THE RELATION BETWEEN RECESSIVE LETHALS,
DOMINANT LETHALS, AND CHROMOSOME
ABERRATIONS IN DROSOPHILA

By D. E: LEA awp D. G, CATCHESIDE

The Strangeways Resewrch Luboratory, and the Botany School, Cambridge
{With Three Text-figures)

L. IytrRODUCTION

It has become clear in vecent years that neither the recessive lethals nor the dominant
lethals in Drosophila meldnogaster form a single olags, and that both are connected to some
extent with structural changes in chromosomes. With some of the vecessive lethals, which
{following Fano, 1941) we shall vefer to as type A. no structural change can be detected
in the salivary gland chromosomes, and it is reagonable to consider these as changes in
single genes. Others (type B) show deletion of from 1 to 50 bands of the salivary chromo-
some, and in thege instances the lethal is o he astributed to the absence of one or move
genes. Others (type ) show gross structwal changes—inversions or inferchanges
(reciprocal translocations)—often without any deletion as far as can be observed in the
salivary gland chromosowes. When lethals at known loci are studied as in Demerec’s
exbensive ohservations of Notches (Demerec & Fano, 1941), it is found that gross structural
changes which give rise to lethals involve a break at or immediately adjacent to the locus
at which the lethal appears. As pointed out by Demerec (1939) (see also Muller & Alten-
buxg, 1930), there are two possible explanations of this association between a recessive
lethal and a chromosome break. One is that the ionizing particle which causes the break
also, in some instances, causes a lethal mutation in the gene through which, or close to
which, it passes. The other explanation is in texms of the position effect and is that the
behaviour of the gene is changed when it is transferred to & different position in the
chromosome set, cither because it has been separated from the gene to which it is usually
adjacent, or hecause it Is brought adjacent to a different gene. OF recent years the geueral
tendency appears to be tc accept the position-effect explanation. There does not seem,
however, to be much justification for this choice hetween the two alternatives. That a
position effect is a frequent accompsniment of chromaosome interchange involving the
heterochromatin is certain. There are not very many established cases of position effect-
not involving heterochromatin, and while some instances of visible mutations due
to this cause have heen established, thers is little reason 4o suppose that a large proportion
of recessive mutations are so produced. Demerec (1937), for example, in thirty visible
mutations at ten different loei did ot find one connected with a gross structural change.
It is a considerable assumption therefore on the basis of present knowledge to aseribe to
position effect some 30 or 409, of all the sex-linked lethals induced at 3000 r.

Thereis one way in which a test between the two explanations can be made. Itisknown
that the yield of gross structural changes increases more rapidly than the first power of
the dose (approximately as the 3/2 power of the dose between 1000 and 4000 r.). This has
been established for the structural changes associated with lethals (Oliver, 1932) as well
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as for structural changes not so selected (Bauer, Demerec & Kaufmann, 1938; Muller,
Makki & Sidky, 1939), ard is due to the fact that a gross structural change involves two
independently produced breaks. The 3/2 power law has also been established for two
known position effects, namely, cubitus interruptus and mottled white (Muller, 1940, 1n
contradiction however to a first-power law found by Klhivostova & Gavrilova, 1935, 1938).
The lethals not associated with gross structural change, namely, gene changes and minute
deletions, will increage in proportion to the dose. On the position-effect explanation
therefore the total ohserved yield of lethals will be the swm of twe terms, one proportional
to dose, and the other to the 3/2 power of dose. The dose cnrve should therefore rise more
rapidly than the first power of the dose.

On the alternative explanation that the lethals associated with chromosomal changes
are gene changes, the total number of lethals should be propoertional to dose. The esgential
difference is that on this explanatién there is a lethal at a certain proportion of the
breakage points lrrespective of whether these particular breaks restitute or take part in
interchange. On the position-effect explanation there is a lethal at a breakage point only
if the break takes part in a chromosome interchange.

When this test is applied (see next section) the evidence is against the position-effect
hypothesis,

In view of this result we have pursued the implications of the alternative explanation,
that a lethal associated with a gross structuval change ie due to mutation or deletion of
a gene at, or immediately adjacent to, the breakage point. On this view it appears hilely
that lethals nof apparently associated with any chromosome change are restitutions,
lLe. a break has occuzred and the hroken ends have rejoined n the original formation.
We are led to estimates of the freguency with which hreals are primarily produced, the
frequency of restitutions, and the proportion of hreaks at which a lethal is simultaneously
induced,

It Las been realized for sowe time that chromosome interchanges which resuit in
dicentric and acentric chromosomes must behave as dominant lethals, since such forma-
tions are not found in salivary chremosomes and there is no reason to believe that they
do not occur following ivracdiation of the sperm. It has also heen realized (Fano, 1941) that
the frequency of these aberrations as inferved from the frequency of the viable types of
chromosome aberzations, is not sufficient 4o account for the total number of dominani
lethals observed. More vecently (Muller, 1941; Pontecorvo & Muller, 1941; Pontecorve
1941, 1942), it has hoen shown that chromesome hreakage, not followed by interchange
with other breaks or by restitution, but probably by sister-union of the chromatids
when the chromosome divides, probably accounts for the remaining dominant lethals.
Apparenily a certain proportion of the ehromosome hreaks neither restitute nov inter-
change, hut instead behave as dominant lethals. It iz wot clear what determines this
choice; it suffices for our further arpwment if we ascribe a value p to the probability that
a break shall neither vestitute nor iuterchange, and & value ¢g=1-p to the (combined)
probability that it will either restitute or interchange. If v chromosome breaks are
primarily produced in a cell, ¢ can plausibly be supposed to be the chance that all either
restitute or take part in Inberchange. On the assumption of randem union between
broken ends, it is porsible to axrive at formulae (see § 3) for the number of dominant lethals
as a function of the dose, and for the proportion of viahle sperm having chromosome
aberrations. Comparison of these formulae with experiment enables p to be determined,
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the value found being 0-24.7 1t also enables an estimate to be made of the number of breaks
primarily produced in the zperm hy a given dose.

