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Summary

Cooperative interactions within bacterial communities are widespread and important
for their survival. In these often obligate interactions, primary metabolites are frequently
exchanged. However, evolutionary theory predicts selfish individuals to have an
advantage over cooperative ones by maximizing their own fitness instead of directing
costly resources to others. Given that cooperation is widespread in nature despite this
problem; certain mechanisms have to exist that explain the emergence and maintenance
of cooperative metabolite exchange. In fact, fitness of cooperators that exchange
metabolites was shown to be superior to an autonomous strategy provided that
cooperators can preferentially interact with each other. However, the evolutionary
factors favouring the emergence of cooperative cross-feeding as well as the
consequences for the strains involved remain poorly understood. Further research
therefore could add experimental evidence to ecological and evolutionary causes and
consequences of cooperative cross-feeding. This thesis aims at investigating the causes
and consequences of metabolic cooperation in bacteria. The findings are given as three
major parts:

1. Comprehensive review of the literature regarding what is known to date about
bacterial cross-feeding interactions, its origins, and the predicted consequences
of metabolic cooperation in bacteria.

2. Identifying mechanisms that favour the evolution of metabolic cooperation.

3. Determining the consequences of synergistic coevolution on the genomic level.

1 Ecology and evolution of metabolic cross-feeding interactions in bacteria

A conceptual framework was developed that provides a general classification of the
diverse kinds of metabolite exchange and aims at explaining evolution as well as
maintenance of cooperative metabolite exchange. The framework represents a synthesis
of empirical and theoretical studies covering the fields of genetics, microbiology,
microbial ecology, systems biology, and evolutionary biology. From this resulted a
complete evolutionary process that describes (i) the initial causes of metabolic
interdependencies, (ii) the ecological and evolutionary mechanisms supporting
cooperation to emerge from these interdependencies, and (iii) the theoretical
consequences of synergistic coevolution that finally point towards the evolution of

multicellularity. In detail reasons for adaptive gene loss are explained, which causes



metabolic interdependencies that hence could evolve towards cooperative cross-feeding
provided that interdependent genotypes repeatedly interact for sufficient evolutionary
time. Characteristics of bacteria were evaluated for according properties that facilitate
metabolite exchange between interdependent genotypes as well as repeated interaction
and thus help in evolving and maintaining metabolic cooperation. In this way certain
bacterial lifestyles and molecular mechanisms facilitating association as well as
competition were identified and linked to the current concepts of evolutionary theory
that explain cooperation. Furthermore, the accumulated evidence on bacterial cross-
feeding interactions was quantitatively analysed with regards to the identity of the
interaction partners involved, the type of metabolites exchanged as well as the mode of
metabolite exchange. Findings illustrate the diverse combinations of interacting partners

and provide insight into the huge variety of metabolites that are exchanged.

2 Group-formation facilitates rapid evolution of cooperative cross-feeding in bacteria

Studying cross-feeding interactions within a bacterial community under natural
conditions is challenging, due to a complex web of interactions between community
members. In addition, the evolutionary ancestors from which the interaction evolved is
required to quantify evolutionary consequences relative to it. Furthermore, it is difficult
to distinguish between the varying selection- pressures that originate from complex webs
of interactions within bacterial communities. Thus, it remains unclear, whether or not a
genotype adapted to a cross-feeding interaction. Utilizing bacterial model systems under
laboratory conditions provides a potent solution to overcome these problems. An
obligate cross-feeding interaction was therefore established between Escherichia coli
strains by deleting biosynthetic functions for amino acid production. The resulting
strains lacked the ability to either produce tryptophan or tyrosine, and hence needed to
exchange these amino acids when being cultivated together. Using cocultures of these
auxotrophic mutants, an evolution experiment was performed. Additional experimental
groups consisting of monocultures that lacked the obligate interaction served as control
groups, representing adaptation to culture conditions and genetic manipulation (i.e.
auxotrophy for amino acids). Rapid evolution of cooperative cross-feeding was observed
within less than 150 generations in replicated populations of cocultured auxotrophs.
Pervasive formation of multicellular clusters was identified as major strategy for amino
acid exchange within cocultures and observed. Clusters of cells therefore represent the

major sites of reproduction and exhibit a nascent lifecycle during which cells formed



multicellular clusters followed by disassociation into individual cells or smaller clusters
that followed the experimentally imposed rhythm of serial propagation. By comparing
these results to controls (i.e. amino acid-supplemented monocultures of auxotrophs), the
observed cooperative exchange of amino acids as well as the strategy of growth within
clusters was shown to be exclusively observed in the context of obligate cross-feeding.
The success of cooperators within cocultures was linked to cooperators experiencing
strong selective advantages within aggregates of cells. Positive fitness feedbacks within
multicellular clusters between cooperators and non-cooperators were identified as the
causative mechanism. Single cooperative cross-feeders were demonstrated to invade a
population of non-cooperators (e.g. irrespective of the absence of a complementary
cooperative partner) due to positive fitness feedbacks within multicellular clusters.
Interestingly, when cultivated in isolation, phenotypes from cocultures showed a
consistent decrease in growth relative to the ancestor. These findings indicate that
mutations that increased fitness on the level of the multicellular cluster came at the cost
of individual cells, thus suggesting fitness decoupling which is indicative of selection

operating on the level of groups.

3 Synergistic coevolution accelerates the rate of molecular evolution

Ecological interactions are key drivers of evolutionary change. Even though it is well-
documented that antagonistic coevolution can cause genetic divergence and accelerate
molecular evolution, the evolutionary consequences of synergistic coevolution remain
poorly understood. The observed evolution of cooperative cross-feeding from a by-
product interaction raised the question of associated effects on numbers as well as
spectra of accumulated mutations relative to the independent lifestyle of control groups.
By utilizing comparative genomics based on sequencing whole populations and isolated
clones, differences in numbers as well as spectrum of accumulated mutations between
experimental groups were quantified. Strikingly, the results of this analysis indicate that
also synergistic coevolution can speed up the rate of molecular evolution. Coevolution
resulted in the emergence of metabolic cooperation that coincided with a significantly
increased number of mutations in the genomes of coevolved auxotrophs as compared to
genomes of control groups. Moreover, coevolved cooperative populations showed an
increased degree of parallel evolution as well as divergent evolutionary trajectories
relative to both control groups, suggesting restriction of adaptation to genetic

modifications as well as abiotic environment. Together, these findings demonstrate that



similar to antagonistic interactions, also synergistic coevolution can cause rapid and
divergent evolution that in the long-run may cause speciation driven by mutualistic

interactions.

In summary, using experimental evolution and comparative genomics the causes and
consequences of bacterial metabolic cooperation were investigated in this thesis.
Presented findings potentially have far-reaching implications on the evolution of natural
microbial communities that frequently exhibit obligate metabolite exchange as well as
reproduction within multicellular structures. Findings therefore finally point towards
multicellularity to potentially originate from metabolic interdependencies among
bacteria.



Zusammenfassung

Kooperative Interaktionen innerhalb von Bakteriengemeinschaften sind weit verbreitet
und entscheidend fiir deren Uberleben. Bei diesen oft obligaten Interaktionen kommt es
haufig zum Austausch von Primdrmetaboliten. Die Evolutionstheorie jedoch
prognostiziert, dass egoistische gegeniiber kooperativen Individuen einen Vorteil haben,
indem sie ihre eigene Fitness maximieren anstatt kostspielige Ressourcen an andere
abzugeben. Dennoch sind vielseitige Kooperationen von Bakterien in der Natur bekannt.
Folglich missen bestimmte Mechanismen existieren, die die Entstehung und
Aufrechterhaltung eines kooperativen Austausches von Metaboliten erklaren.

Tatséchlich hat sich gezeigt, dass die Fitness von Kooperationspartnern, die
Metabolite austauschen, einer autonomen Strategie Uberlegen ist, vorausgesetzt, die
Kooperationspartner konnen bevorzugt miteinander interagieren. Die evolutionéren
Faktoren, die die Entstehung eines kooperativen Metabolitenaustausches (z.B. von
Aminosduren, Vitaminen oder Nukleotiden) beglinstigen, sowie die Konsequenzen fir
die beteiligten Bakterienstdamme sind bisher jedoch unzureichend aufgeklart. Die
intensive Erforschung koénnte daher die 6kologischen und evolutiondren Ursachen und
Konsequenzen des kooperativen Austausches von Metaboliten experimentell belegen.
Die vorliegende Arbeit untersucht die Ursachen und Folgen der metabolischen
Kooperation bei Bakterien. Die Ergebnisse umfassen folgende Schwerpunkte:

1. Eine umfassende Literaturrecherche zu den bisher bekannten Wechselwirkungen
zwischen Bakterien, ihren Urspringen und den prognostizierten Folgen der
metabolischen Kooperation bei Bakterien.

2. Die Ermittlung von Mechanismen, die die Entwicklung von kooperativen
Metabolitaustausches beglinstigen.

3. Die Bestimmung der Konsequenzen einer synergistischen Koevolution auf

genomischer Ebene.

1 Okologie und Evolution metabolischer Wechselwirkungen bei Bakterien.

Um die Evolution und Erhaltung des kooperativen Austauschs von Metaboliten bei
Mikroorganismen zu erkl@ren, wurde ein Konzept entwickelt, das eine allgemeine
Klassifizierung der verschiedenen Arten des Metabolitenaustausches erlaubt. Dieses
Konzept stellt eine Synthese aus empirischen und theoretischen Studien dar, die die

Bereiche  Genetik, Mikrobiologie,  Mikrobenokologie,  Systembiologie  und



Evolutionsbiologie einschlieBen. Dadurch konnte ein kompletter evolutiondrer Prozess
beschrieben werden (i) beginnend mit den initialen Ursachen metabolischer
Abhéngigkeiten die sich (ii) im Rahmen synergistischer Koevolution durch 6kologische
und evolutiondre Mechanismen zu einer Kooperation entwickeln, was (iii) fur die
beteiligten Bakterienstamme theoretische Konsequenzen hat, zum Beispiel die Evolution
von Charakteristika mehrzelliger Organismen. Im Detail werden Griinde fur den
adaptiven Genverlust erklart, die zu metabolischen Abh&ngigkeiten fiihren und sich
daher zu einem kooperativen Austausch von Metaboliten entwickeln kénnen. Dies setzt
voneinander abhéngige Bakterien voraus, welche wiederholt und ausreichend lange
interagieren um den beschriebenen evolutiondren Prozess zuzulassen. Zu diesem Zweck
wurden alle bekannten Merkmale von Bakterien auf ihre Eignung hin untersucht, den
Austausch von Metaboliten zwischen gegenseitig abhangigen Bakterien sowie deren
wiederholte Interaktion zu gewéhrleisten und so zur Entwicklung und Aufrechterhaltung
des kooperativen Austausches beizutragen. Auf diese Weise wurden entsprechende
bakterielle Lebensstile und molekulare Mechanismen identifiziert und mit den aktuellen
Konzepten der Evolutionstheorie verknipft, die metabolische Zusammenarbeit erkléren.
Daruber hinaus wurden die gesammelten Belege fir bakteriellen Metabolitenaustausch
quantitativ auf die Identitdt der beteiligten Interaktionspartner, die Art der
ausgetauschten Metaboliten, sowie die Mechanismen des Metabolitenaustausches
analysiert. Die Ergebnisse veranschaulichen wie vielféltig die verschiedenen
Kombinationen von Interaktionspartnern sind und geben einen Einblick in die Vielzahl

der ausgetauschten Metaboliten.

2 Die Bildung von Gruppen ermdglicht die rasche Evolution von kooperativem
Austausch von Metaboliten in Bakterien.

Die Untersuchung von Interaktionen in einer Bakteriengemeinschaft unter natrlichen
Bedingungen stellt aufgrund von komplexen Wechselwirkungen zwischen den
Beteiligten Bakterien eine Herausforderung dar. Um die Evolution einer Interaktion zu
erforschen, wird darlber hinaus ein Vorfahre bendtigt, der es erlaubt die Effekte eines
evolutionéren Prozesses auf seine Nachfahren quantifizieren zu kénnen. Zudem kénnen
die unterschiedlichen Selektionsdriicke, die aus den komplexen Wechselwirkungen
innerhalb der Bakteriengemeinschaften resultieren, nur schwer differenziert werden. Es
bleibt daher unklar ob eine beobachtete Verdnderung im Kontext von

Metabolitenaustausch adaptiv ist oder ob diese andere Ursachen hat.



Bakterielle Modellsysteme unter Laborbedingungen bieten eine potente Losung zur
Uberwindung dieser Herausforderungen. Zu diesem Zweck wurde eine beiderseitig
obligate Beziehung zwischen Stammen von Escherichia coli generiert, indem die
biosynthetische Fahigkeit der Aminosaureproduktion entfernt wurde. Die modifizierten
Bakterienstamme (Auxotrophe) waren nicht fahig, die Metabolite Tryptophan oder
Tyrosin zu produzieren und sind folglich zu einem Austausch dieser Aminosauren bei
gemeinsamer Kultivierung gezwungen. Unter Verwendung dieser Kokulturen wurde
schlielflich ein Evolutionsexperiment durchgefiihrt. Zusatzliche experimentelle Gruppen,
bestehend aus Monokulturen, denen die obligate Interaktion fehlte, dienten als
Kontrollgruppen, die die Anpassung an Kulturbedingungen und genetische Manipulation
(z.B. Auxotrophie fiir Aminoséuren) widerspiegeln. Die rasante Evolution wvon
kooperativem Austausch von Aminosduren wurde in weniger als 150 Generationen in
den Populationen der kokultivierten Auxotrophen beobachtet. Die Bildung von
mehrzelligen Clustern wurde als Hauptstrategie fir den Aminoséureaustausch und damit
fir die Reproduktion innerhalb der Kokulturen identifiziert. Des Weiteren weisen die
Kokulturen einen einfachen Lebenszyklus auf: Multizelluldre Cluster vergrdfRern sich
durch Zellteilung gefolgt von der Auflésung in wenige kleinere Cluster und tberwiegend
Einzelzellen, welche sich unter glnstigen Wachstumsbedingungen (frisches Medium)
wieder in  multizelluldaren Clustern organisieren. Diese Dynamik in der
Populationsstruktur folgte dem Rhythmus der regelmaBigen Uberimpfung wéhrend des
Evolutionsexperimentes und stellt folglich einen Lebenszyklus dar.

Vergleiche mit den Kontrollgruppen (mit Aminosduren ergdnzten Monokulturen)
zeigten, dass die beobachtete Wachstumsstrategie der Auxotrophen innerhalb von
Clustern, sowie die Kooperation ausschlieBlich im Zusammenhang mit der obligaten
Interaktion beobachtet wurden. Der Erfolg von Kooperationspartnern in Kokulturen
konnte durch starke selektive Vorteile in den multizelluldren Clustern erklart werden.
Aminosdureaustausch in diesen Clustern fuhrte zu einer positiven Rickkopplung von
Fitness zwischen interagierenden Zellen. Es konnte gezeigt werden dass dieser
Mechanismus es einzelnen kooperativen Zellen erlaubte sich massiv in einer Population
von normalen Zellen welche nur geringe Mengen an Aminosaure abgeben auszubreiten,
was diesen in Abwesenheit der Cluster signifikant schlechter gelang. Interessanterweise
zeigten solche kooperativen Phé&notypen aus Kokulturen, wenn sie isoliert kultiviert
wurden, ein konsistent geringeres Wachstum als deren Ursprungsstdimme es vor dem

Evolutionsexperiment gezeigt hatten. Diese Ergebnisse weisen darauf hin, dass



Mutationen, die die Fitness auf der Ebene des multizellularen Clusters erhohten, zu
Lasten der Fitness auf Ebene der einzelnen Zellen gingen. Diese Beobachtung kann
dadurch erklért werden das Selektion auf der Ebene der multizelluléren Cluster operiert
hat, also produktivere Cluster einen Vorteil hatten, was jedoch zur Folge hatte dass die

Fitness einzelner Zellen irrelevant wurde.

3 Synergistische Koevolution beschleunigt die molekulare Evolution.

Okologische Interaktionen sind wichtige Einflussfaktoren des evolutiondren Wandels.
Obwohl gut dokumentiert ist, dass antagonistische Koevolution genetische Divergenz
verursacht und die molekulare Evolution beschleunigen kann, sind die evolutiondren
Konsequenzen synergistischer Koevolution nur unzureichend bekannt. Die beobachtete
Evolution des kooperativen Metabolitenaustausches als direkte Folge der obligaten
Interaktion wirft die Frage der daraus resultierenden Effekte auf die Anzahl, sowie auf
die Diversitat akkumulierter Mutationen im Verhéltnis zum unabhéangigen Lebensstil der
Kontrollgruppen auf. Durch einen Vergleich auf Genomebene, der auf der
Sequenzierung ganzer Populationen und isolierter Klone basiert, wurden Unterschiede in
der Anzahl, sowie im Spektrum der akkumulierten Mutationen zwischen
Versuchsgruppen quantifiziert. Die Ergebnisse dieser Analyse zeigen eindrucksvoll, dass
auch die synergistische Koevolution die Geschwindigkeit der molekularen Evolution
beschleunigen kann. Die Koevolution hatte eine signifikant erhdhte Anzahl von
Mutationen im Genom von koevolvierten Auxotrophen im Vergleich zu Genomen von
Kontrollgruppen zur Folge hatte. Dariiber hinaus zeigten die kooperativen Populationen
einen erhohten Grad an paralleler Evolution, sowie divergente Evolutionsverldufe in
Bezug auf beide Kontrollgruppen. Diese Unterschiede zu den Kontrollgruppen deuten
auf eine Einschrankung der Anpassung an die genetischen Veranderungen (die

entfernten Aminosaurebiosynthesegene) sowie an die abiotische Umgebung hin.

In dieser Arbeit wurden experimentelle Evolution und komparative Genomanalysen
angewendet um die Ursachen und Konsequenzen der Evolution von metabolischer
Kooperation zu erforschen. Die Resultate haben hdchstwahrscheinlich weit reichende
Auswirkungen auf evolutionére Prozesse in mikrobiellen Gemeinschaften welche h&ufig
obligaten Austausch von Stoffwechselprodukten aufweisen und zudem in multizellularen
Strukturen gedeihen. Die gewonnenen Einsichten deuten schlieRlich darauf hin, dass sich
multizelluldre Lebewesen ausgehend von metabolischen Abhédngigkeiten zwischen

Bakterien entwickeln kénnen.
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Introduction

Bacteria exist virtually everywhere (1, 2), they are found aloft in the stratosphere
where they resist hard radiation (3, 4), and they survive in abyssal depth within
sediments or oil reservoirs where they tolerate extreme pressure and heat (5, 6).
Microbial life remarkably influenced earth’s history (7, 8), significantly controls the
habitability of the whole biosphere (9), and is essentially important for global
biogeochemical cycles (1, 10, 11) as well as multicellular organisms (12). Such
evolutionary success, striking impact, and ubiquitous pervasiveness of bacteria can be
basically attributed to innovative metabolic functions that allow utilizing and
transforming countless compounds, of which humankind avails oneself since millennia.

Starting with the advent of microscopy, classical research gained deep insights into
molecular biology, adaptive capabilities and mechanisms, impressive taxonomic
diversity, and metabolic versatility of bacteria, yet has mostly focussed on single species.
However, no organism is an island and therefore “... the pure culture is, with some
exceptions such as certain microbes in direct cooperation with higher organisms, a
laboratory artifact” (13). Indeed, the actual success and impact rarely lies in single
superior species - microorganisms engage in a myriad of metabolic interactions that
promote coexistence within bacterial communities (14-16) such as synergistic
interactions (17). Among the diverse interactions within these communities it is thus
ultimately metabolite exchange that cements the abovementioned significance of
bacteria for life on earth. Due to metabolite exchange benefits are achieved within
microbial communities (18, 19), for instance in the context of joint degradation of
biological matter (20, 21), and awareness increased during recent years that a variety of
these behaviours are indeed cooperative (14, 18, 22). These metabolic interactions are
preferentially performed within taxonomically diverse communities (23-25) that are
predominantly organised in cooperatively built biofilms or clusters of cells (1, 26-29). In
essence microbial life is hence marked by metabolic interactions within spatially
organised structures from which ultimately multicellular organisms arose in a process
that was substantially driven by cooperation (30).

But what are the evolutionary consequences of living within bacterial communities
and performing diverse ecological interactions that span the continuum between

competition and cooperation? Indeed, there is no simple answer to that question and we
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just begin to understand evolutionary effects on the level of single interactions such as
the consequences originating from antagonism (31, 32) while we almost completely lack
insights for metabolic cooperation albeit assumed to be an essential prerequisite for
multicellularity to evolve (30, 33-35). What is more, there are in fact many open
questions regarding cooperation in general: For instance under which ecological
conditions does cooperation evolve and how can it be maintained despite of the presence

of non-cooperators?

1.1 Cooperative interactions in the microbial world

Members of microbial communities engage in a variety of interactions that span the
continuum between competition and cooperation (24, 36, 37). Due to the limitation of
nutrients, space, and other resources it is intuitive that members of associations are
coerced to compete against each other. Indeed, competitive interactions were found to
dominate in microbial communities (38-40) and to strongly influence community
structure as well as composition (22, 24, 40-43). However competition alone does not
explain the given diversity of bacterial communities (37): Benefits of cooperative
interactions in combination with other advantages apparently exceed costs of local
competition. Since different definitions for cooperative interactions exist (13, 44), I will
first define cooperation for this work as a mutually beneficial interaction between
individuals that pay a cost for cooperating but generate a joint advantage. A widely
acknowledged as well as well-studied kind of cooperation is for instance via public
goods: metabolites that are released by a producing cell into surroundings hence are
available for neighbouring cells. This type of interaction could be denominated as
unidimensional cooperation, since one trait is collectively performed, which is frequently
referred to as “sociality” or “social interaction”. Related individuals engage in a joint
endeavour such as the production of siderophores (45, 46), biofilm-matrix (37),
biosurfactants (47), and extracellular enzymes (48, 49). In the framework of kin
selection theory public goods hence benefit relatives which indirectly increases the
fitness of the producer (45). Motivated by Hamilton’s rule and the concept of inclusive
fitness, kin selection hence provides understanding for the evolution of cooperative or
altruistic behaviour among relatives or genotypes that share a certain allele (50-53).

In contrast to sociality, cooperative cross-feeding of metabolites between partners that
exhibit complementary in biosynthetic functions has received much less attention.

Indeed, examples for cooperation based on metabolite exchange are known (14, 18). The
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difficulty to identify a certain cross-feeding interaction as “cooperation” lies within the
defining measure: A costly provisioning of a certain compound is frequently challenging
to verify. In addition, studying metabolite exchange does not automatically imply the
aim to identify cooperation and with this to determine ecological measures such as costs
for production. And even if cooperation is of interest, studying individual interactions
within complex communities is not trivial (19, 54-56), which also applies to assigning
metabolite flow between specific partners (19). Due to these intricacies, chapter 1
comprises a comprehensive review of literature with the aim to generate an overview of
what is known about the interaction partners bacteria engage in cross-feeding with as
well as the metabolites that are exchanged (see table 1 in the supplement for chapter 1

for an overview).

1.2 The problem of cooperation

Cooperation is based on the mutual exchange of goods or services to the benefit of
both interacting partners. Provisioning a partner for instance with a certain metabolite
however is costly, since shared resources cannot be allocated to growth and reproduction
any more. These costs become particularly significant if shared resources are specifically
overproduced for a cooperative partner, which intuitively implicates reciprocation for
investments to pay off. However cooperators run at risk to be exploited by non-
cooperative individuals or third parties. Assuming that both cooperators and non-
cooperators have equal access to shared resources, the latter will generate more offspring
and eventually dominate. In well-mixed surroundings exchanged metabolites for
instance can also be seen as exploitable public goods that cooperators as well as non-
cooperators have equal access to (38, 57). Under these conditions evolutionary theory
predicts selfish individuals to be favoured by natural selection, which in the long run
potentially causes the breakdown of cooperation (45, 51, 58, 59). The ultimate outcome
could be the tragedy of the commons, e.g. extinction of cooperators (60, 61). And even
by disregarding susceptibility for exploitation, complementary cooperators still face the
challenge to encounter each other reliably albeit living within mixed poly-microbial
communities (38). Mechanisms are thus required that help in finding and exchanging
resources between interaction partners, otherwise cooperators will be selected against.
And even if cooperators evolve and find common ground by chance, conflicts are likely
to emerge in newly established groups (62). In consequence the benefit of newly

established cooperation needs to exceed the negative effects of conflicts and increased
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competition due to group formation.

1.3 Evolutionary explanations for metabolic cooperation

For cooperative cross-feeding to evolve it first requires a mutual demand that needs to
arise in previously autonomous individuals. But how and why should a prototrophic (i.e.
self-sustaining) genotype loose a vital biosynthetic function and in addition evolve a
cooperative trait? To answer that question, a brief summary of theory and insights will
be presented in the following. In addition, chapter one provides a more detailed
overview of what is known to date.

Importantly, the majority of microbial species is expected to lack certain essential
metabolic functions (22, 63), indicating dependencies on the external supply of vital
metabolites to be common. This is further corroborated by unculturability of most
bacterial species and we begin to understand the relevance of metabolic
interdependencies as potential origin for this (64-66). The apparently prevalent lack of
vital functions can be explained by natural selection favouring the fittest, yet not the
most independent phenotype. In line with this, the Black Queen Hypothesis predicts
adaptive gene loss due to externally supplied metabolites rendering biosynthetic
functions redundant (67), which was experimentally demonstrated under laboratory
conditions (68). In addition adaptive loss of genes can occur within the context of
species interactions as well, thus generating the potential to intensify interactions
between species, which is then termed compensated trait loss (69).

The general explanation for these processes is an increase in fitness due to utilizing
costly metabolites from surroundings and in addition possibly by reducing costs of
enzyme-production. Given that the preferred lifestyle within biofilms or cellular
aggregates facilitates population structure and that the inhabitants of these structures
exhibit a variety of dependencies, this has several far-reaching implications. Processes
are enabled that potentially drive the evolution of cooperative cross-feeding from these
interdependencies or alternatively from shared by-products. A large body of literature
suggests several evolutionary mechanisms that facilitate the evolution of cooperation
among microbes (27, 44, 45, 70). In the majority of studies focus lies on cooperation
among genealogically related individuals (i.e. social interactions), however theory on
sociality among microorganisms is based on assumptions that are not met by cooperation
based on metabolite cross-feeding. Even if mediated by a single gene (71), social

interactions are based on relatedness while cooperative cross-feeding is based on
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complementary in certain biosynthetic functions. It is thus rather difference than
similarity motivating metabolic cooperation, as predictions for the evolution of
mutualisms show (72). Therefore, identified ecological and evolutionary mechanisms
that explain the evolution and maintenance of cooperation in one type might not apply
equally well to the other type.

This is why several theoretical predictions were tailored for the case of unrelated
interaction partners (58, 73-78). However, despite fundamental differences, many
conclusions and requirements can be formulated for cooperation in general. In essence,
mechanisms for cooperation should ensure cooperators to interact more likely with other
cooperators and less likely with non-cooperators (73), a concept that was already
suggested by Hamilton for altruistic interactions (79). This strikingly simple prerequisite
can be transformed into a common concept termed ‘positive assortment’ to which many
studies essentially point towards, and which covers both intraspecies and interspecies
interactions (44, 61, 73). This ultimately raises the question about supporting
mechanisms available for bacteria to achieve assortment in the context of cooperative
cross-feeding. Bacteria indeed possess an impressive variety of tools that are potent in
facilitating positive assortment of partners as described in chapter 1 (see also chapter 1,
figure 8).

Intuitively cross-feeding species benefit from spatial proximity (80) for instance by
direct contact (81, 82). What is more even if cross-feeding via diffusion is not favourable
under certain conditions, exchange still could be realized by direct connections between
cells (e.g. nanotubes (83-85), or by outer membrane vesicles (86, 87). As pointed out by
Tarnita 2017 (44), mechanisms for assortment can be categorized into two main features:
Cooperators can simply stay together (i.e. partner fidelity) or alternatively find common
ground (i.e. partner choice). While the former strategy verifies a continuing interaction
of already associated partners, the latter either enables co-localization and with it
association or the elimination of potential exploitive non-cooperators. Cooperative
genotypes of course can employ both strategies in an alternating way, since separation
can happen unintendedly or necessarily due to disturbance or dispersal, respectively.
Both principles describe basically the association of partners within groups, which has
several advantages as suggested for social interactions by theoretical work (88). An
emergent feature of spatially organised associations is limited diffusion, which results in
restriction of access for others or in other words privatization of exchanged metabolites

(89). In line with this, reduced diffusion was demonstrated to constrain exploitation in
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thick biofilms (90), and growth within such structures causes self-organisation and hence
exclusion of non-cooperative individuals (89, 91, 92). The level to which the exchange
of metabolites needs to be privatized is highly context-dependent and defined by
physicochemical properties of the focal compound as well as the underlying cost-benefit
ratio.

Importantly, the “aim” to cooperate is not necessarily the causative driving force to
associate, and group formation therefore can be seen as a process independent of the
evolution of cooperative cross-feeding as well as prior to it. Of course, a spatially
structured population facilitating spatial proximity can arise by a variety of selection
pressures, which were already discussed by Lyons and Kolter (2015) in the context of
the evolution of multicellularity (28). This could be protection (28) from either the
abiotic (oxygen, pH, and drought), or the biotic environment (predation (93, 94),
competition (42), or immune system (95)), as well as resilience to environmental threads
(96-98). Further advantages of living within groups or biofilms on the metabolic level
comprise spatial fixation to a niche (energy- and carbon-sources), joint niche
construction and exploration (synergism (13)), dealing with nutritional stress (99, 100),
and co-localization of complementary genotypes (22). The logical order of events in this
scenario would hence be first the evolution of mechanisms that facilitate positive
assortment (44, 101) by different means and second the evolution of cooperative cross-
feeding due to repeated interactions as well as the initiation of a positive feedback-loop

between locally accumulating generations.

1.4 Evolutionary consequences

The transition towards obligate metabolite exchange that becomes cooperative implies
several consequences for interacting genotypes or species. Since there is virtually a
complete lack of experimental studies on evolutionary consequences of metabolic
cooperation in bacteria, most knowledge is of hypothetical nature or adapted from other
metabolic or cooperative interactions. When two partners that mutually exchange
metabolites enter an evolutionary process marked by increased investment, both become
dependent on reciprocity to stay competitive, and fitness and thus fate are coupled.
Considering an obligate nature of the interaction, cross-feeding partners face diverse
implications. By exchanging metabolites required for anabolism, growth becomes a
function of received quantities hence depends on how many complementary genotypes

(i.e. partners) are in vicinity of a focal recipient. Increased frequency in one genotype
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thus triggers growth in the respective other genotype until shared resources become
limited and vice versa - an oscillating process termed negative frequency-dependent
selection (68, 102-104). During evolutionary time-scales the coupling of fitness should
motivate partners to further invest into the interaction thereby causing a positive
feedback-loop. Such increased investment was reported to evolve in imposed
mutualisms (105, 106) and in principle resembles division of (metabolic) labour (102,
107). Classically focus in the concept of dividing labour is on social interactions (107,
108), yet principles can also be adapted to specialisation in cross-feeding interactions. In
principle the defined prerequisites for division of labour are (i) phenotypes performing
different tasks, (ii) cooperation, and (iii) positive selection of cooperative traits in the
context of the interaction (107, 109). The advantage of dividing metabolic tasks among
different cells likely lies in saving costs and therefore in increased fitness. Fitness was
for instance observed to even increase by 20% over the wildtype level by synthetically
engineering the division of metabolic labour between two E. coli genotypes (102).
Another predicted effect is that evolutionary dynamics between entities that divide
labour can drive extreme specialisation that in the final stages causes the inability to
reproduce independently (110, 111). In line with this metabolic interdependency was
reported to intensify during experimental evolution causing loss of autonomy in one
mutualistic partner (112), a phenomenon that is expected to be common in nature (112)
and that might be causative for natural isolates not growing under laboratory conditions.
Since frequently observed in the context of metabolite exchange between species (112-
115), the loss of biosynthetic functions could be a general consequence of synergistic
coevolution. Indeed, such metabolic interdependencies are a potential explanation for the
widespread unculturability of bacteria (66) due to disruption of essential ecological
setup, known as “the great plate count anomaly” (116). This exemplifies how risky loss
of complementary partners hence interdependency can be. Besides effects supported by
empirical evidence, theoretical work predicts changes in the rate of molecular evolution
caused by coevolutionary dynamics, a continuous process of reciprocal adaptation. In
fact changes in one partner will frequently imply effects on the other partner that will
show an adaptive response, which in consequence alters the adaptive landscape for the
first. One theory, the Red King Hypothesis, suggests decelerated molecular evolution for
synergistic coevolution (117) however empirical evidence from analysing the life-history
in an ant-plant mutualism showed the opposite phenomenon (118), which is rather

predicted for antagonistic interactions. The latter is described by the Red Queen
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Hypothesis and was already demonstrated to cause accelerated rates of genome
evolution in a bacteria-phage antagonism (31), thereby restricting adaptation to abiotic
culture conditions due to the necessity of increasing resistance (32, 119).

1.4.1 Shifts in the level of selection

Given that metabolic interactions promote coexistence within bacterial communities
(14-16), and that communities are predominantly organised in biofilms or clusters of
cells (1, 26-29), the question arises whether the individual cell or rather the group of
cells is “seen” by selection. Put differently: Coinciding with the predominant lifestyle of
bacteria, groups of cells facilitate assortment of partners hence promote metabolite
exchange, which could initiate a phenomenon based on emergent properties of groups —
i.e. selection operating on the group-level. When emergent characteristics of a group
become relevant for the fitness of constituting cells, the group can become the unit of
selection given that certain requirements are met (35): When looking on the level of
many coexisting groups of interacting cells that exhibit variability in their composition
and thus differences in fitness (35), between-group competition can favour more
cooperative groups as already pointed out by Darwin in the context of competing tribes
of humans (120).

Under these conditions, groups become ‘evolutionary individuals’ (i.e. a unit of
biological organisation) and thus units of selection given that traits are heritable,
variability between units occurs, and this variation results in fitness differences (35, 121-
123). As a consequence of group-level selection, the fitness of lower level units (i.e.
individual cells) however is subordinated, while adaptation is directed towards
increasing fitness of the group-level. Selection operating on the group-level comes hence
at the cost of decreasing fitness of individual cells when growing in isolation. This
implication was experimentally demonstrated in a model system of Pseudomonas
fluorescens and termed fitness decoupling (124). By further anticipating the process of
fitness decoupling replication will eventually be coupled with reproduction of the
higher-level entity, which is associated with complete loss of autonomy in individual
cells (35, 107). In line with this, multilevel selection (MLS) theory (specifically MLS-2),
states that the fitness of whole groups should indeed be decoupled from individual’s
fitness (125), which is also supported by modelling selection on the level of groups
showing that it comes at the cost of individual fitness (74). In a nutshell it takes nothing

more than regularly dividing groups and differential reproduction of cooperating
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individuals therein to enable dynamics that cause a shift in selection towards the level of
groups (76).

When the level of selection shifts to such a higher level unit, this is termed a transition
in individuality (35). The unit natural selection operates on thus determining its
frequencies, is termed an ‘evolutionary individual’ (121, 122). One important
implication of such a transition is that non-cooperators may have an advantage within
single affected groups, yet will locally decrease productivity while purely cooperative
groups will produce most offspring and succeed (46, 126). When a transition in
individuality occurs, this can have further implications such as the evolution of

multicellular organisms.

1.4.2 Hierarchical evolutionary transitions and multicellularity

During earth’s history the evolution of multicellular organisms from previously
simpler unicellular forms of life occurred repeatedly (127, 128). Multicellularity (i.e.
multicellular organisms) can be broadly defined as reproductive units (i.e. ‘evolutionary
individuals’) that (i) are formed by any kind of cell-cell adhesion, and (ii) should involve
a kind of intercellular communication for coordination of activities (28), yet there is no
clear definition for a multicellular organism likely due to many defining measures being
located on a continuous scale thus eluding from clear categorization (129). The origin of
a multicellular organism from previously unicellular simpler units involves a hierarchical
evolutionary transition (HET) towards a new unit of biological organisation (30, 35,
130-132). For a HET (synonymously used to “transitions in individuality” (133)) to
occur several prerequisites need to be met and the new unit of biological organisation
needs to fulfil several criteria:

First of all to potentially experience a HET it requires that groups of cells (i.e. the new
units of biological organisation to-be) are formed and that these groups undergo a life
cycle. This is for instance already fulfilled by a unicellular ancestor forming groups (i.e.
the unit) reproducibly under certain ecological conditions (i.e. the life cycle) (134, 135).
For instance, starvation-induced aggregation illustrates such a situation (30), and fits the
ecology-first scenario assuming group formation due to a pre-existing feature (136, 137).
Importantly groups of cells feature emergent properties that in the first instance are
immanently advantageous (e.g. protection or resilience) and ultimately enabled the
evolution of multicellular organisms (28). One putative way towards multicellularity was

hence identified in assortment within groups (also termed coming together (CT) (30,
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138)) of similar genotypes, which can be facilitated by adhesion (139) or aggregation
(128, 132, 140, 141), in combination with a life cycle caused by any means.

Groups that undergo a life cycle however need to fulfil further requirements as
formulated by van Gestel and Tarnita 2017 (30): “...a group could be expressed as a
facultative life stage only in response to certain recurrent environmental conditions...”,
yet needs to be “...formed sufficiently frequently for selection to potentially act on the
group stage.” New units of biological organisation undergoing a life cycle thus need to
experience a shift in the level of selection towards the group-level as described in the
previous chapter. In consequence, group-fitness of the multicellular organism becomes
an emergent property and is not resembled by the fitness of constituent cells any more
(125, 142, 143). Further key aspects for new units of biological organisation and with it
for the evolution of multicellularity were reviewed by van Gestel and Tarnita 2017 (30)
and identified in cooperation (107, 144, 145), mutual dependency (35, 146, 147),
division of labour (148), resolved conflict (149, 150), and finally indivisibility of single
units from the organism as well as their integration (133, 151, 152). Depending on the
current stage of a HET, only few or even all of these aspects can apply to a multicellular
entity. However there is still a lack of clear understanding how these processes took
place and which general principles guided these transitions in a mechanistic as well as
evolutionary manner (139).

Conceptually transitions in individuality can be discriminated based on the entities
from which finally a multicellular organism evolves: Egalitarian transitions involve
different hitherto free-living bacteria, while fraternal transitions comprise identical
entities carrying out social interactions (141). Major driving forces that can initiate an
evolutionary process towards multicellularity were reported for predation (94, 153), but
also simple selection for faster settling and other causes were demonstrated to enable
such a process (124, 154-156). The utilized model systems that resemble hallmarks of
multicellular entities to date meet characteristics described for fraternal transitions (94,
124, 153-156). In contrast, multicellular aggregates of different genotypes performing
cooperative cross-feeding resemble characteristics leading towards an egalitarian
transition (141). Indeed, metabolic cross-feeding is well acknowledged as possible route
towards such a transition (33-35), yet evolutionary approaches utilizing such an

interaction to study HET were not reported to date.
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1.5 Aims of the thesis

Bacteria thrive in diverse communities, where they form complex webs of metabolite
exchange (19, 22, 157) that is frequently observed to be of cooperative nature (14, 18,
22). However, studying such interactions within bacterial communities remains
challenging (19, 54-56) and only little is known about the origins as well as evolutionary
implications of metabolic cooperation (105, 106, 112, 158). Nevertheless, evidence on
bacterial cross-feeding interactions increased rapidly during the recent decade. In
addition, scientific advances allowed predictions about how cross-feeding interactions
can emerge, which mechanisms potentially drive the evolution of metabolic cooperation,
as well as the potential implications of this evolutionary process. By adding up all these
pieces to a greater picture, it has become possible to describe a complete process initially
causing metabolic interdependencies (67, 68) and finally pointing towards cooperative
exchange within units (e.g. aggregates of interacting cells) that show hallmarks of
multicellularity (30, 132, 134). In detail, multicellular entities are characterized by
selection operating on the level of these entities that potentially enter a lifecycle, and
interdependencies of individual cells intensify until complete loss of autonomy (30, 132-
134). Based on this described process, a conceptual framework was developed that
resembles a synthesis of experimental evidence, empirical insights, and theory from

microbiology, microbial ecology, and evolutionary biology.

Chapter 1:
Ecology and evolution of metabolic cross-feeding interactions in bacteria

Literature reporting cross-feeding interactions was reviewed and analysed with
regards to the interaction partners and metabolites exchanged. A general classification of
the diverse kinds of metabolite exchange is presented. In addition, different theoretical
and empirical insights were combined to explain the complete evolutionary process
starting with (i) the origins of cross-feeding, (ii) routes towards metabolic cooperation,
(iif) maintenance, and (iv) potential evolutionary consequences that result from obligate
cross-feeding of essential metabolites. Specifically, bacterial lifestyles and mechanisms
of bacterial interactions that facilitate the evolution and maintenance of metabolic

cooperation are considered.

In order to add experimental evidence to ecological and evolutionary causes and
consequences of cooperative cross-feeding, a bacterial model system based on obligate

metabolite exchange was designed, which was subjected to experimental evolution under
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laboratory conditions. Furthermore, the question was whether a coevolutionary process
towards metabolic cooperation would give rise to different routes of adaptation as
compared to a solitary and independent lifestyle. This is why two additional control
groups were integrated into the experimental design. This approach enabled us to clearly
attribute observed results of adaptation either to abiotic culture conditions or rather to the
obligate cross-feeding interaction. Moreover, it was of specific interested in conditions
that cause continuous mixing of interaction partners, i.e. the absence of spatial structure
facilitating assortment of complementary interaction partners. To generate a bacterial
model system to address these issues, Escherichia coli was genetically modified. E. coli
is a well-known bacterium that can easily be genetically manipulated (159) as well as
resequenced (160, 161), and was previously successfully used in studies of experimental
evolution (162-164). Derived strains lacked either the ability to produce tryptophan or
tyrosine, hence needed to exchange these amino acids when cultivated together (i.e. as
coculture) in shaken minimal medium, which did not facilitate population structure (i.e.
assortment of complementary strains) and is therefore predicted to limit a cooperative
exchange of amino acids. Monocultures of these strains and the wildtype were used as
control groups.

Chapter 2: Causes for metabolic cooperation

The model system consisting of cocultures and control groups was subjected to
experimental evolution for 150 generations to address the question whether and to which
extent cooperative cross-feeding would evolve under shaken culture conditions. To
answer these questions, the derived interaction was characterized for productivity (i.e.
fitness on the level of populations and individuals), degree of cooperative amino acid
exchange, and changes in the spatial organisation of cells. Differences relative to the
ancestral interaction were quantified to determine significance of changes hence to
verify increased investments in shared amino acids. By comparisons with control groups,
phenotypic changes could be attributed to adaptation to the biotic interaction, thus ruling
out factors resulting from adaptation to the culture conditions or genotype used. Based
on these measures, the aim was to identify the mechanisms that could have promoted
cooperative exchange and to experimentally demonstrate these mechanisms to indeed
promote cooperation. In addition, the ecological consequences (e.g. additional

dependencies) that may have resulted from the coevolutionary process were of interest.
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What are the consequences on the genomic level? This question was addressed by
comparative genomics examining the quantity of accumulated mutations, divergence in
evolutionary trajectories, and extent of similarity in the spectrum of mutated genes

between cocultures and control groups.

