
A CO;\IPARTSON OF TI-IE KINETICS OF ENZYMATIC ADAPTATION IS 
GENETICALLY 1 IO~lOGI:.NlSOUS A N D  1 IETEROGENEOUS 

POPULATIONS OF YEAST' 

Populntions of microorganisms ~ O S S C S S  thc  ability of undcrgoing striking 
cliangcs in  thcir physiolo~icnl propertics under thc stirnulntion of suhstanccs in  
thcir cnvironnicnt. Such changes may involve cithcr tlic acquisition of an  cnzymc 
system not previously dctcctablc or  tlic loss of OIIC that i t  lind possc~scd Ixforc 
tlic cnvironmcntal chnnsc. An csnmplc of this plicnonicnon is chc ability of 
cri-tnin ycnrts to ncquirc thc cnzyniatic apparatus ncccssary t o  fcrmcnt b. '1 I 3CtOSC. 

Sincc its discovery by Dicncrt ('00) this pnrticiilar problem has bccn irivcstigatcd 
by nunicrous workcrs. Arnistro'n:; ('OS) confirincd Dicncrt's findings nnt l  fur thcr  
found that  sonic ycnsts wcrc incapnblc of acquiring this physiolo~icnl property no 
rnnttcr how long thcy wcrc culturcd i n  tlic prcscncc of ~ ~ l n c t o s c .  Slntor ( ' O S )  
sho\i~cd t h a t  thosc ).casts cnp.iblc of fcrmcnting gnlnctotc posscss this ability only 
nftcr they h n d  Ixcn ncclini;iti./ciI by culture in its prcwicc. No yc.i\t Iic in- 
vcscisntcd 1 v . i ~  al)lc to fcrmcnt t l i i t  Iicsotc inimcJi.itcly upoii being introducctl to 

a medium coritnininx i t .  Tlicrc nlw.~ys  nn induction pcriod of vnri.ihlc Iciigcli 
connccted \ v i c l i  rhc acquisition of this propcrty. 

Attempts  to c1ucid:rtc fur thcr  tlic nnturc of this acclimatizntion or ;itlaptncion 
encountered a basic problcm cornnion to  n l l  studies of physiolo~ical chnngcs in 
large populntions. A coniparativc biochcrnicnl study of Inrgc populations always 
involvcs ovc.r-al1 populational clinrnctcristics. This nccccs.irily introcluccs dits- 
cultics in  thc intcrprctations of any obscrvcd chnngcs in physiological propcrtics. 
71ic mechanisms avnilablc to nn inclivitlual ccll for  adapting itsclf to an cnviron- 
mental cliangc arc liniitcd by its genome and thc physiological flcsibility pcrrnittccl 
by its particular dcgrcc of spccinlizntion. Whcn, liowcvcr, the ndnptivc ability 
of a population of cells.is bcing considcrcd, thcrc must bc nddcd to thc physio- 
logical pliability of its nicnibcrs thc gcnctic plasticity of thc group in tcrrns of 
thc nurnbcrs and kinds of variants i t  is capable of producing. 

I%ccausc of tliis cornpotitc nature of populntional adaptability, i t  is clear that  
in any particular casc tlic sarnc cnd rcsult can be obtaincd by any onc of tlic 
following mcchanisrns: ( I )  thc natural sclcction of cxistcnt variants w i t h  tlic 
dcsircd cliaractcristics from n lictcrogcncous population; ( 2 )  induction of a ncw 
(ns f a r  as nii'awrcincnts of activity nrc conccrncd) cnzynic by tlic suls t ra tc  in 
111 tlic members of n homogcncoiis population, rcsuliing in an incrcxc in thc  

'This work was  aidcd in part by a grant  from Anheuser-Burch, Inc., St. Louis. 
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mcasurcd cnzyniatic activity of tlic populition; ( 3 )  3 combination of natur.il 
sclcction and tlic action of niccliani5m ( 2 )  on thow rclcctcd. 

Scvcrnl attcmpts havc bccn niadc to  dccidc which of tlic abovc nicchanisms i r  
involvcd in  tlic adaptation to  g.ilactosc fcrnicntntion. Solingcn and Coolhaas ('21) 
grcw thcir ycast cultures a t  30" C.  and Iiic.iStIrcJ cnr.yiii.itic activity a t  3s" c. to 
avoid ccll division during tlic mcnsurciiiciit of CO, evolution. They conc1uJc.d 
f r o m  thcir cxpcrinicnts that  thc production of plactoLymasc parallels tlic fornia- 
tion of 'ncw cclls. I n  addition, thcy confirnicd Kluyvcr's ( '14)  findings that a t  

35" C., a t  which tcrnpcraturc ccll division is coniplctcly inhibited. no atlaptation 
takcs placc. Othcr  investigators also tricd to  obtain adnptation in the absence of 
ccll division since this would clcarly cxcludc thc opcrition of natural sclcction 35 

a causal agcnt in  cAccting thc chnngc. Eulcr and Nilsson ( ' 2 5 ) .  and h t c r  Euler 
and Jansson ('27) in a more thorough cxnniination, tricd adapting yeast t o  

galactosc fcrnicntation i n  tlic prcscncc of O.S pcr ccnt phenol to inhibit cell 
division. Thcsc attcnipts failed. Thcy also rcpcitcd Kluyvcr's attcnipt to tlis- 
sociatc gro\vtIi and adaptation by culturing thc yeasts a t  36" C., but  again ncithcr 
growth nor adaptation occurrcd. Stcphcnson and Galc ('37), usins Burt. Cdi, 
also concluded that  adaptation to galactosc i n  this organisni war invariably iccom- 
pnnicd by  ccll division. No cvidcnce of adaptation wns found i n  thc abscncc of 
ccll multiplication, and thc incrcasc in galacto;.ymasc activity in  thc growing 
population could bc cxplaincd on tlic basis of thc ncw ccllc formed. 