We have thus cbtained two estimates of the number of chromosome hreals prinarily
produced in the sperm, one based on our analysis of the recessive lethals, and one on the
independent basis of dowinant leshals and structural changes. The fact that these
egtimates are in sasisfactory agreement supports our analysjs.

2. RECESSIVE LETHALS

Lixtensive data esist on the yield of recessive lethals ag a function of dose. These afford
no evidence of an ineresse with dose move rapid than the first power of the dose. To make
the test objective, we have proceeded as follows. Assuming a formula m =0+ gD+ for
the mean number of lethals per sperm produced by dose D, which is the formula expected
on the position-effect interpretation, we have ftted by the least sguares methad the
experimental data for variong relative values of the coefficienss « and f. By the x® test
the goodness of fit of the theoretical curve to the data has been tested.

since the observation is not of the mean number of lethals per sperm, but of the
proportion of sperm carrying one or more lethals, the data, after correction for spontaneous
lethals have to be fitted to the formula 1—e {cp. Zimmer, 1934). The experimental
data we make vse of are those acenmaulated over a numbper of years by Timoféeif-Ressoveky
(1939), based on some 60,000 cultures, and are given in Table 1 together with the results
of ‘the x* tests. It is evident that these data provide no evidence for any (dose}? class,

Table 1. Sew-linked lethals as a function of dose (expervments of Tumoféeff-Ressovsky)

Dose (r.) Sperm tested. Lethals Lethals per sperm (%)
0 32140 G3 0-1940-02
1500 15281- 649 423 4 0- 16
3000 11738 1027 S-754-0-
G000 9118 1482 16-04 L - 38
Postula.ted propol tion of lethals belonging
o (dose}? class at 3600 r, +2 D.F. P
U 23 2 (-32
12-59 38 2 G-16
17-59, 64 2 0-04
92047 96 2 0-008

make it improbable that the lethals of this class, if it exists, constitute as much as 17-5 %
of the total number of lethals at 3000 r., and practically exclude the possibility of the
preportion being as high as 2297 at 3000 .

Turning now to the etpenmental data concerning the proportion of sex-linked recessive
lethals which, at 3000 r., are associated with gross structural change, we find the following
estimabes in the lterabure. Oliver’s (1932) experiments using random lethals gave
15/61=25+69%,. Demerec’s {1937) experiments with randorm lethals gave 5/16 =31+ 129,
Some further data of Demerec (1937} involving lethals at cighteen selected loci gave
24/61 =39+ 69, while his ohservations (Demerec & Fanc, 1941) confined to a gingle
known locus (Noteh) gave 54/85 =40 45 9,. The average of all these estimates, which are
reasonably consistent, i3 35 +39%,. This proportion being higher than the maximum
proportion which can be reconciled with Table 1, we conclude that the lethals associated
with gross structural change do nofi constitute an additional class, but represent those
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cases where the lonizing particle which caused the lethal also caused a bresk in its passage
through the chromosome, which breal took part in a gross structural change. We develop
the further discussion on this basis.

There is good reason to helieve (Muller, 1941) that not all the chromosome breaks
primarily produced take part in structural change, but that often the hroken ends rejoin
and the restituted chromosome is cytologically indistinguishable from an unbroken
chromosome. Whether restitution or structural change oocurs appears not to depend on
a difference in the breakage process, bub mainly on whether other breaks are available
with which interchange can occur. It is necessary (on our interpretation) to accept that
since some of the breaks which tale part in structnral change are letlials, so also some of
the breaks which resfitute are lethals. Such lethals will be recorded as type A lethals
{p. 10}, 1.e. lethals without any cytological detectable chromosame change.

We have 110 & priori reason to helieve that a typs A lethal cannct he produced without
the chroimosome at the same time being broken. However, admitting the nscessity, on
other grounds, for a considerable number of restitutional breaks, a large part of the
type A lethals must be restitutional hrealks. We shall see how far a consistent picture can
be obtained om the hasis that all the type A lethals are restitutional breaks. {Some
svidence in favour of this hypothesis 1s given on p. 14.)

