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Abstract

A key question in ecology and evolution is how species interact and what make a species help or
harm another. Disentangling social interactions is extremely challenging without a thorough
understanding of simpler systems. Here, we studied a semi-natural bacterial community
composed of 4 species: Agrobacterium tumefaciens, Comamonas testosteroni, Microbacterium
saperdae and Ochrobactrum anthropi. Together, these four species can degrade Metal Working
Fluids (MWF), a toxic industrial product. By firstly analyzing the ecological interactions in
these fluids, we found that facilitation dominated the bacterial community. However, the sign
of interactions depended on the environment: in line with the Stress Gradient hypothesis,
positive interactions were most common in the harsh MWF environment, but the four species
competed when we made the environment more benign. To track how the positive interactions
in the MWF community evolve over time, we next performed experimental evolution where we
transferred the community into fresh culture weekly for 44 weeks. The co-evolved community
was still dominated by facilitation and there was no evidence for inter-species competition,
except when each species evolved alone. A. tumefaciens became autonomous and interacted
more neutrally with co-evolved C. testosteroni, which initially supported its survival. Instead,
M. saperdae and O. anthropi, that initially relied fully on others to survive continued to do so.
Genetic analyses showed that, as one would expect according to the Black Queen hypothesis,
co-evolving species lost more genetic material than when evolving alone, and species that
still relied on others to grow lost even more. Since bacterial interactions differed between
environmental conditions and over time, we then asked what interactions make a bacterial
community more resistant to invasion. The growth of new bacterial isolates was promoted
when they invaded the ancestral community in the harsh MWF environment. Instead, it was
inhibited if they could grow alone in the more benign environment or when inoculated into
the evolved community. Our work suggests that, although many environments can be difficult
to colonize, species that arrive first may improve the environment and facilitate the survival
and growth of others. However, late arriving species may be hindered when colonizing a
previously co-evolved community. In line with the Community Monopolization hypothesis,
this is presumably because community members have adapted to each other and occupied all
available niches. Our work shows that interactions are context-dependent, a pattern that may
be general to many microbial populations.
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Résumé

Une des questions clef en écologie et évolution est de comprendre ce qui fait qu’une espèce
peut aider ou nuire à la croissance d’une autre. Pour comprendre ces dynamiques, nous avons
étudié une communauté bactérienne semi-naturelle composée de 4 espèces : Agrobacterium
tumefaciens, Comamonas testosteroni, Microbacterium saperdae et Ochrobactrum anthropi.
Celles-ci peuvent dégrader le Metal Working Fluid (MWF), un produit industriel toxique. En
analysant les interactions écologiques, nous avons constaté que les quatre espèces inter-
agissent positivement entre elles dans le MWF. Nous avons découvert que le type d’interaction
dépend de l’environnement. Conformément à la Stress Gradient Hypothesis, les interactions
positives étaient plus fréquentes dans un environnement toxique. En revanche, les espèces
étaient en compétition dans un environnement moins toxique. Ensuite, nous avons effectué
une experience afin de suivre l’évolution des interactions positives de la communauté dans
le MWF. Chaque semaine, pendant 44 semaines, nous avons transféré la communauté dans
une nouvelle culture. La communauté évoluée était dominée par les interactions positives.
Nous n’avons trouvé aucune preuve de compétition inter-espèces, sauf lorsque chaque espèce
évoluait seule. A. tumefaciens est devenue autonome et a interagi de manière plus neutre avec
C. testosteroni, qui, initialement, soutenait sa survie. A contrario, M. saperdae et O. anthropi,
qui au départ dépendaient des autres pour survivre, ont continué de le faire. Les analyses
génétiques ont montré que, comme on pouvait s’y attendre selon la Black Queen hypothesis,
les espèces co-évoluées ont perdu plus de matériel génétique que celles évoluant seules. En
outre, les espèces dépendant des autres avaient perdu encore plus de matériel génétique. Étant
donné la différence des interactions bactériennes entre les conditions environnementales
et l’expérience évolutive, nous nous sommes demandés quelles interactions rendaient une
communauté bactérienne plus résistante à l’invasion. La croissance des espèces invasives
était favorisée lorsqu’elles envahissaient la communauté ancestrale dans le MWF. En revanche,
la croissance était inhibée si l’envahisseur pouvait pousser seul dans un environnement moins
toxique ou s’il était inoculé dans la communauté évoluée. Nos résultats suggèrent que, malgré
la difficulté à coloniser de nombreux environnements, les espèces qui arrivent en premier
peuvent l’améliorer et faciliter la survie des autres. Conformément à la Community Monopoli-
zation hypothesis, les espèces invasives auront plus de difficulté à envahir une communauté
qui a eu assez de temps pour s’adapter. Nous suggérons que la manière d’interagir dépend du
contexte et que notre modèle peut être généralisé à d’autres populations microbiennes.
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1 Introduction

1.1 Prelude

Before starting this research, my knowledge on social interac-
tions in natural systems was minimal. As far as I was concerned,
there were essentially two possibilities: species may either com-
pete or cooperate. Therefore, my question was to determine
which of these two social interactions was most common: com-
petition or cooperation? Competition is easily observed in na-
ture: lions, cheetahs and leopards are all competing to catch
gazelles. However, competition may also occur within the same
species: the slower gazelle will be eaten; the faster lion will eas-
ily have its breakfast. In other words: “It doesn’t matter whether
you’re the lion or a gazelle - when competition comes up, you’d
better be running”. As for competition, cooperation can arise in many forms. Pollinators, like
bees, pollinate flowers and in return receive food (Mitchell et al., 2009). The persistence of the
first species over time depends on the second one, and vice versa.

Which type of interaction do we expect to prevail in nature then? It took me some time before
understanding that the problem was mainly linguistic. Indeed, if you check the dictionary,
you will find that competition is the opposite of cooperation. But in reality, species interact via
complex combinations of competition and cooperation (Callaway and Walker, 1997; Xavier,
2011), suggesting that social interactions cannot be reduced to a simple dichotomy. However,
although many studies argue that competitive interactions dominate the ecosystems (Coyte et
al., 2021; Foster and Bell, 2012), many others are also fascinated by facilitation or cooperation
within and between species (Bertness and Callaway, 1994; Schuster et al., 2003; Shapiro, 1998).
One reason for this polarization is that it is still unclear when these social interactions arise and
what make a species to help or harm another. To answer these questions, I will avoid working
with gazelles and lions, and instead focus my attention on a small microbial community.
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Chapter 1 Introduction

1.2 Using microbes to study interactions

In this sub-chapter, I will spend a few words to motivate why we use microbes to perform
studies of social interactions.

1.2.1 Microbes are everywhere

Microbes are among the oldest forms of life on earth (Knoll et al., 2016). They are extremely
differentiated and can survive even in the most extreme habitats (Poli et al., 2017). They
produce nitrogen and most of the carbon present in the biosphere and their presence is
crucial to any ecosystem function (Friedrich, 2011; Fuhrman, 2009; Kuenen, 2008; Trivedi et
al., 2016). Although a small number of microorganisms make us sick, many others contribute
to our health. At birth, within a few hours, many different species of microbes colonize our
skin and intestine (Chi et al., 2019). The acquisition of a stable microbiota contributes to
digesting food and protecting against pathogens and auto-immune diseases (Arrieta et al.,
2015; Knip and Siljander, 2016; Meijnikman et al., 2018; Pickard et al., 2017; Rowland et al.,
2018). The practical application of microbes has also been fundamental for the advancement
of human civilization. Bacterial fermentation is one of the oldest forms of food preservation
and thanks to it we get products such as yoghurt, cheese, bread, kimchi, beer, wine and many
others (Kwon et al., 2014; Sharma et al., 2020; Terefe, 2016). We can use microbes to clean
up contaminated water but also to produce industrial chemicals such as ethanol and insulin
(Aghalari et al., 2020; Crommen and Simon, 2018; Stewart et al., 1983). The application of
microbial biotechnologies also includes the bioremediation of specific contaminants (e.g.
plastic and heavy metals) and the production of clean energy (e.g. biogas and liquid fuels)
(Abanades et al., 2021; Ahmed et al., 2020; Fei et al., 2014; Kapahi and Sachdeva, 2019; O’Brien
et al., 2014).

In sum, the relationship between humans and microbes is strong. Improving knowledge on
microbial communities may lead to the development of more effective treatments against
pathogens, increasing beneficial agriculture activity, improving industrial fermentation and
waste treatment procedures, producing new environmentally friendly energy sources, restor-
ing healthy ecosystems and reconstructing natural events in which microbes have played a
role.

1.2.2 Microbes are simple to manipulate

Even if field work with mammals is exotic and fascinating, manipulating microbes is much
simpler. They reproduce faster than lions, and different microbial species can be isolated or
mixed in communities. Their growth can be monitored in different treatments and the impact
of their growth on other species easily measured. Because billions of microbes multiply in
a very short time, this allows to have millions of new mutations in a few days and perform
evolutionary studies on a reasonable time scale. Furthermore, given the simplicity of their
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Figure 1.1 – Classification of social interactions between two strains or species Each geno-
type is grown in mono-culture. Then, the experiment is repeated (same conditions and
resources) with the two genotypes growing in co-culture (same initial cell number for each
strain). The plot shows all possible types of interactions. Adapted from Mitri and Foster, 2013.

genome and sample sizes, it becomes also easier to perform genomic analyses and compare
between different treatments. Finally, increasing our understanding of micro-ecological
patterns may contribute to describing the macro-ecological dynamics in natural communities
(Barberán et al., 2014). Overall, microbes represent a good tool for studying social interactions.

1.2.3 Microbes interact

Whether they are in the human gut, in soil or in water, microbes are rarely alone and typically
share the environment with other microbial species. The result is that different microbial
species may interact. These interactions can have a positive or a negative impact on the
survival and growth of the species involved and their own descendants (Faust and Raes, 2012;
Stubbendieck et al., 2016). Much empirical work has been performed to explore social inter-
actions in microbial communities. Experimentally, the classification of social interactions
between two genotypes is assessed in a simple way: each genotype is grown in mono-culture
and its growth is compared with the co-culture of the two genotypes (where resources, con-
ditions and initial cell number for each genotype are the same). The outcomes define the
interaction that might be inferred from them. All types of social interactions are summarized
in (Fig.1.1).

Microbes may affect each other’s survival and growth in different ways. The nature of interac-

3



Chapter 1 Introduction

tions often may depend on the changes that microbes make in the environment, which can
affect other species (Estrela et al., 2019). A given species may indirectly inhibit the growth of
another by limiting an available resource (this scenario is also known as exploitative competi-
tion) (Mitri and Foster, 2013). But microbes may also directly harm others by the secretion of
toxins that inhibit the growth and survival of other species (interference competition) (Henkel
et al., 2010; Mitri and Foster, 2013). In other cases, during their growth, microbes may natu-
rally excrete byproducts that increase or decrease environmental acidity, which in turn may
suppress or enhance their growth and also that of their neighbours (Ratzke and Gore, 2018).
However, such byproducts may also become a resource for another species, allowing both
species to potentially take advantage of each other if the mutual benefits outweigh the costs of
competition for the shared resources (Estrela et al., 2012).

There are other ways in which microbes may promote the growth of others. They can pro-
duce extracellular compounds that promote the growth of a specific genotype and its neigh-
boring genotypes living in the same environment. For example, some species may secrete
siderophores to capture soluble iron and transport it back into the cell. Species that do not
produce siderophores can exploit those produced by others and benefit from them (Cordero
et al., 2012). The production of these beneficial molecules is often costly and whether they are
maintained by selection will depend on the relative costs and benefits to the producer and
the various beneficiaries. Facilitative interactions may also appear when microbes detoxify
the environment. Indeed, some microbes may produce enzymes to degrade antibiotics (Frost
et al., 2018; Medaney et al., 2016), hydrogen peroxide (Morris et al., 2011; Morris et al., 2012) or
reduce toxic metal levels (O’Brien and Buckling, 2015), which in turn may protect sensitive
neighboring cells living in this environment. As the production of these enzymes is often
costly, cheaters may be favored that benefit from the detoxification of others and grow at their
expense (O’Brien and Buckling, 2015; O’Brien et al., 2014).

We would like to mention that, by measuring pair-wise interactions between the two species,
the observed effects between two genotypes does not imply that they have been selected for.
For example, one may measure that two genotypes promote each other’s growth. What is
the cause? If this is an adaptation that evolved to increase the mutual benefit of both actors,
then we define this interaction as cooperation. Instead, if the two species have never met
before, but still they promote each other growth, then we prefer to call these interactions as
accidental (i.e. not selected for). In this specific case, both species are accidentally facilitate
each other growth and we not consider them cooperative from an evolutionary perspective.
Another example of accidental facilitation: some resources may be considered as food for
some species, but toxic for others. The consumption of these resources from some species
may accidentally facilitate the growth of the others, which will then be able to grow in the
harsh environment (Cowan et al., 2000; Estrela et al., 2012).

In sum, understanding the mechanisms behind these interactions may help to predict micro-
bial behaviour, with the intent to elucidate the conditions that make species help or harm
each other and investigate to what extent they will evolve to cooperate or compete. So far,
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Figure 1.2 – Bacterial growth in MWF over 12 days Each species was inoculated alone (A) or
all species were inoculated together (B). Adapted from Piccardi et al., 2019.

many studies have been done in natural communities with the goal to leave their interaction
network intact (Datta et al., 2016; Fetzer et al., 2015; H. Li et al., 2013; Peng Li et al., 2019), but
this approach makes it challenging to measure absolute species abundances and inter-species
interactions. To fill this gap, other studies have considered very small synthetic communities
composed of model organisms to have more control and to elucidate the role of specific
interactions (Jeffrey Morris et al., 2014; Lohberger et al., 2019; Milho et al., 2019; Nadeau et al.,
2021; Ortiz et al., 2021). However, these small communities are less connected to natural
systems, making it difficult to predict the dynamics of microbial interactions in larger natural
communities and more complex environmental conditions. In this study, we aim to keep an
intermediate level of complexity as in other recent studies (Brochet et al., 2021; Kastman et al.,
2016; Lawrence et al., 2012; Niu et al., 2017; Ortiz et al., 2021; Ratzke and Gore, 2018; Venturelli
et al., 2018), with the aim of studying bacterial interactions and defining what rules govern
small communities that will hopefully extend to larger more natural ones as well.

1.3 How we chose the model system

When I started to work with Sara Mitri, the director of my thesis, I was the first person to join
the laboratory. My first task was to help adapt a system previously developed by Christopher
John van der Gast and Jan R. Thompson (C. J. van der Gast and Thompson, 2014). This
system included a bacterial community composed of four bacterial species: Agrobacterium
tumefaciens, Comamonas testosteroni, Microbacterium saperdae and Ochrobactrum anthropi.
These four species are growing in Metal Working Fluid (MWF), a liquid emulsion used in the
industry as a cooling and lubricating agent for machines (Brinksmeier et al., 2015; Di Martino,
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Chapter 1 Introduction

2021; C. van der Gast et al., 2002). Despite its usefulness in manufacturing activity, MWFs
contain organic and toxic compounds which have a negative impact if disposed of in nature
(Di Martino, 2021; Rabenstein et al., 2009; C. van der Gast et al., 2002). The particularity of this
bacterial community was that their members were capable to bioremediate the MWF and they
were even more efficient at doing so than a random community taken from sludge (C. van
der Gast et al., 2002). This combination looked perfect: we had a good intermediate between
being simple enough to map out all the pairwise interactions, but still somewhat natural
in the sense that the species came from the environment and had a measurable function.
We were able to simulate their natural environment in the laboratory and explore how they
bioremediate the MWF. This method allowed us to improve fundamental understanding of the
ecology and evolution of microbial communities and even explore their role in bioremediation
technologies.

Unfortunately, science is always full of surprise, and things do not always work out the way
you want them to. After making our choice, I performed some preliminary experiments to
evaluate whether the four species were growing and bioremediating the MWF in a similar way
as described in previous work. My first experiment was performed in the following way: based
on the previous protocol (C. van der Gast et al., 2002), we inoculated each species individually
in culture tubes containing an emulsion of MWF and measured their growth. After few days,
we found that only C. testosteroni was growing, the others were all going extinct (sometimes,
also A. tumefaciens was growing, but its survival was quite stochastic) (Fig.1.2A). This was bad:
how we were supposed to build a bacterial community with only one species? I thought there
was an issue with the MWF we were using. To solve this problem, I started to screen about
ten to twenty different MWFs (MWF is a commercial product with many product lines, which
have been developed for different uses). Our hope was to find a medium where all the four
species could grow. However, the problem was always the same: there were always one or two
species maximum that grew per medium, while the others were always dying (depending on
the MWF, the species could be different).

