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I. INTI~ODUCTION
Some of the primary genetic changes induced by mutagens in Drosophila sperm result in
zygotic lethaligy. Accordingly these changes which are collecgively termed 'dominang
lcthals', cannot be maingained and studied in successive generations as is the case with
recessive leghals. However, the mechanism and frequency of their induction can be
inferred with a fair degree of accuracy by the study of the yield of lethal zygotes among
eggs fertilized by the treated sperm.
Dominant lethal induction by X-radiation has been extensively studied by many
authors, mainly Muller (1927, 1940), Hanson (1928), Gowen & Gay (1933), Sonncnblick
(1940), Demercc, Kaufmann & Hoover (1938), Fano & Demcrcc (1941), Dcmerec &
Naufmann (1941), Catchesidc & Lea (1945a), Lea & Catchcsidc (1945), Bonnier & Litning
(1950) and Liining (1952a, b, c). As a result of these studies it became clear that zygotic
lethality caused by irradiation of the sperm is genetic, rather than physiological (IVIullcr,
1940), and that it occurs predominantly in the egg stage, so that embryos which reach
the larval stage usually succeed in completing their development to adltlts. Most authors
arc also agreed that there is a correlation between X-ray dosage and the frequency of
inviable zygotes, but not on the exact nature of this relationship. The data of Gowen
& Gay (1933) suggest that there is a linear relationship between the yield of dominant
lcthals and X-ray dose. This, however, was later disproved by Fano & Demerec (1941),
Sonnenblick (1940) and Catcheside & Lea (1945a). The last authors showed that when
hatchability after X-radiation was plotted semi-logarithmically as a function of dose,
a curve was obtained showing an increased gradient at high doses.
The genc~ic mechanism responsible for the induction of dominant lcthals has been the
subject of much experimentation and speculation. There can hardly be any doubt that
dominant lethals are predominantly major chromosome structural changes. Small
deficiencies and symmetric exchanges are viable, usually as recessive lethals, which
suggests that dominant lethals must result from even more drastic chromosome changes:
large deletions and asymmetric interchanges (Pontecorvo & Mttller, 1941). However, the
estimated frequency of these rearrangements, based on the assumption that they are as
frequent as certain comparable viable rearrangemengs, showed that their expected yield
falls short of the observed dominant lethal rate (Fano, 1941). Chromosome loss caused
39-2
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by single chromosome breaks that undergo sister union (of chromatids after chromosome
duplication) has therefore been proposed as adding to dominant lethality (Muller, 1940;
Muller & Ponteeorvo, 1942; Ponteeorvo, 194.1, 1942). Lea & Cateheshle (1945)and
Haldane & Lea (194.7) devised a mathematical expression for the yield of doud'la,lt lethals
as a function of X-ray dose, on the basis of mechanisms of sister union of single breaks
and asymmetric exchanges. Their estimates fit the experimental results satisfactorily,
indicating t h a t the proposed mechanisms are essentially correct.
It has long been recognized that significant differences occur between the experimental
yield of dominant lethals at the same X-ray dose assessed by different authors, or even
by the same author in replicate experiments. The reasons for these differences bare now
been traced to a diversity of factors. Demeree et al. (1938) found t h a t the stock of the
flies used is importan% Oregon R being more sensitive to the inductio, of dominant
lethals than Swedish B. Also the age of the male at the time of irradiation is relcva,t; the
dominant lethal rate increases the older the males are at the time of t r e a t m c , t (Dcmpster,
19~1 ; StrSmnaes, 194.9 ; Bonnier & Ltining, 1950). The stage of spermatogenesis at which
the sperm is irradiated also plays an important xole. When irradiated males were
repeatedly mated to virgin females, so t h a t sperm derived from younger germ cells was
used in later broods, it was found t h a t the frequency of dominant lethals in successive
broods varied markedly (Patterson, 1933 ; Demeree & Kaufmann, 194-1 ; Liining, 1952 a, b, c).
The most extensive data on this problem are those of Lihfing, and they show that
the highest yield of dominant lethals occurs among sperm ejaculated 7-10 days after
treatment, indicating that the most sensitive germ cell is a stage younger than mature
sperm.
Dominant lethals induced by chemical mHtagens have not so far been studied
quantitatively because of difficulties in assessing the administered dose. The injection
technique used in our laboratory enabled the overcoming of this difficulty. It was found
that with 2 : 4-: 6-tri(ethyleneimino)-i : 3 : 5-triazine, injection experiments using the same
molar concentration on males of comparable size and age always yielded almost identical
sex-linked recessive lethal rates. Fm%hermore, this rate was found to vary linearly with
the injected dose expressed in molar concentration (Fahmy & Bird, 1953). It is clear,
therefore, t h a t for the above compound there is a consistent and positive colTelation
between the physical dose injected and the genetic reaction induced. This great technical
advantage made it possible, for the first time, to undertake an analysis of the mechanism
of induction of dominant lethals by a chemical mHtagen.
II. i~{ATEl%IALAND TECHNIQUE
The ml}tagen used in the present investigation is 2 : 4-: 6-tri(ethyleneimino)-i : 3: 5triazine:
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The compound was always administered durra-abdominally by injection (Bird, 1952)
around the testes of males from the Oregon K stock. The average weight of the male used
was 0.82 rag., and it received an average of 0.33/~1. of solution. The average absolute dose
received b y each fly, therefore, when injecting the mutagen at a concentration of
I x 10-%r, for example, is 0.67 x 10 -~ nag. The experiments were designed to enable the
assessment of the effect of the dose injected, as well as the stage of spermatogenesis at
the time of treatment, on the yield of inviable zygotes. For each concentration, therefore,
the injected males were mated repeatedly to virgin wild-type females after set intervals,
and the hatehability of the eggs laid[ was assessed for each brood. The method was
standardized so as to eliminate variation due to age of male and to minimize the effect
of differences in rate of insemination b y different males. The age of the males used was
fixed at 30 _+5 hr., and the same mating and egg-scoring scheme was adopted in different
experiments.
Six gradually increasing doses were investigated, varying from 0"3 to 3.4-x 10-4~
solutions of the mutagen. For each concentration 150-200 males were iniected, and
24: hr. ]ater about half of them were mated to wild type Oregon K females for the egg
eotmts, and the other half were subjected to a ~uller-5 sex-linked recessive lethal test as
a biological cheek on the effective genetic dose. Natings were in pail" ctfltures, and all experiments were carried out at a temperatl~'e of 25 ~ C. _+1. Females used in the hatchability
experiments were g-day-old wild-type Oregon K, and they were fed on a medium with
excess yeast before mating. The treated male was allowed to mate with the normal female
for one day in a food vial, and then the pair was transferred without etherization on to the
egg-laying disk. The most favottrable medium for egg l @ n g and egg scoring was found to
be a blackened mixture of agar/acetic/alcohol: 3 g. agar, 1 c.e. glacial acetic, 2 e.c. ethyl
alcohol and 100 e.e. of water, blackened with charcoal. The mixtm'e was first prepared in
I x 3 in. columns and then cut into disks 1 in. diameter, xa in. thick. A_ very thin film of
yeast was spread over the disks, and they were then placed on the appropriate corks to
fit 3 x I ha. vial,s which were used as the laying chambers. A strip of stiff filter-paper was
wrapped rotmd the edge of the disk and the cork to keep them together and facilitate
their fitting into the vials.
For the collection of eggs, each pair of flies (treated male and wild-type female) was
kept ha the laying rims for 24 hr. and then removed. The egg-carrying disks were kept for
a further 48 hr. to allow for slow development and then scored for hatchability. I t was
folmd t h a t the eggs which did not hatch within this period never gave larvae later and were
therefore true egg lethals. Only these completely sterile eggs were considered as a measure
of dominant lethality. The treated males were mated repeatedly at 3 days' intervals to
virgin females. I n most eases it was possible to get ten broods from each male.
The testes of some treated males were prepared for cytological examination. Aeetooreein-euparal squashes of whole testes were sufficient to enable the detection of the
various germ cells and the gross histological changes induced b y the treatment. Samples
of the unhatched eggs were also stained i~ toto by a modified Feulgen technique (Fahmy,
1952). This enabled the determination of the fate of the treated sperm nucleus in the
zygote and gave a general idea, of the nurture of the mitotic and developmental accidents
responsible for dominant lethality.

