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7 A F T E R T H O U G H T S

Stefany Moreno-Gámez
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In this thesis I have studied phenotypic variation in different species of bacteria.
I have shown how this variation results from the dynamics of resource uptake and
metabolism during starvation (Chapter 3) and from both the effects of the environ-
ment and of direct cell-cell interactions on signal transduction pathways (Chapter
4). I have also studied the functional consequences of this phenotypic variation. I
have shown that it might allow bacteria to cope with fundamental trade-offs between
rapid growth and survival (Chapter 2), to respond to changes in their environment
(Chapter 5) and to expand their spatial range and rapidly adapt to antibiotics (Chap-
ter 6).

An important motivation for my work that I offered in the introduction of this
thesis, is that phenotypic variation within populations provides the raw material
for the origin of biodiversity at the species level and above. Therefore, it is appro-
priate to finish this thesis with some thoughts on the evolutionary consequences of
phenotypic variation. To prepare the ground for this discussion, I will emphasize
a common thread in my work, namely that phenotypic variation needs to be stud-
ied at different levels of biological organization, along the continuum from genes to
phenotypes, individuals and populations. I will argue that taking such a systems
perspective is particularly important for understanding the functional relevance of
phenotypic variation and its consequences for evolution.

���������� ��������� ���� � ������� �����������

From genes to individuals

As already pointed out in the introduction, an essential lesson from studying the
molecular basis of phenotypic traits is that the phenotype of an individual is not
merely determined by what each of its genes does in isolation. Instead, phenotypic
traits can be seen as emergent properties of molecular interactions that are at the basis
of a complex, hierarchical mapping from genotype to phenotype.

These molecular interactions occur in networks consisting of various components,
including proteins, metabolites and genes themselves, that control gene expression
by regulating the processes of transcription and translation. By interacting in a net-
work, even a small set of components can give rise to a large range of emergent
behaviors that are complex enough to support the different ways in which organ-
isms sense and respond to their environment (Guet, Elowitz, Hsing, & Leibler, 2002).
In fact, as illustrated in this thesis and by the work of many others (Pfennig & Ehren-
reich, 2014; Promislow, 2005), molecular networks underlie the ability of organisms
to modify their phenotype through the regulation of gene expression in response to
environmental cues. Hence, by regulating phenotypic plasticity, they play a pivotal
role in shaping phenotypic variation.

The regulation of pneumococcal competence studied in Chapter 4 is a good ex-
ample of how phenotypic variation depends on emergent features of a molecular
network. First, the competence regulatory network exhibits bistability (i.e. the pres-
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ence of two stable states). By modeling this network we showed that this property
is achieved by the coupling of a positive feedback loop with a highly non-linear
dynamics of transcription; the latter resulting from the interaction of the response
regulator of the two-component system controlling competence with the promoters
of the competence operons. As shown by our model and experiments, bistability is
responsible for the switch-like development of competence that allows bacteria to
transiently engage in the competence program. Second, the molecular architecture
of competence regulation leads to hysteresis. This is a property of many molecu-
lar networks that makes them dependent on their history, introducing short-term
phenotypic memory of previous environmental conditions. Although I did not test
the adaptive benefit of hysteresis in the context of competence regulation, I specu-
late that history-dependence might generate a short-term memory that speeds up
collective decision making and confers some degree of robustness to noise.

Interactions within molecular networks are so essential to determine emergent
phenotypic traits that a major way in which organisms cope with changes in their
environment is by dynamically rewiring their gene regulatory networks. An ex-
ample of such a plastic nature of signal transduction is the response of yeast to
DNA damage. By assessing approximately 80000 pairwise interactions among more
than 400 genes involved in core functions like transcription, and cell cycle control,
Bandyopadhyay et al. (2010) showed that there are considerable differences between
the networks of gene interactions in yeast in the presence and absence of a DNA-
damaging agent. For instance, more than 70% of the positive interactions that exist
in the presence of the DNA-damaging agent and that are associated with higher cell
viability are not detected in its absence, indicating that yeast can cope with stress as-
sociated to DNA damage by changing their phenotype through a massive rewiring
of their gene regulatory networks.

