
T H E  R E L A T I O N  B ] ~ ] T W E E N  R E C E S S I V E  L E T H A L S ,  

D O M I N A N T  L E T I I A L S ,  A N D  O H [RO ~{ 0 S O I \{ E  

ABEI%~ATIONS I N  "DI-~O~'OPHILA 

BY D. E: LEA :~ND D. G. CATCHESIDE 

Tf~e s Resec~.roh Lahe.;'cagorg, c~c{ the Beta. W School, Ua..ml, ri@e 

(With Three Textofigures) 

I. INTI~OD'UOTION 

It  ]l~%S become clear in recent ye~rs that~ neither tile recessive tethals nor the dominant 
lethals in Droso./jd~e# melcg~of/e, ster form a single class, and that both are tenth.coted to some 
extent wRh strtmtural changes .hi dlromosomes. With some of the recessive [eLhals, which 
(following Fano, 1941) we shall refer ~o as type A. no strttetm:al change can b~ detected 
in the salivary gland chromosomes, and it is reasonable to consider these as changes in 
single genes. Others (type B) show de]erich of 1i'om 1 to 50 bands of the salivary chz'omo~ 
some: and in these instances ~he lethal is to be attr ibuted to the absence of one or more 
genes. Others (type C) show gross sh'ncturaI changes--inversions or interchanges 
(reciprocal translooations)--oRen wRhont any deletion as far as can be observed in the 
salivary g].and chromosomes. When. le~hals at known loci are studied as in Demeree's 
extensive observations of Notches (Demerec & Fano, 1941), it is found tha t  gross struet.urat 
changes which give rise to lethals involve a break at or immediately adjacent  to the locus 
at which the lethal appears. As pointed m~t by Demerec (19.39) (see also 3iuller &ARen 
burg, 1930), there are two possible explanatio~as of this association between a recessive 
lethal ani[ a chromosome 5reak. One is that  the ionizing particle whiten causes the break 
also, in some instances, causes a lethal mutat ion in the gent through which, or close to 
which, it passe,s. The other explanation is in terms of the yosi~io~,z effec~ and is tha t  the 
behaviour of the gent is changed when it is transferred to a different position in the 
chromosome set, either because it has been separated from the gene to which it is usually 
adjacent, or because it is brought adjacent to a different genie. Of recent years the general 
tendency appears to be to accept the position-effect explanation. There does not seem, 
however, to be much j,ustifieation for this choice between the two alternatives. That  a 
position effect is a frequent accoml)animent ofeta 'omosome interchange invob-ing gke 
heterochromatia is certain. There are not very many established eases of ]?osRion effect 
not involving heterochronmtin, and while some instances of xdsible mutations due 
to this cause have been established, there is little reason to suppose that  a large proport~ion 
of recessive muta~J.ons are so ]?reduced. Demeree (19g7), for example, ia thil:ty visible 
mutations at ten different loci did not find one connected with a gross structural  change. 
I t  is a oonsiderabIe assm=.ption therefore on the basis of present knowledge to ascribe to 
position effect some ?,0 or 40 % of al~ the sexdinked ieth~ds induced at 3000 r. 

There is one way in which a test between ~lte two explanations can be made. It. is known 
that  ~he yield of gross structural changes increases more rapidly that,, the first power of 
the dose (approxinmbeIy as the :3/2 power o5 the dose between 1000 and ~lO00 r.). This has 
beexz established for the strttetural changes associabed with ].ethats (Oli~r 19._32) as well 
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~s for structural changes not so selected (BaueL Demerec & Ka<ffmann, 1938; ~{u]lm;, 
~'Iakki & Siclky, ]939), and is due to the fact that  a. gross structural change involves two 
independently produced breaks. The 3/2 power law has also been establishad for two 
k~own position effects, namely, eubRus interruptus and me,tied white (~{uller, 1940, in 
contradictionhowever ~o a first-power law found by Khvostova & GavriIova, 1935, 1938). 
The lethals not associa%d with gross structural change, namely, gene changes and minute 
deletions, will. increase in proportion to the dose. On the position-effect explanation 
therefore the total observed yield of lethals will be the sum of two terms, one proportional 
to dose, and the other to the g/2 power of dose. The dose cm've should therefore rise more 
rapidly than ~he first power of the dose. 

On the alternative explanation that  the lethals associated with chromosomal changes 
a.re gsne changes, the total number of lethals should be proportional to dose. The essential 
difference is that  on this explanati6n there is a lethal at a certain proportion of the 
breakage p o i n t  irrespective 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 l~est is applied (see next section) the evidsn.ce is against ~he position-effect 
hypothesis. 

In view of this result we hays pursued the implications of the aRernative explanation, 
that a. lethal associated with a gross structural. 9hange is due to mutation or deletion of 
a. gone at, or immecliatety adjacent to, the breakage point. On this view it appears likely 
that tethals ~o~ apparently associated with any cl~yomosome change are restitutions, 
i.e. a break has ocet~rrsd and the broken ends have rejoined in the original formatiom 
We are led to estimates of the frequency with wlhich breaks are primarily produced, the 
frequency of restitutions, and the proportion of breaks at which a lethal is simN~aneousty 
induced. 

I t  has been realized for some time tlaat, chromosome interchanges which result in 
dicentric and aoentric c]jromosomes must behave as dominant ].eth.als, since such forma.~ 
tions are not found in salivary ehromasomes and there Js no reason to believe that  dmy 
do not occur following irradiation of the sperm. Il~ has also ]~een realized (Fano, 1%tt) that  
the freciuene, y of t}.]ese aberrations a.s inr~:i:.red from tl~e freq~:eney of the viable ~0Tes of 
chromosome aberrations, Js not suN.cien~ to account for the total nnmber of domina.nt 
lefhals observed. Nero recently (Mul.]er, 1/.9~1:1; ]?onteeorvo &Nuller, 19~_[t; 2ontecorvo 
19d:l, ]9~2), it has been shown that  ct~romosom.e brea.kag% lint %llowed by interchange 
with o~her brea, ks o:r by restitution, but probably by sister-union of the ehromatids 
when the chromosome divides, probal:dy accounts for the remaining dominant lefhals. 
k.pparen~]] r a. eertai~J proportion of d~e ehromoso:,ne breaks ?JeRher resb.[bm~e nor in:tot- 
change, bat  instea, d. behave as dominanf, let, hsls. I t  is not dear what determines this 
choice; it suNces for our fur[her argument Jf we a.seribe a value 2 ~o the ]?rob~.bilit.y th~.t. 
a break shall neither restitute nor interchange, and a value q = . ] - 2  to the (combined) 
probability tha t  it will eitlJer restRuge or interchange. I:t' ,r chromosome breaks are 
primarily produced ia a cell, q" can plausibly be supposed to be the chance that  a.~,/, either 
restitute or take par~ in. inl~erehal.~ge. On die assumption of ra.ndom union between 
broken ends, it is po,~sible to arrive at formulae (see w 3) for the ~lumber of dominant ]ethals 
as a function of the dose, and[ for the proportion of viable sperm having chromosome 
aberrations. Comparison of these formulae wRh experimen~ enables p to be determined, 
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the value foun.d being 0.24." It also enables an esbimate to be made of gh.e number of breaks 
primarily produtced i~z the sperm })y a giveu dose. 

