or hindered by the employment of special factors, 
or rather, genetic conditions, hitherto called "C factors," in one of the 
chromosomes, which interfere with its exchanging parts with its homo- 
logue. 
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This balanced lethal condition will prevent natural selection from tend- 
ing to eliminate chromosomes (of the pair in question) in which further 
recessive mutations -lethal or merely deleterious- occur, because these 
chromosomes never have the opportunity to appear homozygously any- 
way, on account of the lethals in them from the start, and so the new 
mutant gene can never exert its deleterious influence. A mutated chromo- 
some will, in other words, have as good a chance of surviving as will its 
non -mutated sister chromosome, present in a sister individual, since both 
alike can only survive if heterozygous, and then can survive equally 
well. The chromosome, being already maximally "handicapped" by the 
original lethal in it, cannot have its survival value decreased any further 
by acquiring another lethal, and "natural selection" is thus prevented. 

The idea of making use of balanced lethals for this purpose readily 
suggested itself, as a result of the writer's previous investigation of the 
case of "beaded wings, " -in which he found that such a condition had 
arisen "automatically," in the course of a selection for beaded that 
occurred before the stock came into his hands. 

THE SYNTHETIC BALANCED STOCK 

The writer chose the second chromosome of Drosophila melanogaster 
for the artificial balanced lethal arrangement because, at the time the 
work was started (1918) this was the only chromosome in which "C fac- 
tors" were known that would prevent crossing over throughout most 
of the extent of a chromosome. The individuals of the stock first used 
were provided, in one of the members of their "second" pair of chromo- 
somes, with the "C factors" termed "CH L" and "CH R" (found by 
STURTEVANT), the first of which prevents, when heterozygous, practically 
all crossing over in the "left" half, and the second, nearly all crossing 
over in the "right" half of this pair; in the region in the middle there is, 
however, a small amount of crossing over. With each of these "C factors" 
there was also associated a lethal factor, practically inseparably linked to 
it (hi L and hi R, respectively) : these furnished the initial lethal effect 
for òne of the chromosomes. The recessive mutant genes for "plexus" 
venation (pi) and for "speck" on thorax (sr) also happened to lie in this 
same chromosome, at the right end. As they did no harm, and would 
have been difficult to remove on account of the hindrance to crossing 
over, they were allowed to remain. 

The homologous chromosome was furnished with the gene for "star 
eye" (S) at the "left" end, as its lethal; this has a dominant visible 
effect upon the eye but the lethal effect is recessive. In addition, since 
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there was some crossing over in the middle, this chromosome was pro- 
vided, at its "right" end, with the gene for "morula eye" (mi), which, 
though not lethal, causes sterility in the female and hence is somewhat 
similar to a lethal in propagative value. Between these two terminal 
genes star and morula, five recessive genes for visible characters, in loci 
scattered rather far apart, were included: these were the genes for 
"vortex" on thorax (Tv), "black" body (b), "purple" eye (Pr), "curved" 
wing (c), and "arc" wing (ar). They were inserted into the chromosome 
so that, when the tests for lethals were finally made -in stock in which 
crossing over was again allowed, to get rid of the lethal, star, as will be 
explained -the existence of any new lethal that had arisen by mutation 
in this chromosome could easily be recognized, by reason of the non - 
manifestation, in F2 of the test crosses, of the genes to which this lethal 
was most closely linked. The locus of the lethal could be approximately 
determined at the same time by noting the relative frequencies of appear- 
ance of the recessive characters dependent on these different loci. Un- 
fortunately the gene for vortex, which was the only mutant gene then 
available in the chromosome region in which it lies, requires a recessive 
intensifier (v. III), located in the third chromosome, to allow it to show 
regularly when homozygous; the stock had therefore to be supplied with 
this intensifier. 

As finally made up, then, the balanced lethal stock first used had the 
following composition, representing the genes in each of the homologous 
chromosomes concerned on separate lines: 

S Tv b pr c ar mr vzIII 

lIIL CII L CIIR 1IIR pz Sp V, III 

It will be realized that the construction of this stock, started in the fall 
of 1918, required nearly an academic year, since few of the adjacent genes 
of the upper chromosome were already connected together, and the 
addition of vy m also presented complications. The work with the latter 
gene had to be carried on "in the dark," as it were, inasmuch as neither 
of the genes, Tv or vx III, can manifest themselves unless both of them 
are homozygous simultaneously, and, in the stock to be made up, Tv had 
to be heterozygous. 

Later in the year, the easily recognizable recessive character "dumpy" 
wings arose in the Drosophila laboratory as a mutation, and the present 
writer found, in analyzing it, that it was allelomorphic to, that is, in the 
same locus as, vortex (Tv); its gene may be designated as Ta. There was 

time to insert it in place of the less readily detectable gene for vortex in 
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some of the cultures of the experiment; and in these cultures v. m was 
not added, since dumpy requires no intensifier for its manifestation; 
otherwise, however, the stock containing dumpy was constructed like 
the other stock. 

THE MAINTENANCE OF SEPARATE LINES OF DESCENT 

It might be imagined that all that was now necessary was to raise 
several large mass cultures of these balanced stocks, carry them through 
a considerable number of generations ( "n ") and then apply the breeding 
tests for lethal mutations to a large number of individuals from each 
culture. Such a technique would, however, be inadequate, for the different 
tested individuals from a single culture might be more or less closely 
related; we should have no way of knowing in what generation the lines 
of ancestry of their tested chromosomes converged, and consequently we 
could not tell how many ancestral chromosomes the tests really applied to. 
In other words, common ancestors should not be reckoned more than once 
in the accounting, but in mass cultures it cannot be determined during 
how many generations of the ancestral cultures two given individuals 
have had a common ancestor. There is little or nothing to be gained, 
therefore, in testing more than one individual from each culture, even 
though the latter is a large mass culture. 

It follows from the above that in order to be able eventually to test a 
large number of individuals all of which have lines of descent that are 
known to have remained separate since the beginning of the experiment, 
it is necessary to maintain in each generation an equally large number of 
separate cultures, or "lines" of descent, to carry each of these lines through 
the series of n generations separately, without allowing inter -breeding 
between it and the other lines, and finally to take just one sample in- 
dividual from each line, for the crosses which are to give the test for 
mutant genes. The separate cultures, with this method of breeding, may 
be reared in small containers (vials), only large enough to prevent too 
great risk of the lines becoming extinct. 

If, now, we have l separate lines which have been bred, on the average, 
through n generations, and we then test one individual from each line, 
our l tests will, according to the mode of reckoning previously explained, 
inform us of the number of mutations that occurred (in the chromosome 
loci tested) in In individuals. The size of the "mutation count," then, 
is the product of the number of lines tested by the number of genera- 

tions. 
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THE RECOGNITION OF ANTECEDENT MUTATIONS 

From our total number of mutant genes, found among these in in- 
dividuals, it is of course necessary to exclude any lethals or other mutant 
genes that arose in the germ plasm before the specified n generations of 

breeding began. This means either that we must, at the start of the n 
generations of breeding, make preliminary tests of that portion of the 
chromatin of each line which will -be ancestral to the chromatin finally 
tested in that line (this would double the total number of tests necessary) 
or that we must devise some method of distinguishing, in our final tests, 
between those mutant genes that were originally present, and those that 
arose in the course of the n generations of breeding. The latter object can 
be achieved by having the lines related in groups, in some known definite 
way, at the start of the experiment. 

The "sister lines" of a given group, having each of their chromosomes 
(of the type to be tested) immediately derived from a common ancestral 
chromosome in the common ancestor of the group, will share any lethals 
(or other mutant genes) which may unintentionally have been present 
in that common ancestral chromosome; if such were present, then, the 
sister lines will contain identical lethals. The identity of these lethals, 
once they have been discovered in the final tests, can easily be established 
by crossing them together and determining whether the combination 
effect is lethal also. On the other hand, those lethals which were not 
present at the start, but have arisen independently, after the lines of a 

group were split off from their common ancestor and the experiment 
proper began, should not coexist as identical lethals in all the lines of the 
group.4 Such lethals only will be given a place in our "mutation count." 

INSURING THE UNITY OF THE SOURCE OF TESTED CHROMATIN 

IN A GIVEN GROUP OF LINES 

In making the final tests, we must be certain that the chromatin tested 
in a given line is really descended from the supposed ancestral chromatin 

4 It is true that BAUR'S work on "premutation," and the gene -element conception, indicate 

that identical mutations may really be expected more often in related than in non -related lines, 

but in the actual data from our first mutation experiment with the balanced lethal stock, where 

there were usually 4 to 8 lines in a group, a given mutant gene appeared either in all the most 

closely related lines of the group or in only one line, never in part of the lines in such a way as 

"parallel mutation" would have produced. Hence such a tendency was not strong enough, in 

this work, to have caused an appreciable proportion of the mutations that occurred after the 

splitting of the lines to be reckoned as having occurred beforehand, and the above method re- 

mained valid here. But even if there were a strong tendency to "parallel mutations" in related 

lines ( "premutation ") it would still be valid to exclude these, when they could be recognized, and 

compare the residual numbers of "independent mutations" in different series of lines to determine 

the effect of the given agencies anon the rate of occurrence of these mutations. 
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which was either directly tested, by preliminary tests, or, as above stated, 
tested later by means of the final tests of the other "sister" lines of the 
group. This condition requires all the flies of a culture to have their 
chromatin (of the type for testing) derived from a single ancestral source - 
a result which could not be achieved by using a pair of flies of similar 
composition to start the group of lines, for in that case some of the flies 
of later generations might derive the chromatin in question from the 
original male, and others from the original female. It is accordingly 
necessary to know that a single member of the original pair, which member 
may be called the "source" individual, has supplied the chromatin (of the 
type in question) to the later generations of the sister lines of a group. 
Furthermore, since this source individual must be diploid, we must like- 
wise know that all the chromatin in question was derived from the same 
genetic half of that source individual. 

These purposes can be carried out by using as the source a single 
heterozygous male (preferable to a female for this purpose since in the 
male there can be no crossing over whatever), in which the chromosome 
in question is distinguished from its homologue by a "visible" gene or 
"identifying factor" (ALTENBURG and MULLER 1920) that will show in 
the next generation. This male is crossed to a female which does not 
contain a chromosome like the "source chromosome" just referred to, 
but contains the chromosome which is to be the partner of the former in 
the balanced stock. This "partner chromosome," when in this female, 
must exist in heterozygous condition, since it is necessary for it to contain 
a "balancing" lethal; the other homologous chromosome of the female, 
which is not to be used later, must then be marked off from the "partner 
chromosome" by another "identifying factor." When the cross between 
such a male and female is made, the offspring of the required balanced - 
lethal type can be distinguished from the rest by their "identifying 
factors," and used to form the start of the sister lines; they all necessarily 
derive their chromatin of the type to be tested from an identical source. 

In the first mutation experiment involving the balanced lethal lines, 
the groups were started by using pairs (or one male and several females 
per culture) of the following composition: 

STvb pry ¢r mr vxIII JILL CIILCIIRlIIRpxSr vxIII 

iIILCIILCIIRlIIRpxSp VxIII b pr c pzsr vxIII 

Here the genes s, p., and Sp were the "identifying factors" in the source male, 

and b, pr, and c were the "identifying factors" in the females. Of the 4 

possible zygote combinations formed in this cross, it will be seen that only 
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one class of offspring appeared star, but otherwise normal; these were the 
offspring having the required balanced lethal composition, and, in any 
one culture, all the offspring of this type derived their chromatin of the 
kind to be tested from one source, namely, from one genetic half of the one 
male parent. Such offspring were picked out, and bred together in mass 
culture -one mass culture from the offspring of each original male -to 
form the first "sister" line of the group of lines from that male. 

The second "sister" line of a given group was formed, in each case, by 
taking a second single male from among these offspring, that is, a brother 
of the mass culture used to form the first sister line, and crossing it to 
females like those first used 

lIILCIILCIIRlIIlZpxsp vxIII 
(namely, 

b pr c pxsp 11xIII 

As the second male had a composition like that of the source male of the 
group it in turn produced offspring from which, by selection of the star, 
but otherwise normal appearing, flies, a second mass culture (the second 
sister line) could be started, and from which likewise a single male could 
again be isolated for crossing as before, in order to establish the third 
and eventually still further lines. So the process was continued until, in 
some of the groups of the series containing vortex, 9 "sister" lines had been 
established. It will be noted that the lines thus termed "sisters" are not 
sisters in the ordinary sense of the term, but really stand in direct descent, 
one from the other. This particular type of relationship allowed of the 
test of the frequency of "parallel" mutations, referred to in the previous 
footnote. 

Although preliminary testing of the lines was avoided by having them 
grouped in this way, considerable labor was nevertheless involved in 
making all the crosses and selections (especially the selections of virgin 
flies) necessary in getting the lines started. The establishment of the lines 
of the "vortex series" was begun in May and continued until November, 
1919, nine generations later. At that time the stock containing dumpy 
in place of vortex was ready, and the establishment of these lines was 
begun, by means of the same kind of procedure, and carried on through 
six successive generations. In all, 94 vortex -containing and 249 dumpy - 
containing lines were started. 

THE TESTING OF THE BALANCED LINES 

To complete our preliminary account of the balanced lethal method, 
there now remains to be described the procedure necessary for making 
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the final test of the sample individual from each line. In order to become 
aware of what recessive lethals or other mutant genes the chromatin in 
question, of a given fly, contains, it is of course necessary to give that 
particular chromatin an opportunity to become homozygous. This cannot 
be accomplished by simply mating together two individuals of the same 
culture and thus allowing this chromatin to comé into combination with 
the corresponding chromatin of the other individual, because, firstly, that 
corresponding chromatin may not be identical with the first and so may 
not contain the same mutant genes (owing to mutation having occurred 
since the two branched off from their common ancestral chromatin), and 
because, secondly, the lethals that had been intentionally inserted to 
preserve the "balance" would prevent the homozygotes from appearing 
anyway. A single "sample fly" must therefore be taken from each line 
of the experiment (in the "Fn" generation), and outcrossed with a fly 
from a different stock, that does not contain a chromosome similar to that 
being tested. Those F1 or rather, Fn +1, flies from this cross which show, by 
their "identifying characters," that they have received from their heter- 
ozygous parent of the experimental line the chromatin which is to be 
tested, are then crossed together, to allow an opportunity for Fn +2 in- 
dividuals homozygous for (portions of) this chromatin to be formed. 

In this latter cross, there must be a means of preventing the original 
"balancing" lethal -in our case, star -from killing all the Fn +2 flies that 
might be homozygous for any of the chromatin in question; otherwise 
the effect of any new lethal or other new mutant gene in this chromatin 
would be obliterated. Such obscuring action of the balancing lethal 
will be prevented naturally, in some of the Fn +2 flies, if crossing over 
between this lethal and the rest of the chromosome is allowed in Fn +1, 

for some of the crossover Fn +2 flies will then receive from one of their 
parents (the Fn +1 female) part of the chromosome to be tested, without 
this lethal being attached to it, and from their other parent (the Fn +1 

male) the entire chromosome to be tested. The original lethal, being 
only heterozygous in such an Fn +2 fly, will then fail to kill it, but the fly 

will be homozygous for part of the rest of the chromatin to be tested. 
Which part is thus homozygous will be revealed by the manifestation of 

the recessive visible genes previously placed there (in our present case, Tv, 

b, pr, c, a7, and mr). If, now, the homozygous chromatin of the given 

region contains a visible mutant gene that arose in the course of the 

experiment, this gene may be seen to produce its characteristic effect in 

the fly (barring interference between its manifestation and that of the 

previously provided visible mutant genes), but if this homozygous chro- 
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matin contains a newly arisen lethal the fly containing it will die even 
though it is not homozygous for the original lethal (star). Since all such 
flies in the given culture will be killed, the existence of this lethal can 
therefore be inferred by the very absence of a certain class or classes of 
crossover flies that would otherwise be expected to appear, and the locus 
of the lethal can be estimated by noting just which classes of crossover 
flies are absent, and. to what extent other classes are reduced in numbers. 

In applying this method in the present instance a single fly -a male, 
to avoid all crossing over here -from the "nth" generation of each 
culture, was mated to a female not containing CII L. The latter is the 
"factor" which, when heterozygous, prevents crossing over in the left 
half of the chromosome. As this half is the region containing the locus 
of the original lethal, star, which it is intended now to get rid of, by cross- 
ing over, it will be seen that in the offspring (Fn +1) of this female the de- 
sired crossing over can now take place. The female was, however, 
provided with the combination CIIR 111 R px s,,, in order that the determi- 
nation of new lethals in the right half of the chromosome might not be 
obscured by too much crossing over. She was only heterozygous for this 
combination, since it is itself lethal, and she was provided in her homo- 
logous second chromosome with the "identifying factors" arc and morula 
(a mr). In addition, she had been made up to contain, in homozygous 
condition, the vortex intensifier, vx III. Her composition was therefore 
as follows: 

CIIR 111:R Px Sp v xIII 

dr mr v xIII 

It will be seen that when such a female is crossed to a male from one 
of the vortex -containing experimental lines, one quarter of the (F,; +1) 

zygotes formed will have the desired composition, namely: 

S Tv b pr c dr m,. 9 xIII 

CIIR 111 px Sp vxIII 

These will be distinguishable from the others by having star eyes and 
being otherwise normal. They contain the test -chromosome, but not a 
chromosome that prevents crossing over between star and the other 
genes. In the case of the dumpy- containing cultures, a cross to the same 
kind of female was made, although here the presence of vx III was not 
necessary. 

The star Fn +1 males and females from each culture were then crossed 
inter se, virgin females being used, and the Fn-I-2 of each cross were ex- 
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amined to see whether all parts of the "test- chromosome," except the star - 
containing region to the left of Tv or Td, manifested themselves in some 
flies or other, in the homozygous condition. That is, the observer had to 
make sure that there were at least a few flies, in the culture, that combined 
the characters of Tv (or Td) and b (these were homozygous for the region 
Tv -b), some that combined b and pr, some that combined pr and c, and 
some c, ar, and mr (which practically never separated because of the 
CII R). It was also noted whether or not any of these combinations that 
appeared showed any new visible mutant characters. 

The above determination required the obtaining of a considerable 
number of flies in the Fn +2 cultures, since only about 8 percent of cross- 
overs occur between the S and the T locus, and of these 8 percent only 
one fourth would form recessive homozygotes, and they would have a 
relatively low viability. There were many cultures, therefore, in which 
flies of the Tv -b combination failed to appear, even in cases in which 
there was no lethal in this region, just because of the relatively large 
"error of sampling" that applies to such small expected numbers. All 
the cultures that gave such results were therefore regarded as "doubtful 
cases" at first, that had to be followed up, in later generations, to make 
sure whether or not a lethal were really present. This following -up 
process was especially cumbersome, as flies of the requisite composition 
for continuing the study could not be recognized with certainty in the 

Fn +2 population. The same difficulty applied in each generation in which 
the lethal and the "doubtful" cultures were continued for more exact 
locus determination. In the locus determinations of lethals that proved 
to be in the right half of the chromosome outcrosses had later to be 
made to remove the chromosome containing Cu I R, since the latter, by 
preventing crossing over in this region, made the mapping of the lethal 
impossible. 

Finally, after rather extended special crosses, the detailing of which 
would take us too far afield, balanced stocks were again synthesized, in 

the case of all "test- chromosomes" containing a newly discovered lethal. 
These stocks would maintain this lethal automatically in heterozygous 
condition, without crossing over, and without further selection being 

necessary. In these stocks, the original lethal, star, had been removed 
by previous crossing over, and so outcrosses of these made a more un- 

hampered study of the new lethal possible. Thus, when these stocks 

were crossed with one another, recessives showing the combination 
Tv (or Td) b Pr car mr could appear in one fourth of all their F1 offspring - 
except where the lethals in the two stocks happened to be in identical 
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loci. All possible crosses of this type, between stocks having lethals 
located in the same general chromosome region, were then made, in 
order to find out just which lethals did lie in identical loci (that is, were 
"allelomorphs ") . 

It will be noted that, in the above work, only the S Tv (or Ta) b pr c a,. mr 

chromosome of the balanced lines was investigated for new mutant 
genes. The other chromosome -containing hi L CH L CII R ¿II R p, sr- 
could not be subjected to testing, because the "C factors" here pre- 
vented this chromosome from getting rid of the "balancing" lethals 
lII L and in R, that were present in it from the beginning, and so the 
existence of no new lethal recessive mutant genes in that chromosome 
could be ascertained. 

CONDITIONS OF REARING OF THE LINES IN THE FIRST 

EXPERIMENT UTILIZING BALANCED LETHALS 

The 343 lines, which were to be subjected to the "n" generations of 
breeding, followed by testing of the sort above described, were intended 
mainly to provide a preliminary series of "control" results that would 
give an estimate of the frequency of mutation in the second chromosome 
under certain definite or "standard" conditions, which could readily 
be reproduced, and which would a priori be likely to give a relatively 
high mutation rate. It was planned later to run other experiments in 
which the lines were to be bred under other conditions, after the "control" 
results had been obtained, and then to compare the special with the 
control results in order to determine the effect on mutation rate of the 
special methods of breeding or treatment later used. For this reason 
most of the lines in the preliminary experiments were carried on in one 
standardized fashion, which involved keeping them in 4 by 1 inch vials, 
in an incubator at a temperature of 26.5`C. It should be stated, however, 
that previous to November 7, 1919, when only the vortex series was 
being established or propagated, the cultures were kept at room temper- 
ature. After that, the vortex lines and most of the dumpy lines were 
placed in the incubator, where they were able to develop at approxi- 
mately the maximum rate. In the incubator the temperature seldom 
varied more than 1 °C, except for short periods in the summer of 1920, 
when the room temperature (in COLUMBIA UNIVERSITY, New York City) 
became higher. The food used consisted of freshly prepared 1 percent 
agar in 5 parts water, 2 parts mashed banana, and 1 part karo syrup, 
sprayed with a suspension of yeast, after gelling, and sprinkled with 
white confetti. 
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One week after the parents were placed in a culture at 26.5 °C, they 
were thrown out, and two week later the offspring (a sufficient number 
of which had then hatched) were tansferred directly, without etheri- 
zation, to a fresh culture vial, in which the above cycle was repeated. 
These fortnightly transfers were carried on for approximately a year 
(more in the case of lines that had been established earlier, less in those 
established later). This work of mere propagation was for the most 
part performed by a supervised assistant, although of course all the 
crosses necessary for synthesizing the stocks, establishing the lines, test- 
ing them, and investigating the lethals, were carried out by the writer. 
The fact that very few lines at the end showed the effects of contamination 
indicated that the work of propagation had been carried on with due care, 
for the germ plasm of a fly without lethals, that had entered a culture, 
would tend rapidly to upset the special mechanism of "balancing," and to 
supplant the lethal- bearing germ plasm, by a process of natural selec- 
tion. 

The opportunity could not be resisted, however, of carrying on a 

minority of the cultures under a different condition, in order that some 
idea might be obtained of the controllability of the mutation rate in the 
second chromosome, before too many years elapsed. Temperature was . 
the condition which it was chosen to vary, for the reasons previously 
given, and because some suggestive results had already been obtained 
with it on the X- chromosome in the summer of 1919, as will be explained. 
As there were not facilities for securing a constant temperature much 
below 26.5 °C, and as Drosophila does not withstand much higher tempera 
ture, the writer contented himself with making the difference in this 
experiment one of sign rather than of fixed quantity. The vials con- 

taining the "cooler" lines were hence kept at the room temperature of 

COLUMBIA UNIVERSITY, in the cold weather, and in the warm weather 
they were kept in dishes covered with wet cloths connected with trays 
of shallow water; over these wet dishes an electric fan was usually kept 

playing. In this way, the cooler vials were kept about 8 °C cooler than 
the others, on the average, throughout the year. This difference in tem- 

perature was reflected in a slower rate of development, and in the case 

of these vials it was feasible to make transfers, on the average, only once 

a month. One hundred and thirteen of the lines, all belonging to the 

dumpy- containing stock, were reared under the cooler conditions. The 

cooling treatment was started November 7, 1919, when the first lines of 

this series were established, at the same time as the incubator treatment . 

of the other lines (94 vortex and 136 dumpy) was instituted. 
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Before the differential temperature treatment in this first balanced 
lethal experiment had been begun, and during the time that the vortex - 
containing lines were being synthesized, established and propagated, 
certain mutation experiments on the X- chromosome were being initiated, 
in which it was not possible to use the method of balanced lethals. The 
results of these were obtained prior to those from the fore -going experi- 
ments, and, as has been mentioned, they had an important bearing upon 
the conduct of the later experiments on balanced lethal lines. However, 
to preserve the consecutiveness of the present account, the results of 
the balanced lethal experiment which we have been describing will be 
presented before those of the X- chromosome work. 

RESULTS- DETERMINATION OF AN AUTOSOMAL MUTATION RATE, 

AND OF A SIGNIFICANT VARIATION IN THE TIME -RATE 

OF MUTATION ASSOCIATED WITH THE TEM- 

PERATURE DIFFERENCE 

The balanced lethal lines, started at COLUMBIA UNIVERSITY and at 
WOODS HOLE in the spring, summer, and fall of 1919, in the manner 
above described, were tested, by the methods explained above (pp. 296 -9) 
in the fall and winter of 1920 -21, after they had been moved to the 
UNIVERSITY OF TEXAS. When the total number of "chromosome- genera- 
tions" (the product l n) in each series had been determined (in practice, 
by adding the numbers of generations in the individual lines, since not 
all lines were kept for the same length of time), it was found that in the 
vortex- containing group (all kept at 26.5 °C for the last 11 months, com- 
prising 7/8 of the generations) there was a total of 1918 tested individuals, 
or "chromosome- generations" (obtained by testing the 73 lines surviving 
out of the original 94) ; in the dumpy- containing "warmer" group (also 
at 26.5 °C, throughout the experiment) there were 2180 chromosome - 
generations" (from the 106 lines surviving out of the initial 136), and in 
the dumpy- containing "cooler series" 726 chromosome generations (from 
the 71 lines left out of 113). 

In the vortex lot there were 8 new lethals and in the dumpy -con- 
taining lot that was also kept at the warmer temperature there were 16. 

No visible mutations were detected. In other to determine whether the 
difference between the mutation rates in these two lots is "significant" 
we may apply the usual formula for the probable error of a difference 

between small proportions: that is, 0.6745 
V 

P 
z 

. P in this case is the 
n1 

absolute number of mutations in the two lots taken together, namely 
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24, ni is the total count of tested chromosome -generations in one of the 
lots, namely 1918, and n2 that in the other lot, namely 2180. Substituting 
these numbers in the formula, we find that the difference in rate here is 
only twice its own probable error, and hence practically without sig- 
nificance by itself (chance 1 in 5),- despite the fact that the stocks were 
not genetically identical. It may therefore be legitimate, for some pur- 
poses of comparison at least, to average the two counts together; we then 
obtain a mutation rate of 1 lethal in about 170 chromosome -generations, 
or 0.58 percent, for the second chromosome, in these combined warmer 
lots. 

It has been explained that this was not the first figure ever obtained 
for mutuation rate in any chromosome, as some of the results of the 
X- chromosome work, which will be reviewed later, were obtained pre- 
viously, but it was the first figure obtained for an autosome. As will be 
seen, it was of the same general "order of magnitude" as most of the figures 
obtained with the X, although, on account of the great variations found 
in the latter, exact comparisons with them would be of little value. 
This "order of magnitude" of the lethal mutation rate is higher than 
that which had been expected. It implies a rather rapid deterioration 
of the germ plasm when protected against natural selection, for 1 lethal 
per 170 chromosome -generations, when the generations occupy two 
weeks, means that, on the average, there will be one lethal to each un- 
selected second chromosome after the passage of six and a half years, 
two lethals per chromosome after thirteen years, etc. In terms of indivi- 
dual genes, of course, the rate is much slower. If we consider each long 
autosome as containing at the very least 600 genes (a revised figure 
based on calculations given by the writer in 1926), then each of the 
contained genes will, on the average, give a lethal or otherwise detectable 
mutation not oftener than every 3,900 years, provided this rate of mu- 
tation continues. 

In the much smaller "cooler series" only 2 lethals were found -a rate 
of only 1 in 363, or 0.27 percent. This count in the cooler series is so small 
that the difference in rate of mutation, per chromosome -generation, 
between all the warmer and the cooler lines turns out to be only 1.6 

times its probable error, when we apply the formula given above. This 

result, then, "lacks significance," if taken by itself, as the chance of 

obtaining as great a difference, in either direction, if the rates were really 
equal, is as high as 1 in 3.3.. It will be noted, however, that the difference 
is in the same direction as in the temperature experiment on the X- 

chromosome, and in the same direction as most heat effects; the chance 
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of obtaining such a difference in this direction is of course only half 
as great. 

It has been stated that the lines kept at the lower temperature took 
twice as long to develop as the others, -the length of time necessary 
for their cultures to produce a sufficient number of flies for transferring 
being four weeks, as contrasted with two weeks in the other series. If 
mutation occurs at a fixed time -rate, regardless both of the temperature 
(and the consequent speed of metabolism), and also of the stage in the 
life cycle, and the cell cycle, in which the genes exist, the cooler lines 
which had passed through 10 generations should tend to produce the same 
number of lethals as an equal number of warmer lines which had passed 
through 20 generations in the same length of time. In that case, it would 
be more legitimate to measure the mutation rate in terms of units that 
may be called "chromosome- months," rather than in "chromosome - 
generations." When this method of measurement is employed, the tests 
on the cooler lines are found to make twice as respectable a showing as 
before, in total "units" counted, relatively to the tests on the warmer 
lines. In accordance with this relation, the difference between the mu- 
tation rates of the two series, per "chromosome- month," is much greater 
than that per "chromosome- generation." The time -rate of mutation, 
in this sense, is 1.17 percent in the warmer cultures and 0.31 percent 
in the cooler and the difference, 0.86 percent, is subject to a probable 
error due to random sampling of 0.3 percent. Thus the difference in the 
time -rates is 2.9 times its own probable error -a "chance" of only 1 in 
18.5, regardless of direction, or 1 in 37, if we consider the direction of 
the change as specified. If we confine our reckoning to the "dumpy" - 
containing cultures exclusively, we find that the difference in time -rate 
of mutation between the warmer and the cooler sets is 3.7 times its 
probable error, a result that would ordinarily be regarded as convincingly 
positive. 

The data therefore seem to yield fairly good evidence that the as- 
sumptions on which the latter calculations were based are, one or more 
of them, incorrect: that is, we are led to conclude that probably the time - 
rate of mutation is not independent both of temperature, of the speed 
of "vital activities," and of the stage in the life (or cell) cycle, and that 
therefore temperature, whether or not it effects mutation frequency 
directly, can at least effect it indirectly, or through its influence on some 
of these phenomena. It may perhaps be claimed here that such an effect 
might have been taken for granted before -hand, but it is by making 
such assumptions gratuitously that biology progresses over -slowly. 
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Knowing as we do nothing about the mechanism of mutation, we could 
not be sure in advance that its speed is limited by that of a chemical 
reaction and that it hence is highly responsive to temperature changes 
still less could we presume to say that the reactions of ordinary "meta- 
bolism" are the causative agents in it. Neither have we, until the past 
year at least, had any valid evidence (except in the seemingly special 
case of variegation in corn), indicating that mutation, in the . sense of 
alteration of the gene, occurs preferentially at any particular stage in 
the germ track cycle, though there has been a little evidence contrary 
to this idea ( MULLER 1920). Unless such a relation existed, the mere 
breeding of individuals at an earlier age would not result in the occur- 
rence of more mutations after a given long period of time, for the mu- 
tations would simply have gone on occurring with the same frequency 
as otherwise, regardless of the fact that the maturation period, etc., 
had been passed through oftener. It is therefore of importance to measure 
the frequency of mutation, under various conditions, not only in terms 
of its rate per generation, but also per unit of time. It is in terms of time 
units, also, that the effect of temperature on chemical reactions in general 
is usually measured, and so a comparison with the latter may best be 
made in these terms. 

Unfortunately, despite the seemingly plausible evidence from the pres- 
ent experiment that the time -rate of mutation is affected by temperature 
under the conditions given, judgment on this matter must be with- 
held for a while. For, as we shall see later, the work which was being 
done on the X- chromosome at the same time as, and subsequently to, 
the work now being described, showed that some unknown factors . 
which ordinarily are not controlled in an experiment may cause significant 
differences in mutation rates. In the present instance, cultural factors 
other than temperature itself and conditions caused by it (for example, 
state of the food) could scarcely have accounted for the effect, since 
the warmer and cooler cultures were run simultaneously, and were 

subjected to the same conditions, aside from those dependent on tem- 
perature. The possible influence of invisible genetic factors could not 

categorically be excluded, however, as means whereby the difference in 

mutation rate might have been caused, since the ancestors of the warmer 
and the cooler dumpy lines, though they looked alike, might have been 

differentiated in regard to the proportions they carried of alternative 
allelomorphs that could not be seen. This seems a rather hypothetical 
objection, perhaps, specially created to make the difficulty, and the es- 

sential agreement between the mutation rates in both "warmer" lots, 

4 
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vortex and dumpy -although these were known to be different gene- 
tically, -does not lend it support. It will therefore be necessary to des- 
cribe the X- chromosome work in some detail, to show that the point 
cannot be ignored, and, after this, the latest experiment on the second 
chromosome will be described, wherein care was taken to avoid this ob- 
jection. 

In concluding the account of the present experiment, we may call 
attention to the details that were found out concerning the lethals that 
had appeared. All these lethals were subjected to linkage tests for the 
determination of their loci, in order to make sure that there was nothing 
grossly anomolous in the distribution of the mutating loci. The results 
are graphically presented in figure 1. As we shall later note in the case 
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FIGURE 1.- Figure to illustrate mode of distribution of lethals arising in the second chromo- 
some, based on data from the first "balanced lethal" experiment on this chromosome. Genes for 
visible characters furnishing standards of reference in this mapping are indicated by labelled 
lines joining from below the horizontal line that represents the chromosome. Genes for lethals 
are shown by vertical lines above the horizontal line. Lines arranged in vertical order, one above 
the other, represent genes known to be in identical loci. In the case of each lethal found in the 
"cooler series" a dot is placed just above the corresponding vertical line. Lethals of the "vortex 
series" are shown by heavier lines than the others. "Antecedent" lethals found in the course of 
these tests are shown above, disconnected from the horizontal line. Lethals to the left of Td 
could not have been detected. The distribution of the lethals among the regions marked off by 
the "visible" genes shown below is in nearly all cases exact, but their positions within their re- 
spective "regions" are only approximate. 

of the X- chromosome also, the grouping of the lethals here shows char- 
acteristics similar to that known for the genes for visible characters in 
the same chromosome, for, in this case, there is somewhat of a con - 
densation of genes in the central portion of the map, which may be due 
to a "fore- shortening" of this region. Mutations did occur in all regions, 
however, and it is evident from the grouping of the lethals that the 
experiment dealt with the mutation frequency of the collection of genes 
in the chromosome as a whole, rather than with that of a few selected 
loci. 

As might have been expected, however, mutations did occur. in some 
loci oftener than in others, that is, in a number of cases a given locus 
mutated more than once (sometimes repeating "antecedent" mutations), 
and one especially mutable locus gave rise to four separate lethals (in- 
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cluding one antecedent to the experiment proper). The latter individual 
gene hence had a mutation rate that borders on the measurable, -about 
0.8 percent. Extensive counts were made of the lethal stocks derived 
from the mutations of the latter gene, but in 6685 chromosome -generations 
there were no reverse mutations of the mutant back to the normal allel- 
omorph. Had reverse mutation been as frequent as the original type 
of mutation this lethal could have been used, like variegated corn, for 
the study of mutation -rate in its own given locus, since the mutations 
"backward" to non -lethal could have been recognized on mere inspection, 
by having visible "identifying factors" linked with the lethal. It should 
be noted that neither in the case of this nor of any of the other loci were 
we concerned with effects due to asymmetrical crossing over, like the re- 
verse "mutation" of bar eye, since in the present experiment crossing 
over had been prevented by the "C factors." 

LESSONS DRAWN FROM MUTATION EXPERIMENTS ON THE X- CHROMOSOME 

THE FIRST ATTEMPT TO ESTIMATE THE LETHAL MUTATION RATE 

In order to give an understanding of the development of the work 
on mutation rate it may be explained that the first attempt at an experi- 
ment dealing in any way with the conditions of origination of lethals 
(together with other mutants) consisted of a series of crosses involving 
sex -linked genes which the writer had his genetics class, at the RICE 

INSTITUTE, Houston, Texas, carry out cooperatively in the spring of 

1918. Each of the 15 students made ten matings, in separate cultures, 
of pairs of flies of the composition wevf 9 and wevf d . In the formula 
for the female here, which is heterozygous, the blank spaces below the 
horizontal line indicate the presence of the normal allelomorphs of the 
recessive "identifying factors" that are shown in corresponding positions 
in the formulae of the other chromosomes. The recessive genes we, y 

and f (eosin eye, vermilion eye and forked bristles) lie near the left end, 

the middle, and the right end, respectively, of the X- chromosome. It 
will be seen that a lethal occurring in either of the X's of a mother would 
be evidenced by the absence of all sons carrying, in combination, the 
two genes lying on either side of the lethal. Among the offspring formed 
from the cross there would be some females phaenotypically and gene- 

tically like the mother and some males like the father (barring mutations), 
and these could be used for the repetition of the cross in the following 
generation. In this manner each student was expected to continue each 

of the ten matings through three generations, by choosing from each 

culture one pair of flies (the female to be virgin) of composition like the 
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parents, to continue the "line of descent." Complete classified counts 
were made of the offspring, so that not only lethals but also conspicuous 
changes of crossover frequency might be detected. 

As no work had yet been done on gene mutation rate it was not known 
on what scale the work would have to be carried out, but it was hoped 
that the (theoretically) 300 cultures that were to be raised during the last 
two generations (after the preliminary test -generation, which was for 
for the elimination of lethals previously present) might at least give 
an idea of the order of magnitude of the mutation rate. In addition, 
it was thought that part of the cultures might as well be utilized for 
testing out whether or not some one among various agents might be 
hit upon, which would be able to produce mutations in such high frequency 
that the effects would be evident on examination of only a few cultures 
for lethals. With this object in view, each student kept half of his lines 
as controls and subjected the others, in each of the three generations, 
to some particular treatment. The same treatment was given to all of 
the treated cultures of a given person, but each person used a different 
treatment. The attempt was made to give the maximum treatment 
practicable, in each case. Among the agents employed were Janus 
green, methylene blue, lead acetate, alcohol, KNC, low air pressure, high 
oxygen pressure, heat, cold, and other easily- applied influences that 
readily suggested themselves as modifiers of vital structures or activities. 

The results of the crosses proved negative, in that, after the preliminary 
"test- generation," no mutations (or very conspicuous changes in cross- 
over frequency) were found at all, with the exception of one lethal that 
appeared in a control culture. Needless to say, however, not nearly 
all of the cultures had been properly carried through, and the experi- 
ment as a whole, involving the labor of so many inexperienced persons, 
could not be considered as yielding very critical data. Nevertheless, 
it did serve as a first try -out of the method, and at least showed that 
larger and fully reliable numbers would be desirable for establishing 
even the order of magnitude of the mutation rate; it indicated besides 
that not even lethal mutations are readily produced en masse. Follow- 

ing this experiment, therefore, the writer changed his mode of attack, 
and began in the fall of 1918, in New York City, synthesizing the elabo- 
rate stocks for the balanced- lethal experiment on the second chromosome 
which has just been described, in the hope of obtaining, this time, much 
larger numbers that might establish a significant figure for a "control" 
set of cultures, and possibly for just one "treated" set (the "cooler 
series ") as well. 
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At about the same time, in the winter and spring of 1918 to 1919 
Doctor EDGAR ALTENBURG, at Houston, Texas, was making an attempt 
to secure significant numbers in a different way, and his attempt was 
brought to a successful conclusion much sooner. 

ALTENBURG'S ESTABLISHMENT OF THE FIRST FIGURE FOR MUTA- 

TION RATE -ITS UNEXPECTED MAGNITUDE 

In order not to be hampered in the work of obtaining large numbers 
in a comparatively short time, ALTENBURG used the most direct method 
possible -that is, that of testing for lethals in the X- chromosome, rather 
than an autosome (since this requires only one generation instead of two 
for the test), and, further, determining the presence of these lethals not 
by a cross involving "identifying factors" but simply by their effect on 
the sex -ratio. A lethal present in one X of a mother causes the death of 
half of her sons, and thus results in a 2 9 :1 d' ratio in F1, instead of the 
usual 1 9 : 1 d' ratio, no matter what male she is crossed to. 

Of course this method suffers from the disadvantage common to all 
mutation work on the X- chromosome, that each individual which is repre- 
sented in the "mutation count" has to be tested separately -lethals cannot 
be accumulated in the X by the balanced lethal method since a male 
containing a lethal in its X necessarily dies. Furthermore, the counting 
necessary to determine the sex -ratio takes more time than a mere qualita- 
tive determination of the presence of certain classes, which is all that is 
usually required when identifying factors are involved. And the sex - 
ratio, when obtained, is subject to a considerable error of sampling, with 
the resultant occurrence of relatively many "doubtful cases" that have 
to be followed up in later generations. This following up becomes par- 
ticularly cumbersome since, in the absence of identifying factors, there is 

no way of distinguishing by inspection between the offspring that received 
the questioned lethal and the others, so that a number of the daughters 
have to be bred in order to be sure of having at least one with the supposed 
lethal included. On the other hand, owing to the simplicity and directness 
of the method, it has certain great advantages, in that (1) virgin females 
are not required in the testing, (2) there is little trouble with poor viability 
and fertility, (3) results can be obtained from it almost immediately, and 
there is hence less danger of the experiment collapsing before results are 

obtained. 
The data concerning this experiment have been briefly given in a 

previous publication ( MULLER and ALTENBURG 1919), but they require 
review here. The flies were divided into about 75 "lines," each of which 
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was bred through 6 generations, including the preliminary generation in 
which the female ancestor of the line was tested in order that any lines 
containing lethals at the start might be eliminated. (Of course no male 
ancestor could have had a sex -linked lethal.) In each generation usually 
not more than one female of each line was tested (since it was desired to 
insure the independent origin of any lethals found), and this test was at 
the same time the cross that furnished the flies of that line that were to 
be bred in the next generation. There were 90 females tested in the pre- 
liminary generation and 385 in the other five generations combined, each 
test involving, as above explained, a count of the number of offspring of 
each sex. Besides this, there were many crosses necessary in the work of 
following up those cases in which the sex -ratios did not seem decisive, until 
it could be determined whether or not a lethal were present. Most of the 
cases which appeared to give a decisive 2:1 ratio were also tested further, 
and the lethals thus verified. In this way, by reason of the resolution of 
the critical cases, the final figures acquired considerable precision. 

The definitive data were secured before the summer of 1919. They 
showed that, among the 385 females tested and known to have come from 
parents that had not received lethals, 13 carried lethals themselves; in 
none, however, were there any "visible" mutations detected. Since each 
female carried two X- chromosomes, this meant a rate of lethal mutation 
of 13 in 770, or 1 lethal in about 60 "X- chromosome -generations " -in 
other words, nearly 2 percent of mutation. 

This figure, the first real figure ever obtained for the rate of gene 
mutation in a chromosome, was startlingly high -far higher than most 
Drosophila workers would have anticipated. It showed that (at times 
at least) the rate of mutation was high enough to permit of its being 
studied quantitatively by individual tests of the X- chromosome, without 
accumulation by means of balanced lethals. It seemed logical, therefore, 
to push further the work upon the X- chromosome, in the hope of securing 
additional significant results. 

JOINT CONFIRMATION OF ALTENBURG'S FIGURE, AND THE SECURING OF A 

PROBABLY SIGNIFICANT EFFECT OF TEMPERATURE ON THE 

TIME -RATE OF MUTATION 

ALTENBURG and the writer thereupon undertook a joint mutation 
experiment upon the X- chromosome, in the summer of 1919 (at a time 
when some of the balanced lethal lines containing vortex had already been 
established and new ones were being established). Part of the results of 
this experiment also have previously been abstracted, in the same article 
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as the sex -ratio tests (and part in Proc. Amer. Soc. Zool. 1920); but they 
likewise are so related to the present work as to require mention here. 
The aims of this experiment were, first, to act as a check upon the previous 
one, in order to confirm or contradict the surprisingly high figure for 
mutation rate there found, and, second, to procure early evidence, prior 
to any which might be forthcoming from the balanced lethal experiment, 
concerning the possible effect of temperature upon the rate of mutation. 
In the sex ratio work on the X- chromosome all the lines had been propa- 
gated at a rather warm room temperature (in Texas), and no attempt had 
been made to apply different conditions. 

In the method used in the 1919 joint experiment, a reversion was made 
to the class work of the spring of 1918, which has already been described. 
It will be remembefed that here the identifying factors, wevf, and their 
normal allelomorphs, were used, each culture involving a cross of the type 
wevf 9 by wevf d . The presence of these identifiers permitted a lethal to 

be known by an easy "qualitative test" -the absence of all of a given class 
of sons, and no count was ordinarily required. This gave much more 
decisive results in the original "test -cultures" and far fewer temporarily 
doubtful cases, than did the sex -ratio method. It could in addition be 
determined at once in which chromosome of the female (the paternally or 
maternally derived) the lethal lay, and even what its approximate location 
in this chromosome was. Further, the daughters receiving their mother's 
lethal could be distinguished from the others by inspection, so that to be 
sure of perpetuating the lethal in the next generation it was not necessary 
to carry on the simultaneous breeding of any of their non -lethal sisters. 
This difficulty did arise in the generation following, however, in case the 
lethal lay in the wevf chromosome, for then the lethal- containing daughters 
( "Fl ") of the original heterozygous female were of the homozygous 
recessive type, and so there was no way of telling which of their daughters 
( "F2 ") had gotten the lethal; in this . "F2" generation, then, the super- 
numerary breeding of unknowns became necessary. Such a difficulty was 
never encountered, in any of the generations of testing, when the lethal 
was in the "wild- type" chromosome. 

The chief disadvantage of this method, as compared with that involving 
sex -ratios, lay in the necessity of securing virgin females in order to be 

sure that the daughters which resembled their mothers phaenotypically 
were really like them genotypically, and hence suitable for further breed- 
ing. This entailed considerable extra labor, but not as much as was saved 

by the greater definiteness and speed of the lethal determination in the 

presence of "identifying characters." 
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The cultures in this experiment were kept in half -pint milk bottles. 
The "warmer series" were kept in an incubator at 27.0± 1 °C. The flies 
in these cultures started hatching 8 days after the parents had been 
inserted, and the duration of the generations that was allowed here varied 
from 12 days to about two weeks, that is, the offspring were' placed in 
fresh culture bottles after this length of time had elapsed since their 
parents had been placed in the old cultures. The temperature of the 
"cooler, series" was differentiated from the other in sign, but not by a 
quantitatively constant difference, as the bottles were cooled by keeping 
them in shallow pans of running sea water (at Woods Hole). Ther- 
mometer readings showed that the temperature in these bottles averaged 
about 19.5 °C. The offspring started hatching about 12 days after the 
parents had been placed in the culture bottle, and the generations were 
allowed to take from 22 to 3 weeks' time. 

In the warmer series there were 517 females tested, in addition to the 
ancestral females of the preliminary tests for eliminating antecedent 
lethal mutations. Among these 517 females tested for new mutations, 
13 lethals were found and no visible mutations. This rate of 1 lethal per 
generation in 40 females, or 1 in 80 X- chromosomes (1.26 percent), is 
obviously closely similar to the rate of 1 in 60 X- chromosomes found by 
ALTENBURG at the Texas room -temperature, and calculation shows 
that the observed difference between these two rates is only equal to 1.1 

times its own probable error, a difference having, of course, no significance. 
In the cooler series, on the other hand, 445 females from non -lethal 
mothers were tested for new mutations, and among these only 5 lethals 
were found, and no visible mutations. This gives a rate of one lethal in 
nearly 180 X- chromosomes, per generation -0.56 percent -or less than 
half the rate in the warmer series. 

It may be added that approximately 100 bottles, those in which the 
further tests of the lethals were being made, were kept at room tempera- 
ture, and that, in these, two new lethals arose during the course of this 
testing. The X- chromosomes available for the detection of such new 
lethals numbered about 100 here, since one X- chromosome of each parent 
female (the "maternal" one) already carried a lethal. 

The difference between the rates of mutation per X- chromosome, per 
generation, in the warmer and the cooler series (1.26 -0.56 =0.7 percent), 
was then compared with its own probable error as calculated by means 
of the formula previously given (0.6745-VP/(ni.n2)). Here we have 

P=18, while n1, the total count of X- chromosomes in one of the series, 

is 2 X517, or 1034, and n2, the other count, is 2 X445, or 890. This reckon- 

GENETICS 13: Jl 1928 



312 H. J. MULLER 

ing gave a probable error of 0.3 percent. Thus it turned out that the 
difference (0.7 percent) was 2.35 times its own probable error. If the 
rates of mutation per X- chromosome, per generation, under the two con- 
ditions actually employed, had really been alike, a difference of this mag- 
nitude, in this "expected" direction, would have occurred only once in 
18 trials (and a difference of this magnitude in either direction once in 
9 trials). This is obviously far from a convincing result (as has always 
been realized), yet it does give rise to a certain moderate presumption, 
or "probability," as termed in the original note, in favor of an effect 
having been produced, and the above numerical valu e of this probability 
cannot be reconciled with a criticism which has been made that the "data 
are clearly not statistically significant." 

If now, instead of calculating the rate of mutation per X- chromosome, 
per generation, we reckon it per X- chromosome per day, month, or any 
other unit of time, we find a difference larger than the above between the 
rates in the two series (relative to their own values), since there were more 
generations in the warmer than in the cooler series, in a given time. On 
such a basis, we find 2.96 percent of mutation, per X- chromosome, per 
month, in the warmer series, and 1.06 percent in the cooler series, the 
difference here being 1.9 percent. The probable error of this difference 
proves to be 0.63 percent, so that this difference is 3 times its probable 
error. Such a difference would only occur, in the given direction (expected 
for most heat effects), in one trial out of 48, if the rates per month were 
really alike; such a difference, in either direction, would occur in one trial 
out of 24 if the rates per month were alike. 

It is of interest to note that, in contrast to the difference in rate of 

mutation indicated between the warmer and the cooler series, no evidence 
of any significance was obtained for a difference in rate between male and 
female, for, of the 18 lethals which the females of the two series possessed, 
7 were in the chromosome they had received from their mother, and 11 

in the chromosome from their father. The 100 bottles at room tempera- 
ture, which gave evidence only on the mutation rate in the "paternal" 
chromosome (since the other already contained a lethal), yielded, it may 

be recalled, 2 new "paternal" lethals, so that altogether there were 13 

lethals in 1062 paternal chromosomes, or 1 in 82 (1.2 percent) to be com- 

pared with 1 in 137 maternal chromosomes (0.73 percent). A difference 
of this magnitude would occur somewhat oftener than once in 4 trials if 

the rates were really alike. 
Before further experiments on the effect of temperature could be 

completed (and while the first balanced lethal experiment was being 



MUTATION RATE IN DROSOPHILA 313 

carried on) the writer undertook to make an extended study of the 
possible identity and the positions of the loci involved in the mutations 
already obtained in this joint X- chromosome work. It was easy to map 
the loci approximately, by noting the relative amounts of numerical 
deficiency in the various crossover classes. The establishment of identity 
or non -identity of the loci of any two of the sex -linked lethals found to 
lie in the same region presented greater difficulty, since two such lethals 
cannot be crossed together (owing to the inviability of males with a sex - 
linked lethal). Direct evidence of identity of the locus of two lethal 
mutations in the X- chromosome can, in fact, be obtained only when both 
prove to be allelomorphic to the same non -lethal "visible" gene, to which 
both can be crossed separately. 

Such a finding of mutual allelomorphism was obtained in the case of 
two of the independently arisen lethals. One of these was completely 
recessive to normal but threw "broad " -looking females after being crossed 
to "broad" winged males, and the other gave a somewhat "broad" wing 
and body in heterozygous condition (when with the normal allelomorph), 
and gave a lethal combination with "broad," the pupae becoming black 
and dying at an advanced age. These lethals, then, must both have been 
allelomorphs of "broad" and therefore of each other, but different allelo- 
morphs, and the locus maybe a relatively mutable one. This is especially 
probable because a visible mutation in the same locus, giving an extremely 
"broad" wing (more extreme than "broad" but not as extreme as the 
previously known allelomorph called "short ") occurred in one of the 
secondary cultures in which the lethals from the main experiment were 
being tested out. Since these various allelomorphs are different from one 
another, the high mutability of this locus might be of a different kind 
from that in variegated corn or in DEMEREC'S mutable races of Drosophila 
virilis, where, supposedly, "gene- elements" that have previously mutated 
are merely being sorted out. There is, moreover, no reason to believe that 
the apparently high mutability of this locus is connected in any way with 
the fact that the two mutant genes found here in the main experiment 
were lethals, since at least three different non -lethal mutations have 
also been observed to have occurred in the same locus (counting broad, 
short, and the new mutant above referred to). The finding, in such a 
locus, of two lethal mutations which, with the three visible mutations, 
form a series of decreasing viability and of simultaneously increasing 
somatic effects, indicates rather that the lethal mutations are essentially 
similar in nature to the others. 

Another lethal proved to be an allelomorph of the previously known 
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visible gene for "facet" eye. Unlike the other lethal allelomorphs of facet, 
previously known, which have all been designated as "notch," it did not 
cause the "notch wing" effect. Four of the other lethals, though not 
allelomorphs of known visible genes, were themselves on certain 
occasions "visible," that is, a male bearing the gene managed to hatch 
in a small percentage of the cultures of the given type. One of these 
four genes, located between scute and prune, caused a tendency to 
"cloven" thorax in such males; another, between echinus and cut, gave 
an extremely "diminutive," sterile male; the third, between vermilion 
and miniature, caused very weak -looking males with characteristically 
"flimsy" wings and the fourth, between scute and prune, resulted in 
"collapsed" wings and in leg abnormalities. 

The loci of all the lethals studied were (except for the two allelomorphs 
of broad) probably all different from one another; certainly most of them 
were, as was proved by tests that showed them to lie between different 
"visible" genes. The arrangement of the loci of these lethals, as approxi- 
mately determined in relation to those of standard, visible mutants, is 
shown in figure 2. It will be noted that about half of them are concentrated 
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FIGURE 2.- Figure to illustrate mode of distribution of lethals arising in the X- chromosome, 
based on data from the first temperature experiment on this chromosome. Mode of representation 
as in figure 1, except that map is drawn to one and one -half times the scale there used. 

in the very short region (1.5 units of the 70 ±) to the "left" of white. 
This agrees with the similar clustering that has been found in the case 

of the visible mutant genes in this chromosome, and may merely depend 
on a "foreshortening" of the map of this region, due to a lower frequency 
of crossing over here. It was in this region, therefore, that the determina- 
tion of non -identity of the loci was less accurate in some cases. 

It might be objected that all this work of mapping the lethals, determin- 
ing their allelomorphism, and their possible somatic effects, was a di- 

gression from our main object of studying the mutation rate. It was 

important, however, that such studies be made in one experiment at least. 
For it was thereby demonstrated (1) that most of the mutations had 

occurred in different loci; (2) that these loci were grouped in a fashion 
similar to that known for "visible" mutant genes; (3) that the loci in some 

cases coincided with those of visible genes; (4) that the allelomorphs in 

such cases might form a graded series; (5) that there were some semi - 

lethals which connected lethals and visibles and indicated that there was 
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no absolute distinction between the latter in regard to the kind of effects 
produced. All this was desirable in order to show that in such experiments 
as these we are not merely dealing with a few anomalous genes, that are 
mutating repeatedly and in some peculiar way, but with chance -given 
samples of many genes, the mutations of which may probably be taken 
as representative of mutations in general, including "visible" mutations. 

COMPARISON OF DATA OBTAINED ON MUTATION RATE IN THE FIRST AND 

SECOND CHROMOSOMES 

The difference in rate of mutation, apparently associated with tempera - 
ture, was in the same direction in both the experiments involving tempera- 
ture differences which have thus far been reported. The results on the 
second chromosome, though presented first, were, it may be recalled, 
obtained later than those of the joint experiment on the X- chromosome, 
and so they could not be taken into account in the preliminary note 
previously referred to. We may here, however, consider them in com- 
bination with the results on the X. For this purpose a special mode of 
reckoning will be required; it will not suffice simply to make a total of the 
data in two experiments performed in a different way on different objects. 
Nor will any unweighted average of the results in the two experiments 
exhibit the full significance of the combined data. 

One valid method of obtaining the most informative figure possible 
concerning the effect in the combined experiments is as follows: First, 
express the difference found between the two series in terms of its own 
probable error as a unit, in the case of each experiment separately. This 
puts the results of the two experiments into comparable terms. For the 
X- chromosome, it will be recalled that the difference in mutation rates per 
chromosome -generation was 2.35 times its probable error, and for the 
second chromosome 1.6 times its probable error. Now, the chance of 
obtaining a combination of results at least as improbable as this com- 
bination is the same as that of obtaining, in a single experiment, a result 
equal to the square root of the sum of the squares of these individual 
values. Making the latter calculation (by taking -/(2.35)2+ (1.6)2) we 
get the figure 2.84. The chance of obtaining, in an individual experiment 
involving random sampling, a result this many times its probable error is 
1 in 17+, or if we consider the direction of the difference as specified, i in 
35. In other words, there would have been only 1 chance in 35 of getting 
a combination of differences as "improbable" as that observed, and in 
the direction of an increase accompanying heat, if the temperature differ- 
ence, or some agent accompanying it, had not really affected the mutation 
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rate per chromosome, per generation, in at least one of these two experi- 
ments. Such a result would ordinarily be regarded as furnishing moder- 
ately strong evidence for an effect. 

The same method of reckoning may be applied to the figures for the 
mutation rate as measured in terms of "chromosome- months." In the 
first chromosome the difference was 3 times its probable error, and in the 
second chromosome almost the same -2.9 times. Calculating as before 
(./32+ (2.9)2) we find that the probability of such a combination of differ- 
ences is the same as that of a single difference 4.15 times its own probable 
error. An event as improbable as this would occur in only one trial out of 
197, regardless of the direction of the difference, or in one trial in 394, in 
the given direction. It may therefore be considered as "proved" by this 
work that, in at least one of these two experiments, there was a difference 
in the time -rate of mutation between the warmer and the cooler series 
brought about by some cause other than the fluctuations inherent in 
simple random sampling. It was difficult to believe that the cause could 
be other than temperature, acting either in a "direct" or in some indirect 
fashion, since the cultures in the warmer and cooler series had been 
sensibly alike in other environic respects and it was scarcely to be expected 
that such chance invisible gene differences as might have been possible 
here would influence the general mutation rate throughout a chromosome. 

There was, however, one conspicuous feature of the work which gave 
rise to doubt and conjecture on the latter questions. The mutation 
rate for the X- chromosome was markedly higher than that for the second 
chromosome, both in the warmer series, which were kept at almost the 
same temperature in the two experiments, and in the cooler series. The 
difference should, seemingly, have been in the opposite direction, since 
the X is only two -thirds as large as the second chromosome (both cytologi- 
cally and also as measured by the length of the linkage maps). Allowing 
for this difference in chromosome size, we find that, in the two warmer 
series alone, the difference between the mutation rates of the two chromo- 
somes, per unit length- reckoned as 13 in (1034 X70), and 24 in (4098 

X 105), respectively -is 5.4 times its own probable error, no matter 
whether "chromosome- unit -generations" or "chromosome- unit -months" 
are considered. We must therefore conclude either that the mutation 
rates in the two chromosomes differ, even when they are subjected to 

identical conditions -this would be most curious -or else that there were 

differences in other conditions than temperature (either environic or 

genetic) that caused the difference in the mutation rates of the two experi- 
ments. This latter possibility, though it seems the less remote of the two, 
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would appear strange enough, and yet one or the other of these two 
conceptions must be correct. 

If, now, it was true that such differences in cultural conditions or in 
genetic composition as distinguished these two experiments could result 
in the observed difference in mutation rate between them, might it not be 
true also that some similar environic or hereditary difference happened 
to exist, unbeknown to the èxperimenter, between the cultures of the 
warmer and the cooler series, in one or both of the experiments? In that 
case, this condition might have been responsible for the significant differ- 
ence observed between the two series, and we should be wrong in attribut- 
ing the effect to temperature. How, then, could the possibility of such an 
influence be avoided? One obvious way was by a repetition of such 
"temperature experiments," since of course if a result in the same direction 
was consistently obtained in enough experiments, the influence of factors 
other than that which had been consistently varied throughout all the 
experiments alike would finally be excluded. Meanwhile, however, even 
before the results of the second chromosome experiment had been ob- 
tained, other experiments, on the X- chromosome, had in fact been 
initiated, in the hope of getting further evidence. These experiments, 
and those that followed them on the X- chromosome, will now be described, 
as they had an important bearing on the point here at issue, and showed 
(by a process of elimination) what features the definitive temperature 
experiment would have to possess. 

THE DISCOVERY OF SIGNIFICANT VARIATION IN THE MUTATION RATE, 

OF UNKNOWN ORIGIN 

During the academic year 1919 -20, while the lethals found in the joint 
experiment of 1919 were being mapped, and the cultures involving the 
second chromosome were being carried along (but not yet tested), crosses 
were also being made in preparation for an experiment whereby it was 
hoped that a much larger, more decisive mass of data might be secured, 
concerning mutation frequency in the X- chromosome at different tem- 
peratures. To this end, the writer synthesized an elaborate X- chromosome 
stock, which was intended to make the determinations and tests of the 
lethals still easier and more definite, and especially to facilitate the 
propagation of the lines from generation to generation, by making it 
unnecessary to secure virgin females. Non -disjunction, too, was allowed 
for, so that its occurrence would neither interfere with the lethal deter- 
mination nor make it necessary to secure virgins. In cultures derived from 
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these lines, moreover, the "supernumerary breeding of unknowns" would 
in no event be required. 

It would be superfluous to detail the genetic circumstances which, 
theoretically, were to bring about these results, but the composition of 
the stock synthesized may be recorded here, as follows: 

(odd generations) 

(even generations) 

y we ci, et y g 
9 X se tn v s,n B e 

scure t S,n 

yweCvGt v g 

s, t v S,n B 
9 X Se we in Sm CT 

Some thousands of cultures of these types were bred, in joint work of 
ALTENBURG and the writer, in the summer of 1920, under purposely 
varied temperature conditions, but the experiment failed because, under 
the conditions of rearing at Woods Hole, the males containing the genes 
of the ywecctvgf chromosome, and to a lesser extent those of the other 
types, had such low viability, even when no definite lethals were present, 
that the number of "doubtful" cases arising became too large to deal 
with. The work had to be stopped before nearly all these cases could be 
resolved -a situation which of course destroyed the significance of the 
entire experiment. 

