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Abstract

Our bodies contain a vast number and diversity of microbes. These microbes
interact, and these interactions can define how microbes affect us. Microbial
ecology and evolution, therefore, are important for both microbiology and hu-
man health. However, our understanding of microbial communities remains
limited. There is a need for theory that dissects the complexity and identifies
the key factors and processes affecting microbial groups. Here I develop realis-
tic computer simulations and population models of microbial communities. My
first project seeks to explain microbial communication (quorum sensing) and
argues that quorum sensing is a way to infer when competing genotypes are
no longer a threat. The second project proposes an evolutionary explanation
for another major microbial trait: adhesion. I argue that adhesion is a weapon
allowing cells to compete within microbial groups and push competitors out,
particularly when growing on a host epithelium. The third project moves from
microbes to the host and asks whether a host can control which microbes grow
and persist inside it. I develop a model of the human gut epithelium and
show that the gut architecture amplifies the ability of hosts to select helpful
microbes over harmful ones using nutrient secretion. In addition to selecting
particular microbial strains, a host will also benefit from stable symbiotic com-
munities that behave in a predictable manner. But what determines whether
host-associated communities are ecologically stable? My final project uses eco-
logical network theory to show that ecological stability is likely to be a problem
for gut communities that are diverse and contain species that cooperate with
each other. However, I argue that the host should function as an ecosystem
engineer that increases ecological stability by weakening the strong dependence
of cooperating species upon one another. While host-associated communities
are complex ecological systems, my thesis identifies key factors that affect their
form and function.
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Introduction
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1.1 Why care about microbes. . . . . ... ........ 1
1.2 Sociality among microbes. . . ... ... ... .... 4
1.3 Host-microbe interactions . . ... ... ....... 9
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1.5 Models of biofilms . . . ... ... ... ........ 14
1.6 Thesisoutline. . ... ... ... ... ...... 16

1.1 Why care about microbes.

Microbial life is ubiquitous - virtually every habitable environment is colonised
by microbes (Martiny et al. 2006). The world of microbes has profound effects
on humans, both positive and negative, and understanding microbial evolution
will allow us to better harness their useful abilities or fight them when they

attack us.
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Figure 1.1: Microbes affect human life. A) Staphylococcal cells grow-
ing on a medical implant, scanning electron micrograph from Donlan 2002 and
therein used with permission of Lippincott William & Wilkins. B) Confo-
cal fluorescence image of bacteria (green), epithelial border brush (blue) and
the gut epithelium (large green cells) separated by mucus (transparent). From
Stecher et al. 2007. C) Bacteria of the normal human gut microbiota (dif-
ferent colours) on the gut epithelium (grey-orange). Image taken from a hu-
man cecal biopsy, personal communication with Alexander Swidsinski. URL:
www.charite.de/arbmkl/themen/ubersicht /intestinalmicrobiota.pdf

In order to better understand microbial evolution, we need to know how
they live in natural environments. It is now clear that in most environments,
microbial species mix with many others (Lozupone & Knight 2007) and live
highly “social” lives as opposed to being solitary, individualistic cells they were
once thought to be (Cornforth & Foster 2013, Mitri & Foster 2013, West et al.
2006). It is most useful to think of sociality between single cell organisms
by considering how a microbial trait affects the fitness of the focal and other
cells. Then, we can categorise social traits as either mutually beneficial (ac-
tor/recipient: +/+), selfish (+/—), altruistic (—/+), or spiteful (—/—) (West
et al. 2006).

Another common characteristic of microbial communities is high cell den-
sity. For example, a single gram of soil can contain up to 10'® — 10! microbes
(Curtis et al. 2002). Record densities of microbes, however, have been found
to exist in all of us. The gastrointestinal tract of mammals is colonised by up

to 101 — 10 cells per gram (Figure 1.1, Ley et al. 2006).
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Microbes then do not only interact among themselves but also with mul-
ticellular host organisms (Bevins & Salzman 2011, Hooper et al. 1999, Ley,
Lozupone, Hamady, Knight & Gordon 2008, Lozupone, Stombaugh, Gordon,
Jansson & Knight 2012). How do such microbes affect their host? Multicellu-
lar hosts and microbial communities are tightly associated and evolve together
(Ley, Lozupone, Hamady, Knight & Gordon 2008). This is dramatically re-
flected in most recent discoveries that show how normal and healthy devel-
opment of the human body is dependent on the presence of microbial com-
munities, collectively called the microbiota (De Vadder et al. 2014, Round &
Mazmanian 2009, Sommer & Béckhed 2013). Relationships between microbes
and their hosts can be beneficial for the host, as occurs in the gut where mi-
crobes provide us with nutrients and protection (De Vadder et al. 2014, Ley
et al. 2006, Sekirov et al. 2010). On the other hand, many microbes adopt a
pathogenic lifestyle and harm their hosts which can fight back and try to kill
or rid themselves of those invading microbes (Dethlefsen et al. 2007, Salzman
2010).

Two critical aspects of microbial life emerge that I will be focussing on in
this thesis: 1) high microbial cell densities, and 2) extensive social interactions
among and between microbes and hosts. Experimental microbiology has fo-
cussed on lab cultures where species grow in clonal populations. Working with
such mono-cultures is easier but will inevitably miss most of a microbe’s real
ecology. Investigating natural microbial ecologies in the lab is further hampered
by the fact that up to >99% of bacteria cannot be cultivated (Amann et al.

1995). But how can we hope to understand microbial ecology and evolution if
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both are so dependent on inter—species interactions?

One way is to reduce complexity of real microbial communities by construct-
ing mathematical and computational models. These have proven powerful tools
to gain better understanding of fundamental dynamics that arise through mi-
crobial interactions (Brown 1999, Bucci et al. 2012, Cornforth et al. 2012, Mitri
et al. 2011, Nadell et al. 2010, 2008, Xavier & Foster 2007). In this thesis, I
develop theoretical models of microbial ecology and evolution. For the most
part I will be focussing on high density, surface attached microbes - a typical
form of microbial life in hosts as well as in abiotic environments. In the final
results chapter I develop more abstract population models of microbes that live
in the gut.

All of these models rest upon their relevance for the biology of microbes.
For the remainder of the introduction, therefore, I will consider what we know
about microbial communities, their ecology, and the interactions between their
members. First, I will begin by discussing the interactions between microbial
strains and species and how one can use social evolution to dissect and un-
derstand these interactions. Second, I will consider a key ecological context
of microbes that is a focus of my thesis: microbial communities in association
with a host organism and how this can affect their ecology and evolution. Fi-
nally, I discuss biofilms — a common form of microbial life within and outside

of multicellular hosts — and briefly review previous models thereof.

1.2 Sociality among microbes.

Lozupone & Knight have conducted a meta-analysis from 111 different, globally
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distributed environments and created a tree of microbial diversity from 21752
sequences (2007). This provided an overview of microbial diversity across en-
vironments. For example, the soil is particularly species-rich compared with
other environment which indicates a highly diverse community. However, many
of these species are genetically very similar (Faith 1992, Lozupone & Knight
2007) . Such co-occurrence of many highly related species is consistent with
a strong metabolic overlap and similar nutrient requirements (Mitri & Foster
2013). This suggests that microbes will often compete for nutrients and space
with surrounding cells, something that was also suggested by a recent empiri-
cal survey of competition between microbial species from a single environment
(Cornforth & Foster 2013, Foster & Bell 2012, Mitri & Foster 2013). Strong
competition is further indicated by the armoury of secretions that microbes
possess, such as toxins and antibiotics, which can negatively affect other cells’
growth (Cornforth & Foster 2013, Foster & Bell 2012, Mitri & Foster 2013). Se-
cretions usually come at a cost because their gene expression diverts resources
away from pure growth. Toxin secretion, therefore, can be considered spite-
ful because both the actor and the recipient of this interaction are negatively
affected (West et al. 2006).

Beside such microbial warfare (Czérdn et al. 2002, Keller & Surette 2006),
microbes also have the potential to communicate and cooperate with other cells
(Darch et al. 2012, Fuqua et al. 1994, Nogueira et al. 2009, Popat et al. 2012,
West et al. 2007, 2006). A well-known example is quorum sensing (microbial
communication via diffusible molecules) regulated secretion of proteases that

break down proteins in the environment where resulting amino acids then are
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available to all cells in the vicinity (Brown & Buckling 2008, Diggle, Griffin,
Campbell & West 2007). This then is a cooperative phenotype through which
actors and recipients can both gain a benefit. Mutually beneficial relationships
between microbes do not always require secretion of public goods (Mitri & Fos-
ter 2013). An example of secretion-independent cooperation is when microbes
switch their metabolic state between fast growth where each unit of consumed
nutrients yields little new biomass (wasteful, but rapid growth), and prudent
nutrient utilisation with high yield, albeit at a slower rate (MacLean & Gudelj
2006). The latter strategy is a cooperative phenotype because it utilises a
common resource most efficiently.

Akin to the classical “tragedy of the commons”, costly cooperative traits
can be fragile in the face of competition (Diggle, Griffin, Campbell & West
2007, Griffin et al. 2004, Hardin 1968, MacLean & Gudelj 2006, Van Dyken
et al. 2013). For example, consider a focal “cheat” cell that is surrounded
by others who secrete public goods such as proteases that release nutrients
from the environment. The focal cell consumes those nutrients but does not
itself invest in enzyme secretion and, therefore, divides more rapidly than its
neighbours. The cheater genotype then increases in frequency and cooperation
collapses which can lead to the eventual eradication of the cooperative trait
from the gene pool. How is it then that we see so much evidence for cooperation
among microbes (Brown & Buckling 2008, Crespi 2001, Diggle, Gardner, West
& Griffin 2007, West et al. 2007, 2006)?

Inclusive fitness theory is the most useful formalism to predict the evolution

of social traits. It states that a cooperative trait can evolve, independent of
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the cost to the actor genotype, when its inclusive fitness effect on the actor is

greater than zero. This is formalised by Hamilton’s rule (Hamilton 1964)

rb—c > 0,

which says that for a trait to be under positive natural selection, the fitness cost
¢ incurred by a focal individual has to be less than the benefit b of recipients
weighted by their relatedness r to the actor. Indeed, in one of the most dra-
matic examples of altruism, the cell-suicide in slime moulds of Dictyostelium
discoideum, dead cells form a rigid stalk which allows genetically highly similar
cells to spread to new environments, thereby outweighing the evolutionary cost
of cell suicide.

It is clear then that sociality among and between microbial species is com-
plex and under strict constraints. Mutually beneficial relationships within
species are less difficult to evolve than between species because of higher re-
latedness. However, the latter form of cooperation can happen by chance: an
“accidental” 4 /4 relationship may arise, for example, when microbes form
cross-feeding networks! where one species feeds on the by-products of another

species (Mitri & Foster 2013, West et al. 2006). This is generally considered

! Cross-feeding is usually not considered cooperation in social evolution theory as neither
partner bares a cost and instead directly benefits from their respective behaviour implying
fewer evolutionary constraints than costly cooperation (Mitri & Foster 2013, West et al.
2006). For a cross-feeding relationship to be considered cooperative, it is required that both
species have evolved increased by-product secretion, beyond the amount that would selfishly
be required, and in anticipation of returned benefits from their respective interaction partner.
It is important to be aware of this distinction when investigating the evolution of cooperation.
However, in my thesis, especially in chapter 5, I will be calling any +/+ interaction coopera-
tion and clarify when necessary. The reason is that in chapter 5, I am not investigating the
evolution of cooperative traits explicitly, but rather assume their existence and ask ecological
questions at the ecosystem level about the effect +/+ interactions between species can have.
I there use the term cooperation loosely but in accordance with standard nomenclature in
the relevant literature (Allesina & Tang 2012, Mougi & Kondoh 2012) because the focus is
not on how the +/+ interactions came about or may be maintained.
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an important mechanism among gut microbes. Complex food sources from the
host’s diet are broken down step-by-step in cross-feeding networks of beneficial
microbes. Eventually, this yields additional energy for the host from otherwise
indigestible nutrients (Belenguer et al. 2006, Ze et al. 2012, 2013).

The helpful function of microbes in the gut has led to the interpretation
that the microbial community in the gut “can be pictured as a microbial organ
[...] (that) endows us with functional features that we have not had to evolve
ourselves” (Béckhed et al. 2005). A collection of independent organisms such
as the microbiota will have different evolutionary constraints than an actual or-
gan of the human body and I therefore disagree with this point of view and take
such statements as indicators that the inevitable competition among microbes
in the microbiota is often underestimated. It is far from being understood how
dynamically changing microbial communities and in turn microbiota-host rela-
tionships evolve, and there are only few theoretical approaches to these prob-
lems yet (Bucci et al. 2012, dos Santos et al. 2010, Foster et al. 2008, Karlsson
et al. 2011, Schluter & Foster 2012, Stein et al. 2013). Besides between-microbe
interactions, host-microbe interactions, too, are plentiful, but it is clear that
microbes in our body are not there simply to fulfil our metabolic needs. In-
stead, the host appears to actively keep its microbiota at bay to protect itself
(Salzman 2010), and enforces a useful species composition despite enormous
microbial loads and diversity (Hooper & Macpherson 2010, Ley et al. 2006,

Schluter & Foster 2012).
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1.3 Host-microbe interactions

Virtually every surface of the human body is home to its own complex com-
munity of microbes, collectively called the “microbiome”. High-throughput
sequencing data reveals mind-boggling facts: there are 100 trillion microbes
inhabiting the average human body - this is ten times more than there are
human cells - and the total number of microbial genes in the human micro-
biome exceeds the number of human genes by even larger magnitudes (Hooper
& Macpherson 2010, Ley et al. 2006). Skin (Grice et al. 2008), dental and
oesophageal (Pei et al. 2004), vaginal (Macklaim et al. 2011) and gut micro-
biota (Eckburg et al. 2005) all differ from each other (Reid et al. 2010), and
have species compositions distinct from those found in non-host environments
such as soil or sea water (Ley, Hamady, Lozupone, Turnbaugh, Ramey, Bircher,
Schlegel, Tucker, Schrenzel, Knight & Gordon 2008).

The gut stands out as the by far most populous microbial habitat in the hu-
man body. It dawns upon us that this microbial “world within a world” (Ley,
Lozupone, Hamady, Knight & Gordon 2008) in our bodies has profound effects
on human health and development. For example, it has been shown that obe-
sity (Béckhed et al. 2004, Turnbaugh et al. 2009, 2006), normal development
of the immune system (Mazmanian et al. 2005, Round & Mazmanian 2009),
inflammatory bowel diseases such as Crohn’s disease (Mazmanian et al. 2008,
Wehkamp et al. 2005), colorectal cancer (Hu et al. 2013, Tlaskalové-Hogenovéa
et al. 2011), neuronal development (Diaz Heijtz et al. 2011), and even neu-
ronal disorders such as autism (Hsiao et al. 2013) correlate with changes in gut

microbiota species composition. While often the reason for these correlations
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remains unclear, those studies highlight the importance of understanding our
microbial cohabitants.

What factors determine which species live in the gut? First, the type of food
consumed by the host has significant effects on the microbes living off those
nutrients (David et al. 2013, De Vadder et al. 2014, Faith et al. 2011, Muegge
et al. 2011). For example, herbivores and carnivores have been shown to form
separate clusters when analysing microbiota of various species (Ley, Lozupone,
Hamady, Knight & Gordon 2008). There is currently a hunt for a “core micro-
biome” of humans trying to identify a minimum set of microbes that will make
a functional microbiota. These studies have shown that a “core microbiome”
is in fact rather thought of as a set of metabolic capabilities of a microbiota
than specific species (which clearly contradicts the idea of a microbial organ).
Species compositions between individuals vary, but the sets of catabolic genes
in different human microbiota are very similar (Turnbaugh et al. 2009). The
gut environment appears to consist of a range of ecological niches that may be
occupied by slightly different species with similar niche specialisation. Such an
ecological perspective fits with data showing that sudden changes in diet can
alter microbiota compositions, presumably by widening or shrinking niches.
Accordingly, sudden diet changes tend to shift abundances of species from be-
fore and after the change rather than altering the identities of species present
(David et al. 2013). Importantly though, while the microbiota between healthy
humans may differ, the majority of species within an individual stays stable
even over years (Costello et al. 2009, Dethlefsen & Relman 2011, Faith et al.

2013, Vanhoutte et al. 2004).
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How is stability and identity of species in the gut maintained? Besides
food, the host actively influences species compositions in the gut. This is
mostly achieved by the epithelium, the first point of contact between the body
and the gut microbiota. Epithelial secretions comprise structural compounds
in form of mucus that functions as a physical barrier to separate host tissue
from microbial cells (Derrien et al. 2010, Johansson et al. 2008). Further, the
host secretes toxins and antibodies that can kill microbes but also, astonish-
ingly, releases nutrients from the epithelium (Hooper 2009, Macpherson 2000,
Macpherson et al. 2005, 2008, Macpherson & Uhr 2004, Petnicki-Ocwieja et al.
2009, Salzman et al. 2010, Wehkamp et al. 2004, 2005). Additionally, the mu-
cus itself may serve as nutrients for microbes (Derrien et al. 2010) and we
have shown how this feeding of the microbiota may be a powerful tool to select
helpful microbes (chapter 4, (Schluter & Foster 2012)). Understanding internal
microbiota dynamics and host control that together determine composition and
stability of the microbiota opens exciting research questions and the need for
novel theoretical explanations has been recognised (Foster et al. 2008, Gordon
& Klaenhammer 2011) and they are on the way (Bucci et al. 2012, Schluter &
Foster 2012, Stein et al. 2013).

To develop biologically relevant models of microbe-microbe and microbe—
host dynamics, we have to consider the spatial ecology of the gut. Genomic
data provides information about species identities but cannot inform on the
spatial organisation of cells. Spatial structure is pivotal when analysing social
traits as it affects the critical relatedness factor, r, in Hamilton’s rule (Frank

1994, Hamilton 1964, Korolev et al. 2011, Nadell et al. 2010). There are a few
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attempts at microscopic imaging of microbial communities in the gut (Bollinger
et al. 2007, Palestrant et al. 2004, Stecher et al. 2007). It appears though that
this is difficult and that there are no clear protocols on how to best preserve
the microbes in their natural state (Bollinger et al. 2007). However, those
microscopic studies show that microbes near the gut epithelium can occur in
biofilms. Life in biofilms imposes different evolutionary constraints on social
interactions between microbes compared with free-floating cells in well-mixed
environments (Nadell et al. 2009). It is clear then that understanding biofilms
is important to understand host-microbiota interactions as well as evolution of

sociality among microbes.

1.4 Biofilms - a common form of microbial life

Biofilms are “a collection of microorganisms and their associated extracellular
products at an interface and generally attached to a biological or abiological
substratum” and are thought to contain the majority of microbial life on earth
(Palmer & White 1997). Microbes attach to all kinds of surfaces - inorganic or
organic (Donlan 2002, O’Toole et al. 2000, Reid et al. 2010). Host-beneficial
microbes not only form biofilms in the gut but also, for example, on plant
roots in the soil (Beauregard et al. 2013, Palestrant et al. 2004, Vlamakis et al.
2013). Further, many pathogens live in biofilms on host tissues (Dapa et al.
2013, Stapper et al. 2004, Tamayo et al. 2010) or as contaminants on medical
implants (Costerton et al. 2005). Cells in a biofilm are held together and adhere
to surfaces with extracellular polymeric substances (EPS), which encompass

polysaccharides, proteins, and nucleic acids (Berk et al. 2012, Petrova & Sauer
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2012, Stoodley et al. 2002). EPS increases the rigidity of the biofilm and
protects it from toxins in the environment (Romero et al. 2010). This results
in much higher antibiotic resistance of cells in a biofilm compared with free-
swimming cells (Costerton et al. 2005), which poses an immediate threat to
human health as the resilience of biofilms makes them hard to eradicate (Mah &
O’Toole 2001). Given that a large proportion of microbial life and reproduction
takes place in biofilms, any trait that influences fitness here will be under strong
natural selection. Understanding biofilm evolution is therefore important for
our understanding of microbial life in general and to improve human health in
particular.

The standard model for biofilm formation distinguishes discrete stages. At
first, cells attach to a substratum in a reversible manner. This is followed
by one of at least three possible aggregation mechanisms: cells may move
over the surface and group up (O’Toole & Kolter 1998), they may recruit
further cells from the surrounding environment (Tolker-Nielsen et al. 2000)
or begin to divide and increase in number while adhering to the substratum
(Stoodley et al. 2002, Tolker-Nielsen et al. 2000). Once a biofilm has been firmly
established, the maturation of the biofilm follows during which cells grow and
replicate. This stage then will be especially important from an evolutionary
perspective, in particular when different genotypes compete within the biofilm.
My work, therefore, will be focusing on biofilm growth through division rather
than attachment of cells from the environment. Eventually, the life-cycle of a
biofilm concludes in dispersal and/or release of cells (Stoodley et al. 2002).

Because of their impact on human lives, biofilms have been studied ex-
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tensively both in the lab and with mathematical and computational models.
Biofilms in the lab are typically grown in flow chambers where a nutrient con-
taining medium flows over an inert substratum to which cells adhere. Typi-
cally, these studies include only one or at most few different genotypes while
real biofilms often contain multiple species (Hall-Stoodley et al. 2004, Mitri
et al. 2011, Nadell & Bassler 2011). Mathematical and computational models ,
on the other hand, are often only concerned with the physical mechanisms that
determine biofilm growth (Alpkvist et al. 2006, Klapper & Dockery 2010, Kreft
et al. 2001, Picioreanu et al. 2001, Ward et al. 2003, Xavier et al. 2005). The
importance of competition and cooperation among microbes, which is often
achieved through diffusible secretions, and the problem of having to consider
many different species at once has opened a new avenue for computational
models that explicitly resolve concentration gradients of such secretions and
allow simulation of many species in one biofilm to investigate microbial ecol-
ogy and evolution (Hense et al. 2007, Mitri et al. 2011, Nadell et al. 2010,
2008, Xavier & Foster 2007). I adopt this approach in my thesis and develop

individual-based computational models of biofilms.

1.5 Models of biofilms

Much of the theoretical work on the growth of a biofilm originates from en-
gineering problems due to their roles in bioremediation and in waste-water
treatment (Xavier et al. 2007). First models of microbial biofilms were created
using continuum models in one spatial dimension (Ward et al. 2003). These

models are limited as they do not capture spatial complexity in biofilms be-
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Individual based simulation of a biofilm Nutrient concentration

... Cells of three different genotypes High [ T Low

Figure 1.2: Individual-based simulation of a biofilm. Left: Cells of the red geno-
type dominate in the biofilm. Right: Nutrient gradients amplify small perturbations
in the growing front and lead to bottlenecks that only allow few cells to continue to
grow as other cells have no access to nutrients anymore (biomass silhouettes coloured
corresponding to genotype).

yond stratification (Beun et al. 2001). Extension of similar partial differential
equation models to higher dimension have subsequently provided insight into
what factors create the macroscopic structures seen in biofilms. This has iden-
tified nutrient gradients above a growing biofilm as a key factor for structural
development of the biofilm front (Nadell et al. 2010, Picioreanu et al. 2001).

These models demonstrate two key features of biofilm growth: First, spa-
tial structure in biofilms is likely to be a result of small perturbations amplified
through nutrient limitations which has been confirmed in experimental systems
(Korolev et al. 2011). Second, those structures mean that there is strong po-
tential for bottlenecks in growing biofilms — only a few cells will be fortunate
enough to form a cluster that continues to grow towards the nutrients (Figure
1.1, Mitri et al. 2011).

This highlights a key limitation of continuum models when investigating the
evolution of biofilms: To compete one strategy against another in an evolution-

ary game, we need to know who it is that makes it through the bottleneck and
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succeeds. Due to their nature, continuum models do not easily allow tracking
of an individual cell’s fate. An important solution for this was the development
of combinations of continuum with discrete models. Such individual-based hy-
brid models allow realistic simulations of microbial biofilm growth (Alpkvist
et al. 2006, Kreft et al. 2001, Picioreanu et al. 1998, Xavier et al. 2007, 2005),
but also can be used for the investigation of evolution in microbial communi-
ties (Mitri et al. 2011, Nadell et al. 2010, 2008, Xavier & Foster 2007). Here
I adopt this approach and extend a software framework developed over the
past 15 years (Kreft et al. 2001, Picioreanu et al. 1998, Xavier & Foster 2007,
Xavier et al. 2005). Individual cells are defined explicitly and we can therefore
now follow the “fate” of a single cell. This means that we calculate fitness of
different cell types by tracing how many offspring each cell in a given simula-
tion generates. By assigning different abilities (“genotypes”) to the cells, we
can compete different strategies against each other. For example, we can mimic
the occurrence of a rare mutant in a group of cells and estimate its evolutionary
success, or simulate multi-species biofilms which are difficult to investigate in
experimental systems. In this thesis, I focus on simulations of biofilms where
multiple genotypes mix. I develop a model that implements a host-microbiota
system such as the gut and use it to investigate constraints for the evolution

of microbial traits and host-microbiota interactions.

1.6 Thesis outline

In particular, I simulate competition and cooperation between microbes as well

as how a host may exert control over its microbiota. Specifically:
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e Chapter 2: Microbial communication via diffusible signalling molecules
is called quorum sensing and regulates public good secretion in many
microbes. It is unclear how this conveys a competitive advantage for
microbes that compete with non-secretors or constitutive secretors in the
setting of a biofilm. I present a possible mechanism that allows a quorum-
sensing genotype to outcompete both, a constitutive secretor strain and a
non-cooperating cheater strain and infer kinship from signalling molecule

concentration.

e Chapter 3: A key feature of all biofilms is adhesion to surfaces and of
cells to each other. While the ability to adhere is recognised as a key
characteristic of cells in biofilms, the competitive effects of differences in
adhesive properties between different genotypes within biofilms has not
been investigated. I am simulating biofilms both on inert and on nutrient-
rich host surfaces and show that on the latter, an increased ability to
adhere can convey a strong competitive advantage making it a likely
trait by which host-associated microbes can compete with each other.
My predictions have been successfully tested in experiments conducted
by researchers at Princeton and the results of those experiments are also

included in chapter 3.

e Chapter 4: The host-microbiota relationship is assumed to be mutual-
istic. How this mutualism is maintained, however, is controversial. I
show that the host needs to actively choose its partner microbes to main-

tain a “helpful” microbiota that competes with potentially faster growing
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detrimental species. I create a model of the gut and simulate compet-
ing microbes that live in the mucus layer on the interface between the
host epithelium and the gut lumen. I show how the architecture of this
environment amplifies selective effects of epithelial secretions and hypoth-
esise that nutrient secretion from the epithelium into the microbiota is

particularly powerful at selecting helpful over non-helpful microbes.

e Chapter 5: The previous chapter presented a mechanism of host-selection
in epithelium associated communities. How strongly this selection will
translate into a host’s ability to control the entire microbiota is unclear.
I therefore develop an ecological network model of many microbial species
and ask how the highly complex microbial community in a healthy hu-
man gut can remain so remarkably stable. It again emerges that feeding
of microbes by the host epithelium may be a powerful tool to stabilise

otherwise potentially fragile microbial communities.



