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THE FREQUENCIES Ok DOUBLE- MD UULTIPLL-BRLAK 

TRANSLOCATIONS IN RELATION TO RADIATION .EtSh. 

A. 

Introduction. 

The Relation of J.0osae oi Raulation 

to the -.V ruenc of (ene Lutations: 

It was (uite natural that one of the first 

points to be attacked in the stud¡ of the Lenotic 

effects of radiation taz the relation betv7een the 

dosaLe Liven and the effect produced (huller 1927). 

In 192-29, )liver, in the Tex Ls 1E.boratory, 

carried out experiments on lroz .)-hila to fina the rcla 

tion between the dosae of and tht, fret,uencies 

mutations Jrovc_ced. The results of these experi- 

ments were puiaisho in 1930 and 1932. Thej showed 

that the increase in the mutation rate was propertiongl 

to the increase in the dose Liven. .A.milar results in 

Drosoi)hila/ 



Drosodhila 1, r, obtLined pith -rays anu vith radium 

by Hanson, heys, and Stanton (1929, 1931, 1932), 

6erebrov0ky (1930), Timofeeff-he ssovsky (1931 et 

tterson (1931) anti. others. 0ted1er (193() et 

ced.):Counat.a7..tbuis,rinciL4e holus in ,11znts. 

ny'"nylernertse 

In cdtAtio to the ene mutattns, uller 

in his early e:41;Jeriments (1927) also obtained re- 

arranzements in the linear order of the cnes 

They were raved ta involve inversions, deficiencies, 

trans1Jcation8, etcetera. 

The first roved case of ì rearranent 

of enes w 0 that or a translocation. This 

adJearea as an isolated case, ;Alich was encountered 

in 1916 by Bridez (1923). It Las d,monstrctod 

enotically, but the 1Jortion involved was too small 

to be dEmonstrated eytolcOxally by the methods 

available t the ti:Le. It was not until 1926 that 

a second case thich mi6ht be considered as a trans- 

1 cation tas discovered by stern (1926, 1927) and 

was/ 



vas demonstrate;: bt _:eneticElly and cytologically; 

this case, however, is now thou4;ht not to be a ty¡Acal 

translocation, as it sera s to 1volvs 4 crossing-over 

of homologous darts of the inert regions af the X- 

and /-chromosomes. 

Tyiicalfy, translocation is the result 

of th disconnection oi a section of a chromosome z,:nd 

its attachment to another, non-homolozous chromosome. 

At on time it waa believed that translocation 

could result from a chromosome breL.4.ing at one out 
Enc. the detachecl fraoJent ,..)ecoming Lttached to the 

end or the side of another, non-homologous chromosome. 

Then i2guller cnd Altenburg in 193u, reiorting o,4 their 

eeriments concerning the frecluency of translocations 

induced b X-rays, sua.ested as reason for the 

gre&ter tenc.encj fr attachment to a long tosorle 

it maLr be that a breakage occurring in one chromosoe, 

favours the attachment to it of a fragment, from, 

another chromosome and th at breakage ie more liL:ely 
to occur in a. 1,:,nger chromosome." They still 

thought, though, that the "breakage of a recijAsnt 

chromosome, is however not necessary for the occurrence 

of/ 



of attachment.a 

Analysis, 6enetical and cytoioical, of a 

number of spontneous and ilducec trel locations vas 

carried on by many investi&ators. It confirmed 

the suposition of the breakaLeof both chromosomes 

Involved. It vas found that translocations Ere 

mostly mutual echan; when the;.- are not, they at 

least involve mutual breali:sze, ,and the- broken piece 

of tne one chromosome in. this case becomes inserted 

into a made by the breakae of the other chroL,o- 

Thus in the Genetics Conxess of 1932 both 

Waller and 'Stadler put forward the principle of 

echana.e as a k;eneral interpretation of structural 

chanes in chromosomes. This was still follovea 

by stron8er z,nd more definite confirmation, as the 

etudy of the 'inert relons" e.421aied the cases tnat 

were thouht to be exceptions, 

So we see that a minimum- of two breaLs - 

one in (men of the hon-namoloous chroxosomes 

necessary before a translocation invoLvin these two 

chromosomes can take place. AttacizIonts taLe place 

only/ 
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only at the bruken ends. ho broke.; end is it 
naked if the chromosome is to survive. 

Ti e same rule of double breaks vas found 

to aply both in inversiene and deletions. An 

inversion or a deletion-takes place in one chromosome; 

while b. translocation involves a minimum of two 

chromosomes. Ziearly every cese of inversion or 

deletion could be ehon to involve two breaks (in the 

saae chromosome) and reunion et the breakage points. 

The very few apparent exceptions were no more than tha 

eepectikinumber of cases in which one break was to near 

the end of the chromosome to be detectable. in 

inversione the deteehed chroznocoml fragment lying 

between the two breaks may be coneidered aa rotating 

through 18Ci:J and so the arrangement of the genes is 

changed. In deletions the detached aeentrit sec- 

tion of the chromosome between the two breaks is lost. 

A. transiocation involving two chromosomee . 

may be one of the following types:- 

(i) 

(2)/ 

Tro breaks, one in each o: the non- 

homologous chromosomes and an exchange of 

the detached fragnente. 



(2) De ctinscrtion so c.al.i.of. inserti911° 

Three iroa., to in tbo donor chromosome, 

and one in the reci iont. The detached 

interstitial rjnt c.et inserted bet- 

to two breado ends of tbo latter 

cbmo, and tbe two end _Aecos of the 
first cnromosome join tooitber. 

Liutudl letion -insertion also 

ì'ti insertionali: four breaks, to 

in each of the .loa-howoloous chroclozowes 

erk, (.-)ohanGe of tlie detLchec inter- 

stitial framents b imertion. 

or multiiae breaaLe would of course ivi 

more comdlex vossibilities 

These types aro illustrated in Lirc Ncs.1-t_ 
.t; took as e.u.amples transiJcatiens 

only two chromosomes for the ea4e of simplicity. 

The same princilos apdly to transioctItions ibvolvin 

more than to c:xomosomes. 

Translocations ,have droved and promise still 

to be of Lreat importance in i;;enetical studios. 

They uplied nov7, and convincinz evidence for the 

theory/ 



theory of linear arrangecient of the Genes. They 

also proved to ive a more adequate means of deter- 

mininG the relative --»EcinGs of the Genes than the 

crossinG-ver fre(»ency method. Th Iatter has been: 

successful in ¡iving us the correct sequece of the 

genes but not the rittiire distances. TrauslocationS 

miGht ;.lso i,rove iJortant in the study of the mecha- 

nism of evolution nJ sii?ecies or other natural 

roups differ from cacn other in the shapes amd sizes 

of their chromosomes and it iu probable that many of 

these differences have arisen through translocation 

S in the evolutionary history of these Groups. trong 

evidence fo::: this was found in studies of the chromo- 

some structure of organisms. of the sal'ae species 

coiecteL. from differtnt geograhical areas. 

A clear knovilede of the mechanism of the 

production of gene mutations and af Gene rearrange- 

ments by radiation miGht be of considerable importance 

In Genetics. It would naturally Live an aproach to 

the understandinG of the action of -rys nd other 

rays in the 2roduction of these chr:nocomci chankAs 

and their iJostible droductio14 by 

but/ 

radiation in nature, 



paqnoTT6Tso OJOM 9uTAnu slT 30 asTioect emaTqoad am; 

sillttaM)Itrala.a0a SU95.7.7 30 PotTarT)aj7 oul pun a'wlop. 

t7.9sAlaq u()TleTsa ?Cl 7x)Tqoat7 eu4 !,uplonlln f71 ti 

H-snoano7TA nauanl uaaq aouTs sn-r1 uvrzuovly 'kcal aul 

utiq fITTnuaTqaooae losaTp n lnul goAocr2 

peueTwe,. sn 'puno; snn lr oT11-ss 0Z ua7n1 aq uno 

poonnoae su0T-11mq et's.? To elna a7:q pun -seen rOnscp 

eq4 uovleTaa aul. Jo ucTlcan5 stg 

FFOTiliMaTITig UGO 30 

MSTUUTIOGM GTfl. /u f39S011 
1,0&f:TT 

41110"peTzino sT sentlo eua. nun 

oulasoma.r!o T.714onpuT To 4!ouerC:lea3 aql pun uaAT7 uoT4 

-eTpeaaT 30 a9lasep eql usemleq uoTlaTea eArval.T1tum") 

errl. 30 1,7p1 le etn. p-31:11 sucql^-20 .T.Tnom, Tr371:0C4OGI0XTO 

3TT292 JO msTugqoam sul ue 119TT .m0avil 01 sT 4T ISsTaq 

uoT1nToAe uT F3/!nt d Tione Inurl sToa eql pun 

cuoTql-loT7Tpom oTtla Q sedr1 luaae77Tp eul uaan4oq 

uop,nTea eT4. auTmaslop ol aaTena sq ninon 4T '20A0 

°3ios4T 711.10117m .ra7,11Tno-To7 ell4 TO 57torli.xcielo.:V 

0t1 30 -7uTPunlsaun ula UT PT I osT1 41rTm 4T Ing 

o 



nature than that concerning gene mutations, has 

aroused e good deal of controversy. it is in the 

hope of helping towards settling this ,_uestion that 

the present work on the fretuency of translocations 

produced in relation to dosages. of irradiation, which 

will be detailed later, has bevn taken. up. 

'Itrom the finding of a direct proportionality 

between the radiation thae d the Gene mutation 

rate, it vas concluded that each individual mutation 

is caused by an individual favourable ionizT,tion, that 

is to say a single cause or a oingleMW for each 

mutation. But, as. eaplained above, a transiocation 

or any inversion or a. deletion - requires a. minimum of 

teo breaks before it can take place. how does this 

situation compare with that of gene mutations? 

At an earl., stage of attacking thio ,;roblem 

two alternatives, presented themselves according to 

1,Aaller (i-ainter and ituli..er 1)(29?. One of these 

presents an analog to the crossing-over mechanism, 

namely tne involved chromosomes - non-homologou in 

the case 04 traniocations -ec in contact with or 
in/ 
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in close proximity to LaCi-i other, in same way such as 

1yin acros e caeL other, and both breek at their 

.oint of contact or nearest point as a result (direct 

or indirect) of one common disturbance, one 

single ionization. This is ersentially the sFisrce as 

the theory- edvenced by Learebrovsky (1929) and later 

elaborated by Dubiain (1930). The other alterna- 

tive is that the breaks occur independently, as 

results of independent causez, i.e. independent 

favourable ionization. In both cases the breakeee 

ends. may reunite tgainwhere they parted, hue rezele 

tine in the reconstruction of the original chromezemee, 

or they may unite in nez ways, giving rise to gene. 

reerrancemente. 

The first of the two alternatives mentioned 

above is called the "Gontact hypothesis" and the 

second is called the "Breekage first hypothesis". 

A combination-of both of the above alternatives is 

also conceivable. Thus, gene rearrangements might 

be produced by one common ionizetion ehile others- 

eere produced by ind-pendent one; this might in 

feet/ 



LI 3\i, 

fact ever . apply to different breake involvee in the 

same case of multiple-break rearrangement. 

If all the breaks involved in a given 

exchange were due to one common cause and this were 

V. common ionization, we should eepect the relation 

between the dosage end the frequency of eeme rearren- 

6emente to be that or direct proportionality, az in 

the case of ,,en utations. But if the break were 

due to independent caueee,tne coincidence of two 

breaks neceseary to allow an exchan6e of the broken 

enas would vary in frequehey nearly as the squere 

or the tioeee (until the breeks beceme so frecuent 

that multiple breeks had to be taken Jet° account), 

since the two caus ve equal ad independent 

chancee. Cn the other hand, if both common cause 

and independent ccusee play a part, a relationehip 

different .Cron both the first and the square power 

in fact an ietermeeiate one - would be expected. 

AccordinL to the contact hypotheeiz, for a 

mutuel trzhelocation the two chromosomes must be 

lyine acroze each other or othereise in contect, or 

at / 



at iccat. Iter¡ tlear volc at the tvo,oiLte to 

be hroL t rtion1 trL:glalociation, 

poinfe, must coinoid, two an ontJ chromouowe 

Lot.. 411 ottiier. .2or G. viutucl r. 
ti9r;a1 trt,,nclocativn, l'our ?,;) it t'zo on (Ateh 

cLr000eowe ,c4Aut cot:;:e neurl in confect, 
, 

tied ac.4414urutione are illiJetrotcc;. in tile roIovinL, 

4,,iazrzl.,44o1 

No. I 

MUTUA L DELETION - INSERTION MU T UA L 

DELETION- INSERTION 

A SIMPLIF IED DIAGRAMMATIC ILLUSTRATION OF THE CHROMOSOME 

CONFIGURATIONS REQUIRED AT THE TIME OF IRRADIATION ACCORDING TO 

THE "CON TACT HYPOTHESIS IN THE CASE OF TR ANS LOCA TIONS 

INVOLVING ONLY TWO CHROMOSOMES. 

It, 



It would seem cifficult to exdlain the 

occurrence of clany cases of multidle exchaa6c by the 

three- or four-ay crosses in the manner mentioned 

above. The matter becomes more comdliceted still 

if ve consider translocations involvin more than 

four breakazos, as have 'oeen found by Lubinin and 

Idivostova, .:,tone, etcetera. 

Offermann hns however suG6ested (Muller 

1935) that the doint of crossin of two strands 

mic,ht mechanically serve to catch a third strand 

vithin the notch so formed, thus main 6 a three-strand 

contact; and by an extension of this idea - involvin 

the concedt of some external force twistinG a wh3le 

roui.) of strands into a kind of mutual crassinc: or 

°knot " at one point - a;ubinin Lnd Khvostova t1935) 

v.ould explain their more comdlex multid1L--breck 

rearranzements. 

But oven if the strands to be broken come 

actually into contact or very near each other, the 

distance between the centres of the strands at these 

aces ould still be enou6h to make it more likely 

that/ 
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that the points to break will be struck by indepen- 

dent electrons, unles thA; can be arfected secon- 

darily by intermecAate events ori¡Jnated by the same 

electron an sprondin out from that as a centre (on 

the "bomb" hypothesis, as Muller (1931) called it). 

rusorkoj 
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Critical Review of 

PrevioUs 

The torks in which data were obtained with 

a view to throwing light on 'which of the prozJosed 

mechanisms .actually obtains may now be briefly referr-i 

ed to. 

it has already been mentioned that 

in 1930-32, in his work on the frequency of gene 

mutations also recorded the cases of gene rearrange- 

ments which he called chromosome abnormalities 

(C A) - detected by disturbances in the rate of 

crossing-over. The frequency of these chronosorne 

abnormalitie did not very as the square of the 

dosage, They sugestec a higher rate of variation 

of fre(Jaency than that of the dosage itself_ In 

40M0 cases, however, the aparent disturbance in 

crossinL-over was thought to be due to the presence 

of two different lethals in one X-chromosome, for 

here cross-overs between the two lethels would be 

lethals too. Oliver concludee that there was probe-. 

bly ?*.Ardct .:»70ortionelity between the dosages of 

X-rays,/ 



I W, 

and the frecluency of gene rearrangements. 

