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ConeU.ue A. Tobtae, aotuw• K. ti:Jrt1ater, B.alph 1.. Guth•r and Graeme P. Welch 

Svor aince lla4eoa aad hl.a atiaoei.Atett (1) (I) 4ta>nstrated that x-raye 
affec:t cell 41vletoa il'l yeast cella more dum aotabo1181'1 aacl that ra.li.a· 
tions cause ISIOrpholoa£cal mutati.Ol'IS La these cella, l'Oieareh Witt\ 1eut 
cells baa played an f.mportant rol• in VDderatandiftS the fwuclatlons of 
ra41ob1o1o81 aacl ta41.attou aeaetiea. llolwcll and t.acaeaape (3) atudtect 
tho close effect relatl.cuhip for aurd.val aad Laurjet arad lphnsa1 (4) 
bl'cnsaht the aunival fol' the flrelt time 1a re1at10ll to the ploU, of the 
cella. We wieh to repon b.ere bd.efly ou atwlies urrie4 out ~ Berkeley 
on recliat.f.OA•ln4u•4 1nhibit1on an4 4ela)' in cell 41viaioo, the p&'Oducti.On 
of autationa and the aurv1va1 of cell populat1oaa expoee4 to K•raya coa­
t1l'l\10CSly for mally aenel'atiou. 

L\f! Cxela 

~aecheromlcea eq~v1a1ae are foun4 ia aatute DOrm&lly in 4ip1o14 
vegetative clooea. with thei.~ oval abape4 cella about 7 x 6 microns in ai••· 
On ft~d.ent medium of proper coapoaitioa the cella may wclerso bWlcU.q and 
ld.toti.c 4ivleiou at repla1' Ume J.nhrvala (5). Undew certain nutd.tional 
coucUtioaa the &.plot• cella underso ~ael.oau to pnduee an aacue contaiu1ag 
fOUl' hap1oi4 spores. 'flle epona belotta to opposf.q 118"U,na types aacl will 
coojusate ~~ nutrient ta aupplted. Wins- (6) 4eve1oped a microdtaaection 
tecbalftue to isolate .ach of the four eiq1e baplo14 apoft1l, which when 
eeparat.H My M "'*'• to &rotr la haploid, llitotieaUy butlclins veaecattve 
clooaa. By bd.naiaa haploid cella of oppoataa matiq tn• into contact. 
dip1oi4 zygotes &1:'0 .fol"M4 'ltbtch give riEht co a hybr1cl 41plo14 clone of 
cella"" This c7cle makes 11 fualble to do 84i8etic aMlJSU (''tetrad 
ana1)'a1au) with aunel fac1U.q. 'lhe use of thU metbocl aa4 the idcmt• 
iftcatloa of man.y mutants wltlt def1D1te nutritloaal nqul1tements. baa 1e4 
to 4etatled kl10Vle4ae of the aature of 1l\her1eaace lu this orpuf.a. there 
1e evidence for: at leaat 8 littkasa sroupa 1 tbertfore, thta ex14teace of up 

*Detmer ta.bol"atory of Bi.ophJ8iCG · aa4 Medical Phyeka; Un1:weraf.ty of Ca11fomta, 
Ber:'Mley, CaU.fornia 
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to 16 ch10110$CNDII. al'llt •1 be .........,.. Uafo~1,, theM ae ,..t beva not 
beeo aeea in. the 1Dicroaeope. 1ft ·the lattc, f• ,..." mon t1lea 2,000 aecl 
wen 41sseete4 4ll4 nal)'Q4 by Baveb.one aacl ·Jbrt$Ml" (1). lt 11 well lmGiftl 
1iaoe work of BphnHl (8) tlla't c)'toflaalaic f.Med.tace a1ao playa •• 
lDtpon:ant l"ola 1D yeuc poeUe•· 

Occaaiouu,, kaplol4 cella will 41p1ot.tiq (9) lly fond.ns ~ 
ayaoua "S.Uealt'-t•" difletu of the aame metiq .,_. 'fbMe can be ma4e 
to fooa ~Jaotel with haploid &114 fliploicl eallt of ca. oppoe1~ aaUaa 
iJ'pe, pvi.q riM &o •yao-. vbieth &lewlop lnto ClonG$ of stable triploid 
aa4 cetcoap1oi4 calla. ....,_'-of these -.~mi.-a 1e4 Hol'Cl&la1' (10) to 
pnduc• cloaea of peo:taplo14 aRd bauploid cell•• rlpl'e 1 ahCNa sorae of 
the available clonee ~ oell•, •11 clel't.ved f'IOID the .... 4iploid. Jot oaly 
Che coatnt of putie Mteii.al, but: alae, DIU aa4 DA ooauat hlHt to 
COl"l'ela~ with plotq. Fl..,re 1 ~l;: ··~:~;-;? ~-~ P ••. ( .~- o:. • "". • . • ••·~ ;,r·· ~ ; -·-~·· · ~J'· 
u t'elllnlaceat of tbe bqi.sm1q of aa 18Hope '*le· 

