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ABSTRACT 
Spontaneous mutants arise among nondividing populations of Escherichia coli in apparent response 

to selective conditions. In this report we investigate several hypotheses to account for the role of 
selection in the production of these “directed” or “adaptive” mutations. We found that  the Lac’ 
phenotypes of  some mutants that arise late after lactose  selection are  due  to suppressor mutations 
that are unlinked to  the  mutant lacZ allele; thus the production of these Lac+ mutants does not 
require an information flow from successful proteins back to the DNA that encodes them. Transcrip- 
tional induction of the lac operon, even  in the presence of another, utilizable carbon source, did not 
stimulate the occurrence of Lac+ mutants in the absence of lactose, indicating that  the role of the 
selective agent is not merely to induce transcription. The absence of  two  DNA repair pathways- 
methyl-directed mismatch repair and alkylation  repair-also did not result in an accumulation of  Lac+ 
mutants in the absence of lactose, suggesting that these repair pathways are not normally responsible 
for  correcting transient variants that might arise in the absence of selection. However, in one case the 
Lac+ mutation is  likely to be due to a miscoding  lesion occurring on  the nontranscribed DNA strand, 
indicating that,  at least in this instance, DNA replication is required before directed mutations can 
arise. 

W HEN stationary cells of Escherichia coli are sub- 
jected  to  certain  nonlethal selections, mutants 

appear with  time (CAIRNS,  OVERBAUCH and MILLER 
1988).  Because the  only  mutants  that  accumulate 
among  the  population are those  that are selected for, 
this  phenomenon  has  come  to be known  as  “directed” 
or “adaptive”  mutation. A number of hypotheses  have 
been  proposed  to  account for these  observations,  some 
of which we have  previously  investigated (CAIRNS and 
FOSTER 199 1). Using  reversion of Lac-  cells to  lactose 
utilization  as our assay,  we found  that  neither gross 
increase in  cell number,  nor cross-feeding by preex- 
isting  mutants,  could  account for the  continued ap- 
pearance of Lac’ mutants  with  time  on lactose  plates. 
Further,  mutants did not  arise  even in the  presence 
of lactose  selection if the cells had some  other,  unful- 
filled,  growth  requirement.  This last result is consist- 
en t  with the  theory  that  genetic  variants  arise  contin- 
uously, but in the  absence of success are transient 
(CAIRNS,  OVERBAUCH and MILLER 1988; STAHL 1988; 
HALL 1990; BOE 1990). 

In this report, we  have  tested  three  additional hy- 
potheses: (1) mutations  result  from a reverse  infor- 
mation flow from  the  mutant  protein  to its DNA 
(CAIRNS,  OVERBAUCH and MILLER 1988); (2) the se- 
lective  condition  induces  transcription  of  the  relevant 
gene,  and  transcription is inherently  mutagenic 
(DAVIS 1989);  and (3) the selective  condition  captures 
transient  variants  that  would  normally be corrected 

(knetics 131: 783-789  (August,  1992) 

by methyl-directed  mismatch repair (STAHL 1988; 
BOE 1990).  We also  tested  whether  another DNA- 
repair pathway,  alkylation  repair, is responsible for 
reversing  transient  variants. Our results  indicate  that, 
at  least  in our  system,  “directed  mutations”  can  arise 
even  when  there is no  direct link between  the  altered 
protein  and its DNA sequence.  In  addition, we found 
that  induction of transcription in the  absence  of selec- 
tion  does  not  enhance  the  appearance  of  mutants, 
suggesting  that  the role of selection is not simply to 
induce  transcription. Lastly, we found  no  evidence 
that  either  mismatch  repair or alkylation  repair is 
responsible for preventing or correcting  transient  var- 
iants in the  absence of selection. We therefore  are left 
with a rather  restricted  set of hypothesis,  which are  
discussed at   the  end of the paper. 