Chapter 3: Consequences of the evolution of metabolic cooperation on the
molecular level

Since increased rates of molecular evolution were reported for antagonistic
coevolution (31), it was asked whether the evolutionary process in cocultures
(investigated in chapter two) could influence genome evolution as well. Furthermore, it
was of interest whether experimental groups either have certain mutated sites in common
or whether the obligate interaction is causal for divergent evolutionary directories
between groups. Therefore, the genomes of whole populations and single isolates from
the three experimental groups were sequenced. Subsequently, mutations that occurred in
the genomes of strains derived from evolved cocultures and control groups were
identified in order to determine quantitative differences in the rate of molecular
evolution. The spectrum of mutations was used to generate distance trees illustrating
evolutionary trajectories of all analysed samples. As a supporting measure, the extent of
parallel evolution was determined within and between groups. By taking all of these
measures into account, our attempt was to formulate general conclusions about the
evolutionary consequences of cooperative cross-feeding relative to an independent

lifestyle.
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Chapter 1

Ecology and evolution of metabolic cross-feeding
Interactions in bacteria*

Bacteria frequently exchange metabolites with other micro- and macro-organisms. In
these often obligate cross-feeding interactions, primary metabolites such as vitamins,
amino acids, nucleotides, or growth factors are exchanged. The widespread distribution
of this type of metabolic interactions, however, is at odds with evolutionary theory: why
should an organism invest costly resources to benefit other individuals rather than using
these metabolites to maximize its own fitness? Recent empirical work has shown that
bacterial genotypes can significantly benefit from trading metabolites with other bacteria
relative to cells not engaging in such interactions. Here, we will provide a
comprehensive overview over the ecological factors and evolutionary mechanisms that
have been identified to explain the evolution and maintenance of metabolic mutualisms
among microorganisms. Furthermore, we will highlight general principles that underlie
the adaptive evolution of interconnected microbial metabolic networks as well as the

evolutionary consequences that result for cells living in such communities.
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*Published manuscript, shared authorship: Ecology and evolution of metabolic cross-feeding
interactions in bacteria. D’Souza G, Shitut S, Preussger D, Yousif G, Waschina S, and Kost C.
Natural Products Reports, Review Article, 2018, 35, 455-488, doi: 10.1039/c8np00009c.



1 Introduction

Bacteria are amongst the most ancient life forms on our planet (165, 166). Even, the
last common universal ancestor (LUCA) has been suggested to strongly resemble
bacteria that dwell in extreme environments (167, 168). During their evolutionary
history of about 3.2 billion years, bacteria managed to colonize virtually every
conceivable habitat on earth including air, soil, water, as well as other organisms such as
animals and plants (2). Due to their widespread distribution and high abundance, bacteria
play significant ecological roles in driving global biogeochemical cycles (10),
determining homeostasis of the biosphere (9), and controlling the development,
behaviour, and health of multicellular organisms (12).

In nature, bacteria usually exist within taxonomically and genotypically diverse
communities (23-25). In these assemblages, bacteria compete for a wide variety of
limiting resources such as favourable living spaces, nutrients, and minerals. Moreover,
due to their metabolic activities, bacteria transform the environments they live in, thus
drastically influencing the growth and metabolism of other co-occurring organisms
(169). Strong selection pressures resulting from both of these factors have not only given
rise to a plethora of ecological interactions, but also different bacterial strategies to
survive and reproduce under these conditions (24). Accordingly, a large proportion of a
bacterial cell’s genetic material (between 17 and 42%) can encode traits that are
involved in mediating ecological interactions (15).

For heuristic purposes, ecological interactions between two individuals are typically
classified based on the net fitness effects that result for the organisms involved. The
typological spectrum of interactions resulting from this classification scheme ranges
from antagonistic (i.e. negative fitness consequences) over neutral (i.e. no interaction) to
beneficial interactions (i.e. positive fitness consequences) (24). Examples of antagonistic
behaviours displayed by bacteria include the active secretion of toxins such as colicins or
antibiotics that kill or inhibit the growth of other bacteria (170, 171), thus providing the
toxin-producing bacteria with a competitive advantage. Evolutionary theory predicts that
natural selection should favour such strategies that selfishly enhance the fitness of one
organism at the expense of another one (40). Indeed, a large body of work has
demonstrated the prevalence of antagonistic interactions in natural microbial
communities (24, 40, 41).
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However, in recent years, awareness has grown that bacteria also show a range of
cooperative behaviours, in which one individual helps another one at a cost to itself. A
good example for this is so-called public goods. These are metabolites that are costly to
produce, yet are released into the extracellular environment. As a consequence, these
public goods do not only benefit the producing cell, but also other cells in the local
group or population. Examples include antibiotic-degrading enzymes (48), motility-
enhancing biosurfactants (47), matrix components for biofilms (172), or iron-scavenging
molecules (173). Why would cells invest resources into behaviours that can be easily
exploited by individuals that reap the benefits without bearing the costs for producing
the public good? In most of the abovementioned cases, the individual producing the
public good and the beneficiaries are genealogically related. Thus, by helping its
relatives, the cooperative individual can increase the chance that its own genes are
indirectly propagated. This so-called kin-selection can explain altruistic cooperative
behaviours among closely related individuals (45).

The situation, however, is different for synergistic interactions that involve unrelated
individuals or different species that reciprocally exchange metabolites such as sugars,
growth factors, or amino acids with each other (18). A number of recent studies have
suggested that these types of synergistic interactions might actually be common in the
prokaryotic world (17, 63, 174). In many of these cases, the interactions are also
obligatory for the individuals involved, meaning they can only exist when the required
metabolite is externally supplied, for example by another bacterium (63, 174). This type
of metabolic interactions begs an evolutionary explanation: Why should a bacterium
give up its metabolic autonomy and rather rely on other organisms to provide essential
metabolites? Moreover, why would a bacterial cell produce metabolites to benefit other,
potentially unrelated individuals and not use these resources to maximize its own
fitness?

In this article, we address these questions. By particularly focussing on metabolic
interactions between two or more bacterial partners, we aim at developing a conceptual
framework that allows not only to classify different types of metabolic interactions, but
also to explain the evolution and maintenance of these relationships. In addition, we
analyse how common metabolic cross-feeding interactions are in nature and what
evolutionary consequences result for the organisms involved. The comprehensive picture
that emerges from this analysis may provide an orientation to scientists that are new to

this interesting field of study and identify avenues for future research.
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2 Metabolic cross-feeding interactions
2.1 Historical account

A first and important step in understanding the origin of metabolic exchange in
bacteria is to obtain a historical perspective on the discovery of this phenomenon. Early
studies on what is now known as cross-feeding often discuss the phenomenon in the
context of symbiosis (175, 176). These studies mainly focussed on microbial interactions
that impact plant growth (e.g. root nodule bacteria (177, 178), mycorrhiza (179)) or play
important roles for the fermentation of dairy products (i.e. lactic acid bacteria (180-
182)). Back in 1887, Carl Garre, a Swiss surgeon, was one of the first to mention that
“one organism prepares food for another organism by changing the medium on which it
grows” (176). Later in 1892, the British botanist Marshall Ward stumbled upon cross-
feeding while trying to unravel the mystery of the Ginger-beer Plant. The substance in
question is used to ferment ginger beer, a non-alcoholic, naturally sweetened beverage,
from saccharine and ginger. Ward found out that this plant was, in effect, a symbiotic
association between a yeast and bacteria that formed solid, semi-translucent, lumpy
masses. More importantly, he found that an exchange of metabolites between both
partners was an integral part of the fermentation process (183). Around this time, such
mixed cultures of microbes were referred to as microbial associations (176). In 1897,
Wilhelm Pfeffer, a German botanist and plant physiologist, introduced the terms
conjunctive and disjunctive symbiosis to highlight the dependency of either partners for
growth (184). Marshall Ward also proposed the use of terms like antibiosis and
metabiosis to distinguish between negative and positive effects that result from an
interaction for the partners involved (185).

The term cross-feeding was coined by Hermann Reinheimer in 1921 - a British
biologist who was interested in the evolutionary significance of cooperative symbiotic
interactions (186). Reinheimer suggested two terms to differentiate the source of food or
metabolite, namely in-feeding for within-kingdom exchange and cross-feeding for
between-kingdom exchange. This distinction, however, was not adopted by the scientific
community at large. Instead, the term cross-feeding was subsequently used to describe
interactions that involved an exchange of molecules and, thus, enhanced growth.

Interestingly at this time, cross-feeding between auxotrophic strains was also used as a
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methodological tool to elucidate biochemical pathways (187, 188). Notable work was
done by Veikko Nurmikko, a Finnish microbiologist, who introduced the use of dialysis
chambers to separate two auxotrophic strains of lactic acid bacteria such that they
exchange metabolites via diffusion (189). In subsequent years, metabolic cross-feeding
interactions were used to study the concerted degradation of herbicides (190-192) or
fatty acids (193), the enhanced production of amino acids (194), and to characterize
auxotrophic strains (195-197). Interestingly, until today, mixed cultures of natural
bacterial isolates are employed to identify novel pathways for the degradation of
complex hydrocarbons like crude oil (198-200) or toxic industrial dyes (201, 202).

Towards the end of the 1980’s, microbiologists began to study bacterial interactions
from an ecological and evolutionary perspective. Among them, Julian Adams and co-
workers initiated long-term chemostat cultures of Escherichia coli in glucose-limited
conditions (203, 204). An intriguing observation from their continuous cultivation
experiments was that bacterial strains repeatedly evolved mutations in the acetyl CoA
synthetase enzyme. This mutation allowed the uptake of exogenous acetate resulting in a
stable coexistence of these mutants with wild type strains that secreted acetate as a by-
product of glucose metabolism (205). Several subsequent studies analysed similar cases
of diversifying selection in initially clonal populations that resulted from the evolution of
metabolic cross-feeding interactions (206-209).

In recent years, the phenomenon of metabolite exchange has gained momentum with
an increasing number of working groups studying this type of ecological interactions
from different perspectives and using different methodological approaches. However,
depending on their research focus and scientific background, a number of different terms
are used to describe qualitatively similar interactions. For example, terms like syntrophy
(210), synergism (17), symbiosis (175), mutualism (175), or obligately mutualistic
metabolism (210) are often used interchangeably. Each of these terms describes a
reciprocal exchange of molecules, yet in specific contexts. For instance, syntrophy
denotes cases where the metabolism of two organisms are energetically coupled (210),
while synergism simply refers to interactions from which both interacting partners
benefit (17).

2.2 Classification of cross-feeding interactions

Given that a number of different terminologies are used to describe qualitatively

similar ecological interactions, we begin by providing an unambiguous and
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comprehensive classification scheme to name different types of metabolic cross-feeding
interactions. Due to the focus of this review, we only discuss interactions that involve an
exchange of primary metabolites. In reality, however, bacteria often trade metabolites
against other beneficial services such as detoxification of toxic metabolites or protection
from predators (24). Even though we do not treat these interactions in detail, a similar
nomenclature and conceptual logic can be applied to them as well.

Our classification framework categorizes metabolic interactions along two main axes:
(i) the degree of reciprocity (i.e. unidirectional versus bidirectional metabolite flow),
and (ii) the investment by the involved partners (i.e. the cost to produce the exchanged
metabolite) (Fig. 1). The first parameter, degree of reciprocity, categorizes cross-feeding
interactions based on whether the metabolite exchange is unidirectional (one-way) or
bidirectional (reciprocal) (Fig. 1). The second parameter, investment, divides cross-
feeding interactions according to the cost of biosynthesis that the interacting partners
bear during the interaction, resulting into two sub-categories (i) by-product cross-feeding
(Fig. 1A,B) and (ii) cooperative cross-feeding (Fig. 1C,D). By-product cross-feeding is
the exchange of metabolites that results from a selfish act of the producer (45). For
example, by-products can be secreted due to the degradation of complex hydrocarbons
(211), the accidental leakage of metabolites through the bacterial membrane (212), or
overflow metabolism (213). In general, the production of metabolic by-products is
independent of the presence of an interaction partner and positively correlated with

producer’s growth.
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Figure 1: Types of cross-feeding interactions. Cross-feeding interactions can be
classified based on the degree of reciprocity (columns) and the investment of the interacting
partners (rows). (A) Unidirectional by-product cross-feeding: one partner produces a
metabolic by-product that benefits the respective other. (B) Bidirectional by-product cross-
feeding: reciprocal exchange of metabolic by-products between two partners. (C)
Unidirectional cooperative cross-feeding: one partner bears a cost for producing a metabolite
that benefits the respective other one. This box is marked in grey, because this case is
hypothetical and expected to be strongly disfavoured by natural selection. (D) Bidirectional
cooperative cross-feeding: reciprocal exchange of a costly metabolite that benefits both
partners. (E) By-product reciprocity: One partner produces a costly metabolite to benefit
another cell, which in turn supplies the producer with increased amounts of a metabolic by-
product

In contrast, cooperative cross-feeding occurs if one partner actively invests resources
to produce metabolites that benefit an interaction partner (Fig. 1C,D). In this case, the
cooperating cell is producing more of the metabolites than it would require for its own
growth. Enhanced levels of metabolite production can be caused by an increased
expression of the corresponding biosynthetic genes (214), a greater flux through the
respective metabolic pathway (215), diverting resources into the production of a given
metabolite (158, 216), or harbouring a multi-copy plasmid that encodes the biosynthetic
genes (217). In any case, a cell bearing this cost is significantly less fit than a cell that is
not carrying the burden of increased metabolite production (158). Thus, an important
difference between cooperative cross-feeding and an exchange of by-products is that
cooperative cross-feeding must have been favoured by natural selection. In other words,
a newly emerged mutant that produces increased amounts of a given metabolite found
itself in an ecological setting, in which this cooperative trait was selectively favoured

despite the concomitant fitness costs.
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When cross-feeding interactions are classified in these two dimensions, it is possible
to obtain five different outcomes. First, unidirectional by-product cross-feeding is when
one cell releases a metabolic by-product that benefits another individual (Fig. 1A).
Ecologically, this type of interaction is equivalent to a commensalism. A classic example
is the evolution of acetate-cross-feeding in populations of E. coli (206), in which
glucose-utilizing cells release acetate as a metabolic by-product into the growth
environment. Even though acetate contains less energy than glucose, it represents an
unexploited resource. Thus, mutants emerge that preferentially utilize acetate.

Bidirectional by-product cross-feeding involves the reciprocal exchange of metabolic
by-products between two interacting partners (Fig. 1B). This phenomenon, which is
sometimes also referred to as synergism or proto-cooperation, can, for example, be
observed between ammonia oxidizing microbes (AOM) and nitrite oxidizing bacteria
(NOB) (218). AOM oxidize ammonia to give nitrite, which is converted to nitrate by the
NOB. However, a recent analysis shows that NOB (like Nitrospora sp.) convert urea to
ammonia and carbon dioxide, which in turn is taken up by the AOM, thereby resulting in
a bidirectional by-product cross-feeding between AOM and NOB(219).

Unidirectional cooperative cross-feeding is a possibility that only exists theoretically
(Fig. 1C). In reality, however, mutants that produce metabolites without being rewarded
for the increased investment are strongly selected against and thus should exist likely
only transiently.

Bidirectional cooperative cross-feeding involves interactions, in which each of two
partners produces a costly metabolite that benefits the respective other type (Fig. 1D).
Unfortunately, due to a lack of the corresponding evolutionary ancestors from which a
given interaction evolved, it is usually difficult if not impossible to infer cooperative
cross-feeding in natural microbial populations: control genotypes not showing the focal
interaction would be needed as a baseline, against which genotypes displaying a
cooperative investment can be compared. This is why the best-studied examples come
from laboratories, in which this type of interaction has been synthetically engineered.
One of these synthetic cross-feeding systems has been generated by gene deletions in E.
coli (102). The first deletion rendered the cells dependent on a certain amino acid for
growth, while the second deletion increased production of the metabolite required by the
respective partner for growth. Monocultures of each genotype were unable to grow and

amino acid overproduction resulted in a significant fitness cost for the corresponding
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mutants (102). In coculture, however, both types were significantly fitter than the
corresponding WT, from which all mutants were generated.

The last type of interactions resulting from this classification scheme is a special case
called by-product reciprocity (Fig. 1E) (220, 221). This interaction represents a mixed
case, in which one partner produces a costly metabolite to benefit its corresponding
partner (i.e. a cooperative act), yet receives metabolic by-product in return. In this case,
the cooperative individual produces the costly metabolite to increase the amount of by-
product it obtains from its partner. Such an instance of cross-feeding has been observed
in experimental cocultures of Salmonella enterica ser. Typhimurium and E. coli, wherein
E. coli depended on S. enterica for methionine, while S. enterica consumed metabolic
by-products released from E. coli (158). When both strains evolved in coculture,
S. enterica started to produce significantly higher amounts of methionine as compared to
evolved monocultures of S. enterica (158). In other words, S. enterica started to actively
invest in methionine production to maximize the amount of metabolic by-products it

obtained from its partner.

2.3 Ways to study cross-feeding interactions

In the following two sections, we will provide an overview over different
methodological approaches that have been employed to identify and characterize

metabolic cross-feeding interactions in bacteria (Fig. 2).
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Figure 2: Experimental identification of metabolic auxotrophies and obligate cross-
feeding interactions. (A) Samples obtained from natural environments are plated on
selective minimal medium agar plates. Auxotrophic genotypes (shown in red), whose growth
depends on an external supply of metabolites such as amino acids, vitamins, or nucleotides,
can be identified by comparing their growth on metabolite-supplemented and
unsupplemented medium. (B) Isolated strains (indicated in orange and green) are subjected
to different diagnostic growth conditions to characterize the type of cross-feeding
interaction, in which they engage. Both genotypes are first grown in a minimal medium that
is supplemented with components to allow growth of a pre-culture. This culture is then
exposed to three growth conditions: (i) centrifugation and filtration to obtain a cell-free
supernatant, (ii) inoculation as a monoculture in unsupplemented minimal medium, and (iii)
inoculation as a coculture with the second genotype in unsupplemented minimal medium.
The cell-free supernatant of one genotype serves as the culture medium for the second
genotype. By quantifying the growth of each genotype in each condition (+ = growth, - = no
growth) and comparing the growth between conditions (size of the correspondingly coloured
circles), the type of cross-feeding interaction can be identified. Besides the directionality
(uni- or bidirectional), it can also be determined whether nutrients are exchanged via a
transfer through the extracellular environment (white arrow between cells) or in a contact-
dependent manner (black lines connecting cells).
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2.3.1 Culture-dependent approaches

Isolating bacteria from environmental samples on agar plates and observing their
growth patterns are classical microbiological techniques to study cross-feeding
interactions. For this, environmental samples (e.g. soil, water, animal gut) are collected.
Next, bacteria are isolated and purified on suitable agar plates that are often composed of
a rich growth medium to also allow cultivation of strains with complex nutritional
requirements. Finally, the isolated strains are either grown in monoculture or together
with different partners in defined minimal growth media. Finding that some of the
isolated strains can only grow in coculture yet not alone, is strongly pointing towards
metabolic interactions (Fig. 2) (222). Subsequently, the isolated partners and the
exchanged compounds can be identified by genomic and chemical analyses,
respectively.

Sequencing, the whole genomes of the isolated strains and/ or manipulating their
genome (e.g. by mutagenesis) can shed further light on the molecular basis of the
observed interaction. Intrinsic problems of this type of approaches are that only a
fraction of the bacteria that were actually present in an environmental sample can be
isolated and cultivated under laboratory conditions (see section 4.5). Moreover,
conditions that bacteria face in nature (e.g. spatial structure of soil particles, availability
of specific nutrients, pH, etc.) are difficult to simulate under laboratory conditions.
Moreover, mixing a certain number of different strains in all possible combinations of
pairwise cocultures (222, 223) might bring together strains that would not meet in their
natural habitat, thereby biasing the view on the true spectrum of existing interactions.
Nevertheless, culture-dependent approaches have provided valuable insights into the rich
diversity of metabolic interactions that exists within microbial communities (Fig. 2,
Table S1 — see supporting information for chapter 1) (224-227) and should be seen

complementary to the so-called culture-independent approaches.

2.3.2 Culture-independent approaches

The development of various meta-omics techniques revolutionized the study of
microbial communities, because it allowed to also include prokaryotes that cannot be
cultivated under laboratory conditions. Many studies using these approaches predicted
metabolic cross-feeding interactions among community members through sequencing
and annotating the metagenome of the community or the whole genome of individual

clones (55, 228-230). Moreover, the combination of selective staining methods (e.g.

37



fluorescence in-situ hybridization (FISH)) with high-resolution microscopic techniques
affords to analyse spatial arrangements within microbial communities, and thus use close
spatial proximities as an indicator for possible metabolic interactions (54, 231, 232). On
the other hand, comparing changes in the transcriptomes of cells in mono- and cocultures
(using microarray, RNA-Seq; Table S1) provides a powerful tool to qualitatively analyse
ecological interactions between two bacterial genotypes. The up-regulation of genes in
coculture, which are involved in the production of certain metabolites, hints at a possible
exchange of these compounds (224, 233, 234). The next step is usually the chemical
identification of the exchanged metabolites in the cell-external environment using mass-
spectrometry- or NMR-based approaches (235-237).

The major advantage of culture-independent approaches is that they provide
hypotheses without the laborious and potentially biased isolation of environmental
microorganisms. A downside, however, is that these techniques strongly depend on the
quality of both the extraction process (i.e. DNA, RNA, or proteins) and the obtained
reads. Furthermore, divergent sequences, the presence of metabolic enzyme homologs,
and promiscuous enzymes with yet uncharacterized catalytic capabilities could lead to a
potential overestimation of metabolic dependencies. As a consequence, the performed
studies mainly provide hypotheses that need to be verified in subsequent experiments.
Thus, many recent studies combine culture-dependent and independent approaches as
complementary techniques to capture a more holistic picture of the microbial community
(224, 233, 238).

2.4 Distribution of cross-feeding interactions in nature

How prevalent is metabolite cross-feeding in nature? To address this question, we
have screened the available literature for cases, which experimentally demonstrated
cross-feeding of building block metabolites using natural isolates (Table S1). In total, 77
studies were included that reported about 135 different interactions covering the period
of 1952 to 2016. The metabolites identified in these studies were divided into the
following six main categories: carbon source, nitrogen source, amino acids, nucleotides,
vitamins, and others (i.e. phosphorus, iron, or organic compounds). Hormones, growth
factors, or electron exchange were deliberately excluded from the analysis.

The results of this meta-analysis indicated that metabolite cross-feeding is indeed very
common both among different bacterial species and between bacteria and members of

other kingdoms including archaea, fungi, animals, protists, and plants (Fig. 3).
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Moreover, cross-feeding of different molecules (Fig. 3B) was remarkably diverse with
regards to the lifestyle of the involved partners and the habitats, in which the interaction
occurred (215, 232, 239-242) (Table S1). Another insight that emerged from this
comparative analysis was that in many cases, interacting bacterial cells tended to be
localized in close spatial proximity, presumably to facilitate an exchange of metabolites
(54, 231). In general, photosynthetic and nitrogen-fixing organisms commonly traded
carbon and nitrogen respectively against other commodities (237, 243, 244), which
represents a major input of these fundamental elements into the global biochemical
cycles.

Strikingly, the nature of the exchanged metabolites drastically depended on the
corresponding partner, with which bacteria interacted (Fig. 3C). For example, plants and
protists tended to mainly provide bacteria with (assimilated) carbon (245-247). In return,
bacteria commonly supplied plants with nitrogen (245) and algae with vitamins, which
~50% of all algal species cannot produce autonomously (248). In general, bacteria are an
important source of nitrogen for fungi, protists, plants, and animals. Animals commonly
provide shelter and food to bacteria (e.g. in the gut (242)), while receiving a wide range
of the metabolites including amino acids and vitamins in return. Interestingly, based on
the collected data, bacteria are the only partner who cross-feed nucleotides either with
other bacteria (229) or with members of other kingdoms (234).

Our literature survey also revealed that some specific types of cross-feeding
interactions attracted more research attention than others. It is important to keep in mind
that this pattern does not reflect an increased prevalence of these interactions in nature.
For example, cross-feeding between Streptococcus and Lactobacillus has been
extensively studied during the last decades, because of the biotechnological interest in
these strains that are used in dairy production. On the other hand, many interactions
remain likely undiscovered, because of a lack of scientific inquiry or because technical

difficulties thwart the isolation and analysis of partners involved.
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Figure 3: Prevalence of metabolic cross-feeding interactions. Data is the result of a
meta-analysis of 78 studies that included 135 different cross-feeding interactions (Table S1).
(A) Metabolic cross-feeding interactions (edges) between bacteria (n=68). Bacteria from the
same order are summarized in nodes and nodes are grouped by the respective phylum.
Numbers within nodes represent instances of within-order cross-feeding interactions. The
thickness of edges indicates the number of different metabolites that are exchanged. (B)
Interactions between bacteria and organisms from other kingdoms (n= 67). Edge thickness is
scaled as in (A) and its colour corresponds to the partner that is producing the exchanged
metabolite. (C) Percentage of specific metabolite classes that are either received (upper half)
or produced (lower half) by bacteria in cross-feeding interactions relative to the total number
of cases in each category (n=135).
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2.5 Mechanisms of metabolite transfer

Given that cross-feeding is so common in the microbial world (Fig. 3, Table S1), the
question arises how metabolites are transferred between bacterial cells. Considering the
large variety of bacterial lifestyles (e.g. biofilm growth versus planktonic cells,
endosymbionts versus free-living bacteria) as well as the structural diversity of
metabolites that can be exchanged, it is likely that bacteria use different mechanisms to
transfer material from one cell to another one. Modes of metabolite exchange can be
classified into contact-independent and contact-dependent. In this context, contact

denotes a direct physical connection between two or more interacting cells.

Contact-dependent Contact-independent

H Cell-cell surface = A Passive
contact diffusion
4

B Active
transport

G Flagella-
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structure

c Outer-inner
O membrane
vesicle
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E Vesicle D Outer

F Nanotube ; .
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Figure 4: Mechanisms of metabolite transfer. Molecules can be transferred from one
cell to another one using (A-D) contact-independent- or (E-H) contact-dependent means of
cross-feeding in bacteria. Contact-independent mechanisms that are based on the diffusion
through the extracellular environment require a release of the exchanged molecule by (A) a
passive diffusion across the cellular membrane(249-251) or (B) an active transport of
molecules via membrane-based transporters(252, 253). Alternatively, chemicals can be
transferred via membrane vesicles with (C) a bilayer formed of the outer and inner
membrane (254, 255) or (D) a single membrane(86). A contact-dependent exchange of
metabolites between two cells can be mediated by (E) outer membrane vesicles that link to
form a chain(87).or (F) intercellular nanotubes that allow an exchange of cytoplasmic
contents (83, 84). Moreover, also (G) flagella-like structures (80, 214) or (H) a direct surface
contact (81, 82) can facilitate the exchange of metabolites between cells.

2.5.1 Contact-independent mechanisms

Planktonic cells use various mechanisms to exchange metabolites via the extracellular
environment (Fig. 4A-D). A metabolite transfer via the surrounding medium can result
from an intentional or unintentional release of the focal metabolite into the environment,

or alternatively, through the budding-off of vesicles that contain the exchanged good. By
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secreting a metabolite into the surrounding, it is made available to all neighbouring cells.
Such a so-called public good can, however, cannot only be used by the intended
recipient (e.g. other cooperative cells), but also by other, non-cooperating genotypes in
the surrounding. Another disadvantage of this mode of transfer is that the released
metabolite might be chemically altered (39, 256), degraded (257, 258), or be lost by
diffusion. An alternative transfer mechanism that can help to solve some of these
problems is to exchange membrane vesicles that contain the traded commodity. Such
vesicles not only protect the transported molecules, but potentially also allow for a more
specific and targeted exchange (259).

Passive diffusion

The process of passive diffusion includes the passage of molecules through the cell
membrane, often along concentration gradients and without the involvement of ATP
(Fig. 4A). This type of exchange is commonly observed for small molecules like
hydrogen, formate, potassium, volatile compounds like methanol (260), as well as
metabolites like vitamins (246), acetate (261), amino acids, and intermediates of the
TCA cycle (e.g. 2-ketoglutaric acid, gluconate) (262). Metabolites that are transferred in
this way are often released as a result of overflow metabolism (213), thus giving rise to
interactions, in which by-products are being exchanged.

In this type of interactions, the speed of diffusion limits the exchange of
metabolites and thus the growth of both interacting partners. For instance,
Syntrophomonas wolfei and Methanobacterium formicium exchange either hydrogen or
formate as an electron carrier depending on the spatial distance between cells (249).
Close proximity promotes electron transfer via hydrogen, because of its rapid diffusion

through the medium, whereas formate is used for longer-distances (250).

Active transport

Molecules that require an active transport are usually unable to cross the bacterial
membrane due to their molecular weight, charge, or polarity. Examples include some
amino acids (263), siderophores (264, 265), enzymes (266), polymers (267, 268), and
vitamins (18). In these cases, the exchanged molecule needs to be exported into the
extracellular environment, involving energy-dependent transport systems such as the
ATP-binding cassette (ABC) transporter family (269) or the phosphotransferase system
(270). Also, corrinoids, a group of compounds, which consist of four pyrrole rings, fall
into this category (18). Both gram positive and gram negative bacteria feature specific

transporters for corrinoids (i.e. BtuFCD and BtuBFCD, respectively) (252). Cobalamin
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(i.e. vitamin Byy) is such a corrinoid, which is actively transported through the bacterial
membrane. Cobalamin and its analogues have been identified in human faeces and are
likely produced by members of the gut community. However, not all prokaryotes in the
human gut can synthesize cobalamin. For instance, Bacteroides thetaiotaomicron
contains multiple transporters for the uptake of externally available cobalamin(253),
suggesting corrinoid cross-feeding in the gut.

Vesicle-mediated transport

Membrane vesicles (MVs) are small, spherical encapsulations that form via protrusion
of the outer membrane and subsequent pinching off from the cell (271-273) (Fig. 4 C,D).
For this reason, MVs consist primarily of outer membrane material (i.e. proteins,
lipopolysaccharides, phospholipids) and encapsulate periplasmic components such as
proteins (274-277), enzymes (48, 278, 279), nucleic acids (280), or signalling molecules
(281, 282). In addition, bacterial MVs are well-known shuttles for communication
signals, which are especially common in pathogenic bacteria (272, 275, 283). As such,
MVs provide an enclosed, protected environment for the exchanged molecules from the
external chemical milieu.

Currently, two types of membrane vesicles are known from bacterial isolates. The first
and most common type are outer membrane vesicles (OMVs). The second kind of
vesicles is called outer-inner membrane vesicles (O-IMVs). These O-IMVs are formed
by the protrusion of both the inner and outer membrane and contain cellular contents,
especially nucleic acids (254). O-IMVs have been detected in Shewanella vesiculosa,
Pseudomonas aeruginosa, Neisseria gonorrhoeae, and Acinetobacter baumanii (255).

Membrane vesicles are common and produced by a variety of different bacterial
species. Until recently, research on MVs has mainly focussed on their role in
transporting virulence factors from bacteria to host cells. Hence, little is known on
whether MVs are also involved in transferring nutrients between bacterial cells. An
exception is a study, in which the marine cyanobacterium Prochlorococcus was shown
to release large quantities of OMVs (86). Besides DNA and RNA, OMVs also contained
protein, which supported the growth of other marine bacteria such as Altermonas sp. and
Halomonas sp., indicating cross-feeding of organic carbon. More work is necessary to

fully evaluate the role of MVs as a means to shuttle nutrients between bacterial cells.
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2.5.2 Contact-dependent mechanisms

Contact-dependent means of metabolite transfer are per definition based on a physical
contact between interacting cells and in some cases, involve dedicated structures to
shuttle materials from one cell to another one. Thus, these types of mechanisms require
not only an increased energetic investment to establish these structures, but also a
strategy to find and connect to suitable interaction partners. General advantages of this
mode of transfer are that the exchanged molecules are protected from the extracellular

milieu and that interactions partners can potentially be specifically chosen.

Vesicle chains

OMVs are not only used as transporting agents themselves, but also as building block
materials to establish cell-cell conduits (Fig. 4E). For instance, predatory bacteria of the
species Myxococcus xanthus link multiple individual membrane vesicles together to
from so-called vesicle chains (87). The MVs within these chains contain lipids, sugars
(fucose and mannose), carbohydrates (N-acetylglucosamine and N-acetyl-
galactoseamine), and certain proteins that are required for coordinated movement (CglB
and Tgl) (284). Vesicle chains provide an intercellular network for material transport.
The molecular details, however, of how materials are transported within these

interconnected vesicles remain unknown.

Nanotubes

Advancement in imaging techniques to study cocultures of interacting bacteria has led
to the discovery of several structures that might be used to transfer cytoplasmic materials
between bacterial cells (Fig 4F). For example, unshaken cells of Bacillus subtilis, for
example, use nanotubes for shuttling cytoplasmic proteins and plasmid DNA to cells of
the same or different bacterial species (84, 85). These tubes were observed to connect
neighbouring cells (intercellular nanotubes) as well as extending from cells into the
surrounding (extending nanotubes) (85). The membranous envelope of these structures
was found to be constricted at certain points, giving the tube a sequential, bead-like
appearance with a continuous lumen that is similar to the abovementioned vesicle chains
(85). In another study, nanotubes were found to be used to transport essential amino
acids between auxotrophic genotypes of E. coli that have been incubated under shaking
conditions (83). Here, intercellular connections consisted of membrane-derived lipids,

showed a continuous lumen, and were used to transport cytoplasmic materials between
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bacterial cells of the same or different species. In both nanotube-forming species (i.e.
B. subtilis and E. coli) it remains unclear whether interaction partners are actively chosen
(e.g. by receptors on the cell surface or chemotaxis) or if cell-attachment is unspecific

(e.g. mediated by non-specific adhesins or sticky polymers).

Flagella-like filaments

A contact-dependent exchange of metabolites does not always rely on dedicated
structures such as membrane vesicles or nanotubes, but can also be facilitated by already
existing structures that are repurposed (Fig. 4G). The fermentative bacterium
Pelotomaculum thermopropionicum was shown to form aggregates when cocultured
with the methanogen Methanothermobacter thermautotrophicus to facilitate the transfer
of hydrogen (80). Analysis of these aggregates indicated that flagella were mediating
this interaction (214). Gene expression analysis confirmed that binding of a flagellin
protein (i.e. FliD) induced an up-regulation of genes for enzymes involved in
methanogenesis. Thus, the flagellum is not only used to ensure physical proximity, but

also to synchronize the metabolism of both interacting partners.

Cell-cell contact

The formation of extracellular appendages like nanotubes likely represents a
significant cost to nutrient-limited cells, which should be avoided by cross-feeding
bacteria. When cells are in a close physical contact such as within multicellular
aggregates, the metabolite exchange is likely assisted by direct membrane contact
(Fig. 4H). The green sulfur bacterium Prosthecochloris aestaurii for example is
photoautotrophic, yet requires an electron donor to grow. The latter can be provided by a
heterotrophic partner such as Geobacter sulfurreducens (81), which supports growth of
P. aestaurii when both partners show an intimate cell contact. Additionally, a trans-outer
membrane cytochrome complex in G. sulfurreducens was shown to be essential for
cross-feeding of electrons. Another case of direct cell contact mediating an exchange of
cytoplasmic materials was observed in a synthetic consortium of Clostridium
acetobutylicum and Desulfovibrio vulgaris Hildenborough (82). In these cocultures,
D. vulgaris could grow despite its inability to grow in monoculture. Differential
labelling of cytoplasmic membrane and the peptidoglycan showed the absence of the

peptidoglycan layer in the region of cell contact (82).
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3 The evolution and maintenance of metabolic cross-feeding interactions

The reported ubiquity of metabolic cross-feeding interactions in bacteria raises a
fundamental question: Why should bacterial cells start to actively invest resources to
benefit other, potentially unrelated individuals? Natural selection predicts that organisms
should maximize their fitness at the expense of others. How does this reconcile with an
exchange of biosynthetic products that, in many cases, incurs significant fitness costs to
the producing cell. For cooperative interactions, such as an exchange of costly
metabolites, evolutionary theory predicts strategies should be favoured that reap
cooperative benefits without reciprocating (45). These non-cooperating types, which
utilize exchanged metabolites without contributing to their production, gain a significant
fitness advantage over cells carrying this burden. Ultimately, the short-term advantage
gained by non-cooperators can, at least theoretically, result in an extinction of
cooperating genotypes (61, 285) ,thus representing a permanent threat to the existence of
cooperative cross-feeding interactions. Consequently, a theory to solve this so-called
tragedy of the commons needs to not only explain the emergence of reciprocal cross-
feeding interactions, but also to provide mechanisms that can help explain the
persistence of these cooperative relationships in the long-run.

The problem, however, is multi-faceted, since different levels of biological
organization can affect the dynamics of cross-feeding interactions in different ways. This
is because cross-feeding interactions are strongly influenced by, for example, (i) the
mode of function and regulation of the individual enzymes involved in the biosynthesis
of the exchanged metabolites, (ii) the cellular allocation of limited resources (e.g.
nutrients, expression machinery, space) to the cellular functions that are required for the
cross-feeding interaction, as well as (iii) the biotic composition of the bacterial
community that determines the frequency of potential producers and consumers of
exchanged metabolites. Also features of the ecological environment like i) the
diffusibility of chemicals, (ii) the availability of nutrients, or (iii) the degree of spatial
structuring will decide about the evolutionary fate of a metabolic cross-feeding
interaction.

Hence, understanding the evolutionary trajectories that lead to obligate cross-feeding
interactions requires the identification of the metabolic, physiological, and ecological
factors enabling metabolite exchange as well as the evolutionary mechanism stabilising

these interactions in the bacteria’s natural environment.

46



3.1 Metabolic factors

3.1.1 Economics of microbial metabolite trade

Any biosynthetic function that consumes resources incurs a metabolic cost to the cell,
because the used resources are not available anymore for other cellular processes. In
general, bacterial cells face the problem to optimally allocate limited resources to
different cellular functions (286). One particular resource allocation problem is the
distribution of fluxes (i.e. the rate at which a metabolic substrate is converted to a
specific product) through the metabolic network to optimally provide building block
metabolites like amino acids, nucleotides, or lipids for cell growth (287). The
biosynthesis of each of these metabolites has a metabolic cost that depends on the
resource requirement of the corresponding biosynthetic pathway. As cellular resources
and available nutrients in the environment are usually limited, the anabolism of a
bacterium is closely linked to its fitness (169). As a consequence, a resource-efficient
and tightly controlled metabolite production is vital for an organism to successfully
compete with other co-occurring species for limited resources. In the case of cross-
feeding interactions, each of the two interacting partners invests parts of its resources
into the production of shared metabolites. A potential explanation that can account for
this behaviour is a division of metabolic labour: the costs for producing increased
amounts of metabolites to allow growth of interaction partners may be less than the
energy saved for not having to produce other metabolites that each cell receives in return
(102).

This situation strongly resembles trading interactions in human societies and there is
growing appreciation in the scientific literature that the advantage of metabolic trade in
bacterial communities can be assessed by applying economic models (288),(289). One
particular useful concept to investigate biochemical interdependencies between
microorganisms is the theoretical framework of comparative advantages. In 1814, David
Ricardo developed this economic theory to explain how two countries could benefit from
international trade (290). Comparative advantages can quantitatively explain how the
resource costs to produce required goods (e.g. metabolites) can translate into mutual
benefits if two parties (e.g. different bacterial species) engage in trade of the respective
goods (Fig. 5). Hence, such comparative advantages are likely important preconditions

for the evolution of specialisation and cooperative biological trade (289).

47



Autonomy

nt A A, Figure 5: Economics of microbial metabolite
trade and the role of comparative
X y advantages. The scheme depicts the
consequences on cell growth resulting from two
opposing metabolic  strategies, metabolic
autonomy (above) and metabolite trade (below),
in the presence of comparative advantages. Two
bacteria (x and y) require two metabolites (red
b e A A, and blue) for cell growth. Each organism uses a
different substrate from the environment and is
Yy able to produce each metabolite from the
respective substrate. Both organisms differ in
their metabolic costs to produce the two
metabolites: bacterium x requires 3 units of its
substrate to produce 1 unit of the red metabolite and 1.5 units substrate to produce the blue
metabolite. In contrast, bacterium y requires 0.5 units of its substrate to produce the red
metabolite and 1 unit substrate to synthesise the blue metabolite. Hence, organism y has an
absolute advantage to produce both the red and the blue metabolite, as it requires less units
of resources to synthesize them compared to bacterium x. However, organism x has a
comparative advantage to produce the blue metabolite, because it can produce twice as many
blue as red metabolites when it reallocates all resources from the production of red
metabolites to the synthesis of blue. Analogously, organism y has a comparative advantage
to produce the blue metabolite over the production of the red metabolite. Let us assume that
red and blue metabolites are required in equal quantities for cell growth. In case of metabolic
autonomy, bacterium x requires 9 units of its resource to produce 2 units each of the red and
blue metabolite. y requires 3 units of its resource to produce the same amounts. If each
organism specialises for the biosynthesis of the metabolite for which it has the comparative
advantage (x: blue, y: red) and trades half of the produced metabolites with the other
organisms, each organism can dedicate 50% more of each metabolite to its growth, while
consuming the same amount of resources. Thus, the trade of the red and blue metabolites can
be mutually beneficial to both organisms. Adapted from (288).

Trade

Exchange

Also, trade-offs in the cellular metabolic networks of single organisms could explain
the benefits of metabolite exchange between different cells. Metabolic trade-offs occur if
improving the metabolic cost efficiency of one metabolic process or pathway (e.g. due to
adaptations) is coupled with increased costs for a different process. Such biochemical
conflicts are known to play a central role in the evolution of specialisation (291) and
several trade-offs have been identified for a wide range of different metabolic processes
in bacteria (for a recent review see Ferenci, 2010 (292)). Thus, trading metabolites may
allow bacteria to increase resource efficiency by segregating conflicting metabolic

pathways into separate cells (293).
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3.1.2 Molecular basis for comparative advantages and biochemical conflicts in
metabolite production

Several studies stress the importance of metabolic trade-offs (16, 19, 291) and
comparative advantages (288, 294) for the adaptive evolution of cooperative cross-
feeding interactions. However, what molecular mechanisms could cause trade-offs
and/or comparative advantages in metabolite production within bacterial communities?
Quantitative fitness consequences of metabolic trade in synthetic bacterial communities
are often explained by the architecture of the underlying metabolic network or the
topology of the corresponding biosynthetic pathway (174, 216). This is because the
structure of a species’ metabolic network, which determines its ability to produce a given
metabolite from available substrates (Fig. 6), is known to determine metabolite
production costs (295-297).

Molecular causes of comparative advantages

Differences in the architecture of metabolic networks and/ or different resource
preferences between bacterial species can entail different costs for metabolite
production. This can cause reciprocal comparative advantages that can promote the
evolution of cross-feeding interactions. Since different species often differ in the
structure of their metabolic network, it is likely that these species also differ in their
biosynthetic costs to produce different metabolites (298). Hence, reciprocal comparative
advantages likely exist between phylogenetically distant species, which also differ in the
structures of their metabolic networks (288).

Another possibility of how the metabolic network structure can generate comparative
advantages is different substrate preferences among bacteria. Coexisting bacterial
species frequently utilise a distinct sub-set of carbon sources that are available in the
environment (57, 299). Different carbon sources often enter the metabolic network at
different locations (Fig. 6B). It has been shown that the point, at which a carbon source
enters the central metabolic network, strongly affects the distribution of metabolic fluxes
(300, 301) and, in this way, also the production costs of individual amino acids (296).
Hence, a consequence of diverse carbon source preferences is that one species of the
bacterial community can have a comparative advantage in the biosynthetic cost
efficiency of a specific set of metabolites over another species, which in turn has a

comparative advantage in the production of another set of metabolites (Fig. 6C).
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Figure 6: Possible advantages of metabolite cross feeding. (A) Cross-feeding interaction
of two metabolites (blue and red triangles) between two different bacterial strains x and y.
Each strain uses a different growth substrate (black square/ hexagon). (B) Scheme of the
central metabolic networks including glycolysis, Pentose Phosphate Pathway (PPP), and
TCA cycle. The two distinct substrates enter the metabolic networks at different positions.
The reactions that are significantly involved in the chemical transformation from the
substrate to the exchanged metabolites are highlighted in blue or red, respectively. Gear
wheels denote the biosynthetic machineries (i.e. enzymes) that utilise precursor metabolites
from central metabolic pathways for the production of the focal metabolites. (C) Schematic
diagram of the differences of metabolic costs to synthesize the blue and red metabolites
between the different strains. (D) Growth and fitness consequences of metabolic trade. The
effect of metabolic trade for strain x is thus a function of the benefits  for not having to
synthesise the red metabolite minus the costs  that are associated with the overproduction of
the metabolite that is produced to cover the demand of strain y. The fitness/growth effect of
the cross-feeding interaction for strain y is determined by the benefits B that y receives by
not having to synthesise the blue metabolite minus the costs & to synthesise the red
metabolite for strain x.
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Comparative advantages can also arise in bacterial communities due to spatial
structure. In a spatially structured bacterial population, cells may experience unequal
access to different resources due to a heterogeneous distribution of chemicals on a
micro-scale (302). For instance, in bacterial biofilms, nutrients are mainly accessible for
cells residing close to the surface. In contrast, excreted metabolic by-products are likely
enriched in the inner part of the biofilm and therefore more available to cells that dwell

in the subsurface (302, 303). In fact, it has been observed for a variety of different
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biofilm-forming bacteria that cells exhibit distinct metabolic phenotypes depending on
their positioning within the biofilm and thus, the local environmental conditions to
which cells are exposed (304). Such differences in metabolic phenotypes may cause
reciprocal comparative advantages in the production of different metabolites that can
promote cross-feeding interactions between different cells within the biofilm.

