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THE ACTION OF PENETRATING RADIATIONS ON YRAST crLLs®
by
Corneliue A. Tobias, Robert K. Mortimer, Ralph L. Gunther and Graeme P. Wslch

Sver ¢ince Nadaon and his adsoclates (1) (R) demoustrated that z-rays
affect cell division in yeast cells more than metaboliem and that radia-
tions cause morphological mutations in these cells, research with yeast
coells has played an important role in wnderstanding the foundations of
radiobiology and rddiction genstics. Holweck and Lacassagne (3) studied
the dose effect relationship for survival and Latarjet and Ephrussi (4)
brought the survival for the first time in velation to the ploidy of the
cells. We wieh to report here briefly om studies carried out in Berkeley
on radiation-induced inhidition and delay in coll division, the production
of mutations and the suxvival of cell populations exposed ¢o x-rays con-
tinvously for many geaeratiouns.

Life Cycle

Seccharomyces corevisiae are found in nature normally in diploid
vegetative clones, with their oval shaped cells ebout 7 x 6 microns in sige.
On nutrient medium of proper composition the cells mey underge bdbudding and
nitotic diviasion at regular time {ntervals (3). Under certain nutritional
conditions the diploid cells undergo meicsis to produce an ascus containing
four haploid spores. The spores belong to opposing mating types and wilil
conjugate {f autrient is supplied. Winge (6) developed & microdissection
technique to isolate each of the four single haploid sporves, which when
saparated may be made to grow im haploid, mitotically budding vegetative
clones, By brinmging heploid cells of opposing mating type into contact,
diploid zygotes sre formed which give rise to a hybrid diploid clone of
cells, Thie cycle makes it fesesible to do genetic analysis (“tetrad
analysis”) with unusual facility. The use of this methed and the ident-
ification of many mutants with definite nutritionmal requivements, has led
to detailed knowledge of the nature of fnheritance in this orgeniem. There
is evidence for at ledst & linkage groups; therefore, the existence of up

*Donmer Laboratory of siaphyutcs'and Medical Fhysics, University of Californis,
Berkelay, California
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te 16 chromosome arms may be aspumed., Unfortunately, thess as yet have not
been seen in the microscope. In the last few years more then 2,000 agei
wore discected and enalyzed by Hawthorne and Mortimer (7). It is well known
since work of Ephrussi (8) that cytoplasmic &nheﬂme algo phya an
important role in yeast gunetics.

Occasionally, baploid cells will diploidize (9) by forming homo-
sygous "illegitimate” diploides of the ssme meting type. Thase c¢an bo made
to form tygotes with haploid aud diploid cells of ths opposite mating
€ype, giving rise Lo gygotes which develop into cleonss of stable triploid
and totraploid cells. Extension of these techniques led Mortimer (10) to
produce clones of pentaplold and hexaploid cells., Pigure 1 shows sowme of
the availeble ¢lones of cells, all derived from the seme diploid., Not only
the content of genetic materisl, but eize, DEA und RHA mtmt um! te
correlate with ploidy. Figure 1 in % sl =w. 70 it T ocage cash
is reminiscent of the baginning of an isotope mu.

diation resist.

Enowing of the profound effect of radistion on the nucleus, it
seemed to be of iaterest to find out how redistion induced inhidition of
cell division depends cn the nusber of sets of homologous chromosomas in
the yesst cell. Early work by Latarjet and Ephrusei (4), Beam (11) and
Zirkle and Tobias (12) c¢learly shoved that dipleid cells are much more
rosistant to x-rays than haploid: when formation of microcolonies was
studiad, the retio of 567 LD detween diploid and heploid was about 5. At
the pressnt tims, careful studies on macrocolony formation are available
on clones of cells of all ploidies between one end siz (10). In Figure 2,
survival curves are presented for 50 kv x-tuys for svme ¢losely related
strains of various ploidies., The haploid cells axe smost sensitive and the
diplosds most resistant. Beyond diploid, the radicsensitivity increascs
with increasing ganome muubey,* :

Since the cytoplasmic contents of different pleidy cells appears to
be sinmilar, it was assuned that nuclear and perhaps genetic demage would
have to account for the cell division fnhibiticon., Ansiogy was mede to the
vwell-known genetics of drosophile, and experimental evidence was obtained
for definite types of domage and repair mechanisws.