MATERIALS AND METHODS 

Bacterial strains: The strains used are given  in Table 1. 
All are derivatives of P9OC (COULONDRE and MILLER 1977), 
and were constructed using standard methods (MILLER 
1972). P1 transduction of trpE9777 was  as described 
(CAIRNS  and FOSTER 1991). To  create  a mutS3 derivative, 
FC165 (=P9OC but trpE9777 ara+ Rif) was transduced to 
sr1::TnlO  with a P1  lysate of  RH4695, then to Srl+ Tets 
with a P1 lysate  of  ES894 [= mutS3 (VACCARO and SIEGEL 
1977); RH4695  and ES894 were obtained from G. MAEN- 
HAUT-MICHEL]. The mutS3 phenotype was verified by high 
spontaneous reversion to Trp+. ogt-1::Kan and A(ada-25 
a1kB)::Cam were each transduced into FC36 from a P1  lysate 
of GWRlO9 (REBECK and SAMSON 1991), selecting for  the 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/131/4/783/6007314 by guest on 25 M

ay 2023
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TABLE 1 

Bacterial strains 

Strain 
Chromosomal genotype or 

phenotype Episomal genotype Reference for alleles 

ara A(1ac proB)xl l l  thiA Rif  

As FC36 but A(uurB-bio); 
separate derivation 

As FC36 but ara+ trpEY777 

As FC 166 but mutS3 

As FC36 

As FC36 but ogt-l::Kan 

As FC36 but A(ada-25 
a1kB)::Chm 

As FC36 but ogt-1::Kan 
A(ada-25  alkB)::Cdm 

ara A(lac proB)slll thiA 
met- arg- A(lac-proB)xlll 

thiA SLID- Nal' RIP 

F- 

lael+  lacZam  lacy+ pro' 

1acI::lacZ lacy+  pro+; 

1acI::lacZ lacy+  pro+; 

lacl-  la&  lacy+ pro'; 

laGI- la&-  lacy+  pro+; 

laGI- l a d -  lacy+ pro'; 

laGI- la&- lacy+ pro+; 

A(lacI l a d )  lacy+  pro+ 
F- 

+ 1 frameshift in lacl 

+ 1 frameshift in lacl 

from CC 102 

from CC 102 

from CC102 

from CC 102 

COULONDRE and MILLER (1977); 
CAIRNS and FOSTER ( 1  99 1) 

J. MILLER (personal communication); 
CAIRNS, OVERBAUCH and MILLER 
( 1  988) 

and FOSTER (1 99 1) 
CALOS and MILLER (1981); CAIRNS 

VACCARO and SIECEL (1977) 

CUPPLES and MILLER ( 1  989) 

RERECK and SAMSON (1 99 1 )  

SHEVELL et al. (1 988) 

CAIRNS and FOSTER ( 1  99 1) 
COULONDRE and MILLER (1977) 

clrug resistances and  screening  for sensitivity to N-methyl- 
N'-nitro-N-nitrosoguanidine and methyl methanesulfonate. 
'l'lle ogt-1::Kan strain was then  transduced  to A(ada-25 
alkB)::Cam, yielding the ada- ogt- double  mutant.  After 
transfer of the episome from CC 102 (CUPPLES and MILLER 
1989) into these strains,  the  genotypes were further con- 
firmed by sensitivity to mutagenesis by N-methyl-N'-nitro- 
N-nitrosoguanidine. Episomes were mated  into FC36-de- 
rived  strains on minimal medium plus rifampicin and  into 
NA 100  on minimal medium plus methionine,  arginine  and 
n;didixic acid. 

Media: Bacteria were  cultivated in M9 minimal medium 
with 20 pg/ml thiamine,  0.001 % gelatin,  and  0.1 % glycerol 
(MILLER 1972; CAIRNS  and FOSTER 1991). Minimal plates 
were also M9 medium with 0.1 % glycerol, 0. I-0.2% lactose, 
o r  no carbon  source.  When  required by the  strains,  50 pg/ 
1111 tryptophan  (FC166  and FC210), 100 pg/ml  each of 
methionine  and  arginine (XAIOO), or 5 p~ biotin (SM 195) 
WIS added. LB was as in MILLER (1972). Antibiotic  concen- 
1r;ltions were: 100 pg/ml  rifampicin, 45 pg/ml  kanamycin, 
34 pg/ml chloramphenicol,  20  pg/nd tetracycline, 40 pg/ml 
11;tlidixic acid. 5-Bromo-4-chloro-3-indoly~-~-~-ga~actopy- 
r;moside (X-gal) was added  at  40 pg/ml and isopropyl-@-D- 
t1liogaI;lrtopyr;lnoside (IPTG) at 4 or 5 X M. 