The Evolution of Quorum Sensing as a
Mechanism to Infer Kinship

2.1 Abstract

Bacteria regulate a large number of phenotypes via quorum sensing systems.
Explanations for the function of quorum sensing focus upon cell density and
concentration dependent benefits of the regulated traits. However, many evolu-
tionary studies of quorum sensing focus on a separate issue: how does evolved
quorum sensing remain stable in the face of cheater mutants? Here we com-
bine these two perspectives using an individual-based model that captures the
natural population structuring that occurs within dense bacterial communi-
ties. We first recapitulate the key argument for the origin of quorum sensing;:
quorum sensing allows effective use of products that are only useful at high
concentrations. We then demonstrate the classical problem of competition and

cheating for traits like quorum sensing. Finally, we show that combining these

19
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two perspectives reveals a strong and evolutionarily stable benefit for quorum
sensing in dense microbial communities like biofilms. In crowded environments,
initially mixed groups of microbes tend to spatially segregate into patches of
single genotypes. This leads to a benefit of quorum-sensing that is not directly
linked to the inference of cell density. A quorum sensing cell that lands and
is surrounded by competing genotypes will grow as fast as non-secretors and
only activate costly secretions once safely surrounded by its own genotype. Our
results suggest that quorum sensing can evolve because of the ability to infer

the absence of competitors.

2.2 Introduction

Quorum sensing is used by microbes to regulate a large number of pheno-
types. During growth, cells secrete autoinducers, which are small, diffusible
compounds that accumulate in the environment. High autoinducer concentra-
tion around cells induces expression of many metabolically costly secretions
(Bassler 2002, Bassler & Losick 2006, Cornforth & Foster 2013, Diggle, Griffin,
Campbell & West 2007, Fuqua et al. 1994, Mitri & Foster 2013).The canonical
explanation for the function of quorum sensing is that autoinducer concentra-
tions can be used as a proxy for local cell density. Estimating the density
of cells in a given environment allows microbes to tune the onset of the ex-
pression of secreted traits, such as digestive enzymes, so that they are only
expressed when there are enough cells to make them useful (Diggle, Griffin,
Campbell & West 2007, Fuqua et al. 1994). A proposed alternative explana-

tion for quorum sensing is “diffusion sensing”, whereby the signalling molecules
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are used to probe the mass transfer properties of the environment, such as dif-
fusion rates, before investing in more costly secreted products that may quickly
diffuse away (Redfield 2002). From the perspective of a cell perceiving autoin-
ducer concentrations, these two measures are indistinguishable (Hense et al.
2007). Accordingly, a more recent proposal has been to view the mechanism
of quorum sensing as “efficiency sensing”, whereby a population of cells uses
quorum sensing to avoid the secretion of products that will go to waste, either
because too few cells are present, or because the products will diffuse away
before they can be used (Hense et al. 2007).

The above discussions then focus on why cells benefit from regulating ben-
eficial secretions in a density or concentration-dependent manner. Specifically
they ask: why do quorum sensing strains perform better than strains that pro-
duce beneficial secretions all of the time? Other studies focus more upon a
different question: why do quorum sensing strains perform better than cells
that do not make beneficial secretions, often known as “cheater” genotypes
(Brown 1999, Cornforth et al. 2012, Diggle, Griffin, Campbell & West 2007,
Popat et al. 2012, Sandoz et al. 2007)? For example, in mixed liquid cultures,
Pseudomonas aeruginosa cells with a defective lasR gene preventing them from
responding to quorum sensing signals can outcompete cooperating wild-type
cells (Popat et al. 2012). This is because the mutants have a higher growth
rate since they do not produce the costly secretions, but can benefit from the
secretions of wild-type cells. Quorum sensing then has the potential to be evo-
lutionarily unstable in mixed genotype cultures and needs population structure

that keeps different genotypes apart from one another (Brown 1999, Brown &
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Johnstone 2001, Cornforth et al. 2012, Diggle, Griffin, Campbell & West 2007,
Rumbaugh et al. 2012, Wilson 1975)

Microbes commonly live in highly diverse and dense communities where
many different genotypes meet and compete (Cornforth & Foster 2013, Gans
et al. 2005, Lozupone & Knight 2007, Roesch et al. 2007, Sekirov et al. 2010).
What then maintains quorum sensing? One explanation is the spontaneous
formation of clonal patches within microbial communities by cell division (also
see (Dandekar et al. 2012)). As cells divide and grow in dense and nutrient-
limited conditions, bottlenecks occur that cause genotypes to segregate into
large clonal patches. Theoretical work suggested that this patch formation in
microbial colonies can stabilise the use of beneficial secretions (Nadell et al.
2010), which has recently been verified experimentally (Datta et al. 2013, Van
Dyken et al. 2013).

Here we investigate the costs and benefits of quorum sensing in diverse and
dense microbial communities. We use a realistic individual-based model of mi-
crobes that captures key features of the natural ecology of microbial groups
(Nadell et al. 2010). We first recapitulate the most cited benefit of quorum
sensing in single genotype groups: it allows cells to respond to cell density and
diffusive conditions. We then consider what happens when quorum sensing cells
are surrounded by competing genotypes. These competitors can both be cells
that constitutively produce beneficial secretions (cooperators) or non-producers
that have the potential to act as cheater genotypes. This analysis shows how
quorum sensing can evolve in dense and diverse microbial communities. How-

ever, this occurs via a benefit that is not associated with the inference of cell
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density or diffusion. In competitive environments containing many different

genotypes, quorum sensing can infer when a cell is surrounded by clonemates.

2.3 Results and Discussion

Quorum sensing increases performance in clonal groups.

According to the canonical view, quorum sensing allows cells to initiate the pro-
duction of beneficial secretions only once other secretors are frequent enough
for the group to benefit. We first test the prediction that this will allow quo-
rum sensing cells (Q) to have an advantage over both constitutive secretors
(C) and non-secretors (N). Starting from a single cell in a well-mixed, “liquid”
environment (Materials and Methods), N cells grow and divide, such that the
biomass of the population increases exponentially over the course of the simu-
lation (Figure 2.1, green line). C cells, on the other hand, initially grow slower
than N because a fraction of their growth is redirected into the secretion of a
factor that helps all cells around them to grow. For example, this could be a
protease that breaks down proteins into amino acids or peptide for import into
the cell (Cicmanec & Holder 1979, Sandoz et al. 2007). After an initial phase of
slow growth, C cells then experience a burst in growth once the concentration
of the secreted factor is high enough to have an effect (Figure 2.1 A, blue line,
Figure 2.1 C). The idea of this strongly density dependent benefit to secretions
is consistent with experimental evidence (Darch et al. 2012, Koschwanez et al.
2011) and is in accordance with previous models (Brown & Johnstone 2001,
Mitri et al. 2011, Nadell et al. 2010).

Q cells outcompete both N and C. In our model, quorum sensing cells se-
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Figure 2.1: Canonical QS. A) Growth of biomass over time in simulations of
well-mixed cultures of a constitutively public good secreting genotype (C, blue),
a quorum-sensing genotype that only begins secreting public goods after a threshold
concentration of the autoinducer has been reached (Q, red) and a control strain that
does not produce any public goods (N, green). The arrows on the time axis indicate
the onset of public good secretion by the two secretor genotypes, circles indicate the
first time point at which the public good has reached above-threshold concentration
in the simulation and cells begin to benefit from the public good. B) Relative fit-
ness of C and Q (Material and Methods) compared with competitors of genotype
N when growing alone (filled circles) or in direct competition in well-mixed culture
(open squares). Secretion (C and Q) is only favoured over non secretion when strains
grow alone. C) Comparison of biomass growth for the three genotypes in spatially
structured clonal colonies. Time axis labels as in A). On the right: snapshots of the
simulated colonies at t = 7 h.

crete a non-costly diffusible autoinducer, sense its concentration and only begin
to produce the costly public good once a threshold concentration of the autoin-
ducer is perceived. Quorum sensing cells grow identically to the N cells initially,
and only start to produce public goods once they reach quorum, at which point
the public good quickly accumulates to the threshold concentration such that

all cells benefit (Figure 2.1 A, C, solid red lines). These results confirm that
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our simulations capture the canonical paradigm of quorum sensing, in which
Q cells can prevent wasteful secretion of public goods and maximise the effi-
ciency of public good secretion. We assume that the cells constantly secrete
the autoinducer and do not consider positive feedback in its production, which
can sometimes occur (Wang & Ding 2001, Williams et al. 2007). Introducing
positive feedback would allow an increased potential to tune and optimise the
timing of the quorum sensing response. Our predictions on the evolution of
quorum sensing, therefore, are conservative in the sense that adding in addi-

tional complexity should only improve the scope for quorum sensing to evolve.

The problem of cheating for the evolution of quorum sens-
ing

Our first model assumes that the different genotypes live alone in clonal commu-
nities with no direct interactions between genotypes. This assumption favours
strains with the maximum yield of biomass: the more cells a colony can gen-
erate, the higher the probability that its offspring will colonise new patches.
While distinct clonal patches may well capture the biology of some micro-
bial species, the extreme levels of diversity found in nature (Gans et al. 2005,
Lozupone & Knight 2007, Lozupone, Faust, Raes, Faith, Frank, Zaneveld, Gor-
don & Knight 2012, Roesch et al. 2007) suggest that strains may often be
surrounded by other genotypes. Implementing such competition in the model
recapitulates previous experimental results (Dandekar et al. 2012, Diggle, Grif-
fin, Campbell & West 2007) and confirms theoretical work (Brown & Johnstone
2001, Hense et al. 2007) showing how quorum sensing can be evolutionarily un-

stable in genetically diverse and well-mixed environments. Specifically, we next
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initialise the system with two cells that use secretions, one cell of either the C or
Q genotype together with a non-secretor cell (N), in a well-mixed environment,
equivalent to growth in liquid. While both C and ) outcompete non-secretors
in the clonal groups (Figure 2.1 A), direct competition results in cells from
all genotypes benefiting from the public good while non-secretors do not incur
the costs of its secretion. They therefore outcompete both secretor genotypes
(Figure 2.1 B). As predicted by previous theoretical and experimental models
(Brown & Johnstone 2001, Dandekar et al. 2012, Diggle, Griffin, Campbell &
West 2007, Hense et al. 2007, Nadell et al. 2013, Rumbaugh et al. 2012), then,
our simulations demonstrate how secretors can be exploited by non-secretors

in well-mixed groups and our model is an example of a public goods dilemma.

Constitutive secretors lose when surrounded by compet-
ing genotypes

While direct competition in liquid favours non-secretors, theoretical and ex-
perimental work shows that secretor genotypes can outcompete non-secretor
genotypes in direct competition in a spatially structured environment. We
begin therefore by mapping out the effects of spatial structure on direct com-
petitions between secretors and non-secretors (Nadell et al. 2010), before then
considering how quorum sensing genotypes will fare under the same conditions
(Figure 2.2). Previous work has shown that when nutrients are limiting, se-
cretors can sometimes outcompete non-secretors in direct competition (Nadell
et al. 2010). The reasons is that low nutrient levels lead to population bottle-
necks and the emergence of large patches of a single genotype, which prevents

N strains from using the secretions of C strains (Figure 2.2) (Datta et al. 2013,
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Nadell et al. 2010, Van Dyken et al. 2013). In social evolution terminology, the
population bottlenecks drive an increase in genetic relatedness — the probability
that two individuals are more genetically similar than the population average
— one of the major predictors of the evolution of cooperation (Hamilton 1964,
Nadell et al. 2010).

However, secretors do not always succeed against non-secretors in this way.
In particular, whenever strains start to grow surrounded by cells of competing
genotypes (low genetic relatedness, (Mitri et al. 2011, Nadell et al. 2010)), it is
more difficult for constitutive secretion to first evolve (Figure 2.2 A, 1:4 com-
petitions). Why does a rare constitutive secretor fare badly when surrounded
by non-secretors? The reason is that constitutive secretors grow slowly at first
when they are at low numbers and are not yet producing enough secretions to
benefit. The result is that faster growing non-secretors can overgrow them and
prevent secretors from capitalising on the benefits of cooperation. Importantly,
this represents a condition of nutrient limitation and high diversity that may
often occur in natural microbial communities (Cornforth & Foster 2013, Hib-
bing & Fuqua 2009, Lozupone & Knight 2007, Mitri et al. 2011, Roesch et al.
2007). Indeed, these conditions may occur whenever a focal genotype lands in

an environment that has already been populated by other genotypes.
Quorum sensing evolves under strong competition

Our initial analysis shows that when the social environment is highly com-
petitive - nutrients are limiting and there are many genotypes - constitutive

secretion can be a disadvantageous strategy. However, if secretors do manage
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Figure 2.2: Constitutive secretors lose when surrounded by non-secretor
cells. A) Relative fitness of a constitutive secretor genotype (C) in competition with
non-secretor genotypes (N). Constitutive secretors can outcompete non-secretors
when competing with few other genotypes and cells. At high evolutionary com-
petition where many non-secretor genotypes compete with the secretor genotype
(1:4), constitutive secretors will be out-competed by non-secretors. The black line
connects mean relative fitness values (Materials and Methods). B) Constitutive se-
cretion can evolve (relative fitness > 0) when genotypes segregate from each other.
This occurs when nutrients are limited (strong ecological competition). Here, 400
cells of genotype C were competed with 400 cells of N and nutrient concentrations
were varied. Inset: The segregation index at the end of simulations in pure colonies
of N decreases with nutrient concentrations and the colony remains more mixed.
Non-secretors were used for this analysis as the positive feedback of successful public
good cooperation will also increase the segregation index (Materials and Methods).

to get through the initial bottlenecks that characterise competitive environ-
ments, the use of secretions can give them a strong fitness advantage. From
this result, we hypothesised that quorum sensing could be a key strategy under
competitive conditions to delay secretion until after clonal clusters had formed.
To test this hypothesis, we competed Q strains, in addition to C, in pairwise
competitions against the non-secretor N strain. Again, our scenario is where
the population comprises N strains and we ask: what is the fitness of a rare
mutant strains that either has the Q or C phenotype? We again consider the

fitness of the focal rare mutant in biofilms comprised of 2, 3 or 5 founder strains
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(1:1, 1:2, and 1:4) to study the effect of increasing evolutionary competition.
We consider a range of quorum sensing strains (Q1 to Q4) that all produce
autoinducers at the same, constant rate, but are induced to produce public
goods at different, increasing, threshold concentrations of the autoinducer.
When secretors (C or Q1-4) were seeded at a 1:1 proportion (low evolution-
ary competition), all five strains outcompete the N strain in each of the 100
simulations, with C achieving the highest mean relative fitness, although se-
cretors do not differ much in their relative fitness (Figure 2.3 A). This changes
when we consider strong evolutionary competition with a low initial proportion
of secretors. Importantly, () strains succeed against competing non-secretors
where constitutive secretors fail. Quorum sensing then enables cooperation in
highly competitive environments where non-secretors would otherwise domi-
nate. What is the cause of the advantage to QQ strains under these conditions?
As hypothesised, quorum sensing allows a newly colonising strain to compete
against non-secretors and establish itself prior to activating energetically costly
secretions. The critical benefit to quorum sensing then comes from the fact that
expressing a costly secretion early means that a strain will be rapidly overgrown

by faster growing genotypes.
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Figure 2.3: Quorum Sensing is beneficial in competitive environments. A)
Relative fitness of different genotypes (C: constitutive, Q1-Q4: quorum sensing se-
cretors with increasing quorum sensing thresholds, see Table S1, N: non-secretor
control) in competition with non-secretor genotypes. Higher genotypic diversity is
reflected in lower initial proportions of the secretor genotype, results of 100 indepen-
dent simulations each. B) Direct competition between C, Q4 and N. 80 cell of C and
Q4 respectively, and 640 cells of N were seeded. Relative fitness for Q4 and C was
calculated by considering their fitness against the average competitor fitness (N4+Q4
and N+C respectively, see Methods), 100 independent simulations. C) Snapshots of
an individual simulation where Q4 succeeds.
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The benefit to quorum sensing is illustrated in Figure 2.4. Here, Q1 and
Q4 compete against N. Q1 turns on public good production at a 4 times lower
autoinducer concentration than Q4 and Q4 therefore delays costly secretion
further (see Table S1). In competition with the N genotype, Q1 gets buried
while with the exact same simulation setup, Q4 can escape this and form clonal
towers (Figure 2.4 D). The reason is that Q4 only initiates public good secretion
when cells are surrounded by clonemates. Under these conditions then, autoin-
ducer concentration is tracking the shift from competitive, genetically-mixed
conditions to conditions where cells are surrounded by clonemates. Quanti-
tatively, this can be seen from the fact that Q4 starts secretion at a higher
“segregation index”, which measures the extent to which cells are surrounded
by their own genotype (Figure 2.4 C, Materials and Methods (Mitri et al. 2011,
Nadell et al. 2010)). In other words, the cells are tracking a change in local
genetic relatedness, from low relatedness to sufficiently high relatedness under
which cooperation becomes favourable. Our model shows how a rare quorum
sensing strain can succeed in a population of non-secretors, and so quorum sens-
ing is predicted to evolve under these conditions. However, once common, how
robust is quorum sensing to potential exploitation by rare non-secretors? In the
supplement we ask how a rare non-secretor genotype fares in local competition
with Q (Figure S2.1), which shows quorum sensing strains also outcompete
non-secretors when the latter are rare.

Overall, our results show how quorum sensing can be a more robust strategy
than constitutive secretion in competitive environments. Specifically, quorum

sensing strains can out-compete non-secretors where constitutive secretors will
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Figure 2.4: Autoinducer concentration tracks the shift from genetically-
mixed to clonal groups. A) Snapshots of simulation show that Q1 (red) cannot
outcompete non-secretors (green) in local competition, whereas in B) Q4 (red) out-
competes non-secretors (green). C) Right y-axis: Biomass of non-secretors (N) and
secretor genotypes Q1 and Q4 respectively. Left y-axis: peak concentration of pub-
lic good in the colony over time.Q1 initiates public good production early while Q4
delays secretion for longer due to its higher autoinducer threshold (Table S1). D)
Segregation index in the two simulations over time. Q4 initiates public good produc-
tion at a higher segregation index than Q1 and, therefore, when safely surrounded
by clonemates with little risk of being overgrown by competitors due to investing in
costly secretion.

not. But what about direct competition between a quorum sensing and a
constitutive secretor strain? In general, these two genotypes perform similarly
in direct competitions although quorum sensing strains do maintain a slight
advantage (Figure S2.2). This is again because Q cells grow faster initially
and compete well for bottlenecks and, after establishing a clonal group, Q can
benefit from its public good secretion. This initial edge leads to the success of
Q over C, which is robust to reciprocal competition where a rare genotype C

competes with frequent cells of genotype Q. The dominance of quorum sensing
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can also be seen in a competition involving all three main genotypes C, Q and

D (Figure 2.3 B,C).
Invasion analyses

Across a range of competitive environments then, we find that quorum sens-
ing strains will perform better against non-secretors than constitutive secretor
strains, while the reverse is not seen. This conclusion also holds if we imple-
ment a simple meta-population model where cells in different biofilms disperse
and compete globally (Figures 2.5, S3). We examine this model because our
analysis so far has only asked which strain wins in direct competitions within
a particular biofilm (local competition). However, if some biofilms in a popu-
lation are particularly productive and make a lot of dispersing cells, this can
affect evolutionary predictions by generating a global competition effect. In-
deed, a classic result in social evolution is that cooperation can be disfavoured
locally, but still favoured globally when groups containing cooperator genotypes
are much more productive than those that do not contain cooperators (Chuang
et al. 2009, Wilson 1975). We therefore examined the influence of global com-
petition in a simple invasion analysis. This asks, for each pair of competing
genotypes, whether a rare mutant genotype has a higher fitness than a common
resident genotype in a metapopulation composed of many communities (Ma-
terials and Methods). Importantly, the inclusion of a global competition effect
does not affect our conclusions because any differences between groups in their

productivity are not great enough to overcome the effects of local competition

(Figures 2.5, S3).
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Figure 2.5: Pairwise invasiveness analysis. A) Summary of all pairwise invasion
analyses under high evolutionary competition (initial frequency of invading strains
0.2). Here, arrows denote the direction of invasion with the rare strain at the origin of
the arrow. Le., + next to the arrow from quorum sensing genotypes (Q, blue arrows)
to N denotes that Q can invade a metapopulation of non-secretors (N). On the
other hand, constitutive secretors cannot invade non-secretors (C, red arrows). Both
secretor genotypes, however, resist reciprocal invasion by a rare non-secretor (green
arrows), see also Figure S2.3. Further, Q resists invasion by C but can itself invade C.
The data from the perspective of Q is shown in B). Mean invasiveness values of 100
(200 for Q — C) independent simulations that are > 1 indicate successful invasion
of a metapopulation by the rare strain (sign tests for difference of the median from
1,*:p<0.05 : p < 0.01;*p < 0.0001). We verified that the mean of the invasion
Q — C whose median least significantly different from 1 converges to a value > 1
and that, therefore, Q can invade C (Figure S2.3).

The evolutionary benefit of quorum sensing comes from
kin inference

In our model, only quorum sensing cells respond to the autoinducers. Im-
portantly, we also assumed that only the quorum sensing strains produce the
autoinducer. This scenario will occur whenever quorum sensing strains differ
from competing strains at both the loci for induction and response. And, at
least when rare, this is equivalent to Q strains using an autoinducer that only
they produce and respond to. The use of a genotype specific signal raises the
possibility that a focal genotype can detect the number of clonemate cells in the

face of high variability in genetic mixing (a form of kin discrimination (Grafen
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1990)). However, such kin discrimination is not needed for the evolutionary
benefits to quorum sensing that we observe. In some situations, all genotypes
may produce autoinducers even if they do not all respond to them, such as
when autoinducers are linked to common metabolic waste products (Hibbing
& Fuqua 2009, Taga & Bassler 2003). We therefore also consider a system
where all competing genotypes make the autoinducer. Under these conditions,
Q cells maintain their advantage against non-secretor strains, albeit at different
(higher) autoinducer thresholds (Figure S2.4).

While a genotype-specific signal is likely to be more robust to variability in
strain mixing, therefore, it is not needed for the evolutionary benefits to quo-
rum sensing that we observe. Even if the change in autoinducer concentration
reflects total cell density, a ) strain can still use autoinducer concentration to
infer genetic similarity. We consider the indirect inference of kinship via au-
toinducers key to our arguments, therefore, as opposed to strict kin detection
and discrimination. This inference is possible because cell density correlates
with the genetic similarity of neighbouring cells due to the changing spatial

structure of the colony (Figure 2.4).

2.4 Conclusions

Two key issues have been identified as central to the evolution of quorum
sensing. The first is a benefit over constitutive secretion. This is typically
thought to come from the ability to infer cell density and perhaps diffusion
rates. The second issue is that quorum sensing cells must resist competition

from non-secreting cheater mutants. Here we show that, under conditions of
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strong competition, these two issues combine to provide a benefit to quorum
sensing that is not linked to the assessment of cell density — with nutrient lim-
itation and high numbers of competing genotypes, the key benefit to quorum
sensing comes from the ability to delay public good secretion and grow quickly
when first in a new environment. This allows quorum sensing cells to outgrow
constitutive secretors and keep up with fast growing non-secretors until clonal
patches have formed in a microbial group. The relative importance of this
predicted effect will, of course, depend on how often microbes find themselves
in these highly competitive environments. Where species grow as isolated mi-
crocolonies, the benefits of quorum sensing are likely linked to the inference
of cell density and diffusion (Brown 1999, Hense et al. 2007). However, there
is a growing recognition of the importance of competition for understanding
microbial phenotypes (Cornforth & Foster 2013, Hibbing & Fuqua 2009, Mitri
& Foster 2013). A focal microbial genotype may often land in an environment
where other genotypes are already present. Our model suggests that quorum
sensing can be particularly advantageous under these conditions. When sur-
rounded by foreign genotypes, a quorum sensing strain can grow as fast as
non-secretors and only activate secretions once it is safely surrounded by its

own genotype.

2.5 Materials and Methods

We are extending an individual based simulation framework developed and
tested over the last 15 years (Kreft et al. 2001, Picioreanu et al. 1998, Xavier

& Foster 2007, Xavier et al. 2005). Cells are modelled individually and diffusion
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and reaction of chemical species are calculated by solving the reaction-diffusion
equations. Briefly, cells take up and secrete chemical species, grow and divide
once a certain threshold size is reached. Growth and division leads to overlap-
ping cells. This overlap is relaxed by moving cells individually which leads to
an expansion of the biofilm. There is no active movement and this relaxation
mechanism is the only way cells can change their positions. Further, the sub-
stratum on which cells grow is impenetrable and cells cannot move into this
area. We assume that reaction and diffusion of solutes happen on a much faster
time scale than cell growth, division and biofilm expansion. The solute concen-
trations are, therefore, the steady state concentrations of the reaction-diffusion
system for any particular biofilm conformation as in previous models (Xavier
& Foster 2007, Xavier et al. 2005). The framework is written in the Java pro-
gramming language and the reaction-diffusion system is solved numerically to
steady state with the relaxation method. For ”well-mixed” simulations, cell
positions were shuffled after each iteration and secretions such as autoinducer
and extracellular secreted products were allowed to accumulate in the system
by imposing dynamically changing boundary condition.

Here we adopt the same basic conventions and parameters as used in pre-
vious work on the evolution of public good secretion in biofilms (Mitri et al.
2011, Nadell et al. 2010). We extended them to include quorum sensing species.
The biofilm is represented in 2D. Cells grow on top of a hard, smooth surface
that does not absorb or release any solutes. Above the biofilm, a diffusion layer
separates cells from a region with constant nutrient concentrations (0.125 g/L,

if not otherwise stated) and we impose periodic boundary conditions on the



2.5 Materials and Methods 38

sides of the simulation area.

Our simulations include three types of cells: non-secretors (N), constitutive
secretors (C) and quorum sensors (Q). C have exactly the same properties as
N except that they divert a constant fraction of the nutrient uptake to the
secretion of public good (here 20%). When the local public good concentration
exceeds a threshold, the yield (i.e. cell growth per nutrient invested) increases
by a a factor of 3. This increase is the same for all three species, i.e. all species
can benefit from the public good. Q are identical to C with the difference that
they constantly secrete costless auto-inducer molecules and only spend energy
on public good production if the local auto-inducer concentration exceeds a
certain threshold. This threshold varies for different types of QQ strains. The
exact rates and stoichiometry of all these processes can be found in Table S1.
The description and numeric value of all parameters are shown in Table S2.

In each simulation a chosen number of cells of each species were seeded at
random positions on the bottom surface. The cells were then allowed to grow
as described above. The simulation was terminated once a fixed amount of
nutrients had been absorbed by the biofilm and the final biomass was recorded
for each species.

Calculating fitness. We define fitness of each genotype (for example, x
and y) as the mean number of rounds of cell division per unit time that cells
of a focal phenotype achieve during the interval between initial seeding at tg

and t,nd when a maximum amount of nutrients were consumed. Fitness w,
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therefore, is calculated as

1 N,y
. = l Zylend , 21
v tend 092 Nx,O ( )

where N, ; is the number of cells of phenotype z present within the cell group at
time t. The relative fitness of a phenotype x in local competition with another
phenotype y is defined as: logw(g—z) and, therefore, competition is successful
when w > 0. The mean was taken over 100 such simulations and we show
convergence of the results in the supplement.

Invasion Analysis. A simple meta-population analysis was conducted fol-
lowing the same approach as in (Nadell et al. 2010). This determines whether
a rare mutant genotype would succeed in a metapopulation of cell groups with
reoccurring dispersal and colonisation events. We assume a very large num-
ber of cell groups where the great majority of groups are of a single dominant
genotype and only a small minority will contain the mutant. Under these con-
ditions, a genotype z (rare mutant) can invade a meta- population of genotype
y (majority resident) if the fitness of x in local competition with y is greater
than the average fitness of the whole metapopulation, denoted (w,). For each
invasion analysis, w, was computed in 100 replicates of the simulations (with
varying inoculation frequencies of the two genotypes and a total of 800 cells
initially, see relevant figures). Because the great majority of cell groups in the
meta population consist purely of the majority genotype y, (w,) is approxi-
mately the mean fitness of the majority strain, y, when growing on its own.

