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Phenotypic variation is one of the most conspicuous features of living organisms,
even among those that belong to the same species. Often this variation has a genetic
origin, so individuals differ because they carry different genes. However, genetically
identical individuals can still express different phenotypes depending on the envi-
ronment that they encounter or even as a result of stochastic events. In this thesis
I studied phenotypic variation generated by these three different sources across var-
ious bacterial species. In particular, I focused on understanding how phenotypic
variation within populations arises at the molecular level and what are its functional
consequences. To study these questions simultaneously, phenotypic variation needs
to be understood across different levels of biological organization, along the con-
tinuum from genes to phenotypes, individuals and populations. As shown in this
thesis, bacteria are a great model system to study this continuum because experimen-
tal manipulation and mechanistic modelling are feasible across these different levels
of organization. This thesis contains five research chapters and an afterthoughts
section which I summarize below.

In the first two research chapters of this thesis I studied phenotypic variation
among genetically identical individuals exposed to the same environment (i.e. phe-
notypic hetereogeneity). To do this I developed a novel microfluidic device to quan-
tify phenotypic variation in growth resumption after starvation at the single-cell level
in Escherichia coli. In nature, bacteria often go through feast-and-famine regimes so
starvation and the resumption of growth are essential aspects of bacterial life history.
In Chapter 2, I showed that clonal populations of starved E. coli cells resume growth
more slowly and in a much more heterogeneous manner in lactose than in glucose.
By combining experiments with a model of lag time evolution I explored the con-
sequences of the quantified heterogeneity on population growth and survival after
starvation, finding that these traits are dominated by phenotypic minorities: While
growth is determined by the cells with shortest lag times, tolerance to antibiotics is
provided by the cells with longest lags. As a result, I found that bacterial popula-
tions can break a trade-off between rapid growth resumption and tolerance against
antibiotics by evolving the width of the single-cell lag time distribution. Importantly,
these findings explain the prevalence of antibiotic tolerance by lag by showing why
bacteria can afford having subpopulations with long lag times that remain protected
from antibiotics.

Chapter 3 studies the molecular mechanisms underlying lag time variation in lac-
tose by investigating how lag time depends both on the duration of starvation and
the resources encountered before starvation. I found that upon short starvation,
growth resumption in lactose is faster and more homogeneous if bacteria were grow-
ing on lactose before starvation, which indicates that expressing the proteins for lac-
tose metabolism is a limiting factor for growth resumption. Strikingly, this pattern
reversed for longer durations of starvation, for which populations grown on lactose
had a longer and more heterogeneous process of growth resumption in lactose than
populations grown on glucose. Supported by a mathematical model and additional
experimental data, I hypothesized that these patterns might originate from differ-
ences in how proteins for lactose import and metabolism degrade during starvation.
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Overall, these results show that despite the absence of growth, starvation is a very
dynamic period where bacteria are changing in a way that depends on the condi-
tions encountered before resources are consumed and that varies across genetically
identical individuals.

In the next two chapters I shifted towards phenotypic plasticity and studied how
bacteria modify their phenotype in response to the environment and to other cells
by means of quorum sensing. In Chapter 4, I studied the induction of compe-
tence in Streptococcus pneumoniae by an autoinducer peptide known as competence-
stimulating peptide (CSP). Although originally described as a signal for quorum-
sensing, recent studies have suggested that CSP instead acts as a probe to sense
the environment. By combining experiments with mathematical modeling, I showed
that competence is simultaneously regulated by cell density, cell history and environ-
mental factors like pH and antibiotics. Importantly, I showed that this simultaneous
regulation occurs because cell history and the environment set the rate at which cells
produce and sense CSP while cell density sets the fraction of cells that switch on CSP
production. These findings settled the discussion about the role of autoinducer se-
cretion on competence regulation by showing that CSP can function as an indicator
of cell density across environmental conditions while also integrating information
on past and current environmental factors such as antibiotic stress.

The classical functional interpretation of quorum sensing states that bacteria re-
lease autoinducers to estimate population density and regulate the expression of
functions that are only beneficial when carried out by a large number of cells. In
Chapter 5 and motivated by our findings on the role of the environment on the reg-
ulation of pneumococcal competence, I proposed an alternative functional interpre-
tation for quorum sensing. Using an evolutionary model, I showed that by releasing
and sensing autoinducers, bacteria can use social interactions to improve their indi-
vidual estimates of the environmental conditions benefiting from a ‘wisdom of the
crowd’ mechanism. This function alone can explain the evolution of quorum sensing
especially given that bacterial interactions have particular features that could have
facilitated the evolution of such collective sensing of the environment. Moreover, this
functional interpretation can explain why quorum sensing regulates the expression
of ’private goods’ which are not shared with other cells.

Finally, in Chapter 6, I shifted the attention towards the process of genetic diver-
sification and studied how spatial structure speeds up resistance evolution in the
context of combination therapy (i.e., treatment with multiple drugs). Drugs in com-
bination treatments often have differential penetration abilities into various body
compartments. Using a mathematical model, I showed that this mismatched pene-
tration can strongly speed up the evolution of multi-drug resistance because of the
presence of body compartments where only one drug in a combination penetrates to
an effective concentration. As shown by the model, such single-drug compartments
can facilitate resistance evolution because they allow pathogens to gain mutations to
different drugs from a combination treatment in a step-wise manner. Importantly,
these findings indicate that in order to slow down resistance evolution, combination
treatments should be designed to minimize regions of mismatched drug penetration.
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Rather than an in-depth study of a single bacterial species or biological trait, this
thesis explores phenotypic variation in a wide variety of bacterial systems. Common
to most of the work presented in this thesis is that phenotypic variation is analyzed
by studying both its molecular underpinnings and its population-level consequences.
In the final chapter of this thesis, Chapter 7, I argue that such a systems-level per-
spective is essential to understand the functional relevance of phenotypic variation
and its influence on evolution. I further develop this point by closing this chapter
with a discussion on how phenotypic variation with a non-genetic origin determines
the rate and direction of evolutionary processes.
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