After many screenings, we found that by adding amino acids (AA) into the MWF (henceforth,
MWF+AA), all the four species were able to grow alone and bioremediate the medium. Even
though this technique rekindled my hope, we were not very happy with this solution. Indeed,
the system was strongly criticized: first, we were unable to determine whether the four species
were growing on the MWF, the AA or both; second, the benefit of additional species was
minimal in the bioremediation of MWF+AA, suggesting that the use of a community mattered
little. I was really discouraged, it seemed like a very simple experiment, but nothing was
working.

One day, to speed up some of my screening experiments, I inoculated the four species into the
same tubes. Surprisingly, after a few days, all the four species were alive and bioremediating
together the MWF (it was the first MWF we tested on the list and without amino acids)
(Fig.1.2B). Intrigued by this phenomenon, I performed supplementary experiments by mixing
the species in group of two, three or four. We found that each species was able to grow only
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if they were cultivated at least with the presence of the species which was currently capable
of growing on its own, namely C. testosteroni. In other words, the big mistake was that I was
looking for the condition where all species could grow alone, while I never considered that
one bacterial species could facilitate the growth of the others. Furthermore, the addition of
more species could finally enhance the bioremediation efficiency, which was similar to what
had been observed in the past (C. van der Gast et al., 2002). By comparing the growth of the
community members in the MWF with those in the MWF+AA, we found something even more
surprising. While the community members were facilitating each other growth in MWF, the
same species were competing with each other in MWF+AA. In other words, in more permissive
environments bacteria began to compete.

All these preliminary observations allowed me to understand that social interactions are not
just a question of "who competes" and "who cooperates". Competition and cooperation (or
negative and positive interactions), are intertwined and small changes can lead to completely
different dynamics. In sum, my initial mistakes allowed us to find a model system where
the same community could be dominated by competitive or facilitative interactions. If I had
not tested the medium with amino acids (MWF+AA), I would have missed the change in
interactions entirely. These results led us to write our first paper and ask questions that we
could never have imagined otherwise.

1.4 Research plan

Following the preliminary results obtained from the adaptation of the model system, our
questions arise quite spontaneously (Fig.1.3). First, since the bacterial interactions within our
bacterial community depended on the environment, we asked what makes species help or
harm each other and how this affect ecosystem functioning. The goal was to identify whether
the same community could affect the ecosystem functioning differently according to the type
of interactions it was dominated by. This work has been published in PNAS (2019) and reported
in Chapter 2 (or click here to read the paper). Second, since we had a bacterial community
dominated by facilitation, we ask how facilitative inter-species interactions drive the evolution
of the four species in MWF. The peculiarity of our model system is that we can decide to
evolve species alone or in groups of two or more species. In our experiments, we decided to
assemble three or four species together and then compare their evolution with species that
evolved alone (this was possible only with A. tumefaciens and C. testosteroni, because the
other two species quickly went extinct). Since the survival and growth of M. saperdae and
O. anthropi depended on the others, we were interested to look at how their genome could
evolve. At the end of the experimental evolution, we performed genetic analyses to explore
the differences in the genomes of species evolving alone or within the community. This work,
close to submission, is reported in Chapter 3. Next, we were curious to know whether the
evolved community, as well as the ancestral community with more competition (in MWF+AA),
were more resistant to bacterial invasion than their ancestral counterpart growing in MWF.
This work, also close to submission, is reported in Chapter 4. Finally, Chapter 5 will discuss
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Chapter 1 Introduction

QUESTION 1 QUESTION 2

QUESTION 3

EVOLUTION EXPERIMENT

BACTERIAL INVASION

??
What makes species help or harm 
each other and how does this affect 
ecosystem functioning? 

What makes a bacterial community 
more resistant to invasion?

How do facilitative inter-species 
interactions drive the evolution
of the four species in MWF?

Figure 1.3 – Graphic representation of my research’s questions

the scientific impact of our results.
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2 Toxicity drives facilitation between 4
bacterial species

2.1 Abstract

Competition between microbes is extremely common, with many investing in mechanisms
to harm other strains and species. Yet positive interactions between species have also been
documented. What makes species help or harm each other is currently unclear. Here, we
studied the interactions between 4 bacterial species capable of degrading metal working fluids
(MWF), an industrial coolant and lubricant, which contains growth substrates as well as toxic
biocides. We were surprised to find only positive or neutral interactions between the 4 species.
Using mathematical modeling and further experiments, we show that positive interactions in
this community were likely due to the toxicity of MWF, whereby each species’ detoxification
benefited the others by facilitating their survival, such that they could grow and degrade MWF
better when together. The addition of nutrients, the reduction of toxicity, or the addition of
more species instead resulted in competitive behavior. Our work provides support to the stress
gradient hypothesis by showing how harsh, toxic environments can strongly favor facilitation
between microbial species and mask underlying competitive interactions.

Since this work has been already published, please refer to Annex or click here to read the
paper.

2.2 Author contributions

Sara Mitri designed research; Philippe Piccardi performed the majority of the experiments.
Philippe Piccardi and Sara Mitri analyzed the data. Björn Vessman built and analyzed the
model. Sara Mitri wrote the paper. Philippe Piccardi and Björn Vessman helped with writing.
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3 Co-evolution of 4 bacterial species
reduces facilitation

3.1 Abstract

Microbial evolutionary dynamics are typically studied in mono-cultures or in communities
of competing species. How positive inter-species interactions shape microbial community
evolution is less clear. Here we study four species co-evolving in a toxic environment that
initially facilitated each other. At the end of a 44-week transfer experiment, the co-evolved
community was still dominated by facilitation and we found no evidence for inter-species
competition. One species, A. tumefaciens, became autonomous and interacted more neutrally
with C. testosteroni, the species that initially supported its survival. When we evolved A.
tumefaciens in isolation as a control, it became more competitive. This may be explained
by greater niche expansion when evolving alone. By performing genetic analyses, we found
that co-evolving species lost more genetic material than mono-evolving species, and species
that still relied on others to grow lost even more. We hypothesise that loss of genetic material
may be a feature of facilitative communities evolving in harsh environments, either due to
dependency on other species for detoxification as predicted by the Black Queen Hypothesis,
or due to potential inter-species competition, which can hinder niche expansion. Which
outcome to expect will depend on species composition and historical contingencies.

3.2 Introduction

How natural and engineered microbial communities function depends on ecological interac-
tions between their member species. As species adapt to one another and to their environment,
these interactions may change, and as a consequence, the overall functioning of the commu-
nity (Segar et al., 2020). Being able to predict these evolutionary changes may help to intervene
and drive a community towards a desirable function. One could imagine, for example, predict-
ing how the gut microbiome would respond to an intervention against inflammatory bowel
disease, or how a community in a microbial bioremediation system could be controlled to
evolve toward a more stable, efficient state (Atashgahi et al., 2018; De Roy et al., 2014; Gorter
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et al., 2020; Widder et al., 2016).

Evolutionary prediction and control relies on understanding how selection acts on inter-
species interactions. One way to study how inter-species interactions evolve is to perform
experimental evolution by passaging multi-species communities over sequential batch cul-
tures or in chemostats over long time-periods, and following ecological changes in the relative
abundances of different species as well as phenotypic and genotypic changes in each commu-
nity member. Prior studies using this approach have found that microbes can rapidly adapt to
both biotic and abiotic factors (Fiegna et al., 2015; Gravel et al., 2011; Lawrence et al., 2012;
Savolainen et al., 2013), but adaption to abiotic factors is limited for species evolving within
communities (Castledine et al., 2020; Collins, 2011; Gómez and Buckling, 2013; Hall et al., 2018;
Lawrence et al., 2012; Runquist et al., 2020). In terms of inter-species interactions, bacterial
communities that initially displayed negative interactions evolved towards neutral (Fiegna
et al., 2015; Rivett et al., 2016) or positive interactions (Lawrence et al., 2012). This evolutionary
response is intuitive, as species can be expected to reduce resource competition and niche
overlap (Hall et al., 2018; Jousset et al., 2016; Liow et al., 2011) and may adapt to use resources
generated by other species (Hall et al., 2018; Lawrence et al., 2012; Ridenhour, 2005; Rivett
et al., 2016). Accordingly, species evolving in isolation tend to extend their niches in absence
of competition and compete when reintroduced into the community context (Castledine et al.,
2020; Lawrence et al., 2012).

In contrast, very few studies have experimentally evolved communities beginning with positive
or facilitative interactions. This is because microbial species tend to compete with one another
(Foster and Bell, 2012), meaning that a synthetic community assembled in the lab is unlikely
to spontaneously display positive inter-species interactions. According to theoretical studies,
though, we expect three different outcomes compared to initially competitive communities.
First, if positive interactions are constant and bi-directional during a given number of genera-
tions, this might select for each species to increase its positive effect on the other, resulting in
mutualism (J. L. Sachs and Hollowell, 2012). In a recent study, two co-evolving auxotrophic
strains of E. coli increased their production of costly metabolic byproducts, which benefited
their corresponding partner (Preussger et al., 2020). Second, co-evolving species might evolve
to exploit resources that are provided by others, resulting in stable co-existence because the
providing species itself depends on the function, as proposed by the Black Queen Hypothesis
(Jeffrey Morris et al., 2014; Morris et al., 2012). A common consequence of the reliance on
public goods produced by others is that the receiving species are selected to lose genes for
costly product pathways. Third, positive interactions can break down if the cooperative traits
are costly, turning into parasitism or reverting to autonomy (J. Sachs and Simms, 2006).

In our previous work (Piccardi et al., 2019), we studied a community composed of 4 bacterial
species and showed that facilitation was more prevalent when the community was grown
in a toxic environment, in agreement with the Stress Gradient Hypothesis (Bertness and
Callaway, 1994). The toxic environment in question is an emulsion of machine oils used
in the manufacturing industry called Metal Working Fluids (MWF), which the four species

12



Co-evolution of 4 bacterial species reduces facilitation Chapter 3

were capable of degrading when together. This community represents a tractable model
system for exploring how the abiotic and biotic environment shapes the evolution of positive
inter-specific interactions and how they relate to community function, in this case, MWF
bioremediation.

In this study, the four bacterial species were grown in MWF and left to evolve either in isolation
or in communities (as in Castledine et al., 2020; Lawrence et al., 2012). We quantified bacterial
growth, MWF degradation efficiency, genomic changes, and mapped these to their interactions.
We found that positive interactions declined between the two co-evolved species that were able
to grow on their own, but not for those that still relied on others to grow. The species evolved in
isolation tended to compete with one another. Loss of genetic material was significantly more
frequent for species that evolved in communities compared to ones that evolved alone, and
was even greater for species that still relied on others to grow. Finally, in terms of their function,
only one of the species increased its degradation efficiency when evolved alone. Together, our
results suggest that co-evolution in a harsh environment can create co-dependencies that
result in genome shrinkage, in line with the Black Queen Hypothesis. For species that remain
or become more autonomous, genome shrinkage may instead be explained by a lack of niche
space to expand into. These evolutionary dynamics do not necessarily select for increased
community function, even if species can stably co-exist.

3.3 Results

3.3.1 Microcosms in each treatment behaved similarly and all converged to even
communities

Our central question is how facilitative inter-species interactions drive evolution within a
microbial community. We address this question using experimental evolution of four species
either together (co-evolved) in groups of 3 or 4 species, or alone (mono-evolved) as a control
(Fig.3.1 A). Over the first few weeks, population sizes experienced large fluctuations, which
were less pronounced when species were co-evolving. When alone, M. saperdae and O.
anthropi went extinct after the first transfer (data not shown), which was unsurprising as they
do not grow alone in MWF (Piccardi et al., 2019). C. testosteroni survived in all 5 microcosms,
while A. tumefaciens only persisted in 2 out of 5 lines. The population sizes of both these
species dropped initially in the mono-evolution treatment, but stabilized after about 6 and 11
transfers, respectively (Fig.3.1B-C). When species were co-evolved, population sizes stabilized
after about 4 weeks in the 3-species community (Fig.3.1 D) and 22 weeks in the 4-species
community (Fig.3.1E), with the exception of M. saperdae that went extinct in 2 out of 5 replicate
microcosms in the four-species community.

In all microcosms where species did not go extinct, the population dynamics in replicate
microcosms were similar. Once they had stabilized, communities were quite even, with rela-
tively small differences in population sizes between evolved species (Fig.3.1D-E), as expected
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Figure 3.1 – Population sizes in different treatments over 44 transfers. (A) Experiments were
started with each species in mono-culture or assembled in co-culture of three and four. To
stimulate active growth, serial transfer was performed by diluting each culture 100-fold in
fresh MWF once per week for 44 weeks. Before each serial transfer, cultures were quantified
separately by selective plating and MWF degradation was measured. In each treatment, cells
were inoculated into 5 microcosm replicates (culture tubes). The data show CFU/ml counts
on selective plates, quantified for mono-evolved A. tumefaciens (green) (B), mono-evolved
C. testosteroni (blue) (C), co-evolved A. tumefaciens, C. testosteroni and M. saperdae (D) and
co-evolved A. tumefaciens, C. testosteroni, M. saperdae and O. anthropi (E).

based on similar studies (Rivett et al., 2016). The total population sizes in the two co-evolving
communities did not increase over time (as observed in Hillesland and Stahl, 2010; Hillesland
et al., 2014, e.g.), suggesting that species did not evolve to increase their own or other species’
yield (Rivett et al., 2016). In fact, fitting a linear model to the total population size in co-evolved
treatments showed a significant decrease over transfers (slope=°4.2£106, P< 10°9). Mono-
evolved species instead showed no significant change (A. tumefaciens mono-evolved: P=0.21)
or increased over time (C. testosteroni mono-evolved: slope=1.4£105, P< 10°15).

3.3.2 Positive species interactions decline between co-evolved isolates

To explore whether interactions between the evolved species differed from the ancestral ones,
we focused on the four-species co-evolved communities and the mono-evolved cultures of A.
tumefaciens and C. testosteroni. We mixed equal proportions of ten isolates of each species
coming from the same replicate microcosm (Fig.3.2A (ii)). Henceforth, when referring to
species in these evolved cultures, we mean these isolate mixes. This was based on preliminary
results showing some within-species phenotypic diversity in growth and degradation (Fig.A.1,
Fig.A.2).
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Figure 3.2 – Inter-species interactions. (A) Growth assay experimental design. (i) Glycerol
stock of ancestral isolate was grown alone 3 hours to exponential phase, then washed and
resuspended in MWF. (ii) Ten evolved isolates of the same species were randomly picked and
grown alone 3 hours to exponential phase, then washed, resuspended and mixed in equal
proportions in MWF. (iii) Microcosms from transfer 44 were diluted 100-fold in fresh MWF.
(B) Inter-species interaction network in ancestral species (adapted from Piccardi et al., 2019)
versus species co-evolved in a community of four (microcosm 3) during 12-day growth assays.
(C) Interactions based on AUC between A. tumefaciens and C. testosteroni co-evolved (first
column) or mono-evolved (second and third column) during 8-day growth assays. The y axis
measures the AUC of their growth curves during 8-day growth assays.
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Using these isolate mixes, we characterized the inter-species interactions on one microcosm
that had co-evolved in a group of four (replicate microcosm 3, arbitrarily selected among
microcosms where all four species were present in week 44). We incubated each species
in mono-culture or in pairwise co-cultures with each of the other species from the same
microcosm over 12 days (Fig.3.2B). In mono-culture, contrary to its ancestor, evolved A.
tumefaciens was able to survive and grow systematically in MWF (ancestral: Fig. A.3B; evolved:
A.4B). Both ancestral and evolved C. testosteroni were able to survive and grow in MWF
(ancestral: Fig. A.3C; evolved: A.4C). Similar results were obtained by using only one isolate
per species, suggesting that interactions are consistent both by using one or ten isolates (Fig.
A.2).

By comparing the area under the growth curve (AUC) of mono-cultures with pair-wise co-
cultures, we were able to reconstruct an interaction network (Fig.3.2B), as previously done for
the ancestral network in (Piccardi et al., 2019). Unlike the ancestral community, co-evolved
A. tumefaciens, promoted the survival and growth of co-evolved M. saperdae and evolved O.
anthropi, while it no longer benefited from the presence of co-evolved C. testosteroni.