However, heterogeneity in metabolic phenotypes within bacterial populations is not
limited to spatially structured environments or species with different genetically
determined metabolic capabilities. Phenotypic heterogeneity can also arise in
homogenous environments (305, 306), which in turn can give rise to reciprocal
comparative advantages between different phenotypes, thereby promoting a cooperative
exchange of metabolites. Bacterial populations frequently display heterogeneity, where
two essential metabolic functions are partitioned between two subpopulations.
Prominent examples are nitrogen fixation and photosynthesis in cyanobacteria (307) or

acetate and acetoin production in Bacillus subtilis populations (308).

Molecular causes of biochemical conflicts

Biochemical conflicts between two metabolic functions commonly arise due to
resource allocation trade-offs (292). Different metabolic functions usually compete for
the same cellular resources, e.g. the same precursor metabolites, ATP, or the use of the
cellular transcription-/ translation machinery (295). Importantly, resources that are
consumed by one metabolic function are not available anymore to another one. Thus, the
metabolic flux through one pathway might limit the activity of other metabolic processes
(309, 310). Segregating such antagonistic biochemical processes into different bacterial
cells can resolve the biochemical conflict between them (291).

The above-mentioned examples illustrate that comparative advantages as well as
biochemical conflicts in metabolite production between co-occurring organisms are
prevalent in natural bacterial communities and are thus important determinants for the
evolution of cooperative metabolite exchange. While biochemical conflicts and
comparative advantages can explain the mutual fitness benefit that results from
metabolic cross-feeding interactions, it is important to note that in isolation they are not
sufficient to explain the evolution of cooperative interactions, since they do not provide a
mechanism to prevent the exploitation of exchanged metabolites by non-cooperating
cells (see 3.4).
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3.1.3 Metabolite leakage: the first step towards the evolution of metabolic interactions

Many metabolic functions are leaky, which means that the products of these
biochemical transformations are released into the extracellular environment, thus making
them available to other cells (311, 312) (Fig. 7A,B). Metabolite leakage can facilitate the
evolution of unidirectional by-product cross-feeding interactions as well as metabolic
interdependence (Fig. 7A). This is because neighbouring cells can take advantage of the
released resource, thus saving the costs of producing these metabolites autonomously
(see section 3.1.4). Cells, which use the metabolic by-products of other cells, adjust their
metabolism by redistributing metabolic fluxes, which in-turn can cause leakage of other
metabolites. The resulting mosaic of different metabolic strategies potentially provides

the basis for the emergence of new metabolic dependencies (Fig. 7B,C).
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Figure 7: Hypothetical model to explain the
evolution of cooperative metabolic cross-feeding. (A)
Initially, each of two strains have the metabolic capacity
(gear wheels) to synthesize the two growth-required
metabolites (red triangles and blue circles). Besides the
biosynthesis for cell growth, both strains release a fraction
of the produced metabolites into the environment (i.e.
metabolite leakage, see section 3.1.3). (B and C)
Metabolites that are released as by-products are available
to neighbouring cells. Losing the capacity to synthesize
one of the focal compounds and use environmental pools
instead (empty arrows) provides a growth advantage (see
section 3.1.4) and thus results in the establishment of (B)
unidirectional and eventually (C) bidirectional cross-
feeding interactions. (D) When by-products are
reciprocally exchanged, one partner can benefit from
unilaterally increasing its metabolite production (filled
arrow), because it automatically increases the amount of
metabolic by-products (here: blue metabolite) it receives
in return. (E) Cooperative cross-feeding interactions
emerge if each of the involved organisms starts to actively
invest resources into metabolite production to benefit the
respective partner. Benefits received by the organisms in
each step are indicated by increasing cell size.
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3.1.4 Emergence of by-product cross-feeding through gene loss

Loss or deactivation of a metabolic gene by mutation can render the survival of the
resulting auxotrophic mutant contingent on an environmental supply of the focal
metabolite. Potential sources for this metabolite are besides decaying organic matter,
mainly other eukaryotic (313-315) or prokaryotic organisms in the mutant’s environment
(316-318). Thus, the mutational loss of a conditionally-essential biosynthetic gene is a
key step towards the establishment of an obligate metabolic cross-feeding interaction
(Fig. 7B).

Auxotrophies are common in nature

In nature, bacterial genome sizes vary greatly (319) ranging from the largest genomes
of about 14 Mb (i.e. Sorangium cellulosum) (320) to the smallest known genomes of
0.16 Mb (i.e. Candiatus Carsonella) (321). The lower end of this spectrum includes
many genomes, which are significantly smaller than the estimated minimal genome size
for autonomous bacterial growth and survival of ~400 kb (321). Interestingly, even
seemingly identical members of the same bacterial species can differ greatly in their
gene repertoire (322, 323). Observation of this recurring pattern in several bacterial taxa
like Salmonella, Escherichia, and Prochlorococcus has led to the development of a
concept called the pan-genome (324-326). In this framework, all genes that are found in
all isolates/ genotypes of a given species are called the core genome, while genes that are
only present in some genomes are referred to as the pan- or auxiliary genome (325).
Systematic analyses, in which the ability of known bacterial genomes to produce all
primary metabolites a bacterium required for growth was scrutinized, revealed that in
fact 76% of all 949 eubacterial genomes analysed were unable to produce at least one of
25 different metabolites (63). Interestingly, the list of predicted auxotrophic taxa did not
only contain endosymbiotic bacteria, but also many bacteria with a free-living lifestyle.

Hence, metabolic auxotrophies are likely common in natural microbial communities.

3.2 Evolutionary mechanisms driving the loss of biosynthetic genes and functions

What drives the loss of biosynthetic functions from bacterial genomes? Two main
evolutionary mechanisms have been suggested to account for these losses: adaptive
advantages and genetic drift. Mutants that have lost the ability to autonomously produce
a certain metabolite can be selectively favoured over metabolically autonomous

genotypes, when the focal compound is sufficiently available in the cell’s environment.

53



Alternatively, even if auxotrophic mutants suffer of a reduced fitness relative to
prototrophic cells, random genetic drift in small bacterial populations (e.g. of a bacterial
endosymbiont) can result in the fixation of these maladaptive mutations on a population-
level. Thus, both the environmental availability of metabolites and the size of bacterial
populations need to be taken into account when explaining the widespread distribution
of biosynthetic loss-of-function mutants in natural microbial communities.

3.2.1 Adaptive loss of biosynthetic functions in metabolite-rich environments

In principle, two evolutionary explanations can account for an adaptive loss of genes.
First, selection is expected to remove a subset of genes from a bacterial genome that
might not be essential in a given environment. Retaining genes that do not contribute to
a bacterial cell’s fitness is costly, because of the burden resulting from the functioning of
the corresponding gene products within the cellular context (327). Moreover, the
expression of unneeded proteins reduces the amount of resources that are available for
other cellular processes (328, 329). This is why mutants that lack these non-required
functions may be adaptively favoured and thus increase in frequency relative to types
that still carry these genes. This process, which is called genome-streamlining (330,
331), can be considered as a way to cellular economization (330, 332). This process
should be particularly important in large bacterial populations, where the effect of
natural selection is very strong (332-334). As a consequence, any fitness-enhancing
mutation including loss-of-function mutations (e.g. deletions, frame-shifts) will be fixed
in the population. Indeed, many free-living bacteria such as Prochlorococcus (335) or
Candiatus Pelagibacter ubique (334), which are oligotrophic and live in aquatic
ecosystems that are relatively nutrient-deficient yet stable in terms of resource turnover
(336), feature genomes of reduced sizes.

The second possibility is that selection favours a loss of biosynthetic functions in
bacteria, when the resulting metabolic deficiency can be compensated by an
environmental uptake of the corresponding compound. Indeed, several laboratory-based
studies with Bacillus subtilis (337), Escherichia coli (63, 68) , and Pseudomonas
fluorescens (338) clearly showed that amino acid auxotrophic bacterial strains gain a
significant growth advantage (i.e. up to 20% relative to their prototrophic counterpart)
when the metabolite they require for growth was sufficiently available in the
environment. What can explain the strong fitness advantage observed in auxotrophic
genotypes? Zamenhof and Eichhorn (1967), who first described this phenomenon,

suggested that when the metabolite is present in the extracellular environment, bacteria
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that shut down their endogenous machinery to produce the metabolite gain a selective
advantage over prototrophic cells, because they save the costs associated with producing
the metabolite (337). Costs that could be saved by auxotrophic bacteria include (i)
energetic costs that are required to drive biochemical reactions (295, 297), (ii) ribosome
costs that accrue for building the translational machinery (328, 339), (iii) protein costs
that stem from the need to produce the biosynthetic protein machinery (339), as well as
(iv) carbon costs that result from the allocation of raw materials to produce the focal
metabolite (296). All in all, a significant proportion of a bacterial cell’s energy budget is
allocated to amino acid biosynthesis (297). Given that many natural habitats of bacteria
are rich in metabolites that bacterial cells require for growth (e.g. amino acids (340,
341), vitamins (342), and nucleobases (343)), it appears plausible that natural selection
may favour auxotrophic mutants that save the costs of metabolite production in these
environments.

Compelling evidence for the importance of natural selection for driving gene loss in
bacteria comes from several evolution experiments (327, 344). Lee and Marx (2012)
found that non-essential, accessory genes were frequently lost from almost 80 % of
evolving Methylobacterium extorquens AM1 populations that adapted to minimal
medium (344). In this case, gene loss was accompanied by an increase in fitness,
suggesting that selection favoured the loss of unneeded genes when adapting to a
specific environment (344). In another study, Koskiniemi (2012) tested the fitness
consequences (327) of losing stretches of DNA from the genome of the
bacterium Salmonella enterica and found that fitness-increasing deletions were rapidly
fixed in populations that had been serially propagated in the same nutrient environment.
Furthermore, E. coli populations that were selected in an amino acid-containing
environment frequently lost the ability to autonomously biosynthesize these metabolites,

with the evolved auxotrophies conferring an adaptive advantage (68).

Mutational deactivation versus transcriptional downregulation of metabolic genes

If gene loss is so beneficial, why then do bacteria not downregulate their biosynthetic
machinery when the corresponding product is sufficiently available in the extracellular
environment? In this way, cells could enjoy the benefits resulting from gene
deactivation, yet retain the ability to grow autonomously when external metabolite pools
are depleted. Two main reasons likely explain why a mutational gene loss or

deactivation is likely more important in the context of metabolic cross-feeding

55



interactions than a regulatory inactivation of the same biosynthetic pathways. First, the
ability to sense environmental conditions in order to determine whether or not it is
beneficial to switch from an autonomous metabolite production to an environmental
uptake requires the maintenance of extensive sensory and regulatory machinery. The
production and maintenance of such a system likely requires a significant investment of
resources and these costs would have to be outweighed by benefits resulting from it -
even if the system remains in a certain configuration for extended periods of time.
Second, a cell that is able to switch between an environmental uptake and an
autonomous metabolite production has to be fitter than a cell, which specializes in just
one strategy. A significant factor that works to the disadvantage of a regulation-based
phenotype is the time and energy it takes to switch between both states. Indeed, a
prototrophic genotype of E. coli that was cultivated in a minimal medium only rarely
used environmentally supplied amino acids, while an auxotrophic loss-of-function
mutant of the same genetic background gained a significant fitness advantage from
tapping this resource (63). Even though it is not known at the moment whether the same
pattern is true for other species as well, the above example clearly illustrates that
auxotrophic and prototrophic cells are in different physiological states (83, 345, 346)
and that at least prototrophic E. coli do in the presence of amino acids not transition to

become functional auxotrophs (63).

3.2.2 Random genetic drift

The second main evolutionary mechanism that has been suggested to explain the loss
of biosynthetic genes from bacterial genomes is random genetic drift. In populations of
small size, random changes in allele frequencies can result in the fixation of maladaptive
genes. Accordingly, genetic drift has been suggested to be the main cause for the
extreme genome reduction that is commonly observed in endosymbiotic or endoparasitic
bacteria (316, 347, 348). Several arguments seem to support this interpretation.

First, bacterial populations within host cells are usually small (10-10* cells mI™) and
are subject to repeated reductions in their size (i.e. population bottlenecks) during
transmission from parent host to its offspring (313, 348, 349). A reduction in effective
population sizes (N,) can greatly affect the impact of genetic drift (334, 349). N is the
size of an idealized population that experiences the same magnitude of genetic drift as an
existing population (334, 349, 350). However, this important parameter is difficult to

estimate due to the stochasticity of genetic drift (332, 334). Accordingly, the fixation

56



probability of a mutant allele in a given populations depends on the product of N and s
(i.e. the coefficient of selection) (332, 334). When Ns > 1, the fate of the mutant allele is
primarily determined by selection, whereas when Nes <1, genetic drift determines the
fixation probability of this allele (332, 334, 349, 350). Thus, when N is low, mutations
with deleterious effects can persist and even become fied in the populations (349),
because under these conditions, natural selection is less effective in eliminating
deleterious mutation (332).

Second, intracellular bacteria live in a nutrient-rich and rather constant environment.
Thus, losing essential biosynthetic functions may not be penalized as strongly as is the
case for bacteria living in nutrient-limiting conditions.

Third, reduced or absent levels of recombination in the intracellular environment of
the host significantly restrict the opportunity to purge deleterious mutations (348, 349).
As a consequence, deleterious mutations even in key biosynthetic genes accumulate in
the genome - a process, which has been termed Muller’s Ratchet (332, 348). Given that
deletions of genes from bacterial genomes appear to be much more common than
insertions (331, 351), Muller’s Ratchet is likely an important evolutionary force to
account for gene loss in small bacterial populations. Indeed, Salmonella typhimurium
populations that were repeatedly subjected to single-cell bottlenecks in rich medium
revealed slow-growing phenotypes and auxotrophic loss of function mutants, which the
authors interpret as evidence for an accumulation of deleterious mutations (352).
Overwhelming evidence for the loss of biosynthetic genes from endosymbiotic or
endoparasitic genomes stems from comparative genomic studies (315, 316, 353).
Unfortunately, due to difficulties to cultivate the bacterial strains involved, it is often not
possible to quantify the fitness consequences resulting from gene loss for the
corresponding genotypes. Moreover, it often remains unclear whether drift or selection

caused the observed pattern.

3.3 Consequences of biosynthetic gene loss

3.3.1 Cellular physiology: Optimization of metabolic uptake

The mutational inactivation of a conditionally-essential biosynthetic gene can
profoundly affect the physiology and behaviour of the ensuing auxotrophic genotype.
Many of these changes help the nutrient-deprived cell to cope with starvation for the

focal metabolite. For instance, it has been shown that amino acid auxotrophic E. coli
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strains increase the expression levels of genes associated with cross-membrane transport
of the required metabolite (63, 354)

Moreover, the loss of a biosynthetic gene that causes metabolite starvation is well-
known to trigger a stringent cellular response, which globally reorganizes the
metabolism to economise available resources (345, 354). Another consequence of
auxotrophy-causing mutations, which has been observed in several species, is the
formation of intercellular nanotubes (83, 84) (Fig. 4F). These physical intercellular
connections allow the auxotrophic mutant to derive the focal metabolite from other cells
that are still able to produce the required metabolite. Taken together, the
abovementioned cellular responses to biosynthetic gene loss represent immediate
physiological consequences that promote the evolution of cross-feeding interactions by
either helping to establish unidirectional interactions or by adjusting their own metabolic

processes to efficiently use the exchanged compounds.

3.3.2 Cellular interactions: The emergence of by-product reciprocity

A central step towards the evolution of cooperative cross-feeding interactions is the
transition from pure by-product cross-feeding between two interacting organisms (Fig.
7C) to an interaction, in which costly metabolites are actively produced by one
individual to benefit the corresponding partner (Fig. 7E). This transitional step includes
the so-called by-product reciprocity interactions, where one organism performs a costly
cooperative act such as an enhanced production of a metabolite, which is consumed by
the corresponding partner. The actively overproduced metabolite benefits the recipient
organism by fuelling its metabolic processes. As a consequence of the enhanced
metabolic activity, the recipient organisms release higher amounts of metabolic by-
products, thus benefiting the organisms that perform the cooperative act (Fig. 7D) (25,
355, 356). It is well-known that increasing the metabolic rate of a microorganism (i.e.
population growth) also elevates the amount of metabolic by-products that are released
(25, 203). Thus, for two organisms that reciprocally exchange metabolic by-products,
any mutation that will increase the production levels of the exchanged metabolite in one
of the two partners, will be immediately rewarded by increased return levels. This
automatic feed-back not only stabilizes the costly cooperative investment, but also paves

the way for the evolution of reciprocal cooperative cross-feeding interactions.
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3.4 Evolution of cooperative cross-feeding

The challenge with explaining the evolution of cooperative cross feeding lies in the
fact that cooperation, such as the overproduction of metabolites, is costly. Thus, non-
cooperating free-riders that do not contribute to the production of the traded metabolite
may still benefit from the cooperative interaction. Consequently, whenever both
cooperators and non-cooperators have an equal probability to gain access to the
cooperative public good, natural selection predicts non-cooperative genotypes to
increase in frequency, which may ultimately result in a collapse of the cooperative
interaction (45, 51, 58, 59). Another potential problem in complex microbial
communities is that even if cooperative cross-feeding evolved, the respective genotypes
need to ensure continued interaction with other, metabolically complementary genotypes
(38). Hence, a key question in this context is which evolutionary mechanisms can
stabilize metabolic cross-feeding within and between bacterial species.

An answer to this question needs to take both the ecophysiological intricacies of the
focal interaction as well as its eco-evolutionary context into account (44). For example,
metabolite exchange via diffusion through the extracellular environment intrinsically
imposes several limitations on conditions under which cross feeding can exist. In well-
mixed environments, these so-called public goods should theoretically be equally
available to both producing and non-producing cells (38, 57) and are thus prone to
exploitation. Alternatively, metabolites may be transferred in a contact-dependent
manner (e.g. via intercellular nanotubes (83)), which restricts the access to the
exchanged metabolites. The ecological conditions under which cross feeding between
bacterial genotypes, showing either means of metabolite transport, can be maintained, is

therefore drastically different, and will likely result in different evolutionary outcomes.

3.4.1 Positive assortment

Many different evolutionary mechanisms have been suggested to facilitate the
emergence and maintenance of cooperative interactions in microbial communities (27,
44, 45, 70). Several of these have been identified for other forms of microbial
cooperation than cooperative cross-feeding. However, in many cases, their logic applies
equally well to interactions, in which costly metabolites are exchanged. A major
conceptual advance in the field was the recognition by Fletcher & Doebeli (2009) that
cooperation will be favoured by natural selection whenever mechanisms exist that either

(i) increase the probability that cooperative phenotypes repeatedly interact with other
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cooperators and/ or (ii) decreases the chance of cooperators to encounter non-
cooperators (73). The beauty of this concept, which has been termed positive assortment,
is that it accommodates both interactions within- and between-species. Previously,
intraspecific cooperation was mainly explained by Hamilton’s rule, which predicts that
selection will favour cooperative behaviours, if the benefits to the recipient times the
relatedness between actor and recipient outweigh the costs to the actor (51). The concept
of relatedness, however, does clearly not apply to interactions between different species.

This is why a range of different theoretical models and conceptual approaches had to be

devised for this case (58, 72-78).
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Figure 8: Evolutionary mechanisms promoting the emergence and maintenance of
metabolic cooperation by positive assortment. Red and blue cells represent cooperating
genotypes with halos depicting exchanged metabolites, while black cells indicate non-
cooperating cells. Positive assortment of cooperating genotypes is either achieved by partner
fidelity or partner choice mechanism. Partner fidelity results from limited dispersal in
spatially structured environments or from budding/ fission events of multicellular clusters
(vertical transmission). Alternatively, partner fidelity can be due to permanent associations
between partners, as is the case for endosymbiotic or epibiotic interactions. Partner choice
mechanisms can be direct or indirect, with the former being achieved by detection or
recognition of potential partner cells, while the latter is due to an active discrimination
against unsuitable or non-cooperative cells.
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3.4.2 Mechanisms promoting positive assortment

In the following, we will classify mechanisms that have been previously suggested to
facilitate positive assortment of cooperative phenotypes and which are relevant to the
evolution of cooperative cross-feeding. Our framework divides mechanisms into two
main categories (Fig. 8): i) partner fidelity (i.e. staying together (44))— i.e. mechanisms
that ensure repeated interactions among cooperators due to a physical co-localisation,
and ii) partner choice (i.e. coming together (44)) — i.e. mechanisms that facilitate either
the localisation and subsequent association with suitable interaction partners or the
antagonizing of unsuitable interaction partners. Each of these main categories can be
further subdivided. Partner fidelity can result from limited dispersal in spatially
structured environments or be due to permanent adhesion among interacting cells when
new groups of cells are formed (Fig. 8). Alternatively, permanent associations such as
endosymbiosis or epibiosis can also facilitate repeated interactions among cooperative
phenotypes.

Partner choice can be subdivided into direct and indirect mechanisms (Fig. 8). Direct
partner choice can be due to detection, which involves the active finding and subsequent
interaction with specific genotypes or recognition that allows cross-feeding genotypes to
identify compatible genotypes. Alternatively, indirect partner choice mechanisms
operate via the exclusion or inactivation of non-cooperating genotypes. The resulting
local enrichment of cooperating cells can also facilitate positive assortment.

These mechanisms should not be seen as mutually exclusive, but multiple processes
can operate simultaneously. The contact-dependent inhibition (CDI) system, for
instance, exemplifies the combination of partner choice by specific adhesion with non-
partner discrimination via inactivation of targeted cells (357). Here, a two-component
secretion system facilitates binding and toxin delivery into target cells that display
specific receptors. However, carriers of immunity proteins, such as close relatives of the
cell expressing the CDI system, are unharmed. This system is widely distributed in
alpha-, beta-, and gamma-proteobacteria (357) and can even mediate the specific
assembly of multicellular biofilm communities (358, 359). Below, we will explain each

of these mechanisms in more detail and highlight a number of relevant examples.
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3.4.2.1 Partner fidelity

Limited dispersal

Limited dispersal refers to cases, in which groups of cells that exchange metabolites
with each other, remain associated for extended periods of time. This type of increased
population viscosity emerges in spatially structured communities that grow on surfaces
or in multicellular aggregates.

In recent years, overwhelming evidence has accumulated that bacteria mainly grow
attached to surfaces (i.e. a biofilm) or other bacteria (i.e. free-floating clusters), and thus
prefer an aggregative lifestyle over a planktonic, free-living state (29, 360-362).
Simulations demonstrated the formation of such groups can not only facilitate
cooperative interactions (88), but also conflicts among group members (363). Hence, the
benefit of a newly established cooperation needs to outweigh the negative effects of
conflicts and increased competition due to group formation. Importantly, the formation
of biofilms and cell clusters can be caused by a number of non-social reasons, such as
the protection from the abiotic (oxygen, pH, and drought) and biotic environment
(predation (93, 364), competition, and immune system), attachment to a local niche
(energy- and carbon-sources), or joint niche construction and exploitation (synergism)
(28).

Once established, several important consequences result for cells that grow in spatially
structured communities. First, metabolites that are released into the cell-external
environment potentially accumulate (303) and are thus increasingly available to resident
cells. Second, local feedbacks increase the fitness of cell patches with a favourable
combination of genotypes, while groups of incompatible types show weaker growth.
This results in an interesting effect: the enhanced growth of cooperative groups leads to a
spatial segregation of cooperating and non-cooperating cells and thus a spatial exclusion
of non-cooperators from the shared goods (57, 89, 90, 92, 365). This pattern emerges
due to a self-organization of initially well-mixed populations (89, 91, 365-368) and can
even prevent the invasion of non-cooperative, motile cells (103). This aspect of matrix-
assisted population structure can be conceptualized as a passive means of non-cooperator
exclusion. In combination, these effects strongly favour the evolution and maintenance
of cooperative cross-feeding interactions as evidenced by numerous theoretical (75, 366,
369) as well as experimental studies (89-92, 370-372). Empirical evidence from
syntrophic bacterial communities further corroborates this interpretation: the spatial

distribution of metabolically interdependent members appears to be key for functioning
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of these consortia (373, 374). Taken together various insights point towards positive
assortment by spatially structured populations or population viscosity to promote
cooperation.

Bacterial cells that live in a spatially structured, aggregative community face the
problem that with increasing cell density, competition for resources such as space and
nutrients also increases. Thus, at one point, colonies need to disperse to populate new
substrates. For cells that have started to engage in obligate cooperative cross-feeding, it
is therefore crucial to remain associated with other, metabolically complementary cells.
Since parts of biofilms are known to get detached (361), they likely function as a
propagule to initiate a new biofilm. Notably, groups of cells that protrude from a biofilm
or cell cluster are prone to be detached and dispersed more easily. In fact, this is the case
for highly productive local groups (375). In this way, cells that are more cooperative are
more likely to transmit offspring to the next generation, thus enhancing selection for
cooperative phenotypes. This type of group dispersal, which represents a type of vertical
transmission, ensures that complementary and potentially coevolved genotypes interact
for extended periods of time (Fig. 8). This is also the case for planktonic macrostructures
and multicellular magnetotactic prokaryotes (MMPs) that exhibit propagule formation

and fission of whole cell groups, respectively (28, 376).

Permanent associations

Extreme cases of staying together are permanent associations (Fig. 8), where
prokaryotic cells either live on (epibiosis) or in (endosymbiosis) another organism.
Examples include associations among archaea (377) as well as interaction of bacteria
with other bacteria (378-381), fungi (382-386), protists (387-391), or multicellular
eukaryotes (389, 392, 393).

A characteristic feature of these associations is the enormous potential of vertical
transmission over evolutionary time when new generations of host-symbiont interactions
are established. The tight fitness coupling of cells living in such close associations aligns
their evolutionary interests, thereby limiting conflicts among interacting partners. This is
particularly promoted by the fact that the fitness of these consortia is often not a property
of individual cells any more, but an emergent feature that results from the interaction
among host and symbiont. Selection acting on this level is therefore expected to increase
complementarity and enhance metabolic cooperation among partners. Indeed, known

cases of both epibiosis and endosymbiosis are frequently based on the reciprocal
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exchange of metabolites between both partners (Fig. 3B). Thus, to understand these
systems it is key to identify the causal mechanisms that initiate the assembly of these
associations as well as the evolutionary forces that can tip the balance in favour of
cooperative cross-feeding.

The first step in the evolution of a stable endosymbiosis is that a bacterial cell enters
the intra- or intercellular environment of its host. Even though cases exist where
environmental, commensal or already mutualistic bacteria successfully established as
endosymbionts (394), parasitic bacterial strains have an advantage. Their intrinsic ability
to enter host cells or tissues despite the presence of anti-bacterial defence strategies (e.g.
immune system) enables them to persistently colonize the host (382). This then provides
the opportunity for natural selection to transform the initially antagonistic interaction
into a mutually beneficial one. This is corroborated by phylogenetic studies showing that
proteobacterial mutualists were more frequently derived from parasitic than from free-
living ancestors (395). Even if bacterial lineages do not feature strategies to repeatedly
re-infect their host or be vertically transmitted, the host might strongly benefit from
evolving means to transmit beneficial symbionts to its offspring itself (394).
Unfortunately, direct experimental evidence to identify the factors that complete the
transition to an obligately endosymbiotic association is lacking, thus complicating the
exact assignment of cause and effect. Two key requirements that likely need to be
fulfilled are (i) a strict vertical transfer of bacterial symbionts across host generations
and (ii) a mutual benefit arising from this interaction. Whenever these criteria are
fulfilled, natural selection can act on the symbiotic interaction. Common outcomes of
this coevolutionary process are a drastic reduction in genome size of the symbiotic
bacteria (393, 396) as well as the emergence of a metabolic complementarity of host and
symbiont, where many different metabolites, precursors, or biochemical functions are
reciprocally exchanged (397).

The conditions favouring epibiotic associations are rather similar to the ones
described previously for endosymbiotic interactions. The prospective epibiont needs to
exhibit either features of a parasite or beneficial characteristics of a mutualist to allow
repeated interactions with the respective host. In both cases, the ability to attach to the
host is required, ultimately enabling the epibiont to exploit and adapt to the resources
released by the host. This initially one-sided interaction opens the door to evolve a
reciprocal exchange of metabolites, given that host and epibiont complement each other
(387, 398). Benefits that are associated with this interaction for the host and/ or the
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epibiont favour a permanent association. Host-epibiont coevolution as well as
competition with other groups of hosts and epibionts should intensify reciprocal
interactions like cooperative cross-feeding.

An example for epibiosis is the TM7 phylotype (TM7x) that is obligately associated
with Actinomyces odontolyticus in the oral cavity (378). The epibiont TM7 features a
drastically reduced genome (~700 genes) (378) and derives all of its amino acids from its
host A. odontolyticus. In phases of extreme starvation, TM7 can even Kill its host, thus
classifying as a parasitic interaction. Another well-studied case is the phototrophic
consortium Chlorochromatium aggregatum, in which a flagellated B-proteobacterium
within the family Comamonadaceae is surrounded by Chlorobium chlorochromatii, a
green sulfur bacterium (399). In these physiologically highly intertwined consortia, the
central bacterium provides motility and receives photosynthetically fixed carbon in

return from its epibionts.

3.4.2.2 Partner choice

Partner choice is the second main principle that facilitates positive assortment among
cooperative genotypes via either selecting preferred interaction partners (direct partner
choice) or antagonizing undesirable or unsuitable cells (indirect partner choice).

Important to recognize for partner choice mechanisms is that they inherently rely on a
mixing of interaction partners after every round of association and disassociation. A
consequence of this is that these intermittent periods of mixing reduce the chance to
repeatedly encounter the exact same genotype in subsequent rounds of interaction. Under
these conditions, mutations, whose effects are highly partner-specific, are less likely to
spread in the global gene pool, simply because they reduce the number of potential
interaction partners. On the other hand, more favourable combinations of interaction
partners could result from this process than would be expected to emerge in a regime
exclusively relying on limited dispersal. However, at the moment, the above-mentioned
population-genetic consequences are purely hypothetical and await experimental

validation.

Direct partner choice

Detection as a partner choice mechanism involves the ability of bacterial strains,
which are unable to produce certain metabolites autonomously, to find and identify other
cells that are capable of providing these metabolites. This can be achieved in different

ways. First, other cells or groups of cells release the required metabolite into the
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environment and the focal cell uses chemotaxis to trace the source of these metabolites.
More cooperative cells will release more metabolites and are thus easier to find. Hence,
the required metabolite is the most reliable indicator of a producing cell and should thus
be the preferred cue for an auxotrophic cell. However, the focal cell can also use other
chemicals to find suitable cells via positive chemotaxis. Here, in principle any
metabolite, which can be sensed and followed along a concentration gradient, can serve
as a cue. For example, quorum sensing, when used as a means of interspecific
communication (400, 401), can reveal the species identity of the signalling cell and with
it also the potential of competition (402) or metabolic compatibility (403). For
interactions with higher organisms, bacteria are well-known to show a specific
chemotactic response towards their hosts (404-407), while so far only few experimental
examples of chemotaxis as a means of recognition among different bacterial species
exist (362, 408, 409). Recently, Laganenka et al. (2016) reported that chemotactic
accumulation followed by autoaggregation can also occur within species, which in this
case, was mediated by the quorum sensing signal autoinducer-2 within populations of
E. coli (410). In general, bacteria feature very sensitive molecular machineries to sense
metabolites and quorum sensing molecules (411, 412). Even though these systems likely
evolved in a different ecological context, they can dramatically enhance the ability of
cells to identify possible interaction partners, even in taxonomically diverse
communities.

Even though the ability to find other cells can lead to positive assortment, this
mechanism alone cannot explain the evolution or maintenance of cooperative cross-
feeding. Positive feedback among interactions partners is again also necessary to operate
in parallel: more cooperative cells that show positive chemotaxis have a fitness
advantage over non-cooperative or non-chemotactic cells, thus increasing their
frequency in the local community. This means that after detection of suitable cells,
metabolites that are produced and exchanged must preferentially benefit cooperative
interaction partners. This can be achieved by recognition mechanisms (specific or
unspecific) that allow attachment or group formation (see below). Indeed, the
combination of chemical signalling with subsequent interspecies aggregation was
recently observed in a mutually beneficial interaction between two bacterial species
isolated from iron snow (362). More research, however, is necessary to fully evaluate the
potential of this, at the moment rather theoretical possibility, to serve as a mechanism to

identify suitable interaction partners.
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The second main group of direct partner choice mechanisms is called recognition.
Bacterial cells can recognize suitable interaction partners in two fundamentally different
ways. First, recognition can be passive, by unspecifically attaching to other cells in the
environment. In this case, growth of the focal cell will depend on the metabolic
complementarity and cooperativity of the more or less randomly chosen interaction
partner. Nevertheless, positive feed-back within interacting groups should increase the
frequency of cooperators in a given population and thus raise the chance for a
cooperative cell to encounter other cooperative cross-feeders in subsequent rounds of
attachment and detachment (i.e. positive assortment).

Second, bacterial cells can be equipped with mechanisms, which allow them to
specifically adhere to clonemates or members of other species that feature certain
characteristics (103, 413). In the context of biofilm formation, such behaviours are
commonly referred to as co-aggregation (413, 414). One evolutionary advantage of
specific adhesion over random attachment is that specific adhesion minimizes the chance
of associating with harmful, non-complementary, or non-cooperative genotypes.
Moreover, adhesion can be key to the establishment of functional groups such as for the
joint degradation of organic matter and the associated successful development of
multispecies biofilms (413, 414). Adhesion over multiple generations finally causes
progeny to locally accumulate in clusters. Such a formation of interacting groups helps
in directing resources to closely-related, cooperative genotypes. Thus, both mechanisms
of unspecific adhesion and specific recognition help to solve the public goods dilemma
by privatizing the exchanged metabolites within interacting groups (415).

Recognition in microorganisms predominantly operates via structures on the outer
membrane (413, 416, 417) and is generally based on affinity between a receptor and an
identification molecule (418). Accordingly, the mostly protein-based adhesins represent
receptors that facilitate recognition via binding to specific structures on the surface of
another cell (419). Other specific recognition systems can be pili (419), homotypic
receptors for self-recognition (420-422), the contact-dependent inhibition system (CDI)
(357), and type VI secretion systems (T6SSs) (423). These systems mediate a
remarkable spectrum of partner choice ranging from interactions between different
kingdoms such as the host choice of microbiota (424) to specific autoaggregation with
members of the same species (425).

The molecular machinery that determines whether or not two cells can interact with

each other basically functions like a greenbeard gene (27) - i.e. a gene that allows
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cooperators to recognize other cooperators and thus to preferentially direct benefits
towards them. Increasing evidence demonstrates greenbeards to be substantially more
common in microorganisms than originally thought (71, 416, 426, 427) For instance, the
Flol flocculation gene of the yeast Saccharomyces cerevisiae and the csaA self-adhesion
gene in the slime mould Dictyostelium discoideum were identified to represent such
greenbeard genes that are key for the establishment of cooperative groups (416, 428).
Only carriers of the greenbeard genes are part of these groups and thus can enjoy
cooperative benefits (51, 59, 71). In cooperative cross-feeding, however, recognition and
cooperation are two separate functions. Hence, a non-cooperative carrier of the green
beard allele could evolve and thus undermine the identification system. Nevertheless,
recognition likely requires close physical contact, which automatically entails the
abovementioned advantages of spatially structured metabolic interactions. Thus, a
dedicated recognition system would still allow narrowing the spectrum of possible
interaction partners to a subset of principally suitable cells. While research on microbial
cooperation has focused more on traits like protection, reproduction, and siderophore
production, cross-feeding of metabolites has received less attention so far. Thus, future
work should evaluate how common such genetic recognitions systems are in natural
microbial communities and whether they are also involved in stabilizing metabolic
interactions.

Another attachment mechanism is the establishment of intercellular connections such
as nanotubes, nanopods, or vesicle chains that are used to exchange materials between
interacting cells (Fig. 4). In many of these cases, large clusters of interconnected cells
emerge (83, 87) that should favour cooperative cross-feeding, because interactions
within these clusters are highly localized. Analogous to cells growing on two-
dimensional surfaces, also the self-organized growth of cells within three-dimensional
networks should favour clusters of cooperative cells and penalize non-cooperators by

spatial isolation.

Indirect partner choice

Indirect partner choice mechanisms lead to positive assortment of complementary
cooperators by antagonizing non-complementary or non-cooperative genotypes. In
general, this group of mechanisms either kills other genotypes or species or prevents
them from invading a local population/ community. Consequently, all cells within the

social group need to be resistant to the harmful behaviour. By excluding other,
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potentially non-cooperating genotypes from cooperative benefits, indirect partner choice
mechanisms can result in a local enrichment of cooperating genotypes.

Competition for space and other resources is common-place in microbial communities
(22, 39, 42, 429, 430). Under these conditions, genotypes that can exclude or inactivate
competitors are clearly at an advantage, thus explaining the widespread distribution of
antagonistic behaviours among microorganisms (40, 430, 431). Whenever bacteria
antagonize others, an almost automatic consequence is that these behaviours decrease the
genetic diversity in the local community, thereby increasing the cohesiveness of the
group displaying the harmful behaviour or being immune to its consequences.
Antagonistic behaviours can facilitate the emergence and spread of cooperative
behaviours within such groups, because metabolites that are produced as a cooperative
act are more likely to benefit other group members. Discrimination against others can be
achieved passively by generating a restrictive chemical environment, for instance by
resource-depletion or pH-modification (432-434). The resulting competitive exclusion
will reduce the number of genotypes present and possibly enrich close relatives of the
strains causing the environmental modification. A property emerging from this process
is often that already established bacterial communities, such as the ones colonizing
corals (435), plant roots (425, 436), or the intestine of animals (434, 437, 438), cannot be
invaded by other bacteria. This phenomenon has been termed bacterial interference or
colonization resistance (437, 439, 440). In the context of metabolic cooperation within a
spatially structured bacterial community, the ability to prevent the establishment of
foreign bacterial genotypes may help to promote the exclusion of exploitative
individuals and thus to stabilize metabolic cooperative interactions.

Alternatively, bacteria can actively express phenotypes that inhibit or Kill other
bacteria in the vicinity. Besides the production of antimicrobial compounds such as
antibiotics or bacteriocins (434), bacteria use a range of other strategies to eliminate
competitors including harmful extracellular vesicles (441), contact-dependent inhibition
systems (CDI) (42), or type VI secretion systems (T6SS) (42, 442). Importantly, by
killing genotypes that do not carry the gene that confers resistance against the
antagonistic trait, cells that express the antagonistic trait and are resistant against it
qualify as harming greenbeards (71, 427). In such a scenario, the local elimination of
susceptible genotypes generally increases genetic homogeneity for the greenbeard allele
and promotes positive assortment. For example, the CDI-system of B. thailandensis was

demonstrated to be capable of antagonizing carriers of different BcpA-CT and Bcpl
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proteins, which were hence successfully excluded from a biofilm (427). Mutual
antagonism between two bacterial species via the T6SS was demonstrated to cause
segregation of different genotypes as well (43). Also in Bacillus species that were
isolated from fresh water sediments, antagonistic interactions that were based on
bacteriocin-like substances facilitated the assembly of cohesive communities even in a
homogeneous aquatic environment (431). Under these conditions, positive assortment
can be facilitated when multiple cooperative genotypes display the same antagonistic
behaviour. This can even be orchestrated in a synchronized release of the antagonizing
molecule in many individuals by quorum sensing (443-445).

Both passive and active discrimination mechanisms differ drastically in the specificity,
with which they affect other genotypes. For example, antibiotics usually kill or inhibit a
broad range of bacterial species (446, 447). In contrast, bacteriocins typically exhibit a
narrow Killing spectrum (446), enabling producers to specifically target other coexisting
species or genotypes of the same species (434, 448). Increasing evidence suggests that
microorganisms are able to discriminate relatives with high selectivity: antagonistic
interactions were identified to facilitate positive assortment among conspecific
genotypes (27, 37, 43, 430, 449, 450). Proteus mirabilis, Myxococcus xanthus, and
Bacillus subtilis are examples for bacterial species that can identify and antagonize other
strains (451-453). When different populations of these species grow on two-dimensional
surfaces, the formation of physical boundaries, so-called demarcation- or Dienes lines,
indicate the presence of discrimination mechanisms (451-453). Strikingly, the
underlying recognition mechanisms are usually highly selective and allow discrimination
even within a species (418, 451). Differences in a few loci already cause the formation
of Dienes lines between swarming colonies of these bacteria.

The often very high specificity of antagonistic discrimination mechanisms combined
with the fact that individual bacteria commonly use multiple discrimination mechanisms
simultaneously (454) suggests that bacteria aim at maximizing the chance to interact
with desired genotypes of the same or different species. Here, the presence of
antagonistic functions and the corresponding resistance genes serves as a system to
discriminate bearers of these alleles (kin) from non-bearers (non-kin) (454). Since these
alleles can also be transferred via horizontal gene transfer(455), kinship does not
necessarily imply affiliation to the same species. For this reason, the term kind
discrimination is more applicable under these conditions (27). If members of the same

kin/kind group engage in a mutualistic interaction, any kin/kind discrimination
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mechanism will help to protect cooperation from exploitation, as recently demonstrated
for swarms of Bacillus subtilis (454). Moreover, positive assortment of genotypes in
populations of Vibrio cholerae that was mediated via the T6SS correlated with increased
cooperation (456). Accordingly, a phylogenetic comparison revealed that the extent of
released public goods, in this case proteins, correlated with the total number of T6SS per
strain, suggesting that positive assortment via killing promotes the evolution of public
goods cooperation (456). Unfortunately, research in this field is just beginning to
appreciate the potential significance of indirect partner choice mechanisms for the
evolution of cooperative interactions. Thus, further research is necessary to fully
evaluate to which extent positive assortment by specific discrimination mechanisms can

favour cooperative cross-feeding among different genotypes or species.

4 Consequences of obligate metabolite cross-feeding

The evolutionary transition from a metabolically autonomous, free-living life-style to
a state, in which the fitness of a bacterial cell hinges on the obligate cross-feeding of
metabolites with other organisms has a number of significant evolutionary consequences
for the focal genotype. Some of these effects are well-documented, while others are
rather based on theoretical considerations. In the following, we will provide an overview

over the manifold ramifications arising from obligate cooperative cross-feeding.

4.1 Negative frequency-dependent selection

As outlined above evolutionary theory predicts obligate cooperative interactions that
are based on an exchange of public goods to be notoriously unstable (45, 51, 58, 59).
Particularly when cooperating and non-cooperating individuals have equal access to the
cooperative public good, non-cooperators are expected to gain a significant fitness
advantage relative to cooperating types, which ultimately should result in a collapse of
the cooperative interaction. Surprisingly, this outcome is rarely observed in cases where
essential metabolites are cooperatively exchanged (but see (457)). Instead, obligate
cooperative cross-feeding interactions are commonly stabilized by negative frequency-
dependent selection. Frequency dependence describes an evolutionary process, in which
the fitness of a given genotype depends on the relative frequency of other genotypes in
the total population. In the case of negative frequency-dependent selection, the fitness of

a certain genotype decreases as it becomes more common in a given population. From
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this, results a stabilizing force that maintains interacting genotypes in the long-run (458-
461).