Experimental protocols: Routinely, several independent 
c.ultures of each  strain  were  grown from small inocula  (10"- 
I O "  per ml) i n  M9-glycerol medium,  centrifuged, resus- 
1)ended at 5-10 times i n  saline or M9 salts, and aliquots 
M ' C ~ C '  spread or plated i n  2.5-3 m l  top agar on M9-lactose 
plates. I n  2111 cases, a total of 10" cells were added  to each 
plate, ;I number previously determined  to  prevent subse- 
quent cell growth  (CAIRNS  and FOSTER 1991). If strains  had 
Iligh reversion rates, fewer cells were used,  but 10'' cells of 
I;<:29, ;I Lac- scavenger, were also plated. For delayed- 
ovcrlay experiments, IO" cells were  plated in top agar on 
M 9  plates w i t h  no sugar, then immediately  overlaid with a 
sccond layer of top  agar to bury  the cells. At 0, 2 and 4 
thys ,  the overlaid plates received a third layer of top agar 
containing 1 - 1.2% lactose. Lac+ colonies  were counted daily 

starting two days after  the bacteria  were  plated on lactose 
or after receiving a lactose overlay. 

Suppressor analysis: In  the  experiment  presented in 
Figure 1, 10 Lacf colonies from each plate  that  arose  on 
each  day were  grided  on lactose plates. After  growth,  the 
grids were  replica-mated with an F- Sup-  strain deleted  for 
the lac operon (XAlOO) on minimal plates containing X-gal 
(to indicate @-galactosidase activity), and IPTG (to  induce 
the lac operon).  After  24  hr  at  37 O , each patch was scored 
for color. The  proportions of blues (intragenic  revertants) 
and whites (extragenic suppressors) from  each plate  were 
multiplied by the  number of colonies that  arose  on  that 
plate,  to give an  estimate of the total number of revertants 
of each class arising each  day. These values were then 
summed.  The median  cumulative values for  the  ten  cultures 
are shown in Figure 1 [this is a more stable statistic than  the 
arithmetic  mean because it is less influenced by jackpots 
(LEA  and COULSON 1949)l. 

Experiments with mutS- strains: Because of the high 
mutation  rate  conferred by the mutS3 allele, we grew several 
independent  cultures of FC210  and  stored  them  at  4"  for 
2 days while the  frequency of Lac+ revertants in each was 
determined (usually about  per cell). The  culture with 
the lowest number of Lac+ revertants was then used to 
inoculate new cultures  at IO4 FC2 10 cells and  lo6  FC29 
cells per m l .  At saturation, this procedure gave 10' FC210 
cells and IOq FC29 cells per ml. For controls, we similarly 
inoculated lo5  FC166 cells and 10" FC29 cells per  ml, 
yielding, at  saturation, l oH FC166 and 10' FC29 cells per 
ml. The  equivalent of one ml  was then plated in 2.5 mi top 
agar on M9-no sugar plates for  the delayed  overlay  proce- 
dure, or spread  on  M9-no sugar and M9-lactose. Viability 
was determined by taking  plugs  every two days from  the 
plates on which the bacteria had been spread, as described 
(CAIRNS  and FOSTER 199 1). To ensure  that  the mutS3 allele 
was not  reverting  during  the  course of the  experiments,  10 
Lac+ colonies  arising  each day from each  plate of FC210 
were grided  onto lactose plates, and  then replicated onto 
minimal glucose (0.2%) plates with rifampicin but n o  tryp- 
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tophan; the appearance of numerous Trp+ revertants two 
days later indicated that the cells were still mutS3. The viable 
cell plates were likewise replicated on  plates without tryp- 
tophan. We detected no loss of the mutS3 allele. The num- 
bers  presented in Figure 3 were calculated by dividing  the 
number of Lac+ colonies arising each day  by the number of 
viable cells measured two days earlier (interpolated for days 
1 and 3); these were then summed to give the cumulative 
count. 

