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ABSTRACT A novel experimental system to study muta-
tion in starving bacteria was designed, relying on the activa-
tion of a promoterless phenol degradation operon of Pseudo-
monas putida. The Phe1 (phenol-utilizing) mutants accumu-
lated in the starving culture of P. putida in the presence of
phenol but not in the absence of it. We ruled out the possibility
that the absence of phenol eliminates Phe1 mutants from the
starving population. Sequence analysis of the Phe1 mutants
revealed that base substitutions, deletions, and insertion of
Tn4652 can result in creation of a sequence similar to the
s70-specific promoter consensus. One particular C 3 A
transversion was predominant in the Phe1mutants that arose
in the starving population under selection for phenol use. In
contrast, various deletions were the most frequent Phe1

mutants occurring in a culture growing without selection. The
accumulation rate of the Phe1mutants on selective plates was
found to be higher for bacteria plated from stationary-phase
culture than that from exponentially growing cells. This
suggests that some specific processes, occurring predomi-
nantly in stationary-phase cells, facilitate generation andyor
fixation of such mutations.

Mutational processes have been studied mostly in actively
growing bacteria. Only in recent years have studies been
focused on mutational mechanisms in bacteria that have been
starved. In 1988, Cairns et al. (1) presented evidence that Lac1
revertants appeared in cultures of Lac2 Escherichia coli starv-
ing on lactose-minimal plates, but not on plates lacking a
carbon source. After this paper by Cairns et al., several similar
cases were reported. Under starvation, bacterial cell division
was prevented, but mutants escaping starvation continued to
appear under selective conditions (2–8). This phenomenon has
been called ‘‘directed’’ or ‘‘adaptive’’ mutation and has stim-
ulated a lively scientific debate (9–17).
So far, mutation in starving bacteria has been studied mostly

in E. coli, and the most thoroughly investigated model system
for the directed mutations has been the reversion of a frame-
shift mutation in an episomal lac allele (5, 6, 18–24). Herein
we describe a novel system for studying mutations in starving
bacteria. This system reveals mutations that create promoters,
permitting starving Pseudomonas putida cells to use phenol as
a sole source of carbon. Besides characterizing the mutations
arising under starvation, we have also studied effects of the
physiological status of cells (growth phase) on the rate of
occurrence of directed mutations.

MATERIALS AND METHODS

Bacterial Strains, Plasmids, and Media. E. coli strain
HB101 (25) and P. putida strain PaW85 (26) were used as host

strains. Complete medium was Luria–Bertani (LB; ref. 27) and
minimal medium was M9 (28). Phenol-minimal plates with
1.5% Difco agar contained 2.5 mM phenol as the sole carbon
and energy source. Antibiotics were added at the indicated
final concentrations: ampicillin, 100 mgyml for E. coli, and
carbenicillin, 1500 mgyml for P. putida. P. putida was grown at
308C and E. coli was incubated at 378C. Plasmid pEST1332
contains the phenol degradation genes pheBA without a
promoter cloned into the RSF1010-derived vector plasmid
pAYC32 (29, 30). Plasmid pEST1414 is a pEST1332 derivative
that contains the 0.2-kb SacI–ClaI DNA fragment from the left
hand of Tn4652 cloned upstream of the promoterless pheBA
genes. P. putida strain PaW85 was transformed with plasmid
pEST1414 by selecting transformants resistant to carbenicillin.
Transformation of bacterial cells with plasmid DNA was done
as described by Hanahan (31).
DNA Sequence Analysis and mRNA Mapping. The nucle-

otide sequences were determined by the dideoxy chain-
termination method (32) with T7 DNA polymerase (Pro-
mega). Oligonucleotides 59-GTATGCTTGGCAGTCGT-39
and 59-TTTTAACAGTCATAATTACTCTCTC-39, comple-
mentary to nucleotide sequences 2120 to 2136 and 113 to
212, relative to the start codon of pheB, respectively, were
used to analyze the 250-bp region upstream of the pheB gene.
The reverse transcriptase mapping of 59 ends of mRNA was
performed as described previously (33) by using 10 units of
avian reverse transcriptase (Promega). Total RNA (20 mg),
purified from P. putida PaW85 and E. coli HB101 cells
according to Blomberg et al. (34), was used as the template.
Isolation of Independent Phe1 Mutants from the Growing