606

A n a l y s i s of the action of carcinogens a n d turnout inhibitors
III.

OBSERVATIONS

(a) Genetic natw'e of chemically induced dominant leth.,ls
The first problem in the study of dominant lethals by chemical mutagens is to determiae
how far zygotic lethality as a result of germ-cell treatment is genetic and not physiological.
On general grounds it is hardly feasible t h a t with our technique zygotic lethality could
have been induced by the conveyance of the compound into the fertilized egg. The part
of the sperm used in fcrtilization is the sperm head, which consists of little more thau the
condensed haploid paternal chromosome set. This situation practically eliminates the
hazard of the transference of the chemical compound in the cyto]?lasm or nuclear sap.
One type of evidence indicative of the action of a mutagen on the chromosomes comes
from the study of disturbances in the sex ratio. Data presented in Table l show couchisively t h a t the action of tri(ethyleneimino)-triazine on the sperm b earing th e X-chromo.
some is definitely more drastic t h a n on t h a t bearing the Y.
Table i. Dgstu~'bances in sex ~'atio as a ~'esult of t~'ec~tme~ztof the male ya'rent
:Dose x 10-%I
0
1.5
2.5

Females
Males
Series A. )L[uller-5 mothers
13,312
11,201
16,128
15,017
3,261
3,9~1

0
2.5

Series B, Attached-X mothers
5,462
5,994
5,7~2
3,774

l%atio
females/males
1.19
1.07
0.83
0.91
1.52

Series (a), Table 1 shows the distm'bances in the sex ratio occurring in the F 1 of treated
males and Muller-5 females. The X-chromosomes in these females are homozygous for two
inversions as well as two gene markers, one dominant and one recessive (scSZB(lnS)w a scS).
In this series the control cross shows a preponderance of females, but it can be seen tha~
the sex ratio has been shifted in favour of males, most pronouncedly so at the higher dose.
The data were analysed statistically in fourfold tables, by comparing the frequency of
the sexes in the experimental cultures with the control at each dose, and with each other
at different doses. The values of X2 obtained indicated t h a t the deviations were grossly
significant.
When the treated X-chromosome was passed to the male offspring by mating the
treated males to attached-X females (series (b), Table 1) the sex ratio was reversed
towards more females. The reduction in the males in this cross is due to the combined
effect of the dominant and the recessive lethals induced in the paternal X. Here again
the disturbances in the sex ratio proved to be grossly significant. These results are
exactly what would be expected if the action of the chemical mutagen is on the chromosomes, i.e. genetic, since it is known t h a t the Y-chromosome is genetically inert, and
therefore its breakage, or even its loss, is far less likely to induce zygotic lethality compared with the X-chromosome.
A sample of the unhatched eggs produced at the highest and lowest doses were prepared
for cytological observation, All the eggs examined were inseminated. Rarely and only
at the higher dose, the sperm head was found in its condensed form near the micropylar
.;nd ~
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a gamete lethal has been induced, so t h a t though insemination has taken place, fertilization failed. By far the most frequent cause of zygotic lethality is erroneous cleavage.
Unhatched eggs often show abnormal cleavage mitoses, With fragments and bridges, as
well as huge clumps of chromosomes which undoubtedly arose as a consequence of mitotic
accidents. It can safely be concluded, therefore, that lethality in zygotes fertilized by the
treated sperm is due to chromosome breaks followed by asymmetric rearrangements.
These result in mitotic accidents and ancuploidy during cleavage, thus inevitably leading
to the arrest of embryonic development.

