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1 I N T R O D U C T I O N

Stefany Moreno-Gámez
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One of the most striking and noticeable features of life on earth is its diversity.
From microscopic organisms able to thrive in the most extreme environments to the
colorful angiosperms in the tropics or the majestic African mammals, the variety of
life forms that inhabit our planet is perplexing to say the least. In fact, such astonish-
ing diversity might be the reason why many of you became interested in biology and
ended up reading this thesis. Life’s diversity occurs at different levels of organiza-
tion. As illustrated by the examples mentioned above, variation is most conspicuous
at the interspecific level. However, the source from which this diversity evolved lies
at the lower, intraspecific level of organization. Here, fascinating diversity exists in
the form of phenotypic variation among individuals that belong to a single species.
Such intraspecific variation will be the focal point of this thesis.

Understanding how phenotypic variation arises in a population is fundamental to
the study of evolution. Darwin understood that phenotypic variation among individ-
uals fuels the process of natural selection whenever it is associated with differential
survival or reproduction, and that this process results in populations adapting to
their particular environment. However, when he formulated his theory of natural
selection, Darwin struggled to explain the origin of phenotypic variation in natu-
ral populations using the existing knowledge on the mechanisms of inheritance and
phenotype determination. In fact, one of the main critiques to his theory came from
the idea of blending inheritance which was popular in the scientific community at
that time (Allen, 2003; Winther, 2000). According to this idea, individuals inherit
traits that are an intermediate of the traits of their parents. This mechanism of in-
heritance would effectively deplete the variation upon which natural selection could
potentially act.

Blending inheritance was the dominant paradigm until the rediscovery of Mendel’s
work in 1900 (Allen, 2003). Then, it became clear that inheritance proceeds by the
transmission of discrete factors from parents to offspring rather than by the blend-
ing of parental traits. This finding laid down the basis of modern genetics and the
heritable factors came to be known as genes. Genes were subsequently shown to un-
derlie phenotypic variation of many traits (e.g., eye colour in Drosophila) and occupy
specific physical locations on a chromosome (Muller, 1914). The nascent field of
quantitative genetics would show that not only discrete but also continuous pheno-
typic variation can have a genetic basis as a result of multiple genes contributing to
the expression of a single trait (Fisher, 1919; Provine, 1987). Building on the concep-
tual and mathematical framework developed by population geneticists, Mendelian
genetics would finally be integrated with Darwin’s theory of evolution in the form
of the so-called Modern Synthesis, which regarded genes themselves as the subject of
natural selection (Huxley, 1974). In this way an answer to Darwin’s concern about
the origin of variation was finally offered: phenotypic variation arises as a conse-
quence of genetic mutations that introduce novel genetic variants into a population
and can be passed on from an individual to its offspring.

A major part of the research in evolutionary biology has since focused on under-
standing the genetic basis of phenotypic variation. This has been possible owing
to the rapid development of the field of molecular genetics during the last century.
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The discovery of the DNA and the development of molecular methods like sequenc-
ing have made it feasible to study genetic differences at the individual level and to
attribute the presence of particular phenotypic traits to specific genes. Well-known
examples are the identification of genetic mutations underlying antibiotic resistance
in bacteria (Martinez & Baquero, 2000), variation in jaw morphology in cichlids (Al-
bertson, 2003) and altitude adaptation in humans (Yi et al., 2010). Some of the
main molecular mechanisms responsible for genetic change have also been identi-
fied. From single nucleotide substitutions and gene transpositions to full genome
duplications, the study of these mechanisms has not only shed light on how in-
traspecific variation arises but also on how new species emerge. In fact, one of the
most important contributions of genetics has been to provide a way to systematically
reconstruct evolutionary relationships among species.