But it .va1,1 evident that more investigations into the 

subject were called. for. 

As the results of the above-mentioned 

Lorke did not clearly indicate an increase in the 

freuency of rearrangement vith increase of dosage 

;greater than that expected on a proix)rtionality 

basis, Muller at first (1932) favoured the contact 

hypothesis as against the breakage- hyothesis_ 

aadier (19..2), on the other hand, thou he did not 

)ositively exclude the contact 4,71Pothesis, suorted 

the breakage hypotì esis. s dvocated the idea of 

the- persisting... of detached fragments-, even through 

several 'cell generations, and later permitting 

4elaWed attachments, resultir,- in the occurrence of 

transl.cations, Bono after the treatment as the 

fragments come in contact with euch other in the 

course of intracellular movement - 

Then in 1933, iJer, 4oerner and Laggie 

Vogt working in Berlin carried out experiment s. on 

the -relation of the freqUency,Aaf deletions to dosages. 

of/ 
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of X-rays. They found, as reported by auller (1936, 

1937, 1936 a, b), that deletions do not vary in 

frequency as the square of the dosage, nevertheless 

the freuency was not in direct proportion to the 

dosage, .e. to the first power of the dosage, They 

found that it varied .about as the 1.5 power of the 

dosage - that is to say, more than the first power 

and loss then the square power of the do&age. This 

led. ther . to conclude that some at least of the 

rebrrangements were probably caused by indeperr nt 

breaks. 

6hapiro and lieuhaus (1933) observed that 

the frec.uency of translocations increases more 

rapiely than would be expected with c direct 1-)roper- 

tionclity and less than expected with e proportionl, 

lity to the square of the dose, but their data viere 

st4vtistically insufficient. 

Then Belgovsky, studying the relationshi) 

between the frecjiency of trenclocations and tne 

dosage in a. large-scale experiment done under the 

direction of auller (,)ublicly reported at e meetir., 

of/ 



2__c) 

of Leneticists in Moscow, 1935, published in 1937), 

arrived at the same conclusion sas Euller, Koerner, 

and Vogt. Re found that the frequencies of 

translocations at two different dosuces, one four 

times as great aS the other, ha shown a hicher 

increase than the e;:pected on the basis of a direct 

proportionality between frequency of induced 

rearrangements and dosage, as should be the case 

according: to the contact 4ypothesis. TIAs increaze 

in the frequency was also lower than the square of 

the dosage, which was the relation which had been 

expected az a first aproximation on the breakage 

hypothesis. As, accordinL to the contact hyo 

thesis, rearrangements might, alternatively, be 

expected to keep similar relation to dosage as the 

frequency of interchanges in ordinary crozzing-Qver, 

he carried out experiments to inveztiatthis 

point. he used four doses of ;'...rays, eac;Y: one 

double the one directly lower. ComparinL the curve 

for/ 



2. 

for frequency of ordinary crossin-overs with that 

for the frequency of reprrangetaents, he found that 

they differ significantly. 

Usinii; inversions, berg, Panshin, and 

Boricoff in Leningrad (work or 1935, un-,,ublisheu, 

quoted by Muller 1938 0. b.) rou= t lamt of propor- 

tionality between the frequency or these gene re- 

arrangements and the dosage. They coLfirmed the 

1.5 relationship referred to above. 

Khvostova and Gavrilova (-4935), rorLiAng on 

the fre%uency of translocations involving the fourth 

chromosome in relation to the dosage, concludcu that 

there is a linear relationship between the dosae and 

the chromosome interchanges produced. They used 

the recessive character cubitus interruptus which hac' 

been found by Dubinin and 6idorov (1334) to be 

manife ted as a position effect by translocations 

involving, the fourth chroLlosoe it must be borne 

in mind, however, that the dLAectability of the 

character cubitus interruptu,, depends greatly on 

temperature/ 
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temperature conditions. Moreover, their results 

reeresent the eummation of separate exberiments in 

t:hich the measurement of the dosage and the relative 

numbere of transiocations at different, supeosedly 

correseondinL doses may have been subject to varia- 

tion. 1zain, it east be noted that unleee the 

flies to be given tale lieihter close are divided into 

eertiens thich are treateo coneecutively at the same 

time as those underLoing the heavier treatment, as 

be exelcined in pilaterial and Netbod° of the 

;resent work, aos cannot be reasonably sure of eettine 

the desired relation of one dose to the other, ovin 

to the variations ehich 

the treatment. 

The same two authors - Khvostova and 

eavrileva - in 193b claimee to have obtained acain 

direct proportionality between the dosa&e and the 

freeuency of translocatione, this time by means of 

occur in the close UurinL 

the position eeTect of the Lene for Plunk tie chunLe 

of the brown eye colour into ree um mottled) ,enich 

was/ 
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was discovered by Dubinin in 1936. Whereee, they 

reported, when they used the linkage method - the 

Method used in the present work and ,which will be 

describe& later - they found a disproportionately 

high increase of aberration u.sin - doses of 4000 r 

and 6out r units. 

It might be mentionet. here that recent work 

on the same lines (tuller and I. kakici, 1939, in 

progress) contradicts the above results, end, in fact, 

seems to suggest the 1.5 relationship found ir the 

case of in the Lork of Uuller, i;ocrner, end 

Vogt referred t,_) above. 

Gatcheside in 1936 reported on his experi- 

ments on the dosage-structural changes relation. ie 

used the cytolDgicai method based on the study of the 

salivary Cland chromosomes of Lrosoohila melano- 

-aster female larvae derived froL: fatherz,.0 

voses of lotiO r, 20kdo r, and 3ouu r were used. 

scale of the experiment as not e large one. 

interprets his results as showinz that the frecuency 

of/ 
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induced structurel ehanes of chromozomes has a 

relation of direct linear proportionality with the 

À-ray dosa6e. 

4arl - ,x (19:56)0 in qytolo6ical studies of 

the chromoeome aberrations induced by X-ray:3 in 

Tradoscantia, hes Lone into the y,lestion of the 

relationship between these aberrations and the 

dosaze . he found that this relationship. was not 

eimple one. Lis data confirm the 1.5 power 

relatianehie. Le found 6:.t, the same time that the 

pro'eortion of sinle breaks increase c. directly with 

the increase of the doe. when ho cotaiareu the 

curve for the chromosome aberrations induced at 

different doses with the theoretical curves based on 

the equations for one bit E B = i e-811 and for 

tzo hits [4 B = 1 e".anti 4 an (Ayckoff and 

hivers/ 

0.0.111.111M* 
. . 

= chromosome aberrations. 
a the probability that an electron will hit the 

object. 
the number of electrons shot at the object. 

lf two hits are neceesary, the survival 
ratiois e.--an(1 4 an). 



hivers, 1930), he found that the observed values 

api?roach, but do not coincide with, the theoretical 

curve based on the assumption that two hita are 

necessary to break two chromosomes or two arms of 

one chromosome. Jut he offers CE a possible ex- 

planation the sukestion that some or the dicentric 

and rinL: chromosomes may be oroduced by a sinzie hit. 

Hans Bauer, i. Demerec, and B. P. 4aufmann 

(193t0 studied c:Iromosomal rearran6ements in 

.L4rose-- la by salivar, chromoseme emalysis 

of :v 

1 
larvae obtained from untreatee, females mated 

to )-rayed males. 1Josa&,-es between 1000 r and 

5c./u r units were used. They found that with the 

increase of the dosae the percentaLe 31' altered 

sperm increase more rapidly than woul c. be ex,?ected 

with direct pro)ortionality. The curve produced 

resembles an ;j-spec curve, beine, tecest in the 

interval between 2;t.) r and 3r,KAJ r units. 

Lastly, Buzzati-Traversa (Droso,h 

Information Service, Januard 1939), in e short note, 

reports/ 



reports finding direct proportionality between 

X-ray dosage and transl,c tions between the eecond 

and the third chromosoes of Drosc,Thila melcnocster. 

The scLle on vieh the exeriment was carried out 

is not montiono(, nor arc dtaiis of the techni,ue 

Given: judging by the standard error c.iven, houever, 

his fiures do not strongly suport the direct 

proortionality relationship. 

The worts reviewed above aro those bearinG 

on the subje t of the quantitative relationship 

betreen the ddsage of irradiation and the frequency 

of gene rearrangemen in General. No there must 

be looked into some of the works dealing with the 

relative numbers of rearrangements involving diffe- 

rent-numbers and distributions of brel-:Lks at a given 

dose. 

Dubinin and Khvostova in 1935 published a 

very interesting paper reparting on their cytological: 

studies, of the confiGurations of some complex 

rearrangements in the salivary gland chromosomes. 

Here/ 
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Here they confirmea the conception of Muller (ehich 

thej hao not previously recognisee) that reunion can 

only occur betv.een breakage ends, The, 

however, the conc1u2ion or Muller and Belgovsky 

basee on the letters' work on the relationship 

between the freeuency 01 tranelecations and of 

deletions and the dose of Xera.:,s (re.2orted on by 

them at a public meeting at the Institute of Genetics, 

Academy of Sciences, Lioscow, 1935, and pte.dished in 

1937, reviewed above), maintaining, on the contrary 

that these aetho' findings A: a iro.?ortionelity of 

the frequency of rearrangements to a power of the 

dosage intermediate between on and two do not reel:14 

oupport the breakage hypothesis, for Dubinin and 

Lhvootova thought that, according to the breakege 

hypothesis, the eeponent eeprssing the relation 

should have been the square. (This, however, we 

eee later, is not necosearily the case, as the 

relation varies with the dose wean.) They undertook 

to ieake a cytological study of translocations involving 

three/ 
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according to the contact hypothesis,would reoire in 

certain cases as many as eight threads intersecting at 

the same point. This can be exolainea on the contact 

theory only on the siecial assumotion, originally 

suggested by Offermann tkuller, 1935 a,), that there 

is a. tendency fur more threads to come together at a 

point where to are already together. Though they 

,aid not decide for one hypothesis against the 'other, 

thy nevertheless favoured the contact hypothesis, 

adeptin this eplanation (which they described as the 

formation of a knot) for the cemple cases. in 

S. 

three chromosomes, in the hope of obtaining distinctive 

structural findings which might explain the mechanism 

of their origin. iome of the trans1Jcations they 

examinee proved to be of a ver, cumple:, nature, hich, 

Kirssanov (1931) under the direction of 

r)ubinin was the first te attempt a comparison of the 

fre(,luency of translocations involving two chromosomes 

to those involving more than two chromosomes as cal- 

culated/ 
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calculated both according to the contact and the 

breakaee hypotheses. He then compared his calculat- 

ed freuencies with those actually obtained by hiNself, 

by Euller and Altenburg, and by Stone, Patterson, 

Bedicheck, and Suchee (Only the data of th ,.. latter 

four authors are really of a large enough magnitude 

to 'give data of -value for this purpose, however.) 

Although he concluded that the results 

fitt e,:Jectation on the coetact hypothesis (of 

which he adopts a special form, based on the analogy 

of cresLing-over) and not on the breal.a4;e nypothesis, 

a re-examination of the evidence (Muller, unpublished), 

based only on those classes large enough to be of 

value shows that they deviate more tean he thought 

from the "contact" expectation, in the direction of 

the "breakage" expectation, and that they are in fact 

consistent with the latter. 

Catcheside (l936), working on maize in an 

attempt to throw light on the mechanism of induction 

of rearrangemente, À-rayed the pollen with 30e0 r and 

applied/ 
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applied it to untreated ears., Then he observed the 

number of showing rings of for or more chromosomes 

(indicating heterozygous translocations). He also 

compared his results with similar ones obtainea by 

5tad1er (1937) v.ith a Lose of 1333 r units. keinting 

out that the dose used by himself as probably under 

lee r units, Oatcheside concluded that there was a 

relation of eirect proportionality between the dosage 

and the rate of induced structure' changes. _From 

nie data, he also coecluded that, while the atesolute 

freuency of rings of six and of two riags of four 

chromosomes rises markedly with incre;,sea dJeage, e-.et 

the ratio of their frequencies remains constantly 

near equality as it wo,id on the contact theory. 

oreover, iedividuals with two rings of four chromo- 

somes were in fact slightly mere freeeent than those 

with one ring of six chromosomes, as they leght well 

ÒC on the contact theory, whereas on the breaege 

theory the latter should be more frequent, provided 

his aseumption be correct that the reunions of ero'ken 

ends/ 
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ends occur at random. or these reasons he regards 

his data as Thvour1r the contact hypothesis. The 

assu1!i2tion last nontios4ed ana certain others (such as 

neglectint, the possibility of more tax one break per 

chromosome occurring) are very ( ue tionable, however, 

es-pecially in the light of recent :ork, and for this 

reason recalculations of the epectations on the 

breaker'e hypothesis, in which the effects of changes in 

these assumptions are ten into account, are at 

present beinz carrieo out in our laboratory. 

Baur, Demerec ana Kaufmann (193b) in their 

above-mentioned work on gene rearrangements studied 

amon, other thins the uestjon of the distribution of 

breaks amor4; the chromosomes in cases of multide 

breaka,Le. They fo-una different chromosome arms of 

comparable length to have much thesi-.mo breakee 

frecluency. Consideri!;c: the spacings of to breaks 

within any iven chromosome arm, the found that the 

values noted correspond, in i,;eneral, zith a random 

istriltion of breaks within the eUchronatic sections 

J.C/ 
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of the chromosocles, with the possible exception or 

Listai regions 1:.nure the frequency of breaks may be 

slightly higher. In heterochromatic regions, on the 

'other hand, breaks are more frec.,uent than in achroma- 

tic regions of similar salivary lengths (as much 

Hprevi)us work had shown.) 

On the basis of their studiee of the manner 

distribution of multiple breaks among. the chromo- 

'somes, in different eases of gene rearrangements, they 

claimed that rearrangemente, in which the breaks aEk=a 

are concentrated in a smaller num- 

ber of chromosome arms, are more frequent, in compari- 

on with the cases in which the same nonber of breaks 

are scattered, than would be ex'pected on a random 

distribution of breaks. Their calculations, however, 

.fail to ma,e alloances fDr the fact that the number of 

viable (monocentric) rearrangements obtainable is 

greater when the breaks arc concentrated than otheizise.. 

everthelese we shall see later that it is- probably 

true that there is e tendency to 'concentration of 

breakeV 
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breaks4 though this could not legitimately have- been 

inferred from their evidence by their method of reason- 

As the cause this supposed effect, they 

surmised that there is a tendency for the breaks them- 

selves to occur oftener yzithin the same 6hromosoms. 

To us it appears more reasonable to infer that when the 

breaks happen to be Closer together the proportion of 

viable gene rear Ingements in comparison withthat of 

re titution is ¡reater, that a proximity effect 

cxists in the process of reunion, not in that of 

breatL. 



?r entez imepts. 