As a beginning we need to know the numbers of the different types of lethals produced
by a given dose, say 3000 r. Taking the yield of lethals to be 2.9 pex 1000 1., we shall
have 87 lethals per 1000 chromosomes for a dose of 3000 . 35 O, Le. 80, will bc type C,
involving gross structural change. The remaining 57 will be types A and B.- Information
on the relative proportion of types A and B is available from the observations of Shizynski
(1938, 1942). (Data by Demerec on the velative numbers of deficient and non-deficient
lethals at selected loei give a larger proportion of deficiencies, for a reason which is explained
on p. 14. Here we reguire the proportion at rendom loci.) Slizynski made an examination
of salivary gland chromosomes containing lethals and found that the proportion of lethals
assoclates] with minute deficiencles was in one experiment 4 out of 13, and in ancther
2 out of 6. Taking the proportion therefore to he 6/19=0-32, we infer thaf there are
BT % 32=18 type B and therefore 39 type A lethals. Thus 3000 r. produces in 1000
X-chromosomes 87 lethals, of which 3¢ are type A, 18 are type B, and 30 are type C.

Now the number of hreaks in the euchromatin of the X-chromogome which take part
In gross struetural change when a dose of 3000 r. is given to the sperm is 80 per 1600
X-chromosomes {(deduction by Fano (1947) from salivary gland observations of Bauer
(19390)). Of these 20 carry lethals (namely, the 30 type C lethals). Evidently the prob-
ability that a chromosome break shall cause a lethal is 30/8¢=0-38.

There are 18 minute deficiencies (1. the type B lethals) which ‘agre lethal Lecause one
or more loci are deleted. There is reason for helieving that when a chremosome is broken
in two places, the prohabilities are approximately equal that the segment hetween the
breaks shal] be deketed and that it shall be inverted. We presume therefore that there are
also 18 minute inversions. An juversion will not, in owr view, hehave ag a lethal per se,
but since it involves two brealks, each of which has o probalility of 0-3% of being a lethal,
the probability is 1~ (1 —0-38)* =062 that at least one of the brealks will be a lethal. Thus
of the 18 minute inversions 18 x 0-62=11 will behave as lethals, and will therefore be
included in the type A lethals, minute inversions not heing sufficiently certainly recog-
nizable to be put into a separate class.
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This leaves 28 type A lethals which are restituted breaks. Since only 389, of breaks
are lethals, the total number of restibuted breaks must be 28/0-38 =74, '

The total nunber of breaks of all sorts produced by 3000 r. in the euchromatin of
L0600 X-chromosowmes is therefors 236, made up of 36 m minute deletions (bwo breaks per
delefion), 36 in minute inversions (two breaks per inversion), 80 in gross struectural
changes, and T4 which restitute. The rate of production of primary breals per X-chromo-
gome by 3000 1. is thus 0-236. Of the 228 breaks at 3000 1., a proportion, 80/226 =555
take part in gross structural change. Af greater doses the proportion will be higher, at
smaller doses it will be Lower.

Tt is 60 be noted that 11 onk of 29, or about 3094, of the type A lethals are expected to
be minute inversions. Slizynski, from examination of the salivary chromosomes, suspected
that some of the non-deficient lethals were minute inversions.

it is also to be remarked that there ave 18 minute deletions to 74 restitubional hreaks,
aratio of 1 6o 4. Now in her ¢ytological study of iInversion breakage points Hoover (1938)
found that there were § breakage pointe with deletion to 15 breakage points without
deletion, a ratio of 1 to 3. The agresment hetween these ratios suggests that we have not
geriously overestimated the number of restitutional breaks by agsuming that afl “point’
lethals are restitutions, and supports the assumption which we made on p. 13. Doubtless
there are a few point lethals wlich are not restisutional breals, but at the present stage
this further sabdivision of the lethals is not profitable.

Demerec (1939; also Demerec & Fano, 1941) has collected a considerable amount of
information concerning the production of recessive lethals at selected loci in the X-chromo-
some, particularly the locus Notch (band 3C7 in the salivary gland map). Among
85 independently originating Notches ocemiring in some 7-4 x 108 X-chromosomes ira-
diated by 2500-3000 r., there were 34 gross structural changes having a break adjacent
to the 307 band, 37 deficiencies of various sizes which included this band, and 11 Notches
without any cytologically detectable structural change. It is to be chserved that in this
collection of lethals at a selected locus there are many more type B {deficient) than type A
{non-deficient) lethals, in contrast to Slzyuski’s résults with random lethals (p. 13).
Further, nearly half (18/37) of the deficiencies are of 10 bands and upwards, whereas
Slizynski’s were all smaller. The explanation isthatlarge deficiencies are really less frequent
in the salivary chromosomes than small, but when it oceurs a large deficiency is more
likely to include a specsfied locus than is a small deficiency. To deduce from Demeres’s
data the number of deficiencies of different sizes we can proceed ag follows, on the basis
of the assumption that breals are equally probable anywhere in the euchromatin, so that
the probahility that a deficiency of x bands shall contain a specified band is /647, 647
being the number of bands in the X-chromosome (counbing a doublet as one,
Demerec & Fano, 1941). Thus if # deficiencies of @ bands including the Notch loéus are
observed, we interpret this to mean that about 647n/w deficiencies of about this size are
produced in the whole chromosome. In this way the numbers of deficiencies of different
sizes induced by 2500-3000 r. per 1000 X-chromosomes can be deduced from Demerec’s

data, and are set out in Table 2.

Table 3. Distribution of sizes of deficiencies
No. of bands deficient 2 35 610 11-15  18-20 21-30 3140 Total

L
No. of deficiencies of this size per 787 210 076 047 037 ¢-13 014 03 1201
1000 chromosomes
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The total number of deficiencies, 12 per 1000 X-chromosomes for a dose of 2500-3000 1.,
is in fair agreement with the estiraate of 18 for a dose of 3000 r. deduced from considera-
tion of deficiencies associated with random lethals.

