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Recently obtained data on the influence of microorganism 

cultivation' conditions 'on frequencies of spontaneous muta

tions' (Ilyiria et al. ,·- 1986; Cairns et al. I 1988) have revived 

,interest iri the. ori'gi.n' of· spontane~us mutants. There subseq

uentry ~ppe~r~d mo;e and. :mcir~ new expe~imental data, as ·~ell 
as models I- that try to explain such ob~e;rvations ( Ilyina et 

· al. , 19f37; : Stahl, 1988; Hall, 1988, 1990; Lenski ~t al:, 
. . . . 

1989; Korogodin et al., 1989, 1990; Davis, 1989; Boe, '1990). 

Existence of a large number of'models bears·evidence that the 

laws of thi~ pbenorrienon are not yet studied p~op~rly. In this 

paper we report data that add new features to the knowri laws 
of this phenomenon. 

Materials and methods 

strains 

The haploid strains NA3-24 (a leu2-1 lysl-1. can1..:.23 RAn) 
and prototroph S288Ca (ChepU:rrioy and Mikhova-Tsenova, '1988) 

of . the yeast Saccharomyces cerevisiae ~~re · u~ed in this 
study. 

' 
Experimental procedures , 

Using the method of. ordered plating (Vo~ Bo~ste( 197'8), 
we suspended th~ yeasts in 'water and plated. 'thein: 6~ :an inocu-_ 

: •. ., • ~. ! ~ .• : 1 '' . ~ - • ' -: _l : 

lator with 220 pins on a lavsan nuclear filters (Fleroff, 

·.1984) cov~ring a_ solid medi~m in t?e Pet~i dis pes. Thus. in 

every Petri dish about 220 macrocolonies emerged. After grow-
. ing:.the ~ells at 30°C f~r a given ti~e ~nt~rval, . ~ f'ew t~ns-

. . . . : ' . .. . .. '';' . 

of colonies 1 were resuspended in water, and the number ·of 

cells per colony was deterrni~e·d by· microsco~y. Buds and pa

rental cells were coun~ed as . s~parate cells.~. Ot~e~. coic;mies 

were transferred, together with the. filters, . to selective 

media for s~lectio-n of .i.eu2 .and lysl reyertants (in strain 

NA3-24) or LYS2 mutants (in strain S288C) I which are. clearly 
. · .. ·- . . . • . - , , I ... - . 

indentifiable in these media as colonies of secor;tdary growth. 
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Media 

The growth medium for NA3-24 strain cells was minimal 

mE!dium 113 (Zakharov et al., _ 1984)' con-taining. lysine (30 mg/1) 

and leucine (0.3- 300 mg/1). For the S2BBC st.7;ain cells, the 
.. ~ ' 

.l:lledia 113, and 113 with 10 mM of 3:-Amino-1,2,4-Triazole (3AT), 

were used. The selective media included 113 with lysine for 

dete~tion_ of leu2 revertants, 113- with leucin~ for detection 

of lys1 revertants, and medium with o:-aminoadipate as a 

nitrogen source (Chattoe et~al., 1979) for detection of LYS2 
mutants. 

Quantitative estimation of mutants 

The dynamics of appearance of revertants on. selective 
media is usually characterized by a curve with two peaks: the 

first population corresponds to the- revertants originating 

before the transfer of the cultures on the selective medium, 
< : > '__ • ~ • • • -_ • - • ' •• 

whereas .the second one corresponds to th?se_originating after 

the transfer, during residual growth (Chep.urnoy and Mikhova-

Tsenova, 1988). Quantitative estimation of mutants· in the 

culture at_the·moment of transferring the cellsto the selec:

tive medium was based on their number in the first wave of 
the_ "appearance curve". 

,. , Mutation rate was calculated from the proportion of co
_lonies without revertants: 

R = 1/n ln(N/N) 
0 

•. . ( 1) 

where n is the number of cells in a colony, N is ·the total 

number of colonies, ~ = (N-M) is the numb~r of '~alonies . 0 

.. without mutants I M is the rmrriber of colonies with mutants. 

To determine the mutation spectrum of NA3-24 cells, all 

s?lected revertants were: checked for ability to grow in M3. 
The leu2-1 and lys1-1 alleles ar~ ochre-suppressible, so a 

reve'rtant ~ble' to grow' in mediu~ without leucin'e and lysine 

was classified among suppressor (s) reversions while a reve;;r

tant unable to grow in 113 was classffied kmong locus {L) re
versions. 