(b) Effect of dose
It has been shown t h a t there occurs a linear relationship between the yield of sexlinked recessive lethals and tim dose of tri(ethyleneimino)-triazine expressed in molar
concentration (Fahmy & Bird, 1953). In the present experiments on dominant lethals,
the sex-linked recessive lethal rate has also been determined, as a cheek on the biological
close actually reaching the chromosomes. The results obtained (Table 2) confiml our
previous conclusion regarding the direct relationship between dose and the total yield of
sex-lit~ed recessive lethals. They also enabled the assessment of the mutagenic efficiency
of the chemical agent compared with t h a t of X-rays. It has been shown t h a t a 1000 r. of
X-rays induces 2.89% sex-linked recessive lethals (Catcheside, 191-8) and is, therefore,
equivalent to 0.6 x 10-4M of the imine.
Table 2. Variation in dominant and sex-linlced ~'ecessive lethal rates with dose
Dose x I 0 - % 1
a

Genetic property
Dominant lethals ..
:Eggs
% lethal
Sex-linkedrecessive Clu.omosomes
lethals :
% lethal

c0'3
0.6
1.0
2.0
2.5
4,476 17,328 8,020 16,455 13,389
19.1
22.4
54.6
79.2
81.8
3,034 2,066 1,658
849
1,534
1.3
2.9
6.2
8.7
11.3

3@
5,076
97.3
335
16.7

A number of experiments were carried out to determine the dose/dominant lethal
relationship for the imine (Table 2) and to compare it to that of X-rays. In Fig. 1, the
percentage of egg survival (viable zygotes) has been plotted semi-logarithmically as
a function of dose for X-rays (Catcheside & Lea, 1945a), and for mutagenically equivalent
doses of the iminc (0.6 x 10-4~ was taken as equivalent to 1000 r.). The similarity ia the
general shape of the curves for the two mutagcns is evident; each starts almost linear
and then proceeds with an increased gradient. This suggests t h a t dominant lcthals,
whether induced by the physical or the chemical agent, are predominantly single-event
effects at low doses, as would result from single-break chromosome aberrations, but at
higher doses arc the consequence of multiple effects, as would result from multiple breaks
and exchanges.
The quantitative interwetation of the yield of dominant lethals as a function of X-ray
dose has been worked out in the form of a mathematical exwcssion by Lea & Catcheside
(1945), and more extensively by Haldane & Lea (1947). The close similarity in the
dose/genetic effect relations between the iminc and X-rays portrayed in the present data,
as well as for the different classes of sex-linked recessive lethals (Fahmy & Bit'd, 1953),
made ib legitimate to accept the assumptions on which the mathematical theory has been
based (see Discussion, p. 615), and thus to apply it for the deduction of the mechanism
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of induction of the dominant lethals by the chemical agent. Adopting ]-[aldmle & Lea's
(19~7) terminology the expression of the dominant lethal yield is based on the following
assumptions: a dose D of a mutagen is assumed to induce an average number of breaks
r =ctD per nucleus, consisting of an average number of ~pD breaks that undergo sister
lmion and behave as dominant Iethals, and aqD which do not contribute to such le~hals,
since they yield eueentric and therefore viable rearrangements, ~ being the lmmber of
1)rimary breaks induced per nucleus per unit dose, p the probability that a give. break
X-ray dose X10 ~ r.
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Fig. l. Zygotic viability (egg hatchability) cm'ves for mlltagenicatly equivalent doses (as rega~'ds the
induction of sex-linked recessive letha,ls) of X-rays (A) and tri(ethylencimino)-tdazine (B).

shall neither restitute nor interchange but lmdergo sister union, and q ( = l - p ) the
probability that it shall either restitute or interchange. Union among the breakage ends
which do not undergo sister lmion is presumed to be random. On the basis of the above
criteria, the frequency and fate of the initial breaks induced in the ~rea~ed nuclei by
a given dose were predicted mainly by the application of the Poisson distribution. The
formlfla which will be used in the present analysis (Haldane & Lea, 1947, p. 6, formlda (8))
is reproduced below.
The proportion of male gamete nuclei which are eucentrie, with or without aberrations,
and which will therefore .yield viable zygotes, is
Y=e-~DS2,
where