Negative frequency-dependence has been shown to operate in both one-way by-
product (68, 462) and two-way cooperative cross-feeding interactions (102). In both
cases, frequencies of the two interacting cell types oscillated around a stable equilibrium
point that most likely was determined by rates of metabolite production and
consumption. Interestingly, the same pattern prevails when non-cooperators are
included: also consortia consisting of amino acid cross-feeding E. coli cells and non-
cooperating auxotrophs (102) or cocultures between producers of a public good and the
corresponding non-cooperators (90, 104, 459, 463-465) were stabilized by negative
frequency-dependent selection. Observing negative frequency-dependent selection for
different types of metabolic interactions in both spatially structured and unstructured
environments suggests this pattern is a common principle emerging in synergistic
microbial communities.

However, cooperators and non-cooperating individuals of the abovementioned
examples are unlikely to have equal access to the cooperatively produced metabolite.
Instead, mechanisms of positive assortment, which have either evolved or result as a by-
product from other features of the interaction, ensure the cooperatively produced
metabolite is predominantly benefitting other producing genotypes. Examples of such
mechanisms include a privatization of metabolites or biosynthetic functions due to
contact-dependent exchange mechanisms (83, 102) or the localization of public goods in
spatially structured environments (89-92, 370-372).

As a consequence, no genotype can take over in these obligate interactions. Instead,
negative frequency-dependence maintains genotypic diversity (57, 366, 466). A
prediction that follows from this is that the evolution of cooperative cross-feeding should
promote a metabolic and genotypic diversification within microbial communities.
Indeed, this pattern has been repeatedly observed in theoretical models (57) and

experimentally evolved microbial communities (68, 203).

4.2. Coevolutionary dynamics

Unfortunately, very little is known on the coevolutionary consequences resulting from
cooperative cross-feeding (467). An important aspect is certainly the positive feed-back
loop that result when positive assortment assures repeated interactions among

complementary partners across generations (i.e. partner fidelity feedback (221): In
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reciprocal cross-feeding interactions, an increased metabolic investment on one side
automatically enhances growth and thus also metabolite production on the other side
(158). Thus, continued coevolution is expected to increase productivity in cross-feeding
communities, which is corroborated by experimental evidence (105).

For antagonistic interactions such as host-parasite interactions, both empirical and
theoretical work suggest increased rates of molecular evolution (i.e. red-queen effect)
(31), mainly affecting loci involved in virulence and resistance. In contrast, much less
research has been devoted to the question how mutualistic interactions - such as
cooperative cross-feeding - affect rates of evolution. Theoretical work implies that in
mutualistic interactions, species generally evolve more slowly to increase their share of
the benefits (i.e. red-king effect (117)). Experimental tests whether horizontally or
vertically transmitted bacterial symbionts indeed evolve to some point of evolutionary
stasis (468), however, revealed inconclusive patterns (469). Thus, further work should
examine in more detail how synergistic coevolution affects the rate of evolution.

Finally, also the genomic signature that results from synergistic coevolution of cross-
feeding genotypes is not very well understood. Given the transient nature of cross-
feeding interactions, it is for example unclear, whether a pattern of reciprocal
coevolutionary change, in which mutations in one interaction partner favour a specific
set of mutations in the other partner, can be expected. Coevolution experiments with
syntrophic consortia consisting of a sulfate reducer (Desulfovibrio vulgaris) and a
hydrogenotrophic methanogen (Methanococcus maripaludis) for 1,000 generations
documented an extremely rapid loss of functional independence of Desulfovibrio
vulgaris, which was driven by a mutational inactivation of genes involved in sulfate
respiration (112). Also pairs of lactic acid bacteria (i.e. Streptococcus thermophiles and
Lactobacillus delbrueckii subsp. bulgaricus) that have been serially propagated in
coculture to ferment yoghurt reciprocally exchange a larger number of metabolites in a
mutualistic manner (115). This striking metabolic complementarity, which likely
evolved in response to the ecological interaction between both species, is largely due to
gene loss (113, 114). Given that consortia of co-occurring bacterial endosymbionts (54,
353, 470) display a similar pattern on a genomic level, it is tempting to speculate that
metabolic complementarity is a common outcome of a synergistic metabolic

coevolution.
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4.3 Formation of intercellular metabolic networks

The frequent loss of metabolic genes from microbial genomes along with intricate
patterns of cross-feeding, where other coexisting genotypes compensate the functional
deficiency suggests that within bacterial consortia, metabolism is often a community-
level property and not a feature of an individual cell any more. If true, this implies that a
bacterial communities’ metabolism is in essence a super-metabolic network, where each
member of the community performs specialized biosynthetic or catabolic tasks. Indeed,
recent metagenomic and empirical surveys of environmental bacterial communities have
revealed that individual genotypes in a community can have distinct patterns of amino
acid auxotrophies, such that some members lack multiple biosynthesis pathways, at the
same time specializing in the production of another set of amino acids (18, 114, 471,
472). Also specialized genotypes have been found, which provide biosynthetically
expensive amino acids to other community members (471). Moreover, coevolved
symbiotic interactions between bacteria and higher organisms often show signatures of a
functional fusion, in which interacting parties operate as one integrated metabolic unit.
For instance, the partitioning of biosynthetic pathways between host and endosymbionts
(349, 473) or between multiple, co-occurring endosymbionts (318, 474) illustrates that
only the sum of the organismal metabolic pathways can satisfy the nutritional needs of
all interacting parties (318).

Metabolic cross-feeding interactions can strongly determine community structure and
function (471). As discussed above, the establishment of such interactions is driven by a
complex interplay between fitness-advantages of individual mutants and the eco-
evolutionary dynamics between multiple genotypes. Ultimately, the highly-conserved
structure of core metabolic pathways in otherwise rather divergent bacterial lineages
could guide the evolutionary self-organization of metabolic exchange even between very
different bacterial species (475). Whether and to which extent microbial communities act
as one integrated metabolic unit that maximizes both productivity and stability of the
entire consortium, however, needs to be addressed in future studies. Here, targeted
analyses of the metabolic abilities and activities of individual strains living in natural
bacterial communities are necessary to identify whether the distribution of metabolic
functions within these communities is indeed determined by global constraints that are

dictated by the structure of the underlying metabolic network (476, 477).
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4.4 Bacterial unculturability

In 1932, Razumov was isolating freshwater bacteria and noticed that the majority of
bacteria, which he observed under the microscope, resisted cultivation on agar plates
(478). Since then, microbiologists have repeatedly corroborated that less than 1% of all
archaea and bacteria can be grown in vitro (479) - a problem that has been popularized
as the great plate count anomaly (116). Accordingly, recent advances in metagenome
sequencing of environmental samples revealed not only the presence of a tremendous
microbial diversity, but also discovered completely novel genera and even phyla, which
have not been isolated yet (480-482).

Many potential explanations have been proposed to account for the unculturability of
most bacterial species. These can be grouped into four main categories:

(1) Niche mismatch: Mismatch between the physiological and nutritional requirements
of a bacterial strain and the conditions provided (e.g. pH, temperature, salts, minerals,
and nutrient levels) (483, 484).

(2) Dormancy: Bacterial cells might be viable but unculturable (485, 486).

(3) Antagonistic effects: Competitively superior strains outcompete others and/ or
produce toxic compounds (e.g. antibiotics) to kill or inhibit other strains (487, 488).

(4) Obligate metabolic interactions: Bacterial strains have evolved obligate metabolic
relationships with other neighbours in their environment. Thus, attempts to isolate a
single species must fail, because of the lacking nutrients or biochemical functions (66,
489).

Although all of the above-mentioned reasons likely contribute to explaining the
unculturability of many bacterial isolates, accumulating experimental evidence suggests
that an obligate exchange of metabolites or biochemical functions among bacterial
strains is particularly important in this context. For example, attempts to preserve
ecological interaction within microbial communities have significantly increased
bacterial recovery. In 2002, Kaeberlein et al. designed a diffusion chamber, which
allowed an exchange of metabolites between cells and their environment, but prevented
a mixing of cells (490). Using this system, the authors managed to isolate novel cultures,
which increased bacterial culturability to up to 50% (491). Interestingly, some of the
isolated strains did not grow on synthetic media afterwards, indicating that a direct
contact with the native microbial community was essentially required for growth (490).
Other related isolation techniques are enrichment cultures, in which environmental

conditions are tailored to favour certain genotypes (492), or dilution cultures, where
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environmental samples are diluted to low, but known cell numbers (493). Both
approaches frequently do not result in the isolation of individual strains, but mixtures of
strains that can only grow together but not in isolation (55). Thus, this method provides
the opportunity to isolate coexisting genotypes that cross-feed essential metabolites and
study their interaction in more detail. Taken together, the available evidence suggests
that metabolic interdependencies within natural microbial communities are an important

determinant of the commonly observed unculturability of natural bacterial isolates.
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4.5 Levels of selection and transitions in individuality

When auxotrophic bacteria engage in cooperative cross-feeding with other bacterial
cells, the question arises whether natural selection acts on individual bacterial cells or if
groups of cells are the unit of selection. Before addressing this question, some relevant
key terms need to be defined: An evolutionary individual is the unit, whose frequencies
are adjusted by natural selection (121, 122). Traits that determine the Darwinian fitness
of such an individual must be heritable, variable, and give rise to differential
reproduction among competing individuals that differ in the respective trait (121, 123).
As a consequence, natural selection does not only act on, for example, populations of
bacterial cells, but can simultaneously operate on lower (e.g. plasmids inside of bacterial
cells) or higher levels (e.g. multicellular prokaryotes such as cyanobacteria). A transition
in individuality is now observed when the level of selection is shifted from lower level
units that are units of selection themselves, to a higher-level entity, which is composed
of several lower-level units (123). The fitness of the collective that emerges during this
transition is not proportional to the average fitness of the assembled lower-level units,
but an emergent property of the higher-level entity (125, 142, 143). Moreover, after the
transition “genetic information is transmitted between generations” such that “entities
that were capable of independent replication before the transition can replicate only as
part of a larger whole of it” (35) . Major leaps in biological complexity have resulted
from evolutionary transitions, during which previously independent organisms were
functionally integrated to form a new, higher-level entity (150, 494, 495). Eminent
examples of such transformative events include the origin of the eukaryotic cell (496,
497) or the emergence of plastids from a cyanobacterial progenitor (498).

How does natural selection now act in bacterial communities that engage in obligate
cooperative cross-feeding of metabolites? First, it is important to recognize that under
these conditions, fitness is not only determined by the traits of the individual cells, but as
a property that emerges from interactions among cells (102, 499). Even if cells that do
not invest in the cooperative production of shared metabolites may save the cost of
metabolite production (104, 500), their lack of investment in cooperative cross-feeding
likely curtails their own fitness. This is largely due to the fact that multi-level selection
acts on both the level of individual cells and on groups of cells (e.g. sub-populations,
different parts of the same biofilm, cell clusters, and so on). Auxotrophic cells of a local
community assemble in groups to facilitate the exchange of metabolites (83, 501).

Growth of cells within such a group depends on the genotypic composition of the whole

7



group: clusters that contain more cooperative cells grow more than clusters consisting
mainly of non-cooperators (Fig. 9). Even if non-cooperators gain an advantage in their
local group, they are selected against on a global level, if more cooperative groups
export their productivity in subsequent rounds of assembly and disassembly. Different
mechanisms of positive assortment (Fig. 8) and principles of self-organization (89, 367),
ensure that cooperative cells remain associated with other cooperators over time.

A second important consequence of living in a close metabolic entanglement with
other bacterial cells is that the mutational landscape, which is available to a cell to
improve its fitness, will likely dependent on the current interaction partner. Thus, the
spectrum of mutations that is expected to be favoured within cross feeding interactions
should be radically different from those that might be beneficial in a metabolically
autonomous bacterium. Hence, mutations that arise from within these interactions and
which improve the performance of the cell group (e.g. mutations increasing among-cell
adhesion or levels of metabolite production) are likely maladaptive outside these
interactions and thus, should be interpreted as group-level adaptations.

Finally, the question remains: Are groups of bacteria, whose survival depends on
obligate cross-feeding of metabolites, evolutionary individuals? Put differently: What is
the unit that is most relevant to evolution — the individual cell that is unable to survive in
isolation, or the group of cells, in which auxotrophic bacteria can thrive? If groups were
the relevant evolutionary individual, cell groups would have undergone a transition in
individuality. To answer this question, it is useful to consider cases, in which a new
individual has been formed by natural selection upon the merging of previously
independent lower-level units and identify hallmarks that characterize these cases
(Table 1).

Figure 9:  Multilevel selection favours
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Evaluating whether consortia of cross-feeding bacteria fulfil these criteria indicates
that even though important features such as mutual dependence, functional
specialisation, cooperation, and cell-attachment result almost automatically from
cooperative cross-feeding, a striking difference is that these interactions are often
transient (Table 1). Due to the often non-permanent nature of association between cells,
heritability of group-traits is likely low. Moreover, cross-feeding consortia do not form a
cohesive unit that is clearly delimitable from other cells in the environment, but rather a
delicate network of transiently interacting cells. Nevertheless, selection is expected to
favour extended associations between compatible genotypes. Moreover, frequency-
dependent selection and spatial self-organization within clusters should adjust the
mixture and the positioning of cells within clusters, thus maximizing the supply of
limiting metabolites for cooperative cells (502). Mutations that were favourable in the
context of one group, might work equally well when the focal mutant is combined with
other genotypes, thus compensating for the lack of a strict vertical transmission. Finally,
repeated bouts of association and disassociation allow to purge detrimental mutations on
a cluster-level, thus accelerating molecular evolution. Taken together, consortia of
bacteria that engage in obligate cooperative cross-feeding do not form a coherent,
multicellular organism. Still, their performance results from complex metabolic
interactions among the constituent cells, which is more than the sum of its parts. Future
work is necessary to determine how durable cross-feeding interactions are and how this

affects coevolution of interacting cells.

Table 1: Consortia of bacteria that engage in obligate cooperative cross-feeding of
metabolites show hallmarks of a transition in individuality.

Characteristic Cooperative cross-feeding bacteria Example

Mutual dependence’ yes (503)
Functional specialisation of cells/

division of labour? yes (36, 504)
Cooperation yes (61, 505)
Group-level reproduction® likely yes, to some extent (506)
Cell-attachment yes, but likely transient (83,501)
Strict vertical transmission likely not
Conflict resolution strategies yes (89, 507)
Coordination of cellular activities yes (251, 499)

! Reproduction only as part of a multicellular consortium
2 Synergistic fitness benefits arise upon combination of functions
® Groups of cross-feeding bacteria beget new groups
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5 Concluding remarks

Our comprehensive analysis of the available literature revealed how commonly
bacteria are involved in metabolic cross-feeding interactions with other bacteria, archaea,
or eukaryotic organisms (Fig. 3). Particularly striking was the tremendous diversity in
terms of mode of metabolite exchange that characterized the analysed interactions
(Fig. 4). What also became obvious from screening the available literature, however, is
that despite intensive efforts to study the molecular details of numerous metabolic cross-
feeding interactions during the past decades (18, 115, 210), ecological or evolutionary
aspects of these interactions are still notoriously understudied. Moreover, research
attention so far has been mainly directed towards a relatively small set of model systems
that have been studied in more detail (18, 115, 210). Thus, more empirical work is
required to systematically compare cross-feeding interactions of different environmental
origins and taxonomic compositions. In addition, the prevalence and ecological
significance of metabolite cross-feeding should be increasingly analysed in different
natural microbial communities, especially focussing on its importance for structuring
these communities. Finally, the analysis of isolated consortia should be complemented
by studies of synthetically engineered or experimentally evolved interactions, in which
the causal molecular and evolutionary factors can be identified much easier.

With the growing realization that metabolic interactions within microbial communities
and populations are key for determining human health (12), global biogeochemical
cycles (10) or the yield in biotechnological production processes (508), the need to
understand rules that govern the emergence and evolution of these interactions is
becoming particularly urgent.

Undoubtedly, the development of new technologies to chemically identify and
characterize exchanged metabolites, to derive transcriptional and proteomic information
of individual genotypes in a coculture context, as well as to differentially label and
image interacting cells under controlled conditions will significantly advance the study
of microbial metabolite exchange (12). Especially the possibility to combine different
methods will provide exciting opportunities, such as to image living cocultures on a
single-cell level and simultaneously visualize the distribution of metabolites with a high
spatial resolution. Moreover, current computational advances in simulating metabolic
processes of cells that are embedded in complex communities hold the potential to
predict bacterial metabolite exchange interactions based on the genome sequence of the

organisms present in the community (509, 510).
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A wealth of exciting research opportunities is waiting in this rapidly emerging field.
Interesting questions that should be addressed in the future include (i) Which ecological
factors determine the assembly of metabolically interacting consortia in natural
microbial communities (e.g. motility, chemotaxis, antagonistic interactions)? (ii) How
stable/ transient are obligate metabolic interactions in natural environments? (iii) Which
evolutionary consequences result for genotypes that transition into an obligate metabolic
dependency with other genotypes (e.g. local adaptation, genome streamlining, improved
efficiency)? (iv) Which rules govern the division of metabolic functions within microbial
communities? or (v) Are clusters of metabolite cross-feeding cells evolutionary
individuals?

Evolution does not only proceed by giving rise to new species, but also by merging
previously independent organisms into new life-forms (511). Consequently, intricate
metabolic interdependencies between two or more individuals are a general feature of
life. Answering the abovementioned questions using metabolite cross-feeding within
microbial communities as a tractable model therefore holds the potential to help resolve
the fundamental evolutionary problem of how biological complexity can emerge from

the establishment of cooperative interactions among simpler units.
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Chapter 2

Group formation promotes evolution of metabolic
cooperation in bacteria

Interdependency based on biosynthetic products is common in nature and the associated
exchange of metabolites is frequently cooperative. Due to ecological importance and
proposed relevance for the evolution of multicellularity, cooperative cross-feeding
interactions receive increasing attention. However there are still few empirical insights
into how a cross-feeding interaction can become cooperative and what such an
evolutionary process entails on involved genotypes. Here we show rapid evolution of
cooperative cross-feeding within less than 150 generations between two genotypes of
Escherichia coli performing obligate amino acid exchange under conditions that are
predicted to hamper cooperation: Well-mixed liquid culture that lacks abiotic spatial
structure. We identify pervasive formation of multicellular clusters as major strategy for
efficient amino acid exchange thus place of reproduction and report dynamics of
alternating association and disassociation of these clusters. By comparing results with
negative controls (i.e. independently growing monocultures), we show observed strategy
association as well as cooperation to be exclusively present in the context of obligate
cross-feeding. Observed pervasive success of cocultures was linked to cooperators
experiencing strong selective advantages due to positive fitness feedbacks within

clusters.
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1 Introduction

Metabolic interactions are a widespread phenomenon and play a critical role for
biogeochemical cycles (10) and whole ecosystems to function (512). The accompanied
metabolic conversions are predominantly performed by microorganisms that rarely act as
single species, but rather within diverse communities. Analysis of such communities by
modern sequencing techniques revealed a remarkable lack of vital biosynthetic functions
(18, 63, 114, 471, 472), which strongly indicates metabolite exchange and
interdependencies to be a major feature of bacterial communities (22). Involved partners
frequently benefit by the cooperative exchange of metabolites (250, 417, 467). However,
theory suggests selection on the level of individuals to promote selfish over cooperative
phenotypes due to fitness benefits, ultimately causing the interaction to break down (45,
61, 513). Moreover cooperators are unlikely to meet other cooperators when rare, which
adds another layer of complexity in explaining the origin and maintenance of
cooperation.

Solutions to this problem are suggested by numerous theoretical work as well as in
silico studies that address the evolution of cooperation: Multiple mechanisms for
assortment (44, 61) are proposed to facilitate cooperating partners to predominantly
interact with each other, which allows avoiding non-cooperators and hence invested
goods to pay off (89). In line with these insights recent work demonstrates cooperative
interactions to easily evolve under laboratory conditions confirming abiotic spatial
structure to promote cooperation by enforcing positive assortment of partners (92, 106).
In contrast to these experimentally imposed conditions, the environment frequently
either lacks spatial structure, or experiences disturbance. Microbes hence need to attach
to each other, or enforce the formation of biofilms on substrates, or both. In this context
improved biofilm formation for instance supported a mutualistic interaction within a
static liquid environment (514). However, there are only few empirical studies that
investigate metabolic cooperation and its evolution aside experimental conditions that
mimic proposed mechanisms for assortment (105, 112). In addition, conducted studies
rarely focus on effects associated with the evolution of cooperation relative to an
independent lifestyle, albeit insights are important to understand the complex as well as
potentially conflicting routes of adaptation to abiotic as well as biotic factors. Such a
comparison is especially helpful in clearly attributing evolved cooperative traits to be
adaptive within the context of the interaction or to rather be mere by-products of

adaptation to abiotic culture conditions. We therefore asked which mechanisms (i.e. eco-
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evolutionary driving forces) could reward a cooperative phenotype within theoretically
unfavourable surroundings and what differences this implicates compared to a solitary
lifestyle.

Here we investigate the evolution of cooperation within a well-mixed environment.
Therefore two E. coli genotypes, unable to either synthesize tyrosine or tryptophan,
performed reciprocal cross-feeding of these amino acids. We report cooperative
metabolite exchange to rapidly emerge from the initial by-product interaction during
serial propagation of these cocultures during ~150 generations. Interestingly, we
consistently observed a nascent lifecycle of association and disassociation of cellular
aggregates that followed the experimentally imposed rhythm of serial transfers. By
utilizing control groups with an independent lifestyle as reference to cocultures we
disentangle adaptive responses to obligate cross-feeding from adaptations to culture
conditions as well as genotypic background. In detail, we identified cluster formation
within cocultures throughout the conducted evolution experiment as (i) specific to cross-
feeding populations and (ii) predominant hot-spots of growth. This observation of
obligate cross-feeding partners forming their own spatial structure by aggregation is in
line with a previously reported study (501). Moreover our results show cooperative
phenotypes to (i) exclusively evolve within cocultures, and (ii) specifically experience a
selection advantage within multicellular clusters even under the absence of a
complementary cooperative partner. Preventing cluster formation significantly decreased
gained advantages, which indicates local feedback loops within clusters to reward
cooperation. Finally, in contrast to significantly increased fitness in cocultures, members
of these populations consistently showed reduced growth-performance in isolation
suggesting a shift in selection to the level of whole groups at the cost of individual
fitness.

Taken together our results demonstrate multicellular clusters as an emergent property
of obligate metabolite exchange to follow a nascent lifecycle, and to facilitate assortment
and thus the evolution of cooperation within an environment that lacks spatial structure.
Together with suggested selection on the group-level the evolved model system shows
hallmarks of a multicellular entity. What is more we report the first empirical evidence
of cooperators experiencing strong positive selection albeit exclusively interacting with
non-cooperators and link this selection advantage with emergent properties of interacting

within a group., i.e. a multicellular cluster.
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2 Results

To determine whether a cooperative metabolic interaction can evolve from an
interaction that initially depends on a reciprocal exchange of by-products an evolution
experiment was conducted using three different treatment groups. First, prototrophic
wildtype cells of Escherichia coli were serially propagated in minimal medium. Second,
two genotypes of E. coli that each lacked the ability to autonomously produce one amino
acid (i.e. tyrosine or tryptophan) were cultivated in monoculture in a minimal medium
that contained the amino acid each strain required for growth in non-saturating
concentrations (i.e. 50 pM). Third, the two auxotrophic genotypes were grown in
coculture in a minimal medium without the supplementation of any amino acid. These
two auxotrophic mutants were chosen, because they showed a marginal growth when
cocultured, which was likely due to an exchange of the amino acids each strain
essentially required for growth.

The two monoculture treatments were included to assess the potential of metabolically
autonomous or auxotrophic genotypes to adapt to their abiotic environment. In addition,
because amino acids have been supplemented in growth-limiting concentrations to
monocultures of auxotrophs, these strains should experience starvation for amino acids.
In contrast, auxotrophs evolving in coculture should adapt to both their abiotic
environment and their interaction partner. Specifically, under these conditions,
auxotrophic strains could only improve in fitness when their partner increased the
amount of amino acid they required for growth.

Twelve replicate populations of each experimental group were serially propagated for
a total of 20 cycles of growth and subsequent dilution into fresh minimal medium (Fig.
1a). Populations were initially transferred every seven days. However, since cocultures
of auxotrophs rapidly increased in growth, the transfer interval was reduced after the

fifth cycle to three days.

2.1 Cocultures of auxotrophs rapidly improved in fitness

Given that compensatory mutations can occasionally enable growth-deficient
genotypes to revert towards prototrophic phenotypes (515). One of the first tests after the
evolution experiment has been terminated was to verify whether auxotrophic genotypes
had retained their loss of function phenotype over the course of the evolution
experiment. Plating all derived populations on agar plates that did not contain any amino

acids revealed that in ten populations of cocultured auxotrophs, both cell types were still
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present at the end of the evolution experiment. However, two populations completely
consisted of reverted phenotypes that had re-evolved the ability for prototrophic growth.
These replicates as well as their cognate controls (i.e. auxotrophic monocultures) were

excluded from further analysis.
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Figure 1: Productivity and fitness significantly improved in cross-feeding cultures.
(a) Experimental setup including two control groups lacking obligate interactions (WT:
Prototrophic wild type, grey; Mono: Monocultures of amino acid auxotrophic genotypes,
yellow), and one group performing obligate amino acid exchange (Co: Mixed populations of
two genotypes auxotrophic for tyrosine or tryptophan, blue). (b) Averaged optical density
(OD600 nm) during serial propagation in minimal medium in three groups of Escherichia
coli cultures (WT: n=12; Mono: n=19; Co: n=10). Errors are given as 95% confidence
intervals. Data points at O days show initial optical densities of 0.005 after inoculation. For
control groups only time points after 7, 41, and 80 days are given. (c) Observations in final
culture densities were confirmed by determining fitness relative to the corresponding
ancestor in WT, Mono, and Co. Different letters indicate significant difference in relative
fitness (ANOVA with LSD post hoc-test: P<0.001, n=12 for WT, n=19 for Mono, and n=10
for Co). Relative fitness for WT and Co is significantly different to 1 (One-sample t-test,
difference to 1: P<0.05 for WT and P<0.001 for Co)

Next, we asked whether or not the three different treatment groups increased in
growth over the course of the evolution experiments. For this, growth of all experimental
populations was measured by quantifying the optical density they reached after a growth

cycle during different time points of the evolution experiment. Comparing the growth
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each of the three groups reached at the beginning and at the end of the experiment,
revealed a marginal (WT: 1.2-fold, Auxmono = 1.04-fold) increase in the growth of both
wild type and auxotroph control groups (Fig. 1b). In contrast, cocultures of auxotrophs
showed a much stronger (7-fold) increase in growth. Interestingly, even though
cocultures of auxotrophs showed only marginal growth at the beginning of the evolution
experiment, their growth at the end was statistically indistinguishable from the levels
reached by the ancestral wild type (Independent samples t-test: P=0.6; nwr=12, nc,=10).

A similar pattern emerged when the fitness of all derived cultures, quantified as the
improvement in growth, was compared to the fitness of their respective evolutionary
ancestors: Both the wild type and cocultures of auxotrophs significantly increased in
fitness (One-sample t-test, difference to 1: P<0.05 for WT and P<0.001 for Co), while
the fitness of monocultures of auxotrophs remained unchanged (Fig. 1c). Strikingly, the
experienced increase in fitness was markedly higher in cocultures (2.5-fold) than in
prototrophic wild type cultures (1.2-fold). Further comparison of absolute fitness
measures (i.e. Malthusian growth parameters) revealed that derived populations achieved
similar levels (Fig. S1) albeit showing differences in optical densities (Fig. 1b).
Cocultures hence finally reached fitness-levels of control groups.

Thus, taken together, results suggest that the synergistic coevolution experienced by
auxotrophic types in coculture enhanced their rate of adaptation relative to the two
control groups that were capable of independent growth.

2.2 Cocultures of auxotrophs evolved overproduction of exchanged amino acids

The increased growth observed in derived cocultures of auxotrophic genotypes
suggested that within these cultures, both parties must have increased the amount of
amino acids they produced to support the growth of their corresponding partner. In
contrast, derived populations of both control groups are not expected to have changed
their production level of the two focal amino acids. To verify this possibility, different
clones were isolated from both ancestral and derived populations of all three treatment
groups to determine changes in their production levels of tyrosine and tryptophan over
the course of the evolution experiment.

Unexpectedly, when plated on indicator agar plates that were used to identify
individual genotypes, noticeable changes in colony morphology were observed: eight out
of ten cocultures of derived auxotrophs showed colony morphologies that clearly

differed from the one of the corresponding ancestral type in terms of colony size and
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colour (see methods) for at least one partner, while only three out of 19 auxotrophic
monocultures analysed showed more than one morphotype. None of the derived wild
type populations showed an apparent change in their colony morphology. To consider
this variation in subsequent experiments, four representatives of each identified
morphotype were isolated. In principle, amino acids could be transferred between
bacterial cells in two different ways. First, cells could release the metabolites and
exchange them via diffusion through the extracellular environment. Second, bacteria
may use contact-dependent structures to derive cytoplasmic metabolites from other
bacterial cells (i.e. so-called nanotubes, (83)) in which case metabolites do not leave the
intracellular environment. In these cases, a nanotube-mediated removal of amino acids
from the cytoplasm of donor cells can even increase the donor cell’s production levels of
the corresponding metabolite (516).

Thus, to simultaneously quantify the amount of amino acids that is being transferred
via diffusion through the extracellular environment as well as potentially by cytoplasmic
exchange, isolated clones as well as their corresponding evolutionary ancestors were
individually supplemented with the amino acid they essentially required for growth and
cocultured together with a second genotype of E. coli that was auxotrophic for the focal
amino acid. Therefore the former strains functioned as donors while the ladder were
recipients hence were used as amino acid biosensors, whose growth correlates with the
amount of amino acids shared by the donor strain (517). Comparing the levels of
supported biosensor growth between derived clones and their evolutionary ancestors in
this way indicated a significantly increased production of the two focal amino acids
tyrosine and tryptophan in coevolved auxotrophs (Mann-Whitney Test: P=0.002; n=140
for evolved auxotrophs; n=20 for ancestral auxotrophs). In contrast, auxotrophic
monocultures showed the opposite trend of supporting significantly less biosensor
growth than their evolutionary ancestors (Mann-Whitney Test: P<0.001; n=88 for
evolved auxotrophs; n=19 for ancestral auxotrophs), while these measures did not
change over the course of the evolution experiment in the prototrophic wild type for
tryptophan (Mann-Whitney Test: p=0.315; n=6), yet decreased for tyrosine (Mann-
Whitney Test: P<0.05; n=6) (Fig. 2a). Additional comparisons in absolute measures of
biosensor to donor ratios confirm these differences and clearly demonstrate coevolved
auxotrophs to share significantly more amino acids than derived control groups (Fig.
S3).
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Figure 2: A costly cooperative trait exclusively evolved in cocultures. (a) Increased
levels of shared amino acids were detected in derived strains from cocultures. Isolates from
evolved populations (wild type: WT, auxotrophic monocultures: Mono, auxotrophic
cocultures: Co) as well as corresponding ancestors were utilized as amino acid donors for
E. coli biosensor strains (recipients) auxotrophic for tyrosine (4tyrA4) or tryptophan (4trpB).
The culture medium contained amino acid essential for the respective donor, but lacked the
amino acid essential for the recipient to grow. Thus, biosensor growth reflects levels of
shared amino acid by the donor. Results are given as fold change in biosensor to donor ratios
achieved by evolved isolates relative to corresponding ancestors. Isolates of morphotypes
(nWT=12; nMono=88; nCo=140) and ancestors (nWT=12; nMono=19, nCo=20) were
replicated three times. The change in the potential to supplement another amino acid
auxotrophic strain with tyrosine or tryptophan is significantly different between evolved
auxotrophs from cocultures and controls (one-way ANOVA followed by Dunnett T3 post
hoc test: P<0.01 for both comparisons). (b) Decrease in growth performance reveals fitness
costs in isolates from cocultures. Growth kinetics under rich amino acid supplementation
were used to calculate maximum optical densities and maximum growth rates for 30
morphotypes from cocultures and corresponding ancestors. Values are given as mean with
standard errors from ratios of evolved isolate relative to the ancestor (n=4). Dotted lines
indicate ancestral levels.

As a supplementary measure of investment we analysed levels of tyrosine and
tryptophan in culture supernatants of individual clones. For this, isolated clones as well
as their corresponding ancestors were individually supplemented with the amino acid
they essentially required for growth and cultured in minimal medium until they had
reached late exponential growth phase or early stationary phase. In these stages of the
growth curve highest levels of amino acid were expected. After growth the cell-free
supernatant of these populations was harvested and the concentration of tyrosine and

tryptophan was quantified using tools of analytical chemistry (LC-MS/MS). Thus, the
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experimental setup in regards to culture conditions was equivalent to the biosensor
experiment, except the presence of a biosensor that continuously removed the required
amino acid from the system. Hence we ultimately tested for constitutive overproduction
even under the absence of a coevolved partner or any alternative recipient. Comparison
with ancestral strains revealed evolved phenotypes from cocultures to release increased
amounts of amino acid albeit growing in isolation (Fig. S2). Results of the biosensor
experiment were confirmed for tyrosine auxotrophs, which released significantly more
tryptophan into culture supernatants than ancestors (Fig. S2). Determined amounts of
tryptophan furthermore show a weak positive correlation with promoted growth in the
corresponding biosensor (Pearson correlation: P=0.01; R=0.340, n=168). In addition,
decreased amino acid concentrations in control groups are in line with observed
reduction of growth in biosensors. Isolates from auxotrophic monocultures even showed
a drastic decrease in tryptophan towards levels found in blank culture medium (Fig. S2).
Analysis of tyrosine concentrations supported observed biosensor growth within the wild
type control group, which showed relative concentrations in median to be below
ancestral levels. However, results are inconsistent between both experiments for evolved
tryptophan auxotrophs. Detected tyrosine concentrations appeared to be significantly
increased in isolates from auxotrophic monocultures (Fig. S2), however did not translate
in biosensor growth which was significantly decreased (Fig. 2a, Wilcoxon signed ranks
test: P<0.001, n=10 for ancestors and n=44 for isolates). This reverse trend is less
pronounced in isolates from cocultures, however there was no significance as well as
linear relationship found between amino acid release and biosensor growth (Pearson
correlation: P=0.091; R=-0.107, n=252). In comparison, results in evolved isolates from
cocultures show that auxotrophy causes major differences in the frequency as well as
required conditions to detect cooperative cross-feeding. Evolved tryptophan auxotrophs
from cocultures repeatedly require the presence of a recipient or partner to initiate
cooperative cross-feeding, while tyrosine auxotrophs more frequently performed the
evolved cooperative trait even in isolation. Out of the 21 isolated tryptophan auxotrophic
mutants, 12 morphotypes (57%) in median displayed increased production levels of
tyrosine in biosensor experiments and 8 (38%) in the supernatant analysis (Fig. S4). In
contrast, 12 (86%) out of 14 tyrosine auxotrophic isolates shared more tryptophan with a
biosensor, while 9 (64%) released more tryptophan (Fig. S4). The observed
discrepancies between biosensor supplementation on the one hand and detected amounts

in culture supernatants on the other hand importantly revealed phenotypes that produced

93



increased amounts of amino acid that in contrast did not promote respective biosensor-
frequencies, suggesting secretion of additional metabolites hampering growth.
Discrepancies furthermore show that quantification of shared resources in isolation from
interaction partners hence by significantly altering ecological context is less suitable to
detect cooperative phenotypes, yet helps in identifying permanent overproduction
mutants.

Together, these results show that auxotrophic genotypes that evolved in coculture
started to produce increased amounts of amino acids, presumably to support the growth
of their respective partner. Finding that this was not observed in the two control groups

suggests that the obligate metabolic interaction was driving this pattern.

2.3 Adaptation to coevolved partner is costly

Given that the coevolved auxotrophic genotypes have significantly increased their
production level of tryptophan and tyrosine in response to the selection regime, we
wondered whether this raised investment into the corresponding interaction partners
translated into fitness costs to the overproducing cells. To test this, the growth
performance of isolates from auxotrophic cocultures was compared with the one of their
corresponding ancestors using minimal medium to which the required amino acid has
been supplemented in sufficient amounts. Strikingly, despite the supplementation with
high levels of amino acids (150 uM for both tryptophan and tyrosine), the growth
performance of all virtually all derived auxotrophs from cocultures was consistently
below the level of the ancestral auxotrophs (Fig. 2b). The only exception to this was one
isolate, whose maximum growth rate improved in the course of the evolution experiment
by in average ~10% (Fig. 2b). This result shows that adaptation to the coevolved partner,
which included the increased production of the exchanged amino acid (Fig. 2a), incurred

a significant cost.

2.4 What explains the increased growth of coevolved auxotrophs?

Releasing increased amounts of a costly metabolite into a spatially unstructured
environment is at odds with evolutionary theory, which predicts natural selection should
operate against such producers: If the amino acid is openly presented as a public good, it
will be equally available to both mutants that produce it in increased amounts and all
other cells that still show unchanged production levels. Since the mutant has to carry the

burden of metabolite overproduction, but does not receive a benefit in return, it should
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be disfavoured by natural selection and thus be readily lost from the population.
However, it is well-known that stressed bacterial cells including E. coli commonly attach
to other bacterial cells (29, 82, 83, 303, 410, 501, 518). By decreasing distance between
cells the exchange of metabolites via diffusion in this way is enhanced (519). The
resulting multicellular aggregates would create a spatial structure, in which an increased
investment in form of increased amino acid production levels will likely be immediately
rewarded: by locally enhancing the growth of the respective partner, producers
automatically receive more amino acids in return. If this mechanism is true, three main
conditions should be met: First, auxotrophic cells that interact in coculture should form
aggregates consisting of multiple cells, while this behaviour should not be seen in both
control groups. Second, growth of auxotrophic genotypes should depend on a physical
contact between cells. Third, a positive fitness feedback should operate for cells that are

part of a multicellular cluster, but not when they exist in a unicellular, planktonic state.

2.5 Cocultures of auxotrophs predominantly interact within multicellular clusters

To test the propensity of the derived populations of the three different experimental
groups to form multicellular clusters, the size distribution of cellular aggregates within
populations was analysed during their exponential growth phase by laser diffraction
spectroscopy. This experiment revealed that in derived auxotrophic cocultures, the
majority of cells (i.e. between 68 - 97% of all cells) existed within clusters of an average
diameter of 45 um. In contrast, populations of both derived WT and monocultures of
auxotrophs were almost exclusively present in a unicellular form (Fig. 3a). This pattern
was corroborated, when cultures of derived populations were analysed by fluorescence
microscopy. Pairs of evolved auxotrophs that were labelled with green or red fluorescent
proteins indeed formed multicellular clusters under coculture conditions (Fig. 3b).
Interestingly, the observation that individual cells frequently displayed two fluorescent
colours within the same cell (see Fig. 3b) suggests an intercellular transport of
cytoplasmic materials such as proteins and amino acids via for example intercellular
nanotubes (83).
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Figure 3: Multicellular clusters are exclusively formed within cocultures and
harbour the majority of populations. (a) Size distribution in volume-percent of single cells
and clusters of cells in terminal populations of wildtype (grey, n=12), monoculture (yellow,
n=24), and coculture (blue, nr,w=30, n=10). Populations were analysed during exponential
growth phase by laser diffraction spectroscopy. Lines are given as median with errors (95%
confidence intervals) as dotted lines. The threshold to count particles as cell clusters was set
at 10 uM, which is the maximum approximate length of two E.coli daughter cells that still
stick together after division. To quantify differences in the extent of cluster formation, ratios
of total volumes of particles >10 uM and <10 uM were calculated for all samples and
compared between experimental groups. Cocultures exhibit significantly higher ratios than
wildtype or monocultures (Dunnett T3 post hoc test, P<0.001; nwr=12; Nmono=19, Nc,=10).
(b) Fluorescence microscopy z-stack image of a cell cluster harbouring two isolated
genotypes from terminal cocultures that were labelled with either eGFP (green) or mCherry
(red). Yellow or orange cells potentially contain both markers indicating exchange of
cytoplasmic material as reported in Pande et al. 2015 (83).

In order to clarify, whether cluster formation is a derived trait that emerged
during the evolution experiment or a property that always characterizes auxotrophic
genotypes, the degree of cluster formation was compared between ancestral and derived
consortia of auxotrophic genotypes. In addition, multiple time-points (i.e. early,
intermediate, and late) of a growth cycle were analysed in both cases, to unravel whether
auxotrophs persistently aggregate or undergo cycles of cluster formation and
dissociation. Extensive cluster formation was consistently observed within cross-feeding
populations during all time points analysed (Fig. 3a, Fig. S5) including the ancestral
condition (Fig. S6), suggesting that it is not a derived trait. We hence conclude that
aggregation did not evolve de novo in the course of the evolution experiment, but is a

feature that characterizes auxotrophic genotypes in general. Analysing the progression of
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cluster formation over the course of a growth cycle revealed that at the beginning, the
majority of cells (~ 90%) were part of clusters, while an increased proportion of single
cells within cocultures of auxotrophs was observed at the end of the growth cycle (i.e. in
median 35-50%, Fig. S6). The disassembly of clusters into single cells was more
pronounced and occurred much earlier in evolved cocultures than in ancestral cocultures
(Fig. S6).

Given that the cultivation conditions of the evolution experiment included continuous
shaking at high speed, it was unfortunately not possible to trace the fate of individual
clusters for extended periods of time. Nevertheless, the results of this experiment
indicate that the formation of clusters is likely a dynamic process of aggregation and
disaggregation into either smaller clusters or individual cells that form a new group of

cells as nutrients become available again.

2.6 Growth of auxotrophic cocultures is contact-dependent

The prevalence of multicellular aggregates in all cocultures suggested this behaviour
is advantageous for auxotrophic mutants. One likely possibility is that the spatial
proximity per se allows auxotrophic mutants to exchange amino acids more efficiently.
To test this hypothesis, both ancestral and derived pairs of auxotrophic genotypes were
grown in a device that allows to cultivate both populations either together in the same
compartment or separated by filter membrane, which permits passage of free amino
acids in the culture medium, yet prevents a physical contact between bacterial cells.
Indeed, separating interaction partners in this way significantly reduced growth in both
ancestral and evolved cocultures, thus confirming that physical contact between cells
was key for an efficient transfer of amino acids between cells (Fig. S7). The fact that
introducing the filter membrane affected the net growth of derived consortia less
strongly than the ancestral consortium implies derived clones feature adaptations that
make them less dependent on a very close physical contact with their partner strain. This
could include, for example, an increased liberation of free amino acids into the
extracellular environment in derived, but not the ancestral consortia. Together, this
experiment confirmed that a close proximity among aggregated cells was necessary —
particularly during early stages of the evolution experiment — to enhance growth by

facilitating the exchange of amino acid between cross-feeding cells.
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2.7 Positive feedback loops favour cooperation within multicellular clusters

We next asked which evolutionary mechanism facilitated the observed evolution and
maintenance of metabolic cooperation in replicated populations. Given that in all
replicates analysed, auxotrophic cells assembled into multicellular clusters (Fig. 3) and
that these cluster were key to efficient growth of auxotrophs (Fig. S7), one conceivable
explanation could be that cooperation was favoured on a cluster-level. Specifically, cells
that increased their investment into the amino acid that they produce to support the
growth of other cells, might be rewarded for this investment when they are part of a
multicellular cluster, yet penalized when they are alone. By enhancing the growth of the
respective other cells, amino acid overproducers might receive more of the amino acid
they require for growth in return, thus enhancing their own fitness. The resulting positive
feedback-loop should favour cooperative cells.