Recassive leths

The first ewpérimonts suggeated that the shape of haploid and
diploid microcolony survival curves might be accounted for by a lethal
chromoscne damage which expresses iteelf in the haploid, but i€ it oceurs
in one genome only, it 48 recessive in the diploid. This model predicts

TFreviously, wnusuglly high tadiovesistence of & yesst bolieved to be poly-
ploid was reported (13). On subsequent snslysis attexpts to sporulats were
unouccesaful and the high ploidy could not bhe proven, This cell apparently
belonged to the torulopsis styain.
frmam e
@ 5 L\.»L NL. L\, G{\JL

LY £ 4



UCRL 3268

CET2IAL v gon y

that vecessive lathals of this kind will increase the vadiosensitivity of

the diplold cell, in accordance with the proposal by Latarjet and Bphrussi (&)
that x-rays may partislly haploidize a diploid cell, and such change waes
indeed observed (14), although it has not been proven that it is due to
receesive lethala.

A eimplified mathematical model for survival has bdeen proposed on the
assumption that the chromosomes contain a finite number of "sites”, which,
either due to their biological importance or due to thotr physicochemieal
constitution, bocome fockl pointe of genetic injury to ecolls, “n" such
sites per genome sxe aspumed, If the lethal damage is completely recessive
and no recovery is possible, then the probability Py of & cell of ploidy
p surviving a flux of ¥ ionizing particles /em? may be empreued as

Py - [1-(1-«:’%’}" | . )

wvhere o Ls the apparent “cross section” of a single sensitive site and

it 1o assuued that all n sites have about the peme cross section. The dose
D in omorgy unite and the particle flux F are related: D « €,F. vhere ¢ is
the linear energy transfer.

Wood (15) obtained n 2230 and o sppears to be the same in the presence
or absence of oxygen zlthough in oxygen all cells are move sensitive to x«xays
by about a factor of two. These deterninations of n avre not significant
since subsequont work showed that recessive defcets can not completely account
for inhibition of cell divieiocn at higher ploidies. Radiastion sensitivity
varies with physiological state of the cell, and in the budding state,
¢ells are about 10 times wore resistant than resting (16)

Recessive lothals have been demonstrated in x-irradiated diploid
yeast by sporulating the cells immediately follouwing exposure to radistion
and observing the ability of the hapleid eporss te form colonies (17), The
procedure i{s shown in Fig, 3. Many of the heploid epores sre not viasble at
a dose which inhibits cell diviaion in only a few percent of the diploids
while most diplold cells grow imto colonies. The numbar of recessive lethala
found by Magni (18) is wuch less, however, than that expected Lf all haploid
cells are inactivated by this damage. Exact quantitative information on
the percentage of recesaive defect is difficult to obtain because some cells
do not sporulate and cell division wmay brimg about chromosome rearrangements.

Dominent lethsl dsmage (Iype 2)

' It was reasoned from the nature of survival curves of higher plotdy
cells that single ionieing events can give rise to lethal results even in
the presence of wultiplo gonomes. In some ceees this finding may be @
result of recessive injury by the same particle in a pair of allelic
sites (19) but this mechanism accounts for only part of the effect with
heavily donizing O (alpha) reys. Yor x-rays the most likely explanation ie
the existence of dominant leéthals induced by the radiation. Mortimer (20)
exposed indtlvidual haploid cells to varicus doses of x«vays and subsequently

«3a T
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using micromanipulation technlques, brought these cells in contact with
unirradiated haploid cells of the oppesite mating typs, as shown on
Pigure 4, Meny of the zygotes formed failed to germinate and the zygote
survival curve appeared to be similar to the survival curve of thé same
ploidy vegetative cells. The frogquency of lethals increases at a given
dose proportional to the ploidy (21). Thus in the presence of dominant
lethal damage an expression for the probability Py of a cell of plcidy P
snrvivzns a2 flux of p&rt!cl@s ¥ could be

where ?2 is the dominsnt lethality function, atmilar to that defined by
Lea and Catcheside (35), The dominant lethslity function ae obmm foy
hapleid and diploid cells is showm on Figure 2.