Molecular networks are not only integral to how organisms sense and respond
to their environment but also to the propagation of expression noise that leads to
phenotypic heterogeneity as shown in Chapters 2 and 3. On the one hand, gene
regulatory networks can amplify stochastic fluctuations in gene expression by the
presence of positive feedback loops that lead to distinct stable states (Chalancon et
al., 2012; Veening, Smits, & Kuipers, 2008b). For instance, in B. subtilis the decision to
become competent depends on the expression of the transcriptional activator ComK
(Maamar et al., 2007). Noise in the basal expression level of ComK can be amplified
by positive autoregulation leading to stochastic switching to the competent state. As
a result, clonal populations of B. subtilis in a constant environment might contain ⇠

10-20% of competent cells. On the other hand, the architecture of gene regulatory
networks can dampen expression noise reducing phenotypic variation. This can
happen by the presence of negative feedback loops or by functional redundancy
(Chalancon et al., 2012).

Finally, understanding the molecular architecture of phenotypic traits is essential
to determine how genetic mutations will influence phenotypic variation. For in-
stance, while genetic circuits with different regulatory interactions can produce the
same phenotype, they might respond differently to the action of mutation constrain-
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ing in distinct ways the outcome of evolution. This has been shown in E. coli using
two simple synthetic networks made of a few genes. Although these circuits can
produce the same spatiotemporal pattern of gene expression, Schaerli et al. (2018)
found that upon mutagenesis they produce distinct sets of gene expression profiles
due to their different topologies. Chapter 2 of this thesis illustrates a similar prin-
ciple; in particular, it shows that the evolutionary outcome of selection for rapid
growth resumption after starvation strongly depends on the molecular mechanisms
underlying lag time because these mechanisms determine how tight is the relation-
ship between the mean and the variance of this trait.

From individuals to populations

Individuals in nature very rarely live in isolation. This is true in particular for bacte-
ria, which tend to grow in highly diverse ecological communities, where individuals
interact with members of their own and many other species. These interactions may
be direct, or mediated by feedbacks with the abiotic environment that individuals
may respond to and/or modify. To understand the functional value of phenotypic
variation, it is necessary to study how variation in a phenotypic trait affects eco-
logical and evolutionary dynamics at the level of a population, community, or even
higher levels of biological organisation.

The functionality of phenotypic variation in a clonal population depends on how
individual behavior affects population-level performance. As discussed in this thesis,
phenotypic variation in clonal populations can affect population-level performance
when environments fluctuate. In this scenario, the performance of a population is
determined by its geometric mean fitness across the different environments, which
in turn can be influenced by the presence of phenotypic variation within the popula-
tion. In particular, when the mapping between the phenotype of an individual and
its performance is convex, phenotypic minorities can have a large effect on overall
population dynamics. In Chapter 2, I showed that this property of the mapping
between individual and population behavior determines growth and survival of bac-
terial populations coming out of starvation: While population growth is dominated
by the individuals with the shortest lag times, tolerance to antibiotics is provided
by the individuals with longest lags. As a result, clonal populations of bacteria
can break a trade-off between rapidly resuming growth from starvation and sur-
viving antibiotic exposure by evolving phenotypic heterogeneity in lag. Nonlinear
mappings between phenotype and performance have been found in other biological
systems (Pickett, Thomson, Li, & Xing, 2015; Waite et al., 2016). As in the context of
feast-and-famine dynamics in bacteria, in these scenarios the shape of a phenotypic
distribution becomes as important as its mean in determining population perfor-
mance because few individuals can have disproportionately large effects on overall
population dynamics.

The consequences of phenotypic variation in the dynamics of clonal populations
also heavily rely on interactions between individuals expressing different phenotypes.
In particular, phenotypic heterogeneity is a way in which individuals in a clonal

208



population can divide tasks that they would otherwise not be able to perform indi-
vidually due to the potential conflicts between them. For example, competition for
resources such as intracellular space, or access to the transcriptional machinery can
prevent a cell from synthesising enzymes to degrade a large variety of substrates
(Zhou, Rivas, & Minton, 2008). Also, intermediate products from one metabolic re-
action can inhibit a second metabolic reaction, preventing a single individual from
carrying both reactions simultaneously at a high rate (Costa, Pérez, & Kreft, 2006).
In these scenarios, biochemical and biophysical constraints can lead to metabolic
specialization of different subpopulations by avoiding that a cell performs every
function by itself (Johnson et al., 2012). Individuals in clonal populations can then
compensate for the missing functions by interacting with metabolically distinct indi-
viduals carrying out complimentary functions for instance by means of cross-feeding
(Ackermann, 2015; Pfeiffer & Bonhoeffer, 2004).