T h e  fnilurc of thc abovc-nicntioncd authors to find adaptation in the complctc 
abscncc of ccll divirion cannot bc takcn as conclusivc cvidcncc that no such 
phcnorncnon could cxist. I t  is conccivablc t h n t  in cultures whcrc this "ideal" 
had bccn rcachcd, thc physiological statc of tlic ccllr wns such that  thcir ability 
to  svnthcrixc ncw cn;.ymcs h.id Lccn iort aloiis w i th  tlicir ability to dividc. 
Stcphcnson a n d  Yudkin ('3G) concluded from thcir cxpc:inicntq t h a t  the produc- 
tion of galactoiyrnasc in  yc.irt culturcs nccd not involve tlic formation of ncw 
cclls. This  conclusion was bawtl on thc observation that  the ability to evolvc 
COZ anacrobically from a mccliuni containing galactosc was acquired in a pcriod 
whcn thc total viablc counts of tlic population rcniaincd constant. Thcsc adaptivc 
pcriodg wcrc rclativcly long, cxtcnding to  24 hours, and thc constancy of count 
was apparently obcaincd fortuitously in sornc of their cxpcrinicnts, thoush this 
was aidcd b y  using old culturcs which had cxhaurtcd thcir pol ysaccharide rcscrvcq. 

In view of thc apparcnt contradiction bctwccn thc  findings of Stcphcnson and 
Yudkin and thocc of prcvious invcstigators (particularly Solingcn and Coolhaas) 
the  prcscnt authors rcinvcstigatcd thc problcrn f r o m  a diffcrcnt p i n t  of view 
(see Spicgclnian, Lindcgrcn and I-Icdgccock, '44, h r c a f t r r  rcjrrrtd to us 1). 
Thcy dcscribcd a method (1 )  by which thc phcnotypic hornogcncity of ycast pop- 
ulations could bc examined with rcspcct to thc ability of thc individual members 
to acquire the power to producc CO2 rapidly f rom galactose. T h c  merhod 
dcpcnds on tlic fac t  that  a cc1l can gcncrally be charactcrizcd by thc type c i  
colony it produces when grown on an agar surface under standard conditions. 
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Thus ,  if a rcprcscntativc samplc of a population is plated out and rnoic than o w  
colonial type is notcd, ir may bc concludcci that iiiorc than onc type  of intlividu.il 
is rcprcscntcd in  thc population (see Shnyiro, Spicgclnian And Kostcr, ’37). I t  
will bc notcd that this rncthod of plating out  posscsscs the irihcrent advantagc oC 
providins in thc  process for thc ecolo+xd isolntion of the individual nicnibcrs of 
the saniplc populJtion. This pcrniits a rclativcly cornplctc cxprcssion of any 
plicnotypic hctcrogcncity which may cxist but rvliicli might not otlicrwisc l e  
dctcctablo duc to tlw inliibitivc conipctitivc intcraction amongst the plicnotypcs. 

In ordcr to distinguish bctwccn the rapid gas procluccrs (fcrrncntcrs) and 
those that  could not fcrmcnt tlic s u p i t - ,  sdvnntagc w a s  takcn of tlic f a c t  c h i t  
colonics whicli cvolvc C 0 2  rapidly woultl, whcn grotving bctwccn txvo layers of 
agar, produce typical star-shnpcd cracks in tlic a p r  of thcir imnicJiirc ncishlor- 
hood. T h c  qu.intit.itivc vJlidity a n d  rcproducibility of this dctcction method 
wcrc exainincd and found to bc satisfactory, 

Tlic rc.isons for tlcvcloping this method arc cvidcnt f rom thc above discussion 
of thc nature of populational adaptability, sincc one of the crucial points a t  issuc 
in problcnis of tliis naturc is thc phenotypic honiogcncity or hctcrogcncity of tlic 
starting population. Tliu~, if it  can bc shown th.it the initial p o p l i t i o n  w a s  
plicnotypically lictcrogcncour with rcspcct to the ability of tlic individuils to 
dcinonstratc 3 propcrty, thcn natural srlcction could opcratc to protlucc tlic 
chan!;c. Tf ,  or1 the  orlicr Iinncl, tlic pyu!.i t ioii  c,in bc tho\( I I  to bc lioiiiogcncoii~ 
with rcspcct to this property, any su(IcIcii changc i n  the cIiaractcri5iic ctutlictl a n  
niorc likcly bc ascribccl to  a dircct cytoplasmic iiitcraction with tlic substrJrc, tlic 
dclay bcing clue to a n  induction pcriod. 