1f dominant and vecessive lethal damage srs independent and also are
the only important mechanisms of cellular inaeuvattan in yeast, then the
overall survival probability would be

, Fa pl . ?2 @ {. ’(1‘0‘.0‘?)?} £ (y.?)
For plotdios of triploid and higher
P = ?1 ’ ?2 £(p.£)

Thus the LDS0 of colls decreases in an ignverse fashion relazivo to ploidy,
and this is spproximately what is found.

Many diploid cells, suxvivors of & woderate dose of radiation, give
rise on nutrient ager to microcolonies which proliferate at reduced rate
and have greater radiosensitivity thon normal diploids (14). Slow growing
colonies are also produced as progeny of xygotes vhich originate from
conjugation of one normal haploid end one irradieted haploid cell. These
c¢ello may be parcially ‘heplotdized” (4). Assuming that r sites are
affected (12) (14), one would be left with a cell with r haploid and ner
diploid gensetic sites. Probability of survival of the injured diploid
(p=2) cells: . :

n-r .

. . ’___ .,@2 B g -'Waa:rr

A laxge fraction of the progeny survivors of & moderate dcaa of xawaya

exhibit increased rodiosensitivity corresponding to eg (3). E‘!’ha masher
observed, however, is stilll definitely smaller than what my be caleulated
from probability distributions.

Actually, different strains of "normal' cells of the s\mm ploidy
exhibit definite variation in their rediosensitivity, related to their
ganetic constitution. The differences are much more marked in diplotd than
in haploid cells. Generally epesking, greater heterosygosity of diploid
cells leads to imcreased vesistance to x~rays. This ie shown by the finding

wlim
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that homozygous "{llegttinmete" digioids are more radiation sensitive than
diploids obtained from mating.

Physico-chenicel mochanioms

Interpretation of the physicochenical mechanisms of redfation injury
is made more difficult by the fact that the initial injury is very dependent
ou the spatial distribution of ionizetion, on the water content and chemical
composition of the medium, and on the physiological state of the cells,
Recovery from part of the tajory is elso influenced by the seme factoxs.

The variation of the ¢ross section ¢ was messured over a wide range of
lincer emetgy tramsfeér (LET) (12) (22) (36) sud the velative biologica
effectiveness (RBR) Lo found to rise over a considerable LEBT intexval.
%o one has as vet found chemjcal agents that would modify vedistion dsmage
st high LET (23), but oxygen and other modifiers will act en yeast cells

ag low LET. EHigh temperature applied pre or post irradiation, amplifies
radim:m effect (24), Thus ¢ shows conatderable variatiouns. One can
only explain the veriastions of ¢ by assuming the¢ the rediation effect ak
low LET is qualitotively different from that at high LET. The mesaning of ¢
is not the trun cross section of some adtual body of molecules whéve the
ionizing particle must hit; it f6 rather a mumber involving probadility
of interaction of the ionizing perticle with the nucleoprotein end surxounding
coellular medium, Howaver, lomizotion within easseutial macromolecular
structures is frequently effective. Considerable evidesce i3 accumulating
thot the site of the actuel expressed injury may be removed from the actunl
site of tonizati n, One axplavation given mnkes the sssumpticn that mott of
the primary interaction need not take place in the macromolecule affected,
but chemical intermediates may migrate to the site of injury and reasct
there (12) (36) (97) (38). Another model assumes genevation of injury
within the affected macromolecule, which then chemically intaracts with ¢he
surrounding cell modiun (25). The effectivenesa of high LET may then be
ascribed to the pmdwﬁw of aevatai aimlmenna ion pairs at or ndar s:ha
site of dnjury. FI uve G gleag tegfl poootopirrfen off i v pedaeis,

Poot irrediation lesions

Submicrogcopic radiation injury may recover or vemain latent. For
example, pest irradiation tesmperdture changes affect the ability of cells to
form colonies (24), The radiolesions fraquently come to expression during
¢ell divieion. By observing the time sequence required for cell diviston
and tho fato of the progeny of irrsdiated cells under the microscope, it
was ascertained that yeast cells show great statistical varfacion fn their
ability to produce viable daughters. A graph showing the tice sequence of
subsequent cell divisions in aormel and in irradiated diploid cells iz shown