Emergent dynamics resulting from interactions between phenotypically distinct in-
dividuals becomes particularly relevant in the context of multi-genotype and multi-
species communities (D’Souza, 2020; DalCo et al., 2020). In fact, collective properties
emerging from such interactions can allow individuals to cope with environmental
challenges that they could not otherwise withstand in isolation. One of the main in-
stances of collective behavior in bacteria are biofilms. These multicellular aggregates
often made of cells with different genotypes and even from different species are one
of the most common forms in which bacteria live in nature (Claessen et al., 2014;
Nadell, Xavier, & Foster, 2009; Stoodley, Sauer, Davies, & Costerton, 2002). Biofilms
constitute a hallmark of cellular differentiation in microbes: due to the emergent me-
chanical, biochemical and physical properties of these collectives resulting from in-
teractions between cells with distinct phenotypes, individuals in a biofilm can better
tolerate various kinds of biotic and abiotic stressors and benefit from cross-feeding
interactions with other cells. Additional examples of such bacterial multicellularity,
where collective behavior results from the interactions of individuals with distinct
phenotypes, include the formation of fruiting bodies, cellular filaments and migra-
tion collectives (Claessen et al., 2014; Julien, Kaiser, & Garza, 2000; van Gestel,
Vlamakis, & Kolter, 2015).

Since microbial communities are primarily shaped by interactions between their in-
dividual members, these interactions are essential to understand the origin and func-
tionality of phenotypic variation in microbes (D’Souza, 2020). Current approaches
to characterize microbial communities are mainly based on high-throughput tech-
niques aimed at finding which species and genes are present in a given commu-
nity. Although this information certainly has a descriptive value, it does not pro-
vide a mechanistic understanding of community dynamics (Konopka, Lindemann,
& Fredrickson, 2014; Widder et al., 2016), which would require mapping the in-
teractions between the different community members over time and determining
how they ultimately lead to emergent community-level properties and functions. As
shown in this thesis, phenotypic variation resulting from phenotypic heterogeneity
and plasticity is inherent to bacterial behavior and as a result has a major effect on
determining how individuals interact with one another. For this reason, future ap-
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proaches to understand how microbes live in nature should aim at integrating these
sources of phenotypic variation at the individual level within the broader community
context.

���������� ��������� ��� ���������

In the previous section, I illustrated how emergent behavior of systems at different
levels of organization affects the origin and functional consequences of phenotypic
variation. Here I will discuss how phenotypic variation can in turn influence the
course of evolution. Naturally, I will focus on phenotypic variation with a non-
genetic origin since by definition evolution is driven by genetic variation. First, I will
argue that phenotypic variation in molecular networks can control the rate at which
genetic mutations arise and determine their probability of fixation (i.e., their evolu-
tionary fate). Next, I will focus on the cumulative effect of these processes over longer
periods of evolutionary time, and review how the complexity of molecular networks
underlies both the robustness and the evolvability of biological systems. Finally, I
will speculate about the processes that shape the genotype-phenotype map, and ask
whether they are capable of producing not only adaptive phenotypic variants but
also adaptive patterns of phenotypic variation.

How phenotypic variation controls the rate of mutations

Genetic mutation is often thought as one of the major forces driving evolutionary
change along with selection, recombination, drift and migration. In the classical
population genetics framework, mutation is a force that is independent of the other
forces and that is inherently random: a gene has a fixed probability of mutation that
is independent of its identity and that is constant across environments. This is a
very useful abstraction to understand the origin and evolution of genetic diversity as
shown by many population genetic models including the one presented in Chapter
6 of this thesis. However, the study of the molecular basis of phenotypic traits has
shown that this abstraction is far from true.