But from the ruins of this experiment there issued suddenly the hope 
of a much more effective attack upon the problem. For in one of the 
last cultures examined by the writer a mutant condition called "CC" was 

found, in the paternally derived setnvsmB chromosome of a female, which 
was at the same time (recessive) lethal in its effect, and prevented nearly 
all crossing over between this chromosome and its not similarly mutated 
homologue. This "mutation" appeared to me to offer unexampled tech- 
nical advantages for further mutation work on the X- chromosome. The 
reasons for this may be explained in detail, as considerable use has been 
made of the method involving this mutant chromosome, both in the work 
herein to be reported and in other mutation studies, to be reported else- 

where. 
In the first place, the suppression of crossing over caused by the mutant 

chromosome is highly advantageous. For the occurrence of crossovers 
seriously hampers the determination of whether or not a lethal is present 
(even though crossovers are eventually necessary for determining its 

locus), since only those character -combinations will be uniformly absent 
from a count which depend on visible genes that lie in their original 
arrangement on either side of the lethal, that is, it is for the absence of 
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given non -crossover types that one must look, primarily. We must make 
an exception here in the case of such specific crossing over as may be 
necessary in experiments like the one on the second chromosome, pre- 
viously described, where a certain "antecedent lethal" has to be removed 
by crossing over before new lethals can be recognized. Even here, however, 
the new lethal can be recognized only by the absence of flies homozygous 
for chromosomes that are non -crossovers in the region of this new lethal. 
The occurrence of most crossovers, then, reduces the number of offspring 
available for the lethal determination, making the latter less decisive. 
In addition, the presence of these crossovers makes necessary a much 
more detailed inspection of the flies, in order that the presence or absence 
of the crucial non -crossovers may be ascertained. 

Secondly, the presence of a lethal in the same X- chromosome of the 
female as contains the "factor" preventing crossing over, although it 
leaves only the other X of the female available for the study of new lethals, 
causes all counts from females containing a new lethal in this other X to 
exhibit a 1 9 :0 d' ratio. For the antecedent lethal in the first X- chromo- 
some will kill half the sons, while the new lethal in the homologous X 
will kill the rest. On the other hand, females in which a lethal has not 
arisen in this homologous X will throw a 2 9 :1 d' ratio. We have, there- 
fore, in cultures of such stock, only to distinguish between a 2 :1 and a 1:0 
sex ratio rather than between a 1:1 and a 2 :1 sex ratio, as in the ordinary 
case, and the former distinction (involving a kind of "all -or -none re- 
action") is of course much surer, more definite, and more readily deter- 
mined, than the latter. All that is necessary, then, in testing for a new 
lethal in a female carrying C1, is to see whether any males at all are 
present among the offspring. One does not, ordinarily, even have to 
distinguish the "identifying characters" of the males. This makes it 
possible for the determination of the lethal, in most cases, to be made 
merely by inspection with the naked eye, or with a hand lens, through 
the glass wall of the culture vessel, without etherization of the flies being 
required. It is true that an occasional male will appear, even in lethal 
cultures, made possible by primary non -disjunction or by the sporadic 
crossing over that takes place, but such lone males can then be further 
examined, and the cross can have been made in such a way that they 
will readily reveal their origin by conspicuous "identifying characters," 
visible through the glass container. 

A third advantage of having one of the mother's X- chromosomes con- 
tain a known antecedent lethal, and unable to cross over with the other 
X, is that this results in only one kind of male offspring being produced 
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(barring the above -mentioned rare crossovers and non -disjunctional ex- 

ceptions); as the compositions of the parents can be so arranged that this 
type of male will be suitable for the daughters to mate with, for the 
continuation of the experiment, it will then be unnecessary to obtain virgin 
flies, a procedure that otherwise occupies perhaps a third of the working 
time. 

Fourthly, in the Ce- containing chromosome in question, the "visible" 
mutant genes present, sC, t,, v, sm and B, afforded excellent "identifying 
factors," so that it was feasible to use, in the homologous chromosome 
in which new lethals were to be looked for, a contrasting gene- combination 
possessing relatively high viability. In this way the number of "doubtful 
cases" might be reduced to a minimum. As a matter of fact, it was decided 
to use a wc°fB (coral forked bar) X- chromosome in this place in some 

cultures, and in the others one containing the combination wevf; the high 
viability of these had been proved in preliminary experiments. A scheme 

was arranged whereby, in each line, the weefB and the wevf chromosome 
exchanged places in alternate generations, as this procedure made it 

possible easily to recognize any flies resulting from non -disjunction. This 
scheme of breeding was as follows: 

seteVSmBC1 
odd generations 

f 
9 X w e° f B cl' 

we v 

se to v Sm B CZ 
even generations 9 X we v f d' 

WCC f B 

It will be seen that such stock perpetuated its alternating composition, 
and was always ready for lethal tests, without virginity being specially 
sought for, provided only (1) that the parents were discarded before the 

offspring hatched, (2) that non -disjunctional or crossover males did not 

appear, and (3) that a single heterozygously or homozygously bar -eyed 

female (according to the generation) was taken, with any of her brothers, 

to start each culture. No "preliminary tests" were necessary since in the 

paternal chromosome -which alone was studied -there could originally 
have been no lethal (or the father would not have existed). If in any 

culture the existence of a new lethal was discovered, by the absence of 

males, the daughters having the lethal could be distinguished from the 

we Tl f 
others. They would have the composition . These females could 

wC° f B 
then be crossed to any males desired, for further testing of the lethal, as 

they were necessarily virgin (having no living brothers). As they con- 
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tained "identifying genes" scattered through their X- chromosomes the 
cross could be made so that their daughters receiving the lethal could 
also be recognized, and there need not be any "supernumerary breeding 

we y f 
of unknowns" in any generation. But since these females did not 

wee f B 
themselves contain the "factor" that prevented crossing over, the families 
derived from them gave immediate data on the locations of the lethals. 

A final highly important advantage lay in the fact that these cultures 
could be reared in 4 by 1 inch vials, rather than in milk bottles, a feature 
which allowed the preparation and handling of many more cultures. The 
use of vials, with their smaller total counts, was rendered possible by the 
fact that, owing to the absence of crossovers, the proportion of flies which 
gave evidence regarding lethals was greatly raised, as has been explained, 
and by the further fact that chromosomes could be employed that allowed 
the males (if non -lethal) to have a high viability. 

All these favorable features very much more than compensated for the 
fact that twice as many cultures were now needed in order to obtain a 

"mutation count" of size equal to that gotten previously (owing to the 
limitation that only one chromosome of the female -the "paternal" one - 
could be studied). It would have been of interest to compare the mutation 
rates in both maternal and paternal chromosomes, as before, and the 
limitation of the count to the paternal chromosome was in this respect a 
drawback. However, there seemed no reason why the fact that the 
chromosomes tested had all been contained in the male in the generation 
preceding the test should work seriously against the obtaining of a sig- 

nificant total count, because the earlier experiment had given at least as 
high a mutation rate in the paternal as in the maternal chromosome. 

In accordance, then, with these favorable indications, the writer 
synthesized the alternating Ci stock above described, multiplied it many 
fold, and then carried out tests upon it, at the UNIVERSITY OF TEXAS, 

in the winter and spring of 1921, during twelve fly generations. Through- 
out this time all the cultures were kept in the incubator at a temperature 
of 27 °C, as it was desired to obtain definitive data for the "higher" tem- 
perature first. In the entire experiment at this temperature, a total of 

3935 cultures was examined, representing the same number of tested 
"paternal" chromosomes. The cultures were of two kinds, inasmuch as 

in 3438 of them the previous generation had been allowed to occupy the 
customary 10 to 14 days, but in the 497 other cases the female chosen for 

testing was one in the mother of which the sperm had been "aged" for 
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a week or more before the fertilization occurred which produced the fly 
that was tested. The object of the latter special procedure was to obtain 
evidence as to whether during such aging mutations would occur. 

As culture after culture of this experiment was examined, sons of 
"regular" type continued to be noted in almost all of them until, after 
the above number of nearly four thousand cultures had been tallied off, 
it was found that only four lethals, in all, had appeared among them! 
None of these lethals happened to be from the "aged" sperm. 

The above surprisingly low number of mutations was not caused by any 
lethals having escaped detection, for there were exceptionally few doubtful 
cases and all of these were eventually resolved. On the contrary, the above 
number may in one sense be considered as too high, since 2 of the 4 lethals 
were almost certainly of identical origin; they occurred in sister flies and 
had, so far as could be ascertained, the same locus. This appearance of 
two lethals having a common origin was made possible by the fact that 
the experiment involved a departure from the principle of breeding only 
one daughter from each parent culture: instead, an average of 8 daughters 
were bred from a parent culture, and, in compensation, only 1/8 of these 
filial cultures were then continued further, in the generation succeeding 
them; this same procedure was followed out in each generation. It is 
permissible to do this where pedigrees "within the lines" can be kept, 
and where the tests are made and recorded in each generation (which 
cannot be done where the lethals are accumulated in balanced stocks). 
It involves us, however, in certain difficulties in the computation of the 
mutation rate, as a somewhat larger probable error is then applicable, 
due to the resulting correlation between the lethals appearing among 
sisters. Still, the error is not very much larger than in random sampling, 
because mutations that appear singly even then usually remain in large 
majority (BRIDGES 1919, and MULLER 1920). 

Taking the figure 4 as representing the number of newly arisen lethals, 
we find a mutation rate of only 1 lethal in a thousand "paternal" X -chro- 
mosomes (including, it will be remembered, in an eighth of these cases, 
chromosomes derived from sperm that had been aged for nearly the length 
of a zygote -generation). The difference between this rate of 0.1 percent 
and the rate of 1.2 percent, obtained from the finding of 13 lethals among 
1062 paternal X- chromosomes in the earlier joint experiment (including 
here even the cooler series), is 8.2 times its own probable error, if we cal- 

culate the latter by the usual random sampling formula (namely, 
0.6745s/P/(ni.n2)). Even if the error should really be taken as twice 
as large, then, this is an absolutely decisive difference- despite the com- 
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paratively small number of mutations involved in each case. And it was 
obtained, be it again noted, in the face of the higher average temperature 
at which the later experiment was conducted. 

Aside from such differences as might have been caused by the use of 
vials in place of bottles the cultural conditions in the two experiments in 
question were closely similar. They were almost certainly more alike, in 
general, than the conditions in ALTENBURG'S sex -ratio experiment in 
Texas and those in the earlier joint experiment at Woods Hole -the 
results of which had nevertheless agreed closely. On the other hand, it 
was also difficult to conceive of the cause of the difference in mutation rates 
as having been genetic. For, in the work with C1, the two classes of fathers 
used in alternate generations had had a very different origin, and one of 
them -wevf -was derived from the very stock that had furnished the 
recessive chromosome in the earlier temperature experiment. As for the 
dominant chromosome in that experiment, it had, in part of the cultures, 
been derived from a very different source from that concerned in the other 
part, without a difference in mutation rate occurring between the two 
parts. Thus there seemed to be no consistent genetic difference between 
the cultures in the C1 experiment and those in the earlier joint experiment, 
to explain the consistent difference in mutation rate. It should further be 
noted that the C1- containing chromosome itself had, prior to the mutation 
by which C1 originated, been used in the later joint temperature experi- 
ment, and that in this also, although too many doubtful cases had arisen 
for an exact mutation count, there had nevertheless clearly been no 
dearth of real lethals. The C1- containing chromosome itself could scarcely 
have exerted any influence on the mutation rate anyway, because only 
mutations in "paternal" chromosomes, derived from males not containing 
C1, were studied, and these mutations must in most cases have occurred 
in those males. 

So small had been the number of mutations in the experiment with C1 

that it was obviously impracticable to pursue the original plan of following 
this with an otherwise identical experiment in which the cultures were kept 
at a lower temperature. For no significant difference due to temperature 
could reasonably be expected in such small numbers. Since, moreover, 
some unknown environic or genetic difference had been able to cause a 

significant difference between the mutation rates in the experiments 
already performed, it might again enter, in case of a repetition of the C1 

experiment, to produce a conspicuous effect that might incorrectly be 

attributed to temperature. Thus the attempt to obtain evidence concern- 

ing the effect of temperature had again been obstructed. And it appeared 
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more important, now, to investigate further, or at least to obtain further 
corroboration of, those large variations in mutation rate, of unknown 
origin, that had just been met with. 

CORROBORATION OF THE UNEXPLAINED DETERMINATE VARIATION 

With the above end in view, it was decided to conduct an experiment 
which should be largely a repetition, on a greater scale, of the earlier joint 
temperature experiment, but this time without temperature differences, 
simply in order to determine whether or not figures for the mutation rate 
substantially like those gotten in that experiment would again be forth- 
coming. This new experiment was carried out at the UNIVERSITY OF 

TEXAS, in the fall and winter of 1921 -22. It was in part financed by a grant 
given by the AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF SCIENCE 

in 1921. 
As in the experiment of 1919, the initial crosses ( "P1" generation) con- 

sisted of matings of homozygous recessive eosin vermilion forked (wevf) 

females, in pairs, to dominant (in the main, wild -type) males. In the 
three following generations, in which the definitive lethal tests were 

made, heterozygous females (wevf or sometimes 21.. , as will be explained) 
B 

were crossed, in pairs, to their triply recessive (wevf) brothers. There 
were 28 of the original (P1) cultures. In those numbered 1 to 26 the eosin 

vermilion forked females were derived from the "regular" stock having 
this combination of genes, but in those numbered 27 and 28 they were 

derived from "wevfCrA" stock (a stock in which BRIDGES had found secon- 
dary non- disjunction to be increased and crossing over diminished). In 

cultures number 1 to 13, inclusive, the dominant males were of normal 
stock from Florida. In numbers 14 to 26, inclusive, they were of normal 
stock from Falmouth. In cultures 27 and 28 the dominant males were 

bar eyed, otherwise normal -appearing, and were homozygous for "CrA," 

being derived from the same stock (maintained by perpetual selection and 

crossing) as their wevf mates. 
The number of P2 cultures derived from each of the 28 P1 cultures is 

shown in table 1. In all, 678 fertile P2 matings of the heterozygous females 

were started. As these females occurred in groups of sisters, there was a 

chance here for lethals of common origin to occur. In the next generation 
(P3), however, not more than one pair was taken from each of the above 

(P2) cultures, and in P4 likewise this system was followed. There were 604 

fertile P3 cultures started and 437 fertile P4 cultures. The reason for the 
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drop in numbers in this last generation was chiefly because here pairs 
were only taken from those P3 cultures in which the mothers (P3) proved 
to have been virgin before the mating of the desired type had been made; 
otherwise P4 females of the wrong genetic composition might have been 
obtain ed. (In the preceding generations, as can easily be worked out, 
non -v irginity would not have interfered with the testing.) The P1 cultures 
were raised in bottles, and all the later cultures in vials. They were kept 
in the incubator at 26.5 ± 0.5 °C, and 14 +1 days were allowed to a 

generation. 
None of the 28 Pi females proved to have contained a lethal, as the 

sex r atios showed. Among the P2 females tested there were 4 lethals. Of 

these, two may have had a common origin as they occurred in the same 
(paternal) chromosome of sisters, and both were situated very near W 
(the normal allelomorph of we), in loci that may have been identical. 
The others in this generation were of separate origin, and those of sub - 
seq went generations must have been so, owing to the breeding methods 
used. Among the P3 cultures there were 4 lethals, and among the P4 

cultures 2. In all, 6 of the 10 lethals occurred in paternally derived and 4 

in maternally derived chromosomes. Seven of them arose in the series 
derived from the cross of Florida males, 2 in the series from the Falmouth 
males, and 1 in the "CIA" series. The details concerning them are given 
in table 2. 

If we include in our reckoning only the P3 and P4 cultures, since only 
in these had the lines of descent been kept separate during the preceding 
generation; we find 6 lethals in 1041 females, that is, in 2082 X- chromo- 
somes, or 1 lethal in 347 X- chromosomes. This gives 0.3 percent of muta- 
tion. The inclusion of the P2 generation in addition would give the figure 

of 10 lethals in 1719 females, or in 3438 X- chromosomes. This yields the 
almost identical result of 1 lethal in 344 X- chromosomes, or, again, 0.3 

percent of mutation. It will be observed that this rate is markedly below 

that obtained in the earlier joint experiment, but noticeably above that 
in the work with Ca. 

If, now, we treat the data as a collection of completely independent 
samples, using the "probable error of a difference" formula based on 

"simple sampling" (0.6745 -/P(n1 n2)), we find that the difference, 0.65 

percent, between the present result of 0.3 percent and the result (0.95 

percent) obtained in the earlier joint experiment as a whole (warmer plus 

cooler series) is 5.7 times its own probable error (or 3.9 times if only P3 

and P4 are included), and is hence "significant." The difference between 

the present result and that of 0.1 percent, found in the experiment in- 
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volving C Z, is 2.8 times itsown probable error, if the latter is obtained by 
the method just referred to; accordingly this is "probably significant" 
also. If, on the other hand, the data cannot legitimately be treated as a 
collection of independent samples, this in itself implies determinate differ- 
ences in mutation rate between different groups of the cultures within the 
experiment, and so we reach the same conclusion: that is, that significant 
variation in mutation rate is occurring, due either to environic or genetic 
causes. 

Examining now the distribution of the lethals we notice at once that 
four of the ten occurred in the descendants of one of the 28 original Pi 
pairs (number 1), although only one -twentieth of the tested females were 
derived from this pair. Such a concentration of the lethals within one 
group scems well beyond the limits of a purely random distribution. None 
of the four lethals could have originated by the same mutation, although 
two of them, which were in the recessive chromosome very close to w 

might be conceived to have been a later result of some "premutation" 
(see footnote, p. 293) that occurred in the common ancestral chromosome. 
Even if we rule out one of these on account of this possibility the con- 
centration of separate lethals here is still beyond what would be ex- 
pected in a random distribution. In the group from Pi pair number 7 

we find a situation that appears similar: three lethals in a total of 141 

tested females. Here, however, the first two of the lethals, both occurring 
in the paternal chromosome of P2 females, in possibly identical loci, may 
well have been of common origin. If we count them as one, there still 
would be two lethals in this group, a rather unlikely occurrence for random 
sampling in an experiment where lethals in general are so rare. The third 
generation lethal in this group also might be conjectured to have been 
related to the others by "premutation," as all of them lay in the dominant 
chromosome, at loci that may have been the same; hence, although 
" premutation" is of very questionable occurrence in Drosophila, we cannot 
use the results from group 7 to prove a tendency to an increased general 
mutation rate, as we can those from group 1. Nevertheless, these two 

groups (both from the cross of Florida males) certainly corroborate each 

other, in indicating that some groups mutate significantly more often than 
others which have and have had apparently the same cultural conditions 
and "visible" gene composition. 

Selecting just these two groups, we find in them, taken together, 7 

lethals in 456 X- chromosomes, or 1 in 65 (1.5 percent), which is a rate 
that agrees closely with that observed in ALTENBURG'S sex -ratio work 

and in the earlier joint experiment at the higher temperature. On the 
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other hand, all the other groups, taken together, showed only 3 lethals 
(all different) in 2982 X- chromosomes, a rate of approximately 1 in 1000, 

or 0.1 percent, like that found in the work with C. And the present 
experiment, taken as a whole, showed, as has been remarked, a rate 
significantly different from that found in either of these two previous 
experiments. Thus, whatever the cause of the variation in mutation rate 
may have been, the present experiment confirms the conclusion regarding 
its actuality. 

There were certain important lessons to be drawn from these empirical 
facts, even though their cause was yet problematical, and while it was 
even doubtful whether genetic or environic factors were responsible, 
First, it was obviously inadequate to follow the original plan of obtaining 
data from "controls," all supposedly under one set of conditions, in one 
year, and data from a group of "treated flies," reared under a purposely 
different set of conditions, another year. For elusive genetic differences 
between the two groups, not reflected in any difference in their known 
formulae, might have cropped up by mutation, or have been spread 
through differential breeding, in the course of several months, and these 
might, for all that was yet known, become the cause of any observable 
changes in the mutation rate. On the other hand, if the previously found 
unexplained variations in mutation rate had not been due to such genetic 
causes, then, whatever the environic influences may have been that had 
unsuspectedly been responsible for the effects, these too might again arise 
to differentiate two series of cultures run at different times in our pro- 
jected later experiments. To be sure of avoiding both possible complica- 
tions, then, the two series would have to be carried along simultaneously, 
even though this might entail extra labor. They would have to be so 

related, genetically, that no possible hereditary differences between them, 
known or unknown, could account for a difference found in their mutation 
rates and so treated environically that, aside from the agent in question, 
no possible external differences could account for the result. 

Second, the Cl-containing stock, despite the advantages it presented 
for testing and for propagation of the cultures, could probably not be 

used to advantage for studying such differences in mutation rate as might 
be caused by different temperatures, as its ordinary mutation rate was, and 
might again be, too low. Similar conditions might, however, be found at 
any time (so far as the experimenter could predict) in any other stock. 

Hence it seemed desirable to use methods that would, with the same 

labor, allow still more wholesale testing for mutations than any methods 
previously devised for the X- chromosome. 
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After these trials of the possibilities of the X- chromosome, it therefore 
appeared as though the investigation of such (probably) moderate effects 
as those of temperature might be prosecuted more effectively by a re- 
sumption of intensive work with the second chromosome, where the 
accumulation method could be used. As we have seen, suggestive results 
had meanwhile been obtained from the experiment first started on this 
chromosome. The balanced lethal method, though requiring a consider- 
able lapse of time between the initiation and the winding up of an ex- 
periment, had allowed the experimenter, with the aid of an assistant 
(more of the labor being routine in this method) to raise even larger 
numbers than had the "C1" method. In addition, the amount of chromatin, 
and the probable number of genes involved in each chromosome tested, 
was nearly half again as great, since the second chromosome is 12 times 
as large as the X. It is true that, in spite of these advantages, the number 
of mutations found had not been great enough to give the results already 
obtained the full significance desired. Nevertheless -and these were the 
most important considerations -the method was found to be capable of 
being modified so as to become far more productive than it had been 
before, for a given amount of skilled labor, and, at the same time, it was 
found to lend itself readily to the securing of adequate controls, in the 
sense previously explained. 

FURTHER MODIFICATIONS AND TESTS OF THE METHOD OF BALANCED 

LETHALS 

ALLOWING FOR GENETIC AND CULTURAL HETEROGENEITY 

It might at first sight appear a difficult matter to elude invisible gene 

differences and secure, for the different series of an experiment, material 
that would be sufficiently comparable genetically. Even stock that is 

originally quite homogeneous is, of course, subject to differentiation 
through mutations, invisible as well as visible. However, it is possible 
readily to avoid the effects of genetic diversity simply by following the 

plan of picking the ancestral individuals, for the lines of the different series, 

at random from the same original lot. For in that case the possible genetic 
differences between the individuals, that might influence their mutation 
rate, would be distributed between the two series according to the laws 

of random sampling, and could not affect the series differentially to an 

appreciably greater extent than would be allowed for anyhow, when the 

ordinary probable error formula was applied to the mutations. This effect 

depended on the fact that in each series there were a great number of lines, 
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and that only in a negligible proportion of cases did more than one 
separable mutation occur in a single line. 

The differential effect of possible genetic differences on the two series 
could be still further reduced, moreover, by establishing the lines before 
the series were separated, and then forming the two series by splitting each 
original line into two or more divisions, of which half were placed in one 
series, and the other half- chosen at random from among the divisions 
of each original line -in the other series. This was equivalent to "group- 
ing" the lines, a practice already in use to avoid preliminary testing, as 
previously explained, and to then dividing each group equally among 
the two series. As carried out in the present experiments, the attempt 
was made to have at least 100 such groups, and to have at least 4 "sister 
lines" in each group at the start, in order to make sure that two at least 
survived to serve as tests of each other. In the case of each group of 4 

or more lines, then, 2 (or more) were placed in the "warm. and 
the other 2 (or more) in the "cool" series. 

In regard to the problem of overcoming the effects of cultural hetero- 
geneity similar considerations applied. If the two (or more) series of the 
experiment, which were run for comparison with each other, were carried 
on at the same time and in practically the same place (where vibration, 
radiation, barometric pressure, etc., were alike, except in so far as tem- 
perature itself might affect these), then all the differences in cultural 
conditions surrounding the flies in the different containers would be 

classifiable under the following two heads: (1) the differences in tempera- 
ture itself and in all conditions (for example, state of the food) that are 
influenced by temperature under the circumstances in which the cultures 
are ordinarily maintained, (2) "chance" differences -for example, in regard 
to amount of food, tightness of stopper, etc. -which are independent of 

temperature and which a culture in one series is as apt to be affected by in 

a given direction as a culture in the other series. By the very nature of 

the conditions under the second head, these will tend to become "evened 
up" amongst the hundreds (or rather, in this case, amongst the thousands) 
of individual cultures of the two series, like the genetic differences pre- 

viously postulated, in such a way that our random -sampling formula, when 

applied to the mutations finally found, will automatically allow for the 

practically random effects of these agents. This will leave only the agents 

mentioned under the first head, to account for "significant" differences 

in the mutation rate, that is, we can then be sure that any "significant" 
effect has been caused, either directly or indirectly, by temperature itself. 

Whether "directly," or "indirectly " -through the other conditions that 
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are somehow themselves affected by temperature -is of course another 
question, and one that the experiment by itself cannot pretend to answer. 

Be it noted that in thus tracing the cause of an observed significant 
difference down to temperature or its necessarily associated conditions 
we have avoided the pitfall that lies open in the interpretation of other 
experiments, in which the cultures either are not carried on at the same 
time, or are carried on in places the environic conditions of which have not 
been carefully guarded. For, in either of the latter contingencies, there 
might have been differences, such as in light, radiation, quality of food, 
etc., that consistently distinguished the two series, even though these 
differences were not causally, but only incidentally, associated with tem- 
perature.. It is the possible effect of such agents that we may avoid by 
means of our precautionary measures. 

FACILITATING THE FINAL TESTING OF LETHALS 

It was found possible considerably to reduce the labor in the final 
testing, and so to increase the numbers to be tested, by making use of ` 

the chromosome containing "curly," which had just been discovered and 
analyzed by WARD. For curly wings, which is a definitely dominant 
"visible" mutant, and was then, associated with a recessive lethal, lay in 
a chromosome containing much more effective "C factors" (inhibitors of 
crossing over) than CH L and CH R. The latter, it will be remembered, 
allow an appreciable amount of crossing over in the central portion of the 
chromosome, which lies between their respective regions of influence. 
For this reason it was necessary, when they were used, to have a lethal 
or sterilizing gene in each half of the test -chromosome. As no adequate 
sterilizing gene was available for the left half, star -a lethal -was used, 
there, and when the final tests were made this had to be removed by a. 

rather rare crossing over in order that the presence of new lethals might 
be detected. But by substituting the lethal, crossover -inhibiting, "curly" 
complex, for the CH LCII R chromosome of the balanced stock, it was 

possible to make the balancing chromosome, and its homologue, each 

hold together as a unit, so that only one lethal or sterilizing gene was 

necessary in the chromosome to be tested. It was chosen to use the 
sterilizing gene, morula, for this purpose, and to eliminate the lethal, star, 
from the formula, in order that later, when the final tests were made, it 
would not be necessary to outcross in such a way as to allow crossing over. 

Then, if no lethal were present, the entire non -crossover combination, 
Tdbprcarmr, would be able to manifest itself in homozygous condition, in 

one quarter of the "Fn4.2" flies (barring differential viability), whereas 
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if a lethal were present there would be no such flies at all. Thus the 
number of flies per culture which gave testimony to the non- existence of 
a lethal was vastly raised, and, under fair viability conditions, the number 
of cultures at first recorded as doubtful could be reduced greatly below 
the number encountered in the preceding balanced lethal experiment. 

The new balanced stock accordingly had as the basis of its composition 
for this work the formula: 

Td b pr c a, m, 

CylCyLCCyL Cn2 CCyR 

Here Cy represents the gene for curly, CcyL and CcyR are the "C factors" 
preventing crossing over in the left and right half of the chromosome, 
respectively, ZcyL is the associated recessive lethal, and cn2 is an associated 
recessive gene for "cinnabar -2" eye color. Flies of this composition appear 
normal, except for their curly wings, and are very vigorous and fertile. 
In some cases cinnabar (cn), an allelomorph of cn2, was substituted for 
purple eye (pr) in the upper chromosome; the flies then had the bright 
red "cinnabar" eye color. 

To make the final tests of balanced lines it may be recalled that a single 
fly (preferably a male) is taken from each line in the "Fn" generation 
and outcrossed in some way; Fn +1 flies containing his test -chromosome are 
then bred inter se, and the Fn +2 are examined for the presence, of the 
multiply recessive flies. Various possible crosses are feasible in the first 
generation of this test, but the one which experience has proved to be 
most suitable is of the given male to a female having the following com- 
position, specially synthesized for the purpose: 

S Tv b p, c a, m, 

Cy lCyL CCyL pr cn2 CCyR 

In the "Fn +1" from this cross the flies containing the test -chromosome 
from one parent and the curly complex from the other parent are readily 
distinguished from the rest by their having the combination: curly wings, 
non -star eyes, and purple or cinnabar eye color (according to which of 
these genes lies in their test -chromosome) ; the other curly- winged flies 
are star, and at the same time red eyed. In addition, flies will be formed 
that receive both chromosomes containing the similar "visible" recessive 
genes, and these will show all six of the corresponding recessive characters. 
They differ from the homozygotes to be looked for in Fn +2 by also having 
star eyes, and by having long (non- dumpy) wings (although they show 
the vortices associated with dumpy). The apparition of these recessives 
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in F +1 is valuable as a verification of the composition of the male from the 
experimental line, for if he is the result of some previous contamination 
of the line, these combinations will not appear, and the line must be dis- 
carded; thus one kind of later "doubtful case" will be avoided. 

In choosing the Fn +1 flies for mating, it is not absolutely imperative to 
secure virgins (though the youngest looking females should of course be 
selected), because, in the absence of crossing over, there is no chance for 
the test -chromosome to become "contaminated," and flies carrying it and 
curly can again be recognized and bred in the next and in each following 
generation in case lack of virginity (which will be apparent in the character 
of the offspring) should have been the cause of the non -appearance of the 
homozygotes sought. After virgins of the specified type haye thus finally 
been obtained, in some generation or other, the stock derived from them 
will not only afford a test for lethals, but it will itself constitute a "self - 
perpetuating" balanced stock in which the lethal can be held indefinitely, 
without selection being required; this stock can then be used, at the 
experimenter's convenience, for any further testing of the lethals -in- 
cluding the test of direct crossing with other lethal stocks to determine 
possible allelomorphism of the different lethals. Thus the elaborate pro- 
cedure, involving crossing over, etc., that was previously necessary for 
obtaining a readily useful stock of the lethal, is avoided. For determining 
thè locations of the lethals, however, simple out -crosses of such stocks to 

stock containing a chromosome without "C factors," followed by in- 
breeding of the non -curly offspring, are necessary. 

It will be seen that by means of the above method, although etherization 
and selection of the Fn +1 are still necessary, the procedure is, all in all, 

very considerably simplified. In fact, if the determination of possible 
"visible" mutants is not an object, most of the examinations of Fn +2 

bottles for lethals can be made without etherization, by inspection of 

the flies through the glass of the culture bottle. For the six recessive 
characters will appear in almost inseparable combination, and thus the 

homozygotes are very easily distinguishable by the naked eye from their 

curly winged, otherwise normal- appearing sibs. Recessives resulting from 

non -virginity, and so carrying T v in place of one of the Td genes, are also 

plainly distinguishable, by their much longer wings, from the typical 
homozygous combination sought. 

SIMPLIFYING THE ESTABLISHMENT OF THE LINES 

Some time after this improvement was made in the final testing it was 

found possible to make an even more radical simplification in the pro- 
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cedure whereby the lines are started. This simplification was gained by 
an increase of genetic complexity, which, once established, was self - 
perpetuating. 

The chief object in making the crosses and selections whereby the groups 
of lines were established was to insure the "unity of the source" from which 
all the test -chromosomes in a given line or group of lines were derived. 
Hence, a single male, heterozygous for the test -chromosome, had to be 
mated, and the offspring which showed, by their "identifying characters," 
that they had received this chromosome together with the required 
"balancing" chromosome from the female, had to be selected and bred 
inter se- virgins being eventually necessary. When several hundred lines 
are in question the amount of labor, thus multiplied, may seriously affect 
the numbers started. A scheme was accordingly devised whereby the 
selection of the desired virgin F1 would be carried out automatically, by 
reason of the death, genetically produced before hatching, of all the 
undesired zygotes. 

In the working of this scheme, advantage was taken of the peculiarities 
of the race containing "Translocation I," which had been discovered by 
BRIDGES to have a portion of one of its second chromosomes removed and 
attached to one of its third chromosomes. A zygote with a defective second 
chromosome cannot live unless supplied with the "translocated" section 
on the third chromosome. Thus, by making the undesired second chromo- 
some of the ancestral female a defective one, there was a chance to kill 
off those offspring that received it, in a certain contingency- namely, 
when the translocated piece was not inherited with it. As for the other 
offspring that received this undesired second chromosome of the female, 
but received the translocated piece on the third chromosome as well, it 
was arranged to kill them in another way -by means of other lethals that 
had been placed in the third chromosomes. For this purpose, in the female 

in question, the third chromosome containing the translocated piece was 

given two different lethals (0 and H), between which crossing over was 

prevented, and the two third chromosomes of the "source male" that was 

to be crossed with this female were each given one or the other of these 

same lethals. For these reasons none of the offspring survived that 
received the undesired second chromosome of the ancestral female. Now 
the desired second chromosome of this female contained the curly lethal 
complex. That made it easy to kill off those offspring that received this 

desired chromosome but received the undesired second chromosome from 

the "source male," for if the stock yielding the latter were made up in 

such a way that its undesired second chromosome contained the curly 
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lethal complex likewise, the offspring having the combination in question 
would be homozygous for curly and its associated lethal. Thus there would 
be left alive only the offspring of the requisite type that had received both 
the desired second chromosome from the female (the curly -containing 
chromosome) and also the desired second chromosome from the "source 
male" (the "test- chromosome "). 

The males and females serving for this cross were obtainable directly 
from their two respective stocks, without selection, as the ancestral com- 
binations referred to were of a balanced type, such as would automatically 
perpetuate only their own composition (barring a very rare crossover) . 

The formula of stock "A," from which the "source males" were derived, 
was as follows: 

Td b cn c ar mr d 
(stock "A ") - 

Cy lcyLCcyLcn2Ccoe H 

A ( "delta ") and H ( "hairless ") are the third -chromosome lethals pre- 
viously referred to; they are dominant for certain visible characters, and 
their loci are very close together. 

The formula of stock "B," from which the females for the cross were 
derived, is as follows: 

(stock "B ") 
P dHe Tr 

Cy 1CyL CCyL Gn2 CCYR CIII lIII1 

Here P ( "Pale ") represents the absence of the piece of the second chromo- 
some which, when present attached to the third chromosome, is designated 
as Tr (for "translocation "). Cm is a "C factor "; IIII i is a recessive 
"balancing" lethal; e ( "ebony ") is non -essential but would have been 
difficult to eliminate in making up the stock. 

Reviewing this cross briefly now, in terms of the above symbols, we see 

first that the P- containing chromosome of stock "B" could survive only 
when accompanied by Tr. But Tr is accompanied by both the lethals 
and H, either the one or the other of which it will also encounter from the 

other stock, "A," and which will therefore kill the fly containing it. The 

P chromosome, hence, never survives the cross. Considering now the 

curly- containing chromosome of stock "B," we see that this will, through 
its lethal, kill the zygote which also receives curly from "A." There still 

remains the possibility of curly from "B" (together with C111/11I 1) uniting 
with the "test- chromosome" from "A" (and with either d or H) ; this is 

the combination required; it has, so far as its second chromosomes are 

concerned, precisely the formula previously presented as desirable for ' 

flies of experimental balanced lethal lines. 
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To start the lines, then, it is accordingly necessary only to collect "A" 
males and virgin "B" females from the respective stock bottles, in large 
numbers, and then to put a pair in each vial, to be thrown out before the 
offspring hatch. Each pair is the ancestor of a separate line, or group 
of lines. Their offspring are automatically of the right composition, 
because of the genetic machinery that was at work, and those offspring 
that occur within a given culture all have their test chromosome derived 
from a single source -chromosome, and can be bred together. 

AUTOMATIC PRELIMINARY TESTS OF THE LINES 

Since, now, the test -chromosomes in the above offspring (F1) do not 
intentionally contain star, or any other actual lethal, at the start, but 
only a sterilizing gene (mr), the multiple recessives homozygous for this 
chromosome should actually appear, in the next generation (F2) of the 
line of cultures, if this generation is reared under fairly favorably con- 
ditions (that is, in a bottle, in temperately warm surroundings). There 
they can be recognized through the glass wall of the bottle, with the 
unaided eye. An "antecedent" lethal unintentionally included will, 
however, prevent them from appearing. In this way, by merely growing 
the second generation with some care, in bottles, and inspecting the latter 
with the naked eye, the lines can be started with preliminary tests that 
will guarantee the absence of "antecedent lethals." The system based on 
the groupings of the lines will thus receive a double check, even "parallel 
mutations" can then be recognized as such, and the useless carrying along 
of lethal cultures through an experiment will be avoided. 

It is true that the sterilizing gene morula cannot be regarded, theoreti- 
cally, as completely preventing differential survival, because only the 
female is sterile. The flies containing all the recessive genes, however, 
hatch very infrequently in the vials, and then are small and weak. The 
number of lethals lost through the successful competition of a non -lethal 
homozygous multiple- recessive male of the type in question with a 

vigorous but lethal- bearing curly fly must therefore be negligible. 

The development of the "automatic complementary stocks," "A" 
and "B," was the result of over a year's work (1921 -1922), since many 
other schemes of mating and balancing, most of them much more elaborate 

genetically than the "A" and "B" plan described, were constructed and 

tried out simultaneously. Various others have also been tried since. The 

scheme given, then, represents the residue, proved most practicable, of 

all these various trials. 
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PROPAGATION OF THE CULTURES 

The chief remaining portion of the work in which it was desirable to 
increase the productivity of a given amount of labor consisted in the sheer 
rearing of so great a number of cultures as was needed during the course 
of the "n" generations -the preparation of vials, emptying, transferring, 
etc. True, this work had, by the balanced lethal system, been reduced to 
a routine that allowed it to be placed in the hands of assistants, but the 
time consumed in such labor was so great as to leave the maximum number 
of lines that could be maintained smaller than was desirable, and much 
smaller than the number which the investigator, by means of the new 
simplifications in the crossing procedures, could conveniently establish 
and test. 

Attempts were therefore made to improve the efficiency of the technique 
of propagation, and a number of features of considerable time -saving value 
were introduced, which it would scarcely be in place here to describe at 
length. Thus, a much readier method of distribution of the food among 
the vials, through a funnel, was introduced, and the food was made easier 
to handle, cheaper, and more suitable for the flies, by the substitution of 
an equal volume of 50 percent karo (aqueous solution) for half of the 
banana. The latter modification had already been introduced in the first 
experiment, and likewise the one of spraying the cultures en masse, with a 
yeast suspension, and of sprinkling them with confetti in place of inserting 
slips of paper. Such petty modifications as the substitution, for labels, of 
transferable tags attached to rubber bands, that were passed down from 
culture to culture in each line, also became of importance, when multi- 
plied by the thousands of transfers made. 

In spite of these and numerous other innovations, which, taken together, 
have about tripled the number of cultures possible, the problem of propa- 
gation of the lines still remains the most difficult one. It was for a time 
thought that this had been largely solved by the construction of concrete 
frames, in each of which 49 vials were embedded, and from which, after 
anaesthetization en masse, by cold, a single (fitted) cover, containing the 
flies in their respective pits, could be removed; all the flies of the 49 

cultures at once might thus be transferred directly to 49 freshly prepared 
vials of culture medium, similarly embedded in another frame. Further 
experience has shown, however, that in occasional vials the flies will not 

yet be numerous enough for transferring, though all the others have long 

been ready; again, on some occasions, the flies may not fall into the cover 

pit in sufficient numbers. Thus more experimental work will be necessary 
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before we have a really feasible method of this general type. It is hoped 
that others interested in Drosophila cultivation will join in the endeavor 
to produce something practicable along these lines, as it might be of use 
also in the cultivation of stocks and in some other types of work. 

FURTHER EXPERIMENTS 

It is the object of the present paper to review only those experiments 
of the author, and that recorded work of others, which helped towards 
the ultimate attainment of an answer to the question whether temperature 
can somehow affect mutation rate. An account of the mutation work of 
the next three years, 1922 -25, will, therefore, not be presented here. It 
did, however, play a rôle in the development of the final attack, as the 
considerable practice in balanced lethal work obtained then confirmed the_ 
practicability of using the automatic complementary stocks, "A" and 
"B," and in addition gave various important hints as to their use, which 
served to insure the carrying through of the later experiment. One such 
lesson drawn was that of the necessity of making the tests for lethals at 
a temperature not more than moderately high (about 25 °C), and under 
not rapidly fluctuating degrees of humidity. Failure to have either one 
or the other of these conditions observed will lead to a very low viability of 
the multiple recessives that are sought for -a circumstance that caused 
the partial collapse of one extended experiment before these requirements 
were realized. 

It may be explained that the reason that the work carried on by the 
writer, during these years, was in the main not directed at discovering 
the effect of temperature, was because much better physical facilities for 
such work were expected in 1925, with the completion of a new biology 
building containing a refrigeration plant, constant temperature room, 
and considerable incubator space. In the older building, it would not have 
been possible to insure the maintenance of nearly all the lines called for 
at one constant temperature and certainly not at two differing constant 
temperatures. Accordingly, in view of the amount of labor and expense 
that each mutation experiment entails, it was felt worth while to wait 
until the opportunities were optimal. Meanwhile, the experiments that 
were carried on were mainly directed at the related problem of the effect, 
on the mutation rate, of "age" -that is, of those internal conditions which 
change with the rotation of the reproductive cycle. The connection 
between this problem and our present one has previously been referred 
to. The results of these experiments, some of which are still in progress, 
must be published separately. 
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It should be mentioned that during this period one experiment involving 
temperature differences was undertaken. This was done, however, in 
collaboration with Professor F. B. HANSON, the cultures being carried on 
under his direction, with adequate facilities, at WASHINGTON UNIVERSITY. 

This experiment involved features which make it more suitable to report 
separately, or in connection with the experiments involving age differences. 
The omission of the results here will, it may be stated, in no way militate 
against the acceptance of the present data, or hamper their critical con- 
sideration, because in the joint work the temperature influence was 
applied in an entirely different way, and the results could not, and do not, 
either invalidate or confirm those of the present experiment. Meanwhile, 
the author wishes here to express his appreciation of Professor HANSON'S 

kindness in agreeing to this grouping of the reports. 

THE LATEST TEMPERATURE EXPERIMENT 

THE CONDUCT OF THE EXPERIMENT 

With the approaching provision of the physical equipment needed and 
attainment of facility with the improved breeding methods that had 
been evolved, it was decided to undertake an experiment which would 
considerably surpass, in numbers of chromosome- generations finally 
tested, any that had been previously performed, in order that, if it were 

at all possible, the question at issue might finally be settled decisively. 
At the same time it was desired to alter somewhat the method of applica- 
tion of the differential condition (temperature), so that certain more 
detailed information concerning the incidence of its effect (if any) might 
be secured. 

In accordance with these plans, in May, 1925, 106 (fertile) pairs of flies, 

derived from the complementary stocks, "A" and "B," were placed in 

separate culture vials, to form the start of 106 groups of lines, numbered 
consecutively. In the next two generations, the descendants of each pair, 

without selection or etherization, were divided at random among 8 

cultures, tagged with the given number of their original group, and lettered 
from A to H, respectively. In each group the appearance of some multiple 
recessive homozygotes, in some following generation, was noted; this 

proved that none of the groups of lines originally contained a lethal. 

The lines marked A to D were then chosen to form the "cooler" series, 

and those marked E to H, the series treated with a relatively high tem- 

perature. 
It was intended to keep the cooler series continually at a temperature 

of 19 °C, but as the new building was not ready as soon as expected these 
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cultures could not uniformly be kept as low as this for the first two genera- 
tions following the separation of the two series. By dint of special efforts, 
however, it was managed to keep their temperature within about 2 °C of 
this figure for this period, and after that, when they had been transferred 
to their new quarters, the temperature of these cultures varied, with rare 
exceptions, less than 1 °C from 19 °. Approximately ten days after the 
flies of this series had been transferred to fresh cultures, they were thrown 
out and discarded; a sufficient number of their offspring had, in the great 
majority of cases, hatched 10 or 11 days later (that is, 20 -21 days after 
the parents had been put in), and these were then transferred to a fresh 
culture again, in which the cycle was repeated. 

In April of the following year (1926) one male was taken from each of 
the surviving cooler lines, and crossed in the manner previously described 
(pp. 331 -332), for the final tests for lethals. 

The "warmer series" was subjected to a temperature of 27 °C -care 
being taken not to allow it to go over a degree higher because, as WARD 

has found, this causes the curly complex to undergo appreciably more 
crossing over. The facilities were adequate, in both buildings, for main- 
taining the cultures at this temperature, ± 1 °. The "warmer series" of 
cultures were not kept at this temperature throughout their life cycle, 
however, as it was desired to test somewhat more specifically whether 
warmth, applied to that part of the life cycle more closely connected with 
the maturation period, would be effective in changing the rate of muta- 
tion. This was done in rather crude fashion in the first six generations of 
treatment (till the end of September, 1925), and with somewhat more 
refinement after that. 

During the first six generations the cultures of the "warmer series" 
were kept with the cooler ones, at the same temperature as the latter, from 
the day on which the parent flies had been removed from them until, 
10 days later, the offspring hatching in these cultures were transferred to 
fresh cultures. The latter were then kept at 27° for 10 days, until the 
flies (now parents) in it were removed, whereupon it likewise was placed 
in the cool environment and the cycle was repeated. This was not a 

critical method of applying warmth at a given period in the life cycle, 

because the flies, during their 10 days in the warm temperature,were laying 
eggs continuously, and both their egg cells and their offspring, including 
larvae of all possible different ages, must have been subjected to the 
warmth, which was accordingly applied, in the case of different in- 

dividuals, to very different sections of the life cycle. During this portion 
of the experiment, then, the warmth may be regarded as having been 
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applied at practically all stages, but for only half the length of the life 
cycle. It will be noted, however, that nearly all the offspring were derived 
from eggs that had been subjected to warmth for at least a short time - 
generally a long time- before laying. 

During the last 10 generations of treatment the warmth was again 
applied over about half (5/11) of the duration of the fly's life, but it 
was timed in such a way as to be limited somewhat more nearly to a 
certain portion of the life cycle, in each generation. This was done as 
follows: The parents were allowed to stay only four days in the culture 
from which the offspring were to be taken for continuance of the line. 
During this egg- laying period the cultures were given the 27° "treatment," 
and most of the eggs did not get beyond the young larval stage. After 
these four days the parents were discarded and the vial containing the 
larvae was placed in the cool room at 19 °, with the other series. After 
about 12 days here those offspring which had by this time hatched into 
imagos were transferred to a fresh culture vial, which was put in the 27° 

incubator for 6 days. Then these same imagos (before their offspring had 
hatched) were retransferred into another culture for the period during 
which the eggs desired for the continuance of the line were laid; the pre- 
ceding culture was discarded. Thereupon the cycle was repeated as before, 
keeping the new cultures containing the imagos (now parents) at 27° for 
four days, after which the imagos were discarded and the vial placed in 

the cool room, etc. It will be seen that in this case all the flies that bred 
had been kept at 27° for a period of 6 to 10 days just preceding the laying 
of the eggs that were allowed to develop. Aside from this period of 

warmth, which all the flies underwent, there was only the short period of 

warmth, 0 -4 days long, during which the flies were in the egg and early 
larval stages. During their later larval development and growth, their 
pupal metamorphosis, and their earlier adult life, they lived at the same 

temperature as the cool series. 
It will be noted that throughout the above series of breedings the 

warmer and the cooler series were carried through the same number of 

generations in a given time, and thus any possible influence of the chrono- 
logical age of the parents was prevented. Of course the flies hatched sooner 
in the warmer series, but the time -length of the reproductive cycle that 
they were allowed to pass through was the same. For the flies of both 
series were transferred to those cultures from which their offspring were 

later to be taken, after the same length of time since their parents had 

been transferred to the cultures from which they themselves had hatched. 
In fact, these transfers were nearly always made on the same day, in both 
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series. In the first six generations, when double transfers of the imagos in 
the warm series were not made, the transfer of that series could not have 
been made two days later without a possible overlapping of generations, 
but tests showed that with the intervals and temperatures actually used 
overlapping did not occur. 

It should be stated that in every experiment of this kind cultures 
occasionally die out, or occasionally they are not ready for transferring 
at the appointed time. Two cultures were therefore always kept of each 
line -the fresh culture and the one from which the flies had previously 
been transferred. If the fresh culture failed, flies were taken from the old 
culture wherever possible. In the case of the warm series, most of the 
flies in the older culture belonged to a "younger" generation than in the 
newer culture, not having been artificially retarded in their breeding by 
the transferring. Whenever an irregularity of this sort occurred, record 
was kept of it, so that the maximum total number of generations of the 
warm series, and the minimum of the cool series, could be computed, 
the figures presented in the next section, in order to be "on the side of 
caution" in interpreting the results, represent these extreme values. Such 
occurrences did not take place often, however, and could not have appre- 
ciably affected the mode of influence of the treatment upon the germ 
plasm of the organisms. 

In April and May, 1926, one generation after the tests of the "cooler 
lines" had been started, the similar tests of the surviving "warmer lines" 
were begun. 

THE RESULTS AND THEIR EVALUATION -THE EFFECTIVENESS OF 

TEMPERATURE WHEN THE DURATION OF THE GENERATION IS 

HELD CONSTANT 

There were 381 lines of the original 424 belonging to the cooler series 
that had survived to be tested, representing 6286 "chromosome- genera- 
tions" (In), or 4191 "chromosome- months." Among these, only 12 lines, 
all of different groups, were found to contain a lethal; all others yielded the 
multiple recessives. This is a rate of 1 lethal in 524 chromosome- genera- 
tions, or 0.19 percent of mutation per generation, for this chromosome. 
The time -rate is 1 in 349 chromosome -months, or 0.29 percent. 

In the warmer series there were 359 surviving lines from the original 424, 
computed to represent 6462 "chromosome- generations," or 4308 chromo- 
some- months. The number of these lines found to contain a lethal was 31. 

From these figures we may compute a mutation rate, per chromosome- 
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generation, of 1 in 208, or 0.48 percent. The time -rate is 1 in 139 chromo- 
some- months, or 0.72 percent. 

Of the lethals in the warm series only two sets, of two each, were numbered 
alike -that is, from the same group, -and only in three of the groups 
in which a lethal occurred in the warm series did one also occur in the 
cool series. This grouping of lethals was not greater than would be 
expected in a chance distribution; in fact, it was somewhat less than the 
most probable value for the expected grouping, though it did not de- 
viate from the latter more widely than the error of random sampling 
would allow for. Every group containing one or more lethal lines also 
contained several surviving non -lethal lines. All lethals were verified 
by breeding the corresponding stocks derived from the test crosses 
through at least five generations, under favorable conditions, and examin- 
ing the cultures in each generation for the multiple recessives. We may 
take the figure 31 of the warmer series as not too high, therefore, and as 
not representing the special mutability of a few groups of lines. 

The difference between the mutation rates, per chromosome -generation, 
of the two series, is .29 percent. This is 4.1+ times its own probable error 
(calculated by the random sampling formula previously given). Such 
a would have only 1 chance of occurrence in 195 experiments, 
if the rates were really the same, or 1 in 390 if we consider the direction 
of the change as specified, and the effect may therefore be regarded as 

"proved," in the sense of having that high probability which passes as 

proof in most scientific work. The difference between the time rates 
of mutation is equally significant, since the time : generation relation- 
ship was the same in the two series. 

Both the latest experiment, and the two previous temperature experi- 
ments combined, thus agree in giving convincing evidence that the time - 

rate of mutation varies with the temperature, the earlier results showing 

that this occurs when the duration of the generations varies naturally 
(more generations per unit time when warmer), and the recent results 
showing the same effect even though no more generations are allowed at 

the warmer temperature than at the cooler. 
Regarding the results now from the point of view of the mutation 

rate per generation, it can be concluded from this last experiment that 

this rate rises when the temperature is increased, provided the alAolute 

time -length of the generation be kept constant. Beyond this, from the 

earlier experiments, combined, there has been established a fair 

probability, though not as decisive as the above, that a rise in temperature 
increases the mutation rate, per generation, even when the generations 
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are allowed to have lengths that vary with the temperature as the rate 
of development naturally varies (the fly thus breeding at about the same 
"physiological age "). If this should hold true there would ordinarily 
be both more generations in a given time and, in addition, more mu- 
tations per generation, at a higher temperature, and the effect of tem- 
perature on the time -rate would therefore usually involve the product 
of both these factors. 

It will be noticed that not only are the apparent effects on mutation 
rate of the same sign in all three experiments, as well as of convincing 
magnitude in certain cases considered separately, but that the intensity 
of the effect produced is also closely similar, approximating the relation, 
Qlo = 2 to 3, well known for chemical reactions. Though not so much 
significance can be attached to the exact magnitude of the increment, 
nevertheless this agreement is "suggestive." 

This apparently high effectiveness of heat was produced in the recent 
experiment even though the treated flies were, for the most part, subjected 
to the heat over only a special fraction of their life cycle -including 
principally the period of maturation or maturity, and to a lesser extent 
the period corresponding to the rather young larva. Only about half of 
the flies in about a third of the generations (the first six) were treated 
in other parts of their life cycle; the pronounced effects of heat observed 
could, therefore, scarcely all be referable to the relatively few treatments 
during these other periods. The indications are consequently very strong 
that heat at one or both of these two particular periods, just specified, 
is effective in increasing the mutation rate. Whether, when applied to 
other particular portions of the life cycle, the heat would be equally 
effective, or effective at all, we cannot say from such results, except by 
way of noting that the effects observed were as marked in the later 
experiment, when only this period was treated, as in the former, when 
the whole life cycle was treated. This problem, or a closely related one, 
is involved also in experiments that deal more specifically with the effect 

of aging. 

INTERPRETATION OF THE FINDINGS, AND GENERAL CONSIDERATIONS 

Although these results constitute, in the opinion of the writer, the 
first demonstration of the . effectiveness of any specified agent whatever 
in influencing the mutations of numerous genes, and probably of genes 
in general, yet we must be exceptionally cautious in going far from 
these facts and attempting to draw still more general or remote con- 

clusions from them. The sheer fact of the temperature effect on mutation 

GkNETIcs 13:J11928 



344 H. J. MULLER 

is worth having, but by itself it stands as an isolated beam in the largely 
unseen structure of mutation and gene theory. More results gained 
by similar methods are badly needed. But, in this connection, perhaps 
the most hopeful feature of the present data is that they show that 
mutation is indeed capable of being influenced "artificially" -that it 
does not stand as an unreachable god playing its pranks upon us from some 
impregnable citadel in the germ plasm; instead, it can be "moved," and its 
movements detected, studied and "mapped." 

It should be repeated here that we do not as yet have any valid evidence 
on the question of how direct the effect of temperature upon mutation 
is. We know, however, that in the case of ordinary chemical reactions, 
the direct effect of a rise in temperature is in the direction of an in- 

crease in the speed of the processes, and that the magnitude of this in- 

crease is between about 100 and 200 percent for each 10 degrees centi- 
grade (for ordinary temperatures). We have seen, in the present work, 
that in the case of mutation rate also the effect of a rise of temperature 
is in the "positive" direction, and that the magnitude of the effect 

observed here too seems rather simular to that just stated. These 
facts, then, certainly suggest that mutation depends primarily on a 

chemical reaction, and is thus directly affected by temperature; pushing 
the conclusion further, it would become probable that mutation consists 
ultimately in changes of structure of the general type conventionally 
designated as "chemical" rather than of one of the types called "phy- 
sical," (not to speak of such imaginary types as vitalists might postulate). 
But these points can certainly not be regarded as critically proved, 
for changes in chemical reations, dependent on temperature, may in 

turn cause marked effects on physical processes, and vice versa. 
We know, for example, that the frequency of the semi -mechanical 

process of crossing over is, in certain chromosome regions, about doubled 

by a rise of 10 °C, at a certain temperature level, and this may quite 

possibly be brought about through a primary chemical effect of tem- 

perature, that in turn influences some "physical" property like chromo- 

some plasticity. In some similar way it might be supposed that muta- 

tion, though itself a "physical" process (that is, not involving changes 

in intra- molecular attachments), could be influenced by a chemical change 

or complicated series of changes occurring outside of the genes. If a 

series of changes was involved, the initial process (the effect of tem- 

perature upon which was ultimately responsible for the changes in 

mutation frequency) might even be outside of the organism itself, since 

as has before been pointed out, we cannot absolutely exclude such, 
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possibilities as that a change in composition of the food, or in some 
other cultural condition, itself somehow dependent on the temperature, 
secondarily affected the mutation rate. We may return to the point, 
however, that in the case of any sorts of indirect action such as those 
pictured above, the facts that the effect of a rise in temperature was 
positive in direction, and was of apparently the same magnitude as 
are the direct effects on chemical reactions, would have to be regarded 
as in the nature of a "coincidence." And coincidences do not form 
good postulates. 

One of the points to be remembered in considering the possible mode 
of action of any agent in changing the structure of a gene is that we are 
not necessarily dealing here simply with an alteration in the composition 
of pre- existing gene material, but we may instead, or in addition, be 
dealing with some kind of interference, by the agent in question, with 
the process by which the pre- existing gene forms new gene material. The 
pre -existing gene may remain unmutated, and the "mutation" may consist 
in the fact that, for some reason, the new gene material built up at that 
particular time was not just like the old. In that case, the more rap- 
idly gene growth occurred (that is, the more gene 'material was formed 
in unit time) during the time that the "interfering agent" was able to 
act, the greater would be the number of mutations that occurred. Since 
an ordinary rise in temperature, during stages when cell growth is oc- 
curring, usually increases the rapidity of that growth, this by itself 
would then lead to a direct effect of temperature on mutation frequency, 
even if other effective factors remained constant. Evidence on this 
question might be gained if we found that the effect of temperature on 
mutation rate varied in direct proportion to the rapidity of gene growth 
that was going on in the germ plasm at the time when temperature 
was applied. For example, on this hypothesis, warmth applied to mature 
spermatozoa should produce no such effect. It was because of these 
considerations that the series of cultures involving the aging of sper- 

matozoa was carried on, but, it will be recalled, the mutation rate was 

too low in that experiment to permit the securing of results. Similar 
work, with the aid of the newer methods, should be more informative. 

There is at least one path of indirect action of temperature that might, 
on a priori grounds, have been postulated as a mechanism whereby 
mutation rate could be influenced, which can be categorically eliminated 
as a cause of the effects observed in the present experiments; that is, 

the possibility that the mutation rate was affected through the known 
effect of temperature upon crossing over. Such an idea may have already 
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suggested itself to the reader in view of the peculiar relationships found 
to exist between crossing over and bar eye "mutation," by STURTEVANT, 
on the one hand, and between crossing over and reddish mutation in 
D. virus, by DEMEREC, on the other hand. Fortunately for a decision 
on this point, crossing over could not occur in the present experiments, 
in those chromosomes in which mutation was looked for. Furthermore, 
most of the mutations occurred in chromosome regions the crossover 
frequency of which is affected little or not at all by ordinary temperature 
changes. The mutations observed, then, were not phenomena of ex- 

change between homologous chromosomes. They may well have been 
affected, however, by some of the same forces (for example, those exerted 
in synaptic attraction) as also influence the process of crossing over. 

An attack on such questions as the above, also, does not now seem 
so remote. Whether or not, or how, certain synaptic occurrences are 
associated with mutational changes in general is one of the topics that 
may be investigated by modifications of our present methods. An 

intensive mutation study, in which given conditions, known to affect 
another process in question (for example, synapsis), are concentrated 
at crucial stages of the life cycle, could scarcely fail to yield evidence 
regarding such a point. 

In the light of the new "gene- element" conception further and per- 

haps even deeper problems are raised by the present study. Accepting, 
that is, for purposes of discussion, this new theory, it is not clear whether 
the effect of temperature here detected would be due to a greater rate 

of sorting out of "gene- elements" already heterogeneous in the gene 

before the experiment started, or to an actually greater rate of "gene - 

element mutation," or both. Various indications, however, would 

point to the rate of mutation in whatever are the primary gene particles 
as having itself been increased. One of these indications is the usual 

lack of grouping in sister lines of those identically located lethals which 

were found in most of the experiments, -although the latest experiment 

on the X here seems to form an exception. Another indication is the 

finding of apparently as great an effect of temperature on mutation 

frequency, per generation, in the experiments involving many generations 

as in those involving few, whereas if merely the rate of sorting out of 

elements had been hastened the supply of differing elements would have 

dwindled away in the course of time. On this point too, however, the 

results are only "suggestive." The methods here used are, however, 

capable of application to this problem too. 
Evolution theory and practical breeding must in part follow in the 
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wake of mutation study. Evolutionists would doubtless eagerly make 
use of the notion that mutation happens more frequently, per unit time, 
and also probably per natural generation, at warmer temperatures. And 
if this were constantly true it could scarcely fail to be an important factor 
in the rate of evolution, since mutations seem to be so rare that their 
rate may often be the limiting factor in the rate of evolution, and the 
latter process will then be directly proportional to the former (other 
things being equal). But it must be pointed out that the significance 
of the results here presented, for evolution, must largely depend upon 
the answer to some of the problems previously raised. Take, for example, 
the problem last discussed, as to which hypothetical part of the process 
of mutation has been accelerated: The change in the ultimate gene ele- 
ments, or in their postulated rate of sorting out (and, possibly, in their 
differential rate of multiplication) to form manifestly different genes. 
If the former process has been speeded up, the effect would indeed be 
important in the long run, and therefore of consequence in evolution; 
if the lattter process only is involved, the effect might be evanescent, 
since the rate of supply of new "gene- elements" would not be increased. 
It must be remembered, too, that "other things" are not equal, in nature, 
and that other factors (including those of selection) differentiating warmer 
from cooler climates may, on occasion, be vastly more than 
an effect of temperature upon mutation rate itself. This too, however, 
is within the pale of investigation. 

In practical breeding, any factor should be of importance that can 
affect mutation rate, even if for only a few generations. The implications 
of the present study for the improvement of organisms whose germ cells 
can be subjected to controlled temperatures are therefore obvious, and 
need not be dwelt upon here further. Conversely, cold might be used 
as an aid in maintaining genic stability in already standardized races. 

In conclusion, it may be repeated that, while the effect of temperature 
on mutation here observed seems of interest, more special emphasis 
should perhaps be placed on the opening úp of the new methods here 
set forth, and on the proof that these methods can be used successfully in 

attacking problems which hitherto have been inaccessible. Temperature 
is merely one of a great number of conditions -external and internal -the 
effect of which upon mutation can be studied in various ways. And, as 

the present work demonstrates, some of these other conditions, or at 
least one, certainly do exert an influence upon mutation rate far greater 
even than that of temperature. As to what these conditions, or this 
condition, consist of, the present experiments give little hint, though 
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they varied markedly from experiment to experiment. This in itself 
presents an alluring problem, which likewise seems capable of approach 
through the present methods. Thus, through attacks of this kind, we 
may perhaps hope for the study of mutation eventually to pass from its 
earlier observational and speculative stage to one of quantitative and 
controlled study, from which exact knowledge, and principles not now 
to be guessed, may finally emerge. The "factor theory" itself awaited 
intensive quantitative study before its structure could be soundly estab- 
lished, so did the chromosome theory, and so, probably, will the future 
theory of mutation. 

It may appear as though experiments of this type are too cumbersome 
to be prosecuted. They are not nearly so cumbersome as they were 
when the first results were obtained with them, and still better methods 
are, it is hoped, being developed. Since, however, the methods can 
be successfully used at all, then, for the very reason that they do require 
effort, it becomes all the more needful for a larger corps of investigators 
to step into the work thus provided, to make still further improvements, 
and to gain further data on the important problems that abound in this 
new field. Each plant -generation in the earlier work on Mendelian 
inheritance required a year, and much labor, and an experiment required 
several years; yet through such work biology made relatively rapid 
strides. And the mutation work is now only in its early years. 