S~= 1 +~zqD+89

+ ~ 1 . - /#r + ...,

and E r is a correction for the number of chromosome arms per nucleus.
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Values of ,~= h a v e been t a b u l a t e d as a f u n c t i o n of a q D for various n u m b e r s of chromosome arms (I-Ialdane & Lea, 19~7, p. 5). The proportion of nuclei t h a t yield d o m i n a n t
lethals is (1 - Y) a n d can also be d e t e r m i n e d b y experiment, thus allowing the testing of
the theory.
H a l d a n e & Lea f o u n d t h a t the theoretical curve for a c h r o m o s o m e set with five arms
(which is the case in D~'osophila melanogaster ) fitted the experimental X - r a y d a t a satisfactorily w h e n aq (the m e a n n u m b e r of p r i m a r y breaks per sperm per 1000 r. hlvolved in
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Fig. 2. Variation in dominant lethals with dose. Ore'yes are theoretica.h (A) calcttlated fez'X-rays with tIa.ldane
& Lea's (104:7) correction for the number of chromosome arms; (B) calmflated for tri(ethyleneimino)triazine with correction. Points are experimental: • Catcheside & Lea (194:5a) for X-rays; & the imine
vahles fitted to X-ray cm've by taldng 0"47 • 10-%[ as equivalent to 1000 r.; 9 the imiue values plotted
on the basis of the mutageniclty equivalence as regards the induction of sex-linked recessive lethals
(0.6 • 10-4~[= 1000 r.).
viable rearrangements) was t a k e n as 0.52. This is shown in Fig. 2 as cm've A, t o g e t h e r
with Catcheside's experimental points (indicated as x ). W e f o u n d t h a t the X - r a y
theoretical curve fitted the imine domillant lethal points (indicated as A), even b e t t e r
t h a n the X - r a y ones, when 1000 r. was t a k e n to be equivalent to 0"~7 x 1 0 - ~ of the
compound. "There can be no doubt, therefore, t h a t the p o s t u l a t e d t h e o r y of the m e c h a n i s m
of c h r o m o s o m e r e a r r a n g e m e n t s holds t r u e for the chemical a g e n t : t h a t the d o m i n a n t
lethals it induces are the consequence of c h r o m o s o m e breakage followed b y non-eueentrie
structural changes. I t can also be d e d u c e d t h a t the value ccq = 0.52 is a q u a n t i t a t i v e
expression of the average n u m b e r of viable p r i m a r y breaks per nucleus per 0.4-7 x 10-4M
of the c o m p o u n d . The values of a and q separately can be calculated b y simple deduction
f r o m the theoretical formula given a b o v e :
1 - Y for X - r a y s
= 1 --e-~D~g2
and

1 - Y' for the imine = 1 - e -~'D' N;.
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Since 1 - Y = I - Y '
for equivalent doses of the two mutagens, i.e. when [000r. is
-0"1.7 x 10-4~, ct'~for I x 10-4~ of the imine can be calculated. Thus
e-~'

;S'~'

where ;g~ is a function of ~qD=0.52 x 1 =0.52 and ;S'~is a function of the equivalent

cgq'D' = 0.52 x ~

=1

The above values of S~ were obtained from Haldane & Lea's table for five arms and cg
was found to be equal to 1.277 per 1 x 10-4~. q therefore is
0.52
-

1.277

0.1.07.

Using these values of c~ and q, the expected yields of dominant lethals were calculated
for the concentrations of the chemical mutagen used experimentally. Curve B, Fig. 2,
shows the theoretical curve and the experimental points for the imine, plotted on the
same graph as X-rays, by taking 1000 r. as equivalent to 0"6 x 10-4~, which is the value
deduced from the comparison of the yields of the sex-linked recessive lethals. It is obvious
that the theoretical curve fits the experimental results admirably, and that the chemical
agent yields more dominant lethals than X-rays. At mutagenically equivalent doses of
the two agents, the number of primary breaks per nucleus is 1"277 x 0"6=0"77 for the
imine compared with 0.78 for X-rays. The mechanism of rejoinability of the breaks,
however, is different for the two agents, q for the imine = 041, whereas the corresponding
q for X-rays = 0"67. It is clear, therefore, that the higher potency of the chemical mutagen
in the induction of dominant lethals is entirely due to the fact t h a t its breaks are far less
lil~ely to interchange than to lmdergo sister union.

(c) Effect of cell stage
Brood tests have been lmdertaken for six doses of tri(ethyleneimino)-triazine ranging
from 0"3 to 3"4 x 10-4~ (Table 3). For five of these doses (2"5 x 10-4~ and less) it was
possible to analyse ten broods of 3 days each. For the highest dose, however (3.4 x 10-4M),
it was not possible to carry the experiment beyond the 7th brood (21 days after treatment),
since the egg samples in the last three broods were too small to be of any significance. In
oar statistical analysis, therefore, we only considered the five complete experiments.
The distribution of dominant lethals among the ten broods in the five complete experiments have been compared in a 5 x 10 contingency table. The total X~ for 36 degrees of
freedom was fomld to be 66.69, corresponding to P=0"003, showhlg that the observed
distribution in the different experiments varies significantly. A glance at the brood curves
for all experiments (Fig. 3) reveals t h a t the shape of the curves is almost the same for the
beginning and the end, but is different in the middle. This suggested the testing of the
distribution in each four broods separately also by the contingency table technique. This
analysis gave for broods 1-1., X~=6"92, D.~.=12, P=0"86; for broods ,t-7, X~=33 "88,
D.:e. = 12, P = 0"001 ; and lastly for broods 7-10, X~= 8"55, D.F. = 12, P = 0-7t-. It is certain
therefore, t h a t the heterogeneity in the data is entirely due to the difference in the yield
in the middle broods. Further analysis showed that the distribution for all ~en broods
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was no~ significantly different for ~he ~hree higher doses (X2=11-61, D.F. =18, P=0-S~t)
a n d also f o r ~he ~wo l o w e r d o s e s ( X ~ = 5 . ~ 7 , D.F. = 9 , P = 0 ' 7 9 ) .
T h e a b o v e s~atis~ical a n a l y s i s i n d i c a t e s t h a ~ t h e r e is a d i f f e r e n c e i n ~he r e s p o n s e o f
g r o u p o f e a r l y g e r m cells ( u t i l i z e d i n ~he 4 - 7 b r o o d s ) a n d t h a ~ t h i s d i f f e r e n c e is m a n i f e s t
w h e n t h e d o s e e x c e e d s a c e r t u i n l i m i t ( a b o v e 0.6 x 1 0 - ~ ) .

