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The costs and benefits of random phenotypic heterogeneity in microbes have been vigorously debated
and experimental tested for decades; yet, this conversation is largely independent from discussion of
phenotypic robustness in other disciplines. In this review I connect microbial examples of stochasticity
with studies on the ecological and population-genetic consequences of phenotypic variability. These

topics illustrate the complexity of selection pressures on phenotypic robustness and provide inspiration
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that this complexity can be parsed with theoretical advances and the experimental power of microbial
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1. Introduction

A primary value of studying phenotypic robustness is the atten-
tion it requires to the question of whether variability is good or bad.
More precisely, for which traits, ecological contexts, and scales does
natural selection favor organisms that are less than perfectly robust
in expressing their genotypes as phenotypes? The scope of this
question hints at the scale of the challenge: phenotypes, environ-
ments, and the developmental processes that connect genotypes
and traits are each incredibly diverse. Microbial studies have blazed
trails through this tangled wilderness, linking molecular sources
of variability to distributions of phenotypes in populations and
fitnesses of genotypes over evolutionary time. Yet these few pio-
neering examples are the exception, and recent advances in the
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study of stochastic phenotypic variation in microbes have devel-
oped largely independently of the conversation about robustness
in the evolutionary literature.

This review attempts to connect subfields by discussing how
phenotypic variability is acted upon by natural selection and, in
turn, mediates the action of natural selection on new mutants. In
part, I want to draw attention to a subtle aspect of the relation-
ship between robustness and evolvability: phenotypic variability
shapes the strength of selection and genetic drift, with genome-
wide consequences for the fates of beneficial and deleterious
mutations. While genetic drift lies at the heart of our modern
understanding of genome evolution, its effects and consequences
have rarely been directly measured by evolutionary biologists.
High-throughput characterization of variation in phenotypes and in
reproductive success can therefore shed light on a key mechanism
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of evolution while also stimulating demand for a more fine-grained
theory of how evolution acts on variability.

Rather than attempt an exhaustive review of either the theoreti-
cal or experimental literature surrounding these sizeable questions,
my goal is to assemble a toolkit which both evolutionary and sys-
tems biologists could use to approach questions about phenotypic
variability in a population context. My examples will focus on
microbes to reflect the tremendous increase in capacity to measure
their individual phenotypes as well as the widespread enthusiasm
for adaptive explanations for the evident lack of robustness in key
phenotypes like growth rate. The fact that genetic drift in microbes
does not match the assumptions of the basic Wright-Fisher model
has been noted [1] but often ignored in practice, further motivating
the development of tools suitable for unraveling the outcomes of
evolution experiments in bacteria, viruses, and unicellular eukary-
otes.

2. A brief overview of stochastic phenotypic heterogeneity
in microbes

Bacterial motility is a canonical example of the predominant
and unintuitive role of stochasticity at the scale of single cells.
Every aspect of swimming via flagella is an adaptation to the effects
of Brownian motion, which prevents cells from making steady
progress up or down concentration gradients [2]. Both single-
cell measurements and first-principles modeling have shown that
stochasticity plays a similarly important role in gene expression.
The origins of much of this stochasticity in molecular diffusion,
collisions, and birth-death events makes it sensible to refer to it as
‘noise.’ The low copy number of key proteins and transcripts within
a cell amplifies this noise [107,3]. Modeling transcription, trans-
lation and decay as Poisson processes predicts substantial noise
that is only compounded by stochasticity in partitioning during
cell division [4] and, in eukaryotes, bursts of transcription driven
by changes in chromatin structure [5,6].