SUMMARY 

1. The development is traced of methods of obtaining valid data on 

the frequency of gene mutations under varying conditions. The methods 
fall under two general groups: 

(a) Tests of the X- chromosomes. These again fall into two subgroups - 
those involving sex ratio counts of each test -culture, and those involving 
the determination of the presence or absence, in each test -culture, of cer- 

tain classes of males from mothers heterozygous for sex -linked "identi- 
fying genes." 

(b) Tests of autosomes. Here stocks containing balanced lethal or 

sterility genes may be used, to allow the accumulation of mutant genes 

with the exclusion of natural selection, and the tests, involving . "identi- 
fying characters" observed in the second generation, are then applied 

only to the final test -culture of each of the numerous lines of descent. 
2. Explanations are given of the purposes, and of the modes of operation 

of various special genetic devices that facilitate the establishment of the 

test -cultures and the making of the tests, so as to render possible the 
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obtaining of a significantly large body of data. Among these devices 
may be mentioned particularly: 

(a) In the case of work on the X- chromosome, the use of the "C1" 
complex, discovered in the course of the work, which makes it possible 
to detect sex -linked lethals by inspection of the culture vessels with 
the naked eye, to use vials instead of bottles as culture vessels, and to 
continue the tests in each generation by simply crossing non -virgin 
females with any of their brothers. 

(b) In tests on the second chromosome, the use of the "curly" complex 
in the "balancing chromosome," in conjunction with a sterility gene 
instead of a lethal in the test- chromosome; this likewise makes possible 
the detection of lethals by naked eye inspection of the culture vessels. 

(c) In establishing the initial cultures in work with the second chromo- 
some, the use of "translocation I," together with lethals in the third 
chromosomes, in special arrangement, to kill off automatically all 
flies except those of the required composition and thus to insure the 
"unity of the source" of tested chromatin in each line, or group of lines, 
of descent. 

(d) The method of grouping the balanced lines in such a way that 
lethals present prior to the beginning of the experiment would be re- 
cognized as such when the final tests were made, and the splitting of 
each group of lines between the two contrasted series of an experiment 
so as to avoid the effects of invisible genetic heterogeneity. 

3. The tests carried out by the aid of these methods demonstrated 
their adequacy, under "suitable conditions" (see 5), for the attainment 
of significant figures, in which the error caused by "random sampling" 
was sufficiently, smaller than differences due to "determinate causes." 
This will be realized on inspection of table 3, pp. 354 -5, where the data 
from all the experiments herein reported are summarized,- comprising 
a total of over twenty -four thousand definitive test -cultures and a still 

greater number of chromosomes tested for mutation. 
4. The lethals found in some of the experiments were mapped (see 

figures 1 and 2), and tests to determine allelomorphism were given. 

While a few more mutable loci were encountered, on the whole the genes 

were distributed in a manner similar to that found in ordinary work on 

"visible genes." Gradations between lethals and "visible genes" were 

found, as well as cases of allelomorphism between lethals and visibles. 

Thus, detailed study of the lethals has shown that they do not constitute 

a class genetically different from other mutants, or confined to a few 
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special loci, but that the mutations giving rise to them may legitimately 
be used as an index of gene mutations in general. 

5. The results obtained in different experiments show beyond question 
that, instead of mutation proceeding at a fixed rate, as might have been 
supposed, it is exceedingly changeable in its frequency, and, in fact, 
variations of the order of 1000 percent can follow from unknown causes 
that invisibly differentiate experiments apparently similar, and involving 
only ordinary cultural conditions. In the light of these findings, it is 

probable that the failure of attempts of previous investigators 
to prove any effect of drastic external conditions upon the occurrence of 
mutation has been due rather to lack of refinement of their methods 
(which utilized only the exceedingly rare definitely "visible" mutations 
as an index of mutation rate) than to actual non -effectiveness of any of 
the agents employed. 

6. It is found that, at the higher levels of mutation frequency encoun- 
tered in the course of these experiments, it is practicable to use the 
X- chromosome in studies of mutation rate, but, at the lower levels, 
such as were more often encountered, the most highly improved methods 
involving balanced stocks are usually desirable. 

7. Results from the earlier temperature experiments on both the 
X and the second chromosome agree in rendering it fairly probable, 
though by no means certain (since genetic heterogeneity was not so well 

allowed for) that the rate of mutation, per generation, rises with increase 
in temperature, even though the generations at the higher temperature 
are allowed to occupy a correspondingly shorter time (the generations 
at both temperatures being allowed to succeed one another at rates about 
proportional to their maximum rates for those temperatures). 

8. The experiments just mentioned indicate, with a much higher 
probability, that the frequency of mutations, in a given time, -that is, 

the time -rate of mutation -rises with increase in temperature, when 

the generations thus succeed each other at the rates "natural" for the 

respective temperatures. 
9. The latest experiment on the second chromosome, employing 

improved methods that made possible the use of a much larger number 

of cultures and also the definitive elimination of both genetic and cultural 

heterogeneity as possible agents in a differential effect, yielded decisive 

evidence of a rise in mutation rate, dependent upon increase of tempera- 

ture, when the duration of the generations was caused to be the same at 

the two temperatures. Under these circumstances, then, both the time- 
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rate of mutation, and the rate per generation, is known to be affected 
by temperature. 

10. During the greater part of the time during which the experiment 
just referred to was carried on, the flies of the "warmer series" were 
kept at the higher temperature only for the later portion of their 
imaginal life (for 6 to 10 days) and in relatively early larval stages (for 
0 to 4 days) ; for the rest of their lives (for 11 days) they remained at the 
same temperature as that at which the "cooler series" was kept con- 
stantly. It is therefore likely that warmth is effective in influencing 
mutation when applied specifically to the stages mentioned. 

11. It should be noted that both the direction of the effect of tempera- 
ture on the time -rate of mutation, and its approximate magnitude, are 
the same as in the case of its effect on the time -rate of ordinary chemical 
reactions. 

12. Possible interpretations of the findings concerning temperature 
are discussed, and their bearings on other topics are pointed out. 

13. It is believed that the methods by which these results have been 
obtained open up a new field of genetics -the quantitative study of 
gene mutation, as occurring throughout one or more entire chromo- 
somes under purposely varied conditions. 
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TABLE 1 

Distribution of cultures in the 1921 -1922 mutation experiment on the X- chromosome. 

NUMERICAL 

DESIGNATION 

OF Pt PAIR 

STOCK OF Pt 

MALE 

NUMBER OF 

Ps PAIRS FROM 

CORRESPOND- 

ING Pt PAIR 

NUMBER OF 

LETHALS IN 

Ps 

NUMBER OF 

Ps PAIRS FROM 

CORRESPOND- 

ING Ps PAIRS 

NUMBER OF 

LETHALS IN 

Po 

NUMBER OF P4 

PAIRS FROM COR- 

RESPONDING Ps 

PAIRS 

NUMBER OP''' 
LETHALS IN Ps 

1 Fla. 36 32 3 19 1 

2 " 19 16 9 
3 " 45 36 22 
4 a 5 5 2 

5 " 33 24 23 
6 a 6 5 2 

7 " 60 2 50 31 1 

8 " 7 5 3 

9 " 27 23 15 

10 " 50 48 39 
11 " 27 26 22 
12 " 6 4 4 
13 19 16 10 

Total Florida 340 2 290 3 201 2 

14 Falm. 8 1 4 2 

15 a 10 10 8 

16 26 25 22 
17 30 27 17 

18 30 29 26 
19 30 28 17 

20 " 17 17 11 

21 9 8 5 
22 4 4 3 
23 10 9 6 
24 a 46 45 43 
25 a 23 1 22 19 
26 a 24 24 23 

Total Falmouth 267 2 252 0 202 0 

27 CIA 49 43 1 23 
28 22 19 11 

Grand 
Total 678 4 604 4 437 2 
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TABLE 2 

Lethals found in the 1921 -1922 mutation experiment on the X- chromesome. 

DERIVATION OF LETHAL. 

CONTAINING CULTURE, 

GENERATION OF FE- 

MALE FOUND HETER- 

ozraouR FOR THE 

LETHAL 

1.7 P4 

1.8 P3 

1.27 Pa 
1.28 Pa 

7.4 132 

7.27 P2 

7.34 P4 

14.1 P2 

25.13 P2 

27.26 P3 

APPROXIMATE LOCATION OF THE 

LETHAL 

CLASSIFICATION OF CHROMOSOME IN 

WHICH LETHAL AROSE 

near we 

slightly right of we 

near W 
slightly left of V 
very near W 
very near W 
slightly right of W 
near v 

slightly left of F 
near we 

Paternal; recessive 
Paternal; recessive 
Maternal; dominant 
Maternal; dominant 
Paternal; dominant 
Paternal; dominant 
Maternal; dominant 
Maternal; recessive 
Paternal; dominant 
Paternal; recessive 

1 First number given is that of ancestral PI pair; second number denotes which P2 pair from 
that P1 pair the lethal culture consisted of, or was derived from. 
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TABLE 3 

Chronological summary of mutation experiments reported in the present paper. 

EXPERIMENTERS 

TIME OF EXPERI- 

MENT MENT (EXCLUSIVE 

OF PREPARATION 

OF STOCKS, MAP- 

PING OF LETHALS, 

ETC.) 

PLACE OF 

EXPERIMENT 

CHROMO- 

SOME 

TESTED 

TYPE OF CULTURES 
APPROXIMATE 

TEMPERATURES 

NUMBER OF 

'TEST CULTURES" 

(EXCLUSIVE OF 

PRELIMINARIES 

ETC.) 

1 Muller with 
class 

1918 
(spring) 

Houston, 
Texas 

X heterozygous 
we v f 

warm, room 
(25 ° ±) 

results indef- 
finite (100 to 

200) 

2 Altenburg 1918 -1919 
(winter and 

spring) 

Houston, 
Texas 

X wild type 
(sex ratio 

tests) 

warm, room 
(25 ° ±) 

385 

3 Altenburg 
and Muller 

1919 
(summer) 

Woods Hole, 
Mass. 

X heterozygous 
w° v f 

warm(27.5 °) 517 

moderate, 
room (100) 

cooler 
(19.5 ° ±) 

445 

4 Muller 1919 
(spring) to 
1920 (fall) 

New York 
City and 

Austin, Texas 

second balanced 
lethal 

warm (26.5 °) 4098 

cooler (18 ° ±) 726 

5 Altenburg 
and Muller 

1920 
(summer) 

Woods Hole, 
Mass. 

X complex 
heterozygous 

warm (27.5 °) 
and cooler 
(21 °±) 

results indef- 
finite (2000+) 

6 

7 

Muller 1921 

(winter and 
spring) 

Austin, Texas X involving 
`'CZ" 

inversion 

warm (27 °) 3935 

Muller 1921 -1922 
(fall and 
winter) 

" X heterozygous 
w° v f 

warm (26.5 °) 1719 

8 Muller 1925 
(spring) 

to 
1926 

(spring) 

" second 
modified 
balanced 
lethal 

warm 27 °) 6462 

cool (19 °) 6286 

9 Total of definite counts 24,573 
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TABLE 3 (Continued) 

355 

NUMBER OF 

CHROMO- 

BOMBS 

TESTED PER 

CULTURE 

NUMBER OF 

CHROMOSOME 

GENERATIONS 

TESTED 

NUMBER OF 

LETHALS 

FOUND 

NUMBER OF 

CHROMOSOME- 

GENERATIONS 

INCLUDING ONE 

LETHAL 

NUMBER DF 

CHROMOSOME- TION 

MONTHS INCLUD- 

ING ONE LETHAL SERIES= 

DIFFERENCE BE- 

TWEEN TIME - 
RATES OF MUTA- 

IN WARMER 

AND COOLER 

ITBPROB- 

ABLE ERROR 

RESULTS 

REPORTED 

ON PAGES 

1 2 (1) 307 

2 2 770 13 59 30 309 

3 

2 1034 13 80 34 

i 3.0 311 -314 (1) (100) (2) 

2 890 5 178 94 

4 
1 4098 24 170 85 

2.9 
301 -302 

305 -306 1 726 2 363 323 

5 2 "numer- 
ous" but 
indefinite 

318 

6 

7 

1 3935 4 984 430 321 -322 

2 3438 10 344 155 324 -326 

8 

9 

1 6462 31 208 139 
4.1 341 -342 

1 6286 12 524 349 

27,639 114 (242) (138) 
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The Problem of Genic Modification 
H. J. Muller 

University of Texas, Austin, Tex. 

(With 4 text - figures) 

For nearly three decades geneticists have been engaged in studying 
the distribution, localization and expression of the genes - that is, in 

universalizing the discoveries of Mendel , in proving correct the early 
inferences of Roux regarding the linear arrangement of determiners 
in the chromosomes, the later suggestion of Janssens concerning their 
exchange by chiasmatype, and the a priori conceptions of Naegeli 
that each character is the resultant of multiple determiners and en- 

vironic factors interacting in manifold and devious ways. The rare 
exceptions to normal gene distribution -. involving chromosome 
misplacements, breakages, fusions - have served chiefly to prove these 
same old principles. And from these principles are ultimately deriv- 
able most of our complex modern genetic and phænotypic ratios, 
provided we treat the genes as immutable entities. That we can do so, 

for most purposes of short range prediction, has been shown by the 

combined work of J o h an n s en and numerous others. In this sense, 

then, the oft- quoted saying originated by Weinstein in 1917 is true, 
that the problem of heredity has been solved". 

Yet, given all the above principles, and only them, scarcely one 

step could have been taken in the long epic of evolution whereby modern 
organisms were derived from the most primitive protoplasm. For the 

genes cannot be, and are not, immutable entities. Accumulating evidence 
of the same three decades, most of it happened upon as a by- product 
of work having a different primary object, has made it clear that the 

basis of heritable variation lies in very infrequent, sudden changes in 

individual genes. And so, parallel with our knowledge of heredity 

proper, a body of fact has gradually grown concerning this negation 

of heredity - gene mutation, - this more deeply underlying process 
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whose almost imperceptible action eventually results in the momentous 
transformations of biological history. But so far our knowledge con- 
cerning gene mutation has been of a different order from that concern- 
ing heredity itself, consisting mainly of scattered, fragmentary observ- 
ations under largely uncontrolled conditions, not susceptible to that 
quantitative analysis which made the ratios of Mendelian recombination 
so illuminating in their information concerning the mechanism which 
produced them. It would seem desirable, therefore_ for us to attempt 
to study gene mutation also by means of controlled, quantitative ob- 
servation and experiment. 

The first experiment intentionally giving a quantitative result 
concerning mutations in a group of loci was carried out by Alt enburg 
in the winter of 1918 -1919. He found., through sex -ratio studies, 
that recessive lethal mutations in the X chromosome of Drosophila 
melanogaster were present in more than one per cent of the gametes 
from parents that originally had no lethal - the actual figure was 
13 lethals in 770 gametes. This was a figure so unexpectedly high 
that some Drosophila students looked askance at the work; hence it was 
not published. However, it was confirmed by Altenburg and myself 
working together in the summer of 1919. We found, in cultures raised 
at a temperature not very different from that which had occurred before, 
13 lethals in 1034 gametes. The difference between this frequency 
and the previous one is only about the same as its own probable error, 
and is hence without significance. There could be no doubt, then, 
about the general "order of magnitude" of the lethal mutation rate, 
under the conditions of these experiments, and the work was 
pursued further. 

A word may be said here to explain why attention was directed 
mainly to detecting lethals rather than visible mutations. Previous 
efforts by other workers had indicated that, in Drosophila, visible 
mutations of the kind ordinarily dealt with were hopelessly rare, and 
thus quite impracticable for precise numerical determination. We 
expected, on theoretical ground, that lethals would be more numerous 
than visibles, and, as the above work showed, they are actually so very 
much more numerous that, in spite of the greater difficulty involved 
in determining their existence, it is much easier to detect a given number 
of lethals than of visibles. Secondly - and this point is perhaps more 
important - there seems to be a much less crowded borderland between 
lethals and non. -lethals than between visible and invisible mutations; 
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fluctuations in the process of detection are for this and other reasons 
more largely avoided, and the work becomes more objective and stan- 
dardized, so that the numbers arrived at acquire more meaning. 

That it is legitimate to use lethal mutations as indices of gene 
mutations in general has been argued elsewhere, and reasons have been 
given for regarding them as commonly differing from visible mutations 
only in the more drastic end- result which they happen to produce upon 
the organism. In other words, most of them can provisionally be con- 
sidered as random samples of "ordinary" gene mutations, so far as the 
loci involved, and the mechanism of occurrence of the mutations are 
concerned. -. 

It is not my intention here to review in detail the data or methods 
used in the lethal work of the next seven years; they are described in 

other communications. Suffice it here to say that, as more results 
were obtained, it became clear that the rate of mutation, minute 
though it is, is a quantity the variations in which are very large, com- 
pared to its own magnitude, though the cause of most of the variations 
found still remains a mystery that demands investigation. Thus, in 

two later experiments performed in a very similar way to the early 
ones, rates of mutations were found ranging from one fifth to one tenth 
as great as before. In these two combined there were only 14 lethals 
in a total of 7373 tested gametes. These results were encouraging in 

one way. for they raised the hope that means might be found of in- 

fluencing the mutation rate, since it no longer could be regarded as 

a process undeviating and imperturbable, like the disentegration of 

radium. In the face of these low and varying rates, however, it became 
necessary to elaborate the methods employed, in order that the action 
of given agents of moderate effectiveness might be determined, and 

made distinguishable from the possible variation in rate due to other 
causes. 

It accordingly became requisite, when the effect of a given treat- 
ment was being studied, to have a control series of cultures reared 

at the same time as the so- called "treated series" and in the same loca- 

lity, and to have both the control and the treated series consist of 

numerous samples drawn in the same way from the same lot of genetic 

material. The "catching" of a larger number of lethals, without a 

proportionately greater amount of working time being consumed, 

was accomplished mainly by allowing their accumulation through 

a long series of generations, in a pair of autosomes into which balanced 
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lethals had been inserted to begin with. By these means it was finally 
found possible, in 1925 -1926, to obtain evidence of the effectiveness 
of temperature. In the cultures of the warmer series, which were kept 
at 27° C. during their later reproductive period, and at 19° C. for an 
approximately equal length of time during earlier stages, a total of 
6,462 gametes were comprised in the tests. Among them 31 lethals 
were found. In the cooler series, which were kept at 19° C. continually 
and allowed the same length of time per generation as the warmer 
series, there was a total of 6,286 gametes comprised in the tests. Among 
these only 12 lethals occurred. The difference between the mutation 
rates in these two series is it:5 times its probable error, and is in the 
same direction as differences obtained in both of two previous experi- 
ments concerning temperature, though in these the total number of 
mutations found had not been high enough for the results by themselves 
to be very significant. Taking all the experiments together, therefore, 
it seems safe to conclude that temperature is one agent capable of 
affecting the frequency of mutations, and that its effect upon mutations 
is in the same direction, and of approximately the same magnitude, as its 
effect on chemical reactions in general. This result held out still further 
hope that agents affecting chemical reactions might change the genes, 
provided they could penetrate thus far. 

For various reasons, X rays were chosen as the next agent to be 
investigated. They are bound to penetrate all forms of protoplasm, 
and it is unavoidable for them to cause various changes in its compo- 
sition when they are absorbed; it has been however, a very debatable 
point whether their effects on the genes would be statistically appreciable 
before other effects produced by them caused the death of the treated 
cells. In this new mutation work, carried out during the past winter and 
spring, a reversion was made to the study of the X chromosome, instead 
of the second chromosome, because it was desired to investigate, not 
so much the total number of mutations produced during the course 
of a certain number of generations, but rather the incidence of the mu- 
tations in each separate generation. The intention of this procedure 
was to gain evidence regarding the mode of origination of the mutations, 
with particular reference to the question of whether the gene is com- 
pounded of interchangeable particles. Under these circumstances it 
was not possible to take advantage of the method of accumulation of 
mutant genes by the help of balanced lethals, but, in partial com- 
pensation for this, an especially large number of cultures was reared 
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in each generation, and it was hoped that the effect of the X rays might 
be marked enough to be disclosed by these means. 

As in the latest work on temperature, the lessons drawn from the 
previous results on the X chromosome, that had shown the high vari- 
ability of.the mutation rate due to unknown causes, were utilized in 

the planning of the present work, and special precautions were accordingly 
taken to insure that the treated material did not differ from the control 
material in any determinate way, either in respect to genetic or cultural 
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Fig. 1. Scheme of crossings in "First Experiments ". 

features - aside from the X ray treatment itself. Thus, in the first 

set of experiments with X rays, all the male flies to be tested - treated 

as well as control -- were taken from the same lot, divided at random 

among the different male series of the experiment and bred simultan- 

eously. Now all these male flies had their X chromosomes derived, 

without crossing over, from one particular X chromosome that had 

been present in a single grandparental fly. This X chromosome con- 

tained the gene for bobbed as a check against contamination, but the 

males appeared normal in type (as bobbed does not show in the male); 

this made it possible for any new visible mutations to be recognized 



The Problem of Genic Modification 239 

more easily. The female flies to which these males were bred were 
homozygous for the genes scute, vermilion and forked, which lie scattered 
along the X chromosome. The females were all descended from one 

grandparental mass culture. They were mixed together and then divided 
at random among the different female series of the experiment. The 
Pi cross may accordingly be depicted as follows (representing here 
only the mutant allelomorphs, as usual) : 

se v f bb 
x 

sc v f 

Before the crossing, the flies of a given series and sex were placed 
together in a gelatin capsule which, in the case of all treated series, 
was subjected to X rays from a broad -focus C ooli dge tube with tungsten 
target, at a distance of 16 centimeters from this target, and shielded 
by an aluminium sheet 1 mm thick. The peak kilovoltage was 50, the 
milliamperage 5. Four different lengths of treatment were given the 
males, of 12, 24, 36 and 48 minutes duration, respectively, and these 
treatments were designated as t -1, t -2, t -3 and t -4, respectively. The 
treated females were given only the t -1 and t -2 treatments. Directly 
after the treatment, six series of cultures, each series containing from 
25 to 30 cultures, were established, as follows. The control, or C series, 
consisted of matings of control females and males in pairs. The t -1 

series comprised pairs of t -1 females and males. The cultures of the t -2 

series each contained one t -2 female and one control male. The series 
designated as t -2, t -3 and t -4, respectively, consisted of cultures each of 

which contained two control females and one treated male of the kind 
indicated. After six days in the first culture bottles, called "brood 1 ", the 
parent flies of this P1 generation were transferred to fresh cultures, 
called "brood 2 ". 

In examining these P1-F1 cultures, it was soon noticeable that their 
productivity decreased progressively with increasing treatment of 

either parent, altho, as had been expected, the fertility of the females 
was much more affected in the first brood than was that of the males. 
In the later brood, the females partially recovered fertility, but the 
males did not. When the F1 flies hatched they were subjected to close 

scrutiny and among somewhat over two thousand examined in all the 
treated series 81 having distinguishable (though often slight) morpho- 
logical abnormalities were observed, while among about the same number 
of controls there were only about 19 that seemed correspondingly ab= 
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normal. Among these abnormalities there must of course have been 
included modifications not genetic in their basis. 

The F1 flies, not necessarily virgin, were then mated together in 
pairs, brothers by sisters as far as possible. (They then formed the Pe). 
One thousand and eleven cultures containing control females, and one 
thousand and fifteen from the various treated series, distributed as 
shown in table 1, were started, in as many separate half -pint bottles. 
These matings had the formula 

sc v f sc v f 
y X - a`. 

bb 
The multiplik heterozygous condition of these P2 females made it 
possible to discover and to locate any lethal or visible mutant gene 
lying in either of their sons (the F2). In the case of a lethal, sons showing 
the non -crossover combination of genes lying on either side of the lethal 
would be missing from the F2 aggregate, and the percent of the cross- 
over classes would show the location of the mutant gene more exactly. 

As the F2 generation of these cultures began to be examined, certain 
facts soon asserted themselves forcibly. The controls were consistently 
showing an extremely low rate of mutation, similar to what had been 
observed on some previous occasions; in fact, only one lethal was found 
in the 947 fertile control cultures, comprising twice this many tested 
control X chromosomes (two for each mother). But the treated series 
just as consistently showed a rate of mutation far in excess of anything 
previously known, and it was evident in addition that, Where the P, 

male only had been treated, lethals and other mutations were present 
in the bb- bearing chromosome, derived from him, and very seldom 

in the sc v f- bearing chromosome, whereas, where the P1 female only 

had been treated, these relations were exactly reversed. (The figures 

are shown in table 1). It appears quite clear, from these statistics, 
that mutations are produced by X rays, in Drosophila, and furthermore, 
that they are produced both by treatment of the mature sperm, and 

of the eggs. In the case of brood 2 of the t 2 Y series the cells must 

have been in relatively early oögonial stages, at the time of treatment, 
yet here too mutations were unquestionably produced, and the mutant 
genes were transmitted to the viable eggs laid after the partial return 

of fertility. This result runs counter to the assumptions made by some 

X ray practitioners in justification of some of their practices in ovarian 

th erapy. . 



The Problem of Genie Modification 

Table 1 

132 - F2 cultures in "First Experiments" 

241 

Series Cultures 
started 

1011 

Cultures 
hatched 

Lethals 
Mat. Pat. 

Semi -L. 
Mat. Pat. 

Visibles 
Mat. Pat. 

C 947 0 1 0 0 0 0 

tl 30 25 o r o o o o 

t2 BR. 1 68 56 6 0 r 1 o 0 

tX Y BR. 2 168 160 q 1 3 0 i 1 

t2 86 65 0 ro 0 r 0 z 
t3 136 72 0 8 0 2 0 4 

t4BR.1 315 217 0 34 0 5 1 6 

t4 BR. 2 
1 

212 188 2 20 0 5 0 7 

Tot. t 1015 783 13+2 73+1 4+0 13+1 1-1-1 18+1 

note: mutations in treated chromosomes are shown in italics. Among the 
semi -lethals and visibles a few inconspicuous mutations are here included that 
were not detected till the next generation (P,--F3). 

As usual, the numbers of recessive lethals (shown in the table) 
furnished the most extensive and the most definite test of the mutation 
rates, but there was no question that mutations having various other 
forms of expression had also been produced. Directing our attention 
first to other recessive effects on viability; we find a much smaller, 
but still noteworthy number of "semi-lethals", all chromosomes but one 
in the treated. We may define these, somewhat arbitrarily, as genes 
which ordinarily reduce the viability to about a half to ten percent 
of the normal, and which therefore may often be mistaken for lethals, 
in counts based on one culture. A large proportion of the semi -lethals 
detected produced visible effects, in those males containing them which 
survived; hence this class highly overlapped that of the visible muta- 
tions. As was to have been expected, some semi -lethals, as well as 
some relatively inconspicuous visibles, escaped detection till the follow- 
ing generations (F3 and F,;) were examined, but this did not signify 
that they had not arisen before that time. Beyond the semi -lethals, 
there was also no doubt that there had arisen, in the treated X chromo- 
somes, a rather abundant class of recessive mutant genes that produced 
only a slight reduction of viability. Of course it is well known that 
visible mutant genes commonly, tho not always, have such an effect 
on viability, and this relation was observed in the present experiments 

Verhandl. d. V. Internat. Kongr. f. Vererbungswissenschaft 16 
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as well, but it was also noticeable that in very many cultures of the 
treated series in contrast to the controls, the sons bearing one of the 
X chromosomes (the treated one) tended to run behind -the sons of the 
contrary class in numbers even when they showed no discernible ab- 
normality. The obtaining of definite counts, in order accurately to 
measure and follow up this phenomenon, would have been very time - 
consuming, however, and was therefore precluded in the present experi- 
ments, in view of the other matters that required attention. It may be 
observed that the genes here in question fall into the same phaenotypic 
category with the numerous recessive genes for reduced vigor depicted 
in the prevalent theory of heterosis. 

Significant numbers of visible mutations also were obtained, and 
again, with rare exceptions, they occurred in the treated chromosomes. 
These visibles may roughly be classified into the "conspicuous" and 
the "inconspicuous ", though of course the line of division will vary 
widely according to the observer, the conditions of observation, and 
the mode of application of the term. Despite this difficulty, we may 
say that at least half of the visible mutations here observed were such 
as would have been regarded by Drosophila workers in the early years, and 
by all but the most practised to -day, as inconspicuous. (See table 2). Most 

of these would have been likely to have passed unnoticed in the present 
work, had they appeared in single individuals only. It was the fact 
that an entire group of individuals bearing the mutant gene could 

be observed that made it possible here for a comparatively large pro- 

portion of them to be recognized. This corresponds with published 
observations of B our on natural mutations in Antirrhinum. 

Table 2 

Mutations in "First Experiments" 

Lethal Sem. Weak Vigor. 

or. o. CT. O. /1/2-10%j (10-70%1 %1 

mod. norm. \ viab. J viab. / viab. //I 

conspic. 7 3 6 

inconspic. 
invis. 

23 68 5 

5 

6 

many `d 

5 

On the whole, the visible mutations in the treated chromosomes 
were similar in general type to what had been observed before in previous 
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Drosophila work. Of the 20 not classified as semi -lethals 7 were similar 
both in appearance and at the same time in locus, to previous described 
mutations. These were (in order of their locus) white eye, facet eye, 
tan body, tiny bristle, small wing, small eye, and a fertile mutant called 
"deltoid" resembling in appearance and locus the sterile "cleft" described 
by Weinstein. Of these mutants, white, tan, small wing, and small 
eye were crossed to stock of the original mutants, and the apparition 
of the mutant character in the offspring showed that the X ray mutants 
were really allelomorphs of the old mutants. In addition, vermilion 
eyes appeared in a sterile F1 female, which, barring mutation in her 
treated chromosome, should have been only heterozygous for this 
recessive gene. In view of the reappearance, then, of the 5 verified 
and 3 probable well -known mutations in the treated X chromosome, 
among fewer than 1014 females, whose parents were known not to 
contain them, it seems impossible to avoid the conclusion that changes 
of the same kind as those unhesitatingly described as "gene mutations" 
in other Drosophila work were now being produced by the X rays. 

The visible mutations that were not allelomorphic to previously 
known ones were of diverse kinds - three characterized chiefly by 
ommatidial disarrangements, four by various wing pecularities ( "ex- 

", "arc" and "splotched "), one by "ruffled hairs ", 
one by a combination of small size and melanism (called "pigmy ") 
and two rather diffuse in their effects ( "wee" and "deacon "). Among 
these, "splotched" was clearly dominant. There were also among the 
lethals and semi -lethals several at least partially dominant for visible 
characters - including "stumpy ", "mosaic bristles" and "cloven thorax ". 

The relative numbers of induced gene mutations located in different 
chromosome regions are shown in figure 2. Like the mutations previously 
known, they seem to occur in all regions, but there is a sharp maximum 
in the density at the left end, followed by a minimum, and there is 
another, somewhat lower, maximum about 12 units from the right end. 
The absolute numbers are large enough to allow us to be fairly certain 
of this much. In addition they make it rather probable that there 
is another minimum, to the left of the second maximum. Now, all these 
same features may be . distinctly seen in the standard Drosophila map 
that "shows the position of the previously observed spontaneous visible 
mutations in the X chromosome. It is likely that these apparent un- 
evennesses in density are due to a kind of false perspective, and indicate 
variations in the frequency of crossing over per physical. unit -- i. e.; 

16* 
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in the relation between map distance and actual distance, = rather 
than real variations in the frequency of mutations or of genes in different 
portions of the chromonema. 

Mutations in autosomes, if they were ordinary recessive lethals, 
could not have been detected in this set of experiments at all; if they 
were recessive visibles, they would not have shown until F3 and, even 
then, only one quarter of those existing in F1 would appear, and there 
would be no preexisting identifying characters to distinguish the group 
possessing them and thus to facilitate their detection. Despite these 
hindrances, and the fact that no special effort was made to discover 
such cases, a number of these recessive visible mutations not linked 

20 30 40 50 60 70 

Fig. 2. Mutations per chromosome unit in "First Experiment" 
(Abs. total = 93) 

to sex were found in F3. In addition, a significant number of abnormali- 
ties appeared in F1 and Ff? flies, whose later genetic behavior showed 

them to be non -sex- linked dominants. There remained, therefore, no 

reason to doubt that genes throughout the chromatin had been affected 

by the treatment. 
The hereditary effect of X rays on the chromosomes is not confined 

to so- called "point mutations ", for 23 of the 91 lethals involved at 

the same time an inherited reduction of crossing over, usually very 

marked, and affecting from half to all of the chromosome map. Modern 

work of a number of investigators has indicated that these "C factors ", 

as they used to be called, usually- consist in rearrangements of one kind 

or another in the sequence of the genes. On cytological grounds such 

an effect of X rays on the chromosomes might have been surmised 
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in advance, in view both of the fragmentation, and of the "stickiness ", 
observed. in X rayed chromosomes. 

In several of the present cases of "C factors ", a more specific sort 
of evidence of a rearrangement was obtained. In these cases, it was 
found that, when certain types of interchange did occur between the 
rayed and non -rayed chromatin, certain definite morphological abnorm- 
alities were invariably produced, that did not occur otherwise. This 
showed that the interchanging chromosomes did not exactly match, 
so that the resulting gametes contained either an excess or a deficiency 
of chromatin. 

It is an interesting question why such rearrangements should so 
often be associated with lethal effects, but such an association is not 
invariable. Five cases were found of distinct "C factors ", in treated 
chromosomes, which were not accompanied either by lethal or visible 
effects on the part of the chromosome region involved (when inter- 
change did not occur). These cases may have been mere samples of 
a much more considerable number, for little attempt was made to keep 
account of the frequency of crossing over when neither lethal nor visible 
mutations were present. 

Locus rearrangements, including translocations, produced by 
X rays, should have a use in connection with a number of genetic pro- 
blems. Among these are problems of synaptic association, of physiolog- 
ical isolation in evolution, of the locus or loci of the sex- different- 
iator, and of so- called "chromatin balance" - by which is meant the 
effects of changes in the proportions existing between different genes. 
It should be possible also, through such cases, to obtain more direct 
evidence of the physical correctness of the linkage maps and of the so- 
called "mechanical theory" of crossing over on which they are founded. 

Before proceeding to the other results of this first set of experi- 
ments, we may consider the related results of later experiments. 

In one set of these the previously known chromosome rearrange- 
ment, or "C factor ", termed "Cl ", which has an associated recessive 
lethal effect, was used. The object of this procedure was to prevent 
crossing over and to kill off all sons of the tested F1 females which carried 
this non -treated Cl chromosome. Then if a new lethal had been produced 
in the other chromosome, which was the one subject to treatment, 
there would be no sons at all - a condition that could easily be re- 
cognized by mere naked eye inspection of the culture bottle. The PI 
cross was of "small eyed ", but otherwise normal males, whose sperm 
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were subject to treatment, by females containing one "Cl" chromosome 
and one bearing the genes sc v f bb. In the F,, the females carrying 
Cl could be distinguished since this chromosome contains also the 
dominant, bar eye, and such females were crossed, one in a culture, to 
their brothers. It was in the F2, hatching in these latter cultures, that 
lethals in the sy chromosome could be distinguished by the absence 
of all males (except occasional crossover or non- disjunctional males, 
which, however, had a characteristic appearance). Other mutants than 
lethals were not looked for. (See figure 3 and table 3.) 

(cl) : sc B sm v t Sy 

sc y f bb 

, . 
(c() sc B sm y t / , se y f bb 

, 

sY \ / 
(co..., se B sm v t ;: 

sc v f bb 

sY 

sc y f bb 

sy 

Pl 

P2 (F>.) 

F2 

Fig. 3. Scheme of, crossings in "CI Experiments" 

Table 3 

"CI" experiments 

Total 
Cultures Let. Sem. Vis. 

C 198 0 0 0 

t2 
BR. 1 378 26 2 r -{- 

BR.2 298 2.3 2 0+ 

t BR.1 
4 1 BR. 2 

261 
511 

Jr 
68 

6 
6 

2+ 
r+ 

Summarizing the results of this set of "Cl" experiments, we find 

that in 772 fertile cultures of P2 pairs derived from sperm treated with 
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the t4 dose there were 89 cases of a lethal in the treated chromosome; 
in 676 fertile cultures from sperm treated with the t2 dose there were 
49 lethals, and in 198 control cultures there were no lethals.. These 
results are in close agreement with those of the first set of experiments. 
It may therefore be legitimate to combine the two sets of data together 
in order to get as large a body of data as possible on which to base an 
estimate of the extent to which the mutation rate was raised by X rays. 
In doing this, we shall add in the data from the later generations of 
non -treated chromosomes in the first set of experiments; these had 
increased the total number of such chromosomes tested there to 5,818, 
and these included 5 lethals in all. In both sets of experiments com- 
bined, then, we find a total of 5 lethals in 6016 control chromosomes, 
as compared with 59 lethals in 741 chromosomes given the t2 treatment, 
and 143 in 1,177 chromosomes given the t4 treatment. The rate of mu- 
tation in the t4 chromosomes, then. was about 150 times that in the 
controls. It will be evident that, though there may be a considerable 
range of error in the exact figure, the magnitude of the effect must 
nevertheless be extremely high. 

The combined results likewise show that an increase in X ray dosage 
causes an increased production of mutations, although just what function 
is involved cannot yet be stated. There should be an exact proportion- 
ality between "point mutations" and dosage if the former directly 
result from individual chance "hits" by the rays, and the data on visible 
mutations to be given later lie nearer this relation, but the above figures 
show a relation between the t4 and t2 frequencies that is nearer 
1/2 than 2. However, the figures are not large enough yet to make the 
exact ratio at all certain, and it is to be noted also that they include 
regional displacements, which may well vary according to a different 
function from the others, 

In both sets of experiments a portion of the treated chromosomes 
were from sperm that effected fertilization during the first six days 
after they had been treated, and another portion from sperm that 
effected fertilization from six to twelve days after treatment. The mu- 
tation rates in the individual experiments do not show any consistent 
variation correlated with the age group of the sperm utilized, but only 
the apparently considerable meaningless variation, plus and minus, 
to be expected of small numbers. When, now, we lump together all 
data from sperm of a given age group we find that, both in the t2 and 
t4 series considered separately, and also in the two averaged together 
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(weighted equally), the difference between the two groups remains 
without statistical significance. Thus, in the final average we find 9,8 % 
of lethals from. the earlier sperm and 10,2 % from the later, the differ- 
ence being 0,4 % and having a probable error more than twice as large 
as its own value. Until these results are checked up by those of a 
more homogeneous set of experiments; we may provisionally conclude, 
first, that mutation has little or im effect on sperm viability, and con- 
versely that X rays do not produce any marked differential effects on 
sperm viability, of a kind which, secondarily, tend to result in mutations, 

Another result bearing on the problem of how the mutations were 
produced is the observation that not only sperm in the male, but also 
in the female receptacles, is susceptible to the transmuting action of 

X rays. For, in the set of experiments involving Cl, there was one 

series, of 109 F1 cultures, in the case of which not the P1 males themselves, 
but the already impregnated P, females, had been given the treatment: 
in t2 dosage. Among them 10 lethals were found. 

Although, in the Cl experiments, only lethals were looked for, 

nevertheless several other effects were so conspicuous that they were 
discovered anyway, without the flies originally having been removed 
from their cultures. These included four visible mutations (one of these 
causing a lack of sex -combs and cf fertility in the male), 16 semi -lethals, 
at least 7 others causing distinctly lowered viability, and three other 
kinds of changes, namely, a deficiency involving bobbed, a mutant 
non -lethal condition that rendered the chromosome possessing it likely 

to become eliminated at the reduction division, and another case of 

rearrangement of loci in the X chromosome, yielding visibly abnor- 
mal crossovers. 

In addition, it was observed that, in the formation of the females 

of the F1 generation, three of the four mutant genes already existing 

in the non -treated chromosome, . - namely, vermilion, forked, and 

bobbed - each arose 'again (in separate cases) in the treated chromo- 

some, resulting in three females that were homozygous for and mani- 

fested one. of these recessive characters. Two of them were sterile, but 

from the other a stock of the new förked, viable and fertile, was derived. 

To obtain further data concerning the origination of visible mutant 
genes another set of crosses was resorted to. In these, normal- appearing 

males containing bobbed were mated to yellow females of the stock 

containing the two X chromosomes attached to each other, and a super- 

numerary Y chromosome. The F1 males receive their single X from the 
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paternal gamete and their Y chromosome from their mother; hence 

they can reveal at once, on inspection, visible mutations that occurred 
in the sperm from which they were derived. The P, males were divided 
at random into two lots, receiving the t2 and t4 treatments, respectively: 
These two series had to serve as checks against each other. I3ad time 
permitted, non -treated controls would have been reared also, but all 
previous Drosophila work (including extensive breeding and examination, 
in the present work, of the stock from which the P, males were obtained) 
has shown visible mutations to be exceedingly rare - certainly not 
more frequent than of the order of one in a thousand, in the X chromo- 
some. This cross and its results are shown in figure 4 and table 4. 

(X-X) 
Y ÿ . 

Y 

Y -- 

ab 

b6 

P 

F1 

Fig. 4. Scheme of crossings in "Double X Experiment" 

(Note: y represents mutant gene for yellow body located in the X -X, or double X 
chromosome. Y represents Y chromosome) 

Close scrutiny of 1,490 sons in the t2 series showed that 61, had 
some sort of visible abnormality. In the t4 series, in a total of 1,150 

sons examined, 86 were found to be visibly abnormal according to. the 
same standards. Some dominant autosomal abnormalities showed in 
the females and there were probably four and certainly one female, 
grey in color and abnormal in venation, which contained a translocated 
fragment of the paternal X chromosome in addition to their maternal 
double X. Among the abnormalities in the males there were many 
quite definite in their expression, that would in ordinary Drosophila 
work anywhere have been taken for mutations, and these included 
various cases that appeared identical with previously known mutants. 
Thus, one fly had all the distinct peculiarities of rudimentary wing, 
one those of broad, one was ̀ like crossveinless, one like vermilion eye; 
two others had garnet or ruby- appearing eyes, white eyes appeared 
three more times, and wings like miniature three times - twice in a 
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form more extreme than previously known. If, now, we run through 
the list of "best approved" sex -linked mutations, agreed upon by 
Drosophila workers, we find that the majority of these, or, if not these, 
then at least mutants looking just like them, have reappeared in the 
present combined experiments. Though, in the experiments involving 
the double X, several circumstances prevented the testing of the appar- 
ently recurrent mutants against the genes which they resembled, the 
presumption is in favor of their identification being in most cases correct, 
since in the preceding experiments those mutants that were tested all 
turned out to have been correctly identified. 

Up to this point we have confined our attention to mutations 
having a mode of expression familiar in genetic work - namely, dominant 
and recessive "visibles" and recessives affecting viability. We may 
now consider two other possible categories = namely, mutants that 
are dominant for lethal (inviability) and for sterility effects. Though 
these may not, individually, be subject to the breeding test, if they 
arise it sufficient numbers they may produce decided effects en masse, 
and so indirect evidence of their occurrence may be obtained. 

Table 4 

Visibly abnormal sons of rayed. d d in "Double X Exper." 

d tot. d mut. 

t2 BR. 1 1071 48 
t2BR.2 419 13 
t4 (a 11BR. 1) 1150 86 

In the case of dominant lethals, the most obvious effect of a con - 

siderable number of them would be a reduction of productivity of the 

cultures. As before mentioned, this was observed, even when only 

the males had been treated. Secondly, it would be found that this 

lowered productivity was caused by failure on the part of eggs laid 

to develop to maturity. This too was observed to be the case, in a new 

series of experiments in which sample counts of eggs laid and mature 
flies hatched in control, t2 and t4 cultures were compared.) Thirdly, 
and this constitutes the most crucial evidence, if these failures of the 

1) e. g., from 1307 fertilized control eggs laid, 990 adult flies were pro- 

duced; from 569 eggs fertilized by t2 sperm, 163 flies developed. 
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treated sperm to form viable zygotes were due to dominant lethal changes 
that might occur separately in the different chromosomes, as mutations 
may occur, there should result a depression of the ratio of females to 
males, since such lethals in the X chromosome would kill the daughters 
only. We assume here, of course, that the Y need seldom be taken 
into account in the case of such effects,- just as is known to be the case 
for many other effects, with the exception of male fertility. Now, 
when the sex 'counts were added up, it was found that this depression 
of the sex ratio probably did exist in the treated series, as compared 
with the controls. and that it was stronger, (not quite twice as strong) 
in the t4 than in the t2 series. (See table 5). 'A practically com- 
plete check on this explanation can be obtained when the depression 
in viability of non -disjunctionally produced females can be compared 
with that of the others. 

Table 5. 

Sex -Counts in F1 in Part of "Cl" experiments 

d 2(= Depres. S) 
Sc 

C 1496 685 1.09 - - 
t2 . 1162 596 0.976 .896 .104 
t4 603 338 0.893 .818 - .182 

Now, if these dominant lethals occur at random in the chromatin, 
one such change being independent of another in a different chromo- 
some, then there would be a calculable relation between the amount 
of depression of the sex -ratio (s) and the amount of depression of egg 
viability (v). The former, quantity would be caused by dominant lethals 
in the X, the latter by those in the chromatin in general, and so this 
relation would depend upon the ratio (r) which the total haploid chro- 
matin including the X bears to the X alone. The formula turns out 
to be as follows: 

r= 1+ log vey- log vt9 
log s, - log st - 

(That is, the logarithmic depression of egg viability is the (r -1)th power 
of the 4ega depression of the sex ratio.) 

It should be explained that v9 here represents the proportion of 
eggs laid that develop into mature females, in the e or t series, and s 
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is the number of mature females divided by males. A larger volume 
of data must be secured before this formula can be adequately tested 
out, but the data so far obtained indicate strongly that the randomness 
of lethal changes assumed in this formula does not generally hold. 
That is, if dominant lethals occur independently thoughout the chro- 
matin with only the frequency, per unit. with which they óccur in the X 
(as indicated by the depression of the sex ratio), then many more eggs 
would have developed than actually did. This is especially true with 
the heavier dosage. Thus an additiónal damaging effect (besides in- 

dependent mutations) probably comes into play, that tends to involve 
the sperm or its chromatin as a whole, or at least tends to involve 
more than one chromosome at a time. Such effects of X rays, not 
necessarily mutational in nature, were long ago described by the Hert- 
wigs and others on the basis of cytological and embryological investi- 
gations. 

Table 6 

Tests of (3' fertility 

Exper. dose Total 
Cultures 

Sterile 
Cultures 

"Double X" 

"C1" t 

First C 

t4 
t4 
t2 

107 
237 
320 
983 

16 
62 
27 
361) 

Dominant genetic changes causing sterility in the male were 

also frequent in the offspring of rayed fathers, as the first table shows. 

The female appears to be less often so affected. Tests of several batches 

of F1 males by control females in the experiment involving Cl further 

showed that the frequency of such sterility varies with dosage. The 

irregularity of the sterility results in the first set of experiments was 

due to the fact that here the F, females were allowed to mate with 

more than one male, and the extent to which this was allowed to happen 

varied in different series. Whether this a- sterility is mainly due to 

breakages of the Y chromosome, like those recently found by Stern, 
or to gene mutations elsewhere, remains to be studied by tests of its 

method of transmission through the fertile female. In the crosses 

1) Includes sterility due to y. 
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involving the double X the males did not receive a treated Y and many 
of them too were sterile, but their sterility may have been caused by 
recessive genes in tneir treated X. it is also to be observed that, in gen- 
eral, flies of mutant character were especially likely to be sterile; 
in fact about half of the visibly mutant males in the double X experi- 
ment failed to breed. The same phenomenon has often been noted 
sporadically in the case of "natural" mutations in Drosophila, but its 
frequency there has not been studied, in view of the scattered character 
of the observations. The a- sterility tests are summarized in table 6. 

Having now passed in review the different kinds of mutations 
for which direct or indirect evidence was obtained in these experiments, 
we are in a position to draw certain conclusions concerning the effects 
as a whole. On the basis of the proportion (16.5 %) of recessive lethals 
and of visibles produced by the t4 treatment in the X chromosome, we 
may calculate that there were probably about 47 % of germ cells con- 
taining such a mutation in some part of the chromatin. But, calcu- 
lating from the depression of the sex ratio, the percent of dominant 
lethals was at least as high (18 %) as that of recessive lethals and vis- 
ibles (more, if a high proportion of these dominants were not fully lethal 
in effect). If we reckon these in, we find that 76,8 % of the germ cells 
contained one or more mutations of the above kinds, and still we are 
not counting invisible mutations for sterility, for merely moderately 
reduced viability, or for changes of a subliminal or somehow hidden 
nature. These figures will be subject to some modification. if we find 
that mutations in different parts of the chromatin are correlated with 
one another. This question, yet to be attacked. is of considerable im- 
portance as it bears on the mechanism of production of the mutations. 
But even if they are correlated, it must remain true that they are pro- 
duced in numbers nearly as great or greater than the number of germ 
cells in the count, though they may tend to cluster in these germ cells. 
And yet, despite such large numbers of mutations, the definitely visible 
ones, forming but a small fraction of them all, can manifest themselves 
in relatively few of the zygotes produced. This will be particularly 
true; of course, in the F1 from ordinary crosses of treated males, since 
here only dominants appear. 

In order to produce a very high proportion of definitely visible 
mutations (in crosses not involving the double X) it might therefore 
be necessary to sacrifice so much in the way of viability and fertility 
as to nullify the success of the work. For, after a treatment has been 
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reached which reduces productivity 50 %, further increase in the treat- 
ment must reduce productivity faster than it increases the proportion 
of visible mutations (supposing the ratio of visible to other mutations 
remains the same), and so a level of dosage is soon attained beyond 
which it is not profitable to pass. This may be one of the chief reasons 
why, in the past, attempts to demonstrate the production of visible 
mutations were unsuccessful. Of course, if means were found not simply 
of increasing the general mutation rate, but of controlling specifically 
the locus and the direction of the mutation, this difficulty would be 
overcome, but it seems that the scientific tools for achieving such a 
feat of sharpshooting, worthy of Maxwell's demon, arenotyet in sight. 
Meanwhile, however, treatments of the order of effectiveness of the 
present experiments with X rays would not seem too destructive to 
be practicable, in the fertile organism here dealt with, at any rate, 
And, if we consider the percent of visible mutations to be smaller than 
desired, and the problem of fecundity unduly troublesome, we should 
remember that, in the untreated organisms, the frequency of the desired 
mutations may be only about 1 /15o as great, and so it may be possible 
to speed up the formation of new races, in Drosophila at least, to á 
degree that will be useful despite the difficulties of breeding. This be 
comes evident if we consider that, in the double X cross, more visible 
mutations in the X chromosome were observed after these X ray 
treatments than in all previously reported Drosophila experiments 
combined. 

The present experiments were not designed solely to study the 
frequencies of mutations, but also to investigate their manner of origin- 
ation and continuance, with especial reference to the possibility, 
brought to the fore by work of Anderson, Eyster and Demerec, 
of the gene having a compound structure. If the gene is compounded 
of a plurality of identical molecules, or other interchangeable members, 
then the multiplication and separation of these members accompanying 
growth and cell division would ultimately result in a sorting out process 
whereby a given gene in certain descendant -cells had all its members 
derived from one member in some previous ancestral cell, while the 

corresponding gene in other descendant -cells was wholly derived from 

another member present in that ancestral cell, and so forth. Since 

the chromosome- halves in successive cell- divisions can scarcely be sup - 

posed to preserve a fixed orientation with reference to the postulated gene 

members being separated. it would follow that descendant -cells which 
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agreed in having their members derived from the same member in an 
ancestral cell would often be separated from one another, by other cells 

which contained derivatives of other members in the ancestral cell. 

Therefore. if one member (or only some, but not all members) in a 
fertilized egg (or other ancestral cell) had been mutant, the descendant 
tissues should tend to exhibit the mutant characteristic mosaically, 
in an irregular "crazy quilt" (patchwork) arrangement. 

Furthermore, if the sorting out was still incomplete after one 

zygote generation had elapsed (due to there being many gene members 
or . a not completely random sorting), then the gene should behave 
for awhile in inheritance as if it were unstable, until the sorting was 
completed. For either some normal -appearing individuals, invisibly 
containing some mutant members, would, by a continuation of the sorting 
process, give rise to some mutants, or some of the mutants, still con- 
taining some normal members, would, thru the sorting, give "reversions" 
to normal, or both phenomena would appear. Which type, mutant or 
normal, would more often give rise to the other, would depend upon the 
degree of "dominance" of the normal as opposed to the mutant members 
inside the gene, but, under the conditions postulated, one or the other 
type of "eversporting" tendency would be found to occur for awhile. 

The appearance of the visibly mutant F1 zygotes from treated 
parents gave evidence regarding the first point - i. e., the mode of 

distribution of the mutant genes among the cells (in this case the somatic 
cells) of the first generation receiving them. The first series of ex- 
periments provided some of this evidence, concerning dominant mut- 
ations, but the crosses involving the double X provided the bulk of 

it, as was expected, since here even recessive sex -linked genes from 
treated sperm could show at once in the sons. It was found to be indeed 
true that, ordinarily, in a so- called "mutant" F1 individual not all 
the tissue was mutant in nature. For mosaically mutant individuals 
formed a very large proportion of the total of mutants. In fact, it is 
a question whether all the seeming non -mosaics did not really contain 
unmutated tissue too, located in some part of the body not subject 
to the manifestation of the mutant character. Thus the effect of the 
X rays, in most cases at least, is "fractional ", in that it is exerted on 
only a fraction of the treated gene, or at any rate on only a fraction 
of that gene material which is derived from a treated gene. This means 
that the treated gene was to some extent compound, not all its members 
being transmuted, or else that the mutation did not occur at the time 
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of treat ment, but as an after -effect, during or subsequent to the division 
of the gene, and then only in one of the two or more counterparts of 
it that should have been formed. 

When now we examine the arrangement of the mosaic tissue we 
find that nowhere was there any evidence of its consisting of an irregular 
crazy -quilt pattern at all, as the usual compound gene theory would 
lead us to expect, but, so far as could be determined, it involved just 
one apparently clean -cut separation, as between right and left halves 
of the body. (We may of course occasionally expect some irregularities, 
due to "wanderings" of cleavage nuclei, with the same frequency as 

this occurs in gynandromorphs). Thus, if the effect is not an after- 
effect, on an originally unitary gene, there seem at any rate to be not 
numerous parts, subject to sorting out, but only two or less probably 
four parts, as tho the gene in the treated sperm cell were precociously 
split in anticipation of one or two succeeding cleavage divisions. Possibly . 

the chromosome as a whole is thus split, invisibly, as some cytologists 
would have us believe. It would take us too far afield to discuss here 
possible ways of obtaining evidence to decide between these alter- 
natives. One fact already gained, bearing on the question of an after- 
effect, may however be mentioned. Mosaics were produced by sperm 
that effected fertilization more than six days after treatment just as 

by those functioning within the first day. It will also be recalled that 
the frequency of mutants from these two classes of sperm seemed the 

same. 
In harmony with the finding of somatic mosaics, it was also found 

that the germinal tissue of F, mutants very often does not correspond 
in composition with their mutant somatic tissue, even when they are 

not visibly mosaic. For most of the fertile "mutant" males from double 

X mothers did not transmit their mutant gene to their offspring. 
This brings us to an examination of the second and third points 

previously mentioned - those concerning the stability, in later gene- 

rations, of the normal and mutant- seeming genes derived originally 
from treated genes. This question was tested as extensively as was 

possible under the circumstances, in the first set of experiments. From 

each P2 culture (containing F1 as parents) that produced F2 flies, another, 

or P3 culture, having the same genetic formula as before, was made up, 

to secure an F3 generation, and from as many of the latter as possible 

a P4 culture was similarly made up. From cultures in which mutations 
had been found, several new cultures were always started. Unfortuna- 
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Lely, however, in the case of the non- mutant cultures, circumstances 
made it impossible to make up nearly as many P4 /s as P3 /s. 

Table 7. P3-P13 cultures in "First Experiments" 
Total 

cultures 
hatched 

Let.1) 

Mat. Pat. 

C 876 3 1 

til 23 o o 
t4 Y B R. 1 50 0 o 

t2 ? BR. 2 132 0 o 

t2 49 2 0 
t8 48 o 0 
t4 BR. 1 151 i 0 

t4 BR. 2 137 2 0 

Tot. t 590 5 0 

Turning our attention first to the derivatives of non -mutant F2 
cultures of the treated series, we find that, of 590 fertile cultures, 5 showed 
lethals in the treated chromosome. (Table 7.) This apparent production 
of a significant number of new lethals, a generation late, does not imply 
a sorting out of numerous gene members, as might first be supposed, 
for the mosaic nature of the P2 flies would be expected sometimes to 
apply to the germinal tissue as well. In that case, such a P2 fly would 
not be recognized as lethal- containing, for some of its offspring carrying 
the treated chromosome would not carry the lethal; some daughters, 
however, would carry it, and these P3 would breed as regular hetero- 
zygous lethals. The real breeding test of the compound gene problem 
thus does not arise until the generation after, in the P4-F4 cultures 
(table 8). Here it was found, amongst 263 cultures derived from non - 
mutant parent cultures, and decended from treated P1 males, that there 
were no lethal or other discernible mutations whatever; in 141 corres- 
ponding cultures descended from treated females, 2 lethals and no other 
mutations were found -a number which of course has little significance 
by itself, but speaks for the desirability of further data. 

The cultures derived from F, flies that bred as mutants showed 
the mutant gene to remain stable in succeeding generations. In only 

1) Inconspicuous semi- lethals and visibles first noticed here might have been 
present in Fz and hence were included in Table 1. 

Verhandl, d. V. Internat. Kpngr. f. Vererbungswissenschaft 17 
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a very few cases did a fly which was expected to have received a lethal 
fail to carry it, and these few cases were to have been anticipated because 
of the chance of occasional crossing over between the lethal and the 

Table 8. P4-F4 cultures in "First Experiments" 
Total 

I 

cultures 
hatched 

Let. 

Mat. Pat. 

C 552 0 0 

t1 15 o o 

ta ? BR. 1 36 0 o 

t2 ?BR. 2 90 0 2 

t2 30 o 0 
ta 36 o 0 
t4 BR. 1 101 o 0 
t4 BR. 2 81 o 0 

Tot. t 389 0 2+0 

genes used to mark its place. The visible mutant genes served better 
than the lethals to test the point (not having been selected for 

stability already and because homozygous or non -crossing -over stock 
of them could be established). In these visible mutant cultures, there 
was no evidence of reversion. Some of them, of course, overlapped 
the normal phenotypically, but here tests showed the genes to be mutant 
still. On the other hand, in the majority of cases the mutants could, 

by careful inspection, be identified positively, and here the mutant 
characters always behaved as though perfectly stable in their inheritance. 
Most of them were followed through the fifth, sixth, or later generations, 

On the whole, then, we may conclude that the results of the breed- 

ing tests are against the idea of many interchangeable parts in the 

great majority of genes in Drosophila, although further breeding tests are 

admittedly to be sought. The evidence from the visibly mosaic F1 

flies, which is much stronger than the breeding test evidence so far 

obtained, leads to the same conclusion. This is, that the gene in the 

sperm cell is not multiple in structure, but that it not improbably is 

in two divisions, in preparation for mitosis. 
Whatever may be the cause of the fractional effect of raying on , 

the genes, one result of it may be deduced with considerable assurance, 

provided the fractional effect is true of cells in general. It is evident 

that, if the induced mutations really occur previous to cell division, 
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rather than as an after- effect, then, since the original treated gene 
separates later into mutated and non -mutated material, the mutated 
material in the original treated cell had to "compete" against a much 
greater amount of non -mutated homologous material than in the suc- 
ceeding daughter cell that it entered. Hence the induced mutation 
would often be unable to reach nearly as full expression before division 
of the treated cell as afterwards. But, since most mutations are lethal 
or at least deleterious, this means that daughter cells, derived by divi- 
sion of treated cells, will be more apt to be adversely affected by the 
raying that occurred previously, than the original undivided treated 
cells were. This would explain why, even if no abnormal distribution of 

chromosomes occurs at mitosis, tissues which undergo repeated cell divi- 
sion - such as embryonic, lymphatic, epidermal, germinal, and cancer 
tissue - would be more damaged by raying than tissues like adult 
nerve, muscle and most gland tissue, that undergo few or no mitoses. 

Before closing, we may direct our attention to some further problems 
concerned with gene structure that may now be attacked through ex- 
perimental modification of the gene. One of these is the question of 

the number and size of the genes. As I pointed out some years ago, 
evidence on this matter can be obtained thru an extensive tabulation 
of the number of recurrences of mutations in identical loci, as compared 
with uniquely occurring mutations. Obviously, if mutations can be pro- 
duced in quantities, this method will become far more feasible and more 
accurate. It will also be of interest to study intensively both the kinds, 
and the numbers of different kinds, of mutations producible in a given 
locus. The frequency with which mutations in general can be produced 
is high enough to permit such a study. It can then be determined, 
too, how these mutant allelomorphs in their turn can be changed, 
and whether, for example, they can be caused to mutate back to normal. 
Certain fundamental questions are involved here. , The fact that an 
allelomorph like white eye apparently -occurred four times, and that 
many of the induced mutations were seemingly identical with those 
previously known - despite the supposed complexity of the gene -would 
suggest that many both of our artificial and natural mutations involve 
some sort of inactivations of the gene'), including at times actual "losses ". 
Not all natural mutations can be of such nature, however, else the genes 
could not have differentiated from one another in the first place. And 

') This suggestion was made to the writer by Altenburg. 
17* 
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as for the effect of X rays in this respect, be it noted that, in ordinary 
substances, they are known to produce chemical changes of all kinds - 
not simply "break -down processes ". However, the "breakdowns" 
may occur oftener, as is true in general, in harmony with the second 
law of thermodynamics. The investigation of these questions should 
at least be attempted and, though these specific problems may not be 
solved thereby, other leads are sure to open up as the work progresses. 

Are "natural mutations" due to "natural X rays" ? We must 
attempt to exclude them and then measure the mutation rate. We 
must also renew the investigation of the possible effectiveness of other 
agents, utilizing our knowledge of decreased productivity as an index 
of an increased mutation rate. Professor Altenburg, in preliminary 
experiments which he has given me the priviledge of referring to here, 
has obtained evidence that ultra- violet light, in exposures sufficient 
to cause complete sterility in a majority of treated males, does not 
cause mutations in the non -sterilized ones treated likewise - at least 
the rate of mutation can not be increased to anything like the extent 
to which it is increased by sub -sterility doses of X rays. Preliminary 
experiments of my own, in which males were subjected to semi -lethal 
exposures to heat, that sterilized a majority of them, led to the same 
conclusion as that reached by Altenburg for ultra -violet light. 