We have thus obtained two estimates of the number of chromosome hrea]<s pxh~larily 
produced in th.e sperm, one bas~d ,-,n our analysis of the recessive lethals, attd one on the 
i~cLepen.denb ;x~s)is of dominant lethMs and structural changes. The fact that these 
estimates are .in satisfactory agree;me• supports ore: analysis. 

Extensive data exist on ~he yield of recessive lethals as a fmzetion of dose. These afford 
no ex~idenee o~" an inc,:ease ~.v'ith dose more rapid than the firse power of the dose. To make 
the f)est objective, we have proceeded as • :-kssmzaittg a formula m = ~f_)+rid ~,'5 %r 
tJae me~;n ~mmber el:' lethals per sperm l/red,teed By dose D, which is the formtda expected 
on the ])osition-e~'ect interpret~tioa, we have :fitted by the least sq[u~res method the 
e_~perimen.tal data f'or various relative values of the coel:iicients ~ and ft. By the X e tesb 
the goodness of fit of tlze theoretical curve to the data .has been tested. 

Since the observation is not of the mean namber of lethals per sperm, but  of the 
proportion of sperm e~rrying one or more lethals, the data, after correctio~z for spontaneous 
[ethMs have to be fitted Co the formula 1 - e  '" (ep. Zimmer, 193'4). The experim.ental 
data we ~ake  use of are those aecumnlated over a u.umher of years by TimoNeff-P~essovsky 
(1939), Based on some 60,000 cultures, and are given in Table i together with the results 
o f ' the  X n teats. I t  is evident that  these data provide ao evidence for any (dose) -4 class, 

Tab[s 1. s [et]a~s c~a c# f~.~.,,et.io~z of dose (ea;peri,me,~ts of f i~nofdeff-Ressa,sky) 

Dose (r.) Sperm ~esterI Lethals 
0 32.Ii0 63 

1500 15281- 649 
3000 I1738 I0~7 
6000 9116 1462 

PostulaLed proportion of le~hats belonging 
to (dose)! class ~g 3000 r. 

0 
t,.-5 % 
17.~% 

herbals per spe]~n (%) 
O'lg+O'Og 
4-2550,I6 
8-75 '__0-26 

16-04• 

X z ];,.]~. P 

2.3 2 0.32, 
3-6 2 046 
6.4 2 0-0'~ 
9-6 ~ 0-008 

make it improbable tha t  tile lethals of this class, {f it exists, constitute as much as 17-5 o 4 
of the total number of Iethals at 3000 r., and practieally exclude theposs ib i l i ty  of tlte 
proportion, being as high as ~.~77 o//o at 3000 r. 

Tin'hint now to the experimental data concerni~g the proportion of sex-li~ked recessive 
letlzals wlaich, at 9000 r., are associated with gross strueturM change, we s the following 
estimates in the literature. Oliver's (1932) experiments using ra~zdom lethals gave 
15/61 = 25 + 6 %. Demerec's (1.9.37) experiments with random lethals g~ve ,5/16 = .31 • 12. %. 
Some fm'ther data of Demerec (19.37) involving lethals at eiglhtee= selected loci ~ave 
2:~/6I =:39+ 6%, while his observations (Demereo & Fano, 1941) confined to a sin.ale 
known locns (Notch) gave .34/85 =.~0 + 5 %. The average of all these es{im.ates, which are 
reasonably consistent, is ,35+3%. This proportion being higl~er t.han the la~aximum 
proportion which catz be reconciled with Table 1, we conclude that  the letlials associated 
with gross struett~ral oha~xge do ant  constitute an c~ddit.io.~zcg el.ass, bu~ represen~ ~hose 
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oases where the ionizing particle ~-hieh ca, used the ].etha] also caused a break in its passage 
through the cl~momosoms, ~rhieh break took part in a gross strnctural change, We develop 
the ftiIgher discussion on this basis. 

There is good reuse= to believe (P~ull~r, 19r that  not  all the o]~romosome breaks 
primarily produced take par t  in structural change, but  {hat often ~he broken ends rejoin 
and the resti tnted chromosome is cytologically indistinguishable fl'om an ufibroken 
chromosome. Whether  resti tution or structural, change occurs aj?pears not to depend o~ 
a difference in the breakage process, but  mainly on whethm: other breaks are available 
with which interchange can occur. I t  is necessary (on our interpretation) to accept tha t  
since some of the breaks which bake part in structural change are lethals, so also some of 
~he breaks which res~itute are lethals. Such lethals ~dlI be recorded as type A lethals 
(p. 10), i.e. lethals ~adthout any c?~ological detectable chromosome change, 

We have no ~ y f o r i  reason to beEeve that  a type A lethal cannot be produced without. 
the chromosome at the same time being broken. However, admitting the necessity, on 
other grounds, for a considerable number of restitutional breaks, a large part  of the 
~ype A lethals must be restitntional breaks. We shall see how ~ar a consistent picture can 
be obtained on the basis tha t  a.lZ the type A lethals are restitutions.1 breaks. {Some 
evidence in favm=' of this hypothesis is given on p. 1r 

As a beginning we need to know the numbers of the different types of ].ethals produced 
by a given dose, say 3000 r. Taking the yield of' Iethgls to be 2 , 9 ~  per 1000 r., we shall 
have 87 lethals per I000 chromosomes for a dose orb000 r. 3.5 c~/o, i.e. 30, will be type C, 
involving gross structurat  chaa?ge. The remaining 57 will be tyl~eS A and ]3.. Information 
on the relative proportion of types A and 13 is availaMe from the observations of Blizynski 
(1938, 19~t2). (Data by Demerec on the i:elative numbers of deficient and non-deficient 
legha.ls a.t se~ec~e, ct.. loci give a larger proportion of deficiencies, for a reasonwhich is explained 
on p. 1t. Here we require the proportion at ,ra~agom loci.) Sli~ynski made an examination 
of salivary gland chromosomes containing let.hals and found that  the proportion of letL.als 
associated with minute deficiencies was in one experiment 4 out of ] :3. and in another 
2 out of 6. Taking the proportion thin:store to he 6/19=0.32, we infer tha t  there are 
57 •  type 13 and. therefore .39 gyp,_, k lethals. Thus 3000 r. produces in 1000 
X-chromosomes 87 lethals, of which 39 are type A, 18 are type ]3, and S0 az'e type C. 

