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k. Work acecomplished on grant:

Nearly all the objectives set in the technical progrem proposed by us last
year, for work during 1959-'60, have already Been attained, to a first order of
approximation, in the studies<edseeds conducted sinoce the time of that proposal.

We intend, however, to review our progress on these matters here in a diffevent
order from that therein given, an order which, in the light of the results them-
selves, relates them in & more meaningful mamer.

We regard as our most important conclusion of this year regarding genetic
effects expressed in later gereretions the definite establishment for immature gem
cells of Drosophila of a lower mutagenic effectiveness of gamma radiation delivered
at & reélatively low dose-rats than of that delivered at & relatively high one.

The gamma irredistions and desage meagurements were carried out at the Breokhaven
National Leboretory with the kind coopereticn of Dr. H. J. Curtis, Dr. Dale M.
Steifensen, Dr. leonard Ia Chance md their assistants.

Adult inseminated Drosophila females of neuarly the same 8ge were exposed to
LOOOr of gamma radiation from a Cobalt-60 source, one group being irradisted ewenly
over 2 weeks 8t 12r per hour and the other group being given the same dose con-
gentrated into apprmimatgly\h;lf a2 minute, The type,amount, and dis‘hﬂhutd.m
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of shielding and of accessory scatter-producing material were alike in the two
growps. Non-irradisted sontrol females were tred similarly, and i_n one series of
experiments another group of females was exposed, for cowparison, to HOOOT of X-
rays; delivered in about half an bour. The gemstic set~wp, m«n had been especially
devised and constructed for the purpose (Mullsr D.I.S. 33¢ 149) allowed the testing
with especial fagility and relisbility of the daughters ("Fy%) of the sxperimental
fensles (*P,*) for lethals that had syisen in the latter's X-ghromoscmss. Daughters
~ dsrived from different "broods,” i.e. from eges laid at varying lengths of time
after irradiation, were tested, in the eariier seriess, in order M:perud night
be chosen, for the mere definitive comparisens, in which & plateau of mutent-gene
frequency had been attained. The induced mutotion frequengy was determined by subd-
tracting the centrol value from that obtained in the frested series.

As expected on the basis of our previous work, ehwl derived from gem
cells exposed to acute irrsdiation in & lste oBayte stage showed fraquenciss of in-
duced lethsls similar to thoge derived ﬂvm irrediated speruatonon, md same five
tines sshigh s thoss exposed in the relstively early od¢onial stages of 15 er mere
days prior to oviposition. Importent for our work was the finding that the fre-
quencies were not sensibly different mmong offspring from the brood of eggs laid
15 to 20 daye after irrediation than among those from the breod of eggs laid 25 to
30 days after irredistion, For this sstablistment of & platesu ef effect for so
long & period made 1t legitimste to compare the frequenciss of the acutely md
chronieally treated groups even though the latter represinted a muich less sxsctly
delimited interval betwesen exposure and oviposition than the formar.

It was found thet the acute exposures of cogorda 4o gamma or XI-rays delivered
15 or more days prior to oviposition gave, as expected, very sinilar results, namaly,
about 1,.8% of recessive lethals induced in the X-chremosome by L0OOOr, despite the
fact that the intensity of the gamma redistion here was same 50-fold thst of the
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X-rays. On the other hand, the chronic gemms exposure to the same total dose pro-
dueced, in ofigonis at stages 15 or more days prior to oviposition, 'yealg about &
third as many, nemely 0.6%, of these lethals. The statistical srror was enough to
leave it uncertain whether the reduction here was 8s great as that of about T5%
occurring in fmasture mouse germ cells, as found by the Russells. On the other
hand, the wrror was not enough to cast doubt on the faet of reduestion, and it was
clear that the values in the dironic groups were distinetly less than 50% of those
in the acute groups.

It is to be noted that our chronic treatments were more than an order of
magnitude more intense than those of the Russells'. Moreover, this diffsrenes in
intensity is in effeect even more marked in view of the lower tmmpersture of our
blological materisl than theirs (25°C s compsred with about 37°C), since this is,
in chemical tevms, equivalant to s shortenirg of the ‘exposure time. It is possible,
therefore, that (unlike what seems to be true in the work with mive), intensitiss
have not yet been reached with Drosophils that are so low &s to have the lowest
mutagenic effectiveness: in other vards, we may not yet have plumbed the “rock
bottem" of the effectiveness, It would, m, be very difficult, for technical
msons%ﬂy because of the relatively hi@'mmeus mutation rate, the low
" 4induced rate, snd the short life span of Dresophila--to obtain lisniﬁemt dats
from this orgsnism for rates much less intense than those already tested.

