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Summary

Summary

In nature, bacteria live together in complex populations. There, it can have either neutral effects as
genetic drift under non-selective conditions or social interactions, e.g cooperativity, under selective
conditions. Under selective conditions some bacteria invest into a cooperative trait. This investment is
costly but is of benefit for the whole population including defectors, which do not have this
cooperative trait. The cooperators are in a dilemma, because the defectors have a selection advantage,
but this cooperative trait is also essential for the whole population. In order to prevent an extinction of
these essential cooperative bacteria and following collapse of the whole population, cooperative
interactions are indispensable. One microbial system to analyze the development of cooperativity is
the production of a common good. Here, cooperative bacteria produce extracellular compounds and an
example is siderophores, a group of iron scavenging molecules including pyoverdine, the primary
siderophore of fluorescent pseudomonads. These are needed for growth under iron limitation and are
stable over long time periods. Pyoverdine production can be regulated according to pyoverdine or iron
concentrations in the environment. The cooperativity can be examined in a metapopulation approach
containing of many subpopulations. This leads to multi-level selection, where inside subpopulations
defectors have a selection advantage and will increase in ratio over time. But, there is also selection
between subpopulations, where subpopulations with higher initial cooperator fractions grow to higher
cell densities in the same time period. The interplay of both selections could result into an increase of
the cooperator fraction of the metapopulation. This increase would be in agreement with the statistical
phenomenon Simpson’s paradox, observing a reversed trend between subpopulations and the
metapopulation consisting of all subpopulations. To obtain such a scenario, a stochastic distribution of

initial cooperator fraction between subpopulations is necessary.

The focus of the first part of this thesis was on the non-selective evolution of growing Pseudomonas
putida populations consisting of cooperators and defectors. Non-selective evolution was previously
mainly researched in populations with constant size. There, the populations fixate to either cooperators
or defectors due to effects like genetic drift. To examine non-selective evolution of microbial
populations with increasing population size, co-cultures with random initial cell numbers and
cooperator fractions were generated via Poisson dilution. To obtain conditions for non-selective
evolution, a medium was used with high iron concentrations. This leads to a downregulation of
pyoverdine production of the wildtype P. putida KT2440 cooperator and to equal growth rates of
cooperators and defectors. This experimental procedure resulted in a conservation of initial cooperator
fraction during exponential growth phase. These results are in agreement with theoretical predictions
based on the Pdlya urn model. This shows, that non-selective evolution of exponentially growing
populations prevents fixation caused from genetic drift and plays an important role in maintaining

coexistence of cooperators and defectors.



Summary

In the second part, the cooperative interactions of co-cultures of P. putida cooperators and defectors
were analyzed under selective conditions, strict iron limitation, as well as the central role of
pyoverdine in mediating them. Hereby, the constitutive cooperator KP1 was used in order to avoid
adaption of pyoverdine production to iron availability. Pyoverdine as common good was often used
for theoretical models dealing with the dilemma of cooperators. However, previous models
underestimated the impact of specific biochemical dynamics of pyoverdine on the social interactions.
To identify these specific dynamics, the pyoverdine concentration dependent growth stimulation of
defectors was examined under strict iron limitation and both a threshold and saturation concentration
was identified. Furthermore, the cost and benefit of cooperative behavior was experimentally
distinguished and all these results were implemented into a theoretical model. A systems biology
metapopulation approach was developed with stochastic distribution of initial cooperator fraction and
with higher initial cell densities compared to previous studies with Poisson dilution. Here, a transient
increase of cooperativity was observed in the first hours of exponential growth under strict iron
limitation. This result was supported by the model based on the basics of the system and biochemical
properties of pyoverdine. In contrast to previous studies it could be shown that specific biochemical
dynamics of common goods play a key role in mediating cooperative interactions.

To sum up, this thesis outlines that exponential growth under non-selective conditions lead to a stable
coexistence of P. putida co-cultures consisting of cooperators and defectors. Moreover, under
selective conditions, in the metapopulation a transient increase of cooperativity mediated by the
common good pyoverdine was observed. Here, the impact of specific biochemical dynamics of

pyoverdine was highlighted in mediating cooperative interactions.
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Zusammenfassung