To calculate (w,), the mean of w, over 100 simulations is computed, where

the cells of strain z inoculated initially are replaced with y cells and a mono-
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culture of the majority genotype is simulated. The invasion index I,_,, of a
rare mutant x into a metapopulation with majority strain y was calculated for

each of the 100 replicates as

Wy,

I, = ——.
B <wy>

Under the assumptions of our model, we conclude that x can invade a metapop-
ulation of y when I,,, > 1.

Statistical Analysis. Simulation results are from 100 independent repli-
cates. Fitness data is non-normal and often bimodal distributed where the
bimodality differs between simulations with different initial frequencies and/or
initial cell densities meaning it is difficult to apply standard statistics. In
some figures we show box plots and test the median fitness value with non-
parametric sign tests. This is only an indicator as from an evolutionary per-
spective, the mean relative fitness is the determining parameter of evolutionary
success. Therefore, we further conducted convergence analyses that show how
the mean fitness converges after about 100 simulations (Figure S2.3).

Segregation Index. The segregation index used here is identical to that
used in previous work (Mitri et al. 2011). To measure segregation in a popu-
lation of M cells, we consider each cell ¢;, ¢ = 1... M in the population and
identify all other individuals within a distance of 10um. The N cells in this
neighbourhood are indexed by ¢;, with j = 1... N. We define a phenotypic

identity function, p(¢;):

0, ¢; is not the same phenotype as ¢;
ple) = { ’ (2.2)

1, ¢; is the same phenotype as ¢;
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Segregation with respect to a focal cell, s(¢;), was calculated as the mean
product of the p and m functions for every cell in its neighbourhood:
| N
s(e) = 5 S ple) (23)
j=1
Finally, we define the segregation index o for the entire cell group as the mean
value of s(¢;) across the population of cells:
23 s(e) (2.4
o=— s(e; .
M5
The segregation index measures the degree to which co-localised cells are clon-

ally related to each other.



Adhesion as a weapon in microbial
competition

3.1 Abstract

Microbes attach to surfaces and form dense communities known as biofilms,
which are central to how microbes live and influence humans. The key defining
feature of biofilms is adhesion, whereby cells attach to one another and to
surfaces, via attachment factors and extracellular polymers. While adhesion is
known to be important for the initial stages of biofilm formation, its function
within biofilm communities has not been studied. Here we utilise an individual-
based model of microbial groups to study the evolution of adhesion. While
adhering to a surface can enable cells to remain in a biofilm, consideration of
within-biofilm competition reveals a potential cost to adhesion: immobility.
Highly adhesive cells that are resistant to movement risk being buried and

starved at the base of the biofilm. However, we find that when growth occurs

42
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at the base of a biofilm, adhesion allows cells to capture substratum territory
and force less adhesive, competing cells out of the system. This process may
be particularly important when cells grow on a host epithelial surface. We
test the predictions of our model using the enteric pathogen Vibrio cholerae,
which produces an extracellular matrix important for biofilm formation. Flow
cell experiments indicate that matrix-secreting cells are highly adhesive and
form expanding clusters that remove non-secreting cells from the population, as
predicted by our simulations. Our study shows how simple physical properties,
such as adhesion, can be critical to understanding evolution and competition

within microbial communities.

3.2 Introduction

Microbes secrete a range of products that aid in adhesion to surfaces and
to other cells (Hall-Stoodley et al. 2004, Petrova & Sauer 2012, Sauer et al.
2002), but even within a single species, microbes vary widely in their ten-
dency to adhere (Carter et al. 2011, Crociani et al. 1995, Dranginis et al.
2007, Halme et al. 2004, Macklaim et al. 2011, Smukalla et al. 2008, Suther-
land 2001, Tojo et al. 1988, Vidal et al. 1998). Adhesion is critical for the
formation of surface-attached communities known as biofilms, in which many
species of microbes, particularly bacteria, reside (Hall-Stoodley et al. 2004).
In the standard model for biofilm formation, swimming or settling cells en-
counter surfaces and first attach reversibly, such that they can rapidly disperse
if conditions are not favourable (O’Toole et al. 2000). When conditions are

suitable, cells strengthen their attachment and divide to form a growing pop-



3.2 Introduction 44

ulation on the surface (O’Toole et al. 2000). Attachment is facilitated by a
range of secreted products, including polysaccharides, proteins, nucleic acids,
and amyloids (Absalon et al. 2011, Garcia et al. 2011, Linke et al. 2006, Ma
et al. 2006, Romero et al. 2010, Shahid, Bardiaux, Franks, Krabben, Habeck,
van Rossum & Linke 2012, Shahid, Markovic, Linke & van Rossum 2012, Tim-
merman et al. 1991, Veenstra et al. 1996). Microbes in biofilms adhere to
each other in addition to surfaces (Conrady et al. 2012, Heilmann et al. 1996),
suggesting a second possible function of adhesion: preferential attachment to
cells of the same genotype, which can facilitate green-beard type cooperative
interactions (Queller et al. 2003, Smukalla et al. 2008). Specifically, attach-
ing to cells of the identical genotype allows groups to better exploit secondary
phenotypes that improve final growth yield at an immediate cost to individual
growth rate. An example is the secretion of enzymes that digest large nutri-
ent sources that cannot be directly imported into cells (Drescher et al. 2013,
West et al. 2007). If such secreting cells do not attach to their own kind, they
can be exposed to genotypes that make use of the secreted products but do
not themselves contribute to their production. These “cheater” genotypes can
outcompete secreting cells and undermine the use of public goods over evo-
lutionary time. Adhesion is therefore considered a factor that promotes the
evolution of cooperation (Sachs 2008). Adhesion has almost exclusively been
studied in the context of biofilm initiation and dispersal. Consequently, the
evolutionary dynamics of adhesiveness over the course of biofilm growth are
not well understood, even though adhesion may have a strong impact on com-

petition between different strains and species. Here we extend an established
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individual-based computer model of bacterial biofilms to investigate the costs
and benefits of adhesion within communities. We first consider the familiar
idea that adhesion enables cells to form biofilms. We then extend the model to
examine how cells can use adhesion to resist displacement, which reveals roles
for adhesion in competition within microbial communities. Finally, we perform
experiments with the enteric pathogen Vibrio cholerae to test the predictions

of our model.

3.3 Results and Discussion

We simulate a microbial community residing on a solid surface. Our model
builds on an empirically tested individual-based framework designed to predict
biofilm structure and composition (Kreft et al. 2001, Mitri et al. 2011, Nadell
et al. 2010, 2008, Picioreanu et al. 1997, Schluter & Foster 2012, Xavier & Fos-
ter 2007, Xavier et al. 2005). Our simulations implement cells that consume
nutrients, grow, and divide, which can lead to the formation of spatial nutrient
concentration gradients. In some regions, nutrients may become depleted below
the point at which cells can grow (Xavier & Foster 2007). We focus primarily
on conditions under which biofilms are nutrient limited, which is likely to be
common in many environments (Stewart & Franklin 2008). In this scenario,
competition for nutrients is high, and we measure fitness after a finite amount
of nutrients has been consumed. We later relax these constraints and consider
conditions of high or unlimited nutrient availability. In all cases, those geno-
types that achieve the highest overall growth rate and retention within biofilms

increase in frequency and outcompete other genotypes. To measure the effects
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of selection, we calculate a commonly used metric for relative fitness, w, which
corresponds to the relative number of cell divisions (see Methods) and consider

a species competitively successful if w > 0.
Adhesion as a mechanism to form biofilms

In this first model, nutrients diffuse into the biofilm from a bulk fluid above, and
we assume that cell biomass is removed at a rate proportional to the square of
the local biofilm height, a simple form of sloughing due to flow over the upper
surface. Regions with more adherent cells accumulate biofilm more rapidly
than other regions, because adhesiveness in this model reduces the rate at
which cells are washed from the biofilm surface (Materials and Methods). This
analysis reveals the first and obvious potential advantage of being adhesive:
thicker biofilm formation (Figure 3.1 A). In biofilms containing more than one
cell type, the more adhesive genotype dominates, as continual sloughing of cells
preferentially removes the less adhesive genotype from the population (Figure

3.1 B).
Resisting displacement can be costly within biofilms

We next explored the competitive dynamics of strains with different abilities to
resist displacement when they divide and push against each other. Specifically,
when cells grow and divide, passive shoving occurs among neighbours to reveal
space for new biomass. A more adhesive cell moves less when pushed by a
less adhesive cell and vice versa, because the former attaches more securely
to the surface and to adjacent cells or polymers. We assign a weighting, the

adhesion parameter o, to the distance a cell moves aside when pushed (see
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Figure 3.1: Adhesion is beneficial when cells are sloughed from biofilms.
A) Monoculture biofilms in which equilibrium biofilm thickness is limited by cell
detachment, which increases with the square of local biofilm height (bulk nutrient
concentration: 2 * 1073[g/L], detachment rate: r = 0.1, see Methods). Greater
adhesion reduces this effect and therefore leads to thicker biofilms consisting of the
more adhesive genotype a than those of the less adhesive genotype 5 (boxplots, ***
Wilcoxon signed-rank test p < 107%). B) Greater adhesion allows cells of genotype
«a to outcompete genotype 5 when the two strains are co-inoculated. Snapshots
show a representative simulation, with relative fitness calculated from 30 independent
simulations.

Methods). We simulate competition between two genotypes, with genotype
A more adhesive than genotype B (04 = 2, op = 1), and compare results
to control simulations in which the two genotypes possess the same adhesion
parameter value (04 = op = 1, see Methods). This comparison reveals that
the more adhesive genotype has lower relative fitness when in competition
with the less adhesive genotype. The more adhesive genotype performs poorly
when two cells of differential adhesiveness collide because more adhesive cells
tend to localise underneath less adhesive cells, where nutrient concentrations

are usually lower if the nutrient source is above the biofilm. Thus, the less
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adhesive genotype more frequently passes through population bottlenecks that
often occur in biofilms for which nutrients are supplied from above (Hallatschek

et al. 2007, Mitri & Foster 2013, Figure 3.2 B).
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Figure 3.2: The fitness effects of displacement by other cells. A) Relative
fitness of the more adhesive genotype A when nutrients diffuse from above and below
the biofilm. The grey boxplots show when cells of competing genotypes are equally
adhesive, and the red boxplots show when A is more adhesive than B the dashed line
corresponds to no fitness difference, sign test for different from zero *** : p < 1076
and o : p > 0.4. Snapshots of simulations when nutrients diffuse from above (B) or
below (C) showing the nutrient gradients arising from consumption in the biofilm
growing on an impenetrable surface (dashed red line).

When nutrients are limited and diffuse from above, our model predicts that
natural selection for adhesion will result in the following outcomes. First, pro-
vided that cells are sufficiently adherent to remain attached to a surface, we
expect a general upper bound on the expression of genes promoting adhesion
during biofilm growth, as high expression leads to substratum localisation away
from areas of high nutrient concentration. Second, cells might be selected to
regulate adhesion such that they are adherent during the initial stages of sub-
stratum attachment and then repress expression of genes encoding adhesins

later during biofilm growth. Third, if there is genotypic variation in adhesin

expression within a biofilm community, less adhesive genotypes might be in-
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creasingly favoured as biofilms mature because they deprive nutrients to highly
adhesive cells in the basal layers. Boles et al. describe a potential example of
selection for less adhesive genotypes over time in growing laboratory biofilms of
the opportunistic pathogen Pseudomonas aeruginosa. A recurring variant that
arose in their experimental communities was weakly adhesive to the biofilm
(Boles et al. 2004). The authors interpreted this reduction in adhesive capabil-
ity to be part of an insurance policy for the biofilm as a whole: less adhesive
cells can more easily detach and disperse to new potential habitats than could
strongly adhesive cells. However, for less adhesive genetic variants to arise and
increase in frequency by natural selection, their phenotype must also provide a
direct short-term evolutionary advantage within the biofilm itself. Our model
offers a putative advantage: compared to highly adhesive cells, weakly adhesive
cells can more easily spread to the upper biofilm surface, where they will gain

preferential access to nutrients diffusing from above.
An evolutionary advantage to resisting displacement

In the above model, due to limiting nutrients diffusing from above, only cells
along the biofilm’s advancing front can grow and divide, but this scenario cap-
tures only a subset of habitats that microbes occupy. First, if nutrients are
abundant, growth occurs throughout a biofilm, and thus there is no cost to
localising to the substratum. Second, nutrients can diffuse from the substra-
tum itself, for example in detrital particles in the ocean (Cordero et al. 2012,
Shapiro et al. 2012) or the soil (Bockelmann et al. 2003). Similarly, many host-
associated bacteria catabolise host-made products on the tissues on which they

grow (Bevins & Salzman 2011, Cash et al. 2006, Church et al. 2006, Derrien
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et al. 2010, Meibom et al. 2004, Schluter & Foster 2012). Our model shows
that high adhesiveness localises cells to the attachment surface. On this basis,
we reasoned that the cost of adhesion observed in the preceding model could be
converted to an advantage when nutrients are obtained from the substratum.
To assess this idea, we modelled an environment in which nutrients diffuse
from below the biofilm. Indeed, the adhesiveness that is detrimental in the
above model becomes beneficial when access to limiting nutrients is highest
at the substratum, because the more adhesive strain has preferential access to

nutrients (Figure 3.2 C) and rapidly dominates the attachment surface.
Resisting displacement when abundant nutrients are present

We have shown that adhesiveness can be strongly beneficial when it fosters
access to a nutrient source on which cells are growing. In some circumstances,
however, nutrients enter biofilms from above and below the basal substratum.
The gut epithelium is an example of such an environment. We therefore eval-
uated the costs and benefits of resisting displacement when nutrients simulta-
neously diffuse from below and above, and when cells are sloughed from the
biofilm’s outermost surface (Schluter & Foster 2012). In this model, relative
adhesiveness has no initial effect on fitness because the entire community is
nutrient saturated, which allows all cells to grow at high rates (Figure 3.3).
However, the more adhesive cells dominate on longer time scales. By localising
to the base of the biofilm, the most adhesive cells gradually but reliably dis-
place less adhesive cells away from the surface and into the sloughing region.

This result is also obtained when nutrients diffuse only from above the biofilm
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but are not limiting, such that adhesive cells at the base of the colony are never

starved (Figure S 3.1).
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Figure 3.3: Competition in a model of a nutrient saturated biofilm with
nutrients diffusing into the colony from above (N = 4) and below (N=
0.8). A) Cell number over time; initiated with equal cell numbers; genotype A
outcompetes B over time. B) The heat map shows the biomass distribution of the
two genotypes averaged over the width of a single simulated biofilm community. C)
Snapshots expand these average values. Cells grow protected from sloughing in a
40pm thick layer beyond which cells are lost from the biofilm. Because genotype A
is more adhesive, it displaces genotype B into the biofilm’s sloughing region, leading
to dominance of A. Identical results are obtained when nutrients exclusively diffuse
into the biofilm from above, but remain at high enough concentration for growth to
occur throughout the biofilm.

Two potential effects of secreted polymers: adhesion and
expansion

A common mechanism by which bacterial cells achieve adhesion is the secre-
tion of extracellular polymeric substances (EPS), including polysaccharides,
protein, and DNA (Friedman & Kolter 2003, 2004, Nadell & Bassler 2011). In
addition to the advantages of adhesion described above, theoretical work has
identified another possible advantage of polymer secretion, namely an inexpen-
sive expansion in cell cluster volume relative to biomass production (Xavier

& Foster 2007). Such cluster expansion positions EPS-secreting strains into
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nutrient-rich areas of the biofilm at the expense of strains that do not produce
EPS. This beneficial effect could counteract the costs of adhesiveness. Previous
work on EPS has only considered the case of nutrient diffusion into the biofilm
from above (Nadell et al. 2008, Xavier & Foster 2007), which raises the ques-
tion of whether volume expansion via EPS is advantageous when nutrients are
obtained from the substratum.

We investigated whether EPS-based volume expansion can confer a com-
petitive advantage when cells acquire nutrients from the surface on which they
reside, independently of the potential adhesive properties of EPS. In contrast to
adhesion, Figure 3.4 shows that volume expansion via EPS enables cells to gain
preferential nutrient access by rapidly colonising the surface when nutrients dif-
fuse from below. Likewise, when nutrients diffuse from above, EPS-producing
cell lineages can expand upwards and deny competitors access to nutrients, as
shown by Xavier and Foster (2007). In the supplement, we explore the inter-
actions between the two properties of EPS, volume expansion, and adhesion,
and find that volume expansion can compensate for the costs of adhesion when

limiting nutrients diffuse into biofilms from above (Figure S3.2).
The benefits of an adhesive polymer in Vibrio cholerae

We performed an empirical test of our model predictions using biofilms pro-
duced by the enteric pathogen Vibrio cholerae (Alam et al. 2006, Huq et al.
1983, Meibom et al. 2004, Nalin et al. 1979). Previous research has demon-
strated that an EPS-producing strain has a strong competitive advantage over
an isogenic non-producing strain in mixed genotype biofilms (Nadell & Bassler

2011). These experimental data provide empirical support for the first benefit of
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Figure 3.4: The fitness effect of volume expansion. EPS producing genotype
A (investment in EPS 25% of total growth) is competed against a non-producing
genotype, in which EPS is not adhesive and only generates volume. A) and B) Snap-
shots at different time-points from representative simulations with EPS modelled to
be five times less costly to produce than cell biomass. The simulation is shown when
nutrients diffuse from above (A) or below (B). C) Fitness of EPS secretor genotype
A for different EPS costs (pgpg) relative to the cost of biomass production (px).
Decreasing the cost of EPS relative to the cost of producing new cells (increasing
—LX_) Jeads to increased fitness of the EPS-producing genotype A, irrespective of

PEPS
whether nutrients come from above (blue) or below (red); N = 2 % 10~3g/L.

EPS secretion highlighted by our simulations: adhesion leads to thick biofilms
(Figure 3.1,Fong et al. 2010, Nadell & Bassler 2011, Tamayo et al. 2010). Here
we explored whether the two other benefits identified by our model — active
displacement of competing strains and cell cluster volume expansion — also
contribute to the success of EPS-secreting cells.

As observed previously, the EPS™ strain forms more robust biofilms (10-20
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Figure 3.5: EPS-producing cells displace non-producing cells from the sub-
stratum. A) A 1:1 mixture of green and blue EPS™ cells form clonal clusters in
liquid culture. B) A 1:1 mixture of blue and green EPS™ cells remain dispersed.
C-H) EPS™ (green) in competition with EPS™ cells (blue) at different time points.
C) Quantification of surface area coverage by the two strains over time. Bars de-
note SEM, n = 3 replicates. D) V. cholerae cells EPST (green) displace V. cholerae
EPS™ cells (blue) by burrowing under the EPS™ strain along the attachment surface
in co-culture, even though EPS™ cells can attach when grown alone (Figure S3.4).
E-H) A time series for the bottom layer of EPST (green) competing against EPS™
cells (blue). The scale bars in panels A, B, and E-F denote 20um. The scale bar in
panel D denotes Spm.

cell lengths thick) relative to the EPS™ strain (1-2 lengths thick), suggest-
ing increased adhesion among EPST cells. To further assess this inference,
we grew gently shaken cultures of 1:1 blue EPS™ : green EPS™ cells and ob-
served that they form dense mono-colour groups. This result indicates strong
mother-daughter cell adherence (Figure 3.5 A). In contrast, EPS™ cells do not
adhere to one another (Figure 3.5 B). To examine the competitive interaction
of EPST™ and EPS™ cells in biofilms, we inoculated the two strains together

on the glass substratum of straight-chamber microfluidic devices composed of



3.8 Results and Discussion %]

PDMS bonded to microscope slides and imaged the resulting biofilms at regular
intervals for 48h. Visual inspection of the bottom biofilm layer shows clearance
of EPS™ cells along the expanding front of EPS* clusters; ultimately, EPS™
cells occupy nearly 100% of the substratum (Figure 3.5 C, E-H). The mother-
daughter cell adhesion of EPS™ cells and rapid reduction in surface occupation
by EPS™ cells during biofilm competition is consistent with our second pro-
posed advantage of adhesion, namely active displacement of competitors by
EPS™ cells. However, if EPS™ cells are intrinsically more likely to detach from
the substratum than EPS™ cells, it could be that EPS™ cells are simply re-
vealing space that is subsequently occupied by EPS™ cells without any direct
interaction between the two genotypes. Two pieces of evidence contradict this
interpretation. First, EPS™ cells are equally capable as EPS™ cells of forming
and maintaining confluent monolayers on the glass surface, even when subjected
to 20-fold higher flow velocities than those used in the competition experiment
(Figure S3.4). Second, 3-dimensional imaging of co-cultured biofilms illustrates
a sloughing effect by which expanding EPS* clusters displace EPS™ cells from
the glass along the boundary at which the two strains meet (Figure 3.5 D).
The third predicted benefit of EPS-mediated adhesion is that matrix-secreting

cells expand volumetrically more rapidly than non-secreting competitors, al-
lowing the secreting strain to occupy more space from which to draw growth
substrate and thereby deny neighbouring cells access to nutrients. Though nu-
trients were supplied from above the biofilm in our system, cells near cell free
spaces on the substratum grew throughout the experiment, showing that they

were not being denied nutrients by EPS™ clusters. In addition, microscopy
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Figure 3.6: Model of EPS™ versus EPS™ competition in V. cholerae. Simu-
lation in which genotype A produces adhesive EPS (investment 5% of growth rate),
whereas genotype B does not. Here, nutrients diffuse from above and are saturating
(N = 0.8 g/L) to enable growth throughout the biofilm, which is limited in thick-
ness through sloughing of biomass proportional to the square of local biofilm height.
Rate of sloughing (r = 20, see Methods) and investment into EPS are parameters
chosen based upon the experimental system (see text), but all other parameters are
the same as those used in previous simulations, Table S1). Areas containing EPS
exhibit reduced sloughing of cells (see Methods) and EPS-producing cells are more
resistant to displacement by non-producing cells (initial frequency of A = 0.1, 35 cells
seeded in total). The graph shows coverage of the substratum by the two genotypes
and shows displacement of B by A when A is more adhesive than genotype B (solid
line), and no displacement in an otherwise identical control simulation with equal
adhesiveness (dashed line).

did not indicate significantly increased spacing between EPS™ cells compared
to EPS™ cells (Figure S3.3). Thus, volume expansion does not appear to be
a dominant mechanism underpinning the competitive advantage of the EPS™
strain over the EPS™ strain in this system.

In summary, our experimental data suggest that the cell cluster forma-
tion that occurs due to the adhesiveness of V. cholerae EPS-producers pro-
vides a competitive advantage to secreting cells primarily via the accumulation
of thick biofilm and active displacement of non-secreting cells from the glass
substratum. These dynamics can be recapitulated in simulations that incorpo-

rate increased resistance to sloughing and displacement by EPS-producing cells
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(Figure 3.6). Importantly, the parameters used for these simulations were the
same as those in the above sections and were chosen prior to experimentation
(Figures 3.1, 3.2 and 3.4, Table S1) with two exceptions. First, the rate of
sloughing from biofilms was chosen to obtain a biofilm thickness comparable to
that of the V. cholerae EPS* strain. Second, the fraction of biomass devoted to
EPS production by EPS* cells was reduced from 25% to 5% to reflect that little
EPS is observed between cells in micrographs obtained from the experiments

(Figure S3.4 B).

3.4 Conclusions

Our work highlights the potential importance of adhesion for the evolutionary
fate of microbes in biofilms, beyond simple attachment to surfaces. Resistance
to displacement can be costly when nutrients do not reach the base of a biofilm.
Under these conditions, highly adhesive cells can be overgrown by less adhesive
genotypes, which results in starvation of the more adhesive genotype. However,
when cells are able to grow at the base of a biofilm, adhesion is beneficial, as
it enables cell lineages to persist during biofilm growth and to expand across
the substratum by displacing other cells in their paths. Therefore, in biofilms
residing on host tissues, adhesiveness is likely to be important for the outcome
of competition for space and nutrients.

In vivo studies have demonstrated the importance of adhesiveness for ini-
tial surface colonisation (Liu et al. 2008), however we do not know of studies
that examine whether adhesion provides a competitive advantage within host-

associated communities. We do know that both pathogenic and commensal bac-



3.5 Methods 58

teria produce molecules that anchor them to epithelial cells or to the associated
mucus layer (Chattopadhyay et al. 2012, MacKenzie et al. 2009). Moreover,
bacteria have apparently evolved environment-specific adhesion molecules. For
example, Lactobacilli living in the gut possess a suite of adhesins that dif-
fers from those of Lactobacilli strains residing in the vagina (Macklaim et al.
2011), and vaginal Lactobacilli display increased adhesiveness relative to their
counterparts that exist in other environments (Boris et al. 1998, Malik et al.
2013). The hypothesis that adhesion is a key competitive strategy raises the
interesting possibility that arms races occur in which strains evolve strategies
to decrease adhesion of their competitors. While speculative, some evidence
exists for this notion. For example, the soil bacterium Lysinibacillus fusiformis
secretes non-bactericidal biosurfactants that can act as wetting agents that re-
duce attachment and biofilm formation by competitors (Pradhan et al. 2013).

Evolutionary competition in biofilms is often intense, and factors that tip
the competitive balance in favour of a particular genotype can be rapidly se-
lected. The literature emphasises roles for secreted toxins and rapid growth in
competition. Our work demonstrates the importance of strategies that mod-
ify endogenous physical properties of microbial communities. A genotype can
rapidly dominate a community simply being more adhesive than its competi-

tors.

3.5 Methods

Our model considers the growth of cells that passively push against each other

as they grow and divide. Nutrient concentration gradients are calculated from
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consumption by cells and solute diffusion. Our simulations use periodic left-
right boundary conditions and implement diffusion of nutrients into microbial
colonies from the liquid above, the substratum below, or both. The model ex-
tends an individual-based framework for the simulation of growth and division
of unicellular organisms that has been empirically tested. The assumptions,
justifications, and implementations of these simulations are discussed at length
elsewhere (Kreft et al. 2001, Picioreanu et al. 1998, Xavier & Foster 2007,
Xavier et al. 2005). In brief, the model implements a multigrid solver for two
or three dimensional reaction diffusion partial differential equations. Using the
standard assumption that diffusion occurs on a shorter time scale than bacte-
rial growth, these equations are solved at each iteration to steady-state based
on the flux at the boundaries and the production or consumption of diffusing
solutes by biomass particles (cells). The biomass domain is separated from
the boundaries by a layer in which only diffusion governs the concentration of
solutes. The biofilm domain is derived from the second portion of our model,
a simulation of cells in continuous space. Here, cells are represented as solid
spheres. Cells grow according to the local steady-state concentration of nutri-

ents (N) following the Monod equation

N

w= MmaIWKS7

where the maximum growth rate fi,,., and the Monod constant K are mod-

elling parameters (see Table S1).
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Implementation of adhesion

In the work presented here, we extend the existing modelling framework to
consider an additional modelling parameter o, which implements adhesion.
We model two effects of adhesion. The first is the improved ability of more
adhesive cells to persist in biofilms. This property is captured by reducing
biomass at the upper surface of biofilms to simulate cell sloughing by shear
forces. In regions that are exposed to the liquid above the colony, biomass is
reduced in proportion to the squared local thickness of the biofilm. Biomass is

locally reduced according to the following equation:

h2

d p—
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where r is the rate constant of detachment, A is the local thickness of the
biofilm, and B the amount of biomass in a computational voxel.