A% my rate, the sssentisl agreement between the Drosopbils results snd those
in mice make it prebasble that & protective mechanism against the mutagerde action of
foniging rediation, one capsble of "disarming" some two thirds to three quarters of
the potentisl "hits" when these are widely scattered in time and plasce, is a phenom-
enon of extensive occurrence smeng the ordinary interphase cells of orgenisas in
goereral. It is very likely therefore that it is at work in the immeture germ cells
of man also., It should be recalled, however, that resalts long ago obtained by the



author and his collaboretors in Drosophila, as well as by Timoféef-Ressovsky, Stern
and others, and more recently by the Russells in mice, have shm_a‘s.uirly that this
Rechamigm does mot operste in msture spermatosed.

We have mlso earried out tests of the mutagenicity of ehronic gammsa treat-
nents of the same kind, when given to olgonia of the same stage, in Drosophila being
kept in & state of prolonged inanition by deprivation of yeast and of all dietary con-
stituents except sugar. The intention here was to test whether the snzymes or other
 sellular materiasls nesded for the protective sction were present in smaller smount
or lass sffective under these circumstances., The mutation frequency found wes
however not significamtly higher than when better nourished, sotively reproducing
femalen were used, The disposal of this possibllity will allow the simplifiomtion
of our tecimiques of treatment in further tests., We will be further refnforced in
this regard 1f an sxperiment now being conducted, to determine whether the ehrems-
sones of oligonia of virgin females have & suseeptibility %o chremiec irradistion
sinilar to those of inseminated, sctively reproducing females, shows that this sup-
peuimn is in fact correct. Meanwhile, our tests of scute irredistion have alresdy
shwwn that with the intense trestment the mussgenicity is not apprecisbly different
for the oBgonis of the relatively inactive ovaries of SLieiss and for those of
aectively reproducing females.

Sines it is evident from the linear relation, st high dose-retes, between
recessive lethal mutation rate and totel dose, thit at these duse-rates the pro-
tective mechanism has become saturated and thereby rendsred negligible, the possi-
pility is raissd thet vhen rediation of high linear energy Srsnsfer is used, such
as that derived from fast neutvon treatment, there will be s similar ssturstion, on
a looal seale, that will allow even very low dose rete chronic trestment with such
radiation t0 have 3s much effectiveness az scute treataents, or at lesast an effect.
iveness more nearly like thet of svute treatments than is the case with gumma- or
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X~rays. We thsrefore undertook z comparison of the mutagenicity of ascute and
chrenic fast-neutron treatments, similsar to that carrisd out with gama radiatios,
Our prelininary results did show a difference in the mutaticn retes which, although
in the pame direction as with gamma rays, appeared (not yet significantly) to be of
lesser magnitude, Unfortunately, bowsver, it has been found, on physical retesting
of the set-up for the chronic neutron ivrradition given at Brookhaven, that the
chronic trestment included some LOX of gemma contaminstion wharsss the acute treat-
ment included omly about 55, This contamination, in the totsl dose of 1500 rads,
would be snough to explein our findings on the basis of the gamme rediatien alone.
The question is soon t0 be reinvestigated, with & set-ip in which we are assured
that the ganma contamination will be not substantizlly more in the ehrenic then in
the acute series.

Our asute neutron tiestments, in which the gamms contemination had been
definitely low, have memwhile given us some other results of interest. For one
thing, they have confirmed sarlier findings by the senior investigator and the
Valencias that 1500 rads of fast neutrons derived from fission of uwreniuwm-235 have
spproximately the same mutagenic effectiveness in producing recessive sex~-linked
lethals, when delivered as an scute treatment to spermatosos in the male, as
of “gcute” gamz or I.-rays similarly delivered. Secondly, it is shom, for the
first time, that this type and dose of neutron irredistion (1) of oleytes, and
(2) of oBigonia, has, likewise, about the same mutsgenicity, in producing thsse
mutations, as LOOOr of soutely delivered gsuma or X-rays. Thus the REE of the fast
neutrons is consistently sbout 2.7 for these mutetions, &t these very different
cell-stages and degrees of chromoscome condensation, that differ from one another
in their mutstionsl susceptibilities by factors of as much as 5 or 6,