Two stri~ins of Socchriroiiiy.ccr ccrrvisi;?c, Db23B and LK2G12, both of which 
could acqtiirc thc ability to fcrmcnt galactosc wlicn groxvn in its prcrcncc, wcrc 
csaniiiicd by t l i i r  nicthod. Strain IIb231), which was ltnown to bc haploid and 
thrcforc  gcnctically unstable (scc Lintlcgrcn and Lintlcgrcn, ’43 a ,  b, c, d, for  
furthcr dcrails conccrnins ycnst brccding and strain isolation), w n s  shown to be 
plicnotypicnlly hctcrogcncous l v i t h  rccpcct to galactose fcrmcntation. It con- 
taincd t w o  typcs as f a r  as behavior towards galactosc was conccrncd: Onc could 
not adapt t o  galactorc fcrmcncation whilc tlic othcr oiic could. Strain LK2G12, 
on tlic othcr hand, whicli was ltnoI\rn to  bc diploid, was uniformly honiogcneous in 
that all of its inclividuals wcrc a l lc  to  ncquirc tlic capacity for  fcrmcntative utili- 
zation of galactocc on standing in contact with the sugar. T h e  prc-adnptivc 
period of this str.iin undcr thc conditions of thc cspcrinicnts w a s  tlirrc hours, 
which is charactcrictic for this pnrticular strain undcr stantlard conditions, and has 
becn duplicated many tinics over a 7-month pcriod. This is apparently much 
shortcr than tlic ycriods encountcicd by Stcphcnson and Yudhin. Bccaurc of  
thc rclativc rapidity of adsptntion of this strain, cxpcrirncnts rniy bc pcrformcd 
on the rnccliinisnis of tlic proccss tha t  can rulc out  ccll divisions without 
drastic inhibitory trcatmcnts which might intcrfcre with othcr physiological 
functions. 
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T h c  adaptivc bcha\*ior of thew t w o  strains followed what would be cxltcttcd 
from thc &ta obtained on their plicnotypic clizractcrictics. Popu1.itions of 
Db23B, starting with a low pcrccntaSc of tlic fermenting type, could incrcarc 
their cnzymatic activity only through the nicchani>m of cell divirion 2nd the 
subscqiicnt TcIcction in  f.iror of gaInciosc fcriiieiitcrc. In no caw was incrawl 
enzymatic activity obscrvcd without parallsl incrcasc in cell numbers. I IoS‘CYCr, 

this was not t rue of LK2C12, i n  uhich adaptation toutcl occur without any  
mcasirrable change in total cell nurnbcr. Iroin tlic rcciilts with thc>c t w o  strains 
tlic cxistcncc of both tlic “natural sclcction nlcch,inisnj,” as well as that  of direct 
cytoplasmic iiitcraction, w3s concIutfcd. Which one was operative dcpcndcd 
upon the gcnctic stability and composition of the population. 

It  will be notcd t h a t  thc conclusion that natural sclcction opcritcd in changing 
thc charactcrictics of Db23B populations dcpcndcd on t w o  sypcs of cvitbnce, 
nnnicly: thc phenotypic hcccrogcncity of thc  init ial  populationc with rrspcct to 
gahctosc fcrmcntation; and thc inibility of t h i s  str.tiri to incrcaw its cnzymstic 
activity in  the abscncc of ccIl division wlicn placed in contact n+li galactose. 

As pointed out  prcviourly, the nbsciicc of incrcasing cnqwic  activity in ;I 
non-dividing culturc h a c  litclc criicinl intcrprcrivc valuc. It docs. howcver, IC- 
come more mca ning f u1 ivlicn comhincd \vi t h cvidcncc of plicno t ypic hctc rogcricit y. 
Ncvcrthcless, i t  would clcarly bc tlcsirablc t o  demonstrate thc operation of n r t u r d  
sclcction more positivcly by showins its cxirtcncc in g o w i n g  impulations of 
Db23B rathcr than inferring itc existcncc by thc abscncc of adaptition whcn it is 
not operating. It is chc particular purpow of thc prcscnt papcr to offcr such data 
on growing culturcs o f  D L 2 3 R .  A theory capablc of h3nJling the quantitative 
analysis of its sigtiificmcc wi11 also Le prctentcd. Tor purpoccs of compsrison 
Gnii1.w (/.ita wilI also be prcscntcJ on two tliploitl strains, T.K2G12 a n d  8 1 2 ,  both 
of which, c m  adapt without cell clivi.sion. TE will bc shown t h a t  tfre tinic- 
variation of thc ratio of the two phcnotypcs in  n DL23II population growins on 
galactose is qumti ta t ivcly dcscribctl by  3 ‘*natural sclcction” mcchanicm. It wilt 
furthcrmore bc shown t h a t  tlte dcpcndcncc of cmyniztic activity on i n c r d n g  
cell numbers in  growing populations of Db23C also leads to thc conclusion that  
natural sclcction is involved.. 

MATERIALS AND hf ET1 IODS 

A. Ycart stra.ahzs.-?lircc strains of Sairrltcrrottrycrs crrrr+riar isolated in this 
laboratory 3nd known as Db23B, LK2G12 and 812  wcre used in thc following 
cxpcrimcnts. Str.iin Db23B orisinatcd from i singlc ascospore, and sincc its ppu- 
lation contains principally hnploitf cclls i t  is charactcristictlly unztablc. Strain 
LR2G12 originatcd from an intact 4-spored ~ F C U S  in which copulation w a s  ob- 
scrvcd t o  occur pairwirc. Conscqucntly it is known to bc n diploid nnJ in contrast 
to the D b 2 3 n  is cliaracteristically stablc. Strain 812 is known to be dipfoid on 
sirnilir grounds. 

