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�
Evolution by natural selection is an inevitable
and inescapable feature of life. Organisms
multiply, vary and have heredity; as a conse-

quence, populations of organisms evolve. In this regard
we can be certain that the bacterial culture retrieved from
the incubator this morning will be different from the
population used to found the flask 16 hours and 10
generations ago.

Despite the fact that microbiologists confront the stuff
of evolution on a daily basis, our understanding of this
process is at best fuzzy and at worst just plain wrong!
Unfortunately there is nothing new here and the situa-
tion is unlikely to improve without a rethink of the way
undergraduate microbiologists are trained. In the 1940s
Salvador Luria damned bacteriology as ‘the last strong-
hold of Lamarckism’; a similar sentiment followed
publication of John Cairns’ paper in Nature in 1988, and
of course vestiges of the ‘directed mutation’ debate
rumble on. But this is just the tip of the iceberg: it is
interesting to note that the motivation for Luria &
Delbrück’s fluctuation test published in 1943 stemmed
less from a wish to test the randomness of mutation and
more from a desire to show that bacteria are organisms
that have a genetic makeup and are subject to the forces
of Darwinian evolution.

� A peculiar perspective on evolution
Ironically, the perception of evolution as peculiar or
irrelevant to our immediate dealings with microbes
stems largely from advances in bacterial physiology and
genetics. Studies over the last 50 years have shown that
bacteria have a remarkable capacity to respond to
environmental change. Ask a microbiologist how such a
response is wrought and almost certainly the answer will
involve a description of phenotypic acclimation – the
process by which an individual organism alters some
aspect of its behaviour, morphology or metabolism in
response to an environmental cue. Reference will be
made to regulatory systems, signal transduction and
ensuing effects on gene expression. So comprehensive
and far-reaching is the capacity for phenotypic
acclimation that the notion that bacteria respond to
environmental challenge by any other means is rarely
considered. With all that genetic circuitry (the argument
goes) there can be few phenotypes worth expressing that
are not genetically ‘programmed’. The end point of such
thinking is the notion that bacteria are equipped to deal
with every conceivable environmental challenge – that
every phenotype, from the complex structures of bio-
films, through virulence, is regulated by a genetic
programme under the control of ‘global regulators’.

It is important to recognize that phenotypic accli-
mation is just one way that a population responds to
environmental challenge. Equally significant (and equally
common) is genetic adaptation – a process whereby the
genetic composition of a population changes as a result of

natural selection. The large population sizes and rapid
generation times of many microbes means that genetic
adaptation is a particularly potent force for change.

� Studies with microbes reveal the workings
of evolution
Over the last three decades there has been increasing
interest, particularly from evolutionary biologists, in
using microbial populations to test predictions made by,
and transpiring from, Darwinian Theory. Arising from
these studies have been some of the clearest examples of
genetic adaptation by natural selection. Richard Lenski
and colleagues, for example, having propagated replicate
populations of Escherichia coli for many generations in 
a simple defined laboratory medium, have been able 
to show emphatically that natural selection can lead to
adaptation. The simple proof came from experiments 
in which the ancestral genotype was put in direct compe-
tition with derived (evolved) genotypes. In every instance
derived genotypes out-competed the ancestral genotype
and the magnitude of the difference increased with the
number of generations of selection: adaptation (which
manifests as an increased competitiveness in the struggle
to leave offspring) is caused by natural selection – just as
Darwin predicted! Recent studies have identified many of
the causal mutations and thus begun to provide the basis
for mechanistic insight into evolutionary change.

Our own work has used experimental populations 
of Pseudomonas fluorescens; the motivation being to under-
stand the evolutionary causes of ecological diversity. To
this end we allowed replicate populations to evolve in
two environments (microcosms) that differed in the
degree of spatial structure. A spatially homogeneous
environment was obtained by incubating microcosms in
an orbital shaker, whereas a spatially heterogeneous
environment was obtained by incubating microcosms
without shaking. After 5 days, populations propagated in
the heterogeneous environment had diversified (see Fig.
1), whereas populations propagated in the homogeneous
environment remained uniform. Interestingly, the
dynamics of diversification (in the spatially structured
microcosms) are highly repeatable with similar patterns
of diversity arising each time the experiment is repeated –
an outcome to note in light of following comment.

� The response of bacteria to environmental
challenge
These experiments have allowed testing of long-standing
ideas surrounding the role of ecological opportunity and
competition in diversification. However, they also have
relevance for how we think more generally about 
the response of bacteria to their environment. In our
experiments the only difference between the two
treatments was the degree of spatial structure afforded 
to the growing populations, and yet the response of
populations in each treatment was quite different.