RESULTS 

Hypothesis 1: the selective conditions “instruct” 
the cell which DNA sequence  changes to create: The 
most unorthodox hypothesis to explain the role of 
selection in enhancing  mutation is that  there is a 
reverse  information flow from  the  environment  to  the 
cell’s DNA via the mRNA  (CAIRNS, OVERBAUGH  and 
MILLER 1988). Selective conditions  might  be  detected 
by a cell through  the success of an  altered  protein in 
relieving the selection; this alteration  need  not be a 
result of changes in the DNA,  but  could  have  arisen 
from transcriptional  errors. If the  altered  protein  and 
its transcript were associated, the variant  mRNA  could 
be  targeted by the  protein’s success for  reverse  tran- 
scription,  thus  immortalizing  the  variant  as  a DNA 
sequence  change. This hypothesis predicts that  the 
only  DNA sequence  changes that can be  “directed” 
by the selective conditions are changes in the  gene 
that encodes the successful protein. 

T o  test this hypothesis, we used SM195, which 
carries  a lac2 amber allele on  an F’ episome. Reversion 
of the Lac- phenotype can occur via intragenic  mu- 
tations  that  remove the stop  codon  (either by a  point 
mutation or, possibly, by a small in-frame  deletion) or 
by extragenic  mutations  that  create  suppressor  tRNAs 
(CAIRNS,  OVERBAUGH  and MILLER 1988). All intra- 
genic “true” mutations will be  carried  on  the  episome, 
and all chromosomal  mutations will necessarily be 
extragenic suppressors. We distinguished these classes 
by determining  whether or not  the Lac+ phenotype 
of a  revertant could be  transferred  to  a  recipient by 
mating. 

As shown in Figure 1 ,  colonies both of true rever- 
tants  and of suppressors continuously appeared 
throughout six  days incubation on lactose minimal 
plates. Suppressors  made  up  a  large  component 
(290%) of early arising colonies, and accounted for 
the  one “jackpot”  (approximately three times the me- 
dian  number of mutants)  observed in this experiment. 
By day 6, approximately  equal  numbers of  true  rever- 
tants  and suppressors were arising each day. Nonethe- 
less, suppressors clearly continued  to  arise  and  had all 
the attributes of “directed”  mutation. Since, in the 
case of tRNA  suppressors, the information that re- 
stores activity to  the  mutant P-galactosidase is not 
present in the DNA or  the RNA that encodes the 
protein,  there is no  direct  path  from  the  protein 
sequence to  the DNA.  Although  more complicated 

7 0  I I I I I I 

0 1 
6o  t / i  

0 ‘  1 
I I I I I I 

0 1 2 3 4 5 6 7  
Days 

FIGURE 1 .-The accumulation of intragenic revertants (filled 
circles) and extragenic suppressors (open circles) after plating 
SM195 on M9-lactose plates. Numbers are  the medians of 10 
independent  cultures, based on  the estimated daily increment for 
each plate (see MATERIALS AND METHODS). 

models can be  imagined,  these results argue  that  the 
selective condition  does  not play an “instructional” 
role in determining which DNA sequence changes 
arise. 