To test this hypothesis, we designed and performed an invasion-from-rare experiment
that mimicked the emergence of a cooperative phenotype within a coculture of otherwise
non-cooperative auxotrophs during early phases of the evolution experiment. Under
these conditions, a newly evolved cooperator (i.e. the invader) is initially rare in
frequency and competes with its evolutionary ancestor, which is common and shares the
same auxotrophy (i.e. the competitor), for the amino acids that are produced by the
respective other auxotrophic strain (i.e. the partner). Importantly, both the competitor as
well as the partner feature ancestral levels of amino acid production. To evaluate the
advantage that is gained by interacting within multicellular clusters, cooperators and
their respective competitors were either cocultured together with the partner in the same
environment or, alternatively, separated with a filter membrane, thus inhibiting the
formation of joint clusters (Fig. 4). If positive fitness feedbacks operate on cooperative
cells when being part of a cluster, the invasion success of cooperative auxotrophs should
be high in the absence, but low in the presence of the filter membrane. For this
experiment, six cooperative phenotypes, which have been isolated from evolved
cocultures, were used as invaders. As a prerequisite only cooperative phenotypes were
used that facilitated high levels of biosensor growth in the previous experiment hence
indeed acted cooperatively (see methods and Fig. S4). In parallel, also the invasion
success of the corresponding ancestors of selected phenotypes was tested, to control for
effects that could emanate from the genetic background used (i.e. auxotrophy and

phenotypic markers). When contact is allowed, these non-evolved auxotrophs should be
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significantly less able to invade an ancestral consortium of auxotrophs than the derived

cooperators.
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Figure 4: Spatial proximity promotes positive selection of cooperative phenotypes.
The potential to invade into a population consisting of non-evolved tyrosine and tryptophan
auxotrophs was tested for six cooperative phenotypes isolated from evolved cocultures as
well as their respective ancestors (4dnrd 1-3, and AwpB 1-3; Evo or Anc, respectively).
Invaders (blue cell: “I”) and competitor genotypes of similar auxotrophy (black cell: “C”)
competed for the focal amino acid shared by partner genotypes of complementary
auxotrophy (black cell: “P”). Competition either took place in mixed cultures or in
populations that were separated on the level of auxotrophy by a membrane filter. Initial
frequencies of partner, competitor, and invader were ~50%, ~50%, and 0.05%, respectively.
Ratios of invaders and their competitors were determined via plating before and after 72 h
incubation. Invasion success is given as the average change of invader to competitor ratio
during the experiment (errors are given as 95% CI). Treatments were directly compared for
each tested cooperator (i.e. invader). Invasion success was significantly higher for all
cooperative isolates when contact was allowed, while results were inconsistent for tested
ancestors (paired samples t-test: *P<0.05, **P<0.01, ***P<0.001, NS: not significant; n=5).

These invasion-from-rare experiments revealed for all tested cases that in the absence
of the filter, evolved cooperating types strongly increased in frequency and that this
invasion success was significantly reduced when the two competing auxotrophs were
separated from their respective partner by introducing a filter membrane (Fig. 4). Some
invaders achieved a 1,000-fold increase in frequency and finally reached similar
frequencies as their interaction partner, thus pointing to a tremendous selective
advantage resulting for derived cooperators. To allow further conclusions we confirmed
formation of multicellular clusters in three-partite consortia during cultivation without
membrane filter by determining the size distribution via laser diffraction spectroscopy

(Fig. S8). This supports the interpretation that the advantage, experienced by cooperative
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cells, was likely due to a positive fitness feedback, which operated within aggregates of
interacting cells. The fact that none of the control genotypes was able to invade the
ancestral consortium and reach an increased frequency corroborated that neither the
auxotrophy-causing mutation nor the phenotypic marker was involved in improving the
invasion success of evolved isolates. In line with this ancestors consistently increased
significantly less in frequency than respective cooperative phenotypes when contact was
enabled (paired samples t-test: P<0.001; n=30). Taken together, these results provide
strong experimental evidence that cooperative types gained a strong fitness advantage

over non-cooperative auxotrophs when being part of a multicellular cluster.

3 Discussion

The evolution of cooperation within populations of well-mixed bacterial cells poses a
major problem for evolutionary biology: why should individuals start to invest costly
resources to benefit other bacteria, rather than utilizing these resources to maximize their
own fitness? For these situations, evolutionary theory predicts that newly emerged
cooperative genotypes that pay a cost for performing a cooperative behaviour, yet are not
receiving any additional benefits for this investment in return, should be rapidly selected
against and thus be lost from a given population (45, 51, 58, 59).

Here we show that cooperative cross-feeding of essential metabolites can rapidly
evolve in populations of bacteria, whose growth requires a reciprocal exchange of
essential metabolites among two bacterial genotypes. Cocultures rapidly increased
fitness, while individual isolates decreased in fitness when cultivated alone indicating
reduced independency, which was reported for an evolved mutualism as well (112). The
transition from the initial by-product interaction into a costly cooperation was due to the
formation of multicellular clusters of bacteria. These structures not only enhanced the
exchange of metabolites between cells even in a well-mixed environment, but also
resulted in positive fitness feedbacks that benefitted cooperative mutants when being
part of a cluster. It is well-known that spatially structured environments facilitate the
evolution and maintenance of cooperative interactions (83, 158, 294, 520-524). Several
causal reasons can account for this phenomenon. First, random mixing of cooperative
and non-cooperative genotypes before a given surface is colonized results in local
patches that differ in their genotypic composition. In areas were multiple cooperative

genotypes co-localize by chance, cells can grow more than in patches, which are
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dominated by non-cooperating types. In addition, if the cooperation is based on an
exchange of metabolites, released compounds may locally accumulate and preferentially
benefit resident cells (89, 303). In case the interaction lasts long enough, this gives non-
cooperating cells the chance to reciprocate, for example by acquiring additional
mutations that close the cooperative loop (106). Second, as cells grow, self-organization
within expanding bacterial populations can lead to a spatial segregation of cooperative
and non-cooperative cells, thus resulting in an exclusion of non-cooperators from
cooperative benefits (89, 92). However, the problem with this is that the colonization of
a spatially structured surface is usually a dead end. How can the increased productivity
of more cooperative patches be exported to the next generation of bacteria despite of
dispersal or disturbance? Our work resolves this issue by showing that even in spatially
unstructured environments, cooperation can evolve. The key criterion for this to happen
is that bacteria generate a spatially structured population by themselves that is
independent of a surface-attached growth. Within these free-floating, multicellular
aggregates, similar principles as outlined above are likely to operate. In particular, the
invasion-from-rare experiment conducted strongly suggests local fitness feedbacks
within multicellular clusters to explain the observed evolution of cooperation. Moreover,
in our experiment cells apparently underwent dynamic cycles of aggregation and
disaggregation or budding (Fig. S6). Consequently, clusters with a higher proportion of
cooperative cells likely leave more offspring than less cooperative clusters, which allows
them to export their enhanced productivity to the next generation. In the following
interaction round, cells aggregate again and the cycle repeats. These observed dynamics
in population structure are reminiscent of a nascent life-cycle

Interestingly, the formation of multicellular aggregates was not a derived trait, but
characterized already ancestral cocultures of auxotrophs. Under our experimental
conditions, auxotrophic cells could only grow when they derived amino acids from other
cells in their environment. By physically attaching to other cells, the spatial distance
between donor and recipient is reduced, which likely facilitates an exchange of
metabolites between cells (501). In this way, the loss of metabolites by diffusion into the
extracellular environment is reduced (303). However, what triggered the formation of
multicellular aggregates?

One likely explanation is a physiological stress response that resulted from the
starvation of auxotrophs for the two amino acids tyrosine and tryptophan. In our

experimental set-up, auxotrophs that were grown in cocultures most likely experienced
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phases of severe amino acid deprivation, while this was not (or to a lesser extent) the
case for monocultures of amino acid-supplemented auxotrophs. Starvation for amino
acids is known to trigger the so-called stringent response in auxotrophic bacteria (525).
Under these conditions, expression of the leucine-responsive regulator protein (Lrp) is
up-regulated (526), which in turn stimulates phase variation of fimbriae (527) hence
increases the likelihood of activating their production (528) and in addition activates
production of extracellular polymeric substances (529). Altogether this leads to
autoaggregation (530). An alternative mechanism could be the formation of intercellular
nanotubes that is also induced by amino acid starvation in auxotrophic bacteria (83). The
detection of double-labelled cells in auxotrophic cocultures (Fig. 3b) corroborates that
these cells exchanged cytoplasmic materials — most likely via nanotubes.

By linking starvation to the formation of multicellular aggregates, this regulatory
pathway may have been the key molecular driver orchestrating the cellular behaviours
that gave rise to the evolutionary dynamics observed in this study. Reportedly the
stringent response is highly conserved among bacteria (531). Strikingly, also in the
social bacterium Mxococcus xanthus the transition from a unicellular to a multicellular
lifestyle is sensitive to changes in the availability of nutrients and controlled by the
stringent response (531). In unicellular eukaryotes that aggregate to generate a
multicellular form during some parts of their life cycle, starvation is the stimulus
triggering these behaviours as well (532). Together, this accordance suggests that
starvation could be a potent driver for emergence of an aggregative multicellularity in a
broad range of phylogenetically different organisms.

Taken together, the results presented in this work show how simple changes in the
genomes of bacteria, in this case the loss of two biosynthetic genes, can set off an
evolutionary dynamic that drastically reconfigures the ecology and evolution in an entire
microbial community. The fact that these mutations forced the two resulting strains to
interact with each other in order to grow, paved the way for the initial by-product
interaction to evolve into a cooperative metabolic interaction. Key factors driving this
change were (i) the assortment of auxotrophic bacteria into multicellular clusters, (ii) a
dynamic aggregation and disaggregation of these clusters, and (iii) positive fitness
feedbacks that operated on cells within these clusters and favoured cooperative mutants.
Given the prevalence of auxotrophic bacteria in natural microbial communities (56, 63),
the well-known propensity of bacteria to form multicellular aggregates in order to
facilitate an exchange of metabolites (377, 378, 533-535), and the ease with which
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cooperative interactions evolve between those auxotrophs (this study) it is likely that
cooperative metabolic interactions may be much more common than previously thought.
To date however we still lack insights about consequences of such a process relative to a
solitary lifestyle. Therefore future work utilizing next generation sequencing in evolved
cocultures and control groups may reveal the trajectory and extent to which synergistic

coevolution influences genome evolution.

4. Material and methods

4.1 Strains and plasmids

To synthetically design an obligate cross-feeding interaction, Escherichia coli
BW25113 (159) was used as the wild type, and genetically modified by P1 transduction
(536) to generate in-frame knockout mutants by replacement of target genes with a
kanamycin resistance cassette (159, 537). These mutants lacked the genes trpB or tyrA
that encode for enzymes responsible for the terminal amino acid biosynthesis step of
tryptophan or tyrosine, respectively. Generated auxotrophic genotypes hence contained
an in-frame replacement of the targeted amino acid biosynthesis gene (trpB or tyrA) with
a kanamycin cassette. Both amino acid auxotrophic genotypes were combined in
cocultures that resembled the starting point of the evolution experiment. To allow
phenotypic discrimination of these two auxotrophic genotypes on agar plate, the marker
genes araDAB (derived from E. coli REL607 (538)) and the functional lacZ-gene
(derived from E. coli MG1655 (539)) were additionally introduced by P1 transduction.
As a result, strains carrying the functional alleles for arabinose utilization and (-
galactosidase appear blue on modified TA-agar (540) that additionally contained 0.1 mM
IPTG (Isopropyl B-D-1-thiogalactopyranoside) and 50 pg ml™ x-Gal (5-bromo-4-chloro-
3-indolyl-p-D-galactopyranoside), while the WT phenotype appears red. The presence of
the resistance cassette as well as the marker genes, and amino acid auxotrophy was first
confirmed on respective selective agar plates and further verified in the course of whole
genome resequencing.

For the quantification of shared amino acids as a measure for cooperativeness,
biosensors were generated for detection of tyrosine and tryptophan levels released by a
donor strain (517). The corresponding genotypes carrying the functional lacZ-gene and
the knockout of trpB or tyrA were generated as described above. The derived genotypes

E. coli AtrpB::kan lacZ and E. coli AtyrA::kan lacZ were further modified to enable
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quantification of colony forming units (CFU) on agar plates irrespective of exhibiting
low frequencies within a population of other E. coli genotypes. For this, the kanamycin
resistance cassette was replaced with a chloramphenicol resistance cassette using the
method described by Datsenko and Wanner 2000 (537). In detail, the chloramphenicol
cassette (the camR gene) from pKD3 was amplified by PCR using the reported primers
for both frt sites that direct site-specific recombination. After transforming the Red
helper plasmid pKD46 into both genotypes, electroporation with the PCR-product was
performed (537). Generated constructs containing camR were selected on LB agar with
30 pg mlI™ chloramphenicol and restored sensitivity for kanamycin was confirmed.
Plasmids pJBA24-egfp (517) or pJBA24-mCherry (83), that constitutively express the
respective fluorescent protein as well as a f-lactamase, were transformed into the WT,
the auxotrophic genotypes, as well as selected evolved genotypes that were isolated from

derived populations of the long-term evolution experiment.

4.2 Culture conditions and general procedures

In all experiments, cells were grown using minimal medium for Azospirillium
brasilense (MMAB) (541) without biotin using 0.5 % glucose instead of malate as a
carbon source. To obtain MMAB agar, two-fold concentrated Kobe-agar (30 g 1) was
added to 2-fold concentrated MMAB medium in a 1:1 ratio. Unless otherwise noted,
culture conditions were kept constant between experiments (30 °C, 225 rpm) and
precultures of auxotrophic genotypes were supplemented with amino acid (150 puM
tryptophan or tyrosine, respectively). If not indicated differently these amino acid
concentrations were generally used for supplementation. Bacterial strains were freshly
streaked on LB agar and incubated for 24 h or until single colonies showed sufficient
size for inoculation of liquid cultures. Individual colonies were used as biological
replicates to inoculate 1 ml overnight precultures in 96 deep-well plates (max. volume: 2
ml, Thermo Scientific Nunc), which were diluted to an optical density 600 nm (ODggonm)
of 0.1 the next day. Unless otherwise specified, these precultures were subsequently used
to inoculate 1 ml MMAB medium with a final ODgy,m 0f 0.001. To enable blue-white
staining agar contained 0.1 mM IPTG (Isopropyl B-D-1-thiogalactopyranoside) and 50
ug ml?* x-Gal (5-bromo-4-chloro-3-indolyl-B-D-galacto-pyranoside). Antibiotics were
used at the following concentrations: kanamycin 50 pg ml™ and chloramphenicol 30 pg

mi?.
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4.3 Evolution experiment

The evolution experiment comprised three major experimental groups: The main
group of interest, i.e. populations performing the obligate cross-feeding interaction, and
two control groups, i.e. monocultures of prototrophic wildtype as well as generated
auxotrophic genotypes. Aim of the control groups was to directly compare observations
in derived cocultures with those made in derived monocultures hence to clearly attribute
observations to be causative for the obligate interaction, the genetic modifications, or the
abiotic culture conditions. To generate the synthetically designed obligate by-product
interaction, complementary phenotypes (i.e. E. coli TyrAra® Lac" & E. coli Trp” Ara’
Lac °, or the reverse combination of phenotypic labelling and auxotrophy) were
combined in cocultures in an initial ratio of 50:50. Two major control groups contained
either monocultures of the different generated auxotrophic strains to determine effects of
adaptation to genotypic background (prototrophy or auxotrophy, and presence or
absence of phenotypic marker genes) or monocultures of the wildtype to determine
effects of adaptation to abiotic culture conditions and phenotypic labelling (presence or
absence of phenotypic marker genes). Each six biological replicates of each genotype
(i.e. the wildtype, the AtrpB knockout, and the AtyrA knockout either without or with
both phenotypic markers) were used to start the evolution experiment, adding up to
twelve WT monocultures, twelve cocultures, and 24 monocultures of auxotrophs.
Auxotrophic monocultures were incubated under identical conditions as cocultures and
wildtype aside from required amino acid supplementation of 50 puM tyrosine or
tryptophan. Amino acids were by purpose kept at limiting concentrations to mimic
conditions and starvation stress of cocultures. To start the evolution experiment 4 ml of
minimal medium in 20 ml scintillation vials (Wheaton Industries Inc., USA) were
inoculated with an initial ODggonm 0f 0.005. Populations were initially transferred every
seven days for a total of five transfers, following 15 transfers every three days, adding up
to a total of 80 days or approximately ~150 generations of bacterial growth. At the end
of each cycle, optical densities were determined at 600 nm via spectrophotometry in a
plate reader (Spectramax M5, Applied Biosystems; United States) and 20 pl of culture
were transferred into 4 ml of fresh MMAB-medium. Depending on the length of the
cycle (i.e. three or seven days), glycerol stocks (20% glycerol) were prepared each six or
seven days and stored at -80 °C. Cocultures were regularly tested for revertant
phenotypes that showed prototrophic growth (i.e. that were capable to grow on MMAB

agar without amino acid supplementation). Out of twelve cocultures, two were excluded
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from further analysis due to prototrophic phenotypes. Accordingly, the two cognate
replicates of auxotrophic monocultures were excluded from further analysis as well.

In addition, one replicate of E. coli AtyrA AaraDAB AlacZ from monocultures was
excluded from further analysis due to a contamination of the culture. Terminal
populations were spread on modified TA agar plates to isolate evolved clones based on
differences in colour and colony morphology. For each detected morphotype (i.e. colony
morphology) in auxotrophic populations, four individual colonies were isolated as
biological replicates, which were used in subsequent experiments. Phenotypic diversity
was observed in eight out of ten derived cocultures of auxotrophic genotypes resulting in
a total of 35 isolated phenotypes, and three out of 19 auxotrophic monocultures yielding
a total 22 isolated phenotypes. All monocultures of the prototrophic wild type remained

phenotypically homogeneous. Isolates were stored at -80 °C until further analysis.

4.4 Relative fitness of ancestral vs. evolved populations

To characterize the achieved improvements in growth of evolved populations, fitness
relative to the corresponding ancestor was determined. Therefore, cultures of evolved
populations as well as the respective ancestors were directly inoculated from cryo-stocks
and incubated for 72 h in 4 ml of MMAB medium. The number of colony-forming units
(CFUs) was estimated at 0 h and 72 h by plating on modified TA agar. The Malthusian
parameter M (538) describes the reproductive capacity of a given number of individuals
during a given period of time and was calculated as a measure for fitness of evolved
populations (denoted as “Evo”) relative to their respective ancestor (denoted as “Anc”)

as
MEvo / MAnc = 1n(Nf,Evo/Ni,Evo) / ln(Nf,Anc/Ni,Anc)

with N; as the initial number of CFU and Nt as the final CFU-count after 72 h. Each

evolutionary lineage was analysed using six replicates.

4.5 Growth performance of isolates from cocultures in single cultivation

After determining fitness on the level of whole cross-feeding populations, the ability to
grow autonomously (except amino acid supplementation) was tested in isolated
phenotypes from cocultures to evaluate side-effects of adapting to cooperative cross-
feeding on independence. Ancestral auxotrophs were analysed as well to finally quantify

these effects.
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Therefore growth kinetics were monitored by measuring optical density at 600nm every
30 min for a total of 72 hours in an Tecan Infinite F200 Pro plate reader (Tecan Group
Ltd., Switzerland). Strains were cultivated in a 384 well plate containing 50 pl minimal
medium per well, which was supplemented with the required amino acid. During each
cycle (i.e. 30 min), the microtiter plate was shaken trice for 3 min. Determined growth
curves were used to calculate relevant growth parameters. Magellan software (Tecan
Group Ltd., Switzerland) was utilized to calculate pwmax using six time points and
ODwax using eight time points. Readouts for evolved phenotypes (n=4) were divided by

averaged values of ancestors (n=6) with the respective genotypic background.

4.6 Quantification of amino acid production levels using biosensors

To compare the amount of tyrosine or tryptophan that was produced by ancestral and
evolved strains, both types were used as amino acid donor in coculture with auxotrophic
biosensor strains. Auxotrophic donors were supplemented the required amino acid, while
biosensors growth was depended on the shared amount of amino acid by the donor.
Growth of a biosensor will hence correlate with the released amount of amino acid by a
given donor (517). For this, the generated strains E. coli AtrpB AaraDAB lacZ camR and
E.coli AtyrA AaraDAB lacZ camR were utilized as biosensors, since their numbers could
be determined irrespective of frequency when in coculture with a donor. Auxotrophic
donor strains were supplemented with 150 uM of the respective amino acid, while WT
cells were cultivated in the absence of externally supplied amino acids. Cocultures of
donors and recipients (i.e. amino acid biosensors) were inoculated in a 1:1 ratio in 1 ml
MMAB medium and incubated for 72 h. The number of CFUs (colony forming units) of
donor and biosensor was determined at the beginning as well as after the coculture
experiment (i.e. after 3d) by plating. To enable phenotypic discrimination between both
types, populations were plated either on either LB agar plates containing xGal as well as
IPTG (resulting in white and blue colonies, respectively) or TA agar plates (resulting in
white and red colonies, respectively). In addition, cocultures were spread on LB agar
containing chloramphenicol to determine cell numbers of biosensors in a very low
abundance. In parallel to cocultures, monocultures of biosensors were incubated in
MMAB medium without amino acid supplementation to determine basal growth, which
was subtracted from absolute CFU in cocultures to calculate net-growth in the presence
of a donor strain. The experiment was replicated three times for each ancestral

population as well as each isolated clone from evolved cocultures.
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4.7 Amino acid quantification in culture supernatants

Released amounts of tyrosine and tryptophan were quantified as described for
tryptophan analysis in Pande et al. 2015 (83) that adapted the protocol from Jander et al.
2004 (542). Precultures for all replicates of isolated phenotypes were incubated until
stationary phase and supernatants were harvested by centrifugation (3,800g for 20 min)
in a 96 filter plate (0.2 uM AcroPrep™ 96 filter plate, Pall Corporation, USA). Culture
supernatants were directly used for analysis after adding 10 pg/ml of *3C, **N-labelled

amino acid mix (Isotec, Miamisburg, OH, USA).

4.8 Contact-dependent growth

To determine whether physical contact between cells is necessary to facilitate the
exchange of amino acids and thus growth, interacting genotypes were cultivated in a
device that allows to grow two cell populations either in the same compartment, or
separated by a filter membrane (0.2 mm, polyethersulfone, Pall GmbH, Germany),
which prevents a physical contact between cells, but a transfer of amino acids through
the extracellular environment (i.e. Nurmikko cells, (83, 543)). In this experiment, both
pairs of ancestral auxotrophic genotypes and derived genotypes were analysed that have
been cocultured together. In cases were multiple morphotypes have been isolated from
evolved auxotrophs, all isolated clones were mixed in equal ratios according to
auxotrophy-causing mutations. Each combination was replicated four times. The initial
ODgoonm Was set to 0.001 with each auxotrophy representing 50% of the initial
population. In cases were multiple isolates have been isolated from the same derived
population of cocultured auxotrophs, their initial density was adjusted such that their
combined density reached an ODggonm Of 0.001, as well. Each Nurmikko cell contained 4
ml MMAB minimal medium and was incubated under shaking conditions (i.e. 150 rpm,
30 °C). Total numbers of CFUs were determined after 0 h and 72 h incubation on

modified TA agar.

4.9 Cluster formation

In order to determine the propensity of the different experimental treatment groups to
form multicellular clusters, cultures that have been isolated from different time points of
the evolution experiment were subjected to a laser diffraction spectroscopy. This

technique utilizes diffraction patterns of a laser beam that is passed through a solution
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and thereafter through a Fourier lens on a detector array to measure particle size
distributions. To this end, ancestral or derived populations of the three experimental
groups (i.e. prototrophic WT, auxotrophic monocultures, auxotrophic cocultures) were
directly inoculated from cryo-stocks into glass bottles containing MMAB medium.
Monocultures of auxotrophs were additionally supplemented with 50 pM of the
respective amino acid. The total culture volume was adjusted to the optical density
reached during the exponential growth phase (i.e. WT: 20 ml, auxotrophic monocultures:
50 ml, coculture: 100 ml). Due to the increased variation observed in test experiments,
each coculture population (n=10) was replicated three times, while each population of
control groups was only replicated once (n=12 for WT, and n=24 for auxotrophic
monocultures). Cluster formation was verified for ancestral (0 days) and evolved
populations (80 days). Additional time points that were checked for cluster formation
from the evolution experiment were t4 (28 days), t11 for cocultures and wildtype (53
days), t12 for auxotrophic monocultures (56 days). Analysis of particle size distribution
was performed utilizing a Beckman Coulter LS 13 320 laser-diffractometer with
universal liquid module using the Fraunhofer optical model. If necessary, precultures
were either diluted until a sufficient obscuration (~5%) was reached or were used
undiluted in case of low optical density. Analysis was performed with precultures in
exponential growth phase with pump speed set to 6% to minimize shear forces that
degrade cell clusters over time. Each sample was measured three times for one minute.

Averaged output files of these individual measurements were used for further analysis.

4.10 Invasion-from-rare experiment

To determine whether or not physical contact and local interactions favour evolved
cooperative phenotypes in multicellular clusters consisting of ancestral, non-cooperating
genotypes, an invasion from rare experiment was conducted. For this experiment, the
invasion success of cooperative phenotypes within a population of less cooperative
auxotrophs was quantified using Nurmikko cells and non-evolved ancestral auxotrophs
were used as controls. Tripartite populations (i.e. two ancestral auxotrophs plus one
invader — an evolved cooperator or ancestral auxotroph) were either grown separated on
the level of the auxotrophy by a filter membrane or under conditions that allowed mixing
among genotypes. Suitable cooperative phenotypes were selected among evolved
isolates from cocultures based on their cooperative supplementation of an auxotrophic

biosensor strain as indicated by the results of the biosensor experiment (Figure S4). In
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this way, a total six isolates (Avlb, Av6lb, Bvlr, Avlrw, Bvbbb, and Bv6b) were chosen
with at least one representative for each of the four genotypic combinations of
auxotrophy and phenotypic marker genes, which have been used in the evolution
experiment. Two ancestral auxotrophs were used to found a coculture in a 1:1 ratio and
an initial ODgyonm Of 0.005 to which an invader (i.e. evolved or ancestral auxotroph) was
added with a 0.05 % initial frequency. Each combination including a particular invader
was replicated five times and conditions were identical to the Nurmikko cell experiment
mentioned above. CFUs were determined by plating during the onset of the experiment
and after three days of incubation. To discriminate biosensor strains in established
tripartite consortia, cultures were plated on MMAB agar plates containing one of the
required amino acids. Further discrimination of the respective auxotroph (i.e.
competitor) and the invader sharing the same auxotrophy required the use of indicator
dyes in the respective MMAB agar plates as described above for the biosensor
experiment. To determine low frequencies of invaders, plating was additionally
performed on LB agar containing 50 uM kanamycin. The invasion success is given as
the change in invader-to-competitor ratio, which in principle was adapted from
calculations for the selection coefficient (544). The reason behind adapting calculations
was that mathematical operations for the selection coefficient do not consider negative
growth. This was however observed in few competitor frequencies likely due to the
evolved phenotype resembling a strong competitor itself. Ratios were determined at the
initial time point (inoculation) and at the end of cultivation after three days. In detail
invasion success was calculated by dividing the final ratio of invader to competitor CFU
counts with the initial ratio of invader to competitor CFU counts.
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Supporting information

The following supporting information is available for this chapter starting with page 194

Figure S1:

Figure S2:

Figure S3:

Figure S4:

Figure S5:

Figure S6:

Figure S7:

Figure S8:

Absolute fitness does not differ between groups of evolved populations.
Quantification of released tyrosine and tryptophan levels reveals permanent
overproducers.

Superior biosensor supplementation by evolved isolates from cocultures.
Individual measures of the changes in amino acid release in isolates from
cocultures.

Analysis of size distribution in two time points of the evolution experiment
confirms predominant cluster formation in cocultures.

Nascent lifecycle of association and disassociation in cross-feeding
populations.

Cross-feeding populations show contact-dependent growth.

Analysis of size distribution within Nurmikko cells reveals prevalence of
multicellular aggregates.
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Chapter 3

Synergistic coevolution accelerates genome evolution

Ecological interactions are key drivers of evolutionary change. Even though it is well-
documented that antagonistic coevolution can cause genetic divergence and accelerate
molecular evolution, the evolutionary consequences of synergistic coevolution remain
poorly understood. Here we show experimentally that also synergistic coevolution can
speed up the rate of molecular evolution. Pairs of auxotrophic genotypes of the
bacterium Escherichia coli, whose growth depended on a reciprocal exchange of amino
acids, were experimentally coevolved and compared to amino acid-supplemented
monocultures of auxotrophs or metabolically autonomous wild type cells as a control.
Coevolution resulted in the emergence of a strong metabolic cooperation that coincided
with a significantly increased number of mutations in the genomes of coevolved
auxotrophs as compared to genomes of control groups. Moreover, coevolved cooperative
populations showed an increased degree of parallel evolution as well as divergent
evolutionary trajectories relative to both control groups suggesting constrained
adaptation to the abiotic environment. Together, these results demonstrate that similar to
antagonistic interactions, also synergistic coevolution can cause rapid and divergent

evolution that in the long-run may drive speciation driven by mutualistic interactions.
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1. Introduction

The evolution of microorganisms is fundamentally driven by ecological interactions
(545), but the extent to which positive as well as negative relationships contribute to this
ongoing process remains puzzling. It is hence crucial to specifically unravel the
consequences each ecological interaction has on its own to finally understand the
complex interplay and the resulting outcome of diverse selection pressures acting
simultaneously on microbial species. Recent work on antagonistic interactions
uncovered significant consequences on coevolving species: In accordance to the red
queen hypothesis (546), coevolution with their bacterial host increased the rate of
molecular evolution in phages, which in return increased genetic variation in the host
(32, 547). What is more, adaptation to the abiotic environment was demonstrated to be
constraint by adaptation to ecological interactions and vice versa (32, 119, 548, 549).
Taken together antagonistic interactions were shown to significantly influence rate as
well as trajectory of evolution and are likely a “major driver of evolutionary change
within species” (31).

In contrast, only little is known about consequences cooperative interactions impose
on coevolving partners in general. One theory, termed the Red King effect (117),
suggests that decelerated evolution can be advantageous for one mutualistic partner
under relaxed selection (550) and when unilateral increase of received benefits is
favoured (75, 117). However, this outcome requires both partners to differ in their rates
of evolutionary change (117), a scenario intuitively met by species from different
kingdoms that frequently engage in mutualisms, yet rather not by cooperating bacterial
species. While fulfilling these conditions, Rubin and Moreau (2016) show in a seminal
study of ant-plant mutualisms that cooperative plant-ants in contrast to predictions
exhibit higher rates of genome evolution than respective non-symbiotic species (118).
Aside from these insights only a few studies actually addressed synergistic coevolution
by utilizing microbial model systems (105, 106, 112, 158), reporting first insights on
imposed consequences on genome evolution (112), yet conflicts in adaptation between
the biotic and the abiotic environment remain virtually unclear.

In previous work we demonstrated synergistic coevolution to rapidly and repeatedly
result in metabolic cooperation within replicated bacterial populations. Initially,
cocultures of two Escherichia coli strains that either lacked the ability to synthesize
tyrosine or tryptophan barely grew in minimal medium by the enforced exchange of

these amino acids. Hence, as a consequence of the interactions obligate nature, fitness
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and thus fate of the cocultured genotypes (i.e. cross-feeding partners) was coupled.
Importantly the experimental design invoked control groups which comprised
monocultures of the prototrophic wild type as well as auxotrophic genotypes from
cocultures. Monocultures lacked the obligate interaction but experienced identical
treatment as cocultures, hence functioned as reference for adaptation to abiotic culture
conditions as well as genotypic background. Cooperative cross-feeding independently
evolved within ten replicated cocultures in less than 150 generations, which was
accompanied by a significant improvement in fitness towards levels of evolved
monocultures. This demonstrates an astonishing capability of an auxotrophic consortium
to rapidly compensate the loss of vital biosynthetic functions. We were next interested in
associated implications of the observed de-novo evolution of metabolic cooperation
relative to control groups on the genomic level. By utilizing modern sequencing
techniques we successfully attributed observations to either resemble a consequence of
synergistic coevolution or rather adaptation to abiotic culture conditions as well as
genotypic background (i.e. auxotrophy).

We present the first empirical evidence of synergistic coevolution to (i) accelerate
molecular evolution, (ii) drive parallel evolution among replicated populations while
partners do not share mutated sites, and (iii) cause evolutionary trajectories that are

highly divergent to an independent lifestyle.

2. Results

We previously demonstrated cooperation to rapidly evolve from an obligate by-
product interaction within short evolutionary time of less than 150 generations.
Cooperative cross-feeding exclusively evolved within replicated cocultures of
auxotrophic E. coli strains, while adaptation to the abiotic environment rather decreased
levels of shared amino acids in control groups, which suggests strong positive selection
for cooperation within cocultures. Moreover, in contrast to independent control groups,
cocultures consistently showed dramatic changes in population structure by the
formation of multicellular clusters, which were demonstrated to promote cooperators to
increase in frequencies. These results clearly unravel a divergent development between
auxotrophic cocultures and control groups, which indicates that evolution in cocultures
is driven by adaptation to the obligate interaction, yet not to abiotic culture conditions.
We were hence interested in quantifying associated consequences of the evolution of

cooperation on the genomic level, especially relative to a lifestyle that lacks the obligate
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interaction, by direct comparisons of evolutionary trajectories of the three experimental
groups. Therefore resequencing of 63 evolved clonal isolates (i.e. isolated morphotypes,
as reported in previous work) and 24 whole-population samples was performed in the
three experimental groups (auxotrophic cocultures, auxotrophic monocultures, and
wildtype monocultures). Analysis revealed in total 325 and 205 mutations for clonal
samples and whole-population samples, respectively. Sequenced isolates and whole
populations hence exhibited mean numbers of 5.2 and 8.5 mutations per analysed
sample. Based on the detected spectrum of mutations within and between groups,
differences were visualised on the gene-level utilizing distance trees (Fig. 1a, and Fig.
2a).

2.1 Parallel evolution in cocultures is divergent to prototrophic and auxotrophic
monocultures

As suggested by previous insights, cocultures indeed cluster as one consistent group
sharing a common branch that is distinct to control groups (Fig. 1a). Except two
wildtype populations that root early into the branch of cocultures close to the
coalescence, control groups in general share two separate main branches. In detail both
of these branches comprise populations of both control groups independent of genotype.
Control groups hence show a low preference of replicated populations being mapped to
similar branches. Taken together the observed topology indicates levels of parallel
evolution to be highest within auxotrophic cocultures. To quantitatively evaluate the
extent of parallel evolution, we determined the Jaccard Index (J) as a measure of
parallelism for all possible comparisons within and between experimental groups (Fig.
1b). The extent of similarity in accumulated mutations was computed on the gene level.
Comparisons confirm degree of parallelism to be significantly higher in cocultures than
in both control groups (Fig. 1b). Mean J values range between 0.11 for wild type and
0.09 for auxotrophic monocultures, while reaching 0.2 in cocultures. Between-group
comparisons furthermore reveal low degree of parallelism among experimental groups in
general with a mean J value of 0.04, which is illustrated by few overlaps in the spectrum
of mutated genes (Fig. S1a). Accumulated mutations hence not only concerned different
genes due to the presence or lack of the obligate interaction, yet amino acid auxotrophy
as well influenced genome evolution (Fig. S1b). Furthermore, experimental groups only
have one altered gene in common (Fig. S1a). In conclusion, significant differences in

evolutionary trajectories were identified on the population level. Given that minimal
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overlaps in the spectrum of mutated genes were observed (Fig. S1a), we conclude that
the obligate interaction as well as the genotypic background of auxotrophic strains

completely altered adaptation relative to the prototrophic wildtype.
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Figure 1: Evolution of cooperation drives parallel evolution that is highly divergent
from an independent lifestyle. (a) Distance tree derived from a population level genotyping
matrix utilizing standard neighbour joining. Nodes are colour-coded by experimental group.
Evolutionary trajectories differ between control groups (WT = wildtype; A = tyrosine,- and
B = tryptophan auxotrophic monocultures) and cross-feeding populations (C = cocultures).
Cocultures cluster as one group (e.g. share a branch) distinct to control groups that lack the
cross-feeding interaction. Labels containing similar numbers indicate a common ancestor
among auxotrophic populations. Dotted lines indicate shortened branches that exceeded a
certain threshold (see methods). (b) Degree of parallel evolution within and between
experimental groups on the level of mutated genes given as mean Jaccard indices with 95%
confidence intervals. Letters indicate significant differences (Dunett T3 post hoc test: P <
0.05, WT: n=15; Mono: n=30; Co: n=15, Between (all between-group comparisons): n=216).

2.2 Partner-specific evolutionary trajectories

Population-level analysis did not allow mutations to be assigned to a specific
auxotrophic partner in cocultures. Therefore we analysed the spectrum of mutations in
clonal samples, i.e. isolates from evolved wildtype monocultures (n=10), auxotrophic
monocultures (n=22), and cocultures (n=31). Remarkably, cross-feeding partners are
mapped to completely distinct branches depending on auxotrophy (Fig. 2a), which
reveals partner-specific evolutionary trajectories. While isolates from cocultures
auxotrophic for tryptophan share one main branch, tyrosine auxotrophic isolates are
distributed over three branches that also comprise individual isolates from tyrosine
auxotrophic monocultures. Interestingly, these isolates from monocultures share a

common ancestor with respective isolates from cocultures and root early into the same
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branch in all four observed cases (Fig. S2a). This either indicates a predisposition for
certain mutations which is unlikely or could be a result of coincidence by picking
biological replicates that already carried the shared mutation before the evolution
experiment was initiated. Re-sequencing of respective replicates to confirm the presence
of mutations within initial cocultures is therefore recommended and will be part of
further work.

As described above, we isolated and resequenced all morphotypes of each population
(i.e. optically discriminable phenotypes on agar-plate). Morphotypes of similar
auxotrophy that were isolated from the same population expectedly mapped to similar
side-branches, since these clones likely originated from a common lineage hence shared
several mutations (Fig. S2a). In detail, isolates that shared similar auxotrophy and
originated from the same auxotrophic coculture or monoculture approximately shared
75% and 33% of mutations, respectively. The remaining isolates from control groups are
mapped on separate branches with no consistent grouping preference of identical
genotypes, which is in line with observed topology in mapped population samples. We
quantitatively evaluated the extent of parallel evolution on the gene-level in clonal
samples as well. Determined J values for all possible comparisons within and between
experimental groups show similar patterns of observed parallelism as analysed
populations (Fig. S2b). However, when groups are separated by auxotrophy, tyrosine
auxotrophic genotypes show significantly reduced within-group parallelism (Fig. 2b).
Levels of similarity are indeed significantly higher in cocultures than in monocultures,
yet tyrosine auxotrophic isolates from both experimental groups show significantly
lower degree of parallelism than respective tryptophan auxotrophic isolates (Fig. 2b).
J values among tyrosine auxotrophs from monocultures do not even differ with between-
group comparisons. These comparisons furthermore confirm low degree of parallelism
among experimental groups, which is underpinned by few overlaps in the spectrum of
mutated genes between groups of auxotrophic isolates (Fig. S1b). However, there is one
exception: comparisons between the wildtype and tryptophan auxotrophs from
monocultures resulted in mean J values of 0.1 (data not shown), which is at the level of
three within group comparisons (Fig. 2b). Taken together resequencing of clonal
samples confirmed observed patterns in analysed population samples and revealed a
general trend of highly divergent evolutionary trajectories between auxotrophic partners

within cocultures.
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Figure 2: Coevolved auxotrophs show higher levels of divergence as well as degree of
parallel evolution than control groups. (a) Distance tree of clonal samples (A = tyrosine
auxotrophic,- and B = tryptophan auxotrophic isolate) utilizing standard neighbour-joining
based on a genotyping matrix. Tryptophan auxotrophic isolates from cocultures (n=18)
cluster as one distinct group, while respective tyrosine auxotrophs (n=13) are split into three
branches and share in certain cases mutated genes with tyrosine auxotrophs from
monocultures (n=11). Dotted lines indicate shortened branches that exceeded a certain
threshold (see methods). (b) Degree of parallel evolution within and between experimental
groups given as mean Jaccard indices with 95% confidence intervals. Letters indicate
significant differences between groups (Dunett T3 post hoc test: P < 0.01, WT: n=45; Mono:
n=55 for both auxotrophies; Co: n=78 for AtyrA and n=153 for AtrpB; Between (all between-
group comparisons): n=1567). The degree of parallel evolution was significantly higher in
cocultures for both auxotrophies.

2.3 Between-group divergence on the functional level

We next analysed the spectrum of detected mutations between experimental groups on
the functional level. Genes carrying a mutation were therefore counted in clonal samples
and duplicates (i.e. due to morphotypes from the same population carrying an identical
mutation) were removed before further analysis. Consistent for both auxotrophies is that
genes involved in stress response as well as resistance are predominantly mutated in
isolates from cocultures, indicating that the native reaction to stress was unfavourable in
cross-feeding cocultures. Regulation appears to be affected more frequently in
tryptophan auxotrophs from cocultures than in auxotrophic monocultures, while the
reverse trend could be observed for energy production and conversion, where not a
single isolate from cocultures carried a respective mutated gene. In contrast, isolates with
tyrosine auxotrophy more frequently carried mutations in genes associated with

metabolism and transport than their counterparts in monocultures. Functional analysis
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hence revealed that auxotrophic partners from cocultures on the one hand show patterns
that likely resulted from adapting to the interaction, on the other hand analogies specific
to auxotrophy were observed as well. Mutations in groups of auxotrophic isolates in
general appear more diverse on a functional level, while the prototrophic wildtype

predominantly carries mutations in genes involved in metabolism and transport.

2.4 Loss-of-function mutations are most abundant in cocultures

Comparative analysis showed major between-group differences in the spectrum of
mutated genes, yet no genomic region that commonly accumulated more mutations in all
three experimental groups was observed, which indicates elevated local mutation rates
not being relevant in our system (Fig. S3). Identified mutations have different effects on
the function of the respective gene, ranging from neutral synonymous SNPs to loss of
function mutations that can be caused by various modifications such as nonsense SNPs,
frameshifts, and larger deletions or insertions frequently mediated by mobile elements.
When comparing the abundance of these different types of mutations on the population-
level, cocultures indeed show the highest counts for single nucleotide polymorphisms
(SNPs), insertions and deletions (INDEL), and mobile elements (MOB), yet there are no
obvious differences between groups in the general distribution of mutations (Fig. S5).
Since associated implications are potentially highest when a function is deleted, we next
compared frequencies of loss of function mutations on the clonal level to allow
discrimination of auxotrophic partners. Therefore genes carrying a mutation were
counted in clonal samples, and duplicates (i.e. due to morphotypes from the same
population carrying an identical mutation) were removed on the population-level to
avoid pseudo-replication. In addition, mutator genotypes were not considered. Highest
frequencies of loss of function mutations were identified in cocultures while lowest
frequencies were identified in auxotrophic monocultures: Percentages ranged between
~33% and ~27% in cocultures, and ~15% and ~18% in monocultures for tyrosine and
tryptophan auxotrophs, respectively. Wildtype isolates showed intermediate frequencies
of ~23%.

2.5 Evolution of metabolic cooperation accelerated molecular evolution
We next quantified the extent rapid evolution of cooperative metabolite exchange
influenced genome evolution in cross-feeding populations. Therefore each detected

mutation was counted as a single event to compare absolute numbers of accumulated

122



mutations between experimental groups. Re-sequencing revealed a population consisting
of an established genotype carrying a non-sense mutation in the gene mutT. Inactivation
of mutT causes a hypermutator phenotype that rapidly accumulates predominantly single
nucleotide polymorphisms (SNPs) (551). Since mutations are rather deleterious than
beneficial (552, 553) and therefore rarely adaptive in hypermutators, we excluded the
focal population A10 and respective isolates from further analysis (see Fig. la & Fig.
S2a for shortened branches that indicate high genetic load, and Fig. S3 for numerous
individual mutations in isolates).