Ans7.iers to two main questiAls were aixled at 

in carrying out the exerimentc, to be detailed 

presently.: 

the altfntitative relatioqshio 

between the frecuengLof - ne 

and the. doE51,p.k4ven? Does the frec,iuency of gene 

rearrangements vary accordi h. to the first power of 

the dosage as might be expected on the basis of the 

contact hypothesis? Does it vary accord1n to the 

Scivare of the dosage Ls miOvt have been expected as 

a. first ap,)roximation on the basis of the breakage 

theory? or is the relatialship different from 

both the first and the scuare power? If the 

latter, what is this new relationship and that does 

it iLlply? ,'or this purpose two doses, one four 

times the other in :)rder to give a marLed difference, 

were used. As lame E scale as the ciromotnces 

permitted as ained at. 

Seconsax/ 
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vhat CPLI the relation between 

frenuency of the double-breuk tmnslocWtions -IC 

he freouenqz of the foalti-le-break trenslocations? 

Is this relation that to be eiJectect on the basis 

of a rundom CAstrib:ition of breaks ar rendom unior . 

or this purpose the rinL-sha,ed chromosome cu,lies 

a Lood tool. AS mentioned before, u minium of 

tvo breeas, one in each of the non-llomoloEous 

chromosomes is recluire., before u trenslocation 

invo,vinz: these t-:o chromosomes mi-1 tai.e 

Thi pplies only to the non-rin6 chron:osomes. in 

the case of e. translocation involvin a rin6 

chromosome and a non-rinL chromosome, there is a 

miniuk:, of three breaks. The distribution of the 

breaks mc.; be either one break i the rinz and two 

breaks iL the non-rinG chromosome. - 1. hich case 

the detached piece of the latter :;et s inserted into 

the former - or two breaks in the rinz and one in. the 

non-rinc, v-ith the insertion occurrin into the non- 

rin chromosome. 

.ior/ 
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or tne rin, a stoc4.-. was used in which 

tile males had their A-chrouasoo rin-shLped, the 

rinL chronos,:ao bein4, that denoted found by 

Besdie. All the transiocations involvin this 

rin-shced--chromosome end an autosmle till 

represent multiple-break trensibtAtionz. If alonc, 

tAtil this v,e et tie íreuenc of translocctioas 

1ivo vin ch X non-rin-chromosome and an autosome, 

this fiLure villa cover both multile- and double - 

break transications 1 ubtrectin6 the former 

frequency from the latter, ye have the frequency of 

double-brea translocation, ;hich can than be com- 

ared with that of IlAltiple-break translacetions 

haterjai and Method./ 
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FPteril J1uÎ Lethod. 

ir mnles 1-117.inL the rin X-chromosome, 

BeaCle,F stoc was used i dlich the males have the 

so-called 
"3 

ring and the females have attached X's 

homczycous for yellow. :ior controls, males from 

the zilc-ty.pe Ore,.:pn 4 stocc . were use(a. The 

irradiation carrie t ith the institute's 

x-ray airatus, v.hich hae a water-cooleu Coo1Ji4e 

tube 6 vdth H,T. The flies were 

irradiato at a distance of 12 cm. from the 4-ray 

tarz;et. 

In the earlier serios, here no dosia!eter 

Las use the output had been ap2roxiirlate1y 

deterrline6. by Irevious tests in which the sex-linked 

1eti1:1 mutation rate was ascertaine( by the (3.1.: 

eLoc ThL time of rayin in our e:4,;erimeate was 

then adjusted cc as to ..ive the more heavily treated 

series es nearly 4000 r waits as possible There 

were, however, fluctuations of the dose, from eeri- 

ment/ 
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szeriment to ex:perimont, 1.4s m-4,4 be fx. tron tbe 

t&ble, Later) bezjnoi 'with serie4 54 TAen a. 

dosimeter becm, LJ ULO tLe *ace was 

4C; achieve ti:A) prdoses the tu 

1?reviously ment1one4.imoblemex three cle4w)es or 

irraeluted mass wers ;Azad. They Fre roilove: 

t r- 

Males rith rinc.,-chrowywr.es (Xc) were .ivan 

aoss [;.s nearly uu pos;4141s 

r units se .;ust 'iLose 

ca wers. 

Amilar nales 44vea the "Iii¡jlt° dast 

icki ras Just rter tEis heeVy 

tose vat,rc 

()too= Á. males were i¡Aven the heavy doss 

simultmeously; these were called 

Comparison '.11: t trunelocatioIl rmiueuey 

ti e .4-cLromoso1es in eitises silS. 3 

trd.iowsel Lttrica. un tke rirst robe c,s it i sclos- 
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disclosed the frequency of multil7le-brea trans- 

locations as compared wit% that of double breaL ones 

at the hi6h dose. Coparison of the frequency of 

translocations involvin only the autosomes in 

classe 1 ez#tit=e versus %allowed an attack on- the 

second problem, which concerned the frequency of 

translocations resultant upon the two different 

(10SOS. r1111 thio -5econa result it was then 1>cesible 

to estimate the ap,roximate number of -chramosone 

translocations of the non-rim X at the lower aose as 

well - and thus to gain an idea of the frequency 

relation of multiple- to double-break translocations 

invo1vin8 the X at the lover dose for the first 

problem. 

In ordr to be reasonably sure that one 

dose really four times the other, the flies 

receivinz the lighter dose were dividee into four 

lots and these lots were X-rayed consecutively at 

the smie time as the flies receivin the heavier dose 

-were being treated. The need for this method 

derives/ 
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derives from the fact that, as the dosaze per unit 

of time is liable to vary throuch the time of treat- 

ment, treatinc the flies which arc to cet the. 

dose apart from these hich Lro to cet the houvier 

dose, or treLtin, them all in one 2articu1ar relative 

portion of the time rec,,uiree for the heavy dose, 

uouiC not permit their treetLient to share the varia- 
1 

tion which occurs in the irradiation curink; une -ole 

time for the heavy dose, 

aiviLlnc the materiel 1» 

oricinEtod by Offerman. 

In ()reel' to detect trans? ,cations, the 

treeted weles in ea,ch class Lore mated to 7Y (. 

virLi emeles of the stba constructed fo. the 

,,urposc of such tests by ui1er in 1931, i.e. the 

feL:Iales aavinc attached i-chromosowes homozycous for 

yelloz, and their threc pairs of autosomes hamozycous 

for brown, ebony, and ejeless, rezectively. These 

natincs tere cone in mass cultures in bottles. for 

reasoi;Lble output 50 maios anL 5o fz,maies 1,er bottle 

1-;ere used for the heavy dose cndi lo o. et,ci: se- for 

the, 

This technic..,ue or 

the lii,Lter 

sub- 

,-et had been 

ey 



the 14;ht dose. The cultur ejt at 22.5° 

Centierade. After four days the flies were trans- 

ferred into fresh bottiez, where they were left for 

another three days. Then the malee eere diecarded 

and the feral ez were a6ain transferred into fresh 

bottles. Three broods were the oetained, and the 

males were not left with the fezalee for more than 

seven (1448. This technic:ue wes decided upon after 

considerin6 the vork on the durttion of the effects 

of X-rays 04 male germ cells in Lroseohila melano- 

,7-as done by b. b. narris and by 4. nanson and 

lie:¡e iiictepenc.ently, the rirst only lc, small' 

drop in the percentee of lethal mutations when the 

sperm cells were o-etainec. from mal ei6ht daye after 

irradiation, and the second showinz no drop until 

after fourteen days. 

The malee, heterozygoue for bw, e, and 

and ee phaenotypically wild-type Otazrcels3otif.) e.v. 

were baekcroseed individually in smalf. vials to 

virijn bw e ey females. Their proGeny, 14E4 

i flies, were examined fo; tranelocations in the 
2 

manner/ 
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manner explained later in this pur. Thu food in 

these vials vies m de up according to the formula or 

Ofrermannand Schmidt ¡Drosohila information rvice, 

1935), as this alloed 4 lare enouGh output to make 

the recoGnition of a tranalcation certain in the 

Great majority of cases. 

For the.reaults to be siGnificant, the 

eriment had tb bo, carried out on a lerGe scale, 

For practical .:,tarposes,.therefore, it tas divided 
] 

into consecutive 'series", euch series containinG as 

nearly as ,,osLible the same proJortions of h-R, 

and H-4. The total number of ki cultures aimed at 

for each batch as 20004 or course, not all these 1 

cultures roula Give F42, as somL: youid be sterile, 

So this number not alva:fs atteinek. TekinG 

into considerction that tne increase in aoseGe 

results in incruuse in number or translocations 

produced and also consideriNL the results obtained 

'oy other tor4ers on the relation beten the dosaGe 

a4,a the frequency of translocations, it was decided 

to/ 



to use the fo1lowin6 formula for the desired number 

of ï cultures of each class in one series. 

X (L-R) A (n-R) r A (h-4) 

1760 110 

2090 
culturs 

or the production of males for these Fi 

cultures, it was. decided, after some experiehtation, 

to X-ray the parent males in the followin numbers:: 

120 males with rin4-chromosoms ,ivi the ljht dose; 

250 males with ring-chromosomo ,iven the heavy dose; 

60 Oreon K. males ¡;iven the heavy dose. 

in order (1) that, within each series, the 

different classes will have approximately the same 

numerical relations to each other as in the other 

series throughout the experiment, an (2) to keep the 

numbers of X-chromosome translocations found in the 

different lots of each serie S approximately equal (to 

minimise/ 
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minimize tbe error of the compericione), it wue 

to (»amine first the cAturee of the elGeo H-R) their 

number belly the amaller, tbeir to e:.,zite cultarez of 

the elaem till afprb.xlnatel,y the &r numbeT of 

tranaleationa wore obtained nc ,;;Jz:re ,otained fro 

H-R, and then to tnine the H-+ aerit:4 ¡with the 

object obtainirk; here L.. iaotfavywhat ovater abcolute 

number of ;'1.-ebromozome trc,Luioeutiou,:$ than LI H-R)% 

LataXilij 
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Diaram No.1 

The ki 

illustratin, the matin6 of the P1 males 

whose sperms were X-rayed (in the diae,ram the csse 

or those with the rin-shapcd-X-chromosome is 

shom, but it will be the same in the ease of the 

non-rin,-X-chromosome) with non-irradiated females 

zith attached I.-chromosome and carryinc, 6ene 

markers on all the chromosomes. The :4-rayed 

chromosomes are marked hevil;y in the diaGram to 

distinbuish them from the untreated chromosomes, 

Note thct only oho class of the Hi males survives. 

These males are heterozyc,ous for the marker Gehec 

sup,aied by the mothers' ova while the other set 

of chromosomes, supplied by the fathers' et:ems, is 

treated zne_ carries the normal alleles of the 

markers. 
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Backeroes for ±inain Tnnslocrtions. 

For the aetection of rhatever transloca- 

tions occurrec. in the sperms of the X-rayed males, 

their Leterozybous cons were backcrossea to 

401.1NP 

yy bt e ey females (same as the P.; females). The 

x-rayed chromosomes ere again marked heavild in 

contrrst to the untreated chromosomes. In the 

diagram all the types of segregations - old and 

new - of the male are shown. The cbromosonr1 

constitutions of the sperm and of the ova ere 

shown, and the constitutions of the rese.ltint: 

zygotes. The tjpes ere given numbers fro .:1 (1) 

to (32). The same numbers will be used in the 

papers. Types (1) to (e) 3X and no Y - and 

(25) to (32) - 2Y and no ;. - till not survive. 

that the remainint; types 1,oulc, be iiie if e trkns- 

l-cetion took place is shoma in the eucceecing 

diairams. 
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chromosomes at s.crmatogenesis is shown, with the 

resultant production of sperm havinc; different old 

or neu combinations. Following this, the 

different types ,xoduced in k2 are shown. kor 

reference, they have been given numbers from (1) to 

(32). These numbers will also be used throughout 

the text and in the diagrams showinc, trenelocations, 

end will always be bracketed ts a moans of distinction . 

now iì' Diagram Lw. 3 the t;ipos n,mbered from 

(1) to (8) , havink three X-chromosomes and no IC- 

chromosome, woale either not devela, at all or zould 

devel),) abnormally. Also, types (25) to (32), 

having two Y-chrJmosomes and no X-chromosome, would 

not devela). The surviving ty)es are t;:oose from (9) 

to (24), those from (9) to (16) bein6 females, and 

those from (17) to (24), male. Their constiLtition 

will be fo_lovs: 

(9) 
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TakinL the chan,cters in ,okirs, there 4,re 

to be ewdectect eguLl numbers of flies shotini; both 

mutant chcracters or neither zric showin either one 

und not the other, co seen in 'IcLie 1. 

,e ma:i not turn to ebt),3 in Lhich trahsloce- 

tiva hes tal:on place. .:ic.z,rc.,n) 14 0.4 trk_as_ 

locations involvin, the se co chromosome -ct.rrin 

t;ic ene for e4. The dia6ram shows ti-.e three 

different was in which tire trt_11.81 cation coule tie 

Ace, namely mutual, aeletion-inLertion (more briefly 

termed "insertional") with either the second or the 

thire chromosome as donor, s,.le mutual deletio,',- 

insertion. Only trnsl)catione involvin, 

enouh pieces of the chromosooes to cause the death 

of the individual in cases of d icioncj and Uuiic- 

tion 0e considered, in these 
2 

flies, in adc.ition 

to the absence of types (1) to (6) and (25) to (32) as 

in the non-trLnsioeation case, types (11), (13), (15), 

(16), (19), (21), (23), and (24) do not survive foLLL to 

their contained deficiency and/or duplication. As to the 
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ciLht survivinz the1t7 constitution ie as 

7,3! bw e ey (lemle) 

(10 727 be e ey' 
(12) 77 by e ey4 

(14) 77 bv4 e4 ey 

(17) y4 by4 04 e,4 (iaale) 

(lb) 14 by e ey 

(20) y4 byl 04 ey 

(22) y4 bv e ey. 
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Taking each kair-of characters seearately 

und constructing Table No. 2 from the list, T?e notice 

tit we now fail to get the, ratio 1 : I vhere the 

of characters bw and e,are consie;erec, and get 

1 : 0 instead; that is, the two cluses bw e4 und 

bw4 and e nro missing, brown and ebony being eitner 

,)resent together or Lbsent together in every surviving 

individual. The reason for this is that where the 

chromosomes invoLved do not segregtte together, 

hylierploids or ho51oids are formed, which do not 

live. 

This liriacilAle ordinarily rpließ just ts 

well to trEnsleeations involving. any other two 

chromosomes. In the case of a tranclocation 

involving the second and fourth chrooeoes3 we fine 

that brown and eyeless are either both present or 

both absent. In the case of a trunslocatien 

involving the third and fourth chromosomes, ebony &and 

eyeless are either present toL,eLber or absent 

together. 

Also/ 



6 , 

Also in cases of- translocations involvin'z 

the. ordinary - not rinL,-shaped - ',--chromosoL Lny 

of the autosomes, this name princile lie. In 

translocations invoJ.vin6 the X-chromosome and the 

second chromosome, all the males will be bw'' and all 

the females bu; in those involvin the ;,-chromociome 

and the third chromosome, all males will be 04 ana all 

females e; end in thse involvint; the ,;'0-chromosome 

and the fourth chromosome, all males rill be ey4 and 

all females ey. 