Recognition of the scope and importance of expression noise
in microbes has been fueled by technical advances; now-classic
experiments using microscopy with pairs of fluorescent-protein
reporter genes with identical promoters were instrumental in sep-
arating the noise intrinsic to gene expression from other sources
of heterogeneity among cells [7-9]. Recent advances in isolating
single cells and assaying their gene expression have helped accel-
erate these studies [ 10], as have developments in the mathematical
modeling of gene expression. While these new techniques pro-
duce eye-catching, data-rich results, appreciation for stochasticity
in microbial phenotypes actually has a long history. The classic
lac operon requires stochastic bursts of permease production in
order to allow lactose into the cell, stimulating full expression
of the operon [11]. Genetic competence and sporulation are two
other canonical examples of phenotypic heterogeneity in bacteria
microbiology that are driven by stochasticity in gene expres-
sion. Genetic competence—the ability to ingest and homologously
recombine environmental DNA—is typically expressed in only a
fraction of a clonal bacterial population. A number of studies in
the gram-positive bacterium Bacillus subtilis have shown how gene
expression noise and positive feedback cycles can account for this
heterogeneity, allowing testable predictions of mutational targets
that shift the fraction of competent cells [12]. B. subtilis has other
behaviors that are expressed in response to cues, but only in a frac-
tion of a clonal population, including the production of dormant but
durable spores, biofilm formation, and a cannibalism phenotype. A
combination of genetics, single-cell expression assays, and mathe-
matical modeling has demonstrated an essential role for expression
noise and additional positive feedback loops in producing these
heterogeneous behaviors in specific environments [13,14].

Bacterial persister cells are a telling example of the com-
plexity underlying the simple phenotype of apparently random
growth arrest. Over 70 years ago, microbiologists observed that
antibiotics typically fail to kill a small minority of sensitive cells.
These survivors were not resistant—they could be cultured into
antibiotic-sensitive cultures—and so were described as ‘persistent’
[15].InE. coli, persisters were shown to be transiently non-growing
cells that arose stochastically in homogenous, clonal cultures [16],
though later studies have shown that persister cells are not simply
dormant [17]. Screens for E. coli strains with a higher propensity
for persister formation [18] pointed to a toxin-antitoxin system.
Such systems, composed of a long-lasting toxin protein and a short-
lived antitoxin gene product, were first understood as a feature
deployed by plasmids to promote ‘addiction’—any daughter cells
that, through segregation, failed to inherit the plasmid would suf-
fer the effects of the toxin [19]. This ‘selfish’ role in maintaining
plasmids in bacterial populations does not account for the exis-
tence of chromosomal copies of toxin-antitoxin operons, leading
to a diversity of hypotheses for the role of these prima facie haz-
ardous elements [19]. Detailed characterization and modeling of
high-persistence mutants have shown that interactions between
chromosomally encoded toxin and antitoxin gene products create a
threshold response by which fluctuations in the abundances of each
molecule causes temporary growth-arrest in a fraction of a grow-
ing E. coli population [20]. Like competence and sporulation, the
fraction of persister cells in a culture is sensitive to numerous envi-
ronmental signals and is also mutable [21]; in fact, the frequency
of persister cells evolves rapidly and predictably in response to
regimes of antibiotic treatment [22]. The results of further mutation
screens imply multiple mechanisms underlying persistence, across
species and even within E. coli [23], suggesting more sophistication
and potential for adaptive tuning of this behavior.

In addition to whole-cell phenotypes like growth rate, microbes
can also vary significantly in key metabolic characteristics. Galac-
tose signaling in yeast presents an example of a complex, looping
pathway in which both positive and negative feedbacks con-
spire to produce expression states that can change stochastically,
yet also persist over several generations of division [24]. Highly
asymmetrical partitioning of cellular resources has been described
in Sinorhizobium melilotias a potential adaptation to starvation
[25]. Similarly, stochastic expression differences in stress-response
genes allows a fraction of cells to be pre-adapted to a severe stress
without the bulk of the population bearing the burden of constitu-
tive expression [26]. Stochastic heterogeneity in metabolism may
also be relevant in an industrial context [27], and efforts to control
or leverage this noise in bioprocessing applications could yield a
rich source of data on the potential to evolve and engineer pheno-
typic robustness.

Much of the initial research on stochastic phenotypes like per-
sistence and competence in microbes has focused on bistability—a
situation in which positive feedback and threshold responses
produce two quasistable phenotypes, with random variation in
protein abundances mediating the transition between states [28].
These same processes can constitute a mechanism of epigenetic
inheritance or cellular memory which, rather than relying on
methylation or other forms of genome modification, is transmit-
ted by the transcripts and proteins segregated during division. This
type of non-genetic inheritance of phenotype may be relevant for
metabolic responses to fluctuating environments [29] and can facil-
itate cooperation among related cells [30]. The full implications
of these mechanisms of inheritance of acquired characteristics for
robustness and evolution await much more modeling and charac-
terization.