Culture. Independent cultures were generated by growing cells
to saturation in LB medium, diluting this culture by 106 into
fresh medium, dispensing 1-ml aliquots into 40 test tubes, and
allowing the cells again to reach saturation. The cells were
harvested by centrifugation, washed with M9 solution, and
plated onto phenol-minimal plates. Independent Phe1 colo-
nies were picked up from separate plates and were used for
DNA sequence analysis of the plasmids constitutively express-
ing the pheBA genes.
Analysis of Insertions of Tn4652 into pEST1414. Two oligo-

nucleotides, 59-CTCCTTGGCCGGTAGCTGACTGGGC-39,
complementary to the right end of Tn4652 at 186 to 211 nt from
the right terminus of the transposon, and 59-TGCGCTCAGC-
CCATC-39, complementary to the pheA coding sequence at
nucleotides 158 to 172, were used to amplify the Tn4652
insertion regions inPhe1 cells containing hybrid plasmids.During
accumulation of Phe1 mutants on selective plates, '40 arising
Phe1 colonies were tested for insertion of this transposon each
day. We have previously shown (33) that fusion promoters are
preferentially created by the right-end sequence of the transposon
(18 of 19 insertions investigated). Thus, the detection scheme
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used here was designed to reveal promoters generated by fusion
of the right end of the element with the upstream sequences of
the pheA gene.

RESULTS

Isolation of Phe1 Mutants. The phenol degradation genes
pheA and pheB from Pseudomonas sp. strain EST1001 have
been isolated and sequenced by us previously and are shown
to be organized in a single operon (29, 30). These genes encode
phenol monooxygenase and catechol 1,2-dioxygenase, respec-
tively. Introduction of the pheBA- or pheA-expressing
RSF1010-derived plasmid into the phenol nondegrading P.
putida strain PaW85 conferred the ability to use phenol as a
sole carbon source (29, 30).
Strain PaW85 carrying the promoterless pheBA genes on

plasmid pEST1414 was grown in a liquid culture on M9
minimal medium (28), containing glucose as carbon source.
Samples were taken from the culture, pelleted, and washed
with M9 solution. Approximately 108 washed cells were spread
onto phenol-minimal plates. Although a few Phe1 colonies
appeared on phenol-minimal plates on day 2, the majority of
the colonies began to appear on day 3 and continued to
accumulate during the next 7 days. The accumulation rate of
Phe1 colonies on selective plates will be discussed further.
Sequence Analysis of the Plasmid DNA That Constitutively

Expressed the pheBA Genes. We have previously described
constitutively expressed fusion promoters created due to the
insertion of transposon Tn4652 upstream of the pheA coding
sequence (33). However, not all plasmids that constitutively
expressed the pheBA genes contained insertions of the Tn4652.
We collected several independent Phe1 mutants on days 3–7
after plating of cells on phenol-minimal plates and analyzed
the plasmid DNA from these mutants. To be sure that the
genetic rearrangements that permitted expression of the phe-
nol degradation pathway in P. putida affected plasmids carry-
ing the pheBA genes, we isolated plasmid DNA from different
Phe1 colonies, transformed E. coli HB101 selecting for resis-
tance to ampicillin, and assayed transformants for expression
of the pheBA genes. Most AmpR transformants expressed the
pheBA genes constitutively. However, in most cases, a small
number of transformants did not express the pheBA genes.
This suggests that descendent copies of the original wild-type
(Phe2) plasmid were present in the Phe1 colonies.
The DNA sequence upstream of the pheBA operon was

characterized in 54 pheBA-expressing E. coli HB101 transfor-
mants that did not contain insertions of Tn4652 into plasmid
pEST1414 (each transformant was a derivative of plasmid
DNA isolated from individual Phe1 clones). In 41 cases, we
observed a base substitution (C 3 A) 96 nt upstream of the
ATG initiation codon of the pheB gene. In five cases, a G 3
T substitution occurred 200 nt upstream of this gene (Fig. 1A
and Table 1). In the remaining eight cases (seven of them were
unique events), deletions from 2 to 23 bp were found in the
sequenced DNA (Fig. 1A). It should be noted that we did not
find any mutations in the sequenced DNA except those that
caused the Phe1 phenotype.
Sequence analysis of mutant plasmids and mapping of

transcription start points of the pheBA genes in these plasmids
revealed that point mutations and deletions had created
promoter sequences similar to E. coli RNA polymerase s70