Progress in the understanding of the genetics behind phenotype determination,
however, further consolidated an observation that biologists had made long before
the birth of modern genetics: An individual’s phenotype is highly dependent on
its environment. As I will illustrate later in this chapter, our current understand-
ing of the process of gene expression and the molecular basis of phenotypic traits
has revealed that an individual’s phenotype is far from being merely dictated by
its genes. Instead, the environment plays a central role on determining how genes
are expressed and ultimately give rise to phenotypic traits. Thus, rather than be-
ing an external factor that only selects on phenotypic variation generated by genetic
mutation, the environment can actively drive the generation of variation. This idea
constitutes a step forward from the view that ’the environment proposes, natural
selection disposes’ which dominated evolutionary thinking after the Modern Syn-
thesis as argued by many authors over the years (Pfennig et al., 2010; Pigliucci, 2001;
West-Eberhard, 2003). The term phenotypic plasticity has been coined to refer to the

ability of a genotype to produce different phenotypes when encountering different
environments and I will use this definition for the rest of this thesis.

Finally, another important insight on the process of phenotype determination has
come from research on the phenotype of individual cells. Even in homogeneous en-
vironments, genetically identical individuals can express different phenotypes. This
phenomenon has been termed phenotypic heterogeneity1 and constitutes yet an ad-
ditional source of phenotypic variation beyond genetic polymorphism and pheno-
typic plasticity. Various mechanisms can generate phenotypic variation in a clonal
population of individuals experiencing the same environment. A major one is the
stochasticity inherent to intracellular molecular processes. For instance, molecules
involved in gene transcription and translation (e.g., mRNA and transcription factors)
might occur at low numbers within a cell and thus random fluctuations in their copy
number can lead to large changes in gene expression in a constant environment (Raj
& van Oudenaarden, 2008). Stochasticity can also play an important role during

1 Although this term can be ambiguous because it has been used in other contexts as a synonym to
‘phenotypic diversity’, I will use this narrow definition because of its widespread use in the current
literature (Ackermann, 2015; Avery, 2006; Dubnau & Losick, 2006; Grimbergen, Siebring, Solopova,
& Kuipers, 2015; Sanchez-Romero & Casadesus, 2013)
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cell division as cellular components are randomly distributed among daughter cells
leading to phenotypic differences among genetically identical individuals (Huh &
Paulsson, 2010). Other common mechanisms include variation in cellular age, which
for instance underlies differences in stress resistance in budding yeast (Levy, Ziv, &
Siegal, 2012), and epigenetic regulation, which can regulate colony switching as well
as variation in cell-surface antigens in various microorganisms (Avery, 2006).

Figure 1: Modes of phenotype determination. Examples of phenotypic variation
generated by the three modes of phenotypic determination studied in this
thesis. a) Genetic polymorphism in morphological traits in Arabidopsis
thaliana. Different genotypes are found in different locations across the
Northern Hemisphere. Adapted from (Weigel & Mott, 2009). b) Pheno-
typic plasticity in animal species. (Left) Normal and predator-induced
morphs of Daphnia cucullata. The latter develops a helmet-like structure for
defense. (Right) Morphs of the butterfly Precis octavia in the wet (top) and
dry season (bottom). Adapted from (Pfennig et al., 2010). c) Phenotypic
heterogeneity in the expression of a flagellin gene (fliC) in a microcolony of
Salmonella enterica subsp. enterica serovar Typhimurium. The fluorescence
signal comes from a gfp reporter under the control of the promoter of fliC.
Variation in the expression of this gene changes the antigenic properties of
the cell which might be useful to evade the host immune system. Adapted
from (Ackermann, 2015).