Demerac found in his collection of Notches three which were deficiencies which did not
maclude the band 3C7 but had oue break adjacest to ib. In this case presumably the break
adjacent to Notch caused the lethal. Allowing as usual that the probability of a break
causing a lethal is 0-38, it follows that there were in all 3/0-38=28 deficiencies having a
break adjacent to Notch. A deficiency involves two breaks, and the probahility that a
deficiency located at random in the chromosome shall have one of its breaks adjacent
to the Notch band, without the deficiency including this band, is clearly 2/647, 647 heing
the total number of bands. Thus the total number of deficiencies is deduced to be
8x 047/2=2588. This is the nuwmber of deficiencies in 7-4 x 105 X-chromosomes, the
pumber per 1000 X-chromosomes therefore being 5-5. This estimate is smaller than the
number 12 ghtained above {Table 2}. The explanation may simply lie in the smaliness of
the numbers inveolved, or it may mean that a deficiency of a single band is not produced
by two distinet breaks, but by ancther mechanism, e.g. a singls gene heing rendered
incapable of duplication. The number of deficiencies for move than one band given in
Table 2 is 4-1, in good agresment with 3-8,

On our view, according to which the probalility of a break having a lethal associated
with it does not depend on what sort of arrangement the brealk enters into, we should
expect interchanges involving heterochromatin to constitute only a small proportion of
the total number of structural changes mvolving a lethal at a given locus, since hetera-
chromatin is concerned in only about one-sixth of observed chromosome hreaks (Bauer
et al, 1938). This is borne out in Demerec’s {1939) ohservation of recessive lethals at the
Notch locus, where only 1 out of 10 lethals associated with structural changes involved
Leterochromatin {excluding from consideration a case mnvolving a deficlency as well as
gross stracbural change). The breakage point was adjacent to the 3C7 band. On the
position-effect interpretation, we might have expected lethals associated with hetero-
chromatic aberrations to have been particularly frequent, and for the range of the effect
m cases involving hetercchromatin to have extended to greater distances from the Jocus
of the breal, by analogy with known position eflects.

We have thus been able to build up a cousistent picture of the production of recessive
lethals on the basis that a certain proportion (389%) of the primary breaks in the
A-chromosome have a lethal at the breakage point, the lethal being produced by the
ionizing particle which caused the break, and not being dependent for its expression on
the breal taking part in chromosome rearrangement.

3. DOMINANT LETHALS AND STRUCTURAL (HANGES

We take p to be the probability that a given break shall neither restitute nor take part in
interchange hut instead give vise to a dominant lethal effect, and ¢ =1 —p the probabiity
that it shall either restitute or take part in interchange. Tfy primary breaks are produced
in a given sperm, ¢” is the probability that all shall either restitute or take paxt in inter--
change. In considering the rejoining process we shall adopt the assumptions and sim-
plifications made by Catcheside (1938), namely, emit consideration of interchanges
between breals in the same chromosome ari and consider only interchanges hetween
different: chromosome arms, and secondly, assume that rejoining hetween broken ends is
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at random. The first simplification will not be a serious source of exvor; the second
requives justification. In Tradescantio pollen graing such an assnmption would be com-
pletely misleading, sinee there a brealk has a much higher chavee of vestibuting than of
interchanging with other hreaks in the nucleus, and two breaks have a very small chance
of interchanging unless the breaks are produced at & separaticn much smaller than the:
nuclear dinmeter (Lea & Catcheside, 1942). But in Drasoplila sperm the conditions ave
different, since the rejoining process tales place afber the sperm has eutered the egg
{Maller, 1940), and 1t iz quite probable that the spatial distribution of the breaks when
rejoining Is ocearring bears little selation to their spatial distribution at the moment of
their prodection. We shall therefore assuine that in Drosophile sperm, in contrast to
L'radescantio pollen grains, rejoining is sefficiently nearly random.

Suppose that with dose D the mean number of breaks per sperm is s =aD. The propor-
tion of sperm having v breaks per sperm is given by the Poisson distribution, and is
=7 frl. The probability shat a sperm shall have vo breaks is e~ The probability that
1t shall have one hreak is sme~™. Sperm with one break will contribute (1 —¢) me=" to the
nuraher of dominant lethals, and gme™ to the number of viable nuclei without aberrations.

Of the fmle~™ sperm with two breaks per sperm, (I —¢%) e will be dominant lethals
owing to failure of one or hoth breals either to restitube or to interchange, In Zmigle—
sperm the four broken ends will all join. Under the assumption of random joining, in
one-third of these sperm thers will he restitution, giving viabls sperm without aberrations,
in one-third there will be symmetrical mberchange giving viable sperm with chromosome
aberration, and in one-third there will be asymmetrical interchange adding a further quota
to the dominant lethals. Thus of the sperm with two breaks, §mige will be viable
without aberration, jm?%~" will be viable with aberration, and the remaining
bnfem™ (1 —34%) wiil carry dominant lethals.