More detail on the mechanisms and phenotypic consequences
of noise in microbes can be found in numerous recent reviews
(e.g., [31,32]). The brief survey above should serve to illustrate
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the enthusiasm for measuring noise and robustness as a pream-
ble to discussing evolutionary explanations for this noise. Two
further pieces of context should be mentioned before continuing.
One, interest in microbial phenotypic heterogeneity is partially
driven by medical relevance—the phenomenon of persister cells
by itself constitutes a major clinical concern [33]—and the many
roles of stochastic variation in metazoans, from the differentiation
of photoreceptor cells in the vertebrate eye [34] to the resistance of
cancers to treatments [35]. Understanding these motives can help
evolutionary biologists detect biases in adaptive explanations, con-
tribute most usefully to this growing interdisciplinary field, and
make the best use of these incredibly productive sources of data on
robustness.

A second issue arises from the search for the proper level of
description of bacteria. One viewpoint, explored in the next section,
takes these stochastic differences among microbial cells as phe-
notypic heterogeneity among individuals. Through this lens, the
action of selection on a diverse microbial population can directly
inform our understanding of how evolution acts on random differ-
ences in phenotype arising from the development of multicellular
organisms. An alternative viewpoint, with some support in the bac-
terial literature, is that stochastic differentiation among microbial
cells is further evidence that these cells act, evolve, and should be
thought of as multicellular units [36,37]. These ideas are provoca-
tive but may perpetuate a false dichotomy. Answering the question
of whether a microbial population is truly a collection of individ-
uals or a multicellular collective can be productively avoided by
applying formal models of the evolution of social behavior [38].

3. Evolution of phenotypic robustness in static
environments

The most obvious evolutionary prediction about random phe-
notypic heterogeneity is that it will be selected against when
the environment favors a single, unchanging trait value. How-
ever, several interesting complications arise in applying this simple
expectation to stochastic variation in cells. First, theoretical work
has shown that negative feedback is a surprisingly poor solution
to the problem of noise in gene expression [39-42]. The problem
is quite fundamental. The nature of expression noise means that
a protein’s abundance provides only imperfect information on the
activity of its gene; therefore, no feedback mechanism using infor-
mation about the protein’s abundance can fully control noise, and in
fact poorly tuned negative feedback mechanisms make noise worse
[41]. Because the activity of the gene and abundance of its mRNA
changes over time, this imperfect information can also not simply
be averaged over time to allow arbitrarily precise control. While
negative feedback is clearly part of cellular homeostasis, these find-
ings reinforce the idea that intuition can be a poor guide to life at
scales dominated by stochasticity.

An alternative method of noise-reduction lies in adjusting the
parameters of expression, preserving the mean expression level of
a gene while reducing its variance. Because mRNA abundances are
typically smaller than the pools of their corresponding proteins,
this could be achieved by simultaneously increasing the transcrip-
tion rate and decreasing the translation rate [43,12,44,45], or by
other similar opposing changes in parameters like protein and tran-
script lifetimes or protein affinity for its ligand. Regulation in decay
and translation rates does appear to be significant and evolvable
[46], providing one ingredient required for this argument. How-
ever, at first glance such evolutionary steps might seem to be
constrained; changes to any single parameter of expression would
change the mean as well as the variance, with potentially deleteri-
ous consequences if the mean had already evolved to be optimal.
Draghi and Whitlock [47] explored this question and found that

gene expression could evolve lower noise without any involve-
ment of deleterious mutations, though the process would be slow
and gradual. The key insight is that the mean and variance of gene
expression are positively correlated such that a slight decrease
away from the optimal mean can be favored because it is accom-
panied by a decrease in variance. Such a change then allows for
beneficial mutations that increase the mean while increases vari-
ance somewhat, resulting in a net improvement in canalization.
One prediction of this work is that robustness should evolve fastest
invery large populations; in contrast, models that assume that dele-
terious mutations must fix might predict more rapid evolution in
small populations (see [48] for a full discussion of this issue).