, . ::·"' -- r ~· 2 .. >'·•.-''. 

. ..'t:·-

synchronization of the· cells '-

synchronization '.of the cells was carried out· by·· the 

method of Williamson and scopes . ( 1962) . For strain NA3-24 

-this method givesthe very-high degree of synchrony; Only-3% 

of cells had the buds after three cycles of synchronization; 

Results 

After determining_- .the leu2 · revertant contents in· the 

Saccharomyces . cerevisiae culture by the earlier described 

technique (Chepurnoy .and Mikhova-Tsenova,· 1988), _the number 

of revertants (per· cell. per generation) was found to depend· 

on the leucine concentration in the medium .. on_ the other 

hand, the spontaneous L~type lys1 revertant content remained · 

constant in the investigated leucine .concentration range 

(Fig .1). 

Fig.1. Rate of occurrence of 
locus-type revertants .. in the ' 
exponential . phase of growth 
of strain NA3-24 cultures as 
a function of the leucine 
content in the medium: locus 
revertantscto leucine proto
trophy (o); locus revertants 
to lysine prototrophy (x); 
locus revertants to leucine 
prototrophy in the cells of 
subline (sub1) of strain 
NA3-24 (&); · hypothetical 
dependence of reversion rate 
on leucine contents (-·-). 
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LEUCINE CONCENTRATION 

The results -shown in Fig~1 are ·consisten~- with hypo

thesis of increased levels of mutagenesis in actively trans

cribed DNA (Ilyina et al. , 1987; Davis, 1989) since LEU2. is 
.. ' . . . "-

act~v~ted at the level of transcription when the leucine con-

tent in the medium decrease-s '(Andreadis et al·., 1984) . Simi-·. 
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larly, the constant formation rate of .. L-type lys1 revertants, 

may be due to the fact that transcriptional activation of 

LYSl does not depend on the lysine contents. in the medium .. , 
To ·_check·. this, hypothesis,· experiments 

to determine direct mutation rates 
were carried out 

in LYS2 gene in•S28BC cul-
tured in media with and without 3AT. Wolfner et al. (1975) 

described a change in the activity of gene LYS2 by a factor . 

of 7 after .. 3AT was added to the medium. As seen from the data 

in Table,l•/ the mutation rate ~ this gene does not change in 

3AT:-containing medium. The assumption that the mutation rate:. 

of genes depends on their activity does ·not ·fit with this. 

result; N'similar result was obtained by Cairns et-al .. (1988) 
with· activation 

thiogalactoside 
of the lac-operon of E. c~li .by isopropyl
(IPTG). Activation of the 

change the spontaneous reversion rate of.the 
opero_n did 

1acZ-gene. 
not 

Table 1 
FORMATION OF SPONTANEOUS LYS2 MUTANTS IN STRAIN 

S288Ca ON MEDIA WITH AND WITHOUT 3AT 

Medium 

. M3 

. M3_ + 3AT 

n, 
N, 
M, 
R, 

~ 

n ·10 6 
N M R ·10-7 I 

I .. 

4,5 ± 0,5 240 158 2,4 ± 0,4 

3,0 ± 0,3 240 127 2,5 ± 0,4 

number of cells in a colony; 
number of colonies; 
number of colonies with mutants among N colonies; 
mutation rate per cell per generation. 

it should be mentio-Concerning the data shown in Fig.1, 

ned that we interpreted these functions as an increase in the 

the leu2 gene with decreasing spontaneous reversion rate of 
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leucine concentration in the medium (Chepurnoy et al., 1989; 

Korogodin et al. I 1989; 1990Y> These results. allow another 
One may assume that." 'on all 'media, interpretation as well. 

whatever th_e __ leucine content, revertants form with the same 

rate (hypothetical line in Fig.1). Yet, the maj'ar fraction of 

revertants appearing in the culture under non-selective·con.:.. 

ditions (30 mg/1 of leucine) cannot compete.withthe cells.of 

the initial .strain and therefore die. _As the leucine- conte~t 
.. • y • • ', 

decreases, fewer revertants die because their selective pre~ 
ferences increas·e as compared with the initial strain cells. 

