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Exper1menta1 procedures R

Recently obtalned data on the 1nfluence of m1croorganlsm“
"cultlvatlon condltlons on frequenc1es of spontaneous muta-y
‘tlons (Ilylna et al ) 1986 Calrns et al 1988) have rev1ved:
i nterest in the or1g1n of spontaneous mutants. There subseq-:~
’uently appeared more and more new experlmental data, as well'

as models, that try to explaln such’ observatlons (Ilylna ‘et

“al., 1987;  stahl, 1988; Hall 1988, 1990; Lensk1 et al.,
1989; Korogodin et al., 1989, 1990 Davis, 1989; Boe, '1990).

Ex1stence of a large number of models bears’ ev1dence that the

laws of thlS phenomenon are not yet studied properly In thls,
paper we. report data that add new features to the known lawsp
" of this phenomenon

Materlals and"methpdS‘

Stralns
The hap101d stralns Nﬂ3 ~24 (a 1eu2 -1 lysl 1 canl 23 RAD)

and prototroph 32880a (chepurnoy and Mlkhova Tsenova, 1988)

of the yeast Saccharomyces cereV1s1ae were’ used 1n thls
study B .

U51ng the method of ordered plat1ng (Von‘Borstel 1978);

nwe suspended the yeasts in water and plated them _y\an 1nocu1
lator with 220 pins on a lavsan nuclear fllters (Fleroffj
"1984) coverlng a SOlld medlum in the Petr1 dlshes Thus 1n
Jevery Petrl dlsh "about 220 macrocolonles emerged After grow—;l
‘1ng the cells at 30° C for a g1ven t1me 1ntervalA a few tens
,of colonles were resuspended in water, and the number ofl

cells per colony was determlned by mlcroscopy Buds and ‘pa-
rental cells were counted as separate cells Other colonles
were transferred together w1th the fllters,‘ to selectlve
medla for selectlon of leu2 and lysl revertants (1n straln
NA3- 24) or LYSZ mutants (1n straln 32880), whlch are clearly
1ndent1f1able in these medla as colonles of secondary growth
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Medla

: The growth medlum for Nﬂ3 —24 st o
| medlum b raln cells ‘was mlnlmal
. ‘and leuClné (Oh:rov3§§ al., 1984) conta1n1ng ly51ne (30 mg/l)
medla M3 = M3 wlth mg/l) For the 52880 stra1n cells the

were used The o 10 mM of 3 Amlno 1 2 . 4- Trlazole (3AT)

detectl ective medla 1ncluded
: on of leu2 revertants
of lysl revertants

M3 with ly51ne for
M3 w1th leuc1ne for detectlon

and medlum w1th
n1trogen source (Chattoo et al. - amlnoadlpatev as

" mutants.

a
’ 1979) for detectlon of LYSZ

Quantltatlve estlmatlon of mutants

y Of appe ance e‘]e n se l ect] ",e
Ille d Ilalnl(:S aran Of I
I‘tants O
lS usually Characterlzed by a Curve wlth tw p
][ledla (o] eaks
flIst p()pulatlon Corresponds tO the revertants or g
l 11’1at
befOIe tlle Ve me l

. whereas the second one corresponds to th
the transfer,

1988)

the’

1ng

ose or1g1nat1n
o g after
ing residual growth (Chepurnoy and Mlkhova-l
cu1ture e e mosua:tlﬁatlve estlmatlon of mutants 1n the'
ent of transferrin |
* g the cells" '
ive medlum was based on their number e selec_

the "appearance curve".

Tsenova,

in the first wave of !