To determine whether the weakened interactions between A. tumefaciens and C. testosteroni
were consistent in all five co-evolved microcosm replicates, we compared A. tumefaciens and
C. testosteroni isolates from the same microcosms grown in mono- and pair-wise co-cultures.
We found that overall, the AUC, maximum growth rate and maximum population size of A.
tumefaciens did not differ significantly when co-cultured with a co-evolved C. testosteroni
(linear model with biological replicates as a random effect; AUC: P = 0.653, Fig.3.2C, left
column; Maximum Growth Rate: P = 0.371, Fig.A.5B, left column; Maximum Population Size:
P = 0.558, Fig.A.5C, left column). Instead, C. testosteroni had a significantly greater maximal
growth rate when co-cultured with a co-evolved A. tumefaciens, but its AUC and its maximum
population size did not differ significantly (linear model with biological replicates as a random
effect; AUC: P = 0.1275, Fig.3.2C, left column; Maximum Growth Rate: P = 0.0265, Fig.A.5B,
left column; Maximum Population Size: P = 0.123, Fig.A.5C, left column). As co-evolved M.
saperdae and O. anthropi from all microcosms went extinct when grown alone, we conclude
that they always benefit from at least one of the other two species A.6.

3.3.3 Species interactions between mono-evolved isolates tend to be negative

We wondered whether the loss of almost all positive interactions between co-evolved A. tume-
faciens and C. testosteroni was simply the result of adaptation to the harsh MWF conditions.
We compared the growth of mono-evolved A. tumefaciens and C. testosteroni when alone and
when in pair-wise co-cultures (Fig.3.2C, middle column). Both species inhibited each other’s
growth, where the AUC (linear model with biological replicates as a random effect, Ct ! At
P = 0.0147, At ! Ct P = 0.0109) and maximal population size (Ct ! At P = 0.00393, At ! Ct
P = 0.0486) (Fig.3.2B-C) of the co-cultures were lower than the mono-cultures. This suggests
that the evolutionary response of A. tumefaciens and C. testosteroni is different whether they
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evolved alone or in the community.

One explanation for the competitive interactions may be that the isolates we used for these
assays had a particularly high fitness within their populations. To test whether our results
were biased in this way, we transferred the entire populations of mono-evolved A. tumefaciens
and C. testosteroni directly into mono- or co-culture assays (Fig. 3.2A (iii)). A. tumefaciens still
inhibited the growth of C. testosteroni (linear model with biological replicates as a random
effect, At ! Ct P = 0.04458) (Fig. 3.2C, right column), suggesting that there was likely nothing
particular about the 10 isolates. In sum, the positive effect of A. tumefaciens and C. testosteroni
in the ancestral strains switched toward more neutral interaction when co-evolved, and
competition when mono-evolved.

3.3.4 Species’ productivity was higher in mono- compared to co-evolved species

Our finding that mono-evolved species compete with one another in co-culture suggests
that evolving alone makes it possible for a species to increase its niche coverage, resulting in
competition with future invaders. If instead, a focal species is already sharing the environment
with other species with which it does not compete, their presence may prevent the focal
species from expanding its niche thereby limiting competitive interactions from arising over
evolutionary time-scales. While niche partitioning is difficult to quantify in a complex chem-
ical environment like MWF, we predicted that if mono-evolved species covered more niche
space, they should grow faster or to a larger population size compared to their co-evolved
counterparts. Consistent with this prediction, AUC was significantly higher in mono-cultures
of mono-evolved A. tumefaciens and C. testosteroni compared to the co-evolved ones (linear
model with biological replicates as a random effect, At P = 0.00102, Ct P < 0.001), even when
they were grown in co-culture (linear model with biological replicates as a random effect,
At P < 0.001, Ct P < 0.00355, Fig. A.7A-C). Consistent with previous studies (Fiegna et al.,
2015; Lawrence et al., 2012), these results suggest that adaptations to increase productivity are
limited when species are co-evolving with others.

3.3.5 Co-evolving species lose more genetic material than mono-evolving species

If co-evolved species remain more reliant on other members of the community for survival
and are more limited in their niche expansion, we may expect them to have lost more genetic
material. To test this hypothesis, we extracted and sequenced DNA from each replicate
microcosm over time (every 11 transfers) and performed metagenomic analyses.

To quantify the loss of genetic material in the different species and treatments, we searched for
deletion events by mapping reads to the ancestral genomes. We considered that one or more
bases had been deleted if depth of coverage at a given location was 0 in the metagenomic
samples, if those bases were found within a read (flanking regions had coverage >0) and if they
did not reappear in any future time points. For that reason, we only consider samples from
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Figure 3.3 – Deletion events detected in metagenomes of transfers 11, 22 and 33 in all mi-
crocosms. (A) Number of deletion events detected and (B) total number of deleted base pairs,
obtained by mapping sequenced reads to the genomes of A. tumefaciens, C. testosteroni, M.
saperdae and O. anthropi in different treatments from samples of transfers 11, 22 and 33.
Transfer 44 was eliminated since we could not verify deletion events in future time-points. The
plots on the left show a zoomed-in view of the plots on the right of each panel and includes the
mono-evolution treatments. Mono-evolved species lose more genetic material compared to
their co-evolved counterparts, and species that cannot grow alone lose more genetic material
compared to those that can (see main text for statistics).

transfers 11, 22 and 33, as for transfer 44 there were no future time points to verify whether
deletions were real. Instead, we whole-genome sequenced 48 single isolates from transfer 44,
and are currently waiting for those results.

At transfers 11, 22 and 33, we detected no deletion events in A. tumefaciens when evolving
alone (Fig. 3.3A, treatment 1). In two of the co-evolution microcosms, A. tumefaciens had a
single deletion event (Fig. 3.3A, treatment 3 and 4). These occurred in the same gene with a
hypothetical function. Incidentally, we find 21 deletion events in this same gene in transfer 44,
but we did not include them in our analysis in Fig. 3.3 because we are less confident in these
deletions.

More deletion events were observed in C. testosteroni: 16 deletion events occurred in the
mono-evolved microcosms (Fig. 3.3A), 9 of which were found in an ORF with no annotation
(5 of these are >1.4kb, one large deletion in each microcosm, Fig. 3.3B). In the co-evolution
treatments, we detected 74 deletion events (37 in treatment 3 and 37 in 4), significantly more
than in mono-evolved C. testosteroni (Kruskal-Wallis chi-squared = 7.03, df = 1, P = 0.008),
with a significantly greater number of base pairs (Kruskal-Wallis chi-squared = 4.86, df = 1,
P = 0.027). Interestingly, the same un-annotated ORF was subject to 23 deletion events,
occurring in almost every microcosm.

3.3.6 Species that cannot grow alone lose more genetic material

In the two species that could not grow alone, M. saperdae and O. anthropi, we detected 545
and 258 deletion events, respectively. Both the number of deletion events and the number of
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deleted base pairs are significantly larger in these species compared to A. tumefaciens and C.
testosteroni that could grow alone (linear model with growth ability and species as explanatory
variables, P < 0.001).

Based on these results, we hypothesize that species that rely on others to grow may lose more
genetic material, as there is less selection pressure to maintain costly genes. These results are
reminiscent of the Black Queen Hypothesis, except that these species may never have had all
the necessary functions to survive in this environment in the first place. Further analysis of
the strength of selection on these species and the functions of the genes in which deletions
occurred will help clarify this hypothesis.

3.3.7 A. tumefaciens degradation of MWF improves when mono-evolved but is
limited when co-evolved

Next, we investigate whether the decline in positive inter-specific interactions over the 44
transfers is associated with a shift in MWF degradation efficiency (as in Rivett et al., 2016, e.g.).
If, for example, we are correct in that co-evolved species have reduced their niche overlap
and diverged in their resource use, we might expect greater overall MWF degradation. On the
other hand, co-evolved C. testosteroni grew slower than its ancestor, which may lead to worse
degradation, as it is one of the main degraders in the community (Piccardi et al., 2019). The
loss of genetic material could predict either outcome, depending on whether the growth cost
saved by genetic loss outweighs loss of genes contributing to degradation.

Over the 44 transfers (Fig.3.4A), C. testosteroni and the two co-evolved communities lost
their degradation efficiency, such that at the end, they degraded less than their ancestral
counterparts (% COD on day 7, isolates from transfer 1 vs. 44 in mono-evolved C. testosteroni
and the 3- and 4-species communities, respectively: paired t-tests, t = °5.7165, P < 0.01;
t = °14.641, P < 0.001; t = °18.131, P < 10°4). In contrast, the two mono-evolved microcosms
of A. tumefaciens degraded better than their ancestral counterpart (% COD on day 7, isolates
from transfer 1 vs. 44 in mono-evolved A. tumefaciens: linear model, t = °20.91, P < 10°5,
Fig.3.4A) and even compared to all other mono- or co-evolved microcosms (COD (%) on
transfer 44, day 7, comparing A. tumefaciens with C. testosteroni and the 3- and 4-species
communities, respectively: linear model, t = 10.85, P < 0.001; linear model, t = 10.35, P < 0.001;
linear model, t = 8.274, P < 0.001, Fig. 3.4A).

Knowing that A. tumefaciens was a member of the two co-evolved communities, we won-
dered why the degradation efficiency of the communities was worse than A. tumefaciens
evolved alone: Did the community members inhibit the degradation efficiency of A. tumefa-
ciens? Indeed, when grown alone, co-evolved A. tumefaciens degraded less efficiently than
mono-evolved (%AAC, assays with 10 isolates and 1% transfer, respectively: linear model with
biological replicate as random factor, t = 3.590, P < 0.01; t = 5.373, P < 0.01, Fig.3.4B). This
mirrors our earlier observation that mono-evolved A. tumefaciens grew to greater population
sizes than the co-evolved one (refer to Fig.3.2C comparing A. tumefaciens mono- and co-

19



Chapter 3 Co-evolution of 4 bacterial species reduces facilitation

60

90

120

150

40 80 120 160
Sum of relative AAC (%) mono-culture

Re
la

tiv
e 

AA
C 

(%
) c

o-
cu

ltu
re

Ct At+Ct+MsAt At+Ct+Ms+Oa

Mono-
culture

Co-
culture

0

50

100

150

Mono-
culture

Co-
culture

Mono-
culture

Co-
culture

Mono-evolved
(1% transfer)

Mono-evolved
(10 isolates)

Co-evolved
(10 isolates)

AA
C 

(%
)

**
***

NS

***
***

NS

***
**NS

NS
NS

NS
NS**

NS

NS

** NS

50

1 11 22 33 44

60
70
80
90

100

Transfer

CO
D 

(%
)

At
Ct
At+Ct

Co-evolved (10 isolates)
Mono-evolved (10 isolates)
Mono-evolved (1% transfer)

A B

C

6

1
2

3

4

10

8

12

15

16
17 18

19
14

13
11

13 9

16

7

7
6

5

Figure 3.4 – Degradation efficiency. (A) Degradation efficiency, measured as chemical oxygen
demand (COD, g/L) for each microcosm before each transfer in all four treatments. (B)
Comparison of degradation efficiency of ancestral, mono- and co-evolved A. tumefaciens. (C)
Prediction of an additive model of the sum of degradation efficiencies of individual species is
plotted against degradation efficiency of the co-cultures of mono- versus co-evolved species.
Points lying above (or below) the dashed line degrade more (or less) efficiently than predicted
by the additive model.

evolved in mono-culture). These data suggest that other species may have limited co-evolved
A. tumefaciens to evolve to greater degradation efficiency by occupying some niches that it
could instead fill during mono-evolution. This scenario predicts that species that co-evolved
with A. tumefaciens might contribute to increasing its degradation efficiency when grown
together.

3.3.8 Co-evolved species synergistically degrade MWF

In line with previous observation, we wondered whether the species co-evolving with A.
tumefaciens – notably C. testosteroni – could improve its degradation efficiency. By applying
an additive null model to degradation efficiency, we compared the combined functioning of
the two mono-cultures to the functioning of the corresponding co-cultures (as in Fiegna et al.,
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2015; Foster and Bell, 2012; Piccardi et al., 2019; Rivett et al., 2016, e.g.) (Fig. 3.4C). Although
there were some differences between experimental repeats with different sub-samples of the
evolved population, overall, we found that co-evolved A. tumefaciens and C. testosteroni had
small positive effects on each other’s degradation efficiency (see results of statistical analysis
in Fig. A.8). Depending on which isolates we used for the mono-evolved assays, we found
that in some cases the two species significantly reduced each other’s degradation efficiency
(Fig. A.8). Together, this supports the hypothesis that co-evolving species do not overlap much
in their niches and can therefore remain synergistic in their degradation of MWF. Instead,
mono-evolved C. testosteroni seems to interfere with the degradation ability of mono-evolved
A. tumefaciens, which suggests that the potential of co-evolved A. tumefaciens to expand its
niches and increase its own degradation efficiency may have been limited.

3.4 Discussion

We show that a bacterial community, whose members initially facilitated each other’s growth
in a harsh environment, were stable over time, and this was coupled with a weakening of
positive interactions between species that could grow alone. Species evolving with others
were likely to lose more genetic material than if they were evolving alone, presumably because
they relied on others to survive. In contrast, mono-evolved species adapted better to harsh
environment, competed with others when co-cultured and displayed less gene loss. These
data suggest that bacterial communities can stably coexist in harsh environments. The high
likelihood of coexistence in the co-evolution treatments differs somewhat from previous
transfer experiments with communities of comparable size, where populations converged to
one of a number of different equilibria (Celiker and Gore, 2014; Hekstra and Leibler, 2012).
In the evolved communities, protection from toxicity was provided by A. tumefaciens and C.
testosteroni which presumably provided redundancy of protection within the community. As
theorised by (Bottery et al., 2021), this collective resistance may confer stability within the
community. One important caveat is that the largest community is composed of four species,
thus we cannot exclude that stability may be compromised with more species (Hekstra and
Leibler, 2012).

Stable coexistence in this community may be due to two different effects. For A. tumefaciens
and C. testosteroni, positive interactions declined at the end of the evolution experiment.
This may indicate a reduction in niche overlap that replaced any mutualistic effects. Such
neutral interactions are expected to emerge and stabilize communities over time (Coyte et al.,
2015; Lawrence et al., 2012; May, 1972). Instead, when the two species evolved alone, they
grew better when mono-cultured compared to their co-evolved counterparts and instead
competed when co-cultured. Consistent with previous studies (Barraclough, 2019; Castledine
et al., 2020; Fiegna et al., 2015; Gravel et al., 2011; Lawrence et al., 2012; Rivett et al., 2016), we
therefore hypothesize that mono-evolved species became generalists and co-evolved species
specialized. Future work should investigate whether resource usage shifted over the course
of the evolution experiment. It may also be interesting to compare this outcome with the
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same community evolving in rich medium, where species start with negative interactions
(Piccardi et al., 2019). A. tumefaciens had a higher growth rate when mono-evolved than the
co-evolved, indicating better adaptation to the abiotic environment, and possibly a trade-off
between adapting to the biotic versus abiotic environment. Indeed, the strong selection
pressure caused by toxicity may create a dependence between species, which is different from
ecosystems that are dominated by competition between species that can all grow on their
own. Our results indicate that in communities, species can rely on the presence of others. In
this context, we found that gene loss events were significantly more frequent for 3 out of 4
species evolved in communities, and were even stronger for M. saperdae and O. anthropi, the
two species that still relied on others to grow. These effects are reminiscent of what one would
expect according to the Black Queen hypothesis (Morris et al., 2012).

Our evolution experiment leaves many open questions. First, we do not know the molecular
mechanisms behind the interactions in our system, including resource partitioning, intra-
species heterogeneity, and whether cross-feeding plays a role. We also do not understand
how MWF is being degraded and what role each species takes in this process. This lack of a
mechanistic understanding makes it difficult to determine whether there is anything special
about the MWF environment. Maybe a toxic environment requires environmental modifica-
tion, which is inherently leaky but highly beneficial to the detoxifying species. Detoxifying
enzymes may instead be secreted on cell lysis (Gude et al., 2020) or toxins may be adsorbed
by dying cells. Second, we found that while synergistic MWF degradation was observed for
co-evolved communities, they still degraded less MWF than their ancestral counterparts and
the most change happened in the first transfers. One reason may be that selection favored the
emergence of cheaters exploiting the resident populations, which in turn decreased the fitness
advantage of the degraders and the bioremediation efficiency (O’Brien and Buckling, 2015;
O’Brien et al., 2014). Cheating could occur by evolving to use less expensive mechanisms –
assuming that degradation occurs via the secretion of costly toxin-degrading enzymes – to
resist the toxins, such as thickening the cell wall or using efflux pumps to expel toxins (Blair
et al., 2015; Bottery et al., 2021; Bottery et al., 2016).