Zusammenfassung

In der Natur leben Bakterien in komplexen Gesellschaften zusammen. Dort kénnen entweder neutrale
Effekte wie Gendrift unter nichtselektiven Bedingungen oder soziale Interaktionen, z. B.
Kooperativitat, unter selektiven Bedingungen vorliegen. Unter selektiven Bedingungen investieren
einige Bakterien in eine kooperative Eigenschaft. Dieses Investment ist kostspielig, aber von diesem
profitiert die ganze Population inklusive Defektoren, die die kooperative Eigenschaft nicht besitzen.
Die Kooperatoren befinden sich in einem Dilemma, weil Defektoren einen Selektionsvorteil haben,
aber die kooperative Eigenschaft Uberlebenswichtig fiir die komplette Population ist. Um ein
Aussterben dieser essentiellen Bakterien und folgenden Zusammenbruch der gesamten Population zu
verhindern, sind kooperative Interaktionen unerlésslich. Die Produktion eines Allgemeingutes ist ein
Beispiel eines mikrobiellen Systems mit dem man die Entwicklung von Kooperativitat untersuchen
kann. Hier produzieren kooperative Bakterien extrazellulére Verbindungen und ein Beispiel sind die
Siderophore, eine Gruppe von Eisenchelatoren zu welcher Pyoverdin, das primére Siderophor
fluoreszierender Pseudomonaden, gehort. Diese werden flr das Wachstum unter eisenlimitierenden
Bedingungen bendtigt und sind Uber lange Zeitrdume stabil. Die Pyoverdinproduktion kann in
Abhangigkeit zur Pyoverdin- oder Eisenkonzentration in der Umgebung reguliert werden. Die
Kooperativitat kann in einem Metapopulationsansatz bestehend aus vielen Subpopulationen untersucht
werden. Hier gibt es Selektion auf mehreren Ebenen, wobei in Subpopulationen Defektoren einen
Selektionsvorteil haben und somit ihr Anteil Gber die Zeit zunimmt. Aber es gibt auch eine Selektion
zwischen Subpopulationen, bei welcher Subpopulationen mit héherem Startkooperatorenanteil zu
hoheren Zelldichten in der gleichen Zeitperiode wachsen. Das Zusammenspiel beider Selektionen
kénnte in einer Zunahme des Kooperatorenanteils der Metapopulation resultieren. Diese Zunahme
ware in Ubereinstimmung mit dem statistischen Phanomen Simpsons Paradoxon, bei welchem ein
umgekehrter Trend zwischen Subpopulationen und der Metapopulationen bestehend aus allen
Subpopulationen beobachtet wird. Um solch ein Szenario zu erreichen, braucht es eine stochastische

Verteilung des Startkooperationenanteils zwischen den Subpopulationen.

Im ersten Teil der Dissertation war der Fokus auf der nichtselektiven Evolution von wachsenden aus
Kooperatoren und Defektoren bestehenden Pseudomonas putida Ko-Kulturen. Nichtselektive
Evolution wurde bisher vor allem nur bei Populationen mit konstanter GroéRe erforscht. Dabei
ubernehmen entweder Kooperatoren oder Defektoren aufgrund von Effekten wie Gen-Drift die
komplette Population. Um die nichtselektive Evolution von mikrobiellen Populationen mit
zunehmender GruppengréfRe zu untersuchen, wurden Ko-Kulturen mit zufélliger Startzellzahl und
zufalligem Startkooperatorenanteil mittels Poisson-Verdlnnung generiert. Fir passende Bedingungen
hinsichtlich nichtselektiver Evolution wurde ein Medium mit hoher Eisenkonzentration benutzt. Dies

flihrt zur Herunterregulierung der Pyoverdinproduktion unseres Wildtypkooperators P. putida KT2440

Vil
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und zu gleichen Wachstumsraten von Kooperatoren und Defektoren. Diese experimentelle
Vorgehensweise fiihrte zu einer Konservierung des Startkooperatorenanteils wahrend der
exponentiellen Wachstumsphase. Diese Resultate passen zu theoretischen Vorhersagen basierend auf
dem Polya-Urnenmodell. Dies zeigt, dass nichtselektive Evolution von exponentiell wachsenden
Populationen die Fixierung hinzu einer Spezies, welche durch Gen-Drift verursacht wird, verhindert
und eine wichtige Rolle bei der Aufrechterhaltung der Koexistenz von Kooperatoren und Defektoren

spielt.