Comparative analysis showed absolute numbers of mutations to be significantly
higher in cocultures than in control groups on both the clonal as well as the population-
level, while wildtype and auxotrophic monocultures showed similar levels of
accumulated mutations in both comparisons (Fig. 3a and b). Considering polymorphisms
in population samples expectedly resulted in higher numbers of detected mutations than
in clonal samples, however numbers within population samples of cocultures appeared to
be higher than the sum of mutations detected within individual clones. If mutations are
rare, they indeed might not be detected by analysing single clones. However, mutations
with higher frequencies of >20% were exclusively detected within population samples
yet not clonal samples (a complete list of mutations can be found in supplementary
tables 2 and 3 for clonal samples and population samples, respectively). One potential
explanation lies in sample preparation of whole populations. Analysing derived
cocultures on the population-level from the fossil record required another cycle of
cultivation, which likely caused additional mutations to accumulate whereas sub-
cultivation of individual isolates did not cause this effect. In average wildtype
monocultures accumulated 6 and 2.3, auxotrophic monocultures 4.7 and 3.1, and
cocultures 13.7 and 5.6 mutations in analysed populations and clones, respectively. In
conclusion, our analysis shows that cocultures accumulated significantly more mutations
than control groups within ~150 generations (Fig. 3). Our results hence suggest
accelerated molecular evolution in cross-feeding populations as a consequence of the

evolution of metabolic cooperation.
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Figure 3: Cocultures accumulated more mutations than controls. Comparison of
absolute numbers of mutations between all analysed samples demonstrates significantly
faster accumulation in populations of cross-feeding auxotrophs (Co) relative to the wildtype
(WT) and auxotrophic monocultures (Mono). Mutator genotypes were excluded from
analysis. (a) Statistical analysis of clonal resequencing data showed that the obligate
interaction had a significant effect on the accumulated number of mutations (Univariate
linear model: P<0.05, WT: n=10, Mono: n=20, Co: n=31) and that isolates from cocultures
accumulated significantly more mutations than isolates from both control groups (Bonferroni
post hoc test: P < 0.05, WT: n=10, Mono: n=20, Co: n=31). (b) Numbers of detected
mutations on the population level are significantly higher in cocultures as well (Bonferroni
post hoc test: P < 0.05, WT: n=6, Mono: n=11, Co: n=6). Differences in mean values are
more pronounced between groups than in clonal samples due to the accumulative effect of
counting mutations of both partners within cocultures.

3. Discussion

Driven by adaptation and counter-adaptation, antagonistic coevolution was
demonstrated to increase rates of molecular evolution (31) by following the principles of
an evolutionary arms race as described by the red queen hypothesis (546). These insights
were feasible due to experimental coevolution in replicated populations under laboratory
conditions, an approach that was already utilized to study a variety of antagonistic
interactions (545). For mutualistic interactions evolution experiments were conducted as
well, yet with the focus on evolvability (105) as well as consequences of adaptation to
the interaction (112), and verification of empirical predictions on the evolution of
cooperation (106, 158). Hence these studies successfully addressed i.a. effects of
ecological setup and adaptive processes on the evolution and maintenance of mutually
beneficial interactions, while consequences in genome evolution on a quantitative level

especially relative to an independent lifestyle remain unclear.
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By utilizing comparative genomics we quantified the extent of molecular evolution
during adaptation to an obligate metabolic interaction on the one hand and possible
adaptive routes to abiotic culture conditions on the other hand. Analysis revealed high
levels of parallelism among cocultures, yet clear divergence in evolutionary trajectories
as well as low extent of similarity to control groups. Highest levels of parallel evolution
were identified in cross-feeding populations (Fig. 1b) and tryptophan auxotrophic
isolates from these populations (Fig. 2b). Taking into account the lower extent of
similarity within tyrosine auxotrophic partners (Fig. 2b) we conclude that tryptophan
auxotrophs predominantly determined elevated J values at the population level.

Since cultivated under limiting amino acid supplementation, we expected
monocultures of auxotrophs to have several mutated genes in common with cocultures
that experienced limiting conditions especially during the early stages of evolution as
well. However, results indicate no such overlaps in both groups albeit assumed to
experience similar starvation stress. The observed divergence between control groups
and cocultures suggests hence conflicts in selection: When considering detected
mutations within control groups to possibly resemble adaptation to abiotic culture
conditions or deletion of a vital biosynthetic function, adaptation to both seems to be
strongly restricted by the evolution of metabolic cooperation. Albeit evolving under
almost identical culture conditions, experimental groups shared not more than one
mutated site on the basis of each six analysed populations (Fig. S1a). In detail, either rph
itself or the intergenic region of pyrE/rph exhibited mutations which are known to
restore a deficiency in pyrimidine-biosynthesis (554, 555).

Moreover we observed striking differences in cocultures depending on auxotrophy.
Partners almost completely differed in the spectrum of mutated sites (Fig. Slb).
Together with differences to control groups this suggests adaptation to the specific
function (i.e. provisioning of an amino acid) and to the changing requirements during the
course of synergistic coevolution. This interpretation is supported by the spectrum of
mutated genes showing major differences on the functional level (Fig. S4). Surprisingly
we observed similar patterns in auxotrophic monocultures that highly differed in the
spectrum of mutated sites as well (Fig. S1b), which illustrates how a single loss-of-
function mutation can completely alter the adaptive landscape and therefore the
spectrum of beneficial mutations a certain mutant has access to. Besides individual
spectra of mutations cocultures more frequently accumulated loss of function mutations

than control groups. In line with observations reported by Hillesland et al. 2014 (112)
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we conclude as well that the early development of an obligate metabolic interaction
caused additional interdependencies, which is corroborated by reduced growth
performance of cooperative phenotypes that were cultivated in isolation as reported in
previous work.

By quantifying total numbers of mutated sites we show for the first time rates of
genome evolution to be significantly increased in both interaction partners due to the
evolution of metabolic cooperation (Fig. 3). Taking into account high levels of similarity
in cross-feeding populations, observations made in this study are likely a result of
adaptive evolution. Our observations appear to be reminiscent to insights in antagonistic
coevolution were molecular evolution appears to be accelerated as well (31), while
adaptation to the abiotic environment is restricted (32, 119). Despite these analogies we
do not interpret our results to be in contradiction to predictions made by the Red King
hypothesis, which in contrast to our intra-species model system assumes unequal
evolutionary rates of differing partners (117). Additionally the initial stages of
developing metabolic cooperation were marked by rapid improvement in fitness
indicating strong selection, which furthermore is in contrast to another identified premise
for the Red King effect: weak or relaxed selection (550). The question however remains
about which mechanism caused elevated evolutionary rates as well as parallel evolution
in both partners during synergistic coevolution in replicated populations. This could be
either explained by few available routes of adaptation or strong/intense positive selection
of most beneficial mutations. One major difference between experimental groups was
the potential of fitness gain during the evolution experiment, since ancestral cocultures
showed very limited growth. As previously reported fitness in average increased by
290% in cocultures, 20% in wildtype populations, and only 5% in auxotrophic
monocultures. Given these differences, strong selective pressure operating on most
beneficial mutations likely was the underlying driving force causative of extensive
parallelisms in the evolution of metabolic cooperation, an interpretation shared with
another study that investigated the evolution of cooperation in microbes finding rapidity
and repeatability as well (556). Strong selection pressure during serial passages
potentially facilitated multiple selective sweeps that rapidly established cooperative
mutants and finally could have caused accelerated molecular evolution. Importantly we
reported in previous work (chapter 2) such sweeps to indeed take place in our
experimental setup. Invasion success of cooperators was demonstrated to be facilitated

by positive feedback-loops in multicellular aggregates. Further work utilizing
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comparative genomics in the fossil record of the conducted evolution experiment could
confirm these rapid selective sweeps of cooperators as well as coevolutionary responses
of interacting partners.

Taken together, our results provide first experimental evidence that synergistic
coevolution can increase the rate of molecular evolution. Our study demonstrates the
advantages of combining resequencing of single isolates with whole-population analysis
when studying interactions in bacterial populations, especially when these consist of
different genotypes of the same species. This complementary approach allowed detailed
analysis of accumulated mutations for parallelism, evolutionary rate, spectrum of
affected functions, and partner-specific responses. We show that the evolution of
metabolic cooperation caused highly divergent spectra of mutations between interacting
partners as well as analysed lifestyles. Our insights have fundamental implications for
microbial populations that carry out metabolite exchange and eventually might engage in

cooperatively sharing resources.
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4. Material and Methods

4.1 Bacterial strains.

We used Escherichia coli BW25113 (159) as the wild type (WT), which was
genetically modified by P1 transduction (536). Derived auxotrophic genotypes contained
an in-frame replacement of the targeted amino acid biosynthesis gene (i.e. trpB or tyrA)
with a kanamycin cassette. To allow discrimination of different genotypes on agar plates,
the phenotypic marker genes araDAB (derived from E. coli REL607 (538)) and lacZ
(derived from E. coli MG1655 (539)) were additionally introduced into WT and
auxotrophic strains by P1 transduction. As a result, one set of strains carried the
functional alleles for arabinose utilization and B-galactosidase, which appears blue on
TA-Agar (540) supplemented with 0.1 mM IPTG (Isopropyl p-D-1-
thiogalactopyranoside) and 50 pg mL* X-Gal (5-bromo-4-chloro-3-indolyl-p-D-
galactopyranoside), while the other set of WT phenotypes appears red.

4.2 Culture conditions.

In all experiments, minimal medium for Azospirillium brasilense (MMAB) (541) with
0.5 % glucose instead of malate and without biotin was used as culture medium.
Cultures were incubated under shaking conditions at 30 °C and 225 rpm. Only
monocultures of auxotrophic genotypes were supplemented with tryptophan or tyrosine
(150 pM for precultures and 50 pM for the evolution experiment). To start an
experiment, bacterial strains were freshly streaked from cryo-stocks on LB agar plates
and incubated for 18-24 h at 30 °C. Individual colonies were used as biological
replicates to inoculate each 1 ml MMAB of overnight preculture, which were set to an
optical density (ODgoonm) Of 2 the next day. Respective aliquots of these were
subsequently used to inoculate 4 ml MMAB medium with an initial ODggonm 0f 0.005. In
the case of auxotrophic cocultures each genotype was inoculated with an initial ODgyonm
of 0.0025.

4.3 Evolution experiment.

Complementary auxotrophic strains (E. coli AtrpB::kan araDAB lacZ, and E. coli
AtyrA::kan ara- AlacZ or the reverse combination of phenotypic labelling) were
combined in cocultures to generate a synthetically designed obligate by-product
interaction. To determine effects of genotypic background (prototrophy or auxotrophy,
and presence or absence of phenotypic marker genes) on the accumulation of mutations,

two control groups contained monocultures of utilized genotypes. Six biological
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replicates of each generated genotype were used to start the evolution experiment,
adding up to twelve WT monocultures, twelve cocultures of auxotrophs, and 24
monocultures of auxotrophic genotypes (i.e. 12 of each type). Populations were initially
transferred every seven days for a total of five transfers, which was followed by 15
transfers every three days, adding up to a total of 80 days or approximately 153
generations. At the end of each cycle, optical densities were determined in 200 ul culture
in microtiter plates by spectrophotometry in a plate reader (Spectramax M5; Applied
Biosystems; United States) and 20 pl of culture were transferred into 4 ml of fresh
MMAB-medium. Depending on the cycle-length, glycerol stocks (20% glycerol) were
prepared each six or seven days and stored at -80 °C. Cocultures were regularly tested
for revertant phenotypes that showed prototrophic growth, thus that were capable to
grow on MMAB-Agar without amino acid supplementation. Out of twelve cocultures,
two cocultures were excluded from further analysis due to the evolution of prototrophic
phenotypes. Accordingly, also the matching biological replicates in auxotrophic
monocultures were excluded from further analysis. In addition, one replicate of
E. coli 4tyrA::kan ara- AlacZ from monocultures was excluded due to contamination.
Terminal populations were spread on modified TA agar plates to isolate evolved clones
based on colour and colony morphology for whole-genome resequencing. Phenotypic
diversity was observed in eight out of ten cocultures, and three out of 19 monocultures
of auxotrophs, while all WT monocultures remained phenotypically homogeneous.

Isolates were stored at -80°C until further analysis.

4.4 Genome resequencing and analysis.

Evolved populations were sequenced on the level of isolated clones and on the
metagenome-level. For this, isolates from terminal populations were incubated in LB
medium and whole populations in the respective native minimal medium until maximum
optical density was reached. Genomic DNA was extracted using the Epicentre
MasterPure™ Complete DNA & RNA purification kit (MC85200, Biozym Scientific,
Germany). Further steps were performed by the Max Planck-Genome-centre Cologne,
Germany (https://mpgc.mpipz.mpg.de/home/): Quality control of samples was
performed on Genomic DNA ScreenTape Analysis® using TapeStation Analysis
Software A.02.01 (Agilent Technologies, United states), followed by TruSeq compatible
library preparation. Clonal samples were sequenced on the Illumina HiSeq2500 platform
in 100-bp paired-end mode for all WT and coculture samples, and in 150-bp paired-end

mode for samples from auxotrophic monocultures. Observed coverage was
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approximately 75-fold or above at quality scores above 30. Sequencing was successfully
performed for 65 clonal samples in total. Numbers of sequenced clones depended on the
number of observed morphotypes on agar plates (see above). Further analysis of
mutations revealed two cases of clones from the same population of cocultures to exhibit
identical mutations. To avoid pseudoreplication, the corresponding pairs were hence
treated as one. Besides genotypes isolated from derived populations of WT (n=10),
cocultures (n=31; with A#&rpB: n=18 and A#rA: n=13), and monoculture (n=22; with
AtrpB: n=11 and AtyrA: n=11) also the six ancestral genotypes were sequenced, to
identify mutations that were already present at the beginning of the evolution
experiment. Metagenomes were sequenced on the Illumina HiSeq3000 platform using
150-bp single-end mode. To allow quantitative comparison of accumulated mutations
without sampling bias, whole populations were analysed from WT- (n=6) and coculture
populations (n=6) as well as from the corresponding populations of auxotrophic
monocultures (n=12, with A#pB: n=6 and AnrAd: n=6). Observed coverage was
approximately 1,250-fold at quality scores above 30. Mapping of reads on the published
reference genome of Escherichia coli BW25113 (CP009273_1) (557) and identification
of mutations was performed using the BRESEQ-pipeline (160, 161). For population
samples, the polymorphism mode with the “Polymorphic Read Alignment (RA)
Evidence” option “--polymorphism-minimum-coverage-each-strand” was set to 40.
Identified mutations and evidence for new junctions (“Unassigned new junction
evidence”) were rechecked by verifying individual reads to sufficiently indicate the
presence of the mutations and to be only mapped to one dedicated site in the genome,
especially when using the polymorphism mode. If reads, indicating a certain mutation,
mapped elsewhere with 100% homology (determined by using NCBI nucleotide BLAST
(558)), for instance as in the case of highly homologous tRNA encoding genes,
respective mutations were rated as false-positive and excluded from further analysis.
Absolute numbers of mutations were determined by counting each mutation regardless
of size or structure as a single event. Evidence for complex mutations was first resolved
in clonal samples as described for BRESEQ (161) and further used to successfully
resolve all detected complex mutations in population samples by confirming identical
architecture (for instance reads to be tiled at identical positions). All identified mutations

are listed in supplementary tables 2 and 3.
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4.5 Quantification of parallel evolution.

The Jaccard Index (J) was calculated to estimate parallel evolution at the level of
shared mutated genes between samples as described in (559). J-values range between
zero and one with lower values indicating fewer mutations occurred simultaneously in
the compared samples and larger numbers pointing to an increased similarity between
samples. J was calculated for all possible combinations within individually sequenced
isolates and within whole population samples, excluding comparisons with the same

sample.

4.6 Distance trees.

Divergent evolution between experimental groups was analysed with a standard
neighbour-joining method and GrapeTree (560) was used for visualisation. All identified
mutations were summarized in a genotyping matrix that indicated whether a given gene
within each sample was either mutated or showed the WT allele. Complex mutations that
affected more than one gene were treated as single alleles as well, since these mutations,
as single evolutionary events, separate a mutant from another lineage. Branches within
distance trees were shortened when exceeding a certain threshold and displayed as dotted

lines for clonal samples as well as metagenomes.
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Supporting information

The following supporting information is available for this chapter starting with page 201

Figure S1: Experimental groups share few mutated genes.

Figure S2: Degree of parallel evolution based on mutated genes in clonal samples.

Figure S3: Mutated sites in evolved isolates show the extent of within-group

parallelism and between-group divergence.

Figure S4: Proportion of mutated genes in clonal samples categorized by function.

Figure S5:  Spectrum of detected mutations in population samples.

Table S1:  Nomenclature of evolved populations and isolates.

Table S2:  List of detected mutations in clonal samples.

Table S3:  List of detected mutations in population samples.
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General
DiIscussion






General Discussion

Life is marked by consistent change on evolutionary timescales and ecological
interactions are major drivers of this process (31, 69). Interactions among
microorganisms in fact are frequently based on the exchange of metabolites, but little is
known about the mechanistic causes favouring the evolution of a cooperative exchange
of metabolites from the mere exchange of metabolic by-products as well as the
consequences resulting from it.

In this work, the first step was to summarize current theory on cooperation in the
context of metabolic cross-feeding. Therefore, a synthesis of theory, computational
predictions, and empirical results was composed to describe a complete evolutionary
process starting with simple by-product exchange, emerging metabolic dependencies,
and eventually the evolution of cooperative cross-feeding. One major conclusion for the
evolution of cooperative metabolite exchange was the requirement for assortment of
partners in spatial proximity, for instance due to generating population structure within
groups of cells (37, 44). In an evolutionary approach presented in chapter 2, this
prediction was empirically tested by synthetically engineering obligate metabolite
exchange between planktonic bacterial cells under well-mixed culture conditions that do
not facilitate population structure (i.e. assortment of partners (44) (Tarnita 2017)). The
established obligate interaction comprised two Escherichia coli genotypes lacking the
biosynthetic ability to produce either tryptophan or tyrosine. During serial propagation,
cooperative cross-feeding evolved remarkably rapidly in replicated populations.
Auxotrophic consortia even reached fitness levels of the wild type by the cooperative
exchange of increased levels of required amino acids. The formation of multicellular
clusters consisting of both auxotrophic genotypes was identified as the ecological
mechanism causing this pattern. Despite the well-mixed culture conditions that
according to evolutionary theory should limit the evolution of cooperation, spatial
proximity within groups of cells was demonstrated to selectively favour cooperative
phenotypes. Thus, the results of this experiment represent the first empirical evidence for
a single cooperative phenotype to experience strong positive selection within a group of
non-cooperative individuals despite the lack of a complementary cooperator. Imaging of
multicellular clusters containing different fluorescently labelled genotypes showed

double-labelled cells, which strongly suggests the exchange of cytoplasmic material as
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reported previously (83) (Pande et al 2015). Furthermore cross-feeding populations were
observed to undergo dynamics in the organisation of cells: At each transfer, cocultures
were predominantly unicellular, yet aggregated to groups that resembled the major
places of growth to again disassemble into single cells during the later growth phase
until the next cycle was started. Isolated members from cooperating populations showed
a consistent decrease in growth performance when compared to ancestors, suggesting
that adaptation to cooperative cross-feeding overruled selection to maximize fitness in
individuals. Due to the utilization of control groups consisting of wild type and
auxotrophic monocultures, measures indicating cooperation and observed -cluster
formation could be clearly attributed to the obligate cross-feeding interaction hence were
neither a side-effect of culture-conditions nor due to the genotypes used.

The observed pervasive success in evolved cooperative cross-feeding hence raised the
question of associated effects on numbers as well as spectra of accumulated mutations
relative to the independent lifestyle in control groups. Therefore, the genomic
consequences resulting from the evolution of metabolic cooperation were analysed
(chapter 3). In particular, sequencing individually isolated clones and whole populations
revealed accelerated rates of molecular evolution as well as increased levels of parallel
evolution in cocultures of auxotrophic genotypes relative to the two control groups.
Consistent to this observed extent in similarity cocultures share a common branch on a
distance tree, yet control groups mapped to different branches indicating divergent
evolutionary trajectories. In addition, auxotrophic genotypes shared only few mutated
sites hence showed extreme partner-specific spectra in mutated genes. Marginal overlaps
in targets of selection between cocultures and control groups in addition revealed
conflicts in adaptation to biotic and abiotic environment. Altogether, causes for
cooperative cross feeding were identified in self-assembly properties of E. coli via
aggregation of auxotrophic bacterial cells of E. coli and self-organization during
repeated bouts of assembly and disassembly of multicellular clusters were identified to
facilitate the observed evolution of cooperation. Consequences imposed by the evolution
of cooperation were identified in reduced individual fitness, an altered lifestyle within
multicellular clusters, completely altered trajectory of evolution, and completely altered
adaption relative to control groups. These results are indicative of metabolic division of
labour, a shift in selection to the level of groups, and dynamics towards a hierarchical
evolutionary transition (HET) (30) (van Gestel & Tarnita 2017) that will be evaluated in

sections three, four, and five of the discussion, respectively.

136



1. Experimental evolution in bacterial model systems as an effective tool
to study species interactions

The bacterium Escherichia coli is the most studied microorganism. It is easily to
genetically modify, exhibits short generation times, and large populations, which
provides opportunity for selection to rapidly become manifest in genomic change (538).
It is hence no surprise that E .coli has been subject of a variety of evolution experiments
(68, 561, 562), some of which have been conducted for decades (538, 563), and a few
even comprise coevolutionary approaches (545). As the enforced interdependency
between two amino acid auxotrophic genotypes was integral to address the question of
how cooperative cross-feeding can evolve from a by-product interaction, the strain E.
coli BW25113 was selected since it lacks the ability to exchange genetic material with
other bacterial cells such as conjugation or natural competence (537, 557). The absence
of these mechanisms was a prerequisite for stable auxotrophy even during serial
passages of cultivation, since the probability for gene transfer between genotypes was
minimized. Since little was known about the coevolution of interdependent bacterial
genotypes under laboratory conditions (105, 158), the model system was designed as
simple as possible to minimize variables.

Thus, an obligate intraspecific interaction was established, which may not resemble
the typical type of cross-feeding, i.e. metabolite exchange between different species, yet
exhibits similar dependencies for growth (i.e. growth is coupled to the amount of
metabolite exchanged) as a mutualistic interaction. The interaction was based on amino
acid exchange since amino acid auxotrophy is widespread in microorganisms (63). These
genotypes hence need to compensate their deficiency by the uptake from the
environment. Such external sources include decaying organic matter or secretions by
micro- or macroorganisms. This could either happen unintendedly, by passive leakage of
certain metabolites through a bacteria’s cellular membrane, or by active secretion as part
of a cross-feeding interaction. Due to these different sources, amino acids are likely
publicly available to bacterial cells (16, 564). Importantly, amino acids as a public good
were recently demonstrated to enable adaptive gene loss in an evolutionary approach:
Prototrophic genotypes lost vital biosynthetic functions and hence became auxotrophic
for supplemented amino acids (68). These insights show that the loss of biosynthetic
functions can be adaptive. Considering these insights, the model system utilized in this
work resembles the consequent next step towards coexisting genotypes that lack

different vital biosynthetic functions: A situation in which auxotrophic genotypes
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become interdependent. Indeed, a number of other studies used E. coli to investigate
metabolic interactions between genotypes or species as well (83, 89, 102, 106, 158, 174,
501, 516, 565), with a subset including an evolutionary approach (106, 158). Evolution
experiments exploring cross-feeding interactions frequently lack control groups to
determine the effect of adaptation to the abiotic culture conditions used. This is likely
because this specific information was not required for the main questions addressed in
the previously mentioned studies. However, including these controls into the
experimental design allows drawing conclusions pertaining to adaptation. Our model
system illustrates the power of experimental evolution utilizing interdependent
cocultures and independent control groups. The system illustrates how bacterial cells can
immediately form interacting groups that intrinsically promote cooperative phenotypes
via the emergent property of reciprocal feedback-loops. It furthermore demonstrates that
control groups enable clear attribution of observations to the obligate interaction rather
than to the abiotic environment. Cocultures and control groups were exposed to serial
propagation during 80 days corresponding to ~150 generations, which revealed
increased levels of evolvability in replicated cross-feeding populations relative to control
groups. The previously inefficiently growing consortium acquired the ability to
cooperatively exchange elevated amounts tyrosine and tryptophan. Such dramatic
increase in productivity finally resulting in fitness levels that were statistically
indistinguishable from wild type levels was unexpected and observed for the first time.
The intricacy of terming an evolved interaction “cooperation” however lies in providing
evidence that evolutionary changes were adaptive in the context of the interaction and
not a mere by-product of adapting to genomic modifications or culture conditions. This
for instance concerned the increased release of amino acids and associated costs in
evolved cocultures. The solution to this challenge reveals the strength of the
experimental design, which lies in the integrated control groups. These allowed the
causal linkage between observation and aspired attribution to cooperation since they

functioned as negative control.
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2. Analysis of mutated sites showing parallel evolution within cocultures

Since analysis presented in chapter three aimed at quantifying general consequences,
the focus was not on single genes and the putative role as well as implication of the
detected mutation. Genes that were noticeable frequent targets of selection in replicated
cocultures will therefore be discussed in section two of the general discussion. Genome
analysis of members from ten evolved cocultures of auxotrophic genotypes revealed
highly auxotrophy-specific spectra of mutated sites with nearly no overlaps in affected
genes between partners. In either several or in a few cases even all ten independently
evolved populations, genes appeared to be consistently affected, hence indicating
important targets of selection. This raises the question whether there are any conclusions
possible when looking at these genes and the potential effect of detected mutations. In
tryptophan-auxotrophic isolates, Irp, ompF, rpoS, and trpD or trpE, and in tyrosine-
auxotrophic isolates cyoC or cyoE, rpe, hemL, and sspA were repeatedly found to exhibit
changes that comprised missense, nonsense, or frameshift mutations, or even complete
deletions and, in one case, even a five-fold amplification. In the following, these genes
will be discussed in more detail. The putative impact of detected mutations, which
frequently caused a loss-of-function phenotype, in the context of amino acid cross-
feeding will be evaluated and finally conclusions regarding general consequences will be
drawn. If one of these genes is found to be mutated in one of the control groups as well,
this will be considered for discussion. Importantly, nonsense, frameshift, and deletion
mutations will all be considered as putatively causing loss-of-function to simplify the
discussion. When applicable, missense mutations causing an amino acid substitution
were additionally predicted for causing loss-of-function. Since mutations cannot be
connected to fitness without additional analysis, the phrases “loss of function” mutation
and “deleterious” mutation will be used synonymously.

Four out of ten populations showed a frameshift within Irp, and four other populations
showed missense mutations within a site spanning only 62 base pairs. The observed
substitutions likely rendered Lrp non-functional, because the observed frameshift
mutations point towards a beneficial effect of loss of function. This assumption is
supported by supplementary PROVEAN-analysis (566, 567), which predicts observed
amino acid substitutions in three out of four populations to be deleterious as well
(Supplementary table 1)). The leucine-responsive regulatory protein Lrp is encoded by
Irp and is involved in the regulation of in total 283 genes in E. coli, many of which are

involved in the transport or biosynthesis of amino acids (568). In addition, Lrp is
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involved in the regulation of pili biosynthesis, where it influences phase variation (527).
A knockout of Irp influences the directionality of the fim-switch (527, 528) and
dramatically reduces the ON-to-OFF inversion (527), thus causing the switch to remain
in the ON-position, which allows prolonged pili formation. This makes perfect sense in
the context of metabolite exchange within liquid shaken culture that lacks spatial
structure. As demonstrated in this work (chapter I1), cell-cell aggregation and as a
consequence cluster formation is likely key for an efficient transfer of amino acids
between cells. In this context it appears reasonable to assume that by increasing the
ability to form aggregates is advantageous, since such phenotypes are more likely to
become part or remain part of a multicellular cluster. Importantly, Lrp represses
biosynthesis of all amino acids except threonine, yet activates catabolic pathways of
amino acids, including these for aromatic amino acids (568). In addition, Lrp controls
almost 75% of genes associated with stationary phase (569, 570) and was shown to
provide a selective advantage over the wild type during stationary phase when non-
functional (571). Increased viability during stationary phase was likely beneficial during
the evolution experiment, especially when populations reached maximum cell densities
early during experimental cycles and needed to persevere until the next transfer. A
possible conclusion hence would be that by deregulating amino acid biosynthesis,
specifically reducing catabolism and releasing anabolism, more tyrosine is produced for
the partner, while increased survival under stationary phase additionally favoured
positive selection of deleterious mutations in Irp. However, this interpretation overlooks
the downside of deactivating Lrp: The cellular regulon in consequence lacks an
important transcriptional activator for aromatic amino acid transporters (568). Disabling
that control reduces the flux of tyrosine and tryptophan in and out of the cell. As a
consequence, the vital exchange of amino acids between cells is limited, which also
should slow down growth. A solution to this dilemma would be to increase the
permeability of the cellular membrane, ideally specifically for aromatic amino acids.
Interestingly, mutations that comprise the outer membrane porin F appear to be
strongly associated with mutations in Irp: Out of 14 isolates carrying mutations in Irp, 13
carry mutations in ompF as well. In addition, amino acid substitutions in OmpF are
consistently found in all cross-feeding populations. OmpF belongs to the group of
general outer membrane porins and is involved in a variety of transport processes (260).
It is one of the most abundant proteins in the outer membrane (260) and strong

experimental evidence exist showing that porins transport aromatic compounds as well
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(260). However, it remains unclear whether also tyrosine and/ or tryptophan is
transported in this way. Missence mutations within ompF were detected in all ten
populations, and additionally these substitutions comprise only three amino acid
residues. Since the amino acids tyrosine (Y62), glutamic acid (E139), and aspartic acid
(D135) were predominantly replaced by amino acids with a shorter side chain (e.g.
alanine, glycine, serine, and cysteine), the pore size was possibly increased, which could
have enhanced permeability of these pores. This interpretation is supported by
experimental evidence showing that exactly these amino acids are facing into the
channel and are therefore in direct contact with the aqueous phase (572). In half of the
analysed populations, additional base substitutions were observed in the intergenic
region of ompF and asnS. With a distance of -115, and -122 base pairs to ompF, these
mutations are located exactly within a predicted binding site for the transcriptional
regulator CRP (CAMP receptor protein) (573), which suggests modification of
transcription. However, it remains unclear whether these mutations increase or decrease
binding affinity for CRP-cAMP. One isolate that exhibits a five-fold amplification of a
32 kBp region comprising ompF additionally suggests positive selection of increased
permeability. Taken together, the repeated occurrence of OmpF-associated changes in
the context of both amino acid-cross-feeding in general and frequently negative side
effects by Irp-deficiency in addition suggest strong selection for increased membrane
permeability. However, future work is necessary to experimentally verify this.

Another interesting gene that has been found to frequently carry mutations is rpoS,
which encodes the alternative sigma factor 6° — the master regulator of the general stress
response in E. coli. At least four of the analysed populations contain rpoS-mutants, of
which only one exhibits a missense mutation and the remaining ones a frameshift
mutation. Supplementary PROVEAN-analysis (566, 567) suggests the missense
mutation to be deleterious as well (Supplementary table 1), hence all four mutations are
considered to be loss-of-function mutations. The latter thereby are reported to be
responsible for a competitive advantage during stationary phase termed ‘“growth
advantage in stationary phase (GASP) phenotype” similar to Irp mutants (571, 574).
Interestingly, deleterious mutations in Irp or rpoS were to 100% mutually exclusive,
suggesting that either loss of function in one of the two gene products conferred a
sufficient advantage during stationary phase, or epistatic effects are deleterious when
losing both. Taking into account that lack of ¢° substantially affects metabolism during

exponential growth phase as well (575), the question arises whether there are additional
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side effects promoting positive selection of rpoS mutants. Loss of RpoS for instance
stimulates resource acquisition from the surrounding, including amino acids and peptides
(576, 577), which consequently increases the flux of tyrosine into the cell. Furthermore,
tryptophanase expression is strongly upregulated by o> when stationary phase is initiated
(578), which almost completely transforms cell internal tryptophan into indole (579,
580). As this is of course critical for a genotype, whose growth is predominantly limited
by tryptophan, preventing positive regulation of tryptophanase could additionally favour
mutants with deactivated ¢°. In line with this interpretation and by taking into account
that no deleterious mutation was detected in Irp or rpoS in any other experimental group
than the tyrosine auxotrophic partner strongly suggests these mutations to be specifically
beneficial in a tryptophan auxotrophic background when carrying out obligate amino
acid exchange. The same reasoning applies to nonsense- or frameshift mutations within
trpD and trpE that were exclusively and frequently (nine out of ten) detected in AtrpB
genotypes that evolved as part of a coculture. Importantly, both of these genes represent
the initial part of the trp operon. Observed mutations thus have polar effects on the genes
located downstream and therefore almost completely shut down the whole pathway
except low constitutive expression of trpCBA by a weak promoter (581). One potential
explanation for the observed prevalence of mutated trpD or trpE is compensation of side
effects due to the lack of trpB: indole is not utilized for the biosynthesis of tryptophan
anymore and hence likely accumulates within the cell and the culture supernatant.
Considering that high levels of indole are known to block cell division (582) and are
associated with the transition from late exponential growth phase to stationary phase
(580, 583), a reduction of indole biosynthesis makes perfectly sense. Furthermore,
saving the costs for the biosynthesis for several enzymes of a whole pathway
additionally could have favoured selection of observed mutations (63). Taken together,
the frequently observed genomic changes in AzrpB genotypes most likely had more than
one advantage and were positively selected in the context of cooperative cross-feeding,
viability during prolonged stationary phase, and compensation of side effects due to the
trpB-knockout. In tyrosine auxotrophic isolates from auxotrophic cocultures, rpe was
found to carry a loss of function mutation in six out of ten populations. Ribulose-5-
phosphate 3-epimerase (Rpe) is part of the pentose phosphate pathway. Loss of
enzymatic activity reportedly causes reduced growth on glucose minimal medium (584).

The finding that supplementation of rpe deletion mutants with casamino acids

enhanced growth, suggests certain auxotrophy (585). These detrimental effects raise the
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question of how loss of rpe could be advantageous in the context of amino acid cross-
feeding. One potential explanation for the frequent emergence of rpe knockout mutations
is given by in-silico predictions utilizing flux-balance analysis that predicts these
genotypes to be overproduction mutants for tryptophan (Silvio Waschina, personal
communication). Quantification of tryptophan concentrations in the culture supernatants
of the respective genotypes consistently confirm these predictions (Supplementary figure
S4; chapter 2). Another set of loss of function mutations affects another gene (hemL) that
codes for an enzyme involved in tetrapyrrole-biosynthesis of E. coli (586). Interestingly,
mutations in hemL and rpe appear to be mutually exclusive, yet it is unclear why. The
gene product of hemL is glutamate-1-semialdehyde aminotransferase (GSA-T), which is
required for biosynthesis of d-aminolevulinate (ALA). Knockouts of GSA-T exhibit a
leaky auxotrophy for ALA that allows for basal growth (587) yet were reported to be
unable to grow in rich medium (159, 588). However, these mutants showed reduced
growth under isolation in the work presented here, yet it remains unclear, which positive
effect loss of GSA-T has in cocultures. Together with the overall reduction in growth of
isolated clones (Fig. 2b; chapter 2), deleterious mutations in rpe and hemL may point to
an increased interdependency among cocultures.

The stringent response is triggered by a stalled ribosome under amino acid limitation
and appears to be subject to modification as well. Derived tyrosine auxotrophs show loss
of function mutations affecting sspA in six out of 10 populations, of which five
additionally lost sspB as part of a ~10 kB deletion. The stringent starvation protein A
(SspA) is important for activation of stress response during stationary phase (589), since
it indirectly increases expression of rpoS (590) by negatively regulating H-NS (589). In
contrast to genotypes with non-functional Lrp or ¢°, strains that lack functional SspA
have a reduced viability during prolonged stationary phase (591). Furthermore, increased
sensitivity to acidification was reported in SspA mutants (589), which, however, is at
odds with elevated acetate production by the coevolved partner due to the
abovementioned lack of functional ¢° (575). Both detrimental effects need to be
compensated by a yet unknown positive effect of these mutations to explain positive
selection. One advantage could have originated from induced hypermotility due to
released H-NS expression (589, 592), which potentially increased the likelihood to
encounter a compatible partner for cross-feeding. This would have been particularly
beneficial at the initial stage of each cycle, after cocultures were transferred from

stationary phase cultures into fresh medium and shear forces due to pipetting likely
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disrupted the cellular aggregates in addition to most cells being already unicellular
(Supplementary figure S6; chapter 2). However, this is speculative and requires
experimental verification under coculture conditions under which the respective
mutations arose and were selected for. For instance, due to the coevolutionary process, a
given knockout might only be plausible in a certain genetic background of the respective
partner due to epistatic interactions among mutations. Another set of mutations was
identified in AtyrA genotypes isolated from cocultures as well as monocultures, which
suggests these may be mutations that compensate for the lack of TyrA.

Exhibiting a loss-of-function mutation, two genes are affected (cyoC and cyoE), which
are both essential for functioning cytochrome bo oxidase complex. Hence, these are
important for the respiratory system and generation of the proton motive force (593-
595). One of the two genes is mutated in six out of ten cocultures and six out of ten
respective monocultures. However, the putative reason why a part of the respiratory
system has been deactivated in the context of tyrosine auxotrophy remains unclear,
especially since expression of the whole complex (i.e. cyoABCDE) is lowest under
growth on glucose (596), which was the sole carbon source used in this work. Taken
together, in the majority of cases where parallel evolution was observed between
replicates, the detected mutations caused a loss of function rather than modifying a given
process. These comprised genes with large pleiotropic effects associated with global
regulation (Irp, rpoS, and sspA) and metabolism (trpDE, cyoCE, and rpe). The only
exceptions to this are apparent modifications of the outer membrane porin F. By further
excluding identified mutations that likely compensated for genetic modifications (i.e. for
the knockout of trpB or tyrA), it becomes obvious that genes encoding for central
regulatory function were repeatedly disabled in both auxotrophic partners within
replicated populations, yet not in control groups. The phenomenon of loss of function
mutations in global regulators with high impact was already reported in complex
environments and the underlying adaptive strategy was termed “higher-order ‘metabolic
selection’ (577). By globally manipulating regulation of the whole metabolism in only
one step due to pleiotropic effects, the potential for significant benefits was given in an
adaptive landscape that otherwise only allows marginal gain in fitness by a single
mutation (577). However, why was this observed in cocultures as well, even though the
corresponding populations have been cultivated in a well-mixed environment containing
only one carbon source? The obligate interaction triggering cluster formation likely

generated complexity in an otherwise simplistic environment, which points towards
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emergent features that arise by nothing more than two interdependent bacterial
genotypes forming multicellular aggregates. In addition and in contrast to Saxer et al.
2014 (577), rapid improvement in fitness points towards strong selection favouring
cooperative cross-feeding, allowing the conclusion that potentially both the advantage of
pleiotropic effects (i.e. significant modifications in the metabolism) and a large benefit
by a single change (e.g. improved viability during stationary phase) operated
simultaneously. For instance, simple modification of phase variation towards elongated
fimbriae expression in one partner is a side effect of a Irp knockout mutation and may
have been an appropriate adaptation to fine-tune aggregation of compatible genotypes
within multicellular clusters. What the genomic analysis did not reveal is any signature
of a modified signalling pathway (e.g. communication) or sensing of partners being
involved in the evolved cooperative interaction (e.g. quorum sensing), which may
suggest compatible genotypes aggregate by chance after each transfer. These chance-
events were likely sufficient for many aggregates containing both genotypes given that
high numbers of cells were transferred. The evolved preference for aggregation in the
AtrpB genotype in combination with putative hypermotility in the Azsyr4 genotype can be
seen as complementary adaptations that increase the probability for both coming
together and staying together (44). Taken together, functional analysis of the most
frequently mutated genes suggests that both auxotrophic partners showed specialisation
on their specific role in the interaction. As a genetic signature of evolved metabolic
cooperation, evidence for adaptation to increased amino acid production as well as flux
between cross-feeding partners was identified. This, however, likely came at the cost of
reduced resistance in stressful situations (576).

3. Division of labour and specialisation

An obligate interaction that is based on the cooperative exchange of amino acids
resembles a strategy that is integral for animal’s life: Division of labour is a well-known
principle found within many hierarchical levels of organization in higher organisms,
which is reflected by more than 200 differentiated cell-types fulfilling specific tasks
(597) or different phenotypes in insect states (598). Classically describe for multicellular
eukaryotes, division of labour has also become subject of research in microorganisms,
which suggests this strategy to be relevant for simpler life forms as well (107, 599). One
plausible explanation is that a given individual (cell) can only fulfil a limited number of

tasks simultaneously, for instance due to tasks being in conflict to each other (291) such
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as in the case of oxygen-sensitive nitrogen-fixation that requires anoxic conditions
provided by a specialized cell-type (i.e. a heterocyst) within filamentous cyanobacteria
(600). In consequence, increased efficiency is achieved by dividing tasks between
different entities thus reducing costs (102, 372). The former argument is for instance
represented by cyanobacteria of the genus Anabaena as mentioned above. Dealing with
nitrogen-limiting conditions causes a differentiated cell type (i.e. the heterocyst) that
stops photosynthesis to allow anoxic conditions for nitrogen-fixation (600, 601). The
latter was theoretically predicted for a scenario in which the segregation of two vital
functions into two specialised phenotypes is less costly than both functions being
executed by the same individual (110). It was previously demonstrated under laboratory
conditions that coupled metabolism between compatible genotypes indeed has
advantages (102, 602). For instance, in a synthetically designed interaction, two
interdependent genotypes gained up to 20 % fitness advantage relative to a single
independent genotype (the wild type) by the mutual overproduction and exchange of
vital amino acids (102). In comparison to that study, the model system utilized in the
work presented here basically resembles a more primitive stage of interaction that lacks
genetic modifications for amino acid overproduction. Indeed, evolved metabolic
cooperation propelled fitness of auxotrophic consortia towards wild type levels.
Remarkably, it required only 150 generations to allow accumulation of mutations that
enabled compensation for the loss of vital biosynthetic functions. Since fitness is a
function of the exchanged amino acid quantities in cocultures, I conclude that generated
benefits by cooperative cross-feeding explain the remarkable increase in fitness.
However, besides cooperation, fithess can also increase by adaptation to the abiotic
culture conditions and an increased efficiency in resource utilization as well. However,
comparisons with control groups support the conclusion of cooperative exchange
causing increased fitness: First, auxotrophic monocultures that were limited in growth by
the supplemented amount of amino acid only showed marginal improvements in fitness,
which strongly suggests that no major innovation arouse enabling more efficient
utilization of the supplemented quantities of tyrosine or tryptophan. Second, also the
sequencing results suggest that derived auxotrophic cocultures neither improved in
fitness due to adapting to abiotic culture conditions in general nor by using limiting
resources (i.e. the carbon source glucose or the exchanged amino acids) more efficiently.
Determining the individual effect of each of these mutations on fitness in the context of

cocultures as well as culture conditions could confirm made conclusions.
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Division of metabolic labour and with it saving costs likely accounts for the observed
success despite evident deleterious effects due to deregulation and decreased stress
resistance. Due to the obligate nature of the focal interaction analysed, cross-feeding of
amino acids likely resulted in negative frequency-dependent selection of partners (102).
An increased frequency of one partner results in depletion of the metabolite it requires
for growth and an excess supply of the metabolite the corresponding other partner needs,
which causes an oscillation of frequencies in both. In evolved consortia, this resulted in
frequencies between 20-80% in auxotrophic partners as indicated by analysed
polymorphisms in whole populations (Supplementary table 3; chapter 3). In detail, the
polymorphisms are given as percentage, thus reflecting the detected frequency of a given
mutation within a population sample, which hence indicates the frequency of the
respective genotype (i.e. auxotroph).