The treated

testes were,

Table 3. Dominant lethals in successive broods at different doses
Dose x 10-'~
0
r- ~ - ~
Brood
E.
1
~Pl7
2
916
3
137
4
99
5
1,871
6
509
7
1,678
8
707
9
1,120
10
1,936
Tott~l 9,420

0.3
0.6
1.0
2.0
~ ~
~
~ r--~--~
~
r---->"
%L. E.
%L.
E.
%L.
E.
%L.
E.
5.4
335 28.1
658 34=.8 1,063 74,0
3,621
6.3
219 1 3 . 7 2,390 20.7 1,531 6 2 , 1 1 , 3 0 0
2.9
34=9 1 6 . 9 2,400 23.9
4=42 6 9 . 2 3 , 7 7 5
6.1
817 2 6 . 7 1,476 22.3 1,40~t 6 8 . 2 2 , 0 3 5
4.7
198 8.6
1,388 11.5
196 6 0 . 7 1,530
4=.7
182 1 1 . 5 2 , 9 7 9 21.1
33 6 6 . 7 1,102
7.7
661 22.5
2 , 7 5 1 27.7
853 40.3
1,811
3.0 1,231 1 6 . 8 1,851 21.7
227 38.8
222
4.8
3~0 1 0 . 0 1,052 2 1 . 1 1,163 32.9
774
17.4
1~4= 17.4
383 19,6 1,108 37.8
285
7.9 4,476 19.1 17,328 22.4= 8,020 5 4 . 6 16,455
E. ~eggs; L. =lettml.

2.5
~ ~
%L.
E.
89.5 1,889
72-7
456
8 4 . 6 2,489
85.4
2,4=03
92.7
3,806
88.6
987
5 3 . 1 3,116
47.3
357
~5.2
~82
40.7
375
7 9 . 2 13,389

~
%L.
9~.~
79.2
90.6
93.4
94.2
83.4
61.8
33.9
34.4
32.0
81.8

3.4
r
~
E.
%L.
559
99.6
1,070 96.1
151
99.3
1,609 99.4=
166 100
210 100
1,311 94.~
------5 , 0 7 6 97.3
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therefore, prepared for cytological examination in an attempt to find whetlier there is any
gross morphological damage that might account for the variations observed in the brood
pattern at the high compared with the low doses.
The testes of 1-2-day-old males contain all stages of spermatogenesis from early
spermatogonia to mature sperm (Fig. ~). The distribution of the various stages of the
germ line in the lumen of the testis, though by no means constant, does nevertheless Show
a certain degree of reglflarity, so that it is always possible to predict with confidence where
certain types of cells occur. The pattern depicted in Fig. 4 is the most cOmmonly
encountered. The position of the primary spermatoeytes is the most consistent. They
occupy a third to a half of the distal straight blind end of the testis, mainly peripherally,
lining the testis sheath. Spermatoeytes occurring in young males show all stages of
growth, from cells almost the size of secondary spermatogonia to fully grown ones atthe
later stages of meiotic prophase (diplotene and di~kinesis).
Spermatogonia I

Sperm

Spermatocytes

Late spermatids
undergoing spermateleosis
Fig. 4. Diagrammatic representation of the distribution of the various male germ cells
in the testis of 1-2-day-old Droso2)Mlamelanogaster.

