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In the seventeenth century, Hobbes described the life
of man during periods of strife as “solitary, poor, nasty,
brutish, and short” (Leviathan, chapter 13). In some
respects, bacteria have been living similar lives for at
least 2.7 billion years, although perhaps not as short as
previously perceived. Many of our views of bacterial
life come from laboratory studies of a small number
of model organisms. in these experimental systems,
bacteria are grown in various media ihat demonstrate
the broad metabolic capacities of different species. A
prevalent model of bacterial life is commonly referred
to as the ‘feast or famine’ model. This is because bacteria
can not only consume virtually all readily metabolizable
nutrients in their environment, converting them to bio-
mass'?, but they can also persist for long periods of time
under starvation conditions once the available nutrients
have been exhausted.

Clearly, the broad metabolic spectrum and prodi-
gious reproductive capacity of many bacterial species
in laboratory environments support the ‘feast or famin€’
model. However, in natural environments the question
becomes how much time a bacterium spends in each
mode. How often does a microorganism experience
an environment like the optimized growth conditions
of Luria-Bertani (LB) medium or glycerol minimal
medium in which carbon, phosphate and nitrogen
are in abundance? Although there are undoubtedly
particular environments and times when nutrients
are abundant, overall, in the real world nutrient levels

Abstract | The traditional view of the stationary phase of the bacterial life cycle,
obtained using standard laboratory culture practices, although useful, might not
always provide us with the complete picture.
the bacterial life cycle are expanded to include two additional phases: death phase
and long-term stationary phase. In many natural environments, bacteria probably
exist in conditions more akin to those of long-term stationary-phase cultures, in
which the expression of a wide variety of stress-response genes and alternative

Here, the traditional three phases of

L. Furthermore, stressful environments can

result in selection for mutants that express the growth advantage in stationary phase
. e

are usually limiting, and competition for those nutrients
is intense. For example, although the mammalian gut
provides nutrients in a protected environment, there is
intense competition for these nutrients with the host
organism as well as the hundreds of prokaryotic species
that inhabit a typical gut. So, although it is clear that
many microorganisms can ‘make a good living’ in the
mammalian gut, some species might not be function-
ing at the peak of their metabolic capacity, frequently
having to compete for nutrients just to survive. In other
environments, it is easier to envision a life of nutrient
deprivation. For example, in most aquatic environments
there is very little free carbon; the dissolved carbon lev-
els in sea water are typically 50 uM and nitrogen and
phosphate levels are significantly lower’. Compare this
to the 11 mM glucose levels (0.2% solution [w:v]) in
some minimal media.
Furthermore, in many terrestrial environments,
microorganisms are constantly subjected to variations
_in nutrient availability owing to the vagaries of water
flow, wind, temperature, light and the activities of other
organisms. Whereas at one moment nutrients might be
flowing past a bacterial cell, at the next moment that
flow might become a trickle or dry up. Yet, the bacteria
persist. It is this ability of bacteria to survive through
long periods of nutrient deprivation under conditions
akin to those found during very-long-term stationary-
phase batch-culture incubation in the laboratory that s
the focus of this review.
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Batch culture

A closed culture system in
which all of the nutrient
substrate is added at the

beginning.

Quorum sensing

A system by which bacteria
communicate. Signalling
molecules — chemicals similar
to pheromones that are
produced by an individual
bacterium — can affect the
behaviour of surrounding
bacteria.

Toxin—antitoxin

Paired loci found in the
chromosomes of almost all
free-living prokaryotes, and
many plasmids and phage
genomes, encoding a toxin and
its antidote that have been
proposed to function in
bacterial programmed cell
death or stress physiology.
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Figure 1| The five phases of the bacterial life cycle. Once bacteriaare inoculated into fresh medium, such as Luria—
Bertani (LB) medium, there is an initial lag period followed by exponential-phase growth. After remaining at high density
for 2 or 3 days, cells enter death phase. After ~99% of the cells die, the survivors can be maintained under long-term
stationary-phase culture conditions for months or years. The arrow indicates the time after which cells expressing the
growth advantage in stationary phase (GASP) phenotype are observed (usually day 10 in LB batch cultures).