Amone the F2 flie. Irora the transloca- 

tional cases, involvine the X,- and second chromosomes, 

for example, there will be both an absence of t¡pes 

(1) to (8) and (25) to (32) (as in non-translocational 

cases) and of types (10), (13), (14)0 (16), (18), (21), 

(22), and (24), owinL to their containet deficiency 

and/or duplication. The zenetical constitution of 

the surviving types is shown in the follouine list: 

(9) / 



65-2- 

(9) 77 bt e ey - (female) 

(11) 77 bw e* ey* 

(12) yy bu o ey4 

(15) yy bw e* ey 

(17) y* bv* e* ey* (male) 

(19) bw4 e ey 

(20) ;.;* bvil. u* ey 

(23) y* br* e ey4 ft 

Constructinz Table io. 3 from the above list, 
ve notice the absence of both broun males and non-brown 

females.. 

Translocations involvin6 the ring-shaped- 

.&-chromosoco need special consiceration, haver 

This is due to the fact that a minimum of three 

breLli:s ia requiea before a viable transiocation 

invelvinz, a rin-chromosome ana another chromosome 

can be formed. An example of a translocation in- 

voivinL the ri%-.X. ana the secoaa chromosome is ,,iven 

in. ria6ram . be see that a simple mutual 

transl)cationd 
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. translocation, entailin¡.., only two brealzs, cannot 

survive as it results in a dicentric chromosome, that 

is, a chromosome with two centromeres; such a chromo- 

some must evzntually ,,et lost, by beinz pulled in both 

directions at once at some mito2is. Ihe romaininz 

trl.,..nslocation types, and the resultin lies, are, 

however, the same as in translocations involvinG an 

ordinary - not-rin6-shaped X-cnromosome and an auto- 

some. The insertions/ types do not result in the 

production of dicentric chromosomes (provided the 

inserted piece does not include a centromere). 

Table EL:). 3 applies to the P, results froLl 

& viable translocation involvini;' the ring-;i. as well as 

to those from an ordinar I. 

A key for detectin, transiocations accor- 

dina t- seGregation of characters is Liven. in Table 

Z1( .14 



Table No. 4. .44001.0 m4*. 

Pay for detectin. t21-znelocations acc 

to se'::r1cIstion of chameters. 

1.12,2e of_Tyqns],ocation. SeciE2at.ign or Ckracte22. 

Involving the X-chrorlosmne 
(rin&i: or non-ring) and the 
second chromosome. 

Involvin, the A-chromosmae 
(riy or non-ring) /.4nd the 
third chromosome. 

Involvin6 the 4-chr000smne 
. (ring or non-ring) an. the 

fourth chromosome. 

All males b171, all i'e1e b 14. 

All males e4, all females bv. 

Al males ey4, all females ey. 

Involving: the second and The flies either by e or bv,4e4 
tix third comosomew. but not by; e4 or bw4 e. 

InvoLvin the third and the The flies either e cy or e* ed.+ 

fourth chromosomc s. but not bv eyt r bw4 ey. 

InvolvinÉ; the second and the The flies either low ey or bv4ey4 
fourth chromosomes. but not In cy4 or 'ova' cy. 

No translocation involved. All possible combinations ,;resent. 

In more com)licated types of tranclo cations 

involvin three chromosomes at once, both criteria 

f-jr thcl cases in 'point at once. 

hesults./ 



Results. 

A tabulated summary of the xes.aits obtained with a 

total of 12,167 Pi cultures. 

TRANSLOCATION FRE"tI*NGIES 2LIATIOId TO RADIATION TOSE. 

(Heavy Dose = 4 x Light Dose.) 

Experiment 
No. Series 

/fertile P11 

Cultures 

--.._...._. , ...,..._-..,,,..,. 

Translocations involving 
- - .- .-( 2-5 2.4 ' 3-4 

(L-ii 

1( li-IZ 

( H-t 

1132 
160 

26 

. . ... 

1 

._.e..,_._....,._.. 

1 

12 
14 

3 

(L-R 
2 ( H-1Z 

( 1140 

(L-R 
3( tt-a 

( ii-+ 

(L-R 
4 ( H-R 

( ii-+ 

1176 
1$6 

.$i 

1 

2 

1 
1 
2 

1., -.28 

19 
5 

i 

.....__....,.-,._..._-. 

863 
141 

54 

-__ _ _ . .v_.. ._.__.._................_._.__..__. 

4 
6 
g 

2 
1 

1238 
138 

a3 

1 

2 

1 1 

1 

1 

; 

8 
8 

7 

20 ~ 
20 

10 

20 

1 

_._. 

1 
. 

.-__ 
1 

__ 

4 
4 
ü 

2 

.2 
___.. ._. 

; 

l 

4 
1 

4 

(L0-F2 

5( H-R 
( ii#+ 

-- - 

(L--. 

6 ( H-A 
( II- 

(L-'st 

7 ( H-ït 

( H-4 

1492 
195 

89 

1480 
207 

96 

13$2 
192 

82 

2 

g 

11 
7 

(,i 
b( H-ft 

( 

x-Or 

i 

T (L-a 

Ì. 

(i-F. 
( Ii--t 

14.53 

186 
109 

,.,...., 

10196 
2312 

568 

S 

. 

2 

1 

3 

1 

2 
3 
5 

18 

; 16 

,.... . .,,... 

7 

i 1 118 

2 ` a 114 
1 1 49 

L-N. = resulta from light dose applied to males with ring 
X-chrexnosöme. 

H-R = 

i'i-4 = 

14 

14 

heavy 

!4 heavy .4 

n 

41 IF 

n n a 

4, a normal: 

4 An atypical unique oase of translocation occurrinz between 

paternal and saternal chromosomes. (SQe page 

ro 



70. 

AngyAls.of the hesults. 

uentitative relations between the 

doscILLof irradiation and the fs_elayeng;4 

of iLe.pe rearran-euehts. 

krom the above table summarisink;; the results 

obtained from the eerinents re can determine the 

quantitative re1tiorishij between the frequenc:y of 

translocations and the dosage of X-rays between the 

doses 1000 and 4000 r units. 

The frequencies of translocations invoivin 

exclusively the.....autpzpes. in the experiments where the 

ring X-chromosome Uas used were as follows, for the 

two doses: 

Fertile- No. of observed Percentage of 
Dose Cultures Trans locations observed 

Lxamined between the Translocatians 
second and Third 
ChromoSQMes. 

Light 
(1000 r) 

Heavy 
(4000 r) 

10,196 

1,373 

afttaa.zw-ro 

+11.1e100.1.1. 

lib 1.16 ± 0.116 

114 8.30 & 0.76 

oesewarisa 

Total. 11,565 232 

The/ 



1/. 

The relation between the dose and the 

Ipercentae of these trans1Qcations obtained can be 

Ìcalculated with sufficient accuracy by lit tin, the 

formula 

= 
u 

where P 7 percentaige of translocL 4ons, and 

CL = dose in r units; 

to our experimental data. The value for x here 

was found to be 1.42. This exponent is siolificantly 

different from both the first and the second powers but 

not sionificantly different from the (approximately) 

1.5 )ower found by some workers for doses similar to 

those used in the ,,resent wort. This v412. be seen 

from the followino calculations, where the number of 

translocations with the heavy dose was taken as a basis 

and the number exvectea fo; the low dose on the assump- 

tion of different values of the exponent was calculated 

from it, assumine, that the totL1 number of cultures at 

the low dose remained that which had actually been 

uealt titn at the Lit.h dose. 

Assum ed/ 
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(00 Uzst rLacomnee;.:, 6letributivn 

tNA woe.... 

Ttie 6.ate rrt t, o.Lolair4; 

olovervatioac "U" revuta,nu; 1.1:-ebrome- 

R 

x - Q4A Gk... o 

to b in one ehrialmozwe, 

in , the mac army, 

iiroL -;er 

6 in 1, 373 I* 0.4 

. I- i reclikiritv; at I(r..4et 

brettl:, th 01A.C:. tir. 4,.,(ai.4-4rata 

Ciirk.X.1013443.0&) 

1 in ib 

1: we aeoume that the brec cro dietributed 

at randoc* v,,ac tt t brentact ouotIcieil) 4: tile 



-14 

five arms of the tatJljor chromosmes, coasistiaG of 

the X (or rin), second, and third chroosomes, are ss 

a fist L,)froximation the sk,Atle, tne robzbi1ìtj u the 

distributiOn three breaks one ia the rinL tua in 

one autocomal arm (or vise versa), as comarea v4,th 

the distribution of the thre': breaks - one, end one 

und one - iron the X, second, end third chromosoeo, 

can be calculated by tho e4...,eion of the ;)olynoials 

(1x . 4 1 4 )3 1 1,, 4 -and (lx * 2A * 2A L 
) 3 in 

which e, u, a re.oreschts the four arms of thu wAcw- 

somas, hil A. en,:!, A reresent the whole outosods. 

12 MAG i:xobability works out as for the 
125 

R2,1 
CA, 

-64 14 24 2 1 
.Lo for tite X A A . 

This tat,-cs 2 4 12 or 1 for the ratio of 1 ) h 

to XAl 1 cazos. In ad6itio,_ eorc brea in the X (or 

rinj chromosom,;. :zo az a conservative essaition 

(eccorain, to an estimate c,de by ;:uller) a chunco of 

50;, Carobably more nearly 75) f cousin, tiTe ithc 
lit; on account 

combina ions/ 

i)osition effect refore the 



75. 

combinations Ride and . A4(there the lade,. numbers 

represent the number or 'breaks) yust be reduced to 

half, while the caubinations W-Ittion account of their 

chance of lethality due to either of the two break 

(i5)24, 
Makin G these reductions, the proportion of 

the combinations of breaks Rk or 1-00, to those of 

type survivn the le.L.al position-effet 

becomes 3 : 4, or 0.75. 

Lt must next be noted that on the assumption 

that broken ends rejoin at random, out of the fifteen 

ways in whieh the-fraGments famed by the three break- 

aes can combine when distributed as X.-A-1- or as 

-i-26.27 (or ,14e), only two ways give triple transioca- 

tions in the first case and the same number give 

insertional translocations in the second case (such 

translocations only are included here, since those of 

other types Livolvint; a rìn6-chromosome fora inviable 

(dicentric) chromosomes). 

6ince the same factor,., applies to both 

t:/;es of cases, the above-mentioned ratio of 3 : 4 in 

the aistribution of the breaks coincides also 1:ith the 

expectea/ 



7 

exdocted mtia o,t' observable 1-2,a1.40-47 trans- 

loCations t( LwALÂ1 trc,nelocations. Ttie '4A04.44.4)r- 

tion actually rou Ld is, 1-4oz/overo", 

1.b7 A) 

2.61 0.91 instead of ().75. 'This uou,s, indicate e 

rre,pency oi trenslcations, cued by-mors nearly 

af.44acent bress to in one Chromoome arm) 3.5 tUve, 

L; creat as ex?eated. 

but althouVa the dierencs botueen round 

eAo./ecte is a-,.,;,Jro.aImately, twice its sdard 

error, /and theraor mizht be tea 44 statistically 

sli¡;nificanto it muet be considered tnat in rect acm 

other data indicate that usua:441 the tranalca- 

tios occur ulth a hiLiw4r -4-re(o_lency than her.c. round. 

Terefore the conclusion .dravu needs cormation 
beinG 

befOZ! e/finally acceAcd. 

0)/ 
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(b) The relative frec,.uencies of 

.aoablo and multi,Ae 

Fron our data vith 11-11 and M-4, we have:- 

R-II R-III 6 out of 1,373 

. 0.437 1 0.058 

(at least two breaks in R and one in an autosome, or 

two breaks in the same arm of an autosome and one 

break in R) 

X-'1.1. 4- X-III 4 X-II-III = 9 out of 598 

1.505 0.157 

(at least one break in the X and one in an autosome). 

If we subtracted from the frequency of X-II, 

(-TI-III tranalocations (two or more breaks) 

the freciusnay of R-II, (three or nore 

;.reaks), it night be zi,4.)2c)sed at first glance that we 

luid obtain the frequency of transiocations involving 

only two breaks each. Before a subtraction is made 

or this purpose, however, we must make allowance for 

the/ 



the fact already mentioned that in the case of the 

ring only insertiolai translocations survive and can 

be detected. On the hypothesis of randomreunion of 

parts, an equal number of nuclei havinL their three 

10- R 
breaks distribute in t.kse /t.r.y result in non- 

insertional translocations, which would survie uid 

detectable as translocations in ordinar cases but 

which would form dicentric chromosomes and be 1,ist in 

the case of the ring. 

We thus obtain 1.05.; .01. (.437 x 2) = ,631 

which may be considered ith some approxiation as the ; 

frequency of those X-II, X-11-ill transloca- 

tions which involve only two breaks in the arms 

concerned in the transl)cation. (In our further 

calculations, however, we ignore the fact that a 

certain proportion of these breaks were present in 

other arms as well; it is hoped later to estimate the 

amount of error involve in doin,I. this.) 

Now by the e..xpansion of the polynomial 

(lx 
* 24 2)2 we find that there are 8 cases in 

.A2, 75 

which any two breads taken at random happen to lie 

one/ 
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one in X and one in one -f the autosomes (Al or A2). 

these case:: only a fraction survive on xcount of 

the lethal position effect of breakage in the 

X-chromosome. A conservative assumption in this case 

1,ould be tfl take the louest survival ratio found for 

this effect, which (accordinL to estimation by Muller) 

is approximately In addition re must take into 

account that one of the possible us in which the 
frai:pento relating from two breaks (one in each chromo- 

some) can c»mbine, only 33/ give viable translocations, 

tthe rest gdving inviable chroLlosomes and restitutions). 

We can, therefore, calculate all the possible combina- 

tions between these fragmento, of which the corrected 

observed frequency of 0463» is only a fraction, as 

follows:- 

0.631 x 4 X 4:41 

18, 
003 z 1.33 

This total freueney mcv then be taken as 

the ordinate corresponding to X = 2 in a, Poisson dis- 

tribution of the number of nuclei containing different 

numbers/ 
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numbers (X) of breaks. - We can e-,. ily fine, by 

consulting the !¡?oisson *tbles and i»Aerpoting, the 

frequency corresponding to X = 3 in the same distribu- 

tion. This frequency, vlaich is found. to be 5.8%, 

represents that of ali the possible combinatins rhich 

contains three breaks in the haploid nucleus contain- 

ing an X-chromosome (ioaoring the fourth chromosorfie). 

But only those cases of three breaks thich 

are of types fi"a or Jit' (There V idicctes a chromo- 

somal arm and the inex figure refers to the number of 

breaks) can give the translocations in cestion. 

These k,,pes of distributions of the breaks are found 

from the epansion of the polynomial 

(1 
R 

+ 1 4 1 
a 

+ i 4 'a3 to have a probability of 

12 
1 T25 for the type R2 al ""' 

12 for the We .7. 

125 

Of the latter, one-quarter only survives on account 

of the already mentioned injurious position effect, 

while of the former only (i)2 survives as explained 

before. In addition, only Z of the three-break 
15 

rearrangements involving the ring and one of the auto- 

comes! 