promoter consensus sequence TTGACAN16–18TATAAT (Fig.
1B). Promoters were generated in two ways: (i) by base
substitutions in the potential 210 regions, which made these
sequences more similar to the210 consensus TATAAT for E.
coli s70-specific promoters; and (ii) by deletions ranging from
2 to 23 bp that trimmed the space between 235 and 210
hexamers present in wild-type DNA to 17 or 18 bp—i.e., to the
optimal spacing for this type of promoter (35). All de novo-
created promoters except PPM-CA gave three to four matches

to E. coli 235 consensus and three to six matches to E. coli
consensus in the 210 region. Transcription of reporter genes
was found to start at 6–8 nt downstream from the 210
hexamers of the de novo-generated promoters and was initi-
ated at the same point in both E. coli and P. putida cells (Fig.
1B). These findings are in agreement with data showing that
the RNA polymerases from Pseudomonas and E. coli are
biochemically equivalent (36) and that RNA polymerases of E.
coli and P. putida display identical contact with promoters (37).
Do the Phe1 Mutations Occur in a Growing Culture? The

Luria and Delbrück fluctuation test (38) was carried out to
examine occurrence of the Phe1 mutants in cultures of P.
putida growing without phenol selection. Phe1 colonies were
counted on day 2 from platings of several 1-ml LB cultures
onto phenol-minimal plates. Fluctuation in colony numbers
was observed. The numbers of mutants that appeared on
different phenol plates on days 3–7 were considerably less
variable. Calculations of the ratio of the variance to the mean
show that the ratio is high (37.3) at day 2 and is lower (6.7) for
colonies arising on subsequent days. These data show that
Phe1 colonies that emerge on selective plates on day 3 and
later contain mutations occurring after the cells were plated.
Therefore we call them postplating mutants. Mutants counted
on day 2 are considered to exist before the exposure to the
selecting agent, phenol.
The Effect of Growth Phase of Bacteria on Accumulation of

Phe1 Mutants. Because Phe1 mutants were seen to arise in
starving cultures on selective plates, we investigated the effect
of the growth phase of the plated cells on the accumulation of
Phe1 mutations.
Cells from an exponentially growing culture (glc log) and a

stationary-phase culture (glc stat) were plated onto selective
medium. We found that during the first days after plating, the
rate of appearance of Phe1 mutants was lower for the expo-
nentially grown cells (Fig. 2A). Only later, after day 6, were the
rates of accumulation of Phe1 colonies of glc log cells and glc
stat cells equal.
To prove that the different rates of accumulation of Phe1

mutants were not caused by different viability of cells from
exponential and stationary-phase cultures on selective plates,
cells either from exponential or stationary-phase cultures were
plated on phenol-minimal plates (Fig. 2A), and small plugs
were cut from the plates avoiding Phe1 colonies. Bacteria from
these plugs were suspended in M9 medium, and dilutions were
plated onto glucose-minimal plates containing carbenicillin to
determine the number of colony-forming units. Means were
calculated from three independent cultures plated onto four
parallel plates. We found that the number of viable cells plated
from glc stat culture onto phenol-minimal plates remained
constant for the first 5 days (Fig. 2B). However, there was a
slight increase in the number of viable cells on selective plates
when glc log culture was plated (Fig. 2B). These data clearly
show that the lower rate of accumulation of Phe1 mutants on
selective plates seeded with exponentially grown cells does not
reflect reduced viability of these cells on phenol-minimal
plates. Therefore, the data in Fig. 2A imply that the frequency
of occurrence of mutations leading to the activation of the
phenol degradation genes is initially higher for bacteria sam-
pled from the stationary growth phase.
Are the Preexisting and Postplating Phe1 Mutants Differ-

ent? Prival and Cebula (39) found striking differences in the
distribution of particular transversions at the hisG428 locus in
revertants arising after prolonged histidine starvation, as
compared with those arising during growth in the presence of
histidine. Also, the spectrum of Lac1 revertants that arise on
lactose-minimal media after plating (postplating mutants) is
different from that occurring during growth under nonselec-
tive conditions (preexisting mutants; refs. 19 and 20). Our
results (Fig. 2) also indicate that stationary-phase cells may
have some specific mechanisms for generation of mutations
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following their plating on a selective medium, and this mech-
anism might be expected to generate specific mutations.
To examine the differences in mutation types, we plated 40