Im zweiten Teil wurden kooperative Interaktionen unter selektiven Bedingungen, d. h. starke
Eisenlimitierung, zwischen Ko-Kulturen von P. putida Kooperatoren und Defektoren sowie die
zentrale Rolle von Pyoverdin in der Mediation dieser analysiert. Hierbei wurde der konstitutive
Kooperator KP1 benutzt, um eine Anpassung der Pyoverdinproduktion an die Eisenverfugbarkeit zu
verhindern. Pyoverdin als Allgemeingut wurde oft fur theoretische Modelle verwendet, die sich um
das Dilemma von Kooperatoren kiimmerten. Jedoch unterschatzten vorherige Modelle den Einfluss
spezieller biochemischer Dynamiken von Pyoverdin auf die sozialen Interaktionen. Um die speziellen
Dynamiken zu identifizieren, wurden die pyoverdinkonzentrationsabh&ngige Wachstumssimulation
von Defektoren unter starker Eisenlimitierung untersucht und es wurde sowohl eine benétigte
Minimalkonzentration fur eine Stimulation als auch eine Konzentration, ab welcher eine Sattigung der
Wachstumsstimulation vorliegt, identifiziert. Zudem wurden experimentell die Kosten und der Nutzen
der kooperativen Eigenschaft bestimmt und alle Resultate in ein theoretisches Modell implementiert.
Ein systembiologischer Metapopulationsansatzes mit stochastisch verteilten Startkooperatorenanteilen
wurde entwickelt, welcher héhere Startzellkonzentrationen verglichen zu vorherigen Studien mit der
Poisson-Verdiunnung besaB. Hier wurde ein transienter Anstieg der Kooperativitat in den ersten
Stunden der exponentiellen Wachstumsphase bei strenger Eisenlimitierung beobachtet. Dieses
Ergebnis wurde durch das Modell unterstiitzt, welches auf den Grundlagen des Systems und dem
biochemischen Eigenschaften von Pyoverdin basierte. Im Unterschied zu vorherigen Studien konnte
gezeigt werden, dass die speziellen biochemischen Dynamiken wvon Allgemeingitern eine

Schlisselrolle bei der Mediation von kooperativen Interaktionen spielen.

Zusammenfassend stellt diese Dissertation heraus, wie exponentielles Wachstum unter nichtselektiven
Bedingungen zu einer stabilen Koexistenz von P.putida Ko-Kulturen bestehend aus Kooperatoren und
Defektoren fuhrt. Darlber hinaus wurde ein transienter Anstieg der Kooperativitat in unserer
Metapopulation unter selektiven Bedingungen mit Pyoverdin als Allgemeingut beobachtet. Hier wurde
dargestellt, welch wichtigen Einfluss die speziellen biochemischen Dynamiken des Pyoverdins bei der

Mediation kooperativer Interaktionen besitzen.
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Chapter I - Introduction

CHAPTER |

1. Introduction

Cooperativity plays an important role in the social behavior of bacteria in complex
ecosystems (Crespi, 2001, Velicer, 2003, West & Cooper, 2016, West et al., 2006). One
example is multi-species biofilms in nature, which are generally seen as the common
ecosystem of cooperating bacteria under natural conditions (Nadell et al., 2016, Flemming et
al., 2016). The cooperative interaction examined in this thesis is the production of a public
good, specifically the siderophore pyoverdine produced by Pseudomonas putida, which is of
benefit for the whole population. A central question in these public good systems is how the
producers can withstand invasion by defectors that do not need to pay the production costs
and therefore have a growth advantage. If natural selection were the only process at work, this
advantage would cause the producers to go extinct, which could lead to a collapse of the
entire population. Properties or behaviors supporting cooperativity are indispensable for
preventing such a scenario, especially in environments with high selective pressure, for

example under harsh or changing environmental conditions.

1.1. Theoretical aspects about cooperation and its dilemma

The understanding of cooperative behavior, both in bacteria and higher organisms, has been a
challenge in evolutionary theory since Darwin (Axelrod & Hamilton, 1981). Humans are seen
as the “champions of cooperation”, because in all societies in human evolution, cooperation
was the decisive organizational principle (Nowak, 2006). Further examples include symbioses
between rhizobia and legumes, the light organs of squids and the interplay of animal
pollinators with nectar-producing flowers (Sachs et al., 2004). The dilemma of cooperation or
cooperators is, that some individuals (the producers or cooperators, C) carry out a cooperative
behavior by paying a cost, while others (the so called free riders or defectors, D) are receiving
a benefit without investing anything (Hamilton, 1963, Hamilton, 1964b, Hamilton, 1964a,
Nowak, 2006). Populations of cooperators can easily be exploited by the occurence of
defectors (for example via mutation), which have a higher average fitness in mixed
populations. In order to prevent the extinction of cooperators and the collapse of the whole

population, the system needs properties or behaviors supporting cooperation (Fig. 1.1).
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Figure 1.1: The dilemma of cooperators. In a population consisting of cooperators (C), who
all produce a cooperative trait, random mutagenesis for example could lead to the evolution of
a defector (D). If there is no cooperative behavior between the partners and natural selection
is the only process at work, the defectors will spread and overtake the whole population and
this leads to the extinction of cooperators. The average fitness of the population during this
process would decline until the whole population collapses (modified with author’s
permission from (Nowak, 2006)).