Mrdk-Thc basic mcdium \vas mudc as follows: I n t o  I iitcr of ffuid was B. 
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dissolved 5 gins. pcptonc, 1 gin. hlgSO.,, 2 gins. KkI~l 'O.~ ,  4 CC. of Y O  pcr ccnt 
sodiuin lactate, 2 CC. liquid yeast cstr.ict, arid to this was atlclcd tlic carboliydrats 
in a n  ;iiiiouiit sullicicnt LO innltc a n  Y per cent solution. Ag.ir placcs were ~naclc 
by aJJing t h e  rcquisitc amoutit of agar to tlic above basic rnccliuni. T!ic broth 
mctliuni was al\vays cls.ircd by filtration bcfoiw dibtributiun t o  scpnrnt'c ilasks ior 
autocliving. l 'his clearing proccss was cssciitial in  t he  agi r  mcclium to iacilitttc 
observation of the colonies OII tcst  ylJtcs. 

C. CdrLolJ~dr~tc.s.-l~cnb:cnt gradc glucosc wns uscJ. 'l'hc g.ilnetosc WAS 

Difco's purified f urthcr treated according to a method dcscribcd by Stcphcnson 
and Yudliin ( ' 3 6 )  to rcniovc :iny contaniinating fcrnicntable suga~s. 

Test ~~btes . - - ' l 'hcsc arc doublc-layered agar plates containing 4 per ccnt  
galactosc purified as dcscribcd above. Colonics grcw bctwccn the layers and those 
tliat could fcrniciit galactose cvolvcd p s  a t  a suflicicnt rate to producc thc typical 
star-shaped cracks i n  tlic agar in thcir immediate ncigliborliooil. To tcst thc type 
composition of a snmplc ppulat ioi i  tlic followiiig proccdurc was uscJ: 'lhc 
sample was cciirrifugcd down arid washcd free of any glucosc with h1/15 Kl~Izl'O.,, 
if it  canic f rom a glucosc nicdiuni. Thc wished cclls wcrc then rcsuspcndcd in 
chillcd galactose broth 3nd +luted to contain appioxiniatcly 5,000 cclls per CC. 

Of this suspension approsiniatcly 0.1 cc. was thcn placed on a 4 per ccnt 
gnlactosc-4 pcr cent agar surfacc from wluch all  csccss fluid had been allowcd to 
drain. Even distribution was obtained by rotating a stcrilc bcnt rod over thc 
surfacc. A 5 pcr cciit agar mecliuni containink 4 per ccnt galactose, cooled to 
39" C., was pourccl ovcr thc inoculated surfacc. l'licsc tcst pl.itcs wcrc incubztcd 
a t  28" C. ior  at  h s t  48 hours bcforc a count was talicil. Ub~inlly five tcst phtcs 
were prcparcd from cach suspension it was dcsirctl to csaniinc, and tlic results 
averaged. 

with g ~ s ,  WC'IY u s d .  All nic.1surcIiisiits \vcrc t:ikcii ;it 3 0 . 2 " .  C., ciis vcsscls bcins 
~lialic11 at  J ra te  of 100 oscill.itions per minute. The  nitrogen uscd to displncc thc 
air in nicasurenicnts of anncrobic CO2 production was passed ovcr hot copper to 
rcniovc any traces of osygcn. 

Cell corrrrts.-Ccll counts wcrc niadc by nicans of a Spcnccr bright-linc 
hacniocytomctcr. 

D. 

Counting was doiic under the low powcr of 3 disscctiiig microscopc. 
1;. h ' f J > / O / / / C i / ' ; C  7rJnJsrl/'r//JclJfs.--\r;llrbUrg VCSSClS ,  capable Of being flUSllCd 

F.  

THE "NATURAL SELECTION" I-IYPOTI-IESIS 

Om typc of data t h a t  is rclativcly easy to obcain by  tlic LISC of the g.ilactosc 
tcst plttcs is thc tirnc-variation of tlic rdtio of fcrnicntcrs t o  non-fcrnirntcrs in 
3 populition growing on a I;&ctosc mcclium. I t  should be possible to usc thcsc 
data to tcst whctlicr tlic kinetics of tlic shift of this ratio in fiivor of the fcrnicnt- 
i n s  typc in  a growing culturc fits t h a t  which would bc prcc1ictc.J on thc basis of 
a natural sclcction nicchanism. To  makc such an csaniination i t  is necessary to  

find thc functional dcpcndcncc bctwccn tlic ratio of tlic 'two t y p e s  and time, 
deducible f rom a siniplc sclcction thcoq .  It would bc dcsir.lblc to transform this * 
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into a liticar rclntion for coiivcnisncc in  tcstirig tlic goodness of fit. 
11 functioii.iI relation of this type may bc founci by a simple ni.itlicniitic.d 

description of a selection theory. 111 the  prcvious p p c r  ( 1 )  it  \\‘.IS sliown thJt  
both plictiotyycs wcrc a l w ~ y s  present even in gliicosc-grown cuItiirc5. I t  may bc 
assuiiicd t h a t  thc fcrnicntcrs .irose through vari.itions from thc  noti-fcrIiicntcrs 
duc Lo tiic gc.nctic in\tabilit:). of the haploici populatioiis. -1’Iiis gcnctic inSt.ibilit): 
is also sliown tlirougli tlic numerous morpliologic.ii v.irinnts wliicli such culturcs 
invariably cxhibit on  plating (Lindcgrcn and Lindcgrcn, ’433). 