1!4&atiea t••i~!!!Ea ~!d ploi~ 

ltttowitta of tu pt"Ofeaad •ffHt of ra4l&Oi" oa Cbe l'lUCleua, t~ 
aeeuae4 to be of iahrQC eo fl.il4 out bow racu..ttOI\ t.ti4vee4 lDhibltioa of 
cell 4lvu£on 4ep.aa oa the a.-ber of etb of hot~Gtlo.-a chl'OmOeelllld 1.a 
the ,_.t cell. iuly vodc b7 LstarJ-' anct Bpb~:t~Ml (4), lea (11) _. 
Zbid.e ami Toblaa (12) c:leaurly a1aeve4 that tiplo14 cella a-re .uch •re 
h$1ataat to x•raya tba -,loUs wheD fot'lletioa of .Ucwocoload.ea ,.. 
etu«lled, ctae ratt.o et 5011.0 .,. .... 41p1otct an4 bapl.oU was about s. .U 
the pl'e8$1it ttme, eanfol •..stu em .ci'OColOQJ' fcmu.t£.on an available 
em o1oaea of cella of all plot.Atea be&waea oaa ami atx (10).. Ia rtpn I; 
8\lftival cunu are pn1nted fo., SO lw •·rap fol' .-e ~t:toMly relat..S 
atl'al.ne of varl.oua ploutea. The haploid cells an _.t eeaaf.ttve aacl the 
tlipl•Ue aoac r•Lataat. ~~ 4i,1oU. ~ .....UOHtkl,t.ivity lacnuea 
wtt:h 1acr.,..taa ,._ ~.* · 

Slace tlle cruplatBc C01l4Umh of 4Ufer•t ploidy cells appfiad to 
•• attsd.lat". it ........ that $1Cle&r and ,.....,. aaettc --~· wuld 
ltave to aceoual for ·the cell.di'riaioa ~bltf.oll. AUJ.ou was made to the 
vell~ktaotm &8Htia of ~.1!• U4 .,. ...... tal mct.eca wu ohtaifte4 
for 4efild.te t;pea of ...... 41114 .-.,ut:' ~~Mbar&J.._. 

Bf!fMlve let}l!! M-a. 'I'll! . ~l 
De floret .,Uiamtt.\1 augeated tut _. •bape of blploU al\11 

diploU mtcroo:olOil)' •av1va1 cUi"V'U .ape be 4&00Uftte.t to~ b7 a let¥1 
elai'OIIO.._ daaqe tlhl4lt ..,rea•• itae.lf ill the baplo1.4, ktt if lt oct•• 
tu one ..-. 0817, Ut u rec•atve fda the .Uplolcl. 'fbU _..1 pn4kt• 
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tMt l'eoeeet.ve lethalt of tllu ld~ wUl 11\crNae ~he radioseu1tiY1ty of. 
the 41plo1d cell. ia a~rdanoe wtth the proposal by Latarjet and lphruaat (4) 
tbat X•l'ays .ar partially baplei4ize a 41ploid c•tl, aD4 each cbaDge .aa 
1rulee4 obauved (14), .alehougb it us aot been prov• tbat it is clue ~ 
recessive lethall. 

A si11pliftu aatbem!ltkal moclel ftn: a~t:val baa beo propoee4 oa the 
A8$UK!ptWn that the ehromosomu ccntala a fi.aite nu•al:usr of "a!tes", whtch, 
either 4ue to cheil' blologioa.l f.llport•ce or due to tboir p~stcoehemical 
coascltutioa, become foeai pointe of a..-tlc S.~ajuq to .cella~ 'ta .. such 
sites per aeaome aTe •••~•. tf eke le~l dames• ta comple«elr recessive 
an4 no ncoveqt 11 peatible, t1tea the pnkb1U.ty P1 of a cell of ploidy 
p eunivlaa a flu of r i.on1atas f4'1'tLeles lcril1181 be apre••" • · 

,1 • [l·(l·e·tN.)f r (1) 

wlte&-e a 1• the appU'ftt "•~u section" of a staale aeuitive site aad 
1t 1e eeaumed that all • a(C.. bawe about the eame cto•• •ect1oa. The ~· 
It ia .-I'IJ a1te 6ft4 the pal't1c1e flvx r are nlatech D • e.p. whue e 1a 
the llaeai' eue1'81 traaefell'. 