independent cultures of P. putida PaW85(pEST1414) cells on
phenol-minimal plates. One Phe1 colony was isolated from
each plate on day 2, and 32 of these preexisting mutants were
further characterized. The spectrum of mutations in preexist-
ing and postplating Phe1 mutants is compared in Table 1.
Indeed, although one particular C 3 A transversion in the
potential210 element was a mutation hot spot for postplating
mutants isolated from two separate experiments (76% and
72% from all events studied, respectively), the preexisting
mutations appeared to bemainly different deletions (25%C3
A transversion versus 59% deletions from all events studied).
These deletions, like those characterized for postplating mu-
tants described above, optimized the distance between the
potential 210 and 235 elements of promoters (Fig. 1).
Note that Tn4652 transposition-generated Phe1 mutants

appear only after a time lag: no insertions of Tn4652 were
observed among the preexisting Phe1 mutants. To evaluate
the frequency of Tn4652-linked mutants among all Phe1

mutants accumulated under selective conditions, '30–40
Phe1 colonies arising each day on phenol plates (see Fig. 2A)
were analyzed by PCR for insertion of transposon Tn4652. The
insertions of the transposon first appeared on day 3 after
plating and accounted for 10% of the promoter-creating
mutations arising in cells plated from stationary-phase culture.
At the same time, we did not detect any transposon insertions
in cells plated from exponentially growing cultures. On day 4,
transposon insertions accounted for one-third of all mutations
from both platings and then remained constant for a week.
These data show that the initially higher rate of accumulation
of Phe1 mutants described for stationary-phase cells com-
pared with that for exponentially growing cells (Fig. 2A)
cannot be ascribed to Tn4652 insertion mutations only. The
delay in the appearance of Tn4652-linked Phe1 mutants
suggests that Tn4652, like many transposons, tunes its trans-
position frequency to the physiological state of the host (40).

deletion mutants, marked above by numbers at sloping lines, are
designated as PDEL2–PDEL45, where the numbers indicate the
number of base pairs deleted. The mutants containing base substitu-
tions are designated as PPM. Only one 2-bp insertion mutant,
PINS2-AC (marked by 19), is listed. The 70-bp insertion (marked by
20 in A) is of unknown origin.

FIG. 1. (A). Sequence analysis of the upstream region of the pheBA
genes in mutant plasmids constitutively expressing the pheBA genes.
Data on independent Phe1 mutants accumulated in starving cell
populations under selective conditions on phenol-minimal plates
(postplating mutants) and on the Phe1 mutants obtained from inde-
pendent cultures grown without the selection (preexisting mutants)
are summarized. Sequence of the wild-type DNA in pEST1414 (an
'250-bp DNA region upstream from the pheB gene) is shown.
Sequence at the left of the ClaI site is derived from transposon Tn4652
(29). The potential 235 and 210 hexamers of promoters are framed,
235 hexamers by dotted lines, and 210 hexamers by continuous lines.
The base substitutions are marked by arrows without any numbering.
Deletions are indicated by sloping lines and are numbered; the
insertion sites are shown by arrows with underlined italic numbers. (B)
Different newly created promoters of the pheBA genes are listed. Two
hexamers homologous to theE. coli s70-dependent promoters235 and
210 consensus sequences are boxed. The promoter sequences for
postplating mutants were verified by mapping of the transcription
initiation site of the pheBA genes in mutant plasmids as described.
Dots mark transcription starting points of the promoters. The different

Table 1. Spectrum of Phe1 mutants (insertions of
Tn4652 excluded)

Mutation

Starving cultures on
selective plates*

Growing cultures
without selection†

Days 3–7 Day 4 Day 2

Deletions 8 1 19
Insertions 0 0 2
One-base pair
substitutions
C 3 A 41 23 8
G 3 T 5 2 0
C 3 T 0 1 0