Below I will highlight some recent findings that indicate that the rate of mutation
is in itself a phenotypic trait. In fact, it is subject to variation by the same three
mechanisms that I have discussed throughout this thesis: it can be hard-wired and
differentially encoded in the genome, it can change plastically and be regulated by
environmental stress and cell-cell communication; and it can vary among genetically
identical individuals in a constant environment as a result of stochastic fluctuations
in gene expression.

The notion that the rate of mutations can be genetically encoded is supported by
several findings. For example, the basal pace at which genetic mutations are accumu-
lated along different regions of the genome is not random, and this variability has
been exploited by organisms to optimise their genome organisation. Highly struc-
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tured mutational patterns are the result of how DNA sequences affect the chance
of mistakes during DNA replication (Martincorena & Luscombe, 2012). For in-
stance, tandem repeats tend to be hypermutable and can be used by organisms
to increase mutation rates in a targeted manner (Vinces, Legendre, Caldara, Hagi-
hara, & Verstrepen, 2009); this is the case of contingency loci in bacteria that often
mediate pathogenic interactions and have promoter regions made up of tandem re-
peats (Moxon, Bayliss, & Hood, 2006; Zhou, Aertsen, & Michiels, 2014). Moreover,
variation in the mutation rates across genes can result from the differential action
of repair mechanisms that correct replication errors. These mechanisms are energet-
ically costly for a cell so they are not used equally for every gene (Martincorena &
Luscombe, 2012; Svejstrup, 2002).

Mutation rates have also been shown to be variable in time or across environments
in a plastic manner. The reason is that mutation rates are ultimately determined by
the machinery used to replicate DNA and to correct mistakes from the process of
replication (Chatterjee & Walker, 2017; Goodman, 2002). This machinery is made
of proteins that are susceptible to environmental stress and can mutate. Moreover,
since this machinery is encoded by genes, its expression can be regulated to induce
mutagenesis in response to stressful environmental conditions. For instance, bacteria
use stress-induced mutagenesis to cope with starvation or antibiotics by upregulat-
ing the expression of error-prone polymerases or downregulating the expression of
enzymes in charge of DNA repair (Foster, 2007).

In addition to mistakes in DNA replication, a major source of variation in the ge-
netic makeup of many species is horizontal gene transfer (HGT). HGT is a main evo-
lutionary driver in prokaryotes and eukaryotes that, although less recognized in the
latter, has led to key innovations like the evolution of mitochondria and chloroplasts
(Keeling & Palmer, 2008). In Chapters 4 and 5 of this thesis I showed that HGT by
genetic competence is a highly plastic phenotype that is subject to regulation by both
the biotic and abiotic environment of a cell in a way that can be potentially adaptive
for S. pneumoniae. First, the uptake of DNA during the competent state is induced
by antibiotics and has been directly linked to the evolution and spread of antibiotic
resistance in the pneumococcus (Hsieh et al., 2006; Reinert, 2009). In fact, environ-
mental stress is thought to be a main driver of pneumococcal genome evolution by
means of competence induction (Straume, Stamsås, & Håvarstein, 2015). Second,
competence illustrates how the rate of mutation is a phenotype that can also be di-
rectly regulated by interactions among individuals through communication signals;
a regulation that is potentially adaptive: As I argue in this thesis, cell-cell communi-
cation can be instrumental to the decision of when to upregulate DNA uptake as it
might allow cells to collectively sense the environment and decide the optimal time
to become competent.

Finally, a recent study has shown that, as any other phenotype, the rate of muta-
tion can also vary among isogenic individuals in constant environments as a result of
stochastic gene expression. Phenotypic heterogeneity in mutation rates was recently
documented in E. coli where stochastic fluctuations in the Ada protein involved in
DNA repair can result in cells containing either one or zero copies of Ada (Uphoff
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et al., 2016). This difference is enough to change the fate of cells upon DNA-damage
leading to a subpopulation of hypermutators. A high rate of mutation is a ‘high
risk-high gain’ strategy. It increases the chance of gaining an adaptive mutation at
the cost of very possibly introducing deleterious changes. Although phenotypic het-
erogeneity in the Ada protein in E. coli likely results from the toxicity of this protein
at high expression levels, the finding that mutation rates can also vary stochastically
opens the question of whether organisms could bet-hedge on this trait as they do
with other phenotypes.