Now the mm~ber of breaks in ~]~e euchroma.tm of the X-chromosome which ta.ke par t  
in gross structtu'sl, change when a dose of 8000 r. is given to the sperm is 80 per 1.000 
X-chromosomes (deduction by Fano (194t) from salivary gland observations of Bauer 
(i939 b)). Of these g0 carry lethals (namely, the 3CJ type C letlmls). Evidently the prob- 
ability tlaat a chromosome break shall cause a lethal is 80/80 = 0.3,.% 

There are ] S mfimte defieien.de.,s (i.e. the type B lethe.].s) which are ]e thd  beca,~l.se one 
or more loci a, re deleted. There is reason for be.listing tha.l~ when a chromosome is broken 
in two ]?laces, the ;prc,l)a.l)ilities are a,l?proximatdy equa.1 that tile segment between, the  
breaks shall b,,~ d e]:eted and that  it shall ba inverted. We ]?resum e therefore that #here a, re 
also 18 minute inversions. An h~version wi].I not, in ore: view, beha.ve as a lethal 2?er ~e, 
but, sines it invol.vcs two breaks, each of which has a probabflit3~ of 0-58 of being a lethal, 
the ]?roba, biIity is 1 - (1 - 0.38) a = 0.62 tha t  at least one of the br~:.a.ks will. be a lethal. Thus 
of the 18 minute inyerdons i,q x 0.62 = 1.1. will behave as lethe,Is, and[ wfl] therefore be 
included in. the type A lethMs, mflmte inversio~.~.s not being sufficiently eertaiNy recog- 
nizable to be put  into a separate class. 



This leaves 28 t;ype ,:-~. Iedmls which ~.re resti~uted breaks. Since only 38 % of ])l"eal.~s 
are lei;h.als, t:he to~al mtmber of rest;i.gt~ged breaks must be 28/0-..38 = 7i.  

The e.ogal nmaber  of breaks o.f all sor~s produced By .3000 r. in the euehroma~in of 
[000 Xoohromosomes is therefore 22~3, made up of 36 in mimrLe deletions (t:wo breaks pe~. 
d.elel;ion), 36 in minuet inversions ,Iewo breaks per inversion), 80 in gross stn~e~ural 
,~ha.nVes, and 7:i which, resdLute. The race of production of primary breaks per )f-chrc~mo~ 
some by g000 r. is thus 0-226. Of {,Ije :;Pt; breaks ae Or)00 r., a proportion, S0/226-.35%, 
~ake pa]:t in gross s{,rn.eg~u'ai chaa~.ge. AL gr<l.ter doses the propor{,ion will be higher, aL 
smaller ,-loses .[L will be bwer. 

It. is 6o be noted ~haL 1:[ oul; of a.),'~c oz' about 30 ~,,o, of the type A lethals are expected ~o 
be mim.tte in~e:csions. Slizyn.ski, from e.va,nim~don of the salivary chromosomes, suspected 
r some of {,he no.u-defi.eienb le~hals were minn.to inversions. 

It  is also to be remarked thn.t there are ].S ]nin~lte deletions to 7:I restitntiona] breaks, 
a ra$io of 1 ~o .'.1-. Now in_ her ey{,ologicM study of inversion breakaga points I-Ioover (I9.38) 
formdr ~hat I;here were 5 breakage poinbs wil;h ddet ion to 15 breakage points wi~honl; 
deletion, a ratio of 1 to .3. The agreement be~weezt ~hese ratios suggests tha t  we have not 
seriously overestimated {,he number of res~ihltional breaks by assumi,~g that, ag~ :point '  
Ieth.als are restitndo:as, and supports/~he assumpgion which we ms,de on p. 13. Doubdess 
there are a few point lethals which, are not restigngional breaks, bul) at, t, he present stage 
this further subdivision of ehe iethals is not profi~abb. 

De.motet (1939; also Demerec & Fano, 1941) has collected a considerable amoun~ of 
information concerning the produetion of recessive lethals at selected loci in the X-chromo- 
some, particularly the loei:ts Not,oh (band 3r  in t~he salivary gland map}. Among 
85 independen{,ly os No~ches ocenrring in some 7.4 • 10 ~ X-chromosomes irra- 
diated by 2500-3000 r., tkere were 34 gross struotm'al changes having a break adjacent 
{,o ~he 3 C 7 band, .37 defteiencies of various sizes which' ineInded this band, and 1.1 Notches 
withou~ any ey~,ologieally de,cohabit structural change. I t  is to be observed tha~ in ~his 
collect,ion of lethMs at a selected Iomzs ~here are many more type ]3 (deficient) ~han i, ype A 
(non-des leLh~ls, in contrast, t;o Slizynski's results wi~h random iebhals (p. I..3). 
Fro%her, n.earty half (I8/87) of the deficiencies are of 10 baz~ds and upwards, whereas 
Slizynski's were all small.or. The explanation is tha ~ large deficiencies are really less frequent 
in {he salivary chromosomes ~han smaR, bt~ when it, oeears a large deficiency is more 
likely to include a specie&d, Iocus than is a small deficiency. To deduce -h'om Demeree's 
dat.a l~he number of deficiencies of differe~ sizes we can proceed as folAows, on {,he basis 
of the assumption that  breaks are equally probable anywhere in the euehromatin, so that  
~he probability Lha~ a deficiency of z bands shall contain a specified band is x/647, 647 
being the number of bands in the X-chromosome (eone~ing a doublet, as one, 
Demeree & Fano, 194I). Thus if ~x defiden.eies of :c bgnds including tee  Not,oh locu.s are 
observed, we interpret ~.his to mean t.hae about 6'.1.7,~@: deficiencies of abo~tt_ ~h.is size are 
prodneed in the whole ehrom.osome. In i;his way the numbers of deficiencies of different 
sizes induced by 2500-3000 r. per 1000 X-chromosomes can be deduced from Demerec's 
da~a, and are se~ end in Table 2. 

Ta,bie 2. Di.s~rib'~ion of si~:es of deficie~cies 
No. of l)gttcI8 deficient i 9 3-5 6 1.0 I1-15 I6-20 2,1-30 31~10 Total 
No. of defioiettcie,~ of t, hts size per 7.87 2'19 0.76 0"47 0.37 0.1:~ 0-14: 0"08 1~-01 

1000 chromosoraes 



The total number of deficiencies, 19 per 1000 X-chromosomes for a dose of 2500-,%000 r .  
is in fair agreement with the estimate of ].8 for a close of 3000 r. deduced from considera- 
tion of deficiencies associated with random lethals. 