Examb~atiou of the testes of males treated with the imine sllowed that at the higher
concentrations the compound induced cell lethality, particularly on the later spermatoeyte stages. In the fixed and stained preparations spermatoeytes sliowed various signs
of degeneration. The milder symptoms were irregular cell eontoltrs and exceptional deep
staining of nucleus and e3~oplasm. Extreme cases were found (especially in testes treated
with the highest dose, 3"4 x 1 0 - ~ ) where the larger spermatoeytes were eompletdy
undeteetable; theh" place in the testis (the distal third from the blind end) was occupied
by an undifferentiated matrix of cytoplasm with deeply staining solid ehromatin masses,
presumably representing the nuclear remnants. Even in such severely damaged testes it
was possible to detect the other stages of sperm~togenesis, apparently unaffected. The
obvious conclusion, therefore, is that germ cells, which are at the spermatoeyte stage a~
the time of. treatment, normally supply a large proportion of the sperm utilized in the
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4th-7th broods, and that the difference in the brood pa~tern at different doses within this
period might be the outcome of the killing effect the agent exerts on the later spermatocymes at the higher concentrations. This conclusion enabled the interpretation of the
brood curves in terms of relative germ-cell sensitivity to the mutagenic action of the
~ested imine, and a]so the explanation of the differences in tlie brood patterns at high
compared with low doses.
The interpretation of the dominanb lethal/brood relationship for the first fern' broods
(Fig. 3) offers no difficulty. The distribution of the lethals among them is consistent and
independent of dose and is, therefore, a manifestation of the relative sensitivity of the
different germ cells utilized within that period to the action of the mutagen. Since these
cells supply sperm used before the ~ith brood, which is the earliest time of the utilization
of spermatocytes (see above), they must have been at stilllater stages of spermatogenesis
at the time of treatment, presumably spermatids at various stages of spermateleosis and
mature sperm. The fact that the highest yield of dominant lethals occurs at the fu's~
brood, indicates that mature sperm is the mos~ sensitive stage. The trough which consistently occurs at the second brood shows that among the spermatids a stage occurs
which is more resistant to the genetic action of the compound than the sperm.
The middle parts of the brood cm'ves (~ith-7th broods), which were shown to represent
the response of spermatocytes, manifest different trends at the low compared with high
doses (compare curves b and c with d, e and f, Fig. 3). Since there are no complications
due to cell inviability at low doses, the curves at such doses give a complete representation
of genetic cell response. They will, therefore, be considered fu'st in the deduction of the
sensitivity pattern of the germ ceils utilized within the period under examination. These
curves are depicted in Fig. 3, b and c. It can be seen that there occm's a drop fl'om the
4th to the 5th broods and then a gradual rise through the 6th till the 7th. The depression
in the yield of dominant lethals at the 5th brood (about 15 days after treatment) most
likely marks the transition from post-meiotic to pre-meiotie sperm, h{eiosis in D~'osolJhila
males does not provide a barrier against the perpetuation of symmetric chromosome
rearrangements (as it does in other organisms), since it is not accompanied by crossingover. Nevertheless, it is bound to eliminate a proportion Of the non-eueentric rearrangements that take place in pre-meiotie germ mother cells, thus reducing the proportion of
sperm that yield dominant lethals. The depression at the 5th brood, should, therefore, be
excluded from consideration of cell sensitivity. The germ ceils that give sperm utilized
the 5th to the 7th broods, in view of the previous considerations, should correspond to
the earliest spermatocytes at the time of treatment. The rise in the curve during this
period indicates that the younger is the spermatocyte, the greater is its sensitivity to the
mutagen.
The curves at "higher doses (Fig. 3, d, e,f) differ from those at low doses in two features:
(a) there occurs no consistent trough at the 5th brood; actually the average over the three
high dose experiments shows a slight but significant rise from the 4-th to the 5th broods;
and (b) there is a marked ch'op in the lethal rate from the 5th through the 6th to the 7th
broods compared with the rise within the corresponding period at low doses. Both
features can be reconciled with the sensitivity pattern deduced from the low dose curves,
if we take into consideration the fact previously repmted that high doses of the mugagen
used eliminate the later spermatoeytes. These late spermatoeytie stages were shown to be
less sensitive to mutagenie action than the earlier stages. When they were eliminated at
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high doses, the whole of the sperm uti]ized in the 5th-7th broods had to be supplied by
the younger and more sensitive spermatocytes that survived the treatment, thus il mreasing
the yield of dominant lethals. Irurthermore, the difference in the sensitivity of the
younger compared with the older spermatocytes must be quite gross, since the elimination
of the less sensitive late cells changes the yield of lethals at the 6tli brood from being lower,
to being higher titan that at the 7th (compare Irig. 3, curves b and e with d, e and/). 3?he
lack of a trough (due to meiosis) at the 5th brood in the high dose curves is also understandable on the basis of consideration of sensitivity. Meiosis must have reduced the
frequency of breaks among sperm derived from affected diploid mother eel[s, but since
these cells were extremely sensitive, the dilution factor due to the division was not strong
enough to bring the lethal yield under that from post-meiotic sperm.
The distribution of the lethals among the last broods (7th-10th) is not significantly
different in all experiments, showing that it is independent of dose. The germ cells
utilized in these broods must have corresponded to the earliest stages of spermatogenesis
at the time of treatment, stages even earlier than the youngest spermatocy~es; presumably primary and secondary spermatogonia. These ceils show a low-grade sensitivity
which is approximately the same at all stages. This fact is manifested by the almost
parallel straight tails of the brood curves ab the different doses (Fig. 3).
IV. DlscUSSlON