The increase in the number of detected mutants is interpreted . . : . 

as an increase_in the 13pontaneous mutation rate of the gene.· - - ·-- .... -- .· ··-··--
This po_ssibility was considered in the paper of Korogo-. 

din et 'al. '( 1988) I Where thiS a~SUmpti~n WaS Checked by tes~
ing_a part of ade2 revertants, whiqh formed on a medium with 

. a ·low adenine content and had a selective advantage while 

growing, for their ability to compete with the initial strain 
• • '• • ' • • • ' -~ ~ ': 0. : ' • ;· • : ": ; • :. :'"~. • 

cells when they are cultured .together on a; medium with a 

higher ( 30 mg/1.) adenine' coritent; All revertants had competi-

tive ability. 
Sirice we used another system, it was reasonable to per-

form' a ·similar reconstruction experiment. All mutants_. detect-. ' 

ed·•:ori medium <with ·a, low leucine content were: resuspended in 

water' in" equal'-' proportion~;, and:'; the' cells . of ; the initial 

stra{n NA3-24 were . added, so that there _was ·.no 'more:. than .. 1 

mutant per «105 'initial: strain cells per: _inoculmn: O:uring ·the· 

ordered.plating. ·If the competitiv~ ability of revertants;is 

lOW I. One ShOUld •expec't a• dec"rease in. their number per .. COlOny 

'during • joint· cultivation· with. the· initial strain on medium 

with a normal (30 mg/1) leucine content. The~ results_of this 

cultivation are shown iri ·Table'2; The revertants selected on 

medium with 3 mg/l'of leucine do not die when cultured joint-

_ ly with the initial strain on medium with 30 mg/1 of leucine. 

Since we investigated mutants that had-formed manygene.:.. 

rations after their origin, we w~re-not sur~ of' the- compe

t.ft.i ve ability of mutants in the f iis"t. hours foll~wing. their· 
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.Table 2. 
-JOINT CULTIVATION OF ~eu2 REVERTANTS ANp STRAIN 
-NA3-24 CELLS ON.A MEDIUM WITH 30 mg/1 OF LEUCINE 

,·. 
0 2 4 6 

1,4·105 
1,6·105 

3,6·105 
6,0·105 

;; 

404 431 452 393 

0162 .± 0103 0,67 ± 0,04 0,72 ± 0,04 0,59 ± 0,03 

-

c~ltivation time, hours; .. 
number of initial strain cells in a colony; 
number of colonies with mutants in samples of,N = 
mean number of mutant cells in a colony. 

880; 
'-

' ·formation. To address this issue, one must be able to~,distin-
quish 'mutants that have just been formed and never diyide:d, 

as well .as: those that have divided one, two, .or more t~me:s. 
:Evidently, there is: a set of these spontaneous mutants in .the 

'culture in the exponential phase of growth. So, ,we carried 

out a· series of experiments according to the following 
scheme. 

·, Cells cultured on a medium··with low leucine content (3 

mg/1) were transferred to a medium with normal leucine con

tent .( 30 . mg/1) in the exponential phase of the culture 

growth.· The revertant content in the culture was determined 

over a B~hour period on medium where mutants had no selective 

advantage. The. results are shown •. in Fig.2. Cultivation of 

·cells. on a medium with a low leucine content is characterized 

·by reduced· dividing time (8+10 hours per generation), and by 
- . ~ 

higher leucine revertant frequency. The L-type revertant rate 

6 

calculated by formula (1) is "'1.5·10-7 ·per cell. per .gene

ration. After transfer of c~lls to a medium with 30 mg/1· of 

leucine a t~o:...hour iag-period ·w~s ~bserved, · after which the - ' ~ , -- ' . . 
cells start dividing at a rat~ of 2+3 hours per genel7"ation. 

At the same time . a reduc~ion of 1eu2 .reyertant content was 

observed in the culture. The number of· revertants in the. 

culture was observed to 

decrease for the first 4 

hours after transfer. Then 

the number of L-revertants 
. . ..:a 

grew at a rate R "' 1·10 per 

cell per generation which is 

typical of cell cultivatio~ 

on .medium with_ 30 mg/1 of 

leucine (see Fig.1). 

Fig.2. The reduction of num
ber of revertants colonies. 
after transfering the·. culture· 

·of strain ·NA3-24' cells ·from 
the medium with 3 mg/1 of 
leucine (x) to that with 30 
mg/1 of leucine (e). 
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In different experiments, the reduction in the mutant 

content varied from 30% to 70~ of .the number 6C.mutants :at 

.. the . momerit of . transfer~ i.e.·· practically- half. of . the . re.;~r
tant~ were:not fo~nd: after several hours of cultivation on a 

mediu~ with normal leu~ine co~tent . ." The ·ieduction in' the. num

ber of .revertants .. _was evidently. due to a reduction of 

"newborn" mutants. · 
It should,be mentioned that accidentally we picked up a 

strain NA3-24 subline (subl) with. R independent of leucine - . 