The purpose of this thesis is to explore the origin and functional consequences
of phenotypic variation generated by these three mechanisms (Fig. 1) in one of the
most abundant and ubiquitous forms of life: Bacteria. Despite being perceived as
less complex and interesting than higher organisms such as animal or plants, bacteria
inhabit and have shaped arguably all ecosystems on earth. To accomplish such an
incredible feat, bacteria have become masters of diversification by evolving a myriad
of strategies to eat, move or cope with stress - to the uninitiated many of these
strategies may appear to come straight out of a science-fiction book (Box 1). Not only
are bacteria extremely interesting organisms to study phenotypic diversity. They are
also especially suited to study the continuum from genes to phenotypes, individuals,
populations and communities which is at the basis of understanding how and why
phenotypic variation arises. In the rest of this introduction I will describe what we
know about these two questions and how asking them has changed our perspective
on the process of biological evolution. I will aim to give a general overview by
including examples from various biological systems besides bacteria.
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BOX 1. Bacteria: Masters of Diversification
Bacteria were one of the first organisms to appear on earth. Since then, they
have colonized a myriad of environments and in the process have massively di-
versified and drastically changed their surroundings. Perhaps the most famous
example is the oxygenation of earth’s atmosphere by cyanobacteria, which even-
tually led to the evolution of the vast diversity of aerobic organisms that inhabit
our planet (Kasting, 2002). Nowadays, cyanobacteria are among some of the
most ubiquitous and abundant life forms managing such a feat by genetically
diversifying to colonize virtually every environment on earth (Kashtan et al.,
2014). They are found from -20�C to above 45�C in rivers, oceans, soil, deserts,
the arctic and as symbionts of plants and animals.

Bacteria are exceptional at pushing the physiological boundaries of their phe-
notypes to adapt and colonize new environments. In fact, many of the ex-
tremophile organisms on earth are bacteria. A famous example is Deinococcus
radiodurans, the most radiation-resistant organism, which tolerates radiation by
having multiple genome copies, a very condensed nucleoid organization and
highly refined DNA-repair mechanisms (Cox & Battista, 2005). Another exam-
ple is Psychrobacter arcticus, a bacterium that adapted to freezing temperatures by
increasing the physical flexibility of its proteins as a result of a reduction in the
use of certain amino acids (Ayala-del-Rio et al., 2010). Bizarre adaptive strate-
gies however are not only limited to extremophiles but can be found in bacteria
inhabiting less extreme environments. For instance, Bdellovibrio bacteriovorus is
a bacterial hunter inhabiting the human gut which preys on other bacteria by
entering through their membranes and growing and dividing inside them. B.
bacteriovorus is known for its exceptional swimming capabilities as it can swim
over one hundred times its body length per second when searching for prey by
using specialized flagella (cheetahs by comparison can only run at about 16 body
lengths per second) (Lambert et al., 2006).

Bacteria have not only pushed their physiological boundaries but also their
organizational capabilities. For instance, bacteria do not only prey alone but can
also organize like a wolf pack to kill and feed on nutrients released by other
cells. This is the case of Myxococcus xanthus which is a bacterium showing self-
organized behaviors tightly regulated by its environment: M. xanthus can either
hunt in swarms when preys are abundant or form fruiting bodies upon starva-
tion where some cells develop into highly resistant spores (Keane & Berleman,
2016). In fact, although multicellularity is only associated with higher organ-
isms, this major life innovation is common in bacteria. Other examples include
biofilms, cyanobacteria forming long filaments of interconnected cells with clear
patterns of differentiation for nitrogen fixation and photosynthesis, and marine
proteobacteria living in obligate multicellular structures resembling animal tis-
sues (Claessen, Rozen, Kuipers, Søgaard-Andersen, & van Wezel, 2014; Lyons
& Kolter, 2015).
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A feature of bacteria that largely contributes to their potential to rapidly diver-
sify and adapt to new environments is their ability to dynamically shape their
genetic material. Bacteria can exchange DNA directly with each other by conju-
gation, receive DNA from viruses and even uptake free-floating DNA from the
extracellular environment in a process known as genetic transformation which I
will study in Chapter 4. Horizontal gene transfer has been essential for the evolu-
tion of many important traits in bacteria like new metabolic pathways, resistance
to antibiotics and a pathogenic lifestyle (Ochman, Lawrence, & Groisman, 2000;
Wiedenbeck & Cohan, 2011).