How phenotypic variation controls the fate of mutations

Given that most genes exert their phenotypic effects through interactions with other
genes, proteins or environmental factors, the fitness effect of most mutations is con-
tingent on other sources of phenotypic variation. This often involves variation in the
genetic background where a mutation occurs, which is a widespread phenomenon
known as genetic epistasis. However, it may also involve phenotypic variation with a
non-genetic basis as I will argue below.

The action of selection on a new mutation can be influenced both indirectly and
directly by phenotypic variation with a non-genetic origin. Indirect effects are medi-
ated by the biotic and abiotic environment of an organism, which is what ultimately
sets the selective pressures acting on new mutations. First, plasticity and phenotypic
heterogeneity determine to a major extent where organisms live and with whom they
interact. As discussed before, they allow individuals to thrive in environments that
fluctuate over time and to survive in conditions where certain phenotypic functions
are incompatible by enabling clonal populations to divide these functions among
different cells (Ackermann, 2015; Pfennig et al., 2010). Second, although not exten-
sively discussed in this thesis, phenotypic plasticity is also instrumental on deter-
mining where an organism can potentially live; this is, on the colonisation of novel
environments. Once an individual has colonized a novel environment as a result of
the expression of a plastic phenotypic trait, the forces of selection operating on new
mutations change (Lande, 2009; Pfennig et al., 2010). On the one hand, selection on
the plastic trait itself might favor genetic mutations that replace plastic phenotype
determination due to the inherent limits and costs of phenotypic plasticity (Calla-
han, Maughan, & Steiner, 2008; Murren et al., 2015; Snell-Rood, 2013). On the
other hand, the dynamics of selection on other traits can also change because their
fitness relevance in the newly colonized environment changes (Pfennig et al., 2010).
This can in turn modify the direction and strength of selection operating on these
traits. For example, deleterious mutations in genes encoding a trait that is not longer
needed in a new environment might go from being purged by selection in the old
environment to having a neutral or even an adaptive value.

In Box 1 I argue that plasticity and phenotypic heterogeneity can also directly
influence evolution because epistatic interactions do not only occur among genes but
also among genes and phenotypes. In other words, the fitness effect of a mutation
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does not only depend on the genetic but also on the phenotypic background where
the mutation occurs, a phenomenon that I define as phenotypic epistasis.

BOX 1. Phenotypic epistasis
The fate of a mutation can be influenced by the phenotypic background where
it occurs if two prerequisites are held. First, phenotypic states must be inherited.
Second, the fitness consequences of a mutation must vary depending on the
phenotypic background where the mutation occurs. Note that by phenotypic
state I refer to phenotypic variation that does not have a genetic origin; otherwise,
interactions among genes and phenotypes could be reduced to the framework
of genetic epistasis.

Evidence for the first prerequisite is extensive. Non-genetic inheritance can
occur through the transmission of epigenetic marks, cytoplasmic content, be-
haviors and culture (Bonduriansky & Day, 2009). In this thesis for example,
I showed that the inheritance of cellular components upon cell division under-
lies phenotypic differences lasting for multiple generations once bacteria resume
growth from starvation (Chapter 3) and can explain history-dependence in the
context of quorum sensing responses (Chapter 4). Importantly, the inheritance
of phenotypic states can last from various generations with examples of traits
inherited for tens (Rechavi, 2014) or even hundreds of generations as it could be
the case of certain human behaviors.