cont~nt (Fig.1) . On the other hand, in this subl~ne no dis-

- appearanc:e: of revertants. was observed after transfer from 

medium with low leucine content to medium with normal leucine 

content. Therefo-re, the data shown in Fig .1 and Fig. 2. may be 

the consequences of the same process. 
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If revertants'are forrri~d with the same rate on different 

media, and the diff~rence in mutant yield is caused. by their 
' . c . < 

different competitive· ability on media' with different leucine 

cont~nt_,. one· may_ exp'ect that there is a time. interval. bet~een 
formation arid disappearance of mutants. Then I in a synchro

nous' 2:ulture growing on the m~diu~ with 30 mg/1 of 'ieucine, 

30Ln. 

Vl~ 20 
...I .... 
...I .••. 
UJ>Uz 
u.9 
o.o .:ru 10 
UJ UJ 
CD :I: 8 :;rt-
::::>z z-. 

110 

~ 90 -Vl 
zt-
3z 70 
oct 
Ul-

0:: 
g;~ 50 

UJ 
O::o:: 
UJ 
al:Z:: 

MofN=2000 

L !::.~ I 
~~ 30[ G('l s,IGa-~1 G1I,SI~ 

I 2 0. 1 .. 4 5 
INCUBATION TIME, HOURS 

<< ' • ,· 

one may ooserve many i:nore rever

tants in the period of theiriC,r

ma~ion at the S-phase of the 

cell cycle (Chepurnoy et al., 

1989) than, for example, at the 

beginning of the S-phase of the 

next c~ll cycle. H~wever, · the 

experiments with the synchronous 

culture did- not show that· the 

number of revertants in the 

culture · _decreased from one S

phase to another· (Fig. 3) . The 

observed_.mimber of,_bofhtyp_~s of 

re~ert~nts appearing in' s-phase 
. ; . -8 . 

corresponds to· a .. r-ate 2 ·10 per 

cell per generation. 

F-'ig. 3. The content of colonies 
. with revertants in: the synchro
nizing culture . of strain NA3~24 
cells during'two cell'·cycles. 

-Therefore if the di£fe'rent revertant frequency of the 

CUlture Can be explained by death Of revert~mtS 1 it follOWS 

that_. ther:_ is a very short time interval'>' bet~een formation to

death which cannot be detected by our technique. 

Further experiments with the synchronous culture (Fig.4) 

showed that disappearance of revertants after culture trans

fer: takes place at the end of the G -phase of· the cell cycle, 
. . . 1 . 

and this phenomenon was observed up to the end of the 

G
1
-phase of the next cell cycle (Fig.5). 
/ 
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Fig. 4. Generation of . rever
tants' during the s-phase on 
the medium with 3 .· mg/1 of 
leucine '(x) and reduction of· 
its number at ·the ·en~ of G1 

phase of the next cell cycle 
on the medium with -30 mg/1 
of leucine (e). The arrow 
shows the transfer · of the 
culture from the first medium 
to the second one. 
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Fig.s. Dependence of .the nuffi.:. 
berof cells in 'a-c616riy (a) 
and the number. of, colonies 
with revertants among 660 
colcmies (o) on the ·• duration 
of incubation of.synchronized· 
strain NA3...:24 cells on . the 
medium .with 3 mg/l·of leu-, 

•Cine:• (x) and af:ter .. transfer 
of the cultures (marked- by 
arrows) to the medium with;30 
mg/1 of leucine (e). , ·' 

All results presented here are based on .the assumption 

that spontaneous mutations in_ genes . are formed · rap.domly and 

with a constant rate· for the' given gene.; -In the future the 

survivability of a mutant depends··on its competitive· ability 

under given conditions. ·If mutations are advantageous for 

cell growth, the mutants survive. If mutations .make cells 

le_ss competitive,. the mutants have more chance to .die. than 

the initial:; strai_n cells. This· leads to an increase in the 

yieldof advantaged mutants,·whichhas been:interpreted asian 

increase in the rate of "adaptive" mutations. · 
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Although the experiments described here are based c;m 
differences in competitive ability of mutants,_ we believe 

that the r~sults obtained can also be explained by the model, 

originally proposed by F.W.Stahl (:1988) and complement~d.by 

L.Boe (:1990)_with some our additional assumptions. This model 

is based .on the post-Luria-Delbruck demonstration that mu:

tation proceeds through a reversible . intermediate: Polyme

rase~catalysed DNA synthesis has a mistake rate that is thou

sands of times higher than the observed mutation rate of fre-
~ . 