*The latest RBE data obtained for haploid yesst cells are plotted ia

Figure 2 of "Biologlcal and Medical Studies with High Energy Particle Accel-
erators" by J. L. Born gt al. submitted to the 1953 Iaternational Confarence
on the Peacefyl Uses of Atemic Energy.
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on Figure 5. The normal cells show & vegular pattern of cell divisons

and nearly all cells divide. The progeny of {rradiated ceils not only show
great variaetion in coll division time, but include production of many cells
which are not viable (26). Abnormal generation of non-viable cells may

go on for several generations.  Several cells among the progeny require pro-
lenged time for subsequent divisfons which may persist for many generations.
A similar effect on growth of macrocolonies was observed by Korogodim (39).
When a chromosome rearrangement or mutation occurs that allows the cells to
regain their normal ability to divide, the healthy cells will outgrow the
ones with reduced viability (14), and this mechanism may, in the course of
eoll divisions, reduce the recessive lethals in the population.

Radiation induced mitotic segregation of genstic characteristics

Study of the alterstion of phenotype and genotype of diploid
Saccharomyces cerevisice gave more definite evidonce of the nature of genetic
damage and its delayed phenotypic appearance. 1t is important to kaow at
which lavel x-raye act on genetic constitution -- are eingle genes or their
molecular configuration involved, are several genes affected together, or are
intergenic linkages alteved? 3o favr it appears that point mutations, &t a
given locus, are rather iafrequent. A surprising amount of chromosome
rearvangemant oceurs, however, as a result of mitotic crossing over,

James (27) has shown that diploid yeast, heteroszygous for a locus determining
ability to ferment galactose, will produce a relatively high frequency of
eberrant colonies vhen i{rradiated with ultraviolet., Whercas, unirradisted
cells all gave rise to black colonies on ind{icator agar, many irradiated
calls produced colonies which were entirely white or sectored black and
white. The white phenotype indicates homozygoeity for the recessive locus
conferring inability to ferment gelactose. Genetic analysis of some of

the sectorad colonies showed that most were homezygous dominant on the

black side end homosygous recessive on the white side. These results give
strong support for the occurrence of mitotic crossing-over inm u,v, irradiated
yeast. These effects hsve also been shown to occur in x-~irradiated diploid
celle heterozygous at a number of biochemical loel. The frequeancy of
occurrence of variant ¢olonies was found to imcrease with the distsnce of
the locus from its centromere.

Considering the results for the ad; locus, & dose of 10,000 r, which
produces only 107 inactivation, gives riee to 3.5% variant coleanies. These
variante express changes on only an arm of one of the linkage groups. There
is evidence for at least 8 linkage groups i{n yeast and hence up to 16 arms,
Assuming e uniform population of cells, and a uniform sensitivity per chromo-
some arm, the minimum percentage of diploid cells with one or more genetic
altervations which result in homozygosio is:

100 [1 - (1 -0.035 )36}; 45%
Thus, on the basis of the abuve assumptions, nearly half the cell pop-

ulation has experienced an alteration of genotype at this nearly sube
lethal dose.
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REVERSIONS TO WILD-TYPE

Mortimer and Gunther (30) are carrying ocut a systematic study on
factors affecting x-ray induced veversion mutations. Irradiation of the
homozygous diploid suxotrophe ({.e., requiring nutriticnal metabolite)
caused back mutations, viz, reversion tc the prototrophs (mot requiring
som¢ metabolite). The reversion rate in several different strains was
proporticnal to dose (inm the range where the lethal effect from the radi-
ation remained small). Reversion rates induced varied from strain to strain
in a £ifey~-fold range. The raversion rate increased in the presence of
oxygen over that obtained enaerobicelly, but the nitrogen-oxygen dose
reduction factor (DRF) showed considerable variations between 1.5 and 3 in
agreement with similar cbservations of Anderaon (31) on bacteria. Since
inhibitinn of cell division has a DRF of sbout 2 to 2,2, this evidence
contributes to the balief that detailed wechanisms of point mutation
effects may de different from cell diviaion inhibition.