The second effect of adhesion is the ability to resist displacement. As a cell
increases its diameter, or upon exceeding a maximum diameter (after which it
divides into two cells), overlap between neighbouring cells occurs. Our algo-
rithm probes all cells in the simulation in a random order and tests for such
overlap. If overlap is found for a focal cell, a vector for cell displacement is
calculated, and the cell is moved accordingly. This step is repeated until no
overlap remains in the system. The consequence is that during growth, an
expansion of the biofilm domain occurs, and the top of the biofilm advances
away from the substratum. Locally, if a focal cell overlaps with a cell of the
same adhesiveness, the resulting movement vector is simply a function of the

magnitude of their overlap. If the adhesion parameters of two cells differ, a
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weight to the resulting vector is assigned,

—1
9

dv =2 )

Vyew =V x dV,
where o is the adhesion parameter of the focal cell, o, is the adhesion param-
eter of the neighbouring cell, and v is the original movement vector prior to
including the differential adhesion effect. Hence, a more adhesive cell (o > o,,)
will move less upon meeting a cell of lower adhesiveness, and vice versa (Figure
3.7). This implementation of adhesiveness is an approximation that substitutes
for the true forces that cause more adhesive cells to remain in place more than
less adhesive cells. Finally, in some simulations, cells may secrete and accumu-
late extracellular polymers that make their colonies increase in volume more

rapidly than colonies in which cells do not secrete such polymers, as detailed

in Xavier & Foster 2007.

o > o Simulation:

When pushing:

Figure 3.7: Effect of adhesiveness on cells cell-cell shoving. When two cells
that differ in their adhesiveness contact each other, the more adhesive cell moves less
than a less adhesive cell, and vice versa.



3.6 V. cholerae experiments 62

Fitness calculation

To calculate evolutionary success of different genotypes, we calculate their rel-
ative fitness. Fitness, w, of a species X is calculated as the average number of

divisions in a simulation (from ¢y to tepq)

tend

1 ) X
0 _—
tend 92 Xto ’

Wy =

where X, is the number of cells of species X at time t. The relative fitness, w,

of species X in competition with Y is defined as loglOZ—i
3.6 V. cholerae experiments

All experiments were conducted using strains derived from V. cholerae str.
C6706 using standard molecular biology protocols. Briefly, a constitutive EPS
producer (EPST) was constructed by deleting genes encoding the quorum-
sensing regulator (hapR) and the flagellin core protein (flaA). The EPS non-
producer (EPS™) was built by further deletion of wpsL, which encodes a pro-
tein required for EPS biosynthesis. Further detail on strain construction and
characterisation can be found in Nadell2011. Constitutive fluorescent protein
expression constructs were inserted onto the chromosomes of each strain for
visual distinction and quantification of our experiments. The two fluorescent
proteins used were mKate (Shcherbo et al. 2007) and mTFP1 (Ai et al. 2006),
which were artificially coloured green and blue for comparison with our simu-
lations. These expression constructs were previously shown to have negligible
effects on bacterial growth rate (Nadell & Bassler 2011). Biofilms were grown

in simple straight-chamber microfluidic devices as previously described (Nadell
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& Bassler 2011). To determine if EPS™ cells displace EPS™ cells by pushing
against them, biofilms were initiated by inoculating the two strains in a 1:100
ratio (EPST:EPS™). Biofilms were imaged using z-steps of 1um at regular time
intervals for 48 h. All microscopy was performed with a Nikon Eclipse fluo-
rescence microscope fitted with a Yokogawa CSU-X1 confocal scanning unit.

Data were analysed using ImageJ and custom software written for MatLab.



The Evolution of Mutualism in Gut
Microbiota Via Host Epithelial Selection

4.1 Abstract

! The human gut harbours a large and genetically diverse population of sym-
biotic microbes that both feed and protect the host. Evolutionary theory,
however, predicts that such genetic diversity can destabilise mutualistic part-
nerships. How then can the mutualism of the human microbiota be explained?
Here we develop an individual-based model of host-associated microbial com-
munities. We first demonstrate the fundamental problem faced by a host:
The presence of a genetically diverse microbiota leads to the dominance of the
fastest growing microbes instead of the microbes that are most beneficial to

the host. We next investigate the potential for host secretions to influence

!Published as: Schluter, J., & Foster, K. R. (2012). The Evolution of Mutualism in Gut
Microbiota Via Host Epithelial Selection. (S. P. Ellner, Ed.) PLoS Biol, 10(11), e1001424.
doi:10.1371/journal.pbio.1001424. (appended)
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the microbiota. This reveals that the epithelium-microbiota interface acts as
a selectivity amplifier: Modest amounts of moderately selective epithelial se-
cretions cause a complete shift in the strains growing at the epithelial surface.
This occurs because of the physical structure of the epithelium—microbiota in-
terface: Epithelial secretions have effects that permeate upwards through the
whole microbial community, while lumen compounds preferentially affect cells
that are soon to slough off. Finally, our model predicts that while antimicro-
bial secretion can promote host epithelial selection, epithelial nutrient secretion
will often be key to host selection. Our findings are consistent with a grow-
ing number of empirical papers that indicate an influence of host factors upon
microbiota, including growth-promoting glycoconjugates. We argue that host
selection is likely to be a key mechanism in the stabilisation of the mutualism

between a host and its microbiota.
4.2 Author Summary

The cells of our bodies are greatly outnumbered by the bacteria that live on
us and, in particular, in our gut. It is now clear that many gut bacteria are
highly beneficial, protecting us from pathogens and helping us with digestion.
But what prevents beneficial bacteria from going bad? Why don’t bacteria
evolve to shirk on the help that they provide and simply use us as a food
source? Here we explore this problem using a computer model that reduces
the problem to its key elements. We first illustrate the basic problem faced
by a host: Whenever beneficial bacteria grow slowly, the host will lose them

to fast-growing species that provide no benefit. We then propose a solution
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to the host’s problem: The host can use secretions — nutrients and toxins —
to control the bacteria that grow on the epithelial cell layer of the gut. In
particular, our model predicts that the epithelial surface acts as a “selectivity
amplifier”. The host can thereby maintain beneficial bacteria with only small
amounts of weakly selective secretions. Our model fits with a growing body
of experimental data showing that hosts have diverse and important influences

on their gut bacteria.

4.3 Introduction

Many microbial species live on or are associated with epithelia of multicellular
organisms. Examples range from plants and soil bacteria interactions in the
rhizosphere where plant secretions affect the composition of bacterial commu-
nities (Callaway et al. 2004, Sanon et al. 2009), through the light organs of
marine animals in which specialised symbiotic bacteria are cultivated by the
host (Graf 1998, Ruby & McFall-Ngai 1999, Visick & McFall-Ngai 2000) to
many surfaces of the mammalian body (Dethlefsen et al. 2007).

Every human is home to roughly 100 trillion bacterial cells, collectively
called the microbiota. The majority of these cells reside in the human gas-
trointestinal tract and, in particular, in the large intestine (Ley et al. 2006).
Here, bacteria can have beneficial effects such as the digestion of complex car-
bohydrates, colonisation resistance against invading pathogens, maturation of
the adaptive mucosal immune system and immune cells, and the production
of secondary metabolites, including vitamin (Holzapfel et al. 1998, Hooper &

Macpherson 2010, Sekirov et al. 2010). However, these activities are not per-
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formed by all species, and the species composition of the microbiota in a healthy
human is clearly distinct from bacterial communities in other environments
(Ley, Lozupone, Hamady, Knight & Gordon 2008). Moreover, various diseases
correlate with disturbances in the species composition of the microbiota (Deth-
lefsen et al. 2007, Sekirov et al. 2010). It is clear then that the gut community
has the ability to both help and harm the host. Despite the potential for harm-
ful effects of the gut microbiota, the major class of interaction with the host
appears to be one of mutualism, whereby both sides benefit from the interac-
tion. The evidence for host benefits comes both from our understanding of the
metabolic services that the gut microbiota provides and studies of germ-free an-
imal models (Béckhed et al. 2004, 2005, Cash et al. 2006, Dethlefsen et al. 2007,
Kelly et al. 2004, Martin et al. 2007, Mazmanian et al. 2005, Rakoff-Nahoum
et al. 2004).

There is a growing literature on the evolution of mutualisms among species,
both theoretical and empirical, which emphasizes a number of key factors re-
quired for the evolutionary stability of mutualisms (Foster & Wenseleers 2006,
Frank 1994, Sachs et al. 2004, West et al. 2002). Most relevant for the gut
microbiota is the issue of having multiple genetically different individuals on
one side of the mutualism (microbes) involved in a single interaction with the
other (host) (Foster & Wenseleers 2006, Frank 1994, West et al. 2002). On the
side with multiple genotypes, this can lead to the loss of helpful mutualistic
genotypes, whenever non-helpful genotypes are more competitive. How is such
potential conflict among partner species resolved in other systems? Theory

predicts a central role for partner choice: the selection of the best mutualis-
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tic partners by a focal species (Foster & Wenseleers 2006). Moreover, partner
choice is widespread in nature with evidence from many different systems (Fos-
ter & Wenseleers 2006, Sachs et al. 2004) including leaf cutter ants and their
fungus (Poulsen & Boomsma 2005), legumes and rhizobia (Kiers et al. 2003),
and the mutualism between the bobtail squid and the luminescent bacterium
Vibrio fischeri (Nyholm & McFall-Ngai 2004). The predominance of partner
choice mechanisms in other systems begs the question: What is the role of
partner choice in the mammalian gut?

The sheer diversity of microbial species in the mammalian gut shows that
hosts do not select for one or two partner species, as occurs in some mutualisms.
In addition, there is a clear environmental effect on microbial species composi-
tion in the form of host nutrient intake (Faith et al. 2011, Muegge et al. 2011).
Nevertheless, there are also a range of mechanisms by which vertebrate hosts
affect their microbes more directly. In particular, the intestinal epithelium pro-
duces a wide range of secretions that help to maintain the barrier between the
gut lumen and host tissues (Hooper & Macpherson 2010, Peterson et al. 2007,
Salzman 2010, Salzman et al. 2010, Vaishnava et al. 2011). Central to this
barrier is mucus secretion (Atuma et al. 2001, Brugman & Nieuwenhuis 2010,
Cone 2009, Olmsted et al. 2001) that limits the direct access of bacteria to the
epithelium (Johansson et al. 2010). The mucus becomes less dense, however,
as it moves upwards away from the epithelium and bacteria grow in the up-
per layers that can feed on carbohydrates such as fucose, which the host adds
to the mucus proteins (Fabich et al. 2008, Hooper 2001, Hooper et al. 1999,

Sonnenburg et al. 2005).
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The host also secretes a range of antimicrobials into the mucus, including de-
fensins. Mucosal community composition has been studied in mice that lack an
enzyme required for murine alpha-defensins but secrete human alpha-defensin
(Salzman et al. 2010). The observed changes in community composition, in
combination with other studies, led to the conclusion that defensins are es-
sential regulators of intestinal microbial ecology (for a review, see Bevins &
Salzman 2011). More work is now required to understand the exact role of
defensins as a selective agent of the microbiota. In particular, the defensins of
the small intestine have been the primary focus of research, and the effect of
defensins in the large intestine is less well understood. Moreover, studies have
shown that production and activation of defensins can themselves be dependent
on the resident microbiota (Girardin et al. 2003, Petnicki-Ocwieja et al. 2009),
which opens the way for feedback loops between the host and its microbiota.
In addition to defensins, the adaptive immune system also has the potential
for selective effects. B-cell-derived immunoglobulin A (IgA) is considered the
most likely host secretion to affect the localisation, growth, and composition
of the microbiota (Kawamoto et al. 2012, Macpherson & Uhr 2004, Peterson
et al. 2007).

While it is clear that epithelial secretions can affect the microbiota, the
primary role is often assumed to be as a simple barrier between the lumen
and host tissues (Wehkamp et al. 2004, 2005). However, there is evidence that
epithelial secretions differentially affect different strains and species. Sugars like
fucose are more easily utilised by some microbial species than others (Fabich

et al. 2008, Hooper et al. 1999, Sonnenburg et al. 2005), and defensins and
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IgA have biased effects on the microbiota (Cash et al. 2006, Kawamoto et al.
2012, Peterson et al. 2007, Salzman et al. 2010). Such findings suggest that
host secretions might help to control the composition of the resident microbiota
(Bevins & Salzman 2011, Van den Abbeele et al. 2011). Indeed, it has even
been suggested that control over a wide array of non-pathogenic microbes is
the primary reason why adaptive immunity first evolved (McFall-Ngai 2007).
Despite this, we understand very little about how the host might in practice
select for particular microbial strains or species.

Here we build a model to evaluate the potential of a host to select their
microbiota. Ecologies like the mammalian gut are extremely complex dynam-
ical systems and will require a central role for theoretical approaches if we
are to dissect their complexity (dos Santos et al. 2010, Gudelj et al. 2010).
We have, therefore, developed a new model of host-associated microbial com-
munities with the goal of bringing an evolutionary perspective to the study
of host-microbiota interaction. Our model is relatively complex in that it in-
cludes realistic features such as mechanistic interactions among cells, spatial
structure, and chemical gradients. However, it greatly simplifies the full com-
plexity of the gut and is not intended as a complete description. We hope to
show, nevertheless, that one can gain new understanding by the application
of such simplifications to the problem of the host-microbiota interaction. In
particular, our study reveals three key findings. First, we demonstrate the
problem of multiple genotypes on one side of a mutualistic partnership, which
renders the host-microbiota mutualism intrinsically fragile. Second, we show

that a solution to this fragility is host selection: The epithelium-microbiota in-
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terface acts as a selectivity amplifier that can quickly shift the composition of
the microbiota at the interface. Finally, we show that central to the selectivity
is the provision of nutrients, and not just antimicrobial factors, by the host.
Our results suggest a host’s epithelium is a remarkable environment for partner

choice, which is well suited to control bacterial community composition.

4.4 Results

We model a bacterial community containing two strains, which is growing on
the host epithelium (Figure 4.1) where cells are represented by spheres that
consume nutrients, grow, and divide (Materials and Methods, Table S1, Figure

S1).
Host-Microbiota Mutualism Is Fragile

Our first goal is to evaluate the potential effects of differences in growth rates
between strains under the simplest of conditions, and then build in increas-
ing complexity in order to understand the key factors at play. We denote two
bacterial competitors A and B, where B divides more rapidly than A (Figure
4.1 B). These two strains can either represent two members of one species that
differ only in their interaction with the host or two different species that differ
in other ways. As such, the model can be viewed from either an evolution-
ary (genotypes within a species) or ecological (species within a community)
perspective. We return to the differences between these two scenarios in the
Discussion. While we only model two strains, the model also approximates
more diverse communities in which there is selection for a set of beneficial eco-

types where each “strain” would then represent multiple strains with similar
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Figure 4.1: Microscopic image and simulations of microbial growth near a
host epithelium. (A) Confocal fluorescence image of bacteria growing in the lumen
on top of host epithelial cells. Sample taken from the cecum of a laboratory mouse,
where there has been no intentional manipulation of the animal’s microbiota. Epithe-
lial and bacterial cells in green (DNA stained with Sytox green), and the epithelial
border brush in blue (actin stained with Alexa-647-phalloidin) from (Stecher et al.
2007). (B) Simulation of bacterial growth on host epithelium; brown bacterial cells
(strain B) have a 1% growth rate advantage over blue bacterial cells (strain A). Even
with a modest growth rate advantage, strain B succeeds as strain A is slowly washed
out. (C) Thirty independent simulations of bacterial competition. Development of
biomass of strain B (brown dashed) and A (blue) with growth rate advantages for
strain B of 1%, 10%, and 100% and environmental capacity K. The thick lines are
mean values. doi:10.1371/journal.pbio.1001424.g001

phenotypes.

These simple models show the potential power of competition in a host-
associated microbial community. Figure 4.1 C shows the increase in frequency
of the fittest species over time in the epithelial community. Here and in the

majority of subsequent figures, we show time as an axis. One reason we do this
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is because it is impractical to run all simulations until the final frequencies of the
two strains have been established, especially for very small differences in fitness.
Nevertheless, we expect in the majority of cases that one strain will ultimately
dominate the system (see following section and Text S1 for exceptions). Indeed,
even for a modest difference in the growth rate among strains (e.g., 10%), a
faster growing strain rapidly reduces the slower growing strain to negligible
frequency in tens of generations (Figure 4.1 C). This corresponds to a few
days for species like Escherichia coli in a mammalian gut (Rang et al. 1999).
The constant removal of cells leads to thinning out and eventual eradication
of the slower growing strain A near the epithelium (Figure 4.1 B, C). For
larger difference in growth rate, such as B doubling at twice the rate of A, the
eradication of A occurs in a few generations.

This demonstrates the fundamental problem faced by a host when having
multiple possible genotypes competing for a niche where a mutualistic species
could exist. Whenever the most beneficial bacteria do not grow the fastest,
competition between bacterial genotypes will lead to the loss of mutualistic
strains within the host and thus a suboptimal microbiota composition (Figure
4.2). But is it possible that mutualistic species are, without exception, intrin-
sically faster growing than non-mutualist species? If anything, the reverse is
expected. Recent phylogenetic work shows that species from healthy guts tend
to cluster with species from complex and relatively slow—growing communities
(Lozupone, Faust, Raes, Faith, Frank, Zaneveld, Gordon & Knight 2012). By
contrast, bacteria of infants and unhealthy guts tend to cluster with bacte-

ria from fast-growing pioneer communities. In an entirely neutral host that
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Figure 4.2: Cartoon to illustrate the potential problem faced by a host.
Three scenarios are shown for four helpful strains (H) and four detrimental strains
(D) that occupy four different niches, 1 to 4. Two extreme cases exist: beneficial
strains grow faster in all niches (case 1) or all detrimental stains grow faster in all
niches (case 3). In the first case, no partner choice is required, as natural selection
favours the beneficial strain throughout all niches. However, any deviation (case
2 or 3) from this means that the host will experience a sub-optimal microbiota.
do0i:10.1371 /journal.pbio.1001424.g002

does not exert any control over the bacterial composition, therefore, our model

predicts that the mutualism between bacteria and a host is intrinsically fragile.
Epithelial Selection Dominates Lumen Selection

So far, there is little spatial structure in our model, and we confirmed that our
first results correspond to a well-mixed (no spatial resolution) ordinary differ-
ential equation model of evolutionary competition (Text S4.1, Figure S4.2). We
next extend the simulations to introduce more realism and calculate nutrient
levels as a function of space and time. As cells divide, they use up nutrients
such that nutrient concentration is depressed as one moves away from the nutri-
ent source and into a group of dividing cells. These solute gradients are known
to be important in natural bacterial groups and can have strong influences on
community structure and composition (Kreft 2004, Kreft & Bonhoeffer 2005,

Nadell et al. 2010). In our case, there is the potential for two solute gradients,
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one from the lumen direction and one from the host epithelium direction. Our
question is then: How do selective compounds from the epithelium and from
the lumen influence the composition of this bacterial community?

Compared to the well-mixed case, the ability of nutrients to select for one
strain over the other is reduced in the presence of solute gradients because not
all cells have access to nutrients. With less reproduction, natural selection is
less powerful. However, more striking is that lumen nutrients exert a much
weaker selective effect than epithelial nutrients. This suggests a bias that may
empower the host to affect the microbial communities growing on the epithe-
lial surface (Figure 4.3). What causes this difference? When the epithelium
secretes nutrients, growth occurs at the base of the bacterial colony, which can
affect the whole bacterial community. By contrast, lumen selection from the
opposite direction preferentially affects cells that are about to be sloughed off,
which limits the effect of lumen nutrients on cells at the base of the bacterial
community.

The inhibition of lumen selection only occurs beyond a certain thickness
of the bacterial community (Text S4.1, Figure S4.2). While it is difficult to
measure the thickness of these bacterial communities in vivo, the range of
thicknesses used in our model are consistent with the outer mucus layer of
mice and rats (Atuma et al. 2001). A corollary of these results is that selection
from the lumen should be weakened by growth near the epithelium. Hence,
we further show that the addition of non-selective nutrients at the epithelium
strongly inhibits lumen selection (Figure S4.3 B). By contrast, additional non-

selective lumen nutrients do not affect the ability of epithelial nutrients to select
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Figure 4.3: Epithelial nutrients have more effect on a bacterial community
than lumen nutrients. Box plots show the final frequency of a faster growing strain
after 12 d as a function of microbial community thickness, where the growth rate
advantages of the fitter strain range from 10% to 100%. Well-mixed: No gradients
of nutrients exist (Figure 4.1 B,C). Epithelial selection: Nutrients exclusively diffuse
into the colony from the host epithelium. Lumen selection: Nutrients exclusively
diffuse into the colony from the lumen. Dashed lines connect mean values of 30
independent simulations. The total nutrient influx into the system from the host or
the lumen is kept identical. Results agree with a steady-state solution of a simplified
ODE model (Figure S4.2). doi:10.1371/journal.pbio.1001424.g003.

for one strain over the other.

Our model predicts that the physical layout of the gut epithelium environ-
ment allows host secretions to have disproportionately strong effects. We next
test this by pitting the two sources of nutrients against one another. We assume
that epithelial nutrients select for strain A, whereas lumen nutrients select for
strain B, simulating a scenario in which the slow growing strain A would be
lost without host selection. We present a conservative case in which epithelial

nutrients are both less abundant and less selective. Specifically, lumen nutrient
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Figure 4.4: Selectivity amplification by the host epithelium. Weak epithe-
lial selection dominates strong lumen selection. Strain B has a 100% growth rate
advantage on nutrients from the lumen, and lumen nutrients are five times the con-
centration as epithelial nutrients. Grey planes mark the starting frequency of the two
strains (0.5). (A) Host nutrients provide growth rate advantages to strain A ranging
from 1% to 100%. (B) The host secretes antimicrobials that preferentially kill strain
B; susceptibility advantages for strain A range from 1% to 100%. Host-secreted nu-
trients are also provided that neutral. In (A) and (B) strain A outcompetes strain B
for all but the smallest selective advantages. doi:10.1371/journal.pbio.1001424.g004

concentrations are five times higher than epithelial nutrients and the growth
rate advantage of strain B on lumen nutrients (100%) is always higher than or
equal to the (varied) growth rate advantage of strain A on epithelial nutrients
(Figure 4.4 A).

Initially, strain B outgrows strain A as the former’s overall growth rate
advantage from the nutrients is much greater than that of strain A. However,
the advantage of strain B diminishes as the microbial community grows and
the effects of lumen nutrients and epithelial nutrients separate into distinct
regions. This allows strain A to establish itself at the epithelial surface, and for

all but the weakest selection by the host, strain B is eliminated eventually. In
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fact, in this example, the host need only provide a 5% growth rate advantage
to strain A to counter the 100% growth rate advantage and five times higher
concentrations that lumen nutrients provide to strain B. In summary, we find
that a fast growing strain, which would rapidly replace slow growing strains
in a well-mixed environment, can be eliminated by moderate counter-selection
at the gut epithelium. This process is also effective when strain A is initially
rare (Figure S4.4). Host selection at the epithelium, therefore, can effectively
operate on an initially rare strain or species that is a minor member of a diverse

community.
Nutrients Are Often Critical to Host Epithelial Selection

We next tested the effects of epithelial selection using antimicrobials that tend
to harm strain B more than strain A. In our model, selection with antimicrobials
is slower than with nutrients, because the antimicrobials kill both strains, which
reduces the rate at which one strain outgrows the other. Antimicrobials could,
in principle, select more quickly than nutrients if they could instantly kill only
one of the two strains. In the absence of such extreme selectivity, however,
nutrient selection is more powerful. Indeed, for a wide range of conditions, we
find that it is critical that the host also supplies nutrients (Figure 4.4 B). These
do not need to be selective if selective antimicrobials are secreted. However,
nutrients are required because the selective effects of antimicrobials will not
permeate up through the community unless there is net positive growth at the
epithelial surface. With antimicrobials alone, cell death can easily outweigh
the birth of new cells at the epithelial surface because lumen nutrients are at

their lowest concentrations. This means that although the host kills more cells
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of strain B than of strain A (depending on the specificity of the antimicrobial),
if growth is limited by nutrients at the epithelium, no net positive growth of
strain A will occur either. For this reason, providing nutrients at the epithelial
surface greatly widens the range of conditions under which antimicrobials can
be used as a selectivity mechanism by allowing sufficient growth in this critical
region.

One challenging case for the host is when lumen nutrient levels are so great
as to remove all nutrient gradients in the bacterial community and hence nutri-
ents are available at high concentrations throughout the colony. However, even
here, the host can use the epithelium as a selectivity amplifier (Figures 4.5,
S4.5). Selectivity amplification occurs whenever the host can maintain a thin
region next to the epithelium that favours strain A over strain B and allows for
net positive growth. With this, strain A will eventually take over the commu-
nity even though it is counter-selected in the vast majority of the community
(Figure 4.5). As a control, we show in Figure 4.5 how the same amount of
solutes evenly distributed throughout the system would strongly select against
A, which contrasts with the selectivity amplification seen when solute gradients
are present. Finally, our results are robust to fluctuations in lumen nutrient
concentrations, which are inevitable in organisms that have discontinuous food
intake. As our model predicts, the effects of epithelial secretions are strongest
during starvation periods, because lumen nutrient concentrations are highest
after feeding (Hooper et al. 1999). However, implementing a feast-famine cycle
that increases the variance in lumen nutrient concentration (but does not affect

the mean) suggests that the net effect of these cycles is modest (Figure S4.6).



4.5 Discussion 80

Selection amplification Control (well-mixed)
oA Ae
B B

T

' |

' |

| |

| |

I |

e I

. slow fast slow fast

@K B K~

I3y s

% 5

Bol o 2.\
0 R RV 00

©  Time(h) 3% Time (h) 3

Figure 4.5: The host need only influence a thin layer of a microbial com-
munity to exert control. Selection amplification: To illustrate, we apply constant
distributions to all solutes in the simulation (no gradient for lumen nutrients, steep
gradient for host secretions) to create a thin layer in which the strain A (blue) out-
grows strain B (brown). The snapshots show the progression of a representative
simulation with the expanded snapshot showing the growth rates of the two strains
throughout the community. Strain A only grows better very close to the surface
of the epithelium. Well-mixed: Control simulation with identical total amounts of
solutes but without spatial differences in solute concentrations and growth rates of
the two strains. In such an environment, strain A is out-competed by strain B;
environmental capacity K. 10.1371/journal.pbio.1001424.g005

4.5 Discussion

The gut is a competitive environment where the potential for high growth rates
and population turnover means that slower-growing bacterial strains can be
rapidly lost. This presents a problem for hosts. Natural selection of microbial
phenotypes based upon intrinsic growth rate will disadvantage any microbes

that grow more slowly (Figures 4.1, 4.2). Our model predicts that a host can
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compensate for this effect using epithelial secretions that promote relatively
slow-growing strains. Importantly, these effects do not require a highly specific
selection mechanism akin to the full force of adaptive immunity. In our model,
moderate selectivities that allow poorly growing strains to grow 5% to 10%
faster at the epithelial surface are sufficient to reverse their fate.

Epithelial selection may occur either through growth-promoting secretions
or toxic growth inhibitors, but we find that growth promotion is often critical
because selectivity amplification requires net growth of the microbial commu-
nity near the epithelial surface. In this context, it is interesting that host
epithelial secretions include growth promoters, particularly mucosal glycans
(Matsuo et al. 1997, Varum et al. 2012), in addition to the growth inhibitors
of the immune system.