Demerec i%und~in his collection of Notches three which were. deficiencies which did. not 
{,~c.hde the band 3 C7 but had one break ~gjaee,~.r to it. In this case presuma.bly the break 
adja.cent 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 =S deficiencies having a 
break adjacen~ to Notch. A deficiency invoh, es two breaks, and the probability 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 clea~qy 2./647, 6~7 being 
~he total number of bands. Thus the total  number of deficiencies is deduced to be 
8 x 647/2-2588. This is the number of deficiencies in 7-4 • l0 ~ X-chromosomes, the 
number per 1000 X-chromosomes therefore being 3-5. This estimate is smaller than the 
number 12 obtained above (Table 2). The explanation may simply lie in the sma]Jness of 
the numbers involved, or it may mean that  a deficiency of a single b'and is not produced 
by two distinct breal~s, but  by another mechanism, e.g. a single gane being rendered 
incapable of duplication. The number of deficiencies for v~o'J'e ~.han one band given in 
Table 2 is 4.1, in good agreement wRh .3"5. 

On our view, according to which the probability of a break having a lethal associated 
with it does not depend on what so]:t of arrangement the break enters into, we should 
expect ~ interclzanges involving heteroch_romatin to constitute only a small proportion of 
the total  number of structural cha.nges involving a' lethal at a given locus, since hetero~ 
chromatin is concerned in only about one-sixth of observed chromosome breaks (Bauer 
et el. 19.38). T~is is borne out in Demerec's ~(19,39) observation of recessive lethals a,t: the 
Notch locus, where only 1 out of 10 lethals associated with structural changes involved 
het.erochromatin (excluding from consideration a case invohdng a deficiency as ~ell as 
gross structura.l change). The breakage point was adjacent to the 3 C7 band. On. the 
position-effect interpretation, we might have expected lethal.s associated, with hereto 
chromatic aberrs,t]ons to have been particula~.ly frequent: and :for the range of the effect. 
izl eases involviug heteroch.romatin to have extended to greater diet:shoes from t.he locus 
of the break, by  analogy with kzlown positio~_~ effects. 

"~Ve ]? ave thlts been able to ]xdld up a consistent picture o f the  production of recessive 
lethals on the basis that  a certain proportion (g8~) of the primary breaks in the 
X-chromosome have a lethal at the breakage poin% the let;hal being produced by the 
ionizing particle which caused the break, and not being dependent for its expression on 
the break %,king pa,rt., in chromosome rearrangeme~.~/. 

~..DONINA.NT L],3TI:TALS AND ST]~UCTUIIA.I~ CrIAIgC4ES 

%Ve take ]~ to be the pl.oba.bili.ty 9Let a given break sha.]l neither rp.stRute nor take part in 
interchange but instead give rise to a derek.taut lethal ell%st, and c/= ] - p  the ]_,robability 
that  it sh.a.ll either restitute ar take par~ in interchange. ' if  or primary breaks are ])rodtl cod 
in a given sperm, ~" is the ]?robabilRy that  all shall either restitute or take part in. inter-. 
change. In considerhxg the rejoining process we shall a,d.opt the assmnptions and sim- 
plit~cations made by Catcheside (1.9.38), namely, omit eons of interchanges 
between breaks in the same ct,:omosome arm and eo:asider oNy 91terchanges between 
ai.fferent clJromosome arms, and secondly, assume that  reioiu:ing between bro.keu ends is 
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ab randum. Tlze first simplification will no% be a serious source of error; the second 
requires justification. I6 T.mdescan~ia pollen grains such a.n assumption would be com- 
pletely misleading.g, sin,?e Chore a break has a ml~eh higher eh.~ace o:lJ res~f~u.ting eh.an of 
interchanging v i th  ocher breaks in the nucleus, and t.wo breaks have a very sljt~a[l chance 
of interchanging' unless the breaks are produced at a, separatioa .much smaller than ehe, 
nuclear diameter (Lea & 0ateheside, 1.9-'i:?). Bee in..D~'os,)2oT~.ila sperm ehe conditions are 
,lifferen.L since ~he rejoining process l;akes place aff, er the sperm has ettte:red the egg 
(Muller, I9[-0), and it is quire probable ~hat th.e spatial diseribution of the breaks wh.ea 
rejoinihg is ersatz'lug bears iibtle .relalio,z to their spatial distribution- a~ the moment o.t" 
bheis" pro,:luetioa. We shall eh,:refo:re assume tha.~ in D.~'o.sop/dla sperm, in cent, rust be 
T~mdexca.~z.tsia pd~.[len grains, re.ioining is suN,-ienbly a, arly random. 

Suppose I:hat w]~h dose D the mean lmmber of breaks per sp~rm is ~z =~D. The p r o p e l  
hi.ca of spenn tlaving ~- breaks per sperm is giv-ell 1oy ehe Poisson dist;~:ibution, and is 
e -'~ m,~/r !. The probabiliey that  a sperm shall have no breaks is e -'~'. The probab{Iity t.hat 
it shall ha~e one break is u~e -~''. Sperm wi~h one break will contribute (1 - q )  ~ize -''~ to  the 
n~:,mber of dominattt l.e~h~ls, ~.nd q~.e -'~ ~o the nun?b er of viable nuclei withe at abe.rraLions. 

Of ehe -,'.,-~r -*'~ sperm with two breaks per sperm, ( I - ~1 ~) =}m-% -~'' wil! be dominant lethals 
owing t.o ~ailure of one or both breaks either to restitu~e or ~o interchange. In  �89 -'~ 
sperm the %ur broken ends wilt all join. Under ~,he assumption of random joini~g; in 
one-third of these sperm th'ere will be res}itngion, giving viable sperm without aberraeions, 
in one-third there will be symraebrioal interchange giving viable sperm wi~h chromosome 
aberration, and in one-third there roll be asymmetrical interchange adding a ftu'ther quota 
to the dominant lethals. Thus of the spe.rm, with two breaks, {..~n=clze -'~ will .be viable 
without aberratiot~, ~-,m'c/ue -'*~ wiI1 be viable with aberration, and the remaining 
�89 -~ (1.- :~q~) will carry dominant lethals. 

In general there will be e -~= m~/,r! sperm having ~" breaks. In e -~ ~r~'g'/.r ! sperm 
no breaks will remain unjomed. In a sperm of this class the ,r breaks can rejoin in 
1..3..5 .... (2r - 1) = (2r) !/('r ! 2") wa3qs,of which one way is viab[e without aberration, (r ! - i) 
ways are ~dab!e with aberration, and the remainder are inviable (Cateheside, 19:38). 