It is now clear that attempts to mske mathemsticel models for survival
are complicated by the finding that frequent genetic crossovers result end
the probability of croassover depends on locus involved, One very frequent
result of irradiastion of diploid calls is subsequent change from heteroe
gygosity to homozygous nature. In the sublethal dose range many such chenges
eppear detrimental. Howevar, & nutral result of a small dose might be
slimination of some existing recassive lethals from the population and, at
the expense of producing some nonviasble cells, the appeavence of homo-
sygosity of good, dominant characters. Romsn and Jscod (28) have taken
diploid yeast cells hetervallelic for a biochemical requirement locus, from
which recovery by veversion mutation 18 possible., 3Such cells ordinarily do
not form colonies on nutrients lacking the particular sudstrate invelved,
Small doses of ultraviolet vays significantly incressed the reversion rate.
In our lsboratory (29) s similar experiment wss tried using x-rays at a '
heteroallelic arginine requirement locus. Fifty roentgens doublsd the
vevgrgsion fraquency.

YRAST PORULATIONSCONTINUOUSLY EXPOSED TO X-RAYE

It £8 of general intevest to know how the knowledge geined in acute
genetic and lethality experimonts moy be applied to populations of cells
continuously exposed to xe-rays for many gemerations, particularly in view
of the fact that radiation sensitivity varies over a tenfold range during
the budding cycle (16), thst chromosome crosaovers are quite numerous in
irradisted populations, and the assumption that mutations will accummulate.

An sctively dividing diploid yeast cell population in a liquid culture
mediuva has been exposed by Weleh to 85 kvp x-rays (32) for varicus periods
up to 115 genorations. The continious flow apparatus which maintained the
population {in the steady stite was suggested by previous experiments (33)
(34) .%We incorporated modifications that permitted cell divisoon at 2 maxe
imum rate, not limited by chemical environment, Steady states of popu-
lation were brought about by varying the rate of nutriemt flow to the growth
tube until the rate of washing cells out was matched to the rate of cell

wle
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division. The division rate at any time was then simply proportionsl to
the known nutrient f£low rate to the growth tube.

By modifying the rate of nutrient flow, it was possible to maintain
& steady state population actively dividing in log phase at all dose levels
tested up to 6150 r per generation. The mein effect on the population
seemed to be a lenghening of the period ef time requived for cell division.
Figure 6 shows the dapemdence of yeast cell division rate on x-vay dose rate
obtainad for 26 different steady-state conditions. The decroase in division
tate with dose rate is nmearly lineer at 1 x 10-% hr-le~l generation out
to about 2500 r/generation. Then it tends to level off up to 6150 r/gener-
ation, the maximum evailable for these experiments., Except for data at low
dose rates, these results are in agreement with the radiation induced
division dzlay model proposed by Burns (3). This is based on the assumption
of a8 apecific number of sites concerned with delay and that delay is pro-
portional to the fraction imactivated by radistion.

Several morphological changes of a general nature were noted in
continucusly irradiated populations. Without irradiation cells from the
culture appeared quite uniform in size, but under the influence of x-radiation
a spectrum of size wes cbserved covering a range from normal up to 2x dia-
meter., Moreover, with irradfation a marked increase in visible cytoplasmic
structures of a granular nature was noted in the phase microscope. The
attaeinment of steady-state under irradiation was marked by a transition
period of several generations during which the average division rate
decreased and the morphologic changes noted above took place. Likewise upon
removal of radiation frem the culture, several generations intervenad before
the original division rate was regained.

Teats for viabtltty of the culture were made by plating samples from
the growth tube and, after 24 hour incubation, counting viable and nonviable
cells under 2 microscope. At Gl50 r/generation §77 were viable, the
dependence being approximately linear with dose rate.