In the present address, I have purposely discussed various matters 
that are admittedly subjects of conjecture, not in order to indulge in 

idle speculation, but to suggest that in the new line of work here described 
there may be means of obtaining actual experimental evidence regard- 
ing some of these matters at least, if only we direct our efforts with due 

reference to these possibilities. In conclusion, however, it will be well 

to return to the facts more directly founded on the present data: - 
namely, the effectiveness of X rays in inordinately raising the rate of 

gene mutation, both in sperm and in eggs, and in ovarian cells which; 

after the partial return of fertility, will form eggs; the fact that the 

intensity of this effect varies with the dosage; the production of sterilizing 
changes, and probably of dominant lethals; the causation of frequent 

heritable rearrangements in the linear order of the genes; and the 

fractional effect of X rays on the genes. It is to be hoped that there 

may be further developments in the study of the causation of these 

phenomena, but, whatever these developments may be, it should at 

least be possible to take advantage of the effects that may be produced, 

as aids in experimental breeding and in studies in heredity and evolution. 
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1. Earlier Experiments- Magnitude of the Effect. -In the earlier experi- 
ments on this subject, which may first be referred to briefly, crosses were 
made between flies containing a different collection of genes in their X- 
chromosomes (the males having bobbed, and the females scute, vermilion, 
forked). In most cases only one parent was subjected to the X -ray 
treatment. The female offspring from these crosses would contain any 
new mutant gene that might have arisen in only one of their X- chromo- 
somes, and hence they would manifest no abnormality if, as usual, the 
mutant gene were recessive. By breeding them, however (they were 
bred to their brothers), males would be produced in the next generation 
that manifested any visible mutation occurring in their X, or, if the 
mutation were lethal, certain expected classes of males would then fail 
to appear. The counts would also show in which chromosome -that 
from the original male or female -the mutation lay, and at approximately 
what locus in that chromosome it lay. And since, owing to the nature 
of the cross, some flies of the same composition as those of the first off- 

spring generation were again produced in the second offspring generation, 
the same cross could then be repeated, and repeated again, in order to 
determine whether further mutations continued to originate in later 
generations, long after treatment. Slightly over a thousand cultures of 

the flies ( "F1 ") whose parents had been treated with varying doses of 

x -rays (called tl, t2, etc.) were started simultaneously, and nearly the 
same number of controls. 
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When the offspring ( "F2 ") from the above cultures began to be ex- 
amined (November, 1926) a decided difference between the control and 
treated series was soon evident. The controls showed a very low fre- 
quency of lethal mutations (1 in 947 fertile cultures), like that usually 
found, whereas the treated series showed a surprisingly high frequency 
of lethals (88 in 758 cultures), and all but 3 of these lethals were con- 
fined to the chromosomes derived from the treated progenitor. They 
occurred in abundance, moreover, no matter whether the treated progenitor 
had been a female fly or a male. Similar results were found with regard 
to visible mutations and semi -lethals in these cultures, though of course 
they were not as numerous as the lethals. In later generations ( "F3" and 
"F4 "), only a small number of new mutations were found, not significantly 
more in the treated than in the control series. 

A new series of crosses was then initiated (spring of 1927), similar in 
principle to the preceding, but in which the X- chromosome introduced 
from the untreated female progenitor contained the grouping of genes 
called "C1," which prevents crossing over, and which is lethal in its effect 
on males. If now the offspring females, which were subjected to the 
breeding test, had also received a new lethal, in the X- chromosome from 
their treated father, they could not produce sons containing this X- chromo- 
some, or sons containing the Ci chromosome either, that is, they could 
produce no sons at all-a condition definitely determinable by naked -eye 
inspection of their culture bottles. Somewhat over 1600 (fertile) cultures 
were examined in this set of experiments, and the results were substantially 
the same as before. In both sets of experiments, moreover, the treated 
progenitors were bred through two broods, and the offspring from the 
second brood, from germ -cells effecting fertilization a week or more after 
treatment, were found to have sensibly the same frequency of mutant 
genes as the others. On adding together the results of both sets of experi- 
ments, the lethal mutation frequency was found to be of the order of 150 

times higher in the heavily treated t4 series than in the controls, and also 

significantly higher in the t4 than in the half as heavily treated t2 lots - 
something of the magnitude of one and a half times to twice as high, 
though the precise factor here is as yet uncertain. 

To obtain more abundant data on visible mutations, rather than the 
ubiquitous lethals, crosses were made at the same time of treated males 
to females having attached X- chromosomes and a Y. Here the sons 

carry their mother's Y and their father's X and hence reveal on inspection 
all visible mutations, even recessives, that arose in this X of the treated 
sperm. Counts showed that the abnormalities thus produced were very 
abundant, and similar results have been obtained later on repetitions of 

this experiment. 
Combining all the work done in 1926 and 1927, the following sex -linked 
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mutations had been induced (one or more times) that appeared allelo- 
morphic or identical with previously known mutations: broad, white, 
eosin, facet, Notch, crossveinless, tan, vermilion, tiny bristles, miniature, 
garnet or ruby, small wing, rudimentary, uneven eye, forked, small eye, 
cleftoid and bobbed. Of these, at least one each of the following had 
been proved, by crossings with the old mutants, to be really allelomorphic 
to them: white, Notch, tan, vermilion, small wing, small eye, forked 
and bobbed. 

The data on induced mutations in the X were sufficient to allow a 
graph to be made, showing their relative frequencies throughout the length 
of the "map." The graph disclosed that they were heaped more abun- 
dantly in the same regions as those in which more spontaneous mutations 
had previously been found. This unevenness is probably due merely to 
variations in our measure of length -the cross -over frequency -from 
region to region of the chromosomes. 

Though most of the studies to date have been directed especially at the 
X- chromosome, various autosomal mutations also have been found, both 
dominants and recessives. In one experiment they were looked for at 
six specific loci (in a cross of x -rayed wild -type males by females homo- 
zygous or roughoid, hairy, scarlet, pink, spineless, ebony) and found at 
two of them (scarlet and spineless), though in each case combined with 
lethal effects that might suggest "deficiencies." Among the dominant 
autosomal mutations which have been induced are star eye, hairless, 
mutations resembling in appearance delta and truncate, and many of the 
minute bristle type; also dominant mutant allelomorphs of vestigial, and 
of eyeless (see below). The data on dominants indicate that mutations 
are induced as readily in the autosomal chromatin as in that of the X- 
chromosome. 

The above lists include only those induced mutations which seemed the 
same as, or allelomorphic to, mutations already familiar to the Drosophila 
worker. There were also diverse new types of mutations produced, both 
in the X and in the other chromosomes, but space forbids their being 

passed in review here. 
2. Possible Nature of the Effect and Structure of the Gene. -A consider- 

able number of the induced mutations have been carried through a pro- 

tracted series of breedings, and in the great majority of cases -with one 

exception, to be noted later -they breed quite true, as stable Mendelian 
genes. Their stability is in fact evident almost from the moment of their 

origination, for if the mutant gene mutated again, backwards or forwards, 

in the cells of the early embryo derived from the mutant germ cell, the 

resulting adult would show an irregular patchwork of mutant tissues, 

scattered among normal tissues. This is not the case. It can be shown 

however that, on the theory that the gene is compound, consisting of a 
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number of interchangeable molecules or larger members, this should 
probably be the case, that is, a patchwork of tissues should result, as 
mutant and non -mutant molecules became sorted out irregularly in the 
cell - divisions directly following the original mutation, and an irregularly 
patterned mosaic adult would be formed. We may conclude that it is likely 
that the gene ordinarily consists of not more than one molecule, or at 
least not of several molecules of the same kind. 

But although the adult individual arising from a mutant germ cell 
does not show mutant and normal tissues mixed up in any such a crazy - 
quilt pattern, it does, usually at any rate, contain both mutant and normal 
tissues, and each of these tissues usually forms, so far as can be determined, 
one coherent sector. The germ cells may or may not be included in the 
mutant sector. This fractional character of the mutants seems most 
plausibly interpreted on the assumption that the chromosome, or at least 
the individual gene, in the parental treated sperm cell was already divided 
into two halves, and that only one half became transmuted.' If this is 
true the sperm cell in a sense contains twice as many genes as we thought 
it to, and our maximum estimates of gene size must correspondingly be 
cut in two, bringing them even nearer to the size of a single protein mole- 
cule. 

That the transmuting action of the x -rays is thus spatially narrowly 
circumscribed, being confined to one gene even when there are two identical 
genes close together, has also been shown in another way. Females were 
treated (fall of 1927) which contained one X- chromosome having C1, 

also a normally patterned X- chromosome, and a supernumerary Y- chromo- 

some. When this combination occurs, many offspring are formed in 
which, owing to non -disjunction, both X- chromosomes from the mother 
are present at once. It was found, on analysis of 84 such "non -dis- 

junctional" offspring by the breeding test, that in four of them a gene in 

one of these treated X's had mutated, without the corresponding gene in 

the other treated X having been affected. Two of these mutations were 

lethals and two were visibles. No case of a simultaneous mutation of 

two corresponding genes has been found. Hence, the accidental position 
of the gene in the path of the rays, rather than its chemical composition 
per se, may be of major importance in determining whether it happens to 
become transmuted. 

More direct evidence for this conclusion was found in two cases in 

which it could be shown that two or more near -by loci, containing genes 

of different character, had become changed simultaneously. The more 

striking of these cases is that of notched wing and mottled eye, which 

arose together and which lie only about one and a half units apart in the 

chromosome; a breakage in the same chromosome, at a point not far 
removed from these, also occurred at the same time. This "group muta- 
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tion," or simultaneous occurrence of gene changes, in this case close to- 
gether in a row, suggests that the secondary or ß radiation, the released elec- 
trons, may be the effective agent, and the chance position of the gene in 
relation to the course of the electron may be a deciding condition in the pro- 
duction of the mutation. That the mutations are thus caused by chance 
absorption of individual quanta, such as may take place in the line of 
these secondary rays, is further suggested by the lack of relation between 
the amount of the x -ray dose and the intensity or the character of the 
mutations produced : their number varies with the x -ray dosage, but it 
seems that the "degree" or nature of the individual mutations them- 
selves does not vary with the dosage. 

Intensive study of the individual mutations is however called for if 
we would know more of the properties of the gene. Of the individual 
mutations, the mottled above referred to has been the most interesting 
and unique, it being the only example, among our induced mutations, of 
an "ever- sporting gene." Weinstein has recently reported another case. 
The continual mutations of mottled backward and forward, even in the 
somatic tissue, are indicated by the splotches on the eye, and different 
strains of it, having more and fewer spottings, and varying intensities and 
extensions of color in the spottings or in the background, have been estab- 
lished by selection. The theory of a compound gene might at first sight 
seem to find a very favorable case here, but it must be recalled that other 
allelomorphs of this gene are known (eosin, tinge, etc.) which, although 
they too show a color intermediate between red and white, are not un- 
stable at all. Thus the instability of mottled would seem to depend on 
some other feature of the gene structure than the apparent mixture of 
color elements. Moreover, the variations of mottled are to some extent 
correlated with variations in the notching of the wings, though the notch 
gene is not identical with, or even directly adjacent to the mottled gene. 

There are other individual mutations which can be used for intensive 
study, because their frequency of occurrence after raying is so high. For 
example, ordinary white eye (of which mottled is an allelomorph) has been 
produced something like twenty times, its frequency of occurrence, after 
the heavy treatment, being of the order of once in every thousand germ 
cells. The dominant, star eye, has been found to have the same or an 
even higher frequency. Rudimentary wing has occurred several times, 
so have miniature wing and various other types. 

3. Evidence for Other Alterations than Losses. -In view of this ready 
repetition of given changes, by an agent known to be so often destructive 
in its effect, Altenburg has suggested a question which must be faced. 

Are the x -rays merely punching holes in the chromosomes, or, more pre- 

cisely stated, simply causing losses or inactivations of genes or gene parts? 
If so, the usefulness of the x -ray, both from a practical and from a theo- 
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retical standpoint in biology, would be seriously limited. We have there- 
fore attempted this year (1927 -1928) to discover, at the suggestion of my 
wife, whether mutations could be produced in both of two opposite direc- 
tions by x- rays -as from red to white eye and also from white to (or 
toward) red. In the case of this particular gene, extensive counts by 
Hanson, by Patterson and by myself have so far failed to show a muta- 
tion from white to (or toward) red, though such a change would have 
been found had it tended to occur with as high a frequency as the red to 
white mutation. Hanson has found four reverse mutations of the domi- 
nant bar eye to normal round eyes, but this change would, on the basis 
of Sturtevant's work, be a loss, and the opposite change, round to bar, 
has not yet been produced. Again, in the experiment previously cited 
which proved that only one of two corresponding genes was transmuted 
at a time, females were used which were homozygous for the mutant gene 
scute (in which bristles are missing on the scutellum) and the two visible 
mutations found in this experiment both consisted of reverse mutations 
of this " scute" to the dominant normal gene which causes the production 
of scutellar bristles. This occurred once in the Cr bearing X- chromosome 
and once in the other X. Unfortunately, the opposite change -normal 
to scute -has not yet been observed in x -rayed material, although it 
has occurred several times in the past in other work (as has also the scute 
to normal change). This case, too, then fails to quite meet the conditions 
for the solution of our problem. 

Recently, however, unexpected evidence from another angle, bearing on 
the point at issue, has been obtained. In the x -ray work this year, an 
"eyeless" (reduced eye) mutation of appearance similar to the familiar 
one, and also lying in the tiny chromosomes of the fourth pair, has been 
discovered, but this x -ray eyeless, unlike the old eyeless, is a dominant, 
that is, it shows as "eyeless" even if one normal fourth chromosome is 
present in the fly. Now, previous work of Bridges has shown that if one 
normal chromosome of the fourth pair is present, and if the other fourth 
chromosome has been completely lost, the flies .(called "halpo- IV's ") do 
not show the characteristics of eyeless (being normal eyed in these re- 
spects). The new dominant eyeless, therefore, does not seem to be due 
to a loss, since the real loss, per se, is known to give no dominant eyeless 
effect. Nor is the new eyeless a mere "duplication," for an extra fourth 
chromosome, in Bridges' experiments, produced no such eyeless effect 
either. The dominant eyeless accordingly appears to consist of some 
other kind of alteration in the gene than a change purely quantitative in 
its nature. There is only one objection of any importance to this con- 
clusion, though perhaps it is rather far -fetched: that is, that the loss of a 
part of one chromosome might perhaps produce a different and, in some 
respects, a stronger effect than the loss of the whole chromosome would, 
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on the assumption that adjacent genes (or genetic materials) somehow 
interact in a special way by reason of their proximity. 

A stronger case, not open to any of the above objections, has even more 
recently been worked out (April -May, 1928).4 Here a mutation has been 
found, after raying, in which the gene for forked bristles reverted to the 
dominant normal bristles, and true- breeding stock of the reversed gene 
has been established. "Contamination" can be ruled out as an explana- 
tion here, since a peculiar chromosome inversion which had been present 
served as a check on this. It will be recalled that mutation in the direc- 
tion, normal bristles to forked, had already been observed (several times) 
after raying. As the forked to normal change has never been observed 
without raying, and as the present reverse mutation was accompanied 
by another visible mutation, in a different locus of the same chromosome, 
it is highly unlikely that it was of "spontaneous" origin (i.e., not caused 
by the raying). Hence this case affords convincing evidence that changes 
other than losses can be produced by x -rays. It will be desirable, how- 
ever, to search for further such cases of induced mutations in opposite 
directions, in order that quantitative data may be obtained concerning the 
potentialities of the genes. 

4. The Reorganization of Chromosomes. -In the earlier experiments, 
besides the gene mutations, numerous cases were found that seemed to be 
so- called "chromosome mutations," or, more properly speaking, chromo- 
some reorganizations, as they involved rearrangements of blocks of genes 
comprising whole sections of chromosomes. Usually, these "mutants" 
showed modifications in their cross -over frequencies, such as are taken to 
indicate that the chromosome has been broken, and a section of it turned 
around in its place or otherwise reattached abnormally to the remaining 
section, but some of the cases clearly involved an attachment between 
the broken -off fragment and some other, non -homologous chromosome. 
In order to obtain more definite data on the latter cases, which we call 

"translocations"-only one example of which seems to have been definitely 
established in previous Drosophila work, by Bridges in 1918, though 
Blakeslee in 1926 reported a case found, after raying, in Datura- Alten- 

burg and I have this year (1927 -1928) made certain crosses of treated flies 

to others having dominant genes, as markers, in two of their main auto - 
somes, and the offspring have been bred to discover such infractions of 

Mendel's. second law, the law of "random assortment," as would result 
from an attachment between pieces of non -homologous chromosomes. 

We find that such translocations, after x -ray treatment, are nearly as 

abundant as are the (detectable) gene- mutations. More than 70 have 

so far been found, including attachments between one long autosome 

and another, between either long autosome and the X, and between 

either long autosome and the Y, and also two cases of double translocations 
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involving all three long chromosomes simultaneously, in such a way that 
the animals bred as if they had only one pair of very long chromosomes 
(like Ascaris univalens). This is the number of such double events to 
be expected if the different translocations really occur independently of 
one another. Analysis of all the data shows that there is little or no 
preference for attachment between particular chromosomes, it being a 
chance affair, except that the likelihood of a given chromosome being 
broken, or of its serving for the attachment of the fragment of another, 
varies approximately with its own length. 

Breakages, and also attachments, may occur at various points along 
the chromosome "map," that can in many cases be determined by genetic 
evidence. We may, then, examine the cells under the microscope, and 
verify our picture as genetically drawn. This problem has now been 
attacked, and figures have been obtained by the writer and by Altenburg, 
in several cases of translocation, which seem plainly to meet the genetic 
expectations. However, Drosophila cytology is elusive in its finer details, 
and so it will be desirable to obtain a fair number of incontrovertible and 
mutually confirmatory figures of each case before the conformation in 
question can be considered as conclusively established. Professor T. S. 

Painter is now working intensively on a number of cases of this sort. 
It should be noted that such cytological verification not only establishes 
the claims made with respect to the individual translocations involved, 
but also serves to prove directly that our genetic methods of reasoning 
are sound: that is, that the genes really do lie in the chromosome in 
linear arrangement, in the physical order in which we have theoretically 
mapped them -a cardinal principle which not all those who believe in 

the chromosome theory in a more general way have hitherto admitted. 
And with this proof, it can be shown, goes the proof of the corollary propo- 
sition, that the so- called "mechanical theory" of crossing -over is correct. 

When the individuals containing translocations are bred, various points 
concerning the behavior of the chromosomes come to light. It is found, 

for example, that the translocated piece sometimes crosses -over with its 
normal homologue that is differently placed; this illustrates the fact that 
synapsis and crossing -over depend on an attraction between like genes 

rather than between chromosomes as a whole. Usually, however, cross- 

over frequencies are much affected in one way or another. 
Among the zygotes formed on breeding individuals containing trans - 

locations, there are always two classes of "unbalanced" types, one of which 

receives a chromosome deficient in a section of its genes, but fails to get 
the translocated section that originally belonged there, and the other of 

which, conversely, receives an entire normal chromosome of this category, 
and gets the translocated section in addition. Often the individuals of 

such "unbalanced" compositions die, but occasionally they live, and then 
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they commonly show abnormalities caused by the unusual gene propor- 
tions; thus the somatic and genetic effects of missing or extra genes may 
be studied. Since these abnormal or lethal individuals are regularly pro- 
duced when individuals with translocated chromosomes are crossed to 
normals, it is evident that the existence of such translocations in homo- 
zygous condition in a sector of a population will tend to isolate it physio- 
logically from the rest, and so might become a factor in allowing divergence 
in evolution. The obstacles in the way of crossing -over and of free re- 
combination in the case of translocations (and inversions) tends in the 
same direction. 

5. Generality of the Effect.-Various other workers, preëminently Wein- 
stein, have now confirmed the effectiveness of X -rays in producing both 
gene mutation and chromosome reorganization in Drosophila. In our 
laboratory Hanson, Patterson, Oliver and Harris have obtained definitely 
positive results. Recently Whiting, working on the wasp Hadrobracon, 
has extended the principle of gene change by X -rays to another animal 
than Drosophila. Stadler, working on barley and maize, has conclusively 
demonstrated, by means of ingenious methods, both gene mutations and 
chromosome aberrations ( "non- disjunction ? ") to be produced in plants 
by x -rays. It should be stated, in this connection, that his work was 
carried on simultaneously with and independently of that of the present 
writer. The work of Goodspeed and Olson on tobacco, in which numerous 
phenotypic and also chromosomal abnormalities were clearly induced in 
the progeny of rayed flowers,' now extends the principle of heritable 
chromosome reorganization by x -rays to plants, and there seems to be a 
good opportunity for the production of gene mutations by x -rays also 
to be proved soon in this form. 

The effect of x -rays on genes seems quite general in another sense as 
well. That is, the production of gene mutations by this means is not 
confined to a particular type of cell. In Drosophila, it is not only mature 
germ cells of both sexes which are susceptible, but also immature cells. 
For, in the earlier experiments (1926), it will be recalled that mutations 
were found not only in individuals from eggs laid immediately after treat- 
ment, but also in those from eggs laid a week or more afterwards, which 
must have been in the oogonial stage when the female was treated. 
In one such case, moreover, two daughters of the same treated mother 
were found to have an identical mutation (the semi -lethal, semi - dominant 
"cloven thorax," located near scute); these had obviously been derived 
from the same treated oogonium. Professor J. T. Patterson, now work- 
ing on the general problem of effects on immature cells, finds that cells 

of the larva and early embryo may have their genes transmuted, and 
chromosomes eliminated or broken, by treatment given in the early stages: 
thus mosaic adults are produced bearing small or large patches of visibly 



VOL. 14, 1928 ZOOLOGY: H. J. MULLER 723 

mutant tissue, each patch derived from one mutant larval somatic cell, 
while similar phenomena in the germ cells result in groups of identically 
mutant offspring. Stadler has reported analogous findings of groups of 
identically mutant offspring from barley rayed in the ' seedling stage. 
These genetic effects on "formative tissue" may also furnish the explana- 
tion for the effects of raying on the hair color of homozygous and hetero- 
zygous mice, reported by Hance. 

6. Is the Effect Unique?- Before closing, we may raise the question: 
to what extent are x -rays unique in their effects? May not other mal- 
treatment also produce mutations? It is to be expected that radium 
radiation, because of the physical similarity of its effects to those of x -rays, 
would produce similar results in this respect also, and results obtained this 
spring by Hanson (using the C1 method) are clearly positive on this point. 
In one of his experiments the gamma rays alone were allowed to reach 
the flies, and in these, too, mutations were produced in abundance. Pro- 
ceeding down the spectrum in the other direction, Altenburg, in the spring 
of 1927, tried maximum toleration doses of ultraviolet rays from a mercury 
arc, on an extensive scale, and the results here were definitely negative, 
in the sense that there could have been no effect of nearly the same order 
as is produced by maximum toleration doses of x -rays. Of course, in- 
dividual wave -lengths still deserve trial separately. 

The writer has tried five different treatments this spring (1928), in 
addition to controls, using approximately 500 cultures of the C1 type in 
each case, and examining them primarily for lethals. The controls yielded 
2 lethals. One treatment consisted of the inclusion of one per cent of 

lead acetate in the food, on which the flies were placed from the egg stage 
through maturity; another treatment involved a similar protracted feeding 
on arsenic trioxide, in a semi -lethal concentration (0.015% of, the food); 
in a third treatment, semi -lethal doses of manganese chloride (0.62% 
and 0.31% of the food) were administered in like manner. In all of these 
cases combined there was only one lethal (and no other) mutation ob- 

served (the lethal was in a manganese culture), and we may assume with 
confidence that, if the frequency of lethal mutations was low here, the 
general frequency of visible mutations must have been much lower still. 
This result, therefore, is at variance with that reported for butterflies by 
J. W. H. Harrison, since this author concludes that visible mutations are 
produced in abundance, both by concentrations of lead and of manganese 
far weaker than those here employed. Of course, it may be held that flies 

and butterflies would be affected totally differently. 
The other two treatments tried on the flies consisted of semi -lethal 

doses of the vital stain, Janus green (0.25% of the food), and semi -lethal, 
partially sterilizing exposures to a temperature of 36 °C. for from 40 to 
64 hours. In the former experiments 2 lethals and 3 semi -lethals, and 
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in the latter experiment 4 lethal mutations were obtained. These numbers 
are not significantly higher, from a statistical standpoint, than the figure 
of 2 lethals gotten in the controls, yet there may have been a compara- 
tively slight effect here, and a repetition of these treatments will be de- 
sirable. The apparent effect, however, is in neither case larger than that 
already known to be produced by moderately high temperature when this is 
applied for a week or more to non -radiated material (experiments of Alten- 
burg and of the author, 1919 -1926), and such an influence of temperature 
may conceivably only consist in rendering more effective that natural 
radiation which commonly penetrates even "non- radiated" cells (just as 
Holthusen, followed by Dognon, has found, in Ascaris eggs, that a rise 
in temperature may result in a marked increase in the injurious effect 
on development, of x -rays artificially. applied). It may be repeated, 
however that if there was any effect in either of these two experiments, 
it was too small to be really demonstrable by the technique employed, 
and this supposititious effect must have been of an intensity at least 
three "octaves" lower than that of the x -ray effect. 

Thus we are brought before the question : are all mutations ultimately 
due to rays of short wave -length and to high -speed particles of correspond- 
ing energy content? If so, biological evolution has been made possible 
only by the stray radiation present in nature -the beta and gamma rays, 
and the cosmic rays. This question permits a definite solution, for some 
organisms at any rate, if only we can compare the mutation rate in ordinary 
controls with that in cultures from which a large part of the natural radia- 
tion has been artificially excluded, but great numbers of cultures will be 

necessary for a study involving only such low mutation rates. More- 
over, absolutely all radiation cannot be excluded, for, as J. B. S. Haldane 
has pointed out in this connection, there would always be some "residual 
radiation" associated with the necessary potassium of living things. In 
this projected experiment the coöperation of physicists will be desirable 
in the working out of effective means for securing the physical conditions 
required. 
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2 Department of Zoology, Contribution No. 221. 
2 Since the above was written Dr. Robertson has shown me figures (unpublished) 

in which a longitudinally split condition of the chromosomes in the spermatids of grass- 
hoppers is evident, and Dr. M. T. Harmon has informed me that she has observed the 
same phenomenon in the spermatids of guinea pigs. Various cytologists have observed 
a split condition of chromosomes in the telophase stages of other cell divisions. Accord- 
ing to observations of Shiwago, chromosomes are double at all stages, and split second- 
arily just before the identical halves separate in mitosis. 

4 This paragraph has been inserted since the reading of the original paper, as the 
reversion was not observed until just after the author's return from the meeting. In 
the original paper it had been stated that no reversions of forked had been obtained. 
The writer wishes to thank Professor J. T. Patterson for invaluable aid in this experi- 
ment, rendered during the writer's absence on the trip. 

E. Stein (1922, 1926) had previously reported numerous phenotypic abnormalities 
of Antirrhinum, produced by radiation, which were inherited through vegetative re- 
production. She also noted abnormalities of chromosome distribution occurring at the 
reduction division, long after treatment. In animals, non -disjunction of the X and other 
chromosomes at maturation, produced by radiation, was first demonstrated by Mohr 
(1919) in Decticus. 

ON THE ROOTS OF THE DERIVATIVE OF A POLYNOMIAL 

BY MORRIS MARDEN' 

DEPARTMENT OP MATHEMATICS, UNIVERSITY OP WISCONSIN 

Communicated July 20, 1928 

The purpose of this note is to indicate the nature of some results obtained 
by the writer in generalizing a group of theorems proved several years ago 
by Professor Walsh of Harvard University concerning the approximate 
geometric location of the roots of the derivative of a polynomial.' A 

principal result is the following 
Theorem. Suppose m1 roots of a polynomial f(z) of degree n have as 

their common locus a region Ci consisting of the interior and the circumference 
of the circle 

C1 = x2 + 1'2 - 2a1x - 2ß1y = 0, 

4+1 
Emi=n. where i = 1, 2, ..., q + 1, and 

i = I 

Then the roots of the derivative of f(z) have as their locus 
(a) the common points of any two of the regions C1; 

(b) the points of every region C1 for which m1 0 1; and 
(c) the interior and the boundary of all the ovals of the q- circular 2q -ic 

curve 
4+.I nmi -4 m1m;Q1j J , i=I C1 i=1 CZC; 

s=i+1 

(1) 
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FURTHER STUDIES ON THE NATURE AND CAUSES OF GENE 
MUTATIONS 

H. J. Muller, University of Texas, Austin, Texas 

RECENT WORK ON THE CAUSES OF MUTATIONS 

The problem of the induction of mutations /by irradiation 

Possession of the capability of transmuting the gene brings with it the 
obligation of attempting to find an explanation of how this transformation 
takes place. At first it seemed quite an understandable result -even one to 
have been anticipated -that high- energy radiation should change the gene. 
For the atoms of genes cannot be immune from activation either by the X- 
ray quanta themselves or by the fast -moving electrons released by the lat- 
ter, and such activation should, in the case of some of the atoms at least, 
be the prelude to chemical reactions which alter the composition of the 
molecules in which these atoms lie. It was tempting, especially for the 
physicist, to believe in this relatively simple explanation of the induced 
mutations, particularly since the work of HANSON, HEYES and STANTON 

(1929, 1931, 1932) and of OLIVER (1930a, 1932), corroborated by that of 
STADLER (1930), of SEREBROVSKY (1930), of TIMOFÉEFF- RESSOVSKY 

(1931b), of PATTERSON (1931), and of others, demonstrated so clearly that 
the frequency of the induced mutations is directly proportional to the total 
energy absorbed from the high -energy radiation, regardless, within wide 
limits, of its distribution in time and of the size of the individual quanta. 
These findings showed that the impacts of the released electrons must be 
the primary causative agents in producing the mutations, and it was easiest to 
think that the latter were always the direct results of the former. No doubt 
they are, in some cases ; that is, it is difficult to believe that any gene can 
be so stable that no well- directed electron can produce a permanent change 
in it. However, later results give us reason to conclude that the induction of 
some at least of the mutations is a less direct matter which, though trac- 
ing back on the one hand to the electrons, also involves an intermediary 
course of events, dependent somehow upon the peculiarities of the biological 
system. The series of problems is as yet far from being solved, yet I be- 
lieve it will be useful to present then at this stage, for consideration and 
further experimentation. 

Interdependence of chromosome breaks 
The clearest series of facts comes to light in connection with a study 

of chromosome breaks, which I believe may have some significance in the 
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study of gene mutations also. In my first work on induced mutations (1927), 
I showed that the "mutational" effects of irradiation fall into two main 
subdivisions, namely, changes of individual genes -"gene mutations" -and 
rearrangements of genes, due to breakage of the chromatin, often followed 
by reattachment of one or more of the pieces in a new order. It was natural 
to suppose that these two phenomena were interrelated. Since the genes 
form a chain, the chemical alteration of a gene might at times be a matter 
entirely confined to the individual link, and it might, on other occasions, by 
destroying or breaking the link or its connection with an adjacent link, re- 
sult in a breaking of the whole chain. According to certain results of 
ALTENBURG and myself (1930), the two effects ordinarily occur with simi- 
lar frequency, and OLIVER (1932) has obtained evidence that the fre- 
quency of the induced rearrangements, like that of the gene mutations, 
is proportional to the energy absorbed. Let us then examine further into the 
mechanism of production of these rearrangements in the hope of throwing 
further light on the problem of the gene mutations. In so doing, we come 

upon a significant series of facts in which, hitherto, the forest has usually 
been ignored on account of the trees. 

In the study of the frequencies of induced translocations above referred 
to ( MULLER and ALTENBURG 1930; submitted 1929) it was suggested that 
these translocations might frequently involve breakage of both chromosomes 
concerned, since otherwise it was difficult to explain why the smaller chromo- 
somes should serve less often than the larger for the attachment of translo- 
cated pieces of other chromosomes. As more and more cases of translocations 
have been analyzed, this supposition has been confirmed. Since the finding 

of the first mutual translocation in Drosophila ( "Swoop," in 1929 -see 
MULLER 1930a and b), more and more of the induced translocations have 

been proved, on analysis, to belong to this category. Thus, of five transloca- 

tions between chromosomes II and III, analyzed by DOBZHANSKY and 

STURTEVANT (1930, 1931), four (all the induced ones) were shown to be 

áf the mutual type. OLIVER (1930b, 1932), GLASS (1932), working at the 

Texas laboratory, and VAN ATTA (1932), working with OLIVER at WASH- 

INGTON UNIVERSITY, have made similar findings for induced translocations 
involving X with III, and II with III, and BURKART (1931, 1932), in 

STERN'S laboratory, supplemented by OFFERMANN in Texas, has found a 

spontaneous mutual translocation of X with II (called "Blond ") . In at 

least one of OLIVER'S cases, where the translocation itself was not mutual, 

there was nevertheless evidence of a mutual breakage, since a piece broken 

off by one chromosome seemed to have become inserted into a gap made by 

breakage of the other chromosome. 
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It might be thought that at least those translocations which involved the 

tiny fourth chromosome with another chromosome might be cases where 

only one of the chromosomes -the larger -had been broken. As a matter 
of fact, breakage of the fourth chromosome would usually be very difficult 

to demonstrate in such cases, even if it had occurred, and so most translo- 
cations involving the fourth, reported by myself and PAINTER (1929), by 

DOBZHANSKY (1929, 1930b, 1931), and by PATTERSON (1932a) may or 

may not be of this type; the data so far given do not bear on this question. 
We have, however, at our laboratory, made several studies of the matter 
on translocations involving the X and IV, which are somewhat better 
adapted for a solution. Of the three cases studied, one, "X -IV 3," in- 

vestigated by BOLEN and myself, is clearly a mutual translocation in which 

the little chromosome, IV, has itself been broken and a piece of it exchanged 
for a piece of the X, which was also broken ( BOLEN 1931) . Another, "X- 
IV 1," has been found by OFFERMANN (see OFFERMANN and MULLER 

1932) to involve a breakage of the fourth chromosome together with an 
insertion, into the gap thus made, of a piece deleted from the middle of the 

X ; the latter chromosome, which had been broken in two places, had its 

two terminal pieces joined together. The third translocation of X and IV 
studied, "X -IV 4," is as yet doubtful, though certain peculiarities of its 

behavior, found by STERN (1931), suggest a mutual breakage. 
I do not mean to insist that all induced translocations involve mutual 

breaks; in fact, there are certain phenomena which indicate that this is not 
a universal rule. Thus, in the induced translocation accompanying scute- 
19, it has been found by LEAGUE and myself that although the left end of 
the X is attached at or near the left end of the genetic map of II, there has 
been no transfer of material from II to X (at least, not of any active re- 
gion), since flies are viable that are homozygous for the chromosome II of 
this translocation but contain only a normal X or X's. If a piece had been 
removed from II, such flies would completely lack that piece. It is still pos- 
sible, but dubious, to assume an insertion very near the end of II. A similar 
case is that of "II -III 26" (of PAINTER and MULLER 1929). BRIDGES' 

original spontaneous translocation (see HAMLETT 1926) and the spon- 
taneous case described by DOBZHANSKY and STURTEVANT (1931) also ap- 
pear to involve but one break, with attachment of the resulting fragment 
to the side of another chromosome. However, in the face of the above 
findings, including those concerning chromosome IV, in which they are to 
be least expected, it is evident that the great majority of translocations con- 
form to this rule. Furthermore, in the great majority of cases of induced 
translocations in which we have been able to get any evidence on the ques- 
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tion, it has appeared that the fragments have become united together at 
their mutual points of breakage, rather than by any of their originally free 
ends, or by an attachment to the side of another chromosome. 

To parallel the above facts concerning translocations, we have a similar 
series concerning inversions -that is, evidence that they usually involve two 
breaks, with a reattachment of the pieces at their points of breakage although 
in a different direction with regard to each other than the previous one. Of 
the five inversions (all spontaneous) analyzed by STURTEVANT (1926, 
1931) and GRAUBARD (1932) four could be shown to involve two breaks ; 

it is assumed that in the fifth (CIVE) one of the breaks is located near the 
end of the chromosome, beyond the farthest marker used. The comparison 
of D. simulans and melanogaster made by STURTEVANT and PLUNKETT 

(1926) also shows that a two -break inversion must have occurred in one of 
them in its evolution. We have analyzed one spontaneous and three induced 
inversions of the X ("C1B," "s 49," "C1B reinversion," and "w" 5," re- 

spectively) sufficiently to determine this question in regard to them, and 
find them all to be double -break inversions, while the findings of SERE - 

BROVSKY and of LEVIT on the induced scute -8 inversion show these also to 

have double breaks. Evidently the only difference between most inversions 
and translocations is the more or less accidental one that in the former the 

two points of breakage and exchange happen to be on the same chromosome, 
in the latter on different ones. 

Deletions, including many of those less extensive genetic changes hitherto 
known as "deficiencies" of inner segments of a chromosome -which we 

now have every reason to regard as small deletions (see page 232) ,-con - 
form to the same rule. That is, they too involve two breaks, with reunion 

of the pieces at the point of breakage, only it happens that in these cases, 

unlike the inversions, the new junction is between the terminal pieces. Ap- 

parently it is more or less a matter of chance which broken ends unite with 

which, so long as the junction is between one broken end and another one. 

The above array of findings regarding translocations, inversions and dele- 

tions leaves only one alternative to the conclusion that the occurrence of one 

break tends to be associated with that of another one. That alternative is to 

suppose that the breaks occur independently of one another, but that only in 

cases where two breaks have happened to occur does reattachment usually 

take place. It is agreed that attachment must ordinarily be by the adhesive 

broken ends, and it is concluded that in the cases in which reattachment fails 

to occur the fibreless fragment is lost and the resulting aneuploid individual 

is usually inviable. This hypothesis would also require the assumption of 
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some as yet unknown mechanism to enable these four distant broken ends 
to find each other, two by two -either some force of attraction at a distance 
or a sort of very thorough groping movement. 

The alternative hypothesis above depicted breaks down in the face of the 
evidence that the frequency of gene rearrangements varies approximately 
in proportion to X -ray dosage, and probably not as rapidly as the square of 
the dosage. The frequency would vary more nearly as the square of the 
dosage if the rearrangements required the coincidental occurrence of two in- 
dependent events (the two different breakages), each of which separately 
varied as the dosage. Such a mode of frequency variation seems irreconcil- 
able with the results of OLIVER (1932) above referred to ; the results of 
MULLER and ALTENBURG (1930), though not so critical in regard to this 
question, also speak strongly against it. We would also expect some traces of 
such an effect on the general frequency of mutations (including those con- 
nected with rearrangements) , if the square rule held true, whereas the studies 
of HANSON and of OLIVER on mutation frequency show a strict, simple pro- 
portionality with dosage, with certainly no excessive increase at higher dos- 
ages. As direct evidence against the idea of independent breaks we may also 
mention a study of LEVIT'S (unpublished), which indicated that (although 
in some regions "simple" breaks occurred readily) in a certain region of the 
X (of scute -8 inversion) there were actually fewer simple breaks than 
breaks occurring concomitantly with breakage in another specified region. 

If, now, the two breaks involved in a rearrangement are not independent, 
we must conclude either that one break somehow acts to induce another one, 
or -what seems a priori more likely -that both are due to a common cause. 
In either case, the localization of the effect (its confinement to two given 
spots) would practically require (in consideration of cell structure and 
mechanics), a spatial propinquity of the two chromosome threads concerned. 
This brings us, in essentials, back to the interpretation which SEREBROVSKY 
in 1929 offered for translocations and inversions, which was extended by 
DUBININ to deletions. SEREBROVSKY and DUBININ advocated the inter- 
pretation (which we also had had in mind as a possibility) that where the 
chromosomes crossed each other, no matter whether the same or different 
chromosomes, there, under the influence of radiation and sometimes of 
other circumstances, they were likely to stick together and then to become 
broken apart in such a way that the pieces came to lie in a different order 
than they had before. This would mean, in many cases, that a double break 
and exchange of parts Occurred, the pieces becoming reattached at their 
broken, not their free ends. 
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There are still certain difficulties in this scheme, especially that of ex- 
plaining how the insertion into one chromosome of a piece deleted out of 
another would take place, for this would seem to necessitate the rare coinci- 
dence of three strands meeting at exactly the same point. Moreover, we 
cannot at all agree with SEREBROVSKY'S extension of this hypothesis to ac- 

count for gene mutations as being simply deletions or additions of so minute 
a portion of chromatin as to be classified as a single gene. The reasons for 
rejecting this have been given in a previous publication (PATTERSON and 
MULLER 1930) ; and certain minor modifications may also be required -it 
may be, for instance, that union does not occur, or is not completed, before 
breakage, and it is highly unlikely that a piece can be mechanically cut out 

of the side of a chromosome, sausage -like, if the persistent structure in the 

chromosome is a thread -like chromonema, containing a single -file string of 

genes. Yet in view of the undoubted tendency for association of one break 

with another, far beyond what chance would allow, and for a union be- 

tween the broken ends formed by these breaks, we are practically forced to 

adopt the essentials of SEREBROVSKY and DUBININ's general scheme, in so 

far as gene rearrangements involving reattachment are concerned. 
In adopting this scheme, we accept the principle that the rearrangements 

occur by a process which is virtually crossing over, except that it is between 

non -homologous regions and at a time other than the proper synaptic period. 

The irradiation has somehow (possibly by de- charging them) done away 

with the repulsion which normally holds chromosome strands apart from 

one another, and it has allowed the crossover mechanism to operate illegiti- 

mately. 
It may be noted in passing that the existence of this effect renders quite 

unnecessary and improbable the hypothesis of BELLING, which seeks to ex- 

I Certain further tests await the hypothesis. Among these is the determination of 

whether, in the case of two or more breaks, there is always an exchange of attachments. 

Suppose, for example, that the chromosome or chromosome -region containing the chain 

of genes A B CD broke between B and C, and that chain L MN O broke between M and 

N. If, now, sections A B and L M become attached together at their broken ends, forming 

a sequence A B M L, it is necessary, on the above hypothesis, that if C D becomes re- 

attached at all, it becomes attached to N O, making the sequence D C N O. If C D or 

N 0 became attached at the side or at one of their free ends (forming CD NO or 

D C O N or C D O N), or if C D became attached by its broken end to the segment 

formed by a third breakage (forming D C S T, for example), some modification of the 

above hypothesis would be necessary. In the latter case, however, caution would be re- 

quired in order to make sure that C D had not become broken again (say, between C and 

D), that is, that the junction with the segment.S T, from the third break, was really at 

exactly the first point of breakage in question (forming D C S T rather than D S T), 

This matter is also being discussed by GLASS (1932). Such cases await future analysis. 
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plain normal crossing over without the assumption of breakage and reunion 
of chromonemata. To avoid the assumption that breakage and reunion are 
possible, he assumes instead that, in the propagation of genes, the daughter 
genes are at first unconnected by strands, and that the new strands, in grow- 
ing out, may, in places, make cross connections between homologous chromo- 
somes instead of intra- chromosomal connections. Our facts, however, show 
that the chromosomes do possess the potentiality of segmental interchange 
by breakage and reunion, since this can occur, under irradiation, even be- 
tween non -homologous parts, at a period (the mature sperm) when there 
is no growth or synapsis. It becomes highly probable, therefore, that during 
the intimate union of homologous strands at synapsis this power of breakage 
and reunion is exercised normally. 

For our present inquiry, however, the more important point in our con- 
clusion is the following: The locus of breakage of a given thread, under 
irradiation, is determined somehow by its relation and its proximity to an- 
other thread, and the breakage of both threads accordingly has a common 
cause. On considerations of size it is easy to show (see discussion below 
on striking of genes by electrons) that there is no appreciable chance of a 
chromosome that is touching another one being struck and broken by the 
same electron as the latter. With all doses ordinarily given, the chance of its 
being struck is much greater. But we have already seen 
that the breakage of the two chromosomes cannot be a result of two inde- 
pendent hits. Therefore the points of breakage (or at least of one of the 
breakages) were determined rather by the relation of the biological struc- 
tures than by the exact paths of incidence of the electrons. The passage of 
the electrons in general, or of some one particular electron, must have pro- 
voked some more diffuse train of reactions, which in turn made possible, 
or facilitated, the breakage and reunion at the point of crossing of the 
threads. The occasional occurrence of similar phenomena at one jump even 
in non- treated material (observed in the case of the ClB inversion, the 
Blond mutual translocation, et cetera), where natural radiation was negli- 
gible, fits in with this conclusion. 

Breakage, then (or at least the "second" breakage), is not determined by 
the fact that an electron has chanced to hit the broken chromosome thread 
particularly accurately. Now what bearing has this upon gene mutations? 
Simply this. If breakages' can be proportional in frequency to the .absorbed 
radiation, and can nevertheless be produced otherwise than by direct hits, 
then we have no right to assume that gene mutations, which likewise occur 
at more or less isolated points, and which obey the same frequency law hi 
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relation to dosage as the breaks, are probably due to direct hits either. In 
fact, we should rather draw the contrary conclusion, that they, like the 
breaks, are probably not usually caused by direct hits but by a somewhat 
less direct action of the radiation. 

On the relation between gene mutations and rearrangements 
We have next to consider some evidence bearing more directly on the 

question of a relationship between the manner of origination of gene re- 
arrangements and of gene mutations. Some years ago I noted the fact that 
the majority of induced translocations were associated with either dominant 
or recessive lethal or other phaenotypic effects ; the same has proved true 
also of our induced inversions. The principle has held also in all the four 
cases of spontaneous rearrangements in which our knowledge of the time of 
origination of the condition was sufficient to indicate whether or not the 
two effects arose simultaneously. These comprise: the "Pale" translo- 
cation (BRIDGES 1919), the ClB inversion ( MULLER 1922a), the "Blond" 
translocation (BURKART 1931), and translocation "II -III E" (DOBZHAN- 

SKY and STURTEVANT 1931) . Spontaneous mutations are so rare that these 
cases cannot possibly represent coincidences. There are three more or less 

alternative possibilities to account for this association ( MULLER 1930h, 

MULLER and ALTENBURG 1930), namely: 
(1) That one or more genes directly at the point of breakage had become 

destroyed or altered in the process of breakage (this generalizes upon 

BRIDGES' proposal that in his "Pale" translocation not quite all of the piece 

that had been broken off became transferred, but that a small portion was 

lost [BRIDGES 1923].) 
(2) That a gene mutation had simultaneously occurred at another locus, 

linked to that of the breakage. 
(3) That the phaenotypic change was a result of a different mode of ex- 

pression of the gene, dependent on its being in the proximity of different 

gene -associates, which influenced its kind or degree of activity. In this latter 

case, as I pointed out ( MULLER 1930a), a reestablishment of the original 

gene order would automatically reestablish the normal phaenotype. (Like- 

wise a recurrence of the same rearrangement would always reproduce the 

same phaenotypic change.) 
My earlier inclination was rather toward what appeared to be the simplest 

view, which was comprised under (1), that is, that a gene directly at the 

breakage locus had been changed in the process of breakage itself. Now, 

however, evidence has accumulated to show that genes not directly at the 

breakage locus, even though very near by, can also become changed, while 

220 



at the same time loci between those of breakage and of the affected gene 

may not be changed perceptibly. This bespeaks either (2) a permanent gene 

mutation separate from, though no doubt somehow associated in its origin 

with, the break, or (3) a position effect.' I do not wish to deny the possibility 

of a position effect. Whether or not such an effect commonly occurs is a 

matter of great importance in its bearing on the mode of action of the genes 

and on e. olutionary possibilities ; it should, moreover, be capable of solution 

in the near future. I believe, however, that the third alternative, that of a real 

gene mutation, is more probable as an explanation of the phenomenon here 

in question, especially in consideration of related phenomena. 
As an illustration of the phenomenon, I may refer to the case of a de- 

leted X chromosome ( MULLER 1930b), in which the left break was just 
to the right of the locus of facet, which is at 3.0. In this same deleted X 

there was a " mutation" of the normal gene at the locus of white (1.7) to a 

mottled allelomorph ( "zed 8 ") . The genes that had mutated could be de- 

termined by getting the deleted X into flies that had in their entire X or 
X's recessive mutant forms of these same genes; if the dominant normal 
allelomorph was still present in the deleted X, the recessive allelomorph 
would then be "covered," that is, the phaenotype would be normal in that 
respect. In this case, facet, nearer the break, was "covered," but white, 
though further away, showed as a white -mottled 

Again, in another of my deleted X's (which I have called number "24 ") , 

the left break was found to be slightly to the right of the locus of a certain 
lethal Ml "), but (by our usual tests) to the left of broad (locus 0.5). 
Now the deleted X "covered" the lethal; nevertheless, when tested with 
scute allelomorphs it proved to have a very pronounced "mutation" at the 
locus of scute, which is still further to the left of the break than the lethal 
is. The loci in question are, however, all so close together that their seria- 
tion would not have been discovered if a new method of analysis, involving 
the use of broken chromosomes, had not been available. The crossing over 
test would have been inapplicable, owing to the minute distance involved. 

` DOBZHANSKY (1932) has recently espoused the last interpretation, that of a "position 
effect," mainly on the basis of GERSHENSON'S (1931) supposed finding that an exact re- 
inversion in the CIB chromosome abolished its lethal action. I have examined the data in 
question critically, and, in the light of a definitely analyzed prior case of my own (MULLER 

and STONE 1930) believe it far more probable that the former reinversion, like the latter, 
was not an exact reinversion, and that the apparent abolition of the lethal was caused later 
by ordinary crossing over. Coincident with the present paper, DOBZHANSKY and STURTE- 

VANT (1932) adduce further data which they consider to support the "position" interpre- 
tation. A detailed study of such cases, for decision between the two possibilities, now be- 
comes urgent. 
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It may be of interest in this connection to give a brief account of the 
method of analysis here used. A certain translocation which arose simul- 
taneously with mutation scute -19 (found by LEAGUE and analyzed by 

LEAGUE and MULLER) involves a break close to the right of the scute locus, 
the left end of the X (containing seY9 itself) being attached at or near the 
left end of II. It is found that this left -hand fragment, when present as "an 
extra piece," fails to suppress the lethal action of lethal "l,l." On the other 
hand a hypoploid female having in in one X chromosome and having, as 

its other X, the right -hand remainder of the X from which so19 was detached, 
but not the left -hand fragment, has 41 covered (that is, it is able to live). 
Hence in is to the right of the break of the sc19 translocation. Hence too 

1J1 must be to the right of scute. Now, deleted X 24, when present as an 

extra fragment, covers in; that is, it allows males carrying in in their 
entire X to live. Accordingly the left break of deleted X 24 is to the right 

of l,l. Nevertheless, deleted X 24 carries an extreme scute allelomorph, 
which virtually fails to cover any part of the scute character except the so- 

called "left- hand" part (the dorso- central bristles).8 
As in the case of the "zuma" containing deleted X, then, so here also, we 

have an apparent gene mutation occurring at a perceptible, though very 

minute, distance from the break, with at least one gene between showing no 

noticeable change. Unless we accept the very improbable, and ascribe their 

simultaneous origin to mere coincidence, we must admit that two separated 
phenomena, a break and a gene mutation (or what is in effect a mutation), 
have both been engendered by a common cause, with a highly localized, yet 

by no means punctiform influence. Ordinarily, in such cases, we should not 

have the means of discriminating between the loci of the mutation and of 

the break, and we should say that the former happened "at" the locus of the 

latter. But the presumption now is that the ordinary cases of simultaneous 

mutation and breakage are in essentials like the cases here analyzed. 
Consideration of various scute allelomorphs found by the Moscow geneti- 

cists and others is of interest in connection with the problem of the nature 

of gene mutations associated with breaks. Many of the scute mutations - 
' See Amt. (1930, 1932) for a discussion of this deleted X in relation to the problem of 

scute. It was natural at first to suppose that the break of this deletion had probably oc- 

curred within the scute gene, and only after an analysis of its relations and those of the 

se" translocation with ljl could the surprising finding of a double genetic change, separated 

by a distinct distance, be made. On the other hand, STURTEVANT and SCHULTZ'S criticism 

(1931) that the effect of deleted X 24 on the scute character could be due to hyperploidy 

in regard to other loci than scute was (even before the criticism) proved by AGOL to be 

incorrect. 
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like those of so" and of the deleted X 24 noted above -involve breakages 
at or near the scute locus. Some involve inversions, in which the scute locus 
has been removed from the genes normally to the right of it and has been 
placed near a portion of the inactive right -hand region of the X, that I have 
found to be homologous with the Y. Yet in these cases the scute mutations 
were different from one .another, and some resembled closely, though not 
exactly, other definite scutes that had occurred without detectable gene re- 
arrangement. Similar facts have been found in the cases of other loci. 

If, now, we decide to consider the mutations arising in connection with 
breaks as true "gene mutations," then we must conclude that, since the.po- 
sition of a break is not decided by the direct hit of an electron, the position 
of the gene mutation is probably not so decided either. If it is decided by 
some other local disturbance -the same as that which produces the break - 
then it might sometimes happen that this disturbance, instead of producing 
a break and a gene mutation, produced two gene mutations (or a multiple 
group). This contingency makes it possible for our problem to be studied 
from another angle. 

On the connection between one gene mutation and another 
The question of the possible simultaneous occurrence of two gene muta- 

tions, that are expected often to be in close propinquity to one another, is 
rather difficult of approach, partly because of the fact that most detectable 
gene mutations in Drosophila are lethals. One means of partially avoiding 
this difficulty is to look for newly arisen visible mutations, by backcrossing 
the treated individuals to others which already have visible recessives at cer- 
tain chosen loci, and then to test the visible mutations thus found to deter- 
mine whether they have lethals near -by. In one such experiment (see PAT - 
TERSON and MULLER 1930), two visibles occurred at a locus under obser- 
vation, one spineless and one scarlet, and both were somehow connected with 
lethal effects. 

The mutation first named (spineless) proved to have its lethal effect in- 
separably connected with the visible. Many cases similar to this have been 
found, both before and since this experiment (see, for instance, PATTERSON 
1932c), though such an extensive test for possible crossing over between 
the visible and lethal has not usually been made. Such cases, including the 
present case of spineless, are, on a priori grounds, open to any one of three 
possible interpretations. The first is that the lethality is one effect of the 
sanie gene as causes the visible result; this is undoubtedly true in some cases, 
such as, for instance, broad-lethal, and truncate. The second interpretation 
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is that a real deficiency, that is, a small deletion, has occurred, removing 
more than one gene; proof of this requires the condition rather seldom met 
that two or more known genes be involved. The third interpretation is that 
there has been a simultaneous mutation of two very closely or completely 
linked genes. This last possibility has usually been ignored. 

That the last mentioned alternative has a just claim to consideration is 

indicated by the case of the second visible mutation found in the experiment 
in question -that of scarlet. This scarlet also seemed to act as a lethal, but 
after extensive trials it was found possible to secure homozygous stock of 
the scarlet separately from the lethal, and to establish the fact that one - 
tenth of one percent of crossing over occurred between the genes for these 
two effects. The small amount of crossing over was due to propinquity, not 
to some chromosome abnormality, since known third chromosome genes 
were proved in this case (and also in that of the spineless) to cross over 
with their normal frequencies. Now the chance that, with the dose of X -rays 
used, a lethal should have arisen at the same time as a given scarlet, in such 
close proximity to it, if the two mutations had been independent events (that 
is, the chance for a mere coincidence), is considerably less than one in a 

thousand. In other words, among over a thousand cases of scarlet produced 
in this way, only one should have another lethal so close by. Thus we should 

hardly find another such case among a thousand visibles detected by this 

method, if the case has no significance. 
If, however, there is such a tendency for double mutations, and they are 

commonly in extremely close propinquity, it may be difficult to get evidence 

on the question, since the crossover test for their separateness may usually 

fail (see the possible case of spineless above). Fortunately, for the scute 

locus we have another test than that of crossing over available, a test which 

is sometimes capable of deciding this question with a finer discrimination. 
This method is the sane as that which was employed in the analysis of 

deleted X 24, namely, the use of chromosome fragments to determine 

whether or not a given gene is "covered." It happens that in the scute -l9 

translocation the X chromosome is broken very close to the right of the scute 

locus (the left -hand fragment being attached to II). If now, in another scute 

mutant, having a lethal effect, the lethality is due to another gene, somewhat 

to the right of scute, then hyperploid males, containing this double scute- 

and- lethal mutation in their entire X, and possessing also the left -hand frag- 

ment from the scute -19 translocation, will have only their scute gene "cov- 

ered" (by the sole allelomorph), but their lethal uncovered. They will there- 

fore fail to be viable. On the other hand, females of the converse composi- 
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tion, having the scute -anti- lethal in one X, and having as their other X only 
the right -hand part of the scttte -19 chromosome, without the left -hand frag- 
ment, will have their scute quite uncovered, but their lethal covered. They 
will therefore be viable. The two results, checking each other, will prove 
that the lethal is at a separate locus, to the right of scute. If the lethal had 
been either at or to the left of the scute locus, the viabilities of both of these 
classes would have been reversed. If the lethal proves to be to the right, 
however, then by using deleted X's or translocated fragments of different 
lengths, and determining which ones "cover" the lethal, the locus of the 
latter may be ascertained more exactly, even though it be so close to scute as 
to give no appreciable crossing over. 

An experiment was accordingly undertaken which had as one of its ob- 
jects the finding of mutations of (yellow and) scute which might at the 
same time be accompanied by a lethal effect. This involved irradiating (non - 
yellow) non -scute males on a large scale and crossing them to (yellow) 
scute females; numerous female offspring were then examined for mani- 
festations of the recessive genes and bred to determine whether a lethal 
effect was simultaneously present. (I wish to acknowledge the extensive 
help. of JESSIE JACOBS -MULLER in this work. Scutes found by her are desig- 
nated with the superscript J, as s /i, seJ2, etc.) 

It appears from the work that a fairly high proportion -perhaps more 
than a quarter scute mutations are lethal, or are connected with a lethal. 
The relation of the lethal to the scute gene has now been determined in 
several of them by the method outlined above. It appears that in the very 
first scute found in this experiment- scuté -J1 -a lethal arose simultaneously 
with the scute mutation, but at a different locus, just a little to the right of 
scute, but so close as to have given no crossovers. This lethal was in fact the 
lethal ¿ previously referred to, which has been of help in the analysis of 
deleted X 24. Likewise in scutes -J4, J6 and J7 a lethal or semi- lethal arose 
simultaneously with scute, to the right of it. In some of these there was 
also a gene rearrangement; this part of the analysis, which is important 
because of the possible explanation of such results as "position effects," 
is not completed. 

There are from a fifth to a tenth as many visible mutations as lethals in- 
duced by irradiation in the X chromosomes of Drosophila (see MULLER 
1928b). Therefore, if there is a tendency for one gene mutation to be ac- 
companied by another near -by, some of the induced scute mutations may 
have other visible effects besides those commonly ascribed to the scute locus, 
and even though closely or completely linked their genic separateness might 
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be demonstrated by the same test with scute -19 as was above applied in the 
case of lethals. To test this possibility, the scutes then available -about a 
score -were examined for other effects, and it was found that scute -10 
(DUBININ), sometimes known as achaete -2, did exhibit another peculiar - 
ity-a disarrangement of the ommatidia -which behaved as completely 
linked with the scute. Tests with scute -19 and with deleted X's then showed 
that the eye abnormality was due to a different gene than scute, to the right 
both of scute and of the lethal, l that had been found in connection with 
.s.,J1 but to the left of broad. It can easily be reckoned that, on the principle of 
random sampling, the chance was less than one in a hundred that another 
visible mutation should have occurred in any of these scutes at all, in a locus 
less than half a unit away. When we consider this together with all the other 
evidence given above, there can then be no reasonable doubt of the tendency 
of induced gene mutations -or at least of mutational effects, if we still ad- 
here to the "position" possibility -to occur in localized groups.' 

On the chance of double hits by one electron 

It is natural to conclude that these probable group mutations are due 
to some indirect effect of the radiation, dependent on certain peculiarities 
of the biological system and not to be explained merely on the basis of 
the general physics of ordinary materials. But we have first to dispose of an 

alternative possibility (MULLER 1928a). This is the possibility that two near- 
by mutations (including, in some cases, breaks) may be caused by the 

same electron, if the electron happens to have a course approximately 
parallel to the chromonema and makes an effective hit at two near -by spots 
in the latter. For in cases in which a point, A, is known to be hit, it is more 
likely that a point B, near -by, will be hit than in cases in which point A is 

not hit, for in the first class of cases we know positively that at least one 

electron did pass near to B, while in the second class of cases there is only 

the usual (or rather, somewhat less than the usual) chance of such electron 
passages. 

This increased likelihood of a hit at a point a given distance away from 

'The contingency must also be borne in mind that in some cases of double gene mu- 

tations (as of chromosome breaks) the two mutations may be causally related in their 

origin (owing to some transitory proximity ?) and may nevertheless be far apart in the 

actual chromosome map. More than suggestive in this connection is the finding (see 

MULLER 1928c, and PATTERSON and MULLER 1930, pp. 591 -593) of a double visible mutant - 
spectacled, and reversed -forked -involving two distant loci. There were only three de- 

monstrable mutations (including these two) in a count of 2651 flies, yet two were in the 

same specimen ! The chance of such a coincidence is only 1 in 883 if the events were un- 

connected. 
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a first hit is a matter that can readily be calculated to a sufficiently close 
degree of approximation, inasmuch as we know the approximate number 
of fast moving electrons released in a given volume of known material by 
a given dose, and also the approximate length of path of these electrons. 
It will be understood that the stronger the irradiation, the greater will be 
the chance that point B should be hit anyway, even when point A is not hit, 
and so the shorter will be the distance from A at which the fact of A being 
hit will cause a noticeably increased chance of B being hit. Doctor L. M. 
MOTT- SMITH, of the physics department of the RICE INSTITUTE, and I have 
made the requisite calculations on this matter, and we find that, with the 
heavy doses of X -rays used in genetic work, the increased likelihood of a sec- 
ond hit could extend noticeably for only a very minute distance, of the order 
of size of the molecules of relatively simple, inorganic substances. If, then, 
the group effect observed for gene mutations and breaks is simply an ex- 
pression of the path of a °single electron, the genes would have to be far 
smaller than any one had imagined, or else packed together like pancakes 
with their shortest dimensions length -wise of the chromonema. This would, 
however, probably make the chromonema too short, unless the genes were 
packed in groups, with connecting fibres between the latter. There would 
be additional difficulties in accounting for the fact that effective hits came 
so close together, for by no means every molecule that is hit, in the sense 
of having an electron pass through it, has its structure affected by that 
electron. The points along an electron passage at which the electron takes 
effectby tearing out other electrons from atoms, that is, by ionization, are 
much too far apart to allow of the group effect in question, and it would 
have to be supposed that between each two such ionization points there are 
usually a great number of other hits which, though not causing ionization, 
nevertheless can readily alter the physico -chemical structure of genes. 

As a further test of the "two birds with one stone" hypothesis, I have 
been carrying on some experiments, in part suggested by Doctor HUGo 
FRICKE, physical chemist of the CARNEGIE INSTITUTION, Cold Spring Har- 
bor, in which the gamma rays from radium emanation were used instead of 
X -rays. The electrons hereby produced are much faster. This greatly reduces 
the likelihood that a given molecule, traversed by an electron, will chance to 
be changed by it. Hence the distances between effective hits are much 
greater, under this treatment, and the group effect on mutations should be 
so reduced as to be imperceptible, if this effect really results from double 
hits by one electron. Analysis of the results is as yet incomplete, yet it is 
noticeable that about as many of the visible mutations in this experiment 
were accompanied by lethal effects, as when X -rays were used; the genes 
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in question were mainly yellow and scute as before. Hence it seems at 
present probable that the group effect occurs after gamma ray irradiation 
also, and that it is not due to. "double hits." If, now, we conclude that one of 
the two mutations in a group mutation was not caused by a direct hit, 
there would seem to be little need to assume that the other one was caused 
by a direct hit either. Thus the idea of a somewhat less direct mechanism 
of mutation production would be strengthened. (We wish here to thank 
the RADIUM EMANATION 'CORPORATION, and Doctor SPERTI, for supplying 
us with this emanation free of charge, at the instance of the Committee on the 
Effects of Radiation on Living Organisms, of the NATIONAL RESEARCH 

COUNCIL.) 
Incidentally, if the above is true, it follows as a corollary that we cannot 

use the likelihood of mutation in given genes at given doses to measure the 

size of these genes -or even of some portion of the genes, assumed to be 

sensitive to hits -as, was done by BLACKWOOD, and in some independent 

calculations of MOTT -SMITH and myself (unpublished). 