Positive growth at the epithelium surface is important because it causes
a flow of microbial cells towards the lumen that limits the effects of lumen
nutrients on the community. Cells nearest the lumen are least likely to persist
due to detachment and sloughing deeper in the lumen. In our model, this
motion is driven by pushing and shoving of dividing bacterial cells. In the
mammalian gut, the flow towards the surface is likely to be further promoted by
the constant release of mucin polymers from the epithelial surface (McGuckin
et al. 2011, Varum et al. 2012). Furthermore, the diffusion of IgA — a key
secretion known to influence the microbiota — is inhibited by mucins (Olmsted
et al. 2001). Our work suggests that this diffusion limitation will maximise not
only the residence time of IgA in the gut but particularly the residence time

close to the epithelium, where IgA will have an amplified effect.
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Our model requires that a host has mechanisms to differentially affect the
net growth rate of different bacterial strains or species. Are such effects always
possible, particularly in the face of bacterial coevolution to evade the negative
effects of host selection? The greatest challenge for host selection will occur
when the strains involved are variants of a single species that differ only in
their cooperativity towards the host (as opposed to different species that differ
in many ways). However, even here, host selection is possible if the host can
select directly on the beneficial phenotype in the bacteria (Foster 2004, 2011).
This appears to occur in the mutualism between bioluminescent Vibrio fischeri
bacteria and the bobtail squid. It is thought that the squid creates an oxidising
environment in the light organ that selects for cells using the luminescence
reaction because this reaction uses up oxygen (Visick & McFall-Ngai 2000).

We believe comparable mechanisms to those seen in the bobtail squid may
exist in the gut. Mammalian cells produce glycoconjugates of a remarkable
structural complexity and diversity, which are known to favour, or disfavour,
the attachment and growth of different microbial species (Hooper & Gordon
2001). These compounds may represent an evolutionarily stable way to se-
lect for bacteria, like Bacteroides thetaiotaomicron, which are carbohydrate
specialists that convert complex carbohydrates for the host: B. thetaiotaomi-
cron has over five times the number of glycoside hydrolases as species like
Salmonella enterica or Shigella flexneri (Hooper 2009). Indeed, human milk
contains polysaccharides that cannot be digested by the infant, suggesting that
mothers may also be exercising this simple but effective form of selection (Lo-

Cascio et al. 2007). But is host secretion of complex carbohydrates vulnerable
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to exploitation by a variant that receives benefits but does not provide any
help to the host? The use of complex carbohydrates as a selective mechanism
is likely to greatly constrain the evolutionary options for bacterial species by
demanding that bacteria use the glycoside hydrolases that also help the host
with digestion. Of course, these species might still attempt to invade the ep-
ithelial layer. Our model is not intended to capture direct attacks by pathogens,
but the detection of tissue damage is a relatively simple problem for a host as
compared to selecting among more or less metabolically useful symbionts. And
we know that hosts possess mechanisms to counter direct attacks, such as the
inflammation response.

However effective, host selection will not preclude bacterial coevolution in
the gut. Indeed, long-term bacterial evolution in the gut may allow mutualists
to achieve gains in competitiveness both in the presence and absence of host
selection. Consistent with such adaptation, B. thetaiotaomicron can induce
carbohydrate secretion by the host (Hooper et al. 1999). Coevolution also
brings the potential for arms-races with pathogens that adapt and use host-
provided nutrients or evade host-secreted antimicrobials. For example, I-Fucose
utilization provides Campylobacter jejuni with a competitive advantage (Stahl
et al. 2011). More generally, the possibility of bacterial counter-adaptation to
host selection mechanisms leaves interesting questions to be answered. These
include the issue of how antimicrobial secretions can remain selective when
bacteria are known to rapidly develop resistances to many antimicrobials. In
addition, the fitness of a bacterial cell will be influenced by cells that possess

different secretion, motility, or adhesion phenotypes (Nadell et al. 2009). We
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do not yet understand how the potential for complex social interactions among
cells will influence host selection. In sum, hosts may be forced to modify or
increase their exact selection criteria, either during the life of the host via
adaptive immunity or over evolutionary time. Interestingly, recent work has
shown how the use of multiple selective mechanisms can allow a host to stay
ahead in evolutionary arms races with parasites (Gilman et al. 2012).

Can multiple strains coexist within the epithelial community? We do not
find evidence that coexistence is a stable state in our model in the sense
that multiple strains will persist indefinitely. This can be seen in Figure 4.5,
where despite lumen selection being much stronger than epithelial selection,
the lumen-favoured strain does not persist. The reason for this is that ep-
ithelial selection generates a ratchet-like effect whereby the epithelial-favoured
population expands and gradually pushes any other strains up and out of the
community. If host selection is weak and/or growth in the community is slow,
however, favoured and disfavoured strains may both persist for long periods.
Moreover, a number of other processes in the gut will counter any winnowing
by host selection and help to maintain bacterial diversity. This includes the
existence of multiple niches, both at different positions along the epithelial sur-
face but also within the lumen proper. Community diversity will be further
influenced by the influx rates of different species (Bucci et al. 2012) and diet
(Faith et al. 2011, Muegge et al. 2011).

Host epithelial selection is not the only process that influences the micro-
bial species composition of the gut. Nevertheless, our model predicts that

the control of epithelium-associated microbial communities is much easier for
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a host than expected from unstructured environments. Selection of partic-
ular microbial species and strains at this position is likely to pay dividends
both metabolically but also in terms of the competitive exclusion of undesir-
able species. Furthermore, epithelium-associated communities are relatively
unlikely to be washed out and may represent a stable source community for
the rest of the gut. We conclude that host influence on the composition of

microbiota is both likely and likely to be powerful.

4.6 Materials and Methods

The study centres upon an individual-based simulation framework that cap-
tures bacterial growth and the concentration gradients of solutes, such as nu-
trients, that originate from bacterial activity while they are growing near to an
epithelial host layer. While the model can capture a wide range of conditions,
our analysis focuses upon a relatively nutrient-rich environment where cells
grow rapidly (Table S1) and slough off at a fixed height above the epithelial
surface, which is intended to reflect microbial growth in an animal intestine
(Atuma et al. 2001, Rang et al. 1999). In the mammalian gut, these cells will
typically grow in the loose upper mucus layer of the epithelial surface, which
continually detaches and sloughs off into the lumen (Atuma et al. 2001, Jo-
hansson et al. 2010, Varum et al. 2012). We do not explicitly model the effects
of these mucin polymers but implicitly include the protection from sloughing
they provide for adherent bacteria in the loose layer. Note that we are only
explicitly modelling the bacteria at the surface of the epithelium and not those

in the lumen. Of course, selection at the epithelial surface will influence the
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lumen to some degree (discussion), but we do not explicitly model this process.
The model is an extension of an established framework that has been devel-
oped and tested over the last 15 years to understand and predict the behaviour
of bacterial communities growing on inert surfaces (Kreft 2004, Kreft et al.
2001, Nadell et al. 2008, Picioreanu et al. 1998, Xavier et al. 2007, 2005). While
originally developed for problems in bioengineering, it has most recently been
applied to understand the evolution and ecology of microbial groups (Mitri et al.
2011, Nadell et al. 2010, 2009, 2008, Xavier & Foster 2007). Subsequent empir-
ical validation of these models has demonstrated the ability of the framework
to both describe bacterial communities and identify new biological mechanisms
(Korolev et al. 2011, Nadell & Bassler 2011). The model assumptions, justifi-
cations, and implementation are extensively discussed elsewhere (Kreft et al.
2001, Lardon et al. 2011, Xavier et al. 2007, 2005). In brief, bacterial cells are
modelled as solid spheres that metabolise nutrients in a continuous concentra-
tion field. At each iteration, the concentration field is updated solving the two-
or three-dimensional reaction-diffusion equations using multigrid solvers. This
takes into account local sinks, such as a bacterium utilising the solutes around
it as a nutrient source or local sources, such as secretions from a cell. Cells
increase in diameter and eventually divide pushing aside neighbouring cells.
The model focuses upon the resident bacterial communities that grow in
the loose upper mucus layer at the interface of the lumen and epithelium,
which are most likely to be affected by host selection (Spor et al. 2011). We
inoculate our simulations with a total of 250 cells in varying frequencies. This

is a simplification as initial assembly of the microbiota has been shown to be
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more complex and may depend on interbacterial cross-talk as well as other yet
unknown factors (Rezzonico et al. 2011). Bacteria reside above a layer of host
cells that secrete solutes at varying rates. We assume that this epithelial layer
and the dense mucus layer immediately above it is impenetrable to the bacterial
cells (Atuma et al. 2001, Johansson et al. 2008). This is supported by data on
the healthy gut with a few notable exceptions, such as segmented filamentous
bacteria in mice that live in the dense mucus layer (Bevins & Salzman 2011).
Accordingly, we do not consider host responses to invasion of a pathogen or
breach of the mucus layer, such as inflammation (but see Discussion). The
bacteria grow and divide utilising nutrients diffusing in from the lumen or the
epithelium. At a certain height above the epithelium, cells are sloughed and
excluded from the simulation. Bacteria utilise nutrients (N) and convert them

into biomass at the rate p following Monod-kinetics

N

n= Mmazm,

where K is the Monod constant. Competing strains in our simulations differ
in their maximum growth rates, tmq... Bacteria may switch between different
substrates, ensuring that the maximum growth rate cannot be exceeded, where
switching is based upon a recent analysis of optimal foraging in microbes (Kri-
van 2006). Death of cells through antimicrobials is modelled using a similar

equation as for growth

T

pzT—i-S’

where p is the probability of death for a cell, T" is the local concentration of the

antimicrobial, and S the concentration at which cell death within 1h occurs
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with a probability of 50%. Different strains may have different susceptibilities
to the antimicrobial and hence different probabilities for cell death at a given
concentration. Most of our understanding of host-secreted antimicrobials stems
from secretions of the epithelium in the small intestine, whereas secretions in
the larger intestine are less well understood (Bevins & Salzman 2011, Van den

Abbeele et al. 2011).



A network model of the gut microbiota
— stability and host control.

5.1 Abstract

The human gut harbours a diverse community of symbiotic microbes that co-
operatively protect and provide nutrients for the host. The species composi-
tion of gut communities is extremely stable meaning that species compositions
within an individual human tend to not change much over long periods of
time, which is considered to be critical for good health. However, we lack a
framework to understand and predict the stability of the gut microbiota. Here
we present a network model of gut communities in order to identify how the
biology of gut communities influences their ecological stability. We study the
effects of three often discussed features of gut communities: high cooperativ-
ity between species, high species diversity and high nutrient abundance. Our

analysis predicts that cooperation among microbes, which is often considered

89
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to be key for the host, will tend to destabilise gut communities. In addition,
high species diversity is also detrimental for ecological stability. How then is
stability maintained? We consider a third element of the biology of gut com-
munities: high nutrient abundance, including feeding of microbes from the host
epithelium. Our analysis suggests that abundant nutrients can be key because
they will tend to weaken the strength of interactions between species; some-
thing that will promote ecological stability. This prediction is supported by
recently published data showing that host feeding of gut microbes is associ-
ated with increased ecological diversity. Our work suggests that hosts should
act as ecosystem engineers to maintain a diverse but weakly interacting gut

community.

5.2 Introduction

The gut microbiota in an individual healthy human forms a complex commu-
nity (Lozupone, Faust, Raes, Faith, Frank, Zaneveld, Gordon & Knight 2012).
Up to 10? different microbial species colonise the gut, and together outnumber
all human cells in the body 10 : 1 (Gill et al. 2006). The microbiota-host rela-
tionship is commonly described as mutualistic - microbes benefit from living in
a nutrient rich and relatively stable environment, whilst the host receives pro-
tection from invading pathogens, and nutrients through the metabolic activity
of the microbes (Béckhed et al. 2005, Mazmanian et al. 2008).

Microbiota species composition between individual humans differ, but cata-
bolic sets of genes in microbiota of all individuals tend to be highly similar

(Turnbaugh et al. 2009). This indicates that many of the niches within the gut
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environment can be occupied by a range of different species, each demonstrating
a similar niche specialisation, and thus playing a similar role in the microbiota
species network. Further, whilst species compositions between individual hosts
is variable, the microbiota within an individual is remarkably stable, even over
years (Dethlefsen & Relman 2011, Faith et al. 2013, Vanhoutte et al. 2004).

A stable microbiota is beneficial for the host by protecting against pathogen
invasion (Dethlefsen et al. 2007). Inflammatory bowel diseases (Mazmanian
et al. 2008, Wehkamp et al. 2005), and a range of other health problems rang-
ing from cancer to neuronal disorders correlate with abnormal species compo-
sitions in the gut (Diaz Heijtz et al. 2011, Hsiao et al. 2013, Hu et al. 2013,
Tlaskalova-Hogenové et al. 2011). While causal relationships between micro-
biota composition and disease are difficult to evidence, the stability of the
gut microbiota composition is considered important for health (De Cruz et al.
2012). Despite the importance of the stability of the gut microbial community,
our understanding of what drives stability is limited.

Theoretical ecology has developed a set of tools to understand what affects
the ability of ecological communities to resist perturbations and return to their
previous state. This theory has identified a number of key factors that decrease
such stability, including increasing numbers of species and increasing strength
of interactions between species (Allesina & Tang 2012, May 1972). However,
there are many species in the gut, and microbial species have the potential to
strongly affect one another. Outside of a host, competition between microbial
strains and species may be the norm as they compete for nutrients and use

antibiotics against one another (Cornforth & Foster 2013, Foster & Bell 2012).
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However, microbes also have the potential to cooperate with one another (Mitri
& Foster 2013, West et al. 2006, Ze et al. 2012) and, while we lack clear data,
host associated communities are often assumed to contain a large number of
species that cooperate with one another (Eberl 2010, Sleator 2010). Specifically,
it is assumed that microbes form cross-feeding networks when metabolising
the complex food sources presented to them in the human diet (Belenguer
et al. 2006, Ze et al. 2012, 2013). These cooperative networks are particularly
important for the host, as the breakdown of complex carbohydrates in food by
the combined effect of different microbial species will eventually yield energy for
the host from otherwise indigestible material (Van den Abbeele et al. 2011, Ze
et al. 2013). The importance of the microbiome for the host has also led to the
suggestion that the host plays a role in shaping its microbiota. In particular,
it is assumed that epithelial secretions such as toxins or nutrients are key tools
for a host to exert control over its microbes (Hooper et al. 1999, Salzman et al.
2010).

Our goal here is to apply and develop the theories of community stability
for the biology of the gut microbiome. The need to develop better theoreti-
cal understanding of our relationship with the microbiota has been recognised
(Foster et al. 2008, Gordon & Klaenhammer 2011). However, there are only
few population models of microbiota (Bucci et al. 2012, Stein et al. 2013). We
here present a novel network model of microbiota that is amenable to standard
analysis of community stability. We study the influence of three characteris-
tic features of the biology of mammalian gut communities: cooperativity of

symbionts, high species diversity and, finally, high nutrient abundance. From
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a host’s perspective, a healthy microbiota is often assumed to be associated
not only with stability, but also with cooperation among the species that pro-
vide nutrients for the host. However, our analysis indicates that these two
objectives can be incompatible — larger proportions of cooperative interactions
between microbial species will tend to destabilise a community. Mammalian
gut communities are also diverse, particularly relative to many of the well-
studied symbiotic associations (McFall-Ngai & Ruby 1991, West et al. 2002)
and we show that, like cooperativity, diversity is a threat of community stabil-
ity. Finally, we consider the effects of high nutrients and show that this may
be central to the stability of gut communities. We discuss and analyse the
observation that the host feeds key members of the community, and show how

this can promote ecological stability.

5.3 Results and Discussion

The effect of cooperation on ecological stability

We begin by considering the effect of species interaction type on stability. As
discussed above, the microbiome is often considered to contain a large pro-
portion of positive interactions. However, the existing models of ecological
networks usually consider food webs where all interactions between species are
+/—, meaning that one species benefits to the detriment of the other (Foster
et al. 2008). Other interaction types such as cooperation (+/+) and com-
petition (—/—) will affect stability in different ways to (+/—) interactions
(Allesina & Tang 2012). Some studies have suggested that purely coopera-

tive communities are relatively unstable (Allesina & Tang 2012), whilst others
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have suggested intermediate amounts of cooperation can be stabilising (Mougi
& Kondoh 2012). We, therefore, develop a new analysis here to identify the
link between species cooperativity and ecological stability.

We here consider communities with a mixture of interaction types, and
investigate the effect on stability of altering the proportions of each type (co-
operation: +/+, exploitation: +/— and competition: —/—, Figure 5.1 A). In
the gut, cooperative cross-feeding networks are thought to be important for the
host as they release otherwise inaccessible nutrients from the host’s diet (Ze
et al. 2012). Thus we first seek to develop analytical solutions for the effect of
different levels of cooperation on community stability in our model. We derive
a novel analytic stability criterion applicable to networks with any proportion
of cooperation, competition or exploitative interactions between species, so as
to account for the range of potential interactions among microbes.

Our model considers networks of interacting species in which each species’
growth is determined by its own intrinsic growth rate, interactions with other
members of the same species, and interactions with members of other species
(see Methods for a detailed derivation). This is in accordance with previous
models (Allesina & Tang 2012, May 1972, Mougi & Kondoh 2012) and a gener-
alisation of classic Lotka-Volterra equations that allows us to incorporate mul-
tiple species and interaction types. Importantly, here species are represented
as densities averaging over many individuals — an approach that is particularly
well suited when considering large microbial populations.

Our analysis focuses on asymptotic stability following the classic definition

used by May, whereby a steady-state of a dynamical system is defined to be
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Figure 5.1: Increased levels of cooperation decrease community stability.
A) Cartoon showing three different network types. In a purely exploitative network,
interacting species (circles) form +/— relationships only. In random networks, dis-
tributions of interaction types will be 25% cooperative + /4, 25% competitive —/—,
and 50% +/— exploitative. A purely cooperative network will only have +/+ inter-
actions between species. B, C) Analytical solutions for the location of eigenvalues in
the complex plane of community matrices with different proportions of cooperation
(S =80, C = 0.35) show that gradual increase of cooperation in random community
matrices (A) or purely exploitative communities (B) leads to more positive eigenval-
ues and, therefore, decreased stability. We confirm our analytic results by simulating
explicit communities and plotting the average number of stable systems as a function
of the proportion of cooperative interactions, P, (100 communities per P,,-value).
A community is considered stable if the real (Re) parts of all eigenvalues are < 0.
For our simulations we use the same approach as in Mougi & Kondoh 2012 and show
that increased proportions of cooperation destabilise communities.
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stable if the system will return to this point following a small perturbation
(1972). This definition of stability has been applied widely to analyse funda-
mental properties of dynamical systems and ecologies (Allesina & Pascual 2007,
Allesina & Tang 2012, May 1972), and tends to generate similar predictions
to other measures of ecological stability, which ask whether any species will
be lost from a system following perturbation (Chen & Cohen 2001, Townsend
et al. 2010). It is, therefore, a suitable minimal model to capture microbiota
dynamics that in reality may be more complicated. We calculate stability from
the eigenvalues of the Jacobian matrix (in the following, the ”community ma-
trix”) resulting from the dynamical system considered. Provided the real part
of each of these associated eigenvalues lies below zero, the system will return
to its equilibrium following a small perturbation, and can thus be considered
"stable”. Stability, therefore, can be determined from the region in the complex
plane to which all eigenvalues will be restricted, and we continue Allesina and
Tang’s approach to derive these regions (see Methods and (Allesina & Tang
2012, Sommers et al. 1988)). The further this region lies along the positive
part of the real axis, the less likely the system is to be asymptotically stable.
The largest real part of the eigenvalues thus captures the instability of a given
matrix. In order to capture stability, therefore, throughout the figures we plot
the negative of this value. (Box: A stability criterion for mixed interaction
types in ecological networks.) Our analysis shows that when we increase the
proportion of cooperation between species, stability will decrease (Figure 5.1).

Gradually changing interaction types within communities towards more co-

operation then leads to proportional gradual changes in stability likelihood be-
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tween the extreme cases of random and purely cooperative networks presented
by Allesina & Tang 2012. This result contradicts recent computer simulation
based models of food webs, which predict that intermediate levels of coopera-
tion leads to an increase in community stability likelihood (Mougi & Kondoh
2012). Our analysis proves that simply increasing cooperation will never lead
to such increased stability, and we confirm our analytic results by applying
identical computer simulations (Figure 5.1 B and C, Methods and Mougi &

Kondoh 2012).
The effect of species diversity on ecological stability

In addition to cooperativity, another key feature of the biology of gut com-
munities is species diversity. We, therefore, analyse here the effects of species
diversity on ecological stability. Variable diversity was a central component
of May’s initial investigation into community stability 1972, which suggested
that, for random interaction networks, increased diversity will tend to desta-
bilise ecological networks. Here we extend this analysis for our networks where
we vary the types of interactions from purely cooperative networks, through
mixed interaction networks to purely competitive networks. This reveals that
May’s prediction holds irrespective of the nature of the interactions in an ecolog-
ical network (Figure 5.2 A), confirming that species diversity is a destabilising
process.

Since May, some authors (Mougi & Kondoh 2012, P. Vazquez et al. 2007)
have argued that increasing species numbers will have an additional effect that
is not captured by changing diversity as in May’s original model. In particular,

it has been argued that adding additional species will also tend to decrease the
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Stability decreased with community complexity
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Figure 5.2: Diversity can destabilise communities independent of interac-
tion type. Increasing the number of species in random, exploitative, competitive,
or cooperative networks leads to less stable communities (A). These results hold even
then when by increasing the number of species in the community, each individual
interaction pair becomes less likely and, therefore, less strong. To demonstrate this,
we scale each individual interaction strength by the average number of interaction

partners (B, see Methods).

strengths of interactions between species (Mougi & Kondoh 2012), something
that May suggests will increase stability. The logic behind decreasing inter-
action strength with increasing diversity is as follows. If a species only has a
certain amount of time or space in which to interact, the addition of a new
interaction partner should decrease the time (or space) available to interact
with its original partners. One might, therefore, assume that there is a con-
stant total amount of interaction that is possible and divide this among all of
the interaction partners of a focal species. However, applying this as described
does not affect our conclusions: increased diversity is still a destabilising effect

(Figure 5.2 B).

Is there a way in which diversity can promote stability? Our analysis sug-
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gests one route that links diversity and ecological stability. For this, the starting
point is the relatively small set of highly cooperative species that are consid-
ered central to supplying nutrients to the host (Tremaroli & Béckhed 2012).
Specifically, we begin by considering an initially unstable community of 100
cooperating species (5-10% of the normal number of species found in a healthy
gut, Tremaroli & Béckhed 2012). To this, we can then add additional species
that do not add to the cross feeding network but simply act as competitors that
harm the focal cross feeders (Figure 5.3 A). Under these conditions, increased
species numbers will tend to promote stability (Figure 5.3 B and C).

At first, this appears to contradict the result of May that predicts decreased
stability with increased numbers of species (1972). However, the key difference
between our scenario and May’s investigation is that we are now changing both
diversity and the nature of between species interactions. In May’s random com-
munity matrices, increased diversity is not changing the types of interactions
and only serves to destabilise the community because the addition of species
will increase feedback loops with the potential to destabilise a community.
In particular, positive feedback loops from cooperative interactions between
species have a strong destabilising effect. Introducing competitors to a coop-
erative network then has two effects. There is a destabilising component from
adding more species as in May’s model. However, at least initially, this effect is
dominated by the dampening of positive feedbacks in the network. The same
effect can be seen when, instead of competitor species, species that interact
in purely exploitative (+/—) ways are added to a purely cooperative network

(Figure S5.1 A). Adding randomly interacting species, however, does not have
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Figure 5.3: Introducing more species can stabilise a network of cooperators.
A) Cartoon demonstrating how a network of cooperating species (red) is embedded
in larger networks by adding more species that compete with the focal cooperator
community (black). B, C) We add competitor species to a focal community of 100
cooperating species. Initially, additional species increase stability (black line in C)
because the average interaction between species shifts from cooperation to compe-
tition (decrease in P, blue line in C) and the average row sums are reduced (the
dot in B). Eventually, addition of even more species decreases stability because of
increased between species interactions.

a stabilising effect because the dampening effect on existing positive feed back
loops is cancelled out by the introduction of new feedback loops (Figure S5.1
B)

Our model then suggests that a host can maintain a cooperatively cross-
feeding network by embedding it in a larger network that also contains compet-
itive species. These additional species act to dampen the cooperative network

and limit positive feedbacks that will destabilise the community. Allowing
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competitors into the community that do not play a direct role in host feeding
can therefore help to prevent instability. Thus, in this specific sense, species

diversity may be helpful for a host.

The effects of nutrients and host feeding on ecological
stability

The gut is often considered to be a high nutrient environment because of the
abundance of food in the lumen (Béckhed et al. 2005). In addition, the host
secretes nutrients from the epithelial surface, especially during starvation pe-
riods when lumen nutrient concentrations are less abundant (Hooper et al.
1999). In this section, we consider how resource abundance, and particularly
host feeding, may influence ecological stability.

The host epithelium secretes a range of nutrients into the microbiota, and
can even be triggered to do so by a common member of a healthy microbiota
community, Bacteroides thetaiotaomicron that can “request” additional nutri-
ents from the host (Hooper et al. 1999, Sonnenburg et al. 2005, Tremaroli &
Béckhed 2012). The host then appears to ensure high ambient nutrient concen-
trations in the gut, even in addition to the nutrients from food already present
in the gut. What is the effect of this additional food on ecological stability?

Intuitively, the effect of host feeding will be to decrease the dependence of
a focal species on the nutrients from other species. We can then capture the
consumption of host-secreted nutrients as an additional interaction for micro-
bial species in the community. Now, host feeding will decrease the strength of
interactions of a given microbial species with other species. In Figure 5.4 A,

we show that consuming host-secreted nutrients leads to cooperative microbes
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interacting less strongly with their cross-feeding partners, and thus the stability
of the community is increased. The reason for this is that species divert some
of their interaction effort into consuming the host secreted nutrients instead
of engaging with other species in cross-feeding. Additional nutrients secreted
by the host for cooperative species then can dampen otherwise destabilising
interactions, and data suggest that host supplied nutrients are indeed specifi-
cally targeted at the cross feeders in gut communities (Hooper & Gordon 2001,
Hooper et al. 1999). What happens though if host feeding affects all species
in the gut? The effects are similar, and the community is again more stable
(Figure 5.4 B). In sum, a high concentration of nutrients in the gut commu-
nity may allow the host to control and limit the extent to which species of
the microbiota interact with one another, which will have a positive effect of

ecological stability.

Feeding affects Feeding affects

A) cooperation B) all
0.4 575 1
> © >
5 8s50] 3 0
8 0 9 8
0.3 X250 45
0 f 20 0 f 20

Figure 5.4: Stabilisation of the microbiota through host feeding. A) Stability
in networks of 500 species with 25% (green), 50% (blue) and 75% (red) cooperative
interactions and the remainder of the competitive type can be increased by the host
through the secretion of nutrients (f, see Methods). Host feeding stabilises commu-
nities when cooperative-cross feeding interaction are reduced due to a diversion of
interaction efforts away from between-species interactions and towards consuming
host-secreted nutrients (A). This also works when interactions between species in
general are diverted (B).
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5.4 Conclusions

We present a minimal model of the microbial community in the human gut
based on classic ecological network models (Allesina & Tang 2012, May 1972).
The microbiota in the gut forms a diverse and stable community that can resist
change in an individual human even over a period of years. How this remark-
able stability is maintained is still unclear. Here we have sought to understand
the factors that promote or inhibit stability in gut communities. We applied a
simple network model to study how ecological stability is influenced by three
of the key characteristics of gut biology. First, we studied the effects of coop-
eration between microbial species. Cooperative interactions among microbes
are considered important for the benefits a healthy microbiota conveys to the
host, namely the break-down of complex carbohydrates and release of short-
chain fatty acids. However, our model predicts that this cooperativity can be
problematic for ecological stability, because cooperating species create positive
feedback loops in ecological networks. Secondly, in line with the classic eco-
logical model of May, we found that the high species diversity of the gut can
also be a problem for community stability. How then is ecological stability
maintained in highly diverse gut communities? Our analysis suggested a way
in which diversity can be good for ecological stability. In particular, when in-
creased diversity causes an increased number of competing species to be added
to an otherwise cooperating network, the effect is an increase in stability. The
addition of competitors dampens the effect of positive feed-back loops between
cooperators and can thereby increase stability to some extent. Last, we discuss

a third key feature of gut biology: a high abundance of nutrients which in
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part come from the secretion of nutrients by the host epithelium (Hooper et al.
1999, Tremaroli & Béckhed 2012, Xu et al. 2007). When these nutrients divert
interaction effort from between species interactions towards consumption of
the additional host nutrients, we find that they can have a strongly stabilising
effect on community stability.