Direct cytological observation of unhatched eggs fertilized by sperm treated with tri(ethyleneimino)-triazine showed disturbed cleavages due to non-eucentric chromosome
configurations. These obviously arose as a consequence of chromosome breaks followed
by asymmetric rearrangements. A single break, which is not closed by restitution, could
lead to a non-eucentric structural change if the broken chromatids undergo sister union,
resulting in dicentric and acentric chromosomes. Multiple breaks also lead to noneucentricity if the rejoining between the breakages results in chromosome formations with
more or less than one centromere. The disturbances of eucentricity result in mitotic
accidents, due to the lack of co-ordination in the functioning of the different centromeres
of a polycentric chromosome, and also the incompetence of acentric fragments to attach
to the mitotic spindle. When such disturbances occm" in a developing embryo they are apt
to lead to chromosome eliminations and gross genotypic unbalance, which will naturally
hinder and eventually stop development.
Genotypic tmbalance could also ensue as a result of large deletions, which might
originate by either of the following mechanisms: (a) persistence of open breaks through
healing and the perpetuation of the centric fragments only, as deficient chromosomes,
or (b) two break rearrangements resulting in the elimination of the interstitial fragment.
The gefiotypic disturbance would depend on the relative value of the eliminated part to
the organism's morphogenesis, and could conceivably result in dominant lethality in
some instances. Deletions through persistence of open breaks must be e•
rare,
since the probability of healing as opposed to rejoining in Drosophila is very low. Indeed,
so much so as to have led Muller (19~1) to propose his 'telomere' theory postulatitN that
chromosome ends are permanent and cannot be formed anew. Though serious doubt
regarding the telomere theory now exists (Catcheside & Lea, 1945b), it is still generally
agreed that the fl'equency of healing of breaks after X-radiation is of the order of 1 in 20
of the non-restituted breaks (Sutton, 19~0; Demerec, Kaufmann, Sutton & l?'ano, 19~l;
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Catcheslde & Lea, 1945 b). The situation regai'ding the healing ability oftri(ethyleneimino)~riazine b~:eaks is still under investigation, but there is evidence suggesting that it is not
mo~'e frequent than that of X-i'ays. Nearly a thousand F i salivary X-chromosomes from
treated males and noi'mal females have been observed cytologically, for doses ranging
fl'om 0'8 to ~1.0x 1 0 - ~ of the above compound, without finding any evidence for healing
(details to be published in a sepai'ate paper). Terminal inversions or translocations to
unbroken ends did not occlm, neither were there any termil]al deletions with healed new
ends. This does not prove iiTevocably that healed ends do not form subsequent to
breakage with the tested imine, but it certainly indicates that the process, if occm'ring,
must be very rai'e. Dominant lethality due to deletions i'esulting from the pei'sistence of
open breaks can, therefore, be safely neglected. The situation regai'ding intei'stitial
deletions, on the other hand, is diffei'ent, since there can be no doubt that they occur. About
6 ~/o of the sex-linked recessive leth~s induced by 1"5 x 10-4z of the imine wei'e associated
with deletions (Fahmy & Bird, 1953), some relatively large, involving 30-50 bands. It
seems, however, that deletions do not play a pronounced[ role in the induction of dominant
lethals, since it was possible to account satisfactorily foi' the variation of this effect with
dose on the basis of disturbances of eucentricity alone.
The mathematical theory of dominant lethals (Haldane & Lea, 1947) deduced on the
basis of sister union of single bi'eaks and asymmetric rearrangements among two or more,
was found to explain the dominant lethal/dose relationship for tri(ethyleneimino)triazine. Certain qualifications are, however, necessary to indicate the limits of applicability of this theoi'y to chemical mutagens. The mathematical expression describes the
expected fate of the induced primary breaks in terms of viable and inviable reari'angements. A primary break is taken to be one which has its broken ends separated, so that
they have some definite probability of meeting other broken ends and rejoining with
them. This, of col~se, will exclude all types of partial and potential breaks frequently
induced by chemical mutagens (Bird & Fahmy, 1953; Fahmy c%Fahmy, 1953), until they
open up and become effective. The proportionality assumed in the theory between dose
and the frequency of breakage (~=c~D) must be taken to refer only to effective breaks.
It has been shown that this proportionality holds true foi9 the imine investigated, since
the theoretical curve calculated on its basis proved to be a true expression of the experimental yield. ]u
this relationship is also valid for other chemical mutagens remains
to be seen. It will probably apply to water-soluble compounds with low toxicity which
penetrate easily into the cell, but not necessarily where there are complications due to
physiological factors and surface phenomena.
A certain proportion of the primary chi'omosome breaks induced by a mutagen will
contribute to domi~ant lethals, the rest to viable rearrangements. The theory of chromosome rearrangeinents ascribes a value 1~ to the probability that a break is involved in
a non-eucentric (and therefore inviable) rearrangement, and a value q = 1 - p to the (combined) probability that it will eithei' restitute or intei'change eucentrically and thus
remain viable. Stated in these terms, the theory can be applied to all bl'eaks, irrespective
of their mechanism of induction. It is assumed, however, that reunion among the viable
breaks is random. This assumption is obviously only an approximation to the truth even
for X-i'ays, and[ it will certainly be wrong for chemical mutagens if they possess a high
degree of specificity of action inducing localized loci of breakage and exchange. With
tri(ethyleneimino)-triazine, however, the assumption of raiidom i'eunion is pi'obably
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reasonably valid, since the mechanism of induction of recoverable chromosome rearrangements (in the Yi larvae and among sex-linked recessive lethals) under its cffcct
does not seem to be different from that after X-rays (Fahmy & Bird (1953) and undcr
publication). The application of the mathematical theory to the imine data cnablcd bhc
determination of the value of the constants describing the properties of thc chromosome
breaks induced: q=0.407 and 1)=0"593; the corresponding values for X-rays arc:
q = 0.67 and 1) = 0.33. This shows that the properties of the breaks are somehow dependent
on the mu~agen inducing them, probably clue to something in the process of the breakage
itself. This is in harmony with the assumption inherent in the theory ~hat q is constant
and independent of dose.
The manner in which the yield of dominant lethals varies with dose was folmd to be the
same for X-rays and tri(ethyleneimino)-triazine: initially proportional to the first power
