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THE FREQUERCILS OF DOUBLE~ ABD RULTIPLE-BRBAK

THAHSLOCATIONS 1IN HBLATIOR TO HADIATION DUSE.

A. Rs 8ldky.

Introduction.

The Relation of Dosage of Hadistion
to the Frecuency of Gene Lutgtions:

It was guite natural that one of the first
points to be ettecked in the study of the genetic
effects of raGistion was the reletion between the
dosage given and the effect producedé (Huller 1927]).

in 1926-29, Oliver, in the Texes lsborstory,
cerried out experiments on Irosophils tqufiné the rele-
tion between the dosage of X-roys and thﬁ freqguencies
of mutations yroﬁuced.'* The results oi these experi-l
ments were publ;shca in 1930 and 1932. They showed |
that the increase in the mutaﬁien rate vas prsgortiaﬂﬁ

to the inecresse in the dose given. Similer results in

brosophila/



Drosophileg were obteimed with kersys end with radium

by Henson, Heys, end Stenton (1929, 1931, 1932),

Serebrovsky (1930), Timofeeff-Hessovsky (1931 et segd),
|

Patterson (1931}, and others. stedler (1930 et

seg.) found that this prineiple holds in plents.

gene hearraugements:

In sddition to the gene mutations, Huller
in hie early experiments £l927) glso obtained re-
arrangements in the linesr order of the genes.

They were proved o involve inversions, deficletgies,
trausliocations, etcetera.

The first proved cuse of u resrrangement |
of genes was that of a-translocatian. This !
gpoeared as an isolated case, which was encountered
in 1918 by Bridges {1923}). it was demonstrated
genetically, but the portion invelved was too small
to be demonstrated cytologicelly by the methods
eveilable at the tine. It was not until 1926 that
& second cese uwnich might be consicdered as o trans-

|
1.cation was discovered by Steran (1926, 1927) and i
|
was/ i



was Cemonstirated both geneticelly and cytelogically;
this case, however, is now thought not to be & typics
transiocation, as it secms to involive & cras&ing—uvarl
of homologous parts of the inert regions of the X- |
and Y-chromosomnes. i
Typically, & traaslocation is the result
of the disconnection of & section of & chromosome snd|
its sttachment to snother, non-homologous chronosome,
At one time it was believed that & translocation
could result from a chromosome bresking at one point |
and the detached fragment becoming attached to the
end or the side of gnother, non-homologous chrsmosomei

Then duller end Altenburg in 1930, reporting on their

experiments concerning the frequency of transloceatio

|
induced by x—rays,igggéested "&s u rezson for the

grester tendency for ettachment to & long sutosonme i

|
it mey be thet & breuksge occurring in one chramosome!
favours the attachment to it of & fregment from |
&natﬁé? chyomosome snd th et bresksge 1s more likely

to occur in ¢ longer chromosong.® They stiil

thought, though, that the "breskage of & recipient

chromosome is however not necessary for the occurrence

of /



of attachment,® |
Analysis, genetical end coytoiogicsl, of & |
nunber of spontancous snd inducec translocations wes
carvied on by many investigators. 1t confirmed |
the supposition of the breskage of both chromosomes
involived. It was ifound that translocations are |
mostly mutucl exchanges; when they are not, they st
legst involwve mutual breskage, and the broken piece
of the one chromosome in this case becomes inserted |
into & gap made by the breskege of the other chromo- |
some. ‘
Thus in the Geneties Congress of 1932 both
liuller and Stadler put forward the prineciple of
exchenge os & general interpretetion of structural
chenges in chromosomes. This was still followed
by stronger anc more definite confirsation, as the

study of the "inert regions"™ expleined the cases thet
|

were thought to be excsptions. ‘
S0 we see that g minimus of two breais -

one in esch of the hon-homologous chrowmosomes - is

necessary before & traunglocstion involving these two

chromosones can teke place, Atteciments take plece

only/



only at the broken ends. llo broker end is left |
naked if the chrowmosome is te survive.

The same rule of double breaks was found !
to apply both in inversions and dcletions. An
inveraion-or e dﬁletimljtahas plaece in one chromosome,
while & translocation invoives s minimum of two
chiromosomes. deurly every cese of inversion or
deletion could be shown to invoive two bresks (in the |
same chromosome) and reunion at the breesiage points.

The very few apparent exceptions were no more thau the

expectdnumber of ceses in which one bremk was too near
the end of the curomosome to be detsctsble. in
inversions the deteched chromosomal frgpment lying f
|
between the two bresks mey be considered as rotating |
through 1807 and so the srrangement of the genes is

cilanged. in deletions the detached scentric sec- ‘

tion of the ehromosome between the two brecks is lost

A translocetion involving two chromosones
mey be one of the following types:- :
(1) Hutual: iwo bresks, one in cech af the none-
homologous chiromosomes and an exchange of

the detached fragments. |
(2)/




{2) Deletion-Insertion {also celiled insertional}:

Three breaiks, tuo in the donor chromnosome|

and one in the recipient. The ueteched

interstitisl fragment gets inserted bet-
peen the two Lreskage ends ol tihie lstter
chromosome, and the two end piecces ol the
first chirouosowe join togetuer.

{3) Hutusl Deletion-insertion (elso called

hutual lIagertionsl): four bLresks, tuo

in each oi the noun-homologous ciironosounes

and an exchange of the detached inter- i
stitiel frzgments by insertion.
More multiple breaksge would ol course give
more complex possibilities. 4
These types are illustrated in Diegroms NOi‘hJ
Onc 4 ie took as examples transiocations involviné
only two chromosomes for the sake of simplicity.
The seme principles apply to trensiceations involving
more than two chromoscnes.
Tranglocations have proved and promise still
to be of great importance in genetical studies.
They sup.lied new end convineing evidence {or the

theory/



theory of linear drrangement of the genes. They
also proved to give a more adequate means of deter-
mining the reletive spmecings of the genes than the
erossing-over Ireguency method, The latter hes been:
suecessiul in giving us the correct sequence of the
genes but not the reletive distances. Transloc&tion%
might slso prove importent in the study of the mecha- |
nism of ewvoliution. liany species or other naturazl
groups differ from cach other in the shapes snd sizes
of their chromogomes and it is probable thet meny of
these cifferences have arisen through trensloecation

in the evolutionery history of these groups. Strong
ev%ﬂenee for this wes found in studies of the chromo-
some structure of orgenisms of the sume species

coilected from different geogrephical arees.

A& cleer knowledge of the mechanism of the
production ol gene nmutations and of gene resrrange- :

ments by radistion might be of considersble importance
n gen5£ics, It would naturaily give en epyroach to
the ugderﬁtunding of the aetion of X~-rays ond athe#

rays in the production of these chromosomel chinges

and thelr possible production py rediation in nature,

but/
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but it might elso eid in an understanding of the
groparties of the hereditary matericl itself. jiore-
over, it would be casier to determine the relation
between the differcnt types of genic modifications
end the role that each plays in evolution. in
brief, it is to throw light on the mechsnism of genie
end chromosomsl modifications that the study of the
quentitaetive reletion between the dosage of irradie-
tion given and the freguency of induced clhromosoue
and gene changes is carried.out.

Hypotheses of the lechanianm

ol Gene hesrrangénents:

The (uestion of the relation betwesn the
Gosage used end the rote of gene mulaiions produced
can be taken as settledl. It was found, s mentioned
above, that z direct progortionslity cxists between
the Two. Attention hes since been turned vigourous-f
iy t. sttecking the problem of the relation between
the dosage and thne Ireguency of gene resrrangemenis.
This prablém, because of its_havina & more compiicated

nature/
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nature than that conceraning gene mutstions, has
sroused a goou deal ol contryoversy. it is in the
hope of helping towesrds settling this guesiion‘that
the present work on the frecuency of transiocations
produced in relation to dosages of irradietion, which
will be detailed later, has been taken up.

from the finding of a direect prOpcrtian&lityi
between the radiation dosage end the gene mutsation i
rate, it wes concluded that esch individuel mutation
is esused by en indivicdual favoursble ionization, that |
is to sey & single cause or & single "hit® for each
amutation. But, =8 expleined zbove, & transiscation =
or any inversion or & deletion - reguires o minimws of
tvwo brezks before 4t can teke place. fiow doea this
situation compere with that of gene mutetions?

At an early stage of sttaeking this probien
two slternatives presented themselves according to |
Wuller (Pointer and mMulier 1929). one of these
presents en anslogy to the crossing-over mechanisk,

namely the iavolved cliromosomes - non-homologous in !
|
i - |
the cese of transliocations - come in contoct with or i

|

in/
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in close proximity to each other, in some way such as
lying seross cech other, and both breck at their
point of contesct or neasrest point &s & result (direct
or indireet} of one common disturbance, ¢,g. one
gingle ionization, This is cssentislly the saume s
the theory sdvenced by Serebrovsky k1929) anc later i
elaborated by pubinin (1950). The other slterns- |
tive is that the breaks occur independently, as ;
results of independent ecmuses, i.e, independent |
favourcble ionization. In both cases the breskage
ends mey reunite sgain where they perted, thus resul- |
ting in the recomstruction of the original chronosones,

|
or they may unite in new ways, giving rise to gene
re&;rangements.

The first of the two slternatives mentioned
ebove is callec the "Contact hypothesis® and the
sscoﬁd is ecslled the “Breskage first hypothesis®.

A combination of bcth of the abéve elternatives is
slso conceiveble, Thus, gene resrrangements might
be produced by one cd;mon ionization while others
were produced by indcpendent ones; this might in

fact/
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raét even apply to different breske invoived in the
game case of multiple-breasx rearrangement.

If =211 the breeks involved in & given
exchange were duc to one common cause and this were

s common lonization, we sbould expect the relstion

between the dossge and the frequency of geue r&arraa—i

gements to be that of direet proportionslity, as in

the case of gene mutations. But if the breuks were

due to independent ceuses, tie coinecideuce of two
brecks necescery to allov an exechange of the broken
ends would vary in frecuency nearly as the square
of the dosege (until the bresks beceme so frecuent
that multiple breeks baé to be tsken into azcecount},
since the two cnuses heve egual and independent
chances. Gn the other hand, if both common ceuse
and independent causes play = pert, & reletionship
difierent from both the first snd the square power -
in fect &n intermediate one - would be expected.
Accoréing to thie conteect hypothesis, Tor a
mutuel translocation the two ehromosomes must be
lying eeross each other or ctherwise in conteet, or

at/
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at leaptl very oneny cuch other al the tvo points %o
be browen. For wo lusertionel trunslocation, thres
polnts sust neerly coinegide, tye on one chromosone
arsd thie todxd on the otiiod. Yor ¢ sutucl insepe
tignel tresnsliocation, Jour polnte - teo on cach
Shromosane - aust come newrly in contact. diwnii-
fied configurations are illustreted in the following

wuingronNo |

L___Y—}

MUTUAL DELETION - INSERTION MUTUAL
DELETION - INSERTION

A SIMPLIFIED DIAGRAMMATIC ILLUSTRATION OF THE CHROMOSOME
CONFIGURATIONS REQUIRED AT THE TIME OF IRRADIATION ACCORDING TO
THE "CONTACT HYPOTHESIS' IN THE CASE OF TRANSLOCATIONS
INVOLVING ONLY TWO CHROMOSOMES.

1t/
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It would seem difficult to explein the
occurrence of muny cases of multiple exchange by the
three- or {our-way crosses in the wanner mentioned
above, The matter becomes more complicated still
if we consider tresnslocations involving more than
four breaksges, zs have been found by Dubinin snd
fihvostove, Stone, etcetera.

Offermann hos however suggested {(Buller
1935) that the point of crossing of two strends
might mechenicaliy serve to cztch & third strend .
within the npteh so formed, thus making = thrae—strané
contact; ondé by an extension of this idea - involviné
the concept of some externsl force twisting & whole
group of strends into & kind of mutuel crossing or
"knot™ at one point - Lubinin end Khvostove (1935)
wonld explein their more complex multiple-bresk
regrrengemnents.

But even if the strands to be broksm come
actuglly ianto caﬁ;aéi or very nesr each gther, the
distence between the centres of the strands et these |

places would still be enough to meke it more likely

that/
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that the points to bresk wili be siruck by indepen-
dent electrons, unles: the, cen be sifected secon-
garily by intermediate events origincted by the same
clectron and spreading out from that &s & centre (on

thie "bomb® hypothesis, as MHuller (1937) called it).

2revious Borks./
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CriticalgReview of

Previous Yorks,

The vorks in whieh date were obteined with

& view to throwing light on which of the proposed

mechanisme sctuslly obtains may now be briefly referr-

it has already been mentioned that Glifer,
in 1930~-32, in his wori on the freguency of gene
mutations also recorded the cases oi gene resrrange-
ments « which he called chromosome gbnormalities
{C A} - detected by disturbences in the rate of
erossing-over. The frecuency of these chromosome
abnormalities did not very as the sguare of the
dosage. They suggested e higher rate of verigtion
of frecuency than that of the dosage itself in
some cases, however, the apparent disturbanee in
croscing-over was thought to be due to the presence
of two different lethals in one X-chromosome, for

here cross-overs between the tve letheals would be

lethals tooe. Gliver coneluded that there was proba-

bly &« dirdet proportionality between the dosages of

i-rays/



i=reys and the Lreguency of gene rearrengements.

But it wvas evident thal more investigetions into the
subject were called for.