Wood ('lS) obta~4 n ~30 an4 G appears eo be the same iD the preeeace 
or absence of oxyaea although in oxyaea all co·tla an mol'e seaa,ttive to ....... ,., 
by abotlt a factor of two.. Tlle&e 4etemiut.ioaa of • aH Q.Ot ai8ldf1caat 
etaee evbaequoat work at&o1fe4 that. recesa.ive 4efeeta ea• t&Ot COliPletely acCO\Ult 
for t.t\UJJltlon of cell 4ivief.OD at hi&hel' ploi4lea. aa41aUoo seuit.iv:f.ty 
vad.ee with phyaiologiul •~•t• of the eeU, u4 ia the bud4i.ag sta'te, 
cella an about 10 tbrea more .,_.i8t&nt. tban l'e&ti'QS (16). · 

leceaaive lethal• 1uwe bMa 48DOl'UJtrate4 1n x•ir1ta41ate4 41ploicl 
,eaet b1 eporulatiq the cella l.mmecl1atel7 follovf.a& ••••• to rut.a•lon 
aa4 obeerviq the ab11.1t7 of the haploid apona to form colonies (17). The 
proc.erture is ehowa\ in Pia. S. Many of t._ heplo14 aporee are not ritable at 
a ••• whJ.ch 1nltillita eeU 41v181oa ia only a fW percat of the 4f.ploicle 
Wb1le •at diplo14 cella p-ow uto c.oloatea. 'lhe aumbft' of recesalve letltala 
found bJ Malft1 (18) 1• auck le••• bovever. than that expected tf all haploid 
cells are iuctf.va-tad by t1d.a 4amaae. bact quantitative 1nfor:mat1ott on 
the percentaae of t:eceaaS.ve 4afoct is difficult to obtai• becauee a0111e cella 
4o not aponlat.e .am~ cell 41vtaloa. uy bd.q about ch'rODlOaQIDI reanaa..eata. 

J!!IW!pt letltal ~ (17M 2) 

lt vaa l'Q.Ioaed · fl'Oa tbe ucure of survival curves of higheco p1o14y 
cella tbat slagle lon1&1q eveatt caa atve tl'tse to lethal reeults ev• 1a 
the preaeaca of aultipl-o poomee. ta some ee.eu tbia finding ~~ay be a 
l'enlt of z-ecesa:tve I.Djury by the same patticle ia a pair of all•U.c 
eitea (lt) but tltla raeckahi~US accouata fH onl7 part of the •ffaet 111tb 
heavily ~t.oa a (alpha) wa,.... For a..-rqa the ••t 1.11ce11 upl,..tt.on le 
tile ex1etne~e of 4oad.aaat letbala l&t4uced by the t'adi.tltioa. Mortimer (20) 
upoaed 1a4tvUu1 haplo14 cella to variou closea of x•l'&J* _. aubs-equeat.ly 

-'fr ..f 0 ,. -: ~ 

..... ·.• . • -! ,,., ( . \ . ' '. ,, '·"" 'J, ·i :, ' .... '· ",. c • ·~ '-. ' , ·v . ·.jll., j 
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U$1ua mictcmauipu1atlon t.edmi.q11.S• bt'oqbt these cells in contact with 
unirr•diatecl baploicl cells of. tht oppos1te mot!ng type, as shon oa 
rtpre 4. Many of the cyaoua fotme4 fule4 to aenaa:aau aacl the znote 
•untval curve appeancl to he atad.l&r to the aunlval curve of the &ame 
plo14y,v•setative cella. The hequncJ of letula itaenaaee at a at•• 
tloee pnpon1oaa1 to the plcd.t1p (21). Thua La Q.e preeeace of 4omiaatd 
lethal 4amage an exprea&too tor the probability ft of a ee11 of plold.r p 
surv1vins a f'lw of p•rttclea r could be . 

•2 = f (p.P) 

'whore 12 1• tl\e 4omiuat lethality function, tiadlar to that 4efiae4 bJ 
IA4 aod c.a-tohee14e (JS). 1'h' ~t lethality fmtctloa ae obWaed for 
U,lol4 atttl 41p1o14 ••11• ia ahcnnt OA rtSUI'e 2. 