In general there will he ¢™w»//r! sperm having + breaks. In e w/¢"/r! sperm
no breaks will remain unjoined. In a sperm of this class the » breaks can rejoin in
1.3.5...(2r—1)=(2r) l{{r! 2) ways, of which one way ig viable without aberration, (1—1)
ways are viable with aberration, and the remainder are inviable (Catcheside, 1938).

Collecting the contributions from sperm with various numbers of breaks, and replacing
m by its value o), we have:

Proportion of cells which are viahle and without aberration iy X =eP 5, where

. (3ug Dy’ |
Bi=leogD§ (g Df g, (1)

Proportion of cells which are viable (with and without aherrations) is ¥ =e-*P S, where

{(Saqg DY .1l

EETRRRE (2)

Total nuwmber of primary breaks formed in viable cells, per total sperm, is Z=g=0 g,

Sy=l4agD+3 (ugDP+.. .+

where
0 9 5 Qg DY ! o
S,=ugD+3 (an)*—f-...+-(—'~"f(—2?)_T—l+-.-- (3)

The stms §;, S, and 8, of the infinite series i equations (1), (2) and (3) can be evaluated
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quite easily arithmetically, for small values of gD, since the series converge rapidly.
Algebraic expressions for them are more convenient for larger values of wgD. These are

S, = cosh 4/(2ug D), (4)

8y =1/ (Lmeg I} 62207 exf A/ (g D), (5)
_ 1toqgD /o o0 |

Sy=3%aqD i1 —‘L{m? bl prf \/({;agD)J , (6)

20 ...
where cosh z=4% (¢ +¢-%) is the hyperbolic cosine, and exf z=-"~{ e dz is the error

7“Jo
fanction. Im Table 3 values of Sy, &, and S; are tabulated for a suitable range of values
of agD.

Table 3
gD 8 S & (LS8 S8
0-32 1-337 1-856 0-3952 0-0140 0-2014
0-50 1-343 1-592 05942 0-0209 0-4360
0-72 1-811 1-920 1-152 0-0372 0-5086
0-88 2151 2373 1-549 0-0938 0-7783
1.8 57T 2.996 2915 0-1396 0-9781
1-52 3107 3'858 4553 0-1945 1180
2.00 3-762 5060 709G 0-2565 1-401
2.88 5-557 9.172 17-29 0-3941 1-885
3-42 8.253 17-75 43-23 (5357 2-432
512 12.29 36-82 1122 G-6663 3-046
6-48 1831 81-57 304-6 07755 3-734
3-00 27-31 193-6 870-8 08590 4447

Table 4. Mean number of primary breaks per viable spermn

Dese (1) 1000 1500 2000 3000 4000 6000
Mean no. of primary breaks per wiable sperm 0-49 0-69 0-59 1-23 1-54 215

One of the observable quantifies is the propertion of viable sperm which bave
chromosome abervations. The theoretical expression for this proportion is evidently
(1=X/T)=(1 —S5,/S,), and is Hsted in Table 3 as a function of ¢gD. In Fig. 1 we show
experimental data of the preportion of viable sperm with chromoesome aberrations as a
funetion of the dose as determined by Catcheside (1938) and Bauer ef al. (1938), together
with the theoretical curve (1—5S;/8,). which Las been fitted to the data by taling
og =057 per 1000 1.

A second ohservable quantity is (1—Y), the proportion of total sperm which are non-
viable. In Fig. 2 the experimental ohservations of Catcheside & Lea {1945a) on the
proportion of eggs fertilized by irvadiated sperm which fail to attain the adnlt stage are
plotted, together with the theoretical curve. In computing the formula for 3 (see equa-
tion (2)) we already know that ag=057, which enables S, to be calenlated for each dose
with the aid of Table 3, « still remains arbitrary. The value «=0-75 was found to give
the best it of the theoretical curve to the experimental points,

1t follows that ¢=0-57/0-75=0-76, so that we have the figures:

@=0-75 is the number of primary breaks produced pet sperm per 1000 1.
g=0-76 is the probability that a break shall join, cither in restibution or in interchange.
P=1—g=024 is the probability that a break shall remain unjoined, but mstead shall
behave as a dominant lethal.
Journ. of Genetics 47 2
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Tt is with these values of «, p and ¢ that the theoretical curves in Figs. 1 and 2 have
heen compubed,
6 —

50 1+
o
b

40

30 1

1 1 1
5 p

< 10% o,

Fig. 1. Percentage of viable sperm having chromosome aberrations. Curve thecretical; points sxperiments of:

® Bauer et ¢l. {1933}, ® Catcheside (1938).

£
e

100 - .
G
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Dose w10% 1.
Fig. 2. Percentage of dominant lethals as a function of dose. Curve theorstical; points experiments of
Catcheside & Lea (1045 a).

It 15 of interest to calculate the mean number of breaks primarily formed per viadle
sperm (which will be a little less than wD). Referring back to equations (2) and (3}, this
13 seen vo be S3/8;. 8y/S; is tabulated against wgD in Table 3. Using the value ogq=0-57
Just found, and interpolating in Table 3, we obtain the estimates given in Table 4 of the
mean number of primary breaks per viahle sperm.

We can caleulate from these figures the number of primary breaks in the suchromatin
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of the X-chromosome, by making use of the result that a fraction (-162 of all ohserved
breaks oceurs there (Fano, 1941; based on data of Bauer, 19398). Thus at 3000 T,
0-162 % 1-23 =0-199 primary breaks occur in the euchromatin of the X-chromosome.