Hypothesis 2: the selective conditions induce  tran- 
scription of the gene encoding the  relevant  protein, 
and  transcription is inherently  mutagenic: Most ex- 
amples of “directed”  mutation involve inducible 
genes. If transcribed DNA is more subject to chemical 
damage  than  nontranscribed  DNA, the selective con- 
ditions  might  result in an increased mutation rate in 
the relevant  gene  (DAVIS  1989). This hypothesis pre- 
dicts  that  transcriptional  induction of a  gene should 
lead to  the accumulation of mutations even when the 
mutations  confer no selective advantage.  CAIRNS, Ov- 
ERBAUGH and MILLER (1988) showed that  the pres- 
ence of IPTG, a  gratuitous  inducer of the lac operon, 
did  not result in the accumulation of revertants of a 
lac2 amber allele in the absence of lactose. However, 
DAVIS (1989)  argued  that  starved cells  may not have 
sufficient energy  reserves  to  respond  to IPTG induc- 
tion; lactose, in contrast, would not only induce  the 
operon,  but might supply the necessary energy  either 
because it is weakly hydrolyzed by enzymes other  than 
P-galactosidase or because the lac- allele is “leaky.” In 
support of this idea, DAVIS ( 1  989)  described  an  exper- 
iment in  which the  presence of IPTG plus glycerol 
stimulated the  appearance of Lac+ colonies after lac- 
tose was added. 

Since few experimental details were given by DAVIS 
( 1  989), we repeated  the  experiment with SM 195,  and 
also included  controls in  which preexisting Lac+ re- 
vertants  were added  to  the Lac-  cells.  We found  that 
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FIGURE 2.-The accumulation of Lac+ revertants of SM195 in a 
delayed overlay experiment. The plates contained 0.01 % glycerol 
(open circles) or 0.01 % glycerol plus 4 X M IPTG (closed 
circles). Plates were overlaid with 2.5 ml top  agar containing 1.2% 
lactose on days 0, 2 and 4. The numbers are  the means of three 
independent cultures. 

the presence of IPTG plus a small amount of glycerol 
did indeed increase the  number of Lac+ colonies ap- 
pearing  after lactose was added,  but  not because IPTG 
was causing the  formation of extra revertants.  Starv- 
ing cells  show a steady decline in the speed with which 
they  respond to  the  addition  of lactose, and this de- 
cline was prevented by IPTG (Figure 2). The same 
effect was seen with preexisting Lac+ revertants  (data 
not shown). These results  indicate that  the effect of 
transcriptional  induction is merely to  enhance  a  the 
ability of a Lac+ cell to respond to lactose and  that 
transcription of the lac operon,  either with or without 
an additional  energy  source,  does not, of itself, cause 
the accumulation of Lac+ mutants. 

Hypothesis 3: errors in the DNA occur continu- 
ously, but in the  absence of selection  they  are re- 
paired: STAHL (1988),  and subsequently BOE (1990), 
proposed  that  a low level of DNA repair synthesis 
occurs even in starving cells. DNA errors made during 
this synthesis might persist because the  error correc- 
tion pathways, such as  methyl-directed mismatch re- 
pair (MMR), are slow to act. In  the absence of  selec- 
tion, all such errors would eventually be  corrected. 
However, under selection, a  transient error in the 
transcribed  strand of the DNA could give rise to a 
useful protein, allowing the cell to begin replication 
before  the error is corrected. The  error would then 
be immortalized as a  mutation. 

This hypothesis predicts that in the absence of the 
relevant  error-correction pathway, a  population of 
starving cells should accumulate  mutants  even when 
the selective agent is not  present. Since both STAHL 
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FIGURE 3.-The accumulation of Lac' revertants in  MMR+ 
(open circles) and MMR- (closed circles) strains. 10" cells of FC166 
(MMR+) or lo7 cells of FC210 (MMR-) were plated with lo9 
scavenger cells on M9 plates and immediately overlaid with 2.5 mi 
top agar containing 1 % lactose. The numbers are the means of five 
independent  cultures of FC210 and two independent  cultures of 
FC166, corrected for the  number of viable  cells two days earlier 
(see MATERIALS AND METHODS). 