One solution for overcoming this dilemma is kin selection, meaning that there is a genetic
relatedness between a donor and the recipient of its altruistic act, which must be higher than
the ratio of cost to benefit of this act to develop stable cooperativity (Foster & Wenseleers,
2006, Frank, 1998, Hamilton, 1964b, Hamilton, 1964a, Nowak, 2006).

Another solution as an explanation for cooperation between unrelated individuals, is direct
reciprocity, in which the recipient responds appropriately to the action from the donor
(Trivers, 1971). This has similarities to the theory of a repetitive Prisoner’s Dilemma game
(Luce & Raiffa, 1957, Trivers, 1971). The cooperators react cooperatively to other
cooperators but won’t help defectors after the first encounter. The probability of another
encounter is a key variable for the successful development of cooperativity in this scenario
(Nowak, 2006).

In contrast to direct reciprocity, indirect reciprocity relies on the reputation of an individual.
Cooperators identify defectors by the defectors’ reputation from earlier encounters with other
population members where they behaved defectively. Here the probability of knowing
someone’s reputation is essential for promoting cooperativity and overcoming the dilemma
(Nowak, 2006). Furthermore, in spatial structured populations interactions according to
network reciprocity can occur, where cooperators can overcome the dilemma by forming
cooperative network clusters, mainly by interacting with each other and trying to exclude
interactions with defective members (Nowak & May, 1992). Additionally, selection can also
take place between populations instead of individuals, in the form of population or multilevel
selection (Keller, 1999, Rainey & Rainey, 2003, Smith, 1964, Wilson, 1975). At the lower
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level (intra-population, between individuals inside a population) defectors have a selection
advantage by saving the cost of the altruistic act, at the higher level (inter-population, between
different subpopulations inside a global population), cooperation is favored by populations
with more cooperators having higher fitness than those with fewer (Nowak, 2006). In this case,
cooperators can overcome the dilemma by outcompeting populations with a higher defector

ratio based on stronger inter-population selection advantages.

1.2. Cooperative interactions in microbial systems

In the last few decades microorganisms have been seen not so much as single organisms;
rather the idea of multicellular behavior has become more and more convincing, for example
in the case of biofilm formation, quorum sensing, dispersal, foraging and “chemical warfare”
(Crespi, 2001, Keller & Surette, 2006, Kreft, 2004, Lazdunski et al., 2004, Parsek &
Greenberg, 2005, Webb et al., 2003, West et al., 2006). Many multicellular behaviors are also
linked to bacterial virulence, where great numbers of new insights into molecular mechanisms
and their genetic regulation have been realized in the last several decades (Crespi, 2001,
Keller & Surette, 2006, Lazdunski et al., 2004, Parsek & Greenberg, 2005, Velicer, 2003,
Webb et al., 2003, West et al., 2006). For all of these multicellular behaviors, the question
arose as to which extend cooperative interactions are developed and maintained. Generally,
microorganisms respond well to experimental evolution and genetic manipulation, making

them good subjects for dealing with the dilemma of cooperators (Elena & Lenski, 2003).

A good demonstration of cooperativity in microbial systems is public good production, where
cooperators synthesize products costly to themselves but beneficial for the whole population
or a local population; these cooperators might face then the dilemma of cooperators (Frank,
1998) (shown in Fig. 1.1). Systems with public goods that have been examined for
cooperative interactions include iron-scavenging molecules, so called siderophores (Griffin et
al., 2004, West & Buckling, 2003), quorum-sensing (QS) molecules (Diggle et al., 2007,
Keller & Surette, 2006, Lazdunski et al., 2004), biofilm components (Davies & Geesey, 1995,
Rainey & Rainey, 2003), toxic or antibiotic compounds (Riley & Wertz, 2002) as well as
resistance mechanisms (Dugatkin et al., 2005), immune-modulation molecules (Hooi et al.,
2004, Tateda et al., 2003), biosurfactants (Daniels et al., 2004) and extracellular products for
nutrition (Greig & Travisano, 2004, Lai et al., 2018).
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Of these, a good example for public goods is quorum-sensing (QS) molecules (Diggle et al.,
2007, Keller & Surette, 2006, Lazdunski et al., 2004). Here, host-pathogen interactions offer
potential roles for quorum signaling to coordinate a rapid and overwhelming attack, so it’s a
nice example to investigate both cooperation and communication in bacteria (Brown &
Johnstone, 2001).