The five phases of the bacterial life cycle

The standard textbook description of the bacterial life
cycle (based on a completely unscientific survey of four
textbooks) consists of three or four phases. However,
in the laboratory there are actually five phases (FIG. 1):
lag phase, exponential or logarithmic phase, station-
ary phase, death phase and extended or long-term
stationary phase (a period referred to in one 1935 text*
as the “period of prolonged decrease”). The first three
phases are well described; here I focus on the fourth and
fifth phases.

Death phase. Independent of the environmental
conditions, cells incubated in batch culture eventually
begin to lose viability, marking the transition from
stationary phase into death phase. Formally, by death
we are referring to th< loss of viable counts (colony-
forming units, CFU) using standard plating assays.
However, during long-term incubation, the loss of
viable counts is consistent with the observed numbers
of cells®s. Although the timing of death phase can
vary from species to species (or even from strain to
strain) in a given medium, both the timing of death
phase and the degree of loss of viability are reproduc-
ible>. For example, for Escherichia coli K12 growing
in LB medium, death phase usually occurs after 3 days
and results in the loss of viability of ~99% of the cells.
The triggers for the transition from stationary phase
to death phase and even the mechanism(s) of cell death
are not well understood. The timing of death phase could
be purely a stochastic event, in that a particular culture
environment can only support a certain number of cells
for a given period of time, after which most cells can
no longer carry out repair and maintenance functions
(leading to, for example, the accumulation of oxidatively
damaged proteins and nucleic acids®) and begin to die.
As cells die, cellular integrity is lost and the surviving
cells can catabolize the detritus of their dead siblings,

including amino acids from proteins, carbohydrates
from the cell wall, lipids from cell-membrane material
and even DNA'.

A more intriguing mechanism of death-phase regula-
tion is one in which high-density cell cultures experiencey 7 F
a form of programmed cell death (bacterial apoptosis). i
In this model, cells sense that tb,eg are at high density

and recognize that nutrients have become limited; per-

hai)s this is a role for the quorum-sensing systems? Over
evolutionary time, a mech(ami‘fr;l?ﬁgﬁt/hsa%'méd in
which populations have ‘learned’ that if a proportion of
the population co 'tme survivors can go
on to reproduce. ﬁgfm:x long period at high }
density without abundant nutrients, most of the popu- j

lation enters ‘death mode’ and effectively commits am3
altruistic suicide. As it is not possible for all members
of the poplation to act simultaneously, some cells will
not die immediately. As siblings begin to die, another
signal is released, %rh;m_t)he detrital nutrients them-
selves. Surviving cells can perceive this signal and ‘exit’
the death programme.
At present, there is little evidence to distinguish the
‘stochastic’ from ‘pro; " cell-death mechanisms.
ere is, however, increasing interest in understanding -
the roles of toxin—antitoxin (TA) gene pairs that were first
associated with the ‘plasmid addiction’ systems of bacterio-
phage P1 and other plasmids'*'2, seven pairs of which are
present on the E. coli chromosome'*~"%, A role for these
gene pairs in death phase remains an open question.

Lcmg-rrg_mid%tgma_g. After death phase, E. coli
an be maintained in batch culture for long periods of
time without the addition of nutrients®*"”. By regularly
providing sterile distilled water to maintain the volume
and osmolarity, aerobically grown cultures can be main-
tained at densities of ~10° CFU per ml for more than
mmmmaﬁ&ﬁ?ﬂ“ nutrients® (FIC. 1). We
mﬁiﬁ—(imary phase. Unlike early
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Box 1| Long-term culture systems

Traditionally, to study bacteria under conditions of long-term nutrient deprivation,
three culture systems have been used: chemostats or turbidostats”’>*4**!, serial-
passage regimes®®? and long-term batch culture®*. A fourth system, the study of
bacteria isolated from long-term storage ‘stabs’ of Escherichia coli®’** and Salmonella
spp. 52101, is also providing interesting data. Each system has distinct advantages and

disadvantages.