Regarding the second prerequisite, I will first discuss how the fitness effect
of a mutation can depend on the phenotypic background where it occurs by in-
teractions that are mediated by the environment. To start, the phenotype of an
individual can change its environment and as a result the selective pressures that
a new mutation encounters. This has been largely discussed in the context of the
debate on the evolutionary significance of phenotypic plasticity (Pfennig et al.,
2010) which I summarized before. In addition to these indirect interactions, plas-
tic phenotypic traits can directly modulate the effect of genetic mutations. For
example, the fitness effect of a mutation in a plastic trait will only be visible to
selection in environments where the trait is expressed, whereas in environments
where the trait is not expressed this mutation will most likely be neutral. This
explains the loss of sporulation in B. subtilis evolving in nutrient-rich environ-
ments, which do not induce sporulation making deleterious mutations in this
trait invisible to selection (Maughan, Masel, Birky, & Nicholson, 2007). A less
straightforward example are molecular chaperones, which are proteins that can
mask the effect of genetic mutations by assisting with protein folding (Taipale,
Jarosz, & Lindquist, 2010). Under environmental stress, the expression of chap-
erones like Hsp90 is upregulated which in turn has a direct effect on the phe-
notypic consequences of mutations appearing during stress. For instance, such
increased Hsp90 buffering capacity has been found to facilitate the evolution
of drug resistance in yeast and the evolution of oncogenic cancer lines (Cowen,
2005; Falsone, Leptihn, Osterauer, Haslbeck, & Buchner, 2004).
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The effect of a mutation can also depend on phenotypes that are not plastically
determined but instead result from stochastic gene expression. In this scenario,
there can be an interaction between phenotypic variation and genetic mutations
that is not mediated by the environment. The simplest of these interactions can
occur between a mutation and the expression level of the gene where it occurs,
a trait that can be prone to high levels of phenotypic noise. One can envision at
least two types of mutations that would be susceptible to this effect. First, mu-
tations that reduce protein stability. These mutations, which often confer new
functionality to a protein, give rise to proteins with an unstable structure. When
highly expressed, unstable proteins can be particularly harmful for a cell because
they form aggregates that considerably perturb cellular functioning and can lead
to disease (Dobson, 2006; Lee, Lim, Masliah, & Lee, 2011; Schröder, Schäfer, &
Friedl, 2002). As a result, the detrimental fitness effect of a destabilizing muta-
tion can be highly contingent on stochastic fluctuations in the expression level
of the gene where this mutation occurs. Other type of mutations whose effect is
susceptible to expression level are the ones affecting enzymatic efficiency. This
is often the case of drug resistance mutations that make enzymes less suscep-
tible to drugs by changing their structural properties (Schrag, Perrot, & Levin,
1997). The consequences of mutations reducing enzyme efficiency will depend
on the expression level of the enzyme - they can be masked when expression
level is high or further revealed if an enzyme is expressed at low levels. A recent
theoretical study suggested that these interactions between expression level and
enzyme function could speed up the evolution of antibiotic resistance by allow-
ing bacteria to temporally reduce the cost of mutations that lower susceptibility
to a drug while they are compensated genetically (Tadrowski, Evans, & Waclaw,
2018). Finally, the fitness of a mutation can also depend on stochastic fluctuations
in the expression of a different gene. Examples include stochastic expression of
chaperone proteins which would lead to similar effects as the ones discussed be-
fore (Burga, Casanueva, & Lehner, 2011; Holmstrom, Tolker-Nielsen, & Molin,
1999) and stochastic switching of a translation termination factor in yeast from
a normal to a prion-based form (Avery, 2006). The latter form would change se-
lective forces operating on genetic mutations occurring in regions of the genome
right after stop codons.

Overall, the previous examples show that there is plenty of evidence for both
prerequisites of phenotypic epistasis across various biological systems. In fact,
many of the interactions that I describe have been largely discussed before in the
context of the evolutionary consequences of epigenetics and phenotypic plastic-
ity (Pfennig et al., 2010). One could argue that the term phenotypic epistasis
points out to the common factor underlying all of them: Individuals do not only
inherit genes but also the propensity to express certain phenotypes.
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Complexity as a basis for robustness and evolvability

In the previous section, I illustrated how phenotypic plasticity and heterogeneity can
influence evolution because of various features of the molecular networks underlying
phenotypic expression. Here I will briefly discuss how these features are not only
relevant to determine the direct fitness effects of mutations but underlie more general
evolutionary properties of biological systems like robustness and evolvability. These
two concepts have attracted much attention in evolutionary biology because they are
pivotal for understanding how biological systems evolve innovations which is at the
root of many processes of diversification (Wagner, 2008b).