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

The burst of genomics in the beginning of the century was accompanied by high
expectations, motivated especially by the possibility of determining the genetic basis
of human diseases. However, it soon became clear that obtaining the full genome
of an organism is only the very first step towards understanding how phenotypic
traits come about as many layers of regulation lie in between genes and phenotypes
(Holmes, Wilson, & Nicholson, 2008; Ritchie, Holzinger, Li, Pendergrass, & D.,
2015; Strohman, 2002). Characterizing in detail the set of molecules associated to
each one of them has led to the well-known omics revolution of this century. An
essential lesson from the reconstruction of the road from genes to phenotypes is
that understanding the evolution of phenotypic diversity from the standpoint of
genes alone greatly underplays major sources of phenotypic variation. Much of the
diversity that we observe does not result from the mere process of genetic mutation
but also from variation in how and when genes are expressed. This will be the focus
of the first two sections of this thesis which deal with the origin and function of
phenotypic variation in bacteria in the absence of genetic mutation.

So, what are the layers of regulation between genes and phenotypes and how do
they produce variation? To start, genetic information is coded in DNA but not all
of it is expressed. Changes at the transcriptional level like methylation, binding of
transcription factors (TFs) or histone modifications can determine whether a gene
is expressed or not and the rate at which this process occurs (Bird, 2007; Veloso
et al., 2014). In this way, transcriptional regulation can underlie major phenotypic
changes in an individual. For example, epigenetic marks are the basis for caste
differentiation in ants and honeybees. In colonies of these social insects all females
are born genetically identical and DNA methylation is essential to determine the
fate of an individual as a queen or a worker (Lyko et al., 2010) as well as to regulate
differentiation within worker individuals (Alvarado, Rajakumar, Abouheif, & Szyf,
2015). In bacteria, transcriptional regulation is one of the major mechanisms for cells
to adjust their phenotype in response to the environment (Box 2). For instance, it
allows individuals to tune their metabolism to exploit the available resources and to
engage into a variety of phenotypes like sporulation or competence.
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After a gene is transcribed, mechanisms like alternative splicing can lead to the
production of different messenger RNA molecules from the same initial transcript.
In this way, the same gene can end up coding for a variety of different proteins.
Alternative splicing has not only revisited the classical ”one gene-one protein” hy-
pothesis but seems to be a key strategy used by eukaryotic organisms to adjust
their phenotype in response to stress and to generate phenotypic variation within
cells in the same tissue (Graveley, 2001; Laloum, Martín, & Duque, 2018; Matlin,
Clark, & Smith, 2005). A fascinating example of the combinatorial power of alter-
native splicing occurs in Drosophila melanogaster where the Dscam gene responsible
for neural development can produce potentially more than 38000 mRNA molecules
(Schmucker et al., 2000). Such diversity of mRNAs might allow each neuron to have
a unique cell surface tag which has been shown to be critical for recognition and
organization of neurons during the assembly of the neural circuit (Hattori, Millard,
Wojtowicz, & Zipursky, 2008). In bacteria, once genes are transcribed into mRNA,
a key mechanism for gene expression control are small RNAs (sRNA). sRNAs bind
to mRNA transcripts and both up and down regulate gene expression by affecting
ribosomal binding to the mRNA as well as by changing mRNA stability (Dutta &
Srivastava, 2018; Gottesman & Storz, 2010). For example, sRNAs rapidly downregu-
late transcripts encoding nonessential iron-using proteins during conditions of iron
limitation in E. coli (Masse & Gottesman, 2002).

mRNA is then translated and folded into proteins, a process that is often assisted
by other proteins known as chaperones and that is sensitive to factors like tempera-
ture and pH. Chaperones can play a major role in the evolution of phenotypic varia-
tion by making protein folding robust to mutations. In this way, they can allow the
accumulation of genetic variation that can subsequently be ‘released’ upon changes
in the environment (Rohner et al., 2013; Rutherford & Lindquist, 1998). Once a pro-
tein is folded, its activity can be modified by the binding of various molecules (e.g.
sRNA and cofactors) as well as by changes like the addition of functional groups
(e.g. phosphate, methyl) or the cleavage of certain aminoacids (Seet, Dikic, Zhou,
& Pawson, 2006; Walsh, Garneau-Tsodikova, & Gatto, 2005). Protein modification
allows proteins to transmit information in the context of regulatory cascades and
constitutes one of the key mechanisms for a cell to change its phenotype in response
to the environment (Box 2).