For representing division of labour, cooperative phenotypes need to be both positively
selected due to mutual fitness benefits and specialised on the given task (30, 603), which
is connected to certain requirements defined by West and Cooper 2016 (107): “...
individuals carry out different tasks (phenotypic variation); some individuals carry out
cooperative tasks that benefit other individuals (cooperation); the division of tasks
provides an inclusive fitness benefit to all of the individuals involved (adaptation).”
Exactly these preconditions are met by evolved consortia that consist of two phenotypes
showing specific dependencies: Characterization of evolved cocultures revealed
metabolic cooperation that evolved due to mutual fitness benefits demonstrated evolved
specialisation on mutually providing increased amounts of tryptophan or tyrosine. The
bacterial model system studied here is hence one of few experimentally evolved
examples for the division of metabolic labour among bacteria. It was further
hypothesized that a consequence of dividing labour could be extreme specialisation
(111). In analogy, increased efficiency by specialization (i.e. elevated exchange of amino
acids) was observed to result in intensified interdependency (i.e. reduced growth under
isolation from the partner). However, predictions were made in the context of dividing
labour between a helping phenotype and a reproductive phenotype (i.e. kin selection
theory) (111). Albeit carrying the same label, in this case “division of labour”, there are
fundamental differences between reproductive division of labour and bidirectional
cooperative cross-feeding interactions. For instance fitness of individual cells during
growth is coupled in the case of bidirectional cross-feeding and individuals are units of

selection (direct fitness), while reproductive division of labour implies a unit of
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biological organisation that consists of “helpers” and ‘“reproductives” ) (111) that
experience selection on the group level (indirect fitness). Put differently success in
cooperative cross-feeding interactions is not bound to relatedness in contrast to the case
of “helpers” and “reproductives”. Care should be therefore taken when adapting insights
between both systems. What could be compared is for instance the insight that an
essential trait will increase chances for division of labour to evolve (111), which is
certainly the case in this work due to the obligate nature of the interaction. Besides,
extreme specialization and with that strong interdependency was predicted to be
supported by limited dispersal (111), which increases the chance of repeated interactions
among individuals of aligned interests (i.e. those with increased relatedness according to
the model of Cooper and West 2018 (111). When adapted to metabolic cooperation
between bacterial cells (aside from relatedness), this can be translated into cross-feeding
within aggregates, as discussed in Chapter 1. Taken together, cocultures evolved
specialisation towards metabolic cooperation at the cost of decreased levels of autonomy
(see Chapter 2), which was besides aggregation reported for another experimentally
evolved metabolic interaction between two mutualistic bacteria as well (112). Further
conceiving the process of specialisation illustrates potential evolutionary dynamics

towards unculturability as a result of obligate dependencies.

4. Group formation and selection on the group-level

As indicated above, aggregates of cells were identified as the dominant location of
growth within replicated cocultures from the initial stage until the end of the evolution
experiment. Since reportedly present in non-evolved auxotrophic cocultures (501),
aggregation indeed cannot be a result of adaption in the context of cross-feeding, yet is
well-known to be triggered under stress (518). Hence, cluster formation is rather a stress-
response related to starvation for amino acids, which could also be observed to a
marginal extent in monocultures of auxotrophic genotypes (Chapter 2). In general, the
formation of groups can (i) have a variety of reasons aside cross-feeding of metabolites,
and (ii) enable a variety of processes, which I will discuss in the following with focus on
the evolved metabolic cooperation. First of all, group formation was identified as the
feature enabling evolution of cooperation in an otherwise homogeneous environment
that does not per se facilitate population structure hence positive assortment (44)
(Chapter 2). In line with their ubiquitous presence, these clusters were demonstrated to

facilitate a general growth advantage. Aggregation is a commonly observed phenomenon
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when bacterial species engage in metabolite exchange (29, 80-82, 362, 376, 399, 533).
Thus, it is important to understand the implications of metabolite cross-feeding, which
was shown to require such persistent formation of aggregates during growth
(Supplementary figure S7; chapter 2). Therefore a general chain of causality for group
formation could be helpful that is based on efficiency of exchange as the general
premise: By logic, the fate of an interaction that generates mutual benefits via cross-
feeding of resources highly depends on the efficiency of exchange that can be either
realized via simple diffusion though the extracellular environment or physical
connections between cells (chapter 1). In the case of diffusion, metabolites are unequally
distributed between producers and consumers due to generated gradients. Under these
conditions, it is likely that individuals within a given microbial community experience
an unequal availability of the shared resources, which is reminiscent of a semi-public
goods situation (44). The grade of diffusion was demonstrated by modelling to decide
whether cooperators can exist in the presence of non-cooperators (465). Consequently,
recipients likely benefit from increasing the proximity to producers. In fact, the upper
limits of distance for efficient exchange between cells without significant loss due to
diffusion or uptake by others were shown to be in the micrometer-range (29, 303, 519,
521). On the microscale, even ocean water exhibits a highly-structured distribution of
metabolites (604, 605) and hence fulfils the assumption of unequal availability. Given
that also direct connections between cells such as nanotubes are inherently limited in
length (83-85) the limitations in distance between cross-feeding partners apply to
nanotubes and related structures as well. Given the inherent limitations associated with
metabolite exchange, spatial proximity between cells is the only conceivable strategy for
cross-feeding interactions to exchange metabolites without significant loss hence to be
competitive. Any alternative scenario, in which individuals of a microbial population
have equal access to a required metabolite is in consequence a rare condition and hence a
rather hypothetical construct, yet circumstances might be different when gaseous
compounds are exchanged due to high levels of diffusion (105). Taken together,
cooperating genotypes strongly depend on spatial proximity to enable efficient exchange
of shared metabolites as confirmed by pervasive group formation as well as loss in
fitness due to separation in chapter 2. The formation of a group can have remarkable
implications for individuals interacting therein. On the level of a single group, positive
feed-back loops can operate due to reciprocal metabolite exchange. A cooperative

phenotype increases growth of the respective partner that in turn increases in numbers
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hence releases more metabolites required by the cooperator (158). The relevance of these
dynamics was demonstrated with cooperators experiencing strong positive selection,
which was specifically promoted by groups consisting of ancestral, non-cooperative
phenotypes (chapter 2). When looking on the level of many coexisting groups that
exhibit variability in their composition and thus differences in fitness, competition can
favour more cooperative groups as already pointed out by Darwin in the context of
competing tribes (120). A hierarchical shift in the level on which selection operates is
the mechanistic logic behind this idea (35). It is therefore the emergent property of a
group that is under selection, and, in consequence, these groups represent units of
selection (chapter 1). Theory predicts showed that than regularly dividing groups and
differential reproduction of cooperating individuals therein are sufficient to enable
dynamics that lead to selection operating on the level of groups (76). When more
productive groups and not individuals experience a selective advantage, this should have
two verifiable implications for evolved consortia that can be scrutinised on the basis of
presented results: First, if group selection actually operated, increased fitness is a
property of the group (i.e. the multicellular cluster), not the individual cell, which is
confirmed by determined growth in whole populations forming clusters as well as
individual isolates. Evolved cross-feeding consortia show dramatically increased fitness
relative to the levels achieved by the evolved wild type (chapter 2). In contrast,
individual isolates consistently showed decreased growth performance in comparison to
ancestral auxotrophs despite the supplementation of sufficient amounts of amino acid,
indicating that fitness on the levels of individuals indeed was not subjected to selection.
Second, if non-cooperators (i.e. phenotypes that decreased their share relative to the
corresponding ancestor) evolved and subsequently were selected against due to
decreased group-level fitness, evolved consortia should ideally lack such phenotypes.
This holds true for conducted analysis on the level of individuals as well, in which the
degree of cooperativity has been quantified by determining either amino acid
accumulation in the culture supernatant or by quantifying the growth of amino acid
auxotrophic biosensor whose growth depends on the amount of amino acids they derived
from the cocultured test strain (chapter 2).

Out of 35 isolated phenotypes, 34 exhibited at least ancestral levels for one of the two
measures (Supplementary figure 4 of chapter 2), hence did not decrease the amount of
amino acids they produced over the course of the experiment. This strongly suggests that

under the experimental condition of the evolution experiment, selection operated against
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non-cooperating phenotypes even though both control groups reduced the amounts of
amino acids they produced (chapter 2). Of course, ancestral levels do not indicate
cooperative cross-feeding on the other hand. However, since these measures required
significant modification of ecological context, such as removal of the coevolved partner
as well as amino acid supplementation, observed levels of cooperativity are likely
underestimated as discussed in chapter 2. Confirmed implications of multi-level
selection thereby have a similar outcome as division of labour driving extreme
specialisation: Due to increasing interdependency, individuals become fitter in the
context of the group (e.g. the interaction), however, eventually are unable to reproduce
in isolation any more (107). The haystack-model as described by Maynard Smith (see
chapter 1, figure 9) is strikingly reminiscent of the population dynamics as well as
clusters as units of selection as reported in this study (58). In conclusion, the presented
results strongly suggest selection has operated on the level of groups of cells at the cost
of individual fitness (74). This phenomenon is currently under being further investigated
by utilizing a microscopy-based analysis of multicellular clusters (Christian Kost,

University of Osnabriick, personal communication).

5. Hierarchical evolutionary transitions

Beforehand identified features of the derived cooperation will next be discussed in the
higher-order theoretical framework of hierarchical evolutionary transitions (HET) (30).
HET, similarly to “transitions in individuality” (133), describes the evolution of
multicellular organisms from previously simpler unicellular forms of life — a
phenomenon which has occurred repeatedly during the history of life on earth (127,
128). However, there is still a lack of clear understanding how these processes took place
mechanistically as well as which evolutionary factors facilitated these transitions (62).
Conceptually, transitions in individuality can be classified according to the entities from
which a multicellular organism evolved. Egalitarian transitions involve different hitherto
free-living units, while fraternal transitions comprise identical entities carrying out social
interactions (141). A major driving forces that can trigger the evolution of
multicellularity can be predation (94, 153), but also simple selection for faster settling
and other causes were demonstrated to facilitate such a process (154-156, 289).
However, in all of the abovementioned model systems where authors reported the
emergence of features that resemble the evolution of multicellular entities meet

characteristics of fraternal transitions. In contrast, multicellular aggregates of different
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genotypes performing cooperative cross-feeding rather display characteristics leading
towards an egalitarian transition (141). Indeed, metabolic cross-feeding is well
acknowledged as possible route towards such a transition (33-35), yet evolutionary
approaches to study HET were not reported to date.

Next I will discuss to which extent the evolved bacterial model system resembles
hallmarks of multicellularity and with this of a new unit of biological organisation,
which is central to a HET. First, evolution from a well-known unicellular ancestor is
required to study the initial stages towards a HET (30) and logically the very first
general prerequisite for a multicellular entity to arise is the formation of a group. One
putative way multicellularity by assortment of genotypes within groups can be facilitated
from previously unicellular entities is by adhesion (139) or aggregation (128, 132, 140,
141), also termed coming together (CT) (30, 138), which is indeed given in E. coli
cocultures. Next, for groups of E. coli cells to undergo a HET, it is required that they
develop a life cycle, which is for instance fulfilled by a unicellular ancestor reproducibly
forming groups (134, 135). Such reliable cluster formation and dispersal from clusters
during each experimental cycle (assembly and disassembly) as described for evolved
auxotrophic consortia (chapter 2) fits these assumptions and is remarkably reminiscent
of the dynamics proposed to occur during the initial steps towards multicellularity (138,
140). A similar dynamic during experimental evolution was observed in the unicellular
green alga Chlamydomonas reinhardtii that formed multicellular clusters as a response
to predation (155). Importantly, groups that undergo a life cycle need to fulfil further
requirements as formulated by van Gestel & Tarnita 2017, “...a group could be

expressed as a facultative life stage only in response to certain recurrent environmental

b (3

conditions...”, yet needs to be “...formed sufficiently frequently for selection to
potentially act on the group stage.” (30). In line with these requirements, metabolic
interdependency was shown to cause aggregation, likely as a stress response to amino
acid limitation after each transfer (the recurrent environmental condition). Furthermore,
groups were the units of reproduction as well as selection as indicated by decoupled
fitness, followed by disassembly into single cells at the end of each cycle likely due to
saturation (e.g. depleted resources). Related dynamics were reported for a social
interaction that was subjected to an experimentally imposed life cycle, showing that

fitness became decoupled as well (124).
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Figure 1. Comparison of definitions and requirements for a group to resemble a unit

of biological organisation. The overlaps between existing definitions for the unit of

biological organisation are illustrated by a Venn diagram. Figure from van Gestel and

Tarnita (2017) (30).

These dynamics fit to the ecology-first scenario, which assumes group formation due to

a preexisting feature (136, 137), for instance via starvation-induced aggregation as

previously suggested (30) and suggested by observations in this work (chapter 2). Given

all these characteristics, evolved multicellular clusters meet the minimum requirements

to resemble a unit of biological organisation and thus exhibit the potential to be unit of

selection (Figure 1). Further key aspects for the evolution of multicellularity were (i)
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cooperation (107, 144, 145), (ii) mutual dependency (35, 146, 147), and (iii) division of
labour (148). Albeit not subject to empirical tests, performance in growth and fitness
measures suggests conflicts of interest play, if at all, a minor role. Since characteristics
of evolved auxotrophic cocultures are in line with most of the abovementioned aspects,
the requirements to resemble a unit of biological organisation are indeed fulfilled (Fig. 1)
(30). Not identified was a new organizing principle (e.g. communication) or complexity
(Fig. 1), which is unlikely to emerge within only 150 generations in the utilized model
system. Even though the result presented in this work fit definitions, one has to be
careful with stating that a HET occurred in the focal bacterial model system or that a
new unit of biological organisation has evolved. Hence, | recommend further evolution
of cross-feeding populations to pave the way towards evolutionary dynamics that in the
ultimate consequence point towards the development of multicellularity. Further
empirical tests should be performed to evaluate (i) the evolution of group-level
adaptations (i.e. traits that can only be explained as adaptations to a group-living lifestyle
yet not individual cells), (ii) the potential for complete loss of the capacity to reproduce
independently, and (iii) the modification of the life cycle. Taken together the sum of
insights gained in this work demonstrates cooperation within groups of cells to enable
emergent higher-level evolutionary dynamics that are strikingly reminiscent of proposed
development towards a higher unit of biological organisation within remarkably short

evolutionary time.

6. Concluding remarks & outlook

Gained insights presented in this dissertation demonstrate for the first time how
metabolic cooperation can evolve despite the absence of abiotic spatial structure, and
which implications this process could have. Reported consequences resemble red-queen-
like effects of accelerated molecular evolution as well as restricted adaptation to the
abiotic environment. Further, detected effects on the level of fitness as well as the
genome are indicative of groups as the units of selection. In addition, positive fitness-
feedbacks within groups were shown to enable strong positive selection of single
cooperating phenotypes. Strikingly, findings represent the first empirical evidence of
cooperators succeeding despite of exclusively interacting with non-cooperative
phenotypes. Observed population dynamics of assembly and disassembly showed that it
takes as less as an obligate metabolic interaction causing aggregation to initiate a life

cycle that followed the experimentally imposed rhythm of serial propagation. Taking
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into account both the prevalence of metabolic interdependencies in bacteria and their
preferred life style in multicellular structures, evolution of metabolic cooperation may be
much more common than previously thought.

Furthermore, the observed evolutionary dynamics within groups of different partners
that engage in metabolic division of labour fulfil important characteristics of a unit of
biological organisation. These characteristics ultimately enabled evolutionary processes
towards a transition in individuality, and demonstrate the ease with which division of
metabolic labour in an evolutionary context drives groups to show hallmarks of nascent
multicellularity. Obligate cross-feeding as a mechanism for generating groups was not
empirically demonstrated before as a potential driver for a HET. Given these insights, a
series of events point towards complexity can be formulated that are driven by the
interplay of evolution and microbial ecology:

1. Numerous ecological driving forces, thereunder protection and competition,
coerce bacteria to organize in groups that automatically provide population
structure (28, 42, 606, 607).

2. Species eventually arrange as a function of metabolic complementarity (22) or
dependency (16) as well as minimized potential for conflict or warfare (42, 454,
606, 607).

3. Adaptive gene loss (Morris et al 2012) and compensated trait loss not only be
associated with a loss of metabolic autonomy, but further drive interdependencies,
thus generating ecological interactions (69).

4. Most efficient groups produce most offspring (and push less-efficient ones aside
within biofilms (89)), with the effect that (i) selection potentially shifts to the
group-level, and (ii) metabolic division of labour and with it extreme
specialisation is favoured.

5. If favourable ecological conditions support a continuing life cycle of these
cooperators, further evolution of group properties enables a HET and with it a

multicellular entity (30).

Since the ability to form aggregates is widespread in bacteria (414, 518), and
metabolic dependencies seem to be common (63), | argue that the described process is
not restricted to laboratory conditions. Indeed, under natural conditions selection
pressures and adaptive processes are extraordinarily more multifaceted than in the
experimental setup utilized in this study. Nevertheless, further investigations may focus

on more complex environments, on the level of medium complexity, as well as on the
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level of involved genotypes and species, ultimately including antagonistic interactions as
well. Eventually, empirical studies can approach the diversity of natural microbial
communities with the vision of finally designing and utilizing fine-tuned microbial
associations in multiple applications that help in preserving ecosystems.

Coevolutionary processes in bacteria in addition could be utilized to generate
overproduction mutants for varying compounds. The strength of bacterial populations
lies in the sheer number of individuals on which selection can operate within relatively
short periods of time. By synthetically designing obligate metabolic interactions that are
based on the compound(s) of interest, large amounts of replicated populations can be
monitored. When evolving populations fulfil defined criteria under specifically defined
selection pressures, such as a minimal increase in production levels of desired
metabolites, they are permitted to replace less productive ones. In this way, a powerful
system is generated that ultimately selects for the desired outcome, namely
overproduction. A welcome side-effect of this approach is the identification of targets
for overproduction of primary metabolites or even secondary metabolites depending on a
fine-tuned selection system that exclusively rewards more productive phenotypes in the
framework of targeted evolution. As a consequence of this, previously unknown
overproduction mutants that might not even resemble genetically modified organisms
(GMO) can evolve within weeks by simply utilizing the power of selection in an
evolutionary approach.

Another application lies in the optimization of synthetic bacterial communities (508,
608, 609). These might be designed for either the degradation of pollutants such as
xenobiotics or the biosynthesis of desired compounds that are otherwise difficult to
realize by a single genotype. Unforeseen competitive interactions, for instance stress-
mediated release of growth-inhibiting compounds, potentially decrease productivity and
hence efficiency and/or yield. By integrating obligate interdependencies, synthetic
communities can first be stabilized and in the next step subjected to experimental
evolution that selects for cooperation and against competition. Another aspect is that
observed initial stages towards a HET could have significant implications for the
evolution of multicellular eukaryotes. What if both the origin of multicellularity and the
endosymbiotic origin of mitochondria occurred as a consequence of the same process? If
two metabolically complementary species perform division of labour and hence aim at
spatial proximity within groups, the coevolutionary dynamics are predicted to drive

further specialisation, reduce potential of conflict due to alignment of interest, ultimately
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paving the way for obligate endosymbiosis to emerge. This idea has several aspects in
common with current theory about the evolution of eukaryotes, for instance conflict
mediation in the context of group-level selection (610) as well as metabolic
complementarity (611, 612). At the end, positive fitness effects at the group-level will
determine whether endosymbiosis will be rewarded, which in the case of eukaryotes
most likely happened due to a boost in energy metabolism (611). In fact, partners would
significantly benefit from endosymbiosis when the life cycle still comprises a unicellular
stage, which would eliminate the risk that partners do not encounter each other after
dispersal from a group. This mechanistic perspective of coupled dynamics towards
multicellularity as well as acquirement of mitochondria could motivate further evolution

experiments that provoke positive selection of cooperating groups.
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Table S1: Reported microbial species exchanging different metabolites.

Species A Kingdom Metabolite transfer
Type of . Life-
A B A B fromAtoB |fromBtoA P , |Environment co/cl?| Ref.
exchange style
B/ﬂdobacferﬁum Eubacterium hallii | Bacteria | Bacteria |Lactate By-product  |Human colon Endoj CcD
adolescentis symbiont 1
Bifidobacterium o coburia sp. | Bacteria | Bacteria [219% By-product  |Human colon Endo- cD
adolescentis saccharides symbiont
Bifidobacterium Eubacterium Bacteria | Bacteria |Acetate Xylose, By-product  |Human colon E"dof CD 2
longum rectale arabinose symbiont
Aggregatibacter Bacteria | Bacteria |Lactate By-product
. Sp. Free-
Streptococci sp. Dental plaque living Cl 3
SC;P”O':Y’OP”"”QE’ Bacteria | Bacteria |CO, By-product
Acinetobacter sp. Pse.udomonas Bacteria | Bacteria |Benzoate By-product  |Not mentioned Erge CcD 4
putida living
Burkholderia sp. Spse”d"m"”as Bacteria | Bacteria |Chloro-benzoate By-product  |Not mentioned Eﬁ:; co | s
hyl A irill . : . . : F
Staphylococeus zos.pm um Bacteria | Bacteria |Aspartic acid By-product  |Soil Arlee CcD 6
sp. brasilense living
Cellulomonas sp. |Diazotrophs sp. Bacteria | Bacteria |Carbon source By-product | Sail :T\:ﬁ'leg CD 7
SUEPIO?OCCUS Fusabacterium Bacteria | Bacteria |Ornithine By-product |Oral cavity .Pa‘?“’.ge" CD 8
gordonii nucleatum ic biofilm
Aggregatibacter
Strepto.(‘:occus actinomycetemco | Bacteria | Bacteria |Lactate By-product |Oral cavity F’ati.mlgen CD 9
gordonii = ic biofilm
mitans
StﬁEptOCDCCUS Bacteria | Bacteria
suis
Bordere.lla ] Bacteria | Bacteria
bronchiseptica
Pasteurella X . |Pyridine
multocida Actinobacillus sp. Bacteria ( Bacteria compounds By-product |Swine pathogens Ea;?;ﬁrin CcD 10
P;’zurop neumoniae Bacteria | Bacteria
Staphylococcus Bacteria | Bacteria
aureus
Escherichia coli Bacteria | Bacteria
Escherichia coli  |-2CtOPaCHUS | g teria | Bacteria |- onYialanine,
arabinosuts nicotinic acid
Escherichia coli Strep tc?coccuts Bacteria | Bacteria |Folic acid By-product |Not mentioned Erge CD 11
faecalis living
Qospora lactis A{euro..sp ora Bacteria | Bacteria |Vitamin B6
sitophila
Acidithiobacillus Acrdrmf.crobmm Bacteria | Bacteria |Organic carbon By-product F’yrne. leaching I.=r.ee cD 12
caldus ferrooxidans experiment living
Amino acid Free
Soil bacteria auxotrophic Bacteria | Bacteria |Amino acids By-product | Soil livin CcD 13
bacteria g
Pseudomonas sp. Hyphomicrobiurm Bacteria | Bacteria |Methanol By-product Methan_e-utlllzmg F_’rge CcD 14
sp. consortia living
Alteromonas sp. | Bacteria | Bacteria
Prochiorococcus la —] Carbon source By-product |Ocean Erge cD 15
sp. Halomonas sp. Bacteria | Bacteria living
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Vitamins,

Bacteroidetes acl-B2 Bacteria | Bacteria - A
amino acids
Bacteroidetes aclll Bacteria | Bacteria |Aspartic acid
PnecC Bacteroidetes Bacteria | Bacteria |Thiamine
. . |Vitamins,
PnecC acl-B2 Bacteria | Bacteria , .
amino acids
PnecC aclll Bacteria | Bacteria |Biotin, thiamine |Histidine Free
Ve By-product |Freshwater living (o] 16
aclll acl-B2 Bacteria | Bacteria | X oo
amino acids
Archaea Bacteroidetes Archaea | Bacteria |Vitamin B12
Archaea aclll Archaea | Bacteria |Vitamin B12
Archaea acl-B2 Archaea | Bacteria |Vitamin B12
Archaea PnecC Archaea | Bacteria |Vitamin B12
Desu!fowbno Metﬁanocgccus Bacteria | Archaea |Alanine By-product Lab CPCU"WE lfrfae CD 17
vulgaris maripaludis experiment living
Ign;cgcqus Nanp archaeum Archaea | Archaea An‘nmo acids, By-product  |Not mentioned Frge CD 18
hospitalis equitans lipids living
Archaea Desulfosarcin sp. | Archaea | Bacteria |Nitrogen source By-product  |Marine sediment Evrieg Cl 19
Treponema{ Trz_epppema Bacteria | Bacteria |Amino acids, H, |Vitamins Cooperative |Termite gut Endo-' cD 20
azotonutricium primitia symbiont
Lactococcus lactis Treponema Bacteria Endo-
.p. , Bacteria |Folate By-product  |Termite gut , CD 21
. . |primitia . symbiont
Serratia grimesii Bacteria
Beijerinckia L Bacteria | Bacteria [Nitrogen source |Carbon source |By-product  [Not mentioned  |F"® co | 22
lacticogenes ferrooxidans living
Strgprococcus Bacteroides Bacteria | Bacteria | Lactate By-product Hlnd_guts of Wihtin CD 23
lactis termites gut
. . . Gut
Rummoc_:occus Selepomgnas Bacteria | Bacteria Fiber hydrolysis By-product |Rumen inhabitant| CD 24
flavefacien ruminantium product s
PPr'D.hy rgmonas Trepgnema Bacteria | Bacteria |Isobutyric acid |Succinic acid  |By-product  |Oral cavity I-.'rge CcD 25
gingivalis denticola living
Acetic &
Enterobacter Azos,p irllum Bacteria | Bacteria SUGC","C acids, By-product | Soil If‘rfee CD 26
cloacae brasilense acetoin, 2,3- living
butanediol
Catabolic Free
Bacillus sp. Azospirillum sp. | Bacteria | Bacteria |products of By-product | Sail livin CD 27
pectin 9
Streptococous  (Streptococeus | g oo | Bacteria |Lactate By-product |Human oral cavity |"°® co | 28
rnutans mutans living
Acetobacter Lactobacillus . .
Bacteria | Bacteria
suboxydans plantarum
Acetobacter Streptacoccus Bacteria | Bacteria Growth factor related to folic acid By-product | Not mentioned Free co | 29
suboxydans faecalis pathway living
Lactobacillus Streptococcus . :
: Bacteria | Bacteria
plantarum faecalis
Thermop‘h‘thc Streptocopcus Bacteria | Bacteria
lactobacilli thermophilus X . Free
Amino acids By-product |Cheese . CcD 30
. . | Streptococcus ) ) living
Lacti streptococci ) Bacteria | Bacteria
thermophilus
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Leuconostoc Streptococeus | g eria | Bacteria |Folic acid Amino acids  |By-product | Milk and dairy e co | a1
mesenteroides faecalis product living
Lactococcus lactis |/SEU4OmONas | g eria | Bacteria |Lactic acid By-product | Viilk and dairy e cp | 32
fluorescens product living
4-
Hydroge'_r_vophaga Agr_obactenum Bacteria | Bacteria Catechol-4- anjpobe_nzogte, By-product 4-aminobenzene- Frge cD 33
palleronii radiobacter sulfonate biotin, vitamin -sulfonate living
B12
Primary con- Stenotrophomona Bacteria | Bacteria i
) ds sp. Contaminated Free
sumers (mainly - Unknown By-product sediment livin CD 34
Pseudomonads) |Acidovorax Bacteria | Bacteria 9 and Cl
defluvi
Streplocogcus Lacfopacrﬂus Bacteria | Bacteria Purine Cooperative |Yogurt Fr.ee CD 35
thermophilus bulgaricus (precursor) living
Lactobacillus Streptococcus . . |Glycine, Free
bulgaricus thermophil Bacteria | Bacteria histidine By-product | Yogurt living co 3%
Streptoco_ccus Lacfopac:ﬂus Bacteria | Bacteria Formic acid, Amujo acids, Cooperative |Yogurt lfr_ee cD 37
thermophilus bulgaricus Co, peptides living
Lung of cystic
Streptococcus sp. Pseuqomonas Bacteria | Bacteria |2,3-butanedione By-product  |fibrosis (CF) Patho~ cl 38
aeruginosa ; genic
patients
Thermosynechoco |Rossiflexus . . |Vitamins (B1, . Free
cous sp. castenholzii Bacteria | Bacteria B2, BT) By-product  |Hot spring living Cl 39
B.a umaqnfa Sulcia muelleri Bacteria | Bacteria |Histidine Homoserine
cicadellinicola
istidi . Sharpshooter Endo-
Baumannia . I-!lstldAlne, Cooperative (insect) mbiont Cl 40
) =t Homalodisca : ’ vitamins, Sugar sec Symbio
cicadellinicola Bacteria | Animal
coagulate cofactors
Suicia muelleri Amino acids
Donghicola sp. Phaeodacty fum Bacteria | Algae |Ammonium Organic By-product  |Marine If'r_ee CD 41
tricornutu compound living
Marinobacter sp. Scr:ppg:ella Bacteria | Algae |[Siderophores Organic By-product |Marine lf'r_ee CD 42
trochoidea compound living
Amphidinium
operculatum i R . ) ) Free
Halomonas sp. Bacteria | Algae [Vitamin B12 Organic carbon |Cooperative |Marine i CD 43
Porphyridium living
purpureum
Richelfa . Hemiaulus sp. Bacteria | Algae |Fixed nitrogen Cooperative |Marine Erge CD 44
intracellularis living
Phytoplankton Crenarchaea Algae | Bacteria Qarbon . By-product Marine and If'r.ee- IN 45
nitrogen sources freshwater living
. . Unknown
Btf'rkhghr'.lena Rf.wzopus Bacteria | Fungi |sporulation By-product  |Fungus mycelium Endot CcD 46
rhizoxinic microspores symbiont
substance
Pseudomonas Thiamine, Free
Laccaria bicolor | Bacteria| Fungi |unknown Trehalose By-product | Soil e CD 47
fluorescens - living
metabolities
Patogen
Sacc!?aromy ces Acinetobacter sp.| Fungi | Bacteria |Ethanol By-product Host, soil, water ic free CD 48
cerevisiae living
Sa””f"’,r omyees | proteus vulgaris Fungi | Bacteria [Niacin like factor By-product  |Not mentioned CcD 49
cerevisiae
Saccharomyces Lactobacillus Free-
. v brevis subsp. Fungi | Bacteria |[Amino acids By-product  |Milk, diary product |, CD 50
cerevisiae ] . living
lindneri
Saccharomyces Lactobacillus Free-
) brevis subsp. Fungi | Bacteria |Carbon source By-product |Sourdough o CD 51
exiguus g ; living
lindneri
Crcthus
Azospirillum sp. Srercoreus Bacteria | Fungi |Nitrogen Carbon Cooperative |Soil Fr?e CcD 52
Cellulose living
degrader fungi
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Trichoderm sp. C’DSf.nd’um Fungi | Bacteria |Carbon source Nitrogen By-product  |Soil Frge- CcD 53
butyricum compound living
A_c etobacfe_r Lipomyces Bacteria | Fungi |Nitrogen Carbon Cooperative |Not mentioned Frge- CD 54
diazotrophicus kononenkoae living
Bacillus sp. Debgpfomy ces Bacteria | Fungi |[Thiamine By-product  |Hot spring Erlee- cD 55
vanriji living
Zy gotqrulasp ora Lacto?acwus Fungi | Bacteria Seyeral LU Cooperative |Water kefir Ifrfae- cD 56
florentina nagelii acids living
Cyancbacteria Fungi Bacteria | Fungi F.IXEd Carbon, By-product |Not mentioned Fr?e' CD 574
nitrogen living 58
i Fungi: -
Arbuscular Candrdgtus cbligate Bacteria: Phosphate, Inside AMF Endo-
X . |Glomeribacter endo- X . By-product ; . Cl 59
mycorrhizal fungi , plant amino acids, Zn mycelia symbiont
gigasporarum ; fungal
biotroph
Lichen-associat Fix Ny, vitamin
bacteri-a " |Lichens Bacteria | Fungi |B12, 1AA, Free-
thiamine, carbon By-product | Thallus of lichen living Cl 60
Nostoc sp. Mycobiont Bacteria | Fungi |Fixed N,
Nostoc sp. Cholorbiont Bacteria | Algae |Fixed N,
; .. |Vitamins,
Rhizobiales Lzﬁgﬁaﬂa L Bacteria ‘;'{J::Ig:‘] auxins, fixed
p ’ carbon & N,
. Free-
Nostoc sp. Ascomycete Bacteria | Algae |[Fixed N; By-product | Thallus of lichen living c 61
fungus
Nostoc sp. Dlgty ochloropsis Bacteria | Algae |[Fixed N;
reticulat
Alternaria sp. Bacteria | Fungi |Fixed Ny thetic trivartite |F
Azotobacter sp. By-product sS;r:biztsI?s ripartite Ii\:;eg- CD 62
gﬁamy domonas Bacteria | Algae |Fixed N, Fixed carbon
Aplysina
cauliformis ) Fixed Carbon
Cyancbacteria i Bacteria . nitrogen ‘ By-product |Marine . . 63
¥ NE‘OP_ef"DS’a . Sponge 9 ¥y-p living tested
subtriangularis
Aplysina fulva
Buchnera sp. Aphids Bacteria | Animal Es.s ential amino By-product Mycefroc.y‘le Endot Cl 64
acids symbiosis symbiont
Symbiotic bacteria |Riftia pachyptila | Bacteria | Animal Glutamate, By-product | Trophosome Snfes Cl 65
Y pachyp succinate y-p P symbiont
Wolbachia sp.  |Cimex lectularius | Bacteria | AMM8" |\itamin B By-product |Bacteriome Endo- ¢l | e
Bedbug symbiont
W’gg{e‘?woma Tsetse flies Bacteria | Animal [Vitamins By-product  |Bacteriocytes Endo'. Cl 67
glossinidia symbiont
Ribo,-flavin,
adenine Endo-
Wolbachia sp. Brugia malayi Bacteria | Animal |dinucleotide, Amino acids By-product |Nematode symbiont Cl 68
heme, 4
nucleotides
Streptococcus sp. |Reticulitermes Endo
n flavipes Bacteria | Animal [Nitrogen source By-product |Termite gut . CD 69
Bacteroides f symbiont
. (Termites)
termitidis
Gamma- Succinate, Below the worm
proteobacteria i ) acetate, .
Olavius . ’ Carbon, amino ) cuticle Endo-
. Bacteria | Animal . AR propionate, |By-product i . Cl 70
Deltaproteobacteri |a/garvensis acids, vitamins ammonia (Olavius ) symbiont
al taurine, urea algarvensis )
i Proline, . . i
Blattabacterium Blattella . . K Amino acids, Abdominal fat Endo-
: Bacteria | Animal [glutamine, By-product . Cl 71
sp. germanica . coenzymes body symbiont
asparagine
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Buchnera Acyrthosiphon Bacteriocytes in Endo-

aphidicola pisum Bacteria | Animal |Amino acids Cooperative the aphid symbiont Cl 72
Rhizopium sp. Legume plants Bacteria | Plants [Fixed N, Fixed carbon  |Cooperative |Soil :T\:;Z CcD 73
Rhizoglomus AM Bacteria [Phosphorus Dutch dune,
irregularis fungus i perennial Free-
Cooperative o CcD 74
] . grassland living
Legume plants Bacteria | Plants [Fixed N, ecosystem
Calystegia sepium
Convoi:/ulus Rm?Ob,' um Bacteria | Plants [Calystegin By-product | Soil Erge- CcD 75
arvensis meliloti living
Atropa belladonna
Mes_orh:zob:um Chickpea and Bacteria | Plants |Phosphorous By-product  |Soil Erfae» cD 76
mediterraneum barley living
Plant Soil microbiota Sugars By-product  |Soil ::ﬁ; ter:i; " 77

! Any cross-feeding interaction was by default considered as a 'by-product' interaction. Only in those cases, in which it was demonstrated that the
exchanged metabolite incurred costs to the producer and that it was produced to benefit the interaction partner was the interaction classified as
‘cooperative cross-feeding' interaction.

2 Techniques that have been used in the reported studies: CD = culture-dependent techniques, Cl = culture-independent techniques.
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Supporting information for chapter 2
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Figure S1: Absolute fitness does not differ between groups

Fitness in evolved populations

(Wildtype: WT, auxotrophic monocultures: Mono, and cocultures:
Co) given as the Malthusian parameter. Populations do not differ
in fithess (ANOVA: P=0.582, n=36 for WT, n=114 for Mono, and
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Figure S2:  Quantification  of
released tyrosine and tryptophan
levels reveals permanent
overproducers. Levels of amino
acids were quantified in culture
supernatants of evolved phenotypes
from wild type cultures (WT),
auxotrophic monocultures (Mono),
cocultures of auxotrophs (Co) and
ancestors. Detected amounts were first
set to determined cfu. Resulting
measures for tyrosine and tryptophan
are given as ratios of evolved isolate
relative to corresponding ancestor.
Significant differences to 1 were
determined using One-Sample t-test:
WT: n=48; Mono: n=44; Co tyrosine:
n=56; Co tryptophan: n=84;
***p<(.001, **P<0.01, *P<0.05.
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Figure S3: Superior biosensor supplementation by evolved isolates from cocultures.
Highest levels of shared amino acids were detected in derived strains from cocultures. Isolates
from evolved populations (wild type: WT, auxotrophic monocultures: Mono, auxotrophic
cocultures: Co) were utilized as amino acid donors for E. coli biosensor strains (recipients)
auxotrophic for tyrosine (4#yrd) or tryptophan (4#rpB). The culture medium contained amino
acid essential for the respective donor, but lacked the amino acid essential for the recipient to
grow. Thus, biosensor growth reflects levels of shared amino acid by the donor. Results are given
as biosensor to donor ratios achieved by evolved isolates. Isolates from derived populations
(nwt=12; NMmono=88; nce=140) were replicated three times. The potential to supplement another
amino acid auxotrophic strain with tyrosine or tryptophan is significantly higher in evolved
auxotrophs from cocultures than in controls (One-way ANOVA followed by Dunnett T3 post hoc
test: P<0.05 for recipient 4574 and P<0.001 for recipient AzrpB).
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Amino acid release relative to ancestor

Individual measures of the changes in amino acid release in isolates from cocultures. Biosensor supplementation (empty boxes) and
analytically determined amino acid concentrations in culture supernatant (filled boxes) are given for all 35 isolated phenotypes from cocultures. Values are given
relative to the ancestor. The dotted horizontal line divides isolated phenotypes into tyrosine auxotrophs (left) and tryptophan auxotrophs (right). Isolates are
labelled in regards to the population they originated from and their phenotypic appearance on modified TA-Agar plates. “Av” and “Bv” determine the initial
genotypic composition of cocultures, which was either E. coli AtyrA ara+ lacZ and E. coli AtrpB ara- AlacZ or the reverse combination, respectively. The
following digit indicates the number of replicated population, while letters are abbreviations for colony colour and/or size (e.g. “b” = blue, “r” = red, “Ib” = large-
= red-small, “br” = bright red, “w” = white). Please see table S1 in the supplement for chapter 3 for an overview of analysed
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Figure S5: Analysis of size distribution in two time points of the evolution experiment
confirms predominant cluster formation in cocultures. Size distribution in volume-percent of
single cells and clusters of cells in wild type populations (grey, n=12), auxotrophic monoculture
(yellow, n=24), and coculture (blue, n=10 - replicated three times). Populations from two time
points of the evolution experiment (28 (t4) and 53 (t11) days for the wild type and cocultures; 28
(t4) and 56 (t12) days for auxotrophic monocultures) were analysed during exponential growth
phase via laser diffraction spectroscopy. Lines are given as median with errors (95% confidence
intervals) as dotted lines. The threshold to count particles as cell clusters was set at 10 uM, which
is the maximum approximate length of two E.coli daughter cells that still stick together after
division. To quantify differences in the extent of cluster formation, ratios of total volumes of
particles >10 puM and <10 pM were calculated for all samples and compared between
experimental groups. Cocultures exhibit significantly higher ratios than wildtype or monocultures
in both analysed time points (Dunnett T3 post hoc test: P<0.001).
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Figure S6: Nascent lifecycle of association and disassociation in cross-feeding
populations. Populations of ancestral (a) and evolved (b) cocultures predominantly grow within
multicellular clusters, yet start to disassociate into single cells when reaching late exponential
growth phase. Transfer of saturated cocultures into fresh medium results in reassembly into
clusters (data not shown). Cocultures were analysed for particle size distribution during the early
(cultivation for 8 hours) and the terminal growth phase (168 hours for ancestral and 72 hours for
evolved populations) utilizing laser diffraction spectroscopy. The threshold for counting particles
as single cells was set conservatively to maximum 10 pM. Culture conditions were identical to
the evolution experiment, yet culture volume was increased to 100 mL to meet requirements of
analysis. Differences in dynamics of population structure are more pronounced in evolved
cocultures (Paired samples t-test: P<0.05 and n=4 for both comparisons; significance indicated
by “*”) than ancestors (Wilcoxon signed ranks test: P=0.068 and n=4 for both comparisons;
indicated by “ns”). (Courtesy of Samir Giri, University Osnabriick)

Microscopy pictures show clusters and single cells in an evolved coculture over time. Pictures
were taken after 10 hours (c), 15 hours (d), and 22 hours (e). The earlier time points show few
single cells and predominantly clusters (c ,and d), while disassociation of clusters into single cells
is shown in the later time point (). Pictures were taken with a Zeiss LSM 880 microscope at a
magnification of 200x. Scale bars show 10 pm.
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10 - Figure S7: Cross-feeding populations show contact-

= c dependent growth. Separation of interacting auxotrophs by
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= described for initiating the evolution experiment, while
C isolated morphotypes were recombined pairwise on the
E population level and whole populations were reassembled
ke) by recombining all corresponding morphotypes in addition.
e Differences are more pronounced in ancestral cocultures.
S Letters above box-plots indicate significant differences
= between groups (Dunnett T3 post hoc test: P<0.01, n=40 for
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Figure S8: Analysis of size distribution within Nurmikko cells reveals prevalence of
multicellular aggregates. Size distribution in volume-percent of single cells and clusters of cells
in tripartite populations consisting of both E. coli biosensor strains and six isolates from evolved
cocultures was analyzed via laser diffraction spectroscopy. Therefore ten Nurmikko cells were
inoculated with technical replicates of tripartite cultures and the content (ten milliliters per cell)
was pooled for further analysis. Pooled populations were analyzed after 28h and 42h incubation.
Lines are given as median with errors (95% confidence intervals) as dotted lines. The threshold
to count particles as cell clusters was set at 10 M, which is the maximum approximate length of
two E.coli daughter cells that still stick together after division. To quantify the extent of cluster
formation, volumes of particles smaller than 10 uM and larger than 10 uM were calculated for all
tested combinations of strains. Cell clusters in average represent ~60% of measured volume for
both analyzed time points.
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Supporting information for chapter 3

Supporting figures

AtyrA_Mono AtrpB_Mono

AtyrA_Co AtrpB_Co

Figure S1: Experimental groups share few mutated genes. Qualitative comparisons
comprise genes carrying a mutation or being subject of a deletion. Numbers in Venn-diagrams
represent total counts of different genes. (a) Venn-diagram showing the overlap in mutated genes
on the population-level between cocultures (Co), wild type (WT), and auxotrophic monocultures
(Mono). Datasets were curated from population A10 (see Fig. 1a) that harbours an established
mutator genotype as well as from constituents of amplifications beforehand. Due to high extent
of similarity cocultures exhibit less individual genes that exhibit a mutation than monocultures of
auxotrophs. (b) Venn-diagram showing the overlap in mutated genes between auxotrophic
isolates (i.e. on the clonal level) from cocultures (AtyrA_Co, A#rpB_Co) and monocultures
(AtyrA_Mono, AtrpB_Mono). Datasets were curated from constituents of amplifications
beforehand, but contain mutated genes identified in mutator genotypes.
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Figure S2: Degree of parallel evolution based on mutated genes in clonal samples. (a) Distance tree of clonal samples (A = tyrosine auxotrophic ,- and B =
tryptophan auxotrophic isolate) utilizing standard neighbour-joining based on a genotyping matrix. Tryptophan auxotrophic isolates from cocultures cluster as one
distinct group, while tyrosine auxotrophs from cocultures are split into three branches and share in certain cases mutated genes with tyrosine auxotrophs from
monocultures. Dotted lines indicate shortened branches that exceeded a certain threshold (see methods). Similar numbers of auxotrophic isolates indicate a
common biological replicate, i.e. the same ancestral preculture that was used to initiate the evolution experiment (See also table S1 for an overview). (b) Degree of
parallel evolution based on mutated genes in clonal samples given as mean Jaccard indices with 95% confidence intervals. Values were calculated using Letters
indicate significant differences (Dunett T3 post hoc test: P < 0.05, WT: n=45; Mono: n=110; Co: n=231, Between (all between-group comparisons): n=1567).
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Figure S3: Mutated sites in evolved isolates show the extent of within-group parallelism
and between-group divergence. Linear genomes of sequenced isolates from three experimental
groups show accumulated mutations during the evolution experiment. Isolates are sorted by
auxotrophy (A#zrpB: tryptophan auxotrophic genotype; AtyrA: tyrosine auxotropic genotype). Size
and architecture of each mutation were not considered.