(1 988)  and BOE (1990) specifically proposed  that 
MMR is the relevant  error-correcting activity, we first 
investigated the effect of a  defect in mutS, one of the 
genes  required  for this pathway. We used strains 
carrying  the Lac- frameshift allele described previ- 
ously (CALOS and MILLER 198 1 ; CAIRNS and FOSTER 
1991). As shown in Figure 3, mutS- greatly enhanced 
the  number of Lac+ mutants  that  arose with time  after 
lactose selection, a  result similar to that  reported by 
BOE (1990) using different  mutational  targets. Al- 
though  these  results suggest that MMR is active in 
stationary phase cells  (BOE 1990), they do not neces- 
sarily mean that this pathway normally removes un- 
successful DNA sequence  changes in wild-type cells. 
T o  show that, we would have to show an accumulation 
of Lac+ mutants in the absence of lactose in a delayed- 
overlay experiment.  Unfortunately, in agreement 
with BOE (1  990), we found  that viability  of the mutS- 
strain  declined rapidly under starvation  conditions, 
and  it became increasingly difficult to obtain  accurate 
titers  from plates. Therefore, we resorted  to  a  differ- 
ent kind of experiment. 

Cultures of the mutS- strain in glycerol medium 
were grown to saturation and incubation was contin- 
ued  for several days. Each day aliquots were plated to 
determine  the total number of cells and  the  number 
of Lac+ mutants. As shown in Figure 4, the decline in 
viable  cell number  and  the decline in the  number  of 
Lac+ mutants were closely parallel, resulting in a less 
than twofold variation in the  number of mutants  per 
viable  cell during  the course of the  experiment. Our 
failure  to  observe an accumulation of Lac+ mutants 
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FIGURE  4.-The loss of viability and  the  decline in  Lac+ rever- 
tants of the MMR- strain. Five independent cultures of FC210 
were incubated for six days after reaching saturation. Total cell 
numbers (filled circles) and  the  number of Lac+ cells (open circles) 
were  determined  each day. Numbers are the means and standard 
deviations. 

during starvation of the m u t S  strain suggests that it 
is not  error-correction by  MMR that normally pre- 
vents these  mutants  from  accumulating in the wild 
type  strain. 

Another  repair pathway, which removes alkyl  le- 
sions from DNA bases, has been implicated in the 
repair or prevention of DNA errors  that arise in non- 
growing cells. ada- ogt- cells, which apparently lack 
all DNA-alkyltransferase activity, show a  large  en- 
hancement in mutants  arising under non-lethal selec- 
tion relative to wild type, ada- ogt+, or ada+ ogt- cells 
(REBECK and SAMSON 1991). T o  investigate this path- 
way, we mated the F‘ episome from CC 102 (CUPPLES 
and MILLER 1989)  into our common  parental  strain, 
ada- ogt+, ada+ ogt-, and ada- ogt- derivatives of it. 
The  F’ from CC 102  carries  a constitutively expressed 
l a d -  allele that can only revert to l a d +  by a  GC to 
AT transition, the base substitution  induced by 06- 
alkylguanine, one of the known substrates of DNA- 
alkyltransferases (LOECHLER, GREEN  and ESSICMANN 
1984). With this allele, Lac+ mutants do not  continue 
to arise after plating on lactose in the wild type, ada- 
ogt+, or ada+ ogt- backgrounds  (data  not shown). In 
contrast,  reversion to Lac+ in the ada- ogt- strain was 
enhanced  about sixfold over wild type, and Lac+ col- 
onies  continued to arise with time  (Figure 5).  When 
the addition of lactose was delayed, the cells remained 
viable but Lac+ revertants did not  accumulate during 
the period  without lactose (Figure 5) .  Because the 
UVR-excision repair pathway can also repair DNA 
alkyl agents  (SAMSON, THOMALE and RAJEWSKY 
1988), we repeated this experiment with strains  that 
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FIGURE  5.-The accumulation of Lac+ revertants in  an ada- ogt- 
strain during  a  delayed overlay experiment. Cells ( 1  0”) of FC2 18 
were plated on M9 plates and overlaid with 3 ml top agar containing 
1 %  lactose on days 0, 2 and 4. 

were also uvrB- and  obtained  the same result (data 
not shown). Thus, it appears  that  neither  the MMR 
pathway nor  the alkylation repair pathway is respon- 
sible for  preventing  the accumulation of mutants  dur- 
ing  starvation. 