From tlic point of vicw of natural sctcctiori t lw coiircc of tlic plicnonirnon 
subscqucnt to transfcrring a glucosc-grown Db23JJ popiilatioii to a mcdiuiii con- 
taining galactosc as thc sole source of carbohydrate may bs dcscribcd as follows: 
T h e  non-fcrmcntcrs can only use galactose slowIy through a purcly acrobic typc 
of oxidation’ and thcrcforc thsir rate of division is dcjircsscJ in t h i s  mcdium. 
T h c  fcw fcrnicntcrs prcscnt, aftcr a lag period, st.1t-t to diviJc rapirily sincc the:). 
posscss the  cnzym.itic appnratus ncccwry  to m c  this s u p r  a t  n r2piri r.itc. l‘lic 
numbcr of fcrnicnrcrs thus incrcaccs due to t w o  sources: first, tlic rapitt ccll 
division of tliosc already prcscnt, and sccond, tlic mutat ion of t h c  non-fcrmcntitig 
typc LO thc fcrnicntiiig kind. This  1.ittcr rnrcl~inisni can. cvcii with rclirivcly low 
mutation ratcs, bc nunicrically significaiit in tlic c.irly history of tlic populations 
bccausc of thc rclativcly Iargc nunibcr of nori-fcrnicntcrs initially prcscnt. On 
thc othcr hand, thc nunibcr of non-.fcrmcntcrs prcscrit a t  any tinic can incrcasc 
only by virtuc of tlic ccll divisions of this typc. 

If wc Ict U represent tlic nunibcr of non-fcrmcrirsrs (unadapted cells) a t  any 
timc ( t ) ,  and A the number of fcrtiicntcrs (ad.iptcd cclls) thc  abovc discussion 
lends t o  thc following two diffcrcnri.il cquations 

I n  thesc cquntions c is thc gro\vth constant or “biotic potential” of U in a 
galnctosc mcdium and a has a siiiiil.ir significancc for thc 3dapt‘d plicnotypc. Thc  
const:int b nicnsurcs clic rclativc r.ttc a t  which the A-type is thrown off durins  
thc ccll divisions of tlic U-typc. Equations ( I )  3nJ ( 2 )  dcrcribc thc  growth r.itc 
of the t w o  phcnocypcs in a Iictcrogoieous pop~lat ior i .  Equation (1) m a y  bc 
solvcd dircctly to yisld U 3s thc following funct ion of titnc, 

( 3  1 u = u, CC* 

whcrc U, is the numbcr of unadaptod cells prcscnt a t  zero tin!c. 
( 3 )  i t  is secn tha t  

From cquation 

This purely ‘acrobic utilimtion of g d ~ c t o s c  by un~dapted cells will .be dcscribed in derail and 
discurscd in a Iatecr publication. 
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and conscqucntly thc const.liit may bc oltaincd as the slopc of tlic linc obtninccl 
by plotting In zo Mith thc aid of cquation ( J ) ,  equation ( 2 )  
may be solvcd t o  yicld 

against tinic. 

u o  CC' 
b U  A =  (A"- - q C * '  3. - . c-a C-a (4) 

whcrc A, is tlic nuinbcr of adnptcd cells present a t  t cqual zcro. *l*hc ningnitudc 
of thc constant a niay be oltaincd from the growth r x c s  of a fully adaptcd cul- 
turc when growing on  galactose, sincc under tliosc conditions, 

Equations ( 3 )  and (4) csprcss thc absolutc nunibcrs of both p!icnotypcs 3s 
functions of tinic. A~SOILICC numbcrs arc difficult to o b t i n  with any precision. 
Furthcrmorc, the usc of thcsc equations 3s they s t ind  to tcst the thcory would 
involve the rclativcly 3ccuratc dctcrniinations of the constants a. b and c .  A 
siinplcr way of tcsting the tlicory exists in  tcrnis of rJtios of phcnotypcs. I t  will 

A 
bc rcnicnibcrcd that  tlic tcst platcs yicld data o n  thc rJtio of A to U, anci this " 
niay bc obtaincd dircctly from cqiiations ( 3 )  and ( 4 ) .  'To facilitate coniputn- 
tions, cquation ( 4 )  may be siniplificd without dcstroying its usefulness in tcstiiis 
tlic validity of tlic sclcction thcory. By using thc mctliods dcscribccl abovc, the 
conscnnt a was found to hnvc a valuc of 2.1, whcrcas c under the snmc conditions 
was only 0.1. T h e  constant c may thcrcforc bc ncglcctcd in  coinprison with 3 
in  equation (4 )  sincc they both appcar always additively. On tlic same numcri- 
cal basis A, may also bc ignorcd. 

1 hcsc simplificdtions arc ones tl i . i t  do not involve the lincarity of the final 
rclation to be tcstcd whilc contributing to the C.ISC of thc m a t l m n ~ t i c a l  inanipuls- 
tion. E q u t i o n  ( 4 )  thus lcconics 

.. 

Dividing thc  cquation ( 5 )  by ( 3 )  and again ncglccting c in comparison \\pith 3, 
we find 

Equation ( 6 )  may bc put  into a morc convcnicnt lincar form by dividing by 

transposing and taking logarithms of both sidcs. We thus obtain 
1' 

(7) 
at = 111 [I(& A 3. 13 

A T h e  thcory then predicts a lincar rclation bctwccn tiiiic and the function of -- U 
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rcprescntcd on the right-li.ind sitlc. of cquatioii (7). I C  must bc p o i n d  out th.it 
tlic l incxi ty  of chis rchtion is inJcpcndcirt of the accuracy of tlic vitucs obt.iinccl 
for tlic constants a anJ b since tiicy rcinaiii tlic wiic tlirouS1iout the expcriniwt. 
In  point of fact, as fnr as testing tlic tlicory is concerned, any arbitrary nunhcr  

may Lc substitutcd for the rntio The only rcquircnicnts iiiiposd on thcsc 
numbers is t h a t  a bc assunicd finirc and b td;cn as grcstcr thati zero. For purposes 

of calculations a valuc of 200 \\'as taken ior b, since sever31 cstiniatcs of L ~ Z V C  

valucs lying Lctwccn O.OO5 to ,O1. 

a .  
E. 