It is well known that communities in which weak interactions dominate tend
to have high ecological stability (McCann 2000) and we propose that nutrient
secretion can achieve this effect. Consistent with this, nutrient secretion by
the host epithelium is known to be common in the mammalian gut, particu-
larly at times when there are low levels of alternative nutrients (Hooper et al.
1999). Further data comes from knockout mice lacking the ability to feed the
microbiota with fucose, which is one of the key carbohydrates that is produced
by the host and used by microbial species in the gut. Mice lacking the ability
to make fucose show a significant decrease in alpha-diversity, meaning that in
the knockout-mice, few genotypes dominate the microbiota, which is consistent
with host feeding contributing to the diversity, and potentially ecological sta-
bility, of the microbial community (Kashyap et al. 2013). The mechanism by
which this host feeding promoted diversity is not yet understood, and may be
different to the mechanism in our model. However, these experiments support
the importance of host feeding and support the general idea that host supplied
nutrients are key to the ecological functioning of gut communities.

While it is already clear that the ecology of gut communities is central
to human health and well-being, our understanding of this ecology remains

limited. In addition to the large-scale data collection that is in progress, there
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is a need for fundamental theory that attempts to dissect the key factors that
affect gut communities. The field of ecology has a rich history of fundamental
theory and here we have applied one of the key techniques, network theory,
to the case of the gut microbiome. This reveals that two of the key features
of gut communities - cooperativity and diversity - can be a problem for their
stability but, equally, that host feeding may provide a mechanism to counter
this threat. In this view, the host is acting as an ecosystem engineer that
is constantly manipulating the system in order to promote a productive and

stable symbiont community.
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5.5 Box 1

We consider systems of S microbial species in which each pair interacts with
probability C. A proportion P, of these interactions are cooperative (i.e.
+/4), P. are competitive (—/—) and the remainder are of the exploitative
type (+/—), with interaction strengths drawn from a half-normal distributions
|X| with standard deviation ¢, mean E(|X|) = +0v/2/y/7 and variance o2.
The eigenvalues of the community matrices associated with these systems will
lie on characteristic ellipses in the complex plane (Sommers et al. 1988), ac-
companied by a single eigenvalue that represents the average row sum of the
matrix considered (Allesina & Tang 2012). It is therefore the larger value of
the horizontal radius of the ellipse and the average row sum that will determine
the stability of the system.

In purely cooperative systems, the horizontal radius of the eigenvalue el-
lipse and the average row sum of community matrix are both larger than those
associated with a random system (25% of all interactions are cooperative, 25%
competitive, and 50% are exploitative) with same connectivity, meaning a co-
operative network will be less stable than a random one (Allesina & Tang 2012).
Here we analyse more realistic scenarios for the microbiota, accounting for in-
termediate mixtures of interaction types, and derive in the Methods how the

radius, R, of the ellipse that determines stability can be defined as,

R.:=v/S(Co? — (C(P,, — P.)E(|X|))? *

(1 n E(’X|>2(2(Pm + Pc) -1 C’(Pm _ PC)Q))
02 — C(Py — P E(|X])? 7
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and the eigenvalue associated with the average row sum, R, as

R, := (S — 1)C(Py — P)E(|X])

From the logistic term in the Lotka-Volterra equations it follows that each
species has a negative effect on its own growth, which is represented on the
diagonal entries of the community matrix and set to d = —1 unless otherwise
stated. Then, the ellipses are centred at (d,0) and our criterion for stability is

maz(R., Rs) < |d|.

5.6 Methods

Modelling communities as networks

In accordance with previous models (Allesina & Tang 2012, Mougi & Kondoh
2012), we are using a generalisation of the classic Lotka-Volterra type model,
which allows us to incorporate multiple species and interaction types. Here
species are represented as densities averaging over many individuals. In this
system we have a community composed of S species, which interact with one
another in one of three possible ways — either in an exploitative manner, as
competitors for a common resource, or in a mutually beneficial, cooperative re-
lationship (such as through cross-feeding). The system can be generally defined
through the system of non-linear, first order, ordinary differential equations,
which describe how the densities of the species in the system (X;) change over
time. The rate of change of each species is dependent upon the other species

with which it interacts, according to a Holling type I (linear) functional re-
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sponse, such that the rate of change of species 7 is defined,

dX;
dt

S
= Xi(r; —dX; + ) aX;). (5.1)
j=1

Here r; is the intrinsic growth rate of species ¢, d the self-limitation imposed
by each species upon itself, and a;; describes the effect species j has upon species
i (assuming a; = 0). It is worth noting here that we are assuming each species

has the same degree of self-regulation (d is the same for each

%), although
this assumption can later be relaxed. Importantly, the precise form of a;; varies

depending upon the nature of the relationship between species ¢ and species j,

as considered below:

1. If species ¢ exploits species j, a;; will be positive and aj; will be negative.

2. If species ¢+ and j compete with one another for a common resource, the

sign of both a;; and aj; will be negative.

3. If species 7 and j are in a cooperative relationship, the sign of both a;;

and a;; will be positive.

4. If the two species do not interact with one another, both a;; and a;; will

be zero.

The proportion of links that are present (that is, the proportion of a;; # 0)
is determined by the connectivity C of the system, such that in a system with
C =1, a;; #0VY 1 # j, whilst in a system with C' =0, a;; = 0V, j. Following
the same approach as in previous work we can assume the system has a positive

definite equilibrium given by the S x 1 vector X*, and thusr € Risan S x 1
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vector determined such that % = 0 when evaluated at X*. It is then the
stability of X* that we are interested in (Allesina & Tang 2012, Chen & Cohen
2001, Mougi & Kondoh 2012).

We begin by determining the form of the Jacobian, the matrix given by

o)

dt

M, =
DX,

X
By definition, at a positive definite equilibrium r;, = d X — Zle a;; X5, thus
the diagonal entries of the Jacobian are given by M;; = —dX; whilst the off-

diagonals are given by M;; = a;; X;. It is this “community matrix” M that we

will now focus upon for the derivation of our stability criterion.
Derivation of stability criterion

The basis of the following work can be traced back to the seminal work by Ger-
schgorin, who showed for a complex matrix A with elements a;;, each eigenvalue
A; lies within a disk centred at a;; with radius R;, where R; = ) i la;;| (Ger-
schgorin 1931).

This work was extended by Sommers et al in 1988 (Sommers et al. 1988),
who examined the eigenvalues of an S x S matrix A with elements drawn from
a Normal distribution with mean E(4;;) = 0 and Var(4;;) = <. The authors
proved that as S — oo then the eigenvalues of A, A\ = x + iy will be distributed
on an ellipse (£)2+ (%)? < 1 centred at the origin, with a =147 and b=1—7
where 7 = SE(A;;A;;). Further, setting each of the diagonal entries of A to —d
will move the centre of this ellipse to (—d,0), thus the system will be stable if

the half-horizontal radius of the eigenvalue ellipse is less than d.
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Here we follow a similar approach to that used by Allesina & Tang 2012,
which combines this theory with various rescaling arguments to derive an equiv-
alent eigenvalue ellipse for the Jacobian M corresponding to our Lotka-Volterra
dynamical system. Specifically, we consider a community of size S and connec-
tivity C' where a proportion P,, of the interactions are cooperative (i.e. +/+),
P, are competitive (—/—) and the remainder (1 — P,, — P.) are exploitative
(+/—). The diagonal entries of this matrix are each set to —d, whilst the values
of each of the off-diagonal entries in this community matrix are taken from a

half normal distribution |X| with variance o2 and mean E(|X|) = 22, with

=2,
the signs of these then set according to the interaction type.

We can make use of the observation by Rothblum and Tan 1985 that for
any a € R, the half horizontal radius of the eigenvalue ellipse for the matrix
N = M + (d+ a)I — a.1 will have the same value as the half horizontal radius
for M. In our case, we can therefore define a = CE(|X|)(P,, — P.), then call

N;j = M,; — a to achieve,

E(Miz;) = C[P.E(IX]) — PE(IX])], (5.2)

E(Niz) = E(Miz;) —a=0. (5.3)

Thus N and any scalar multiple of this matrix will obey the first requirement
of Sommers’ theory — that E(cN) = 0. We next consider the variance of N.
We have Var(N;;) = Var(M;; — a) = Var(M,;) = Co? — C*(P,, — P.)*E(] X|)?
following from the definition of the distribution from which M has been drawn.
We can therefore rescale setting N* = % with 8 = \/SVT(NU) to fulfil the

second requirement of Sommers’ theory. That is,
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E(%ﬂm) —0, (5.4)
Var(%r(m) = % (5.5)

Thus all eigenvalues of N* will be contained in the ellipse with half-horizontal
radius ¢* = 1+ S7 and half-vertical radius b* = 1 — 7 with 7 = E(N};N5).
Further, we note that eigenvalues are closed under scalar multiplication, thus
if A is an eigenvalue of the matrix N*, then A will be an eigenvalue of N.
This means that the eigenvalues of N will be contained in the ellipse with
half-horizontal radius a = (1 4 7) and half-vertical radius b = (1 — 7). This
gives us a formula for the horizontal width of the eigenvalue ellipse for N, and

therefore for M of,

Ry = \/SVar(Ny) (1 + %) (5.6)

We must then calculate E(N;;N,;), which we do by noting that:

E(N;jN;;) = E(M;M;;) — 2aE(M;;) + a* and, (5.7)
E(MyM) = C[PnE(My;M| + /+) +

PE(M;My;| — /=) + (1 = P, — P.JE(My; My + /=))(5.8)

= Cl2(Py + Po) — DE(|])?]. (5.9)

Combining (5.7) and (5.10) thus gives E(N;;N;;) = CE(|z|)2[2(Pn + P.) —

1 — C(P,, — P.)?%, giving us our expression for the half-horizontal radius of the

eigenvalue ellipse of M as,
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R, :=1/S(Co? — (C(P, — P)E(|X]))?

(1 L BAXPC(Fn + P) =1 = C(B — pc)2>)
o2 — C(Pm — PC)2E<|X|)2

(5.10)

Finally, we note that as each of the diagonal entries of M is —d, this ellipse
will be centred upon the point (—d, 0).

However, we must also note that for systems with high levels of cooperative
or competition, the eigenvalue with the largest magnitude real part will not
necessarily lie within the ellipse (Allesina & Tang 2012) (this follows from Ger-
schgorin’s work from 1931, and can also be shown with simulations). Instead,
following from Gerschgorin 1931, for large matrices this eigenvalue can be ap-
proximated by the average sum of the off-diagonal entries of each row (with
the equivalent eigenvector approximately 1). This can be defined analytically

as,

R, = (S — 1)C(P,, — P)E(|X]) (5.11)

From these we generate a stability criterion for a network of a mixture of
P,, cooperative, P. competitive and 1 — P, — P, exploitative interactions given

by:

max(R., Rs) < d (5.12)
Weighting of interaction strengths

Following our same approach as previously, we now re-derive our stability crite-

rion to enable weighting of each interaction type individually by its respective
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weighting factor,

w,, = cooperative, (5.13)
w, = competitive, (5.14)
w, = exploitative, (5.15)
ws = self-regulation, (5.16)

such that the average strength of a cooperative interaction will be ES}—X) and

likewise for the other interaction types. The exact form of each of these weight-

ing factors will vary, depending upon the type of weighting being employed.

Weighting by average number of interaction partners

In the first case all interactions are weighted by the average number of inter-

action partners, such that,

Wy, = We =We = ws = C % (S —1)+ 1. (5.17)
Implementation of nutrient secretions by the host

In the subsequent weighting case, we then consider the addition of nutrients,
the level of which is determined by the host-feeding parameter f. In each
case, these simply act to divert interaction effort away from cooperative (or all
between-species) interactions as instead of engaging in cross-feeding (or other
between-species interactions), host provided nutrients are being consumed, such

that in the general case, weights are defined as,
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Wy =14 f, (5.18)
We = We = wWg = 1, (5.19)

whilst in the case where all between-species interactions are reduced by host-

feeding, weights are,

Wo =1+ f, (5.20)
we=1+f, (5.21)
we =1+ f, (5.22)
w, = 1. (5.23)

Derivation of the stability criterion with various weighted
interaction strengths

As before, we rescale our community matrix M to generate a matrix N = M +
(d4a)I—a.1 that will have the same eigenvalue distribution as M, and also fulfil
the requirements necessary to the application of Sommers’ theory on eigenvalue
localisation. In this case, we define a = E(M;;) = CE(|X|)(wy, P —w.P.), then
call N;; = M;; — a, such that the half-horizontal radius of the ellipse containing

the eigenvalues of our community matrix will be defined by,

SE(N,;N;)
R. = 1/SVar(Ny)(1+ ———2-22). 5.24
ar( ])< * SVar(N;j) ) (5:24)
We first note that Var(Ny;) = Var(M;;) = E(M;;) —E(M;;)?. We can then

decompose these terms into those relating to the different interaction types,

such that,
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E(M) = PuB(MG| + /+) + PE(M] — /=) + PEM] + /=), (5.25)

J J

= Co*(w2 P, + w2P, — (1 — P,, — P)w?), (5.26)

e

such that
Var(N;;) = C(o*(w2,Pm + w2P. — (1 = Py, — P)w?) ...

e

— CE(|X)*(wy P — w.P,)?). (5.27)

We next note that E(N;;N;;) = E(M;;M;;) — 2aE(M;;)* + a?, and that,

+ PE(Mi; Mji| + /=), (5.29)
= CE(|X|)*(Pnw?, + Pw? — (1 — P, — P)w?), (5.30)

which gives,

E(NijN;i) = CE(|X|)*(Ppw?, + Pw? — (1 — P, — P)w?) ...

— (CE(IX])(wm P — wePe))?. (5.31)

We can thus combine and simplify the terms above to get the expression

for the half-horizontal radius of the eigenvalue ellipse of M as,

R, :=v/SC(02(w2, Py, + w2P. — w2(1 — P,, — P.) — CE(|X|)?(wy Py, — w.P.)?) *
(1 E(|X|)2(Pm(wq2n + wg) + PC(wg + wg) — w? — C(wyp, Py — weP,)?) )

€

o2(w?, Py, + w2P. — w?(1 — P, — P.)) — CE(|X|)?(wm P, — w.P.)?/
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Further, we can also define the average row sum as,

R, = (S — 1)C(wn Py, — w.PE(|X)). (5.32)

From these we generate the stability criterion for a weighted network is

given by:

max(R., Rs) < d (5.33)



We can only see a short distance ahead, but we can
see plenty there that needs to be done.

Alan Turing

Discussion and Conclusion

Each of my results chapters has its own detailed discussion and conclusion
section. Here, I summarise each chapter’s key findings and detail some of the

general observations and conclusions that have emerged from my work.

Chapter 2: The Evolution of Quorum Sensing as a Mech-
anism to Infer Kinship

e Quorum sensing in biofilms can directly benefit a genotype of microbes
that regulates the secretion of diffusible public goods using autoinducer

concentrations as queues to initiate secretion.

e Quorum sensing is particularly powerful under strong competition with
other genotypes, for example whenever a focal cell lands in an environ-

ment where nutrients are scarce and many other genotypes are present.

117
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e During growth, spatial structure of the biofilm changes and leads to seg-
regation of genotypes. This means that a quorum sensing genotype can
infer kinship by measuring accumulating autoinducer concentration as

local relatedness of cells increases with biofilm maturation.

e The advantage of quorum sensing strains over non-secretor genotypes
stems from the growth-promoting effect of public goods that are now
preferentially available to clonemates of the secreting cell. The advantage
over constitutive secretors, however, stems from the fact that under high
competition, fast growth in the early stages of biofilm growth reduces
the chance of a focal cell being buried and starved by neighbouring cells.
Constitutive secretors fare poorly against faster-growing non-secretors
while quorum sensing strains delay secretion and grow equally fast as
non-secretors, thereby maximising their chance of not getting buried.

Quorum-sensing genotypes can strive where constitutive secretors fail.

Chapter 3: Adhesion as a weapon in microbial competi-
tion

e Adhesion to surfaces is a defining characteristic of microbial biofilms, but

it has received little attention as a trait under natural selection. The effect

of adhesion on microbial competition is dependent on the architecture of

the environment. When nutrients come from above, high adhesion means

that a focal genotype can be smothered by less adhesive competitors and

starve. Localising at the base of a colony, however, is advantageous when

nutrients are supplied from below the colony, as happens in many host

environments such as the gut.
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e In the gut, cells further away from the epithelium will be sloughed off,
enhancing the advantage of localising near the epithelium beyond pref-
erential access to nutrients: higher adhesiveness can help cells push less

adhesive competitors off the surface and out of the colony.

e The advantage of pushing competitors off the substratum can be seen
in experiments competing two strains of the human pathogen Vibrio
cholerae growing in flow chambers. More adhesive cells push competitors
aside and eventually out of the colony leading to the success of the more

adhesive strain.

e Localisation within a biofilm can be key for microbes in competition with
others. Our results emphasise the evolutionary importance of traits that
affect key physical properties of cells that determine where a cells will

localise.

Chapter 4: The Evolution of Mutualism in Gut Micro-
biota Via Host Epithelial Selection

e Microbial competition in the gut will lead to the selection of fast grow-
ing species instead of the most helpful microbes for a host. This poses
a problem for the maintenance of a mutualistic host-microbiota relation-

ship. Partner-choice can enforce helpfulness of microbes.

e The spatial structure in the gut environment leads to amplified selection
strengths of host-secretions that control epithelium-associated microbial

communities.
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e Microbes selected for by epithelial secretions have the strongest advantage
near the epithelium. Here, the epithelium-favoured population expands
and gradually pushes any other strains up and out of the community as

cells deeper in the lumen are continuously sloughed off.

e The selectivity-amplifying ratchet effect depends on growth near the ep-
ithelium and, therefore, makes selection via nutrient secretion benefit-
ting beneficial microbes more than others a particularly powerful tool for

partner-choice.

e We hypothesise that host selection via nutrients is not easily circumvented
by non-helpful “cheats” because epithelium-secreted nutrients closely re-
semble those molecules in the human diet that the microbiota typically
helps the host to digest - per definition only helpful microbes will there-

fore benefit from this type of epithelial nutrient secretion.

Chapter 5: A network model of the gut microbiota —
stability and host control

e The populous and species-rich gut microbiota forms a stable community
where microbes form cooperative cross-feeding networks that benefit the
host. Cooperation, however, tends to destabilise communities and we do

not know how stability in the microbiota is maintained.

e We show that additional species that compete with a focal community of

cooperating species can lead to more stable systems.

e The host may allow additional competitor species to coexist in the mi-

crobiota by providing additional nutrients — this is known to occur at
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the gut epithelium. As the number of additional competitors exceeds a
critical number, however, further increase in competing species numbers

destabilises the community:.

e The destabilising effect of many species can be reduced when interactions
strengths between species in general are reduced. Additional nutrients
secreted by the host can achieve this if interaction efforts are diverted
from between-species cross-feeding towards utilisation of host nutrients

instead.

e The host may function as an ecosystem engineer that seeks to actively
manage a dynamic network of microbial species in the gut. Nutrient
secretion by the host epithelium emerges as apotentially powerful way to

ensure microbiota stability.

6.1 General remarks and future directions

Some general points have emerged from my work regarding the importance of
understanding microbe—host ecology and evolution in general, and computa-

tional and mathematical models in particular.
The role of modelling in Biology.

The success of any model should be measured by whether it provides new
insight into an otherwise too-complex-to-understand problem. This means that
a model and its results need to be communicated as clearly as possible. There

is a trade-off between technically accurate descriptions and accessibility, but
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this, therefore, needs to be a key focus of the theoretical community and has
to be improved upon should the modeller’s work not be ignored®.

My work presented in this thesis has used individual-based computer models
of bacteria. These models have the advantage of generating such accessible re-
sults by allowing to display the outcome of simulations in an intuitive way that
resembles the real world. This is a powerful approach and there are attempts
to make such models usable for biologists without training in computational
modelling by creating graphical user interfaces, or through simple input files
allowing a user to quickly simulate microbial communities (Lardon et al. 2011).

It will be interesting to follow where this approach leads to. A potential
pitfall is that user interface will have to anticipate most of the questions that
a user may ask. Therefore, the user’s model already exists in principle, and
novelty of generated simulations may be limited. In order to answer genuinely

new questions, one will usually have to develop a new model and new code.
Biofilms on host surfaces

Here, I present a novel biofilm model of host-associated communities. Previ-
ous simulations had shown how spatial structure and nutrient concentration
gradients above biofilms affect social evolution in microbes (Nadell et al. 2008,
Xavier & Foster 2007). This led to a simple question: what if nutrients do not

come from above?

!Fawcett & Higginson show that the number of equations per page negatively correlate
with citation frequency in selected ecological journals (2012). This is a flawed study and has
received valid criticism (Chitnis & Smith 2012, Fawcett & Higginson 2012, Fernandes 2012,
Gibbons 2012, Kane 2012), but a core message is that the blame goes both ways: a reluctance
of experimental scientists to embrace theoretical findings and the frequent insufficient ability
of theoreticians to explain or justify the relevance of their model.
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Host-associated microbes typically receive nutrients from the host surface
rather than only from above the colony. Implementing a simple change in the
environmental architecture allowed the investigation of how microbe-microbe
interactions and microbe-host interactions affect and constrain each other in
this environment. In particular, my work has shown how microbial adhesion
properties, nutrient preferences and secretions can underlie unique evolutionary
constraints in host environments.

Overall, my thesis focuses on host-microbe interactions that occur between
humans and their gut microbiota. Improved understanding of this relationship
can have immediate impact on human well-being. For example, the search for
effective probiotics to improved human health have not been very successful
(Borody & Khoruts 2012, Holzapfel et al. 1998, Tlaskalova-Hogenové et al.
2011) and only fecal transplants from healthy donors to severely ill patients
have shown success in restoring a healthy microbiota (Borody & Khoruts 2012).
My models predict that increased adhesiveness will be a powerful competitive
strategy in gut microbes (chapter 3). Indeed, a recent study of the potentially
probiotic Lactobacillus rhamnosus has attributed this strain’s superior host
benefits to an increased ability to persist in the gut through increased adherence
to epithelial mucus compared with other probiotic candidates (von Ossowski
et al. 2010). Understanding traits that allow microbes to compete well in
the gut environment, therefore, will have the potential to facilitate the hunt for
better probiotics. Inventing new strategies how to treat pathogen infections will
be a particularly important future challenge as we are running out of effective

antibiotics that can be used against pathogens. Designing more competitive
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but non-pathogenic probiotic species to be administered as a treatment may

have this potential.
The host as an ecosystem engineer

Apart from between-microbe interactions, my work highlights the importance
of hosts as “ecosystem engineers”. My models predict that secretions from
the gut epithelium will be powerful tools for maintenance and control of a
dynamic community of microbes. I have shown how the gut is an environment
especially amenable to such host control due to its architecture which amplifies
the selective strength of epithelial secretions (chapter 4). A recurring theme
from my individual-based simulations as well as my more abstract ecological
network model is that the secretion of growth-promoting nutrients into the
microbiota may be a particularly powerful tool for the host to manipulate its
microbiota (chapter 4 and 5).

This theoretical predictions can be tested. Indeed, a recent study on the
Vibrio fischeri — bobtail squid mutualism has shown how the squid specifically
provides growth advantages to mutualistic V. fisheri partners at the light or-
gan’s epithelium, and the authors suggest using their model in the future as
a test system for our predictions that epithelial secretions can be particularly
powerful (Kremer et al. 2013). Further, my models predict that individu-
als without the ability to secrete nutrients from the gut epithelium should be
strongly impeded in their ability to maintain a beneficial microbiota. A recent
experiment with mice points in that direction. Microbiota of knock-out mice
lacking the Fut2 gene, and thus the ability to secrete fucose, were compared

with microbiota from wild-type mice. Fucose is a carbohydrate that epithelial
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cells attach to mucus polymers and is used as a food source by gut microbes
(Hooper et al. 1999). In Fut2~ mice, diversity in the microbiota was signif-
icantly decreased compared with Fut2t—mice that produced fucose (Kashyap
et al. 2013). This experimental system is still quite artificial as these mice are
born “germ-free” and then inoculated with an artificial, “humanised” micro-
biota from a healthy human donor. However, this experiment provides an ideal
proof-of-principle showing that feeding can have strong effects on microbiota
composition in the gut.

A key factor that is missing from my current community model is the ex-
plicit consideration of microbial evolution within a community. Rapid growth
rates and the potential for phenotypic plasticity in diverse microbial communi-
ties may lead to a quick response of microbes to any attempts from a host, or
a biotechnological engineer, attempting to “steer” dynamical microbial com-
munities. Therefore, my future work will first port my current network model
into a computer model that investigates permanence of communities, and then
combine this with recent game-theoretical approaches allowing each individual
species in a network to adjust their interactions with others in order to max-
imise their own fitness (Cao et al. 2011). It will be interesting to see how this
explicit consideration of evolution in microbes will affect the predicted ability

of a host to control diverse communities.
Engineering microbial societies

The importance of understanding microbial ecology and evolution extends be-
yond host-microbiota relationships. I have studied Biotechnology as an under-

graduate because I was fascinated by the idea of harnessing the abilities of liv-
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ing organisms to solve some of the most important? problems of today’s world.
During my undergraduate research project, I learned that without comprehend-
ing the dynamics of complex systems such as the communities of bioplastic-
producing microbes I was working with (Raberg et al. 2011), Biotechnology will
lag behind its potential. It is now recognised that multi-species communities of
microbes can be better than monocultures at performing certain tasks, for ex-
ample in biofuel production (Zuroff & Curtis 2012). Yet, maintaing stability in
such multi-species communities remains difficult (Zuroff et al. 2013). Perhaps
we can learn from our own bodies that evolved to live with and control complex

microbial communities how to become better microbial community engineers.