U 41oad.uat aa4 ~sb·• lethal de.maaa an ~a4erat an4 also are 
the only s.m,crtaat aieehanlaai of cell11lU iuactivatioa la yeaet, thea the 
overall aurvlv•l probability would be 

r • P1 • r 2 Gl [ 1 -<1·e·a~F>' ]• • f (.p.r) 

For ploldlee of triplo~4 8ftd bishtT 

, '* 't • ··2 f(p.f) 

'fhu the LDSO of colla decnaeea lu aa fjawene faahicH\ nlative t& p1o147 • 
attcl tld• ia approal.aately Witfit u totm,d. · 

lfaa)' diploid celle • •urvivore of a mod.era-te 4o8e of ra.dta•iw, .alve 
rlae on autriett.t apr .to lld.cJ:Oeoloaf.es Vhlch pro11.fua" at r.._e4 l'ate 
&lld bave peater ratlioe.-uitlvity tha uontal cJtpleUe (14). Slow &iowing 
eoloa.t.ea are alto prochlced •• pcoaeay of · •socea tlhieb od.siute ftom 
coajusation of one uo1ml41 1\aplolfl and cme 1n:a4Leted baplof.d cell.. These 
ulla •Y be pa1'Cia1ly '1leplq£dueci" (4). Alasdft& that 1' aitee . are . 
affec.._. (12) (14), oae would be ,_.,, with a cell tdtla r hapleW w :tl•l' 
c.U.p1o1tl aaettc attea. h'obab111ty of aunival of the iajve4 diplo(tl 
(p•2) ce1la1 

A 1aqe fraeUn of tU pl'Ogeay au.tvivon of • mo4erate close: of x•t:aye 
exhibit iacreaae4 ra41.osena1t4v1ty correepoa41n& to •a (J). f:'l'lae lllllllber 
obaenecl, twwever, u ~}1.11 deftnttely ema11•l' thaa What may !:.,• calculated 
fi."Oil prokbtllty Giatwtb.tt.ou. f.\ 

'•I. • 

(3) 

Aetu&ll7, dif.ferent atralu of '''Mmalu cell• of the ·~ plo~cty 
fthio£t definite val'f.alioa f.n ttt.ir t'a4ioeeu1t:f.vity, ...... 1ate4 to thei.l' 
geoeUc eoutibtt.oa. · The oifiueneee ace IRICh mon •l'ke4 in diplot4 thaa 
La haploi4 lleUa. Genftall7 epealdna, greater hetel'O.typaity of 4iplo~cl 
cella leads iO ucceaaed ¥'MUtaace tO x•ra1a. Tbia 18 ahowft bJ t:he ftmlia$ 
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tbat bcnoi.JIOUS "illegitimate" dt.plo.U. are mo-re tUUtion seM1t1v• &bar.· 
diploi& obtaiaod from •tinS• 

Dz!.1~gl J!!!J!I!!G1Ui 

!ntpPI'etattoa of tho pbftlcocha1u1 mechaaua of ra41ation l.tlJUI'Y 
ie -a •~• 41ffkutt by the. fact that the lnitwl a.nJ_,. ts very 4ep~ 
ou the epatial dtstribur.toa of l.ocd.ut-1-on, 01.\ tlu\ _..., cOtt~t aad ctwnaical 
COIIpO&iUon of the meclium., flml em the pbyalQl.ogice.l ata•e of the cell&. 
RfilQ.OVUJ from part of tbe f.aJGt'J is also l.nllueaee4 'Y t1\e aama factor•. 
Tbe vu'"Lft of . the ~1:0sa aectt.on a wu meaaul'e4 over a wide 1'41W) of 
lu.et: ea,etgy trarieftr (lZ!') (12) (22) (38) aud tllo rel-attve btologi.e.al 
CJffocti.veneea (UB) ia tOUliCl to r._u ovol' a cotttd.40.r4ble tft l.ntetval. 
10 ·011e hee· ae yet t~ chemlca1 ·aaen'• chat wu1cl modlfy ra41US.ota ~~e 
at hip LBT (23); but ~sa &U otbef motllflera Wll.l act Oil yea•t cello 
at low tft.. Ugh -=emp.erature app11ed pl'e .· ol' post 'rractuuon. amplifies 
ra41att.on effect (24). Th.a ss~ ecmetdotable va~1at1ons. one can 
oaly exp1a:IJ:l the vutac.lotttt of <1 by ·attsulrd.•s thae the radlat1on ·effect •• 
.low Ll't ia qaaU.tatt•ely dlfffft"ent f.rom that at htgh ur.r. '!'he meantna of u 
£a not the tcue Ct'oso sectton of. sOn:se a~tul bodr of mo1oculea where the 
ioaitlltas p~rtiol.& UNGt ldtJ it te r•Chel" 4 J:Wmber tavolv:tns probabtU.ty 
of tacuae.uon of .the towins 'arttcle llllth the fiueleoproteia «nd eur¥0Ull4tna 
cellular m.e6iUJJh HoQvet', l01i'1Luti.9a within eseenttal macromolecvlar 
stwcturea u f"requently effec.t£ve.. Constfkrable evldttiee is aeeumulatiq 
~t the oiU of the actual es,reesed tnj1ary may btJ l'emoved from the actual 
al" of loniutt n. One aplaoation givn lGakta tbe U$UDJPt1on tbat mott of 
the pd.maq 1ateractio._ lltled not. take place to the macromolecule affected, 
bllt eheraical 1at:ease4utea may migrate eo the etc. of tojuty .U nact 
then (12) '") (37) (J8). Azlot\Wl' mo4e1 &l$11\1le8 s•eration of 1nj"'y 
witht.D tho affecud macHmOleetd.e, wldch th*tl cbesdcaUy tatoracte with the 
auttourulias cell mGtium (2.$). the e:ffec&lvetleea of hlab t.aT uy t~n be 
aacrDett to the pro4tict1oo l)t aever41 I!J.lstltaneeua ton pt~.lrs a.t O'l' near th6 
s'.Ce ·of loJury .. Fl;_.~.t·r·· .:;_;;:1.:" .. ~!·~~ ~-c.-·<;l~1:s~ .~·4:~~~-.--··-~r:t""?.;.~r.1:."t -c.z-1! :·:.t~ r;:\: :.;.f._H)?.~:~J. 