In the chemostat and serial-passage systems, environmental conditions can be
reproduced, frequently using minimal media with limited carbohydrate availability.
However, cells are constantly being lost owing either to the flushing of the chemostat
vessel or because only a fraction of cells are transferred during each serial passage.
These cell losses result in constant bottlenecking, reflecting a significant loss of genetic
diversity, in marked contrast to long-term batch-culture regimes.

In batch culture and stab cultures, there is virtually no loss of genetic diversity;
however, environments are not constant. As cells adapt or change in response to
environmental conditions, different waste products can accumulate and different
compourids can be metabolized. These changes can make it difficult to recreate the
environmental conditions under which mutants were initially selected. Therefore, in
the study of long-term bacterial cultures, there is a trade-off between maintaining a
constant or stereotypical environment with bottlenecking (as in chemostats and serial
transfer) versus maintaining genetic diversity in ever-changing environments (as in

batch culture and stabs).

Serial passage

An experimental evolution
culture system in which a
fraction of a culture is sampled
and inoculated into a fresh
cuiture of the same medium
repeatedly. Over time, cells
propagated in this way will
show changes in genotype and
phenotype associated with
changes in relative fitness.

Alternative sigma (o) factor
Alternative o factors are
produced under specific
conditions and allow the RNA
polymerase to transcribe a
different set of genes than the
housekeeping o factor, ™.

Transition

A mutation between two
pyrimidines (T-C) or two
purines (A-G).

Transversion
A point mutation in which a
purine base is substituted for a

pyrimidine base and vice versa;

for example, an AT to CG
transversion.

stationary phase, in which there is little cell division,
long-term stationary phase is a highly dynamic period
in which the ‘birth’ and ‘death’ rates are balanced. That
is, long-term batch cultures have an apparent carry-
ing capacity that can only support a certain number of
cells. As new cells are created, other cells must die. This
dynamism is described in more detail below.

The GASP phenotype

In addition to the many physiological, morphological
and gene-expression changes that occur as cells enter
long-term stationary phase, potentially the most sig-
nificant changes are associated with genetic alterations
that occur in most (if not all) cells incubated during
long-term stationary phase in batch culture (see BOX 1
for a discussion on long-term culture systems). The
signal phenotype associated with these changes is the
appearance of the growth advantage in stationary phase
(GASP) phenotype**®. GASP is defined by the ability
of cells aged in long-term batch cultures to outcompete
cells from younger cultures. The discovery of GASP and
detailed studies of its genetic basis have been reviewed
elsewhere®”,

The GASP phenotype is easily demonstrated by
performing mixing experiments in which cells from
cultures of different ‘ages’ are directly competed against
one another. Virtually all LB batch cultures of E. coli will
yield cells that express the GASP phenotype after 10 days
of incubation; cells harvested from cultures before day 8
rarely express GASP (FIG. 1). For example, if a sample of
E. coli incubated in LB medium for 10 days at 37°C with
aeration is transferred into a culture of 1-day-old cells
(usually a 1:1000 dilution [v:v]), within a few days the
minority of aged cells will increase in number, with a
concomitant reduction in the number of ‘young’ cells™*.
Cell populations of different ‘ages’ are distinguished by
using chromosomally encoded antibiotic-resistance
markers (see below). The initial minority of aged cells

REVIEWS

will eventually outnumber the unaged population. After
7-10 days of co-culture, none of the younger cells remain;
they have effectively been driven to extinction (FIC. 2). It
should be noted that the ability of any 10-day-old culture
of E. coli K12 to express GASP depends on the fact that
the cells can survive for at least 10 days after inoculation.
However, as noted above, some strains are not viable
for this length of time and therefore do not yield cells
expressing the GASP phenotype.