(Provided by Leonardo Ona Bubach, University of Osnabriick)
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Figure S4: Proportion of mutated genes in clonal samples categorized by function.
Functions of mutated genes were determined by using the EcoCyc-database (613). Mutator
genotypes were included in this analysis, while genes that were part of amplifications were not
considered. Datasets were corrected for pseudo-replication of genes that were identified multiple
times within each population due to analysing related clones. The category “Other”
predominantly comprises genes of unknown function.
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Figure S5: Spectrum of detected mutations in population samples. Depending on architecture, mutations were categorised in single nucleotide
polymorphisms (SNP), insertions and deletions (INDEL), disruptions of genes by mobile elements (MOB), and amplifications of regions exceeding the size of a
single gene (AMP). Population A10 (red column) contains the established mutator phenotype. Labelling of samples is explained in table S1.

205



Supporting tables

Table S1: Nomenclature of evolved populations and isolates. Denotations of samples from
the three experimental groups (Cocultures consisting of two auxotrophic genotypes;
monocultures of these genotypes, and the wildtype) are listed and if applicable sorted by
auxotrophy. Denotations of population samples consisting of amino acid auxotrophs are given
below “Pop”. “Original” denotations are derived from experimental work and were later replaced
by “New” denotations. In the case of wildtype samples denotations for whole populations and
clones are similar (see “New”). If respective samples are labelled red, either sequencing was not
successful (Bv2b, Bv3b) or a cross-contamination was detected (A3r) which entailed exclusion
from further analysis. Yellow fields indicate samples containing a mutator phenotype.
Continuous lines between samples indicate identical biological replicates used for initiating the
evolution experiment.

Coculture Monoculture .
Wildtype
AtrpB AtyrA AtrpB AtyrA

Pop| New | Original | New | Original Pop| New | Original | Pop | New | Original New | Original

Cl| Cia| Bvlb | Cic| Bvlr B1| B1 Blb Al] Al Alr WT1 C1
Clb | Bvlrb | Cid | Bvlw

c2 Bv2b | C2b | Bv2r B2 | B2 B2b A2 | A2 A2r WT2 C2
C2a | Bv2rb

c3 Bv3b | €3c | Bv3r B3| B3 B3b A3r WT3 C3
C3a | Bv3bhig
C3b | Bv3bh

C4 | cda| Bvab | Cac | Bvdbr B4 | B4 B4b Ad | A4 Adr WT4 C5
Cidb | Bvdlb | CAd | Bvd4r

C5| C5a| BvSb | C5d | Bv5r B5| B5 B5b A5 | A5a A5r WT5 Cé
C5b | Bv5bb A5b | AS5rs
C5c | Bv5rb

C6 | C6a| Bveb | C6b | Bvér B6| B6 B6b A6 | A6 Abr WT6 D1

C7| C7a| Avlr | C7c | Avilb B7 | B7 Blr A7 | A7 Alb WT7 D2
C7b | Avlrw

C8 | C8a| Av3r | C8b | Av3b B8 | B8 B3r A8 | A8 A3b WT8 D4

C9 | C9a | Avbbr | C9c | Av6b B9 | B9 Bér A9 | A9 A6b WT9 D5
C9b | Aver | Co9d | Avblb

C10]C10a| Av5r | Cl0c| Avsb B10] B10a B5r A10|Al0a] A5b WT10 D6
C10b| Av5rs B10b| BSrs Al0b] AS5Sw
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Table S2: List of detected mutations in clonal samples.
Samples from cocultures:

Predicted mutations

position | mutation| C7c | C7a | C7b | C8b | C8a | C10c annotation gene
360,752 A->G |100% 100% 100%| V331A (GTG->GCG) lacl &
443,007 G->T |100% 100% S52* (TCG->TAG) cyof &
728,407 C->G 100%| G1123G (GGC->GGG) rhsC -
760,381 G->T 100% G249V (GGT->GTT) sucD -
894,763| G->T 100% A264S (GCA->TCA) rimC -
928,197| Albp 100% coding (147/495 nt) Irp -
928,488 Albp 100% coding (438/495 nt) Irp =
982,023 T-=>G 100% E139A (GAA->GCA) ompF &
982,254 T->G 100%| 100% Y62S (TAT->TCT) ompF &
982,553 G-A 100%| 100% intergenic (-115/+488) | ompF [ asnS
1,154,652 +AACT 100% coding (1328/1434 nt) ptsG -
1,263,811 C->T 100% S64F (TCC>TTC) kdsA -
1,315,284 Albp 100% coding (358/1596 nt) trpD &
1,316,270 G->A 100% L312F (CTC—>TTC) trpE &
1,940,383 I1S1+9 bp 100% coding (47-55/66 nt) yobl &
2,391,144 C-T 100% R834H (CGT->CAT) nuoG €
2,483,414 G-=>T 100% F84L (TTC=>TTA) yfdv &
2,860,476 G->T 100% Y145* (TAC->TAA) rpoS &
3,370,422 Albp 100% coding (358/639 nt) SSpA &
3,508,077|154 (-) +1 100%| coding (330-342/678 nt) rpe &
3,508,086 A->T |100% C111* (TGT->TGA) rpe &
3,508,366 A>T 100% L18Q (CTG—>CAG) rpe &
3,809,219| A82 bp 100% [roh] =[rph]
4,048,148] A->C 100% V164G (GTG>GGG) ginG &«
4,049,329 T->G 100% H124P (CAC—>CCC) ginL &
4,094,585 T->A 100%|  N107Y (AAC->TAC) CpxA &
4,172,860 C->T 100% T5631 (ACC>ATC) rpoB -
4,532,356(1S1 (+) +9 100%| coding (503-511/597 nt) fimE >
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Samples from cocultures (continued):

Predicted mutations

position | mutation | C10a | C10b| C9a | C9c | C9d | C9b annotation gene
259,769 A-C 100% Y64D (TAT->GAT) ykfH &
360,752 A->G 100%| 100% V331A (GTG->GCG) lacl <
443,007 G->T 100%| 100% S52* (TCG->TAG) cyoE &
775,607 G-A 100% W185* (TGG>TAG) ybgF =
928,201 Albp 100% 100% coding (151/495 nt) Irp >
928,488 Albp |100%| 100% coding (438/495 nt) Irp >
982,036| C-=>T 100%| 100%| 100% 100% D135N (GAT=AAT) ompF &
982,56 T—>A 100%| 100%| 100% 100%| intergenic (-122/+481) | ompF / asnS
1,137,696 C->A 100% E710* (GAA->TAA) rne &
1,262,785(1S5 (=) +4 100% coding (10-13/810 nt) ychA =
1,316,187| 31 bp x 2 | 100%| 100% coding (1017/1563 nt) trpE <
1,316,866 Albp 100% 100%| coding (338/1563 nt) trpE <«
1,327,816 C->T 100%| 100% Q838* (CAA>TAA) topA =
1,586,828 C->T 100%]| 100% intergenic (-129/+94) hipB [/ yneO
1,634,074 C-=>T 100% E81K (GAG—>AAG) rrrQ €
2,964,912 C->T 100%| 100% intergenic (+64/-44) ygdR / tas
3,207,549 G->A 100% A382T (GCG—>ACG) rpoD -
3,467,928]IS5 (-) +4 100%| 100% intergenic (-17/+106) rpsL [ tusB
3,482,817| Al3 bp 100% coding (711-723/1221 nt) argD <
3,632,942| (C)ssa 100% coding (139/336 nt) uspB &
position | mutation| C3a | C3b | C3c | C4c | C4a | C4b annotation gene
170,28| Albp 100% coding (1090/1281 nt) hemlL &
170,326(IS3 (+) +3 100% coding (1042-1044/1281 hemlL &«
360,752 A->G 100%| 100% 100%| 100% V331A (GTG=>GCG) lacl &
443,679| Al3 bp 100% coding (426-438/615 nt) cyoC €
524,284 (T);6 100% pseudogene (189/491 nt) ybbD -
837,145 C-T 100% intergenic (-158/+107) fiu / mcbA
928,124 +A 100%| 100% coding (74/495 nt) Irp =
928,462 C->A 100%| 100% L138M (CTG—>ATG) Irp >
982,254 T->C |[100%| 100% Y62C (TAT->TGT) ompF &«
982,254 T->G 100%| 100% Y62S (TAT->TCT) ompF &
1,232,458 C->A 100% E80D (GAG->GAT) yegB <
1,259,153 T->A 100% intergenic (-197/-17) lolB / hemA
1,315,113 (CCAGCA 100% coding (529/1596 nt) trpD &
1,317,092 Albp [100% coding (112/1563 nt) trpE <
1,325,807 G->A 100%( 100% R168H (CGT->CAT) topA =
2,529,193 A-G 100% M1M (ATG—->GTG) T crr =
2,739,312 A7 bp 100%| coding (227-233/249 nt) rpsP &
2,753,751 (T)ss7 100% coding (1408/1410 nt) yfil =
2,964,908 C->A 100% intergenic (+60/-48) ygdR / tas
2,965,688 T->A 100% Y245N (TAT->AAT) tas >
3,360,110|A10,078 b 100% IS5 -mediated [yhcE] —[sspA]
3,360,110|A11,001 b 100% IS5 -mediated [yhcE] —sspA
3,433,542 G->T |100%|100% Q283K (CAG=>AAG) rpoA &
3,443,617| Allbp 100%| 100%)| coding (259-269/279 nt) rpsS &
3,837,085| A->G |100% L22P (CTA->CCA) yicO &
3,041,547 Albp |[100%|100% coding (102/339 nt) yifE =
4,019,893| Albp 100% coding (7/702 nt) fre >
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Samples from cocultures (continued):

Predicted mutations

position | mutation| Cla | Clb | Clc | C1d | C2a | C2b annotation gene
170,788 G-—>C 100% Y¥194* (TAC->TAG) heml &
360,752 A-=>G 100%]| 100% 100% V331A (GTG->GCG) lacl <«
580,519]|IS3 (+) +5 100% coding (567-571/954 nt) ompT &
580,522| A2bp 100% cading (567-568/954 nt) ompT &
928,427 C->T 100% A126V (GCC>GTC) Irp >
982,023| T->C 100%] 100% 100% E139G (GAA—>GGA) ompF &
982,56 T->A 100% intergenic (-122/+481) ompF / asnS
1,259,125 G->A 100%| intergenic (-169/-45) loIB / hemA
1,315,235| Albp 100% coding (407/1596 nt) trpD &
1,316,141| 2 bp>A 100% coding (1062-1063/1563 trpE &
2,655,030(1S1 (<) +9 100%| 100% coding (453-461/489 nt) iscR «
2,860,769] G—>A |100%| 100% Q48* (CAG—>TAG) rpoS &
3,360,110/A10,887 b 100% IS5 -mediated [vhcE] —sspA
3,463,484|1S1 (+) +9 100% intergenic (-272/+12) chiA / tufA
3,463,619 A->C 100% 13575 (ATC->AGC) tufA «
3,464,196/ C->T 100% G165S (GGC->AGC) tufA &
3,467,845 C->T 100%| 100% A23T (GCG—ACG) rpsL &
3,507,896 C—>A 100%| 100% E175* (GAA-TAA) rpe &
3,809,170 Albp 100% intergenic (-42/+24) pyrE / rph
3,830,184 C-—>A 100%| 100% intergenic (+268/-129) yicT / setC
3,840,246 G->A 100%| 100% T94T (ACC->ACT) uhpT <
3,941,236] G->T 100% A31E (GCA—>GAA) hdfR <«
4,049,242 T->C 100%| 100% Q153R (CAG—>CGG) glnl &«
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Samples from cocultures (continued):

Predicted mutations

position | mutation| C4d | C5b | C5a | C5c | C5d | C6a | C6b annotation gene
170,28 Albp |[100% coding (1090/1281 nt) hemlL <«
232,44 G->A 100% P17L (CCA->CTA) rnhA <
360,752 A-G 100%| 100%| 100% 100% V331A (GTG=>GCG) lacl <
ing (426-438/61
443,679| A13 bp 100% 100% coding ( i) 38/615n cyoC &
928,427 C->T 100% A126V (GCC->GTC) Irp -
928,489 T->C 100% 100% Y147H (TAC—>CAC) Irp >
966,495(31,651 bp 100% amplification kdsB —elfG
982,035] T->G 100% D135A (GAT->GCT) ompF &
982,248 C->T 100% R64H (CGT->CAT) ompF <
+) +
982,683 152 I(Jp) > 100% intergenic (-245/+354) | ompF /asnS
IS5 () +4 di 596-599/987
1,091,894 :)p“ 100% coding ( ) /BTN U >
1,232,458 c>A [100% ES0D (GAG—>GAT) ycgB &
1,259,153| T->A |100% intergenic(-197/-17) | lolB / hemA
1,263,967 C=>T 100%| A116V (GCG—>GTG) kdsA >
1,264,228 C-=>T 100% A203V (GCA—>GTA) kdsA >
1,316,015| Albp 100% coding(1189/1563 nt) trpE &
1,529,286 (T)so6 100% coding (830/894 nt) yddE &
1,529,287 C->T 100% E277K (GAA->AAA) yddE &
2,529,193 A->G |100% M1M (ATG—>GTG) T cre >
2,741,712 C->A |100% $131* (TCG->TAG) ypiD >
2,860,039 +A 100% 100% coding (872/993 nt) rpoS &
2,860,539 G->T 100% N124K (AAC—>AAA) rpoS &
di 1618-1628/18
3,299,592 A11bp 100% coding ( / deaD &
90 nt)
3,360,110|A10,078 b| 100% IS5 -mediated yhcE —sspA
3,360,110(A10,892 b 100% IS5 -mediated yhcE —sspA
3,360,110{A10,906 b 100% IS5 -mediated yhcE —sspA
ding (249-254/393
3,371,313| A6bp 100% coding ( ) RSN I
3,508,262| A2 bp 100% coding (152)' 157/678 01 e o
3,508,366] AT 100%| L18Q (CTG->CAG) rpe &
3,716,165 G->A 100% R531R (CGC—>CGT) glys &«
4,176,533 A->C 100% H419P (CAC—>CCC) rpoC =
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Samples from monocultures of auxotrophs:

Predicted mutations

position | mutation| A7 Al A2 A8 A4 | A5b annotation gene
443,007 G->T [100% 100% S$52* (TCG>TAG) cyoE &
443,679| A13 bp 100%| coding (426-438/615 nt) cyoC &
1,326,386| C->T 100% S361L (TCA>TTA) topA =
1,381,880 G->A 100% E302K (GAA->AAA) tyrR -
2,529,193 A-G 100% M1M (ATG=>GTG) T crr =
2,655,030(1S1 (=) +9 100% coding (453-461/489 nt) iscR &
2,655,103| C-A 100% V130F (GTT=>TTT) iscR &
2,655,680 G->G 100% intergenic (-190/+262) iscR / trmJ
2,679,434| (A)sss 100% coding (241/1191 nt) hmp >
2,965,688 T->G 100% Y245D (TAT->GAT) tas =
3,311,913 G-T 100% intergenic (-265/-83) metY /argG
3,463,484|1S1 (+) +9 100% intergenic (-272/+12) chiA / tufA
3,463,619 A-=>C 100% I1357S (ATC>AGC) tufA &
3,464,196 C->T 100% G165S (GGC—>AGC) tufA &
3,713,593|114,908 b 100% amplification [cspA] =lyicl]
3,809,170 Albp |100% 100% intergenic (-42/+24) pyrE / rph
3,956,890| C->A 100%| E234* (GAATAA) gpp &
3,957,345 Allbp 100% coding (235-245/1485 nt) gpp €
3,959,912 G->A 100% G46S (GGC>AGC) rho =
4,349,672 T->C 100% R59R (CGA—>CGG) cadB &«
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Samples from monocultures of auxotrophs (continued):

Predicted mutations

position | mutation | A5a [ Al10a|Al0b| A9 Ab Bl annotation gene
68,521 C->A 100% (G228G (GGC—>GGA) yabl >
85,062 T->G 100%| 100% L183R (CTT>CGT) cra =
107,669 G-5T 100%| 100% E47* (GAA-TAA) mutT =
110,351 T-—=>G 100% F141V (TTC=>GTC) guaC =
215,883 T->G 100% M67L (ATG->CTG) tsaA &
286,949 T->G 100% K37Q (AAA->CAA) insA &
307,295 G->T 100% intergenic (-248/-528) ecpR / ykgl
396,685 G->T 100% intergenic (-306/-157) ddlA / iraP
400,961 T->G 100% D47A (GAC>GCC) proC <
443,007 G->T 100% S52* (TCG—>TAG) cyoE &
443,679 A13bp |100% 100% coding (426-438/615 nt) cyoC
552,583 T->G 100% L205L (CTA=>CTC) folD &«
594,186 T—->G 100% 16S (ATT>AGT) CUsA -
648,088 G—>A 100% $133N (AGC—>AACQ) CitA =
666,309 T->G 100% Q251H (CAA—CAC) holA &
676,291] T—>G 100% G208G (GGT->GGG) djlc >
679,856 T—>G 100% ISL (ATT->CTT) rihA &
728,407 C-=>G 100%| 100% G1123G (GGC>GGG) rhsC >
890,099 A-C 100% K287T (AAA->ACA) potF =
909,163 A-C 100% D36E (GAT->GAG) hcp ¢«
909,323] T->G 100% intergenic (-53/+91) hcp / ybjE
1,027,245 A->C 100% intergenic (-77/-350) serT / hyaA
1,072,807 T->G 100%| 100% Q511P (CAG—>CCG) PUtA &
1,222,912| A->C 100% 165 (ATC>AGC) pliG &
1,260,081] A-=>C 100%| 100% Q304H (CAA->CAC) hemA >
1,297,346] TG 100% F64C (TTC>TGC) oppB >
1,441,605 A->C 100% intergenic (-65/-171) feaR / feaB
1,456,010 C=->A 100% T287T (ACC>ACA) paal =
1,747,319 T-=6G 100% K257Q (AAA->CAA) ydhV &
1,771,018 T—=>G 100% F392C (TTC=>TGC) ydif =
1,771,247 T->G 100%| 100% T468T (ACT->ACG) ydiF =
1,865,867 T->G 100% FA09C (TTT=>TGT) yeal >
1,983,151] C=>G 100% intergenic (-180/-11) yecH / tyrP
2,043,291 A-C 100% K1625Q (AAG—>CAG) yeel =
2,165,985 T->G 100% K124Q (AAG=>CAG) gatD &
2,331,566] T->G 100% D445A (GAT->GCT) gyrA &
2,334,315 A-=C 100% S1112A (TCG->GCG) yfal &
2,552,058|A6,790 bp 100% intZ—[eutA]
2,833,790 T—>G 100% L303R (CTG—>CGEG) ascF =
2,860,529 T—>G 100% 1128L (ATC=>CTC) rpoS &«
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Samples from monocultures of auxotrophs (continued):

Predicted mutations

position | mutation | A5r | A5b | ASw | A6b | A6r | Blb annotation gene
2,861,047 A->C 100% S356A (TCA—>GCA) nipD &
2,945,404 T-=>G 100% Q139H (CAA—>CAC) recD <
2,964,891 T->G 100%| 100% intergenic (+43/-65) ygdR / tas
2,964,912 C>T 100% intergenic (+64/-44) ygdR / tas
2,965,686 A->C 100%| 100% K244T (AAA->ACA) tas -
3,039,528| T->G 100% *958S (TAA=>TCA) gevP &
3,089,987 T-=>G 100% 182M (ATT=>ATG) yggl =
3,178,086 T->G 100% intergenic (-261/-113) ribB / yqiC
3,220,607| A->C 100% 1339L (ATC->CTC) yajl >
3,262,186 G->T 100% R138M (AGG—ATG) yhaC -
3,274,406 T->G 100% pseudogene (347/375 nt) agaW -
3,320,032 A-C 100% V88G (GTT—>GGT) ftsH &
3,348,437] T-G 100% D118E (GAT->GAG) gitB -
3,396,245| A->C 100% V149V (GTT->GTG) csrD &
3,561,521| T->G 100% 1390L (ATT->CTT) glgC &
3,597,923 G->T 100% L57L (CTG—>CTT) rsmD -
3,686,520 T->G 100% K693Q (AAA->CAA) bcsA &
3,797,270 T->G 100%| 100% L76L (CTA=>CTC) waaB &
3,809,167 A-C 100%| 100% intergenic (-39/+27) pyrE / rph
3,809,219| A82bp 100% [rph] —[rph]
3,809,971| C-=>T 100%| intergenic (-62/-65) rph / yicC
3,847,231 G-T 100% intergenic (+229/-51) tisB / emrD
3,957,279 Al4 bp 100% coding (298-311/1485 nt) gpp €
3,963,666 C—>A 100% L58L (CTC—>CTA) wecB =
4,056,312 T->G 100% C236G (TGT->GGT) yihN =
4,091,222 T->G 100% F162C (TTC=>TGC) sodA =
4,094,585| T—->A 100%| 100% N107Y (AAC->TAC) CpxA &
4,114,904 T-G 100% K612T (AAA—>ACA) priA &
4,119,848 T-=>G 100%| 100% L29W (TTG>TGG) metL >
4,158,566 T->G 100% intergenic (+191/-3) gltT / rrlB
4,178,879 A9bp 100% coding (3602-3610/4224 rpoC —
4,191,132 A-cC 100% L213F (TTASTTC) yjaH -
4,395,715 A->C 100% E404D (GAA->GAC) purA =
4,593,453(1S5 (-) +4 | 100% coding (160-163/726 nt) viiQ =
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Samples from monocultures of auxotrophs (continued):

Predicted mutations

position | mutation| B2 B3 B4 B5 B7 B8 annotation gene
360,752 A->G 100% 100%| 100% V331A (GTG-=>GCG) lacl ¢
1,028,484 G->A 100% C297Y (TGT->TAT) hyaA -
2,085,908 G—->A 100% A10A (GCG—>GCA) hisC -
2,411,824 C->T 100%| A422V (GCG->GTG) yfcC =
3,586,809 C->T 100% G253D (GGT->GAT) livG &
3,809,111] G-C 100% R6R (CGC->CGG) pyrE &
3,809,170 Albp 100% intergenic (-42/+24) pyrE / rph
3,809,185 C-T 100% intergenic (-57/+9) pyrE /rph
3,809,219| A82 bp |100% 100% [rph] —[rph]
3,809,243| Albp 100%| pseudogene (667/669 nt) rph &
4,310,911 G=>T 100% L52M (CTG—>ATG) phnH <«
position | mutation| B6 B9 |B10a|B10b annotation gene
360,752 A->G 100% V331A (GTG=>GCG) lacl ¢
737,74 C-SA 100% V91V (GTG->GTT) dtpD &
1,750,759 C=>T 100% R269C (CGT=>TGT) pykF =
3,587,712] C=>A 100% E377* (GAG—>TAG) livM <
3,669,232 T->G 100%| 100% F363V (TTC—>GTC) yhjE —
3,809,170 Albp 100% intergenic (-42/+24) pyrE /rph
3,809,184 G->T 100% intergenic (-56/+10) pyrE / rph
3,809,219| A82 bp | 100%| 100% [rph]—[rph]
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Samples from wildtype monocultures:

Predicted mutations

position | mutation| C1 Cc2 Cc3 Cc5 C6 annotation gene
360,752 A->G | 100%| 100%| 100%| 100%| 100%| V331A (GTG->GCG) lacl <
3,243,770 C->A 100% intergenic (+35/-151) yqjk / yqjF
3,587,271 +T 100% coding (296/768 nt) livG &
3,588,245 A->C 100% L199R (CTC->CGC) livM &
3,588,985 C—>A |100% G260V (GGC->GTC) livH &
3,589,279 +A 100% coding (485/927 nt) livH &
3,809,165 A—=>G 100% intergenic (-37/+29) pyrE / rph
3,809,219 A82 bp 100% [rph] —[rph]
position | mutation | D1 D2 D4 D5 D6 annotation gene
83,95 C->T 100% A36V (GCG—>GTG) ilvH -
566,524|I1S3 (+) +4 | 100% coding (176-179/552 nt) ybcl -
566,528 Albp |100% coding (180/552 nt) ybcl -
2,225,507| C-=>T 100% A62V (GCC—>GTC) cdd >
3,586,409 C->T 100% R130H (CGC->CAC) livF &
3,588,171 G->A 100% Q224* (CAG—>TAG) livM &
3,588,201 C-o>A 100% E214* (GAASTAA) livM &
3,588,703| A8bp |100% coding (131-138/1278 nt) livM &
3,762,154 G->T 100%| pseudogene (156/252 nt) yibS -
3,793,310 T->C 100% K83E (AAA->GAA) waaZ &
3,809,170 Albp 100% intergenic (-42/+24) pyrE [ rph
3,832,624(1S1 (+) +8 100% coding (723-730/819 nt) nipA &
3,832,633 +G 100% coding (721/819 nt) nlpA &
3,833,335| G-oT 100% H7N (CAT->AAT) nipA <
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Table S3: List of detected mutations in population samples.
Population samples of cocultures.

Predicted mutations
position | mutation| C8 C10 co ca c5 c6 annotation gene
170,28| Albp 50.7% coding (1090/1281 nt) hemlL <«
360,752 A->G 24.8%| 62.3%| 48.8%| 29.4%| 27.8%| 30.2% V331A (GTG->GCG) lacl ¢
443,007 G-=>T |41.4% 66.7% 552* (TCG>TAG) cyoE &
443,679 A13 bp 50.6%| 50.0%| coding (426-438/615 nt) cyoC ¢
728,407] C->G 76.7% G1123G (GGC>GGG) rhsC -
927,772] G—>A 39.5%| intergenic (-266/-279) trxB / Irp
928,201 Albp 30.9% coding (151/495 nt) Irp =
928,488| Albp 19.3% coding (438/495 nt) Irp =
966,495 31'6)(5; op 100% amplification [kdsB] ~[elfG]
982,023] T-G 60.8% E139A (GAA->GCA) ompF &
982,035| TG 35.7% D135A (GAT—>GCT) ompF &
982,036 C->T 20.8%| 33.1% D135N (GAT->AAT) ompF &«
982,248 C=>T 48.5% RE64H (CGT->CAT) ompF &
982,254| TG 40.2% Y625 (TAT->TCT) ompF <«
982,56 T->A 21.1%| 34.2% intergenic (-122/+481) ompF / asnS
982,683 152 L:)) s 50.6% intergenic (-245/+354) ompF / asnS
1,091,894 155 L_; 4 100% coding (596-599/987 nt) yedU -
1,137,696 C->A 25.6% E710* (GAASTAA) rme &
1,154,225 G->A 11.4% E301K (GAG—>AAG) ptsG =
1,232,458| C->A 19.6% E80D (GAG—>GAT) ycgB &
1,259,153] T->A 22.8% intergenic (-197/-17) lolB / hemA
1,263,811 C->T 75.0% S64F (TCC—>TTC) kdsA -
1,263,967 C=>T 44.4% A116V (GCG->GTG) kdsA -
1,264,228 C->T 49.3% A203V (GCA—>GTA) kdsA =
1,282,249 A-=>G 6.3%| 8.3% intergenic (+267/+294) narl / tor
(CCAGCA
1,315,113 GGCGAGC 16.1% coding (529/1596 nt) trpD &
e GCCCTGG
GT)1s,
(CATACAG .
1,315,951 GCGO),s 7.9% coding (1253/1563 nt) trpE <
1,316,015 Albp 38.9% coding (1189/1563 nt) trpE <«
(TTCAATA
CGGCTGT
1,316,187| CGAGATC 10.7% coding (1017/1563 nt) trpE &
TCTGTCCA
GT)is
1,316,426 C>A 9.2% E260* (GAASTAA) trpE <
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Population samples of cocultures (continued):

Predicted mutations
position | mutation| C8 C10 c9 ca Cc5 c6 annotation gene
170,28 Albp 50.7% coding (1090/1281 nt) hemlL &
360,752 A->G 24.8%| 62.3%| 48.8%| 29.4%| 27.8%| 30.2% V331A (GTG->GCG) lacl €«
443,007] G-=>T 41.4% 66.7% S52* (TCG>TAG) CYOE &
443,679| A13 bp 50.6%| 50.0%| coding (426-438/615 nt) cyoC &
728,407] C->G 76.7% G1123G (GGC—>GGG) rhsC =
927,772] G->A 39.5%| intergenic (-266/-279) trxB / Irp
928,201 Albp 30.9% coding (151/495 nt) Irp =
928,488| Albp 19.3% coding (438/495 nt) Irp >
31,651 bp L
966,495 <5 18.6% amplification [kdsB] -[elfG]
982,023] T->G 60.8% E139A (GAA=>GCA) ompF «
982,035 T->G 35.7% D135A (GAT->GCT) ompF &
982,036 C->T 20.8%| 33.1% D135N (GAT—AAT) ompF &
982,248 C->T 48.5% R64H (CGT->CAT) ompF &
982,254 TG 40.2% Y62S (TAT-TCT) ompF &
982,56 T-=>A 21.1%]| 34.2% intergenic (-122/+481) ompF / asnS
982,683 152 LJ: * 50.6%| intergenic (-245/+354) ompF / asnS
1,091,894 155 ;; 4 41.7% coding (596-599/987 nt) yedU =
1,137,696] C-=>A 25.6% E710* (GAA>TAA) rne &«
1,154,225 G->A 11.4% E301K (GAG>AAG) ptsG >
1,232,458] C->A 19.6% E8OD (GAG—>GAT) ycgB &
1,259,153 T->A 22.8% intergenic (-197/-17) lolB / hemA
1,263,811 C->T 75.0% S64F (TCC>TTC) kdsA -
1,263,967 C->T 44.4% Al116V (GCG—>GTG) kdsA =
1,264,228 C->T 49.3% A203V (GCA->GTA) kdsA =
1,282,249 A->G 6.3%| 8.3%| intergenic (+267/+294) narl / tor
(CCAGCA
1,315,113 GGCGAGC 16.1% coding (529/1596 nt) trpD &
e GCCCTGG
GT)I%Z
(CATACAG ,
1,315,951 7.9% coding (1253/1563 nt) trpE &
GCGC)y
1,316,015 Albp 38.9% coding (1189/1563 nt) trpE &
(TTCAATA
CGGCTGT
1,316,187 CGAGATC 10.7% coding (1017/1563 nt) trpE &
TCTGTCCA
GT)l%Z
1,316,426 C->A 9.2% E260* (GAA>TAA) trpE &
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Population samples of cocultures (continued):

position | mutation G H | J K L annotation gene
1,316,866| A1 bp 13.8% coding (338/1563 nt) trpE &
1,317,165 G=>T 38.7% C13* (TGC>TGA) trpE &
1,325,807| G->A 44.1% R168H (CGT—>CAT) topA -
1,327,816 C=>T 62.7% Q838* (CAA—>TAA) topA -
1,530,289 A3 bp 11.1% coding (584-586/681 nt) narV <«
1,586,828| C->T 60.5% intergenic (-129/+94) hipB / yneO
1,634,074 C->T 24.5% E81K (GAG—>AAG) rrrQ &
1,703,101] C-=>G 6.3% AB42A (GCC>GCG) rsxC -
2,298,492 A-G 6.2% intergenic (+620/+95) eco/ mqo
2,391,144 C->T 57.0% R834H (CGT->CAT) nuoG €«
2,529,193| A-G 62.5% M1M (ATG>GTG) * crr =
2,860,476 G->T |44.1% Y145* (TAC->TAA) rpoS &
2,860,539] G-T 45.1% N124K (AAC->AAA) rpoS &
(AGGCGT) ]
2,964,278 5.4% coding (500/714 nt) ygdQ -
152
2,964,912 C->T |29.6% 67.5% intergenic (+64/-44) ygdR / tas
3,207,549 G->A 32.1% A382T (GCG>ACG) rpoD —
(TTCAACA .
3270632 14.6% 16.1% coding (272/336 nt) priF >
23
3,299,592| A1l bp 37.9% coding (1618-1628 nt) deaD &
010,078 b
3,360,110 ,p 61.4% IS5 - mediated [yhcE] —[sspA]
A10,892 b
3,360,110 ,p 56.6% IS5 -mediated [yhcE] —sspA
A10,906 b
3,360,110 ’p 49.4% IS5 -mediated [vhcE] —sspA
3,370,422 Albp 72.7% coding (358/639 nt) SspA &
3,371,313| A6 bp 39.6% coding (249-254/393 nt) rpsl &
3,443,617 A11bp 39.9% coding (259-269/279 nt) rpsS &
IS5 () +4
3,467,928 ép) * 68.7% intergenic (-17/+106) rpsL / tusB
3,482,817 A13 bp 30.8% coding (711-723/1221 nt) argD «
3,507,954 Albp 22.8% coding (465/678 nt) rpe €«
1S4 (-) +1
3,508,077 > 3(b:')+ 80.1% coding (330-342/678 nt) rpe «
3,508,262 Albp 48.7% coding (157/678 nt) rpe &«
3,508,263 Albp 49.0% coding (156/678 nt) rpe &«
3,508,366 A>T |46.8% 50.1% L18Q (CTG->CAG) rpe &
3,803,449 G->A 16.6% G89S (GGC—>AGC) coaD -
(TTCTGG), .
3,807,209 30.0% coding (1119/1221 nt) dfp -
52
3,809,219 A82bp |32.9% [rph] =[rph]
4,048,289 C->A 9.3% R117L (CGC—>CTCQ) ginG &«
4,049,261 C-=T 9.5% G147S (GGT->AGT) ginL &«
4,049,329 TG |[54.1% H124P (CAC->CCC) ginl &«
4,094,585 T->A 74.1% N107Y (AAC->TAC) CpxA &
4,353,277 C=>T 40.2% G528D (GGC—>GAC) dsbD <
4,416,066 G=>T 12.7% E48* (GAASTAA) rpll =
1S1
4,532,356 > 1(;: 9 32.5% coding (503-511/597 nt) fimE >
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Population samples of monocultures auxotrophic for tyrosine:

Predicted mutations

position | mutation| A4 A5 A6 A8 Al0 A9 annotation gene
70,482 A->C 29.3% L176R (CTT->CGT) thiP <
85,062 T->G 30.0% L183R (CTT—>CGT) cra -
107,669 G->T 100% E47* (GAA->TAA) mutT —>
185,655 A->C 29.2% F113L (TTT->TTG) map &
307,295 G->T 100%| intergenic (-248/-528) ecpR / ykgl
396,685 G->T 100% intergenic (-306/-157) ddIA /iraP
443,007 G->T 100% 100% §52* (TCG>TAG) cyoE &
443,679| A13 bp 100%| 100% coding (426-438/615 nt) cyoC <«
648,088 G—>A 85.7% S$133N (AGC=>AAC) citA =
707,99] A-C 26.1% M90R (ATG>AGG) ybfF &
728,407 C->G 100% G1123G (GGC->GGG) rhsC -
1,011,182| A-=C 25.5% Q4H (CAA->CAC) rmf >
1,072,807 TG 81.7% Q511P (CAG-=CCG) putA &
1,115,594 A->C 26.1% L150R (CTG->CGG) SolA &
1,230,695 T->G 28.2% L101W (TTG->TGG) fadr =
1,260,081 A->C 100% Q304H (CAA-CAC) hemA -
1,327,593| C->A 12.7% C763* (TGC>TGA) topA >
1,381,880 G->A 100% E302K (GAA>AAA) tyrR =
1,456,010/ C>A 100% T287T (ACC->ACA) paal >
1,574,012 C->A 69.6% E346* (GAA—>TAA) ydeM &
1,594,169 8'3672bp X 18.0% duplication [IsrK] ~[yneE]
1,763,960 T->G 15.3% A210A (GCT->GCG) ydik =
1,771,247] T-G 35.1% T468T (ACT->ACG) ydifF =
1,983,151 C=>G 100% intergenic (-180/-11) yecH / tyrP
2,119,797 T-=>G 27.1% Q292P (CAG—>CCG) wcaG €
2,420,808 T->G 25.7% K155Q (AAA->CAA) argT €«
2,529,193 A-G 100% M1M (ATG->GTG) t crr =
2,679,434 (A)sss 100% coding (241/1191 nt) hmp =>
2,838,350 T->G 26.5% Y494S (TAC>TCC) hycE &
2,861,047 A=cC 18.6% 5$356A (TCA->GCA) nlpD &
2,964,891 T->G 100% intergenic (+43/-65) ygdR / tas
2,964,912 C-=>T 100% intergenic (+64/-44) ygdR / tas
2,964,952 G->A 31.0% intergenic (+104/-4) ygdR / tas
2,965,686 A->C 100% K244T (AAA->ACA) tas >
2,965,688 T->G 88.3% Y245D (TAT->GAT) tas =
2,965,716] C->A 84.9% A254E (GCA->GAA) tas =
3,039,528| T->G 13.8% *958S (TAA->TCA) gcvP &
3,076,086 A-=>C 27.4% intergenic (+56/+150) loiP / speB
3,127,447 A->C 26.7% intergenic (-131/-43) yghS / yghT
3,262,186| G-T 100% R138M (AGG>ATG) yhaC =
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Population samples of monocultures auxotrophic for tyrosine (continued):

position | mutation| A4 A5 A6 A8 A10 A9 annotation gene
3,272,019 A->C 9.6% S2R (AGT=>AGG) agaR <«
3,396,245 A-C 17.6% V149V (GTT->GTG) csrD &
3,448,546| T->G 26.3% E71A (GAA->GCA) gspA
3,597,923 G->T 100% L57L (CTG—>CTT) rsmD —
3,607,617 C->G 26.7% Y197* (TAC->TAG) nikA -
3,616,121 G->C 9.9% R1190R (CGG—>CGC) rhsB -
3,648,862 T->G 25.7% H134P (CAT->CCT) vhiD <
3,669,222 G-=>T 9.0% M3591 (ATG—>ATT) yhjE =
3,669,232 T=G 82.9%| 24.7% F363V (TTC=>GTC) yhjE =
3,713,593 11?;’3038 b 23.2% amplification [cspA]—[yicl]
3,797,270 T->G 35.2% L76L (CTA—CTC) waaB &
3,809,167 A->C 84.4% intergenic (-39/+27) pyrE / rph
3,809,170 Albp 100% intergenic (-42/+24) pyrE / rph
3,809,182 T->G 7.8% intergenic (-54/+12) pyrE / rph
3,809,219 AS82 bp 60.5%| 83.5% [rph] ~[rph]
3,847,231 G->T 100% intergenic (+229/-51) tisB / emrD
3,956,890 C—>A 16.3% E234* (GAA—>TAA) gpp <«
3,957,279 Al4 bp 84.7% coding (298-311/1485 nt) gpp <
4,094,585 T>A 100% N107Y (AAC->TAC) CpXA €
4,095,182 T->G 27.3% L139F (TTA-=>TTC) cpxR &
4,114,904 T->G 19.7% K612T (AAA->ACA) priA &
4,119,848 T-G 83.2% L29W (TTG>TGG) metl -
4,360,586 A->C 25.5% T28P (ACC—>CCC) gros -
Population samples of monocultures auxotrophic for tryptophan:
Predicted mutations
position | mutatio | B4 B5 B6 B8 | B10 | B9 annotation gene
845,572 ISi t();) * 19.7% intergenic (-19/-331) | rhtA /ompX
1,427,227 G->T |100% W187L (TGG>TTG) tfaR -
1,750,759 C->T 9.5% R269C (CGT->TGT) pykF —>
2,411,824 C->T 30.2 A422V (GCG->GTG) yfcC =
2,758,822 (TATGGC 39.3 intergenic (-310/+50) yfiL / yfiM
AC)s7 %
IS5 (-) + .
3,199,939 4bp 9.7% coding (118-121/912 nt) ttdA =
3,586,809 C->T 68.7 G253D (GGT—>GAT) livG €«
3,669,232 T->G 100% F363V (TTC—>GTC) yhjE =
3,809,111 G-C 100% R6R (CGC->CGG) pyrE &
3,809,170 Albp 30.7 6.8% intergenic (-42/+24) pyrE / rph
3,809,171 C->T 19.4% intergenic (-43/+23) pyrE / rph
3,809,183| C->T 14.9% intergenic (-55/+11) pyrE / rph
3,809,184 G->T 15.6 intergenic (-56/+10) pyrE / rph
3,809,185 C->T 41.0% intergenic (-57/+9) pyrE / rph
3,809,219| A82bp | 56.9] 39.8] 70.1 82.8 [rph] —[rph]
4,174,714 C->T 27.6 P1181L (CCA->CTA) rpoB -
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Population samples of wildtype monocultures:

Predicted mutations

position | mutatio | WT1 | WT2 | WT3 | WT6 | WT7 | WT8 annotation gene
360,752 A->G | 100%]| 100%| 100% V331A (GTG>GCG) lacl &
IS3 (+) + )

566,524 4bp 54.1% coding (176-179/552 nt) ybel =
566,528| Albp 54.1% coding (180/552 nt) ybcl =
1,282,421 A->G 5.5%| intergenic (+439/+122) narl / tpr
1,703,101| c-G 6.6% A642A (GCC>GCG) rsxC >
1,983,404 G=>C [12.5% WB81C (TGG->TGC) tyrP >
2,098,857] C—>A 100% V228F (GTC>TTC) wbbl &
2,298,492 A->G 5.3%| 5.5%| intergenic (+620/+95) eco/mqo
2,464,622 '525 l(;: * 7.2% coding (371-375/441 nt) |  yfdK «
2,758,822 (TATGGC 15.0% intergenic (-310/+50) vfiL / yfiM

AC)g7
3,243,770 C->A 18.1 intergenic (+35/-151) yaiK / yaqjF
3,299,638 G->T 6.1% H528N (CAC—>AAC) deaD &
3,586,394 A1l bp 7.5% coding (394-404/714 nt) livF &
3,586,409 C->T 46.0% R130H (CGC->CACQ) livF &
3,586,583| A11 bp 32.2% coding (205-215/714 nt) |  fivF &
(TCTCTTT , ,
3,587,010 13.9% coding (557/768 nt) livG &«
CG)152
3,587,647 C->T 72.1% M398I (ATG—>ATA) livM &
3,587,655 +G 8.8% coding (1186/1278 nt) livM &
3,587,676 1022bpx 14.0% duplication liviM &
(GCTGCC _ ,
3,588,319 s 5.9% coding (522/1278 nt) livM &
3,588,703| A8 bp 51.8 coding (131-138/1278 nt) livM &
(CAGCAC _ _
3,588,896 9.8% coding (868/927 nt) livH <
CAG);;
3,612,569 G->A 14.3% ABA (GCG—>GCA) rhsB -
3,650,976| C->A 10.0% intergenic (+49/-750) | hdeD / gadE
3,755,572 C-=>T 40.6% G10G (GGC->GGT) rhsA =
3,755,620 G->A 27.1% 21.4% V26V (GTG->GTA) rhsA -
3,755,623 C->T 27.1% 21.3% R27R (CGC=>CGT) rhsA -
3,809,165 A->G 100% intergenic (-37/+29) pyrE / rph
3,809,168| (A)g; 100% intergenic (-40/+26) pyrE / rph
3,809,170 Albp 45.0% intergenic (-42/+24) pyrE / rph
3,809,219| A82 bp 10.8% 72.1% [roh] —[rph]
3,809,307 +C 100% pseudogene (603/669 nt) rph &
3,809,332 Albp |[12.3% pseudogene (578/669 nt) rph «
3,809,333 Albp |12.2% pseudogene (577/669 nt) rph &
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Supporting information for discussion

Supporting table

Table S1: Analysis for loss of function prediction of selected mutations, i.e. missense
mutations causing an amino acid substitution, utilizing PROVEAN (566, 567).

Mutated Amino acid Number of supporting | PROVEAN Predicted
protein: substitution: sequences used: score: effect:
Lrp Al126V 318 -3.070 Deleterious
Lrp L138M 318 -1.550 Neutral
Lrp Y147H 318 -4.902 Deleterious
Rpe L18Q 646 -5.613 Deleterious
RpoS N124K 620 -5.620 Deleterious
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