rue ,ittadiation lea1.01ll,. 

Su1Jaicro$40p1o ra4tati.Ga Uil\lt!J may Heovu ol:' 'teaio lat.cmt. fot" 
example. poot: 1r~mlkt1oa temper:atul'$ chal\3• affect the abtU.ty of cella to 
fob ooLm1ee (24). The radiolesl.ona frequeut17 como to expreaaioa dU.l'inS 
cell 4ivLaion. . P.y obaeniq tlle time seq,ueace required for eell dl.v1af.oa 
aad the fate of the pnae81 of t1'r-adiated cellt un4ol' the microaoope1 it 
waa aacertained that yeast cella ebow areat a~ttatieal variation tn tholr 
ahl11t7 to fl'Oduce viable claushtera. A graph ehovina the e1me a•quence of 
eubsequeot cell dlvia1ona in normal and in 1rta4iated 41plold cella La ahown 

*thfJ la&;ut Dl clata obcai.ud fo't' haploid yeast o•U• are plotte4 ia. 
rtawe 2 of "lUoloatoal. 8114 Me41.cal Stdies with atp Bur17 rartic1o Acce1• 
erator:a•• b;r J. L.. BOrat .!1 !1• eubad.tted to the 19$8 t.ntent.ational COI\fel!'eaeo 
on the Peueful Uaea of 4tem1c Eael'aJ. 
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on Figure S. The normal cella show a regular pattern of cell dlvtsou 
and nearly all cells divide. The progeny of tn-adiatecl cella not only show 
great variation in cell division time. but 1nclu4e productiora of IWJ.I\1 colla 
which are not viable (26). Abnol"'ll81 aeneration of non-viable cella aaay 
ao 01l for several seneratlou •. Several cella among the progeny require pro· 
longed time for subsequent div1si.ona whicb may persist for many generations. 
A similar effect. on p:owth of macrocoloniea was observed by Korogodia (39). 
When a chromosome rearraaeement or mutation occurs that allowa the cells to 
regain their nomal ability to divide. the healthy cells will outgrow the 
ones with red.ueed v1ab1lity (14), and tb1a mechani.am may • in the course of 
cell 4ivis1ons, rod.uce the recessive 1etb.als in the population. 

~4f.at1on indueed mJ.toSic •tareetl.on of J!l!etlc . charuterietics 

Study of the alteration of phenotype aa4 senotyp• of cliploid 
Saccba1:'9!9C8! cereviaiae gave more def:Lnite evidonce of the nature of genetic 
damage and its delayed phonotypic appearance. lt La fJaportaat to know at 
vhS.cb level x•raye act Oft sanetic conacitutioa •• are etnale aenes or tl\eir 
molecular coafisuration involved, are several genes a.fftct.e4 together, or are 
iilt.eraenJ.c linkaaee altet:e4? So far 1t appeara th4t point mutations, at a 
alv$G locus, are rather tafrequent. A eurprieiag amocnt of ehromoaome 
reattaA~eDICIUt oc:.cwe, however, as a result of mitotic eroesing over. 
Jamee (27} baa shown that diploid yeast, heterozyaous for a locus detel'Ud.n1Jtg 
ability to ferment aalactoae, will precluee a relatively high frequency of 
abern.mt colonies when irtacU.ated with ultraviolet. Whereas. tm.LrradJ.ated 
cells all gave rise to black colOll.tes on iaclt.cator agar, many irradiated 
cello produced colonies which were eaU.ll'ely white or eeetot'e4 black alUl 
white. The white phenotype 1ml1eatea homozygosity for the recessive locus 
conferd.na ioabJ.11ty to ferment plactose. Genetic aulys:l.e of some of 
the eeetored eoloaLee ahowe4 that moat were holllot:ygoue 4oudaaat oa tbe 
black aU. and hODlOZYfiOWJ ~eeeasive oa the white sUe. These resvlta give 
stNag aupport for the oceC'"aee of mi~tu crouLfts•over 1n u. v. 1n:adiate4 
yeast. Ttleee effects have also been ahown to occur 1n a•:lrracU.ated 41ploid 
cells heteroznous at a number of biocheatical loe1. The frequacy of 
occv.n:eace of variant colooiea was fo\Jftd to iaoreue with the ciiatance of 
the locus from ita centromere. 