The competitive advantage of cells expressing the
GASP phenotype is genetically determined and is not
due to physiological adaptation to the stationary-phase
environment. This was demonstrated in two ways. First,
‘evolved’ strains maintain the GASP phenotype even
after repeated rounds of serial passage through log-phase
growth®. Second, GASP mutations can be constructed in
unaged, naive strains, instantly transferring the GASP
phenotype to cells which have never been aged®.

To date, four GASP mutations have been identified
in E. coli and three of the loci are well characterized®?**.
The first GASP mutation identified was in rpoS*, which
encodes the alternative sigma (o) factor RpoS or ¢* (this
locus is further discussed below). Additional muta-
tions have been mapped to Irp?*®*and the ybeJ-glt/KL
cluster®®?'#, encoding the leucine-responsive protein
and a high-affinity aspartate and glutamate transporter,
respectively. Although each of these genes is involved in
different processes, each GASP mutation results in an
increased ability to catabolize one or more amino acids
as a source of carbon and energy® 2. It is clear that this
is an early and strong selective force in the evolution of
GASP mutations.

Of particular note is the fact that, although these
mutations all result in a similar phenotype, they differ
considerably at the molecular level. In the best-studied
aged lineage, the mutations consist of a 46-bp duplication
in rpoS?, a 3-bp deletion in Irp?* and a transposon ‘hop’
coupled with a site-specific inversion in the ybe/-gltJKL
locus™®, As discussed below, various mutations have been
observed in rpoS in E. coli** and in Salmonella spp.”®

Although rpoS is not essential for the evolution of
the GASP phenotype in E. coli (rpoS null mutants still
express the GASP phenotype when aged and competed
against younger rpoS mutant strains; S.E.E, unpublished
results), mutations in rpoS are the most common GASP
mutations found in 10-day-old E. coli cultures®****,
including transition and transversion point mutations,
single- and multiple- base-pair deletions or insertions,
and duplications.

In general, GASP mutations in 7poS lead to an attenu-
ated phenotype, as opposed to a complete loss of func-
tion’*%2’_ That is, these mutations reduce RpoS$ activity
t0 0.1-1% of normal levels?’. The exact mechanistic basis
of the competitive advantage conferred by GASP muta-
tions of rpoS is not known. Part of the effect might be
due to the misregulation of members of the RpoS regu-
lon?? It appears that an alteration in the expression of
genes of the RpoS and RpoD (encoding 6”°) regulons
might also be important, as both ¢ factors compete for
the core polymerase®*®*'. For example, several genes
involved in the pH- and oxidative-stress responses are
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Chemostat

A device that allows the
continuous growth of a
bacterial population on a
growth-rate-limiting resource.
The resource flows into the
chemostat at a constant rate;
depleted medium and cells are
washed out at the same rate.
The population grows and
consumes the resource untit
the bacteria reach an
equilibrium density at which
their growth rate equals the
flow rate through the vessel.
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Figure 2 | Four ‘flavours’ of growth advantage in stationary phase (GASP) phenotypes. When cells from aged,
long-term stationary-phase cultures (red lines) are competed initially as a minority with 1-day-old wild-type cells (green
lines), the competitions can result in one of four phenotypes. In Class 1 and Class 2 competitions, aged cells express the
GASP phenotype, increasing in frequency in the culture. In Class 1 competitions, younger cells are driven to extinction.
In Class 3 competitions, aged minority cells initially appear to express GASP, but are eventually outcompeted by the
younger cells. In Class 4 competitions, aged cells are unable to compete with younger strains.

part of the RpoS regulon®>*, The loss of expression
of these genes is deleterious to the cell, as shown by the
reduced competitive ability of null mutants of rpoS and
their increased sensitivity to acid stress as compared
to wild-type cells****. However, enough of these gene
products are expressed when an attenuated GASP allele
of RposS is present, increasing fitness during stationary
phase?, but these effects are conditional. We have shown
that, in environments buffered at pH 7, wild-type alleles
are beneficial?®. Schellhorn and co-workers have iden-
tified batch-culture conditions in which loss of RpoS
function is under positive selection®, Givskov's group
has shown that rpoS might not confer a benefit in the
intestine®, and Ferenci and colleagues have shown that,
in chemostats, 7poS null mutants can have a significant
competitive advantage®"*".