Undefined 0 5 3
Total 54 32 32

*Independent Phe1 mutants on days 3–7 (exp. 1) and on day 4 (exp.
2) after plating of cells of P. putida strain PaW85[pEST1414] onto
phenol-minimal plates were collected, and the plasmid DNA from
these mutants was analyzed by sequencing (described inMaterials and
Methods).
†Phe1mutants collected on day 2 were derived from independent 1-ml
cultures plated onto different phenol-minimal plates. Colonies were
picked from plates originating from separate cultures.
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Effect of Starvation on Accumulation of the Phe1 Mutants
Without Phenol Selection. The effect of starvation on accu-
mulation of the Phe1 mutants without selection for growth on
phenol was studied in M9 liquid cultures. P. putida strain
PaW85(pEST1414) was grown to saturation in glucose-
minimal medium, pelleted, and resuspended in M9 minimal
medium without any carbon source. Samples were taken on
each day during 1 week, washed with M9, and plated on
phenol-minimal plates. The Phe1 colonies emerging on plates
were counted on day 2. Every day, the number of viable cells
in the starving culture was also determined. Our data showed
that the cells did not die in the starving culture; after 1 day of
starvation, the number of viable cells doubled and remained
constant thereafter for a week. According to our experiments,
there was no accumulation of Phe1 mutants in the starving
culture without the presence of phenol (Fig. 3).
Study of Survival of the Phe1 Mutants in the Starving

Mixed Culture. To control for the possibility that mutants
constitutively expressing the pheBA genes die or revert rapidly
in the absence of phenol selection, we mixed cultures of P.
putida PaW85 strain carrying Phe1mutant plasmid pPPM-CA
(the common C 3 A substitution, see above) and strain
containing the same plasmid without the pheBA genes. The
mixed culture was aerated in M9 liquid medium without any

carbon source for 1 week. On each day, samples were taken to
measure the number of viable cells in the culture and to
determine the number of the Phe1 colonies per 108 cells. Data
presented in Fig. 4 indicate that the Phe1 mutants are not
eliminated in a starving culture.

DISCUSSION

A favorite system for the study of mutational processes in
starving bacteria has been E. coli strain FC40 (5), which has a
deletion of the chromosomal lacZ gene and carries on F9lac
plasmid an engineered lacI–lacZ fusion gene with 11 frame-
shift. Lac1 revertants arise on lactose-selective plates by
mechanisms that require recombination functions (18) and
plasmid transfer functions (21, 22, 23). The evidence that
proofreading-defective DNA polymerase II increases fre-
quency of adaptive mutations in E. coli FC40 has been
reported (41). Additionally, a mismatch-repair deficiency was
found to be responsible for the unusual revertant spectrum
observed among Lac1 revertants that arose under selective
conditions (24). Thus, a mechanism of mutability has been
described for reversion of lacI–lacZ frameshift that differs
from that in growing cells. Investigation of reversion of Sal-
monella typhimurium chromosomal lacZmutants suggests that
adaptive mutability is a more general phenomenon (42).
Herein, we used a promoterless pheBA gene cluster as a

reporter to isolate and characterize mutations in P. putida cells

FIG. 4. Study of survival of Phe1 mutants in starving mixed
culture. One milliliter of mixed culture contained 102 cells of P. putida
PaW85 Phe1 strain carrying mutant plasmid pPPM-CA and 108 cells
of P. putida PaW85 Phe2 strain, which carried either wild-type plasmid
pEST1414 (exp. 1) or vector plasmid pAYC32 (exp. 2). The Phe1

colonies were counted on day 2.

FIG. 2. (A) Accumulation of Phe1 mutants on phenol-minimal
plates as a function of time for two physiological states of the plated
culture. For glc log plating, cells of the P. putida strain
PaW85[pEST1414] from exponentially growing culture were used,
and, for glc stat, the culture was grown to full density before plating.
Each point represents the mean and standard deviation of at least four
independent determinations. To calculate the number of Phe1 colo-
nies appearing per 108 plated cells, the number of Phe1 colonies was
divided by the number of viable cells present per plate 2 days earlier.
(B) Viability of the PaW85[pEST1414] cells on phenol-minimal plates.

FIG. 3. The effect of starvation on accumulation of Phe1 mutants
without phenol selection.
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that generate promoters for the transcription of the pheBA
genes. We observed that the Phe1 mutants accumulate in the
starving culture of P. putida in the presence of phenol but not
without it (compare Figs. 2 and 3). Do our results reflect a
novel mechanism of mutability, or are there some known
possibilities based on bacterial physiology that could explain
this phenomenon? Below we discuss different alternatives.
One explanation for the accumulation of certain mutants