Couiclering tho results for the ad2 locus, a dose of 10,000 r:, which 
produces onl7 10% iaactivation, stvea d.a• to 3.51. variant coloniea. These 
variants express ctumaea on only an am of one of the linkage groupe. there 
ia evidence for at. lease 8 U.nkaae gt:oups in yeast and henee up to 16 arms. 
Asaumiq a wifom population of cella, aad a un1fom eeuittvity per chromo• 
some am, the DU.nimum perceataae of diploid cella with one or more genetic 
alterations which result ia homozygosis is: 

100 [1 - ( 1 • 0.035 )16]» 45~ 
Thus, on the baa is of the above &aSUI!!PtiOI\8, aearly half the cell pop• 
ulation has experienced an altuation of genotype at this nearly sub• 
lethal dose. 
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Mortimer anct Gunther (30) are earryina ouc a ayatemstk study Ol'l 

factors affectlq x•ray t.D4uced reversion INUt1ou. trra41atiou of the 
homozJ&O\Ia 41plo:l.cl auxoti'Oplle (i.e. * requld.q nutrltioaal metaboU.to) 
eaused back mutations • viz, reversion to the prototropba (uot requld.ns 
some metaholite). The Ye'W'enl.oa rate ta aevel'al 4iffereot etratu vas 
proport1oul to &ae (f.a the I'U8G where the letlial effect fl'Ol'a the racU,• 
ation reaaiaed ama11). leVG~lon rates iadae .. varied froa atraia to atr.aia 
in a fifty•folcl raage. '1'be reversion rate 1aereuo4 b the p1reeenee of 
oqaen over that obta1De4 euerobtcally • b11t tbe aU:roaea-oxysen. 4oae 
rechaction factor (DRF) ahowecl conei.derable variatioaa betweea 1.5 aa4 3 ta 
aareetiii!Gt vitla aim11ar obaervattol\8 of Alld.eraOil (31) on &actel.'ia. Siace 
1ah11d.U,ma of cell 41vlatcm baa a DRI' of about 2 to 2.2, this evideDce 
coatrl.htea to tile belief tbat t1etaUecl mecbald.81U of poi•t •tation 
effects may he cU.ffecent fna cell clivuton f.ah1•1t1n. 

It :La MW d. ear that attempts to uke math-tical •dele for ••rvlval 
are ocm:apU.eate4 by tho fta41D.S that frefluent genetic croaaoven reeult a4 
the probability of croatoVer tlepencla on locua f.Avolve4. oae very freqvent 
reealt of in-adiatlcm of tip1o1d cells 11 su&aequeat cbana• fi'(KD heten• 
syaoaf.ty to homoaygoua aatun. to the aubletllal dose raqe many aucb. chaftsea 
&I'PGar 4etd.mertbl1. However. a ntral result of a maall doae mipt be 
eU.mlaation of 80118 exl.etl.l\a recoaaive lethala fl'oa tha population acl, at 
the apeue of pl'Oduclna some nQD\flahle cella • the appea1rance of homo• 
syaoet.c,. of po4, dominant characters. 1tomaa aa4 Jacob (28) have taken 
41p1o14 yeast cella hetetoallelf.c for a biochemical requirement locu.. f~ 
Which reooveq b)' revueiOD attat.ioa ia poeeible. Such cella oi'Cit.aad.ty clo 
a.ot fom eolcmiea oa nutrtenta la~ktq the parUcular aeetrate 1molve4, 
Small doaea of ultraviolet raJ& aignificaatly iocreaae4 the revoralon rat•· 
la our laboratory (29) a almilal' exper1rleat vas trled uataa x•l'aya at a · 
lleteroalleU.c arg1n1ae nqui~t 1~. fiftJ roentsen.e doubled tile 
revel'aioa frequcmcy. 