In this context, we do not know the mechanisms of toxin resistance of our four species and
we did not find any clear patterns in the functions of the lost genes, so further work will be
needed to confirm whether deletion mutations exhibit any particular phenotypes related to
resource use or detoxification. This may also help to elucidate to what extent M. saperdae and
O. anthropi evolved to depend on others. Third, our analysis of evolved bacterial interactions is
somewhat simplistic. Indeed, some isolates of C. testosteroni were significantly more resistance
to higher MWF concentrations than it was ever exposed to (Fig.A.9). Similarly to antibiotics
(Andersson and Levin, 1999; Hughes and Andersson, 2012; San Millan and MacLean, 2017),
this suggests that MWF selected for some resistant sub-populations. In future work we plan to
test whether resistant sub-populations can increase the resistance of other co-existing strains
of the same species and other species. Indeed, it is reasonable to think that each lineage
has different interactions with the other species. This leads to an important question for
communities more generally: what is the effect of intra-species diversity on the inter-species
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interactions? Finally, a key element in the Black Queen Hypothesis is gene loss, which implies
genome reduction (Mas et al., 2016; Morris et al., 2012). Our current metagenomic analysis
cannot measure the genome sizes of our evolved species, because we are unable to assemble
complete genomes for different strains of each species. To solve this issue we are currently
sequencing whole genomes of individual evolved isolates of the four species. This will help to
measure whether and to what extent the genome size reduced and where deletions occurred.

In conclusion, we found that there was a reduction of facilitation and this was similar to studies
that have experimentally evolved communities beginning with negative interactions. Our
study predicts that when species depends on other for their survival, then they will experience
more loss of genetic material and the maintenance of dependencies.

3.5 Methods

3.5.1 Study system

Synthetic bacterial community species, growth media, experimental setup, quantifying popu-
lation size and quantifying degradation efficiency (COD) in this study are described in (Piccardi
et al., 2019). Row data and P values are reported in Dataset 1 (click here). Row data of each
microcosm used to make Fig.3.2C and Fig. 3.4B-C are reported in Dataset 2 (click here).

3.5.2 Evolution experiment

All the experiment (6 treatments) was conducted simultaneously in 5 microcosm replicates to
give 30 experimental cultures in addition to 3 sterile controls (Fig. 3.5).

A. tumefaciens

Treatment Combination of species

C. testosteroni

1

2

3

4

5

6 O. anthropi

M. saperdae

A. tumefaciens C. testosteroni M. saperdae+ +

A. tumefaciens C. testosteroni M. saperdae O. anthropi+ + +

Number of microcosms

2

5

5

5

0

0

5

5

5

5

5

5

transfer 0 transfer 44

Figure 3.5 – Evolution experiment treatments.

All tubes were incubated (28±C, 200 rpm) for a total of 7 days. To stimulate active growth and
promote adaptation to MWF ecosystem, 29.7 mL of fresh MWF medium was prepared and
300 µL of the week-old culture transferred into it. This was repeated every week for a total of
44 weeks. At the end of every week, before each transfer, population sizes (CFU/mL) and COD
were quantified. Furthermore, 1mL of these cultures was harvested for each treatment, spun
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down at 10,000 rcf for 5 minutes, resuspended in glycerol 25% (diluted in PBS) and stocked
at -80±C for future analyses. All 5 replicate populations of M. saperdae, O. anthropi and 3
replicate populations of A. tumefaciens in mono-culture went extinct, and these microcosms
were discarded after 10 weeks.

3.5.3 DNA extraction and sequencing

For each sample, the following protocol was followed: 15mL of sample was collected and
split into 1.5mL Eppendorf tubes and spun down at 10’000rpm for 10 minutes. The bi-phasic
supernatant was carefully discarded. Pellets coming from the same sample were resuspended
in PBS and pooled together into one single 1.5mL Eppendorf tube. Cells were precipitated and
resuspended in PBS twice, to remove any remaining MWF. A negative control was included
in the process and followed the same procedure as the samples. The resulting pelleted cells
were incubated in 150 µl of lysozyme solution for 30 minutes at 37±C. After this incubation
period, 5 µl of RNAse solution (5mg/ml) was added. The RNAse treatment was performed
for 30 more minutes at the same temperature. The lysozyme action creates pores in the cell
wall of the cells, allowing the RNAse to degrade any possible remaining RNA in the sample.
After this second incubation period, 600µl of lysis buffer was added to the sample. The lysis
buffer solution contains 9.34mL of TE buffer (PH 8), 600µl of SDS 10%, 60µl of Proteinase
K and 2µl of ß-mercaptoethanol. Cell lysis was performed for 1 hour at 56±C. Once the
cell suspension became transparent, 700µl ( 1v/v) of Phenol-Chlorophorm-Isoamylalcohol
(PCI, 25:24:1) was added to the tube. Samples were mixed by inversion for 1 minute and left
to rest on ice to allow phase separation. After the phases were clearly visible, the sample
was centrifuged at 13’000 rpm for 15 minutes at 4±C. The resulting clear supernatant was
transferred to a new tube ( 600µl of volume). PCI cleaning was performed one more time
to purify the DNA, resulting in around 500µl of clear liquid containing the suspended DNA.
After the DNA cleaning, 50µl of sodium acetate (5M) and 500µl of Isopropanol were added to
the sample, allowing the DNA to precipitate. Insoluble DNA was incubated at -80±C for two
hours and centrifuged down at 13’000 rpm for 15 minutes. The alcoholic supernatant was
discarded. The precipitated DNA was washed with 1ml of ethanol 70% (v/v), re-centrifuged at
13’000 rpm for 15 more minutes, and the supernatant removed. The air dried pellet was then
redissolved in 50µl nuclease-free water, and the concentration and purity were analyzed using
Qubit and Nanodrop, respectively. The obtained DNA was sequenced with using the Illumina
platform with two different platforms at the Oxford genomics facilities: Samples from transfer
22 were sequenced using HiSeq4000, while transfers 11, 33, 44 were sequenced using NovaSeq.
The reason behind the different platform usage was the discontinuation of the former at the
selected facility.

3.5.4 Ancestral lineage sequencing and annotation.

DNA coming from each independent isolate was sequenced using a combination of Illumina
MiSeq (yielding 310bp PE reads) and PacBio. PacBio raw data for each genome sequencing

24



Co-evolution of 4 bacterial species reduces facilitation Chapter 3

was assembled using canu v. 1.5, and circularized using circulator v. 1.5.0 with default
parameters. The resulting assembly was corrected using the illumina data with pilon v. 1.22
with default parameters. The resulting corrected assembly was re-ordered according to the
general genomic architecture. To do so, a representative sequence of the dnaA gene was
searched using NCBI blastn v. 2.9.0+ with default parameters. Once the gene was located, the
genome was re-organized to contain the gene as the first gene in the genome, as it is standard
procedure in genome annotation. The resulting re-organized genomic assemblies were then
annotated using an in-house pipeline which uses Prokka v.1.13 as the annotation engine. For
each genome, the kingdom, phylum and genus were provided. Non coding RNAs (rRNA and
tRNA) were characterized using barrnap v.0.9 and aragorn v.1.2.38 respectively. ORFs where
prokka failed to provide a function were manually annotated using blastp against the NCBI nr
database. Finally, ORFs were assigned to Clusters of Orthologous genes using eggNOG mapper
v.2 using the eggNOG database v.5.

3.5.5 Sequencing data processing and analysis.

All datasets were processed following the same approach: For each sequencing dataset, an
initial quality control was performed using FastQC, to evaluate the overall per-position quality,
the k-mer enrichment (which could indicate adapter contamination), and the GC-content
(which could indicate origin admixture). Adapters and low quality sequences were removed
using trimmomatic v. 0.36, using the parameters PE, EADING=3, TRAILING=3, SLIDINGWIN-
DOW=4:15, MINLEN=60. The resulting cleaned reads were mapped against the ancestral
genome references using bowtie2 v. 2.3.4.1 with default parameters. The resulting mapping
was filtered to remove distant alignments using an in-house script that normalizes the align-
ment score by alignment length, clusters the resulting score into groups of quality, and selects
only those with normalized quality > 0.95. Using the remaining high-quality alignments, the
coverage depth per reference basepair is calculated using samtools v. 1.8 with parameters
depth -A. Depth analysis is performed using R v.4.0.2. Mappings were also used for variant call-
ing using freebayes v. 1.2 with the parameters –haplotype-length=0 –min-alternate-count=3
–min-alternate-fraction 0.05 –pooled-continuous and –report-monomorphic, as it is common
for metagenomic-like haploid bacterial data. Output variants were then filtered using the
following filters: only SNPs were considered; Population frequency > 10%; average alternative
variant phred quality > 20. The resulted SNPs were classified as intergenic, synonymous
and non-synonymous according to their position and the expected protein change using
an in-house script. Fixed SNPs were considered only when the population frequency was
maintained at a frequency of more than 0.97 until the end of the experiment. The frequency
of non-synonymous (pN) and synonymous (pS) polymorphisms was calculated according
to Morelli et al. 2013 Vet Res. All Statistical analyses were performed using R. All tests were
performed using non-parametric tests, as the data did not follow a gaussian distribution, and
corrected using Benjamini-Hochberg multi-test correction.
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4 Evolved bacterial community inhibits
invading species

4.1 Abstract

Resident microbial communities tend to exclude novel microbial invaders. This intuition
has been established in communities where inter-species competition was dominant, but
whether this pattern also holds for communities where species facilitate each other’s survival
is less clear. Here we explore whether invading species can establish in a bacterial community
that grows in a toxic environment dominated by facilitation. We find that as long as the
invading species are unable to grow alone, their invasion is indeed facilitated by the resident
community. But as our resident community did not have a long common history, we next
wondered whether allowing members of the resident community to adapt to each other and
their environment would limit bacterial invasion. To test this hypothesis, we inoculated
the invading species into the resident community only after its members had co-evolved
together in a 44-week long transfer experiment. In line with our expectations, compared to
the ancestral community, the co-evolved resident community was more competitive toward
invading species, and less affected by them. In sum, we show that invasions are more likely to
succeed in toxic environments where facilitation is prevalent amongst resident species, and in
line with the community monopolization hypothesis, an evolved resident community is more
resistant to invasion, even in a context of facilitation.

4.2 Introduction

Successful colonization of invader microorganisms into pristine environments or into existing
microbial communities are common, and can impact ecosystem diversity and function, po-
tentially leading to dramatic consequences (Mooney and Cleland, 2001; Thakur et al., 2019).
A better understanding of the factors driving microbial invasions may help to prevent the
spread and establishment of invasive species. For example, one could imagine preventing the
invasion of a species that reduces the efficiency of a bioremediation system (O’Brien et al.,
2014). On the other hand, it could be equally useful to intentionally introduce a new species
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for a desired purpose, such as promoting the colonization of probiotic species in the intestinal
microbiome to treat diseases (Amara and Shibl, 2015; Kechagia et al., 2013).

What determines the ability of an invasive species to colonize an existing ecosystem depends
on the characteristics of both the invading species and the resident community (Catford et al.,
2009; Williamson and Fitter, 1996). There are many theoretical and empirical studies exploring
the factors that influence invasion outcome, such as niche overlap (Amalfitano et al., 2015;
Peng Li et al., 2019), the competitive potential for nutrients and space (Mallon et al., 2015),
propagule pressure (Acosta et al., 2015; Barney et al., 2016; Ketola et al., 2017; Simberloff, 2009;
Vila et al., 2019), genotypic richness of invaders (Rivett et al., 2018; Vila et al., 2019), genotypic
richness of the resident community (Case, 1990; Eisenhauer et al., 2012; Jousset et al., 2011;
Vila et al., 2019; Wei et al., 2015) and the effects of local abiotic conditions (Baumgartner et al.,
2021). These studies tend to assume that competition for resources between invaders and
resident species will dominate (Case, 1990; Tilman, 2004; Van Elsas et al., 2012; Vila et al.,
2019; Wei et al., 2015). However, how species interact and the strength of their interactions
can play a major role in invasion outcome (Case, 1990; Wei et al., 2015). If weaker negative
interactions make a community more vulnerable to invasion (Case, 1990; Vila et al., 2019),
then facilitative interactions are expected to increase the chance of an invader to establish
in an ecosystem. To our knowledge, only one study has explored how positive interactions
affect invasion outcomes, showing that facilitation can promote invasions in plant-associated
microbial communities (M. Li et al., 2019).

Here, we study bacterial invasion into a facilitative synthetic bacterial community composed
of four species: A. tumefaciens, C. testosteroni, M. saperdae and O. anthropi. These four species
can grow and bioremediate Metal Working Fluids (MWF) (Van Der Gast and Thompson, 2004),
industrial fluids used in metal manufacturing. MWFs contain mineral oils, emulsifiers and
biocides, some of which are toxic to bacteria, in order to prevent contamination. In previous
work (Piccardi et al., 2019), we showed that when the community members were inoculated in
this toxic environment they were more likely to facilitate each other. Instead, when the four
species were inoculated into a more permissive environment where we added amino acids
as an additional carbon source, competition between species was more likely. This system
then allows us to study biological invasion under varying degrees of facilitation between
community members.

Another advantage of this system is that we can follow it over both ecological and evolutionary
time-scales and explore the effect of adaptation on microbial invasion. Indeed, whether
species successfully invade an ecosystem may depend on the evolutionary history of the
resident community. The community monopolization hypothesis predicts that early colonis-
ers adapt to use available resources efficiently, producing a competitive advantage against
later-arriving species (De Meester et al., 2016; Urban and De Meester, 2009; Vanoverbeke et al.,
2016). Specifically, a community that has adapted to a specific environment can slow down
or exclude the growth of future invaders through a priority effect. This hypothesis, tested in
microbial communities (Gómez et al., 2016; Nadeau et al., 2021), has never been explored in
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facilitative communities.

We first tested whether our bacterial community can facilitate the colonization of an invader
species in MWF. We did this by inoculating four “invader” species sampled from contaminated
MWF into the four-species “resident” community established in our previous study (Piccardi
et al., 2019). Next, we added nutrients to the MWF to increase inter-species competition and
tested whether the invader’s growth was affected. We found that the resident community
facilitates invasion of species that cannot grow alone in MWF, while invader species that
could grow alone in the more permissive environment containing additional nutrients were
inhibited. We then tested whether the resident community co-evolved in MWF for 44 weeks
was more likely to exclude the growth of invaders. We found that although the evolved
community was still dominated by facilitative interactions and invasions were still possible,
the growth of the invader was inhibited relative to the ancestral community. Together, our
community represents a tractable model system for exploring how microbial interactions
affect invasion success, depending on the environmental context and evolutionary history.

4.3 Results

4.3.1 The resident community facilitates invasion of species that cannot grow
alone

We first ask whether the four invader species could colonize the resident community growing
in MWF and to what extent the community promotes or inhibits invasion. The resident
community was cultured in MWF for 1 week, at the end of which 1% of the population
was transferred into fresh media, and this was repeated for a total of 4 weeks. The invader
species was inoculated into three replicate microcosms of the resident community 48 hours
after the first transfer, presumably during the community’s exponential growth phase. The
resident community was always invaded by a single invader species at a time. As a control
treatment, we inoculated each of the invader species into sterile MWF and performed transfers
in parallel. The abundance of the invading species was quantified at inoculation and before
each transfer (Fig.4.1 A). We count an invasion as successful if the growth rate of the invader
is positive. Invaders may still go extinct over the four weeks if they do not grow faster than
the 100-fold dilution rate. To exclude the effect of the choice of dilution rate on invasion
success, we compared invader species abundance at week 4 to a null model simulating a
non-growing species that is being diluted 100-fold every week. We call this difference the
“invasion magnitude”. In sum, invasion is successful if the invasion magnitude is >0 and failed
if ∑ 0.