-_.-- 
0,'l I ' 

4 0.20 
0.49 

2 4  4.20 
3 2  5.00 

12 2 i  I 
Ubt3D 

EXPERIhlENTAL RCSULTS 

The following typical exptrimcnt was pcrforincd to tcst the validity of rcla- 

cion (7) in dcscribing the cinic-~arintioii of 0 for 3 Db2313 culture growing on 
a galactose nicdium. A two-day-old culture growing in the norind glucosc broth 
medium w a s  centrifuged down and washed twicc with hI/lS KH,I'O.I under 
stcrilc conditions. The warhcd ccils w r c  t h e n  inoculatcd into ttic tisic broth 
mcdiuni containing 8 pcr cent purified galsctoss as thc sols cirbofiydratc '(ourcc. 
T h e  flask containing thc culturc was then rucpciiJcd in a wster b3th at  30.2" C. 
and shzkcri continuously Juring thc cxpcrinient. Ssniplcs wcrc withdrswn a t  
intervals and dilutcd with chillcd galactow broth t o  contAin approxiniitcly 5,000 
cclls per cc. This dilutcd suspcnsion W R P  used to  prcparc s galactose-agar test 

platcs, approxiniately 0.1 CC. bcing used for each pI.itc. Af tc r  a suittbk incubs- 

tion pcriod thc ratio $ w.is cfctcrmincd from tlicsc t a t  platcs and thc avcrnge 
value takcn. T h c  results arc ttibulatcd in table I in which nrc also calculitcct tiic 

valucs of tlic function of 1;igurc 1 rcprmtl ts  the plot of log 

A 

A 
LO Lc tcstctl. 

1.301 
1.613 
1.910 
2.700 
3.080 

+- + 11 against timc. It is clcar from t l ic  figure tiiat the t lnta do 

48 

Hours I Swain I 

f 66.00 4.211 
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4.c 

3.0 

._. + 
.4 ID 
01s 
252.0 
- 
' C n  
0 
I 

1.0 

,8 

13 16 24 32 40 ' 4b 
t Hours 

Fig. I .  A plot of drra from table I IO see lieu- clotcty tlic t i i i ic  
variation of plicnotypc ratios, obuincd with J growing I i L p l c t i d  

population, rrtisfics rhc Iineit rcltrion predicted by the sclcctioii 
theory. 

For comparative purposes a n  attcrnpt was nude  to scc how wcll data obtiiricd 
with strain LKZG 12 would fit the tlicorctical rclation deduced from the selection 
theory. T h c  test plntcs could nos, however, be used t o  obtain rhc ncccssary dim, 
sincc they nicasurc thc ability of ncquiring the fcrnicntativc cnzynut ic  appnratus, 
and i t  has already bccn shown (scc ( I )  1 t ha t  popufationr of this strain arc 
homogcncously positive. Tlic rcnson for this, of course, exists i n  the fact  t h a t  
thc  incubation timc (36-45 hours) ncccssnry bcforc thc plntcs can LX: rcnd by ' fa r  
exccctfs the prc-ndaptive lag pcriod of the cells of this strain. Tlic following 
mcthod wns used, howcvcr, KO obtain conipnrable dntn. T h c  rnisimotli cnzymc 
activity for  this strain unc1c.r. the cotiditions of the cxperiincnt w a s  nicasurcd and 
founJ to t c  1155. This nurnbcr rcprcscnts tho Q&* value, i ,  e., CU. mm. of G o ,  
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Strain Hours 

1.0 0.0 1 
2.0 0.03 

' 2.8 2.10 LK2C12 

libcratcd pcr hour Lxr nig. of dry weight of tissuc a t  normat tcnipcraturc 3nJ 
prcssurc. l'his ninxinia1 vatilc of 165 is prcsuiiiibly obtaincri wficii all the cells of 

thc populstion are adaptcd. If the enzymatic activity of a sucpcnsion is Itcss tIisn 
maximal, it niny Le assun~ct?, for thc purposcs of the prcxnt discussion, to be JUC 
to the fact  that  uriad~ptcd cells form some fraction of thc popuIs~ion Lcing t c s d .  
Undcr thcsc conditions we may thcn take thc Q&,z vsluc nicisurcd at  any  time 
t 3s proportional to  A, the numbcr of adaptcd cells prcxnt ,  whcre.ts the diIlerence 
(165 - Q&J ni,ty be assunicd proportionai to U, the number of unadapted 
prcscnt. Following this rcasoning thcn wc mzy write 

M U  Iol;f($f + 11 

0.00 0.000 
0.00 0.000 
0.01 0.401 

To obtain the necessary data thc following cxpcrimcnt was performed: 3 

two-day glucose-grown culturc of LK2G12 was ccntrifuged 3nd w a s l d  t w k c  
in M / l 5  KH2PO.I unJcr  stcrilc conditions. The washcd ccfls were inocufstcd in to  
b.isic broth nicdium containing 8 pcr cent gafactosc as the sole source of c d o -  
hydrate. Thc  flisk containing the culturc was shaken continuously during the 
cxpcrimcnt i n  a bath a t  30.2" C. Samples wcrc rcniovcd a t  intervals and pfaccd 
in  Warburg nianomctcrs to dctcrminc thc rate of COX evolution in an atmosphere 
of nitrogen. A 20-minutc run  aftcr equilibration was sufficicnt to dctcrminc the  
Q& value, Aliquots wcrc taken a t  thc sainc time fo r  dry-wcight dctermina- 
tions. The results of such an  expcrimcnt, as wcll as thc calculations of thc 
rcquisitc functions f rom thc dat3, 3rc summarized in  table II. 