Gutosemes zivo viable tipteetable tmnalociltions, as 

'ulrou ezplalwoci. are,Vore we iiave 

5.8.4 x (0,25 4, u,06) x .0234 
1!) 

This is the cvdected rrequeoy tho tixet-,orek rinc 

trenslocvtionz on the assumptions that : 

(1) The breaks cxe distribwtod st random; 

(2) Tho breckeze ends ,)in EA mildon; 

(3) The lethal ;position elfQ:ct the brek.4aaL;. u to 
X-ehromosoue cAes. the 4eth 7» 

duals (a hi.Oer '.oui d .44ve u lower 

calculated frequency); 

(4) 'Tho brealcage 1th c the X. an t is 

es 1 : 2 : 2; 

(5) The method of cal 3:t1ation la rousonably correet, 

if us now comparo the "expected" Zraney 

so mlcul ted, Q,O23, 4th the observed value, 0,43M, 

Iwo, see that the latter is about nietet .m. times as 

,:yet as the former. It at bc t,_en into cee-4uLt, 

that_ our calculatc:. - ia that or 

HaLapla three -brek oasea, 1.,.:LereL.s, our iound frequency 

is/ 



2 

is that of at,lea4t thre.e breaks. Surely, however, 

18 e could not consider allythi like ...- of our 
'19 

bserved cases to be of more than threc breaks (in 

i iew of the large nber of two-br,/k al-d no-:.roalt 

rogeny ). henec, it scclas 1.)robable that there r,re 

eally for more translocations of types R2t,1 Lud 

han the ascLuniition of random reunion will ail ;w 

It is realised, however, that the above 

eth:O. of : ttac.: rre.:.ents only t rouL;h a',3droxinction, 

and the sttem.et L., . uìç, made in our laborotory to *-ork 

out the expected frequencies of different ty;ez of 

double- and itultiple-break trunslocations, on the 

-fl¡Ition of random reunion, iì a more exact way, for 

comorison rith observed figures. The more exact 

treatment of this TwAter, however, must be reserved 

for a later 2ublicction, 

The same method of treatment may be extendeL 

to the liht dose. But as no L-1. was included in 

the experiment, the total freuency of translocations 

involliinE X with II X :itiì III with the lit,ht dose 

is nere calculated from the observed freenc, 

transiocations/ 



n 

transloct,tions II-III at that dose, by assuming (as an 

ati)a) thvt ce rLtio o.0 t,lese olas t) each 

other would ,6 the same Ls tnat observed oetween them 

t the heavy dose. This gives a calculated frequency 

or X-II + X-111 4. X-II-lil of 0.213,.. This fre- 

quency of X-chromosome translocations may then be com- 

arsd with tbe data on R ktrc,nslocations obtained in 

he L-R series, which for R-II 4 R-III 4. R-II-III in 

5 0.Nn, 
Iulfiu 

0.213,0 -k2 x 0.04tV = 0.117," frec,uency of transioca- 

tions between X and II, 

III, or II III, involving 

only two breaks. 

25 
0.117i x 4 :c Ir 

033 1 
3.30, frocuency for two breaks. 

. x .33 

The corresonain6 X = 3 freciu,ncy in the Poisson series 

is 0.33;. 

0.33/0 x -1.L. (0.2540.06) x = 0.0013 (calculated 
125 

via1,2. rin, transloca- 

tion i.1.-volving no super- 

fluous breaks). 

The/ 
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The found frequency of-all ring chromosome traneloca- 

tions for this dose, bin 0.048;4, is 37 times as great 

as e.,)ected. This discrepancy (which is far beyond 

1 the limits of statistical error for this case) then 

hel.)s greatly to confirm our iEtfornce,based on the 

1447-dose data, that the m'Atiple-break translocations 

(involvin two breaks in one arm) are dispro)ortion- 

ately frequent incomparisen with the cases of lver 

rank. 

(C) The relation between the frequencies al 

Trec2nr,PtioT,;¡ at the low and at the hih dose: 

V,e have made calculations stowing that on 

the breakage theory the relation of ring chromosome 

translocations at the low and high doses to be expec- 

ted assuming random breakage and reunion would be 

sufficiently well re,)resented by e. finding of four 

an eight respectively as the numbe'r of rin chromo- 

some translocations in the light anc haLlry series 

instead/ 



instead Í ix vri d six ectally rvet i. n 

or. e:t E:Dveirez, statistical ,zrror of the 

an sfficislatly 
Y I 

t.0 have resultc in ocrvoo. vEllus of six and 

Thus a conclusion atIverse to the breakage 

theory cl-lnot be drawn from this result. 

Discussion./ 
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The_cuantitative relationshi betteen 

14, krnavannir_g_19nt_rqrnaAtE kPdPc9c1 

lar__ERdiation and the closcas.._ 

Uaing translocations and X-ray dosages of 

1000 and 4000 r units for this study, the data 

greserited above indicate the following conclusions: 

The observed frequency i translocations is not 

_xopertional to the dosage. 

It Goes not vary according to the square of the 

doscee. 

it increase more rapidly vdth increasing dosage 

than it would in the case o direct Irotionality 

to the dosage, but less rapidly than would be e.Lrec- 

ted if it vas 9r000rtional to the equare of the dose. 

between the dosages mentioned above, the increase 

in the frequency sees to be pro.portional to a?,roxi- 

mately the 1.5 poser of the dose. 

These results are in harmony Lith those 

obtained/ 



obtained by several previous workers and contradic- 

tory to those reported by some other8, as mentioned 

unaer the heading "Previous works". 

The fact that the frec.uency rises more 

rapidly than the dosage suggests that the contact 

hypothesis is not valid - at least, not in all the 

cases of gene rearrangements if all the breaks 

involved in any "primary" gene .rearrangement were 

produced by the si,fie ionization . by one "hit" 

Vit; should have observed e proortionality betwee 

the frequency of rearrangements end the dosage, :A 

lower do seg;c4 an even less repid ris e ih frec4uency 

than in the docage, at higher dosages, as in the case 

of gene mutations. By 'primary eerie rearrangement, 

is meant those invo.vinb one contact - double or 

multiple - and one electron. This will include 

cases of double or multiple transfer, but will not 

include cases in 'which there v;ere two or more indepen- 

dent exchanges involving, in part, the same chromo 

If/ 



II* we admit that indivicual ionizatioas 

produce the breakages, the result mentimed above 

lead us to the conclusion that many or all of these 

breakages occur independently in the different 

chromatin regions invo.ved in gross rearrangeLlents, 

and that union of pieces occurs subsecuently. In 

other words, in the mr,jority of cases et lest, the 

tua breaks - which are the minimum required before 

a E.en e rearra,g ment can take place - are produced 

by two independent ionizations, - by two "hits". 

In this esee we should, as & first approxinction, 

ex,..)ect the frequency of gene rearrangements in the 

irradiated gametes to increase according to the square 

of the radiation dosage. in foot, if two indepen- 

dently originated. breaks are necesar.y for 

rearrangement, the probabilik/ of having tile two 

breaks in the same nucleus with dose which gives 

'an average of breaks per nucleus, where is a very 

small frequency, is nef,Irly If we double the 

(2,4) 
dose, the probability. becomes which iu four 

e. 

times/ 
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times that with the original dose, and so on, until 
(and 2) 

the dosage/becomes so high that multiple breaks can 

no 1,nzer be neglectec. 4.hy then do we find the 

above-mentioned incre!se in ,dro-;ortion to tproxi- 

metely the 1.5 power of the dos? Accordin.L to 

the hypothesis that the breaks occur independently, 

as results of individual ionizations, the increse 

in the number of breaks will be proportioAl to the 

increase of the dosac,e0 Loreover, the increa se of 

the dosage increases the t)ercent.,c?c of nuclei r,ith 

two breas in relation to those uith one break* 

more does it increee those with, tdaTLE breaks 

in relation to those ';;it h two, and again more those 

rith four breaks in relatio:1 to those tith three, and 

so on On our eszumption that the 'creaks are pro- 

ducee at random, tLis progressive inerca.se in the 

multiple brwAs be c&dculated. 

As was pointed out by ?atcheside (1938) and 

by Haldane (1936, litt vflyiublished), the fre- 

f,uencies of single, ,o'IbIL,ne. multi,ae re:11::s of 

different/ 
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different ranks, for ahy &iven dose producin a Given 

mean number of breaks per nucleus, f:xm a i,oissen: 

series. lie Give in the table blow an example of 

these series for various possible meah aura of 
breaks. Our table includes the series for some 

mean values smaller than the of (;atchecide, since, 

1 

as we shall see, these represent conditions or some 

imk,ortance, and the numbers are given to a further 

place beyond the decimal point than his, in oraer 

that the ratios of these numbtrs to each other may 

be ascertained more accurately. 



Table 

cfl 

1. 

Liean number 
of breaks 
per nucleus 
(prop. to 
dosage). 

r- 

4s, 

i'ereentage of nuclei tith 

2 3 4 

0.05 95.12 4.76 0.12 

0.1 90.5 9.05 045 

0.2 81.63 16.37 1.64 0.13 

J,4 67.'j; 26.8 5.4 0.1 

0.8 44.9 35.9 14.4 3.8 0.8 0.1 

1.6 2.c.i. 32.3 25.8 13.7 5,5 1.8 0.6 

3.2 4.0 13.0 20.9 22.3 17.8 11.4 10.5 

6.4 0.2 1.0 3.4 7.3 11.6 14.8 61.3 

(The percentages of nuclei for 0.05, 0.1, and 0.2 

mean breaks per;nucleue were calculcted according to the formula 

m- 
of frequency. in the oissomflistribution f x e-0 x -T 

where f m frequencyof nuclei having Given number of breaks, 

x m breaks per nucleus, 

e m base of natural logarithms, 

m = mean breaks per nucleus 

as the percentages for 0.05 mean were absent, and to obtain 

more accurate figures for those for 0.1 mean and for 0.2 mean. 

From/ 
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arkee, 

From the table we note that eleIle the meen 

number of breaks per nucleus - which is proportional 

to the dose - increases for inetance from 0..05 to 0.1, 

i.e. the doce ras doubled, while the percentece of 

nuclei with ene break ees ct reeroximately doubled, 
but that of nuclei with two breaks iecreesed aperoxi- 

mately four tim e The sae principle will be 

found to hold true when we compare the percentage of 

nuclei with tro breaks with thet fer three breaks, 

the iletter in turn with thet for four breaks, etcetera, 

anC this apelies all the umy uoTal the table, that is, 

eith increaeing dose. 

But there ie no reason to supeose that 

detached chromosome fragments roule alwees unite in 

such e Lay as to form ner viable chroeceomes invoi ing 

gene rearrangements. It seams probable that the 

breakeee ends may unite where they darted, folmine the 

original chromosomes with no Gene rearrangemente 

("restitution"). In some caee, the fragments might 

conceivably mise uniting end get lest, as a result of 

union/ 
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union of chromatids (kcaintock, 1936) by their 

adjoining broken ends. The fragments %,ith no 

spindle attachment might unite forming acentric 

chromosomes, while those 1A.th i'.idle attachments 

united forminL, aicentric chromosufaes1 both acentric 

dl centric chromosomes z..re inviable. 

the chromosome fragments m -ht unite in a nev. 1.44 

giving viable chromosomes involving gene rearrange- 

ments. 

The simplest assumptions concerning the 

rules governinj. the reattuchments are those originally 

made by haldane (1935, ex litt1 unpuolisned and by 

Catchesidc (1938), (1) that all breakage ends rejoin, 

and (2) that they rejoin at randoz . un the basis 

of these two assumptions, ix1dane (0.4), cit.) deduced 

general formulae for the frequencies of varieu:., kinds 

of rearrangements among the viable ofa:spring. 

amilar results nave been publisheL by ;rAchesiue 

(1938) in the form of a table showing the frequencies 

that 1.,ould obtain in the case of given mean numbers 

of/ 
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of breaks :gar nucleus.. This table (rhich has been 

copied tad somewhat extended below) is founded on the 

further assumption. (kn?wn to be not strictly accurate 

but viving greater simplicity in calculation that (3) 

the breaks occur one in each chromosome, so that only 

interchanges are being dealt with . 
, In the table 

relative distribution is shown of the following 

threc classes where the fragments unite to form (a) 

the original chromosepcs, (b) inviable chromosomes, 

(c) viable translocated chromosomes. The formulae 

used for calculating these figures are - 

Proportion original z 

kroikortion transiocated 
fYt 

ereportion inviable - "3.5.7. . 411 - 1) /11 

1.3.5.7. ... 1) 

there n u number of breaks per nucleus. 

Tablelio.1 



c15-- 

Table ho. 6 . 

Breaks 
per 

Chr:moso,mes 

1..00 

,ortional contribution to IrUI Transr5cate- 
C;IrozJosomes Chromosomes 

u 0 

0.33 0.53 0.33 

u.07 o.60 0.33 

4 0.01 0.77 0.22 

5 Ll 0.8a 0.1 

Nearly O 0.93 0.07 

0.96 0.04 

0.98 0.02 

9 0.99 0.41 

0.994 0.006 

These figures show clearly that with increase 

of the number of breaks the class of the inviable chro- 

mosome increases greatly et the expense of the other 

two classes. 

breaks/ 

For exsmple, for the increase from two 
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breaks per nucleus to three breaks, the invible 

chromosomes class increases from 0.33 to 0.60 while 

there is no increase in the transiocated chromosomes 

class. Again, with the increase of the number of 

breaks per nucleus to four, the inviabl. chromosomes 

class increases to 0.77. This .2rinciple colAinues 

to hold as the number of brec&k er nucleus iticreoes. 

So from the two tables last ziven above, we 

can draw the two followin conclusions: 

(1) The hiGher the dose, the hi6ner is the Lumbez- 

of nuclei with multiple breaks relative to 

double breaks; and 

(2) The hier the number of nuclei with multiple 

breaks, the higher is the proportion of inviLtle 

to viable trahslocatod chromosomes. 

These two conclusions combined would mean 

that with the increase of the dosage the proportion 

of the inviable translocations increases more than 

41/4/3 S_r? 

that of the viable ones. Thus, as we calculate the 

frequency/ 
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frequency of trahslocations nril0r4i the viable offspring 

we find that it rises less, with increase in dosage, 

than the frequency of translocations among the total 

offspring (viable plus iasie). it therefore 

departs from the stii,zre relationship even more then 

would be er.xpected merely an the basis ef the 

saturation effect.'.. (coincidence of ;-,ore than enough 

breaks to give a transiocation), and thus the existence, 

of the 1.5 rule ot 411:ose dozes becomes understandable.. 

But the lower the dosages used, the fewer 

ere the multiple breas, relatively to the double 

breaks, and so the nearer the power of the dose 

according to which the frequency of gene rearrange- 

mentk; varies - to the sqlare. Mutatis mutandis, 

the hiLher the dosages abeve those which were used, 

the further below the 1.5 u,,st t i ii power become if 

our premises are correct. This will be noticed 

clearly in the folloring trAde, which was constructed. 