DISCUSSION 

In previous reports we have established that the 
Lac+ mutants which arise  after lactose selection is 
imposed are not due  to preexisting  mutants, or  to 
gross increases in the  population, or  to “cross-feeding” 
by early appearing Lac+ colonies (CAIRNS, OVER- 
BAUGH and MILLER 1988;  CAIRNS  and FOSTER 1991). 
Studies by Ryan (summarized in RYAN,  OKADA  and 
NACATA  1963)  and  more recently by HALL  (1990) 
have also addressed  these issues, and we have not 
reinvestigated  them  here.  Instead, we have explored 
various mechanisms that might account  for  the  appar- 
ent stimulatory effect of the selective agent in the 
production of mutants. That  there is such an effect is 
evident  from the fact that  mere  starvation, as in a 
delayed overlay experiment,  does  not result in an 
increase in Lac+ mutants  after lactose is added. Fur- 
ther, in the few  cases where it has been tested,  the 
only mutants  that  accumulate  among  a population 
under selection are those that  confer  a  growth  advan- 
tage  (CAIRNS,  OVERBAUCH and MILLER 1988;  HALL 
1990;  CAIRNS and FOSTER 1991 ; BENSON, DECLOUX 
and MUNRO 199 1). But the  number of possible models 
to explain this apparent stimulation, at least in our 
system, is severely limited by the evidence  presented 
here. 

First, the Lac+ phenotypes of some mutants  that 
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arise  late after lactose selection are  due not to muta- 
tions in the  gene  that codes for B-galactosidase, but  to 
suppressor  mutations in other, unlinked  regions of 
the genome  (Figure 1). Thus, these examples of “di- 
rected”  mutation do not  depend  on  a flow of infor- 
mation from successful proteins back to  the DNA that 
encoded  them.  This would be the most “instructional” 
role  for  the selective agent,  at least with the  current 
framework of molecular biology (CAIRNS, OVER- 
RAUGH and MILLER 1988),  and it seems that we need 
not  consider this hypothesis any further. Obviously, 
these results do not  exclude  the possibility, suggested 
by CAIRNS,  OVERBAUGH  and MILLER (1988),  that 
mRNA’s might be  reverse  transcribed at  random, 
transferring  transcriptional errors  into  the DNA (but 
see below). 

Second,  induction of transcription of the lacZ gene 
in the absence of lactose but in the presence  of  an- 
other, utilizable carbon  source did not  result in an 
increase in Lac+ mutants  after lactose was added (Fig- 
ure 2). Thus, we can conclude  that the  role of the 
selective agent is not merely to  induce  transcription, 
as suggested by DAVIS (1 989). In addition to this direct 
test,  other evidence also indicates that  transcription 
alone  does  not  account  for  the  appearance of mutants 
after selection. The occurrence of suppressor  muta- 
tions, as mentioned by CAIRNS,  OVERBAUCH and 
MILLER (1988)  and as detailed here (Figure l) ,  cannot 
be explained by the  transcription hypothesis (DAVIS 
1989). Also, we have previously shown that  reversion 
of a  mutation in a constitutively expressed  gene has 
a l l  the characteristics of “directed”  mutation (CAIRNS 
and FOSTER 1991). Yet, transcription,  although  not 
sufficient, is obviously required  for  mutants  to  appear, 
since a cell that is not  transcribing  a  gene could not 
possibly benefit  from  a useful variant of it. 