A more fundamental complication to the prediction that high
robustness is optimal in a static environment comes from a yeast
experiment that finds a growth advantage specifically associated
with random heterogeneity [49,50]. At least part of this advantage
comes from the epigenetic inheritance of growth rate; high-fitness
cells replicate more often by definition and, if they also have a
tendency to transmit their high fitness, contribute disproportion-
ately to the population’s growth rate. This result was predicted by a
model of ‘phenotypic memory,” which encompasses inheritance of
phenotype properties by methylation patterns, or the direct inher-
itance of cytoplasm and membrane contents found in microbes
reproducing by fission [51]. While this surprising phenomenon
has yet to be broadly demonstrated and may not be quantita-
tively significant, it should serve to demonstrate the deep difference
between microbes and the types of multicellular organisms which
have served as the models for the development of evolutionary
theory.

4. Evolution of robustness and variability in heterogeneous
environments

Fitness can be simply defined as the expected reproductive
success associated with a trait or genotype in a specific environ-
ment. However, this definition elides the issue of time: over what
duration is it most appropriate to measure reproductive success?
Evolutionary biologists have produced concepts and quantitative
tools to integrate snapshots of fitness in specific environments into
long-term predictions about successfully management of the risks
and opportunities posed by environmental uncertainty and change.
These concepts have been tremendously influential, but significant
theoretical issues and the difficulty of achieving empirical proofs of
optimality justify a healthy skepticism about the state of the field.

One starting point for a long-term view of fitness is Cohen [52],
who found that random delays in reproduction could improve
the long-term growth of a population in environments in which
the potential for reproductive success varied with time. Cohen
deployed the influential metaphor of a genotype as an investor
deploying a portfolio of varied investments to maximize success
in an unpredictable economy. Stearns [53] traced the history of
the geometric mean in both economics and evolutionary biology
as a tool for determining the optimal strategy in a varying environ-
ment, ultimately pinning the origin of the idea to Daniel Bernoulli in
1738. Although there is limited evidence of cross-pollination from
economic sources like Bernoulli, evolutionary biologists converged
on the geometric mean fitness as the best representation of which
genotypes would prosper when environments changed across time
[54].

One intuition typically offered for the validity of the geometric
mean as a long-term measure of evolutionary success is that organ-
isms, like capital, can grow exponentially; the geometric mean,
which takes the nth root of the product of growth rates across n
generations, reflects this multiplicative nature [53]. This explana-
tion loses a bit of the economic argument for the geometric mean
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which it is worthwhile to recover. The geometric mean fitness can
be well-approximated as the arithmetic mean fitness minus a term
proportional to the variance in the success of a genotype over time;
put simply, the geometric mean penalizes high-risk, high-reward
strategies. In economics this penalty reflects risk-aversion among
investors, deriving from the empirical observation that in most sit-
uations it is more painful to lose money than it is beneficial to gain
the same amount (reviewed in [55]). Orr [56] presents an argument
that this risk-aversion does have an analogy in population genet-
ics: the success of a genotype is diminished more by the loss of
an individual than it is improved by the gain of an individual. The
implication that selection should favor individual-level robustness
of reproductive success will be further discussed below.

Despite its intuitive appeal and firm mathematical foundations,
the geometric mean is technically only a valid predictor in the limit
as population size approaches infinity. In finite populations, strate-
gies that perform poorly in rarely encountered environments may
outcompete the purported optimum [57,58]. This issue is particu-
larly acute when the time-scale of significant environment change
is comparable to the fixation time of an allele; because fixation
time grows with the logarithm of the population size, this issue
may be most relevant for microbial populations. Recent progress
[59] toward a fully stochastic understanding of this hard-to-model
regime promises substantial revisions in the near future to the
mathematics of predicting the optimal phenotype.

While the geometric mean can be applied to predict optimal
phenotypes without any further nomenclature, it is very often
invoked in concert with the concept of bet-hedging. ‘Bet-hedging’ is
a confusingly general term for adaptive responses to environmental
unpredictability. The root idea is that a bet-hedging strategy avoids
commitment to a particular outcome of a random process; more
concretely, a bet-hedger does not fully commit, developmentally,
to a phenotype that would be optimal in only one of the possible
future environments in which it might find itself. The confusion
arises because this avoidance of commitment can plausibly take the
form of a consistent, robust phenotype or a portfolio of strategies
generated by a lack of robustness in certain traits.