‘ Mutatlon rate was calculated fr
,ilonles W1thout revertants
| R = 1/n ' ln(N/N )
where n is the number of cells in a
\:number of colonles N =
_‘w1thout mutants |

omxthe‘proportlon of co-

colony, N is the
e o n;:i:M) is the number of colonles
| e determlne the i t er of colonles with mutants
selected revertant u atlon spectrum of Nﬂ3 -24 cells

4The leu2 5 and ; s were checked for ab111ty to grow 1n
V:revertant able . ysi-1- alleles are ochre suppre551ble

a0 CIaSSlfl d o grow in medium w1thout leuc1ne and l
o e among suppressor (S) rever51ons whlle a r

tant uHabl
. e t° grow in M3
Ver51ons ‘ & was class1f1ed

all
M3.
so a

YS 1ne

‘Synchronlzatlon ‘of the cells

Synchronlzatlon “of :the- cells ‘was: carrled out by the'

method ‘of “Williamson and ‘Scopes +(1962)-. “ For. straln NA3-24"

_this method gives: the 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

ces  cerevisiae culture -by" the earlier.. described.,

Saccharomy
the number -

technique - (Chepurnoy -and Mikhova-Tsenova,: 1988), -
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 lysl revertant content remained-:

constant - in the investigated ‘leucine .concentration: range

(Fig.1).

Fxg 1. Rate of occurrence of
locus-type revertants in.the- .
exponential- phase of: growth
of -strain NA43-2¢ cultures as
a - function of :the leucine
content in the medium: locus
revertants: to leucine proto-
trophy (o); locus revertants-
to -lysine prototrophy (x);
locus revertants to leucine ° ) :
prototrophy in the cells of - % - B R
subline (subl) of strain ) : ¥ e -
100 0 10% 102 Clmg/l)

NA3-24 - (a); hypothetlcal
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—d
Q,
=

REVERSION RATE
=}

+

=
L O

Y [T=]

<

. dependence of reversion rate
on 1euc1ne contents (- —)

“The results “shown in Flg 1 ‘are con51stent w1th hypo- .
the51s of increased levels of mutagene51s in actlvely trans-
crlbed DNA (Ilylna et al., 1987; Dav1s,“1989) s1nce LEUZ 1s
actlvated at the level of transcrlptlon when the leuc1ne con—rl

tent 1n the medlum decreases (Andreadls et al , 1984)’ Slml—}"
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flarly,

may be - due to
the fact that: transcrlptlonal actlvatlon of

LYS1 do
es: not- depend on: the lyslne contents, in the-
"To-:check :this: hypothesis,- medlum

tured lll IHEdla Wlt}l alld Wlthout 3A:l Wolfner et al

7 e 1 the mutatlon rate Of thls gene does not Change lll
3AT~ c()lltalnlng medluIn The assumptlon that the mutatlon rate
neS Y
()l ge depends on thelr acth:Lt does ‘not - flt wlth th
1S

result: “Avsimilar result tain C
)4 alrns et:al 1988
with ractivation of ‘the -lac- operon Of E. colJ by 1sopr(opy|)

thlo al
galactoside (IPTG). 'Activation . of the operon di a
i not.:

e t}le SpOIltalleOUS IeverSlon rate Of t}le laCZ g
ene.

an Table 1
2MATION OF SPONTANEOUS LYS2 MUTANTS IN STRAIN
: 288Co. ON MEDIA WITH AND WITHOUT 34T
. Medium n,-10° N M R, 1077
; : : R, +10
M3
L M3 . 4(? + 0,5 240 158 2,4 +.0,4
. I - !
"M3.+ 34T k ’
‘ _. 3,0 + 0,3 240 | 127 2,5+ 0,4
I e I
n, number of cells i
n a
Z, numger of colonies; colony;
, number
x of colonles with mutants among # colonles
!

mutatlon rate per -cell per generation..

Conce
rnlng the data shown in Flg 1, it should be mentlo

the con : : ' k
stant formatlon rate of.L- type lysl revertants .
ants

descr g Y Y g Y |
lbed a c}lall e lll tlle actl lt Of ene LYSZ b a f t ) - '
ac Or

7 af ter JAz was added tO tlle Inedlu"l AS seen frorﬂ the data B

ned that we
1nterpreted these functlons as an 1ncrease in th
e

s

4

SPOIltalleous reve () e (o] 16“2 gelle wl tll decrea51 g
rSl n rat f the \
; "

eXPErlments were Carr led ou t |
n r S ln 2 g T E
to del;erml e dlIeCt Inu tatloll ate ‘LYS elle lll SZBBC Cul