A8 the results of the sbove-mentioned
works did not cleafly indicete an incresse in the
frecuency of rearrangement with inecrease of dosage '
greater tuen that expected on z provortionelity
basis, duller at first (1932} fevoured the contset
hypothesis &s sgainst the breskege hypothesis.
stadlier (1932), on the other hand, though he ¢id not
positively exclude the contact hypothesis, supported
the breskage hypothesis. fie gdvocated the idea of
tiie persisting. of detached fra@mentg, evéﬁ through |
several cell generations, and leter permitting
Gelayed attachments, resulting in the cccurrence of
trensl eations, some after the treatment as the
freguments come in contaet with each other in the
course of intracellular movement.
Then in 1933, kuller, RKosrner and Raggle

Vogt working in Berlin carried out experiments on

the welation of the frequency.of deletions to dosages

ot/ i



of A-rays. They found, &s reported by Muller {1936,

1937, 1936 e, b), that deletions Go not vary in

frequency as the square of the dosage. ﬁeverthelesé

the Ireguency was nel in direct propertion to the

dosoge, l.¢s to the first power of the dosage. Thaﬁ

found that it varied sbout as the 1.5 power of the

dosege - that is to say, more thaen the first power

and less than the sguare power of the doszge. This

led them to conclude that some at least ol the
rearrangenents were probably cmused by independent
bresks. I

shepiro ané Neuheus {1933) observed that
the freguency of ;xgnslécations inereases more
repidly then would be expacteémwith & cirect propor-
tionelity ahd less than expected with & propertiona-
lity to the squere of the dose, but thelr deta were
stetistieslly insufficient.

Then Belgovsky, studying the relationship
between the frecuency of trsnslocotions esnd the
dosage in & large-scale experiment done under the
direction of Eullier lpublicly reported at & meeting

of/
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of geneticists in Mosecow, 1935, published in 1937),
arrived at the same conclusionsas Huller, Koerner,
and Vogt. le found that the fregquencies of
translocations atl two different doscges, one four
times as great as the other, hastshown a higher
increase than the sipected on the basis ol a direct
proportionality between frequency of iacuced
rearrangements and dosage, as should be the case
acecording to the contact hypothesis. The increase
in the frequency was also lower than the square of
the dosege, which was the relstion which had been
expected as a first approxinmation on the bresksge
hypothesis. As, according to the contact hypo-
thesis, rearrangements might, alternziively, be
expected to keep similar relation to dosage as the
frequency of interchanges in ordinary crossing-aver,
he carried out axperime%ts to investigateithis

point. He used four doses of A-rays, each one

double the one directly lower. Comparing the curve |

for/
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for frecuency of ordinary crossing-overs with that
for the frequency of rearrangements, he found that
they differ significantly.

Using inversions, Berg, Panshin, and
Borisoff in Leningrasd (work of 1935, unpublished,
quoted by Huller, 1938 a. b.) found & lack of propor- |
tionality between the frequency of these gene-ren
arrangenents and the dosage. They confirped the '
1.5 relationship referred to above.

Ehvostova and Gavrilove {1935}, working on
the frecuency of translocations involving the fourth
chromosome in relation to the dosage, concluded that
there is a linear relationship between the dosage and
the chramosomé interchanges produced. They used
the recessive character cubitus interruptus which had
been found by Dubinin and Sidorov (13934} to be
manifested ag a position effect by translocstions
inwvolving the fourth chromosoume. It nmust be borne
in mind, bhowever, that the detectability of the
cheracter cubitus interruptus depends greatly on

tenpereture/
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tempersture ceonditiona, Horeover, their results
represent the sumation of separste experiments in
vhich the meassurenent of the dossge and the relative
nunbers of trenslocsticons at different, supposedly
corresponding doses mey have been subject to varia-
tion. sgain, it must be noted that unless the
flies to be given the lighter dose are divided into
portions which are trected consecutively at the same
time &5 those undergocing the hcecavier treatment, as
will be explained in "Haterisl snd Hethod® of the
present work, cne cannot bf reasonebly sure of getiing
the desired relation of oﬁe dose tﬁ the other, owing
to the varistions which may cccur in the dose during
the treatment.

The some two suthors - Khvostova end
gavrilova - in 1938 claimed to have obteined agailn
direct proportionality between the dosage and the
frequeney of transliocations, this time by mesns of
the position eifect of the gene for Plum® (the change
of the brown ecye colour into rec and mottled) which

was/
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was discoversd¢ by Dubinin in 1936. Whereas, shey
reported, when they used the linkege method - the
method used in the present work and mhich wil!l be
Gescribed lster - they Ifound & disproportionately
high inecrease of sherrstion using doses of 4000 r
ant 600U r units.

it might be mentioned here that recent work

on the ssme lines (Huller enc 4. I, Hokki, 1939, in

progress) contradicts the zbove results, and, in fact,

seems to suggest the 1.5 relationship found in the

case of deletions in the vork of ¥uller, Koerner, end |

Vogt referred to gbove.
Cateheside in 1938 reported on his experi-
ments on the dosage~struectural changes relation. ke

used the cytologieal wmethod based on the study of the

salivery glend chromosomes of El Drosophils meleno-

gaster female larvee derived {rom X-rayed fathers.

boses of 1000 r, 2000 r, and 3000 r were used. The
scale of the experiment was not & large one. lie

interprets his results as showing that the frecuency

of /
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of induced structursl chenges of chromosomes has @
relation of direct linear proporiiomality with the
A=TEY GOBEEE.

herl oax (1938}, in cytological studies of
the chromosome aberrstions induced by Z-rays in
fradescantia, hes gone into the guestion of the

reletionship between these asberrations eand the

dosage. He found that this relationship wes not
& simpie one. His dels confirm the 1.5 power
relationship. iie found et the same time thet the

proportion of single bresks increzses directly with
the increase of the dossge. when he compareu ihe

curve for tue ghromosome sberrations induesd &t

different doses with the theoretical curves based on

the equations for one hit [ B=1l- e-an] and for

two hits [2 B=1l- g 331 » anyr (gyckcff end
Rivers/

B = chromosome aberrations.
& = the probebility thetl an electron will hit the
objeet.
n = the number of electrons shot at the object.
If two hits are necessary, the survival
ratig. is e~8R(]l + an).
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Rivers, 1930), he found that the observed velues
approach, but do not coincicde with, the theorstical
curve based on the gssumption that two hits are
neccssary to break twe chromosomes or two arms of
one chromosome. But he offers as @ posaible ex- |
planation the suggestion that some of the dicentric
end ring chromosomes amey be produced by & single hit.

Hans Bauer, H. Demeree, and B, P. Baulfnmenn
(1938) studied chromosomel rearrengements in |
Drosophile by selivery gland chromoscme anclysis
of 31 lervae obtazined from untreated fomeles mated
to L-rayed meles. Dosgges between 1000 r end
5000 r unitls were used. They found that with the
increase of ULhe doszge the percentege of aitered
gperm incresses more rapidly than would be expected
with direct proportionslity. The curve produced
resemvbles en S-shoped curve, being steepest in the
intervel between 2000 r and 3000 r units.

:LastLy, Buzzati-Traverse (Drosophilc

information Servicé@,éanuary 1939}, in e short note,

reporis/
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reports finding direet proportionelity between

i-ray dosage and trenslocations between the second |

and the third chromosomes of Drosophile melanogaster.

The secele on which the experiment was cerried out
is not mentioned, nor are detoils of the technigue
given: Judging by the standard error given, however,
his figures do not strongly supsort the direct i
proportionality relationship. |

The works reviewed shove are those bearing i
on the subject of the guentitetive relutionship
hetween the dosage of irradiation and the freguency
of gene resrrangements in generesl. low there nust
be looked into some of the works dealing with the
relative mumbers of rearrengements involving diffe-
rent numbers ané distributions of brecks at & given
ﬁase; |

Dubinin end Khvostova in 1935 published &
very interesting paper repar ting on their cytological
studies of the configurations of some complex
rearrangements in the salivery gland chromosomes.

Bere/
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Here they confimmed the conception of Huller (whiech
they had not previcusly recognised) that reunion cen
only ccecur between breakage ends. They criticised,
however, the conclusions of Muller and Belgovsky,

vased on the latters' work on the relationship

between the freguency of translocstions and of
deletions end the dosage of i-roys (reported on by

them at a publice meeting at the Institute of Genetics,
Academy of Secienees, lioscow, 1935, and published in
1937, reviewed above), maintaining on the coutrary

that these authors' findings of & proportionality of
the frﬂquéncy of rearrangements to s powvier of the
dosage intermediate between one and two do not reslly
support the breskege hypothesis, for Dubinin and
Ehvostova thought that, according to the breakege
hypothesis, the exponent eupressing the relatien

should have been the square. (This, however, we
shall see later, is not necessarily the case, as the
relation veries with the dose used. ) They undertock
to meke a cytological study of translocatious involviné

three,
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three chromosomes, in the hope of obtfaining distinctive
structural findings which might explain the mechanism
of their origin. some of the translocations they
examined proved to be of a ver; conplex nature, which,
according to the contaet hypothesis, would reguire in
certein ceses as many as eight threads intersecting et |
ti:e same point. Tuis can be explained on the cont&ct:
theory only on the special assuamption, originally
suggested by Uffermann (Muller, 1935 &.), that there
is & tendeuncy for more threads to come together at a&
point where two are glresdy together. Though they
.aid not decide for one hypothesis sgainst the other,
thcy nevertheless favoured the contect hypothesis,
acdopting this euplanation (which they deseribed as the
{ormation of a ®knot") for the complex cases in
guestion,

Kirsseanov (1937) under the direction of
Dublinin was the first to attempt a comparison of the
. frecuency of translocations inveolving two chromosomes

to those inveolving more than two chromosomes &s cal-

culated/
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célculated both secording to the contsct and the
breakage hypotheses. He then compsred his caleulat-
ed frequencies with those mctually obtained by himself,
by Muller and Altenburg, and by &tone, Patterson,
pedicheck, snd Suche. {Only the date eof the latter
four suthors are reslly of a large cnough magnitude
to give dat& of value for this purpose, however. )

Although he concludec that the results
fitted the expectation on the contact hypothesis (of
which he adopts a special form, basec on the anzlogy
of erossing-over) and not on the breakage nypothesis,
& re-examination of the evidence (luller, unpublished),
based only cn those classes large enough to be ol
volue shows thet they deviate more than he thought
fvom the ”canta§£“ expectation, in the direction of
the “break&gé“ expectation, and that they are in fact
consistent with the latter.

Caetcheside (1938), working on maize in an
attempt to throw light 6ﬂ the mechanism of inductipn
of rearrangements, i-rayed the pollen with 3000 r end

apulied/
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applied it to untrested ears. Then he obscrved the
number of El showing rings ¢f four or more clromosomes
(indicating heterozygous translocaiions). lie also

compared his results with similar ones cbtained by

Stadler (1937) with & cdose of 1333 r units. Puinting|

out that the dose used by himself was probably under
1000 r units, Cetcheside concluded that there was a

| relation of direet proportionelity between the dosage
land the roate of induced structursl changes. From
his data, he also concluded that, while the shsolute
frequency of rings of six znd of two rings of four
chromosomes rises markedly with increased dosage, yet
the ratio of thelr freguencies remains constantly
near equelity as it would on the contact theory.
loreover, individusls with two rings of ifour chromo-
somes were in fact slightly more frecuent than those
with one ring of six chromosomes, as they might well
be on the contact theory, wherces on the breakage
:theory the latter should be more freguent, provided
his assumption be correct that the reunions of bLroken

ends/
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ends occur at random. flor these reasons he regurdés
his date as favouring the contact hypothesis. The
essumption last mentioned and certsin others (such as
neglecting the possibility of more than one bresk per
chromosome occurring) are very cuestionsble, however,
especielly in the light of recent work, snd for this
reason reealculations of the eipectations on the
breskage hypothesis, in which the effects of changes in |
these assunptions are taken into account, are at
present being carried ocut in our lsboratory.

Baur, Demerec anc haufmenn (1938) in their
above-mentioned work on gene resrrangements studied
amon;, other things the guestion of the distribution of
oreeks smong the chromosomes in cases of multisle
breakage. They found different chromosome arms of
coupareble length to have nmuch thgssame breskege
freguency. Considering the spacings of two breaks
within eny giwven chromosome arm, they found that the
values noted correspond, in general, with a random
distribution of breaks wit liin the elchrouatic sections

of/
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of the chromosomes, with the possible exception of
distal regions where the frequency of bresiks may be
slightly higher. In heterochromatiec regions, on the
lother hend, breaks are more frecuent than in elichroma-
tic regions of similer salivary lengths (as nmuch
previous work had shown.)

On the basis of their studies of the msuner
of distribution of multiple bresks amony the chromo-
somes, in different cases of gene rearrangements, they
claimed that recrrangements, in which the bresks sa=e
Rendom—distribution ave concentrated in e smaller num-
‘ber of ehromosome arms, are more frequent, in compari-
‘son with the cases in which ;he sa%e number of breaks
are scattered, than would be expected on & random
distribution of bresks. Their calculstions, however,
|fail to mase allowances for the fzet that the number of
itiable (monocentric) rearrangements obtainable is
}graater when the breaxs are concentrated than othe: wise.
;mevertheless we shall see later that it is probably
ftrua that there is a tendency to "concentration of

breaks”/
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breaks” though this could not legitimately have been
inferred from their evidence by their method of reason-
ing. As the cause of this supposed effeet, they
?surmisad that there is a tendency for the breaks them-
selves to oecur aftenas ‘htiia ths sene dimmcscss.

ITo us it sppears meore reasonable to infer thet whken the
breaks happen to be closer together the proportion of,
viecble gene rearraﬁéaments in comparison withthat of
restitution is groater, i.e. that a proximity effect
exists in the process of reunion, not in that of

breaksage.

Qbjectives/
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gbjeectives of vYresent ixperiments.