Imagine two environments, A and B, and two phenotypes, a
and b, with fitness relations such that w, >wj, in environment A
and wg <wy, in environment B. A genotype that always produces
a or always produces b has committed to a particular environ-
ment; if the environment varies in such a way that individuals find
themselves unpredictability placed in either A or B, then these com-
mitted strategies reflect the opposite of bet-hedging. An alternative
strategy would be realized by a genotype that always produces
a phenotype intermediate between a and b. Labeling this pheno-
type ab, then if wg >wg, >wy, in environment A and wg < wg, <wj,
in environment B, then this strategy may be more successful
than either committed strategy, particularly if fitness is concave-
down with increasing distance from the optimal phenotype. Robust
production of an intermediate phenotype, when more extreme
phenotypes would fare better in a subset of the encountered envi-
ronments, is known as conservative bet-hedging [60]. The term
‘diversifying bet-hedging’ is then used to indicate a very different
approach to the same end of risk management: the stochastic pro-
duction of several possible phenotypes from a given genotype. A
genotype which produced a in a fraction p of individuals and b
for the remaining fraction 1-p would qualify as such a strategy. In
eukaryotes, diversifying bet-hedging is distinguished from a third
strategy called adaptive coin-flipping (e.g., [61]), in which a parent
will effectively chose a phenotype from a distribution and produce
a clutch of offspring, each with that same phenotype. While this
distinction may be relevant for some microbes such as viruses, in
unicellular systems adaptive coin-flipping has not typically been
invoked.

Any of these types of bet-hedging can achieve a higher geo-
metric fitness than more specialized phenotypes by reducing the
variance across generations of the fitness of a genotype. A con-
servative bet-hedger achieves this reduction in variance through
its defining feature of consistent, perhaps mediocre, performance
across the range of likely environments. A diversifying bet-hedger
achieves the same reduction in variance by reducing the correla-
tion in performance among individuals of the same genotype in
the same environment [62]. At the level of genotype fitness, these
types of bet-hedging can be equivalent; so too can these strategies
be mixed in a genotype that, for example, stochastically produces
several variants of a generalist phenotype. Consideration of formal
models of risk management can therefore help reveal the common
principles underlying the misleading dichotomy between the two
extremes of conservative and diversifying bet-hedging [60].

Diversifying bet-hedging is a highly influential, adaptive
hypothesis for the types of phenotypic heterogeneity in microbial
population documented above. Characterization of mutants with
altered distributions of stochastic phenotypes has allowed exper-
iments testing the competitive fitness of different bet-hedging
strategies in varying lab environments [63]. Beaumont et al. [64]
provided one of the clearest demonstrations that stochastic hetero-
geneity, amounting to a diversifying bet-hedging strategy, could
evolve de novo in Psuedomonas fluorescens in the lab. While this
experiment deployed clever, highly contrived selection and growth
regimes to strongly favor stochastic diversity, in a follow-up paper
Rainey et al. [65] lament the difficulties in establishing general
criteria for the evolution of bet-hedging. One problem is that pro-
ducing definitive evidence of bet-hedging requires assaying fitness
of many phenotypes across many environments [66]. This is most
tractable for microbes, but making the inference from high perfor-
mance across a range of lab environments to superior performance
in nature is an implausibly wide jump for most species. This leads
to the additional difficulty of comparing diversifying bet-hedging
to the many alternatives: conservative bet-hedging (robustness
of phenotype), adaptive plasticity in response to cues, genetic
differentiation, or other mechanisms of risk-management like dis-
persal. For example, several theoretical studies have successfully
described conditions favoring the stochastic formation of dor-
mant forms [67-70] or other specialized phenotypes [43,71-74].
While each approach has made significant progress in mapping the
competitive outcomes of two or three alternative risk-mitigating
strategies, no-one has fully addressed the much harder problem of
identifying circumstances in which this type of diversifying bet-
hedging is optimal.