Using this measure, we found that P. fulva was the only one of the four invader species that
could colonize the MWF when alone (Fig.4.1 A, C). Instead, when the community was present,
the number of successful invasions increased: A. caviae, K. pneumoniae and P. fulva colonized
the MWF containing the resident community, while P. rettgeri still did not. These results are
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Figure 4.1 – Outcome of invasion in MWF or MWF+AA. (A) Growth curves of the four invader
species in MWF. The four species were grown alone or into the community along 4 transfers
(1 transfer each 7 days). The experiments were done in parallel except for the invader alone,
which was done separately. The dotted black line and the solid black line represent the alone
and community null model of the four invader species, respectively. (B) Growth curves of the
four invader species in MWF+AA. The four species were grown alone or co-cultured with the
resident community along 4 transfers (1 transfer each 7 days). The black solid line represents
the null model. The experiments were all conducted in parallel. (C) The invasion magnitude is
the population size at transfer 4 minus the null model. If this number is higher or lower than
zero, then the invasion is successful (+) or failed (-), respectively. From left to right: A. caviae
(Ac), K. pneumoniae (Kp), P. rettgeri (Pr), P. fulva (Pf). Statistical significance is marked above
the data points (P-values: * <0.05, NS = not significant).
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in line with our previous findings (Piccardi et al., 2019) that species that cannot grow alone
in MWF are likely to be facilitated by other species, explaining why in some cases invasion is
only successful when the community is present.

4.3.2 The resident community inhibits invader species that can grow alone

MWF has been designed to prevent bacterial contamination and is therefore quite toxic. This
explains why only one of the invader species was able to grow alone in it. To explore the effect
of the resident community in a less harsh environment, we next added 1% Casamino acids
to the medium (MWF+AA), which is a nutrient source for 3 out of the 4 resident community
members and has previously been shown to increase competition between them (Piccardi
et al., 2019). We found that K. pneumoniae, P. fulva and P. rettgeri could colonize MWF+AA
alone, while A. caviae still suffered from the environmental toxicity (Fig.4.1 B, C). The three
species that were able to colonize alone were still able to invade when the community was
present, but at a lower invasion magnitude (Kruskal-Wallis H test, all p-values < 0.05), Fig.4.1
C). This suggests that in this more permissive environment where species that can colonize
alone, the community competes with the invader. This is again consistent with previous work
(Piccardi et al., 2019), where we showed that competition is more likely to arise in a more
benign environment where species can grow alone.

4.3.3 A resident community co-evolved in MWF is more competitive toward in-
vading species

The capacity to colonize a resident community might depend on its history: resident species
that have co-evolved in a given environment may be more likely to exclude future colonists
through a priority effect (De Meester et al., 2016; Urban and De Meester, 2009; Vanoverbeke
et al., 2016). To test this hypothesis, we extend the pre-invasion phase to 44 weeks, allowing
the resident species to adapt to MWF and to each other (see material and methods). Next, we
built the evolved community by mixing one evolved isolate of each species.

We now ask to what extent the invader species can colonize the evolved resident community
compared to the ancestral one. We found that while P. rettgeri could colonize neither, A. caviae,
K. pneumoniae and P. fulva colonized both the ancestral and evolved communities (Fig.4.2 A,
B). K. pneumoniae and P. fulva had a smaller invasion magnitude in the evolved compared
to the ancestral community (Kurskal-Wallis H test, both p-values < 0.05, Fig.4.2 B). A. caviae
showed no such pattern, but it is difficult to conclude much due to a replication problem:
While in the first experiment A. caviae had a positive invasion magnitude into the community
in all three replicates (Fig.4.1 A), here under the same conditions, the species failed to grow in
the final transfer in two out of three replicates (Fig.4.2 A). It is still unclear why this occurred
and repetition of the experiment is needed.

We wondered whether the pattern measured with K. pneumoniae and P. fulva was specific
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Figure 4.2 – Invasion into ancestral or evolved communities. (A, C) Invader species were
grown alone, or inoculated into the ancestral or the evolved community in MWF, and diluted
100-fold in fresh MWF every 7 days, for a total of 4 transfers. The experiments were all
conducted in parallel. The black line represents the null model. (B, D) Invasion magnitude
(population size at transfer 4 minus the null model). Positive or negative invasion magnitudes
indicate successful (+) or failed (-) invasions, respectively. Population sizes were quantified in
Colony Forming Unit (CFU) per milliliter at first inoculation and before each transfer. From
left to right: A. caviae (Ac), K. pneumoniae (Kp), P. rettgeri (Pr), P. fulva (Pf), O. anthropi
(Oa). Statistical significances are marked above the data points (P-values: * <0.05, NS = not
significant).

to these invader species colonizing our community of four. One way to explore this is to
exclude one species from the co-evolutionary process and allow it to invade at a later stage.
We therefore co-evolved three of the resident species, A. tumefaciens, C. testosteroni and M.
saperdae together in MWF for 44 weeks, excluding O. anthropi. Next, we combined single
isolates of the three co-evolved species and performed invasion assays using the wildtype O.
anthropi as the invader species. In this new experimental invasion, O. anthropi could not
colonize MWF when alone (as in Piccardi et al., 2019, Fig.4.2 C), but invaded successfully
when inoculated into the ancestral or the evolved community of three. Consistent with the
previous invasion assays (Fig.4.2 A, B), and our hypothesis that a co-evolved community is
more difficult to invade, O. anthropi grew significantly worse when it was inoculated into
the co-evolved 3-species community compared to the corresponding ancestral community
(Fig.4.2 C, D). In sum, while invasions into a community co-evolved in MWF are still possible,
co-evolved community members are more likely to compete with an invading species than
their ancestors.
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4.3.4 Evolved resident communities are more robust to invasion

So far, we have focused on the effect of the resident community on the invading species. Now
we also consider how robust the resident community is to these invasion events. We may, for
example, expect the four co-evolved resident species to be less affected by species invasion
(Urban and De Meester, 2009).

The abundance of each community member was quantified at the beginning of the experiment
and before each transfer. In all our experiments, all four species were maintained over the
four transfers, with only variations in species abundances. Two of the ancestral resident
species, A. tumefaciens and O. anthropi, were inhibited by the invasion of P. fulva (t-test,
both p-values < 0.005, Fig.4.3 A, Fig.A.10 A). Otherwise, we detected no significant changes in
their population sizes following invasion. This lack of perturbation was also observed for C.
testosteroni. M. saperdae’s growth was instead greater in the presence of most invaders (t-test,
A. caviae and P. rettgeri both p-values < 0.005, P. fulva p-value < 0.005, Fig.4.3 A, Fig.A.10 A).
This is not surprising, as we know that M. saperdae strongly depends on other species to grow
in MWF (Piccardi et al., 2019).

Once the community had co-evolved, A. tumefaciens and M. saperdae were no longer signifi-
cantly affected by the invasion of P. fulva (Fig.4.3 B). O. anthropi still grew significantly worse,
but was less affected by P. fulva compared to the ancestor (ancestor versus evolved, t-test,
p-value = 0.0167, Fig.4.3 A, B, last column). In addition, M. saperdae was no longer significantly
positively affected by any of the invaders. This may be because the evolved M. saperdae already
grows significantly better within the resident community (Fig.4.3 A, B). Similar results were
obtained with the evolved 3-species community. While ancestral A. tumefaciens was signifi-
cantly inhibited by the invasion of O. anthropi (t-test, p-value < 0.05), its evolved counterpart
was not (Fig.4.3 C, D). Altogether, evolved resident communities were more robust to invasion
compared to ancestral ones.

4.4 Discussion

We show that when an invader species cannot grow alone in a toxic environment, the resident
community facilitates its survival and growth. Our research thereby brings additional evidence
that facilitation can promote invasion in microbial communities (Peng Li et al., 2019). In line
with the Stress Gradient Hypothesis (Bertness and Callaway, 1994) and our recent research
(Piccardi et al., 2019), this is likely because the community improves the environment, making
it more accessible to invaders. On the other hand, if the resident community has enough
time to adapt to its environment, invasion is still possible but the invader species may grow
worse than when invading the ancestral resident community. Consistent with the community
monopolization hypothesis (Urban and De Meester, 2009), the results imply that an evolved
resident community can be more resistant against invasions, even in the context of facilitation.

One way to explain the higher resistance of the evolved community is because of its increased
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Figure 4.3 – Bacterial abundance of ancestral or evolved community members with or with-
out invader. Each panel represents the total population size (CFU/mL) at transfer 4 of a
resident member in the ancestral community (A), the evolved community (B), the ancestral
3-species community (C) and the evolved 3-species community (D). All experiments were
performed in MWF. Community member population sizes without any invader species are
represented in colored dots. Community member population sizes cocultured with an invader
species are represented in black dots (invader species indicated in brackets). From left to right:
A. tumefaciens (At), C. testosteroni (Ct), M. saperdae (Ms), O. anthropi (Oa), A. caviae (Ac), K.
pneumoniae (Kp), P. rettgeri (Pr), P. fulva (Pf). Statistical comparison is done by comparing
co-culture data points to the corresponding mono-culture. Statistical significance is marked
above the data points (P-values: * <0.05, **<0.01, NS = not significant).

34



Evolved bacterial community inhibits invading species Chapter 4

stability. Community stability is defined as the capacity of a community to return to its initial
state after perturbation, including invasions (Allesina and Tang, 2012; Cook et al., 2006; Erkus
et al., 2013; Miura et al., 2007). When the resident species were co-evolved, we found that
population sizes stabilized after about 22 weeks in the 4-species community (Fig.3.1E) and 4
weeks in the 3-species community (Fig.3.1D). Overall, there were relatively small differences in
population sizes between evolved species compared to the ancestral ones, as expected based
on similar studies (Rivett et al., 2016). The higher stability – or the higher resistance against
invasion – can be due to several reasons. First, A. tumefaciens and M. saperdae co-evolved in
MWF had a significant higher growth rate compared to their ancestral counterparts, while C.
testosteroni and O. anthropi did not (Fig.A.11). We hypothesize that evolved species with a
higher growth rate absorb nutrients faster, and thus are more competitive against the invader.
Another possibility is that the evolved residents are more aggressive and produce antibiotics
to inhibit the growth of other species. If this were true, we would expect the resident species
to interact negatively. The comparison between ancestral pair-wise interactions (Fig. A.3G)
and evolved pair-wise interactions (Fig. A.4G, Fig. A.12F) indicate that positive interactions
declined between A. tumefaciens and C. testosteroni, but increased or remained unchanged
toward those species that are not able to grow alone (Fig. A.3G, Fig. A.4G), making this scenario
less plausible. Third, the residents may have evolved to cover a higher number of niches,
which would explain the inhibition of the invader’s growth in the evolved community. Further
investigation, possibly using metabolomic analyses, would be needed to clarify whether this is
the case and to more mechanistically understand microbial resistance against invasion.

The purpose of this study was to assess whether species could invade a community over an
ecological timescale. We defined invasions as successful only when the growth rate of the
invader was positive, regardless of whether the species could persist within the community in
the long term. Indeed, the dilution rate in our serial transfers allows all species to grow over
repeated cycles, such that we could compare the growth of residents and invaders between
treatments. Our results therefore only indicate whether invader growth rates change in dif-
ferent environments or different resident communities (i.e., ancestral versus evolved). In the
absence of mutations, we expect that invader species whose population sizes became smaller
over the four transfers are unlikely to persist in the evolved community in the long-term.
However, in reality, these invaders might acquire mutations allowing for invasion success.
We leave this question for future work. Another factor that can impact the invasion success
is the diversity of the resident community: a higher diversity is expected to reduce invasion
success (Case, 1990; Eisenhauer et al., 2012; Jousset et al., 2011; Vila et al., 2019; Wei et al.,
2015). This is likely because more diverse communities cover a high number of niches, leaving
fewer resources for the invader (Tilman, 2004). As our previous study showed that competition
increased with a higher number of species in MWF (Piccardi et al., 2019), we would expect the
same for invader species in this context. Invasion into more rich communities would provide a
more comprehensive understanding to the extent to which facilitation can influence invasion
outcome in harsh environment.

Our approach allowed us to measure the resistance of resident communities directly, but also
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has its limitations. In particular, we found it difficult to interpret how invaders affected the
resident community grown in MWF+AA (Fig.A.10). This is because introducing amino acids in
the MWF is likely to modify the number of available niches in the environment, which alters
interactions between resident species pairs, but also provides more opportunities for invasion.
A different experimental design would be needed to disentangle these effects. Finally, a better
understanding of the molecular mechanisms behind the interactions in our system would
likely help to understand the effect of each community member on the invader, and vice versa.

In conclusion, we used a model system to disentangle interactions between species and
measure their effect on microbial invasion. This revealed that a facilitative resident community
can improve the environment for species that would otherwise never be able to colonise, as
the environment is too harsh for the invader species when alone, but has the capacity to
inhibit their growth if the residents have adapted to the environment and each other. This
increases our fundamental understanding of biological invasions in microorganisms, which
may help to predict the outcome of invasion events in larger ecosystems as well.

4.5 Methods

4.5.1 Study system

Synthetic bacterial community species, growth media, experimental setup and quantifying
population size in this study are described in Piccardi et al., 2019. Experimental evolution setup
is described in Chapter 3. The four invader species were isolated from contaminated MWF
samples, kindly donated by Peter Kuenzi from Blaser Swisslube A, Hasle-Rueg, Switzerland.
Details of selective plates used to count invader species, row data and P values are reported in
Dataset 3 (click here)

4.5.2 Invasion assay

A single isolated colony of each species (community or invader) was selected and inoculated in
10mL of Tryptic Soy Broth (TSB) in Erlenmeyer flasks (50mL) and incubated overnight at 28±C
under 200 rpm shaking. To achieve exponentially growing bacteria, with a final concentration
of 106-107 CFU/mL, each bacterial strain was inoculated at an OD600 of 0.05 measured by
spectrophotometry (Ultrospec 10, Amersham Biosciences), in 20mL of TSB in Erlenmeyer
flasks (100mL) and cultivated at 28±C under 200 rpm shaking. After 3h, 200µL of each bacterial
community strain was mixed, centrifuged (5 minutes, 10’000 rcf), and the bacterial pellet
resuspended in 30mL of MWF or MWF+AA. In parallel, before mixing, each strain was serially
diluted and plated on TSA plates to quantify the starting population sizes. The resident
community was cultured in MWF for 1 week, at the end of which 1% of the population was
transferred into fresh media, and this was repeated for a total of 4 weeks. After 3h of culture,
200µL of the invader species was inoculated into three replicate microcosms of the resident
community 48 hours after the first transfer, presumably during the community’s exponential

36

https://docs.google.com/spreadsheets/d/1aepyyftBxx9u7s9rINQq9LIBgN03-qE1Ujqgilwy_Zk/edit?usp=sharing


Evolved bacterial community inhibits invading species Chapter 4

growth phase. The bacterial abundance of each community member and the invader species
was quantified before the inoculation in the MWF and before each transfer. To define invasion
outcome we used a null model simulating the dynamics of an invader species with a growth
rate of 0 (its abundance changes only due to dilution). By subtracting the value of the null
model from the total abundance of the invader species at transfer 4, the invasion is defined as
successful if >0 (the growth rate is positive) or failed if ∑ 0 (the growth rate is 0 or negative). We
used Kruskal-Wallis to test for significant interactions. T-tests was used to calculate statistical
difference of bacterial abundance between resident members.

4.6 Author contributions and acknowledgements

Philippe Piccardi, Géraldine Alberti, Jake Alexander and Sara Mitri designed research. Géral-
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We would like to thank Flora Arias Sánchez for their precious contribution with experiments,
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valuable discussion.
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5 Conclusion

I used to think that competition and cooperation (or negative and positive interactions) had a
single meaning. For example, if one species interacts positively with another, I was struggling
to think that those same species could still compete. In our first study, we found that when one
species was improving the environment for its own survival, then the environment also became
more habitable for other species, hence the emergence of positive interactions. However,
if the environment was permissive enough, then species did not need the presence of the
others to grow and competed when co-cultured. When we evolved the community, we found
that interactions weakened for those species that were able to grow on their own. Instead,
facilitation was maintained for those that were still unable to grow alone. By performing
experimental invasions, we finally found that the evolved community was likely to be more
resistant to invasion than its ancestral counterpart, even if it was facilitating the invader’s
growth. This suggests that the evolved community was more adapted to the environment and
more competitive against the invader. The main results of this research are summarized in Fig.
5.1.