TABLE 11 
DATA EShbIININC TIIE VARTATIOS OF A/U IVlTII TtfifiC IS A I)iPl,OID POPULATION 

(Consult t c x t  for m c t h l  of calculation of A/U.) 

1.3 45.00 0.30 1.803 
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I 
i 7 

Strain L K 2 G l 2  
0 -THEORETICAL 
0 -EXPERIMENTAL 

growth p h ~ s c  stioultI incrcasc in  clircct proportion to thc nuniLcr of new cclls 
arising during tiic pcriod of growth. Thus a plot of cnzynic activity ag.Iin$t cell 
numbcr should yicld a str.iig1it linc. IC is, howcvcr, not ncccssxy to gro\v the 
culture a t  onc tcnipcraturc and test tnzynic x c i v i t y  a t  another as was donc by 
Sohngcn and Coolhaas. T h c  \\jr,rburg inanomctric tcchniquc is sufiicicntly scnri- 
tivc t o  y idd  This pcriod is 
too short f o r  a n y  iiinrketl changc to occur in cell count, opccially since the cells 
arc undcr amcrobic conditions. Thk tectiniquc W ~ E  3ppar"ntly not available co 
tlic ~ L o v c  worI\crs, for  t h y  uscti a niucli crutlcr acrobic tcc l~ t i i~~uc .  

Tlic following cxpcrimciit was ~ierformetl to W\L wlictltcr thc i n c r c ~ x  i n  
c n q  inc ;tctivity o b s c r ~ ~ c d  wit!) growing C ~ i l t u r c ~  of Db2jIi coulJ Le accotsrit~J 
lor on tlic b.145 of thc iicw cells aritiiis duiirig the cxpcriiiicnral pcriod. A 2-clay 
glucosc-grown culrurc of Db23B was centrifuged down and washcd oncc in &f/ lS  
KEI,P04. Tlic wasiicd ccils wcrc then rcsuspcndcd in the basic bioth cont.iining 
6 pcr ccrit of purified galactorc as tlic soh carboliyclratc source. T h c  density of 
the initial suspension w a s  adjuster1 to contain 1 5  cclls per 16 sniall squxrs.  This 
corresponds to 40,000 cctls/niiii".. I n  yrncticc, thc cclh wcrc countcd in  thc large 
squares, cach of which was coiiiposccl of 16 sniall squares. T h c  data wcrc rccordcd 
in tcrnis of nurnbcr of cclls pcr large square. 

Samples 
wcrc withdrnwn a t  ihtcrvals f o r  ccli counts, and mcasurcnicnts wcrc taken of 
enzymc activity in  tcrms of CLI. nini. of COZ libcritcd pcr I0-minutc pcriod per 
2 cc. of suspcnsion under anxrobic  conditions. Ccli coiints wcre always macle a t  
thc beginning and cnd of the nianoriictric determinations and in  111 cascs remained 
the samc within thc liniits of the nicasurcnicnt. 

of adcquatc accuricy by a 1S-2O-niinutc run. 

The flask was shaken i n  a bath a t  30.2" C. during the cxpcrimcnt. 



Strain . I  IOU rs 

0 
3 
4 

DL23B 5 
6 
7 
8 

0 
I 

8 1 2 .  2 
3 
3.1 

No. of Cells per  Square 

-- 
Inn,.= 

co, zrolvcd per 
I O  niin./Z CC. 

No. of cells 
pcr S1lU"C 

15.7 0.03 
18.1 17.1 
21.0 16.0 

29.1 23.8 
2G.3 34.0 
2w.s 47.2 
30.1 50.2 

16.6 0.2  
15.8 4.0 
17.0 23.5 
t6.9 50.0 
17.3 70.0 

Fig.. 3 .  A conqwrison of ~ I I C  dcpcndcncc of g.ilxtotymare activity on in- 
crcisc In ccll numbcrs in a haploid (Db23II) 2nd 3 diploid (812) yeast strain. 
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This w a s  donc to niininiize ccll divi.Gon iri this cspcrinicnt axid thtts ~ ~ ~ c n r i i . i t c  tlic 
diff‘crcncc in tiic riiccliaiiisins usccl by thcsc two strains to att.iiri tlic changc in 
galactozyniasc activity. AI1 orlicr cxperinicntd conditions wcrc cxactly 3s those 
iniposcd in tlic cxpcrinicnts with Db23B. T h c  data for strain SI2 arc also rc- 
corded in table i i i ,  Figurc 3 illustrntcs the  typc of dcpcndcncc o b t n i o d  bctwccn 
cell numbcrs and incrcasc in cnzynic activity. It is strikingly appr i ‘n t  d i n t  
pOp&tiOnS of thc haploid strain, Db23n, incrcasc their cnzyrnc activity by virtue. 
of thc ncw cells arising during thc cxpcrinicntal period. On the other hand, the 
mcasurcd activity of thc SI2 population was, i n  thc  pcriod examincJ, virtually 
indcpendcnt of ccll number. This  strain WRS ablc to increase its act ivi ty  f r o m  
zero to an activity kvcl  of 70 whilc maintaining its population 3t tkc smic density. 