BOX 2. Signal transduction in bacteria
From chemotaxis, to yeast pheromone detection or light-dependent timing of
flowering in plants, signal transduction networks underlie the process of cellular
decision-making across many biological systems (Baker, Wolanin, & Stock, 2005;
Bardwell, 2005; Chen, Chory, & Fankhauser, 2004). They allow cells to sense

their surroundings and subsequently use this information to orchestrate cellular
responses by transmitting information through cascades of interacting proteins.

In bacteria, signal transduction occurs through one and two-component sys-
tems. The former consist of proteins that have an input and an output domain
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and are to a large extent transcription regulators (Ulrich, Koonin, & Zhulin,
2005). These proteins are used by bacteria to sense and respond to environmen-
tal information by adjusting gene expression. One of the best-known examples
of such proteins is the LacI repressor, which regulates the expression of the lac
operon in response to lactose availability (Lewis et al., 1996): In the absence of
lactose, the output domain of LacI is bound to the operator region of the lac
operon preventing transcription. When lactose becomes available, it binds to the
input domain of LacI. Upon binding to lactose, LacI detaches from the operator
region of the lac operon allowing bacteria to synthesize proteins to import and
metabolize lactose. In this way, bacteria optimize cellular resources by using sig-
nal transduction to invest in lactose metabolism only when lactose is available.

When signal transduction occurs through two-component systems the input
and output functions are carried out by two different proteins (Capra & Laub,
2012). In these systems sensing is generally done by a histidine kinase, which
upon detection of an environmental signal autophosphorylates a histidine residue.
This phosphate group is then transferred to a response regulator, which upon
phosphorylation starts the cellular response. Response regulators often have a
DNA-binding output domain so, as with one-component systems, the cellular
response is achieved by transcriptional regulation of other genes.

Signal transduction systems are ubiquitous in bacteria and allow them to re-
spond to a broad range of environmental signals. As a result, these systems
are instrumental for bacteria to adapt to their environments as I will illustrate in
Chapters 2 to 5 where I will study both one and two-component systems in the
context of diauxic shifts upon nutrient starvation and quorum sensing.

In addition to sensing environmental signals, networks of interacting proteins
carry out thousands of biochemical reactions where they produce and utilize small
molecules known as metabolites. The so-called primary metabolites are constitu-
tively produced since they are essential for a cell to maintain cellular homeostasis
and carry on the basic cellular functions that are needed for survival (Folmes, Dzeja,
Nelson, & Terzic, 2012; Watson, Yilmaz, & Walhout, 2015). Secondary metabolites,
on the other hand, are not needed for housekeeping functions but instead constitute
the basis of many plastic phenotypic traits (Kessler, 2015; Osbourn, 2010). They
are particularly important in the context of ecological interactions as they are used
for defense against predators, regulation of mutualistic interactions and competition.
For instance, secondary metabolites like antibiotics are an essential component of
antimicrobial warfare (O’Brien & Wright, 2011).