While proving optimality of diversifying bet-hedging is still
out of reach, inspiration can be found in some exemplary efforts
to model the complexity. Svardal et al. [75] considered the
joint evolution of phenotypic means and variances in a mod-
eling approach allowing polymorphism, finding that “one type
becomes a canalized specialist for the more common ecological
conditions and the other type takes the role of a de-canalized bet-
hedger thriving on the less-common ecological conditions.” Tufto
[76] ambitiously combined genetic evolution, adaptive plasticity
and diversifying bet-hedging in a quantitative-genetics frame-
work, synthesizing and broadening the results of previous models.
Scheiner [77] studied the impact of genetic architecture and life
cycle on the competition between plasticity and bet-hedging, using
an individual-based simulation approach. Each of these papers
acknowledges a debt to Bull [78], whose model of the joint
evolution of genetic and phenotypic variation has been highly influ-
ential. These examples also demonstrate the diversity of theoretical
approaches used to tackle this complex problem. This diversity
reflects the convergence of interest in adaptive explanations for
phenotypic robustness or instability, but also indicates the poten-
tial for synthetic approaches to make still more progress.
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Both conservative and diversifying bet-hedging meet the cri-
terion of avoiding commitment to any one of several possible
outcomes, and both can be superior to strategies specialized to
particular environments by virtue of a higher geometric mean fit-
ness. However, there are key differences worth noting. First, my
informal observation is that nearly all references to bet-hedging
in the recent microbial literature are specific to diversifying bet-
hedging, often implicitly. In an otherwise laudable attempt to
alleviate sloppiness in the use of the term, de Jong et al. [79] per-
petuates this misconception. The focus on diversifying bet-hedging
is not surprising given that immense interest in making sense of
the wealth of experimental evidence for phenotypic heterogeneity
in microbes, and accords with the broader trend toward diversi-
fying bet-hedging across the field [66]. Still, there is a danger of
circular reasoning: if stochastic diversity is seen as the only way to
manage unpredictable risk, then the hypothesis of diversifying bet-
hedging may face diminished scrutiny and be subject to premature
acceptance as an adaptive explanation for observed heterogene-
ity.

A second more general distinction is that we could pos-
tulate conservative and diversifying bet-hedging strategies
with equal geometric mean fitnesses but differences in
evolvability—specifically, the capacities of the resulting popu-
lations to fix beneficial mutations. Both strategies achieve their
benefits by reducing the variation in reproductive success of
their genotype. A conservative bet-hedging strategy does this
by producing a middle-of-the-road phenotype which is never
extremely good or bad. In contrast, a diversifying bet-hedging
strategy produces individuals which still experience both highs
and lows in terms of individual fitness; reduced variation in the
success of the genotype comes about because these individual
fates are uncorrelated [60]. As a consequence, random variation in
reproductive success within a generation is higher in a genotype
producing a diversity of phenotypes, which by definition increases
the strength of genetic drift and therefore decreases the odds of
any beneficial mutation achieving fixation. These consequences of
anon-robust strategy toward individual fitness are foundational in
evolutionary theory but not widely republished or accessible to the
broader community. Crow and Kimura’s classic textbook (1970)
shows that the probability of fixation of a beneficial mutation is
approximately pgy ~ 2sNe/N (p. 426) rather than the more-often
cited psy ~ 2s; here N is the effective population size, which may
differ from the census size N for several reasons, including an
excess of variation in reproductive success within a generation
(p. 110). These results, which are discussed in the context of
haploid microbes experiencing stochastic heterogeneity by Wang
and Zhang [80] and Mineta et al. [81], point to a hidden cost of
managing risk through stochastic diversity rather than a single
robust, if mediocre, phenotype.

This increase in genetic drift can also be compounded by a
decrease in the strength of selection for mutations that affect
only some parts of a bet-hedger’s phenotypic repertoire. Diversi-
fying bet-hedgers, as generalists, suffer the evolutionary cost of
relaxed selection: any genes that are not expressed as selected
traits in all environments will consequently experience less effec-
tive selection, both in favoring adaptive changes and in opposed
deleterious mutations [82-86,108]. For example, a gene expressed
only during a persister stage of a bacteria may accumulate delete-
rious changes without opposition during periods when dormancy
is not beneficial. Any change that improves the phenotypes of
persister cells, say by adjusting the period of dormancy to fit
the schedule of environmental stresses, will be effectively neu-
tral during periods of normal growth and consequently show
only a small net probability of fixation. These two factors sug-
gest that diversifying bet-hedging might, on paper, be an optimal
strategy, but in practice might be unachievable or unsustain-

able by evolution, even in the large populations typical of
microbes.