1euc1ne concentratlon in the medlum (Chepurnoy et al 1989
1989- 1990) “‘These’ results allow another'

1nterpretat10n as well " One may assume that on “all -‘media,

orogodln et al
whatever the_ leuclne content revertants form W1th the same
rate (hypothetlcal llne in Flg 1).
revertants appearlng ‘in. the culture under non- selective con-
ditions (30 mg/l of leucine) cannot. compete with. the cells of
As the leucine content‘

Yet, the maJor fractlon of

the 1n1t1al strain’ and therefore die.
decreases, fewer revertants die because their selective pre—
ferences “increase as compared W1th the’ 1n1t1al strain cells.
The increase. in the number of detected mutants is 1nterpreted./
as. an increase in the spontaneous mutatlon rate of the gene {
‘ ThlS p0551b111ty was. con51dered 1n the paper of Korogo—‘
d1n et al. (1988), where this assumptlon was checked’ by test—ﬁ
ing-a~part of ade2 revertants, which formed-on a medium w1thf
‘a ‘low adenine content and had a selectlve advantage while
grow1ng, for their ablllty to compete w1th the 1n1t1al stralnf

cells when they are cultured together on a, medium W1th a’
~ higher (30: mg/l) adenine” ‘content: All revertants had competl-‘
tlve ablllty :

! “Slnce we ‘used . ‘another system,.
form‘a" s1m11ar reconstructlon experlment All mutants, deteCt-
-ed"¥on medium-with-a- +low leuclne content::were- resuspended in
water in” equal proportlons, “and® the ‘cells - of i the “initial-
Sétrain NA3-24 were "added, ‘50 'that there was no ‘more: than 1
1n1t1al ‘strain cells per 1noculum durlng ‘the”

it’waS‘reasonable,to«perf*

‘mutant per 210%

. ordered platlng ‘1f the competltlve ablllty of" revertants is

low,'one should expect a‘ decrease’ in ‘their number . per. colony

durlng JOlnt cultivation“with® the= 1n1t1al "strain-on -medium

'with a normal’ (30 mg/1l) leuc1ne ‘content. ~The results ;of this
cultlvatlon are shown in’ Table 2::- The revertants selected on .

medlum with 3 mg/l of leuc1ne ‘do’ not die when cultured ]01nt—

ly w1th the 1n1t1al strain on medlum ‘with-30 mg/l of leucine.

Slnce we 1nvestlgated mutants that had formed ‘many- gene—
‘ratlons after their orlgln, we were ‘not- sure ‘of" the compe—"
t1t1ve ablllty of mutants in’ the flrst “hours folloW1ng their



-JOINT . CULTIVATION OF leuz REVERTANTS AND sTRAIN

Table 2

v;NA3 24 CELLS ON A MEDIUM WITH 30 mg/l OF LEUCINE o

0 2 1 3
1,4-10° 1,6-10° 5 .10°
/41 ,6-10% 3,6-10 6,0-10

. ’J“ p R sy . P
L7404 © 431 452 . 393
0,62 % 0,03 | 0,67 + 0,04 | 0,72 + 0,04 |.0,55 + 0,03

cultlvatlon t1me, hours;
number of initial straln cells in a colony,

,- number of colonies with mutants k Can
in samples: of ;N = .
~mean number of mutant cells in a colongt, i 880,

BTN e

‘formation.' To: address: this. issue one-must ‘be able to dlStln—

quSh ‘mutants-that have Just been  formed .and never .divided,

tas:’ ‘well as:those that - have divided one,

+two, —or. more tlmes

iEvrdently, there 1s a set- of ;these- spontaneous mutants in the~’
<,culture in: the exponential phase of .growth. So,:we.carrled'
‘ out:‘a v series of experiments “according. to- 'the following
!scheme - o |

.