At this time, the best-characterized effect of GASP
alleles of rpoS is an increase in the ability of the cell to
catabolize certain amino acids. This altered ability con-
fers a significant competitive advantage to the mutants.
Zinser and colleagues have shown that GASP mutations
in rpo$, as well as several other genes, can increase the
ability to use alanine, arginine, aspartate, glutamate,

glutamine, serine, threonine and proline as sole sources

‘'of carbon and ene . Another intriguing role for
attenuated alleles of rpoS could involve the regulation of
error-prone DNA polymerases (see below).

Long-term stationary-phase population dynamics
After the initial appearance of GASP alleles of rpoS, novel
GASP mutations continue to appear with continued
incubation. This has been demonstrated in several ways.
First, not only do cells from 10-day-old cultures outcom-
pete 1-day-old cells, but cells from 20-day-old cultures
outcompete 10-day-old cells, 30-day-old cells outcom-
pete 20-day-old cells, and so on®%. In fact, cells from
cultures aged up to 60 days will outcompete cells
from all younger cultures with varying degrees of relative
fitness*. For example, 10-20-day-old cultures always
express a strong GASP phenotype, driving majority
cells to extinction (this is referred to as a Class 1 GASP
phenotype®®; FIG. 2). Cells from 30-60-day-old cultures
will always express the GASP phenotype, but are as likely

to coexist with formerly majority cells (Class 2) as they
are to drive them to extinction (Class 1). This constant
appearance of GASP mutations over time indicates that
long-term stationary-phase cultures are not static, but
are highly dynamic. After about 60 days of incubation,
more Class 3 (mutants that attempt to develop the GASP
phenotype, but fail) and Class 4 (mutants that have no
increased competitive ability) phenotypes® are observed,
indicating that the culture environment after 2 months
of incubation is sufficiently different from overnight
cultures to preclude aged cells from expressing a fitness
advantage over unaged, 1-day-old cells.

When the GASP phenomenon was first observed,
it was proposed that GASP mutations were accruing in
the absence of significant cell turnover through a pro-
cess of mutation and repair, and not due to population
dynamics. This latter model was disproved using various
competition experiments®*. In these experiments, ini-
tially isogenic strains are aged independently for 30 days.
Isogenic strains carry single point mutations conferring
antibietic resistance, usually a gyrA mutation confer-
ring resistance to nalidixic acid and an rpsL mutation
conferring streptomycin resistance. These mutations
are neutral in terms of relative fitness in the absence
of drug selection®**? and allow the identification of
cells from ‘young’ versus ‘old’ cultures. After the cul-
tures are aged and GASP mutants have appeared in the
population, equal nunibers of cells are mixed together.
Subpopulations are then monitored through their
drug-resistance phenotypes. As these mixed cultures
are co-incubated, the total number of cells per culture
does not change; however, the proportion of the two
marked subpopulations will increase or decrease over
time, frequently with one of the two groups eventually
going extinct®s. As the total number of cells does not
change over time, these cultures are in a state of dynamic
equilibrium in which new GASP mutants are constantly
displacing less-fit siblings (FIG. 3).