5. Robustness of individual reproductive success may be
weakly selected but consequential for evolvability

One of the challenges in applying the idea of bet-hedging stems
from the multiple levels at which risk can be managed in a popu-
lation. The reproductive behaviors of an individual can be more or
less robust in terms of the consistency of the outcome; for exam-
ple, a clutch of offspring can be deposited into a single patch or
spread among several patches. If the fates of offspring in differ-
ent patches are independent, then the latter behavior will produce
lower variation in the number of surviving offspring. This type of
individual-level diversified bet-hedging is intuitively sensible to
anyone with a risk-averse mindset, but is it actually favored by nat-
ural selection? Gillespie [87,88] showed that selection does favor
genotypes with a less variable distribution of offspring numbers,
but that the strength of this selection term was inversely propor-
tional to the population size. Therefore, if the behaviors associated
with risk-spreading impose even a very small burden on individual
fitness, robustness in reproductive success will not be favored by
natural selection in large populations.

The reason this benefit to robustness is so small arises from
the assumption that the relevant environmental variation is suf-
ficiently fine-grained that individuals of a common genotype will
sample different environments within one generation. If the repro-
ductive successes of individuals are uncorrelated, then the average
fitness of a genotype in a generation is nearly independent of
individual-level variability [60,89]. Essentially, the success of the
genotype is already hedged against risk by its representation across
many individuals in a large population, making further risk reduc-
tion superfluous.

While this result suggests that variability or robustness in repro-
ductive success is effectively neutral in large populations, one
complication arises out of theoretical considerations of population
structure. If a species is best described as a metapopulation—a col-
lection of semi-independent subpopulations or demes connected
by migration—then, depending on the details of the life cycle, alarge
metapopulation can display the relatively strong selection against
reproductive variability consistent with the small size of a single
deme [90-92]. Models of bacteria as metapopulations are relatively
few and focus largely on altruistic social interactions (e.g., [93]) or
interactions across trophic levels [94], suggesting an opportunity to
apply these abstract models specifically to robustness in bacteria.
Other theory shows that genotypes with high variance in repro-
ductive success outperform low-variance types with equal mean
fitness at low population densities; at densities close to carrying
capacity, the competitive edge switches to favor the low-variance
type [95]. These theoretical results suggest that measurements and
modeling of the fine-scaled ecology, demography, and population
structure of microbes are essential complements to observations of
the stochastic variability of growth rates.

Despite these intriguing modeling results, we cannot definitely
say that robustness in reproductive success per se is sufficiently
favorable to make an evolutionary prediction. Individual variation
in reproductive success does however correlate negatively with
evolvability, as described in the previous section. These facts admit
a range of interesting possibilities. If selection favoring greater
evolvability is sufficiently strong, that influence alone might select
for phenotypic robustness. While the strength of selection favoring
evolvability is outside the scope of this review, both theoretical
[96] and empirical examples [97] show that traits determining
evolvability can evolve by virtue of their effects on the production
of beneficial variation. If, on the other hand, robustness in repro-
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ductive success is unconstrained by evolvability, then microbes in
particular might vary greatly in the strength of genetic drift and
therefore in their capacities to fix new beneficial mutations and
exclude deleterious changes.

6. Positive effects of phenotypic heterogeneity on
evolvability

Balancing the negative population-genetic effects on selec-
tion and genetic drift are a host of potentially positive effects of
stochastic heterogeneity on the rate or probability of adaptation.
Summarizing this work is outside the scope of the review, but
a few points can be touched upon. Heterogeneity can stimulate
evolution if genotypes that sometimes produce an adaptive pheno-
type can, by a few mutations, evolve into genotypes that produce
the adaptive phenotype more consistently. This idea, traceable to
Waddington [98] if not earlier, has been reviewed elsewhere (e.g.,
[99]) and has been explored particularly fruitfully in computational
models [100]. Despite decades of theoretical interest, this topic has
not been synthesized with recent discoveries regarding epigenetics
and stochastic variation in microbes. Heterogeneity can also act to
smooth fitness landscapes, potentially transforming an impassable
series of peaks and valleys into a steady uphill climb [101].