Mutations otherwise induced 

If the X -ray effect upon the gene may be exerted via some intermediary 
chain of processes (perhaps one in which the touching of chromonemata 
plays some röle), then it becomes more likely that other influences than 
radiation may also be able to induce gene changes by affecting this chain 

of processes at some point. This is in line with the calculations of MOTT- 

SMITII and myself (1930), and those independently carried out by 

TIMOFLEFF- RESSOVSKY (1931b) and by EFROIMSON (1931), showing that 

most mutations in untreated material do arise otherwise than as effects 

of natural high energy radiation. Further, it is in line with the early find- 

ings of myself and ALTENBURG (1919, also MULLER 1928c), that a mod- 

erately raised temperature, applied over a considerable period, induces an 

increase in mutation frequency, and that certain unknown factors also cause 

considerable variation in mutation frequency. 
In a later report on the production of mutations ( MULLER 1928b)5 I 

mentioned briefly that I had tried a new method of temperature treatment 

for this purpose -namely, the application of heat in semi -lethal doses, which 

I found to be attained in 40 to 64 hours at 36 °C. For it was conceivable that 

under these abnormal conditions new and more drastically effective chemical 

`The exact figures were given in a later publication (MULLER 1930a, p. 234), and here 

attention was called to certain peculiarities of the results, which indicated that factors 

were at work causing an especially high number of mutations to originate in certain par- 

ticular individuals. 
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processes might be set into operation. In this case adult (newly hatched) 
males were treated and lethals were looked for by the C1B method. The work 
was done on a rather small scale (approximately a thousand F1 cultures, 
equally divided among treated and control) but one large enough to show 
that there was no such enormous raising of the mutation rate as is produced 
by X -rays. On the other hand, there was a suspicion, not based on statistically 
significant numbers, that a lesser but positive effect had perhaps been pro- 
duced, and it was stated that larger numbers would be desirable to settle 
this question. 

In the well known work of GOLDSCHMIDT, undertaken in the following 
year (1929), and in that of some workers following him (JoLLos 1930, 
ROKITZKY 1930), the same method of treatment was followed, being, how- 
ever, applied to the larvae. They believe that their results show that in cer- 
tain cases -not in all -the frequency of visible mutations is raised enor- 
mously thereby. On the other hand, the published work of FERRY, SCHAPIRO, 

and SIDOROFF (1930), and the unpublished results of REDFIELD and 
SCHULTZ, Of TIMOFÉEFF- RESSOVSKY, Of DEMEREC and of STURTEVANT, are 
negative. The question thus arises whether the positive results first reported 
may not be due either to influences of some other kind, in combination with 
the heat, or to differences between the control and treated series in regard 
to the genetic composition of the stocks, the degree of inbreeding practiced, 
or psychological factors in the operators, affecting the detection of the visible 
variations. 

The C1B method, applied to numerous Pl individuals divided at random 
into the two series to be compared, is not open to these objections. This 
year MACKENSEN, in the Texas laboratory, has repeated on a far larger 
scale my experiment of applying an almost lethal degree of heat to adult 
males for from one to several days, and used controls which could differ 
consistently in no other factor than the heat application; as in my earlier 
work, the C1B method was used. His results thus far show a rise (3.6 times 
its probable error) in the lethal mutation frequency. Considering the rel- 
atively short duration of the treatment, this rise seems to be somewhat higher 
than that caused by an approximately equal amount of temperature differ- 
ence when the latter occurs at lower temperature levels, more normal to the 
organism. The rise was, however, far short of that reported by GOLDSCHMIDT 

and his followers, and quite inadequate to account for the latter.' 

° Decided effects from extreme heat, but effects of a far lower order than those of 
GOLDSCHMIDT, were also exhibited or otherwise communicated at the Congress by PLouGH, 
EFROIMSON, TIMOFÉEFF- RESSOVSKY and GROSSMAN. Certain of these are not yet clear; 
others would lead to a conclusion similar to that above arrived at. 
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The above contradictions, as yet unreconciled, call for further research. 
It may be that, while temperature accelerates the mutation rate, it does so 
not merely as it accelerates many simple chemical reactions, but according 
to a curve that rises more sharply at higher temperatures. This would indi- 
cate a complicated set of reactions in which more than one process takes 
part. Thus it raises the hope that chemical treatments may yet be found that 
will affect mutation frequency despite the rather effective protection of the 
gene from outside influences shown by the negative results of the trials 
hitherto made. 

In MACKENSEN'S experiments, the mutants were all tested for significant 
changes in crossover frequency, and it was found that neither those occur- 
ring in the controls, nor those in the heated series, were accompanied by 
gene rearrangements detectable in this manner. Among a similar number 
of X -ray mutants, a considerable number would have been associated with 
inversions or translocations that reduced crossing over markedly. Recent 
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tests of ALTENBURG, specifically designed to discover translocations, like- 

wise show a dearth of these, as compared with gene mutations, in material 

not subjected to X -rays. It follows that heat and also the influences caus- 

ing gene mutations in untreated material act differently from high -energy 

radiation, in that the former produce gene mutations with no where near as 

high a proportion of gene rearrangements. Yet the character of most of the 

gene mutations themselves is similar in all these cases, so that we must con- 

ceive a similar end -mechanism of mutation to be brought into operation. 
Probably then, in the production of mutations by heat and "spontane- 

ously," the influences impinge upon the chain of mutation -producing re- 

actions at á more nearly terminal point than do the X -rays, as the ac- 

companying diagram indicates. (It is a common error to suppose that all 
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the influences causing mutations are necessarily influences external to the 
organism. It is true only if taken in the most general and ultimate sense, 
inasmuch as certain conditions -warmth, food, oxygen, et cetera -are neces- 
sary in order that life, metabolism, and inner motion in general may occur at 
all:, But whether or not a given mutation occurs must often be decided 
by a complicated set of internal "historical" processes, in part of a sub- 
microscopic nature, in the determination of which "external influences," 
in the ordinary meaning of the term, play little or no part.) This again 
would imply that the mutation- producing reactions set into operation by 
irradiation may not always be so simple and direct as an alteration of a gene 
by an electron hitting it. What the processes involved are is another ques- 
tion. There would seem to be a field of research here which will some day 
prove fertile. 

ON THE CHARACTER OF MUTATIONS 

Methods of attacking the problem of whether mutations are merely 
quantitative changes 

Probably some geneticists would welcome the problematical connection 
between induced gene mutations and rearrangements, and between the lat- 
ter and chromosome contacts, as evidence for the view that gene mutations, 
or at any rate those produced by irradiation, are merely due to losses or 
transfers -the latter in some cases perhaps involving additions -of chromo- 
some material of a type previously present. They would take it as evidence 
for a presence- and -absence, or at any rate for a quantitative, interpretation 
of mutational changes. Perhaps they might now extend the interpretation to 
parts of genes, or sub -genes, in order to account for cases like the scute 
or truncate series, but, so far as any given kind of gene material was con- 
cerned, they would see in the mutation process only a mechanical loss or 
diminution of the gene,' by subtraction of material from the chromosome, 
or -as they would have to say in the case of some reverse mutations, for ex- 
ample-an increase of the gene, such as might be caused by its overgrowth 
or by the attachment to the chromosome of homologous material from 
a sister or homologous chromatid. Further plausibility is lent such a view 
by the fact that many allelornorphic series do give the phaenotypic appear- 
ance of being quantitative in their basis. 

Fortunately X -rays provide us with a new tool which helps to shed light 
on these questions concerning the character of the mutations produced by 
them and by other influences. That is, we can induce gene rearrangements 
and so get fragments of chromosomes containing normal or mutant genes at 
given loci. We can then add or subtract such fragments, creating hyper - 
ploidy or hypoploidy, and can thus determine what the effects of changing 
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the quantity of a given gene material really are. These known effects of 
purely quantitative changes may then be compared with the effects that were 
produced by the mutations themselves. 

It has sometimes been assumed that one can judge the phaenotypic ef- 
fect of different quantities of a gene simply by comparison of the appear- 
ances of heterozygotes and of homozygotes of the two opposite types, 
or, as a greater refinement, by comparison of the different grades of hetero- 
zygotes in polyploids. However, the situation in these cases is hopelessly 
complicated by the fact that in the comparison of such types we deal not 
merely with a difference in the dosage of one allelomorph, but always with 
a simultaneous and opposite difference in the dosage of the other allelo- 
morph, since we must always reckon with a substitution of one allelomorph 
for the other, when chromosome fragments are not added or subtracted. 
We cannot legitimately assume hi advance of the evidence that either the 
one or the other allelomorph is a mere absence, and so we cannot tell to what 
extent the observed effects may be due to the changed dosage of the one, to 
what extent to that of the other allelomorph, or to an interaction process. 
For example, in a comparison of the homozygous eosin -eyed Drosophila, the 
intermediate colored eosin -white compound, and the homozygous white, it 

need not be assumed, a priori, that the eosin gene has the effect of produc- 
ing color, and produces more in double dose. It might be assumed instead 
(or in addition) that the white gene inhibited color, and inhibited more 
strongly in double dose. It might even be conceived that both allelomorphs 
inhibited the pigmentation which genes in other loci tended to produce, but 
that white was a more effective inhibitor than eosin. 

STERN (1929) used actual dosage differences of a given allelomorph in his 

determination that each additional dose of mutants of the bobbed series adds 

to bristle length, up to a certain limit. In his work, instead of a small chromo- 
some fragment, the practically inert Y chromosome served to furnish the 

extra doses. MOHR and BRIDGES, in their studies on deficiencies, realized 

that they might be dealing with real dosage differences, but at that time 

other interpretations, such as a peculiar sort of chain mutation, were not 

excluded. In an attempt to answer this question, however, I have examined 
cases in which there were known to be actual losses of the same region 

as was involved in the above cases of deficiencies, and find the effects to 

be the same. 
Thus, for comparison with the Notch -8 deficiency of MOHR (1919, 1923), 

in which a piece near the left end of the X chromosome, extending from 

the left of white (1.7) nearly to echinus (5.5) , is "deficient," we have cer- 

tain cases of PATTERSON'S (1932c) produced by X- raying. In these, a rela- 

232 



tively large piece was removed from the left end of the X chromosome, 
though at the same time the very left end, which he has found (1932b) 
to be necessary for the life of the fly, was provided in advance, in the form 
of a fragment (called duplication X1 or "theta ") attached to the right end. 
These known losses of the w -e0 region result in Notch wings, and allow 
recessives of the w, fa and ec loci, present in the homologous chromosome, 
to manifest themselves just as they would in a compound having them in 
one chromosome and the most extreme possible allelomorph of that sort in 

the other. I find females having apricot in one X chromosome and either 
white, MOHR's Notch -8 deficiency, or one of these known losses in the 
other, all to be indistinguishable from one another in shade. Again, to 

parallel BRIDGES' forked deficiency (1917), I have obtained, by X- raying 
special stocks, known losses in the region of forked, which allow forked 
in* the other chromosome to show to an exaggerated degree. And OFFER - 

MANN and I, studying BURKART'S (1931, 1932) Blond translocation, have 
been able to show that flies can be obtained from it which lack the right end 
of the second chromosome (this having been transferred to the X) ; in such 
flies the recessive speck, if present in the other second chromosome, mani- 
fests itself, and there is a plexus -like venation, as in BRIDGES' "Plexate de- 
ficiency." 

There is now some evidence from Drosophila, but more especially from 
maize (MCCLINTOCK 1931), that the two breaks in cases of double break- 
age within a chromosome may be at any distance apart, not being limited 
in their proximity by any principle of interference as rigorous as that which 
applies to crossings over. In view of this, and the above parallelisms, there 
can now be no reasonable doubt that the original proved "deficiencies" were 
small deletions, that is, actual removals of small regions, and so the studies 
involving them may now take their place definitely with the dosage studies. 
Later, I shall again refer to the results from this source. In the meantime, 
before the status of these deficiencies was established, I undertook, with the 
assistance of MISS LEAGUE, purposely to produce fragments containing 
known genes, and to use these for studying the effects of dosage changes. 

Hypomorphic mutations 

The first locus which we undertook to study was that of white eye. We 
chose first flies containing the moderately pigmented mutant allelomorph 
of white called eosin, in which the color is considerably lighter than the 
normal red, and is distinctly sexually dimorphic, being much lighter in the 
male than in the female. By irradiation we produced a deleted X chromo- 
some containing this gene. It was then found that the addition of this f rag- 
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ment to a male or female which was otherwise an ordinary eosin caused 
the eye color to become darker, more nearly like the normal red. This shows 
that the actual effect of the eosin gene is not to inhibit color, as might 
have been thought by comparison of it with red, but to produce color, since 
the addition of more of it results in more color, -only it does not produce 
as much color as the normal "red" allelomorph does. In the male, the addi- 
tion of the fragment raises the dosage to two, and results in a color like that 
of the ordinary eosin female, which of course has two doses, while adding 
the fragment to the female, and so raising the dosage to three, results in a 
still darker color. This shows that the sexual dimorphism of eosin is due 
to the difference in dosage normally existing between the two sexes, and not 
to a difference in the action of the gene in male and female.' That the above 
observed results were not to be explained as effects of the excess dosage of 
other genes than eosin in the extra fragment was shown by producing a 

slightly smaller deleted X chromosome, not containing the locus of eosin, 
and repeating the same tests with it. It was found to have no effect upon 
the eye color. 

The allelomorph of eosin known as apricot, which has a similar colora- 
tion except that male and female are alike, was then tried in the same way 

as eosin. It was thought that it might not show a phaenotypic effect of dos- 

age changes, since the female with two doses looks like the male with one 

dose, but it responded similarly to eosin, additional doses darkening the 

color. Two doses of apricot in the male, therefore, give a considerably darker 
color than two doses in the female. Evidently it is the difference in dosage 

of other genes in the X chromosome of male and female which, interacting 
with the effect of apricot, causes the color, for a given dosage of apricot, 
to be darker in male than in female, in fact, just enough darker so that 

one dose in the male gives about the same phaenotype as two doses in 

the female. The same is presumably true of most of the other members of 

the white series of allelomorphs, which, except for eosin and ivory, look 

nearly the same in the two sexes.8 The important thing for us now, however, 

'For this reason, eosin cannot legitimately be used as an indicator of . sex in such ex- 

periments as those of BRIDGES, in which he sought to demonstrate the female character of 

haploid tissue. That the haploid tissue was dark eosin, as in a female, was doubtless due to 

the fact that one dose of eosin, with one dose of all other genes, involves the same ratio 

as two eosins in a diploid, and was not due' to the tissue being female. In the present au- 

thor's opinion haploid tissue of Drosophila containing but one X should in fact be female, 

but the matter cannot be demonstrated by the use of eosin as a sex marker. 
' In a recent publication, MORGAN, BRIDGES and SCHULTZ (1931) include cherry among 

the strongly sexually dimorphic members of the white series. This was certainly not true 

of the original cherry (see SAFIR 1913). The present sexually dimorphic stock, labelled 

"cherry Abnormal," contains neither cherry nor Abnormal abdomen, but is doubtless an 

ordinary eosin that either displaced the cherry by contamination or was mislabelled. 
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is that apricot, like eosin, is a mutant gene which produces an effect simi- 
lar to that of the normal allelomorph, but a lesser effect. That is, it works 
in the same direction (towards the same superficial end result) as the 
normal allelomorph, but not so strongly. It is, in this sense, like a lesser - 
normal. I therefore call it a "hypomorphic" mutant. 

The above results agree perfectly with the findings of MOHR that if 
either apricot or eosin is in one X chromosome of a female, and the other 
X has Notch-8 deficiency, which includes a deficiency for this locus, the 
color is lighter than in the homozygous female. As mentioned above, the 
same result was obtained when this part of one X was known to have 
been removed by X -rays. Thus, one dose of this gene produces an effect 
less like normal than two, and two doses less than three. 

Similar tests involving known additions or losses of fragments, or both, 
were then applied to genes in a number of other loci. A deleted fragment 
containing the gene scute -1 was first produced and was used to study the 
effect of increased dosages of scute -1, a gene which is said to "remove" 
certain bristles. (See, for example, STURTEVANT in these Proceedings.) 
As with apricot, eosin, and bobbed, so here, the addition of an extra dose 
of scute in male or female made the individual more nearly normal, in this 
case almost completely normal, while the presence of two extra doses 
tended to result in slightly more of certain bristles than are present in the 
normal. Scute -1 is therefore a hypomorph. It does not "remove" bristles, 
except by comparison with normal. It produces them, though not as effica- 

ciously. 
In line with this conclusion derived from hyperploids, AGOL (1932) 

found, by the use of a chromosome (from scute -19) from which we knew 
the extreme left end, containing the scute locus, had been removed, that 
a female with just one close of scute-1 has fewer bristles than one with 
two. The test of the effect of underdoses, as seen in hypoploids, is obviously 
as valid and informative regarding these problems as the test involving over- 
doses in hyperploids. What MOHR has named the "exaggeration phenome- 
non" shown, by deficiencies is, then, in our terminology, the lesser effect 
of one dose of a hypomorphic gene than of two doses. By this test the other 
mutant allelomorphs of scute, in which other groups of bristles tend to be 
absent, are also hypomorphic, as AGOL (1932) found; facet is hypomorphic, 
as shown by MOHR'S deficiencies and PATTERSON'S cases of known losses; 
and forked is hypomorphic, as shown by my experiment previously cited. In 
elucidation of the test for forked, it may be explained that in this experi- 
ment females were made up which possessed one entire X bearing forked 
and having attached to its right end an extra piece consisting of the region 
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from Bar to the right end ; these females also possessed another X that 
had contained the scute -8 inversion but that had had the distal ("left") 
end of this chromosome removed up to a point between forked and scal- 
loped. Hence all regions were present in double dose except a small region 
between scalloped and Bar, containing the forked locus. These haplo- forked 
hypoploids were markedly forked, phaenotypically. 

Tests thus far indicate that most mutant genes (both spontaneous and 
induced) are hypomorphs, inasmuch as they show "exaggeration" with 
deficiencies, as MOHR has pointed out, or at least give a form having about 
the same degree of abnormality as the homozygous mutant. The latter re- 
lation would be expected in cases like white eye, where the mutant gene had 
nearly reached the bottom of the scale of effectiveness and hence itself had 
almost as little normal effect as the deficiency had. This latter type of mu- 
tant may, descriptively, be called "amorphic." 

These hypomorphs and amorphs are just the kind of mutants which the 
few remaining advocates of the presence -and -absence hypothesis, and the 
advocates of purely quantitative mutation, require as evidence for their 
views. It should be noted, however, that their having a lesser effectiveness 
than the normal allelomorph by no means proves that they themselves in- 

volve material losses. They may consist of partial inactivations, or they 
may give rise to processes that lead in a somewhat different direction, and 
hence do not work so effectively in the observed direction, or they may in- 

volve conflicting tendencies. Moreover, a given mutant allelomorph (whether 
spontaneous or induced) may be very hypomorphic, or practically amor- 
phic, in regard to one kind of activity of the normal gene, and normal or 
nearly normal in regard to another kind of activity. This is well exem- 
plified in the scute series, in which each different allelomorph acts hypomor- 
phically only in respect to its own peculiar combination of bristles, and 
is normal or nearly so in its action on other bristles. Since, in a compari= 

son of different allelomorphs, the amount or intensity of effectiveness may 

vary separately from the types of effect, and both of these in turn may vary 
separately from the number or extensity of the effects, advocates of the 

quantitative view would here be driven to admit the existence of various 
parts of the gene, and to assume that these parts could vary quantitatively 
more or less independently of one another. This would be a distinct re- 

treat from the simple hypothesis of quantitative variation of the gene as a 

whole. 
Whatever the explanation of hypomorphism may be, it is of interest to 

observe that the finding that most mutant genes are of this type conforms 
to WRIGHT'S contention (1929; see also MULLER 1928b, pp. 259 -260) that 
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gene mutations should in the majority of cases involve more or less inactiva- 
tion of the processes governed by the normal gene, and that these less ac- 
tive genes should more often act as recessives to the normal than as domi- 
nants. This implies that one dose of the normal gene usually has an effect 
more nearly like that of two doses than of no dose. Whether the latter 
principle is a primary one, however, or is due to the past selection of modi- 
fiers, is another question. 

On the compensation of the effects of dosage differences between the sexes, 
and on dominance 

In the above connection, it will be worth while to make somewhat of a 
digression, to consider a curious fact that has emerged from the results con- 
cerning hypomorphs. That is, it appears that in the great majority of the 
cases of hypomorphic sex linked genes, one dose in the male produces 
about as strong or at times even a slightly stronger effect in the direction 
of normality than do two doses in the female. This must of course be due 
to the interaction of other genes in the X chromosome, whose simultaneous 
change in dosage affects the reaction.' In some cases at least it has been 
possible to show, by studies of the effects of different chromosome pieces, 
(a) that genes other than the genes for sex are acting as the "modifiers" 
in question, (b) that the modifiers responsible for the dosage compensating 
effect on different loci are to some extent different from one another, and 
(c) that more than one modifier may be concerned for a specific locus." 
I base these conclusions on various results obtained in work of OFFERMANN, 
who has been especially active in the study, of PATTERSON, and of myself. 

We may for convenience call these genes "modifiers," but with the reser- 

° We arrived at our main results and conclusions regarding this phenomenon of dosage 
compensation in the spring of 1930. Although we communicated our results to Doctor 
STERN at that time (prior to the remarks made by STERN and OGURA 1931, upon this 
topic), we withheld our preliminary report (MULLER, LEAGUE and OFFERMANN 1931) 
until after certain checks had been carried through. 

10 Judging by certain results recently reported by MORGAN, BRIDGES and SCHULTZ (1931), 
the second -chromosome mutation Pale (associated with BRIDGES' original translocation) 
has, in addition to a "diluting" effect, an effect on the different eye colors of the white 
series similar to that produced by lessening from two doses to one the gene or genes in the 
X chromosome that are responsible for the dosage- compensation of most members of this 
series (thus, those allelomorphs of white that are lighter in the male are lightened by 
Pale, but the others are darkened somewhat) . This means that the chemical process af- 
fected by Pale is the same as, or in its effect similar to, that affected by the dosage com- 
pensator (s) of the X; but, since we have seen that there is no reason to identify the 
latter with the gene or genes in the X that decide sex, we have no reason to agree with 
the suggestion of the above authors that "the translocation (Pale) may be closely con- 
nected with the sex -determining reaction." 
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vation that they may sometimes be as important in the causation of the 
phaenotypic effect as the "primary" gene whose mutations we have avail- 
able for study. The essential relation is that, in so far as the amount of 
phaenotypic effect produced by this so- called "primary" gene depends on its 
dosage, it does not depend at all on the mere "concentration" of this gene 
in the cell, nor on the relation of its dosage to that of the other genes in 
general, still less to that of the autosomal genes, but solely on the ratio of its 
dosage to that of another specific gene or genes which lie in the same chromo- 
some (the X). That a relatively high amount of intra- chromosomal in- 
terdependence in regard to dosage expression existed among sex linked genes 
was realized some time ago (MuLLER 1930b) and denoted as "intra- chromo- 
somal genic balance." In that work, however, we were dealing with those 
relatively rare normal genes, or gene -combinations, which have a quite 
different effect, visibly, in one dose than in two. The present findings go 
much further, in showing the existence of a far stronger interdependence, 
and one which applies not just to a relatively few scattered genes but to 
the great majority of the individual genes in the X which can be sampled. 

Now this great system of "modifiers," all acting to give a similar sort of 
effect, and probably affecting most of the genes of the X chromosome, must 
have a function. It cannot be that of giving the male mutant as strong, 
that is, as nearly normal, an expression of its mutant gene as the homozy- 
gous female mutant has. It must therefore be a system which acts on the 
normal allelomorph similarly to the mutant, but the action of which is more 
readily apparent to our eye in the mutant type. In most cases the normal 
gene gives, so far as our eye can perceive, practically the same effect in one 

as in two doses. Nevertheless, there must be some difference which, though 
imperceptible, is important for survival; otherwise this system of genic inter- 
action would not be thus maintained to keep the same optimum degree 

of effect in both sexes, despite the different doses. It follows that the domi- 

nance of the normal gene over its "absence" is really far from perfect, 
physiologically (that is, that one dose is not really as effective as two), 
though it may seem so to the casual genetic observer, and that by selection 

a system of interacting genes has become established such that the expres- 

sion of the one dose in the haplo X type is like that of the double dose in the 

two X type. Bobbed, being present in double dose in male as well as in 

female, is, as expected, an exception to this rule of dosage compensation, 
in Drosophila melanogaster. In Drosophila simulans, on the contrary, bobbed 

does show dosage compensation, and here it is found, correspondingly, that 

the male carries only one dose of the "normal" allelomorph (the Y being 
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sometimes neutral and sometimes actually "antimorphic" in effect -see page 
245 -as shown by results of STURTEVANT [1929] ). 

The question may here be raised: Why were the normal allelomorphs of 
most of the sex linked genes other than the bobbed of D. melanogaster ever 
"lost" from the Y chromosome if their absence was so deleterious as to 
require the subsequent evolution of this complicated compensation system? 
The case of the Y of simulans shows that they can be thus "lost," or, better 
to say, changed in expression like a loss, and this would seem to point to 
the importance of accidental multiplication, not guided by selection, as an 
occasional evolutionary process. It may be, however, that most of the genes 
in the X, unlike bobbed, never were present in the Y, in anything like their 
present form, at least ; that is, that the male has had but one dose of them 
from the beginning of their existence as such. In that case, they must have 
arisen either as duplications, as "neomorphs" (see page 246), or both, after 
the present sex -determining system had already become established. This 
question might be answered definitely by genetic analysis in a species in 
which we knew that a part of the X had been derived from an autosome (for 
example, D. hydei or "obscura" ?) . 

The existence in the X of "modifiers" of such a specific kind that, by their 
change in dosage, they modify the amount of effect of other sex linked genes 
to the extent required to make the male and female alike, indicates that 
specific modifiers of gene action are plentifully available. In the case of some 
of the sex linked genes arising in the manner last suggested (so as to have 
existed in different dosages in the two sexes from the start) it is possible 
that the dosage compensation did not result from the selection of mutations 
in these modifiers but that the "primary" genes themselves were so selected 
at the time of their origination as to be, ab initio, adapted in their action to 
the other, preexisting genes in the X which we now call "modifiers." And 
even when the compensation did not thus exist from the start, it is likely 
that the inter -adaptation of primary gene and modifier did not always occur 
through changes in the modifier alone but also through changes in the 
primary gene that made the latter sensitive to the modifier (such changes 
in the primary gene as would be involved in the mutation of eosin to apricot, 
for example). Thus, where there is only one modifier causing the dosage 
compensation of a gene that did not have this property to begin with, the 
chances seem a priori to be equal that the dosage compensation arose (if by 
one step) by a further change in the primary gene itself, or by a mutation 
in the modifier; the greater the number of modifiers, the larger the rôle that 
their mutations have probably played in the process, as compared with 
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mutations in the primary gene. We should also remember that mutations 
could also take place in other genes,, for example, autosomal genes, which 
would serve to bring the primary gene and the modifier into the reciprocal 
relation with one another which they now have. But, however all that may 
be, the results do give evidence of the availability of "modifiers," or, to put 
it more precisely, of mutations which cause certain specific types of nicely 

.adjusted genic interaction, favorable for survival, and not having this sur- 
vival value too much obscured by pleiotropic effects. 

The above conclusion would appear to lend support to FISHER'S theory 
of the origin of dominance, inasmuch as on that theory, too, specific modi- 
fiers (albeit of a somewhat different kind), without important other effects 
of their differences from their own parent genes, are called for. It would 
also allow us to adopt to a certain extent the suggestions of HALDANE, con- 
comitantly. There is, however, an important difference between the mechan- 
ism of selection for dosage compensation here studied and that postulated 
either by FISHER or by HALDANE for the modification of dominance. For in 
the former the selective moment, if I may call it so, exists throughout the 
population, while in the latter it is supposed to be limited to a comparatively 
small minority. Thus the difficulty is encountered that the pressure of the 
selection in question may be too small, as compared with that of mutation, 
or of the selection for even very weak pleiotropic effects. 

I believe that the above difficulty can be avoided and a better case made 
out for the origin of dominance by selection if we assume that this selection 
has had a somewhat different mechanism from that previously postulated. 
I prefer rather to postulate that the mutations favoring dominance -the 
genes or genetic conditions which tend to make the heterozygote like the 
homozygote -have been selected and are maintained not so much for their 
specific protection against heterozygosis at the locus in question as to pro- 
vide a margin of stability and security, to insure the organism against weak- 
ening or excessive variability of the character by other and more common 
influences -environic and probably also genetic. These modifiers must so 

affect the reaction set going by the primary gene in question as to cause this 

gene, when in two doses, to be near an upper limit of its curve of effective - 

ness,ll that is, in a nearly horizontal part of the curve, not so readily subject 
to variation by influences in general, including reduction in the dosage 

"That is, the curve expressing the relation of amount of phaenotypic effect (the or- 

dinate) to the amount or concentration of gene material (the abscissa) -a curve which 
must usually, in its right -hand portion, rise with ever decreasing slope, approaching a 

horizontal limit, as seen, for instance, in STERN'S studies on bobbed and in ours on scute 

and apricot. 
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of the primary gene. This does not mean that the phaenotype is neces- 
sarily made any more extreme, for counter -checks can be set up. That is, 
the level of the curve as a whole and its shape, as well as the region wherein 
it approaches a horizontal limit, are also adjustable, by méans of modify- 
ing mutations that reframe the conditions under which the reaction takes 
place. Such modification (see FORD 1930), and not merely an increase, in 
potency of the "primary" gene, will be necessary in the numerous cases in 
which the curve of effectiveness did not, originally, approach the horizontal 
within physiologically acceptable limits (or did not do so at all). 

It should be distinctly understood that the crux of the above view of the 
origin of dominance lies in the proposition that, where a change in gene 
dosage causes a perceptible change in its phaenotypic expression (that is, 

when it is in a noticeably sloping part of its "curve of effectiveness "), it is 

likely that the degree of expression of the character will be modifiable to an 
unfavorable extent by environic and by other genetic changes. This seems 
reasonable, a priori, inasmuch as some of the disturbing influences would be 

expected to act by altering the reaction in a way similar to that whereby 
the change in gene dosage would alter it, and hence would tend to be similarly 
effective. 

But we need not rely on a priori reasoning alone. There is a significant 
amount of experimental evidence already existing to show that there is 

considerably more phaenotypic variability in the expression of hypomorphic 
mutant genes than of their normal allelomorphs. Now, these hypomorphs evi- 

dently cause a reaction of a type similar to that of their normal allelomorphs, 
but a weaker or lesser reaction, one which, unlike that of the normal allelo- 

morphs, is much affected by dosage changes. This variability is true of all 

the known hypomorphs yet studied: namely, all the hypomorphs of the scute 

series, the white series, the forked series, and the bobbed series (excluding 
the amorphs, which afford a converse test of the same proposition). The 
same variability applies also, as we should expect, to the effect of normal 
allelomorphs in single dose in those relatively rare cases in which the single 
dose has a perceptibly different (that is, lesser) effect than two: these cases 

comprise Notch wings, Plexate venation, and several Minute bristle condi- 
tions. All told, the evidence given above may be sufficient to show the truth 
of our proposition as a usual rule. It is not necessary to claim for it, nor do 

we believe that it has, the validity of a universal law. 

In conclusion, we may call attention to the bearing of a further fact, de- 

rived from our study of dosage compensation, on the problem of dominance. 
We have seen that in all probability many of the normal genes in the X 
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chromosome have this dosage compensation, despite the fact that, even in 
the female, there is hardly a perceptible difference between the effect of one 
dose and of two. This indicates that, even though the normal gene produces 
its effect in what appears to us to be a nearly horizontal region of its curve 
of effectiveness (where changes in dosage produce little discernible effect), 
nevertheless there is a distinct influence, unfavorable to the organism and 
perceptible in its survival rate, if the effect is made either slightly stronger 
or slightly weaker. The disadvantage of a stronger effect is shown by the 
fact that, in the female, the strength of effect has become fixed at so low a 
level as to call for dosage compensation. For in a sense the dosage compen- 
sation may as rightly be regarded as a means of keeping the female from 
having too strong an action of the gene as a means of giving the male a 

strong enough action. If twice as high potencies in the female were bio- 
logically acceptable, this relatively simple change should often have been 
utilized (that is, have survived) whereby the male would automatically have 
been provided with a sufficiently high potency to obviate the need for dosage 
compensation. We must conclude, then, that in the fixing of the conditions 
determining dominance too, it was not feasible merely to increase the 
potency of the "primary" gene; instead, the characteristics of its curve of 
effectiveness had somehow to be altered. 

Experimental evidence of a different nature, indicating that dominance is 

not a primary property of genes but must have become developed by selec- 
tion, is given in the section on neomorphs (see page 248).12 

Hypermorphic mutations 

We must now return from our digression, which has perhaps helped us to 
understand why hypomorphic mutant genes usually show dosage changes 
better than do the normal genes from which they were derived, and are re- 

cessive to the latter. The question next arises: are all mutant genes hypo- 
morphic? This can be answered categorically in the negative. 

Since it has been found that there are reverse mutations of hypomorphic 
mutant genes, such as scute, apricot, and forked, both spontaneously and 
as a result of irradiation, we must regard the allelomorphs thereby resulting 
not as hypomorphic but as hypermorphic to their immediate progenitor 
genes. Whether or not such a change involves a real increase of material is 

a doubtful question, subject to the same considerations as applied, con - 

12I am indebted to Doctor C. R. PLUNKETT for calling my attention to the fact that 
in a paper (1932) presented independently to the same congress he has espoused what 
is essentially the same viewpoint regarding dominance as that given in the above section. 
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versely, to the hypomorphic mutations. TIMOFÉEFF- RESSOVSKY (1929, 
1931a), as well as PATTERSON and myself (1930), has discussed in some 
detail, the varying frequency of such changes for different loci and allelo- 
morphs. 

Now if hypermorphic changes of already mutant allelomorphs may oc- 
cur, resulting in partial or complete reverse mutations, there might well be 
hypermorphic mutations of normal genes also, resulting in changes of a 
type opposite to that of our ordinary mutations. Usually these would be 
difficult or impossible to detect, on account of the fact previously referred 
to that two doses of the normal gene are already at nearly the maximum 
point in the curve of effectiveness. Thus such changes would be apt to escape 
observation. Very likely, however, NASARENKO'S (1930) mutant "abrupt" 
is a hypermorphic mutation of the normal allelomorph of Notch, for it is at 
or near the Notch locus, and it and Notch deficiency counteract each other 
instead of showing an exaggeration effect. 

Antinrnorphic mutations 

What evidence have we for other mutational changes than such as could 
be explained as mere diminutions and increases ? The dominant (somewhat 
variegated) allelomorphs of brown eye in chromosome II are a case in point. 
When there is one dose of the recessive brown and one of the normal gene, 
the latter dominates and the phaenotype is red. But, as GLASS and I have 
found (see GLASS 1932), when to the above complex a dose of the dominant 
allelomorph of brown is added, the result is a brownish (somewhat varie- 
gated) color. It may be explained that this combination is produced by mak- 
ing up a fly that is a compound of recessive brown and dominant brown, 
and carries as excess a fragment of the second chromosome derived from 
BRIDGES' "Pale" translocation; this fragment contains the normal allelo- 
morph of brown. The resulting brownish color shows us that the addition 
of dominant brown to a heterozygote of normal and recessive brown has a 
real effect and involves the addition of some kind of gene material different 
in its effect from the material in the normal gene. This effect, the color 
change, lies in the same direction from normal as does that of the recessive 
brown, as comparison of the colors indicates. This is shown more conclu- 
sively by the fact that while a hyper -diploid containing one dose of dominant 
brown and two of normal has practically normal red eyes, a hyper -diploid 
otherwise similar to the above but with a dose of recessive brown substi- 
tuted for one of the normals has brownish (somewhat variegated) eyes - 
that is, the substitution of recessive brown in place of normal results in a 
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better manifestation of dominant brown. But the recessive brown itself acts 
practically as an amorph, since the addition of a dose of it, as an extra, has 
practically no effect either on the incompletely brown color of the heterozy- 
gote of dominant brown and normal or on the red color of the heterozygote 
of recessive brown and normal. Hence the dominant brown represents some- 
thing that differs from normal, in its effect, in the same direction as a loss 
does, but more strongly. In a sense, it has an actively negative value. More 
accurately, it has an opposite action to that of the normal allelomorph, com- 
peting with the latter when both are present. 

A similar conclusion may be drawn with regard to the mutant gene ebony, 
of chromosome III. For, starting with a hyperploid containing two ebony 
genes and one normal (derived from translocation II- III26- PAINTER and 
MULLER 1929), as a basis of reference, we find that the subtraction of one 
ebony makes the color lighter, while the subtraction of the normal makes it 
darker. I would term such antagonistic mutant genes, having an effect ac- 
tually contrary to that of the gene from which they were derived by muta- 
tion, antiinor/ hic. 

Abnormal abdomen may now be interpreted to be a member of this class, 
as shown by results in MOHR'S experiments with Notch -8 deficiency. In the 
first place, it is to be observed that the gene for Abnormal produces a change 
in the same direction as a loss of the normal gene. This is shown by the 
fact that if we start with a heterozygous fly having one Abnormal and one 
normal gene (this is somewhat Abnormal in appearance), the substitution 
of a real loss (Notch -8 deficiency) for the normal gene in it intensifies the 
Abnormal abdomen character. But the Abnormal gene, though thus produc- 
ing a change in the same direction as a loss of the normal gene, acts more 
strongly in this same direction than a mere loss does. This in turn is shown 
by the fact that homozygous Abnormal flies are still more Abnormal in 
appearance than are the compounds of Abnormal and deficiency. That is, 

the degrees of phaenotypic Abnormality, as found by MOHR, were as fol- 
lows: 

Ab. def. norm, norm. norm. 
Ab. Ab. Ab. % def. norm. 

Since in the first three terms of the series the gene represented below was 
always the same, the observed differences prove the degree of abnormal 
effects to be in the order Ab> de f >norm. 

It may be mentioned that a recessive allelomorph of Abnormal has been 

produced by X -rays. It will be seen that in such cases the recessive mutant, 
though classifiable as an amorph or possibly a weak hypomorph, probably 
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involves no mere loss of material, since what is apparently a still greater 
change in the same direction gives a gene which again has a demonstrably 
active influence. 

Unless we make the very improbable assumption that the Y may contain 
other active genes than bobbed influencing the same character, we may also 
include among antimorphs the gene existing in the Y of most races of Droso- 
phila si nulans (see STURTEVANT 1929) which (unlike the bobbed allelo- 
niorphs reported upon by STERN 1929) actually decreases the bristle length 
of males containing bobbed in their X. It is also possible that the genetic 
conditions designated as Minute 12 and Plexate include antimorphs -in fact, 
such is the conclusion which we should ordinarily draw from a recent re- 
port; on the other hand, an earlier report interprets these conditions as defi- 
ciencies (see MORGAN, STURTEVANT and BRIDGES 1927, and MORGAN, 
BRIDGES and SCHULTZ 1931). Possibly the apparent contradiction is due 
to the effect of dosage changes of other genes in the added fragments rather 
than to the genes in question (that is, an intraregional dosage interdepend- 
ence). Fortunately, this possibility can rather easily be put to the test in 
these cases (in part at least) , since a smaller fragment involving the region 
in question is available in the Blond translocation, and others can rather 
readily be manufactured. In the meantime, the "position effect" interpreta- 
tion is not excluded here, nor is that of gene mutation accompanying break- 
age. 

Neomorphic mutations 

Somewhat different from the negatively acting, competing mutant genes, 
or antimorphs, is the class which I am provisionally terming "neomorphs." 
A good example is the dominant mutant, Hairy wing, near the left end of 
the X chromosome. The homozygous Hairy wing female is about twice as 
hairy as the heterozygous Hairy wing female or the Hairy wing male (this 
constituting an exception to the dosage compensation rule for sex linked 
genes). The relatively low grade hairiness of the heterozygous as compared - 
with the homozygous female, in this case, is due solely to the single dose 
condition of the gene for Hairy wing and not at all to a possible influence 
of the normal allelomorph in the heterozygote. For if a small piece con- 
taining this region be broken off of a normal X chromosome, and added 
either to the heterozygous or homozygous Hairy wing female o. to the 
Hairy wing male, there is no diminution of the hairiness. On the other hand, 
if a small piece containing a Hairy wing gene be added to an individual 
otherwise normal, Hairy wing will show. The normal allelomorph thus fails 
to compete. It itself acts like an amor ph, so far as its detectable effect on the 
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character under consideration is concerned. Yet it is no mere absence; it has 
a material existence, for Hairy wing has arisen at the same locus several 
times ( including at least twice by irradiation) . 

We must conclude from the above results that the mutation to Hairy 
wing does not result from an addition of material transferred from another 
locus (since the mutation always reappears at the same locus). It must 
rather be a change in the nature of the gene at the original locus, giving an 
effect not produced, or at least not produced to an appreciable extent, by 
the original normal gene. If the effect had been produced to some appre- 
ciable extent by the normal gene also, then the addition of a dose of the 
normal to the Hairy wing individual should have actually increased hairi- 
ness. 

The fact that normal genes may thus act as amorphs with regard to a 
particular character affected by their mutations should serve as another 
warning against regarding mutant genes that seem to be amorphic or hypo - 
morphic as really involving a mere absence or loss of material. The ob- 
taining of reverse mutations from near -amorphs, such as eosin from white, 
gives further evidence for this conclusion. 

The same kind of finding as above noted for Hairy wing -namely, lack 
of effect on the character when extra doses of the normal allelomorph are 
added -was observed by OFFERMANN in studying the spontaneously arisen 
dominant, Blond, of BURKART. This interpretation holds only if we regard 
Blond as having its locus in the X chromosome. This is uncertain as Blond 
lies near the break of a mutual translocation involving X and II (see BURK- 
ART 1932), but as Blond follows the sex linked rule of dosage compensa- 
tion it is in all probability in the X. We are, however, making sure of its 
neomorphism by testing also the effect of adding an extra dose of the sus- 
pected region of chromosome II. 

Bar eye is a third neomorph. It is well known that STURTEVANT has con- 
sidered Bar as having no normal allelomorph, at least none at the same locus 
as itself. However, the recently reported finding, by DOBZHANSKY (1932), 
of a second Bar -like mutation ( "baroid "), induced by X -rays at the sanie 
locus as the old, indicates to me that this locus normally contains a gene that 
is subject to this particular type of mutation, although DOBZHANSKY still 
believes that the normal allelomorph was somehow transported there from 
another locus, at the time of the mutation. BRIDGES' original Bar -deficiency 
of 1915 (published upon in 1917), which we may now interpret definitely 
as a loss, shows that the absence of the Bar -locus in the non -Bar chromo- 
some of a heterozygous Bar female has the same effect on the Bar eye 

character as the presence of the normal allelomorph itself, and STURTE- 
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VANT'S work on chromosomes which have lost the Bar locus by unequal 
crossing over is an indication in the same direction. (There is a possibility 
that in the origination of Bar a gene became duplicated in situ, and that 
one of the resulting twins mutated at the same time. On this rather special 
hypothesis the mutation would have been of the neomorphic type. But in 
that case the normals formed from Bar by unequal crossing over would not 
represent complete "absence. ") On the other hand, increased doses of Bar 
give the abnormal effect more strongly, just as we find for Hairy wing and 
Blond, and unlike the situation in the case of hypomorphs. 

While THOMPSON (1929) has raised some objection that we may here 
be adding and subtracting only a part of the gene, in getting these effects, 
this possibility is ruled out in some recent studies of OFFERMANN using a 
strong allelomorph of Bar ( "Super- Bar," B8, found by STONE) that exists 
in a chromosome fragment. The addition of fragments containing the whole 
Bar gene had the expected effect of increasing the bar -like character of the 
eye in a clear -cut fashion. OFFERMANN likewise proved that this result could 
not be due to the excess dosage of other genes in the piece. Bar, then, is a 
mutation of a normal gene, giving a gene that produces a new effect, foreign 
to the original gene, and not competing with the latter. It is very probable, 
however, that the new effect is in some way related to that of the normal 
allelomorph. For it is evident that Bar obeys the usual rule of sex linked 
genes, having the male, with his one dose, much more nearly like the 
homozygous female, with her two doses, than like the heterozygous female 
(see also the case of Blond, and note the contrast with that of Hairy wing). 

A recently published mention by MORGAN, BRIDGES and SCHULTZ (1931) 
of the lack of effect of changes in dosage of a fragment containing the nor - 
mal allelomorph of Bristle on the degree of expression of this second 
chromosomal dominant leads to the conclusion that it also must belong in 
the class of neomorphs. 

It might yet be possible to evade the obvious conclusion that gene muta- 
tions, including those produced by X-rays, involve qualitative changes, 
changes in the kind of structure and not merely in the quantity of the gene 
or its parts. For it might be postulated that in all cases of neomorphs there 
was an imperceptible rudiment of the part which produced the effect in 
question, already present in the normal gene, and that this part merely be- 
came vastly increased in amount by the "mutation." Or it might be postu- 
lated that all such changes were "position effects," caused by gene rearrange- 
ments. While there are an exceptionally large number of rearrangements 
both among known neomorphs and antimorphs, there are cases -Hairy 
wing, Bristle, Dominant eyeless, Abnormal abdomen -which do not involve 
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such changes, unless we suppose the rearrangement to be on such a minute 
scale as to escape detection. Both these paths of escape into the ultra -small 
would, however, be pure speculations, the burden of proof for which would 
rest upon the advocate thereof. 

It does not seem to be a coincidence that more loci have yielded hypo - 
morphs than neomorphs, and that even loci which have yielded neomorphs 
have done so with relative infrequency. These results, if corroborated by 
more extensive work, would speak for the correctness of the principle put 
forward by WRIGHT (1929; see also MULLER 1928b, pp. 259 -260) that mu- 
tations having an effect in the direction of losses (that is, those that tend to 
be disorganizing and inactivating) should in general be more frequent than 
those causing increased or new effects. But while this principle is necessary 
as one basis for WRIGHT'S theory of dominance, it is not, alone, sufficient for 
a derivation of the latter ; neither is it contradictory to the general viewpoint 
put forward by FISHER that the usual dominance of normal genes has been 
developed through natural selection. It is to be noted, further, that the hypo - 
morphs tend to be recessive, and the neomorphs "dominant." This again is in 
line with WRIGHT'S view, but it is also in line with FISHER'S (since any given 
neomorph originates so infrequently that there has been much less chance 
for selection to have affected its mode of expression), and it is still more 
in line with the idea previously offered (p. 240), that selection has worked 
primarily towards the stabilization of the reactions of the normal, homo- 
zygous genes. (In the latter case, even rather frequently recurring neo- 
morphs would tend to be dominant.) 

When, however, we examine into the type of dominance found, we ob- 
tain a result of greater apparent significance. For while the recessiveness 
of the hypomorphs is usually fairly complete, as generally expected, the 
"dominance" of the neomorphs is in most cases far from complete, being 
of the "intermediate" type. Now this result is exactly what we should expect 
if dominance of the nearly complete type has been developed by selection 
(especially, if by the type of selection advocated on page 240), but it is a 
considerable surprise, in fact, it seems contradictory to the idea that such 
dominance is usually a primary property of the gene. It will therefore be 

important to examine further cases with reference to this question. 
While we have spoken above of the general trends of the results, it should 

be emphasized that no absolute rules can be made with regard to the domi- 
nance of the different classes of mutants. A known loss like Notch -8, 

Plexate, and at least three known Minute bristle conditions, may be domi- 
nant or semi -dominant in its effect, and therefore an amorph or a hypo - 
morph may be likewise. In these cases one dose of the normal gene has. dis- 
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tinctly less effect than two. On the other hand, neomorphic genes may be so 
"weak" in their effect that two doses are required before they rise to the 
level of visible manifestation. This was very nearly true in the case of a 
certain Hairy wing mutant, and in the case of baroid in the female; under 
certain genetic conditions ( for example, in the presence of ZELENY'S modi 
fier, called "emarginate ") it was true of Bar itself, and under certain en- 
vironmental conditions it was true of Abnormal abdomen. For the same 
reason, we cannot make absolute rules regarding the exaggeration of reces- 
sives and dominants by deficiencies. If the recessive or near -recessive should 
be a neomorph, like baroid, it will not show exaggeration by a deficiency; 
if the dominant should be hypomorphic, as in the case of the absence of 
coxal bristles in some scutes, it will be exaggerated by a deficiency. But the 
more usual case is the recessive hypomorph (for example, eosin, facet), 
which shows exaggeration, the amorph (like white) which shows no effect, 
and the semi -dominant neomorph (for example, Bar) and antimorph ( for 
example, Abnormal) , which show instead an apparent inhibition by a defi- 
ciency. 

On our interpretation of most gene mutations as qualitative structural 
changes, even the distinction into classes above outlined is not an absolute 
one, and reflects rather the gene's final behavior than its real structure. So 
we may expect to find genes, for example, that are hypomorphic in one 
respect and neomorphic in another. Possible examples of this are scute-8, 
scute -12, and scute -M -4 (in deleted X 24) ; the two latter show certain semi - 
dominant Hairy wing effects, as well as hypomorphic scute characters, but 
it is as yet uncertain whether these effects are really referable to the same 
locus or represent group mutation or possibly effects of changed position. 

Multiple allelomorphs forming non -quantitative series 

There are already numerous cases known in which it can be shown that a 
given mutation has markedly changed a gene only in regard to certain of 
the effects which the original gene produced, while another mutation in the 
same gene changed it more pronouncedly in some other respects. This has 
been shown par excellence with regard to the various hypomorphic changes 
possible in the scute locus in the studies on scute allelomorphs carried on 
by the Moscow geneticists. One of their most important contributions lies 
in showing the richness of the different patterns of change possible in a 
given gene, since thus far very few of the numerous allelomorphs are in- 
distinguishable from one another. That the tendency to certain kinds of 
groupings of effects on the different bristles is partly an expression of cer- 

249 



tain real features of gene structure, and will help us to understand the ar- 
rangement of gene parts, is also a reasonable conclusion. 

Attempts to explain the matter in a simple quantitative way, as in GoLp- 
SCHMIDT'S criticisms, or by means of developmental relations, as in the 
Plunkett- Sturtevant -Schultz hypothesis of diffusion of influences from a 
center, fall in the face of the facts. We do not have time to mention the 
various logical difficulties which the latter hypothesis encounters in its actual 
working out. Suffice it here to say that a study of numerous gynandro- 
morphs involving various scute allelomorphs has been carried out in our 
laboratory, chiefly by PATTERSON, and that the results show clearly that 
the development of bristles, in so far as it is under the influence of the scute 
gene, is not governed by one or a few centers, but is in its major features 
autonomous at the site of each bristle. On the other hand, later work throws 
grave doubt on the possibility of grouping all the effects into one exact line 
(this is equally against both the unmodified sub -gene hypothesis and the 
theories of GOLDSCHMIDT, STURTEVANT, et cetera). And the evidence that 
such a line, if it represents gene parts in a one -to -one correspondence, may 
be cut without destruction of either piece, is still to be found (see page 222). 

This still leaves the locus of scute the most suitable yet found for the 
study of multiple allelomorphism and gene structure, and it leaves the sub - 
gene hypothesis, or some modification of it, as a possible interpretation, al- 
though the way is not as clear and easy as before. It will, I think, be profit- 
able to follow the method there used, that of concentrating on intensive 
studies of the different kinds of mutations possible in individual genes, as 
induced by irradiation and otherwise. 

Such studies as we have carried out on other loci than scute have shown 
somewhat similar phenomena, and in some respects amplify our view. For 
example, the cases now known are fairly numerous in which different reces- 
sive mutant allelomorphs of the same locus have effects which are to some 
extent, or almost wholly, different in their character or in their location on 

the organism. Thus, mutant allelomorph 1 may affect character A very much 
and B very little or not at all, while allelomorph 2 affects A little and B 

much. Such allelomorphs, when crossed, usually form a compound that is 

more normal than either. For, in respect to each character effect or body 
region, the more normal effect is usually the more dominant ; that is, the 
compound is usually in each respect more like that allelomorph which has a 

more nearly normal effect on that character or region. This was evident, 
for example, in EMERSON'S (1911) allelomorphs giving different combina- 
tions (= patterns) ' of red versus white silk, cob, grain, et cetera, in corn. 

In Drosophila, the first case was that of the truncate series (MULLER 1919, 
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1922b), which concerns not only different regions but different characters, 
and obeys the same rule throughout. Thus, in this case, the cross of vortex 
bristles by oblique wings was found to give a compound that was sensibly 
normal. To explain those members of this series which showed two or more 
of the effects at once, the interpretation of group mutation of neighboring 
but physiologically entirely distinct genes was early considered but it was 
rejected, chiefly because studies on the action of modifying genes as well 
as of "chief" genes at other loci showed the different developmental effects 
in question to be physiologically related. In this case, it was also observed 
that the groupings of effects of different allelomorphs fitted in with no 
linear series rule. The normal -appearing compound of achaete and scute -1 

( found by DUBININ to be allelomorphs) falls under the same category as 
the vortex -oblique cross. So too may the normal compound of split bristles 
and recessive notch wings (GLASS and MULLER unpublished), and also 
certain effects observed by DOBZHANSKY (1930a) in the Stubble series of 
allelomorphs. The list could be considerably extended. 

There are, however, exceptional cases, in which the compound is not more 
like the normal in respects in which the two allelomorphs differ. The best 
case of this is the appearance of leg -like antennae in the compound between 
aristopedia, which has such an effect, and its allelomorph spineless, which 
does not, as found by STURTEVANT (1929). A few of the missing bristle 
effects in scute crosses show a similar tendency; so too does the extra bristle 
effect in crosses of split bristle and facet -eye (see below). 

We now have to report exceptions of the opposite type also, namely, those 
in which the compound is more like normal in respect to effects in which 
both allelomorphs are similarly abnormal. One such case is that of lozenge - 
eye in combination with a particular spectacled -eye allelomorph of it. The 
compound has a practically normal eye but has the female infertility com- 
mon to both, and their mutual allelomorphism is further shown by the fact 
each gives a distinctly mutant eye type when crossed with still other mem- 
bers of the series (see PATTERSON and MULLER 1930, AGOL 1930). An- 
other case is that of the ommatidial disarrangement in split bristles and 
facet -eye. Both of these mutants cause ommatidial disarrangement, yet (as 
with spectacled and lozenge) the compound has a normal eye ( MULLER 

unpublished). Their allelomorphism is shown not only by their linkage but 
by their behavior with other mutual allelomorphs (notches) and by the ap- 

pearance of extra bristles in the compound, as in split bristles by itself (see 
above) . In such cases as these, we must draw the conclusion that the two 
allelomorphs, although acting on the very same body region, and having 
superficially similar effects on that region, nevertheless attain these effects 
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through the intermediation of qualitatively different developmental proc- 
esses. Further studies of the relations in such series are needed. 

Ultimately, too, we must undertake the still more difficult study of the 
effects of successive mutations in the same gene, to discover, if possible, 
principles governing their continued evolution. Such evolution, as I see it, 
implies the possibility of qualitative change in the gene as a necessary con- 
dition. The foregoing illustrations, if taken together, afford, I believe, con- 
siderable experimental evidence for the existence of such a phenomenon, 
both as a natural occurrence and as a result of irradiation. And this con- 
clusion remains likely no matter whether the mutational effects of irradia- 
tion are of a direct or an indirect nature. 

For the rest, I fear that the present paper has raised far more questions 
than it has solved. But if some of these questions may thus have been opened 
to attack, our time may not have been wasted. 

The author wishes to acknowledge with thanks the assistance of the Com- 
mittee on the Effects of Radiation on Living Organisms, of the NATIONAL 

RESEARCH COUNCIL of the United States, in the prosecution of experiments 
referred to in the foregoing. 
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There seems for some time to have been a 
growing feeling among biologists that the arrange- 
ment of the parts of an embryo into a uniform 
and symmetrical whole is 
based in some manner upon 
electrical forces existing be- 
tween cells or groups of cells. 

This attitude was crystal- 
lised in 1935 by Burr and 
Northrup in their "electro -dy- 
namic theory of life," in which 
it is alleged both that a living 
organism erects an electrical 
field around itself and that this 
field controls the pattern of 
the organism. Such a theory 
is plausible upon theoretical 
grounds but it is necessary, 
before it can be accepted, that 
we should examine such 
known electrical effects as 
might produce the field and 
further to inquire by experi- 
mental means by what mech- 
anism this field could effect 
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THE REMAKING OF CHROMOSOMES N ''rv, 
DR. H. J. MULLER 
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I. The Problem of Structural Change in 
Chromosomes 

It is a biological commonplace that species dif- 
fer in the number of their chromosomes, and in 

the shapes and sizes of their 

egt. g. (CttteztDttx 

MONDAY, September 5, 1938, 
8:00 P. M. 

Lecture: 

"Invertebrate Zoology and Ocean- 
ography." 

Dr. Mary Sears, 
of the Woods Hole Oceanographic 

Institution 

The Business Office of 
the Marine Biological Lab- 
oratory will be closed on 
Monday, September 5th. 

the arrangement of cells. 
It must be emphasized that we are not dealing 

with such intracellular (Continued an page 204) 

chromosomes, and that even 
individuals of the same species 
may differ somewhat in these 
respects. For example, Metz's 
studies of chromosome config- 
uration in species of Droso- 
philinae showed differences of 
all these kinds. Occasionally, 
in passing from one species to 
another, a given chromosome 
would seem to have changed 
its size ; in rare instances it 
might change its shape ; often- 
er two rod -like chromosomes 
would seem to have fused into 
one V, or vice versa; and 
sometimes a chromosome 
would seem to have disap- 
peared entirely. 

Until the last decade, the 
number and kinds of steps in- 

volved in the formation of any of these observed 
chromosome differences could only be guessed at, 
for their actual origination had very rarely been 
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observed. Cytology was in fact very vague even 
about the nature of the observed differences, for 
the minuter details of chromosome structure were 
as yet rarely a subject of sufficiently accurate 
comparative analysis. Thus we could not tell, in 
the comparison of Drosophila species, whether the 
shape change, involving as it did a difference in 
spindle fibre position, consisted in the formation 
of a new spindle fibre locus, or "centromere" as 
Darlington calls it, together with the disappear- 
ance of the old one, or in the shift of just this 
locus from one place to another, or in some sort 
of rearrangement of a larger part of the chromo- 
some, containing the centromere. Again, we could 
not tell whether the small chromosome had really 
gone out of existence when it seemed to disappear, 
or whether it had somehow been swallowed ùp in 
some other part of the chromatin complex. And 
we could not tell, in the change of rods to V or 
vice versa, whether or not the process was uni- 
directional, whether it involved mere fusion of 
whole chromosomes, or mere breakage ; whether 
the centromeres themselves fused, or somehow 
became split, or were formed de novo, or whether 
one of them, or a whole chromosome region con- 
taining them, became lost or reduplicated. 

A few cases -that had necessarily been im- 
perfectly analyzed -were, to be sure, known, 
chiefly in Drosophila, which had led to a number 
of rather crudely mechanical views regarding the 
nature of chromosome changes. Among these 
was the belief that chromosomes might undergo 
simple breakage, perhaps with loss of the fibreless 
( "acentric ') piece or pieces, but with survival of 
the other one at any rate. This was supposed to 
have occurred in "Plexate," in Stern's 'Ye, and 
in "Pale" translocation. It was also thought that 
the detached fragments thus formed might some- 
times become attached to the ends as well asto 
the sides of other chromosomes, or of other parts 
of the same chr,,QQmosome. Supposed cases in point 
were Stern's' XY,' "Pale ", and Sturtevant's sup- 
posedly terminal inversions. And it was further 
believed that bodily fusions of one whole chromo- 
some to another one might occur, as in attached 
X's. On the basis of such interpretations, as well 
as on Sturtevant's more accurately worked out 
conception of inversions -which, however, still 
included the idea of terminally attached inversions, 
as above noted -Drosophila workers and others 
attempted to picture the changes of chromosome 
structure that had occured in evolution, and that 

were occasionally found distinguishing individuals. 
In the earlier X -ray work too (1927 -1930) the 
author must plead guilty of attempting to picture 
the chromosome changes found in largely the same 
terms. 

While, as we shall see, time has shown that 
these earlier interpretations were wrong in certain 
features, they were nevertheless right in some very 
important essentials, and especially in so far as 
they tried to make their picture conform to the 
principle long ago laid down by McClung, chiefly 
on the basis of his comprehensive studies in Or- 
thoptera, "that numerical variations involve only 
rearrangements of the persistent chromatin aggre- 
gate" (cited from McClung, 1921). One im- 
portant principle that is included in this general 
idea of the continuity of the component parts as 
such, is McClung's:concept of the persistence of 
the centromere, or achromite as he terms it, and 
of the necessity of the latter for chromosome per- 
sistence. But the work of the past decade has 
made it possible to extend this principle of the 
preservation of the individuality of chromosome 
parts in some rather unexpected ways, so as to 
bring under one general scheme all the different 
types of alteration of chromosomes that had been 
separately dealt with in the earlier work under 
the various special conceptions above noted. 

These more recent advances in our knowledge 
of chromosome evolution have come about through 
the convergence of a number of lines of investiga- 
tion. For one thing, the X -ray technique has 
provided a wealth of material illustrating the 
origination of multitudes of chromosomal changes, 
of diverse sorts. In Drosophila, the more exact 
analysis of these findings has followed, on the one 
hand, from the elaboration of more refined genetic 
methods and, on the other hand, from the amaz- 
ing technique of observation of the chromosomes 
in the salivary glands inaugurated by Painter. 
Among the cases so investigated there have been 
enough of spontaneous origin (including intra- 
specific differences found in nature) to show that 
the same principles apply to them as to the pro- 
ducts of irradiation. Meanwhile, too, the improve- 
ment of cytogenetic method and interpretation in 
plant material, due especially to the work of 
Stadler and McClintock and of Darlington and 
his school, following upon the earlier advances by 
Belling and Blakeslee, have led to a series of find- 
ings in maize, Tradescentia, Datura and other 
plant forms that are in some essential ways similar 
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to those of the Drosophila work. But as there 
still remain some important differences, suscepti- 
ble of alternative interpretations, I shall base my 
present discussion mainly upon the Drosophila 
findings. 

If we should pass in review, in detail, all the 
findings concerning chromosome rearrangements 
which have been made in Drosophila in the past 
decade, we should see that all of them unite in 
supporting the proposition that structural changes 
in chromosomes consist, in general, not of simple 
breakages or fusions, by themselves, but of ex- 
changes in the linear attachments of sections of 

chromosomes. That is, as in crossing over, a 
section of chromatin becomes disconnected at some 
point from the section to which it previously was 
attached, and, connected, at the same point, to 
a point on another section at which the latter 
likewise has become (or becomes) disconnected 
from its previous association. Thus at least two 
breakages are necessary, and, as in crossing over, 
there must be reattachment, and this must occur 
between the broken ends, not between originally 
free ends, or between a broken and a free end, or 
between any end and the side of a chromosome 

(giving a branched structure). Unlike what occurs 
in crossing over, however, the two points of inter- 
change are not homologous, and the process has 

therefore been referred to as "illegitimate crossing 
over ", a term used by both Darlington (1932) 
and the author (1932) independently. (Whether 
or not the process involves touching or close 
juxtaposition of the parts broken, previous to 
their breakage, as in crossing over, is a matter 
which we shall consider later). Since the time 
when the author put forward this principle of ex- 
change as a general interpretation of structural 
changes in chromosomes (at the Genetics Con- 
gress, 1932), the evidence for it, in Drosophila at 
least, has become far stronger, and the various 
types of apparent exception\ to it there have 
received their explanations in accordance with it, 
especially when it is considered in connection with 
the interesting facts concerning the so- called 
"inert" or chromocentral regions which have come 
to light in recent years. 