During the longeat run g accwmlated dose to the ancestral popu-
lations was approximately & x 10”°r. Since expesure to sublethal x-rays
enhances mitotic croseing over which in yeast is a major cause of genetic
variation, the delivery of a large dose presents the pogsibility of selection
of a variant better able to resist the damaging effects of radiation. On
testing for this, no significant change in sensitivity to acute 50 kvp

x~ray exposure wae found in 6 samples takea during the course of the exper-
iment which coversd 1i5 geanerations.

CONCLESION

Several festures of the inhibition of cell divieion of yeast cells
have beon elucidated a8 a result of atudies by a group of investigators
over seversl years., The production by x-rays of vecessive lethals and of
dominant lethals hse been shown, and these two seem to account for the most
part for the inhibition of caell division by x<rays in various ploidy cells.

‘8.
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Genatie rearrangements in the diploid cell go on for several generations and
result in lethals as well as in impaired end recovered cells. One wechanism
involved in the rearrangements is xeray induced crossover. The frsquency

of crossover is a function of linkage, end the induction of reversiom
mutations by x-rays shows great variations in rate of reversion as well as
in oxygen sensitivity. Steady state populaticns of cells can exist under
high dose rates of continuous irrvadiation.
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SCHEMA OF HAPLOID AND POLYPLOID YEAST CELLS

HEXAPLOID

PENTAPLOID

TETRAPLOID
TRIPLOID

DIPLOID

HAPLOID

FIGURE 1

Schematic arrangement of some of the haploid and polyploid Saccharcmyces
cerevisiae used in Berkeley. Black and vhite bars refer to genomes of
the two mating types. Cells on the left side of the axis will generally

form zygoteg with cells on the xight side.
volume in u
borderline are the principal mating types.

The clone deeignation end cell

are also given., Cells enclosed in the squaras with thick

All other ploidies can be made

to sporulate; on rare occasions they can be made to form sygotes with

another mating type.
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FIGUEE 2

Survival curves of haploid, diploid, tetraploid and hexaploid Saccharvomycos
carevisiae, Criterion for survival was formation of macrocolonies from
single cell isolates. 50 kv m-rays were used at room temperature.
Probability function Py for dominent lethala as described in text is alao

e haploid Y02587

4 haploid ¥02022

g diploid X32

o tetraploid X323

O hexaploid X362
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PRESPORULATION
MEDIUM . GYPSUM
X-ray ]
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NUTRIENT MEDIUM
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FIGURR 3

Procedure employed in gsporulation. First diploid cells are growm in a xich,
pre-sporulation medium, Following x«irradiation the cells are placed on
gypsum slants, whore after some elapased time they sporulate. The ascospord
is punctured with a microncedle, and the epores are separated and placed on
nutrisnt medium. Clones should appear in 2 of 4 or 0 out of & spores from
cells with recessive dafects unless recovefry occure.
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FIGURE &%

Procedure in studying dominant lethal demage in yeast cells,

Top: Arrangement of microneedle and microscope stege for manipuletion
of the cells. The cells ere on the lower side of a thin laysr of agar,
mounted on a cover sliip.

Center: (1) Cells of mating type a and @ are placed on nutrient agar
in two different locations. “a" cells are x-rayed, 'O cells shielded.

(2) By micromanipulation a and an ¢ cell are brought into
contaet.
(3) 1In a few houxrs zygotes are formed.

(4) 1In a few deys the zygotes give rise to clomes (surxvivor)
or to lethals.
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F1GURE §

Budding times of normal diploid Ssccharomyces cerevisiase (top) and of the
progeny of a cell irredfated by 20,000 roentgens (bottom). Small circles

indicate that the particular cell has not gone on to divide further.

This

study was carried out by micromanipulation techniques.

Individual cells

were observed under the mic roscope contimuously, and mother and daughterx

cells separated by use of a microneedle after cach diviaion.

Usually,

yeast cells exist in the two celled state and separation of the two cells
is poseible only about the time when a new bud eppears on ome of thenm.
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FIG.14 DEPENDENCE OF DIVISION RATE ON DOSE RATE
FOR DIPLOID S CEREV/IS/IAE EXPOSED TO

CHRONIC X—-RAY |IRRADIATION

FIGURE 6

Dependence of division rate on dose rate for diploid Saccharomyces
cerevigiac exposed to chromic z-ray irradiation.
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