4. SEX-RATIO DISTORTION

The theory of dominant lethals given in the previcus secticn can be extended to cover
experiments on the distertion of the sex ratic in the progeny of irradiated males. The ratio
of females to males is reduced below unity on acconnt of the fact that radiation-induced
changes in the X-chromosome of an X-bearing sperm make a contribution to the total
of dominant lethals in excess of the contribution made by changes in the ¥-chromosome
of a Y-bearing sperm. The distortion of the sex ratio is more marked when the irradiated
males have the X ring chromosome than when they have ar ordinary rod-X-chromosome.
The various types of change contributing to the distortion of the sex ratio have been
discussed by a pumber of authors (Bauer, 1939¢«; Muller, 1840; Pontecorvo, 1941, 1943;
Uatcheside & Lea, 1945a, b), whose accounts should be referred to for the justification
of the following statements.

The changes of principal importance in the distortion of the sex ratio are:

{a) Breaks in the sex chromosome not taking part in interchange with other resks. Such
breaks in & ¥-chromosome, or a rod-X-chromosome, will be viabls if they restitute, lethal
(nearly always) if they do not restitute but instead undergo sister-union. The prebability
of failure to join ig given (p. 17) by p=0-24.

Such hreaks in a ring-X*2-chremoesome will similarly be (usually) lethal in a proportion
Pp=0-24 of instances owing to failure to restitute. They will not all be viable, however,
1n the proportion ¢=0-76 of instances where restitution occurs, since in half of such cases
restibution leads to an inviahle chromosome {Catcheside & Lea, 19450).

(6) Breaks i the sex chromosome which take parl in interchange with breaks in other
chromosomes. In the case of a vod-A- or Y-bearing sperm, such interchanges will be lethal
if one or more dicentric or acentric chromoscmes are formed, and will be viable if only
symmetrical interchange oceurs. Tn the case of a ring-X%-bearing sperm, any interchange
mvolving the N*®-chromosome and an autosome will be lethal.

In addition to these major contributions to the distortion of the sex ratio, there are
minor ones which will be mentioned later; our calerdation is limited to (a) and (). The
procedure is to carry out a dominant lethal caleulation, such as we have given in § 3,
separately for Y, for rod-X, or for ving-X**-bearing sperm. The calculation already given
leading to formuia (2) with «=075 we shall take to apply to rod-X-bearing sperin.
(Strictly all the experimental dafa used in determining the value of o should have been
confined to X-hearing sperm. Of the data which were available and which are employed
In Figs. 1 and 2, some reforred to X-hearing sperm and some to total X- and T-bearing
sperm, but the differences are slight.)

We can calculate the values of @, i.e. the mean number of primary breaks per sperm
per 1000 v, in T-bearing sperm by maling use of data on the relative frequency of breaks
m the A-chromosome, the T-chromosome, and the autosomes given by Bauer ef al.
{1933). We can calculate the value of « in X°%-hearing sperm from consideration of the
fact that the Xe*-chromosome is 25%, longer than the normal rod-X-chromosome. In
this way we arrive at the values of o given in Table 5. « has the value 0-75 (cp- p. 17)
I the rod-X-bearing sperm, is slightly greater iu the X*2-bearing sperm, and slightly less
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in the Y-bearing sperm. In the same table s is the proportion of the tobal nuwber of
breaks which occur in the sex chromosome in the $hree types of sperm. The values of 5
are given by Baner et al. (1938} for X-bearing and ¥-bearing sperm, and are caloulated
thence for the X*-bearing sperm by maling allowance for the 259, extra length.

The proportion of rod-X-bearing sperm which after dose D give viable sygotes is given
by equation (2) and Table 5 as

o0 8, with «=0-T5 per 1000 r., and ¢=0-T6. (7
The proportion of ¥-bearing sperm which after dose D give viable zygotes is similarly
prop g s) g NE)
gD Sy with o=0-718 per 1000 r., and ¢=0-76. (8)
Table 8. Date for sew-ratio caleulation
Formala Sex-ratio
Type of spenn & 8 o g applicable =2
¥ 0-718 i)-168 024 0-76 (8) s
X 075G 0-204 024 0-76 {7) {(7)=(85)
X 0-788 0-242 0-24: 0676 (1) (10)={%)

The calealation for Y¢-bearing sperm is a little more complicated. The proportion of
Xe2-bearing sperm which have » breaks, all of which join, is e=* {agDY/r!. In some of
these sperm all the breals will be in the autosomes, in the remainder one break will be
in the X*%-chromosome. (In accordance with the simplification adopted throughout, we
cdo not contemplate the possibility of more than one break occurring in the X*%-chromo-
some.) Thus, since s is the proportion of breaks which occur in the sex chromosome, we
write rs as (approximately) the proportion of sperm in which theve is a break primarily
produced in the X sperm. I-rs is the proportion of sperm in which no break is
produced in the X*%-chromosome. For the calculation of the proportion of sperm of
the latter class which are viable the formulae used on p. 16 apply, leading to
(P21 A sperm of the former class, having one break in the X**-chromosome
and v —1 breaks in the antosomes, will only be viable when the following conditions are
satisfierd. The break in the X**-chromosome rust restitute in preference to interchanging
with another break (the probability of restituting is 1/{2r—1), since a broken end has
2r—1 broken ends with which joining is possible). It must restitute in the way leading
to a viable chromosome (probability 4). Finally, the r —1 autosomal breaks must join in
T (12[7(’__))1,) e fnally obtain for the
contribution to viable sperm provided by sperm with  breaks the espression
ZegDy vl (L—rs)  (agD) [[r—1)1]* 21 y5) @)

{3r)! ol (Zr =212 3r1) [
Simplifying, and summing the infinite series of which this is a term, we obtain for the
proportion of X°*-hearing sperm which are viable after dose D
gD {—ts+ (1 +%s) Sy~ 555}, (10)
with ¢ =0-788 per 1000 r., s=0-242, and ¢=0-T6.