Answers to itwo main guestions were aimed at
in earrying out the experiments to be detsilec

presentlys

Firstly, what is the gusntitative relstionship

between the frecuency of gene rearrangements induced

and the dosage wiven? boes the freguency of gene

rearrongements vary according to the first power of
the dosage &8s m§ght be expdcted on the basis ol the
contact hypothesis? Does iibvary aceording tq the
sguare ol the dossge as nmight have been expected as
& first apyroximation on the basis of the breskage
theory? -~ or is the reletim ship different from
both the first and the scuare power? If the
latter, vhat is this new relationship snd what does
it imply? For tuis purpose two doses, one four
times the other in order to give & marked differeﬁce,
were used. As large =« scale g8 the circumstances

permitted was ainmed at.

secondly/



Secondly, what ig the velation between the

frecuency of the double-bresk translocations and

the freguency oi the multiple-bresk trasslocations?
Is this relation thet to be expected on the besis

of & random cdistribution of breeks and rendom union:
For this purpose the ring-shgyped chromosome supylies
g good tool. A5 mentioned before, a minimum of

two brecks, one in easch of the non-homologous
chromosomes is recuired before p translocetion
involiving these two chromosomes can teke place.

This spplies only teo the non-ring chromosomes. in
thie case of & trasnslocetion invelving & ring-shaped
chromosome ené a non-ring chromosome, there is a
minimum ol three breaks. the distribution of the
bresks mgy be cither one break in the ring and two
breciks in the non-ring chromosgme - in which case

the detached piece of the latter gets inserted into
tiie former -~ or two bresks in the ring snd one in the
non-ring, with the insertion occurring into the non-
ring chromosomne.

For/
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For the ring, & stock was used in which
the males had thair“hﬁchrumasame ring-shaped, the
ring chromosome beling that denoted "XeZ found by
Besadle, AL1 the tramslocations involving this
ring-shaped-i-chivomosone sncé an autesome will
represent multiple~bresk transiveéstions, 1f zlong
with this we get the frecuency of translocations
invo!ving en i non-ring-chromosome ané an putosome,
this figure will cover both multiple- and double-
bresk translcecation. By subtrecting the former
fregquency from the latter, we have the Ireguency of
double-~-break transiocation, which cen then be com-

pared with that of multiple-bre&k transloecetions.

kdoterisl and Method./
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Haterisl end Hetbod.

For males having the ring X-chromosome,
Bezdle's stock was used in vhich the malies have the
so-celled Xe? ping and the femsles heve attached X's
homozygous for yellow. For controls, males {rom
the wild-type Oregen K stock were used. The
irradistion vas carried out with the Institute's
A-ray apparatus, which has & water-cooled Coonlidge
tube & K.¥, with rectified H.T, The flies were
irrsdiated st & distance of 12 cme. from the X-ray
terget.

In the eﬁ;lier series, where n¢ dosimetler
was used, the A-rey output had been approximetely
Getermined by previous tests in which the sex-linked
iethel mutetion rate was ascertasinec by the €15
method, The time of raying in our experiments vas
then adjusted s¢ as to give the more heavily treated
series &8 nearly 4000 r units as possible. There

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

nent/
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experiment to eaperiment, as mey be seen fron the
tabie. Luter, veginning with series %, vhen o
doslmeter become aveilable, the hewovy dose wes held
at 4004 »r.

“o achiove the purposes of the two
srevicusiy mentioned problems, three classes of

irradicted meles wore weed. They sare se follows:

le Holes with ring-chromosomes (Xe€) were jiven
the “heavy® dose (of s nesrly as possible
4000 r upits as just explodned). Thooe

wore culled il

2« Oimiler meles were glven the *light® doee !
[
which wes Just ono-quarter f the heavy cuse; |

thgse were oolled Lt

Je UOregon k. pales were given the heavy dose

sisultanecuely; thoese were callied b-4.

Conparison of the trenslocation {reguenny
invo.ving the A-chromoscmes in clesses 1 end J
elliowed gn attack on the first problem, o6 it disclose

ed/
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disclosed the frequency_of multiple-bregk trans-
locations as compared with that of cdouble-bresk ones
at the high‘dese. Comporison of the freguency of
translocations involving ouly the sutosomes in
classey 1 ==<=£ versus 2 zllowed an attack on the
gecond problem, which concerned the frequency of
trenslocations resultani upon the two different
Goses, Fron this second result it was then pessible
to é;timate the gporoximate number of i-chromosome
translocations of the non-ring X at the lower dose sas
well - and thus to gein an idea of the {reguency
relation of multiple~ to double-bresk translocations
inveiving the X at the lower dose for the first
problem.

In order to be ressonsbly sure that one
dose was really four times the othef, the {lies

receiving the lighter dose werc divided into four

lots end these loils were X-rayed consecutively at

the same time as the flies receiving the hesvier dose |

were being treated. The need for this method

derives/
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derives from the fact thet, as the dosage per unit
of time is licble to wery through the time of trect-

nent, treating the {lies which are to get the lighter

dose. apert from those which sre to get the heavier
ﬁoae; or treating them #ll in one particuler relative
portion of the time recuired for the heavy dose, !
would not permit thelr ireutment to share the vorie- |
tion which occurs in tue irrecistion curing the whole
tizne for the heavy dose. This technicue of sgub-
¢ividing the nmateriel for the lighter dose hac been
originated by Offermane

In order to detect translocations, the .
trested males in easch clasc were mated to J¥ bw ¢ ey |
virgin femgsles of the stock constructed forx the
purpose oif such tests by kuller inm 1931, i.e. the
females having attached i-chromosomncs homozygous for
yellow, end their threc pairs of sutosomes homoZygous
for brown, ebony, and eyeless, respectively. These
motings were done in mess culturcs in bottles. For
o recsonable output 50 meles and 50 femeles per bottla
were used for the heavy dose and 10 of each sex for

|
the / I
|
|
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the light dose. The cultures were kept at 22.5%
Centigrade. After four days the flies were trans-
ferred into fresh bottles, where tiey were lelt for
enother three days. Then the wmales were discarded
and tue femaiea were again trensferred into fresh
bottles. Three broods were thus oblained, end the
meles were not left with the }&m&les for more than
seven deys. This technicue wes decided upon alter

considering the work on the duration oi the effeccts

of A-rays on male germ cells in Drosophils meleno-

gaster done by bB. B. Harris cod by &. b. benson end
F. Heys independently, the first showing only a small

dropy in the percentage of lethal mutations wvhen the

spern eeclls were outainec from males eight days after

irradiation, and the second showing no drop until
after fourteen days.

The El males, heterozygous for bw, ¢, and
gy, end so pheenotypiecally wila-type (Disgreus 3¢k)
were beckerossed individuelly in small wiels to
virgin yy bw e ey {emales. Their progeny, ises
52 flies, were examined for trenslocetions in the
manner/
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nanner explained leter in this paper, The food in
these vials was nade up according to the formule of
Offermamand Schoidt {(Drosophile Informetion Serviee,
1935), as this allowed & large enough output to make
the recognition of o translocation certain in the
grest majority of cases.

For the results to be significant, the
experiment had to be carried osut on & lerge seule.

For praetical purposes, therefore, it vas divided

into consecutive "series®, ecch: series containing &s |

nearly as gossible the same progortions of i-R, L~K,

and He+. The total number of Fl cultures simed at

for each batch was 2000. 0f course, not zll these
cultures would give ¥y, &5 some would be sterile.

S0 this number wes not slways atteined. Taking
into consideretion that the increese in dosage
results in incresse in number of translocatious
produced nd elso considering the resulte obteined
by other workers on ihe relation between the dosage
and the freguency of translocations, it was decided

to/
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to use the lollowing formula lor the desired number

of 31 cultures of each class in one series.

6 X (LeR) < X (H=R) < 5 X (H~w)
176G 220 110
L T ]
2090

¥y culiures

For the production of meles for these Fl
cultures, it was cecided, citer some experimentation,

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

120 males with ring-chromosome given the light dose;
250 nales with ring-chrouosonme given the henvy dose;

60 Uregon K. males given the heavy dose.

In order (1) thet, within each series, the
different classes will have approximately the same
nunerical relationsto each other es in the ather.
series throughout the experiment, and (2) to keep the |
nunbers of X-chromosome translocations found in the
different lots of each series approximately egusl (to |

minimise/
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windmise the error of the comporisons), it wves Geclduwd |
to exemine £irst the cultures of the claes H-R, their |
number being the ler, thes Lo c.omine cultures of |
the class L«R till appreximately the saue nusber of |
translccations were oblalned as vere ohtained Lroo |
H-R, and them to exaning the H-4 soriss (with the '
object ol obtaining here a somowhat greatisr cbsolute

nunber of X-chromosome trenglocatlions than in HeR)s



(over)



Diagram How > .

The P; Hetings.

Illustreting the mating of the P, males
whose sperms were X-reyed (in the diagrem the cuse
of those with the ring-shaped-i-chromospgme is
shown, but it will be the same in the cese of the
non-ring-i-chromosome) with non-irredisted femcles
with attached i-chromosome and carrying gene
narkers on sll the chromosomes. The A-rayed
chromosomes are marked heavily in the disgram to
distinguish them from the untreated chromosomes.
Note tiet only oane class of the F; mules survives,
These males are heterozygous for the merier genes
supplied by the mothers' ova while the other set
of chromosoucs, supplied by the fathers' spermsg is
trected end cerries the normal alleles of the

HETEEI'S.
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fnglysds of the kethod for |
cgtecting lronslocetions,

 piegrem No.) shows the perent matings,

fec. the matings of i-rayed msles with the §¥ bw o oy

virgio fenudcs. A8 is sewn, teterceygous vild-type
males are produced in ¥i. Heif theiy ohromodcnes

are from the Father - these, vhich hed Lewva L-Toyed, |
ere heoevily merked - aend the other hell ore from the
antreatod mother. ihess meles wuy cerry trense
locations produced in their fastierts gerw cells by
L S=-POyB. There ie no danger of thelir being
confused with males aries ng e & resull of any
non-virginity of the mother, es the lgtier melies
wouid be b e ay.

in Diegren WHo. ¥ iv shown the reault of

the individusl Leeckerovssing of cus of these hetern
gyeous wilu-ty e E& mules, not containing o traus- ;
location, to V7 by e oy wirgis femsles. The
differant poscible modes ol distribution of the

chronosoney
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Diagram NoedD .

Beckeross for Finding Translocations.

For the detection of whatever transloca-
tions occurred in the sperms of the Xl-royed males,
their hetercaygous sons were backcrossed to
Y bw e ey females (seme &s tie P, fomales). The
A-royed chromosomes are agein marked heavily in
contrast to the untrested chromosoues. In the
Giagranm ell the types of segregations - old and
new - of the mele ﬁre shown. The chromosonel
constitutions of the sperm and of the ove are
shown, and the constitutions of the resulting
zygotes. The types ere given numbers from (1)
to (32). The seme numbers will be used in the
papers. Types (1) to (&) - 3X and no Y - and
(25) to (32) - 2Y 2nd no X - will not survive.
Bhat the remaining types would be like if & trans-
locetion took ploce is shown in the suecceeding

disgrams.,
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chromogomes at s ecrmatogenesis is shown, with the
resultant production of sperm having different old

or new conbinations. Following this, the
different types produced in i, are shown. For
reference, they have been given numbers from (1) to
{32). These numbers will elso be used throughout

the text and in the disgrems showing translocations,

enéd will elways be bracketed os o meens of distinction%
tiow in Dlegram fo. 3 the types numbered from|
(1) to (8), bhaving three i-chromosomes and no ¥-
chromosone, would either not develop at all or would
develop sbnormally. Also, types (25) to (32}, ;
heving two Ye-chromosomes and no A-chromosome, would i
not develop. The surviving types are tiose from (9)
to (24), those from (9) to (16} being females, and
those from (17) to (24), males. Their constitution

will be as follows:

(9) /



-

(9) ¥J bw e ey (femele)

(10) ¥J bwt et oy "
(1) ¥FJ bw et eyt .
(12) JJ bw e eyt "
{13) ¥7 bwt* ¢ ey %
(14) T35 bw* e* ey .
(15) ¥F bw et ey .

i (16) JI¥ bw* e eyt "
(L7) Dbw* e* eyt (male)

. {(18) bw e ey "

| {19)' bw* et ey &
{20} bw* e ey a
(2l) bw e* eyt &
{(22) bw e ey* o
(23} bu*t e eyt .
(24) bw et ey by “

It is epoarent thet in ccses where no
translocation hes occurred there is random assort-

ment ol the charscters in question in ¥..

Teking/
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Taking the characters in peirs, there sre
to be expected equal numbers of flies showing both
nutant cheracters or neither snc shiowing eithier one
end not the other, s secn in Teble Ho. l.

we may now turn to cases in which transloca-~
tion hes teken place. PDiegren Ho.l shows trans-
locations involving the secund chromosome - carryling
the gene for e*, The disgrem shows tne three
different ways in which the translocation could take
place, namely mutual, deletion-insertion (more briefly
termed "insertionsl”) with either the second or the
third chromosome as donor, end mutusl deletion-
insertion. Unly trenslocetions invelving large
enough pleces of the chromoscumes Lo cause the ceath
of the individual in cases of deficiency and Guplica~
tion are considered, In these ¥y flies, in sdcition
to the absence of types (1) to (&) snd (25) to (32) &s
in the non-tronslocation cese, types (11), (13), (15),
(16), (19), (21), (23), and (24) do not survive owing to
their contained deficiency and/or duplication. As to the

eight/
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eight surviving types, their constitution is as

follows:
{9) 37 bw ¢ ey (femcle)
(Lo) T7 bu* e* ey* u
(12) J5 bw e ey* , #
(14) J7 bw* e* ey "
(17) y* bu* e* ey* (male)
{(18) y* bw e ey "
{(20) y* bu* e* ey s

{22) y* bw & ey* .

Teble Hoe2 of
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Teking each peir-of characters separately
and constructing Table HNo. 2 from the list, we notice
that we now fail to get the retio 1 : 1 vhere the
peir of charaéiers bw and e.are consgidered, and get
1 : O instead; that is, the two classes bw 8* and
bw* and e are missing, brown and ebony being either
present together or absent together in every surviving
individual. The reason for this is that where the
chromosomes involved do not segregate together,
hyperploids or hypoploids are formed, which ¢o not
live.