Collecting the cor~tribntions f~:om sperm wi~h various numbers of breaks, and replacing 
.m by its value ~D, we have: 

Proportion of cells which art  viable and wit~hout a.berration is X = e - -~ s where 

( ~ q D ) '  
, % = l + ~ . ~ + ~ . ( ~ . r  ~ (,~.~.)! + . . . .  ( 1 )  

Proportion of sells which are viable (with and withou:e aberrations) is Y = e  -~D ~5~s, where 

~, . ~ (~qt))  ~ . r !+ . . . .  (~) 
, ~ =  ], +:~qD+�89 (~D)  + . . .  + <~,r) t 

Total number of primary breaks formed in viable eells~ per to~a] spe:rm, is Z=~,-~/~ ~5,a, 
where 

(,%.q/))". '~'. 'r ! 
~% = ~ . ~ D  + ~ ( ~ . ~ D )  -~ J- . ~ + . . . .  (.~) 

~a ' "" (:?r) ! 

The stm~s S~, ~S,, and 6'j oft, he infinite series in equations (1), (2) and (3) eat~ be ev~lua~ed 
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quits easily arithmeti~al.ly, for small  values  of ~qD, since the series converge rapidly .  
Algebraic expressions for t h e m  are more  convenient  for larger values  of c,4D. These are 

,% = ~o~5 ~/ ( 2~.q r) ), (-i ) 

,5'~ = 1 +~/(�89 e:,=o ~- erf'~/({.~4D), (5) 

{ Z +~q/) , / r r  e~=~z) erf.v/(�89 (6) 

2 f~  
where oosh x = � 8 9  (e~+e -~) is the hyperbol ic  oosine, and e r Iz=- )7~  1 ~ e - ~  da.: is the error 

function. I n  Table 3 values of ~5,, 6'~, and  S a are t abu la ted  for a su i table  range of values 
of ~gD.  

Table  3 

~q~ ,% & ,s', (1 - &/,s'=) &/,% 
0-as >aav > a s s  0.ages o.01~0 o.s91~ 
0-50 1-54=8 1,592 0-6942 0-0509 0.4~360 
o-7s t s n  1-9~o ~-lSe o-05:g o.s996 
0-98 :?.151 2373 l.S*9 00935 07793 

1.28 2.577 2.996 2'915 0.I396 09731 
~.6s a.10v a:sss ,~-~53 o.zga5 ~,~so 
s.oo a-vs-, s.o60 7.090 o.2s~s >40~ 
2.88 5-5.57 9.172 17-$9 0-3941 1.88~ 

3-9e 8.253 1.7.78 43.23 0.5357 2.-.tas 
~-~s lS.Se a6-se n s . s  o,6a~a a-o~a 
~-r lS.al Sl.57 a0~.~ 0.7788 8.73g 
8-00 27-31 193.6 870-S 0.8590 4.497 

Table  ~. Mecm hum,bet of lvima~'y brea&s pe.r viable s per.m, 

Dose (r.) ].000 1500 2,0o0 3000 4000 6000 
l~]iea.n ~o, of primary breaks .per viM)le sperm 0.4:9 0-69 0.89 1-23 1.54 2-15 

One of the  obssrvas quanti t ies  is the  propor t ion of viable spe rm which have  
chromosome aberratJ.ons. The f;]moret.iea] expression for this p ropor t ion  is evident ly  
( 1 - X / I - )  = ( ] - & / , S e ) ;  and is listed, in Tab le  3 as a, :hmction of z.gD. I n  Fig. ] we sh~w 
experim.enlal dat.a, of the  p.~'oportion of viable sperm with chromosome a,berrations as a 
f tmetion o:[" the dose as de termined by  Oatoheside (1938) and ]3aver et ed. (I938), together  
with thu theorstiea.l  cu r t<  (]-,hz/~qz). w]ie l ,  ]~a,s been fitted to t he  d~ta  by tak ing  
z-g=0.57 per  1000 r. 

A seoond observa.ble quan t i t y  is (] - Y), the  propor t ion  of total  sperm, whidh are non- 
viable, i n  ]gig. 2 the ex]?er[menmt observation,~ of Ca, teheside & Lea, (1945a) on ~1>. 
propor t ion  of eggs ferti l ized by  i r radia ted  s]?erm which fail %o a t t a in  the  adul t  stage are 
plotted,  toge the r  wit]L the  tl'more~bica,] cm've.  I n  r the fo rmula  for  Y (,see equa- 
t ion (2)) we a,h'en.dy know t].mt ~.q = 0'57, which eua, bles ,S 2 t,o be c~leula,tecl for eae:h dose 
with the aid of Table  3, c,. still :remains a rb i t ra ry .  The va, lue ~,.=0-75 wt~s fonnd to  give 
the best  1[$ of the  thsorebic~d curve to the  experim.snta] ]points. 

I t  follows t h a t  ff = 0 r  so t h a t  we ];.ave the figures: 

~-= 0.75 js the  n u m b e r  of p r i m a r y  breaks  produced  per spe rm per t000 r. 
g = 0.76 is [he pro]?abjli ty that: a, b reak  shall join, either in restit~rtion or in interchange.  
p = ] . - ~ / = 0 - 2 r  is t]~e probabilif, y t ha t  a b reak  shall remain  nnjoined,  b u t  ~nstsad shall 

behave  as a dominan:t  lethal. 
Journ. of Genetios 47 2 
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I t  is with ~hese vak:.es of g, p and cj that ~he theoregical curves in Figs. 1 and. 2 have 
been c.omputed. 
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Yig, 2. Percentage of domin,~ut, [ethals a~ ~ functiou of dose. Ol ive  theore~icml; po i n~  experhxlents of 
C~tcheside & Led {I9,~5~). 

.It is of interest to ,~a/c~tlgte d:.e mean number of bL'egk8 primmrily formed per 'vigb~s 
sperm (which will be a litg.e less than ~D). deferring bgck to equations (2) and (3), this 
is seen to be ~5's/R,. ;b's/~2 is $gbula~ed agaiDst ~4.D in Table 3. Using the value ~4=0-57 
just found, and intes.polating in Table 3, we ol)~aia t}ie estimates given in Table ,t of the 
mean. number of prim~xry breaks per viable sperm, 
We can o~leulate from ~hese Iigures ~he numbe~: of primary breaks in the euchromatin 
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of the X-cln'omosome, by making use of the result, tha t  a fraction 0-162 of all observed 
breaks occurs there (Fano, 19~il; based on data of Ba~ler, 1939b). Thus at 3000r. 
0-i62 x 1-23 =0.199 primary breaks occur in the euchromatin of the ~u 

~. SEX-I{ATIO DISTORTION 

The theory of dominant lethals given in the previous section can be extended to cover 
experiments on the distortion of the sex ratio in the progeny of irradiated males. The ratio 
of females to males is reduced below nnity on account of the fact tha t  radiation-induced 
changes in the X-chromosome of an X-bearing sperm make a contribution to the total 
of dominant ]s in excess of the contribution made by changes in the Y-chromosome 
of a Y-bearing sperm. The distortion of the sex ratio is more marked when the h'radiated 
males have the X c~ ring chromosome than when they have an. ordinary rod-Xichromosome.  
The various types of change contributing to the distortion of 4he sex ratio have been 
~liscussed by a number of authors (Bauer, 1939a; ~!Iuller, 1940; Pontecorvo, 194t, 194,9; 
0atcheside & Lea, 19~5e, 5), whose accounts should be referred to for the jastification 
of the following statements. 