Formulae {7), {8) and (10) may he evaluated nuanerically with the appropriate values
of u, s, p, and ¢, which are collected in Table 5, and the values of S, and &, tabulated in
Tablé 3. The expected ratio of females to males in the progeny of irradiated X/¥ males
18 evidently (7) = (8), while the ratio in the progeny of irradiated X¢3/¥ males is (10) = (8).
Ta this way the theorvetical cwwves of Fig. 3, which show the sex ratio as a function of dose,
have been computed.

a viable fashion, the probability of which is

s~ D

4
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Tt is seen that the theoretical curves are in fairly good agreement with the experimental
data also shown in Tig. 3. The small but systematic deviation between Bauer’s ‘experi-
mental resuits and the theoretical curve for the X**/Y males can iu the main be accounted
for by the fach that in addition to the principal causes {¢) and (&) (p. 19) contributing to
the distortion of the sex ratio, there are some smaller factors acting in the same direction
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Fig. 3. Depression of sex-ratio in progeuy of iradiated males. Curves theoretical; pobnts experiments of:
A, X/T males (4- Hanson (1928), ) Muller (1928), @ Gowen & Gay (1933), @ Bauer (19384}, » Oatobeside
& Len (1945a)). B, T males (@ Baner (1939a), & Catcheside & Lea (10455)).
which we have not taken into account. One of these is the fact that nearly all of the
deletions, and hall of the inversions, m the X*%-chromosomne will behave as dominant
lethals, and these aberrations are not tzlien inte account by our theory which does not
allow of more than one hreal per chromosome. Secondly, a small proportion of brealks
of the Xt chromosome lead to viable losses of the chromoseme {Pontecorvo, 1941) and
count twice in the sex-rafic distortion, since they lead not cnly to the digappearance of
a female bt also to the appeavance of a male (X0 male). There is thus explanation for the
departure hetween theory and experiment, which is in any event slight.

Tt is important to notice that the agresment between theory and experiment in Fig. 3
is oltaiued without there heing any arhitrary constants involved in the theory which-
have to be determined hy appeal to the sex-ratio experiments, since o and ¢ were deter-
minad already in § 3 by appeal to other experiments.

5. DisoussioN

The theory of dominant lethals and chromosome aberrations we have developed agrees
well with the experimenta! data, as illustrated in Figs. 1 and 2. The theory volves two
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arbitrary constantis, o« and ¢, the values of which have to be chosen by relerence to the
experiments which the theory is fitting. There is always the fear attaching to a mathe-
matical theory involving arbifrary constants that an incorrect theory way he made to
(it the experiments owing to the flexibility afforded by she arhitrary constants. Here two
confirmations are possible which we think make the fear groundless in the present
mstance. In the first place we were able to extend the theory to eover the caleulation of
the distortion of the sex ratlo in the progeny of rradiated males. This extension did not,
involve any fresh arbitrary constants, and the theory satisfactorily ftted the experimencal
data, as ilustrated in Fig. 3. In the second place, we have in a separate paper (Catcheside
& Lea, 18455) shown that an analysis of the relative degrees of sex-vabio distortion in the
progeny of X/ Y and X%/ Y irradiated males leads directly to an approximate estimate of ¢.
The value obtained, ¢=0-7¢, was in good agreement with the value ¢=0-76 obtained in
the present paper. For these reasons we helieve that our dominant lethal theory is not
merely a mathematical exercise, but is essentially correct.

As regards the recessive lethal theory, this is admittedly more speculative. That it is
consistent with the dominant lethal theory is shown by the following consideration. The
analysis of the dominant lethals and chromosome aberrations led to an estimate (p. 19)
of 0-199 for the number of primary breaks per sperm produced by 3000 r. in the euchro-
matin of the X-chromoseme (in sperm which remain viable). Our analysis of recessive
lethals on the basis that recessives are rejoined breaks led independently to an estimate
of this same quantity, the figurs obtained {p. 14) being O-235. The agreement between
0-199 and 0-226 is satisfactory.

The dominant lethal theory contains a number of approximations and. sivaplifications
inevitable when it is attempted to develop a mathematical theory of a biolegical process.
Some of these we now discuss.

(@) The assumption of random rejoining is obviously only an approsimation to the
truth. It seems fairly certain, nevertheless, that the contrast between the postulate of
random rejoining which we have used in the present paper with the postulate that union
can only occur between breaks formed within a short distance apart, which we used
{Lea & Catcheside, 1942) in discussing interchanges in Tradescantia pollen grains, reflects
a real difference hetween the conditions obtaining in the two cases.