II. Special Properties of the So- Called `Inert 
Regions." 

The realization that there were special regions 
of the chromosome complex in which, for a given 
length of chromosome as seen at mitosis, there 
were relatively few active genes, goes back to the 
evidence,;, to which Metz and I long ago called 
attention (see Muller, 1914), that the Y chromo- 
some of Drosophila, though apparently large, acts 

as though virtually "empty. "* The cause of the 
apparent emptiness was only in part understood 
in 1914, however, as it was not realized that any 
other factor entered in than that of degeneration 
by mutation pressure under the influence of per- 
manent heterozygosity. Much later, Painter and 
I (1932) unexpectedly found that the X chromo- 
some has a homologous "inert region ", of similar 
apparent emptiness, and both Heitz and we noted 
indications that the other chromosomes might 
have similar regions in the neighborhood of their 
centromeres. 

Our findings on deleted X- chromosomes (1929, 
1932), and on translocated autosomes and Y 
chromosomes, and Oliver's results on inversions 
of the X- chromosomes, led us, further, to the 
conclusion that breakage occurred in these "inert 
regions" with a frequency as great, for a given 
length of chromosome as seen at mitosis, as in the 
so- called "active" regions, This high breakability 
has also been found in the studies of Patterson 
et al (1934) on translocations. It was for this 
reason that we were at first inclined to regard 
the actual chromonema in the "inert regions" as 
being as long, for a given length of mitotic 
chromosome, as that in active regions. 

However, in a review of studies carried on in 

collaboration with Painter and with Gershenson, 
it appeared (Muller and Gershenson, 1935) that 
these breakages in the "inert region" had occurred 
only at two or three specific points, so far as the 
chromosome as seen at mitosis was concerned. 
That is, the regions between these points must 
be regarded as large genetically indivisible 
"blocks," produced by individual genes, and so 

the number of genes and the actual length of 

breakable chromonema outside the blocks in these 
so- called "inert regions" must be far smaller for 
a given length of mitotic chromosome, than in 

active regions. This was in itself a clue to their 
apparent inertness. But, this being the case, 
within a given length of this chromonema, or for 
a given number of genes outside of the "blocks," 
breakage must occur with far greater frequency in 

the "inert" than in the "active" regions of the 

chromosomes. The above conclusions in turn 
agreed with and explained the finding of Painter 
(1933, '34) that in the salivary gland chromo- 
some the "inert regions" were apparently absent, 
modified by the later finding by Prokofyeva and 

myself (1935) that they were indeed represented, 

* Until shortly before that, Drosophila geneticists, 
accepting an early surmise of Stevens which she had 

later corrected, had usually assumed that Drosophila 
had the XO type of sex determination and that 
what we now call the Y was an autosome with the 
X attached, but Metz's comparative studies of male 
and female and Bridges' studies of non -disjunction 
had later (1913) proved that this chromosome was 

really a Y. In this war the above conclusion was 

made possible. 
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but only by very short regions, containing about 
one or two dozen faint bands (and hence probably 
somewhat more genes) located within and near 
the chromocenter. 

In fact, the chromocenter itself consists, as 
Prokofyeva first showed (1935), merely of these 
parts of the chromosomes clumped together, and 
it has a structure essentially like that of the rest 
of the chromosomes. It had been far more dif- 
ficult than the rest to disentangle only because of 
the fact that these regions of all the chromosomes 
tend to conjugate into one mass and because in 
these regions, as a secondary consequence, the 
disc structure is less clearly arranged and there 
is a lesser concentration of nucleic acid. This 
conjugation of these regions of different chromo- 
somes indicated an at least partial homology be- 
tween them, and further evidence for this was 
obtained in the finding of occasional crossing over 
between the X and both arms of the Y chromo- 
some, when present in the female ( Phillip, 1934 ; 

Neuhaus, 1936), and in the presence of bobbed 
in both arms of the Y as well as in the X (Neu- 
haus). Especially pertinent in this connection is 
Gershenson's recent finding (1936, unpublished) 
that the chromocentral region of the X, as ex- 
emplified by an X chromosome with the "active" 
portion deleted, tends to segregate from the single 
fourth chromosome in the meiosis of "haplo- 
fourth" individuals. 

It is tempting to think that this homology is 
caused, in part at least, by a common derivation 
of the regions near the centromeres of different 
chromosomes, a derivation not inordinantly re- 
mote in time because of the occurrence, in evolu- 
tion, of transplantations of whole chromosome 
arms from one of these regions to another, as ex- 
plained below. At any rate, there is evidence 
that the genes which do exist in such a chromo- 
some region of any individual chromosome pair 
are on the whole more dispensible than those in 
ordinary regions, i.e. their loss, as well as their 
duplication, causes less functional disturbance, 
just as would be expected if their functions were 
being in part subserved by similar genes in the 
corresponding regions of other chromosomes. But, 
whatever the explanation, it seems clear that this 
fact of their comparative dispensibility is of im- 
portance in the alteration of the chromosome num- 
ber in evolution. 

The chromosome regions in question are thus 
seen to be peculiar not only in respect to their 
including a centromere but also in a number of 
other respects. Chief among these are the follow- 
ing. (1) Their inclusion of the large "blocks" 
seen at metaphase, rich in nucleic acid, and each 
dependent only on one gene. (The function of 
the blocks is as yet unknown, but Gershenson's 
studies indicate their relative unimportance in 

segregation.) (2) The mutual and multiple at- 
traction of these genes for one another, no matter 
what chromosome they lie in, with resultant for- 
mation, in resting stages, of a "chromocenter," 
with its various morphological and physiological 
peculiarities. (3) Ta,e high tendency of these 
regions 'to breakage^íhcludes, as we (Muller, 
Belgovsky and Raffel, 1936, '37) have recently 
found, a tendency to two or more breaks near to 
one another, with minute rearrangement, as well 
as to gross rearrangement. Moreover, it extends 
to neighboring regions, that have, through struc- 
tural rearrangement, come to lie near the original- 
ly chromocentral ones. This tendency to breakage 
is IT abl a resultant of the other peculiarities 

the multiple attraction. (4) Their 
relative dispensibility in cell functioning, above 
discussed. (5) Their specific effect (see Offer - 
mann and Muller, 1931, 1932) in reducing the 
frequency of crossing over in regions near them, 
an effect extending for considerable distances and 
gradually fading off. This effect is especially 
responsive to differences in cellular conditions 
caused by temperature, irradiation, aging, etc. 
It, like the tendency to breakage, is doubtless, in 
part at least, a resultant of the multiple attractions, 
which would tend to conflict with one another. 
(6) An unusually marked, and peculiarly varia- 
ble (mosaic) position -effect on the functioning of 
genes lying in and near these regions, which will 
b 

& 

disc, sed. subsequently. This also is probably 
` `'t 

b 
the multiple attractions. 

The various effects mentioned -on synapsis and 
chromosome morphology, on breakage, on cross- 
ing over, and the position effect -are not due 
directly or solely to the inclusion of a centromere, 
or of the chromatin "blocks ", or both. The latter 
elements, together, appear to comprise only about 
three main genes, whereas genetic studies have 
shown the existence of at least several other genes 
in this region of the X- chromosome. These in- 
clude genes for fertility, similar to those in the 
Y, as found by Dubinin, and genes affecting the 
various properties above mentioned. And the 
cytogenetic studies of Prokofyeva and myself 
(1935) taken in combination with the observa- 
tions of Bridges (1938) show this region to con- 
tain some two dozen faint bands. Judging by our 
work on the correlation between genes and bands, 
there are at least as many ens and probably con- 
siderably more genes than visible bands. Now 
our studies of individuals in which, as a result of 
irradiation, the chromocentral region of the X- 
chromosome had been broken at one place or 
another and transplanted elsewhere, shoal that 
even those parts of the region which lea not 
contain a centromere, or do not contain a chroma- 
tin block, and which have been removed from 
their propinquity with these parts, still possess 
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the peculiar properties above mentioned. This 
was proved for the multiple attraction and asso- 
ciated peculiarities of cytological structure by 
Prokofyeva in 1935, and independently observed 
by Schultz (1935) ; for the breakage tendency by 
Belgovsky and myself (working with scute 8, 

scute S1 and Bar M2) and for the crossing -over 
effects by Offermann (using flies homozygous 
for the inversions scute 8 and scute 4) . Num- 
erous of our cases prove that the same principle 
holds for the peculiar position -effect before men- 
tioned. Thus these various characteristics pertain 
to genes scattered throughout the chromocentral 
region, not merely to the centromeres or blocks, 
and they may be expected to occur even in regions 
not Containing the latter, if these regions manifest 
the multiple attraction and the associated peculiar 
cytological features of chromocentral regions as 
observed in salivary glands. We shall see that 
this conclusion is significant in a number of ways. 

A number of investigators had noticed some 
tendency of the distal ends of the chromosomes to 
lie touching one another ; and this was even more 
pronounced in Chironomus and some other species 
than in Drosophila. And, in the case of the small 
fourth chromosome of Drosophila melanogaster, 
there was a tendency for it to curve about and 
come into contact with the chromocenter 
(Bridges, 1935) . Studying the end regions more 
minutely, Prokofyeva (1937) has found that the 
unions in question are not merely end -to -end. 
There are definite terminal regions on all of the 
chromosomes, usually consisting of several faint 
bands that morphologically resemble those in the 
neighborhood of the centromeres. And these 
regions of different, non -homologous chromosomes 
have a tendency to conjugate with each other, 
just as do the regions near the centromeres, 
though not as marked a tendency, perhaps be- 
cause these terminal regions are considerably 
smaller. They have a tendency also to conjugate 
with those chromocentral regions that lie in the 
neighborhood of the centromere, though this 
tendency is not apt to be expressed except when. 
as in very short chromosomes like the fourth of 
D. melanogaster, these ends naturally lie near the 
chromocenter. When, through translocation, 
other ends than that of the fourth are brought 
similarly near the chromocenter (as in the case 
of the left end of the X in our "mottled -5" trans - 
location), they too tend to conjugate with the 
latter in fairly typical chromocentral fashion. 

The above observations agree with genetic evi- 
dence which shows that the terminal regions, in 
some of the chromosomes of D. melanogaster at 
least, have (1) a relatively low frequency of 
crossing over (at least in the second and the X, 
though that in the latter probably depends in part 
at least on the "bulb" region, which Prokofyeva 

regards as semi -chromocentral), (2) a relatively 
high frequency of breakage (at least in the second 
and the X, and especially ¡`the former, as shown 
in studies of Muller, Koerner and Vogt, and of 

Patterson, et al., (3) a relatively high dispensibil- 
ity, as shown by the viability of individuals having 
deficiencies in these regions( (at least in cases 
involving both ends of the X, and the right end 
of the fourth chromosome, studied by L. V. Mor- 
gan, Demerec, Catcheside and Beadle, Prokofyeva, 
and myself), and (4) the peculiar mosaic posi- 
tion -effect (at least in the third chromosome) 
found otherwise only in the case of regions about 
the centromere. All this leads us to agree with 

Prokofyeva that these terminal regions are similar 
in their properties to those normally located near 
the centromeres, and that, like the latter, they may 

be termed "chromocentral ", i.e. possessed of 

multiple conjugating properties, indicative of a 

mutual .homology of some degree, with its various cséau *- 

In view of the fact that the chromocentral 
regions in the neighborhood of the centromere, 
i.e., the centromeric regions, contain so- dozen 

or dozens of bands and of genes, andille gene 

(or genes) for the centromere itself has not yet 

been identified in the salivary chromosome 
(though its region has been somewhat narrowed 
down), there seems no sound reason for main- 

taining that it is actually the very terminal gene, 

even in the case of rod -like chromosomes such as 

the X and the fourth in D. melanogaster. As for 

their appearance at metaphase, we could hardly 

expect the centromere, being so near the end .fay 

the salivary chromosome work shows it to be, to 

result in a chromosome distinctly different from 

a rod, as seen at mitosis. In fact, however, the 

minute observations of mitotic chromosomes car- 

ried out by Prokofyeva and by Heitz have strong- 

ly suggested a non -terminal, that is, a sub- termin- 

al, position for it. And agreeing with this is 

Prokofyeva's observation of small "heads ", as she 

calls them, on the right distal ends of both the 

X and the fourth chromosomes in the salivary' 

glands. These "heads" resemble somewhat the 

left distal ends, being not as thoroughly chromo- 

central as the region slightly to the left of them, 

which she supposes to contain the centromere it- 

self. 
This conception of the existence of another 

terminal chromocentral region, beyond the centro- 

mere of the apparent rods, and having the high 

breakability characteristic of other chromocentral 

regions, also affords a ready explanation, consist 

ent with the other known facts regarding chromo- 

But whether their liability to exchange with one 

another is primarily a cause or effect of this homo- 

logy, or both, is a question that cannot yet be 

answered with assurance. 
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some rearrangements, for the frequency with 
which, in translocations, sections of other chromo- 
somes can be attached beyond the centromere of 
the X and fourth chromosome, to give rise to 
chromosomes that are obviously J or V shaped. 
Thus Panshin, in 1937, and Stone, in 1938, have 
both found "mottled" fragments, from the left 
end of the X attached to the right of the centro- 
mere of the fourth chromosome, to give tiny 
medially attached chromosomes, both arms of 
which were approximately the size of the normal 
fourth. Similar attachments of pieces of other 
chromosomes to the right of the centromere of 
the X, forming a J or V shapedchromosome, were 
reported by Muller and Painter in 1929 and have 
since been seen frequently. Evidently what hap- 
pened in such cases was the breaking off of the 
dispensible terminal region lying to the right of 
the centromere, and its replacement by the larger 
section from the other chromosome, so as to give 
a structure which now is obviously non -terminally 
attached, and which bears witness to the original- 
ly more cryptic sub -terminal nature of the attach- 
ment in the so- called "rod" chromosome. A 
rigorous proof of this point awaits a more exact 
salivary analysis of the chromocentral regions in 
question in the translocated chromosomes, as com- 
pared with the normal ones. Meanwhile, how- 
ever, the cases certainly do not stand opposed to 
our general conception of chromosome structure 
and of chromosome alteration. 

III. Types of Conformation of Chromosome 
Rearrangements. 

Despite the differences above noted between 
the properties of the chromocentral and free re- 
gions of the chromosomes, there is no reason to 
believe that they differ in regard to those funda- 
mental features of chromosome make -up which 
determine the mechanism whereby structural re- 
arrangements take place. That is, both regions 
undergo structural change by means of exchanges 
of linear connections at given points, involving 
both breakage and reattachment, only these ex- 
changes occur more readily, or at least more fre- 
quently, in the chromocentral regions than else- 
where. And, as we shall see, the differences be- 
tween the regions do affect to some extent the 
subsequent fate of the reconstituted chromosomes. 

Accepting, for purposes of exposition at least, this principle of exchange, let us now see what different kinds of alterations it will result in, according to the topographical accidents of how many points of breakage there are, where in the chromatin they lie, and just which broken ends become attached to one another. We may consider first the situation in the simplest possible cases, that is, when there are only two points of break- 

age. The first case we may examine here is that 
in which these two points of breakage lie in the 
same chromosome. In this particular case, if 
the broken ends of the two distal sections each 
unite with that broken end of the interstitial sec- 
tion which was originally attached to the other 
distal section, an inversion results. If the breaks 
were to one side of the centromere, the inversion 
may be termed "paracentric ", and it will be noted 
that the proportions of the two arms, and hence 
the general shape of the chromosome as seen at 
mitosis, is not changed. But if the breaks in- 
cluded the centromere between them, being 
"pericentric ", the mitotic chromosome will have 
the relative sizes of its two arms altered, except 
in the special case in which the two distal sections 
are sensibly equal in size. The union of the 
broken ends of the two distal sections with one 
another results in the formation of a deleted 
chromosome, while the two ends of the interstitial 
section unite together to form a ring.* In the 
case of paracentric breaks the ring includes no 
centromeres and hence cannot be transported at 
mitosis and is eventually lost, while in the case 
of pericentric breaks it is the other fragment 
which is "acentric ", and becomes lost, while the 
ring has a centromere (being "monocentric ") and 
may persist for a time. Rings tend to be lost 
eventually, however, because of the abnormal 
chromosome types that, for purely mechanical 
reasons, they give rise to at crossing over (see 
L. V. Morgan, 1932) and, in some plants, also at 
mitosis ( McClintock, 1933) . 

The breaks may be near together, so that the 
inversion or deletion formed is minute. In fact, 
a curve showing the frequencies of breaks differ- 
ent distances apart, in relation to the frequencies 
to be expected on a random distribution of breaks, 
would undoubtedly show a considerable peak for 
breaks that were close together -a fact the cause 
of which we shall inquire into later. 

As a kind of opposite to the cases of minute re- 
arrangement we have another, also disproportion- 
ately abundant class of cases, in which one of the 
breaks occurred in a chromocentral region, say, 
that next to the centromere -and the other break 
occurred either in a so- called "active" region (bet- 
ter to say, "free" region) or in another chromo- 
central region -say, that at the end of a chromo- 
some. Here then there is a tendency for the in- 
cluded interstitial sections to be larger than ex- 
pected on a random distribution of breaks, and 
not infrequently nearly the whole arm of a V- 

* We are omitting from consideration the cases - 
presumably numerous -in which broken ends that 
were previously united with one another reunite to 
reconstitute the original type of chromosome, and 
also those hypothetical cases -perhaps numerous 
but, if so, not viable -in which the broken ends fail 
to undergo reattachment. 
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shaped chromosome, or nearly the whole of a rod- 
like chromosome becomes deleted or inverted. 

Continuing our perusal of types of chromosome 
rearrangement, we may next consider what hap- 
pens when the two breaks occur in different, non - 
homologous chromosomes. The process is mutual 
translocation, and the resultants can survive 
in the case in which those fragments have united 
which are complementary with respect to posses- 
sion of a centromere, but not in other cases, in 
which only acentric and dicentric parts are 
formed.* Since breakage occurs oftener in chro- 
mocentral regions, especially centromeric ones, 
there are not infrequently exchanges of whole 
arms between V- shaped chromosomes, and ex- 
changes between one arm of a V and the main 
arm (that is, virtually the whole) of a rod -shaped 
chromosome. There are also exchanges between 
two rods, resulting in one large V and one minute 
chromocentral V, the loss of which latter could 
probably be tolerated without difficulty. 

Any change involving an increase of chromo- 
some number, such as the change of a V to two 
rods, is more complicated, except where the Y 
chromosome serves to supply the extra centro- 
mere. For in other cases a disadvantageous 
amount of duplication of other regions would be 
entailed unless, secondarily, they were removed 
by deletion. For this reason the Y has probably 
served more often as "anchorage" to various 
chromosomes, in their process of origination as 
independently attached chromosomes (as pro- 
posed by Muller and Painter, 1932). This situa- 
tion would of course work towards an increase 
in the homology of the chromocentral regions of 
different chromosomes. 

There is also the equivalent of mutual translo- 
cation, occurring between homologous or sister 
chromosomes. The result here, when viable at 
all, is usually the formation of a deficiency, equi- 
valent to a deletion, in one reconstituted chromo- 
some, and of a duplication, or as Bridges aptly 
terms it, a "repeat ", in the other one. The dupli- 

* No doubt one reason for the loss of dicentric 
chromosomes is that during mitosis they would 
sometimes be pulled in both opposite directions at 
once, and hence would move in neither direction. If 
this were their only disadvantage, it might be that 
they could live in cases in which the two centro- 
meres were close together, in which event the nor- 
mal chromosome should sometimes have two or more 
neighboring loci 4hat served for fibre attachment. 
There is as yet ¿ evidence to indicate that this situ- 
ation may obtain in Drosophila, but we are at pres- 
ent testing the matter out more fully. On the other 
hand, in plants, multiple juxtaposed centromeres 
have been described, and McClintock has very recent- 
ly (1938) presented cytogenetic evidence of them, 
since each of the two sections formed from a break- 
age in the appropriate iregionf received a functional 
centromere. If this can happ n in Drosophila, how- 
ever, the occurrence must be vanishingly rare. 

cated section immediately follows its prototype, 
and the two sections have their genes lying in the 
same direction, as in the well -known bar -eye du- 
plication. I am provisionally terming this type of 
repeat a "joined tandem." Unless they are rather 
small, duplications, by causing an "overdose" of 
some genes in relation to others, give individuals 
with low or even zero survival powers, especially 
when they are homozygous. Small duplications, 
however, becoming established in a species, can 
eventually increase its evolutionary potentialities 
by providin it with more genes which, though at 
first alike, r become different through muta- 
tion. This is in fact the method of increase in 
gene number. 

When, as not very infrequently happens even 
in spontaneous rearrangements, three breaks oc- 
cur at once, the possibilities are considerably more 
numerous. Three breaks in the sane chromo- 
some, in addition to giving us obvious combina- 
tions of the changes obtained from two breaks, 
such as two adjoining inversions, or deletion and 
inversion, also give us another type. In this 
a section, large or small, has, as it were, been ex- 

cised or deleted from one place, the broken ends 
on either side of which are joined together again, 
and inserted into another position, either in the 

original or opposite direction &is ti a " MO, 
When two of the breaks are in one chromosome 

and the third in another chromosome, a piece 
may be deleted by the two breaks and inserted 
into the space made by the break in the other 
chromosome, thus constituting an "insertional 
translocation." Here the translocation of mater- 
ial is not mutual, but unidirectional, purely from 

the former chromosome to the latter. As oppo- 

site extremes of proportions for such cases we 

may mention the case of scute 19, in which a piece 

consisting of only about 4 genes became deleted 
from the X chromosome and inverted into a long 

autosome (the second), and on the other hand, 

translocation X -I VZ (or "W 13 "), in which a 

piece comprising about half the X, and cut off, on 

its right end, within the chromocentral regions, 

became inserted into the tiny fourth chromosome, 
Other modes of reattachment, following three 

breaks, of which two are in one chromosome, can 

give mutual translocations, in which there is an 

inversion or deletion adjoining the point of chro- 

mosome exchange. 
When the two chromosomes engaging in triple - 

break rearrangements are homologous the piece 

which was inserted constitutes a repetition of 

some part already in the recipient chromosome, 
and so it results in the presence of a "repeat 
either (1) shifted away from the original position 

of such a section, or (2) adjoining the latter if 

two of the breaks in the homologues were at.iden- 

tical points (owing perhaps to a chromosome 
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breaking before its division), or (3) within the 
latter. The two like sections may then be either X 
in inverted position with respect to each other, 
forming a "reflexion ", or facing in the same di- 
rection, forming a "tandem." 

Finally if the three breaks are all in different 
chromosomes, if no two broken ends that were 
formerly attached together rejoin as before, and 
if the fragments that unite are in each case com- 
plementary with respect to possession of a centro- 
mere, a type which may be termed a "triple mu- 
tual translocation" results. 

Virtually all of the viable types of two -break 
as well as three -break rearrangements above re- 
ferred to have been found. As for the different 
types of more complicated rearrangements pro - 
ducible with more than three breaks, it would take 
us too far afield to follow them through here. But 
some of these too have been found, as, for ex- 
ample, Stone's six -break "translocation 12 ", in 
which, for one thing, the life of an acentric ring, 
formed by deletion, was saved by having it broken 
at another point than that at which it had become 
joined together, and having these broken ends 
serve for its insertion, as a straight piece, into the 
space formed by the break of another chromo- 
some (the fourth). At the same time this ring 
had a minute piece (containing the locus of.'fcut 
king ") deleted from out of it, at 2111-221%6 
place, and inserted into still another chromosome 
(the second). Nor should we take time here to 
note the various "aneuploid" types, that is, types. 
having excesses or deficiencies of chromosome 
sections, or both, formed secondarily in later gen- 
erations by crossing over or chromosome recom- 
bination occurring in germ cells heterozygous for 
one or more rearrangements. As before noted, 
such individuals with excesses, and especially 
those with deficiencies of genes, tend to be invi- 
able, especially when homozygous, except in spe- 
cial cases. 

In presenting the evidence, six years ago, for 
the proposition that structural changes in chromo- 
somes, in Drosophila at any rate, were, in general, 
caused by exchanges, conforming to the principles 
mentioned above, I had to make the qualification 
that a small number of cases did exist which 
seemed to disobey these principles. The cases 
then outstanding have en w all been satisfactorily 
explained. Some (like,Í9) then thought to be 
terminal translocations have been found to be in- 
sertions. So have the supposed cases of attach- 
ment to the side of a chromosome, outstanding 
among which was "Pale translocation." Other 
cases, apparently terminal translocations or in- 
versions, have been found to involve breaks near 
the end. The formation of attached X's, as well 
as their detachment, are seen not to be mere fu- 
sions of rods into a V and vice versa, but cases 

of crossing over with a Y chromosome. Ring 
chromosome formation is found to involve the loss 
of a minute amount of terminal chromatin, thus 
enabling the sticking together to occur. And the 
apparent cases of simple breakage, with loss of 
the terminal fragment of certain special chromo- 
somes, have recently been shown by Belgovsky, 
Prokofyeva, Raffel and myself to represent minute 
rearrangement of the chromocentral region, of 
which a considerable amount exists here in a sub - 
terminal position. A paper of Raffel's at the pres- 
ent meeting gives further evidence of this. 

Meanwhile, a very few new cases have ap- 
peared, that have been interpreted as terminal de- 
ficiencies, not involving reattachment of other 
chromatin at the breakage points, and certain 
others that have been interpreted as simple fusion 
of unbroken rod -shaped chromosomes, at their 
proximal, that is, centromere- bearing ends. But, 
considering all the deficiencies examined, it is to 
be expected that two or three of them would have 
involved distal breaks in the terminal chromocen- 
tral regions, so close to the end that the presence 
in them of the terminal gene could not be demon- 
strated. For, as Prokofyeva and I have shown, 
single genes are at or below the limit of vision, 
particularly in such regions, and breakage is espe- 
cially frequent there. On the other hand, an ac- 
tive search which we conducted for such cases 
failed to yield any, while giving numerous cases of 
obvious exchange of connections. And as for the 
apparent fusions of rods, they fit very well into 
the scheme of mutual translocation, involving 
breakage in the centrorneric chromocentral region 
of both chromosomes, the breakage in one chro- 
mosome being at the base of the long arm, and in 
the other in the rudimentary arm. The minute 
size of the latter, in the mitotic chromosome, is 
no objection here, in view of the known high ten- 
dency to breakage of minute regions of this kind. 

We cannot, of course, rigorously prove the uni- 
versal negative, that no cases contrary to our 
principles occur. But, in view of the considera- 
tions given, and our experience with the earlier 
cases that challenged us, it seems better, as Wil- 
liam of Occam would have agreed, not to involve 
further principles to account for structural chro- 
mosome changes, until really cogent evidence has 
appeared for the inadequacy of those already 
found. 

IV. On the Mechanism of Rearrangement 

What is the order of events when the exchange 
between non -homologous chromosome parts takes 
place? Nine years ago two general possibilities 
with regard to the mechanism of chromosome 
change had presented themselves that seemed to 
be alternative (Painter and Muller, 1929). Two 
chromosome parts that were to undergo rear- 
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rangement with one another might come into con- 
tact, perhaps even fuse first, at the points where 
they were to undergo breakage, and then break, 
the breaks thus having a common cause, as must 
be true in crossing over. Or they might break 
first, perhaps independently of one another, and 
the broken ends, being somehow adhesive, might 
later find and fuse with the parts which they were 
to be attached to. Six years ago Stadler advo- 
cated the latter view but I opposed it, in favor of 
the former one, on the ground that the rearrange- 
ments produced by radiation were not proportion - 
aI to the square of the dosage of the latter, as they 
should be if they were the product of two inde- 
pendent breakages, the chance of each of which, 
singly, was proportional to the dosage itself. To- 
day, for several reasons, I believe that there was 
probably truth in both views. 

It is well known, since the work of Oliver, 
Hanson, Timoféef- Resovsky, and many others, 
that gene mutations vary in frequency directly 
with the dosage of radiation, that is, with the 
number of ions formed, regardless of the time 
distribution of these ions é4 their type of distribu- 
tion in space (as determined by the hardness of 
the rays). And this furnishes good evidence for 
the conclusion that the individual mutations are 
caused by individual ionizations, that happened to 
be favorably situated. If rearrangements of chro- 
mosome sections followed the same law, a single 
rearrangement, with its two or more breaks, 
would likewise have to be judged to depend on 
one favorable ionization, that acted as common 
cause to both breaks, and so the breaks would 
have been somehow connected. This could hard- 
ly have occurred unless both points of breakage 
had at the time lain near together. But, as above 
mentioned, if the breaks were independent, each 
depending on at least one separate ionization, the 
coincidence of two breaks, necessary to allow an 
exchange of the broken ends, would vary in fre- 
quency as the square of the dosage. 

The indications from the earlier work (espe- 
cially Oliver's in 1930 and '32) were that rear- 
rangements did not vary in frequency as marked- 
ly as the square of the dosage; hence the conclu- 
sion which I first drew. Yet Oliver's results did 
suggest a higher rate of variation of frequency 
than that of the dosage itself (i.e., than its first 
power), so further experiments were called. for. 
The first of these, carried out in Berlin in 1933, 
are presented herewith. It will be seen that these 
two -break deletions vary in frequency at a rate 
greater than the first power of the dosage, and 
yet less than the square. This seemed hard to 
believe, but Belgovsky in Moscow has tested out 
the same question on an extensive scale, using 
translocations, and has consistently gotten the 
same result. For the doses used, the rearrange- 

ments vary in frequency about as the 3/2 power 
of the dosage. And Berg, Panshin and Borisoff, 
in Leningrad, have found the same thing for in- 
versions. Confirmations have now been obtained 
by Dubinin's co- workers also. 

Of the various possible explanations of this pe- 
culiar result, I incline to the view that some of 
the two -break rearrangements are the product of 
two separate breakages, caused by two separate 
ionizations -in these cases the broken ends must 
find and fuse with each other later, and that oth- 
ers-a comparable number- depend on two break- 
ages both of which resulted, secondarily, from the 
same original ionization. Where is Occam's razor 
now, it may be asked. The answer is that there 
are further reasons in support of the existence of 

both of the processes postulated. 
In support of Stadler's thesis that breakage may 

occur without contact of the parts concerned in re- 
union, it is now possible to apply the result of a 

test which I proposed in 1932, as to the mode of 

exchange of the broken ends. If, as in crossing 
over, chromosome threads make cross -connections 
only with the parts which they have been touch- 
ing, or nearly touching, at the time of breakage, 
then if the broken end which we shall call A1, 

lying to the left of a certain breakage point, A, 
becomes joined with the broken end which we 

shall call B2, lying to the right of breakage point 
B, the segments of thread at which these break- 
ages occurred must have been in contact here, and 
hence the broken end, A2, lying to the right of 

breakage point A, can undergo union only with 

B1, which lies to the left of breakage point B. 

That is, the relation must be a reciprocal one. A2 

cannot, in that case, unite with a different broken 
end, call it C1, that was formed by a third break- 
age, unless we suppose that the third piece of 

chromosome thread also had touched the other 
two, and not only touched them, but touched them 
at exactly the point where they themselves touched 
one another. This requires a precise three -way 
cross. 

Although Offermann has, to be sure, suggested 
that such a triple contact might be produced by 

the mechanical process of the third thread sliding 
along until it came to rest in the notch of the other 
two, it would seem far -fetched to explain many 

cases in this fashion. And all the varied types of 

triple -break rearrangements -of which not a few 

have been found -would require this same ex- 

planation. Moreover, Dubinin and his co -work- 

ers have found that even in rearrangements de- 

rived from more than three breakages the type of 

exchange is apt to be such as would require, on 

the conttact- breakage scheme, the meeting of four 

or more threads at exactly the same point. Hence 

he has given up this hypothesis of accounting for 

rearrangement, which he had earlier championed. 
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TABLE I. 
Relation of Frequency of Deletions to Dosage of X -rays 

(Data of Muller, Koerner and M. Vogt, 1933) 
Cross 1 : Rayed scs Bw° d a X yw ? (X's separate) . 
Cross 2 : " ywf " (X's attached) . 

Exp. Cross 
No. 

Dose in r 
(Rel. value 

accurate 
within same 
experiment) 

Total 
Offspring 

from 
Y- bearing 

Sperm 

Offspring from X- bearing sperm 
carrying 

no detect- 
ible alter- 

ation 

misc. 
abbera- 

tions 

large 
deletions 

found 

Large 
deletions 

"expected" 
for higher 

doses 

1 

to 

3 

1 

4000 

2000 

control 

10,6241/, 

19,1091/2 

16,469 

10,989 

18,5031/2 

17,330 

381/2 

25 

2 

24 

16 

1 

18 

4000 2,134 1,529 4 27 171/2 

2 2000 3,642 2,969 21/2 17 

control 3,257 3,040 0 2 

5 6000 2,629 3,642 9 42 261/2 

& 2 1500 13,132 15,469 5 33 
6 control 6,949 7,408 0 0 

For 4000- 

co 

higher 
doses. 

6000 15,3871/2 16,160 511/2 93* 62* 

E 
a 

v7 

For 
lower 
doses. 

1500- 
2000 35,8741/2 37,9411/2 321/2 66 

Controls 26,675 29,478 2 1 

(total flies: 161,7521/2) 77,937 83,5791/2 86 160 

* Difference = approx. 3% times its probable error. 
(Fractional figures are derived from mosaics) 

( "Expectation" for higher dose calculated from results for lower dose on basis of frequency being 
directly proportional to dose in each exper.) 

The independence (or comparative independ- 
ence ?) of the frequency of rearrangement in rela- 
tion to the time over which the total treatment 
is protracted, in mature sperm -a point on which 
we are now engaged in obtaining better evidence 
-likewise argues for the breakage -first scheme. 
For it is difficult plausibly to explain how the ef- 
fects of a past ionization can be stored up for 
weeks, so as to influence the effect of a later ioni- 
zation (as the 3/2 power rule implies in such 
cases), unless we suppose that each breakage, oc- 
curring at the time of the given ionization that 
produces it, is saved up as such until, after fertili- 
zation, the chromosomes, now in a different state, 
have a chance to undergo union at their broken 
ends. 

In plants, at least, more direct e de ce has 
been obtained by McClintock and F in the 
finding that, when a ring chromosome becomes 
broken, by the opposed pulling of spindle fibres, 
its parts ten4 to e nit again at their broken 

n á.r ends, andr`nZ observed reunion of 
fragments of dicentric inverted chromosomes that 
were broken at meiosis. (Unfortunately for our 
tests, these causes do not lead to breakage in Dro- 
sophila). Moreover, direct observation of X -rayed 
cells in various organisms has shown that frag- 
ments are formed by breakage induced by the ra- 
diation ; these would furnish material for the proc- 
ess in question. 

Provisionally at least, then, we may adopt the 
"breakage first" conception as at least one mech- 
anism of exchange. Further tests of it can and 
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should be made, however. For instance, if it ap- 
plies to a part of the rearrangements and not all, 
the curve of their frequency will more nearly ap- 
proximate the first power of the dosage at low 
dosages and the second power at high dosages. 
Moreover, in that case, multiple -break rearrange- 
ments should bear certain characteristic frequency 
relations to one another and to two -break rear- 
rangements, at different dosages. The latter is a 
matter which we are now endeavoring to test. 

If we admit that some at least of the breakages 
occur before contact of the threads, there are 
probably cases in which the broken ends fail ever 
to find one another before the acentric fragment 
becomes lost at the ensuing mitosis. In that case 
the centric portion would have the opportunity to 
continue as a fragment, formed by simple break- 
age, and without having received a complementary 
fragment, by exchange, in substitution for the one 
it had lost. But, as we have seen, there is no 
sound evidence for the occurrence of such prod- 
ucts of simple breakage among the descendants of 
irradiated individuals. Hence, if we accept the 
breakage -first hypothesis, we must infer that frag- 
ments, even though provided with a centromere, 
die if their ends are broken ends, i.e., if their ends 
do not consist of natural termini, derived from 
the same or another chromosome. 

The conclusion can therefore be drawn, if the 
breakage -first hypothesis is valid, that the terminal 
gene must have a special function, that of sealing 
the end of the chromosome, so to speak, and that 
for some reason a chromosome cannot persist in- 
definitely without having its ends thus "sealed ". 
This gene may accordingly be distinguished by a 
special term, the "telomere" (applied by myself 
and Darlington, and by Haldane, independently). 
The telomere is unipolar, being attached to only 
one other gene -that on the "proximal" side of it, 
and it is thus distinguished from all the other, 
bipolar genes, which are attached to two genes, 
one on each side. Bipolar genes, then, cannot be 
made into properly functional unipolar ones by 
the simple expedient of tearing them loose from 
their connections on one side. This idea is, it will 
be seen, merely an extension of the more general 
one of McClung previously referred to, of the per- 
sistence of the individuality, and of the peculiar 
properties, of the different separable components 
of the chromatin aggregate, even in the face of 
extensive rearrangements of these parts. 

It may now be asked, why do we still cling to 
the contact -breakage scheme of rearrangement at 
all ? The answer is, first, because the frequency - 
dosage relationship for rearrangements, after all, 
does not follow the typical square rule, and so 
necessitates some kind of modification of the 
scheme of merely independent breaks (or reun- 
ions) . Second, it seems - though this point has 

not been rigorously proved -as though there were 
relatively too many rearrangements, such as small 
deficiencies, which involve pairs of breaks very 
close together, than can well be accounted for on 
the idea that all breaks occur independently of 
one another, even though we supplement this with 
the very probable postulate that when the breaks 
have occurred near together they are more likely 
to undergo an exchanged attachment to one an- 
other than when they were far apart. Third, and 
most important, there is evidence that pairs of 
breaks very close together obey a rule for the 
relation of their frequency to dosage which is the 
sane as that of the so- called "gene mutations." 
That is, their frequency seems to be simply pro- 
portional to (the first power of) the dosage. This 
indicates that the occurrence of each such minute 
rearrangement, including both its breaks, is a re- 
sult of but one effective ionization. For a large 
proportion of the lethal changes produced by ra- 
diation which were formerly regarded as gene 
mutations are, as shown by the results of Macken- 
sen and Painter, of Demerec and others, really 
small deficiencies, that is, minute deletions, and 
so, since lethals of all kinds, taken as a whole, 
vary in frequency simply as the dosage of irradia- 
tion, these small deletions almost certainly obey 
this rule too. We are, however, now attempting 
to get more direct evidence on this point. 

As a beginning in our attack on the latter point, 
it was decided to test the relation of frequency to 
dosage in the case of minute rearrangements af- 
fecting certain known genes near the chromocen- 
tral region of the special rearranged chromosome 
scute 8, which we had found to be favorable for 
the purpose in that the rearrangements in question 
could be detected by mere inspection of the flies. 
The results, recently obtained on a considerable 
scale by Belgovsky, show clearly that these minute 
rearrangements do in fact obey the rule of simple 
proportionality of their frequency to dosage, just 
like orthodox gene mutations. And cytological 
analyses by Prokofyeva as well as genetic analyses 
by Raffel, the latter to be reported at the present 
meeting, show that the changes in question are 
really minute rearrangements involving exchanges 
of the connections of two or more breaks, being 
neither ordinary mutations nor, as first thought, 
simple breakages with loss of the terminal frag- 
ment. 

The conclusion thus follows that in the case of 

most pairs of nearby breaks, productive of minute 
rearrangements, a single electron -hit somehow re- 

sults in both breaks. If we try to keep our con- 

ception of the mechanism of breakage as nearly 
alike as possible for both minute and gross rear- 
rangements, we will not suppose that it is the con- 

tact per se which somehow causes the break in 

the case of the minute rearrangements. Neither, 
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as I have formerly shown (1932), can we suppose 
that a single electron happens directly to strike 
both nearby points, breaking both ; this is pre- 
cluded on physical and mathematical grounds. We 
are thus brought back to what I may now nick- 
name as the "bomb" hypothesis, which I proposed 
when discussing this question in 1932. That is, 
an ionization that works, so as to break a chro- 
mosome, is one that is particularly favorably lo- 
cated, so as to pull a trigger, so to speak, which 
sets off a very special reaction, one to which the 
chromatin connections are vulnerable. This re- 
action, though fairly minutely localized, is not 
punctiform, but exerts an influence for some dis- 
tance Nf 

m,chro 
w its center of origin, and so can result 
osome breakage. 

The crowding together of different chromo- 
somes in the spermatozoan, and their tight loop- 
ing (probably forming both larger and more min- 
ute loops, as noted by Vejdovsky in 1911 in other 
material), thus gives a good chance for a favor- 
able ionization, that causes one breakage, to cause 
another breakage nearby. Naturally, two points 
lying in the same thread not far apart from one 
another linearly, along this thread, will be more 
likely to become broken simultaneously in this 
way, on account of the looping, than points in dif- 
ferent chromosomes or far apart on the same 
chromosome. Thus, the minute rearrangements 
will be directly proportional in their frequency to 
the number of favorably placed ions, and hence 
too to the total number of ions (the dosage), of 
which the former should form a fairly constant 
proportion. On the other hand, there will be 
some breaks derived from a single ionization 
which are on widely separated points of the chro- 
mosomesthat happened to be close together by ac- 
cident, owing to the crowding of the chromo- 
somes. That part of the gross rearrangements 
which had their two breaks caused in the latter 
way, by single ionizationslwould vary in frequen- 
cy as directly as the dosage, while the others, due 
to independent hits, would vary as the square of 
the dosage, and so the frequency of all gross re- 
arrangements together would show a relation in- 
termediate between these two types. 

On this scheme, then, the breakage is usually a 
secondary occurrence, not produced by the direct 
hitting of a gene by an electron. If this is true, it 
is likely to be true also for gene mutations, as I 
have urged previously (1932) , and so the calcu- 
lations of gene size which have been persistently 
offered on the basis of the direct hit idea will have 
to be discarded. In conclusion, I may say that I 
think the interpretation of the mechanism of rear- 
rangement offered in the present section cannot 
yet be regarded as more than a probability, but it 
is one that offers further opportunity of being 
tested, in a number of ways. 

V. Effects of the Changes in Position on the 
Functioning of the Genes 

From the beginning of the study of chromo- 
some rearrangements in Drosophila, it was noted 
that they were commonly accompanied by phaeno- 
typic effects like those of gene mutations, affecting 
the morphology, viability, fertility or other charac- 
teristics of the organism. In cases where the,first 
appearance of the rearrangement had been ob- 
served, it was found that the phaenotypic change 
had arisen along with the rearrangement. The 
first cases of this were spontaneous rearrange- 
ments- "Pale translocation" and the inversion of 
"C1B ", -but the X -ray work (1928, 1930) soon 
showed that this was a general rule, no mere co- 
incidence, and that the change acted as though due 
to a mutation in a gene located at or near to a 
breakage -point of the rearrangement. The changed 
gene, in fact, was found to act as an allele of, and 
often to resemble in its effect, mutant genes of the 
same locus, when such were known and could be 
tested in combination with it. 

It is now certain that many, if not all, of these 
changes in gene functioning are not due to intrin- 
sic, autonomous mutations of the genes concerned, 
but (as in Sturtevant's prior case of bar eye genes 
that function more actively when in juxtaposition 
than when in homologous chromosomes) that they 
are caused by some influence, upon the gene's 
functioning, of the other genes in its immediate 
neighborhood in the chromosome. When differ- 
ent genes are substituted for its original neighbor 
genes, by reason of the occurrence of the rear- 
rangement, the gene in question, now subjected to 
different influences, reacts differently. Or, if not 
the gene itself, at least its immediate products, lo- 
calized in its neighborhood, must be inferred to 
react differently. 

The mere fact that certain genes show changes 
like mutations in a high proportion of cases when 
chromosome breakage and reattachment occur 
near them is not in itself critical evidence that the 
former changes are due to a position effect, for it 
might very well have been supposed that these 
genes are especially liable to undergo mutation 
when the so- called "bomb" which causes the chro- 
mosome break explodes in their neighborhood. 
But if the genes in question are, like the gene at 
the locus called "scute" in Drosophila, liable to 
change in any one of many different ways when 
they mutate, giving a series of diverse alleles, then 
there is no reason why a given type of rearrange- 
ment, produced by virtue of the topographical ac- 
cidents of the positions of the different chromo- 
some threads with respect to one another during 
the process of breakage and reunion, should tend 
to be associated with a particular qualitative type 
of "gene mutation" of that gene. But if the effect 
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on the gene in question is really a position effect, 
and thus dependent on the type of new gene -asso- 
ciates which that gene acquires, then (as I pointed 
out in discussing the matter in 1932) , a given 
kind of rearrangement should be associated with a 
given type of qualitative gene change. Of course 
it is not likely that exactly the same type of re- 
arrangement should ever be found twice, so as to 
allow a test of this question, for this would mean 
that both breakage points must be in precisely the 
sane position. However, rearrangements that are 
very similar might be found, and the qualitative 
effects accompanying them could then be com- 
pared with those accompanying other,more widely 
different rearrangements. This test has been 
made, and turns out positively. 

The test in question was made in connection 
with an intensive study of changes involving the 
locus of scute and nearby loci, in which many dif- 
ferent cases were analyzed (by a specially devised 
genetic method which we cannot digress to ex- 
plain here) in order to determine the precise posi- 
tions at which the chromosome breakages, if any, 
had taken place. In more than half the cases 
demonstrable breakages near the scute locus had 
occurred, and, as usual, the phaenotypic types of 
scute were very diverse. Only where the break 
was to the right of scute was the change in this 
character marked, however. Among the latter 
cases, just three were found in which one break 
was immediately to the right of scute, and in 
which the second break was in the main chromo- 
central region of the X chromosome, with the re- 
sult that the scute gene had been removed from 
all genes normally to the right of it and had had 
this region substituted in their place. In all the 
other cases quite different genes had been placed 
near scute. Now these three cases were phaeno- 
typically far more like each other than like any 
of the various other cases. Their resemblance has 
recently been confirmed by Raffel (1937,58 in 
press) in a series of quantitative studies of the 
bristles in stocks in which, through a long series 
of crosses, identical genes had been introduced 
into the major portion of the lengths of all the 
main chromosomes. In view of the dissimilarities 
in the other cases, this striking result can repre- 
sent no mere coincidence, and must mean that the 
change in the expression of the scute gene was 
conditioned by its changed position, i.e., by the 
change in its gene -associations. On the other 
hand, there were some rather slight, but undoubt- 
ed differences between these three scutes, even 
after they had thus been rendered "isogenic ", and 
this again is to have been expected on the basis of 
the position effect, for the breaks in the "inert" 
region had not been in precisely the same position 
in any two of them. 

The reverse test, which I also proposed in my 

former discussion (1932), has now been made 
too, and it too turns out positively. This is the 
test of whether, when a given rearranged chro- 
mosome undergoes a new rearrangement, of a re- 
verse nature, with consequent restoration of the 
original or nearly the original order, the apparent 
gene mutation tends to revert to normal. This has 
been very nicely demonstrated by Grüneberg, in 
Haldane's laboratory, with reference to the inver- 
sion associated with the mutant character "rough- 
est eye." 

An even more direct proof of the position effect 
has been provided independently by Panshin 
(1935) in Leningrad, and by Sidorov (1935) in 

Moscow. Suffice it to say, without going into the 
technical details, that they have both shown, util- 
izing different material (the loci of curled and of 

hairy, respectively) , that when there has been an 

apparent mutation of a given locus, accompanying 
a rearrangement having one of its points of break- 
age and reattachment in the neighborhood of this 
gene yet not so close as to remove all possibility 
of crossing over with it, then, when an allelic nor- 
mal gene from a normal chromosome is substi- 
tuted, by means of crossing over, for the gene 
which is giving the mutant phaenotypic effect, this 

normal gene now functions in the abnormal fash- 
ion in which the gene previously in that position 
had functioned, just as though the normal gene 

itself had now mutated. And, on the other hand, 
the apparently mutated gene that had been re, 

moved by crossing over from the neighborhood of 

the rearrangement, into a normally arranged chro- 

mosome, now gives results quite like those of a 

normal gene again. 
There could be no more conclusive proofs than 

these of the position effect, and I see no reason to 

believe otherwise than that the apparent mutatio 
accompanying chromosome rearrangements are, 

in general ( with certain exceptions previously 
noted as possibilities) , in reality the effects of the 

positional changes. Various studies have shown, 

moreover, that not only the gene immediately con- 

tiguous to a breakage point may be thus affected, 

but also one somewhat further away, although 
usually the effect fades out at comparatively small 

distances. Nevertheless, as a result of it, various 

genes in the neighborhood of a given one are 

brought into one functional union, and the various 

groups of functionally related genes no doubt 

overlap one another throughout the length of the 

chromosome. Nevertheless, for any one given 

effect, such as " scute," the chromosome by no 

means acts as a whole, since only closely neigh- 

boring genes take part in the relationship in ques- 

tion. 
It will be seen that, on account of this position 

effect, chromosomal rearrangements in themselves 

cause phaenotypic changes.' And so, quite apa1 
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from their effect on the recombination of genes in 
heredity, they will not be completely neutral in 
respect to natural selection. In perhaps half the 
cases, however, the changes seem slight, and to 
these the mechanism termed "drift" by Wright 
will apply to some extent, in cases like par5tcentric 
inversions, in which the productivity of the hetero- 
zygote is not reduced. In plants, strange to say, 
cases of position effect have not yet been discov- 
ered, unless a recent finding reported by McClin- 
tock be a case in point. 

We shall not venture here to discuss the pos- 
sible causes of the position effect - whether it in- 
volves direct chemical influences between genes 
themselves, that are in this case supposed to be 
chemically bound together, or local interactions 
between their products, or influences on their 
structure coming through the pathway of synaptic 
forces. As yet, little evidence has been adduced 
to decide between these very different possibilities. 

Before leaving the subject of position effect, it 
should be pointed out that the chromocentral re- 
gions have been found usually to exert an espe- 
cially marked and far -extending position effect, of 
peculiar type, resulting in a mosaic expression of 
the genes that were transplanted to positions in or 
near to such regions. These so- called "eversport- 
ing displacements" do not seem, as various ge- 
neticists have thought, usually to involve actual 
losses, in mosaic patches, of chromosome sections 
containing the genes concerned. For, as has been 
argued previously (Muller, 1930), the diet -is 
effect is often only one of degree, and seems cap - 
able of reversal, during development, as shown by 
the arrangement of the spots. Prokofyeva, Bel - 
govsky and I are inclined to attribute the somatic 
variegation to differences i the mode of.o .for- 
mation or rather in the con 'r' °rl of the chro- 
mocentral region involved, and these differences 
probably persist for a number of cell generations, 
so as to result in whole groups of cells having a 
common degree of expression of the position ef- 
fect. In this case, then, the position effect is prob- 
ably subject to variation correlated with the type 
of associations between different chromosomes. 

On account of this variable but drastic position 
effect, transplantations of genes from "active" 
near to chromocentral regions (or vice versa) are 
likely to result in disfunctionings that tend to pre- 
vent the evolutionary establishment of such cases 
of chromosome rearrangement. Hence, normally, 
we find the chromocentral region confined to the 
neighborhood of the centromeres and telomeres, 
even though, in X -rayed material, a part of it very 
commonly becomes placed in a more or less medial 
position within á chromosome arm. ... 

It would be impossible to cover, in the given 
bounds of time and space, all the topics of present interest connected with chromosome rearrange- 

ments. We have endeavored hereto only touch 
upon certain of the high spots connecte ith the 
problem of the conformation of these rearrange- 
ments, their relation to one another, the mechan- 
ism of their occurrence, and some of their more 
immediate effects. . We must from considera- 
tion here the urgent questions of the relation of 
rearrangements to so- called gene mutations, which 
I raised some years ago (1932) , whether breaks 
can occur within genes or merely between them, 
and whether indeed the so- called "gene muta- 
tions' are only still minuter variants of the minute 
rearrangements. The latter question, which both 
Goldschmidt (1937) and I (1937) have recently 
raised independently, is now made still more 
acute by the evidence obtained by Belggvsky, that 
changes known to be minute rearrangements fol- 
low the same law of frequency in relation to dos- 
age of irradiation as gene mutations, and that in 
this way both alike differ from gross rearrange- 
ments. These dosage relations had formed the 
last distinction positively known to exist between 
rearrangements and "gene mutations." Together 
with these questions are bound various others, 
concerning what the limits of a gene are, the cri- 
teria for defining cc gene, and certain questions 
concerning the structure and functions of the gene 
in general. There do, however, seem to be cer- 
tain possible lines of attack for throwing further 
light on this series of problems. In fact, this is 
the genetic field which has been engaging my 
chief attention for the past five years. 

In addition to these, there is a whole series of 
questions concerning the rôle played by chromo- 
some rearrangements in evolution. It would be 
interesting to show how much light has been 
thrown on these by the facts above reviewed con- 
cerning the nature of the rearrangements, taken 
in connection with the known facts concerning 
their mode of inheritance. We should see that 
much that has been found in the studies of the 
comparative cytology of chromosomes becomes 
clear in the light of these facts, and also that cer- 
tain rather widely accepted suppositions about the 
part taken by chromosome change in speciation 
turn out to be invalid. These latter topics have 
been treated in another paper, now in press.* 

Suffice it) in closing, merely to call attention 
again to the general consistency of the outlook 
herein presented upon the nature of structural 
changes in chromosomes with the earlier views of 
progressive cytologists regarding the persistence 
of the individuality of chromosome parts, as well 
as of chromosomes as a whole. We have seen 

* "Bearings of the Drosophila Work on Systematics" 
(in "The New Systematics," edited by J. S. Hux- 
ley). 

(Continued on page 198) 
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STINA GRIPENBERG, graduate of the University 
of Helsingfors, Finland, visitor in Woods Hole 
on an American Association of University Wom- 
en international fellowship. 

Last September Miss Gripenberg left Finland 
to spend 13 months in this country. She obtained a 
leave of absence from the Merentutkinnislaitos 
(Marine Research Institute) in Helsingfors where 
she is an assistant in the chemical department. 
She worked together with Dr. Kurt Buch (who 
has visited Woods Hole several times) at Hels- 
ingfors until the latter left ; Miss Gripenberg is 
now the only chemist at the Merentutkimuslaitos.. 
Her most important study has been on sediments. 
Of her seven or eight publications, the chief one 
is a long paper entitled "A Study of the Sediments 
of the North Baltic and Adjoining Seas." Dur- 
ing the past year Miss Gripenberg worked mostly 
on the west coast -from October to May at the 
Scripps Institute of Oceanography in La Jolla, 
California, in June at Seattle and for six weeks 
this summer at Friday Harbor. In La Jolla her 
investigations centered on organic matter in sedi- 
ments and the method of determining carbon by 
combustion in the simplified way. -M. F. M. 

EMBRYONIC DEVELOPMENT AND INDUCTION. 
By Hans Spemann. Yale University Press. 1938. 
pp. 401. 

The papers of Spemann and Mangold have so 
long trapped embryology graduate students in a 
maze of subordinate clauses that the publication 
of an excellent summary and reasoned criticism 
in the English language will be welcomed by all. 

The work commences -a courtesy omitted by 
many specialists -with a description of normal 
amphibian development and a brief historical sum- 
mary of the researches of the classic experiment- 
ers. Spemann then passes to the development of 
the vertebrate eye, which permits a first analysis 
of the process of induction, and thus to a discus - 
sion of the pattern and potencies of the gastrula. 
Next "organiser" inductions of embryos are de- 
scribed as a basis for the consideration of the 
terms "induction ", "potency" and "determina- 
tion", and the role these play in the development 
of the medullary plate. 

The concluding chapters deal with theoretical 
considerations and the various "field theories" 
are reviewed rather more fully than is custòmary. 
Spemann concludes by expressing his "conviction 

that the suitable reaction of a germ fragment, e1 

Glowed with the most diverse potencies, in an en 
bryonic `field', its behaviour in a definite `situatio 
is nòt a common chemical reaction, but that the 
processes of development, like all vital process 
are comparable, in the way they are connected, h, t 
nothing we know in such a degree as to tho 
vital processes of which we have the most in 
mate knowledge, viz., the psychical ones." 

It may be added that neither the bibliograph 
nor the illustrations leave anything to be desir 
so that the Trustees of the Silliman Memori 
Lectures are once more to be congratulated f 

having added to the literature of science a volun 
which was as urgently required as it is aclmirabl 
produced. Peter Gray. 

One hundred and sixty -five biologists had re 

istered for the meeting of the Genetics Societe:. 
America at nine o'clock this morning. 156(¡ 
neticists and their friends attended the Naush 
Island clambake last evening. 

The editorial board of the journal Growth n1 

at the Marine Experiment Station of the Lakena 
Hospital for Research, North Truro, Cape C 

on August 30 and 31 as guests of Dr. Fredric 
L. Hammett, chairman of the council. The latte 

provided an elaborate shore dinner in Province 
town on Tuesday evening. Dr. John Berri!' 

managing editor, reported satisfactory progr 
of the journal during its first eighteen months 

In accordance with the announced policy of re 

ducing the charge to authors for reprints (whi 

was $4.00 per page for 200 reprints) as rapidly 
financial circumstances permit, the rate is to 

fixed for the immediate future at $3.50 per pag 

It was decided to hold a symposium on growl 

at North Truro next summer provided necessai 

funds can be secured. One morning was devot 

to a general discussion on the scope of the ter 

"growth" and on the subtopics that might fop 

the subject of symposia. 

"Return to Life," a new film from Loyal 

Spain was presented at the Woods Hole Coin 

munity Flail, Wednesday, August 31, in t11 

showings in a drive to collect funds for the Ame 

ican Relief Ship to Spain. An audience of 400sa 

the film and were greatly impressed by it 

beautiful photography and its stirring presen' 

tion of what is being done in Republican Spa] 

to rehabilitated soldiers wounded at the front. 

each showing Dr. Amberson made an appeal fe 

contributions and spoke on the significance of 

film and its relation to the general work of fille 

the American Relief Ship by the Medical Buren 

an dNorth American Committee to Aid Spani° 

Democracy. The proceeds from,.the..sale of:ticke1 

and contributions amounted to $325. =A. Sandoü 
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SOME CYTOLOGICAL STUDIES ON VIRUS INFECTED CELLS 
DR. ALFRED M. LUCAS 

Associate Professor of Zoology, Iowa State College 
sse` Fox encephalitis injected into the fourth ven- 
-1, tricle produces intranuclear inclusions in cells in 
ho various parts of the body. Particular attention 
int was given to the non -nucleolate cells of the an- 

terior medullary velum. Even in the youngest 
tph stages the inclusion bodies are Feulgen positive. 
;in When the inclusion body first appears it causes 
Sri the uniformly distributed chromatin granules to 

is aggregate into clumps and to migrate toward the 
un nuclear membrane. This reaction continues until 
ab! the basichromatin forms a thin shell against the 

membrane. During early stages of margination 
the oxychromatin separates from the basichroma- 
tin and migrates toward the inclusion body to 

< which it becomes adherent. The oxychromatin is 
g r,sponsible for acidophilic qualities of the inclu- 

sion body in this particular case. 
The completely marginated chromatin under- 

goes degenerative changes similar to those of nu- 
clear autolysis. The chromatin breaks up into 
granules of uniform size and these aggregate into 
larger clumps. Between these clumps the nuclear 
membrane is bare. Then follows a loss of nu- 
clear sap which causes shrinkage of the nuclear 
membrane the body, a reaction 
characteristic of late stages in nuclear autolysis. 
The only cytological change evident in the inclu- 
sion body itself is increasing vacuolization with 
age. 

The series of changes associated with inclusion 
formation following the action of submaxillary 
gland virus on guinea pigs is different than the 
process described for fox encephalitis virus al- 
though both inclusions belong to Cowdry's type 
b. Early stages in inclusion formation in the 
monocytes are quite similar to those described for 
fox encephalitis up until complete margination is 
attained. From this point autolysis seems to in- 
volve liquifaction of the chromatin accompanied 
by shrinkage of the nuclear membrane. The proc- 
ess is similar to that observed in nuclei of liver 
cells of normal rats fixed about twenty -four hours 
after the death of the animal. These autolytic 
changes do not seem as severe in their effects on 
the inclusion bodies as on the constituents of the 
nucleus. After autolysis of the nuclei, inclusion 
bodies may be found free among the monocytes. 
Some of these bodies are subsequently phagocy- 
tosed by other wandering cells. 

Nearly all inclusion bearing monocytes have 
disappeared by the tenth day after inoculation. 
About the seventh to tenth day intranuclear in- 
clusion bodies appear for the first time in nuclei 
of duct cells of the salivary glands. They are 
Feulgen negative but later become moderately 
Feulgen positive. The reactions of the chroma- 
tin in the early stages are similar to those of 
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monocytes up to the point of complete margina- 
tion. It differs in that the process is fairly well 
synchronized, whereas in the monocytes all stages 
may be found at any one time. Both oxy- and 
basichromatin move to the nuclear membrane. 
The process up to complete margination requires 
several clays. The chromatin does not remain 
here but small particles migrate back to the sur- 
face of the inclusion body. Later these aggregate 
to larger clumps and when the process is complete 
there is only a small amount of material left 
against the nuclear membrane, much of it is oxy- 
chromatin. The final state is attained ten to four- 
teen clays after the inclusions first appear, which 
is twenty -one to twenty -four days after the virus 
was inoculated. When this condition is attained 
it apparently persists for a long period without 
further change. Autolysis, when it does occur, is 
similar to that in the monocytes, namely liquifac- 
tion of the chromatin and shrinkage of the mem- 
brane. The cytoplasmic inclusions composed of 
minute particles at the limit of microscopic visi- 
bility are Feulgen positive. They first appear 
when the nuclear changes are about half com- 
pleted. 

Ultracentrifugation has been tried on herpes in- 
clusions in the rabbit cornea. This is a type A 
inclusion according to Cowdry. The inclusions 
are lighter than either nuclear sap or oxy- and 
basichromatin. In fox encephalitis and in young 
duct cells of guinea pigs and in monocytes which 
are all type B inclusions the inclusions are heavier 
than the nuclear sap and come to rest above the 
mingled oxy- and basichromatin concentrated at 
the centrifugal pole. 

(This article is based on a seminar report given 
at the Marine Biological Laboratory on August 16.) 

The following papers were presented at the 
meeting of the Oceanographic staff held on Thurs- 
day, September 1, at 8 :00 P. M.: Miss Stina 
Gripenberg, "The Alkalinity and Calcium Con- 
tent of the Baltic" ; E. E. Watson, "Direct Cur- 
rent Measurements." 

At the annual meeting of the M. B. L. Tennis 
Club Dr. R. L. Carpenter was elected president ; 

Dr. Carl C. Speidel, vice- president ; Dr. L. H. 
Schmidt, secretary -treasurer. Drs. Kidder and 
Krahl were placed on the executive committee. 

The students and staff of the Chesapeake Bio- 
logical Laboratory held a formal dinner on Au- 
gust 12th in Nice Hal. in honor of the 47th birth- 
day of the Director, Professor R. V. Truitt. The 
group presented hin' with a scroll in recognition 
of his unceasing effc rts and devotion "tö the'catase 
of conservation in Maryland during the last 
twenty years. 
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THE REMAKING OF CHROMOSOMES 
(Continued from page 195) 

that this principle now extends even to the matter 
of the bipolarity versus monopolarity of the parts, 
and that the telomeres as well as the centromeres, 
and the genes characteristic of the inert region as 
well as those more often used in genetic experi- 
ments, constitute genetically distinctive structures, 
having definite properties. This is not to say that, 
by some sort of peculiar mutation, a unipolar 
gene might not become bipolar, or vice versa, or 
that it might not even acquire such a composition 
as would render it potentially either the one or 
the other, depending on given conditions outside 
of it, as is the case in Ascaris ; similiar considera- 

tions of course apply to the centromere. But ther 
is no reason to suppose that mere breakage, in it 
self, ordinarily has such an effect, even thoug 
the functions of genes are affected by their pos 
tions in the gene chain. And in the light of thes 
conceptions, all at present known cases of struc 
tural change, in Drosophila at least, acquire 
consistent interpretation. Let us, then, while con 
soliclating this position, move on from it to the 

attack on the other, more remote questions nos 
appearing before us. 