Thig principle ordinerily apylies Jjust s
wellj to if&nslacations involving eny other two
ehromosomes, in the case of a translocation
involving the second end fourth chromosomes, we {ind
that brown and eyeless are either both presenl or
both zbsent. In the case Qf & translocaticn
involving the third and foufth chromosones, ebony and
eyeless are either present togébher oy absent
together, |

Also/
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&lso in cases of- translocotions invelving
the ordinary - not ring-shaped - i-chromosome and any
of the autosomes, this same principle applies. in
translocations invol.ving the A-chromosowme and the
second chromosome, all the meles will be bw* and all
the females bw; 1in those involving the i-chrouosome
and the third chromosome, sll meles will be e* and all
females e; and in these invelving the A-cliromosoume
enc the fourth chromosome, sll meles will be ey* end
ell females ey.

Among the F, Ilies, Irom the transloca-
tional csses, invoiving the i- and second chromosomes,
for example, there will be both an sbsence ol types
() to (8) and (25} to (32) (es in non-translocstionsl
cases) and of types (10), (13), (14), (16}, (18), (21},
(22), end (24), owing to their containec deficiency
aﬁd/or duplicetion. The genetical constitution of

the surviving types is shown in the following list:

(9)/
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(3) ¥¥ bw e ey - {Temsle)
(11) TJ bw e* eyt -
{12) ¥7 bw o eyt -

(15) ¥7 bw e* ey =

(17) y* bw* e* ey* (nale)
(29} »* bw* ¢ ey "
(20} »y* bw* e* ey 3
{(23) y* bw* e ey? #

Constructing Table Ho. d from the above list,
we notice the absence of both brown males snd non-brown
females.

Translocations involving the ring-shaped-
A-chiromososc necd special consideration, howcver,

This is due to the fact th at & minimuws of three
bresks is reguired héfcre & viable trenslocation
involving ¢ ring-chromosome and another chromosome
can be formed. Ain exenple of a translocation in-
voliving the ring-X anc the second chromosome is given
in Diagram No.$ . We see that & simple mutual

trenslocation, /
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trenslocation, entailing only two bresks, cannot
survive as it results in & dicentric chromosome, that
is, s chromosome¢ with two centromeres; such a chromo-
some must eventuglly get lost, by being pulled in both
directions at onee at some mitosis. The repvaining
translocation types, znd the resulting ¥, flies, ove,
however, the same as in translocations involving an
ordinary - not ring-sheped - X-chronosome and an suto-
some; The insertion el types do net result in the
production of dicentric chromosomes {provided the

inserted piece does not include a centromere}.

Teble Ko. 3 epplies to the Fyp results froam

& vieble translocation involiving the ring-i as well as
to those from an ordinary X.
A key for detecting trsunslocations smecor-

ding to segregation of characlers is given in Teble

Hoe Lra

Teble lio.bLt ./
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Teble No. 4.

Bey for detecting ftranslocations sccording

to segresation of characters.

Iype of Translocation.

Involving the X-chromosome
(ring or non~ring) and the
second chromosone.

Involvin: the A-chromosoue
{ring or non-ring) and the
third chromosome.

Invelving the X-chromosome
{(ring or non-ring) and the
fourth chromosome.

Involving the second and
the third chromosomes.

Involving the third sad tue
fourth chromosones,

Involving the second and the
fourth chromwosomes.

o translocation involved,

Segregation of Cheracters.

All meles bw*, zll femsles bw.
All males e‘,_a;l females bw.

All meles ey*, ell females ey.
The flies either bw e or bute?

but not bw e* or byt e.

The flies either © sy or ¢* ey+
but not bw ey* or bw* ey.

-~

The flies either bw ey or bLw*egy+
but not bw ey* or bw* gy.

All possible combinations present.

In more complicated types of trenslioeations

involving three chromosomes at once, both eriteria

o

i

ar the eases in point epsly at once.

Hesultss/



... Results.

G
i

A tebulated summary of the results obtained with a
total of 12,167 ¥ cultures.

i

TRANSLOGATION PREQUENCIES IN RELATION TO RADIATION DOSE.

(Heavy Dose = 4 x Light Dose.)

Experiment | Fertile F) - Translocations invol _
No. Series ﬂnlturn ¥=2 | X=8 | K=2=8 | k=& | 2=3 ~q | o=&
L=R 1132 | 12
1( B-R 160 | % : AR 14
Hot 26 | 5 |
L-R 1176 13 ’ i1 1
2 ( HeR 156 1 | 1 |
Hwe 58 1 (. ]
L-R 865 1 g R
5 ( H-B 14 1 | @ 1
Het 54 2 Rl
LeR 1238 J ‘ 8 2
Hes 83 ol gl & R
LeR 1492 1 20
5 ( H-R 195 1 | 20 3 1
| ot 89 2 1 e
gs.-.-z 1480 Vsl 1
6 ( Hem 207 | 20 | 1
{ He~et 96 | | .8 2
fi-2 1362 I I L i R
7( BeR 192 ; L
( Hes 82 B Wi
& e g I b e
8 ( HeR 188 1 ' 16 J
H-+ 109 2 ; 7
s YT Sl B S s e e L S e R R SRR e BRI BUE L ‘i SRR L TR T
2 (L-r 10196 2 2 1 (2 [ 238 | @ 4
,QE H-R 1373 1 AR SR T A
£( B 598 “USTRER e | B 4,4 ¢ 4
| | | ! _1

L= = results from light @ose applied to males with ring X-chramosame.
HeR = w w heavy 0 " " n " Tﬁ ST
Hod = " w heavy o n " " w normal’ Cw

& in atypinl cnge of translocation ooourring betwaen
% Chronostnas. (3.' page )



Anelysis.of the Results,

guentitative relationship Letween the

dosage of irradiation snd the freguency

S e

. ¥rom the above table sunmarising the results
| obtained from the experivents, we can determine the
quantitative relationship between the frequency of
translocations and the dossge of X-rays between the

' doses 1000 and 4000 r units.

The fregquencies of translocetions involving

exclusively the autosomes in the experinents uvhere the

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

"two doses:

Fertile Ho. of observed Percentage of
Dose Qulturea Translocetions cbserved
‘ Examined between the Irenslocations
| seeond and Third
. Chromosones.
. Light
(1000 r) 10,196 ;1& 1.16 & 0,116
| Heavy
| Totel. 11,569 232

The/
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The relation between the dose end the
percantage'of these transiocations obtained can be

‘caleulated with sufficient aceuracy by fitting the

|
I ! A .,"ﬁ.&
|

;where F = percentage oi translocciions, and

| d = dose in r units,

to our experimentzl data. The velue for x here

was found to be l.42. This exponent is significantly
@ifferent from both the first and the second powers but
:not significantly different from the (approximstely)
1.5 power found by some workers for doses sinilar to
those used in the present work. This will be seen
from the following ezlculations, where the number of
trenslocations with the heavy dose was taken as & basis
and the number expected foi the low dose on the assumnp-
ition of different values of the exponent was calculated
;from it, assuming that the totel number of cultures at

the low dose remained that which had ectually been

[dealt with at the high dose. \

Assumed/
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bultizle brevia, "

() Gest for raxdionness ol distribution

SOy, ChYIOHOSOLLS:

|
|
; The date presented show the Loliowing

observations (where "R® represooie the riog-chromo-~

i SOBE !t RT-TH amd X-B-TM = eonsickorsdd 2k Tasho eakion~s
P hm@n'—..‘ Rﬂx- cfu\.-mSm Aanel Qe Rdofe g ¢

frenslocations Hell, li=ill, f=-lielil (reoguiring ot
' leest two brecks in one chgowosone,
\ within the gene arm, and one in
. aunothior chireonosons)

s 64n 1,373 aa’af;ﬁ? 203y 56 Yoo

| Translocntions l-il-ill ({requiring ot lesst one
; brealk i cacn o thyree sescrate
| CLPGUOBMIGS )
) T Z 8l e
w 1 in 596 ao.l}.a? -o.ui% [
1{ we spoume that the brecis cre distributed
at random, esut that the breciege fre uencies «f the

| Live/



Th

five =eds arms of the msjor chromosones, consisting of
the X (or ring), second, and third chromosomes, are &s
& first approxivation the same, the probebility of the
Gistribution of threc¢ breais one in the ring and two-in
one sutosomel erm (or vice verss), as compared with
the distribution of the three bresks - one, sud one
and one - amony the X, second, end third clwromosomes,
cen be ecaleoulated by-thc expension of the polynonigls
(1y # 3, #3221, +2.), end (1x » 24 » 24)%, 1n
which &, 2, a, & rapraaeﬁts the four arms of the auto-
somnes, while A and A represent the vhole autoanme._

This probubility works out as 11;5 for the
24

1 l l
108 for the X

ﬁzal, fg%_ia the R;a s GIU mm—
This makes %gfﬁrign’ or 1 for the retio of #éat « ﬁla?
to X} al 41 cases. In sddition sach break in the X (or
ring) chromosomc Les as & conservative sssumption
{(eccording to an estimete nade by fuller) & chanee of
504 (probably more nearly 75k) £ causing the letle-
lity on account of position elfflect. Therefore the

combinations/



' combinations R'&Z and i+#-4 (uvhere the index numbers
.represent the number of'bréaks) pust be reduced to
half, whil% the combinations Eﬁé&{on account ol their
chance of lethality due to either of the two bresks) g
.(.5)2. Heking these reauctions, the proportion of
the combinations of breaks Rt or Rige to those of
itypé xloglogd surviving the lethizl position-effcet
‘becomes 3 : 4, or 0.75.
, It must next be noted that, on the sssumption
1that broxen ends rejoin at rendom, out of the fifteen
‘ways in wvhich the f{regments fommed by the three break-
ages céﬁ combine when distributec as X' -4 4t or as
K24 (or R'4?), only two ways give triple transloca-
tions in the Iirst case and the same number give
insertional translocetions in the second case (such
|transloc&tiona oenly mre included here, since those of
| other types invelving a ring-chromosoue fo:m invisble
(Gicentric) chromosomes).

Since the sane factor,f%, applies to both
types of cases, the above-mentioned ratio of 3 : 4 in
the distribution of the brea&s coincides also with the

expected/
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expected ratis of obeesrveble &ﬁdaiﬁius Bed) trans-

locotions to if-at-sd tresslocatione. The propor-

tion actunlly found is, Lowever, ﬁ;g% iﬁ &) :
A e s i B »

| 2e Bl - 0«91 instend of U775, This wou. .o indicote &

frequency of translocations caused by wore nearly

acjocent bresks {(two in one chromosome arm) 3.5 tiwes

' as great as expected.

But elthough the differeunce bDetwsen found
Gné expected ia wp roximetely twice its stendard

arror, and therefore might be teuen oo stotistically

| eignificant, it ouet be considered that in fuet sone

other dote indicats that usunlly the A-i-& trunsloce-

tiong oecur with & higher freguency then here found.

Therefore the conclusion dravn nesds condirwation

beldng
before /Linslly scesuted,

{v}/
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(b) ZThe relative frequencies of

gcouble anc multipie brezks:

|
!
i From our data with H-R and H-s+, we have:-

‘ R-II + R-III » R-1I-1III1 = 6 out of 1,373

= 0.437 2 0.058 %

| {at least two bresks in R and one in an sutosome, or
' two bresks in the seme arm of an autosome and one

?break in R)

%-11 + X~III & X-II-III = 9 gut of 598

| = 14505 % 0.157 %

i(at least one break in the X and one in an autosonme).
If we subtracted from the frequency of X-1I,

X~-I11, X-II-I1I translocations (two or more bresks)

the freguency of R-II, R-IIl, R-II-III (three or more

;braaks), it might be supposed at first glance that we

:would gbtain the freguency of translocations involving

lonly two breaks each. Before & subtraction is made

'for this purpose, however, we must make allowance lor

the/
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the fact already mentioned that in the case of the

ring only insertim al translocations survive snd can

be detected. On the hypothesis of random reunion of

parts, an egual number of nuclei having their three
O\S@'&"w anu' k

bresks distributed e-tae—sans way result in non-

insertional translocations, which would survive and

be detectable as translocations in ordinary cases but

'which would forn dicentric chromosomes snd bs lost in

| the cese of the ring.

¥We thus obtain 1.505% e («437 x 2)% = 6315

which may be considered wilh some approximation &s Lhe

frequency of those X-1I, X-I11i, X~il-l1l transloca-

tions which involve only two breaks in the arms

' coneerned in the translocation. (In our further

calculations, however, we ignore the fact that &

certain proportion of these breeks were present in

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

 emount of error invelved in doing this.)

Now by the expansion of the polynomial

(11 + 2%1* %ka we find that there are é% cases in

‘<

'which any two breaks taken at random happen to lie

one/



one in X end éne in one of the autosomes (4; or As).

.Of thece csses only a Iraction survive on account of
thie lethal position effect of breskage in the
X-chromosome. A conservative assumption in this case
would be to take the lowest survivel ration found for
this effect, which (according to estimation by Muller)
is epproximately %. In addition we must take into
account that one of the possible ways ir which the
ffragments resulting from iwo bresks (one in cach chiomo-~
some) can combine, only 334 give visble translocations,
i(the rest giving invigble chromosomes end restitutions)
We esn, therefore, calculate all the possible combina-
‘tions between these fragments, of which the corrected
iobserved frequency of 0.631% is only a fraction, as

!fallows:- '

0.631 x 4 x 82 |

0&33 % a3

This total frequency may then be tsken as
the ordinate corresponding to X = 2 in a Poisson dis-
kributian of the number of nuclei containing different i
ﬁumbers/
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|
' numbers (X) of breeks. - We can easily find, by

consuliing the Polsson tables and interpolating, the
Ifrequency eorresponding to X = 3 in the ssme distribu-
. | tion. This freguency, which is found to be 5.8%,
irepresents thet of all the possible combinations which
icontains threec breaks in the haploid nucleus contain-
;ing an X-chromosome (ignoring the fo%rth chromosone ).
But only those ecsses of three bresks which
!are of types ﬁza}or Elap (vhere & indicates a chromo-
Isam&l arm and the iudex figure refers io thé number of
bresks) can gi%e the translocations in ¢uestion.
' These types of distributions of ithe bresks are found
ifrom the expansion of the polynomial
|

|(1E + 1& + 13 + l& + 1a)3 to have a probability of

12 12
3355 for the type Réal and 155 for the type Rlaf.