of dose and then proceeding in proportion to a higher power. This result has been interpreted for X-rays to indicate that dominant lethals are a mixtm'e of 'single-hit' chromosome aberrations, the yield of which is proportional to dose and which predominate at
low doses, a n d ' multiple-hit' aberrations which increase more rapidly than the first power
of the dose and which become nmre significant at ]higher doses (Catcheside & Lea, 1945a;
Catchesidc, 194~8). The interprebation has obviotwly been inspired by the 'targe~ theory'
which is supported by the above authors. The fact that identical dose relations prevail
for the chemical mutagen investigated indicates that the postulation of direct 'hits'
as the mechanism of induction of chromosome breaks by X-radiation is by no means the
only explanation. These effects could result indirectly through the production of intermediary chemical radicals. This mechanism of indirect action of X-radiation through
water ionization has been proposed by Fricke (193~) working on the chemical effects of
radiation on aqueous solutions of organic and inorganic substances, and by Dale (19~0,
1942) working on enzymes. The same mechanism has also been suggested for the prodnction of mutations (Fricke & Demerec, 1937). More recently Gray (1952, 1953)
postulated that 'tI20 ~ is implicated in the initiation of chromosome sbuctural damage
by densely ionizing p articles '. Th oday (1953) has attempted to reconcile the target theory
with his previous results that the frequency of clm'omosome aberrations induced by
X-radiation in l/icic~root tips vary with the oxygen tension ditring the treatment (Thoday
& Read, 1947). I{e differentiates between radiation effects inside and outside the 'target
volume' of the chromosome. Action inside the target volume induces potential breaks,
only a proportion of which result in primary breaks dependent on the physiological
variables due to effects outside the target volume. Thoday is not certain whether oxygen
tension acts inside or outside the target volume, but proposes that if it is within the target
volume, the result 'might be interpreted as showing that the molecules primarily ionized
are water'. This would not invalidate the target theory if it can be assumed (as Thoday
did) that water ionization took place within the target volume. But it could indicate that
the action of radiation is indirect and probably of a chemical nature.
The yield of dominant lethals induced by tri(ethyleneimino)-triazine, like that induced
by X-rays, varies significantly with the cell stage at the time of treatment. When the total
yield of dominant lethals induced by this imine has been fractionated into broods corresponding to increasingly younger germ mother cells at the tinie of treatment, the cm've
obtained showed significant fluctuations. This variation with the stages of spermatogenesis also occurs after X-radiation (Bonnier & Liining, 1950; Ltining, 1952a, b, c).
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Kowever, the pattern of variation is different for the two agents. Whereas witli X-rays
the highest dominant lethal rate occurs at the 3rd brood 7-10 days after treatment, the
chemical agent produces the strongest effect in the 1st brood 0-3 days after treatment.
This shows that mature sperm is the most vulnerable stage to the production of chromosome breaks raider the effect of the imine, whereas with X-rays the most sensitive stage
is an earlier germ mother ce~l. There can be no doubt, therefore, that some or all the
constants describing the yield of rearrangements in the theoretical expression (viz. ~, 2
and[ q) vary with the cell stage treated, and in a different manner for the two mutagens.
Nevertheless, the fact that the overall picture of the dominant lethal yield follows the
same curve pattern for both agents indicates that the fluctuations due to cell stage are
on the whole smoothed out, making the average relative lethal yields representative.
Since it is the overall averages which are used in the deduction of the values of the
breakage constants (a, p and q), it follows that their values too are correct.
The cytostatic potentialities of tri(ethyleneimino)-triazine have now been established
for animal tumours (results of Prof. A. Haddow reported in Bird & Fahmy, 1953) as well
as certain human neoplastic diseases (Karnofsky, Burchenal, Armistead, Southam,
Bernstein, Craver & l~hoads, 1951). The results reported in this paper enabled a genetic
interpretation of the inhibitory action of this conlpound. Cytostatic efficiency, through
action on the chromosomes, must be a Nnction of the yield of non-eucentric chromosome
formations (acentric and di- or polycentric configurations), since these aberrant chromosome types result in anomalies during mitosis. Mild effects result in the elimination of
some chromosomes which might lead to cell lethality. In extreme cases (where several
chromosome bridges are formed) the arrest of anaphase could ensue with a consequent
stoppage of cell multiplication. It follows, therefore, that the genetic cytostatic potency
of a lnutagen is favoured by a high frequency of primary breakage and a higher yield of
non-eucentric to eucentric rearrangements. There are no dialect observational methods for
the determi~lation of the above factors, but they can be calculated for Drosol)hila sperm
by theoretical and experimental considerations in the manner outlined in this paper. It
was found that the imine investigated is almost as efficient as X-rays in the induction of
primary breaks (see p. 610), but these breaks undergo sister union in preference to symmetric interchange, a property which accounts for its m ~ k e d cytostatic efficiency.
V. SU~r
Dominant lethals induced by 2 : 5: 6-tri(ethyleneinlino)-I : 3 : 5-triazine are due to noneucentric chromosome configurations that result in anomalous cleavage and the eventual
arrest of embryonic development. The variation hi the frequency of these lethals with the
dose of the compound (in molar concentration) follows the same pattern as for X-rays.
The curve ggverning this relationship when plotted semi-logarithlnically approximates
linearity at low doses but proceeds with a sharper gradient as the dose increases. The
yield of dominant lcthals by the chemical mutagen is consistently higher than lnutagenitally equivalent doses of X-rays, assessed o n the basis of sex-linked recessive lethals.
The quantitative theory of dominant lethals (]?Ialdane & Lea, 19~17) deduced on the
basis of sister union of single-chromosome breaks and asymmetric rearrangements among
two or more, was found to explain the dose/effect relationship for the chemical mutagen.
The experimental dose curve was successfully fitted, and it was possible to evaluate the
constants describing the properties of the induced chromosome breaks.
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The yield of d o m i n a n t lethals under the effect of the imine studied varies with the
stage of spermatogenesis at the time of t r e a t m e n t . The sensitivity p a t t e r n for the various
ceil stages was deduced, whence it was f o u n d t h a t the sperm was the most susceptible.
This constitutes a difference f r o m X - r a y s , where the m o s t sensitive stage is an earlier
germ m o t h e r ceil.
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