Cells cultured on a medium- w1th low 1euc1ne content (3‘

:mg/l) were transferred to a medium. with normal leuc1ne .con-
“tent (30 . mg/1) in the. exponential  phase of the culture
“growth. The revertant-content in the culture was . determlned
-over - a 8 ~hour period on medium where mutants had no selectlve
,advantage

cells
‘on- a-medium with a low. leuc1ne content 1s characterlzed

«b
hy ‘reduced - ~dividing time (8+10 hours .per generatlon), -and by’
igher leucine revertant  frequency. The L= type revertant rate'

6

.The. results .are -shown. in Fig.2. Cultlvatlon of

‘calculated by formula
ratlon.‘After transfer of cells to a’ medlum Wlth 30 mg/l of "

k leuc1ne (see Fig. 1)

N m ‘ N
=Ww
Z -
2%
Fig.2. The reduction of num- - 35108_ )
~ber of ;.revertants.. colonies;  °@ g& o
after transfering the culture X I
<of " strain “NA3-24> célls “from-- zE ;. n
the ‘medium. with..3 mg/l-.of 2% | . oha
: 8 9 10 11 12 13 14 15 16

fthe moment of transfer,

lber .of. revertants;

(1) is ~1 5 10 S per cell per gene—

1euc1ne a two- hour 1ag perlod was observed after whlch the
cells start leldlng at a rate of 2 +3 hours per generatlon.
At the same tlme a reductlon of leuz revertant content was

The number of n the.

observed 1n the culture revertants

culture was observed ,toq/ .

decrease for the first 4 “or

hours after transfer. Then lg"{g 20}

the number of L- revertants’ fﬂg'm

grew at a rate R = 1-10 -8 peqrb gg 8

cell per generatlon wh1ch 1s/ﬂ’§§ 4
Zz <

typical of cell cultlvatlon’f
on medlum with 30 mg/l ofk

leucine (x) to that w1th 30

‘mg/1 Of leucine” (0) nnmymONTMEHmRs;Q

In d1fferent experlments, the reduction 1n the mutant

¢content varied from 30% to 70% of the number of mutants at

tants were not found after several hours of cultlvatlon on:a
'medlum with normal 1euc1ne content " The reductlon in the num-
.was _ev1dentlyi3due,1top.av reductlon of
"newborn mutants..

. It.should be mentloned that acc1dentally we plcked up a't

Wstraln NA3- 24 sub11ne (subl) Wlth R. 1ndependent of leuc1ne

content (Fig.l) On the other: hand 1n this: subllne no dis-—
appearance . of . revertants was observed after transfer from

tmedlum with low- -leucine content to medlum w1th normal 1euc1ne"

...content.. Therefore, the data shown in Flg 1 and Flg 2 may be

the consequences of the same process._’;f\,

7



‘ ', If revertants are formed w1th the same rate ‘on’ dlfferent
med1a, and the dlfference in mutant y1eld is caused. by the1r
dlfferent competltlve ab111ty on med1a w1th dlfferent leuc1ne

ontent
7format10n and dlsappearance of mutants Then, in’ a synchro—
‘nous’culture grow1ng on the’ medlum with’ 30 mg/l ‘of 1euc1ne,

one may observe many more rever-

4,30-n3 S » ,tants 1n the perlod of thelrfor—

o ' maflon at the T s phase of the
__"’_,JTQZO cell cycle.(Chepurnoy et al.
3>z. 7-1989) than, for example at the
‘6§ 'beglnnlng of the S phase Of, the
=9 10} next cell cycle However the
é% 8 experlments w1th the synchronous
ggl culture did not show that the

‘0

revertants in the

" number of
culture decreased from one S-

Mop.. - (Flg 3). The

‘,phase to another

(o]
=¥

revertants appearlng 1n S—phase
-8

cell per generatlon.

S T Fig.3.
S 00001203 405
_rw . INCUBATION TIME, HOURS

NUMBER OF COLONIES
WITH REVERTANTS

Jwr
Lo
~Jor..
o
[+

nizing culture of stra1n NA3~ 24
‘cells during two cell:"cycles.:

“Therefore if the different revertant frequency’ of -the
culture can be explalned by death of revertants, it follows

;that there 1s a' very short tlme 1nterval between formatlon to-

'death whlch cannot be detected by ‘our technique.
Further experlments with the synchronous culture (Fig.4)
showed that dlsappearance of revertants after culture trans—

fer takes place at the end of the G—phase of “the ‘cell cycle;,
and ‘this" phenomenon was ' observed up to- the end ‘of ¢ the

—phase of the next cell cycle (Fig.5).