' 0f the latter, one-guarter only survives on account

‘of the already mentioned injurious position effect,

'while of the former only (ﬁ-)2 survives as explained
before, In addition, only 5%? of the three-bresk
| . i

| rearrangements involving the ring end one of ithe auto-

 somes/



sutosones give viable detectable truonslocations, as

|
|adirendy explaingd. iherefore, we have

5eBf % ok | " ' " .
% %2.35_ (0e25 & 0.06) x 135. 023

This is the eapeeted Irequency of the three-bresk ring
| translogcationg on the assumptions thatl @

(1) The breake are distributed &t random;

(2) The breskage ends Jolin &t random;

{3) The lethal positicn effect of the breskage oi the

J=~ohromosoue ciauses the Geath of 754 of indivie

Gusls (e higher viability woula give & lower

| ealoulated frequency);

{4) The breskege length of the X and the autosomes is
as 1 2 2 3 8 and

{5) The method of ecaloulation is reasonably correct.

If we now compere the “expected®™ L{requency

we see that the latler is about misetecn times as
| great as the former. It sust be talken into account,
Lowever, that ocur ecalculatel Treguency is that of
gggggiz.thraenﬁraak cases, vhersas our found Ireguency

ig/

so calewlated, 0.023%, with the observed value, O.437%,
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ha that of gt lesst three bresks. Surely, however,

18
g )
bhserved cases to be of more than threcz breaks (in

#e could not consider anything like of ocur
hiew of the large nunmber of twoe-bresk and no-bLresk

progeny). Hence, it secms probable that there are
Feally fer more translocations of types R%* ang Rie?

than the assuaption of rendom reuvnicon will sllow.

r It is realised, however, that the zbove

and the atteumpt i: being made in our leboratory to work

jout the expected freguencies of different types of

double-and multiple~bresk translocations, on the

essumption of random reunion, in & more exact wsy, ior
comparison with observed figures. The more exact

|

‘treatment of this matter, however, must be reserved
!far & later publicetion.

|to the light dose. But as no L-+ vas included in

the experiment, the total frequency of translocations

is here eazlculated from the observed frequency of

rtmnslocations/

lostignd ) :
E:tnad of attack represents only & rough approximation,

The seme method of treastment may be extended

involving X with Il &nd X with III with the light dose
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]
|
transloestions II-I1I at that dose, by assuming (as an

approximation) that the ratic of these classes to each

cLher would ne the same &8s thatl observed between them

ht the heavy dose. This gives a calculatea freguency
For X~11 » x;lll + K=I1-X11 ef Q«213p. This fre-
huen?y of X-chromosome translocations meay then be conm-
pared with the data on R & trenslocations obtained in

Fhe L-R series, which for B-1I + H~Ill + R~-1I~1IiI is
|

Eu‘f_s?’a' = 0, 0487,

|

10.213% -2 X 0.048% = 6.117%, frequency of transloca-

| | tions between X and G 9

; I : 111, or I1-111, involving

i only two bresks.

| 0e117% x 4 x %?

| ©e33 X Le33

3¢ 34%, frequeney for two breaks.

hhe corresponding X = 3 frequiney in the Poisson series
is Q.33%.

D.33% 3 2. (0.2540,06) X = = 0.0013% (calculated

| iz
viable ring trensloca-~

tions involving no Buper- |
|

| iluous breaks)..

THe/ ' |
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The found frequency of-gll ring chromosome trensioca~

tions for this dose, being 0.048%, is 37 times as great |

&8s expected. This diserepancy (which is far beyond
the limite of statistical crror lor this case) then
helps greatly to confirm our infercuce, based on the
Lesw-dose dats, that the multiple-bresk translocations
(involving two breaks in onc arm) are disproportion-
ately fr&quént incomparison with Llhe caseslof lower

rank.

(e) The relation between the frequencies of

Rinz Translocations at the low and at the high dose:

fe have made calculetions showing that on
the breskage theory the relation of ring chromosome
transl;cations at the low and high doses to be expec-
ted sssuming rendom breakage and reunion would be
sufficiently well represented by a finding of four

and eight respectively &s the number of ring chromo-

some translocations in the light anc heavy series

instead/
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instead of six pné six 25 actuslly observed iu an
experinent. However, ine statisticsl error of the
ezpectation  {own anc %‘, is sulficiently high, W
capily to have resuvlted in ouserved veluss of six and
BiX. Thus & conclusion adverse to the breskage

theory cannot be drswn from this result,

Discussion./
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Discussion.

The cusntitative relationshin between

the frequency of gene rearrangements induced

by radiation and the dosage.

Using translocations and Xi-ray doseges of
1000 and 4000 r units for this study, the data
presented sbove indiecaste the following conclusions:

The observed frequency of translocations is not
sroportional to the dosage.

it does not vary according to the sguare of the
dosage.

It increases more rapidly with incressing desage
than it would in the case of direct proportionality
to the dosage, but less repidly than would be expec-
ted if it was proportional to the sguare of the dose.

Between the dosages mentioned ebove, the inereasel
in the frequency seems to be proportional to spvroxi-
mately the 1.5 power of the dose.

| These results are in harmony with those

obtained/
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obtained by seversl previous workers and contrediec-
tory to those reported by some others, zs mentioned
under the heading "Previocus Woxks".

The faet that the frequency 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 thne breaks
involved in any "primary® gene resrrsngement were
produced by the seme lonizstion - by one “hit" »
we should have observed & proportionslity betwecn

the frequenecy of rearrangements and the dosage, utl

lower dosage; &nd an even less repid rise in irequency
|

then in the dossge, at higher dosages, &s in tke case

of gene mutations. By "primery’ gene rearrungements

is meant those invo.ving one contect - double or
multiple - and one electron. This will include

cases of cdouble or multiple transier, but will not

include cases in whick there were two or more indepen-

dent exchenges involving, in pert, the szme chromo-
SOmES.

£/



If we admit fthat individusl ilomizztious
produce the breskages, the results mentioned zbove
lead us to the conclusion that many or ell of these
breakages oceur independently ian the different
chromatin regions invoived in gross rearrangenents,
and that union of pieces occurs subseguently. in
other words, in the majbrity of cases at lesst, the
two bresks - which are the minimum required before
a gene rearrangenment can toke place - are produced
by two independent ionizations, - by two "hits".

In this case we should, as a firat approximetion,
expect the frecuency of gene rearrangements in the
irraciated gametes to increase eecording to the sguare
of the radiation dosage. In fact, if two indepen- |
dently originated breaks ere necessery for o gene

: rearrangement, the probability of having the two

| breaks in the same nucleus with & dose whiech gives
an average of p bresks per nucleus, vhere 2 is a very

a
| smali freguency, is nearly %, If we double ihe

| = st
. dose, the probability becomes iﬂﬁlu, which is four

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

the dosage/becomes so high thet wultiple breaks can

no longer be neglected. thy then do we find the

shbove-mentioned incresse in proportion teo epuroxi-

| mately the l.5 power of the dossge? Aceording to

the hypothesis that the bresks occur independently,
&8 results of individual ionizztions, the inecresse
in the number of bresks will be proporticnel to the
incrﬁaae of the dosage. oreover, the incresse of
the dosage increases the percentage of nuclei with

two bresks in reletion to those with one bresk.

| still more does it inerense those with ihirze breaks

in relation to those with two, and agein more those
with four bresks in relation to those with three, and
50 0n. Ga our ascwaption that the brezks are pro-
duced at random, this progressive increase in the
multiple bresks can be cslculated.

As was pointed out by Catcheside (1938} and
by Heldene (1936, ex litt, uwnpublished), the fre-

quencies of single, double,znd multiple brecks of

different/
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different ranks, for any given dose producing & given

| mean number of bresks per nucleus, {urwm e Folsson

series. We give in'mha table below an cxample of
these series for variaus poscible mesu aumbers of
breaks, Our table includes the series Ior some
mesn values sumaller than those of (atcheside, since,
as we shall see, these represent conditions of some
im@gftanee, snd the numbers are given to a further
plaece beyond the éacimal point than his, in order

that the ratius of these numbers to each other may

be ascertained more accurately.
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Tuble Ho. S .

Mesn number -

of breeks vercentage of nuclei with O...6+ brecks.

per nucleus LA

{prop. to £ |

dosage). 0 j 3 2 3 4 5 6+
0.05 95.12 4.76 Qel2 o " e &
D.l 90&5 9.05 Ot 45 - - - =
Qe 2 8l.83 16.37 1.64 .13 » ) o
0.4 67.6 26‘8 5|¢ O.? {}.1 - L
U.8 44,9 3549 14.4 348 U8 Usl -
1.6 202 32.3 25.8 13.7 9.5 1.8 Geb
3.2 4“0 1300 2009 22-3 17.8 11'4 1{3-5
bed Q.2 10 o el 11.6 14.8 61.3

(The percentsges of nuclei for 0.05, 0.1, and 0.2
mean breaks per nucleus were calculoted according to the formulse
of frequency in the Poisson distridbution £ = eF x E;
vhere f = rraquenéﬁﬁof nuclei having given number of bresks,

X = bresks per nucleus,
¢ = base of naturel logarithms,
m = mean bresks per aucleus
as the percentages for 0.05 mean were absent, and to obtain

more seccurate figures for those for 0.1 mean and for 0.2 neean.

From/
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Lrfaa
¥rom the table we note that while the mesn

nunber of breaks per nuecleus - which is proportionel
to the dose - iﬁcreaaes for instance from .05 to 0.1, |
i.e. the dose was doubled, while the percentage of
nuclel with one bresk uas égib approximately doubled,
but that of nueclei with two breaks incressed approxi-
mately four tines. The same prineiple will be
found to hold true when we coﬁpare the pereentage of
nuclei with two breaks with that for three breaks,
the latter in turn with that for four bresis, etceters
and this applies all the way cown the table, that is,
with increasing dose.

But there is no reason to suppoge that
detached chromosome Ifragments would slweys unite in
such & way &8 to form new visble chromoscmes invelving

gene rearrangements. It seems probzble thet the

 breakage ends mey unite where they parted, forming the

- original chromosomes with no gene rearrangements

("restitution®). In some case, the fraguments might
conceivably miss uniting end get lost, as & result of

union/
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union of chromatids (MKeClimtock, 1938) by their
éﬂJoining broken ends. The fragments with no
spindie attachment might unite forming acentric
chromosomes, while those with spindle attechments
united forming dicentric chronosores. Both ecentrie
_and‘dicentric ehromosones are inviable. Pinally,
the chromosome {ragmenis might uniie in & new way
giving viable chromosomes invelving gene resrrange-
ments.

The simplest assumptions concerning the
rules governing the reattachments ere those originally
nede by Heldane (1935, ex 1litt, unpublished) and by
Cataheside‘(1938), (1) that sll breakege ends rejoin,
. and (2) that they rejoin &t random. Gn the besis
of these two assumptions, laldane {op. cit.) deduced
general formulee for the frequencies of veriocus kinds
of rearrangements among the wviable offspring.

Similaer results have been publishec by Catcheside
(1938) in the form of & table showing the Irecuencies
that would obtain in the case ol given mean numbers

of/
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of bresks per nucleus.. This table (vhich hes been
_capied and somewhat extended below) is founded on the
further assumptian-(kncﬁn to be not strietly accurste
but giving greater simglicity in celculation) that (3)
the breasks cccur one in each curomosome, so that ouly
interchenges ave being deslt with . . In the toble
the relative distributi;n is shown of the following
threc classes where the fregments unite to form (a)
the origimsl chromosomes, (b) invieble chromosomes,
(e} viable tranalocat;d Chromosones, The formulae

used for calculating these figures are -

Proportion original - i
. . 6], 95, %, SN § S

MmN\ — 1
l.3s5o?o seEw {2n e l}

Proportion invieble - xsJsdele see. (20 = 1) - nl
lij'b.?. TEE {2n - l)

Propertion translocated =»

where n = number of breuks per nucleus.

Table Eo. 6__,;/




Iable Nos b

Breaks Proportional contribution to
per - original INVIenle irenslocated |
Ruclcous. Chronosones CArouosuLes Chromosones
1 Loty @ o
2I4 [ R Qe 23 0e33
3 Ve 07 Ue 60 0e33
4 Ue U1 Oe?7 Q.22
5 0 001  Qa8E 0el2
6 Hearly O U932 e 07
7 - 0. 86 Ue U4
& . 0.98 0u02
4 " Ce 99 C.01
10 - Us 294 Us QUG

These [igures show clecrly that with iucreszse
of the number of bresks the cless of the inwisble ehiro-
nosome incresses greetly at the expense of the other
two classes. . ¥or exsmple, for the incresse {rom two.

breaks/
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breaks per nucleus to three bresks, the inwisble
- chromosomes cless increcses from (.33 to U.60 while
there is no increase in the translocated chromosomes
class. Again, with the¢ ineresase of the number of
bresks per nucleus to four, the inviable chromosomes
class increases to 0.77. This priociple continues
| to hold as the number of bresks per nucleus increuses,
S0 frorm the two tables last given above, we
can drew the two following conclusions:
(1) 1The higher the dose, the higher is the number
of nuelei with multiple bresks relastive to Hiote
WM double breaks; end
{2) The bigher the number of nuclei with multiple
br@aka, the higher is the proportion of invieble
to viable trunslocated chromosomes.
These two conclusions combined would mean
that with the increase of the dosage the proportion
of the inviable translocations increases more than

that of the wviable ones. Thus, &s we caleulate the

freguency/
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| frequency of trauslocations among the visble offspring

we find that it rises less, with increwse in cosage,
than the frequency of trenslocations smong the totsl
offspring (vieble plus iuvisble). it therefore

departs from the square relationsuip even more thaa

| would be expected merely onm the basis of the

| "saturstion effect”. {coincidence of more than enough

 breaks to give s trenslocation}, end thus the existence

. - e
of the 1.5 rule sb—tage doses becomes understandsble.