2all of them, let’s not kid ourselves
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Figure S 2.1: Relative fitness of a non-secretor genotype (N) in competition with secretor genotypes (C:
constitutive, Q1-Q4: quorum sensing secretors with increasing QS thresholds, see Table S1, N: non-
secretor control). Higher genotypic diversity is reflected in lower initial proportions of the non-secretor, results

of 100 independent simulations each, mean relative fitness in red.
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Figure S 2.2: Competition between quorum sensing strains and constitutive secretors. Left: Relative fitness
of a rate constitutive secretor (C) in competition with quorum sensing genotypes. Right: a rare quorum sensing
genotype (Q) in competition with constitutive secretors. Individual simulation results and mean (bold) in circles.
p-values from non-parametric sign test for difference from zero median. While the mean relative fitness of a rare

Q genotype is only slightly above 0, we show convergence of the mean in our simulations in Figure S3.
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Figure S 2.3: Invasion analysis of competitions between quorum sensing strains, constitutive secretor
strains, and non-secretors. Invasiveness values >1 indicate that a focal genotype can invade a metapopulation
of the competitors under high evolutionary competition (0.2 initial frequency) or low evolutionary competition
(initial frequency of rare strain: 1, this assumes that patches of strains grow separated from each other), results
of 100 independent simulations, mean values connected by the red line. A-C) Pairwise reciprocal invasion
analysis of constitutive secretor (C), quorum sensing strains (Q) and non-secretors (N) into metapopulations the
other genotypes. Q can invade metapopulations of N and C while itself resisting invasion from both. Against C,
the differences are small but significant. Some of the data is bimodally distributed meaning it is difficult to use
standard statistics (we show the results of sign tests for difference of the median from 1, *:p<0.05; **: p<0.01;
***p<0.0001). We, therefore, further show an example of a convergence plot of the mean invasiveness value of
Q4 invading C over 200 simulations in D). The rolling mean invasiveness shows that after about 100
simulations additional simulations do not have a strong effect and the mean converges to a value slightly above
1 (blue line). Inset: histogram of bootstrapped means (solid vertical line at 1.01) and confidence intervals
(dashed vertical lines at 0.98 and 1.04) indicate good accuracy of the original simulation data (10° resampling

events).



All cells secrete inducer

© &
0.4-& g ® 0
RN
. ¢ 3
5 f- .
: -
3 1
@ —~
o Ofe Ca.
a <€
Q ° ° &
= T 8
S o
o L. o/ ¢ %
= ° ® 2
5 -
Q °
o § £ 5
%0
§ i
-]
1§ ¢
-
s o
-0.8} ]

< W0 ©
O 0 0o C =z

Figure S 2.4: Relative fitness of a secretor genotype in competition with non-secretor genotypes (N) when
all strains produce autoinducer. C is constitutive, N is non-secretor control, and Q4-6 are quorum sensing
genotypes with increasing autoinducer thresholds, see Table S1. Simulations assume 1:4 proportions of secretor
to non-secretor genotypes, results of 100 independent simulations each, mean relative fitness in red. While C
cannot outcompete its N competitors, delaying public good secretion conveys a competitive advantage to Q

strains.



Table S 2.1: List of parameters and the values used in our simulation models

Symbol Description Dimension Value
Hmaz Maximum cell growth rate of microbial species 71 1
T Threshold public good concentration MgL—3 4 %1073
o Threshold autoinducer concentration M;L—3 [0.02,0.04, 0.06,
for quorum sensing genotype j 0.08,0.16,0.32]
B Growth factor increase due to the presence of dimensionless 3
public good at or above threshold concentration 7
Zoa Growth factor decrease in growth rate of secretor ~ dimensionless 0: Oor 1: -0.3
strains due to the costly secretion of public goods
D¢ Growth substrate (nutrient) diffusivity L?r-! 4 x10%
Dg Extracellular secreted product diffusivity 27! 3 x 10°
Dy Auto-inducer diffusivity L?r-! 3 x 10°
FEyuik Bulk concentration of extracellular product MgL—3 0
[E] Local concentration of extracellular product MgL—3 n/a
Tyt Bulk concentration of autoinducer M;L=3 0
[1] Local concentration of autoinducer M;L73 n/a
Ghulk Bulk concentration of growth MaL™3 0.125
substrate (nutrient) unless stated otherwise
[G] Local concentration of growth MgL—3 n/a
substrate (nutrient)
Ka Half saturation constant for MgL™3 3.5 x 107°
growth substrate concentration
Total nutrient consumption after Mg 107
which fitness was calculated
Ny Number of cells of strain or species x dimensionless n/a
in a cell group at time ¢
Rg Rate of secretion of extracellular product MgMy, -1 1
Wy Fitness of strain or species z T-! n/a
X; Concentration of biomass of genotype i MxL™3 n/a
Y Yield of biomass per substrate Mx Mg ! 0.5

M represents mass of extracellular enzyme, M represents mass of extracellular inducer,
Mg represents mass of growth substrate, Mx represents cell biomass,
L represents length, and T represents time.
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Chapter 3: Supplementary Materials

Cell cluster volume expansion can offset the cost of adhesiveness
Our results predict that adhesion is a strategy whose success depends on the localisation of the

nutrient source; on the other hand, cell cluster volume expansion is generally beneficial whenever
cells live in a structured, nutrient limited environment in which such volume expansion can lead to
preferential access to nutrients. Extracellular polymers can either confer adhesiveness to secreting
cells (Ma et al. 2006; VIamakis et al. 2013; Kierek & Watnick 2003) or, conversely, bind to adhesive
cell-surface molecules and thus reduce the adhesiveness of secreting cells (Hay et al. 2009; Orgad et
al. 2011). These observations suggest that adhesiveness and cell cluster volume expansion can be
separately selected over evolutionary time. Our simulations allow us to disentangle the fitness effects
of adhesiveness and cell cluster volume expansion, clarifying the separate evolutionary dynamics of

these two phenotypic characteristics.

We first consider competition of an adhesive and volume-expanding EPS-producer versus a
non-producer. Adhesion and volume expansion were shown to independently confer a competitive
advantage when nutrients diffuse into the biofilm from the substratum. As expected, these advantages
are preserved when the two traits are combined (Figure S3.1). When nutrients diffuse from above the
biofilm, however, our simulations show that the competitive advantage of volume expansion can,
depending on position in parameter space, outweigh the potential costs of adhesiveness, and the

combined-trait genotype outcompetes a non-producer (Figure S3.1).

In some cases, EPS secretion may reduce cell adhesiveness: for example, alginate secretion by
Pseudomonas aeruginosa is thought to cover adhesive polymers on the surface of secreting cells
(Orgad et al. 2011). To model this potential effect of EPS secretion, we compete the adhesive and
volume-expanding genotype against a new genotype C that produces volume-expanding EPS but is
not adhesive. These simulations recapitulate our previous findings: when nutrients diffuse from
above, genotype C outcompetes genotype A because it can expand towards the nutrient source more
readily. When nutrients diffuse into the biofilm from below, adhesiveness allows strain A to gain
preferential access to nutrients. These results confirm that the evolution of adhesiveness should be
strongly influenced by the environment cells are occupying. Whenever limiting nutrients are acquired
from the substratum on which biofilms are growing, we predict that cells should evolve to become
more adhesive. However, secretion of volume-expanding EPS can help to maintain adhesiveness

when nutrients diffuse from above, where adhesiveness alone would be detrimental.
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Figure S 3.1: Volume expansion can offset the cost of adhesiveness. Cells of strain A (adhesive and volume-
expanding due to EPS production) are competed against strain B (non-adhesive, non-EPS secreting) and species
C (non-adhesive, but volume expanding due to EPS secretion). A) Nutrients diffuse from above, B) Nutrients
diffuse from below. Snapshots of simulations at t = 120h.

Long term evolutionary dynamics of adhesiveness

In the main text, we focus primarily on conditions in which cells grow for a limited period of time
defined by a fixed initial supply of nutrients. However, microbes also occupy environments in which
nutrients are continuously replenished. Plausible examples include communities on plant roots whose
exudates provide nutrition to the resident microbes (Nardi et al. 2000; Narula et al. 2009), riverbeds to
which nutrients are constantly supplied from upstream, and the mammalian gut in which large
amounts of complex carbohydrates are secreted by the epithelium to feed and potentially select
beneficial microbial species (Bevins & Salzman 2011; Hooper et al. 1999). We modified our model to
better capture such communities by allowing communities to grow over much longer time scales, and
we also implemented a sloughing mechanism whereby cells are lost from the biofilm once they reach
a defined height. Our findings are unaffected by these conditions: EPS production is competitively
advantageous whenever concentrations of nutrients are low. On the other hand, the fitness effect of

adhesiveness still depends on the direction from which nutrients diffuse into the biofilm: highly



adhesive cells outcompete non-adhesive cells when nutrients diffuse from the substratum, but highly

adhesive cells are outcompeted when nutrients diffuse from above the biofilm (Figure S3.2).

N
2

Cell number

2*10%

Cell number

Figure S 3.2: Adhesion and volume expansion in long term microbial communities. Left:

Nutrients |

Time (h)

Nutrients T s

/ 7 750h

Z — 1000h
‘\?—

1000
Time (h)

2*10*

Nutrients |

Cell number

Time (h)

2*10*

Nutrients T

Cell number

Time (h)

adhesive

genotype A (green) competes with non-adhesive genotype B (blue). Right: EPS-secreting species A competes
against non-producing genotype B. Plots show cell numbers over time and representative snapshots of three time
points. Cells are sloughed from the biofilm surface at a defined height of 150 pm.
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Figure S 3.1: Competition in a model of a nutrient saturated biofilm with saturating nutrients diffusing
into the colony from above. A) Cell number over time; initiated with equal cell numbers; genotype A
outcompetes B over time. B) The heat map shows the biomass distribution of the two genotypes averaged over
the width of a single simulated biofilm community. Cells grow protected from sloughing in a 40um thick layer
beyond which cells are lost from the biofilm, nutrient concentration N = 4.
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Figure S 3.4: Control experiments. A) A time series for the bottom layer of EPS™ (green) competing against
other EPS™ cells (blue). B) A time series for the bottom layer of EPS™ (green) competing against other EPS”
cells. Inset at 6h: a digital zoom shows tight packing of cells in EPS* colonies. C) Cross-sections of EPS™ (blug)
vs. EPS™ (green) and EPS* (blue) vs. EPS™ (green) show no clear displacement. D) Resistance to shear by
monocultures of EPS™ and EPS™ cells. Glass slides were colonized with either strain and exposed to two
different flow rates, and surface coverage was measured at 10 min intervals for 1 h. Analysis of surface
coverage by EPS'(red: 400 um /sec flow; blue: 20 pm /sec flow) and EPS™ cells (black: 400 pum /sec flow,
green: 20 um/sec flow) indicates that both are capable of forming and maintaining monolayers in the presence

of flow.



Table S 3.1) Simulation parameters. Length (L), mass (M), time (T).

Symbol Description Dimen- Value Units Referen
sion ces
Max. colony thickness gut simulations L 40 pm (Schluter
& Foster
2012)
Max. cell radius before division L 1 um (Mitri et
al. 2011)
Width of simulated colony L 350 um
Initial cell number (4+B), unless stated 280
otherwise
Boundary layer thickness L 100 um
y7i maximum growth rate T 1 h'! (Mitri et
al. 2011;
Rang et
al. 1999)
Ky Half saturation constant for ML™ 3.5%107 gl (Mitri et
growth on nutrient N and L al. 2011;
Nadell et
al. 2010)
D Diffusion coefficient of solutes L°T"' 5.76*%10" um°h”  (Nadell
et al.
2010)
N Bulk nutrient concentration ML” 5%10™ gl (Nadell
et al.
2010)
Px Density of biomass ML 220 gl (Mitri et
al. 2011)
PEPS Density of EPS ML™ As a fraction of px gl (Mitri et
al. 2011)
Y Yield of biomass per substrate 0.5 (Mitri et
al. 2011)
SfEps Fraction of growth diverted 0.25
into EPS production
o Adhesion parameter 2 when adhesive, dimen-
1 otherwise sionless
r Sloughing parameter 0: no sloughing
0.1: weak sloughing
20: strong sloughing
Maximum allowed biomass in M 10° g

nutrient limited simulations




Table S 3.2) Stoichiometry of microbial growth and EPS secretion

Reaction Solute Biomass Rate Expression

N Cell biomass (X) EPS

growth /Y 1 - feps f 1 IN]/ (IN] + Ky) X




Chapter 4: Supplementary Materials

°_0O Nutrients o0

Periodic boundary
‘ Periédic boundary

Nutrients Antimicrobials

Figure S 4.1: Diagram of the simulation setup. Cells live and divide on an impenetrable host epithelium.
Growth-promoting nutrients can diffuse into the bacterial colony from the lumen (top) and/or the epithelium
(bottom) where they are utilized by the cells. In some simulations the epithelium also releases antimicrobials
that kill cells. The direction of fluxes is indicated by arrows (nutrients, green; antimicrobials, red). Periodic
boundaries at the sides simulate continuous space. Cells moving beyond the maximum thickness are removed
simulating  sloughing  (dashed line, the location is a parameter that we vary).
doi:10.1371/journal.pbio.1001424.s001
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Figure S 4.2: Final frequencies of faster growing strain B in a simplified ordinary differential equation
model. A minimum final frequency of the faster growing strain is found for intermediate microbial community
thickness; the exact location depends on the growth functions of the two strains (see Text S1).
doi:10.1371/journal.pbio.1001424.5002
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Figure S 4.3: The effect of non-selective nutrients from one direction on selectivity from the other
direction. We show the biomass development over time beginning with cells at low densities (125 cells each).
(A) Host-secreted nutrients provide a growth rate advantage and neutral nutrients diffuse into the biofilm from
the lumen. (B) Lumen nutrients provide a growth rate advantage and the host secretes neutral nutrients. Points of
sloughing are 20, 40, and 80 um. For 80 um, lumen selection is strongly impeded by the presence of neutral
host nutrients, whereas host selection is unaffected by additional neutral lumen nutrients (initially the favoured
species outgrows the other but upon reaching the capacity will be sloughed off more frequently, leading to a
decrease in frequency compared with the maximum at ~10 h).doi:10.1371/journal.pbio.1001424.s003
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Figure S 4.4: Selection amplification of an initially rare strain by the host epithelium. Weak epithelial
selection dominates strong lumen selection. Strain B has a 100% growth rate advantage on nutrients from the
lumen, and lumen nutrients are five times the concentration as epithelial nutrients. Host nutrients provide growth
rate advantages to an initially rare strain A (initial frequency 0.1, grey plane) ranging from 1% to
100%.doi:10.1371/journal.pbio.1001424.s004
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Figure S 4.5: Selection with antimicrobials. Selection via host antimicrobial secretion in the absence of host
nutrient secretion is possible only when lumen nutrients are available throughout the bacterial colony. The host
can select for slow growing strain A despite antimicrobials being available at relevant concentrations only in a
fraction of the overall bacterial colony (near the epithelium) when selectivities of antimicrobials in favour of the
strain A (SB<SA) are sufficiently high. In the majority of the bacterial colony, cells of strain B have a net
growth rate advantage due to the high concentration of lumen nutrients, which favour B. Capacity K, maximum
biomass. doi:10.1371/journal.pbio.1001424.s005
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Figure S 4.4: Fluctuations in lumen nutrient concentrations do not affect predictions. Each figure shows the
biomass development of the two strains in 30 independent simulations (brown, strain B; blue, strain A) with
discontinuously available nutrients in the lumen. Feast-famine periods last 8 h each. For comparison, thick black
lines show the mean biomass from 30 simulations under identical selection strengths but with continuously
available nutrients for stain B (dashed) and strain A (solid). Host nutrients provide varying growth rate
advantages to strain A as indicated in the figure. The mean nutrient concentration in the lumen is five times
higher than nutrients from the host, and strain B has a 100% growth rate advantage over A on these nutrients.
Mean nutrient concentrations in the continuous and discontinuous case are identical. Capacity K, maximum
biomass. doi:10.1371/journal.pbio.1001424.s006



Table S 4.1) Simulation parameters. Length (L), mass (M), time (T).

Symbol Description Dimension Value Units  References
Max. colony thickness L 10-160 pm X*H‘;Ta: &5“;%?:;
2001)
Max. cell radius before division L 1 um (F“gs'g'r zgﬁ;ieﬂ &
Width of simulated colony L 250 um
Initial cell number (A+B) 250
Boundary layer thickness L 25 pm (Mitri etal., 2011)
HiNL maximum growth rates of strain i on nutrient N or L T! 05<pu<1 h &“2;‘5‘;;.,?'15929?“'
Kn. | Half saturation constant for growth on nutrient N and L ML? 3.5%10” g™ | (Mitr et al, 2011
Nadell, Foster, &
Xavier, 2010)
D Diffusion coefficient of solutes LT?! 4*10° pm?h™ | (i o ol
L Bulk lumen nutrient concentration ML 0.8, 4 0r glt | Bused onhigh
non-limiting concentration in
(COﬂSt. at 4) (Mitri et al., 2011)
H Maximum host nutrient concentration near the epithelium. The MmL3 <0.8 gl™
secretion rate of nutrients from host epithelial cells is based on
total fluxes from the lumen such that energy values can be
compared, i.e. five times more from the lumen in Figure 4.
S Susceptibility defined as concentrations at which cell death ML 0.065-0.26 gl?
within one hour occurs with a probability of 50%. Values based
on maximum antimicrobial concentration (T) such that cell
growth is possible.
T Maximum concentration of antimicrobial near the epithelium ML? 0.005 gl!
p Density of bacterial biomass ML 150 gl? | Mitietal, 2011)
Y Yield of biomass per substrate 0.5 (Mitri etal., 2011)




Text S1
We simplify the individual based simulations where nutrients exclusively come from the

lumen by considering two non-spatial, coupled ordinary differential equations describing the
biomass development of strain 4 and B over time. Starting from an initial monolayer of cells,
the bacterial colony in the individual based model increases in thickness due to cell division,
eventually excluding cells below from access to nutrients. The region of active growth where
nutrients are available at sufficient concentrations moves upwards with the growing colony
towards the source of nutrients in the lumen. When the maximum height (which we vary)
where cells are sloughed off is reached, a region of actively dividing cells exists, which we
will call final active layer. Here, cells are removed constantly through sloughing and
replenished by bacterial growth. We can describe the competition between strain 4 and B in

the active layer with

ﬁ:,umaxA (1— A+B)A—§A
dt a
(1)
@
d_B = HmaxB (17 A+B>B*§B
dt @

Where Umaxs > Hmaxs > G > 0. Under these conditions, the frequency of B tends towards 1 as
constant removal of a fraction of cells due to sloughing (g) and faster replenishing of B will
lead to successful competition for the limited capacity (o) of the final active layer. Before the
colony has reached it's final thickness, regions below the final active layer are subject to

competition between the two strains simplified as

dA A+ B 3)
37 — Mmaz 1-— A

at ~ Hmasd < K >

dB | _A+B\ . (4),
dt = HmazB K

with capacity of the system K, which is solved until #* = 72 days equivalent to the individual



based simulations. The final frequency R(#") of B (shown in Figure S2) is calculated taking
into account the frequency of B below the final active layer at ¢* and the fraction of the total
colony that lies within the final active layer where the frequency of B will be 1 (egs. 1 and 2).

Hence,

(5),

where K is the overall capacity of the colony which increases with the thickness and o is the
capacity of the final active layer which is constant and K > a. Hence the contribution to the
final frequency of B from a in the last term in equation 5 is larger for smaller X, i.e. in thinner
colonies. The values for K and a are based on the values of total biomass found in the
individual based simulations for different points of sloughing. For values of K smaller than a
(thin colonies), the final ratio is 1, as the entire bacterial colony is subject to constant selection
because nutrients are available everywhere, i.e. the entire bacterial colony resides within the
final active layer.

These considerations allow us to distinguish three compartments of a steady state
bacterial community: the final active layer (4L) which will exist for any sloughing height, and
two other compartments below 4L, which can arise depending on where sloughing occurs. In
the early stages, strains 4 and B exist in a 50:50 ratio. Then, in these simulations, because
UmaxB > Umaxas Strain B begins to outgrow strain 4 and will eventually take over the surface of
the growing colony entirely (Sketch, B). Hence, all cells with access to nutrients will be of
strain B. Immediately below the final active layer, there thus may then be a region which is
comprised only of cells of strain B (non-dividing as no nutrients can reach this region). We
call this compartment Q. Below Q at the base of the colony, another stagnant region exist

which unlike Q is comprised of both strains (compartment ).
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Sketch: A) Graphs show the frequency of strain B as we move away from the epithelium. Lower case a, ¢,
w indicate the location of the compartments AL, O, W. Case 1) In thin bacterial colonies, nutrients are
available everywhere and the entire colony [0 y] lies within the final active layer (a). Case 2) The final
active layer is located at the top of the colony below which a compartment where strain B and A coexist
arises (w). Case 3) In thick colonies, a third compartment arises (¢) which harbours stagnant cells of strain
B only. Different curves result from different growth functions and growth rate advantages for B. B)
Cartoon demonstrating the biomass distribution in a two dimensional colony for case 3 (strain A blue, B
brown). Compartments AL, Q and W arise: AL, a stagnant region only containing B cells: O, and at the
base a stagnant region containing a mixture of 4 and B cells: W.

How does altering the colony thickness (y) affect final total ratios? We call the
distance from the epithelium of the three compartments a, ¢ and w. For sloughing points very
close to the epithelium, nutrients will always penetrate the entire system (y < a) and hence the
entire colony is subject to continuous selection and will thus tend to be composed entirely of
the faster growing strain B (Case 1). Colony thicknesses for which case 1 holds will result in a
final frequency of B of 1. When compartmentalisation due to nutrient depletion at the base of
the colony arises (y > a), we declare w = y — a. Competition between the two strains leads to
an increase in the frequency of the faster growing strain B. As we move away from the
epithelium where the initial frequency is 0.5, we can describe the increase in frequency of B
as a function g(y) of the distance (y) from the epithelium between 0 and w (from the
epithelium to the active layer). Case 2 arises when 0 < w <=y", where y":= g(y) = 1. Hence "

is the distance from the epithelium at which B has taken over entirely. For case 2, the



final ratio is given by:

0.5w — [, g(y)dy (6).

w—+a

Reo =1-—

Case 3 finally arises for y - a > y" = w. In case 3, we find all three compartments described

above and the final frequency of B is given by

0.59" — [ g(y)dy (7)

Res=1-—
3 y*+q+a

The colony thickness for which the frequency of B is minimal will be intermediate as it has to
be larger than a and (7) tends to 1 again for very large y... (and thus very large ¢). The exact

location of the minimum will depend on the function g(y).
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Figure S5.1: Introducing random species does not increase stability. A) Cartoon demonstrating how a
network of cooperating species (red) is embedded in larger networks of species (green) that interact randomly
either cooperatively (25%), competitively (25%) or exploitative (50%) with the focal group of cooperating
species. B, C) We add random species to a focal community of 100 cooperating species. Stability is unaffected
because the initial system of 100 cooperators is unstable and the stability-determining eigenvalue
corresponding to the average row-sum (dot) is unchanged when random species are added. Addition of more

species increases the widths of the ellipses which leads to lower likelihood of stable communities.
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The human gut harbours a large and genetically diverse population of symbiotic microbes that both feed and protect
the host. Evolutionary theory, however, predicts that such genetic diversity can destabilise mutualistic partnerships.
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soon to slough off. Finally, our model predicts that while antimicrobial secretion can promote host epithelial selection,
epithelial nutrient secretion will often be key to host selection. Our findings are consistent with a growing number of
empirical papers that indicate an influence of host factors upon microbiota, including growth-promoting
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Introduction

Many microbial species live on or are associated with epithelia
of multicellular organisms. Examples range from plants and soil
bacteria interactions in the rhizosphere where plant secretions
affect the composition of bacterial communities [1,2], through the
light organs of marine animals in which specialised symbiotic
bacteria are cultivated by the host [3-5] to many surfaces of the
mammalian body [6].

Every human is home to roughly 100 trillion bacterial cells,
collectively called the microbiota. The majority of these cells reside
in the human gastrointestinal tract and, in particular, in the large
intestine [7]. Here, bacteria can have beneficial effects such as the
digestion of complex carbohydrates, colonisation resistance against
invading pathogens, maturation of the adaptive mucosal immune
system and immune cells, and the production of secondary
metabolites, including vitamins [8-10]. However, these activities
are not performed by all species, and the species composition of
the microbiota in a healthy human is clearly distinct from bacterial
communities in other environments [11]. Moreover, various
diseases correlate with disturbances in the species composition of
the microbiota [6,10]. It is clear then that the gut community has
the ability to both help and harm the host. Despite the potential
for harmful effects of the gut microbiota, the major class of

PLOS Biology | www.plosbiology.org

interaction with the host appears to be one of mutualism, whereby
both sides benefit from the interaction. The evidence for host
benefits comes both from our understanding of the metabolic
services that the gut microbiota provides and studies of germ-free
animal models [6,12-18].

There is a growing literature on the evolution of mutualisms
among species, both theoretical and empirical, which emphasizes a
number of key factors required for the evolutionary stability of
mutualisms [19-22]. Most relevant for the gut microbiota is the
issue of having multiple genetically different individuals on one
side of the mutualism (microbes) involved in a single interaction
with the other (host) [19,20,22]. On the side with multiple
genotypes, this can lead to the loss of helpful mutualistic
genotypes, whenever non-helpful genotypes are more competitive.
How is such potential conflict among partner species resolved in
other systems? Theory predicts a central role for partner choice:
the selection of the best mutualistic partners by a focal species [22].
Moreover, partner choice is widespread in nature with evidence
from many different systems [21,22] including leaf cutter ants and
their fungus [23], legumes and rhizobia [24], and the mutualism
between the bobtail squid and the luminescent bacterium Vibrio
Sischerit [25]. The predominance of partner choice mechanisms in
other systems begs the question: What is the role of partner choice
in the mammalian gut?
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Author Summary

The cells of our bodies are greatly outnumbered by the
bacteria that live on us and, in particular, in our gut. It is
now clear that many gut bacteria are highly beneficial,
protecting us from pathogens and helping us with
digestion. But what prevents beneficial bacteria from
going bad? Why don't bacteria evolve to shirk on the help
that they provide and simply use us as a food source? Here
we explore this problem using a computer model that
reduces the problem to its key elements. We first illustrate
the basic problem faced by a host: Whenever beneficial
bacteria grow slowly, the host will lose them to fast-
growing species that provide no benefit. We then propose
a solution to the host’s problem: The host can use
secretions—nutrients and toxins—to control the bacteria
that grow on the epithelial cell layer of the gut. In
particular, our model predicts that the epithelial surface
acts as a “selectivity amplifier”. The host can thereby
maintain beneficial bacteria with only small amounts of
weakly selective secretions. Our model fits with a growing
body of experimental data showing that hosts have
diverse and important influences on their gut bacteria.

The sheer diversity of microbial species in the mammalian gut
shows that hosts do not select for one or two partner species, as
occurs in some mutualisms. In addition, there is a clear
environmental effect on microbial species composition in the form
of host nutrient intake [26,27]. Nevertheless, there are also a range
of mechanisms by which vertebrate hosts affect their microbes
more directly. In particular, the intestinal epithelium produces a
wide range of secretions that help to maintain the barrier between
the gut lumen and host tissues [9,28-31]. Central to this barrier is
mucus secretion [32-35] that limits the direct access of bacteria to
the epithelium [36]. The mucus becomes less dense, however, as it
moves upwards away from the epithelium and bacteria grow in the
upper layers that can feed on carbohydrates such as fucose, which
the host adds to the mucus proteins [37-40].

The host also secretes a range of antimicrobials into the mucus,
including defensins. Mucosal community composition has been
studied in mice that lack an enzyme required for murine alpha-
defensins but secrete human alpha-defensin [31]. The observed
changes in community composition, in combination with other
studies, led to the conclusion that defensins are essential regulators
of intestinal microbial ecology (for a review, see [41]). More work
is now required to understand the exact role of defensins as a
selective agent of the microbiota. In particular, the defensins of the
small intestine have been the primary focus of research, and the
effect of defensins in the large intestine is less well understood.
Moreover, studies have shown that production and activation of
defensins can themselves be dependent on the resident microbiota
[42,43], which opens the way for feedback loops between the host
and its microbiota. In addition to defensins, the adaptive immune
system also has the potential for selective effects. B-cell-derived
immunoglobulin A (IgA) is considered the most likely host
secretion to affect the localization, growth, and composition of
the microbiota [29,44,45].