.accordin to the 11v;í' g ,n:71yees of the contribu- 

tions/ 



qc, 

contributions to the thiee clases of nuclei (viable 

non-translocated, viable tranlocatea, &ru inviable) 

vhich woul(,. be made under conoltioas of irradition, 

tjArini., as exam,Jles U.05, 0.1, and 0.2 mean number w: 

brea4s :der nucleus. 

xor meau oi 0.0 break ,cr nueleu4/ 
.ù 



No. of 
Breaks 
i.par tz..gc. of 

95.12 
4.76 
0.12 

qq, 

of 0.05 Ures nucleus, 

Contributions to nuclei with 

Normal Inviable, Trniocatec 
Chromosomes Chromosomes Chromosomes 

95.12 
4.76 
0.04 

99.92 

'4 Q.04 

0. 04 0.04 

Pean 0 

100.00 

0.1 breaks ,fer nucleus. 

No. of 
Breaks Pe rcen - u Contributions to nclei with 
per tags of Normal inviable Translocated 
Nucleus. Nuclei. Chromosomes Chromosomes Chromosomes ..*..* 

o 

VOW IPYTWISAI.H 

90.50. 

....,...m..................p....,*.........m.,,...,,,.,.,,,,, ,.............,..,*......,..,.......,....,..*,......,.,...,...,,,,.., 

90.50 - 

1 9.05 9.05 - - 
L 0.45 15 0. 0 __ 0.15 

.15 99.70 0.15 0.15 

.....r...*.m. . .... ,....,A..........na.."..meo-ma.**......w........a.c......,,.........r......mmga 
100.00 

_________________,_ _______ c p v...1*.N.I.M.I......**0.00MAL I ..., Y....40,00..7... CR..4..2....,,,...,.......,..,* .. .. 

For mean of 0.2 bresks_er nucleus 

"3. of 
Breaks 
per 

Nucleus. 

Percen 
tage of 
buclei. 

we..+. ..-.r.V 

Contributions to nuclei with 

Normal 
Chromosomes 

Inviable 
Chromosomes 

Trans1Jcated 
Chromosomes 

0 01.83 61.63 .8. 

1 16.37 16.37 
2 1.64 0.54 0.54 0.54 
3 0.13 0.009 0.076 0.043 

96.749 0.618 '0.583 
100.00 



1 0 0 

krom 1iir cjiLtion1.3 folv other 
th. ro11 table 1' or t rctu or. ourvi vors 

4th trcIls1.,4ocktiac;e 1 tructe(4: 

Percentc,c individuals Lith 

.O5 

,d 4 

99.94 

). 

95.6 

65..0 

2 

25,6 

..j. 1 

It/ 

O. ,r.).4 

0.15 

is 

j. 
53.9 

.j6.3 

C te rte 
Trk.,.nclocutec w.;:at4 vort 
0:.xcmosomec Tmulluccted 
MaTtoovatem71,1*744../.4171.11111rhe4, 

u4 

2 3 

. 6 

99. 0.04 

.) 65 .15 

99.33 

97.6 

92.1 

46.1 44. 

13.7 



It may be Se,a from the table that the 

reaction betve(n the aee and the fruency of 
trmslacations to be e__,ected - if the assumptions 

made ho .Lc toì .A fo.lows an i6-sha?ed czArve, For 

the very lowest doses the reaction is sp,;roximately 

quadratic, dex,rtin, from this, mdually passing 

throudi all the powers between the second and the 

first (thus the aproximately 1.5 pov'er found in the 

ii,termedicte ,Jortion), ane then becomin¡; convex 

(power <1) and tendin,, to be symptotie to the 

dosage. 

The results in this table, then, agree with - 

.%.1416 

our observed data in giving an increase transloca- 

tion frek.uency proportional to the 1.5 power o.1.- the 

dosaes for a range of frequencies lie that studied 

(that produced between 1000 and 4000 r units). But 

according to the theoretical calculations above, T;;e 

should expect that at the lower dosages increase of 

the frequency of translocations should be more nearly 

according/ 
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cccording to the square of the dosage. ,,uller and 

ficy-Chaudhuri (1939, in progress), toring on 

the freclueney of translocations tith louer dosages of 

radium and X-rays than those usee for this e.41Jeriment, 

are apparently Lotting this result, i.e. an apL,ro;zi- 

mation to the frec,aencies varyih, Ls t-o s'ucre or 

the dose or irradiation' 

The assumptions may now be discusseL that 

were made before the theoretical calculations men- 

tioned above vera carried. '4.ho ri.st assumption Las 

that all breakage ends rejoin. This v.cs tested by 

a sjecial method (Mul..,.er, as yet -unpublished) and 

found not to be the caso. Lut the frequency with 

zhich the chromosomes fail to rejoin is too small to 

roduce ay serious effect D.: the relts or the É% 1- 

culations. The second assumption was that the 

breakage ends rejoin at random This means that the 

original recombi.atiocs, the viable gene rearran6e- 

ments and t:ie iivia.ble rearrahelLents - acentric end 

dicentric/ 
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dicentric chromosomes - have the swe probability 

occurrin for each case of two breaks. It secs 

reasonable to sup-?ose that there should not other 

conditions beixi cua1 - be a preference for a 

breakaGe end to join -J:ith another formin-; viable 

(monocentric) rather than inviable (acentric or di- 

or polycentric) chromosoAes. What inetead is *ite 

oassible, and seems not unlikely to occur, is a 

ireater tendency for breae ends to rejoin in the 

or44na3. gay, ogin toxoximity. This, however, 

would not alter the zeneral shape of the curve, 

The third assumption was that there was but 

one break per chromosome, so that we are dealinL only 

with transiocations. This assump tion is actually 

unjustifiable and certainly incorrect, but it too will 

not seriously alter the eneral shape or the curve 

beine dealt with, and as the recalculation which would 

be necessary in the absence or this assumption is a 

rather involvec', one (now worket out in our 

laboratory), wo are for the time bein usin Catche- 

side's/ 
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Catchesice (4o1e te il_ustrate the general trend 

e.p,,estec 1.1, the results on the breCkr,ge theorj . 

hot; we mc,y turn to the contact hyA)thesis. 

AccordinL: to this hypothesis, as mentionek.. before, 

one "hit" produces all the brei s re(uirea for any 

one primary zene rearreueat. if Ive assume that 

for each X-ray hit the contributions to nucloi vith 

normal, inviable, ane. tranolocated chromosomes are, 

on the average, x, y, and z resectively, we can 

calculate the ,?ercentage of iividals with normal, 

inviable, and translcated chromosomes, and frcm that 

the jercentage of translocatlon incdv,duals among 

survivors, for different mean numbers of hits per 

acicus These probabilities could be oAaine by 

ap,-Lyin, the Poisson distribution al,cbraicclly to the 

expression in X, y, End Z before proceeuint: to use 

numerical values of the Poisson coefficients. The 

probabilities thLs obtaine6 Lire: 

Normal x. ed z); 

Inviable 1 4Y. 

e-nY -n (y * z) Translocated = 

(Dr. i. . Lea sec Catcheside, 193.0. 

The/ 
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The imlues nre 47;ivcyl in the foll:.vinG table: 

Table o 

Idean 

Breaks 

----- - 
Percentace individuals with -- 7)ercentak;e 

Individual 
Survivine 

Percentage 
-Survivors 
Translocat-i 

'per 

, 

Nucleus 
.4ormel 

Chromosones 
Inviable 

Chromosomes 
Trafzslocated 
Chrwesoties 

0.65 96.75 1.64 1.61 98.36 1.64 

0.1 93.61 3.25 3.14 96.75 3.25 

U.L. 87.63 6.39 5.98 93.61 6.36 

0.4 76.60 12.37 10.83 67.63 12.3'6 

0.8 598 23.20 17.82 76.80 

1.6 34.78 41.02 24.20. 56.96 41.2U 

3.2. 12.10 65.22 22.68 34.78 65.35 

6.4 1.46, 87.90 10,64 12.10 86.0U 
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Thus, the curve resultin, on the contact 

hypothesis is approxiluately linear in the very earliest 

part an d thereafter becomes less than the linear, as 

the saturation effect" (of two primary translocations 

fermi% one more complicated "secondary" one) is 

encountered. This then is eactly the seine as the 

curve Cor ksene m.utations 

If the case is a combin;Aion between the 

breakage and the contact hypothesis, it til- necesse, 

rili approxi late more and more to the linear curve 

caused by the contact transiocatians cs we foJ.low it 

back towards the ori4;in, and will partake more and 

more of the nature of a curve dependent on the break- 

age scheme alone as we follow it upward in the other 

direction from the region where it is ;,lore obviously 

intermediate in nature between the two. 

A clualitative illustration of the expected 

ty?es of curves fo, the "breakage hypothesis", the 

"contact hypothesis", and the "combination of both 

hypothesis" is ,iven in 14agram i4o. 6 

Diaaram No. 6./ 
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A QUALITATIVE ILLUSTRATION OF THE EXPECTED TYPES OF 

CURVES FOR THE BREAKAGE HYPOTHESIS, THE 

CONTACT HYPOTHESIS" AND THE COMBINATION OF BOTH 

HYPOTHESIS , 
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Vulttele 3 ealAqt 

Under "Analysis o.t nesultc, and Conclusions°' 

this question has been discused at length. 

As a recuit of comparin, the freque.,cies 

tranziocatioLc involving the A-ohremosorw; tv:o 

autosome& (i.e, re4z,uirin, et lest one brer.k per 

citroosaiae) with that of trenslocc.tionc Jr,:vo.ivini, the 

rin-chr_)cosore and c.n autosome (re(,uirin at least 

two breaks ithin the same arm of one chromosome and 

one break in another chromosome), a provisibu;1 suge,es- 

tion of a proxinity effect on the uLjon of broken ends 

was put fJrward. This is left open to contradiction 

or confirmation by further data and analysez. 

Luitile-break rearrangement& apAiar, in our 

dfAa involvin the ring-chromosome, to occur oftener 

in relation to double-break rearrangements than a 

random distribution would allov... This reslt to 

seems best explained us resultin from effect of 

proximity on iono ends. Li s oulL tor. in two 

v/azis to ,,ive a result lie that observed irst, it 
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miLht make recombination, as op.2osed to restitution, - 

more likely he to breaks wore in the samechromo- 

some arm than .hen the; were in diferent chronosomes, 

and so favour translocations of the type which would 

be observable in rinchronosomes as com.pared 

ordinary "mutual" trans-locations. 

woJ41d hap2e3 that, in nuclei containing three ir 1,1ore 

breaks, it a recombination first took place between 4.4y 

end derived from one break and that derived from 

another break, there would then be a greater chance of 

any end derived from a third break undergoing recom- 

bination with one of the as y.et ununited ends of the 

first or second break, than if the first ste, had been 

a restitution of one of the or4jna1 chromosoLues 

derived from the first or second break, kor, if 

Liroximity counted in the knions, the L,reater JroxirLity 

usual_Ly e:Astine, between ends derived fr,73 the suLe 

original breLk would ordinarily favour restitution us 

against recombination, ho:Ice 1mon restitution of to 

ends had been /revented in the (bove described, 

their/ 



their recombination 

at to occur. As 

viith still Ater ends would b., more 

a rermlt, multi.dle-breEkce trans- 

locations would be more freuent in relation to double 

brlc translocations than a random distributio 
would allow 



AN ATYPICAL TiNICJ4 CASE OF TRANSLOCATION 

OCCURRING BETWBEN PATERNAL AND MATERNAL 

CHROMOSOMS. 

Out of the 10,196 L-R F,cultures, one - in 

the last series - gave a progeny showing an unex!?ected 

type of segregation of characters. This forms, in 

fact, the only case yet recorded of a very special 

type, which ha z for several years been an objeet- 

expected, and for the obtaining of which special 

experiments had been devisee.) by those who favour 

the breakage hypothesis of rearrangements. 

In this case all the males were ebony and 

the great majority of females were non-ebony. 

translecation involving the paternal R and III 

chromosomes/ 

nmt .114.414040.0. 

1) 
Altenburg had in 1935, Qiiie on a visit to the 

Institute of Genetics, 1.:oscow, prposea the institution 

of an eXperiment in which both males and females should 

be irradiated and bred im_leeiately, with the aim of 

findin, just such a ease, as evidence for the brerhe 

theory. Circumstances have till no', however, 

_,Irevented the carrying through of ouch an experiment. 



chromosomes would be expected to result in eLctly the 

contrary, namely all the males would have been non- 

ebony and the females bony. 

The most reasonable ei,planation of this 

unique case appears to be the following: 

(1) The ria-shaped A in the irradiated spermatozoon 

from which the translocation-containin j male 

was derived vas broken at two points by the 

treatment. 

(2) The third chromosome, carrying the gene for ebony, 

in the egg which this spermatozoon fertiliseG, 

happened to nave become broken spontaneously (not 

as a result of the A-ray treatment) at one point. 

(3) After fertilisation, the interstitial f ragment, 

detached from the ring, became inserted in the 

Gap produced by the breakage of the maternal 

third chromosome, while the reLtaindor of the X 

joined together again (deletion). This direc- 

tion of the e;,change is indicated by the presence 

of some exceptional - ebony - females amon, the 

progeny. 

Less/ 
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Less ii,7.e1y possibilities are: (1) Cros.inE- 

over between the third chromosomes in an embryonic cell 

of ij from which the entire Eern tract was derived. 

such crossing-over has been recorded on only two or 

three occasions in the whole of the Droso2hi1a litera- 

ture, andyit would have to be sup-,?osed that in this 

case it hnppened to: involve the very chromosome which 

had ji_st beforehand- underEone one of .hose rare 

recombinrtions that was of the type adapted to .6ive 

translocations involving the ring. (2) Recombination 

between the paternal rin, and maternal III occurrinL by 

means of a contact mechanism, presumably because of a 

considerably delayed after effect o the treatment on 

the paternal chromatin. 

It is obvious that, on account of the reater 

lausibility of the first ezplanation Liven, this case 

dde to the evidence in favour of the breakae hypothes- 

s as opdosed to that of contact. because of this 

oes.ring, as well as because of its interest in relation 

to certain other points, such as that of a delayed 

union/ 
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tlumnatia. 

(1) The data obtainec from a large-scalo experi- 

ent on the frequency of transiocations with two 

(-.,L'os-aes of X-rays, one four times the other, are 

,reported. 

non-rin-X-chromosome was used, to make posoill.e a 

rin,-shped-X-chromozome aci well as a 

!comparison between the frequencies of double- and 

multiple-break transl)catio. 

(2) The datz show clearly that the total 

fre,.uency of trans/ocations varies aproximately as 

the 1.5 power of the dos--7 for the range of does 

used (1(X,0 r to 403C) r). The exponent of the dosage 

to rhich the frequency is ,,ro-portional is definitely 

higher than one and lower than two. 

(3) Both the breakage and the contact 1,.,$LLesi 

are discussed in detail, and it is sh Tal that the 

results under (2) are those to be e.1)ectet, on the 

breakt,,e hypothesis only. 