Initial models of the GASP phenomenon described a
system in which one GASP mutant would sweep through
the population, displacing all other cells until it was itself
displaced by the next mutant of increased fitness™**.
We know now that these cultures are, in fact, far more
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Very short patch repair diverse, with many subpopulations (distinct genotypes)
Amismatch-correction system  present simultaneously>**, The enormous genetic diver-
that corrects TG mismatches sity of long-term stationary-phase batch cultures can be
to C:Gin certain sequence observed directly by characterizing the colony and cel-
xtt:;'?ﬁon:epermm ofPam  jylar morphologies of cells sampled from cultures as they
; age (for an example, see FIG. 4). Frequently, after about a

month of batch culture (varying by species and strain)

colonies with morphologies different from the parental

strain begin to appear®?°,

The mutation frequency during stationary phase
Is it surprising that virtually all 10-day-old cultures of
E. coli have cells that express the GASP phenotype? It
might be, until we revisit a few facts about the rates
of mutation in bacterial cultures. Using a mutation
frequency of ~10™"° mutations per bp per genera-
tion*“%, and with a genome size of ~4.6 x 10° bp, we
can assume that one in every 10,000 cells has a point
mutation. However, using various experimental data,
Drake has calculated an even-higher frequency of
mutation of 1 cell in every 300-400 (REF. 42). This is
an extraordinary amount of genetic variation upon
which natural selection can act.

After death phase, populations initially level out at
~5x 10" CFU per ml (FG. 1). Typically, when sampling
cultures for a GASP competition experiment, 5 il are
removed from the culture, which is the equivalent of
~5x 10" cells. As we observe the GASP phenotype in
virtually all 10-day-old cultures, this means that at least
one cell in ~50,000 expresses GASP. However, we know
that on average, of those 50,000 cells, up to 80% will
express the GASP phenotype®. The fact that GASP
mutants increase to a high frequency by 10 days of incu-
bation and that independent, initially isogenic cultures
yield different GASP mutations indicates that there is
not only significant genotypic diversity in these cultures,
but that the GASP alleles are under strong selection.
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Figure 3 | Population dynamics of long-term stationary-phase cultures. After
death phase, as cells continue to incubate under long-term stationary-phase conditions,
the apparent number of colony-forming units (CFU) per ml reraains relatively stable.
However, these cultures are not static. There is a dynamic equilibrium between newly
created growth advantage in stationary phase (GASP) mutants and less competitive
cells. The birth rates and death rates within the population are balanced. Each coloured
line represents a different GASP mutant that appears during long-term incubation. The -
black line represents the total population density.
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It is clear from restriction fragment length poly-
morphism (RFLP) observations that an even greater
amount of genetic diversity is present in E. coli long-term
stationary-phase populations than previously appreci-
ated. In one study, a determination of the RFLP patterns
of three restriction enzymes allowed us to infer a muta-
tion frequency of 1 in 600 bp per genome?, far higher
than other studies have indicated. A description of the
molecular events leading to these observations is essential
for our understanding of the mechanisms of survival in
long-term stationary phase.

Mechanisms to generate genetic diversity

Just as important as identifying genes which, when
mutated, result in the GASP phenotype is an under-
standing of the mechanisms that have a role in increas-
ing genetic diversity. It is clear from what little we
know about the genetic changes that take place during
stationary phase that there is a considerable amount
of genotypic diversity during long-term batch culture;
some have suggested the existence of a (transient) hyper-
mutable state®*#. Of the many mechanisms that could
be important, I focus on two: the role of the methyl-
directed mismatch repair system and the SOS-induced
DNA polymerases. In both cases, the creation of genetic
diversity is being achieved ‘in house’ through mutation,
rather than by the acquisition of genes through horizontal
transfer. Also of increasing interest is the role of insertion
sequences and transposable elements. Although this is a
fascinating and important area of inquiry, at this time,
with one exception®, there are little data available on the
chromosomal structure of GASP mutants with regard to
these kinds of mutation.