Some of these comparisons were carried out with s gonetic set-up that allowed
the detection, by inspestion of the Fy, of small deficiencies (two-break deletioms
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that arise with a frequency linearly related to dose). These were of seversl dif-
ferent types, including both those having at least one break in a heterochromatic
region (losses of the locus of non-yellow from soute-8 X-chromostmes and scute-8
Y-chromosomes and of Bar from Y-chromosomee provided with it), and these (Notch~
vings) having both their breaks in euchromatin, In the case of all types it was
found that their frequency after nesutron irrediation was roughly twice that after
gmma or X-rey irredistion with-siw doses (1500 reds and LOOOr, respectively) that
were alike in their recessive lethal~inducing effectivencss. This wes clearly true
when qacmtemwmimw The dats for other stiges vere much more mesger,
in part beceuse of the very low frequency of induction of such deficiencies in gonia,
yot the results from them showed significant differences in the smme drection.
Thus ths RIE of neutrons for the preduction of twe-break delstions whose breaks
are so near together as ta be referable to the ionisation-track of the sme fast
particle is ortheerdm-ofs We belisve that this higher REE rerthlum
than for "point mutations” pnm#hintemntﬂmtba ground of the highsr
probability afforded for MZ& it vhen the lineay energy transfer is greater.
This interpretation implies the premise that each breask takes placs at a site very
close o that at which the ionisstion that ocoasiened it srose, i.e., that the
lsngth of the pathway from ionisation to bresk is very short (of the order of ame
tenth micron or less, as our calculations indicate).

The same oonclusion (of & very short mutagetiic pathusy for an ionisetion)
is indicsted for point mutstions, by Carlson's case, described in owr report of
last year, of a point mutation, induced by the X-raying of 2 given gpemmatosmoon,
in one sub-locus of one chromosome strend and in & different but adjacent sub-locus
of the same gene of the "sister" (presumably the complementery) strand. Further
work by Csrlson under this grent has confirmed the prevailingly point-mutstional
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nature of mutations induced at this locus by X-rays, through the finding that in
most cases but one sub~locus has been changed. Moreover, as Carlson sud the pres-
ent author are pointing out in an as yet unfinished »ixitc:prctivg' }papor on this and
related work, the change so induced can be inferred from the distribution of mutant
tissue to consist in an slteration of an slready formed gtrand, rether than in a
"mistake" in the replicative construction of a daughter {complementary) strend,
Kot infrequently the slteration must involve an exchange of complementary bhases
 between the two original strands, thus changing both in a corresponding fashion
and resulting in a “whole-mutant" offspring from an mdiatcd spermatoscon. Here
the breaking of sach of the two conjoined bages from its "backbone” strund was
vmwﬁb!y sccomplished by the localigzed sction of two nearby 16&1!@310!&3 formed
in the track of the same fast particls, 8 process that would be eccasioned with
- higher frequency, for & given totsl dose,(i.e, #t a higher REE) for radistion of
higher linear energy transfer, aa we have found to be true for recessive lethals,
Proceeding with our study of the overall effects on fitness of radiation.
induced mutastions present in heterosygous condition, we have now amassed, principally
through the efforts of Mrs. Elizsabeth Ehrlich, a much larger body of data than that
mentioned in ocur report of last year. It will take 8 considerable time to complete
the mathemstical processing of these data. Euch processing is essmntial gince as
we expected the over-all effeots in the heteroxygote are so small as usually to be
lost to view in the variance caused by rendom sampling, differsnces in cultural con-
ditions and other uncontrollable factors., A similar lsrge-scale study, carried out
under our National Institute of Heslth grant this yesr by Dr. Raphsel Falk, is
nearly ready for publicstion under thst grant. It may be stated here that none of
this work gives any support to the ides advocated by Dobshansky, Bruce Wallace, and
some other gensticists that there is a tendency for heterosygosis per se of mutant
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genes in genersl (including those induced by redistion), to have a favorable effect
on fitness. A determination of the aversge mignitude of their \miflvaribls effect
will, however, require work on such &n enormous ucalc , or with mml 80
epecially constructed gmtisally for the sutomstic scoumulstion of the resulis of
natural selection, that we have decided to conduet all our future work along these
lines under our Public Health Service grant, thus leaving owr AEC grant more scope
for our other projected lines of research.

Not least among our present lines of ressarch under owr AEC gremt is the
study of the genetic basis of the samatic damage done by radistion to the indi-
viduals that were themselves exposed to it, Our predoctorsl student Ostertag,
working under the senior investigator's direction, has during the current year
obtained what we belisve to be importent further informstion omseming this matter.
The evidence that » dcﬁghnq, if slready present ir one member of & pair of homels
ogous chromosomes, greatly incresses the individusl's vulnersbility to radiation-
induced mortslity, hss now been extended, in principle, to include not only the
X-chromosome (#n effect reported on by us last year), but alsc the two major
autosames (the "second" snd “third" chromosomes). This shows, among other things,
that the individual cells, unlike the eaxly sygote @s a whole, & not require s
balanced complement of the mejor sutosomes but can survive and function ewen-1if
provided with only one member of & given pair, even though possessing two members
of the other pair and of the X~chromosomes, for if this were not true the loss of
one of them would not cause greater dmnwk? the homologous chromesome contained
a duﬂciqnéy.