(4) A case is recorded in 7.hich translocation 

occurred between one chromosome (the rir4 X) of e 

treatecd spermatozoon e4.14 another (the third) of the 

ead 
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ekx, wnich that spermatozo)n fertilised. The treated 

chromosome underuent two breaks, the other probably 

but one. This case is held to give further supjort 

to the breakage hypothesis or transiocations. 

(5) The results indicate that multiple-break 

rearrangements occur oftener. in relation to double- 

break-rearrangements than a random distribution would 

(6) A meth)d is given for estimating the relative 

frequencies to be' expected for ring-chromosome tra 

locations, ana fox translocations involvin, three 

'ordinary chromosomes at once, if breakage and reunion 

of chromosomes took place at random. hppliee to the 

present data thee indicate that reunion occurs oftener 

oetweon ends derived from the same than from different 

chromosome arms, but larger numbers will be needed to 

decide this question. 

(7) A provisional suggestion of a proximity effect 

in the reunion of broken ends is ,02t forward to e--plcin 

the results under (4) and (5). 
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A CASE- OF GONOSOMIC EOSAICISL. 

E0bDt.VEIG A LEMAL. 

A. R. Sidky, 

Institute of Animal Genetics, University of Idinburgh. 

In a section of en experiment on the 

freruency of translocations, males of Beadle's 

Xo2 End nr" stock -- where the males have a ring- 

shaped X-chromosome .which they always get from 

their father as the females have attachet A...chromo- 

somes - were X-rayed and then mate to virgin 

females XXI'', i.e. they have attached X-chromosomes 

**a OPONO.D. 

1 These females were yy bw e ey, i.e they have 

attached X-chrorEomes homczycous for the cene yellow 

and the three pairs of alttosomes are homozygous for 

brown, ebony, and eyeless respectively. T. stock 

t.,as constructed b., eulJor in 1931 
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X-chromosomes and Y-chromosome. The El hetero- 

zy&ous moles, which oz vas to be expected vere 

phaenot:/pically vild tys, were backerossed indivi- 

dually to the same type of- femole XXY. The F.2 

cu turcs were examined for detection of transloca- 

tions. 

One of these F2 cultures contained only 

females - about seventy Were counted - and not one 

ainle male. An attempt to this unusual 

result had to be made. 

In the crest mentioned above, as the mother 

has attach i X-chromosomes the sons will receive their 

ring-shaped-X-chromosome from their father end the 

dau6hters their attached X-chromosome from their 

mother.* The absence of males in the culture can 

only be explained by the presence of a lethal on the 

rin-shaped-X-chromosome of the father. 

Thia letha miGht have been one of the 

foil 

(1) 

(2)/ 

A lethal mutation either dominant or rocosLive on 

the oribinal material of the rin6-shaped-X- 

chromosome; 



(2) An autosomal-dom nunt lethal mutation, a piece 

of that autosome which cariied the lethal being 

included in the rin as. e result of a trans- 

location invoivin the rin and that autosome, 

QI a piece of the ring beih, included in the 

autosome; 

(3) A bobbed lethal mutation on the rin-shaded- 

A-chromosome. 

The questions of how the mutation arose, 

when it arose, and how it was carried by the father 

without affectinz him rill be discussed later. 

sut of the three possible types of lethal 

mutations mentioned above the second possibility vas 

discarded from the beeinnin,z, as, jud4.;in by tho 

random assortment of the characters in the i2 culture, 

no translocation was involved. 

As reGards the third .possibility we aave to 

assume that the mother had no Y-chromosome (or at 

least no Y containin the nomad allele of bobbed). 

So the putative sons rill carry the bobbed lethal on 

their rihL;-shapea-X-chromosome which they receive 

from their fathers but will L.et no Y-chromossme (or 

no/ 



no effective chrwlosome) írtr their mother to stu,_ipross 

the bobbed lethal. The will conse<tuently fail to 

develop. ln this case the dauk5hters wilJ. be diffe- 

rent fr,/,.1 their mother in havint, Y-cbromosoces of 

oruihar tylies which the receive fro their lather. 

If this vas the case, when these dahters are rated 

to their father they would be able to suiy their 

sons uith Y-chromosomes. So ve would expect such 

matins to i;ive rise to on c(rryin4, the bobbed lethal 

on their rin-shapec-X-chromosome but havin a Y- 

chromosoie 'which cui)preases the lethJ . i5ut when 

those datk;hters were actually mated to their father, 

way females vere proddcod. oo the osibiiit y of 

L oobbeL lethal had to be ruled out 

Ihe first dos.Ability, therefore COUS to 

be the ri;ht one. A lethal mutation - doninant or 

recos4ive - on the rin4;-shaveci-.?.- chromosome will be 

received only by the sops - the mother havin,_ cttE;ched 

.6,-chromosomes - which wil... fail to develoid. ,he 

dedLhters rill be ILL? the mother, i.e. havint 

attached -chromosomes and a -chromosome. 4hen 

they/ 
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they wore mated to ti4eir i'Ltez' the same thick; wns 

simply ropeate. .Uitertetely, ovitv to the neture 

of the croza the females havin ettched 

aomea . it is impozibla to cocertnin u'aeter the 

1 tibia ma u cominht ,.;r a reecaive one, 

wo co*e tu more intereatifk; ahc unusual 

facta. ais Iethai-eotaintiaG male looLee, uormul 

in every respect. It was çtt rtile, ca in spite 

o47 bein Getea to one S=mLls in 4 small vial it 

roduced aevqaty tomalea. Alt it :produceG 

male Yhat muet have ben the at a the 
bcin drezent thro' vaut the zonzds. .ery 

tht ;Q aU t tzLve carried the lethca 

Q il the riaL chrocwoome4 This case was designated 

udencreotlie motralel!, ir cf.; the aolac, 131A0t A:rt et 

1net, ham, bec,n, uithout the 1uthu1,, alce U e 

woui ot have aurviveU, U4ì name cnn be 74.p.,,Zioa 

to zimilur oczes. 

TA.a mew is similar to that loun4 AgoL 

(1931) where a male mrrieti in his ao=tic teye cello 

tht 46enee apricot ana the norma o,1: ruby and 

¡xlesoatedi 



possessed ¡:,enotypically by a mutation both apricot end 

.00101110 

ruby. he this male was mated to XXI females, he 

produced none but white-appearin sons. This white- 

lapearin character was shown to be the result of the. 

interaction of the ome for apricot and the aeu. Lutant 

,6cne ruby. This neu mutent must then have ben 

present in alL the ceLLs of the onads. 

The tirst proved case of Droeophi1i mosaic 

involvinz; the iLAnads was reported by huller (1920). . 

A male " from a stock uith red eyes had one red and 
tt 

tt - one When. he was mated 
tt 

red eyes* all the offsprin had rec. eyes. These 

were mated to,6ether in mass cultures and produced 

females all of v:aich had both eyes red and males half 

of which had both oyes red and the other half both 

eyes white. The new factor for whitc,therefore, 

must have been recessive and sex-linked. 

Another interestinL case of mosaicism 

involvinL the Lomas is that studied by Crew md Lamy 

(19Y7). This was a pseudo-obscura "triplo-., female 

:.hich was phaenotypically nor.i. Iu uas u triplo- 
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ntriplo--A" in the sense that the three chromosomes 

were present in the same coll. The result of 

crossinL-over experiments showeL that the most 

plausible eAplenation is that the two ovaries of this 

female Littered in respect or their A-chromosome 

content, both possessing the grand-paternal X-chromo- 

some but each havinL a different grand-maternal 

A-chromosome. it tas later suEzested by th tuthore 

that this female must have been the result of a 

6ouble-nuclear . or two 

sperm with two female pro-nuclei of different consti 

tutions, this female was phaenotypice.1,-.4 normal 

it vas concluded that mosaicism was restrictet to the 

cel_Ls and possibly other internal tissues. 

4nother case of mosaicism worth mentioning 

here is that o anshin. lt is a bilateral mosaic 

male idroso:Jh _Ln melano aster whJse left eje showed DI: 

the character (a strong allele of the L,ene for 

lozen6e, lz ) na whose right eye showed the character 

12:711 ("lozene weak", e teak allele of lz). it 

resultet fro/z, cross between an ,-rayed a - f male 

and/ 

i 



end a TY female. it is attributed to eimultaneous 

origination of the two different alleles of the 

lozenge gene in two halves of a split X-chromosome of 

a spermatozoon. 

'w we turn to the olestion of how this 

condition cme about. In Agolis case, he rightly 

excluded the poseibility ot the new mutation, ruby, 

having been produced by the X-rays, the r - on being 

that he got his unusual result - none but white sons - 

in the Hi of the cross af the treated a,;ricot male 

NYMailk 

with XXY females. This male, then, must nave 

already had the new mutation, ruby, in all the cells 

of his gonads before he was treated. 

In this present case there is every reason 

to suose that X-rays were the responsible factor. 

The unusual result absence of males - was in the 

F 
2 

of a. treated males So it probable that the 

lethal mutation was produced by X-rays in the rinc., 

chromosome of a spermatozoon of the treated ki male. 

This spermatozoon, after fertilisation, gave rise to 

the II "gonosomie mosaic of this case. 

The/ 



Ihe c,ction in :.roduci:.4 mosaics, as 

Muller (1927) su,ested in inter)retinL the origin of 

mosaics, may be either a "fractional effect" or an 

"after effect". "b'er the "fmctionel effect" we 

rut assume that tlic rih,-eha2ed-.)-chromozome v=as in 

a split state at the time the s)ermatozom of the ki 

male eas X-rayed Lha that the lethal mutation occurred 

oh one of the daughter chre,Ltide. Later on, from 

the daulter cell carryirk, the lethal mutation the 

k,oneds ceveloped. On the other hand, the lethal 

mutation mLht have been the result of an Efter effect 

of À-rays durint: the onteenesis of the ovum ferti- 

lised by the treated sperm, the bonads devel)pin6. from 

the dclihter cell carryink, the lethal. 

Bo definite ..,..)roof of "after effecta has been 

obtained as yet. rattereoh )1-oduced by A-ray sex- 

mosaics in ehich the malo .arts carried, in addition 

to the marked maternal a broken or deleted 

)L-chromosome. he az:Jumed that the Lametic chrome- 

eume, must be in the to-strand staz;e tt the tine of 

treatment if a .part of the fly is thus to receive a 

broken/ 
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broken daughter X-chromosome and another part a whole 

i,-chromosome but the "after effect interpretation 

would be possible here too. An intermediate alter- 

netive, in all these cases, would, be, as u1Icr has 

pointen out to me, to upose that breaky7e occured 

at once in the unsplit chromosome of the spermatozoon 

but reunion later, after splitting, and that the two 

pieces might reunite differently. 

On the other hand, we cannot absolutely 

exclude the pos$ibility that this lethal mutation 

occurred spontaneously in the Fi heterozygous male et 

the early stage of hie embryonic developmentrobably: 

the first or the second zygotic division in one of the 

daughter chromatids. Unce, however, ;.-rays are 

known to cause roics, they were probably responsible 

in this case also for the mosaicisme 

This present case: i$ also of interest in 

connection with the Tnestion of whether the origin of, 

the gonads is wit- or multiceliular. it may be: re- 

cal,eo that when our gonosomic 'mosaic male was mated 

to XXY females not one son 

seventy/ 

produced along with the 



seventy daughters. Also, 71hen the daughters vere 

backerossea to their t' er the gonosomic mosaic), 

again no sons were produced. lt 1-as then concluded 

that all the cella of the gonads of this male must have 

carried the lethal on tho ring.shaped--chremosome. 

This wiiI be difficult to explain uith a multicellular 

origin of the ,onado in this case. lt suggests a 

unicellular origin. Agol's case, too, sup)orts this 

view. ,hen he mated Liz apricot male, hich vas 

a Io 'onosoaie mosaic, to .uy females, he ,;,ot none 

but uhite sons. 

As mentione:: previously, the gonosomic 1,loseic 

or this case was phaenotyvically orna1Q e looked 

ulte healtki and vi aa fertile. let the breeding 

periments which uere carried can only be ey.plained 

on the assumption that all the cells of the gonads 

carried the lethal. But does thic wean that all the 

sonatic cella were frec from the lethal? There seem 

to be no reason to suppose so. in the li,ht of the 

evidence of random movement of nuclei in the embryonik 

braw;ht forward by karker (1936) and by 

others! 



others, it will be difficult to asz,ume that the - 

deu ter cells carrying the lethal ,:roducetft nothing 

but the gonads. It also do es. not secfm improbable 

that thc gonosomic aiosaic of this case should survive 

carrying the lethal not only in Lit lgonads but also in 

some of his somatic cells. The normal somatic 

cells - those free from the lethal - may be eupposed 

to counterbalance the efiect uf the abnormal cells 

carrying the lethal and thus cause the survival of 

this mosaic male and his phcenotyAc normality. 

Patterson in his work on sex differentia- 

tion found that the male darts of the gyncndromor-As 

tolerate a much 1 /nger duplication thcn tau found to 

be the case in non MOSLACE4 In this case the gyncn- 

dromorphs hed a normal diploid half and E hy.derilloid 

mule half, thile the non-mosaics viere r)loids. 

He also found that hoploid tisue til_ survive with 

loner deficiences in muscle than in non-rosato flies 

These findings sui;A)rt the view mc:ntioned above that 

the lethalgonotanic mosaic of this case miLht have had 

the lethal contained in some of his somatic culls and 



was able to tolerate them because of his normal 

eonatic cells. 

Also in Acol'o cLau it ia lily that 

beside the eiveLs some of the smatic cells contr.inec 

the nel: mutant ruby. The meson zhy the e.;,es of the 

mosaic male were apricot and not v,hite-ap,ecrinL ean 

be exiaained by assumin thct none of the somatic 

cells containin,6 th'.. ruby jene tool: ,art in the pro- 

duction of the facets of the eyes 

1 
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moshic Liale jj rejorted on which had a 

lethal in the 2.-ollromoso,30 t4rouhout the 6ermina1 

tissue, as he produced luny dnahters but not one 

on when nated to females with attached X's. On 

the other hand, his soma Laust, in part at least, 

have been free from the lethal, otherwise this male 

himself would not have survived. 

Accordin6ly, this case has been desi6nated 

a "eonosomic mosaic". It is suwested that this 

name :aay be used for oases ',there Laosaicis-, is due 

to a difference in t;ehetical constitution 1,etween 

all or a part of the soma wl,> all or a part of the 

;onads. 

One possible ex-aahation for this case 

is that the X-chromosome in the spermatozoon froil 

which the mosaic was derived was in a split con- 

dition and .tnat the lethal occ_xred in one of the 

daughter chro.liatids Gloat probably as a result of 

as the father was irradiat.d). 

Two/ 
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Two other Dossildlities iresented 
selv-es. (1) an autosomal dominant lethal. Which 

at attached to the .:.,..:--olizcza000LiQ by a transioca- 
tion, and (2) a bobbed. lethal in the L'-chromosome. 

;oth of thee° were exi)erimehtally proved non-valid 

in this case. 