YBAS'f l'OtuLATIOISCON'riWOUSLt BXJIO$ED 'fO I•UYS 

It La of general laterest ~ lalov how the bowle4se pinecl in acute 
aenette aa4 1etllal1tJ exped.1DIIJ.lU moy be appU.ed to populations of cella 
coftt!.Duously expoae4 to x•rays fot' many seaeratiou. pactlcularl)' La vlov 
of the fact that racil.atl.oa aeaaitivity varies ovel' a t.eofold .ranae 4ur1"S 
the k441ng cycle (16), tbaC chl'omoaome crosaovers are quite nv.mll'OWJ la 
lrradiate4 poput.ttou. 484 the usumptioa that mutat.lou will accuailate. 

An aeUvely clivt~U.q 4iplo1cl yeast call populatJ.oa 111 a lt.qutcl cnaltqre 
meti.Uill has been expoee4 b7 Welcll to 85 kvp x-raya {32) for various ,_riocls 
up to 115 aenerat1ou. The c:ontinjpu flow apparatus which 111411\taine-4 the 
population in the steaiy etA.te was ••aeetecl by prevtou exped.11enta (33) 
(34) .~we 1Morporate4 mo<lificatlons that permitted cell d.tvisoea at a IIUlX• 
tmuaa rue, not U.mited hy chemical environment. Steady atates of popu• 
lation were brought about by varyiftl tlle rate of avtd.eat flow to the growth 
tube utttil the nte of washln& cells out was •tche4 to tho rate of cell 



UCRL-8268 

di""bio11. Tb• diviaion rate at any time was then simply proportional to 
the bow nutrient flow rate to the growth tube. 

' 

By moclifyios tho rat.e of autr1allt flow. it waa poseil»le to matatain 
a steady atate population actively 41v14ing La los phase at all doee levele 
teatect up to 6150 r per generation. The main effect on the populatf.oa 
seemed to be a lengheaing of the period of time required for cell divisloa. 
figure 6 ahowa the d.opell4enee of yeast cell cUvision rate on x•ray close rate 
obtained. for 26 different ateady•state conditiona. The clecreaee in cliviaion 
rate with 4oae rate ie aeady linea.r at 1 x to·4 hr .. lr•l generation out 
to about 2500 r/senuatioa. Thea it tend.a to level off up to 6150 r/geaer• 
ation, the maxiBUD available for these experiments. lixcept for d.ata at low 
4oae rates, ttuaae renlts are 1a agreement with the n41ation induce4 
eli vision delay moclel pnpoa~ui by Bul'U (.5). This ia based on the aeovmption 
of a specific DUmber of sites conceruecl with delay ancl that delay la pro­
portional to the fraction iaacti.vate4 by ra41atloa. 

Several morphological chaJlaea of a aeaeral uture were noted in 
contlnuovaly inadi.ated populations. Without lrradlation cella from the 
culcure appeare4 quite unJ.f.ona in abe, but uader the lAflueoce of H•J;acl1at1oa 
a epectl'UIIl of size wu obeenea covering a range from nolil&l up to 2x dia• 
aetel'. Moreover. with irradiatloa a marked increase 1a visible cytoplatad.e 
etl'UCturea of 4 sranular a.atul'e was ru>te4 ln the phae• microscope. The 
attainment of steady·atato UDder irradiatioa was .arked by a traaeition 
periocl of several aenerati.ona during ~hich the average division rate 
Clecreaee4 nci the morphologic changea noted. above took place. Ltkewiae upon 
l'emoval of radiation frcra the cultve, aeveral generatioaa :1ntenell04l befO'l'e 
the oris:lul division rate was reaaine4. 

Teate for viahilit7 of tke culture were ma4e by platina samples from 
the growth tube aacl, aftel" 24 hour incubation, count:Lna viable and no'DV1ab1e 
cella under & microscope. At •150 r/seneration 671 were viable, tbe 
clependenee being approxtmatel7 U.aear with dose arate. 

Dud.q the loaaeat 1'Ul'l the acc\DIIIalateel c!oae to . the anceetral popu• 
latiou was approximately 4 x 105r. Siace exposue to sublethal x•raya 
eohancea mitotic croseiDg over which Ln yeut 1a a major cavae of genetic 
variation, the 4leU.very of a large close presents tbe pouibility of selectl.ou 
of a variant better able to reaiet the tlamagiq effects of rad.iatioa.. Oil 
testing for this, no eiaaificant chaRge in sensitivity to acute SO kYp 
x•ray exposure was found in 6 samples taken ciud . .ag the course of the exper­
iwent which covered llS seneratione. 