But the lower the dosagzes used, the fewer

are the multiple bresks, reletively to the double

 breeks, and so the nesrer the power of ihe dose -

according to which the frequency of gene rearrange-

nents varles - to the square. fintetis autendis,

tiie higher the doseges albiove those which were used,
the further below the 1.5 aust this power bLecome if
our premises are correct. This will be noticed

clearly in the followving table, which was canstructed

|according to the f{ollowing rnslyses of the contribu-

tions/
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contributions to the three clesses of nuclei (visble

' non-translocsted, visble translocated, and inviable)
|

vhich would be mede under counditions of irradistion,

glving ss exanples 0.05, O«l, and 0.< mean number of

breaks per nucleus.

For mean of Q.05 bresks per nucleus/
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For mean of 0,09 bresks ver nucleus.
Ro. of ; "
Brecks Porcsen- Contributions to auclei with
per tage of formal Invisble Translocated
fucleus, | Hucleil. Chronosomes Cluromosones Chromosones
v 95.12 95,12 -2 =!
i 4.76 4.76 v o
2 Qe l? Us U4 Ua 04 Ue U4
99,92 Ue 08 Oe U4
1004 00
For meun of_u.l bresks per nucleéus.
No. of
Bresks Percen— Contributions to nuclei with
per tage of Jormal Invisble Tronslocated
Hucleus. | Hueclei. Chromosomes Chromosomnes Chromosones
O 9050 90e 50 - -
l 9- 05 9. 05 - -
2 Ue 45 el 5 UelD Qol
99,70 0el5 015
i 100400
Por mean of Q.2 breakimger gucleus
No. of = : 5 : %
Seenie POEeRT Contributions to nuclei witq
per tage of Normal Inviablie Translocated
fueleus, | lMuclel. Chromosomes Chronosomes Chromosomes
0 tjll 83 bl-63 e -
1 16.37 16,37 - -
P l.64 Ue 54 Ue 54 Us 54
3 0 _0. 009 Ue 278 0. 043
100.000

From/
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From similor celouletions for other moeuns,

the following table for the pereontuge of survivors

with trenslocatiocuns iv constructed:

e S R g

Table lo. [ .

Lean Percentiﬁée indi vkiduszfl 5 with
brecxs i i rercoutuge |Fercentnge
por Hormal Invigble |Tronslocsted |individunis |survivore
liveicus |Chromogsones [Chromosones [Ohronoaones |Surviving |ironslocated
s 9'5 . 99. G Oal04 Ueldd 99 Ry De (14
G.l ‘jgo 74».) e 15 Uol‘j “:3}. 85 u"ls
Ded 98,6 2' 5 2. G g?ob Zen
e & 858 7.8 GeJ G2.1 L
3;2 25*6 53&9 2\:&3 46‘1 4415.\!
Ged Jed 0«3 1G.6 13.7 17.4

1t/
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It may be secn from the table that the
relation between the dosage and the freguency of
translocations to be eixpected - ii the assumptions
made hold good - fo.lows an d-shaped curve. For
the very lowest Qoses the reletion is epproximately
quadratic, departing from this, graduslly passing
through 2ll the powers between the second and the
first (thus the approximately 1.5 power Iound in the
intermediste portion), and then becoming convex
(power <1) and tending to be asymptotic to the
dosage.

The results in this table, then, zgree with

our observed dste in giving an increaséh‘t}anslocan
tion frequency pfnyortianal to the 1.5 power oi the
dosage, for & range of frequencies liie that studied
{that produced between 1000 and 4000 r units). But
sccording to the theoretical celculations sbove, we
should expect that et the lower dossges increase of
the frequency of translocations should be more nearly

according/
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according to the square of the dosage. #uller and
Se Pe Roy~Chaudhuri (1939, in progress), working on
the frequency of trenslocations with lover dosages of
radium end X-reys than those used for this experiment,
ere apparently getting this result, i.e. an approxi-
nation to the freguencies varying ss the square of
the dose ﬁf irrediation.

The assumptions may now be discussed that
were made before the theoretical celculations men-
tioned above vere carried. Ihe first gssumption wes
tha£ all breckage ends rejoin. This was tested by
& special method (Muller, as yet unpublished) and
found not to be the case. But the frequency with
which the chromosomes fail to rejoin is too smell to
produce any serious effeet on the results of the cal-
eculations. The second assumption was that the
breskage ends rejoin at random This means that the
original recombinations, the viable gene rearrange-
ments end the inviable resrrangements - acentric and

dicentrie/
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dicentric chromosomes - have the same probability of
oceurring for each case of two bresks. it seeus
reasonable to suppose that there should not -« other
conditions being cgual - be & preference for &
breakege end to join with snother forming vieble
(monocentric) rather then inviable (acentric or di-
or polycentric) chromosomes. ‘%hat instead is cuite
possible, and secms not unlikely to ocecur, is =
greater tendency for bresksge ends to rejoin in the
original way, owing toproximity. This, however,
would not alter the genersl shepe of the curve.

The third zssumption wes that there wes but
one break per chromosome, so that we are dealing only
with tranéiecatiuns. This essumption is actually
unjustifiaeble and certeinly incorrect, but it too will
not seriously elter the general shape of the curve
being dealt with, end ﬂsltbe recalceulation which would
be necessary in the sbsence of this assumption is
rather involved one (now being worked cut in our

laboratory), we are for the time being using Cetche-

side's/
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Catcheside's table te iliustrate the genersl trend
éxgectad in the results on the breukage theory.
Kow we mey turn to the contact hyuothesis.

According to this hypothesis, os mentionec before,
one "hit" produces all the breaks requirec for any
one primary gene rearrangemont. If ve gssume that
for each A-ray hit the contributions to nuclei with
normal, inviable, and translocazted chromosomes &are,
on the average, X, y, and z respectively, we can
golculate the percentage of incividuasls with normal,
inviable, and translocated chromosones, and from that
the percentage of translocation individu&ls_among
survivors, for different mean numbers of hits per
nucleus. These probabilities could be obtained by
apulying the Poisson distribution elgebreically to the
expression in x, y, end 2z before proceeding to use
numerical valueé of the Poisson coefficients, The
probabilities thus obtained are:

Normel = e~AiV =~ 2),

Invieble =« 1 - e~ WV;

Trenslocated = e=W ~ e~nly + %)
{(Dr. D, k. Lea, see Catcheside, 1938).

The/



The values are given in the following table:

Table Ko, & o

Bﬁzgzs TO TR SRRSO AR Percentoge |Percentsge
per Hormel Inviaebie |Transleoested|Inéividusls|Survivors
Huecleus | Chromosones |Chronosomes | Chronosones | Surviving Transiocated
Qe U5 96.75 1.64 1.61 98,36 1.64
Oed 93.61 Je25 Seld 96.75 a5
0.2 E7«03 6439 5.98 93.61 Ga 36
Ve é 7680 12.37 L0.83 87.63 12.36
Ue8 58.98 23.20 17.62 76,80 23e 20
1.6 34.76 4l.02 24420 58. 98 4120
Je i 12.10 J 65.22 22.68 24.78 65435
6.4 1.46 57.90 10.64 12.10 G GO

Thus/
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Thus, the curve resulting on the contact
hypothesis is approximately linear in the very earliest
part and thereafter bDecomes less than the linear, as
the ®"saturation effect® (of two primary trenslocations |
forming one more complicated "secondary® one) is
encountered, This then is expetly the same &8 the
| curve for gene mutations.

If the case is & combination between the
breakage and the conteaet hypothesis, it willi necessa-
rily approxinate mo?e end more to the linear curve
caused by the contect translocations as we folilow it
beck tovards the origin, and will pertake more and
more of the nsture of e curve dependent on the dbreak-
age scheme glone us we follow it upward in the other
direction from the region where it is more obviously
intermediate in nature between the two.

A qualitative illustration of the expected
types of curves for the "breakage hypothesis®, the
"contact hypothesis", and the "combination of both |

hypothesis® is given in Diagram Ho. 6.

Diagrem No. 6./
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b\may:»m No 6

FREQUENCY OF GENE-REARRANGEMENTS

DOSAGE

A QUALITATIVE ILLUSTRATION OF THE EXPECTED TYPES OF |
CURVES FOR THE B REAKAGE HYPOTHESIS,  THE
'CONTACT HYPOTHESIS" AND THE COMBINATION OF BOTH,

HYPOTHES IS ,

MWL ‘ef-ﬂchS/
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Yultiple Bresks.

Under "Anulysis of ﬁﬂsuits, and Conclusions®
this queeti;n has been discussed at length. |

48 a result ol compering the frequescies of
translocations involving the A-chromcseme and two
autosomes (i.e. requiring et lecst one break per
chromosome) with that of translocations involving the
ring-chronosome and en autosome (reguiring at least
two breasks within the same erm of one chromosome and
one break in another chromoscome), a provisioncl sugges-
tion of & proximity effect on the union of broken eunds
was put forwvard. This is left open to eontradiction
or confirmetion by further dats snd snalyscs.

Mulitiple~-brezk reasrrangements &ppecr, in our
dete involving the riang-chromosome, to oecur oftener
in relation to double-break rearrangements than a
randon distribution would allow. This presult too
seems best explained as resulting from an effect of
proximity on unionol ends. This could wori in two
weys to give e result lixe that observed. First, it

might/
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might melke recombination, as opposed to restitution,
more likely when two bresks were in the same chromo-
some arm than when they were iﬂ_dif;erent chromosomes,
and so favour translocations of the type which would
be observable in ringchiromosomes as compared with
ordinary “"mutual® translocatione. Secondly, it
would happea that, in nuclei contzining three or nore
breaks, if a recombination first took place between any
engl derived from one breck snd that derived from
anothier breek, fhare would tﬁen be & greuater chance of
any ent derived from a third breal undergoing recon-
bination with one of ﬁhe a8 yet ununited ends of the
first or second bresk, than if thg first stey, had been
a réstitution of cone of the original chromosomes
deriveﬁ from the first or sepdnd break. ¥or, if
proximity counted in the unions, the greater proximity
ususlly existing between ends derived fruom the suve
originael break would ordimerily favour pestitution as
sgainst recombination, henee when restitution of two
ends hed been Q;event&d in the wa: above described,

their/
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their recombinatior with still other ends would be more
apt to occur. As a result, multiple-breskege trans-
loc&tian‘é woulé be more freguent in relation to double-
breakege trensloestions than ¢ random distribution

would allow.

in_Atypiesl Unicue Case/
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AR ATYPICAL UNIGUE CASE OF TRAHSLOCATION
OCCURRIRG BETWEEN PATERNAL ARD MATERWAL

CHROMOSOR 8.

Out of the 10,196 L-R ¥, cultures, ome - in
jt.he last series - gave a progeny showing an unexpected
 type of segregation of characters. This forms, in
;fact, the only case yet recorded of & wery speciel
'type, which has for seversl yesrs been an object
| expected, and Fod kil obtaining of which special
experiments had been devisedl! by those who favour
the breakage hypéthaais of rearrangements.

In this case gll the males were ebony and
the great majority of females were non-ebony. A
translocation involving the paternal R and 111

chromosomes/

l)altanburg had in 1935, while on a wvisit to the

| Institute of Genetics, Moscow, proposed the institution
of an experiment in which both males and fensles should
be irrsdisted and bred immedistely, with the gim of
finding Jjust such a case, as evidence for tihe breuvkage
theory. Circumstances have till now, however,
prevented the carrying through of sueh an experiment.
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| ehromosones would be expected to result in e.azectly the

contrary, namely &lil ;he meles would have been non-

ebony and the females ebony.
The most reasonable euplanation of this
unique cese appears 4o be the following:

(1) The ring-shaped X in the irrsdiated spermatozoon
from which the transloecation-containing ¥, ﬁale
was derived was broken &t two points by the
treatment.

' {2) The third chromosome, carrying the gene for ebony,
in the egg which this spermetozoon fertilisec,
happened'to have become broken spontanecusly (not
as & result of the X-ray treatmeant) st one point.

(3) After fertilisation, the interstitial fragment,
detached from the ring, beecame inserted in the
gap produced by the breaksge of the maternal
third chromosome, while the remainder of the X
joined together again (deletion). This direc-
tion of the exchange is incicated by the presence
of some exceptional - ebony - females among ithe
progeny.

Less/



{EN

Less likely possibilities are: (1) Croscing-
lover between the third chromosomes in an embryonic cell
!uf £1 from which the entire germ traet was derived.
[Such erossing-over has been recorded on only two or
three cccasions in the whole of the Drosophile litera-
ture, andyit would have to be supposed that in this

-

case it happened to involve the very chromosore which

%had Jjust beforehand undergone cne of those rere
recombing ioné that was of the type adapted to give
translocations inwvolving the ring. (2) Recombination
between the paternsl ring and maternal ill occurring by

means of & contact mechanism, presumably because of &

congidersbly delayed sfter-effect of the treatment on
the paternal chromatin.

It is obvious that, on asccount of the greater
plausibility of the first explanation given, this case
ﬁdds 1o the evidence in favour of the breakege hypothes-
is as opposec to that of contact. Beeause ol this
beering, as well as because of its interest in relation
to certein other points, such as that of a delayed

union/
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union «f detached chromosomel Irogments, it is being
subjected to various tests, and o separeate poper desl-

ing with the results will be published fu d.e tiae.
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Sumnary.