Bacterial populations adapt –
genetically, by natural selection –
even in the lab!
Paul Rainey
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A model is needed to account for the different out-
comes and to aid subsequent experimentation; indeed,
two models can be invoked: one involving phenotypic
acclimation, the other genetic adaptation. The pheno-
typic acclimation model requires, within each cell, a
genetically determined pathway comprised of a sensor,
that in this case recognizes ‘spatial structure’ (or some
component thereof), and a means of transducing this
information to affect the expression of genes controlling
a diverse array of colony morphologies. Such a system,
were it to exist, would be reflective of a long evolutionary
history in which repeated exposure of ancestral types to
spatially structured versus unstructured environments
has led to the evolution of a genetic network that
produces an optimal response depending upon a specific
environmental cue. The genetic adaptation model
requires that spontaneous mutation can produce one or
more beneficial variants that increase in frequency
through natural selection. In the absence of a molecular
understanding how can the most appropriate model be
identified? A simple scheme is outlined in Fig. 2 which
involves comparison of the phenotype of ancestral and
derived populations in the ancestral environment.

Turning attention back to the Pseudomonas popu-
lations: when cells that experienced the spatially hetero-
geneous environment were plated alongside cells of 
the ‘ancestral’ genotype (that had not experienced 
this environment) obvious phenotypic differences in
colony morphologies were observed. All colonies from
the ancestral genotype were of the normal smooth type,
whereas colonies from the cells that experienced the
spatially heterogeneous
environment expressed a
range of different pheno-
types (see Fig. 1). When
the cells that experienced
the spatially homogene-
ous environment were
compared with the ances-

tral genotype no differences in colony morphology were
observed; however, a comparison of the competitive
fitness of the two populations revealed the derived
population to be more fit. In both cases genetic
adaptation by natural selection is implicated.

To some, an outright rejection of phenotypic accli-
mation might seem uncalled for, but without tortuous
modification, this model stumbles from the outset. Even
in the absence of a direct comparison between ancestral
and derived populations the phenotypic acclimation
model cannot easily explain the diverse array of colonies
shown in Fig. 1. A model invoking phenotypic acclima-
tion requires that all cells in the same environment
behave in the same way – at least on average. Examina-
tion of the agar plate reveals a diverse array of colonies
and yet all the cells growing on the plate experience
more-or-less the same environmental conditions. Now, it
is true that both populations experienced different
environmental challenges during the time that they were
propagated in microcosms, but the likelihood that these
past differences could continue to manifest some 15 or so
generations after removal from the microcosm is un-
likely. Nevertheless, by propagating different colony
types in different environments for a few generations and
then transferring these back to the original medium we
could see whether the phenotypes bred true – indeed
they did. Thus the phenotypes are heritable and therefore
highly likely to be genetically determined: the pheno-
typic acclimation model collapses.

One further experiment is required to examine an
apparent discrepancy between a central expectation of the
genetic adaptation model and our observations. I
mentioned that the patterns of diversity arising in spati-
ally structured microcosms were similar across replicate
microcosms – the same types emerging at the same time
and reaching similar population sizes. This deterministic
outcome appears to be inconsistent with the randomness
of mutation, but it need not be. Imagine that one in every
5×107 cells is a niche specialist mutant; a microcosm that
harbours ~5×1010 cells (as ours do) will harbour many
niche specialist mutants. Provided these types are
favoured by natural selection (which they are), then the
dynamics of diversification will be reproducible. Of
course it follows that if reproducibility is a consequence 
of large population size and strong selection, then
reproducibility ought to disappear once the population
size is reduced. Indeed, reproducibility is lost once the
population size falls below ~1×107.

LEFT:
Fig. 1. Phenotypic diversity 
and niche specificity among 
P. fluorescens SBW25 colonies
propagated in a spatially
heterogeneous environment.
Microcosms were incubated
without shaking to produce a
spatially heterogeneous
environment. (a) After 7 days,
populations show substantial
phenotypic diversity which is seen
after plating. (b) Most phenotypic
variants can be assigned to one 
of three principle morph classes:
smooth (SM), wrinkly spreader
(WS) and fuzzy spreader (FS),
although there is substantial
variation within a class and
additional minor types. (c) Evolved
morphs showed marked niche
preferences.
REPRODUCED FROM P.B. RAINEY & 
M. TRAVISANO (1998) NATURE 394,
69–72.