Albeit incomplete, this brief reconstruction of the molecular basis of phenotypic
traits illustrates that there are plenty of sources of phenotypic variation beyond genes.
Moreover, it also shows that not all of this variation is adaptive. Many traits can be in-
fluenced by the environment or by stochastic gene expression as a byproduct of phys-
ical or biochemical properties inherent to the underlying gene regulatory networks.
These effects are unavoidable and can produce maladaptive phenotypes. A classi-
cal example of such maladaptive phenotypic variation are the phenotype changes of
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individuals coping with stressful environments. For instance, plants growing in envi-
ronments lacking moisture (van Kleunen & Fischer, 2005) or animals that develop in
low resource settings (Monaghan, 2008) may fail to develop a functional phenotype
because developmental pathways requiring a threshold concentration of a particu-
lar nutrient are not triggered. Thus, genotypes can be plastic to the action of the
environment even though this plasticity is actually detrimental for their fitness. In
Chapter 3 of this thesis I will show how the molecular dynamics of intracellular pro-
teins during carbon starvation in combination with long periods without resources
generates phenotypic variation in Escherichia coli that might be detrimental in certain
environments.

��� �������� �� ���������� ���������

One of the major challenges organisms face in nature is that environments are rarely
static. Both the natural fluctuation of abiotic variables and the activities of organisms
themselves who can chemically and physically modify their surroundings result in
ever-changing landscapes that organisms need to navigate in order to survive and
reproduce (Meysman, Middleburg, & Heip, 2006; Odling-Smee, Laland, & Feldman,
2003). In this context, the ability to vary their phenotypes is essential for organisms
to cope with environmental change.

Depending on the timescale of environmental fluctuations, organisms can adapt to
temporal variation in their environment by producing phenotypic variation through
the different modes of phenotype determination discussed before (Fig. 1) (Botero,
Weissing, Wright, & D.R., 2015; Leimar, 2009a). If the timescale of the fluctuations
is large relative to the generation time, organisms can track environmental changes
through adaptive evolution. This is, by the action of selection on genetic mutations
that improve adaptation to the current environment. Environmental fluctuations,
however, often occur within the lifespan of an individual. In this context, organisms
can adapt to changing conditions either by actively sensing and responding to their
environment or by diversifying in a probabilistic manner that is independent of en-
vironmental cues (Ackermann, 2015; Botero et al., 2015; Kussel & Leibler, 2005). In
the latter scenario, a clonal population would ensure that a fraction of the individ-
uals is always in the appropriate phenotypic state upon an environmental change.
In this way, a genotype would maximize its geometric mean fitness by minimizing
the variance in fitness across different environmental conditions, a strategy known
as bet-hedging (Starrfelt & Kokko, 2012). Examples of phenotypic heterogeneity in
bacteria that are consistent with the idea of bet-hedging are stochastic sporulation
in Bacillus subtilis (Maamar, Raj, & Dubnau, 2007) and phenotypic heterogeneity in
carbon utilization strategies during nutrient shifts in E. coli and Lactococcus lactis
(Kotte, Volkmer, Radzikowski, & Heinemann, 2014; Solopova, van Gestel, Weissing,
Bachmann, & Teusink, 2014).

Whereas in bet-hedging a fraction of the population will always be maladapted,
phenotypic plasticity can allow all individuals in a population to attain an optimum
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phenotype. Nevertheless, depending on the nature and frequency of the environ-
mental fluctuations, bet-hedging might be a better strategy to cope with fluctuating
environments than phenotypic plasticity (Botero et al., 2015; Kussel & Leibler, 2005;
Pfennig et al., 2010). First, in many situations organisms might not always be able

to accurately sense and respond to their environment. For instance, they might lack
the appropriate sensory machinery, environmental cues might be unreliable or fluc-
tuations might be too fast for them to modify their phenotype accordingly. Second,
even if organisms can accurately sense and respond to their environment, the cost of
keeping an active machinery for sensing might be higher than the cost of diversifi-
cation through bet-hedging under certain environmental regimes (Kussel & Leibler,
2005).

Organisms can further adapt to temporally fluctuating environments by storing
and transmitting information phenotypically (Jablonka et al., 1995). For example,
plants can generate a short-term memory of heat or osmotic stress that is passed
to their offspring and upregulates the expression of stress-tolerance genes via epi-
genetic marks (Whittle, Otto, Johnston, & Krochko, 2009; Wibowo et al., 2016). In
microbes, epigenetic inheritance mainly happens through the transmission of cellu-
lar components upon cell division and has also been found to be beneficial as it
speeds up physiological adaption under fluctuations in the type of resources bacte-
ria encounter (Lambert & Kussell, 2014). In Chapters 3 and 4 of this thesis I will
show evidence of intra- and inter-generational memory in the context of temporal
variation in the environment and will discuss its functional relevance.