. ely growing cells. The fidelity observed is achieved by the 

action of post-replicative mismatch-correction enzymes. These 

enzymes remove sb:etches of newly synthesized chains whose 

sequences fail to be fully complementary to the templates on 
. . 
which they were made_. To a good approximation, we can say 

that mutation result only when these cor~ection systems fail. 

If the mismatch is .of advantage to the cell, . i.e. if the. mis

match· results'. in the production of an mRNA molecule encoding 

a produ~t provid.inga sel~~tive advantage, growth will. be 
- • •• l •• 

stirinilated and. the mutation can be-· fixed.· instead. of being 

-~epaired:::wliat ph~rici~eiiol6gically seems to be. a d;rected mu

. tational. event ca~ the;~b;·~be ~ieated on the basisc.of purely 
• :': •• l . --~ • • i . \ ~- -

.random processes. In this .. explanation· the induction of a spe'-
. :·· -· ~ \ ·- . ' ~J ,.;_ . ' ! ; ' • 

cific mutation·· is not incompatible with our current unde-

standing of molecular biology and genetics. In fact, this 

model involves only known enzymatic activities and processes 

known to take place in the cell. 

Our first. assumption actually is that not only post

. replicative,~ but also pre-replicative; correction of hetero

duplexes occurs (Fig. 6) . The second assumption states that 

pre-replicative· and post-replicative corrections work ef-

. fectively.' on the ·coding. strand: of leu2 when cells are cul-. 

tured on medium with 30 mg/1 of leucine, and do not work (or 

work ineffectively) when cells are cultured on the medium 

with 3'mg/l of leucine. 

.. In the case of the first assumption, it. should be men

tioned that a similar hypothesis was·put forward by N.V.Luch:... 

10 
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. Flg. 6. The model for ·generation of. spontaneous ·leu+.:_ 
reversions on the cell -growth media with different leucine 
contents (3 and 30 mg/1). ·· 

Major assumption of the model: 

:1. The pre-replicative correction of heteroduplexes 
exists in the cell. 

2. Pre- and post-replicative _correction works effective 
on the DNA strand encoding leu2- gene product' at ·30 
mg/1 of leucine but· riot at 3 mg/1 of leucine in. a 
cell growth media. 

nik (:197:1) after analysis of chromosome aberrations iri mam

malian cells. As to the second assumption, it actually im

plies a ~ystem of heteroduplex corre~tion regulation (or DNA 

repair) in a cell, which may increase or decrease the 'ef:fi'c.i

ency of correction depen?ing on the cultivation conditions 

(e.g. composition of the nutrient medium). This effect can be 

different not only for different genes~ _but also for two dif

~er'ent strands.of the same 'gene.·· Regulation ~f th~ efficiency 

of this process may·, be similar: to the work' of· 'tlie' general'' br 

specific sy~te~ of gene act'ivity reg~iation being at the same 

time independent of it. Post-replicative c'orrection cannot be 

separated from replication in our ·system. Pre-replicative 

correction (if it exists) works at the end of the G -phase or 
' . 1 . 

·at the beginning of the S-phase of the cell cycle (the'black 

rectangle on the growth curve. of the synchronized culture, 

Fig. Sa) and can be temporally separated from replication by 

our technique. Transferring cells from m~dium with low leu

cine content to medium with normal or high ("'=30 mg/1) leucine 

contents before pre-replicative 'correction 'results iri cor

rection of heteroduplexes· by daughter strand. repair. It is 

not kno.wn how a cell can distinguish:'between the"daughter and 

II 



parental· strands before S'-phase. However a~. th~ basis of this 

model, _cell may be capable of distinguishing bet~een _the pa'

rental and daughter DNA strands from . the onset of daughter 

strand synthesis until the replication phase of the next cell 

cycle. In.this scheme it would be during pre-replicative·cor

rection that the "status" of the daughter strand andthat of 

the parental strand· .are. _determined. Transferring cells to 

medium with high_ leucine content after pre-replicative cor

rection would not lead to a decrease in the number of rever-
~ . 

tants, as we have observed. 

In conclusion, we think there are two possible expla

nations for "adaptive" mutagenesis. One is based on dependen

ce. of competitive ability of ·mutants.as dete~ined by culti

vation conditions, and the other is thehypothesis of inter

mediate heteroduplex correction proposed_by F.W,.Stahl (1988). 

We thank professor V.I. Korogodi~ for comments 

manuscript. 
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