The question of whether the oriLin of the 

IMO uni- or taaticellular in this case was 

discussed, and it was -declaed that they trust have 

had a unicellular oriin. 
it was argued that tho-krk,h the lethal was 

on the X-chrotaoeta.rle tirroughout the gonads, it could 

not be the case that all the somatic cells were 

free fro Ll. the lethal. oue o the::. ¡mist have 

contained the lethal, and the nor2s1 healthy condi- 

tion of the gonosoake mosaic was probably due to 

his .bein.,..; able to tolerate, the ;Lethal because of 

the pert of the soma that was free froia the lethal. 

it is sudgested that the eazae could be ap-ia.ied to 

other siziilar cases* 



139 

tiekneLlgLiGa.rgts. 

An ncknowledLnent of indebtedness to 

Professor 2.A.. Cre;v for his kind hositality and 

to Dr. i1,J. uller for his keen interest and construc- 

tive criticism is sincere-1-d exressed. 

heferences Cit / 



LfO 

CiTD 

AGOL, I. N. 1931. A case demonstratia6 the absence 
of somatic induction in Drosoehila. Amer. 

65 : 86-92. 

and LAY, 1%. 1537. A fertile and 
phaenotypically normal triplo-X female of 
Aosoohila ,apudo-obsCura (Race A). J.Genet., 
34 : 91-96. 

and LAZY, E. 193a. Liesaicism in 
uco-abscur J. Genet., 37 : 

211-226. 

B. J. 1920. ilirther canes in the white- 
eye series of i;rosaaaLa and their bearing on 
the manner of occurrence of mutation. J. 

iool., 31 : 443-473. 

MULL/;R, H. J. 1927. ,trtificial transmutation of 
the ene. icìnce, 66 (1699) : 64-67. 

H. J. 1928. The ....)roblem of Lenic modifi- 
cztion. Verh. d. 5. intern. Kon6resses 
Vererbung, Bd. 1. 

PANSHIN, I. 1935. The analysis of a bilateral 
mosaic mutation in .A.oso:)hila melLE2Gaster. 
Trud. Lab. Genet., ho. 10 : 227-232. 

Bal B. 1936. Cleavate patterns in ,hroco- 
and mosaic formation. 

Amer., 29 : 350-392. 

PATTERSON, J. T. 1933. The mechanism mosaics 
formation L. 1,roso'Jhila. Genetics, la : 

32-51. 

PATTERSON/ 



PATUIRSON, J. T. 1930. ieg aifferentiation. 
. Amer. Nat., 72 : 193-2u6. 

,,. 1931. ,o,,r; ;,-rLy 

treatment proauee a genetic vZter olTeet. 
J. LereL., 22 : 221-223. 



GEN T1 CAL STUDIRS 

ON TI " SPHEROIDAL" EXTANT 

OF MO SOP FULA LtZli I Li' 

A. S. id, 



OF 

i'age 

(1) Introduction. a 0 4 G 144 

) The problem. o 0 41 146 

(3) Tue techni(lue. e 0 0 cet 147 

(4) The 1oc:tiL o the chromosome currjin, 

the gene foz. 

(5) Inheritance of infecuncLitj. 

a. Type of inheritance. 

0 

o. 

b. Is the gene for low fecundity 
separable from the sph gene? 

... IS"; 

4 1ST 

(6) 

(7) 

(6) 

Suralary. IF 

Acknowiecgments 

References. cited.... a a 

e,. 

cte 

.. 

4 

161 

163 

164 



GLi.ETIOAL STUDIBS ON THE "SPHLROIDAL° MUTANT 

0,e DROZOPRILA FUN:6MM 

A. R. Sidky. 

Introduction. 

The mutant °spheroidal" ;,hich is the object 

of study in tnis paper was first noted by Donald and 

Lzfly (1937) vhile etudyin, the fecundity of Drosophila 

funebri s. One female was found to Jive only a few 

and these were abnormal in shape. 6olue of her 

dauz;hters exhibited the same character. 

The type of inheritauce of the character 

"spherAdal° and the differences beten the normal 

the sdheroidal eoGs vlere studied (Crew and 

Auerbach, 1937). It vas found that spheroidal (sph) 

v,asi 



was a simple nendclian recessive. The spheroidal 

egz is distinctly shorter and broader than the normal 

egg. The filacents arc short, stiff,fn(L undulated. 

The spheroidcl ethibit Iluch less uniformity 

than do the nor:Ial e*.s. 1;drticular1y 

at the end of the spheroidal female's short 1E411142_ 

period, the es are very pie, yellowish, and traas- 

parent, so that keen observation is required to 

detect them in the food. 

A eamAxison of the ±'ecuditie oi s.2heroi- 

dal e,hd wild-tyoc was made (Crew and Auerbach, 1937). 

The fecundity of cs..J,h was found to be very 13v, with a 

total output of about fifty egs, in contrast to 

over one thousand for the wild-type. Also, a reat 

difference in the fecundity curve vas observed. 

The spheroidEl female usually starts with her maximum 

)erformance, which is followed by a more or less 

rapid decrease. 46-1oyi% stops in less than a 

week./ 



14 

week. - The rild-type female on the other hand 

reaches her maximum gradually, and this is followed 

by a progressive decrease. 

/Ise eroble. 

size, egg-ahape, and fecundity being 

quantitative characters, the degree of manifestation 

could be measured more accurately than is generally 

the case with purely .¡ualitative characters, Such 

cuantitativo characters may prove very useful in 

studying the action of the gene. It was therefore 

decided to carry out a genetical analysis of it as 

far as possible. 

In this paper the following 'Joints were 

studied: 



(1) The determination of the lint .0 6roup of the 

spheroidal-Gene; 

(2) The establishment of the genetic independence. 

or othrwise of low feculk,ity and abnormal 

eGG-shape; and 

(3) The determination of the linkaGe relations 

between these two characters, if they proved 

to be separable. 

The TechnilA . 

The Genetical tests mentioned_ above were 

reneered difficult by the fact that *'sheroidala is 

a character which becomes visible only in the eG6s 

/aid by the female. 

2ine the omotype 

The/ 

ho means were found to deter- 

amales from their mori;holoy. 



The females had therefore to be cultured individually 

and the egg-shaQe observed. The only means of 

determining the genetical constitution of a male is 

to mate hi n to P. ch female and observethe ei;gs laid 

by his dauters. The low' fecundity of the sph 

females makes these tests still more difficult. 

Yor observing the e-sae, the females 

were made to Liz, their es on spoons contLinin food. 

The food used uas ,:.reed accordin to the formula 

suk;gested by Offermana and ,ichmidt (1935). 

carryin out i,enetical tests on the low 

fecundity character, ezg counts were made ct fixed 

intervals. Conditions such es temperature, 

hind of food, amount of food (that is to say, the 

surface e,posed, secaing with yeast, were kept as 

nearly identical as possible. 

A special spoon was constructod by the 

author, as well as a method for see_in6 with yast, as 

described below: 

The, 



The spoon is made of aluminium of about 

5 mm. thick. Its shape and dimensions are shon in 

the illustration, 

el- 2 CM. 

NEW SPOON FOR EGG COUNTING. 

The width of the spoon is so planned that 

it just fits the vials used. The one bundrec, Lad 

:ifty ord,rea b; the Institute were cup,lied at one 

penny each. The food is poured into the spo:Jns, in a 

liçuici state through a funnel fittcd with a rubber 

tube and a clamp. The food takes about one Ltiutel 

to harden. A large number of spoons can be prel'ared 

in a very short time, so that Ei few &jet su.)ly can 

be predared and kept in 17, refriLerntor. This spoon 

is superior to the paper ice croa2 spoon commonly 

used/ 



o 

used in the foliewing respects: (1) The main:advan- 

tage is that, the surface being 'eve:1,1 one can count 

all the eggs with one focussing and so save much time.. 

(2) The rood is of unifom thickness and the edges do 

not get ary and make counting or collecting the eggs 

difficult. (3) The fod does not ti.,% to the 

spoon, and when it is to be removed for incubation, 

etcetera, it ca.i be lifted completely out or the spoon 

by merely inserting the point of a blade or a needle. 

NO are lost or crushecL in the process, 

(4) Being made of aluminium it is very durable., 

stands any amount of boiling and sterilizing, and is 

very easily cleaned. it does away with the reeoating 

with paraffin which is necessary with the paper spoons. 

The counting is done by marking the surface or the 

fo.)a with a needle and ,so dividing it into two or 

three rectangular areas according to the field of the 

binocular, and passing the spon backwards an 'L for- 

wards while counting. 

Instead of the usual method of allowing a 

drop/ 
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drop of yeast to fL1L on the fo.3c,_, thich results in 

the yeast growiN, into a large 1u contdining many 

eggs and so renders the countihg dii%.'icult, painting 

the surface of 'Lie food Lith a thiu sus¡)ension of 

yeast, usint, an ordinar- cel hair brush thus 

uniforw thin film of east, ,,ave very Lood 

results. CDroaohila Inform:I:ion service, WI. 11, 

January 1939 : 

The locatio,: ,f the chromososE_EasIAN4 

aDheroidal. 

The first part or the ek;eriment was devoteu 

to ascertaining which of the sic pairs of chremosoraes 

of proso,T)hFa funebri carries the gene for spheroidal. 

A stock carrying the rarer genes st cv ri vti2 

Otain e Profesor Timoftaf-Aeseovaky, Berlin) 

vas/ 



15.2. 

taz used. 

st = scarlet eye co our (second chromos- e 

cv Curve: vins (third chromosome); 

ci cubitus iterru2 us (third chromosome); 

ri incom,letus (fourth chromosome); 

vti Jenao trnsysrsae i:;complutae (fifth 

chromosome). 

The .>rocedure of the matinGs was as folio, 

tItla is illustrated belo by- a diaGram Lhich shovis also 

the actual result obtained. 

iemales homozyk,ous lor all the recessive 

marker Genes tore crossed to homozyzous s.?11 males. 

The i, bei eterezyGous for the marker Genes and 

for sh, were wild-ty.)e in apearance, and the 

females laid normal eGGs. Since s stock combininG 

the marker Genes and s,,A, in homozy,pus condition Las 

not available, the testin, of recombination by the 

backeross method had to be carries, out in two steps. 

The first consisted in crossinG b males - in thich 

inde;-endence of link , Genes cahnot be simulated by 

crossinG-over/ 



crossinL-over rith females of the multiple 

recessive stock. 3ince their spermatozoa carry one 

chromosome only of each pair, there vilL be recombina- 

tion of zph only those genes with which it gives 

free assortment. The female progeny of this first 

backeroze vas, az tapectedl it 2er cent homozygous 

zph, the other half carrying sph in heterozy6ous con- 

dition. All those females were in addition hetero- 

zyLous for one or more of the marker genes, but in 

the homozygous sph females t]lo marker gene or, the e2h 

chromosome was necessarily missin¡;, because it could 

not be furnished by the s2erm. The second ste-;; of 

the backeross test consisted in mating 4 as well as 
Ea females of this generation to males of the 

4 

multiple recessive stock. 

Lxcluding the rather unlikely possibility 

of sph beinz situated on the small sixth chromosome, 

one of the characters used (in the case of the third 

chromosome, two) woulL be expecte to be lackink in 

the 2rogeny of homozy6ous sph females. Vthen the 

oficpringi 
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Inherita;lqe of Inf,c,..curat4 

inheritance. 

In orcicr to test thether the infecundity 

observed in the sph stock was completely recessive to 

normi fecundity just the spheroidal egg shape vo 
completely recessive to normal egg shape, the eg; 

layin perfonaauce of eit wila-type females was 

com.ared with that or sixteen or their heterozyous 

daughters by sph males. The eggs were collectee on 

spoons Lnd counts were carried out once dEily over a 

period of ten d7_1ys. The average numbers of eggs 

day were 76.7 t 2.05 for the females, 

and 79.7 t 1.6L for their heterozygous daughters. 

It. was obvious that thefecundity occurringin the 

spheroidal stock vas completely recessive 

is_119_114211e 

:Cron] the s,)1,iaepe? 

In order to solve this problem, ::aleL, 

females/ 



females from a cross Ea by vild-type were back- 
. sph 

crossec_ to sph flies. irom the male bac1Lcross 

there resulteu a number of daughters seventy three 

of which were tested foi egg shape and fecundity. 

Since no crossinL-over occurs in the male, the abnor- 

malities of egg shape and fecundity could only be 

found to separate if they were due to genes oh 

different chromosomes. The actual results were 

thirty four females laying sph eggs, thirty eight 

females laying normal ekze. All females in the 

first class vera infecund, with an Lvorage life 

performance of 54 3.2 es; all females in the 

latter class were fecund, with an average eight-days 

derformance of 557 4 1l. eggs. It vas obvious 

that no seearation between the abnorwal egg-shape and 

lot fecundity haa occurred. This meant that the 

two characters were due either to one gene or to two 

linked genes. The female backcross made it possible 

to decide between these two alternatives. Among a 

total of forty five daughters examine4_ fo_ egg shape 

and,' 



0 

end fecundity over a :44riod or fourteen dr;ys, it 

yielded tvevAd six 16yim, noruel eGcs, and nineteen, 

The deviation from the ta,:dected 1 

ratio - - lc nat sioalficent, the otLndard error 

boinc .5 X ,V-4775 m 34,4. Of the nifteteen Izi)dh 

cLSS 

females, three fecundl and th é4 have 

arluen throuzh crossip-ovdr betreen the éenos for 

aphorotdaiznd fecundity, which must tl4refore be 

locate; on the same chromosome pair. The rc.tel- 

rectal cos-over (normal infecund) vas not found, but 

tho fizures are to mall to decide whet4er the non- 

OP;Ateranee of this close la alcvly due to chance or 

to eJa interaction of vanes. 

The restate described above sire obvlously 

susceptible or more V:Acti.i one interpret:Aiwa. The 

fecund sphroicial flies obtaisleamk4 have reall¡ boon 

the result of crossiniover su¡;zested clove; in 

tLe obsonce of the zeoim. cic.s, however, this 

interretztion is open to doubt, until t'c ides of a 

sdecifie/ 
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s,?ecific intonction betveen the two genes hich may 

be inItYLve ia established. Again, there is nothing 

to show tt the inecundity ac.ociater v,ith the 

sl)heroidr.1 had not been merely affecteC: by the 

introduction of specific modifiers in the cour 

the eorimont. 

A third 4,Jossib1e ey.Aanation is that the 

"apherolual-infecund" gene ma; to some extent 

mutable in the direction of recundity, 

Furt ier e-,)eriments may make it possible 

decie.e 1%hich of these hytheses ia correct. 

umary./ 



V. 

The mutation s)heroidal of Drosoubila 

funebris, which affects egg-size and was associated 

when first studied with by fecundity, raz subjected 

to further ;:...;enetieal studies: 

(1) The gene for spheroidal (sph) was found to be 

on the fifth chromosome. 

(2) Both the characters spheroidr1 eg; sha.pe and 

low fecundity were found to be of the same linkage 

grou:). 

(3) In order to find out aiether the two charac- 

ters were due eit'her to one gene or to two linked 

genes, a female backerosc vas carried out. Lally one 

class of cross-over, namely spheroidal fecund LE,s 

observed. Alternative interpretations ere put for 

ward, und further study is sesttid #o decide which is 

correct. 
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