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

(a) B~'eetc~ i~ tIw sez three,wee,me ~zot ta/ci)W ~a~'t in i~zte~'ef~.~We wit7~ ottzer brea~,s. Such 
breaks in a Y-chromosome, or a rod-X~chromosome, will be viable if they  restitnte, lethal 
(nearly always) if they  do not res~itute but  instead undergo egret-union. The probabilRy 
of failure to join is given (p. 17) by F = 0-24. 

Such breaks in a r ing-X~ehromosome ~_11 similarly be (usually) lethal in a proportion 
1)=0.2~ of instances owing to faflu.re to restRute. They will not all be viable, however, 
in the proportion ~ = 0-76 of instances where restitution occurs, since in haw of such eases 
rastitution leads to an inviable chromosome (Ca.tc~esida & Lea, 1945b). 

(b) BreaZ'<~ i,~ til, e .sex ehrom, oso~ze width, ta.I~e j)art i~z i~#ercim)~ge w.itl~, ~reahs i~ other" 
&~om, osomes. In. the case of a rod-X- or Y-bearing sperm, such interchanges will be lethal 
if one or more dicen~ric or aeentrie chromosomes are Nrmed, and will be viable if onty 
symmetrical interchange occurs. In  the case of a rang-~[ "-l)ea.rmg sperm, a.~.y interchange 
involving the X.'~'~oohromosome and an autosome will be lethal. 

In addition to these major contributions t~o the distortion of the sex ratio, there are 
nfinor ones which will be mentioned later; ortr caloulation is limited ~o (a,) and (b). The 
proeedm-e is to carry ont a dominant lethal calcul~q,lion, such as we have given in w 3, 
separately for ]q for rod-X, or far ring-X~"~ sperm. The calculation abeady given 
leading to %rmnla (2) with c<.=0'75 we sJJa.]] ~ake to apply ~o re&X-bearing sperm. 
(Strictly all the experi.mantal data used in determiniug ~he va, lue of z. should have beet~ 
confiued to X-bearing sperm. Of the da.ta which were availa,b]e and which are employed 
in Figs. 1 and 2, some referred to X-bearing sperm and some to total  X- and Y-boa.ring 
sperm, bgt  the differences are slight.) 

We can calculate the values of ~, i.e. the mean number o:[ pr imary breaks per sperm 
per 1000 r., ~n YSearing sperm by ms.king use of data. on the relative fregueney of breaks 
in the X~ehromosome, the ]<ehromasome, a~_~d the autosomes given by Bauer ct aL 
(1938). We ea~? calculate the value of ~ 5n X~-bearing sperm from consideration of the 
fact that  the ~-CS~ehromosome is ~5 ~ o longer thal~ the nor:ma,1 rod ~7-chroinosome. In 
t h i sway  we arrive at the values of ~. given iJ.~ Tgbb 5. ~. has the value 0.75 (cp. p. t7) 
in the rod-X-bearing sperm, is sIightly greater in the X ('a- bearing sperm, and. ,slightly less 
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in the YJ)ea.ring sperm. I n  the same table s is l~he proport ion of the to~al n.u.vober of 
bJtca]{s ";,~l:icTzt oeou.r irz the sex ohrolplosonte in the ghl'cg ~yl)es Of sperm. ~fhe va.t~tes of 
are given })y [[BaKer et al. (1938) f o r 'X  bearing and Y-bearing Sl~erm, and are oMculaLed 
~hence ['oz' ~,b.e 2".e-bearhtg sperm by making alluw~.mce for t;he 25 % extra lellgt]i. 

The proport, ioz~ of rod-X-bearing sperm which after dose D give viable zygotes is given 
by eq~a~iot~. (2) and Table 5 as 

e -'~:~ 5'e, wi~h ~-=0"75 per 1000 r., and q=0.76. (7) 

The propori;ion of Y-bearing spen.n which after close D give viabJ.e zygotes is similarly 

~s ~*z~ ,S'e, with ~.=0.71R per 1000 r., and. c/=0-76. (8) 

Table 5. I)atc~ j>,; ,e:c.-rat, io caZc,~da.tio~a 
]?ormtd~ Sex-ra6io 

Ty.pe of sperm +: a io q athplicable 9~ 
}" 0-718 0-168 0.2,4 0-76 (S) --- 
x 0-7.'50 a-'_,.o4 0.:~t 0-76 (7) (7)-(8) 

X ~ 0-788 0-2~J:2 0.2+1: 0.70 (I0) ( 1 0 ) + ( 8 )  

The calculation for X';"Lbearing sperm is a liable more complicated. The proporhon o:f 
X ~'-" 1)earing sperm which have r breaks, all of which joi,t, is e -~.D (c~qD)"/r!. In  some of 
these sperm all the b.eeM~B wJ.ll be in the ant~osomes, in ~he remMnder one break will be 
in bl].e X~-chromosome. (In accordance witll t.he shnplification adopted t, hrot~ghout, ~e 
do no1 contemplate the possibilily of more ~han one break ocom'ring in tl~e XoLchromo - 
some.) Th.ns, ,since s is the proportion of breaks which occur in the sex chromosome, we 
write .rs as (approximately) the proportion of sperm in which there i.s a break primarily 
produced in the X ':z sperm, i - r s  is the prol?ort~ion of sperm in which no break is 
produced in ~he X~a-ehromosome. For the calculation of t2m proportion of sperm of 
the !a~er class which are viable t h e  formnlae used on p. 16 apply, leadil!g b 
2 ~ (r !)z/(2r) !. A sperm of the former class, having one break in the X ~ chromosome 
and r -  I breaks in the antosomes, will only be viable when the followi~ig eoi~diiions are 
satisfied. The. break in the Xc~-chromosome must res~itute in preference to ialterchanging 
with another break (the probabiMy of restituting is 1 / (2r -1) ,  since a broken end has 
24'-1 broken ends wi~h which joining is pdssible). I t  mns~ res~itnt, e in the way leading 
to a viable chromosome (probability �89 Fi/iMly, t, he , r -  1 antosom.M breaks _must join in 

a viable fashion, ~he probability of which is ( 2 r - 2 ) !  We finalIy obtain for the 

contribution to viM)le sperm pro%ded by  sperm with r breaks the expression 
/(2.u.qD) ~ .,'I ( 1 - r s )  (:,.gD)" [ (~ ' -1) ! ] "  2, ''-* rs] 
t :B ( p - l )  j" (9) 