The study of genotype-phenotype maps has provided major insights on the ques-
tion of how biological systems can be robust to genetic mutation while remaining
evolvable. In particular, research on various systems like secondary RNA structures,
transcription factor binding sites and metabolic networks has shown that two prop-
erties of the genotype-phenotype map facilitate the search for novel adaptive pheno-
types (Matias Rodrigues & Wagner, 2009; Payne & Wagner, 2014; Pigliucci, 2010;
Wagner, 2008a): First, the mapping is redundant or degenerate in the sense that

the same phenotype can be produced by very different genotypes. Second, small
changes in the genotypic space can translate into large changes in the phenotypic
space such that a single mutation in a genotype can result in a very different phe-
notype. These two properties allow a population to search for novel phenotypes
by moving through neutral genotype networks. Since these neutral networks are
large, a population can explore very distant regions of the genotypic space and thus
explore a large variety of reachable alternative phenotypes. In this way, biological
systems can have high evolvability while being robust to genetic mutations.

The previous properties of the genotype-phenotype map rely to a large extent
on phenotypic variation with a non-genetic origin, which as discussed previously
has a major role on determining the fate of genetic mutations (Box 1). First, mech-
anisms that grant phenotypic plasticity can increase robustness to genetic change.
For instance, robustness to mutation increases with the complexity of regulatory
and metabolic networks (Siegal & Leu, 2014; van Gestel & Weissing, 2016), which
is often a result of higher phenotypic plasticity. Another example are chaperones,
proteins that are essential to respond to environmental stress and that constitute one
of the main mechanisms that biological systems have to maintain mutational robust-
ness (Taipale et al., 2010). Second, phenotypic variation with a non-genetic origin
can increase evolvability by allowing organisms to further explore the phenotypic
effects of a genetic mutation. Not only does this variation make the search for adap-
tive genotypes more efficient (Espinosa-Soto, Martin, & Wagner, 2011), but it can
also become a major source of evolutionary innovations by allowing organisms to
change their environment (Wagner, 2017). These changes, which are often facilitated
by phenotypic plasticity and heterogeneity as discussed before, lead to the release of
cryptic genetic variation that can often become adaptive in new environments.
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How is phenotypic variation shaped by evolution?

I argued that the architecture of genotype-phenotype map shapes the expression of
phenotypic variation in populations, in a way that promotes robustness and evolv-
ability. However, it remains unclear whether this relationship can itself be seen as a
product of evolution. In other words, should we think of evolvability as an adapta-
tion or as a fortunate by-product; and can we expect patterns of phenotypic variation
to be adaptive in themselves, or do they rather reflect an indiscriminate shotgun ap-
proach to producing an adapted variant? In this final section, I will discuss how
molecular networks can be substrates for the evolution of the genotype-phenotype
map and of adaptive patterns of phenotypic variation.

Possibly the most direct way of studying and testing the role of selection on shap-
ing genotype-phenotype maps is by using experimental evolution. This implies
designing regimes that could both favor or hinder the evolution of genetic deter-
mination, phenotypic plasticity or phenotypic heterogeneity and evolving popula-
tions through repeated cycles of selection to study adaption from the genetic and
subsequent regulatory changes in the genotype-phenotype map. There are various
examples of evolution experiments showing transitions between genetic and plastic
phenotype determination in response to different levels of environmental variability
(Ketola et al., 2013; Listmann, LeRoch, Schlüter, Thomas, & Reusch, 2016; Murren
et al., 2015; Suzuki & Nijhout, 2006; Torres-Dowdall, Handelsman, Reznick, & Gha-
lambor, 2012). For instance, Suzuki and Nijhout (2006) showed that both plastic and
non-plastic responses to heat stress can be selected in a moth species. In this system,
selection can act in opposite directions on the evolution of plasticity as a result of
genetic mutations in a sex-linked gene and various regulatory genes that modify the
heat sensitivity of a hormonal pathway determining coloration (Suzuki & Nijhout,
2007).