CONCLUSION 

Several featw:ea of the 1ahibiti01'l of cell divieioa of yeast cella 
bave 'been elucidatecl as e nault of studies by a group of iaveatigatol'a 
over several yean. The pmcloction by x•raya Gf recessive lethals a.nG of 
domtnant lethala bas been shown, and thue two seem tCJ account for the most 
part for the inhibition of cell division by x•raye in varioue ploidy cells. 
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Genetic rearrangements la the diploid cell so on for several generations an4 
result in lethals as well ae in tmpaire4 end recovered cells. One aeehaaiam 
!nvo1V'e4 in the real'ranaements is x•ray taducri croasovel'. The frequency 
of crossover is a functlou of linkes•·• and the ia4uctt.oa of reversion 
mutations by x•raye ahowa great variaticma in rate of reversion aa well aa 
in oxygen sensitivity. Stea4y atate populations of cells caa exist vadeT 
high 4osa rat•• of coattnuoua lrTadlation • 
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SCHEMA OF HAPLOID AND POLYPLOID YEAST CELLS 

X362 

HEXAPLOID ~ 
X355 

PENTAPLOID ~ 
X323 

@® 
225 

TETRAPLOID 

X321 

TRIPLOID 

DIPLOID 

FlGURB 1 

Sckaaatic arrangement of acme of the haploid uct polyploid Saceb.aeo!Y!"'' 
cerevf.al.ae ueed. in Berkeley. Black and white ban refer to genomee of 
the two mating typea. Cells on the left aide of the axle will generally 
form z)'IOt~ with cella on the right sid.e. 'ftle clou d.eaipation end cell 
volume in ~ are also given. Cella enclosed in the squares w1th thick 
borclerliae are the principal matins types. All other ploidies can be •de 
to sporulate; on rare oecasiou they can be mode to fom a)'gotea with 
aaother matins t)'pe. 

r 



....J 

~ 
> 
0::: 
:::::> 
(/) 

10 
1-­
z 
w 
u 
0::: 
w 
a.. 

1~--------~--------~----------.....J 
0 25 50 75 

DOSE, krad 

FIGVU 2 

UCI~L-826S 

Su1'Viva1 curves of uplo14, 4iploid, tetraplo14 au bexaplo14 ~Cba!O!ll£0!. 
c•revtsiae. C~iter1on for survival .aa fo~tioa of mac~oloales from 
eiagle cell isolates. 50 tw x•rays wer• uect at room taapera.ture. 
fnba'biU.ty functiw P2 fo~ domta.t lethala aa 4eacr:f.be4 1R tot is aloo 
p1otte4t. 

• baplol4 Y02587 
£ tasploi4 Y02022 
o diploid X32 
o tetraploid X323 
~ hexaploid X362 
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rrocea.te emplo7ed in .,O~lation. first diploid cells are grown ia a r1ch, 
pre-Jporulatlon mecU.um. Following x•irradf.ation tke cello are placed on UP•• s~ts. where after some elapsecl time thq sporulate. The ascospore 
is puoctved with a nd.crcmee4le, arut the eporea are separated aacl place4 on 
nutrient meclium. Clonu shoulcl appear in 2 of 4 or 0 out of 4 spores from 
cella with recessive 4efecte unless recove\7 occure. 
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FlGUU t. 

Proce4ue in studyins clominant lethal damage in yeast cella. 
Top: Arransement of m1croneedle and llicroecope stage for mat\1.pulat1on 

of the cells. Tl\e cella are on t:be '·tower side of a thin layet' of agar, 
mounted 01\ a cover slip. 

Center: (1) cells of mattns type a and a are placed on nutrient agar 
in two c!J.fferent locations. •~a'' eelle are x•raye4, •a" cells shielded. 

(2) By micTOmf!mipulation a and an a cell are brought into 
c:ontaet. 

(3) 
(4) 

or to lethala. 

In a few bouws zygotes are formed. 
In a few dayo the zygotes give rise to clODOD (survivor) 
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:Sud4tag tl.lues of normal d.tploid fa.echar®l}'(:e! cerevtai(le (top) a.ad of the 
progeny of a eeU 1rradiate4 by 20,000 roeutacms (bottom). Sftlall circles 
indicate that the partieular cell baa not zone on co 41v1cle further. ftia 
study was carried out by mf.cftJll&llipulation tub.nlq•s. Io<Uvtcl•l cells 
vere ohsene4 ~ the mk roeeope contf.lwoual7 1 and mother and dauahter 
cella separated by U$ of a mteroMectle after each clivie1ol1. Usually, 
y&Mt. cella wet la the two celled state anct separation of the two cella 
1a poaaible only about the time when a ,nti:w bud appears on oae of them. 
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FIG.I4 DEPENDENCE OF DIVISION RATE ON DOSE RATE 

FOR DIPLOID S CEREV/5/AE EXPOSED TO 

CHRONIC X-RAY IRRADIATION 

FIGURa 6 

Dependence of 41vialon rate on dose rate for d1plot4 iacc~~e• 
$Ler$V1&L!! exposed to chronic x-ray 1rradiat1on. 
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