(b) Having postulated that ¢ is the probability that a given break shall join, it is not
certain that we are justified in inferring that ¢" is the probability that + breals shall all
join. In other words, it is not certain that g is independent of the dose. The deduction i
valid if it is something in the nature of the breakage process which decides whether a
break is joinable with other breaks or not. It is only an approximation, and perhaps not
a very good one, if it is the chance meeting of broken ends before sister-union cccurs
which determines whether interchange occurs or whether sister-umion, leading to a
dominant lethal effect, talkes place.

(¢) The assumption that every break in a nucleus occurs in a different chromosome arm
will be in ervox for doses at which large nwmbers of breaks are formed.

Errors introduced by (b} and (¢) will be more marked at high doses, and we would not
have been surprised therefore bad we found departures between theory and experiment
at high doses.

The close connexion postulated for the origin of dominant lethals, recessive lethals and
chromosome aberrations secms at first sight to be contradicted by the experimental result
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(Dempster, 1941) that neutrons and X-rays show a ratio of efficlency which is different
for each of the three classes. More extensive experiments of this soxt are nrgently required.
If the experimental result is established, the explanation may lie in ¢ being lower for a
break produced by a densely ionizing proton than by an electron. We have obtained some
results i our Tradescantia experiments (Catcheside & Lea, 1943} which can be lnterpreted
on the basis that a densely ionizing particle malkes a less readily joinable break than does
an eiectron, presumably hecause it does 1ore damage 4o the chromosome.

As the number of breaks per sperm increases, the probability that a sperm shall be
non-viahle increases at a disproportionate rate. In consequence the mean number of
breaks per wable sperm increases rather less rapidly than the first power of the dose.
The figures in Table 4 increase approximately as (dose)® . On the view regarding recessive
lethals put forward in § 2, the number of recessive lethals per sperm observed should
similarly increase less rapidly than the first power of the dose. (Dose)”™ is not a very
marked deviation from linearity, but in view of the fact that the experimental data
quoted in Table 1 rather exactly fit a linear law, and are based on a very large number of
lethals, the ¥? test shows them to be significantly at variance with a (dose)9® variation,
and they cannot be fitted satisfactorily by any power of the dose lower than (dose)?®.
(Fitting the experimental data to this formula makes y*=59, n=2, P=0-03.)

We are not disposed to regard this disagreeraent as necessarily fatal to the point of view
regarding recessive lethals which we have put forward. All the approximations made in
the development of the theory have erred in a direction likely to ezagzerate this departure
from linearity. That the mean number of primary breaks per viable sperm increases less
rapidly than the first power of the dose is due to the probability that a sperm shall be
viable, decreasing rapidly with increase of the number of breaks primarily produced in it,
and the departure from linearity will be exaggerated if the caleulation exaggerates this
decrease of probability with increase of the number of breaks. Our expression for the
probability of a sperm being viable in which » primary breaks are produced was

gty (11)
(Zryt

All the approximations introduced mbto the calecwlation act in a direction to male this
estimate of the probahility too low. Fano (1943} gives an expression for the probahbility
of a sperm being viable which has » primary breaks in ! chromosowe arms, (rz1), and it
Is greater than (11) by a factor which is approximately 277 Thus owr neglect of the
possibility that more than one break may ocewr lu the same chromosome arm leads to
underestimation of the prohability.of the sperm with + breaks being viable. In the second
place (11), and alse Fano’s expression, were caleulated on the hasis of random joining of
broken ends. Any departure from randomness will be in the direction of vestitution being
preferred to dllegitimate union, thus further making the probability of a viable nucleus
higher than expression (11). Thus the power 0-84 in the {(dose)?® formula we have referred
to 15 likely to be too low. Finally, in addition to lethals due to hrealks there doubtless are
some lethals (though we believe them: to constitate a minority) not associated with brealks.
Some of these will be point lethals analogous to visible musations and will he strictly
propertional to dose. Others will be position-eflect lethals and will increase more rapidly
than the first power of doge. The addition of these neglected classes would hring the dose-

variation curve still nearer to linearity.
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SUMMARY

The suggestion is put forward that radiation-ivduced recessive lethals, ov a large pro-
portion of them, are due o chromosome hyeaks. Abount one-third of all the chromosowe
breaks primarily induced by the radiation ave lethals. If the brealr restitutes,.n lethal
unaccompanied by chromosomal aberration (type A lethal) restlts. Tf the break talkes
parb in chromosome interchange a sype € lethal, which is associated with chromosomal
struckural change, vesults. Arguments ave given against the alternative position-effect
explanation of type C lethals,

A quastitative theory of dominant lethals is developed on the basis that the douinant
lethals are a.mixture of single breaks which. fail either to vestitube or to interchange but
instead undergo sisber-union, and of nov-viable chromosomal structural changes involving
two or more brealks. The experilnental curve of variation with dose of the yield of douinant
lethals is successfully fitted, and also the curve of the yield of viable struétural changes.

Tt'is shown that the recessive lethal and the dominant lethal theories are consistent in
that they require the same postulated number of primarily produced chromoseme breaks
per unit dose (namely, 0-75 breaks per sperm per 1000 r.). Bxperiments on the distortion
of the sex ratio in the progeny of iradiated males with ring-shaped or rod-shaped
X-chromoscmes are alse shown to be consistent with the theory.
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