only after plating on the selective agent is based on selection
against these mutants before plating (9, 10). If the mutant
phenotype is deleterious in the absence of selective agent, the
mutants may die or revert. It has also been argued that mutants
grow more slowly than wild-type cells before the exposure to
selective agent. Our results presented in Fig. 4 show no
elimination of the Phe1 mutants from the mixed population
under starvation conditions. We could also confirm that the
Phe1 colonies were well detected on phenol-minimal medium
2 days after plating the cells from the mixed cultures.
We need to consider the possibility that the selective agent

itself could behave as a mutagen. We did not detect a
mutagenic effect of phenol in P. putida (data not shown).
Similarly, phenol failed to increase mutation rates in Salmo-
nella (43) and in Streptomyces (44).
Residual growth of bacteria on selective plates enables DNA

replication. Slow utilization of phenol provides plasmid rep-
lication, even in no-dividing cells, and this replication may
allow the accumulation of the mutants observed by us. A
similar hypothesis has been postulated to account for adaptive
reversion of the lacI–lacZ frameshift on F plasmid (22).
Experiments with strain FC40 have shown that Lac1 reversion
occurs only in the presence of lactose and the needed auxo-
trophic supplements (5, 22). The hypothesis that residual
lactose metabolism is a requirement for reversion to Lac1 in
FC40 has been raised (22, 42). The ability to metabolize lactose
weakly was required for reversion to Lac1 under selective
conditions also in the case of chromosomal lacZ mutations in
S. typhimurium (42). Using residual growth rate and the
nonselective reversion rate, the expected number of late
revertants was calculated by the authors. For several leaky
mutants, the authors found that the observed revertant num-
ber exceeded the expected number, suggesting that this excess
arises from a adaptive mutability.
Our measurements of the number of viable cells on phenol-

selective plates shown in Fig. 2B suggests that these cells did
not divide remarkably on the plates. A slight increase in the
number of viable cells on selective plates during the first days
after plating was observed for the cells plated from exponen-
tially growing culture, but viable cells remained constant for
the cells plated from stationary-phase culture. At the same
time, the initial accumulation rate of the Phe1 mutants on
phenol-containing selective plates was found to be higher for
bacteria plated from stationary-phase culture than that for
cells from exponentially growing cultures (Fig. 2A). These
results are unexplainable by the assumption that Phe1 muta-
tions are associated with higher energy resources in logarith-
mic-phase cells andyor with growth of these bacteria. Our
results shown in Fig. 2 indicate that some process predomi-
nating in stationary-phase cells facilitates generation andyor
fixation of such mutations. We have not ruled out that some
leakiness of the pheBA genes, sufficient for plasmid replica-
tion, is required for the generation of mutations.
One explanation for data presented in Fig. 2 is based on the

possibility that the plasmid copy number is different in loga-
rithmic- and stationary-phase cells, providing different num-
bers of targets for mutation. Plasmids used in our study are
derivatives of the wide host range plasmid RSF1010. In E. coli,
RSF1010 is present at a copy number of 12 per cell (45).
Replication and copy number control of the plasmid RSF1010
is determined by plasmid-encoded proteins (46), and there are
no data indicating that the physiological state of bacterium and

host range influence copy number of this plasmid. Moreover,
we have carried out quantitative PCR analysis using specific
primers to amplify a segment of plasmid pEST1414 to observe
differences in a plasmid copy number between logarithmic-
and stationary-phase cells. Serial dilutions from logarithmic-
and stationary-phase cultures were made, and the detection
levels of the PCR products were found to be similar,'10 cells
per reaction. Thus, our results do not support the idea that the
higher accumulation rate of the Phe1 mutants on selective
plates for cells plated from stationary-phase culture is caused
by an exaggerated copy number of the plasmid in stationary-
phase cells. In addition, mutations appearing in starving cells
during selection were mainly C 3 A transversions, whereas
mutations that arose during nonselective growth included
mainly different deletions (Fig. 1 and Table 1). This also
indicates that the mutation–generation process in starving
cells is different from that in growing bacteria.
Several molecular models have been proposed to describe