Do the dynamics in our community help to explain what is happening in other systems? We
first need to discuss whether all environments can potentially be harsh. Indeed, we may
think that some environments are less harsh than others. But what makes one environment
more difficult than another could be just a matter of perspective. Some environments are
extremely toxic for most species, but can be easier for others. For example, lakes with high
salinity are toxic for most species, but species like Halobacteria are well adapted to these
lakes (Gunde-Cimerman et al., 2018). The gut is another difficult environment to invade,
however probiotic bacteria such as Lactobacillus and Bifidobacterium display specific bile
resistance mechanisms which allow them to colonize the human intestinal tract (Ruiz et al.,
2013). Inversely, the nutrient broth agar used in laboratories is classically perceived as a fertile
soil to isolate bacteria, however only about 1% of soil species observed under the microscope
is cultivable on broth agar (Torsvik and Øvreås, 2002) and some soil species are most likely to
form colonies only when they are localized close to other colonies with specific characteristics
(Ernebjerg and Kishony, 2012). These examples underline that all environments may be harsh
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QUESTION 3
What makes a bacterial community 
more resistant to invasion?

EVOLUTION EXPERIMENT

BACTERIAL INVASION
1) Facilitation dominates 
in MWF.
2) Competition dominates 
in MWF+AA.
3) Co-cultures promote 
bioremediation of MWF.
4) Mono-culture is enough 
to bioremediate MWF+AA.

QUESTION 1
What makes species help or harm 
each other and how does this affect 
ecosystem functioning? 

QUESTION 2
How do facilitative inter-species 
interactions drive the evolution
of the four species in MWF?

1) The resident community promotes 
invader growth in MWF.
2) The resident community inhibits 
invader growth in MWF+AA where 
species can grow alone.
3) The evolved resident community
inhibits the invader growth.
4) Evolved resident communities are 
more robust to invasion.

1) Reduction of facilitation 
between co-evolved species 
growing on their own.
2) Total bacterial abundance 
is reduced.
3) Bioremediation efficiency 
is reduced.
4) Species that depend on 
others to grow lose more genes 
than others.

Figure 5.1 – Main findings of our research.

if the organisms do not possess the characteristics needed to survive in a given context.

Although many environments can be difficult to colonize, species that arrive and grow first
may improve the environment and facilitate the growth of those that cannot survive alone in
the original sterile environment. Facilitative interactions therefore play a key role to determine
the order of species arrival and community assembly (Coyte et al., 2021; Datta et al., 2016).
In our experiments we used 14 bacterial species in all. Even though they were all previously
isolated from waste MWF, we found that only 3 out of them were able to grow on their own: A.
tumefaciens, C. testosteroni and P. fulva. Instead, 11 species suffered from the MWF toxicity,
but 8 of them survived and grew in the presence of at least C. testosteroni (see Piccardi et al.,
2019, SI Appendix, Figs. S2; also see Chapter 4, Fig.4.1 A). The positive effect that C. testosteroni
had on so many different species suggests that some environments are improved through
processes of detoxification before being colonized by others, similar to antibiotics (Adamowicz
et al., 2018; Adamowicz et al., 2020). We suggest that the order of species arrival may (at least
in part) depend on the ability of the first species to detoxify the environment.

Despite some bacterial species may accidentally promote the growth of others, for example
through their capacity to detoxify the environment, there are also some mechanisms that can
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make communities more resistant to invasion. In this thesis, I have shown that the evolved
community was more resistant to invasion compared to its ancestral counterpart. One way
to explain this resistance is that the evolved community was more stable. As expected by
other studies, weaker competitive interactions are expected to stabilize communities (Coyte
et al., 2021; Coyte et al., 2015; Foster and Bell, 2012; Ortiz et al., 2021). Consistent with this,
we found that interactions were weaker between species that were able to grow on their own.
Instead, communities with strong cooperative interactions are expected to be less stable than
ones with weakly interacting species (Allesina and Tang, 2012; Coyte et al., 2021; Coyte et al.,
2015; May, 1972). In support of this, the ancestral community in our experiments was more
sensitive to invasion. One caveat is that these studies define stability as the maintenance
of species composition for long time periods and do not consider invasion events in their
analyses. However, as already mentioned in Chapter 3, we speculated that weaker interactions
were likely due to a reduction in niche overlap and adaption to use resources generated by
other species (Hall et al., 2018; Jousset et al., 2016; Lawrence et al., 2012; Liow et al., 2011;
Ridenhour, 2005; Rivett et al., 2016). If resident species evolve to occupy different niches,
then they restrict the colonization of other species via niche preemption (Nadeau et al., 2021;
Silvertown et al., 2005; Vanoverbeke et al., 2016). Based on our data, we hypothesize that
communities that have the time to adapt to the environment and each other are less likely to
be colonized by invader species (Fig. 5.2).

The genotypic richness of the resident community can also influence colonization of an
invader species. Using a mathematical model, we predicted that increasing the number of
species in MWF will, at some point, inhibit growth of additional species because of increas-
ing competition (see Fig. 4 in Piccardi et al., 2019). We speculated that this was because
community function saturates with increasing species diversity (Bell et al., 2005; Yu et al.,
2019). Therefore, it is reasonable to hypothesize that a community with a higher number of
species would be more competitive and therefore more resistant to invasion. However, strong
interactions are associated to unstable communities, regardless of whether they are positive
or negative (Coyte et al., 2021; Coyte et al., 2015). I propose one experiment to evaluate to
what extent the strength of bacterial interactions may influence invasion events: it would be
interesting to evolve communities with different number of species (as already mentioned
before, this should allow them to reduce niche overlap and/or adapt to use by-products of
other species), then perform invasion experiments. In this scenario, we expect that commu-
nities containing more species will evolve to a higher genotypic richness than communities
that were initially less diverse, and will be more resistant to invasion. Together, these two
approaches can be combined with methods (i.e. RNA-Seq, GC-MS, metabolic phenotyping,
etc.) allowing to measure what molecule each species consumes or produces and evaluate to
what extent they diverged in niche overlap over time.

Our model system is a microbial consortium capable of bioremediating MWF (C. van der Gast
et al., 2002). One reason why we performed experimental evolution was to evaluate to what
extent this community was capable to maintain its bioremediation ability over time. We
showed that the evolved community was less efficient at reducing the pollution load of MWF.

41



Chapter 5 Conclusion

Interaction strength

Stability

Time

C
ol

on
iz

at
io

n 
 p

ro
ba

bi
lit

y

STERILE

Figure 5.2 – What have we learned? We propose a model combining our findings with lit-
erature (Coyte et al., 2021; Coyte et al., 2015; Datta et al., 2016; Piccardi et al., 2019). At the
beginning, only few species can colonize a new sterile environment. After first colonization,
these species will improve the environment, which in turn may facilitate the colonization
of new species. Further colonization will be harder because there is already an established
community where species have adapted to each other and occupied all available niches. The
decrease of interaction strength and increase of community stability may also hinder the
colonization of new species.

As already mentioned in Chapter 4, we hypothesized that evolution may have selected for
cheaters that use less expensive mechanisms to survive in MWF, such as thickening the cell
wall or using efflux pumps to remove toxins from the cell (Blair et al., 2015; Bottery et al.,
2021; Bottery et al., 2016). How can we avoid the invasion of these undesired populations and
ensure the maintenance of bioremediation efficiency? One way could be to simply refresh the
resident community with a previously prepared stock of degraders (Shibasaki and Mitri, 2020).
In another scenario, it is reasonable to expect that contamination of new species exploiting
the degraders may also occur, once again at the expense of bioremediation efficiency. One
way to overcome this problem could be to design stable consortia that invader species would
not be able to colonize. For example, as mentioned above, weaker competitive interactions
are expected to stabilize communities. It would be interesting to design communities with
weaker interactions and explore to what extent they would be resistant to invaders.

The understanding we have gained with our model system may also help to predict the be-
haviour of microbes in the human gut. Some pathologies of the human infant gut microbiome
have been associated with a dysfunction in the order of microbial species arrival (Decker
et al., 2010; Warner and Tarr, 2016; Zhou et al., 2015). We propose that being able to iden-
tify the role of the first colonizers may help to prevent the entry of species that potentially
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cause community assembly disorders. Antibiotic treatments strongly decrease the number of
species, the stability of the human microbiome and increase gut susceptibility to colonization
(Amara and Shibl, 2015; Dethlefsen and Relman, 2011; Kechagia et al., 2013; Lange et al., 2016;
Ramirez et al., 2020; Shaw et al., 2019). One study has suggested that stable, species-rich
microbial communities sampled from human gastrointestinal tracts can inhibit the growth of
resistant lineages (Baumgartner et al., 2020). However, frequent antibiotic treatments could
reduce species number and increase environmental harshness, thereby temporally increasing
facilitative interactions and promoting the growth of an invading lineage. In this context, it
would be interesting to design experiments to explore how positive interactions emerge within
communities following perturbations events and to what extent weakening these interactions
may help to inhibit the colonization of pathogens.

Our model system has given us the opportunity to study a bacterial community dominated
by facilitative interactions, but it also has its limitations. First, MWFs contain many different
molecules, and there are many parameters that we cannot measure. For example, we cannot
analyse: i) what our species are detoxifying or consuming; ii) what is the limiting growth factor
in this medium; iii) how toxic molecules are inhibited; iv) to what extent positive interactions
are due to detoxification, cross feeding or a combination of both. In sum, this limits our
ability to predict the behaviour of our community. I propose that the use of minimal media
with selected nutrients may help to have a better control and understanding of community
dynamics. This would also allow one to track the concentrations of particular molecules in
the medium. For example, one could imagine evolving communities and then measuring to
what extent they reduce niche overlap or adapt to use each other’s by-products. Second, how
species are cultivated can change their growth in the medium. For example, some preliminary
experiments showed that all our species, when inoculated into MWF, died when incubated
in shaken Erlenmeyer flasks (both mono- and co-cultures), but not in long culture tubes.
Furthermore, growing species in culture tubes seemed to limit biofilm formation in our tubes,
but biofilms may play a key role in bioremediation (Arindam and Suman, 2016; Singh et al.,
2006). In this context, I propose to use systems where species can make biofilms, such as
bioreactors. Third, to explore bacterial interactions between evolved species we mixed equal
proportions of ten isolates of each species coming from the same microcosm and assumed
that these represented the whole population. However, this could cause some bias because
the ten isolates are most likely to be members of one or two most common subpopulations,
although other rare subpopulations may contribute to the overall behavior of the population
(Bisht and Ann Wakeman, 2019; Haas et al., 2020). One way to overcome this bias could be
to use Fluorescence-activated Cell Sorting (FACS), that allows to separate many more cells of
each species. However cross-contamination in sorted populations might make this approach
unfeasible. I propose that more technological development is needed to better separate cells
of different species from a mixed culture.

At the beginning of this manuscript I underlined that social interactions cannot be reduced to
a simple dichotomy. This work shows that negative and positive interactions are intertwined
and are not mutually exclusive. Nevertheless, our research helped to address my original
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question: which form of interaction prevails in nature? Even though the balance seems to
leans toward negative interactions, our research suggests that social interactions are context-
dependent. Why then do most studies report that competition dominates among microbial
species (Foster and Bell, 2012, e.g.)? One reason could be the methodology used to classify
social interactions between species pairs. Classically, the researcher compares each genotype
grown in mono-culture with the co-culture of the two genotypes (where resources, conditions
and initial cell number for each genotype are the same) (Mitri and Foster, 2013). This implies
that, intuitively, the researcher is firstly looking for species that can grow on their own, and
comparing their growth with the co-cultures. This is what I did initially, as I explained in my
introduction: I invested my efforts into find an environment where all species could first grow
alone. This project has allowed us to understand that there was no need to do that, and indeed,
that this approach may have biased other studies into missing facilitative interactions.

With this work I do not intend to re-evaluate other research on social interactions among
microbes, or question the importance of competition in ecological interactions. However,
I would like to underline that positive interactions are probably much more prevalent than
what has been described until now. Perhaps the inclusion of this new perspective will help to
increase our understanding of social interactions and their future applications.

You never know, maybe under the right environmental conditions, our poor gazelles could
walk with lions without the fear of being devoured.
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Figure A.1 – Growth curves of A. tumefaciens (At) and C. testosteroni (Ct) evolved isolates. (A)
Ten mono-evolved isolates of A. tumefaciens from microcosm 1. (B) Two biological replicate of
two mono-evolved isolates of A. tumefaciens from microcosm 1. (C) Ten co-evolved isolates
of A. tumefaciens from microcosm 3. (D) Ten mono-evolved isolates of C. testosteroni from
microcosm 1. (E) Nine co-evolved isolates of C. testosteroni from microcosm 2. (F) Ten co-
evolved isolates of C. testosteroni from microcosm 3. (G) Ten co-evolved isolates of M. saperdae
(Ms) from microcosm 3. (H) Ten co-evolved isolates of O. anthropi (Oa) from microcosm 3.
Row data are reported in Dataset 1.
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Figure A.2 – Comparison of co-evolved microcosm 3 mono- and pairwise co-cultures in
MWF. (A) One evolved isolates per species were randomly picked and grown alone 3 hours to
exponential phase, then washed, resuspended and mixed in equal proportions in MWF. (B=E)
Population size quantified in colony-forming units per milliliter over time for mono-cultures
(in color) and pairwise co-cultures (in black; co-culture partner indicated in brackets). In the
co-cultures, each species could be quantified separately by selective plating. Each panel shows
the data for 1 species: (B) A. tumefaciens (At), (C) C. testosteroni (Ct), (D) M. saperdae (Ms) and
(E) O. anthropi (Oa). (F) AUC in B=E. Dashed lines indicate the mean of the mono-cultures,
shown in color. (G) Pairwise interaction networks. Positive/negative interactions indicate
that the species at the end of an arrow grew significantly better/worse in the presence of the
species at the beginning of the arrow. Row data, significance and interaction strengths data
are shown in Dataset 1.
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Figure A.3 – Comparison of ancestral mono- and pairwise co-cultures in MWF, adapted from
Piccardi et al., 2019. (A) Glycerol stock of ancestral isolate was grown alone 3 hours to ex-
ponential phase, then washed and resuspended in MWF. (B=E) Population size quantified
in colony-forming units per milliliter over time for mono-cultures (in color) and pairwise
co-cultures (in black; co-culture partner indicated in brackets). In the cocultures, each species
could be quantified separately by selective plating. Each panel shows the data for 1 species:
(B) A. tumefaciens (At), (C) C. testosteroni (Ct), (D) M. saperdae (Ms) and (E) O. anthropi (Oa).
(F) AUC in B=E. Dashed lines indicate the mean of the mono-cultures, shown in color. (G)
Pairwise interaction networks. Positive/negative interactions indicate that the species at the
end of an arrow grew significantly better/worse in the presence of the species at the beginning
of the arrow. Row data, statistical significance and interaction strengths data are shown in
Piccardi et al., 2019.
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Figure A.4 – Comparison of co-evolved microcosm 3 mono- and pairwise co-cultures in MWF.
(A) Ten evolved isolates of the same species were randomly picked and grown alone 3 hours to
exponential phase, then washed, resuspended and mixed in equal proportions in MWF. (B=E)
Population size quantified in colony-forming units per milliliter over time for mono-cultures
(in color) and pairwise co-cultures (in black; co-culture partner indicated in brackets). In the
co-cultures, each species could be quantified separately by selective plating. Each panel shows
the data for 1 species: (B) A. tumefaciens (At), (C) C. testosteroni (Ct), (D) M. saperdae (Ms) and
(E) O. anthropi (Oa). (F) AUC in B=E. Dashed lines indicate the mean of the mono-cultures,
shown in color. (G) Pairwise interaction networks. Positive/negative interactions indicate
that the species at the end of an arrow grew significantly better/worse in the presence of the
species at the beginning of the arrow. Row data, significance and interaction strengths data
are shown in Dataset 1.
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100-fold in fresh MWF. (B) Interactions based on maximum growth rate between A. tumefa-
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8-day growth assay. Row data and P values are shown in Dataset 1.
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Row data and P values are shown in Dataset 1.
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Figure A.7 – Inter-group comparison from Fig. 3.2C. The data show interactions between A.
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Figure A.8 – Results of statistical analysis of the additive null model to degradation efficiency
in Fig. 3.4C). (A) Linear model. (B) T-test.
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Figure A.10 – Bacterial abundance of ancestral community members with or without in-
vader in MWF or MWF+AA. Each panel represents the total population size (CFU/mL) at
transfer 4 of an ancestral resident member in MWF (A) or MWF+AA (B). Community members
population sizes without any invader species are represented in colored dots. Community
member population sizes co-cultured with an invader species are represented in black dots
(invader species indicated in brackets). From left to right: A. tumefaciens (At), C. testosteroni
(Ct), M. saperdae (Ms), O. anthropi (Oa), A. caviae (Ac), K. pneumoniae (Kp), P. rettgeri (Pr), P.
fulva (Pf). Statistical comparison is done by comparing co-culture data points to the corre-
sponding mono-culture. Statistical significance is marked above the data points (P-values: *
<0.05, **<0.01, NS = not significant). Row data and P values are shown in Dataset 3.
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Figure A.11 – Maximum growth rate of ancestral and evolved community members in MWF.
Each panel represents the maximum growth rate of each species co-cultured with the other
community members (indicated in brackets). From left to right: A. tumefaciens (At), C.
testosteroni (Ct), M. saperdae (Ms), O. anthropi. Statistical significance is marked above the
data points ((P-values: * <0.05), NS = not significant. Row data and P values are shown in
Dataset 3.
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Figure A.12 – Comparison of the evolved 3-species bacterial community mono- and pairwise
co-cultures in MWF. (A) One evolved isolate of each species was randomly picked and grown
alone 3 hours to exponential phase, then washed, resuspended and mixed in equal proportions
in MWF. (B=D) Population size quantified in colony-forming units per milliliter over time for
mono-cultures (in color) and pairwise co-cultures (in black; co-culture partner indicated in
brackets). In the co-cultures, each species could be quantified separately by selective plating.
Each panel shows the data for 1 species: (B) A. tumefaciens (At), (C) C. testosteroni (Ct), (D) M.
saperdae (Ms). (E) AUC in B=D. Dashed lines indicate the mean of the mono-cultures, shown
in color. (F) Pairwise interaction networks. Positive/negative interactions indicate that the
species at the end of an arrow grew significantly better/worse in the presence of the species at
the beginning of the arrow. Row data and P values are shown in Dataset 3.
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Microbial diversity determines the invasion of soil by a bacterial pathogen. Proceedings
of the National Academy of Sciences of the United States of America, 109(4), 1159–1164.