Methyl-directed mismatch repair. The methyl-directed
mismatch repair (MMR) system, encoded in E. coli by
the mutS, mutL and mutH genes, removes misincor-
porated bases in newly replicated DNA. MMR genes
are conserved from bacteria to humans®. Following
binding by MutS, which recognizes mismatches in
double-stranded DNA, and MutL, the mismatch (as
well as some adjacent DNA) is excised after cleavage by
the MutH endonuclease. The methylation state of the
DNA determines which strand is cleaved and excised.
The system assumes that the unmethylated strand of a
nascent, hemimethylated duplex DNA is the new strand
and, therefore, the strand containing the mutation.
However, during statior:ary phase, DNA should be fully
methylated. So, what happens when DNA is damaged,
resulting in an apparent mismatch? One model proposes
that the MMR system, or perhaps the very short patch
repair (vsr) system®*, will repair the lesion, but as it can-
not determine which is the old strand and which the new
strand, half of the time the wrong strand will be repaired,
leading to the introduction of mutation*®%.

Another model suggests that as cells enter station-
ary phase, the overall protein biosynthetic capacity is
reduced, including the repair proteins. As MutL, unlike
Mut$S and MutH, appears to be used stoichiometrically
(once per MMR event), it can become limiting®*',
Other studies suggest that MutS levels can limit MMR
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Figure 4| Morphologies of cells isolated

from long-term stationary-phase batch

5

cultures. A Luria-Bertani (LB) culture was incubated for 150 days and sampled by
spreading cells onto LB agar plates. In this example, five colony variants were
observed. Phase-contrast micrographs of cells from each colony, as well as the
unaged wild-type parent (a), reveal different cellular morphologies, including
cells that aggregate (b), cells that are phase dark (c.d) and filamentous cells (e.h).
The morphology of the colonies from which cells were isolated was as follows:
a.b. colonies of normal, cream-coloured appearance; ¢, opaque colonies; d, mini-
mucoid colonies; e, fried-egg colonies with ruffled edges and darker centres:

f, nano colonies, yielding pinpoint-sized colonies after 24 hours.

SOS response

The bacterial response to DNA
damage that is regulated by
the LexA and RecA proteins
and involves the expression of
a network of >40 genes,
including several DNA-repair
enzymes.

activity®*. Therefore, as cells complete rounds of rep-
lication during stationary phase, the MMR system is
suppressed, leading to an increase in genetic diversity.
One obvious result of an increase in mutation fre-
quency is the increased possibility of mutating essen-
tial genes. However, it should be noted that it is likely
that many cells in stationary-phase cultures have more
than one chromosome. Akerlund et al. have shown that
most cells incubated up to 5 days in batch culture have
two, four or even eight chromosomes per cell*. This
transient polyploidy might protect cells from the cata-
strophic loss of essential genes (see below). One attrac-
tive feature of models in which protein components of
the MMR system become limited is that the mutation
rate can be modulated without any special form of
regulation of gene expression. The system is depend-
ent on the nutritional status of the cell. Consistent with
this, mutator alleles of several genes have been shown
to confer a competitive advantage in chemostats®-,
and mutators have also appeared in serial transfer
systems®-<2,

SOS DNA polymerases. Just as the MMR system is
designed to prevent mutation from occurring, the SOS
polymerases can introduce genetic diversity, although it
is an open question whether this is one of their primary
functions**5$-6_During DNA replication, lesions can
be encountered that the DNA polymerase I1I replicase
cannot copy through. Frequently when this happens
the SOS response is activated, inducing, among others,
the genes encoding the alternative DNA polymerases
PolIl, PollV and PolV*%, These polymerases can rep-
licate through various kinds of lesions, including abasic
sites, photodimers and a wide variety of damaged bases.
Typically, PolIV and PolV, encoded by dinB and umuDC,

respectively, are considered error-prone polymerases,
inserting one base preferentially over the other three.
PolII, which is encoded by polB, is considered an error-
free polymerase, but can still misincorporate bases at
some lesions during repair polymerization®. We have
shown that cells deficient in any of the SOS polymerases
are at a competitive disadvantage compared with wild-
type cells, as well as showing a defect in expression of
the GASP phenotype®. The reduced ability to express
GASP is probably the result of a combination of effects:
a reduction in fitness owing to the altered physiology
of cells that have trouble replicating past certain lesions
and an alteration in the repertoire of genetic diversity
from which novel GASP alleles can be selected. Several
studies support a model in which the mutation spectrum
of wild-type cells compared to SOS-polymerase mutants
is different05563-67,

Foster and colleagues have shown that the expres-
sion of dinB is under the control of RpoS®. This raises
the intriguing possibility that partially active, attenuated
alleles of rpoS are required to help maintain minimal
levels of PolIV activity to generate mutations that might
confer a GASP phenotype.