(This article l`' a lecture given at the 

Marine Biological Laboratory on September 1.) 

INVERTEBRATE CLASS NOTES 

The strange and unidentified noise heard last 
Wednesday noon as the invertebrates were eating 
lunch on the stern and rockbound coast of Hadley 
Harbor has at last been tracked to its source. It 
was the chattering of teeth and the knocking of 
knees as we ate our ham sandwiches and pickles 
scooped by hand from the big bottle. As the 
breezes whistled by our wet slacks and we 
scambled hurriedly for the all , too inadequate 
sweaters our only thought was of how quickly 
we could get back to our beloved collecting. 

After wading around the remainder of the day 
up to our knees in mud, and stopping now and 
then to retrieve a shoe inadvertently left behind, 
we reached the haven of the Nereis and the Wini- 
fred with a sigh of relief. Our troubles were not 
yet over, however. Several exhausted inverts 
stretched out comfortably on the stern of the 
Winifred only to be crudely awakened by a wave 
that dashed completely over them, chilling and 
soaking them thoroughly. The Nereis showed 
signs of diving straight to the bottom of the sea 
time after time, but came up smiling though wet. 

The Friday trip, in comparison, came off with- 
out a hitch. The weather was perfect; the back- 
yards of North Falmouth, the rocks extending in- 
to the harbor and the pools of brackish water 

proved to be most fertile collecting grounds. 
There has been a sudden influx of fiddler crab 

into the life of the invertebrate class. There w 

a symphony orchestra of the little beasts walkin 
across the mud flats of Falmouth. We have be 

crawling under desks in an effort to retrie 
experiments that a moment before were sittin 
peacefully on the desk. Several little black but 

tons have been found around the laboratory, whic 

proved on closer inspection to be still other Uc 

who had parted with all of their appendages du 

to the inverts' zeal to study autotomy. There hay 

even been rumors of their advent in coat pocke 

and beds. 
Baseball is beginning to be a sore subject WI 

the south side of the laboratory. Due to a fe 

impartial umpires, they lost Saturday's game b 

the score of five to three. 
Bets are being laid as to when the next lobst 

dinner will be really enjoyed by the invertebra 
class again. We delved into the innermost secre 

of their lives last weekend and left them while 
spent our day of rest elsewhere. Returning Sun 

day or Monday morning, we exhibited an inyol 

untary olfactory reaction to said lobsters ; our ey 

brows and noses went up and the lobsters we 

out !- Elizabeth L. Jordan. 

ADDITIONAL PAPERS PRESENTED AT GENERAL SCIENTIFIC MEETING OF THE 

MARINE BIOLOGICAL LABORATORY 
Tuesday, August 30, Morning Session, 9:00 A. M. 

ROBERT CHAMBERS : Cytoplasmic inclusions and 
matrix of the Arbacia egg. 

M. J. KoPAC : The Devaux effect at oil- proto- 
plasms interfaces. 

M. H. JACOBS and A. K. PARPART : Further 
studies on the permeability of the erythrocyte 
to ammonium salts. 

DWIGHT L. HOPKINS: The mechanism for 

control of the intake and the output of wat 

by the vacuoles in the marine amoeba, Flabe 

Tula unira Schaeffer. 

Tuesday, August 30, Afternoon Session, 2:00 P. 

E. L. CHAMBERS : The resistance of fertiliz 

Arbacia eggs to immersion in KC1 and Na 

solutions. 
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AN ANALYSIS OF THE PROCESS OF STRUCTURAL 

CHANGE IN CHROMOSOMES OF DROSOPHILA* 

by H. J. Muller, 

Institute of Animal Genetics, University of Edinburgh. 

I. STATUS OF THE PTOBLEM 

The work done since the time of the Sixth Inter- 
national Congress of Genetics has greatly strengthened 
the evi e ce for the Terence then made by both 
Stadlerilf and myself° that virtually all viable 
structural changes in chromosomes - with the exception 
of some terminal deficiencies in plants, to be dis- 
cussed later - involve an exchange of chromonemal con- 
nexions, as by a kind of heterologous crossing -over; 
that is, by obligatory fusion at points of breakage 
and only at such points, each broken end uniting with 
only one other. This requires at least two points of 
breakage for each surviving structural change (with the 
exception above noted). Moreover, the reconstructed 
chromosome cannot continue to be transported properly 
throughout the cycles of mitosis and meiosis unless it 
happens to be monocentric and - in Drosophila at 
least - ditelic, one centromere and two telomeres being 

This paper is based upon that read on 23 and 29 
August 1939, before the Seventh International Congress 
of Genetics, Edinburgh. As there is room in the pre- 
sent paper only for a statement of the argument as a 

whole, accompanied by a bare summary of the data of 
various kinds obtained in this series of experiments, 
we must reserve for separate papers, to be published 
jointly with the various workers who participated, all 
accounts of the details of the individual experiments. 
These will include descriptions of the experimental 
calculations - information all of which is needed for 
estimating the significance of the experiments in ques- 
tion. In addition, it is hoped in most of these 
papers to have newer data, to supplement those here 
summarized. 
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extremes were of course conceivable also. The second, 
or so- called. "contact12mechanism, w:as independently pro- 
posed by Serebrovskyl and advocated by him as a 

general scheme to include all mutations - even "gene 
mutations ", which he postulated to be minute structural 
changes. Dubinin and his co- workers have since 1930 
championed this view, } a 9.r as the gross tt so ff 

changes are concerned . 
ße1, 7, 5 2., 42 On the other 

hand, Levitsky and his co- workersJ5,47, Stadler in his 
brilliantt nd prophetic paper before the Sixth 
Congress"( and Mather and the late L.H.A.Stoneol have 
defended the "breakage- first" possibility. 

evidence to decide between the two major possibi- 
lities of structural change might (as explained in my 
paper69 at the same congress) be provided by a study of 
the frequency of structural changes in relation to 
dosage of radiation, as well as by an analysis of 
whether or not multiple or only two -by -two exchanges 
occur. On the contact view, a linear frequency -dosage 
relation might well obtain, for in this case individual 
ionizations might cause the heterologous exchanges of 
gene connexions, whereas on the breakage -first view the 
relation should not be so simple, since any rearrange- 
ment would result from the coincidence of at least two 
breaks, each independently caused by the radiation. 
As data then existing on this question (Oliver, 193290) 
seemed - deceptively, as we now know - to show the 
linear relation, I accepted the contact hypothesis at 
that time, only to discard it as a general explanation 
soon afterwards, on the basis of work done on gross de- 
letions in collaboration with Margaret Vogt and the late 
Lonta Koerner in 1933, which was substantiated by that 
done on translocations by Bel,govsky in 1934 and 1935, 
and which has in fact been foreshadowed by earlier work 
of Oliver's8 , to which insufficient attention had been 
paid. For our experiments showed that the frequency 
of gross rearrangements - deletions, translocations, 
etc. - varies exponentially with the dosage, a fact 
which we took to mean that at least a part of the struc- 
tural changes, perhaps all, are probably caused by in- 
dependent breaks, occurring before fusion. The ex- 
ponent turned out to be approximately 3/2, however, 
instead of the square, in all our experiments, and for 
a time the interpretation of this intermediate result 
seemed uncertain. 

As set forth at the meeting at which these 3/2 
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power results were first presented,* we also regarded tA.h 
the then unexplained observations of McClintock (1932)4° 
on the variation in size of ring chromosomes in maize 
as furnishing implicit evidence, from a quite different 
angle, that prior breakage, even when mechanically pro- 
duced, would in fact be followed by fusion of the broken 
ends. In our considerations of the matter the sequence 
of events which this interpretation involves - (1) un- 
compensated twisting of the chromonema (involving a 

half or full revolution at one point, in relation to 
the succeeding point), followed by (2) chromosome di- 
vision, with resultant formation of dicentric and /or 
interlocked rings, then (3) breakage of the latter and 
(4) fusion of the broken ends to form two new rings, of 
aberrant size - arose as an inference from the earlier 
findings of Navashin87 on the interlocking of chromatids 
in a ring chromosome in Crepis, when regarded in con- 
nexion with the size variation of the ring in maize. 
In the mealAigg, the remarkable c togehetic work of 
McClintock on ring chromosomes in maize has led to 
a direct and convincing demonstration of this sequence 
of events. 

Nevertheless, attempts which we made, during the 
same period, to obtain evidence of this kind by utili- 
zation of the ring X- chromosomes of. Drosophila gave 
only negative results. For, although these chromosomes 
did have a tendency to be lost, this proved to be con- 
fined to early cleavage stages, and the rings did not 

These results on the frequency -dosage relation, 
and their possible interpretations, were first pre- 
sented by the author and Belgovsky at a public meeting 
at the Institute of Genetics, Moscow, 1935,and were 
communicated privately to British and American colleagues 
at the same time. They are restated and discussed in 

the references to this meet' made in publications of 
Dubinin and Khvostova, 1935'R. , and of Kirssanow,193743. 
They have alsQ'been r sorted by t.e author in publica- 
tions of 1936(1, 1937r, and 1938(3. The data have 
been given in the following publications;. Belgovsky, 

19378, (on translocations) , Muller, 193874 (on deletions) . 

Similar experiments on inversions, carried out at the 

author's suggestion by Berg, Panshin and Borisoff in 

1935 (unpublished) have given confirmatory results, as 

stated in some of the papers above cited. 
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tend to give rise to an exceptionally high number of 
interstitial deficiencies as a result of either their 
mitotic or meiotic divisions (Battacharya and the 
author, unpublished). This must be because of lack of 
sufficiently effective twisting of the chromonemas before 
their division in Drosophila, and because the chromo- 
somes forming bridges at meiosis either fail to break 
or, if broken, fail to reach the ego', nucleus (even 
where all four chromatids have crossed over and formed 
bridges). Hence the results on Drosophila rings, un- 
like those in maize, could not be used in further elu- 
cidation of the mechanism of structural change. 

To return to our dosage experiments, the question 
immediately arose in connexion with our results: what 
could be the explanation of the intermediate value, be- 
tween 1 and 2, of our exponent relating frequency of 
gross structural changes to dosage? One possible 
interpretation of it was that the "primary events ", 
whether breakages or fusions, were not caused by single 
ionizations at all, and hence were not proportional in 
their frequency to the dosa In that case, the 
frequency-dosage relation observed would not in itself 
provide any decision between the two mechanisms in 

question. A second possible interpretation was that a 

part of the structural changes resulted from single 
ionizations (as on the contact hypothesis), the fre- 

quency of these cases being simply proportional to the 
dose, while others resulted from two or more ionizations, 
their frequency varying as the square of the dose; the 

intermediate result would on that view be an effect of 

the mixture of the two classes of cases. We also con- 
sidered, thirdly, the possibility that all the re- 

arrangements were produced as combinations of inde- 
pendent breaks, but that the expected dependence of 
their frequency upon (nearly) the square of the dosage 
was masked by a differential viability of the recom- 
binations) chromosomes formed at different doses. 
Haldane, in consultation concerning this matter, carried 
out calculations which substantiated the latter idea (in 

a personal communication 1935), and it was suggested 
independently by Stadler -48 nd recently worked out in 

some detail by Catcheside18' 9 (vide infra). Assump- 

tions of random reunion were, however, involved that 

for a time made such calculations seem insecure. IJlore- 

over, as above noted, it had still to be proved that 
the frequency of the "primary events" themselves was, 
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as here assumed, proportional to the dosage, and that 
these "primary events" were the breakages. 

To add to these uncertainties, it was soon after- 
wards reported by the co- workers of Dubinin (Khvostova 
and Gavriloval, 42, Heptner and Demidova37, and 
Demidova ) that some chromosome rearrangements studied 
by them - (1) translocations of the fourth chromosome 
giving a "cubitus interruptus" position effect, (2) re- 
arrangements giving; mottled alleles of white, (3) re- 
versions of Plum, and (4) gross deletions of the X- 
chromosome - showed a simple linear frequency -dosage 
relation, and Dubinin and his group have thus continued 
to espouse the contact hypothesis, although later (1937) 
admitting that translocations of the major autosomes, 
taken en masse, g9l7,owed the 3/2 power rule, as we had 
found. Marshal 0"°0 also has reported the finding of 
proportionality between cytologically detected chromo- 
some rearrangements and dosage, mainly in plant material, 
and he too adopts the contact interpretation (assuming 
the fusion to be made possplg by a decharging action 
of the effective electrons °, 5() . 

Because of the above disagreements and doubts, we 
decided some two years ago to broaden our attack on 
the whole problem, and, in conjunction with a con- 
siderable group of co- workers at the Institute of Animal 
Genetics, began the series of studies reported in the 
present paper. 

In the meantime (1938 and 1939) several other 
series of data on the subject have b en reported. The 
first two of these are by Catcheside18,19, and are ac- 
companied by the calculations above -mentioned. Of 
these, the first (dealing with Drosophila) has been re- 
garded by Catcheside as not inconsistent with the linear 
frequency -dosage relation to be expected on the contact 
view; the second comprises data on plant material 
dealing with the frequency relations of rearrangements 
involving double, triple, quadruple, etc., breaks, and 
he regards these data also as not being out of harmony 
with the contact view. Similarly, Buzzati- Traverso -°, 
writing in the Drosophila Information Service, has re- 
cently reported finding a linear frequency-dosage re- 
lation for Drosophila translocations. And Bauer, 
Demerec and Kaufmann7 have presented data which ac- 
cording to them do not depart significantly from linea- 
rity except probably at one point (a departure which 
they think might possibly have resulted from "some 
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uncontrolled experimental factor "). To be sure, they 
describe their results, despite this circumstance in 
terms of the breakage view, but their work concerns 
itself more with the question of the relative positions 
of the exchanges then with that of their frequency at 
different doses, or of a decision between the two al- 
ternative mechanisms, and this aspect of the matter is 
not stressed by them. 

On the other hand, Sax108, in his recent work on 
structural changes in Tradescantia, observed cyto- 
logically soon after treatment, has independently ar- 
rived at the 3/2 power rule, and interprets his results 
as furnishing decisive evidence in favour of the appli- 
cation of the breakage -first mechanism in this material. 
As a matter of fact, his 3/2 power rule represents 
something different from ours, the mathematical agree- 
ment being largely a coincidence. Nevertheless, as 
we shall see later, his findings as well as the paral- 
lel ones of Faberge28 (see p. 5, and ours do lead to 
the same essential conclusions, although by different 
routes. Moreover, as we have seen, the same may be 
said of the recent studies of McClintock (op. cit.) . 

44 But in the abstract of a paper which was to have 
been read before the Seventh Congress, Bauer6 now states 
that he has obtained evidence that the frequency-dosage 
relation, as observed in the salivary glands of Droso- 
phila larvae derived from treated fathers, is "between 
a two -hit and a three -hit curve ". If this means that 
the exponent in question is between 2 and 3 it is 

higher than was to be expected on either the contact or 
the breakage -first interpretation, although the latter 
is regarded by Bauer as furnishing the explanation of 
it (see p.24). 
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II. EFFECT OF VAß`rING T??F COidDI'r'IOPdS OF TnTA`"li^NT - 

IYD:"PrND:^NCT OF TFFECTS OF I7DIVIDTJAL IOVI7.,ATIONS 

"TIr?:'I-xIN TT-4" SP7FMATOZOO",?. 

As the disputed 3/2 power rule, on the face of it, 
suggested that the action of the radiation may be of a 

very indirect nature, in which case the results could 
not be taken as clear evidence for either of the pro- 
posed mechanisms as against the other, it became the 
more desirable, before deciding definitively between 
them, to extend the investigation, so as to include a 

study of other conditions than total dosage that might 
affect the results. When we began our work it was sur- 
prising that, as yet, no such studies had been reported: 
on the effects of variations in wave length, intensity, 
timing of irradiation, etc., on the production of 
structural changes,* such as had been carried out so 
abundantly and with such definitive results in the case 
of gene mutations by Timofeeff -Ressovsky and others, 
although the findings along such lines would necessarily 
be basic to any interpretations regarding the mechanism 
involved in the case of structural changes, just as they 
have been in the case of gene mutations. 

In judging of the meaning of results of this kind 
concerning structural changes, it will be a useful 
simplification and will tend to avoid confusion if we 

first consider them quite apart from the results above 
referred to concerning the frequency- dosage relation 
found when the total dosage is altered, and only later 

bring the latter facts into the picture. 

(a) Lack of effect of temperature 

In the first place we may present the results ob- 

tained in our éxperiments carried out with Dr Makhijani, 
in which the temperature obtaining at the time of ir- 

radiation with X -rays (applied to adult males) was 

varied from 5 to 3700. These are summarized in Table I. 

Here it will be seen that the frequency of the trans - 
locations produced in spermatozoa, like that of sex- 

cept for some cytological work of Marshak 
(1937)- on wave - length studies, which reached our 

hands when the present work was under way. 



Table I 

Lack of effect of temperature (5 °C. v. 37 °C.) during 
X- raying (dose ca. 2000 r) . 

Series 

Tests for lethals in X Tests for translocations 
of II with III 

No. of 'No. of ' of Diff. (in No. of No. of ;` of Diff. (in 
No. cult. leth. leth. 

Cold 
1. 

Warm 

1018 

748 

63 

44 

6.2 

5.9 

Cold 848 40 4.8 
2. 

Warm 678 38 5.6 

Cold 592 31 5.2 

3. 

Warm 61(Y 48 ; 7.9 

Cold 174 7 4.0 
4. 

garni 152 4 2.6 

Cold 764 54 7.1 

5. 

darm 6401 44 6.9 

Combined differences 

& 3E. cult. trans. trans (') & 3E. 

384 11 2.9 
+0.3±1.1 

. 

+0. 1±1.1 
398 12 3.0 

848 24 2.8 
-0.7+1.1 +0. 0f0. 8 

678 19 2.8 

592 17 2.9 
-2.6 ±1.4 -C. 8±1. 0 

610 13 2.1 

174 1 0.6 
+1.4±2.0, -0.1±1.0 

152 1 0. 7 

0 
+0.2 ±1.4 

-C. .0 -0.2+0.5 

HThe combined difference was obtained by subtracting the weighted 
average percentage of all series for the warm temperature from that for 
the cold temperature. The weight by which each individual percentage 
was multiplied in obtaining this average was taken as the harmonic mean 
of the numbers of cultures examined in that series at both temperatures 
(i.e. w, weight = 2n1n2/n1+n2, where nl and n2 are the numbers of 
cultures at the cold and the warm temperatures, respectively, in the 

given series). We have calculated that the standard error of the 
combined difference so obtained has the following value: 
lUrpaAw. Here p represents: the proportion of lethals found in 

a given series as a whole (when the results from both temperatures 
are added together), q is the proportion of non- lethal cultures in 

that series as a whole, and w is the weight. 
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linked lethal mutations, remains sensibly unaffected 
by thus considerable temparature difference. Corro- 
boratory evidence to the same effect is to be found in 
Table IX on p. Previous claims of an influence of 
temperature are probably to be ascribed mainly to the 
pitfalls in the way of securing a technique in which the 
secondary radiation is the same in the two contrasted 
series, and to the inclusion of results from male germ 
cells treated in an immature (pre -spermatozoon) stage 
(since in such cells, as explained in section IV (d), 
an influence of temperature on the final result would 
be expected, even though it did not affect appreciably 
the action of the radiation on the chromosomes). 

(Insert Table I here.) 

The ineffectiveness of temperature at irradiation 
indicates that the physical effects of the rays - quantum 
absorptions or ionizations, which are known to be vir- 
tually unaffected by temperature - ordinarily constitute 
the limiting factors in the determination of whether or 
not any given structural change shall be produced. As 
the events following these original physical changes are 
thus seen to move inevitably towards their conclusions 
within the sperm, regardless of temperature, it is un- 
li'Tely that they act by initiating diffuse chemical 
changes whose products in turn, by their concentration, 
secondarily influence the probability that structural 
changes in the sperm will occur. For the chemical 
reactions dependent on these products would in this case 
be of a labile nature, and so their occurrence would be 
likely to be affected by temperature. Thus the negative 
temperature result argues for the translocation- 
determining effects within the sperm probably being lo- 
calized effects, representative either of the originally 
absorbed quanta of incident radiation or of the indi- 
vidual ionizations formed in the electron paths. The 
present temperature result will also prove to have a 
bearing on some of our other experiments, by showing 

M Since the above was presented, a paper has been 
received from Timofeeff- Ressovsky and Zimmer727, re- 
porting recent experiments showing the ineffectiveness 
of temperature in modifying the frequency of sex - linked 
lethals induced by X -rays in Drosophila spermatozoa. 
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that the unusual temperatures that formed a part of the 
technique in them did not introduce a disturbing factor 
into the results. 

(b) Lack of effect of wave - length 

The decision whether it is the quanta of radiation 
originally absorbed, or the ionizations subsequently 
resulting from these quanta, which determine the pro- 
duction of the structural changes, can be made by ob- 
serving the effect of varying the wave - length of the 
radiation. Gamma rays of radium, having much shorter 
wave -length, give far larger absorbed quanta than X- 
rays, and so it takes far fewer quanta from gamma rays 
to produce the same total number of ionizations. Thus, 
if the structural changes depend on the quanta originally 
absorbed but not on the ionizations finally produced, 
gamma -rays inducing a given total number of ionizations, 
that is, having a given "dosage ", should cause far 
fewer structural changes than X -rays of the same 
"dosage ", whereas they should induce the same frequency 
of structural changes as the X -rays if these changes 
result not from the original quanta in themselves but 
from the final ionizations. 

When, with this question in view, the results on 
translocations from our above experiments with X -rays 
at different temperatures are compared with those from 
experiments with gamma -rays of similar dosage, carried 
out with Dr Ray -chaudhuri, it is seen that the frequency 
of structural changes discloses no influence of the 
enormous difference in wave - length between gamma-rays 
and 50 kV. X -rays (see Table II, last two lines). The 
temperature differences in the experiment may legiti- 
mately be neglected, as we have seen above, and that 
the differences in time and intensity of treatment may 
also be neglected will be shown presently. Likewise, 
the combined results from our X -ray experiments in 
which the timing was varied (to be reported in greater 
detail later) , which utilized a total dosage of 1500 r, 

showed no effect attributable to wave - length (see upper 
two lines of Table II). The differences in frequency 
of translocations found between this and the gamma -ray 
and other X -ray experiments are merely those that might 
have been expected in view of the comparatively small 
difference in total dosae, on the basis of the 3/2 
power frequency- dosage relation, regardless of the wave- 
length. This being the case, it may be concluded that 



Table II. 

Comparison of X and Y -rays in production of translocations 

(of type II -III) in spermatozoa. 

Experiment ( 5 of 
trans. lethals 

in X 

5. 9 tO. 7 

No. of 

cult. 

2223 

No. of 

trans. 

X -rays, 1500 r 
(combined series 
from timing exp. ) 

Above results 
calculated for 
2000r (on 3/2 paner rule 

56 2.5 t 0. 4 ; 

for translocations) 3.8 ±0.5 7.9t0.9 

X -rays, ca. 2000 r 
(combined series 
from temperature exp.) 3836 98 2. 9 t0.3 6. 0 t0.2 

'.-rays, 2000 r 
(combined series, all 
at 8°C. ) 942 36 3. 8 t i). 6; 6. 1 t 0. 6 
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the structural changes result, somehow, from the final 
ionizations, and not directly from the original quantum 
absorptions. At the same time, the great differences 
between gamma- and X -rays in regard to the spacing of 
the ionizations produced at any given moment are also 
seen to be without influence here. 

(Insert Table II here.) 

(c) Lack of effect of intensity and duration 
of treatment 

Radiation intensity also was varied very widely 
in our experiments, as seen in Table III. In the ex- 
periment with gamma -rays the flies (impregnated fe- 
males, kept at 8 °C. during treatment) were divided into 
two lots, one lot (row 3 in Table III) receiving the 
total dose of 2000 r in a period of 45 hr., that is, at 
a rate of 0.8 r /min., and the other lot (row 4 in the 
table) having the same total dose spread out con- 
tinuously over 30 days, that is, at 1/20 r /min., or only 
1/25 the intensity of the other lot. The 0.8 r /min. 
lot yielded 17 translocations between paternal second 
and third chromosomes in a total of 473 cultures, and 
the 0.05 r /min. lot 20 in a total of 469, i.e. sensibly 
the same frequency. In the previously mentioned X- 
rayed lots, which as we have just seen also gave fre- 
quencies agreeing with this when allowance is made for 
the total dosage of a part of them having been somewhat 
below 2000 r, the intensity was approximately 100 r /min. 
in the timing experiments and 250 r /min. in the tempe- 
rature experiments, so that the whole range of intensity - 
time variation in the experiments with gamma- and X -rays, 
combined, represents a factorial difference of about 
5000 times, or nearly 4 orders of magnitude. In terms 
of the average number of ion -pairs induced in each 
spermatozoon the range is from about 900 ion -pairs per 
minute down to about 1 ion -pair in 5i min., without any 
perceptible difference in the effect. Throughout this 
range, then, the Bunsen- hoscoe law holds for structural 
changes just as it does for gene mutations.* 

For gene mutations, the work of Timofeeff- Ressovsky 
and others has shown the Bunion- Roscoe law to hold from 
about 300 r down to i r /min.124, while experiments car- 
ried out by Ray -chaudhuri in collaboration with the 
author, in parallel with the above translocation work, 
now nearly doubles the range for gene mutations, by ex- 
tending it from i r down to 0.01 r /min. (see report of 
Ray- chaudhurí in the P roceedinvs of the Seventh inter- 
national Congress of Genetics ). 



Table III 

Independence of translocation production in spermatozoa from the 

intensity -time relation of irradiation (Bunsen -Roscoe rule). 

rr/min. ; Total 
dose in 

r 

No. of 

cult. 

No. of 

trans. 

(II-III) 

250 ca. 2000 ! 3836 
ti 

98 

l:i(; 1500 2223 56 

0.8 2000 473 6 

0.05 2000 469 20 

¡'. trans. 1Type, Conditions 
cale. for l of. of 

2000 r ;rays treatment 

2.9 

1 

t0.3 ï X Combined series from 
temperature exp. 

3.8 t0.5 X : Combined series 

.3. 4 t 5. 9 

4. 2 ± 1. :, 

from timing exp. 

8°C. 

300. 

r 
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(Insert Table III here.) 

Of course 1 ion -pair in 5i min. represents an 
average for the low- intensity treatment, whereas the 
ions really come in spurts, at the times when the in- 
dividual quanta are absorbed, arranged along an elec- 
tron track. But when we consider that in the very 
case in which there was the lowest intensity of radia- 
tion gamma -rays were used, as a result of which these 
ions are spread very far apart (at distances of the 
order of microns) along the electron tracks, we see 
that the ions cannot really be necessary in groups at 
any given moment, in order to produce their effects on 
the chromosomes. That is, we find that, within the 
limits of our experiments, for any given total dose, no 
matter how isolated in space and time or how crowded in 
its association with its fellow ions each given ion is, 
it has the same likelihood of being instrumental in the 
production of a structural change. 

Hence, whatever may be the nature of those effects, 
capable of leading to observed structural changes, 
which are produced within the spermatozoa by the ioniza- 
tions - whether those effects be the final structural 
changes themselves or some other changes, antecedent to 
the structuralchanges as we ordinarily observe them - in 
any case, those effects within the spermatozoa must be 
conceded to be produced by individual 'fortunate" ioni- 
zations, and those effects must persist and accumulate 
quite independently of one another within the sperma- 
tozoa so long as the latter are undergoing treatment, 
even throughout the course of one month. If now we 
should suppose that these individual ion effects were 
not the structural changes themselves, but that they 
had somehow to co- operate, interact, or enter into com- 
bination with one another in, secondarily, producing 
the structural changes, we should have to conclude that 
they could not enter into these interactions effectively 
until after the whole of the treatment had been given 
and all of them had been produced. For the number of 
such interactions possible, and hence their likelihood 
of occurrence, would necessarily be a function (an ex- 
ponential one) of the concentration of the individual 
ion -effects present, and this concentration could never 
attain the same maximum in the treatments of different 
intensity -time relations, unless the individual ions or 
ion -effects persisted and accumulated over an indefi- 
nitely long time, namely, so long as the treatment was 



Table IV 

Timing experiment. 

(X -rays, 1500 r, applied to impregnated females.) 

Continuous 
treatment, 
immediate 
breeding 

Treatment in 
four frac- 
tions; one week 
at 8 0C. between 
each, and fol- 
lowing last 
fraction 

No. of 

cultures 

No. of II -III 
translocations 
in sperm 

of 

translocations 

770 

19 

675 

1 Continuous 
treatment; 
breeding 
delayed 30 
days at 8 °C. 

778 

18 

2.5 f0.6 2.7 ±0.6 

19 

2.510.6 
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being given. No interaction or combination of effects, 
then, occurs during the time of treatment. 

In this connexion it should be noted that Catcheside, 
in his paper before the Seventh Congress20, has pre- 
sented data, obtained in 1939, which give independent 
evidence of the lack of effect of the time -intensity 
factor on the production of gross rearrangements. in 
his experiments the duration of treatment varied from 
á hr. to somewhat over 5 hr. (a factorial difference of 
over 20 x), and the changes were detected by examination 
of the salivary glands of Drosophila larvae derived 
from treated fathers. Catcheside likewise has in- 
ferred that the effects of the individual ions in the 
sperm must be independent of one another, but he has 
regarded these effects as probably being the rearrange- 
ments themselves, produced according to the contact 
hypothesis. For he has considered it unlikely that the 
effects should persist individually in the sperm for so 
long a time and nevertheless be able to interact with 
one another later, as required on the view of independent 
breaks. Thus the contact view would seem the more 
plausible one, if the facts regarding dosage, to be dis- 
cussed again in section III (a), were not taken into 
consideration. 

(d) Lack of effect of intermissions in treatment. 

In extension of the results above reported, evi- 
dence may now be presented which shows that the indi- 
vidual ion -effects in question must persist independ- 
ently of one another within the spermatozoa even during 
the periods when the latter are not being treated, no 
matter how long these periods may be. For when, in the 
'timing experiments" with X -rays, done with Dr 
lakhijani, a given dose of radiation (1500 r), applied 
to impregnated females, was fractionated into four 
quarter -treatments of 1* min., separated from one 
another by intervals of a week, spent at 8 °C., it gave 
sensibly the same translocation frequency in the 
spermatozoa as when the same total dose was administered 
in the form of one continuous treatment of 6 min., 
followed by immediate breeding of the flies. These re- 
sults are shown in Table IV (first two columns of data). 

(Insert Table IV here.) 

Finally, in a third series of the same "timing 
experiment', also recorded in Table IV (last column on 
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right), the flies (impregnated females, as before) which 
had been given the same total dose, in the form of the 
6 min. continuous treatment, were kept for 1 month (at 
8 °C.) before being bred. Again there was sensibly the 
same frequency of translocations in the spermatozoa. 
There is, then, no gradual disappearance of the indi- 
vidual ion- effects in the sperm, nor any interaction or 
combination occurring between them during; this long 
period between treatment and fertilization. In all 
this time, the effects of the individual "fortunate" 
ionizations must somehow persist, independently of one 
another. 

All this parallels facts already well known for 
gene mutations, which were in fact followed at the same 
time in our experiments, as a check on the dosage. And 
so, if we had no further data on the frequency of in- 
duced structural changes, we might conclude that, like 
the gene mutations induced by radiation, each sectional 
rearrangement must be the product of an individual 
{"fortunate" ionization. For at any rate the facts do 
prove that the observed structural changes are somehow 
derived from individual ion -effects which persist 
separately and independently throughout the duration of 
life of the sperm, i.e. until fertilization at least. 



Table V 

Frequency- dosage relation for translocations of type II -III 

for range between 1000 and 4000 r (X -rays) 

(Adult males irradiated.) 

Dose No. of No. of of 

in r4E cult. trans. trans. 

4000 1,373 114 8.30 t 0. 76 

1000 10,196 118 I 1. 16 t 0. 12 
_I 

Expected percentage of translocations 
for 1000 r, c &lculated from percentage 
for 4000 r, on basis of different ex- 
ponents, (x), where percentage varies 
as (dosage)x. 

'-.-- - - 
1 1.5 2.0 

rY . of 
trans. 2. 0? t 0. 19 1. 04 ± 0.10 0. 52 t 0. 05 

Observed percentage = 1. 16 t 0. 12, 

representing x = 1.42. 

KThe absolute dosage determination is subject 

to considerable error here, but the treat- 

ments were so given that, in any event, 

the high dose was very nearly four times 

the low dose. 
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III. THE 3/2 POWER RULE: COMBINATION OF TH:^ EFFECTS 

OF II DIVIDUAL IOì IZATIONS AFTER FERTILIZATION 

(a) The frequency- dosage relation fOr ordinary 
translocations 

And yet the above ion- effects in the sperm cannot 
be the structural changes themselves, in their final 
form: they must be antecedent effects of some kind, 
which do not stand in one -to -one correspondence with 
the structural changes. For despite the above results 
the frequency of translocations and other gross re- 
arrangements produced by irradiating spermatozoa has 
been found in the present work, as in the earlier work 
of ourselves and collaborators (op. cit.), not to be 
proportional to the total number of ionizations, i.e. to 
the ''dose ", but, to nearly their 3/2 power, when the 
total dose is varied from 1000 to 4000 r. The data 
of Sidky and the author, given in Table V, show this 
clearly for translocations of the major autosomes. 

(Insert Table V here.) 

(b) The relation forross structural changes 
involving_ limited regions 

Moreover, the data of Makki and the author, given 
in Tables X and XI (p. ) show the same thing for 
translocations of the fourth chromosome affecting the 
cubitus interruptus character, for gross deletions of 
the X- chromosome, and for rearrangements giving a 
mottled expression of the white locus, i.e. for the very 
types of gross structural changes for which a linear 
frequency -dosage relation had been most definitively 
claimed by adherents of the contact hypothesis25,37,41,42. 
it is important to note that these frequency -dosage re- 
lations were observed by us in the same collection of 
flies in which at the same time the other mutations 
observed - gene mutations and minute rearrangements, 
allelic to given "visible" mutations - were found to 
show a simple linear frequency -dosage relation. The 
latter observations, then, served as a check on the re- 
liability of the experiment for revealing a proportional 
relationship where it was really present. 

There are a number of possible explanations for 
the aberrant results reported by the previous workers 
mentioned for the cubitus interruptus and other classes 



16. 

of gross structural chancres. One source of error may have lain in differences in the average temperature be- tween their high- and low -dose series during the time 
in which the flies were developing, since temperature 
markedly affects the expression as well as the relative 
viability of some of the characters concerned (notably, 
that of 'cubitus "). In our experiments the two con- 
trasted lots in a given experiment were always raised at 
the same temperature (a cool temperature, for cubitus), 
and the numbers in the two lots bore approximately the 
same ratio to one another in the different experiments 
that were summated. Another source of error lies in 
the fact that the measurement and control of absolute 
dosage presents considerable difficulties, so that 
special precautions are needed to ensure the two doses 
having; just the right values relatively to one another. 
This we secured by Offermann's technique of dividing 
our low -dose group into four equal parts, each treated 
simultaneously with a different quarter of the high - 
dose treatment. And here again it is important that 
the ratio of high- to low -dose offspring examined is 
approximately the same for the different experiments 
which are summated. Finally, it should be noted that 
in some of the reported work the data do not well bear 
our the relations claimed. For xample, an analysis of 
the data of Heptner and Demidova3r shows (contrary to 
their claim) a rise in the frequency of gross deletions, 
from 4000 to 6000 r, significantly higher than expected 
on a linear relationship, whereas the apparent gene 
mutations studied at the same time do not show this 
phenomenon; again, the "mottleds" found by them were 
too few to be of much significance. 

Bauer, Deme rec and Kauf mann7 (on. cit.), accepting 
the reported proportionality relationship for cases 
like " cubitus', argue that this is only what might be 
expected, even on the breakage theory, for structural 
changes of such a nature that one of the breaks is re- 
quired to occur in a region of very limited extent 
(here, the fourth chromosome), while the other is al- 
lowed more latitude. For in such cases, they say, 
there might always be enough breaks of the second kind 
available, and so the frequency of the combination 
might directly depend on the frequency of the breakages 
in the limited region alone, and hence might, like the 
latter, be proportional to the dose. It will be seen 
that this argument presupposes that the frequency of 
breakage in the less limited regions is, at both the 
doses used, at such a high level that no further rises 
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would have a detectable effect. In fact, however, 
such a level would not be reached until the great majo- 
rity of germ cells contained potentially effective 
breakages, and in that case there would certainly be 
more than 10% of detectable translocations between the 
major chromosomes. Thus the consideration proposed 
would not be applicable to the experiments in'question. 
Considering the matter from another point of view, it.is 
to be expected that, at all doses, the ratios of dif- 
ferent kinds of two -break rearrangements to one another 
should be the same, no matter what chromosome region 
they involved. Hence the results we have observed for 
cubitus and the other special cases are in fact those to 
be expected on the breakage theory. We are, however, 
running somewhat ahead of our argument in takinguup this 
question here, and we may now return to a consideration 
of our 3/2 power results in general, accepting them as 
applicable to all the kinds of gross structural changes 
in question. 

(c) The dissociation of the process of structural 
change into two distinct stages 

Now if, in general, individual "fortunate l ioniza- 
tions produced the gross structural changes independ- 
ently of their fellow ionizations, the above 3/2 power 
results with regard to gross structural changes would 
have been impossible. For in that case the number of 
the structural changes would be equal to the number of 
ionizations, multiplied by the chance that any given 
ionization would be "fortunate" (i.e. effective in pro- 
ducing a change of the type in question), and so the 
frequency of the structural changes would be simple pro- 
portional to the frequency of the ionizations, that is, 

to the dose, just as the frequency of gene mutations is. 
An exponential rule (more accurately, one with an ex- 
ponent above 1) proves, on the contrary, the occurrence 
of some kind of interaction between the individual ions, 
or between their effects, even though we have just proved 
that no such interaction can occur within the spermato- 
zoon. 

It necessarily follows that the deduced interaction 
must occur at a later stage than the spermatozoon, that 
is, after fertilization. It must, however, usually 
occur before the first cleavage division, otherwise 
individuals mosaic for the structural changes would be 
commoner than whole -mutants. Thus, when taken in 
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connexion with one another, our two seemingly anti- 
thetical findings - (1) the independence of the ion 
effects in the spermatozoa, as shown by the lack of in- 
fluence of their time and space distributions, and (2) 
their eventual interaction, as shown by the 3/2 power 
rule - effect a dissociation of the process of origi- 
nation of structural changes into two distinct stages, 
having a considerable time interval between them, some- 
times more than a month. In the first stage, occurring 
in the spermatozoon, there are antecedent changes, each 
of which is dependent on an individual fortunate ioni- 
zation, just as a gene mutation is. Each of these ef- 
fects is then retained as it is, not undergoing further 
change, until fertilization. Soon after that, in the 
second stage, some at least of these antecedent effects 
undergo combination with one another, in such a way 
that the 3/2 power relationship results. 

(d) The sufficienly of the breakage -first mechanism 
in the genesis of the 3/2 power rule 

Here, however, the question arises, why does the 
frequency of structural changes follow the 3/2 power of 
the frequency of the ions, instead of the square? For 
the latter is the relation to be expected, as an ap- 
proximation, for all ordinary "double accidents ", i.e. 
for the coincidence of two independent and equally 
likely events, each of which is rare. (The greater 
the rarity, that is, the lower the frequency in ques- 
tion, the more nearly negligible becomes the chance for 
the coincidence of more than two of the events, and so 
the more accurate becomes this approximation, as noted 
on p. .) Can it be that gross structural changes 
fail to obey this square rule because they are a mixed 
lot, some representing combinations and others indi- 
vidual ion- effects? Or are they all to be regarded 
as combination effects, which seem to depart from the 
usual square rule for "double accidents" only because 
(on account of their relatively high frequency) many of 
the "coincidences" - an increasing proportion with in- 
creasing dose - are lost to view in the occurrence of 
"multiple coincidences ", as well as through the in- 
viability of the products formed on these occasions, as 
mentioned in the introductory section? It is evident 
that calculations are necessary here, to determine 
whether the departure from the square rule to be ex- 
pected on these grounds is of such magnitude as to give 
rise to the relation actually observed. 



19. 

If we assume that the individual ion -effects oc- 
curring in the sperm, which by their combination give 
rise to the observed structural changes, are breakages, 
or potential breakages, and that their combinations oc- 
curring after fertilization are the fusions of the 
broken ends, then the calculations in question are 
largely worked out for us already, and their r suits 
presented in the valuable tables of Catcheside ie (0P. 
cit.). On consulting these tables, and then computing 
the relations between the "expected values" there shown, 
we find that, for a range of frequencies of (viable) 
translocations similar to those observed in our experi- 
ments, these "expected" frequencies do in fact increase 
very nearly as the 3/2 power of the individual breakage 
frequencies (that is, of the dose, where individual 
breaks result from individual ionizations) . The re- 
lation falls short of the square, first, because of the 
so- called "saturation effect" - cases of multiple re- 
arrangements being; scored like double combinations - 

and secondly, because in these cases of multiple com- 
binations there is a dispro2ortionately increased chance 
for inviable products (acentric and di- or polycentric 
chromosomes) to be formed. 

It is true that certain premises have been assumed 
for convenience in making these tables, which there is 

reason to believe do not hold. One of these is the as- 
sumption that fusions are random, whereas, as we shall 
see presently, there is reason to believe that an ori- 
ginal proximity of the broken ends probably favours 
their union. Another is the admittedly invalid re- 
striction, assumed for convenience by Catcheside, that 
there cannot be more than one break in each chromosome. 
However, in collaboration with Pontecorvo, I have tested 
the effedt of removing these restrictions and find that, 
over the range of translocation frequencies dealt with 
by us (i.e. for doses of 1000 -4000 r in our material), 
the relations calculated by Catcheside remain true for 
translocations to a sufficiently near approximation for 
our present purpose. In a word, it turns out that 
these expected frequencies of structural changes vary 
nearly as the 3/2 power of the individual breakages, 
that is, of the dose. This holds, moreover, for in- 
versions and deletions as well as translocations. 
Hence the observed 3/2 power relation does not really 
give m uptc. for the suspicion (which I had once enter- 
tained , ) that some of the gross structural changes 
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might have been occasioned by single ionizations that 
somehow had given rise to both breaks at once. 

(e) A further test - the rise in the exponent 
at lower doses 

There is another way of testing whether the gross 
structural changes are of mixed origin, some from com- 
binations and others from single ion -effects. That is 
to find the frequency- dosage relation for a lower range 
of doses than those hitherto used. At lower and lower 
doses, the frequency of cases of multiple -break re- 
arrangements expected as accidental combinations of in- 
dependent breaks decreases rapidly, in comparison with 
the ordinary double -break rearrangements. Virtually 
all rearrangements then become those of the simplest 
possible type, namely, double combinations. With the 
source both of "saturation effect" and of differential 
viability thus removed, the frequency of viable struc- 
tural changes must rapidly approach proportionality to 
the power 2 - that is, to the square - of the dosage, 
as calculations which I have made in collaboration with 
Pontecorvo, extending the tables of Catcheside in the 
direction of lower dosage, clearly show. This, then, 
is the relation to be expected at low doses if all gross 
structural changes arise by combination, occurring sub- 
sequently to breakage, between broken ends derived from 
independently produced breaks. 

On the other hand, if any appreciable part of the 
gross structural changes were single -ion effects, this 
part, being linearly proportional to the dose, would, 
as the dose decreases, decrease much less in frequency 
than the rest (since the latter as above shown diminish 
as the square of the dose). Thus the single -ion re- 
arrangements would becomeaan increasingly prominent 
fraction of the whole as the dosage was reduced, and, 
becoming preponderant in number at lower doses, would 
force the frequency -dosage curve as a whole to approach 
their own graph - a straight line at such doses. That 
is, the exponent in question, instead of rising from 3/2 
towards 2, at lower and lower doses, as it would if all 
structural changes were combination- effects, would fall 
from 3/2 towards 1. 

It is hard to get significant data for the very low 
frequencies given by the lower doses, but, as Table VI 
shows, there is certainly no drop of the exponent 
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towards i in the range -of lower doses from 1500 down to 
375 r, as expected on the view that some of the breaks 
involved in gross structural changes are interdependent. 
On the contrary, the smallness of the numbers of trans - 
locations obtained in itself makes it probable that the 
exponent is nearer 2 here than at higher doses, as ex- 
pected on the unmodified conception of all gross 
structural changes being combinations of independent 
breaks. For while the value obtained in the series at 
375 r, as compared with 1500 r, does happen to agree 
with the expectation for the 3/2 power rule, it does 
not disagree to a statistically significant extent with 
the value to be expected on the square rule, while at 
the same time the value obtained in the series at 400 r, 

which agrees with the expectation for the square rule, 
does disagree significantly with the expectation based 
on the 3/2 power rule. This indicates that the agree- 
ment with 3/2 in the former series was accidental. 
Most probably, then, the exponent at this range of doses 
has a value intermediate between 3/2 and 2, i.e. about 
1.8, which is the value indicated when the two series 
of results are combined. And at any rate we can say 
that these experiments give evidence that the exponent 
rises nearer to 2 at lower doses, as expected for 
changes all of which arose from combinations of in- 
dependently produced breaks. 

(Insert Table VI here.) 
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IV. OTHT R EVIDENCE THAT BREAKAGE P77CEDES UNION 

Although the contrast between our results on the 
independence of the ion -effects in the spermatozoa 
(shown by the intensity -time, etc., data) and on their 
interaction at some other stage (shown by the total dose 
data) demonstrate clearly that the structural changes 
occur in two steps, this alone does not prove that the, 
single -ion effects are the breakac;es and the combination - 
effects the unions of broken ends, far- fetched though 
any other interpretation of these facts would seem. 
However, this particular interpretation was taken as 
the basis for the calculations whereby the 3/2 power re- 
lation was arrived at as the expectation for ordinary 
doses, as well as for those calculations which gave the 
square relation for lower doses; hence these more 
specific agreements of observation with theory may be 
taken as indicating the correctness of the identifi- 
cation of the single -ion, "primary" effects with the 
breakages and of their interactions with the fusions. 
But at the same time, it would be desirable to obtain 
evidence for this premise from other angles. 

(a) The frequency -dosage relation for losses 
of chromosomes 

One direction in which we have sought such evidence 
lies in studies designed to investigate the frequency of 
losses of chromosomes, in relation to total dosage. If 
the primary effects were really breakages, there might 
be some fragments, formed by simple breakage, which 
failed to undergo union in due time and many of these 
cases should eventually entail losses of the whole of 
the affected chromosome, including both its fragments. 
For, being without telomeres at one end, the twin 
chromatids derived from each such fragment by its di- 
vision may be expected, where they do not undergo other 
unions, eventually to unite with one another at their 
broken ends to form dicentric and acentric chromosomes, 
in the way described by McClintock in maize.* Now the 
frequency of these losses, referable to individual 
primary breakages ( "simple breaks ") which failed later 

according to her recent account, this happens only 
in endosperm and embryo sac tissues, but that it is a 

more general phenomenon in Drosophila is indicated by 
the genetic evidence against the persistence of "simple 
breaks" in this form. 
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to undergo union, should vary roughly linearly with the 
dose, if we can as a first approximation neglect the 
influence, on the opportunity for the occurrence of such 
cases, caused by some of the broken ends combining with 
ends derived from other breaks. We can probably do 
this, since union of opposite broken ends derived from 
the same break (restitution) probably occurs far 
oftener, at breakage- frequencies as'low as those dealt 
with, then union between broken ends derived from dif- 
ferent breaks, and the tendency to undergo these re- 
stitutions, being in itself constant, could not inter- 
fere with a linear frequency - dosage relation for the 
cases of failure to unite. If, on the other hand, the 
influence of other broken ends were not negligible in 
this connection, its effect would be to lessen the op- 
portunity for the losses (due to failures of union) at 
higher doses more than at lower doses, and so it would 
reduce the frequency -dosage exponent for losses even 
below 1, making it still more different from the re- 
lation found for other gross structural changes. In 
any case then, on our view, the losses should give a 
much lower exponent than the surviving structural 
changes. 

Unfortunately for a test of this question, losses 
of either of the large autosomes are lethal in their 
effect, and even losses of the fourth chromosome result 
in offspring ("haplo- fourths') of very low viability, 
while losses of either the X- or Y-chromosome from the 
spermatozoa give rise to flies that differ from the 
class expected to arise from the Y- bearing sperm only 
in their non -possession of a Y- chromosome. As the pre- 
sence or absence of a Y- chromosome ordinarily produces 
no visible difference in the phenotype, a special 
genetic technique had to be set up in our experiments, 
for the purpose of obtaining such a difference. This 
involved the use of a d8inant, mosaically expressed 
allele of brown eye (bw ) in one of the second chromo- 
somes, as detector of the Y- chromosome, and the pre- 
sence of vermilion (v) in attached X- chromosomes, to in- 
tensify the effect of the brown allele. Flies how - 
zygous or hemizygous for v and heterozygous for bw 
have eyes that are almost typically vermilion if an 
extra Y- chromosome is present (as in XXY females and 
XYY males), but their eyes are much lighter and more 
distinctly mosaic if no extra Y is present (as in XX 
females and XY males). In this cross, shown in Fig. 1, 

the fathers were X- rayed, and the frequency of loss of 
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Detection of loss of paternal X or Y. 
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Table VII 

:Frequency of whole- chromosome losses in relation to dosage. 
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their X or Y was determined by counts of the number of 
light -eyed flies among the female $ fspring not showing 
Curly wings, and hence carrying be'. In many cases 
the absence of the Y was further verified by tests of 
the fertility of sons of such females, since males 
without a Y are sterile. 

(Insert Fig. 1 here.) 

The preliminary data obtained by Singh, Alexander 
and the author (Table VII), give evidence that these 
chromosome losses increase in frequency no faster than 
the dosage. This result, so unlike that for two -break 
or multiple -break rearrangements, thus tends to confirm 
the "breakage- first" hypothesis from another angle. 
The result, moreover, shows that only a small proportion 
of broken ends thus fail to rejoin in due time, since at 
these doses there are many more translocations of a 
given chromosome than losses. This in turn justifies 
the premise used in the calculations of expected fre- 
quencies of structural change, that practically all 
broken ends undergo union. This type of investigation 
is now being extended by ' Pontecorvo, with variations, 
in order to obtain further evidence, from still another 
direction, that these total losses of given chromosomes 
are really caused by their simple breakage. 

(Insert Table VII here.) 

In the abstract of the papér6 which Bauer was to 
have read at the Seventh Congress, mention is made of 
results which may be of an essentially similar kind. 
Here the frequency of loss and /or dominant lethality of 
the X- chromosome derived from irradiated Drosophila 
sperm was estimated by the amount of change caused in 
the sex ratio. A linear relation to dosage was found, 
like that in our work reported above. Bauer, too, re- 
gards the losses as due to individual breaks, and so, 
taking their apparently linear relation to dose into 
consideration, along with an exponential relation for 
completed rearrangements (though the exponent appears 
to be too high - see p. 7), he is led to accept the 
breakage first theory. 

It should be mentioned that in this work Bauer 

used a ring- shaped X- chromosome, in which of course ex- 
changes between chromatids (union of the left fragment 
of one chromatid with the right fragment of the other 
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and vice versa, as in crossing -over) must result in di- 
centric chromosomes that are lost. Hence he appears to 
attribute the losses of these X's to exchanges of this 
kind that follow breakage of the chromosome. While 
this mechanism is no doubt in part responsible for the losses of such chromosomes, there must also be losses 
caused by union of adjacent broken ends of the like 
fragments of sister chromatids, just as occurred in our 
non - rings discussed above. Both categories of loss 
can legitimately be added together, however, for the 
purpose of determining the frequency of the individual 
chromosome breaks, since the breaks are followed by both 
types of effect. 

Unfortunately, however, Bauer' s sex -ratio technique 
fails to distinguish between the reduction of the ratio 
of females to males caused by these X- chromosome losses 
(of all kinds taken together), and that caused by the 
induction in the X of dominant zygote -lethal changes of 
various possible types (gene mutations, and gross and 
minute structural changes). Until a distinction into 
these two major components can be made, it would seem 
premature, on the basis of this evidence, to speak of 
the losses by themselves as having a linear frequency - 
dosage relation. In fact, as the losses might have 
caused but a minor part of the observed effect, the 
linearity of the curve as a whole might merely have been 
a reflexion of the already known linearity of the curve 
for gene mutations and minute rearrangements. 

There s eason to infer that the cytological data 
of Marshak 59- -5', on the frequency of "abnormal mitoses" 
containing bridges and fragments in the first division 
following irradiation in root tips and anthers of 
various plants, as well as in animal tissues, really 
deal with the phenomenon of loss of chromosomes caused 
by simple breakages in the way above depicted: (1) 
chromosome breakage, (2) chromosome reduplication to 
form sister chromatids, (3) union of adjacent broken 
ends of like fragments of sister chromatids, (4) bridge 
formation by the resultant dicentric chromosomes at the 
succeeding mitosis, and (5) final loss of the dicentric 
and acentric parts. This interpretation brings 
Marshak' s finding that the frequency of these 'abnormal 
mitoses" is linearly proportional to the dosage (cited 
on p. 6) into complete agreement with our own findings 
andl more es-aecially with those reported in the present 
section, although Yarsha17' s own interpretation is that 
two sister chromatids (formed by a division preceding 
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irradiation) were both affected by the passage of a 
single electron, in such a way as to allow them to come 
into contact, their exchange of connexions and breakage 
being secondary to this. 

In our view, contrary to Marshal.... =.'s (which we fur- 
ther criticize on p. ), his finding of a sensitive 
period for the induction of these bridges, in early pro- 
phase about 3 hr. before the metaphase of mitosis5b, 
constitutes evidence that the chromosomes are not in 
the reduplicated ( "divided ") condition at all until just 
after that time. Having then divided, union between 
adjacent broken ends, followed by bridge formation, 
should be far more frequent than any other type of 
structural change (since it requires but one break, and 
involves union of nearby parts), and so it should do- 
minate the frequency -dosage curve of the "abnormal 
mitoses" that follow, and cause it to be linear, like 
the curve of the breaks themselves. breaks produced 
earlier would tend to undergo restitution before chromo- 
some doubling, and breaks produced after doubling 
should usually at least involve but one chromatid; hence 
in neither of these cases would nearly so many bridges 
or fragments be formed as at the above critical time. 

(b) Chromosome mosaics and biparental rearrangements as 
evidences that fusion of broken ends may be delayed 

If the above interpretation of the total losses of 
given chromosomes is correct, broken ends sometimes fail 
to fuse before chromosome division. When that happens, 
however, it is to be expected that the sister fragments 
of the chromatids formed by this division will not 
always unite with one another, thus resulting in these 
total losses of a chromosome, but that sometimes the 
fragments of one chromatid will unite in a different 
way from those of the other chromatid (i.e. that they 
will unite with different broken ends), and that at 
other times one fragment will fail to unite while its 
sister fragment does undergo union, either with a broken 
end derived from the same or with one from a different 
breakage. This explains, as variant results of one 
more general phenomenon, the formation of the chromosome 
mosaics of various kinds reported by Pattersonß5-i9 from 
irradiated sperm, including both the gynandromorphs in 
which the entire irradiated X is absent from one -half 
of the fly and the individuals mosaic for deleted and 
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other structurally changed chromosomes derived from the 
treated sperm. 

The above is also the only plausible explanation 
for some cases of duplication e.g. "turn backs" like 
dominant eyeless or the "bulb' near the left end of the 
X- chromosome (see discussion in paper of ffermann88; 
see also Bridges 15, and Kaufmann and Bate }O) , in which 
two identical regions, known or inferred to have been 
derived from sister chromatids, have become attached 
together. These cases likewise must have originated 
as mosaics. In them (unless we conceive the stresses 
between sister strands here to have been similar to 
those between homologous strands at crossing over, which 
is very unlikely) the extreme exactitude of the corres- 
pondence between the points of breakage and junction of 
the two pieces constituting the duplication furnishes 
a virtual proof that these breakages occurred as a single 
breakage, before chromosome division, while the fusion, 
being between chromatids, must of course have occurred 
after that division. Thus these cases in themselves 
provide a strong argument for the breakage -first con- 
ception. 

It should be noted that the above interpretation 
makes unnecessary the assumption adopted by Patterson, 
for the purpose of explaining why some structural 
changes from treated spermatozoa appear as mosaics 
and others not, that the chromosomes are divided in 
some sperm but not in others. If we did not take 
into account mosaically arising ( "fractional ") "gene 
mutations" the chromosomes could best be assumed to 
be undivided in all the sperm, as it seems more 
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reasonable to infer on other grounds as well.N In that 
case there would also be no convincing evidence as yet, 
in our results, for the inference that a single ioni- 
zation may break two sister chromatids at once. And 
examination of the published cytological evidence re- 
lating to other organisms does not convince us that such 
double breakage has yet been proved in these forms 
either; in fact, division following breakage seems 
better to explain many at least of the reported cases. 
It seems, to be sure, a not unreasonable inference, 
from the fact (section V) that one ionization can break 
two points near together in the same chromonema, that 
it could probably break two nearby points in sister 
chromonemas as well, especially during the favourable 
stage, just after chromosome doubling, when the sister 
strands still lie very closely apposed. Yet, without 
empirical evidence, we cannot yet be sure that the 
effects of an ionization would be transmitted as well 
between two chromonemas as along them (or as well 

RIt is a very interesting question why fractional 
mutants occur among the gene mutations as well as among 
the chromosome mutations produced by irradiation of 
spermatozoa, and seemingly in similar proportions. 
Does this mean (1) that the chromosomes are divided in 
some sperm but not in others, (2) that, the chromosomes 
hein.7 divided in all sperm, most breaks and gene muta- 
tions are produced in both chromatids at once by an 
identical double action of the effective ionization, or 
(3) that, the chromosomes being undivided in all sperm, 
the gene mutational changes, like the rearrangements of 
sections, are not fully consummated until after ferti- 
lization and chromosome division, the effects meanwhile 
persisting in some intermediate stage, subject to re- 
stitution? If, as we believe, the former two hypo- 
theses are less likely, we are confronted with one more 
suggestive similarity between the mechanism of produc- 
tion of "gene mutations" and of known structural changes, 
that a2'ain raises the question whether they are not size 
variants of essentially the same or closely related 
processes. In this connexion Stadler and Sprague' 

s 

finding that fractional mutants are produced in higher 
frequency, relative to whole mutants, by ultra -violet 
than by X -rays, affords a possible further means of 

approach. 
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between them as across the space separating one rung of 
a given helix from the next rung). 

Striking evidence that the broken ends, formed in 
the sperm, can wait for union not only till after fer- 
tilization and after chromosome division but even until 
after mixing of sperm and egg chromosomes has occurred, 
is supplied by the finding of a translocation between 
a paternal chromosome (the third) from an irradiated 
sperm and a maternal one (the Y) which evidently broke 
spontaneously in the non- treated egg. This case, of a 
type forlw4ich we had lone been searching, is reported 
by Sidky in a parallel paper at the Seventh Inter- 
national genetics Congress. 

(c) The frequency relations of multiple exchanges 

Another line of attack on the mechanism of struc- 
tural changes is through a study of their anatomy. On 
the view of prior contact or close approximation of the 
parts entering into an exchange of connexions we should 
ordinarily expect only an exchange of two threads or 
parts of a thread at any one point, that is, if 1L, the 
left broken end derived from break 1 united with 2R, the 
right broken end from break 2, then 1R, the right 
broken end from break 1, would have to unite with 2L, 
the left one from break 2, not with the broken end deri- 
ved from a third break. Nevertheless triple and still 
more multiple recombinations having a cyclic type of 
mutual exchange (e.g. 1L-2R, 2L -3R, 3L -4R, 4L -1R) are 
not infrequently found. On the contact or approxima- 
tion view these would, as I have pointed out previously? 
require the seemingly strange coincidence of the meeting 
and breakage of the third and other threads at exactly 
the point where the first ones met and recombined. 
Offermann has suggested that the contact view might be 
saved here by the special assumption that other threads 
tend to get caught in a place where two threads are al- 
ready cgps 3d or in contact, and Dubinin and his co- 
workers , accept this idea of a "knot ", as they call 
it, for their cases, some of which are extremely compound. 

In this connexion it is to be noted that in the 
spermatozoa - which provide the main material for in- 
duction of structural change hitherto studied with re- 
ference to this point - the chromosomes are so crowded 
together that such "knots" might be almost ubiquitous. 
That is, a large proportion of the ions capable of 
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causing structural change at all might, on this view, 
be in such a position as to be able to affect several 
chromosomes (or chromosome parts) at once. However, 
the greater the number of threads thus conceived of as 
simultaneously affected and exchanged, the further and 
in the larger number of directions must the effects of 
the individual ionization be supposed to extend. On 
this view, moreover, no larger proportion of these mul- 
tiple exchanges would be produced in this manner at 
higher doses than at lower doses, in proportion to the 
ordinary double exchanges. It is true that, even so, 
there would, with increasing dose, be a certain incre- 
ment of complex cases of another kind - i.e. those 
which had originated by the coincidence of two or more 
separate ionizations. But this increment should be re- 
latively small, compared with that expected if all the 
breaks of gross rearrangements arose from separate 
ionizations, and the amount of it should be calculable, 
at least approximately, from the frequency of exchanges 
in general. In view of these considerations, a study 
was undertaken by 3idky and the author to determine 
to what extent the ratio of identifiable multiple to 
double (or total) exchanges varied as the dosage was 
varied. 

The fact was utilized that all ordinary (double - 
break) translocations of a ring chromosome with another 
chromosome result in a union of the two chromosomes to 
form a single dicentric chromosome, which is unable to 
survive. To be viable, a translocation of a ring 
chromosome must involve at least three breaks: either 
two breaks in the ring, with deletion of the acentric 
piece, which is inserted into the other chromosome at 
the latter's point of breakage, or, vice versa, two 
breaks in one arm of the other chromosome, with in- 
sertion of its deleted piece into the ring. A mutual 
deletion- insertion, from each chromosome into the other, 
which would involve four breaks, would also allow the 
product to live; this could, however, arise by two 
separate double exchanges as well as by true multiple 
exchange. 

For the purpose of the experiment the ring X- 
chromosome found by Beadle, designated as Xc ?, was used. 
Males containing this chromosome were crossed, after 
irradiation, to females with attached X's and with re- 
cessive markers (bw and e) in the major autosomes, and 
the F1 males were back- crossed to females like the 
mother. The summarized results from two different 
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doses are shown in Table VIII. Here the numbers of 
translocations involving the ring chromosome with either 
of the major autosomes are shown, and also the numbers 
involving the major autosomes with one another. The 
latter may be taken as a fairly reliable measure of the 
frequency of translocations in general, including both 
multiples of all types and ordinary double transloca- 
tions, although the doubles predominate at the doses 
used. Any change in the ratio of multiple to double 
translocations associated with change of dosage should 
accordingly be even more pronounced than any change 
found in a comparison of our ring chromosome trans- 
location frequencies with our II -III translocation fre- 
quencies. 

(Insert Table VIII here.) 

It may be seen that there is a difference between 
the ratios of ring to II -III translocation frequencies 
at the two doses in the direction expected on the 
breakage -first conception. While the data are not yet 
large enough to make the difference secure, from a 
statistical standpoint, nevertheless the increase of 
the ratio of ring to II -III translocations with dosage 
is more pronounced than would be expected merely as a 
result of the accidental concurrence of two essentially 
separate double translocations. 