Vanoverbeke, J., Urban, M. C., & De Meester, L. (2016). Community assembly is a race be-
tween immigration and adaptation: eco-evolutionary interactions across spatial scales.
Ecography, 39(9), 858–870.

69



Chapter A BIBLIOGRAPHY

Venturelli, O. S., Carr, A. C., Fisher, G., Hsu, R. H., Lau, R., Bowen, B. P., Hromada, S., Northen,
T., & Arkin, A. P. (2018). Deciphering microbial interactions in synthetic human gut
microbiome communities. Molecular Systems Biology, 14(6), e8157.

Vila, J. C., Jones, M. L., Patel, M., Bell, T., & Rosindell, J. (2019). Uncovering the rules of microbial
community invasions. Nature Ecology and Evolution, 3(8), 1162–1171.

Warner, B. B., & Tarr, P. I. (2016). Necrotizing enterocolitis and preterm infant gut bacteria.
Seminars in Fetal and Neonatal Medicine, 21(6), 394–399.

Wei, Z., Yang, T., Friman, V. P., Xu, Y., Shen, Q., & Jousset, A. (2015). Trophic network architecture
of root-associated bacterial communities determines pathogen invasion and plant
health. Nature Communications, 6.

Widder, S., Allen, R. J., Pfeiffer, T., Curtis, T. P., Wiuf, C., Sloan, W. T., Cordero, O. X., Brown, S. P.,
Momeni, B., Shou, W., Kettle, H., Flint, H. J., Haas, A. F., Laroche, B., Kreft, J.-U. U.,
Rainey, P. B., Freilich, S., Schuster, S., Milferstedt, K., . . . Free, A. (2016). Challenges
in microbial ecology: building predictive understanding of community function and
dynamics. The ISME Journal, 10(11), 2557–2568.

Williamson, M., & Fitter, A. (1996). The varying success of invaders. Ecology, 77(6), 1661–1666.
Xavier, J. B. (2011). Social interaction in synthetic and natural microbial communities. Molecu-

lar Systems Biology, 7(483), 1–11.
Yu, X., Polz, M. F., & Alm, E. J. (2019). Interactions in self-assembled microbial communities

saturate with diversity. ISME Journal, 13(6), 1602–1617.
Zhou, Y., Shan, G., Sodergren, E., Weinstock, G., Walker, W. A., & Gregory, K. E. (2015). Longi-

tudinal analysis of the premature infant intestinal microbiome prior to necrotizing
enterocolitis: A case-control study. PLoS ONE, 10(3).

70



Annex

71





S
E
E

C
O

M
M

E
N

T
A

R
Y

E
C

O
L
O

G
Y

Toxicity drives facilitation between 4 bacterial species
Philippe Piccardia, Björn Vessmana, and Sara Mitria,b,1

aDepartment of Fundamental Microbiology, University of Lausanne, CH-1015 Lausanne, Switzerland; and bSwiss Institute of Bioinformatics, CH-1015
Lausanne, Switzerland

Edited by Joan E. Strassmann, Washington University in St. Louis, St. Louis, MO, and approved June 5, 2019 (received for review April 13, 2019)

Competition between microbes is extremely common, with many
investing in mechanisms to harm other strains and species.
Yet positive interactions between species have also been docu-
mented. What makes species help or harm each other is currently
unclear. Here, we studied the interactions between 4 bacte-
rial species capable of degrading metal working fluids (MWF),
an industrial coolant and lubricant, which contains growth sub-
strates as well as toxic biocides. We were surprised to find
only positive or neutral interactions between the 4 species.
Using mathematical modeling and further experiments, we show
that positive interactions in this community were likely due to
the toxicity of MWF, whereby each species’ detoxification ben-
efited the others by facilitating their survival, such that they
could grow and degrade MWF better when together. The addi-
tion of nutrients, the reduction of toxicity, or the addition of
more species instead resulted in competitive behavior. Our work
provides support to the stress gradient hypothesis by show-
ing how harsh, toxic environments can strongly favor facilita-
tion between microbial species and mask underlying competitive
interactions.

cooperation | competition | stress gradient hypothesis | species diversity |
community function

A microbial cell living in the human gut, in the soil, or in a
biofuel cell is typically surrounded by cells of its own kind

as well as other strains and species. The way in which it interacts
with other community members is key to its growth and survival,
and, ultimately, to the stability and functioning of the community
as a whole. Being able to predict community dynamics and func-
tioning over ecological and evolutionary time scales is not only
fundamentally interesting but can also help develop therapies
for microbiome dysbiosis or augment soil to improve agricultural
productivity (1–4).

A central question in studying microbial interactions is
whether community members cooperate or compete with one
another (5–7). Stable cooperation that evolves in 2 interact-
ing species because of their benefit to one another (6) is only
expected under highly restrictive conditions (8, 9), with few doc-
umented examples (10). Facilitation (11) is more prevalent, since
it encompasses cooperation as well as commensalism, where
one species accidentally benefits from another, for example by
cross-feeding off its waste products (12–15). It appears, how-
ever, that microbial life is mostly competitive: Microbes have
evolved a great number of ways to harm other strains and
species, which gives them a competitive advantage for avail-
able resources, be they nutrients, oxygen, or space (16). Our
base expectation is therefore that microbial species will tend to
compete (6, 8).

However, whether species help or harm each other is likely
to depend on the environment they are in (17–20). The stress
gradient hypothesis (SGH) (21) predicts that positive interac-
tions should be more prevalent in stressful environments, while
permissive environments should favor competition. The hypoth-
esis has only rarely been tested in microbial communities (17, 20,
22, 23), and the studies that have tested it involve either species
whose interactions have been genetically engineered (20), the-
oretical work (23), or communities containing many species (17,
22), where it is difficult to quantify individual species abundances

and their interactions, and to understand why observations are in
line with the SGH.

To fill this gap, here we used a synthetic community composed
of 4 bacterial species that has been applied to the bioreme-
diation of highly alkaline and polluting liquids used in the
manufacturing industry, called metal working fluids (MWF)
(24–26). MWFs contain chemical compounds that are rich nutri-
ent sources for bacteria, such as mineral oils and fatty acids
(27), as well as biocides that inhibit microbial activity (26).
The 4 strains—identified as Agrobacterium tumefaciens, Coma-

monas testosteroni, Microbacterium saperdae, and Ochrobactrum

anthropi, and named str. MWF001 (SI Appendix, section S1)—
were previously isolated from waste MWF and selected based
on their ability to individually survive or grow in MWF (25).
The synthetic community was shown to degrade the polluting
compounds in MWF more efficiently and reliably than a ran-
dom community (25, 28). This community, in its defined chemical
environment, represents a tractable model system for exploring
how abiotic and biotic interactions shape the ecological dynam-
ics of microbial communities. By quantifying MWF degradation
efficiency and mapping it to species composition and their inter-
actions, this model system can also help answer another key
question in microbial ecology: How do interspecies interactions
affect ecosystem functioning?

Results

Facilitation Dominates the Community in MWF. We first charac-
terized the effect of each species in the MWF community on
the others. The 4 species were incubated alone (monoculture)
or in combination with a second species (pairwise coculture) in
shaken flasks containing MWF medium over 12 d (see Materials

Significance

Microbial communities play a major role in our lives, but
we understand little about how species within them inter-
act. Here, we studied 4 bacterial species that could degrade
toxic industrial fluids. We expected these species to compete,
but instead found that they all benefited from each other:
Alone, only 1 species could survive, while together they all
grew and degraded the fluid. However, this result depended
on the environment. Positive interactions were most common
in the toxic fluid, and, if we made survival easier, for example
by adding nutrients, bacteria began to compete. Our findings
provide a simple intuition: In a harsh environment where sin-
gle species are unable to grow, the only option becomes to
work together.
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and Methods). The inoculum volume for each species was held
constant across all conditions, i.e., the total was higher in cocul-
tures. In monoculture, C. testosteroni was able to survive and
grow in MWF, while A. tumefaciens survived in some replicates,
and M. saperdae and O. anthropi did not (Fig. 1 A–D). Qualita-
tively similar results were obtained in an independent repeat of
the experiment (SI Appendix, Fig. S1).

We quantified species interactions by comparing the area
under the growth curve (AUC) of monocultures and pairwise
cocultures and define an interaction as negative or positive if
the AUC of the coculture is significantly smaller or greater
than the AUC of the monoculture, and neutral otherwise (see
Materials and Methods). Defining interactions by the AUC means
that they may vary with the length of the experiment and
the inoculum volume, but the measure nevertheless combines
growth rate, death rate, and final yield in 1 value. Using this
measure, positive interactions dominated the MWF ecosystem
(Fig. 1E and SI Appendix, section S1; see Fig. 3A). C. testosteroni

promoted the survival and growth of all other species, while also
benefiting significantly from the presence of A. tumefaciens and
M. saperdae. M. saperdae and O. anthropi also slightly reduced
each other’s death rates (Fig. 1 C and D). Finally, A. tume-

faciens rescued M. saperdae from extinction (Fig. 1C), but the
AUC was not significantly different from M. saperdae in mono-
culture. These positive interactions were still observed if we kept
the inoculum constant between cocultures and monocultures (SI

Appendix, Fig. S5 and section S4), suggesting that the 4 species
functionally complement each other.

Degradation efficiency in all cocultures that included C.

testosteroni was higher compared with any of the monocultures
(Fig. 1F). More generally, degradation efficiency correlated pos-
itively with population size (SI Appendix, Fig. S4; Spearman’s
⇢=0.77, P < 10�15).

We wondered whether these positive interactions were specific
to these 4 species, which may have adapted to each other’s pres-
ence in the past (28). To test for this, we grew 6 new isolates, that
had never previously interacted with our 4 species, in pairwise
cocultures with C. testosteroni and found that 4 out of 6 could
only survive in the presence of C. testosteroni, and 3 affected it
positively in return (SI Appendix, Figs. S2 and S3). This suggests

that these positive interactions are likely to be accidental rather
than having evolved because of their positive effect (facilitation
rather than evolved cooperation).

Together, these first results appear to contradict the expec-
tation that competition should dominate interactions among
microbial species (6, 8). However, according to the SGH (21), we
expect abiotic stress to induce facilitation. Indeed, since MWF is
designed to be sterile, it contains biocides, making it a tough and
stressful environment for bacteria (26). We next asked whether
the observed positive interactions were due to the toxicity
of MWF.

A Resource-Explicit Model Predicts That Positive Interactions Occur

in Toxic Environments. To explore the possibility that interactions
were due to toxicity, we constructed a mathematical model that
describes interspecies interactions through their common expo-
sure to nutrients and toxins in batch culture (Fig. 2A). Our model
extends MacArthur’s consumer resource model (29). For sim-
plicity, we initially considered 2 species that share and compete
for a single limiting nutrient, and are killed by the same toxin, but
do not interact otherwise (see SI Appendix, section S1). Species
deplete the nutrients as they grow, and can invest a proportion
of their growth into degrading the toxin. To match the exper-
iments, we solved the system of equations for each species in
monoculture and coculture with a second species and defined
(unidirectional) interactions as the difference between the area
under the 2 growth curves. We then used the model to ask
how interactions vary as a function of initial nutrient and toxin
concentrations.

If nutrients are low and toxicity is high, species in the model
die out regardless of whether they are in monoculture or cocul-
ture (gray area on far left of Fig. 2C). As nutrients are increased,
the cocultured species manage to degrade the toxins sufficiently,
while bacteria in monoculture cannot survive (Fig. 2B). In this
area of the state space (green area in Fig. 2C), the presence of
the second species has a positive effect on the first (rescuing it
from death) despite the underlying competition for nutrients. As
nutrients are further increased, however, growth rates increase
and toxins can be degraded sooner, such that the presence of a
second species becomes unnecessary and even detrimental to the

A

C D F

B E

Fig. 1. Comparison of mono- and pairwise cocultures. (A−D) Population size quantified in colony-forming units per milliliter over time for monocultures (in
color) and pairwise cocultures (in black; coculture partner indicated in brackets). In the cocultures, each species could be quantified separately by selective
plating. Each panel shows the data for 1 species: (A) A. tumefaciens (At), (B) C. testosteroni (Ct), (C) M. saperdae (Ms) and (D) O. anthropi (Oa). (E) AUC
in A−D. Dashed lines indicate the mean of the monocultures, shown in color. Statistical significance and interaction strengths are calculated based on
combined data from this and the repetition experiment (SI Appendix, Fig. S1), and shown in Fig. 3 and Dataset S1. (F) AAC describing the decrease in COD
(see Materials and Methods) (i.e., degradation efficiency; SI Appendix, Fig. S6 A and B). Negative AAC values arise because dead cells increase the COD (SI

Appendix, Fig. S7). AUC (E) and AAC (F) correlate positively (SI Appendix, Fig. S4).
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A B C

Fig. 2. (A) In our mathematical model, species S1 and S2 share a sub-
strate containing nutrients and toxins at concentrations CN and CT . The
species take up the same nutrients, and invest a fraction of these into toxin
degradation and the rest into population growth. Toxins cause cell death
and population decline. (B) Example results of the model (parameters in
SI Appendix, Table S3), shown as the abundance of species S1 (solid line)
and concentrations of nutrients and toxins (dashed and dotted lines, respec-
tively). In monoculture, S1 goes extinct due to toxins (Left), but survives in
coculture with S2 (Right). (C) The response of one species to the presence
of another is measured as the difference in AUC between the coculture and
monoculture (color and parameters in SI Appendix, Table S3) and shown
as a function of nutrient and toxin concentrations. At high toxin concen-
trations and intermediate nutrients, interactions are positive (+ve) due to
the joint degradation of toxins (as in B). As nutrients are increased or tox-
ins decreased, competition for limited resources dominates (-ve, short for
“negative”).

first. The lower the toxin concentration, the faster this competi-
tive effect arises (Fig. 2C). In sum, high toxicity and intermediate
nutrients, where species cannot survive alone, is where species
in our model benefit from the presence of others. We hypoth-
esized that this regime best describes the 4 species’ growth
in MWF.