, (L) The data obtainec from & large-scale experi-
[
ment on the freguency of translocetions with two
dosages of A-rays, one four times the other, ere

reported, 4 Ping-~shaped-i-chromosone as well as a

non-ring-i-chromosone was used, to mazke paessible a
:comparison between the freguencies of double- and
multiple-break translocations.

| (2) 7The data show cleerly that the total
frecuency of translocations veries ap.roximately as
;the 1.5 power of the dosage, for the renge of dosages
used (1000 r to 4000 r). The exponent of the é&#&g@
to vhich the frequeney is proportionzl is definitely
ihigher than one and lower than two.

! (3} Both the breakage and the contaet hLypotlesis
are discussed in deteil, and it is shown that the
results under (2) are those to be especteu on the

breskege hypothesis only.

: {4) 4 case is recorded in vhick translocation

ioccurred between one chromosome (the ring X) of &

|traated spsrmatozoon,anﬁ another (the third) of the
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egg which that spermestozoon fertilised. ‘The treated
chromosome underwent two breeks, the other probably
%but one. This case is held to give further support
to the breakage hypothesis of translocations.

(5) The results indicate that multiple-break
rearrangements occur oftener in relation to double-
ibreak-rearr&ngementa than o random distribution would
:alLow.

(6) A method is given for estimeting the relative
frequencies to be expected [or ring-chromosonme trans;
iﬁcations, and for translocations involving three
ordinary chromosomes at once, il breszkage and reunion
of chromosomes took place at rendom. appiliec to the
bresent data they indicate that reunion occurs oftener
betwecn ends derived from tihe seame then from different
khromosame arms, but larger numbers will be needed to
ﬁeeiﬁe this guestion.

(7) & provisional suggestion of & proximity effect
in the reunion of broken ends is put forwerd to euipleain
the result# under (4) and (5).
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A CASE- OF CGONOSOMIC HMOSAICISM

INVOLVING A LETHAL.

A. Re. Bidky,

Institute of Animal Genetics, University of idinburgh.

In & seection of an experiment on the
freguency of translocations, meles of Beszdle's
. Xe2 end J¥ stock -~ where the males haeve & ring-
shapéd X-chromosome which they always get from
their father as the femsles have attachec Apchrbmou
somes - vwere X-rayed and then mateu to virgin

females iﬁ?l, i.e, they have sttached X-chromosomes

S These females were yy bw e ey, il.e. they have
attached X-chromosomes homozygous for the gene yellow
andé the thyree peirs ;f autosomes are homozygous for
brown, ebony, ond eyelesc respectively. T. steck

was constructed by ¥uller in 1931.



X-chromosones and &« Y-chromosome. The ¥; hetero~
zygous males, which as was to be expected were
rphaenotypically wild type, were backerossed indivie-
dually to the same type of female E5 The ¥y
cultures were examined for detection of translioca~-
tions.

One of these F, cultures contained only
£emales - about seventy were counted - and not one
single male. An attempt to explein this unusuval
result had to be nade. .

In the crose mentioned above, as the mother |
has sttached X-chromosomes the sons will receive their
ring-shaped-i-chromosone {rom their father and the
daughters their sttached i-chromosome from thelr
mnother.. The sosence of meles in the culture can
only be explained by the presence of a lethal on the
ring-shaped-a=-chromnosome of the father.

This lethal might have been one of the
following:

(1) 4 lethal mutation either dominant or recessive on
the original meterial of the ring-shaped-i-
clhiromosome;

{2}/
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(2) 4n autosomal- dominant lethal mutation, a piece
of that sutosome whicli carried the lethal being
included in the ring as & result of a trans-
location involving the ring end that autosoume,
Pr & piece oif the ring bein. included in the
sutosome;

(3) 4 bobbed lethal mutation on the ring-sheped-
A=CHTOLMOSOHE.

The guestions of bow the mutation srose,
when it arcse, and how it was carried by the father
without affecting him will be discussed later.

gut of the threec possible types of lethal
autations mentioned above the second possibility wes
discarded from the beginning, as, judging by the
rendom assortment of the characters in the ¥, culiure,
no trenslocetion wes invelved.

As regerds the third possibility we bave to
assune that Che mother had no Y-chromosome (or at
least no Y conteining the nomeal allele of bobbed).
So the putstive sons will carry the bobbed lethsl on
their ring-shaped-K-chromosome which they receive
fron their father, but will get no Y-chromosome {(or

no/
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|
no effective chiremoscme} from their mother to suppress
the bobbed lethel. They will consequently feil to
develop. In this case the dzughters wil. be diffe-

rent frow their mother in having Y-chromosomes of

ordinary types which they receive frow thelr father.

 If this was the case, when these deughters are mated
to their father they would be abl; to suppyly their
sons with Y-chromosouwes. S0 we would expect such
matings to give rise to sons cerrying the bobbed lethal
on their ring-shaped-L-chromocone bul heving & Y-
chromosome which suppresses the letheal. But wvhen |
these daughters were actually meted to thelr fether, |
only females were produced. so the possibility of

& bobbeu dethal had to be ruled out.

The first poesibility, thereiore, seems to |
be the right one. 4 lethel mutetion ~ dominent or
recessive - on the ring-sheaped-i- chromosome will be
received only by the &oné - the mother having cttached
A-chromosomnes - which will feil to develop. fha_  i
deughters will be 1like the mother, i,¢. having
attached A-chromosomes anu & Y-chromosume. when

tuey/
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|
they were sated t&; tiwir fotber the seme thing was i
slaply rapeated. nfortunately, owing to the usture
of um eroass - the females having atteched A-chromo i
aomes - 4t was imposciblie to escertoin whether the !
iethel wos o cominunt oF & recessive onc.

fow we come to nore interesting wnc unusual I;
focts. This ¥y lethal-contednlog asle Losked nowusl :
in every respect. It was quite fertile, es in spite
of 1te belng vated to one femecle in o swell viecl it |
produced geventy fomales. Bat it produced not & |
eingie male. Thet auet have boun the result of the i:
iethal being present throughout the goneds. ivery
|

celi of the gonads wust beve corried the lethsld gene
on the rigy Chrotofnne. This cése- was designated r
“gonooonie moseic”, siuce the soume nuet, v jard ot !
least, bhove becn without the lethal, c¢lse the male '
would 2ot Dave curvived. fhie nowe onn be upyiled |
to slmiler cuaos. i
tode case 1o sinller to that found by agel i
{1931) vhere o wale carried in hle somatic (eye] cells
the gones apricot and the normal eliele of rudy and
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possessed genotyplieally by & mutation both apricot end

ruby. when this mele was meted to XAY femples, he
- |

produced none but white-~appesring sons. This white-
appearing cherscter was shown to be the result of the
interaction of the gene for epricot and the new nutant
gene ruby. This new mutant must then heve been
present in gll the cells of the gonads.

The Lirst proved case ol Urosophils mosaie
involving the gconads was reported by Huller (1920).
A male %% from & stoek with rec eyes had one red and
one white eys. when he weas meted to %% femelies with
red eyes, all the offspring had rec eyes. These
were neated together in wese cultures and produced
femeles g1l of which had both eyes red sanc meles helfl

of wirich haed both eyes red end the other half both

eyes white. The new fector for uwhite, therefore, |
must have Deen recescive and sex-linked.

smother interesting cuse of mosaicisn
invelving the gonads is that studied by Crev end Lemy

{1937). This was & pscudo-odscura "triplo-i® female

which was phaenotypicelly normel. she wes ¢ "triplo-

i/
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"triplo~i" in the sense that the three cliromosones
were present in the same cell. The result of
crossing-over experiuments showed that the most
plausible explenetion is that the two ovaries of this
female differed in respeect of their i-chromosome
content, both possessing the grend-paternsl Ai-chromo-
sonte but each having a different grand-meternsl
R-chiromosone. it was later suggested by the authors
that this femele muat have been the result of &
Gouble-nuclear fertilisation, i.e. of two i-bearing
sperm with two female pro-nuclei of diflercnt consti-
tutions. A8 this female was phaenotypicslliy normal
it was concluded thet mossicism was restrictec to the
germ cells and possibly other internsl tissues.
Ainother case of mosaicism worth menticning
here is that ol Panshin. it iz = biletersl mosaic

male of Drosophila melanogester whose left eye showed

the cherscter 1z°F {a strongiellele of the gene for
lozenge, 1lz) end whose right eye showed the cheracter
12" ("lozenge week", = weak allele of lz). It |
resulted from & cross between an .-reyed g y f mele

and/
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end a YY female. it is sttributed to simultaneous
originati;n of the tuwo different alleles of the
lozenge géna in two halves of & split XA-chromosome of
& spermatozoon.

How we turn to the cuestion of how this
condition ceme sbout. In Agol's cuse, he rightly
exciuded the possibility of the new wutetiom, ruby,
having been produced by the i-rays, the recson being
that he got his unusual result - none but white sons -~
in the ¥; of the cross of the treated apricot mele |
with XxY females. This wale, then, must have
elready ha€ the new mutation, ruby, inm «ll the cells
of his goneds before he was trested.

In this present cese there is every reason
to supgoose that Z-ruys were the responsible fector.
The unusual result - asbsence of males - was in the
Fo of @ trested male. So it is_prcbable thet the
lethal mutation was produced by X-reys in the ring
chromosome of & spermatozoon of the treated F, male.
This spermatozoon, after fertilisation, gave rise te
the él "sonosomic™ mosaic of this case.

The/
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The X-ray action in producing moseics, as
duller (iéﬁ?) suggested in interpreting the origin af;
mogsaics, may be either a "froctionsl effect® or en
falter effect”. For the "[reetional effect™ we
must assunme that the ring-shaped-i-chromosome was in
a split stete st the time the spermutozoon of the ¥y
male wes i-rayed end thet tiie Lethel mutation occurraé
on one of the daughter chromatids. Later on, irem
the deughter eell cerrying the lethal mutation the

|
goneds developed. Un the other hand, the lethasl |

|
nutetion might have been the result of en after effect
of Krr&ys during the ontogenesis of the ovum {erti-
liae; by the treated sperm, the gonads ceveloping from
the daughter cell carrying the lethal.

o definite proof of "after effect®™ has beeq
cbtained as yet. Patterson produced LYy A-roy £6X- |
mosaics, in which the mele ports cerried, in eddition
to the mwmaorked maternsl X, & broken or deleted
A=-chromosocine. He ascumed that the gemetiec chromnc-
some. must be in the two.strand stege ¢t the time of

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

broken/
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broken daughter X-chromosome and snother part & whole
R-chrameaéma, but the *"after effect* interpretuation
would be possible here too. &n intermecinte alter-
netive, in «ll these cases, would be, as kuller has
pointed out to me, to suppose that breckege occcured
et once in the unsplit chromosome of the spermatozoon,
but reunion later, after splitting, and that the two
pleces might reunite differently.

On the other hend, we cannot zbsolutely
exclude the possibility that this lethsl mutation
occurred sponteneously in the F, heterozygous mele et
the early stege of his embryonic developuent,probably
the first or‘ths secona zygotic division in one of the
daughter chrometids. 3ince, however, Ji-rays ore- |
known to cause mosaics, they were probably responsible
in this case also for the mosaicism.

This present case is slso of interest in
connection with the cuestion of whether the origin of |
the gonads is uni- or multicellulsr. it mgy be re-
ecalled that when our Fl gonosomic moseic male was mated
to XiY females not one son vas produced along with the

seventy/
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seventy deughters. Also, when the daughters were
backcrosaéﬁ.to their fether {the gonoscmie mosaie),
agaiﬁ no sons were produced. 1t wac then concludeg
that all the eeclls of the gonads of this male must heove
carried the lethel on the ring-shaped-i-chromosome.
This will be difficult to explain with a multiecelluliar
origin of the gonads in this case. It suggests a
unicellular origin. Agol's ecase, too, supports this
view. when he mated his apricot mele, which was
alsc & gonosomic mosaic, to Xy femsles, he got none
but white sons.

As mentioned previously, the gonosomic mosaie
of this case was phasenotypicaslly cormsl. He looked
guite healthy and was fertile. Yet the breeding
experiments which were carried can only be expleinecd
on the assumption.ih&t all the cells of the gonads
carried the lethsl. But does this mean that all the
aaﬁa%ic cells were frec from the lethal? There seens
to be no ra&éon tolaupgase 80, In the 1izht of the
evidence of random movement of nuclei in the emb;yonik-

“Revieldisrient brought forward by Parker {1936) end by

others/



others, it will be difficult to aszume that the
dau@hterteells carrying the lethol produced nothing
but the goneds. It slso does not seen improbeble
that the gonosomic mosaic of this case should survive
carrying the lethal not only in his gopsds but slso in
some of his somatic cells, The normal sowmatic

cells -~ those free from the lethal - mey be supposed |
to counterbalence the eifect of the abnormel cells

carrying the lethal and thus csuse the survival of

this mosaic male and his phaenotypic normelity.
Pétterson in his work on sex differentia-
tion found thet the male parts of the gynandromorphs
tolerate & much lunger duplieation than %&s Tound to
be the case in non mosaics. in this case the gynen-
dromorphs hed & normal diploid half and & hyperploid‘
male half, while the non-mossics were X-hyperploids.
e also found thet hypoploid tissue wil.i survive with
longer deficiences in moseic than in non-mosaic flies.
These findings support the view mentioned above thet
the lethal gonocdomic moseic of thisz case might bheve had
the lethal contained in some of his somatic cclis and

vas/
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was a&ble to tolerate them becsuse of his normai

-

somatic cells.