By varying their phenotype organisms can not only cope with temporally fluctu-
ating environments but also can alter their spatial range and colonize new environ-
ments. When environments vary in space, phenotypic variation with a genetic origin
becomes the main source of adaption. In fact, genetic variation in the context of local
adaption is thought to provide organisms with ’genetic cues’ on the local selective
conditions – in analogy to environmental cues which are thought to be more impor-
tant in the context of individuals sensing and responding to temporal fluctuations
in their environment (Leimar, 2009a). Phenotypic variation generated through local
adaptation is a fundamental process driving species diversification as in combina-
tion with reproductive isolation it is the basis of allopatric speciation. In Chapter 6
of this thesis I will study range expansion through local adaptation in the context of
drug resistance evolution.

Last but not least, phenotypic variation is not only functional in the context of
individuals adapting to their abiotic environment but it also plays a pivotal role in
shaping interactions between individuals. The ability of an individual to vary its
phenotype influences both its positive interactions with other individuals like coop-
eration by division of labor (Johnson, Goldschmidt, Lilja, & Ackermann, 2012) or
the production of extracellular goods (Kümmerli, Jiricny, Clarke, West, & Griffin,
2009) and its negative interactions like competition and parasitism (Ackermann et
al., 2008; Svanbäck & Bolnick, 2007). For example, clonal populations of Salmonella
typhimurium differentiate into two distinct subpopulations to successfully establish
an infection in the mouse gut. One fraction of the cells expresses a secretion sys-
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tem to invade the gut epithelial cells inducing an inflammation response at the cost
of reduced growth and survival. The remaining fraction of the population, which
does not express this secretion system, is favored by the inflammation and actively
reproduces in the host tissue (Ackermann et al., 2008). In Chapters 4 and 5 of this
thesis I will study quorum sensing, a mechanism by which bacteria can directly tie
the regulation of certain phenotypic to their interactions with other individuals.

���� ������

This thesis explores the molecular origins and potential functionality of phenotypic
variation in bacteria. Rather than an in-depth study of a single system, this the-
sis studies the questions of how and why phenotypic variation is generated across
various bacterial systems. Bacteria are particularly suited to address both of these
questions simultaneously because there is considerable knowledge on the molecu-
lar underpinnings of phenotypic traits and experimental manipulation allows one
to very precisely quantify and even control bacterial phenotypes at the individual
and population level. I will make use of this feature of bacterial systems throughout
most of this thesis by combining experimental approaches with mechanistic models
of phenotypic evolution.

This thesis is divided in three sections that span across the different modes by
which phenotypic variation can be generated: The first section deals with pheno-
typic heterogeneity by studying variation in clonal populations of bacteria experi-
encing the same environmental fluctuations in resources. The second section focuses
on plasticity and on how bacteria sense and respond to their environment in the
context of communication via quorum sensing. Finally, the third section explores
genetic diversification in bacteria in the context of drug resistance evolution. Below
I will give a brief overview of the contents of each section.

Section I. Phenotypic heterogeneity

Bacteria rarely encounter environments with a continuous nutrient supply but
instead constantly deal with temporal fluctuations in resource availability. Feast-
and-famine dynamics are thus a major force driving bacterial ecology and evolution
in natural environments. In this section, I study phenotypic differences in clonal
populations of Escherichia coli experiencing a feast-and-famine regime. Using a novel
microfluidics setup, I quantify the lag time of hundreds of individual cells upon
the appearance of resources after a period of starvation and study their tolerance to
external stressors appearing with new resources. With this information I then study
both the functional consequences of individual variation in growth resumption upon
starvation and its molecular origins.