mechanisms in which randomly arising genetic variants pro-
liferate differentially as a consequence of their fitness effects.
Cairns et al. (1) proposed a ‘‘trial-and-error’’ hypothesis that
involves the production of variant RNA messages or DNA
copies, allowing ‘‘. . . individual cells to subject a subset of their
informational macromolecules to the forces of natural selec-
tion.’’ Stahl’s model (47, 48) predicts that DNA mismatch
repair is impaired in starving cells. In stationary phase, cells
are sporadically replicating or repairing their DNA and the
DNA replication could be more error-prone. A trial-and-error
scenario presumes that variant DNA strands are under selec-
tion. If a coding strand in a starving cell contains a sponta-
neous mutation that can be transcribed and translated and the
resulting protein allows the cell to grow and replicate its DNA,
then one of the daughter cells could possess a mutation that is
fixed in both DNA strands. If the mutation does not allow the
cell to grow, the useless change will be eventually eradicated
(11, 47–50). The hypothesis that mismatch repair is repressed
during adaptive mutation is supported by the finding that the
growth-dependent Lac1 reversion spectrum can be made
indistinguishable from the adaptive mutation spectrum by
eliminating mismatch repair during growth (24).
Initiation of transcription by E. coli RNA polymerase from

a promoter sequence containing a mismatch bubble has been
shown in vitro (51). s70 holoenzyme can recognize the 210
consensus sequence as a single-stranded nontemplate strand in
the melted transcription bubble (52). Drawing parallels with
the model discussed above, we suggest that transcription of the
pheBA operon can be initiated from a DNA sequence con-
taining mismatch(es) within the potential210 element, giving
a cell a chance to accumulate energy and multiply, thereby
fixing the mutation in the progeny.
DNA synthesis past an oxidatively damaged form of gua-

nine, 7,8-dihydro-8-oxoguanine (8-oxoG), can result in misin-
corporation of adenine opposite the damaged guanine (53). To
reduce this effect, bacteria have developed several enzymes,
including MutY, that remove adenine from Ay8-oxoG mispair
(54). The error avoidance pathway, preventing mutations by
8-oxoG in DNA, plays an important role in maintaining
replication fidelity: a mutMmutY double mutant has a muta-
tion rate that is of the same order of magnitude as the mutation
rate observed when the polymerase III proofreading function
is disabled, and it is about an order of magnitude faster than
the mutation rate of a strain lacking the mismatch repair
system (54). Introduction of mutY deficiency into the tyrA14
ochre strain increased the appearance of tyrosine-independent
mutants of bacteria incubated on plates lacking the required
amino acid (55). Bridges proposed that the apparently directed
nature of the Tyr1 phenotype could be explained by 8-oxoG
mispairing events: miscoding during transcription would result
in a transient Tyr1 phenotype, which could allow DNA
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replication and fixation of the mutation by a DNA Ay8-oxyG
mispairing.
Perhaps the mutY background would affect the nature and

frequency of appearance of Phe1 mutants. The G:C 3 T:A
transversion has been the most common mutation in our
studies when the Phe1 mutants arose in starving cell popula-
tions under the selective conditions, but not in actively growing
cells, where a variety of deletions created most of the func-
tional promoters. The C3 A substitution has occurred in the
nontemplate DNA strand of a promoter. It is possible that
8-oxoG DNA lesions in a template strand cause mutation by
Ay8-oxyG mispairing during low-level plasmid DNA synthesis
in starving bacteria. If such a mispair is not rapidly corrected,
incorporation of an adenine into the nontemplate strand could
allow RNA polymerase to recognize the promoter DNA and
to initiate transcription from it.
Possibly the trial-and-error mechanism also acts in the case

of Tn4652 transposition-generated fusion promoters. A po-
tential 235 hexamer TTGCCT is located inside of the trans-
poson. It could provide a recognition signal for RNA poly-
merase, if the flanking DNA contained a functional 210
element. The transposition process involves DNA synthesis at
staggered ends of the element and target DNA junctions. As
a result of this synthesis, the DNA element is f lanked by two
direct repeats of the target DNA. In three out of six fusion
promoters identified by us (33), additional point mutations had
occurred in the potential210 elements, whichmade them even
more similar to the E. coli s70 promoter consensus sequence.
We emphasize that all three of the Tn4652-generated fusion
promoters exhibited changes that disrupted the symmetry—
mutations occurred only in the target repeats, which served as
210 sequences for the fusion promoter (33).
The transient DNA sequence variants postulated by trial-

and-error mechanisms have not been demonstrated. Our
results show that the rate of accumulation of phenol-using
mutants on selective plates depends on the physiological state
of the culture before plating: the rate of accumulation of the
mutants is higher in the case of stationary-phase cells. One
possible explanation for this phenomenon is that there are
more DNA sequence alterations serving as material for fixa-
tion of useful mutation in starving and nondividing cells than
in a growing culture.
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