DISCUSSION 

T h c  cxaminntions of tlic variation of thc t w o  phenotypes with timc in grow- 
ing cuItiircs of the hnptoid strain, as wcII as tlic dcpcnctcncc of enzynic activity 
on incrcarcs i n  cell nunibcr, fcad to thc conclusion t1t.x tlic appearance ant1 incrcasc 
of galncto/yrnasc activity in cultures of Db23B involve natural scfcction. Coni- 
p r i s o n  with similar dntt obtained with clic two diploid strains, both of wlrich can 
adapt without ccll divicion, fur thcr  strengthens this conclusion. The data  prc- 
scntcd hcrc on growing populations agrcc with thc results obtaincd ( I )  on 
stationary culturcs of thc h ~ p l o i d  strain. 

Prom thcsc rcsults i t  is cicar that  the contradiction noted bctn-ccn the  rcsuIts 
of Stcphcnson arid Yudkin (’36) and tliosc of carlicr workers is only a n  apparcnt 
onc and is probably duc to thc diilercnccs in  the gcnetic background and pficno- 
typic constitution of the strains cmployecf. 

Morc gcncrnlly, tlic concliision may bc drawn t h a t  it  i c  inipossiblc to clccide, 
ns sonic prcvious authors havc tricd to do, bctwccn thc “nntur.11 c c k t i n n ”  I ~ v p o t 1 ~ -  
~ s i s  2nd ono of “clircct cytoplasniic intcraction” 3s the cxpl.inntion fcir thc  pro- 
duction of a particular adnptivc enzyrnc. T h c  cxistcncc of one mcchani;ni d o c s  
not ncccssarily cxcludc the othcr f rom cffccting tlic production of tltc sanic 
enzyrnc, as is well illustrated by thc naturc of thc adaptation of galactosc fcrmen- 
tation by tlic haploid and t w o  diploid strains examined. 

Thcsc expcrinicnts tlicn cniphasizc the  important point thar: ttic p3rticular 
bioIogical mechanism involved in the  production of a givcn cnzyrnc or cnzymc 
system in a population of cells is a charactcristic of thc strain bcing cxamincd 
r i thcr  than  of the  cnzymc system itself. It is thus mcnninglcss to ask and im- 
possible to mswcr  the  qucction of itlcchanisms of enzymatic adapt3tiOn wichout 
referring to the gcnctic bncksround and stability of tlic population siudicd. 

T h e  rcsuIts with Db2313 fur thcr  cmphasizc the  ncccsi ty  of ctiniinating n i turn i  
selection in  any  cxpcrimcnts thc purpose of which is the dctailcd invcst ipt ion of 
the biochemistry of thc  adaptive process itself. I n  thic strain thc ratc of incrensc 
in mcasurabIc enzymatic activity dcpcnds not  only o n  the syntltcsis of the requisite 
enzymatic systems b u t  also on the ratc of cell division. Any proccdurc which 
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iiitcrfcrcs with thc pliysiology of thc lnttcr process ncccssnrily will atfcct tllc 
amount of cnzymc nic.isui*cd. 1:or iiircstigations into cnzymc syntlicsis s t r~ i r i r  
slioulJ be uscd whicli possess ( I  ) a gcnonic which pcrniits tlic synthcsis of tlic 
cnzymc being studied, and ( 2 )  thc gcnctic stability to insurc reproducibility of 
thc  physiological charactcristics of thc popiilntions. 

Tlic two diploid strains, S 12 and LKZG 12, both sntisfy tlicsc rcquircniciits 
and hnvc bccn uscd to csaminc thc conditiuns leading to thc syntliccis of the  
galactozymnsc systciii and tlic naturc of tlic prcadaptivc pcriod. Thcsc rcsults 
will bc discusscd clscwhcrc. 

SUMMARY A X D  COSCLUSIOKS 

(1). Data arc prcscntcd on tlic liiiictics of tlic rcplaccnicnt of a phcnotypc 
incapablc of fcrmcnting ga lx tosc  by onc that cnn acquirc thc propcrty in gcn- 
ctically unstablc haploid populations gro\ving on galactose broth. Tllc nature of 
tlic rimc-vnriJtion of the ratio of the  two  t y p s  is shown to fit a rclation dcduccd 
from a sclcction thcory. 

This was comparcd with compariblc data on a diploid strain which did 
not  obcy thc prcdictcd rclatioii. 

T h c  kinctics of tlic incrcJsc in cnyynic activity of tlic haploid popula- 
tions was stiidicd and shown to dcpend on the niimbcr of I ~ C W  cclIs which arocc. 
A similar s tudy on a diploid strain sliowcJ that  increasc in cnzymc activity could 
t i k c  place in  tlic abscncc of ccll division. 

(4). Thc  gcncral significance of thcsc rcsults for tlic yrot~crn5 of cnzynintic 
synthcsis and tlic induction of iicw physiological propcrtics in populations of cclls 
is discusscd. 

( 2 ) .  

( 3 ) .  
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