8

4one may expect that there 1s a time 1nterval between

g observed number of both types of,

,corresponds to-a, rate 2-10 ’:per-

The . ‘content® of 'colonies’
¢;w1th revertants  in. the . synchro-

Generatlon of . revers i

Fig.4. SIe
tants*“during ‘the ' §- phase'on-/‘gglm:v
© the:medium - with. 3.mg/ls of: . 3§'83
leuciné (x) and reduction of =3 °r
1ts number at “the:'end of" G—-’ xS 4t
phase of the next cell cycle”igf “f
on' the medium -with.-30 mg/l - .Z2 2
of leuc1ne (e).  The arrow
shows the transfer  of the -8,
culture from the first medium &% '™
to the second one. g8 8op
lé‘;' 50:5
. _yn:l‘:‘:J 40p
n 35 4 5.6 .7 8 9 1 .n |
v - 10f « .. INCUBATION . TIME, HOURS ~ '
A G NCL N
8% [
Wy ;6.
88 . .
= . Lt
2% a Fl 5 De endence of the num=-
FE .g. P
N . . —— ~ber:iof.cells in~‘a: colony (a)
I I R S NPT --:and: the ; number. .of . colonies
§£2w«yw S | with revertants - among' 660
g | o ‘colonies «(b) on-the’- duration.
wligool 0 Fpmmees of ;incubation of.synchronized
ol myv,#;sz_v AN ™ ,‘hstraln Na3-2¢4 cellS"on the’
@x sof X% T L o “‘medium with*: 3 mg/l: of leu-
T .
EEI R : foo=l seines-(X): and after transfer
et A b | “of the cultures ‘(marked by

4 6.8 .07 2% B 18

“arrows):.to -the medlum with$30
“INCUBATION _ TIME ,HOURS : :

'ﬁmg/l of ileucine; (o)

Discussion

~'All'result5'presented here are:based onrthe:assumption
that spontaneous mutatlons 1n genes. are formed - randomly and
with a constant -rate’ for ‘the’ given gene.gIn the future . the,

,surv1vab111ty of "a mutant depends onrits: compet1t1ve ablllty,

under "given conditions. "If mutations. are- advantageous -for

cell“growth, the mutants. survive. If mutations :'make - cells_

less competitive, the mutants have more :chance:. to: . die; than

“the 1n1t1al straln cells. This™ leads to ‘an 1ncrease iin the:

yleld of advantaged mutants, -‘which:-has been 1nterpreted asian -
increase in the rate of "adaptive" mutations.

9
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Although the exper1ments descrlbed here are based on‘

dlfferences in competltlve ablllty of mutants,  we: belleve
that the results obtalned can also ‘be exp1a1ned by the model
or1g1nally proposed by F.W.Stahl (1988) and complemented by
L..Boe . (1990) w1th some our add1t1onal assumptions. Th1s model
is ‘based. on- the post ~Luria- Delbruck demonstrat1on ‘that mu—
'tatlon proceeds through a rever51ble 1ntermed1ate. Polyme—
rase catalysed DNA synthesis has a mistake rate that is thou-
sands of times higher than the gbserved mutatlon rate of fre-
ely grow1ng cells. The f1de11ty observed is achieved by the
actlon of . post replicative mlsmatch correction enzymes.
enzymes remove stretches of newly syntheslzed chalns whose
sequences fail to be fully complementary -to - the templates on
hlch they were made. To a good approx1mat10n, we can say
that mutation result only when these correct1on systems fa11
iIf the m1smatch is of advantage to the. cell, i.e. _if the. mls—
match results in the productlon of an mRNA molecule encodlng
'{a product prOV1d1ng a selectlve advantage, growth will be
‘Lstlmulated and the" mutat1on can. be - flxed 1nstead of be1ng
frepalred What phenomenologlcally seems to be a dlrected mu-
3tatlonal event can thereby be created on the basis” of purely
,random processes
.. cific mutatlon ‘is not 1ncompat1b1e w1th our ‘current unde-
In fact, this
model ‘involves only known enzymatic act1V1t1es and processes
known to take place in the cell

standing of molecular biology and genetics.