Cases of the latter type, involving the ring in a 
combination of two translocations with any one of the 
autosomes, should, according to the Poisson rule, have 
a frequency approximately half of the square of the 
frequency of ordinary (double- break) translocations of 
a non -ring X- chromosome with that autosome. From the 
present and previous work with non -ring X's, which shows 
that the frequency of translocations between X and II 

detectable by this method (mainly double -break ex- 
chan-es), as well as the frequency of those between X 
and III, is not more than one -sixth the frequency of 
those between II and III, we may calculate that all 
cases detectable in this way which have a combination 
of two double -break translocations between a ring and 
the same major autosome should not exceed 0.0002% at 
the lower dose used and 0.01% at the higher dose. 
Considering the number of cultures, these percentages 
would here be represented only by ca. 0.01 individual 
at the lower dose and 0.1 at the higher. Hence the 
observed increment of ring- chromosome translocations 
with rise of dosage could not possibly be referred to 
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this cause. r?ow, the fact that a large part of the 
ring chromosome translocations found even at the higher 
dose are cases of actual triple exchange rather than of 
two double exchanges is further indicated by the obser- 
vation that in several of them the aneuploid of one or 
the other of the two complementary types is able to 
survive, whereas it is highly unlikely, in cases of two 
double exchanges, that both transferred sections would 
be small enough to permit this. Some of the translo- 
cations are now being studied cytologically to confirm 
these conclusions. 

All in all, then, this experiment, so far as it 
goes, provides evidence that the multiple -exchange 
translocations themselves, and not merely the combi- 
nations of double -break translocations, increase 
rapidly in frequency with increase of dose. And this 
in turn would lead to the conclusion that the different 
breaks involved in the multiple- exchange translocations 
have usually originated independently of one another, 
that is, as a result of separate ionizations, rather 
than through the mechanism of one ionization that 
affected the several chromosomes simultaneously. 
Further work of the same kind is now under way, to pro- 
vide more decisive data on the question. 

The results of this experiment have also been ex- 
amined to determine to what extent the frequency of the 
multiple -break cases involving the ring chromosome 
agrees with an expectation based on the complete random- 
ness both of breakages and of unions of broken ends. 
The mathematical analysis is too intricate to be pre- 
sented here, but it may be stated that the results in- 
dicate the occurrence of a larger number of ring - 
chromosome translocations than expected on the basis of 
complete randomness. The results show that only a 

Bauer, Demerec and Kaufmann7 also report an excess 
of multiple -break cases involving more than one break in 
the same chromosome, as compared with the expectation 
calculated from double breaks on the basis of random 
breakage and union, but when allowance is made for the 
higher chance of viability of multiple break cases in 
which the breaks are concentrated within the same chromo- 
some, as opposed to those in which they are scattered in 
different chromosomes, the excess found by them no 
longer appears significant. 
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small part of this excess can be due to the inclusion 
of cases of minute rearrangements that happen to be com- 
bined with gross rearrangements (in these the two breaks 
that are close together are, as will be shown in the 
next section, dependent on a common cause and thus de- 
part from randomness). The excess of other multiple - 
break cases must be due to some kind of influence of 
proximity of the broken ends (in the positions they had 
at the time of breakage) on the chances of their 
ultimate union with one another. This might work out 
in several ways to increase the number of multiple (ring 
chromosome) translocations. Oneway would be by the 
favouring of the union of broken ends belonging to the 
same rather than different chromosomes and chromosome - 
arms. Another way would be by the restitution of 
original chromosomes (reunion of broken ends derived 
from the same break) occurring more readily than new 
combinations. 

(d) The overlapping of the two stages of structural 
change in ordinary cells 

Although the fact that the broken ends do not re- 
join during the spermatozoon stage has afforded a 
favourable condition for the genetic analysis of the 
process of structural change into the two components, 
breakage and union, the inhibition of fusion encountered 
in the sperm must not be supposed to represent a typical 
condition. For the condition of the chromosomes in 
spermatozoa is not the same as in ordinary cells, except 
perhaps in those which are in the middle of mitosis. 
But if we apply our conception of breakage before union, 
gained from the above experiments with Drosophila 
spermatozoa, to ordinary cells, then the fact, long ob- 
served by experimental cytologists, that irradiation 
during ordinary resting stages is followed by the ap- 
pearance of structurally changed (as well as fragmented) 
chromosomes at the ensuing mitosis must mean that 
chromosomes broken during the same period, to form new 
combinations. It is in agreement with this that 
chromosomes broken in the spermatozoon stage can unite 
within the paternal pronucleus of the fertilized egg, 
for this also resembles a resting stage. Moreover, in 
Drosophila itself it has been known for some time that 
structural changes may be produced by irradiation of 
ordinary cells, such as spermatogonia, oogonia, and 
embryonic somatic cells. Here the union of pieces must 
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occur at some other stage than that of fertilization 
and, by analogy with the above -mentioned cytologically 
observed cases, this is probably the resting stage for the most part. 

If, now, irradiation is applied during the resting 
stage, fusions of the broken ends can take -place during 
the time of irradiation itself, and the longer the 
duration of this irradiation, the more fusions will 
occur before it ceases. In that case, however, our 
principles of the independence of the effect from the 
timing of the treatment (Bunsen- Roscoe law and inde- 
pendence from fractionation) which hold in spermatozoa 
would fail to apply in ordinary cells with "resting" 
nuclei. For in the latter the union of pieces, in- 
cluding restitution, would proceed before all the breaks 
had been produced, and so some of the ends formed by 
earlier breakages would be deprived of the opportunity 
of fusing with those formed by later breakages, and 
restitutions and simpler combinations would thus be 
favoured at the expense of new and more multiple com- 
binations, to an extent which would be the greater, the 
longer any given dose of radiation were protracted or 
(by fractionation) delayed in its completion. Such in 
fact are the results which Sax109 has recently reported 
in his cytological work on microspores of Tradescantia. 
independent results of the same kind, on the same 
material have still more recently been reported by 
Faber?e.d8 But despite the complication of the ana- 
lysis here, caused by the overlapping of the two stages, 
breakage and fusion, direct observation of the chromo- 
somes in the first division after treatment has pro - 
vided a means whereby these investigators, in this 
material, have been able, independently, to arrive at 
conclusions closely paralleling those which we have 
reached in Drosophila through the study of the numerical 
consequences of the separation of the two stages in the 
spermatozoa and fertilized egg. 

!Tot only the Bunsen- Roscoe law but also the 
frequency -dosage relation described in the preceding 
section is upset in material in which breakages and 
fusions overlap. For in such material the opportunity 
for the ends formed by earlier breakage to undergo 
fusion with those later formed will depend not merely 
upon the total number of breaks produced but also upon 
the length of time between the breakages and upon the 
degree of activity of the process of fusion in the 
meantime. Hence the longer the interval between 
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breaks, or groups of breaks (as in fractionated treat- 
ment), in relation to the interval between breakage and 
fusion, the more nearly will the frequency of structural 
changes become linearly proportional to the total dose, 
if this dose is controlled only by changing the duration 
and not the intensity of the treatment. But if the 
total dosage is varied by changes in the intensity 
rather than in the time factor, or if, the time factor 
being varied, even the longest time of irradiation does 
not exceed the usual interval between breakage and 
fusion, then the frequency -dosage relation will remain . 
an exponential one, somewhat like that obtained by ir- 
radiation of Drosophila spermatozoa. 

In Sax's work, when relatively short irradiation 
times were used, an exponential relation was found, and 
in fact toe exponent turned out to be approximately the 
3/2 power108. It might appear then as though this re- 
lation was a reflexion of just the same factors as 
operated in our material. Since, however, the chromo- 
somes in Tradescantia were observed in the first divi- 
sion after treatment there were no cases lost through 
acentricity and dicentricity as in our material and so 
this factor, which was the main one in reducing our ex- 
ponent below the square, was lacking. Thus the re- 
duction of the exponent below the square, to something 
lire the 3/2 power, must have had some other cause in 
Tradescantia. As a matter of fact this cause lay 
mainly in the circumstance that, in this material, the 
structural changes observed were a mixed class of cases, 
consisting of chromosome fragments that had been de- 
rived from simple breakage, which of course followed 
a linear (1 power) rule, and of real .rearrangements 
which, not yet being selected for viability, approxi- 
mated a square rule (except for the "saturation 
effect "). In Faberge's work too the frequency of 
fragments followed a linear rule. Whereas in our 
material simple breakage, when not followed by re- 
stitution, is always followed by loss_, as previously 
explained, this was not true in Tradescantia, as there 
had as yet been no opportunity for loss, and it is even 
doubtful whether most of these cases would have under- 
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gone loss at mitosis.* And in addition to this m for 
cause of reduction of the exponent there was also the 
factor, above mentioned, that some union of er-lTi 
take glace during treatment, the amount of 
of the exponent due to this cause being 'e' .. , 
the duration of the treatment in rela.tA ,. t ° - 
v ty of the process of fusion. The 
3/2 power rule with our own is for these :- E 
an accidental one. 

It is to be observed that a.nythi 
tie degree of activity of the procesa ; 
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cause qualitative and quantitative differences in the production of structural changes. If, for example, the readiness of the chromosomes to undergo fusion with one another when their broken ends happen to come near together were increased more than the amount of gross movement of the chromosomes amongst one another, then the effect, in a given time, would be to favour re- 
stitutions and unions between broken ends that origi- nally lay near together (e.g. derived from breaks in 
the same chromosome arm), to a greater extent than new combinations in general, while there would be an oppo- site tendency if the gross movements were increased 
more than the ease of fusion. Again, in the case of 
cells irradiated at the stage just preceding chromosome 
doubling ( "division" into chromatids) , if a rise in 
temperature should accelerate the doubling process more 
than that of fusion of broken ends, more identical 
sister fragments of chromatids will be formed at higher 
than at lower temperatures, because at higher tempe- 
ratures "division' will oftener precede fusion of ends. 
These chromatid fragments can then undergo fusion of 
their sister ends (with final loss), as well as other 
new chromatid combinations, and so the frequency of the 
chromatid changes" will increase with temperature in 

this case even though, in general, a rise in temperature 
reduces the number of structural changes, as before men- 
tioned. This interpretation would readily explain a 
result of this 1 nd which has recently been reported by 
Sax and Enzmann° from irradiation of early prophases 
of Tradescantia, for here there was a decrease in 
"chromosome changes" and a partially compensatory in- 
crease in "chromatid changes" with rise in temperature. 

With possibilities of the above kinds in view, an 
experiment was carried out by Pontecorvo and the author, 
independently of the last- mentioned work of Sax and 
nnzmann, to determine whether, in Drosophila, dif- 
ferences in temperature existing at the time of 
fertilization might affect the frequency of translo- 
cations obtained after irradiation of spermatozoa. In 
one series the temperature was varied at the time of 
irradiation as well, in order to enable further data to 
be obtained on this point at the same time. The data 
obtained are shown in Table IX. It will be seen that 
there is no evidence that temperature differences ex- 
isting either at fertilization or at the time of ir- 
radiation have any effect on the frequency of structural 
changes in this material. But a more sensitive experi- 
ment, designed to study the possible effect of tempe- 



Table I'<1 

Lack of effect of temperature on frequency of trans - 
locations (of type II -III) induced by irradiation of 

Drosophila spermatozoa. 

ature Temperature 
at time of 
Irradiation 

Series 
13° 

No. 
Cult.1 

Temperature at fertilization 
° 24 24° 29 0 All 
No. No. Nol No. No. No. Io. 
Tr. Cult. Tr. Cult. '12r. Cult. fr. 

Combined eê ; 

Tr. 

4.5-6.5°C 1 245 9 180 14 - - 

2 274 21 872 40 858 45 

1+2 519 30 1052 54 858 45 

37.5-35. 5°C 1 191 7 169 8 - - 

Both temp. 
at irrad. 
combined 1+2 ' 710 37 1221: 62 ' 858 45 

5.2t0.9 5.1/0.6 5.210.8' "J 
Comparison for differ e 

temperatures at fertilization 

425 23 5. 4 t 1. 1., 

2004 5.3 t0.5 
2429 129 5.3 * 0. 5' 

c. 
c+ Z o 

ñmc yy1-, 
360 15 ; 4. 2 t 1. 1c7,, cf 1-13 CO 

> - - - 0 Qa o 0 F1 
w 

P 
us 0 

O cf 

2789 144 5. 2 I 0. 
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rature at fertilization on the frequency of losses of 
chromosomes, caused by union of sister fragments, is now 
being carried out, inasmuch as relatively slight effects 
might be observable here which were not reflected in 
detectable changes in the frequency of ordinary gross 
rearrangements. 

(Insert Table IX here.) 
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V. THE PRODUCTIOTr OF MI.1_?UTE REARRASfn.rT177TS BY A 

SP.READING- OF THE EF7ECT OF INDIVIDUAL IONIZATIO!<fS 

(a) The linearity of the frequency- dosage curve 

All the above considerations apply to gross struc- 
tural changes, changes in which the dif °erent breaks 
were far apart in the chromonema, but it must now be 
recognized that minute structural changes fall into a 
separate category. That there is a distinct tendency 
for two changes at nearby points to be associated with 
one another was fipAt noticed in my work reported at 
the Sixth Congress° , and at that time interpreted as 
probably being due to a spreading of the effect of one 
ionization to both the neighbouring points in question 
(which were conceived as probably being more nearly 
adjacent, by virtue of the spiralizing of the chromo- 
nema). A systematic study of changes involving the 
soute locus later confirmed the inference that such 
cases were in fact commoner, in comparison with the 
rest, than chance would allow, and showed that many or 
all of them involve, not gene mutation as such, but 
chromosome breaks near together associated with re- 
arrangement of the small piecesè2,83. In the cases 
where the exchange of connexions was such as to give 
inversion or insertion, it became probable (by analogy 
with the similar phenomena in gross rearrangements, 
where analysis of the factors operating could more 
readily be carried out) that the changes in gene ex- 
pression were "position effects" exerted on loci in the 
neighbourhood of the breaks. The long -known changes 
styled. "deficiencies" also received their explanation 
in this connexion80, as cases in which deletion of the 

minute section had resulted. 

As po,4te d out by Bauer, Demerec and Kaufmann7 and 
by Demerec, recent studies g a series of cases of 
notch deficiency by Slizynsk_aul4 and' by Demerec25 give 
further statistical corroboration of this conception 
that structural changes (in this case deficiencies) 
below a certain size represent a class by themselves. 
For below the critical size they are found to be so 

numerous as to rise well above the curve of more or less 

random size distribution that is found to fit the larger 

deficiencies, as well as the larger rearrangements of 

other types. 

If, now, the minute rearrangements really represent 
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Table XI 

Total number of induced mutations found for the low dose, 
compared with thàt expected, as calculated from frequency 
found for the high dose on various assumptions as to the 
value of x, where frequency varies as (dose)X. 

No. calculated for low 

x = 1.5 
__- ---' 

dose, when No. found at 
low dose' 

x = 1.0 x = 2.0 

Gross rear. 91.7±8.4 46.0±4.2 Ì 23.04=2.1 51.0±7.1 

r'inute rear. 83.1±8.5 4.15 ±4.3 j 20.71=2.1 91.5+11.1 

"Gene mutations" 40.6-±5.9 20.3±3.0 ;10.1±1.5 ,44.0 8.7 

4cCorrected by subtracting those calculated to be of 
spontaneous occurrence. 
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double or multiple effects of single ionizations, they 
should not show the exponential frequency -dosage re- lation that has been found for the gross rearrangements, 
but their frequency should, like that of gene mutations, 
be linearly proportional to the dose of radiation. 
That this is probably true might have been inferred from 
the linear relation shown by lethal "gene mutations ", 
since those produced by radiation are known to include 
a fairly high proportion ofll mall deficiencies (ca. 
355 according to Slizynski ). More direct evidence 
of the frequency- dosage relation for minute rearrange- 
ments was obtained by Belgovsky working in collabora- 
tion with the author on a special class of minute re- 
arrangements - those involving the yellow locus located 
near the left heterochromatic region in the scute -8 
chromosome - which have the combined advantages of com- 
parattiiv iy hig12 frequency and phenotypic detectabi- 
lity84,ii,9,1 4. As we reported two years ago72,11 the 
evidence then indicated that these rearrangements follow 
the linear rule expected for effects of single ioniza- 
tions. The summarized data of Belgovsky to date, con - 
firming this relation, have been presented by him in a 
paper originally submitted for the Seventh Congress l0. 
in the meantime, Makki and the authorr9 have been ob- 
taining further data on minute rearrangements of this 
type and, for comparison with them, others in the eu- 
chromatic region. The latter comprise votches and 
(less certainly, since they probably include more gross 
rearrangements) reversions of Bar to normal eye. Our 
data are given in Tables X and Xi. 

(Insert Tables X and XI here.) 

It is clear from the above tables that these cases, 
taken as a whole, follow a different law from the gross 
rearrangements. When allowance is made for the control 
frequency, the relation is seen to be sensibly a linear 
one for the results with yellow, representing the 
heterochromatic region. Moreover, the less ample re- 
sults from the other regions agree with these as closely 
as would be expected. Taken as a whole, then, the 
data leave practically no escape from the conclusion 
that many, if not all, minute rearrangements are pro- 
ducts of single ionizations (or at least of single 
activations). That is, both chromosome- breaks must be 
caused by the same electron hit, through some indirect, 
though localized, effect of the latter. 

Since the meeting of the congress at which the 
above results were presented, a paper has appeared by 
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Iiarshak58, which gives data showing a linear frequency - dosage relation for tiny fragments of chromosomes, cyto- logically detected in dividing cells of Vicia that had 
been irradiated during the preceding resting period. 
As these fragments appear to correspond with what is to 
be expected as a result of minute deletion, caused by two 
brea'rs very close together (although there is some doubt 
as to whether they are really small enough, and although 
Marshak for unexplained reasons regards them as mostly 
terminal), the linearity of their variation in frequency 
with change in dose probably provides evidence corrobo- 
ratory of ours, and thus helps to confirm the above con- 
clusion that the effects of single ionizations often 
spread in more than one direction, though for a very 
limited distance, so as to cause two nearby breaks at 
once. 

It may be noted in passing that the thinness of 
these fragments as compared with unbroken chromatids 
does not, as Marshak supposes, bear witness to the 
fragments being composed of "half -chromatids ", but merely 
to the fact that their contained chromonemas are too 
short to form a succession of coils of the dimensions 
of those present in the ordinary undivided chromatids. 
In the latter, the apparent thickness really represents 
the diameter of the coils and, as Darlington has pointed 
out on various occasions, there is a false appearance 
of doubleness, arising from the greater conspicuousness 
of the two edges of a semi- transparent helix than of its 
middle part. 

In the Records of the Genetics Society of America 
for 1939 (no. 8, ó. 132), which has just come to hand 
since the above was written, there is a paper by 
C.M.Rick ( "X -ray induced chromosome deletions in re- 
lation to mutation rate in Tradescantia") reporting 
that small ring- shaped fragments produced from chromo- 
somes of Tradescantia by irradiation follow an exponen- 
tial frequency -dosage relation. As this would indicate 
that these fragments arise in the manner of gross re- 
arrangements, as a result of two independent breaks, the 
question is raised (1) as to why they tend to be so 
small, and (2) as to why these results and Marshak' s 
on small fragments disagree. The answer to (1) might 
be connected with an effect of proximity of broken ends 
on their chances of union with one another. 
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(b) The delay between breakage and union 

If we had had minute rearrangements alone to study, 
our genetic results would not have disclosed to us the 
fact that breakage of the threads precedes their union. 
But, having found that this holds in the case of gross 
rearrangements, economy of assumptions recommends that 
we regard it as probable, provisionally at least, for 
the minute rearrangements as well. According to this 
view, then, they are formed by a mechanism intermediate 
between that operating on the extreme contact and the 
extreme breakage scheme. For a proximity of the two 
parts to be exchanged is the first condition, and the 
two breakages are then produced by a common exciting 
cause, that is, the same ionization, but this cause 
operates first to bring about their breakages, and 
fusion of the broken ends follows later - no doubt after 
fertilization, in the case of irradiated spermatozoa. 

That this is true in at least some cases of minute 
rearrangements is further indicated by the fact that 
minute and gross rearrangements are sometimes intimately 
combined, in such a way as to show that one of the 
broken ends formed by two breaks very near together had 
united with a broken end formed by a distant break. 
Examples of this phenomenon are the author's minute 
deletion- insertion associated with scute -1970, Oliver's 
probable mutual exchange of the facet locus in the X 
with a large interstitial piece of the third ehromosome91 
and some reported minute interstitial "deficiencies" 
adjoining large inversions or translocations. in these 
cases, then, the broken ends destined for the minute 
rearrangements must certainly have delayed their union 
until the same time (after fertilization) as that at 
which the union of broken ends destined for gross re- 
arrangements took place. It is admitted, however, that 
further data, of a statistical character, are needed to 
determine to what extent the breaks involved in minute 
rearrangements are ordinarily available for simultaneous 
gross rearrangement in this manner. Present evidence 
is enough to indicate strongly that ends derived from 
breaks so near together are much more apt to unite with 
one another than with ends derived from breaks farther 
away. 

In considering the delay of union of ends formed by 
minute rearrangement, the question also arises of to 
what extent these unions take place between the broken 
ends of unsplit chromosomes or, alternatively, between 



Table XII 

Lack of influence of ring conformation on frequency of 
lethals recovered after irradiation of spermatozoa 

(data of Offermann) 

Irradiation was in all cases carried out on impregnated 
females, within one to two days after impregnation in 
series A, B and C, and one week after in series D. 

Ser- 

ies 

A 

B 

Sum 

Ring X-chromosome (Xc2) Non-ring X-chromosome 

No. oe No. 1-No. of' °" of i pl 
fert. of I semi- 11 + x 
cult. let.,leth. sl1 w 
(n1) (11);,(sl1) 

268 12 1 

321 25 2 

256 11 2 

108 14 0 

P953 62 5 

(p1) 

4. 85 11. 9 

8.43 13.2 

5. 09 11.6 

12.95 13. 6 

6.8750.3 

No. ofTNo. 

fert. ; of 

cult. let. 

No. of 

semi- 
leth. 

'< of 

12 + 

s12 

p2 
x 
w 

Weight 
of 

series 

(n2) (12) (s12) (p2) 2n1n2 

nl+n2 

225 14 1 6. 67 16. 3 245 

103 8 4 11.64 18. 2 156 
t._ _... 

206 7 0 3.39 7. 7 228 

< 102 ! . 10 0 9.80 10.3 105 

636 39 5 7.29 p2.5 734 

%bighted mean s (= E(pw) /.w) 

Diffe ence between weighted mean s = 0.3Y ± 1,4 (its standard 
error ) 

°The weighted mean percentages and the standard error of their 
difference have been calculated according to the formula given 
in connection with Table I. 
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the broken ends of the chromatids formed, subsequently 
to breakage, by the division of the spermatozoon chromo- 
somes. That some minute rearrangements arise in the 
latter way is indicated by the presence of "fractional" 
(mosaic) mutants among them, for "fractionals" are 
nearly all chromatid changes, though not necessarily 
involving exchanges between the two sister chromatids. 
However, fractionals form not more than about a fifth 
of mutants in general (after irradiation of sperm) and 
minute rearrangements are no exception in this respect. 
Moreover, the scarcity of losses of chromosomes caused 
by union of sister broken ends (section IV (d)) provides 
further evidence that the unions of broken ends formed 
by irradiation of sperm usually precede the effective 
separation of the chromatids from one another (though 
the doubling itself may already have taken place). 

It occurred to the writer some years ago that op- 
portunity to obtain further light on the above question 
is provided by the fact that in the case of ring chromo- 
somes chromatid rearrangements involving an exchange of 
connexions between sister strands must lead to double 
dicentric chromosomes, which are lost. This would 
necessarily be true no matter how minute these rearrange- 
ments were. Now since so large a proportion of lethals 
induced by X -rays in spermatozoa really consist of 
minute rearrangements (mostly deletions), there should 
be a marked reduction in the frequency of sex - linked 
lethals inducible in sperm containing ring chromosomes, 
as compared with non -rings, if a considerable proportion 
of minute rearrangements involve chromatid exchanges. 
Pursuant of this question, an experiment of this type 
was carried through by Offermann in 1936, and he has 
kindly provided us with a summary of his results for 
publication here (see Table XII). It will be seen that 
there is no perceptible difference here between the re- 
sults for the ring and non -ring X- chromosomes. Ac- 
cordingly the minute rearrangements induced by ir- 
radiation of sperm must include comparatively few cases 
in which a broken end of one chromatid unites with a 
broken end of a sister chromatid. 

(Insert Table XIIhere.) 

(c) Bearings on the interpretation of "sensitive volume" 

The proof of the proposition that more than one 
break can be caused by one ionization (or other acti- 
vation?) and that therefore the breaks can be initiated 
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by ionizations taking place outside of the part in which 
the genetic effect is produced has as a corollary the 
warning that the size of the material undergoing a 
genetic change (in this case breakage) cannot be deter- 
mined by studies of the frequency with which the change 
takes place, in relation to the frequency of the_ioni- 
zations induced, as has been attempted by various in- 
vestigators. This was ointed out by the author at the 
Sixth Genetics Congresso , on first presenting evidence 
of the production of multiple genetic effects by one 
ionization, but the present definitive demonstration of 
this phenomenon now makes it desirable to emphasize 
this conclusion, as well as to explain in greater detail 
certain other critig sms which we have brought forward 
against this method . 

The metho question, dating at least as far back 
as Crowther's24, calculations on the sensitive volume 
responsible for the death of irradiated cells, may best 
be explained here on the basis of an example dealing 
with gene mutation, as worked out by Mott -Smith and the 
author in 1930 (unpublished, but mpitioned in connexion 
with the warning above referred to u). Roughly one 
mutation from the normal allele to white eye or some 
other detectable allele of it is induced in 1000 
spermatozoa of Drosophila by irradiation with 5000 r, 
hence it takes something of the order of 5,000000 r 
definitely to induce one detectable mutation in the 
iven gene in a given spermatozoon, on the average. 

77ith this dose, in material of atomic eoTposition like 
that in protoplasm, there are roughly 101. ionizations 
(formations of ion -pairs) per c.c., i.e. one ionization 
in 10-i c.c. Some one of these ionizations in a sperm 
cell must be the effective one in producing the mutation 
in question, and since this ionization may 1,4volve any 
atom at random within a total volume of 10-i c.c. of 
material (assuming that the sensitive material is of 
atomic make -up like that in protoplasm), we may (still 
on this assumption) conclude that any hit atom in this 
amount of material will act as a trigger for the 
mutation reaction. 

The material in question, if gathered together 
into the form of a sphere, would contain something of 
the order of 2700 atoms and have a diameter slightly 
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less than 1 /100 of a micron .N This, as it happens, is 
almost identical with the example later worked out in 
Blackwood's independent calculations 2,13, except that 
he used as data the lower mutation frequencies occurring 
in somatic cells, as found by Patterson94, and so 
reached a correspondingly lower estimate of the volume. 
It has been assumed by various authors that this 
"sensitive volume" - or one calculated by a method in 
some way analogous to this, though based on other 
data - represents the actual size of the gene itself, 
or, more generally, of the genetic material subject to 
the type of change in question. 

It will be seen that this identification involves 
the following main assumptions: (1) that any ionization 
(or other activation ?) of any atom within a gene un- 
failingly results in a genetic change, never being in- 
effective or followed by restitution, (2) that this 
genetic change is always a genetic change of the type 
being looked for and detectable by the method used, 
(3) that the ionization of no atom outside the gene can, 
through a transmission of energy, result in such a 
change of the gene. Unfortunately for the validity of 
the method as a means of finding gene or chromonema size, 
every one of these three assumptions is not merely 
gratuitous but improbable on theoretical grounds and 
there is in fact strong empirical evidence against each 
of them also, in connexion with either breakages or 
gene mutations or both. More specifically, in the 
case of breakages, the finding that one ionization can 
result in more than one genetic change is definitive 

The "sensitive volume" calculated would not re- 
present the actual volume or number of atoms capable 
of giving a mutation unless they were taken as being of 
weights apportioned similarly to those of protoplasm in 
general. If, for example, the initiating atoms were in 
large measure phosphorus atoms the volume would be cor- 
respondingly less, on account of the greater density of 
phosphorus and its disproportionately greater chance of 
ionization. Thus the ''sensitive volume" only gives that 
volume, composed of protoplasm, which would have an 
ionizability equal',to that of the hypothetical "sensitive 
volume" sought. It should also be noted that if, as 

seems more likely, an individual ion, no matter whether 
positive or negative, instead of an ion -pair or ion of 
one sign only, is the effective agent, the calculated 
volume becomes half as large. 
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evidence against the third assumption, at least as 
applied to such cases. 

Further evidence against the validity of the 
identification of the gene with the "sensitive volume" 
as calciA;ated above is, as pointed out by Fricke and 
Demerec , provided by their own and by Timofeeff- 
Ressovsky and Zimmer's125 findings that when, by the use 
of very long wave - length X -rays, the ions in the elec- 
tron paths are crowded together so closely that two of 
them would often lie within the same "sensitive 
volume ", as above calculated, nevertheless there is no 
reduction in the efficiency of more widely scattered 
ions. If each ion within a region of the given size 
would, singly, be an effective one, then a crowding of 
them in this way would deprive the 'extra" ions of their 
chance of detectable effectiveness. The same thing may 
perhaps be illustrated more clearly by taking as an ex- 
treme illustration the supposition that the ions always 
came in clusters of ten, all of them in atoms directly 
adjacent to one another; in this case all ten at once 
would rarely be able to produce more than one detec- 
table mutation, since they would all be in the same 
"sensitive volume" if in any at all, and so the mutation 
frequency would be only about 1 /10 that produced by 
scattered ions. 

In recent work of Zimmer and Timofeeff- essovsky130, 
the very greatly crowded ions formed as a result of 
neutron irradiation have indeed seemed to be somewhat 
less effective than more scattered ions, but his result 
is as yet subject to considerable revision because of 
the uncertainties of physical measurementl9. If sub- 
stantiated, it would seem to point to a clustering of 
effective atoms in sensitive subregions within the main 
a1potential sensitive volume" (see below) . For both the 
mutation frequency calculations and, when taken in con- 
nexion with them, the experiments,with long wave - length 
X -rays, just cited, prove the potential sensitive volume 
as a whole to be larger than these neutron experiments, 
taken at their face value, would indicate. 

The above empirical facts concerning the multiple 
effects of ionizations and concerning the com ?curative 
lac': influence of ion crowding, as well as other 
theoretical considerations, lead us then to infer, quite 
contrary to the assumptions under criticism, that (1) 

only a comparatively rare ionization, even when it occurs 
within a gene, leads to a mutation, and especially to a 
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detectable one, and (2) ionizations outside the gene 
also can produce genetic changes, certainly those of 
the nature of breaks, and perhaps also gene mutations. 
The "sensitive volume" is thereby relegated to an ex- 
pression for the number of atoms which at any given 
moment are so situated, and in such a condition as re- 
gards their configuration and dynamics, that their 
ionization, occurring according to some randomly chosen 
pattern out of the various possible energy patterns for 
an electron "hit ", will result in a mutation of the 
specified kind. Some of these atoms may be inside the 
gene and others outside, how far out we do not know. 
Moreover, there is no reason to suppose that the atoms 
in question are the same ones from moment to moment, as 
the conformation changes, since there may be many atoms 
which only under special circumstances will give a muta- 
tion when ionized. Thus a more intelligible picture 
would be that of. a "potential sensitive volume ", com- 
prising the whole region within which an ionization 
might on one occasion or another result in a 'mutation, 
and to say that the "sensitive volume" as above calcu- 
lated consists of this "potential sensitive volume ", 
divided by the average chance that any atom in it would 
if ionized give rise to the mutation. This is the way 
in which Timofeeff- Ressovsky and his co- workers. 23, as 
well as the present author and his co- workers, look at 
the matter. 

The determination of the average chance that an 
ionization shall be effective can hardly be made by 
present methods, however, unless it should turn out that 
the chance is large enough for the size of the 
"potential sensitive volume" itself to be estimated by 
some method involving crowding of ions, like those 
above mentioned. Moreover, it is evident that either 
the average chance or else the actual size of the 
potential sensitive region can change greatly with 

/4In some earlier work125 it had been stated that 
"der empfindliche i ereich mit dem Gen zu identifizieren 
ist ", but in discussions of the subject at the "gene 
group conferences" held at Copenhagen, Denmark, in 
September 1936, and at Spa, Belgium, in November 1938, 

both sets of workers were found really to hold sub- 
stantially the above point of view with regard to it: 



48. 

variation in conditions, as shown by the marked dif- 
ferences in induced mutation frequency between sperma- 
tozoa and immature germ cells or larval somatic cells, 
and between the cells of sprouting seedlings and those 
of dormant seeds116 - facts which alone should have been 
enough to show that the "sensitive volume'' cannot be 
identified with the gene. 

Apart from the fallacies involved in the acceptance 
of the three assumptions mentioned above, other errors 
of calculation and technique invalidate much of the work 
hitherto done n sensitive volumes. For example, 
Gowen and Gaya), in calculating a value analogous to the 
"sensitive volume" for all mutations taken together 
(i.e. that for the sum of all genes) used the frequency 
of primary quantum absorptions instead of ionizations 
as representing the effective hits, thus introducing 
here an error of two orders of magnitude, although in 
their own work on wave -length, in the same paper, they 
themselves showed (as previous workers had done) that 
the mutation frequency was proportional to total ioni- 
zations and not to the number of primary quanta absor- 
bed. And in dividing this calculated figure for all 
genes taken together by the estimated total number of 
genes, in order to get the size of the individual gene, 
they used methods of calculation of gene number that 
were inva,1,d on other grounds, as we have pointed out 
elsewhere". 

Again, 1arshak54- 55'59, in an attempt to derive a 
value for chromonema size from its breakage frequency, 
instead of using the number of ionizations occurring in 
a region of given size, used the number of electron 
trac'is which merely traversed it, regardless of whether 
they gave ionizations or not. Nevertheless, in his 
work on wave - length too it was shown that the number 
of ionizations or activations and not the number of 
primary quanta or total length of electron tracks (which, 
with shorter wave- lengths is longer in proportion to 
the number of ionizations) was the fa for determining 
the frequency of the effects studied5 °. For gene 

2The same method appears to be followed in Gowen's 
most recent estimate of virus size, which came to our 
hands after the above was written, (P roc. Gen. Soc. 

america 1939, and Genetics, 1940, 25: 118 -19), inasmuch 
as the 'length of the electron track' is stated to 
constitute one of the factors in the calculation. 
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mutation, the bearing of wave - length studies had already 
been pointed out by Tim,?feeff- essovsky and Zimmeri25. 
3ut there is, in fact, no known physical mechanism 
whereby the mere number of electron tracks, regardless 
of their of "activeness in producing ionizations, could 
be the determining factor in any given effect. Marshak 
assumed, moreover, that the effective electron did its 
work by traversing two adjacent chromonemas at once (on 
the contact hypothesis), but made no allowance in his 
calculations for the greater rarity of such a double 
event as compared with a single one. As a matter of 
fact, as we pointed out in some detail in conn2,xion with 
our first criticism of "sensitive volume" work°9, the 
chance of the same electron ,giving an ionization or 
activation in two adjacent genes is negligible as com- 
pared with the chance of separate electrons affecting 
them, with the doses of radiation that must actually 
be used. 

Finally, in the work of 7askins and Fnzmann34 -36, 
designed to estimate the size of the gene at the locus 
of white -eye, following Blackwood, the genetic method 
used - irradiation of eosin -eyed flies - must have re- 
sulted in the erroneous classification of mutations at 
many different loci as mutations at the locus of white. 
Thus they based their calculations on a mutation fre- 
quency inQQ dinately higher than In the accurate data of 
Patterson, used by 3lackwood12,13, and arrived at a 
"sensitive volume" far larger than that corresponding to 
the mutations of the white locus itself. And in view 
of the irreconcilable disparities between their method 
of calculation and Marshak' s, it is strange to find 
them referring to the calculated results of the latter 
author as in agreement with theirs. 

Because of all these sources of error, any apparent 
agreements between the "sensitive volumes" hitherto found 
and the maximum size of the gene as estimated by quite 
different methods must be regarded as purely fortuitous. 
Abandoning any such naive identification of "sensitive 
volume" with gene or chromonema, it will in the future 
be of greater interest to attempt to throw light upon 
what atoms and atom configurations are the more important 
ones in the initiation of the mutation and breakage pro- 
cesses, and upon what kinds of steps may be involved in 
the secondary reactions occurring between the ionization 
and the genetic change itself. 
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VI. ULTRA -VIOLET TESTS: THE PROBLEM OF THE _RELATION 

BETWE 7N STRUCTURAL CHANGES AND GENE MUTATIONS 

(a) The dubiousness of the distinction between 
-lr _ntra -ff and extra, enic mutationsw 

As was pointed out by Stadler in 1932117 and as 
had earlier been foreshadowed by Serebrovsky112 (as 
mentioned on p. 3) there is at present no certain cri- 
terion for distinguishing structural changes, if very 
minute, from intra -genic mutations, and it is con- 
ceivable that all apparent gene mutations produced by 
irradiation are really "extra -,genic" changes, in the 
sense of changes in the linear arrangement and number of 
genes, including both minute deletions and duplications, 
and minute rearrangements of other kinds, accompanied 
by position effects. This q st o becomes much more 
acute now, since our findings0 '85, (0,90, 11,84,104 
that these minute structural changes, with their posi- 
tion effects, do in fact occur and are produced by 
radiation, that they may be of vanishingly small size, 
both from the cytological and from the genetic point of 
view, that they follow the same frequency -dosage curve 
as the supposed "gene mutations ",and that they vary 
similarly in their incidence with the type of cell 
treated. 

In fact, in Drosophila, the question may now be 
made even broader, to inquire whether the spontaneous 
gene mutations too - since they seem indistinguishable 
as a class from the gene mutations produced by radia- 
tion - may not be extremely minute variants of the 
structural changes (although in the plant material there 
has, as Stadler has shown, been more reason for supposing 
that some of the spontaneous "gene mutations ", as judged 
in some cases by their dominance and in others by the 
inappreciable influence of radiation upon the loci con- 
cerned, may belong in a different category or categories 
from the radiation mutations92). It is not conceivable, 
however, that all spontaneous "gene mutations ", forming, 
as they must, the essential building blocks for an in- 
definitely great amount of evolution, could consist 
merely of losses or changes in position of "whole 

`yin this connexion, see also the footnote on o. 28. 
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genes ", in the sense in which genes have hitherto been 
conceived, nor would this be consistent with a rational 
idea of how such a vast number of different genes had 
come to exist in the first place. It would therefore 
be necessary, if the linear rearrangement view of all 
spontaneous as well as induced mutations were adopted, 
to do away, largely, with the distinction between 
"extra- genic" and 'intra -genic mutations ". In that 
case, we could not postulate sharp boundaries between 
the regions denoted as genes, different from the boun- 
daries between smaller subdivisions within them (such 
as, perhaps, the amino -acid radicals), and so we should 
have to admit the possibility of breaks and reunions 
between these smaller portions, i.e. within what had 
been considered single genes. This view - which I ten- 
tatively proposed some two years ago72 only as one 
;possibility, suggested by the state of the evidence then 
existing, but which Goldschmidt independently put for- 
ward at the same time30,3 -,32 and urged, in a series of 
suggestive papers, as the only reasonable interpretation, 
would seem to make of the "gene" only a rather artifi- 
cially delimited region of the chromosome, without dis- 
tinctive boundaries. 

(b) Ultra- violet as a possible means of discrimination 
. 

It is not feasible here to go into all the ins and 
outs raised by this question. But although the problem 

3471h.ile it may be seen from our section VI (c) that 
the present author does not go so far as Goldschmidt in 
rejecting the conception of genes as corresponding to 
natural segments of the chromosome, he believes that 
"'oldschmid.t's insistence upon this possibility, and the 
bringing forward of the evidence against segmentalism, 
to be a needed and valuable service to genetics. A 
recent summary of his views on this question, to which 
the reader may be referred, is the paper Chromosomes 

r, Centenary genes ", read at a symposium ce.lebratin.., the y 

of the cell theory in Stanford University, 2 July 1939. 
This paper was distributed in mimeographed form to those 
attending the gene group conference of the Seventh 
International Genetics Congress. Our section VII was 
written before we read this paper. 
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Table XIII 

Effect of ultra -violet light. 

,'gists for lethals Tests for translocations 

No of. No. of % of No. of No. of 
fertile lethals lethals fertile trans- 
cult. in X cult. locations 

1. 1070 22 2. 1 2449 : 0 

2. 606 20 3.3 976 ; 0 

3. 1375 64 4.6 1617 0 

Sum 3051 106 3.7 , 5042 1 0 

Scheme of matings: In series 1 and 2 y w males were 
irradiated. For the lethal tests these were mated with 
C1B females and the Bar daughters bred in individual cultures, 
while for the translocation tests the y w males (irradiated 
at the same time as those for the lethal tests) were mated 
with attached -X yellow brown females, their sons being 
backcrossed individually to females of the same kind. 

In series 3, males of composition y sc4 w sc8were irradiated 
and crossed to females of composition sc d149 v f dp e. 
For the lethal tests daughters (F1) from these matings 
were bred individually, the F2 being examined for -the 
presence of y w males. For the translocation tests 
sons (F.1) derived from the same matings (i.e. brothers. 

of the rl females that were tested for lethals) were bred 

individually to dp e females and cases of lack of re- 

combinationof the markers, sex, dp and e were looked for 
among the F2 groups. 
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is ultimately a chemical one, it is possible that further genetic results may still throw light upon it. The 
main results so far which may prove to 

12)lebearing on it are the probf by Stadler and Uber ,119, f l- lowing earlier indications by Stadler and Spraue--22, 
that in maize ultra -violet light causes distinctly 
fewer structural changes (with the exception of terminal 
deficiencies) in relation to the frequency of the in- duced gene mutations, than does high -energy radiation 
(X- and gamma- rays), anax more recently, the proof by Dr Mackenzie and myself (0, following still earlier in- 
dications by Altenburg , 3, , that in Drosophila there 
is no appreciable production of structural changes at 
all, by ultra -violet light which induces gene mutations 
at a fairly high frequency - high enough for it to have 
been accompanied by .a quite appreciable frequency of 
structural changes if X- or gamma -rays had been the 
agent. As shown by Table XIII, which gives a summary 
of our tests of this question up to the date of the con - 
gress (including data besides that previously published), 
the evidence for this conclusion is now much more than 
sufficient. If X -rays of the same gene- mutation pro- 
ducing strength had been used in these experiments in- 
stead of ultra- violet, some seventy -five translocations 
would have been observed, instead of none. 

-(Insert Table XIII here.) 

It is apparent, in the Drosophila material at any 
rate, that the ultra- violet light, though producing gene 
mutations, does so either without producing breaks in 
the chromosomes at all, or at least without producing 
thoroughgoing breaks, of the type produced by X -rays and 
by mechanical means. For, as we have seen previously, 
real breaks, when produced in Drosophila spermatozoa, 
are later followed by fusions, and consequently by ob- 
servable structural changes, such as are conspicuously 
absent after ultra- violet treatment. If we wished to 
bring the maize results into line with these, we might 
Postulate that the terminal deficiencies (and rarer 
structural changes ?) which are induced by ultra -violet 
in maize belong to a category more nearly akin to gene 
mutations, the primary effect being a transformation of 
an ordinary bipolar interstitial gene into a monopolar 
one (te lomere). In that case the breaks caused in 
maize by ultra -violet, unlike those caused by X -rays, 
would only be the secondary products of changes more 
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nearly resembling gene mutations.34 And "gene mutation" 
itself might still be considered as arising, not merely 
by structural change of the linear rearrangement type, 
involving breakage and reunion of single -file constituents 
on a minute scale, but also by chemical changes of other 
kinds. This then would still leave room for the older 
conception of definitely delimited genes, between which 
but not within which breakage by X -rays could occur, 
and within which but not between which changes by ultra- 
violet could occur. Possible physical reasons for 
such a difference in effect (such as the ionization of 
water caused by X -rays and not by ultra -violet as sug- 
gested by Delbrack in a personal communication) would 
not be far to seek. 

Whether such a view, or the alternative previously 
suggested, emerges as the more plausible one may depend 
upon whether or not ultra -violet is found to produce 
demonstrable minute rearrangements. That is a ques- 
tion upon which we are working at present, but extensive 
data seem to be necessary for answering it. A Notch, 
possibly a minute deletion, was once obtained in an 
ultra -violet experiment of Altenburg' s in 1931 (reported 
in a personal communication), but this may have been an 
accident unrelated to the treatment. If it should be 
fourid that minute rearrangements are in fact produced 
by ultra- violet then it would be evident that for the 
production of these minute rearrangements it is not 
necessary to have thoroughgoing chromosome breakage - 

like that produced by X -rays - that is, breakage that 
persists for a considerable time and eventually in- 
volves also the chromosome "sheath" and so allows the 
production of gross rearrangements. Yet even the 
minute rearrangements would require some sort of 
breakages. Conceivably these might be followed by 
fusion more readily, and within the unbroken "sheath ". 
In that case it would be much more likely that apparent 
°'gene mutations" too could be produced in such a manner. 
And this in turn would raise the presumption that the 
.gene mutations too might be linear rearrangements, but 

In this connexion, however, attention must be 
caller to McClintock's most recent work on this sub- 
ject , with its apparently antithetical finding that 
in maize the change from interstitial gene to telomere 
may itself follow mere mechanical breakage, in cells of 
the sporophite generation. 
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of parts smaller than the putative "genes ", the latter 
thus losing their distinct identities. 

If, on the other hand, the ultra -violet were found 
not to give rise, like X -rays, to "demonstrable minute 
rearrangements, such a restriction of the process of 
gene mutations to change in the linear order.of genetic 
materials already present would seem as yet uncalled 
for, and the door would be left wider open to distinguish 
between gene mutations and gene rearrangements, and so 
to methods of, as it were, demarking the gene. Ultra- 
violet mutations mi:ght,then be considered intra -genic 
and X -ray breaks inter.genic, and it might be that the 
genic boundaries so established coincided with boundaries 
established in other ways, as by points where crossing 
over was possible and by the limits of certain kinds of 
functional activities of the genes. 

(c) Other evidence regarding chromosome segmentation 

One line of evidence indicating a segmental struc- 
ture of some sort in the chromonema is provided by my 
findings of the restricted number of the genetically 
distinguishable positions of breakage producible by 
X -rays in the neighbourhood of the loci of acute and 
yellow in Drosophila8U. The only plausible escape 
from the conclusion that there is a rather coarse seg- 
mental structure here is to suppose that between these 
"genes" - or minute chromosome regions whose functions 
we are observing - there lie longer stretches of genetic 
material, having so little or so unimportant functions 
that their total loss would still leave the organism 
viable and normal -appearing. In that case the visible 
"genes" would give the appearance of being discontinuous 
only because they were separated by long interspaces of 
relatively inert genic material and so the discontinuity 
would in a sense be of a functional nature only. 

In this connexion a reason may be mentioned for in- 
ferring that the thoroughgoing chromosome breaks, at 
least, those of a kind capable of-giving rise to gross 
structural changes, probably do not break ordinary 
chemical bonds like the bonds between amino -acid radi- 
cals, but only bonds (if any) of indifferent sign, like 
the bonds between two carbon atoms. This reason lies 
in the fact that the broken ends cannot be classified 
into "plus" and "minus ", since identical broken ends of 
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sister chromatids are also capable of uniting with each 
other. This bespeaks a specialized structure for the 
places of breakage, that is, again, a segmental struc- 
ture for the chromonema, constituted of segments larger 
than the amino -acid radicals. 

Another line of evidence in favour of .a segmental 
structure of the chromonema, not finer than would be 
set by the lengths of protein molecules (if indeed the 
gene consists of proteins) lies in a consideration of 
the facts of crossing -over. The principle of inter- 
ference and the manner of its decrease with distance 
indicate that crossing over is caused by a mechanical 
stress which breaks the chromatids, as has been pointed 
out by the present author65 and as has been more espe- 
cially supported by fu ther facts and arguments brought 
forward by Darlington2 +. This conception of crossing- 
over is now made still more probable by the proof, 
herein provided, that a part of this supposed mechanism - 
namely, breakage first, and then union of broken ends - 
actually does- operate when structural change occurs 
(even though the cause of the breakage itself is not 
the same here, and cannot lead to breakage at homo- 
logous points). Now it seems very unlikely that the 
mere mechanical tension of the chromonema which breaks 
the chromosome at crossing over would reach such a pitch 
as to be able to break the chemical bond between two 
amino -acid radicals connected in the ordinary manner 
within a protein molecule, or to break any similar 
intramoleculár linkage in the chain of a molecule of 
the type of protein, fat or lipoid. It is much more 
likely, therefore, that there are special connexions, 
of a looser kind, between larger segments, and that it 
is at these " internodes" that crossing over can take 
place. Moreover, it is difficult to conceive that the 
breakage would take place by mechanical means with such 
absolute precision as it does, at quite identical points 
in the homologous chromatids, if the possible breakage 
points were sö numerous and closely crowded as, say, 
the links between the members of polypeptide or poly- 
saccharide chains. 

At the same time we must be careful not to take it 

for granted that the chromonemal internodes demarcated 
by different criteria would necessarily coincide with 
one another. X -ray breakage, for example, might be 
possible at more points than crossing -over breakage, or 
vice versa, and the points of crossing -over in turn might 
be different from the limits set by ultra- violet mutation 
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or from the boundaries pertaining to certain types of 
gene -functioning, and there might be still different 
limits prescribed for the smallest amount capable of 
exerting auto- attraction. If then the different cri- 
terialgave different results we should have correspnn- 
dingly different kinds of "genes ", according to the de- 
finition of gene which we chose to follow. In fact, 
according to some criteria of their functioning genes 
are already known to occupy overlapping areas, in that 
they show the so- called position effect. 

Thus we should beware of taking too simplified a 
view of the problems at issue. There may not merely be 
'wheels ", but "wheels within wheels ", in living matter, 
and if the recent studies of viruses by the X -ray di - 
fraction method as reported for instance by Astburg 
and by Crowf oot, l at the Seventh Genetics Congress, may 
be used as showing what structures might be found in the 
genetic material, according to the author's conception 
of viruses as representing relatively free genesho, 
then it is not unlikely that there are various grades of 
division and subdivision, each with its special kind of 
arrangement, between the relatively gross bodies hitherto 
recognized by the biologist and the very much finer ones 
hitherto studied by the chemist. We cannot pretend to 
have answered such problems yet. They are, so far as 
geneticists are concerned, for the future, while for the 
present it is a step even to be able to recognize their 
existence. But that cannot, in my opinion, invalidate 
the fundamentals thus far established of what has been 
called "gene theory ", even though many geneticists have 
in the past adopted a too hard and fast if not arbitrary 
conception of how much constitutes a gene. In this 
work of the future, it is to be hoped, the technique of 
chemistry and physics will increasingly take part, 
along with that of genetics. 
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VII. On.T 737 :b.T'.',CLTA.'`TIST. 07 ß.ADIATION N7CROSI5 

(a) Genetic influences 

Re.fore closing, a brief reference should be made 
to possible bearings of some of the above facts on some as)ects of the problem of how death of cells and tissues 
exposed to X -ray and radium radiation comes about. We 
know that such radiation produces structural changc;s, 
-ross and minute, and gene mutations. We know that 
many of these changes are detrimental to life in all 
sorts of ways, and special studies, too intricate to 
detail here, have shown that many of them retard the 
proliferation and even result in the death of individual 
somatic or Ferro cells in which they have occurred, or 
Troups of cells derived from the latter. It is there- 
fore to be inferred that the necrosis observed by 
radiologists is in part at leastic4e to these genetic 
changes (see discussion by Scott ). 

When spermatozoa are exposed to radiation, these 
chromosomal and gene changes do not affect the vitality 
or functioning of the spermatozoa themselves, for the 
genes are inactive in themBo, but they can cause the 
death of the fertilized eg .s which have received them, 
in comparatively early stages of their development. 
These particular lethal effects may thus be said to be 
dominant. The question may then be raised, are the 
deaths of all these embryonic tissues, containing pre- 
viously irradiated nuclei, or portions of nuclei, to be 
ascribed to these dominant genetic changes, of the above 
three classes? 

Calculations which I made in 1927 of the frequencies 
of "dominant lethal" mutations occurring in individual 
chromosomes (based on the extent to which the sex ratio 
was affected) indicated that they were not abundant 
enough to cause all these deaths'7, and although there 
was an error here caused by our ignorance of the exis- 
tence of inert regions the correction of that error 
still leaves the main conclusion the same. I calcu- 
lated at that time that if genetic changes accounted 
for all the deaths many of these changes must not be 
conceived as confined to individual chromosomes, but 
must involve more than one chromosome at a time. We 
now know that such cases - which we may now identify as 
aneucentric translocations - are in fact relatively 
abundant at the doses used. When, in addition to the 
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changes in individual chromosomes, we take the frequency 
of these changes into account, and the manner in which we now know their frequency to vary with dosage, we find 
that these known sources of genetic change taken to- gether should probably be sufficient to account for the death of all the eggs that were killed by the radiation. 

The matter is too complicated and has too many un- 
knowns for such a calculation as yet to be more than an extremely rough one, but the results are of the right 
order of magnitude, and their manner of variation when 
the dosage is altered is also of the type expected. It 
is therefore reasonable to assume at present that all 
these deaths of embryos derived from treated sperm are 
caused by genetic changes of known types. And it is 
to be observed that, with increase in the dose used, the 
gross structural changes, as opposed to the minute re- 
arrangements and gene mutations, tend to become the pre- 
dominating factor in the causation of the deaths, be- 
cause of the exponential rise in frequency of the former 
changes with increase in dose, accompanied by a merely 
linear rise in frequency of the latter. 

Although the above applies only to the cells of 
embryos derived from irradiated spermatozoa, the con- 
clusion cannot be avoided that at least some of the cell 
deaths in directly irradiated tissues must be of the 
same origin. It is not unlikely, for example, that the 
apparent adhesiveness of their chromatids and chromosomes 
seen after irradiation is only an expression of the 
fusion of previously broken ends. Moreover, if such a 
transference of our conclusions derived from the irra- 
diation of spermatozoa is valid, we can to some extent 
use our knowledge of the mechanism of production of the 
genetic changes to anticipate the results ensuing when 
the conditions of radiation, or of the tissue radiated, 
are altered. For example, since in the ordinary 
somatic cell, unlike the mature spermatozoon, union of 
broken chromosome ends can probably occur, the time - 
intensity relation will play a role, as pointed out in 
section IV (d). 

There are various reasons why, if the deaths are 
due to genetic changes, tissues undergoing active pro- 
liferation will be killed more easily than other tis- 
sues. For one thing, the formation of structurally 
changed chromosomes in them will sooner be followed by 
the loss of the acentric and dicentric fragments so 
formed, since these losses can occur only during 
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mitosis. Secondly, the more active anabolism and, in 
general, the more active utilization of gene products 
which must occur in proliferating cells must result in 
a more rapid expression of the effects of their abnormal 
genetic constitution (including those of gene mutation) 
and so must lead sooner to death or malfunctioning. 
Thirdly, proliferating tissues are less likely to be 
polyploid and thus partially protected from the effects 
of genetic changes of all kinds (see next section).' 
Fourthly, with mitosis occurring more frequently, the 
broken chromosome ends derived from opposite sides of 
the same break are more likely to become moved apart 
before they can undergo restitutional unions, and in 
addition the chromosomes are more likely to divide be- 
tween breakage and union, thus giving attached chromatid 
fragments. Fifthly, if chromosomes in mid -mitosis are 
more likely to be changed structurally be radiation, 
like the similarly condensed chromosomes in spermatozoa 
(as we might judge from work of Holthuzen38 and others 
showing this period to be more sensitive to the lethal 
effects of radiation), then tissues containing more 
mitoses should be more harmed by radiation.N 

It may well be that the chromosomes in mid -mitosis, 
like those in spermatozoa, are more readily affected 
because the breaks or potential breaks are stored up in 
them, a circumstance which allows the broken ends to be- 
come moved apart before union occurs, and would also 
allow all th1C breaks to be present in the cell at once. 
thus giving a greater chance for recombinations to 
occur. In this connexion it should be noted that some 
authors, on the contrary, have assumed that mitotic chro- 
mosomes were more resistant to being changed by radia- 
tion. This is because most of the structural effects 
are not yet observable at the time of this mitosis 
which was subjected to the treatment. They should, 
however, be observable in the mitosis following this, 
and only after that in turn should the deaths due to 
structural changes occur. 

The correlation of the facts now known concerning 
the mechanism of structural change, and the manner of 

ASee for instance the recent paper of Guyer (1939, 
Froc:- Soc. exp. Biol. and Med., N.Y., 42, 565 -8) which 
has just come to hand. In this work cancer tissue was 
found to be more harmed by X- radiation when under the 
influence of colchicine. 
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occurrence of gene mutation, under the action of radiat- 
ion, with the facts concerning the manner in which 
necrosis and malfunctioning of proliferating and other 
tissues is brought about by radiation, has only just 
begun. It would seem, however, to offer considerable 
promise of increasing our understanding and control of 
the necrotic processes. 

(h) Pon- genetic influences 

At the same time, we should beware of explaining 
all possible results by the same formula. The phenomena 
dealt with in this paper are those resulting from ir- 
radiation of chromosomes, as effected in most nearly 
isolated form in mature spermatozoa. That the irra- 
diation of the whole cell may entail additional effects, 
of a quite different character, has been shown, among 
other things, by experiments in which eggs and embryos 
as a whole are irradiated. Eggs and young embryos 
tolerate a much lower dose than sperm, yet they do not 
have as many genetic changes induced in them. This in 
itself shows that much of the lethal action on them is 
non -genetic, when the irradiation is applied to them 
directly. Now as Miss Lamy and the author have re 

5 ported in a separate paper at the seventh con.gress`+, 
special studies of the relative viabilities of diploid 
and triploid embryos directly subjected to the same do- 
sage of X- radiation show that the diploids are killed 
off at no higher rate than the triploids. This con- 
stitutes, in our opinion, cogent evidence from another 
an:le that these deaths were not caused by structural 
changes or c.ene mutations in the chromosomes, for the 
diploids would not be as well protected as the triploids 
against the effects of genetic changes. These deaths, 
then, were caused by some disturbance of physiological 
processes that did not depend on any prior effect on 
chromosomes or genes. 

We do not know to what extent such embryonic cells 
of Drosophila - doubtless still containing much yolk 
and other material that had been stored in the egg - may 
be representative of proliferating cells in general. 
But at least the results show that we should bear pos- 
sibilities of this latter kind in mind, in addition to 

the possibilities of structural change and gene mutation, 
when searching for explanations of the necrotic pro- 
cesses accompanying irradiation. In so far as the 

deaths may be due to the genetic changes, the geneticist 
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may be of help in the investigation and interpretation 
of the necrotic phenomena, but in so far as they are 
not he can only apply such tests as these, to obtain a 
negative verdict, and thus to show the need for the 
general physiologist as well. 
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SUMMARY 

Data are presented which show that a given number 
of ionizations produced in Drosophila spermatozoa by ir- radiation result in the same number of gross structural 
changes regardless of (a) wave -length, from 50 kV 
X -rays to gamma -rays, (b) continuous dose or fractiona- 
tion over a 3 -week period, (c) fertilization immediately 
or one month after treatment, (d) radiation intensity, 
from 0.01 to 250 r /min., (e) temperature, from 5 to 
37 °C. Hence in spermatozoa undergoing irradiation, 
"primary effects" of individual ionizations accumulate 
independently until fertilization, and their final total 
number determines the number of structural changes 
produced. 

These primary effects are not the genetically ob- 
served rearrangements themselves, but must combine, 
usually in twos, to produce the rearrangements as se- 
condary effects,although not until after all of the 
primary changes have been produced (i.e. after fertili- 
zation). For the frequency of the genetically observed 
gross rearrangements Caries as the 3/2 power of the 
final (total) dosage, for the range from 1000 to 4000 r. 
This is (vide Stadler and Catcheside) the relation ex- 
pected at those doses for surviving combinations of the 
primary changes, if the latter consisted of breakages 
or potential breakages. At lower doses, the observed 
exponent does not fall towards 1 (linearity) , as it 
would if only a part of the rearrangements represented 
combinations of independent primary changes, but pro - 
bably rises nearer to the square, as expected if all of 
them were formed in this way. 

That the "primary changes" in the sperm are really 
breakages (actual or potential) is further indicated by 
data on whole chromosome losees, which would be caused 
by "simple breakages" that had failed to undergo com- 
bination (except of sister fragments). For the fre- 
quency- dosage relation shown by these cases (which are 
but a small minority of the total) is found to be an 
approximately linear one, as expected. It is inferred 
that XX,XO -type gynandromorphs and other whole -chromosome 
mosaics resulting from irradiation of spermatozoa re- 
present cases in which union of broken ends was delayed 
until after chromosome division; restitution then oc- 
curred in one chromatid but not in the other, which 
consequently was lost. Similarly, chromosome mosaics 
in which the two first cleavage nuclei must have 
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differed in regard to the structural changes they con- 
tained are probably. derived not from the chromosomes 
having already been split in the treated spermatozoon 
stage, but from union of ends having been delayed until 
after chromosome division, and having then occurred 
differently in sister chromatids. 

Additional evidence that breakage precedes union is 
provided by the multiple nature of some of the exchanges, 
and by data indicating that these multiple- exchange 
translocations (obtained from ring chromosomes) increase 
more rapidly than those having ordinary double ex- 
changes, as the dose of radiation is increased. At all 
doses tested, however, the multiple- exchange cases were 
found to be more frequent than expected on a random dis- 
tribution of breaks and unions; this result shows that 
initial proximity of broken ends favours their union, 
and that restitutions must be therefore favoured at the 
expense of all types of new combinations. Sidky's 
finding of a translocation between a non -radiated 
maternal and an irradiated paternal chromosome furnishes 
evidence from another angle that breakage precedes union. 

Data are given showing that minute rearrangements 
of different kinds, unlike gross-rearrangements, have a 
linear frequency -dosage relation. Hence their breaks 
are interdependent, caused by a spreading of the effects 
of the same ionization to neighbouring points on the 
chromonema spiral. 

This spreading of effects provides decisive evi- 
dence against the assumption that the genetic effects 
of radiation necessarily result from the ionization of 
atoms which formed a part of the genetic material af- 
fected. For this and other reasons, pointed out in the 
text, it is fallacious to identify the so- called 
"sensitive volumes" or "sensitive areas ", calculated 
from the frequency of induced genetic changes, with the 
actual sizes of the genes or chromonemal material 
affected. 

It is calculated that gross and minute structural 
changes, together with dominant lethal gene mutations, 
are, together, of the order of frequency to explain the 
mortality found for cells (of fertilized eggs and 

embryos) derived from irradiated spermatozoa. A part 

of the necrosis produced by irradiation in proliferating 
tissue in general must be of the same origin, hence 
studies on the mechanism of structural change and gene 
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mutation should help in the understanding of these 
effects. But this is not the only way in which irra- 
diation kills such cells, as data (Lamy and Muller) on 
relative mortalities of irradiated triploid and diploid 
embryos show their death to be predominantly of non - 
genetic origin. 

The finding that breakage precedes fusion in the 
process of structural change strengthens, by analogy, 
the case for the conception of breakage first as op- 
posed to fusion first at the points of exchange of con- 
nections in crossing over, and this in turn favours the 
theory according to which the chromatids at the time of 
crossing over are subject to a mechanical stress, which 
tends to break them mechanically. 

The problems are discussed of whether "gene muta- 
tions" are only ultra- minute linear rearrangements and 
of whether the "gene" is really a sharply defined seg- 
ment of the chromonema. Evidence is presented showing 
that ultra -violet produces gene mutations without first 
breaking the chromosomes and this result as well as 
others is regarded as raising difficulties for such a 
view. It is held, however, that this matter is as yet 
far from settled, and the situation may be more complex 
than is generally realized, as indicated by studies on 

viruses. 
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