Together, the data exploring the role of the MMR and
SOS-polymerase systems allow one to propose models
in which cells modulate replication fidelity as a stress
response®”, The notion of ‘mutate or di€’ is not unrea-
sonable, given the potentially hostile environments faced
by bacteria coupled with the obvious genomic plasticity
observed in laboratory, clinical and environmental samples
at several loci””, including mut genes and rpoS.

In addition to the point mutations or other small
mutations created by the above-mentioned systems,
another potentially significant contributor to genetic
diversity during long-term stationary-phase incuba-
tion is the duplication or amplification of large regions
of the chromosome. DNA amplifications have been
observed in E. coli and Salmonella spp. under different
culture conditions at different loci’**'. For example,
using genomic array techniques, Porwollik and col-
leagues have observed an amplification of ~180 kb in
cells harvested from an ~40-year-old stab culture®.
Amplification has at least two potential benefits for
the cell. First, it can increase the dosage of beneficial
genes, either the parental version or GASP alleles, and
second, by increasing gene copy number it increases the
chances of getting a beneficial mutation at a particular
locus. This is especiaily important for genes that are
essential, where the additional gene copies complement
the essential function while allowing for an exploration
of ‘genome space. It is important that one understands
that this does not suggest that the cell preferentially
amplifies the genome at certain loci with the ‘hope’ of
acquiring a beneficial mutation. What it does imply is
that cells could have evolved systems that amplify large
chromosomal regions because cells with this ability
acquire beneficial mutations at a higher frequency than
cells that do not. This same argument can be applied to
the evolution of the activity or regulation of the MMR
and SOS polymerase systems. The watchwords are
‘mutate or die.
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Future directions
The avalanche of information about the genomic com-
position of microbial organisms seems to generate more
questions than answers. Even today we do not under-
stand the function of about one-third (a conservative
estimate) of the genes of E. coli K12. Further questions
arise when one considers that organisms of the same
o species (or even the same strain) can show consider-
able genomic diversity. For example, consider the dif-
ferences in the genomes of E. coli strains E. coli K-12,
E. coli 0157:H7 and others®-*” which have only ~40% of
their genes in common. Some of these questions can be
addressed when we have information about the habitats
or particular lifestyles of an organism. One overarch-
ing question is how did the strains or lineages become
different? Are they the results of divergent evolution
through horizontal gene transfer, vertical transmis-
sion after natural selection of new mutations, or some
combination of the two? The most likely answer is ‘all
of the above'

REVIEWS

To understand these evolutionary processes, long-
term batch culture serves as a valuable model system. By
incubating cells under stressful conditions and observing
the expression of the GASP phenotype, we can begin to
understand the dynamics of population structure and
the mechanisms that lead to the generation of genetic
diversity. The molecular events that lead to the expres-
sion of GASP reflect a wide range, and perhaps only a
subset, of the kinds of change that evolving populations
can experience. The ability to observe evolution in a test
tube in real time, coupled with old-fashioned genetics
and cutting-edge array technology to analyse the prod-
ucts of evolution, will help to answer these fundamental
questions surrounding the mechanisms of adaptation at
the molecular level.

With their exceptional metabolic efficiencies, sug-
gestions of the ability to organize and cooperate, and
extreme longevity in some environments, perhaps
Hobbes would have made bacteria an exception to his
characterization of life under stressful conditions.
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