This evidence and some of that presented last year showed that it is the ab-
sence of the chromosame (consequent upon its breskage) that causes the somatic oell
deaths lesding to the induced mortality, rether than the formstion of chremoscme
bridges thet kill the daughter coni by entengling their nuclei. For deaths of
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the latter type would be independent of the presence of deficiencies. Neverthelsss
Ostertag's results show that a certain type of ahrmescm—-—an I-cb.ramsm with
ams of the Y attached to it that had been fomd by Novitsld. to give rise to lethal
chromosome bridges at melotic divisions when by croszing over within a heterosygous
inversion it acquired two centromeres--does tend to couse somatic cell death by
bridge fowmation. This conclusion i*haud upon its presence, even &s one mumber of
a8 pair, oecasioning 2 considereble rise in the induced somatic mortslity. Evidently
~ the broken chromosaus here, forming & dicentric isochremosome, bas a centramere ar-
rangement strong enough to atrebeﬁ the dicentric chromosome into an effective bridge,
rether than leaving it caught in the middle of the division figure wbere it would be
lost from both daughter nuclei. Individuals with such chromosames, then, weuld have
a heightened sometic vulnersbility to radistion,

The question is thereby raiseds how common are such chromosomes and do they
predamninate in some types of organiems. And do ordinary chrumosames ever bebsve in
this way under certain conditiona or in certain stages of development? That they
nmay do so in Drosophila during the incipient stages of sygote development is al-
ready indicated both by the early work of Lamy md Muller and by recent tests by
Ostertag. For in these studlies males of ‘gﬁ-mﬂy stages were not more readily
k$lled by redistion than females, a result indiceting that in these stages the
breskage of the Y 1z about as damaging as that of the X, even though the mere
abgence of the Y is known to be well tolarated in most cases.

Fvidence from a different angls that chromosome breakage followed by none
restitution of the pieces lies at the basis of the induced somatic mortality was
obtained by testing the effect of immersing the larvae in an atmosphere of nitregen
for several hours immedistely after they were irrsdiated. Abrahsmson in our lab-
oreatory had shown that such post-treatments given to olicytes increased the frequency
of the half-trenslecations studied by him and, as stated in our last report, Falk



had found this to be true alsc of full trwnslocations induced in spermatids. The
most probable interpretation was that since joiming of broken ends was hindered

in the sbsence of exygen (see Wolff's studies in Tredescantis) m complementary
broken pieces liad more time to drift apart when there was a2 nitrogen post-treatment
snd therefore managed lass often to reconstitute the original chromcsome sven
though oxygen was later restored. Whatever the interpretation may be, however,
the fact remains thet if wnrestituted chranosome breakage lies at the basis of the
 dnduced somatic damage it should, as in these genetioally studied ceses, be exag-
gerated by nitrogen post-trestment. This was in faet found to be decidedly the
case in the tests conducted by Ostertag, even when due allowance Was made for the
mortality induced by the nitrogen treatment alons.

Even though mmch of the chromcsome dmmage, especially at lower doss-rates
end doses, probably results from individual bresks tlst are one-hit effects and
therefore cccur st frequencies linesrly relsted to dese, it iz noet to be expected
thet the mortality would show a siwilar relation. For as the number of cells
killed is increased the chance of desth should at first be little affected and
gradually rise more snd more repidly, until it finally levels off as it spproaches
1008, thus folloming & sigmoid curve, This is the cnﬁc actually found by Oster-
tag, an comparison of the mortality occcasioned by different doses given at the
sane stage (that of the late third-instar larwa).

Because of the dependance of chromosome loss on cell division and the
virtusl absence of somtic esll divisions in the sdult of Drosophila, it is to
be expected that irradistions given after maturity bas been attained would have
far less sffect on mortality them those given to immature stages, as we have found
to be the case. In conformity with the oell-loss interpretatien of the damage,
however, the sdult survivors of damaging irredistions given to larvae should be im-
paired in their functions and therefors exhibit & higher mortality throughout their
subsequent life. Ostertag's studies of mortality have now been extended through a
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eomidai‘ble period of the adult life, They show thet, although the greatest in-
duced mortality &llwm the irredistion of late :uwu ogours, u expected,
Soilondie the criticsl pupal and imesdistely post-pupal periods, when moely in-
teradjusted transformations of fomm and function are required for survival, nev-
ertheless the viability of the sdult of later stages is also reduced very dis-
tinctly, to & degree strongly sorrelated with the smount of the esrlier noted
effect, anmt:w too the adults are visibly decrepit, lame and wesk, This
" inersssed mortality persists throughout life. Unlike the-Rermet curve of the
mortality rete of untreated organimms, which in flies as elsewhere follows ap-
proximately the Oomperts lavw of having its logaritim rise linearly with age, thn
udittiw-iadmft moytality-rate behaves as though it consisted of an spproximstely
M oUW,

mtwwwmtmam- o It must be remembered
that this represents the permanent effect of only one irrediation.
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