In Chapter 2, I show that there is strong phenotypic heterogeneity in lag time
when bacteria resume growth from starvation and study the consequences of this
phenotypic variation for population growth and survival upon antibiotic exposure.
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By combining single cell observations with a mathematical model of bacterial popu-
lation dynamics, I demonstrate that phenotypic minorities at opposite tails of the lag
time distribution dominate growth and survival at the population level. As a conse-
quence, and by studying how lag time distributions evolve, I show that bacteria can
break a trade-off between growth and survival by evolving phenotypic heterogeneity
in lag.

In Chapter 3, I dive into the molecular origins of lag time variation and study
whether bacteria can ’remember’ the conditions they encounter before starvation
and how this memory depends on the duration of starvation. I show that upon
short starvation, starved E. coli cells resuming growth in lactose benefit from having
expressed the lac operon before starvation. However, when starvation is prolonged,
this pattern reverses and previous lactose exposure becomes detrimental for growth
resumption. I propose a model of how the intracellular dynamics of lac proteins dur-
ing starvation might explain these findings. Overall, these results show that during
starvation bacteria are dynamically changing in a way that is highly individual and
depends on the conditions they encountered before becoming starved.

Section II. Phenotypic plasticity

One of the best-known examples of regulation of phenotypic expression in bacte-
ria is quorum sensing. By releasing and sensing autoinducers in the extracellular
medium, bacteria control the expression of essential phenotypic traits like virulence,
motility, biofilm formation, competence and sporulation. In this section, I first study
how cell density and the environment influence quorum sensing in the context of
competence regulation by Streptococcus pneumoniae. Then, I use the insights obtained
from this system to propose a new functional hypothesis on the role of quorum
sensing in bacterial systems.

In Chapter 4, I study competence development in S. pneumoniae across different
environmental conditions. I show that competence is simultaneously regulated by
cell density, cell history and various environmental factors like pH and antibiotics.
Importantly, by modeling the signal transduction network in charge of competence
regulation, I show that different environmental variables change the rate at which
bacteria secrete or detect autoinducers. This explains how bacteria can integrate
multiple sources of information in their quorum sensing response.

In Chapter 5, I propose a new functional interpretation of quorum sensing in bac-
teria. Classically, quorum sensing has been viewed as a mechanism used by bacteria
to ensure that certain phenotypic traits are only expressed when population density
is high. Nonetheless, examples like pneumococcal competence show that besides cell
density the environment also can strongly regulate quorum sensing. In this chapter
I propose that bacteria can also use quorum sensing to sense the environment col-
lectively by means of cell-cell communication. Using an evolutionary model, I show
that this benefit alone could explain the evolution of quorum sensing and that there
are particular features of bacterial interactions that could have facilitated the evolu-
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tion of such collective sensing of the environment.

Section III. Genetic diversification

In Chapter 6, I study how spatial structure affects the process of genetic diversi-
fication. In particular, I focus on the evolution of multidrug resistance during com-
bination therapy, a current standard-of-care treatment for some infections involving
the use of multiple drugs and designed to prevent the evolution of resistance. Often,
individual drugs from a combination treatment differ in their penetration abilities
into different body compartments resulting in compartments where only one out of
all the drugs in the treatment reaches a therapeutical concentration. Using an evolu-
tionary model, I show in this chapter that the presence of this single-drug compart-
ments can dramatically speed up the evolution of multidrug resistance by allowing
bacterial or viral pathogens to gain resistance mutations in a step-wise fashion.

A common theme across the study of the different mechanisms underlying phe-
notypic variation in this thesis is that diversity is studied both from its molecular
and ecological underpinnings. In Chapter 7 I will argue that such a systems-level
perspective is essential to understand the origins and consequences of intraspecific
phenotypic variation. Finally, I will close with some thoughts on the evolutionary
consequences of intraspecific phenotypic variation. With this I hope to justify the
initial motivation of this thesis regarding the relevance of intraspecific variation on
the evolution of species diversity.
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