BELOW:
Fig. 2. Distinguishing
phenotypic acclimation from
genetic adaptation. Two different
ancestral genotypes (1 & 2) are
grown in environment A and their
phenotype recorded: one red; the
other yellow. Both genotypes are
exposed to environment B and their
phenotype in this new environment
recorded: in both cases it is blue.
To determine whether the cause 
of the phenotype change is
phenotypic acclimation or genetic
adaptation, both genotypes are
transferred back to ‘ancestral’
environment A and their
phenotypes scored, however,
before scoring, each genotype is
passed again through A. The
phenotype of each genotype is now
compared with the phenotype of
the ancestral genotype (also in
environment A). The phenotype of
genotype 1 is identical (red) after
experiencing environment B and
therefore the blue phenotype
expressed in environment B is
likely to be a result of phenotypic
acclimation. This is not true of
genotype 2: although it expressed
the blue phenotype in environment
B, it no longer expresses the yellow
phenotype when returned to the
ancestral environment A – not even
after two passages. As such it is
likely to be genetically distinct
from the ancestral genotype,
indicating genetic adaptation.
COURTESY P. RAINEY
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� The power of natural selection
Over the years we have progressed with genetic dis-
section of the diverse morphs. The evidence (which ranges
from estimates of mutation rate, to identification of many
causal mutations) points to diversification being wrought
by genetic adaptation: natural selection acting on spon-
taneous mutation. Upon entering a novel environment
replete with ecological opportunity, the ancestral geno-
type experiences strong diversifying selection (which is
not experienced in the spatially unstructured environ-
ments). Selection favours particular mutants because 
of the fitness benefits they engender. Competition 
among competing beneficial mutations – particularly for 
oxygen – fuels the diversification process.

When I first began to study the strange world of
bottle-bred Pseudomonas I was spurred on by a suspicion
that diversification was likely to be controlled by some
complex stress-inducible mutagenesis system, and was
reflective of an adaptive ‘life history strategy’: after all,
the complexity shown in Fig. 1, the speed with which
niche specialist types arise, the degree of fit between
organism and environment and so forth, could not
possibly be determined by chance alone. But it is. And
therein resides an extraordinary revelation of the power
of natural selection.

� Are we missing something?
A fortuitous feature of our Pseudomonas populations is the
correspondence between niche specialist genotype and
colony morphology on agar plates. This means that it has
been possible to look at the dynamics of genetic diversi-
fication simply by scoring the frequencies of colony
variants. Put another way, it has been impossible to
ignore evolution. Had evolutionary diversification not
manifested in a visible way, we would have overlooked
the phenomenon. This leads us to wonder whether
evolution in bacterial populations is overlooked, more-
over, whether it being overlooked is problematic.

With certainty, evolution occurs, is overlooked,
ignored, or incorrectly interpreted. Depending on the
particular questions asked, this may or may not matter.
The way forward is first to recognize that no environ-
ment is benign. For a freshly isolated bacterium entering
the laboratory environment selection for mutants that
grow more rapidly in vitro will be intense. Moreover,
initial fitness improvements are likely to involve loss of
traits not required in vitro, the problem here is that many
of these traits may be relevant to the life of the bacterium
in its natural environment!

� A change of culture
I think that one of the most useful things we could do
would be to alter the terminology we use to describe
everyday laboratory practices. Instead of ‘overnight
culture’, ‘enrichment culture’, or ‘flow chamber experi-
ment’ we should think in terms of the number of

generations and the intensity of selection. The moment
we recognize that an overnight culture is really a ‘12-
generation selection experiment’, or enrichment culture
a ‘1000-generation selection experiment for types
capable of growing on compound X’, the effects of that
selection regime ought to come into question. In many
circumstances there may be little that can be done other
than to recognize the fact that evolution occurs and to
account for its effects in experimental design and
interpretation of results. However, in some situations
failure to recognize genetic adaptation and its effects can
be seriously problematic, resulting in the formulation 
of implausible hypotheses, the design and execution of
meaningless mutant hunts and incorrect conclusions
about the ecological significance of genes and regulatory
networks – even of the organism itself. While no area of
microbiology is immune from this difficulty, one area
that seems to be at risk of being misled (if it hasn’t already
succumbed) is that concerned with ‘biofilms’. Studies in
this area rely heavily on experiments performed in flow
chambers – environments that impose intense selection
for surface-colonizing mutants: a cell that doesn’t stick 
is washed from the chamber and is effectively dead.
Moreover, flow chamber experiments are typically run
over the course of days, thus providing ample oppor-
tunity for natural selection to operate. At the very least
flow chamber experiments should include a control in
which the derived population (the population taken
from the flow chamber at the end of the experiment) is
competed directly with the ancestral population (the
population used to found the original flow chamber). I
suspect that in most instances evidence that the flow
chamber population has adapted genetically by natural
selection to the flow chamber will be overwhelming.

Two processes are relevant to how we think about the
response of bacterial populations to environmental
change: phenotypic acclimation and genetic adaptation
by natural selection (in fact the two processes are not
mutually exclusive). For reasons that are complex and
worthy of further exploration in their own right, micro-
biologists have tended to overlook or misinterpret genetic
adaptation by natural selection, assuming that pheno-
typic acclimation is sufficient to account for the majority
of responses to environmental challenge. This oversight
has serious implications for how we think about and study
microbes: for the kinds of models we develop to inform
and instruct our investigations, for the way we think
about evolution in bacteria and for our understanding of
the function of bacteria in natural environments.
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