4180 in Agoi's cege it is likely that

beside the gonsds some of the somatic cells contained |

the new mutant ruby, The recson why the eyes of the
nosaic male were apricot and not white-sppeering cen
be explained by assuming that none oi the somatic
cellé containing the ruby gene took _art in the pro-

duction of the facets of the eyes.
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SWRIBLY

A mossic uale is reported on which had &
lothal in the Z-chromosgome throushout the germinel
tissue, &s le produced many deugaters btut not one
son when mated to ferales with attsched i's, On
the other hand, his soma wmust, in part at least,
have been iree Irom the lethml, otuerwise this male |
himpseli would not have survived.

Accordingly, thils case has been designated
& “gonopouic mosaic®, it is suggested that this
name may be used for cases uhere wosaicisu is due
t0 a diffevence in genetical comgtitution beitween
all or a part of the soma and all or & part of the
gsonads,

One possible explanation for this case
is that the I-chromosome in the speruatozoon from
which the mosaic was derived was in & split com-
dition and that the lethwml occurred in one of the
daughter chromatids (most probably as & resuil of
i-rays, as the father was irvadiated).

Two/
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Pwo other poesibilities presented theu-
gelves, - (1) an autosomal dominant lethal which
sot attached fo the l-clhroumosomc by a trensloca-~
tion, and (2) a bobbed lethal in the I-chromosome,
loth of these were experimentally proved non-valid
in this case.

The guestion ol waether the origin of the
gouads was uni- or multicellular in this case was
discussed, and it was decided that they must have
had a unicelluler origin.

It was srgued that thouslh the lethal was
on the X-chromvsome througzhout the gouads, it could
not be the cese that all the somatic cells were
free frou the lethal. Some oi theu must have
contained the lethal, snd the normal healthy condi-
tion of the gonosomic mosalc was probably due to
hig bein; able to tolerate the iethal bvecause of
the part of the soms that was free frou the lethal.
It is suggested that the sauwe could be applied to
otaer similar cases.

aclemonsleAqma A"
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GERETICAL STUDIEZS Ok THE °“SPHEROIDAL®™ HMUTANT

- OF DROSOPHILA FUNIBRIS.

he He Sidk}".

Introduction.

The nutent ®spheroidal® vhich is the object
of study in this paper was first noted by Donacld end

. Lemy {1937} while studying the fecundity of Prosophils

funebris. . One femele was found to give only & few
eggs and these were sbnormul in shape. wome ol her

daughters exhibited the same character.
The type of inheritance of the character
"gpheroidal®™ and the differences between the normsl
ant the spheroidel eggs were studied (Crew and
| Auerbach, 1937). It was found that sphercidel (sph)

vas/



wes & simple Mendclian recessive. The spheroidel
egg is distinetly shorter and broader than the normal
gL The filements are short, stifi, snd undulated,
The spheroidel eggs exhibit much less uniformity
than do the normal esgs. Sometimes, particularly
at the end of the gpheroidel female's short laying
period, the eggs are very pale, yellowish, and trans-
parent, so that keen observetion is reguired to
deteet them in the food.

A conmparison of the fecundities of spheroi-
dal end wild-typc was made (Crew and Auerbach, 1937).
- The fecundity of sph was found to be very low, with a
totael output of about {ifty eggs, in contrast te
over one thousand for the wild~-type. Also, a great
difference in the fecundity curve was obLserved.
The spheroidel female usually sterts with her maximum
performence, which is folliowed by a more or less
rapid decrease,. Egg-laying stops in le%s than a

week./
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week. - The wild-type female on the other hand
reaches her maximum greduslly, and this is followec

by & progrescive cecrease.

The Probleu.

Bgg~-size, egg-shape, and fecundity being
guantitative characters, the degree of manifestation
could be measured more accurately than is generally
the case with purely qualitative characters. Sueh
guantitaetive charaecters may prove very useful in
studying the action of the gene. It was thereiore
decided to carry out & geneticel analysis of it es
far as possible,

In this peper the foliowing poiunts were
studied:

1)/
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(1) The determinetion of the linmkege group of the

spheroidal gene;

(2} The establishlment of the genetic independence
or otherwise of low fecundity and abnormal

egg-shape; end

{3} The determination of the linkege relations
between these two charscters, if they proved

to be separable.

ine Technigue,

The geneticel tests mentioned above vere
rencered difficult by the fact that “spheroidal® is
a character which becomes visible omnly in the eggs
laid by the female. Ko mesns were found to deter-
mine the genotype of femeles from their morphology.

The/
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The females had therefore to be cultured individualliy|
and the egg-shape observed. The only means of
détermining the geneticel constitution of & male is
to mate him to & sph female and observe the eggs laid|
by his daughters. The low fecundity of the sph
femeles makes these tests still more difiicult.

For observing the egg-shape, the females
were made to lay their eggs on spoons conbtuining food;
The food used was prepared according to the formula
suggested by Offermenn anc Schmidt (1935).

For ecarrying out éﬁnetic&l tests on the low
fecundity character, egg counts were made at fixed
intervals. .Gonditiona such as¢ tempersture, handling
kind of food, smount of food (that is to say, the
surface exposed), seeding with yeaet, were kept as
negrly identical as possible.

A speciel spoon was constructed by the
guthor, as well as a method for seeuing with ycast, as
described below:

They
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- The spoon is made of sluminium of sbout
5 mm, thick. 1ts shape and dimensions are shown in

the illustration.

NEW S POON FOR EGG COUNTING .

The width of the spoon is sg planned that
it just fits the visls used. The one hundrec end
£ifty ordered by the Institute were supplied et one
penny each, The food is poured into the spoone in a
liguid state through & fumnel fitted with a rubber
tube and & clamp. The food tzkes sbout ome minute
to harden. & large number of spoons can be prepared
in & very short time, so that o few deys' supply can
be prepared arnd kept in o refrigerator. This spoon
is superior to the peper ice crean spoon commonly

used/



used in the following respects: (1) The main sdvan-
tege is that, the surface being level, one can count
all the egge with ome focuscing and so save much time.
(2) The food is of unifora thickness snd the ecdges do
not get dry and make counting or colleeting the eggs
Gifficult. (3) The food does not stick to the
spoon, and when it is tolﬁe removed for iacubetion, '
éteeter&, it can be 1lifted completely out of the spoon
by merely inserting the point of a blade or & needle,
o eggs &re lost or crushed in the process,
(4) Baiﬁg ﬁaﬁ% of alupinium it is very dursble,
stends any smount of boiling and sterilizing, snd is |
very easily cleaned. It does eway with the recoating
with pereffin vhich is necessary with the pager spoons.
The counting is done by marking the surfece ol the
food with a needle and so dividing it into two or
three rectangular areas according to the field of the
binocular, and passing the spoun backuards and for-
wards while counting.

Instead of the usual methed of sllowing @

drop/
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drop of yeast to foll oh the food, which results in
the yeast growing into & large lump containing many
eggs and so renders the counting difficult, painting
the surface of the food with & thin suspension of
yeast, using an ordinary small cemel halr brush thus
providing o uniform thin £ilm of yeast, gave very good
results. (Drosophile Informetion Service, No. 1i,

January 1939 : 55-56.)

The location of the chromosome carrying

the gene for spheroidsl.

The Tirst pert of the experiment was devoted

to escertesining which of the six peirs of chromosones

of prosophile funebris carries the gene for spheroidel.
A stock carrying the marier genes st cv ri vti?
{sbteined from Profescor Timofecff-Ressoveky, Berlin)

was/
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vas used.

8t scarlef eye co.our (second chromosomej;

eV = curved wings (third chromosoue);

ci = cubitus interruptus (third chromosone);

ri - radius incompletus (fourth chromosome);

vt¥ » vense trensversse incompletae (£ifth
chromosone .

The procedure of the matings wes us follows,

'_ ang is illustrated below by & disgram which shows alse

the actual result ocbtained.

¥emales homozygous for all the recessive
marker genes were crossed to homozygous sph moles.
The .E;—_{ being heterozygous for the merker genes and
fur sph, were wild-type'iq appesrance, snd the
females laid norwal eggs. Since & stock conbining
the ﬁarker genes end séh in homozygous concition was
not aveilable, the_taati&g of recombination by the
baciercss method had to be carriec ocut in two steps.
The first consisted in croscing F; wmeles - in vhich
indeyendence of linke: genes cennot be simulated by

crosseing-over/



crossing-over - vwith femsles of the multiple
recessive stock, Ginece their spematozoe carry one
chromosome only of each pair, there will be recombina«
tion of sph only with those genes with which it gives
free assortment. The female progeny of this first
‘backercss was, as expected, fifty per cent homozygous
sph, the other half cerrying sph in heterozygous con-
dition. 411 those females were in addition hetero- |
zygous for one or more of the marker genes, but in
the homozygous sph females the marker gene on the sph

chromosome was necessarily miscsing, because it could

not be furnished by the spern. The ssecond step of
the backeross test consisted in mating g%g_as well as

EEE females of this generation to males of the
multiple recessive stock,

Exeluding the rether unlikely possibility
of sph being situated on the small sixth chromosone,
one of the characters used (in the case of the third
chromosome, two) would be expected to be lacking in
the progeny of homozygous sph females. when the

offspring/



offspring from females leying sph and normel egge
and mé%eﬁ to multiple recessive males was clessilied
scparately, this result was actually found in respect
to vtig, proving thaet sph is locsted on the vti
chrouwosone, i.e. the £ifth chromosome (Table Hos 1).
Frow Table No. 1 we sec that apuroximately |
half ©f the {emales gave spheroidal egge and the othex
nalf gave normel e€ggs. Also we see that none of thé
psrogeny of sny of ihe homozygous sph Temeles shwwed
the vt12 charecter, while among the progeny of ewvery
female which laié normel eggs the vtil character was
observed. On the other hand, {ree recombinstion
with the other characters, i.e. st cv ¢l ri, was
obtained. This showed conclusively that the
spheroidel gene is on the seme chromoscue as the vti?,

nanely the fifth chromosome,

Diagram illustrafing matings./
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Table No. 1.

The offspring from females laying spheroidal and

nomal eggs and mated to multiple recessive males are classi-

fied separately. Note that none of the progeny of any of

the females laying sphercoidal eggs -~ homozygous for sph «

showed the vti? character, while this character was observed

among the progeny of the females which laid normal egge -

heterozygous for sph.
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Inheritance of Infecundity.

Type oi inheritence.

In order to test whether the infecundity
observed in the sph stock was completely recessive to |
normel fecundity Jjust as the spheroidal egg shape was |
completely recessive to normal egg shape, the egg
laying perfomance of eight wilu-type females was
compared with that of sixteen of their heterozygous
daughters by sph meles. The eggs were collected on
spoons and counts were cerried out once deily over &
period of ten days. The average numbers of eggs
per day were T8.7 £ 2,05 for the wild-type females,
and-}9.7 a“.'1.4._&6 for their heterozygous daughters.
it was cbvious that thakfecunﬁity eccurring in the

spheroidal stock was completely recessive.

Is the gene for low fecundity separable

from the sph gene?
In order to solve this problem, males and

females/
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f?males from & cross gg% by wild-type were bock-
crossed to sph flies. From the mele backeross

there resulted a number oi daughters, seventy three

of which were tested for egg shape and fecundity.
8ince no ecrossing-over occurs ian the male, the sbnor-
malities of egy shape and fecundity could only be
found‘ta seperate if they were due to genes on
different chromosomes. The actual results were
thirty four females laying sph eggs, thirty eight
femsgles laying normal eggs. All females in the
first class were infecund, with an average life
performance of 54 * 3,2 eggs; =all femeles in the
latter class were fecund, with an aversge eight-days
performance of 557 2 1l.8 eggs. it was obvious

that no separation between the sbuormel egg-shape and
low fecundity had occurred. This meant that the

two charscters were due either to one gene or to two
linked genes.  The femele backeross made it possible
to decide between these two alternatives. Among &
total of forty five daughters exominec for egg shape

and/
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ond focundity over a period of Tourtecn daye, it
yiclded twenty wiz leying normel eggs, and nineteen,
spheroidel . e devietion fyon the espected L ¢ L
ratic - 345 = io not ﬂwiu&ﬁt, the stondard error
bedng «Y X '\/4-53 = Juebs of the ninetecn sph

AR 55 ut'!z
females, three wore feound, on Shey—sees have
arison through cromsing-over Wtw the genes for

spheroddal wnd fecundity, whiech must therefore be

locateu on the ﬂésaa ¢ pady. The reedpw-
roeal cross-over (nomal infecund] wes not found, but
the figures are too small to decide wiwther the non-
appoorance of this clese is simply due to chauce oy
to en underlying intermction of genec.

The results desoribed cbove are obviously
suscuptible of more thas one interpretation. ihe
fecund sphoroldel flies sutclned may have reslly been
the result of crossing~over ue suggested obowe; in
the obaence of the reciprocel cless, hovever, this
interpretation ia open to doubt, until the ides of @

epeeitie/
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ap?cific interaction between the two genes which may
be involved ic esteblished. Agein, there is nothing
to show that the infecundity sssociated with the
sphercidal gene had not been merely affected by the
introduckion of gpecific modifiers in the course of
the experiment.

A third possible explanstion is that the
“aspheroidal-infecund” gene may be to some extent
muteble in the direction of fecundity.

Further experiments may make it possible to

decide vhich of these hypotheses is correct.

Sumarys /
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The mutation spheroidel of Drosophila
funebris, wvhich affects egg-size and was essociated
‘when first studied with low fecundity, was subjected

to further genetieal studies:

(L} The gene for spheroidzl (sph) was found to be

on the fifth chromosonme.

(2) Both the characters spheroidel egg shape and
low fecundity were found to be of the same linksge
SEroUpDe

{3) In order to find out whether the two charac-
ters were due either to one gene or to two linked
'genes, & femsle backerosc was carried out. gniy one
class of cross-over, namely spheroidal fecund, wes
observed. Altercative interpretations are put for-
werd, and further study is suggestiéd %o decide which is

correct.
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