Microbial experiments are continuing to test and challenge
these old ideas. A remarkable recent experimental evolution study
with yeast found that phenotypic heterogeneity in the expres-
sion of a costly antifungal resistance gene enhanced adaptation
and in fact evolved to increase over the course of adapting to
high concentrations of the antifungal [102]. The authors suggest
that stochastic heterogeneity achieved a more favorable balance
between the costs and benefits of this gene, though significant
questions remain. A molecular evolution study in yeast showed
evidence that translation errors provided a phenotype which was
later made constitutive by mutation [103], providing a compelling,
mechanistic example of the ideas discussed by Waddington.

Future work can better dissect the costs and benefits of het-
erogeneity by taking advantage of the ability to independently
vary demographic and environment aspects of microbial exper-
iments. Batch culture, in which a large population is severely
bottlenecked before reintroduction to fresh medium to achieve reg-
ular periods of exponential growth, is often chosen for its strong
practical advantages. However, the demographics of this routine
may affect selection on heterogeneity as well as the dynamics of
beneficial mutations [104]. Experiments contrasting evolution in
the more constant populations typical of chemostats with batch
culture experiments can isolate the effects of demographic variabil-
ity from other types of environmental change. Clever experiments
using liquid-handling robotics can also simulate metapopulations,
in which selection acts on both the ability to colonize virgin habits
and compete indense, established subpopulations(e.g.,[93]). Theo-
rists need to make strong eco-evolutionary arguments for the utility
of exploring microbial phenotypes in complex or labor-intensive
types of growth conditions to further motivate this important work.

7. Conclusions

Microbiologists study organisms with vast population sizes sub-
ject to periods of rapid growth, intense competition and massive
culling. It is therefore no surprise that this community readily
embraces adaptive explanations for phenotypes. The development
of new technologies and statistical approaches to high-throughput
phenotyping in microbes has been somewhat overshadowed by
next-generation sequencing, but the patent evidence for stochastic
heterogeneity has inspired new enthusiasm for evolutionary mod-
els of strategic approaches to environmental uncertainty. Without

raining on this parade, I have attempted to assemble observations
with models to ascertain how much of the phenotypic heterogene-
ity presented by microbes is really accounted for by evolutionary
theory. Large portions of the territory remain unmapped. Selection
for robustness of reproductive success, for example, is a niche topic
within evolutionary theory that is tremendously important for
quantitatively understanding adaptation in microbes. The idea that
phenotypic memory through epigenetics could allow organisms to
sample possible phenotypes and then, through selection, enrich the
next generation for successful variants is unorthodox within evolu-
tionary theory to say the least. Serious attention to these discoveries
will reveal whether the lack of separation between somatic and
germline tissues in microbes necessitates a more specific body of
evolutionary theory, or whether lessons learned in microbes will
prove generalizable to multicellular life. Findings that feedbacks
within and between genes are inadequate to control noise, and
in fact have sometimes evolved to amplify it, should have sub-
stantial implications for theories of epistasis and evolution in gene
networks. Stochastic heterogeneity has clearly been leveraged by
evolution to achieve striking adaptions, even as the broader claim
that evolution favors heterogeneity remains controversial [105].

While much has been written about the connections between
various forms of robustness and evolvability (e.g., [106]), I have
tried here to highlight some connections I feel have been under-
appreciated. Microbial evolution experiments in the next decade
or two will have a decisive impact on these debates by enabling
the quantification of evolutionary rates and causes at an unprece-
dented scale. Still, without a matching commitment to measuring
environments and demographics of microbes in nature, we will still
not understand the role of robustness and heterogeneity in these
microbial model workhorses species. Evolutionary biologists can
best contribute by building models that demand attention on all
causally important factors, not just those for which measurement
has become cheap, easy, or fashionable.
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