Simplifying, and summing the infinite series of which ~his is a ~erm, we obtain for the 
proportion of Xr sperm which are viable after dose D 

e -=z~ {- �89 + (1 + �89 ,5'= = S,Sa}, (10) 

with ~.=0-788 per 1000 r., s=0-2-'t2, and q=0-76. 
Forimdae (7), (S) and (10) may be eva.hta~ed ntm~ericMl.y with t.he appro]?ri~te vaktes 

of a, s: p, and g, which a,re eoEect.ed in Table 5, and l:he va.!ues of ,..% and ~5' a t.a}),lla~ed in 
.Tab].e 3. The expected ratio of :females go males in the progeny of irradiated X/17 males 
is evJd.ently (7) + (8), wNle the ratio in ehe progeny of k'radia~ed X<r~/Y males is (10) + (8). 
In tiffs way l, he theoretical era'yes of Fig. 3, which show- the sex ratio a,s a fnnc~io~ of dose, 
have been computed. 
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It  is seen t ha t  the  theoret ical  ct~rves are in fairly good agreement~ with the  experiment;al 
data ~lso shown in Fig. 3. The small bu t  systematic deviation between }3auer's.experi- 
mental resnIts and the  them'etjeal  curve for  the X~e/Y males oaa~ in ~he main  be accounted 
for by the fact  t ha t  in addit ion to the principal causes (c~) a.nd (b) (2. 19) contributing to 
the distortion of the sex ratio, there  arc some smaller factors acting Jn,tke same direction 
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Fig. .3.  De~>ression of  sex-ri~t, io i,~ proge.lD" of hTa.diated male~.. C1~rves t,heoretieM; po~a~ts experiment.s of: 
-*k: X ]~males 4 H a n s o n  1.q "),q ("1Nuller lg'~,q �9 C~owen&Gs 1 , q 3 3  B~ner  193-qa >" Catehsside ~ t  ( -  .. ( .... t, . .( . . . .  ), .y( ,. , ) , |  �9 . ( . . . .  ), �9 
& Lea (I9:~5a)). 2P,, X~'a/Y males ( 0  ] ~ u e r  (19~9a.), | C~,oheside & Le~ (1945b)). 

which we have n.ot ~,alcexL ira.go account.  Cue o:[" th.ese is the fact  t ha t  J~.ea,rly all of bhe 
ddieti.o~xs: aztd ha.If of tl~e inversim_~s, :i1.~ the X"2~c]lrozn.osome wi].l behave  as c].ominant 
[ethals, and ~:b.ese al]el'ra.tions are not  taken  into account by ear  t heo ry  which does not  
allow of more  i~han one break per chromosom.e. Seco.udty, a. staa.ll proportim] of breaks 
of the X --dn'omosom.e. lead to {~iable losses of tl~e chron~osome (Pontecorvo,  19([1) aJ?d 
co\mr twice in the  sex-ratio distort ion,  si~.l.c.e they  lead l~ot only to the disappearance of 
a female bltt also to t:he a,]?]?earal~cc of a male (.~70 ma,le). There ~s thus  explanation for ~he 
dc]?arlmre between theory  and experiment ,  whid., is Jn any event  slight. 

Ib is impor t an t  to  notice th.a.t the agre.e.n.aent ])etwee~ ~heory sad  expe:t'iment h~. Fig. 3 
is obta ined wit:,].toat t he re 'be ing  any  arb:t,ra.ry constants involved J.n the  bheory which. 
ha.re to be determfi~ed by VptmaI to the  sex-.ratio ex]?erime.lrcs, since ~ a, nd q were deter-. 
nti.aed ~Hrea.dy ia w 3 by appeal  tr, orher cx]?eriments. 

5. ~)ISCUSSION 

~h.e theory  of dominant  lethals a~d. ehromoso].ne aberrat ions we have deve].o}.)ed agrees 
well with the  exper imenta l  data,  as itl.um~rated in ~igs. 1 and 2. The theory  involves two 
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arbitrary e.onst.ant~s, ~z and q, the wlues of which h~ve to be ekose.~l by reference to the 
experimen6s which the theory is titting. There is alwaya ~[xe. JTear at.~aohing to a mai,h.e- 
m.~ical theory invo[ving arbi#,rary cotzstants I:,hat an incorrect theory m~.y be made to 
fib the experintenl~s owing 60 tl~.e flexibility ~Llt'orded ~)y the arbitrary constants. Here I;wo 
confirmations are possible w:hiek we~think make ~he fear groundless iu Dhe p:rcsenC 
instance. In the firsb place we were able t,o extend the Cheery tu cover the calculation of 
the distortion of the sex rat, io in the progeny of irradiated males. '.{'his extension did not 
involve any fresh a:,:b{~rary oollsgants, and 6he theory sat~isftLcl:orily litted the experimenCal 
data, as illustrated in leg. 3. In '&e second place, we have in ~ separate pa]?ez' (Catcheside 
& Lea, 19-~hb) shown that  an anal.ysis of 6he relative degrees of sex-raeio distortion in the 
progeny of X~ }" and X~/t"  ix'radiated males leads directly to an sppl:oximate estimate of q. 
The w~iae obtained, ff=0.74, was in good agreemen~ with ~he value rf=0.76 obtained in 
~he presen6 paper. For these reasolls we believe l~ht~t our dominant lethal ~heory is not 
merely a mathematical exercise, but is essen.tially correct. 

As regards ~he recessive lethal theory, this is admittedly more specNative. That it is 
consistent wi~h the dominant lethal tl,eory is shown by the following consideration. The 
analysis of ~ke domi~an~ letb.als 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 eu.chro- 
matin of the X-chromosome (in sperm which remain viable). Our analysis of recessive 
lethals on ~he basis that reeessives are rejoined breaks led independently to an estimate 
of this same quantity, the fig~e obtained (p. 1{) being 0.226. The a.greement between 
0.199 and 0.226 is satisfactory. 

The dominant lethal theory contains a number of approximations and. simplifications 
inevitable when it is attempted ~o develop a. mathematical bheory of a biological process. 
Some of these we now discuss. 

(a.) The assumption of random rejoining is obviously only an approximation to the 
truth. I t  seems fairly certain, nevertheless, tha t  the contrast between the postulate of 
random rejoining which we have used in 5he present paper w~th ~he postulate tha t  union 
can only occur between breaks fomned within a short dista.nce apart, wMch we used 
(Lea & @atcheside, 1%2) in discussing interchanges in f'rcdesc~.~nUe pollen grains, reflects 
a real difference between the conditions obtaining in the two cases. 