While it is clear that epithelial secretions can affect the
microbiota, the primary role is often assumed to be as a simple
barrier between the lumen and host tissues [46,47]. However,
there is evidence that epithelial secretions differentially affect
different strains and species. Sugars like fucose are more easily
utilized by some microbial species than others [37,38,40], and
defensins and IgA have biased effects on the microbiota
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[14,29,31,45]. Such findings suggest that host secretions might
help to control the composition of the resident microbiota [41,48].
Indeed, it has even been suggested that control over a wide array
of non-pathogenic microbes is the primary reason why adaptive
immunity first evolved [49]. Despite this, we understand very little
about how the host might in practice select for particular microbial
strains or species.

Here we build a model to evaluate the potential of a host to
select their microbiota. Ecologies like the mammalian gut are
extremely complex dynamical systems and will require a central
role for theoretical approaches if we are to dissect their
complexity [50,51]. We have, therefore, developed a new model
of host-associated microbial communities with the goal of
bringing an evolutionary perspective to the study of host—
microbiota interaction. Our model is relatively complex in that it
includes realistic features such as mechanistic interactions among
cells, spatial structure, and chemical gradients. However, it
greatly simplifies the full complexity of the gut and is not
intended as a complete description. We hope to show,
nevertheless, that one can gain new understanding by the
application of such simplifications to the problem of the host—
microbiota interaction. In particular, our study reveals three key
findings. First, we demonstrate the problem of multiple
genotypes on one side of a mutualistic partnership, which
renders the host-microbiota mutualism intrinsically fragile.
Second, we show that a solution to this fragility is host selection:
The epithelium-—microbiota interface acts as a selectivity
amplifier that can quickly shift the composition of the microbiota
at the interface. Finally, we show that central to the selectivity is
the provision of nutrients, and not just antimicrobial factors, by
the host. Our results suggest a host’s epithelium is a remarkable
environment for partner choice, which is well suited to control
bacterial community composition.

Results

We model a bacterial community containing two strains, which
is growing on the host epithelium (Figure 1) where cells are
represented by spheres that consume nutrients, grow, and divide
(Materials and Methods, Table S1, Figure S1).

Host—Microbiota Mutualism Is Fragile

Our first goal is to evaluate the potential effects of differences in
growth rates between strains under the simplest of conditions, and
then build in increasing complexity in order to understand the key
factors at play. We denote two bacterial competitors 4 and B,
where B divides more rapidly than A4 (Figure 1B). These two strains
can either represent two members of one species that differ only in
their interaction with the host or two different species that differ in
other ways. As such, the model can be viewed from either an
evolutionary (genotypes within a species) or ecological (species
within a community) perspective. We return to the differences
between these two scenarios in the Discussion. While we only
model two strains, the model also approximates more diverse
communities in which there is selection for a set of beneficial
ecotypes where each “strain” would then represent multiple strains
with similar phenotypes.

These simple models show the potential power of competition in
a host-associated microbial community. Figure 1C shows the
increase in frequency of the fittest species over time in the
epithelial community. Here and in the majority of subsequent
figures, we show time as an axis. One reason we do this is because
it is impractical to run all simulations until the final frequencies of
the two strains have been established, especially for very small
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Figure 1. Microscopic image and simulations of microbial
growth near a host epithelium. (A) Confocal fluorescence image of
bacteria growing in the lumen on top of host epithelial cells. Sample
taken from the cecum of a laboratory mouse, where there has been no
intentional manipulation of the animal’s microbiotia. Epithelial and
bacterial cells in green (DNA stained with Sytox green), and the
epithelial border brush in blue (actin stained with Alexa-647-phalloidin)
from [83]. (B) Simulation of bacterial growth on host epithelium; brown
bacterial cells (strain B) have a 1% growth rate advantage over blue
bacterial cells (strain A). Even with a modest growth rate advantage,
strain B succeeds as strain A is slowly washed out. (C) Thirty
independent simulations of bacterial competition. Development of
biomass of strain B (brown dashed) and A (blue) with growth rate
advantages for strain B of 1%, 10%, and 100% and environmental
capacity K. The thick lines are mean values.
doi:10.1371/journal.pbio.1001424.g001

differences in fitness. Nevertheless, we expect in the majority of
cases that one strain will ultimately dominate the system (see
following section and Text S1 for exceptions). Indeed, even for a
modest difference in the growth rate among strains (e.g., 10%), a
faster growing strain rapidly reduces the slower growing strain to
negligible frequency in tens of generations (Figure 1C). This
corresponds to a few days for species like E. coli in a mammalian
gut [52]. The constant removal of cells leads to thinning out and
eventual eradication of the slower growing strain 4 near the
epithelium (Figure 1B,C). For larger difference in growth rate,
such as B doubling at twice the rate of 4, the eradication of 4
occurs in a few generations.

This demonstrates the fundamental problem faced by a host
when having multiple possible genotypes competing for a niche
where a mutualistic species could exist. Whenever the most
beneficial bacteria do not grow the fastest, competition between
bacterial genotypes will lead to the loss of mutualistic strains within
the host and thus a suboptimal microbiota composition (Figure 2).
But is it possible that mutualistic species are, without exception,
intrinsically faster growing than non-mutualist species? If anything,
the reverse is expected. Recent phylogenetic work shows that
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species from healthy guts tend to cluster with species from complex
and relatively slow-growing communities [53]. By contrast,
bacteria of infants and unhealthy guts tend to cluster with bacteria
from fast-growing pioneer communities. In an entirely neutral host
that does not exert any control over the bacterial composition,
therefore, our model predicts that the mutualism between bacteria
and a host is intrinsically fragile.

Epithelial Selection Dominates Lumen Selection

So far, there is little spatial structure in our model, and we
confirmed that our first results correspond to a well-mixed (no
spatial resolution) ordinary differential equation model of
evolutionary competition (Text S1, Figure S2). We next extend
the simulations to introduce more realism and calculate nutrient
levels as a function of space and time. As cells divide, they use up
nutrients such that nutrient concentration is depressed as one
moves away from the nutrient source and into a group of
dividing cells. These solute gradients are known to be important
in natural bacterial groups and can have strong influences on
community structure and composition [54-56]. In our case,
there is the potential for two solute gradients, one from the
lumen direction and one from the host epithelium direction. Our
question is then: How do selective compounds from the
epithelium and from the lumen influence the composition of
this bacterial community?

Compared to the well-mixed case, the ability of nutrients to
select for one strain over the other is reduced in the presence of
solute gradients because not all cells have access to nutrients. With
less reproduction, natural selection is less powerful. However,
more striking is that lumen nutrients exert a much weaker selective
effect than epithelial nutrients. This suggests a bias that may
empower the host to affect the microbial communities growing on
the epithelial surface (Figure 3). What causes this difference? When
the epithelium secretes nutrients, growth occurs at the base of the
bacterial colony, which can affect the whole bacterial community.
By contrast, lumen selection from the opposite direction prefer-
entially affects cells that are about to be sloughed off, which limits
the effect of lumen nutrients on cells at the base of the bacterial
community.

The inhibition of lumen selection only occurs beyond a certain
thickness of the bacterial community (Text S1, Figure S2). While it
is difficult to measure the thickness of these bacterial communities
in vivo, the range of thicknesses used in our model are consistent
with the outer mucus layer of mice and rats [32]. A corollary of
these results is that selection from the lumen should be weakened
by growth near the epithelium. Hence, we further show that the
addition of non-selective nutrients at the epithelium strongly
inhibits lumen selection (Figure S3B). By contrast, additional non-
selective lumen nutrients do not affect the ability of epithelial
nutrients to select for one strain over the other.

Our model predicts that the physical layout of the gut
epithelium environment allows host secretions to have dispropor-
tionately strong effects. We next test this by pitting the two sources
of nutrients against one another. We assume that epithelial
nutrients select for strain 4, whereas lumen nutrients select for
strain B, simulating a scenario in which the slow growing strain 4
would be lost without host selection. We present a conservative
case in which epithelial nutrients are both less abundant and less
selective. Specifically, lumen nutrient concentrations are five times
higher than epithelial nutrients and the growth rate advantage of
strain B on lumen nutrients (100%) is always higher than or equal
to the (varied) growth rate advantage of strain 4 on epithelial
nutrients (Figure 4A).
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Figure 2. Cartoon to illustrate the potential problem faced by a
host. Three scenarios are shown for four helpful strains (H) and four
detrimental strains (D) that occupy four different niches, 1 to 4. Two
extreme cases exist: beneficial strains grow faster in all niches (case 1) or
all detrimental stains grow faster in all niches (case 3). In the first case,
no partner choice is required, as natural selection favours the beneficial
strain throughout all niches. However, any deviation (case 2 or 3) from
this means that the host will experience a sub-optimal microbiota.
doi:10.1371/journal.pbio.1001424.g002

Initially, strain B outgrows strain A4 as the former’s overall
growth rate advantage from the nutrients is much greater than
that of strain 4. However, the advantage of strain B diminishes as
the microbial community grows and the effects of lumen nutrients
and epithelial nutrients separate into distinct regions. This allows
strain A4 to establish itself at the epithelial surface, and for all but
the weakest selection by the host, strain B is eliminated eventually.
In fact, in this example, the host need only provide a 5% growth
rate advantage to strain A to counter the 100% growth rate
advantage and five times higher concentrations that lumen
nutrients provide to strain B. In summary, we find that a fast
growing strain, which would rapidly replace slow growing strains
in a well-mixed environment, can be eliminated by moderate
counter-selection at the gut epithelium. This process is also
effective when strain 4 is initially rare (Figure S4). Host selection at
the epithelium, therefore, can effectively operate on an initially
rare strain or species that is a minor member of a diverse
community.

Nutrients Are Often Critical to Host Epithelial Selection
We next tested the effects of epithelial selection using
antimicrobials that tend to harm strain B more than strain 4. In
our model, selection with antimicrobials is slower than with
nutrients, because the antimicrobials kill both strains, which
reduces the rate at which one strain outgrows the other.
Antimicrobials could, in principle, select more quickly than
nutrients if they could instantly kill only one of the two strains.
In the absence of such extreme selectivity, however, nutrient
selection is more powerful. Indeed, for a wide range of conditions,
we find that it is critical that the host also supplies nutrients
(Figure 4B). These do not need to be selective if selective
antimicrobials are secreted. However, nutrients are required
because the selective effects of antimicrobials will not permeate
up through the community unless there is net positive growth at
the epithelial surface. With antimicrobials alone, cell death can
casily outweigh the birth of new cells at the epithelial surface
because lumen nutrients are at their lowest concentrations. This
means that although the host kills more cells of strain B than of
strain 4 (depending on the specificity of the antimicrobial), if
growth is limited by nutrients at the epithelium, no net positive
growth of strain 4 will occur either. For this reason, providing
nutrients at the epithelial surface greatly widens the range of
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Figure 3. Epithelial nutrients have more effect on a bacterial
community than lumen nutrients. Box plots show the final
frequency of a faster growing strain after 12d as a function of
microbial community thickness, where the growth rate advantages of
the fitter strain range from 10% to 100%. Well-mixed: No gradients of
nutrients exist (Figure 1B,C). Epithelial selection: Nutrients exclusively
diffuse into the colony from the host epithelium. Lumen selection:
Nutrients exclusively diffuse into the colony from the lumen. Dashed
lines connect mean values of 30 independent simulations. The total
nutrient influx into the system from the host or the lumen is kept
identical. Results agree with a steady-state solution of a simplified ODE
model (Figure S2).

doi:10.1371/journal.pbio.1001424.9003

conditions under which antimicrobials can be used as a selectivity
mechanism by allowing sufficient growth in this critical region.

One challenging case for the host is when lumen nutrient levels
are so great as to remove all nutrient gradients in the bacterial
community and hence nutrients are available at high concentra-
tions throughout the colony. However, even here, the host can use
the epithelium as a selectivity amplifier (Figures 5, S5). Selectivity
amplification occurs whenever the host can maintain a thin region
next to the epithelium that favours strain 4 over strain B and
allows for net positive growth. With this, strain 4 will eventually
take over the community even though it is counter-selected in the
vast majority of the community (Figure 5). As a control, we show
in Figure 5 how the same amount of solutes evenly distributed
throughout the system would strongly select against A, which
contrasts with the selectivity amplification seen when solute
gradients are present. Finally, our results are robust to fluctuations
in lumen nutrient concentrations, which are inevitable in
organisms that have discontinuous food intake. As our model
predicts, the effects of epithelial secretions are strongest during
starvation periods, because lumen nutrient concentrations are
highest after feeding [37]. However, implementing a feast-famine
cycle that increases the variance in lumen nutrient concentration
(but does not affect the mean) suggests that the net effect of these
cycles is modest (Figure S6).

Discussion

The gut is a competitive environment where the potential for
high growth rates and population turnover means that slower-
growing bacterial strains can be rapidly lost. This presents a
problem for hosts. Natural selection of microbial phenotypes based
upon intrinsic growth rate will disadvantage any microbes that
grow more slowly (Figures 1, 2). Our model predicts that a host
can compensate for this effect using epithelial secretions that
promote relatively slow-growing strains. Importantly, these effects
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Figure 4. Selectivity amplification by the host epithelium. Weak epithelial selection dominates strong lumen selection. Strain B has a 100%
growth rate advantage on nutrients from the lumen, and lumen nutrients are five times the concentration as epithelial nutrients. Grey planes mark
the starting frequency of the two strains (0.5). (A) Host nutrients provide growth rate advantages to strain A ranging from 1% to 100%. (B) The host
secretes antimicrobials that preferentially kill strain B; susceptibility advantages for strain A range from 1% to 100%. Host-secreted nutrients are also
provided that neutral. In (A) and (B) strain A outcompetes strain B for all but the smallest selective advantages.

doi:10.1371/journal.pbio.1001424.g004

do not require a highly specific selection mechanism akin to the
full force of adaptive immunity. In our model, moderate
selectivities that allow poorly growing strains to grow 5% to
10% faster at the epithelial surface are sufficient to reverse their
fate.

Epithelial selection may occur either through growth-promot-
ing secretions or toxic growth inhibitors, but we find that growth
promotion is often critical because selectivity amplification
requires net growth of the microbial community near the
epithelial surface. In this context, it is interesting that host
epithelial secretions include growth promoters, particularly
mucosal glycans [57,58], in addition to the growth inhibitors of
the immune system.

Positive growth at the epithelium surface is important because it
causes a flow of microbial cells towards the lumen that limits the
effects of lumen nutrients on the community. Cells nearest the
lumen are least likely to persist due to detachment and sloughing
deeper in the lumen. In our model, this motion is driven by
pushing and shoving of dividing bacterial cells. In the mammalian
gut, the flow towards the surface is likely to be further promoted by
the constant release of mucin polymers from the epithelial surface
[57,59]. Furthermore, the diffusion of IgA—a key secretion known
to influence the microbiota—is inhibited by mucins [34]. Our
work suggests that this diffusion limitation will maximize not only
the residence time of IgA in the gut but particularly the residence
time close to the epithelium, where IgA will have an amplified
effect.

Our model requires that a host has mechanisms to differentially
affect the net growth rate of different bacterial strains or species.
Are such effects always possible, particularly in the face of bacterial
coevolution to evade the negative effects of host selection? The
greatest challenge for host selection will occur when the strains
involved are variants of a single species that differ only in their
cooperativity towards the host (as opposed to different species that
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differ in many ways). However, even here, host selection is possible
if the host can select directly on the beneficial phenotype in the
bacteria [60,61]. This appears to occur in the mutualism between
bioluminescent Vibrio fischeri bacteria and the bobtail squid. It is
thought that the squid creates an oxidizing environment in the
light organ that selects for cells using the luminescence reaction
because this reaction uses up oxygen [4].

We believe comparable mechanisms to those seen in the bobtail
squid may exist in the gut. Mammalian cells produce glycocon-
jugates of a remarkable structural complexity and diversity, which
are known to favour, or disfavour, the attachment and growth of
different microbial species [62]. These compounds may represent
an evolutionarily stable way to select for bacteria, like Bacteroides
thetaiotaomicron, which are carbohydrate specialists that convert
complex carbohydrates for the host: B. thetaiotaomicron has over five
times the number of glycoside hydrolases as species like Salmonella
enterica or Shigella flexner: [63]. Indeed, human milk contains
polysaccharides that cannot be digested by the infant, suggesting
that mothers may also be exercising this simple but effective form
of selection [64]. But is host secretion of complex carbohydrates
vulnerable to exploitation by a variant that receives benefits but
does not provide any help to the host? The use of complex
carbohydrates as a selective mechanism is likely to greatly
constrain the evolutionary options for bacterial species by
demanding that bacteria use the glycoside hydrolases that also
help the host with digestion. Of course, these species might still
attempt to invade the epithelial layer. Our model is not intended
to capture direct attacks by pathogens, but the detection of tissue
damage is a relatively simple problem for a host as compared to
selecting among more or less metabolically useful symbionts. And
we know that hosts possess mechanisms to counter direct attacks,
such as the inflammation response.

However effective, host selection will not preclude bacterial
coevolution in the gut. Indeed, long-term bacterial evolution in the
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Figure 5. The host need only influence a thin layer of a
microbial community to exert control. Selection amplification: To
illustrate, we apply constant distributions to all solutes in the simulation
(no gradient for lumen nutrients, steep gradient for host secretions) to
create a thin layer in which the strain A (blue) outgrows strain B
(brown). The snapshots show the progression of a representative
simulation with the expanded snapshot showing the growth rates of
the two strains throughout the community. Strain A only grows better
very close to the surface of the epithelium. Well-mixed: Control
simulation with identical total amounts of solutes but without spatial
differences in solute concentrations and growth rates of the two strains.
In such an environment, strain A is out-competed by strain B;
environmental capacity K.

doi:10.1371/journal.pbio.1001424.g005

gut may allow mutualists to achieve gains in competitiveness both
in the presence and absence of host selection. Consistent with such
adaptation, B. thetaiotaomicron can induce carbohydrate secretion by
the host [37]. Coevolution also brings the potential for arms-races
with pathogens that adapt and use host-provided nutrients or
evade host-secreted antimicrobials. For example, 1-Fucose utiliza-
tion provides Campylobacter jejuni with a competitive advantage [65].
More generally, the possibility of bacterial counter-adaptation to
host selection mechanisms leaves interesting questions to be
answered. These include the issue of how antimicrobial secretions
can remain selective when bacteria are known to rapidly develop
resistances to many antimicrobials. In addition, the fitness of a
bacterial cell will be influenced by cells that possess different
secretion, motility, or adhesion phenotypes [66]. We do not yet
understand how the potential for complex social interactions
among cells will influence host selection. In sum, hosts may be
forced to modify or increase their exact selection criteria, either
during the life of the host via adaptive immunity or over
evolutionary time. Interestingly, recent work has shown how the
use of multiple selective mechanisms can allow a host to stay ahead
in evolutionary arms races with parasites [67].

Can multiple strains coexist within the epithelial community?
We do not find evidence that coexistence is a stable state in our
model in the sense that multiple strains will persist indefinitely.
This can be seen in Figure 5, where despite lumen selection being
much stronger than epithelial selection, the lumen-favoured strain
does not persist. The reason for this is that epithelial selection
generates a ratchet-like effect whereby the epithelial-favoured
population expands and gradually pushes any other strains up and
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out of the community. If host selection is weak and/or growth in
the community is slow, however, favoured and disfavoured strains
may both persist for long periods. Moreover, a number of other
processes in the gut will counter any winnowing by host selection
and help to maintain bacterial diversity. This includes the
existence of multiple niches, both at different positions along the
epithelial surface but also within the lumen proper. Community
diversity will be further influenced by the influx rates of different
species [68] and diet [26,27].

Host epithelial selection is not the only process that influences the
microbial species composition of the gut. Nevertheless, our model
predicts that the control of epithelium-associated microbial commu-
nities is much easier for a host than expected from unstructured
environments. Selection of particular microbial species and strains at
this position is likely to pay dividends both metabolically but also in
terms of the competitive exclusion of undesirable species. Further-
more, epithelium-associated communities are relatively unlikely to
be washed out and may represent a stable source community for the
rest of the gut. We conclude that host influence on the composition of
microbiota is both likely and likely to be powerful.

Materials and Methods

The study centres upon an individual-based simulation frame-
work that captures bacterial growth and the concentration
gradients of solutes, such as nutrients, that originate from bacterial
activity while they are growing near to an epithelial host layer.
While the model can capture a wide range of conditions, our
analysis focuses upon a relatively nutrient-rich environment where
cells grow rapidly (Table S1) and slough off at a fixed height above
the epithelial surface, which is intended to reflect microbial growth
in an animal intestine [32,52]. In the mammalian gut, these cells
will typically grow in the loose upper mucus layer of the epithelial
surface, which continually detaches and sloughs off into the lumen
[32,36,57]. We do not explicitly model the effects of these mucin
polymers but implicitly include the protection from sloughing they
provide for adherent bacteria in the loose layer. Note that we are
only explicitly modelling the bacteria at the surface of the
epithelium and not those in the lumen. Of course, selection at the
epithelial surface will influence the lumen to some degree
(discussion), but we do not explicitly model this process.

The model is an extension of an established framework that has
been developed and tested over the last 15 years to understand and
predict the behaviour of bacterial communities growing on inert
surfaces [54,69-73]. While originally developed for problems in
bioengineering, it has most recently been applied to understand the
evolution and ecology of microbial groups [55,66,73-75]. Subse-
quent empirical validation of these models has demonstrated the
ability of the framework to both describe bacterial communities and
identify new biological mechanisms [76,77]. The model assump-
tions, justifications, and implementation are extensively discussed
elsewhere [69,70,72,78]. In brief, bacterial cells are modelled as
solid spheres that metabolise nutrients in a continuous concentra-
tion field. At each iteration, the concentration field is updated
solving the two- or three-dimensional reaction-diffusion equations
using multigrid solvers. This takes into account local sinks, such as a
bacterium utilising the solutes around it as a nutrient source or local
sources, such as secretions from a cell. Cells increase in diameter
and eventually divide pushing aside neighbouring cells.

The model focuses upon the resident bacterial communities that
grow in the loose upper mucus layer at the interface of the lumen
and epithelium, which are most likely to be affected by host
selection [79]. We inoculate our simulations with a total of 250
cells in varying frequencies. This is a simplification as initial
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assembly of the microbiota has been shown to be more complex
and may depend on interbacterial cross-talk as well as other yet
unknown factors [80]. Bacteria reside above a layer of host cells
that secrete solutes at varying rates. We assume that this epithelial
layer and the dense mucus layer immediately above it is
impenetrable to the bacterial cells [32,81]. This is supported by
data on the healthy gut with a few notable exceptions, such as
segmented filamentous bacteria in mice that live in the dense
mucus layer [41]. Accordingly, we do not consider host responses
to invasion of a pathogen or breach of the mucus layer, such as
inflammation (but see Discussion). The bacteria grow and divide
utilising nutrients diffusing in from the lumen or the epithelium. At
a certain height above the epithelium, cells are sloughed and
excluded from the simulation. Bacteria utilise nutrients (V) and
convert them into biomass at the rate u following Monod-kinetics:

#:Mmaxm’

where A is the Monod constant. Competing strains in our simulations
differ in their maximum growth rates, i, Bacteria may switch
between different substrates, ensuring that the maximum growth rate
cannot be exceeded, where switching is based upon a recent analysis
of optimal foraging in microbes [82]. Death of cells through
antimicrobials is modelled using a similar equation as for growth:

T

Eres

where p is the probability of death for a cell, 7 is the local
concentration of the antimicrobial, and S the concentration at which
cell death within 1 h occurs with a probability of 50%. Different
strains may have different susceptibilities to the antimicrobial and
hence different probabilities for cell death at a given concentration.
Most of our understanding of host-secreted antimicrobials stems from
secretions of the epithelium in the small intestine, whereas secretions
in the larger intestine are less well understood [41,48].

Supporting Information

Figure S1 Diagram of the simulation setup. Cells live and divide
on an impenetrable host epithelium. Growth-promoting nutrients
can diffuse into the bacterial colony from the lumen (top) and/or
the epithelium (bottom) where they are utilized by the cells. In
some simulations the epithelium also releases antimicrobials that
kill cells. The direction of fluxes is indicated by arrows (nutrients,
green; antimicrobials, red). Periodic boundaries at the sides
simulate continuous space. Cells moving beyond the maximum
thickness are removed simulating sloughing (dashed line, the
location is a parameter that we vary).

(TTFF)

Figure S2 Final frequencies of faster growing strain B in a
simplified ordinary differential equation model. A minimum final
frequency of the faster growing strain is found for intermediate
microbial community thickness; the exact location depends on the
growth functions of the two strains (see Text SI).

(TIFF)

Figure 83 The effect of non-selective nutrients from one direction
on selectivity from the other direction. We show the biomass
development over time beginning with cells at low densities (125
cells each). (A) Host-secreted nutrients provide a growth rate
advantage and neutral nutrients diffuse into the biofilm from the

lumen. (B) Lumen nutrients provide a growth rate advantage and
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the host secretes neutral nutrients. Points of sloughing are 20, 40,
and 80 um. For 80 pm, lumen selection is strongly impeded by the
presence of neutral host nutrients, whereas host selection is
unaffected by additional neutral lumen nutrients (initially the
favoured species outgrows the other but upon reaching the capacity
will be sloughed off more frequently, leading to a decrease in
frequency compared with the maximum at ~10 h).

(TIFF)

Figure 84 Selection amplification of an initially rare strain by
the host epithelium. Weak epithelial selection dominates strong
lumen selection. Strain B has a 100% growth rate advantage on
nutrients from the lumen, and lumen nutrients are five times the
concentration as epithelial nutrients. Host nutrients provide
growth rate advantages to an initially rare strain A (initial
frequency 0.1, grey plane) ranging from 1% to 100%.

(TIFF)

Figure S5 Sclection with antimicrobials. Selection via host
antimicrobial secretion in the absence of host nutrient secretion is
possible only when lumen nutrients are available throughout the
bacterial colony. The host can select for slow growing strain A4
despite antimicrobials being available at relevant concentrations
only in a fraction of the overall bacterial colony (near the
epithelium) when selectivities of antimicrobials in favour of the
strain 4 (Sp<<S,) are sufficiently high. In the majority of the
bacterial colony, cells of strain B have a net growth rate advantage
due to the high concentration of lumen nutrients, which favour B.
Capacity K, maximum biomass.

(TIFF)

Figure 86 [Fluctuations in lumen nutrient concentrations do not
affect predictions. Each figure shows the biomass development of
the two strains in 30 independent simulations (brown, strain B;
blue, strain A4) with discontinuously available nutrients in the
lumen. Feast-famine periods last 8 h each. For comparison, thick
black lines show the mean biomass from 30 simulations under
identical selection strengths but with continuously available
nutrients for stain B (dashed) and strain 4 (solid). Host nutrients
provide varying growth rate advantages to strain 4 as indicated in
the figure. The mean nutrient concentration in the lumen is five
times higher than nutrients from the host, and strain B has a 100%
growth rate advantage over 4 on these nutrients. Mean nutrient
concentrations in the continuous and discontinuous case are
identical. Capacity K, maximum biomass.

(TIFF)

Table S1 Simulation parameters. L, length; M mass; T, time.

(DOC)

Text S1 Simplified ordinary differential equation model. The
model shows the occurrence of a minimum influence of the lumen
on the outcome of competition in the individual-based simulations
for intermediate bacterial colony thicknesses.

(PDF)
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