Our f1rst assumptlon actually is -that not only post—

,>repl1cat1ve, but alsoc pre- repllcatlve, correctlon of hetero-
duplexes occurs (Fig.6).

-fpre—replicative‘ and post-replicative corrections work - ef-

“fectively’ on the 'coding: strand:of leu2 when cells are cul-

‘tured on medium with 30 mg/l of leucine, and do not: work (or
work ineffectively) when cells are cultured on. the. medium
with:37mg/l of ‘leucine. : S Lonla
"¢.In -the case of the first assumption, :it.should:be- men-
tioned that-a similar hypothesis was put forward by N.V;Luch4

. 10

P

These .

In thlS explanatlon the 1nduct10n of a spe—

The  second assumption states .that-

MISTAKE
OF POLYME- "G,

REPLICATION

'Fig. 6. The *
reversions:

.
‘leu -

‘model  ‘for ¢

on the cell .growth media. with d1fferent leuc1ne
contents (3 and 30 mg/l)

generation : of: spontaneous -

MaJor assumpt1on ‘of the model

1. The pre-replicative correctlon of heteroduplexes
‘exists in the cell. ' SRS

2. Pre- and- post-replicative . correctlon works effectlve
on the DNA strand encoding leu2- gene product at’-30

mg/l of “leucine- but” not at '3 mg/l ‘of-:leucine - in:a
cell growth media.. g . :

nik (1971) after analysishof chromosome aberrations in mam-
mallan cells As to the second assumptlon, it actually im-
p11es a’ system of heteroduplex correct1on regulatlon (or DNA

repair) in a cell which may increase or decrease the effici-

:ency of correction depend1ng on the cultivation cond1tlons'

(e.qg. compos1t10n of the nutrient medlum) This effect can be
dlfferent not only for dlfferent genes, but also for two ‘dif-

ferent strands of the same gene Regulatlon of the eff1c1ency

of thlS process may "be ‘similar to the work® of ‘the general or
‘spec1f1c system of gene act1v1ty regulat1on be1ng at’the “same
time independent of it. Post- repllcatlve correction ‘cannot be
separated from replication in our ‘system. Pre- rep11cat1ve

correctlon (if it ex1sts) works ‘at the end of the G—phase or

“at the beglnnlng of the s- phase of the cell cycle (the black,

rectangle on the growth curve: of the synchronlzed culture,

 Fig. 5a) “and can be temporally separated “from rep11cat1on by

our technique. Transferrlng cells from medium with ‘low“leu-

‘cine content to medium with normal or high (=30 mg/1l) leucine
‘contents before pre- repllcatlve correction results -in’‘cor-

rectlon of heteroduplexes by * daughter ‘strand’ repair.- It':is
not known how a cell can distinguish’between‘the'daughter-and

11



parental strands before S phase. However on. the ba51s of thlS
'model, cell may be capable of dlStngUlshlng between the pa—

rental- and daughter _DNA: ‘strands from the onset of daughterf
strand synthe51s untll the repllcatlon phase of the next cell
'cycle. In.this scheme it would be during pre- repllcatlve cor— .

rection that the "status" of the daughter strand and that of
the :parental -strand: are. determined. Transferring cells  to
medium withlhigh,leucine content afterdprefreplicativeicor—
rection would not lead to a decfeaseLin thelnumber/of‘rever4
tants, as we have observed

~In conclu51on) we thlnk there ‘are . two p0551b1e expla-

' natlons for "adaptlve" mutagenesls One is based on dependen—vv

ce. of competltlve ability of mutants .as. determlned by culti-
vation conditions, and the other is the hypothesis of inter-
mediate heteroduplex correction,proposed\by~E.W;Stahlx(l988).

, We _thank professor V.Ilerogodln kﬁérfﬁcom@énfé on . the

manuscript.
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