(b) ttavi~xg postulated that  q is the probability that  a given break shah join, it is not, 
certain that  we are justified in inferring that  q~ is the probability that  ~" breaks shall all 
join.. In other words, it is not certain that  ~ is iadependen~ of the dose. The deduction is 
valid it" it is something in the nature of the breakage process which decides whether a 
break is joinable wi~h other breaks or not. I t  is only an approximation, and perhaps hog 
a very good one, if it is the chance meeting of broken ends before sister nnion occurs 
which determines whether interchange occtu's or whether sister-union, leading to a 
dominant lethal effect: bakes place. 

(c.) The assumption that  every break in a nucleus occurs in a different chromosome arm 
will be in eza'oJ: :['of doses at which large numbers of breaks are formed. 

Ere:ors introduced by (b) and (c) will be more marked at high doses, and we would no~ 
have been surprised therefore had we found depart~ures between theo.ry and experimen~ 
at high doses. 

The close connexion postulated for the origin of dominant leth.als, recessive lethaJ.s and 
chromosome aberrations seems at first sigh~ to be contradicted by the experimet~.tal rcsrd~ 
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(Demp,%er, 19([].) that neutrons and X-rays show a ratio of ef3ciency which is different 
for each of the three classes. 31ore extensive experimenM of this sort are urgently requbed. 
If" the experimental result is established, the explanatioxf may lie in q being lower for a 
break produced by a densely ionizing proton than by an electron. We have obtained some 
results in on" T,ra.desc~zl.f~ experiments (Cateheside A L~a, 19 ~[3) which ea.u b s interpreted 
on the basis that  a densely ionizing particle makes a less readily joinable break than does 
an electron, presumably because it does more~damage to the chromosome. 

As the number of breaks per sperm increases, the probability that  a sperm stroll be 
non-viable increases at a disproportionate rate. In consequence the mean nnmber of 
breaks per vi~bZs sperm, increases rather less rapidly than the in-st power of the dose. 
The figures in TabIe 4[- increase approximately as (dose) ~% On the view regarding recessive 
lethals put  forwal:d in w 2, the number of recessive lethals per sperm observed should 
similarly increase 1ass rapidly than the first power of the dose. (Dose) os~ is not a very 
marked deviation from linearRy, 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 X ~ test  shows them to be significantly at variance With a (dose) ~ variation, 
s.nd they cannot be fitted satisfactorily by any power of the dose lower than (dose)~ 
(Fitting the experimental data to this formula makes X z = 5.9, ~ = 2, P =_0.05.) 

We are not disposed to ~':egard this disagreement as necessarily fatal to the point of view 
regarding recessive lethMs which we have put forward. All the approximations made in 
the development of the theory have erred in a dbection likely to exaggerate this departure 
from. linearRy. 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 tha t  a. sperm shall l)e 
viable, decreasing rapidly with increase of the mnnber of breaks primarily produced in it, 
and the departure fl'om linearity wiX1 be exaggerated if the calculation exaggerates this 
decrease of probability with i~?crease of the mmJ)er of breaks. Our expression for the 
probability of a sperm being viable in. which f primary breaks are produced was 

T 2" 0' !)" 
(:~,) ! (1:0 

AII the approximations ]ntrodu~?ed into the calculation act in a direetion to make this 
estimate of the probal:,flRy too low. Fano (19~.1:3) gives an eppressio]~ for the probability 
of a sperm being vial)Is which has ,r primary breaks i.n ~ c:hramosome arms, (r) [), and it 
is greater than (11) by a factor which is approximately 2' L Thus our net]oct of the 
possi]d.lity that  more than one break may o0eur in the. same chromosome ann leads to 
underestimation of the prtbabJlity.of the Sli, erm wR]~. '~' brea.1,-s bei lag via.Me. In t;he second 
place (] 1), and. also Fano's expres,q.on, were calel::]a.ted on the basis o:[ rs.l~dom joining of 
broken ends. Any departure from randomness will be in {he direction of :,:estit.tttion being 
preferred • i lbgitimate union, alms further makill.g the probal~ility of a via.Me nucleus 
higher than expression (:1.:[). Thus the power 0"8~ in the (d,se) 0's~l rotunda ~s'e have referred 
to is likely to be too low. Finally, in addition to l.b.thals due to brealcs there dol.d)tless are 
some letha.ls (though we believe them to constitute a mino~ity) not assor~iated wit, h breaks. 
Some of these will be point lethals analogous to visible mutations a~Jd will be strictly 
proportional to dose. Others will be position-effect lethais and wi]] increase more rapidly 
than the  first; power of dose. The addition of these neglected classes would bring the dose- 
variation curve still nearer to linearRy. 
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~ Uh'L~fAI:;Y 

The suggestion is pu t  forward  t ha t  radiat io]i- induced recessive [ethals, or a laz'g'e pro- 
l)or~io~l of them,  are due ~o eh:romosoj~e b~:eaks. About  m~eothird o:2 at1 the  chromosome 
;)red,ks pri.m~rily induced by the radia t ion are te~hals. I f  the b reak  r e s t i t a t e s , . a  lethal 
uaaeeom.j?auied I@ c.hromosomal aber~:atioa (~ype A lettlal) resfiits. I f  the  b reak  takes 
pa r t  in eh.rumosome intercha~age a {~ype G letl~d, which is associated with chromosomal  
a t ruoturaI  change,  teenits. Argt~m.ents are g ives  against  the  a l t e rna t ive  posit ion-effect 
expl.ana~,~on of t ype  C lethats. 

A q/aaatitaztive ~heory of domhlant  ]etf~.~ds is d.evetoped on th.e basis l;hat the douf inaat  
.Jet,hale are a mb:t.ure of single breaks which, fail ei ther to ]:esti{ute or to ilaterchange but  
insteM[ mad.ergo sister-union, and of non-viable  chromosomal  s t rue ta rM changes involving 
two or more brea,ks. The experi.mental curve of wzriation with close o:t'the y M d  ofd6 minant  
lei~hals is successfully fitged, and. also the cu]:v-e of the yield, of viable  strudtur~tl changes. 

I t i s  shown t h a t  the  recessive lethal and  the dominan{ letlaa] ti~eories are consis tent  in 
tha~ they  require  the  same pos~flal:ed zmmber  of primal:jig prod.need ch romosome  breaks 
per  uni~ dose (namely,  0.75 breaks per  spe rm per  1000 r.). E x p e r i m e n t s  on the  distort ion 
of ~he sex ra t io  in the p rogeny  of f l ' radiated males  ~dth r ing-shaped or rod-shaped  
X-eh.romosomes are also shown to be consis tent  with the ~heory. 
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