When the 2 species have the same model parameters, positive
interactions rely on the coculture being inoculated with twice as
many cells as the monoculture, and hence twice the degradation
effort. According to our experiments, however, positive interac-
tions still dominate even if the total cell number at the beginning
is constant, suggesting that facilitation occurs because different
species degrade different toxins (SI Appendix, Fig. S5). To better
represent this effect, we extended our model in SI Appendix, sec-

tion S3 by introducing a second toxin, and letting each species
degrade 1 of the 2 toxins. In this extended model, as in the
experiments, positive interactions arise even when the total cell
number is constant.

The Effect of Environmental Changes on Interactions Matches Model

Predictions. In the model, positive interactions dominate at high
toxicity, given that sufficient nutrients are present. Increas-
ing nutrient concentrations further or reducing toxicity instead
increases competition. We assumed that our bacteria in the
MWF lay at the point in the state space where positive interac-
tions are favored, and modified the environment in 3 additional
experiments to test the model’s predictions.

We first increased the concentration of nutrients in the MWF
medium by adding 1% Casamino acids (AA) (see Materials and

Methods), which is a nutrient source for 3 out of the 4 species
(SI Appendix, Fig. S8). In this supplemented MWF medium
(MWF + AA), monocultures of A. tumefaciens and C. testos-

teroni immediately grew well, while M. saperdae and O. anthropi

still suffered from its toxicity (SI Appendix, Fig. S9). According
to the model, we expect competition between the 2 species that
could grow. Indeed, the 2-way positive interaction between C.

testosteroni and A. tumefaciens switched to negative in 1 direc-
tion (Fig. 3B), indicating that a change in nutrient composition
can radically modify bacterial interactions. The 2 species that
still experienced the environment as toxic (M. saperdae and O.

anthropi) became the only 2 species benefiting from being in pair-
wise cocultures. They also started to benefit from A. tumefaciens

and benefited more from C. testosteroni that could grow better
(and presumably detoxify faster) in this medium than in MWF.

Second, we reduced toxicity by growing the bacteria in 1% AA.
Ideally, we would have removed toxic compounds from MWF,
but MWF is chemically complex and only sold as a finished
product. By removing MWF entirely, the growth medium was
no longer toxic, but nutrients were also reduced and may have
become differently accessible. Caveats aside, according to the
model, we expected negative interactions to increase. Indeed,
we found all interactions to be negative, except for M. saperdae,

A

D E F

B C

Fig. 3. Pairwise interaction networks under different environmental conditions. Positive/negative interactions indicate that the species at the end of an
arrow grew significantly better/worse in the presence of the species at the beginning of the arrow in (A) MWF, (B) MWF + AA, and (C) AA medium. Arrow
thickness represents interaction strength as the 10-fold change in the coculture AUCs compared with monoculture AUCs, i.e., by how many orders of
magnitude a species changed the AUC of another. Statistical significance and interaction strengths were calculated based on 2 experiments in A (data in
Fig. 1 and SI Appendix, Fig. S1), and 1 experiment in B (SI Appendix, Fig. S9) and C (SI Appendix, Fig. S8). P values and interaction strengths are listed in
Dataset S1. (D) Monoculture and coculture growth curves of ancestral At and (E) Ct versus the same strains evolved in monoculture for 10 wk (AtT10, CtT10).
Coculture partners are indicated in brackets. (F) Interactions between ancestral and evolved At and Ct strains based on growth curves in D and E. Arrow
widths and asterisks are as defined for A–C. The interactions between At and Ct in A and F have different strengths and P values because they come from
different experimental repeats.
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whose growth was significantly promoted by all 3 remaining
species. M. saperdae’s inability to grow in monoculture in AA
(SI Appendix, Fig. S8C) suggests that it relies on cross-feeding
from the other 3 species. While our mathematical model does not
explicitly capture cross-feeding interactions and assumes that all
species compete for the same nutrient, such positive interactions
are common in microbial communities (12).

A final way by which we simulated a reduction in environ-
mental toxicity was to allow the bacteria to individually adapt to
MWF. We reasoned that, if the species evolved to sustain their
own growth in MWF, they would lose their positive effects on
one another. To test this hypothesis, we conducted experimental
evolution on A. tumefaciens and C. testosteroni by passaging each
species alone in MWF for 10 wk (see Materials and Methods and
SI Appendix, Fig. S10). We did not do this for M. saperdae and
O. anthropi because they could not grow alone in MWF (Fig. 1
C and D). After 10 wk, A. tumefaciens grew significantly better
in MWF, suggesting that it evolved to become more tolerant to
its toxicity (Fig. 3D). In the model, this represents a reduction
in toxicity. By again comparing monocultures and cocultures, we
found that the positive effect of C. testosteroni on A. tumefaciens

in the ancestral strains switched to competitive in the evolved
strains, as predicted by the model (Fig. 3 D–F).

Taken together, these results show that positive interactions in
our system were most common at high levels of abiotic stress and
intermediate nutrient concentrations where most species could
not grow, while making the environment more habitable pro-
moted competition. This observation is in line with the SGH. We
next took advantage of our system to ask how interactions change
with increasing community size.

Interactions between More Than 2 Species Depend on Environmental

Toxicity. Our model predicts how the sign of interactions changes
with respect to increasing species numbers: In a benign envi-
ronment with low toxicity, a focal species should grow worse
with increasing species number (competition; Fig. 4A). When
the number of species is increased in a stressful environment,
the increased degradation effort first leads to facilitation. How-
ever, when enough (functionally equivalent) species are present
to alleviate the stress, competition should begin to dominate
once again, leading to a hump-shaped curve (Fig. 4A, medium
toxicity). This competition arises in the model because all
species consume the same nutrient, and would be predicted
for species whose niches overlap. The community size at which
species benefit most from the presence of others (the optimal
number of species) depends on the environment, as shown in
Fig. 4B.

To test these predictions, we pooled our monoculture and
pairwise coculture data (Fig. 1) with experiments where we
grew our species in groups of 3 and 4 in all 3 media and cal-
culated the AUC (SI Appendix, Figs. S11–S13). In MWF, all
species grew better as community size increased (Fig. 4 C–F,
Left). However, this benefit leveled off eventually, resulting in
hump-shaped or saturating curves. In MWF + AA, only M. saper-

dae and O. anthropi, the 2 species that couldn’t grow in this
medium alone, showed a hump-shaped curve, while A. tumefa-

ciens and C. testosteroni grew worse with more species. Finally,
in AA, increasing competition was observed for all except M.

saperdae, which was unable to grow alone (SI Appendix, Fig. S8C).
In sum, positive interactions occurred in environments that

were highly stressful for a species when alone. As this stress was
reduced either through the presence of other detoxifying species
or due to increased nutrients or decreased toxicity, competitive
interactions between them became salient.

Degradation Efficiency Only Correlates with Species Number in Toxic

Environments. Finally, we asked how the size of a community
affects its degradation ability and whether that depends on

A B

C D

E F

Fig. 4. (A) Our model predicts that, for a focal strain S1, an increasing
community size eventually becomes detrimental. The number at which such
competition starts depends on environmental toxicity. (B) The optimal num-
ber of species with respect to the AUC of a focal strain (peak in A) varies with
nutrient and toxin concentrations. (C–F) Each species’ growth expressed in
fold change in its AUC divided by its mean monoculture AUC in the 3 differ-
ent media. Each point shows the mean of a culture treatment composed of
1 to 4 species, and vertical black lines show standard deviations. Black lines
connect the median points. In environments where a species could not grow
alone, the curves are hump-shaped, while, in more benign environments,
species grow less well in the presence of others.

the interactions between its members. In MWF, where inter-
actions were positive (Figs. 3A and 4 C–F), increasing species
led to better degradation, but did not improve significantly
once 3 species were present (Fig. 5A; F test comparing the
3-species community with the highest mean area above the
curves (AAC) to the AAC of the 4-species community, P =
0.96). Instead, in MWF + AA, where A. tumefaciens and C.

testosteroni experienced competition when other species were
added (Fig. 4 C and D), degradation efficiency already reached
its maximum with a single species, and did not significantly
improve in a larger community (P =0.74 for F test compar-
ing AACs of the communities with the highest mean AAC for
each community size). Regardless of whether we added AA to
the medium, however, a similar final amount of undegraded
medium remained in the 4-species communities (SI Appendix,
Fig. S15). Interestingly, the total population size already satu-
rated at 2 species in MWF (SI Appendix, Fig. S16), suggesting
that the benefit in degradation efficiency of a third species
is not only due to a larger population size but to functional
complementarity.

The contrast between the 2 media becomes even clearer if
we apply an additive null model to degradation efficiency (i.e.,
degradation of each species is independent of the other): Does
the sum of monoculture degradation efficiencies predict that of
the corresponding coculture? In line with the observed inter-
actions, cocultures growing in MWF degraded better than the
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Fig. 5. Degradation efficiency as a function of species number. (A) AAC
of COD (see Materials and Methods), normalized to values between 0 and
100%. Points show the mean of a culture treatment composed of 1 to 4
species, and vertical lines show standard deviations. Blue (or black) points
show cultures where C. testosteroni was present (or absent). Cultures grow-
ing on MWF (Left) only reach their maximum degradation potential once 3
species are present (see black line connecting the maximum mean values).
In MWF + AA (Right), even single species can degrade as efficiently as the
best cultures. In a more benign environment, there is less need for a diverse
community. (B) Prediction of an additive model of the sum of degradation
efficiencies of individual species is plotted against degradation efficiency of
the cocultures in both growth media. Data points are identical to >1 species
in A. In MWF, cocultures are more efficient than the sum of the correspond-
ing monocultures (most points above dashed line), while, in MWF + AA,
they are equally or less efficient (most triangles below the dashed line). The
presence of C. testosteroni explains much of the AAC in A and B.

sum of their monocultures, while, if amino acids were added,
the benefit of additional species became minimal (Fig. 5B). A
similar analysis on 72 strains (8) found that only a few species
pairs were more productive in coculture relative to the predic-
tion of an additive model. Using the same model here, we show
that community functioning in coculture (i.e., degradation effi-
ciency) changed from being greater to smaller than the null
model prediction by simply changing nutrient concentrations.

Discussion

In our model system, facilitative interactions between species
occurred in a toxic environment, where only a few community
members could survive. By presumably improving the environ-
ment for their own survival, these species may have accidentally
allowed each other to thrive. Once conditions were sufficiently
benign, however, competition dominated. These data provide an
intuitive explanation for the SGH.

Based on our results, we predict that, in toxic environments,
species can coexist even if they compete for a single resource,
as long as a subset of them participates in detoxification, and
the level of toxicity is low enough for at least 1 detoxifier to sur-
vive. Coexistence between species can, of course, be promoted by
other processes, including resource partitioning, spatial and tem-
poral heterogeneity, dispersal, and cross-feeding (30). Recently,
Goldford et al. (12) showed that species competing for a sin-
gle carbon source can coexist through niche creation: secreting
metabolic by-products that others use to grow. The growth of
M. saperdae here may depend on such cross-feeding (Figs. 3C

and 4E). The remaining facilitative interactions in our study
instead likely arose by species removing toxic compounds to
enable others to grow and access niches for which they compete.
Similar dynamics are expected for antibiotic-degrading bacteria
in environments containing antibiotics (31). Indeed, antibiotic
degraders can protect neighboring cells from antibiotics (32–34).

One important caveat is that we do not know the molecular
mechanisms behind the interactions in our system or the process
of MWF degradation. These may be important for predicting
its behavior. For example, whether degradation occurs through
the passive uptake of toxins or through costly enzyme secretion

will alter predictions on evolutionary stability. It is also unclear
why C. testosteroni’s population dropped drastically before expo-
nential growth (Fig. 1B). Our model assumes that cells start to
grow when enough toxins have been degraded, but it may instead
have been because of slow changes in gene expression patterns.
Finally, we cannot be sure that facilitation occurs through toxin
degradation. However, the positive effect of C. testosteroni on
many other species (Fig. 3A and SI Appendix, Fig. S2) suggests
that it is toxin removal rather than metabolite secretion that so
many different species are benefiting from.

Nevertheless, our data help address our original question:
What makes species in microbial communities help or harm
each other? In all of the environments where our species could
grow, they competed with one another, suggesting that compe-
tition is the underlying dynamic between them. Positive effects
were, instead, only observed when species were unable to sur-
vive or grow alone. Whether to describe these interactions as
cooperative is debatable. A conservative, evolutionary definition
of cooperation requires that the relevant phenotype is selected
for because of its positive effect on other species (5, 6, 8, 10).
Since we have no information on the evolutionary history of the
observed behavior, we prefer to refer to it as facilitation (11, 35)
and assume that the interactions are an accidental side effect of
each species detoxifying the MWF for its own benefit.

Another major debate in current ecology is on the importance
of higher-order interactions (HOIs) (36–40). While we do not
explicitly study HOIs here, we provide a logical argument as to
why they may be unavoidable: Since each new species added to a
community is likely to modify the concentrations of nutrients and
toxins, and we know that these concentrations can alter inter-
actions between species pairs (Fig. 2C), then new species can
surely modify existing interactions as described by phenomeno-
logical models (39). Our argument highlights the need for more
mechanistic, resource-explicit models in ecology (41, 42). Mod-
els with context-dependent interactions would also allow one to
carefully engineer the environment to manipulate community
dynamics (43).

In engineering synthetic microbial communities for practical
applications (2, 4, 44), it has been observed that community func-
tion saturates with increasing species diversity (45, 46). Here, the
rate at which MWF degradation efficiency saturated depended
on environmental toxicity (Fig. 5). This suggests that a harsh
environment might require a larger community whose members
can facilitate each other’s growth to achieve the desired task. In
contrast, making the environment too permissive can reduce the
potential benefits of increasing community size due to competi-
tion arising between its members. Designing stable consortia in
environments where many species are able to grow may therefore
be difficult.

Disentangling interactions between species and their effect
on community function remains challenging (1), but can be
approached using accessible model systems such as this one that
use natural bacterial isolates. With this approach, we aim to
develop a fundamental understanding that can later be extended
to the complexity of natural microbial communities.

Materials and Methods

Detailed methods are described in SI Appendix, section S1. The 4 bacterial
strains used in the main study were isolated from waste MWF (25, 47), which
is less toxic than the fresh MWF we are preparing here. Additional species
kindly donated by Peter Küenzi from Blaser Swisslube AG, Hasle-Rüegsau,
Switzerland, are listed in SI Appendix, section S1.

Species were first grown alone in tryptic soy broth (TSB) overnight,
diluted to an optical density at a wavelength of 600 nm of 0.05 and grown
for 3 h in TSB to obtain ⇠106 to 107 CFU/mL at the beginning of each
experiment. For each species, 200 µL of these cultures were harvested
(e.g., 400 µL for pairwise cocultures), washed, and resuspended in 30 mL
of 1 of 3 media: 1) Castrol HysolTM XF MWF at a concentration of 0.5%,
diluted in water, salts, and metal traces; 2) MWF medium supplemented with
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1% AA (MWF + AA); and 3) salts and metal traces supplemented with
1% AA (SI Appendix, Table S1). Each treatment was grown in triplicate at
28 �C, 200 rpm for 12 d, together with a sterile control. On days 1 to 6, 8,
and 12, populations were quantified by serial dilution and plating (colony-
forming units) and distinguished by selective plating on antibiotic plates.
The main experiment was repeated twice, and we used a blocked ANOVA
with “experiment” as a random effect to test for significant interactions.
Other experiments were performed once, and F tests were used (P val-
ues in Dataset S1). Degradation efficiency was measured by comparing the
decrease in chemical oxygen demand (COD), a proxy for the total carbon, in
the cultures and a sterile control over time (AAC). COD was measured using
Macherey Nagel 15 g/L COD tube tests.

To adapt A. tumefaciens and C. testosteroni to MWF, they were grown
alone for 7 d, 300 µL of this culture was transferred into 30 mL of fresh MWF
medium, and the procedure was repeated for 10 wk (SI Appendix, Fig. S10).

One colony was then isolated from the first replicate of the evolved popu-
lations of A. tumefaciens and C. testosteroni, and the interactions between
them were quantified.

The resource-explicit mathematical model is described in SI Appendix,
section S1. All data used to generate figures are available in Dataset S2.

ACKNOWLEDGMENTS. We thank Jake Alexander, Kevin Foster, Laurent Keller,
Wenying Shou, and 1 anonymous reviewer for useful and constructive
feedback on the manuscript. We thank Christopher van der Gast and Ian
Thompson for providing the 4 strains used in the study, and for advice
in establishing the protocols. We thank Peter Küenzi for providing an
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