Evolving phenotypic heterogeneity experimentally has been more elusive. One
of the few examples is the evolution of stochastic colony switching in Pseudomonas
fluorescens (Beaumont, Gallie, Kost, Ferguson, & Rainey, 2006). In this experiment, re-
peated rounds of selection in a regime selecting for variability in colony morphology
led to the evolution of a bacterial strain that switches stochastically between two phe-
notypes. A single mutation in the carB locus was found responsible for the synthesis
of a cellular capsule that led to the two observed morphologies. This mutation low-
ers the levels of precursors in the pyrimidine byosinthetic pathway and subsequently
exposes a decision point where cells either invest in nucleotide metabolism and do
not form a capsule or stop cell division and synthesise a capsule (Gallie et al., 2015).
In Chapter 2, I presented an evolution experiment that acts in the opposite direction
by selecting for a reduction in phenotypic heterogeneity in lag time upon growth
resumption from starvation. Using a mathematical model I showed that this reduc-
tion can be adaptive in the regime that bacteria encountered during the experiment,
which strongly favored rapid growth resumption when resources appeared.

The previous evolution experiments indicate that natural selection can shape molec-
ular networks over few hundreds of generations to favor or hinder particular modes
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of phenotype determination. One can examine how this process occurs over longer
time scales by studying the genetic basis of molecular networks. One of the main
findings from studying such genetic basis is that DNA sequences involved in tran-
scription regulation like promoters, enhancers and sequences involved in chromatin
organization or transcription factor expression have diverged much more than cod-
ing sequences across many species over evolutionary time (Levine & Tjian, 2003;
Villar et al., 2015; Wagner & Lynch, 2008; Wittkopp & Kalay, 2011; Yue et al., 2014;
Zheng, Gianoulis, Karczewski, Zhao, & Snyder, 2011). This is consistent and explains
to some extent one of the key ideas I have presented so far: much of the observed
biological diversity is not a result of differences in genes per se but of differences in
their regulation and in how they are used by organisms to sense and respond to their
environment. Perhaps the most famous example of a major process of diversification
originating from changes in genome regulation is the evolution of morphology and
body plans in animals, which has mostly occurred through changes in the expression
and regulation of a basic genetic toolkit (Carroll, 2008).

Other important realizations arising from studying the genetic basis of molecular
networks are that the regulatory portion of the genome is in many species larger
than the coding part and that the phenotypic complexity of an organism correlates
with the amount of genes devoted to regulation (Ashby, 2004; Berezikov, 2011;
Lang et al., 2010; Ponting & Hardison, 2011). The latter is well illustrated in bacteria
by the tight correlation between the number of one and two-component systems of
a species and both its genome size and the complexity of its natural environment
(Capra & Laub, 2012; Galperin, Nikolskaya, & Koonin, 2001; Ulrich et al., 2005).
Whereas bacteria that live in stable environments with few fluctuations (e.g. obli-
gate intracellular parasites) have a handful of signal transduction systems, bacteria
living in highly dynamic environments can encode hundreds of one-component sys-
tems as well as histidine kinases and response regulators. Examples of these versatile
bacteria include highly motile species and species that use a large variety of electron
donors and acceptors.

Overall, the above findings illustrate that (i) selection can and has actively shaped
the molecular basis of phenotypic traits and that (ii) much of the molecular complex-
ity underlying phenotype determination has evolved as a way to generate adaptive
genetic and phenotypic variation.

���������� �������

Understanding why organisms vary in their phenotypes and what are the conse-
quences of this variation are two of the most fundamental questions in biology. In
this thesis, I showed how phenotypic variation in bacteria arises from the interplay
between molecular networks, the environment and interactions among individuals
and manifests in phenotypic differences that exist even between genetically identi-
cal cells encountering the same environment. I also showed that this variation can
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be functional in various contexts. It allows bacteria to break a fundamental life
history trade-off arising with the appearance of new resources, to improve their esti-
mates of the state of the environment and to expand their spatial range and rapidly
evolve drug resistance. Furthermore, the work presented in this thesis illustrates that
studying the origin and function of phenotypic variation benefits from understand-
ing emergent behavior at different levels of organization: From genes interacting
within molecular networks to individuals interacting within diverse communities.
Finally, most of the work presented here deals with the functional consequences of
phenotypic variation with a non-genetic origin. I closed this thesis by showing how,
despite not arising from genetic differences, both phenotypic heterogeneity and phe-
notypic plasticity can have a major influence on the rate and direction of evolutionary
processes.
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