The hypotheses examined  above  address the ques- 
tion of how  specific mutations might be  stimulated in 
cells that  are  under selection. A second set of  hy- 
potheses propose  that  genetic  variants arise at  random 
in nondividing cells, but unsuccessful ones  disappear 
from  the  population at large  (CAIRNS,  OVERBAUCH 
and MILLER 1988;  STAHL  1988; HALL  1990; BOE 
1990).  Variants  arising in the DNA could  be  reversed 
by DNA repair pathways that  restore  the wild type 
sequence (STAHL 1988; BOE 1990). We tested two 
such  repair pathways, methyl-directed mismatch re- 
pair  and alkylation repair.  Although  defects in either 
pathway resulted in great increases in  Lac+ mutants 
after lactose selection, they did  not  result in the ac- 
cumulation of Lac+ mutants in the absence of lactose. 
These results appear  to  rule  out  the hypothesis that 
these DNA repair enzymes eliminate  potential  muta- 
tions if they do not lead to success. However,  the 
results with MMR- cells were complicated by their 
poor survival. It  is possible that  the  conditions  em- 

ployed-incubation of stationary-phase MMR-  cells  in 
liquid medium  exhausted of a  carbon source-would 
not have allowed Lac+ mutants to arise even if lactose 
had  been  present. It is also possible that  under star- 
vation conditions, cells enter  into a  state  that is inev- 
itably lethal in the absence of MMR, but we would 
then have to  argue  that this does  not  happen in 
nutritionaliy  deprived cells  in the presence of lactose. 

Our results with ada- ogt- strains have one  quite 
unexpected implication-some form of DNA replica- 
tion appears  to  be  required to produce  the post- 
selection mutations we observed. The alkyltransfer- 
ases encoded by ada+ and ogt” are known to repair 
06-alkylguanine lesions in double-stranded DNA 
(SHEVELL et al. 1988; REBECK et al. 1989). T o  detect 
the mutational  event  promoted by this lesion, we used 
a Lac- allele that  could  revert only by a GC to  AT 
transition. Because the G is on  the nontranscribed 
strand (CUPPLES and MILLER 1989),  an alkyl-G  lesion 
in the DNA cannot directly give rise to  the Lac+ 
phenotype by inducing  a  transcriptional error; a T 
must be  inserted opposite the alkyl-G before  a  mutant 
transcript can be  produced.  Although it is formally 
possible that alkylated transcripts  could give rise to  a 
functional LacZ protein,  the alkyltransferases are not 
known to act  upon  RNA, and, in addition, such mu- 
tant transcripts would have to be reverse  transcribed 
in order  to  create  an heritable DNA sequence  change. 
Since loss of alkyltransferase activity results in a  large 
increase in Lac+ mutants  after lactose is added  (Figure 
5) ,  the simplest conclusion is that  the DNA is being 
replicated. Since mutants did not  accumulate in the 
absence of lactose, it would appear  that  the  replicated 
DNA is unstable if the cell cannot  benefit  from it. 

The amount of DNA metabolism that  occurs in 
nondividing cells appears  to  be low (RYAN, NAKADA 
and SCHNEIDER 196  1 ; BOE 1990).  However, we can 
account  for all of the experimental  evidence, at least 
in our system, with the following hypothesis. In sta- 
tionary  phase, cells  may be amplifying limited regions 
of their genomes. We can imaging this as simple 
duplication, which  is known to occur at frequencies 
of lo-’ to  per cell (ANDERSON and ROTH 198l), 
or as  more extensive amplification. These  extra DNA 
copies would be inherently  unstable, but might have 
an  increased  chance of containing errors.  The cell 
that achieves a useful mutation in one of these copies 
could  exit  stationary  phase, begin to grow, and resolve 
the amplified region by a  RecA-dependent process. 
This hypothesis predicts that anything  that increases 
the  error-rate of  DNA synthesis will increase the  rate 
of post-selection mutation,  but  the process will still be 
RecA-dependent. RecA could, in fact,  be  required for 
each step in this process (LARK  and  LARK 19’79; 
TLSTY, ALBERTINI and MILLER 1984; DIMPFL and 
ECHOLS 1989). The model accounts  for our finding 
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that some function of RecA+ is required  for post- 
selection mutation in an  otherwise wild type strain 
(CAIRNS and FOSTER 1991), and  that  muK-dependent 
Inutations  occurring after selection are also RecA+- 
dependent  (R. JAYARAMAN, personal  communication). 
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