Additionally, antibiotic or toxin resistance traits, such as 3-lactamsases, as a public good can
preserve or even increase microbial genetic diversity of the system under strong selective
pressures. Resistant strains can overcome the dilemma of being completely outcompeted due
to the addition of selective pressure, and sensitive strains do not go extinct if the resistance
trait is shared between community members (Dugatkin et al., 2005). Over long-term
evolution, new fitter strains may evolve, perhaps with multiple resistances (Dugatkin et al.,
2005). Furthermore, cooperative behavior can also be stabilized by pleiotrophy in this system,
by carrying both resistance and production genes on one plasmid, making loss of cooperative
behavior costly; this is one possible mechanism to overcome the dilemma (Foster et al., 2004,
Riley & Wertz, 2002, Travisano & Velicer, 2004).

Another example of public goods is biosurfactants, which promote swarming motility in order
to find new niches with better nutrient supply when local nutrient concentrations get low,
thereby helping the population to survive via spreading (Daniels et al., 2004, Deziel et al.,
2003). Cooperators can overcome the dilemma by spatial clustering, resulting in a greater
benefit for neighboring cooperators compared to defectors (a common solution in many

cooperative studies), in this special case facilitating faster and wider spreading.

Yet another example is the enzyme invertase, which enables cells to utilize sucrose as carbon
source, and so is a public good used for nutrition. Therefore, the population has a benefit only
when sucrose instead of glucose is the sole carbon source (Greig & Travisano, 2004). Here,
cooperators may prevent extinction by privatizing a portion of the invertase by adsorption at
the membrane or by having it prevalent in cytoplasm. But defectors may also hedge their bets
by harboring a possible “silenced” unused invertase biosynthesis gene copy for environmental
changes, which make it even harder for cooperators to overcome the dilemma (Greig &
Travisano, 2004).

To examine these public good interactions, it is a good strategy to clarify the production cost
and population based benefit from it, leading to direct and indirect fitness benefits (Griffin et
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al., 2004). First investigations for this could be measurements of relative fitness of the
cooperator, harboring social trait, and non-cooperative mutant, both alone and in mixed
cultures, optimally under conditions of favoring and non-favoring of cooperative behavior
(West et al., 2006). Therefore, artificial knock-out strains of cooperative behavior have the
advantage of producing well-defined, clear and large effects, whereas in natural conditions
point or transposon mutations of genes may be more prevalent (Velicer et al., 2000, Griffin et
al., 2004, Foster et al., 2004). A good combination for the examination of cooperative
behavior is to use a mixture of results obtained by both artificial and natural environmental
conditions; using only artificial lab experiments might lead to incorrect conclusions (West et
al., 2006). Furthermore, previously established cooperative behaviors from vertebrates and
invertebrates are useful for developing hypotheses of microbial cooperative interactions; for
example, the division of labor known from insect colonies is also prevalent in bacterial
populations (Crespi, 2001, West et al., 2006).

1.3. Uptake of the essential element iron by public good-siderophores

Iron is essential for all cells, but occurs mainly in insoluble forms in nature. Therefore, all
living organisms have developed ways of scavenging iron depending on the environment.
Bacterial cells therefore have developed sophisticated but costly uptake mechanisms via

soluble iron chelation molecules.

1.3.1. lron acquisition strategies

Iron is an essential element, important in enzymatic processes as biocatalyst or electron
carrier and essential for all cellular organisms; cells need intracellular concentrations of 10®
to 10° M for optimal growths (Andrews et al., 2003, Guerinot, 1994, Guerinot & Yi, 1994,
Litwin & Calderwood, 1993). There are only a few organisms that do not use iron: one of
these exceptions is Lactobacillus plantarum, utilizing manganese and cobalt as biocatalysts
(Archibald, 1983, Guerinot, 1994); another is Borrelia burgdorferi, which has no iron-protein
encoding genes; and Treponema pallidum appears to lack the requirement for iron (Andrews
et al., 2003, Posey & Gherardini, 2000).

Although iron is the fourth most common element in the earth’s crust, it is found mostly in the
almost insoluble ferric form Fe* rather than in the soluble ferrous form Fe?*, due to the
oxidation of ferrous ions under aerobic conditions. Nevertheless, some aerobic and

microaerophilic bacteria have sophisticated uptake systems for Fe?*; for example
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Pseudomonas roseus fluorescens produces Proferrorosamine A, a chelator of ferrous iron ions,
which is also essential for the synthesis of ferric iron chelators (Vande Woestyne et al., 1991).
Under anaerobic conditions, in the guts of host organisms for example, the uptake of Fe** via
membrane transporters is more prevalent due to high concentrations of dissolved ferrous iron
ions (Cao et al., 2007, Kammler et al., 1993, Marshall et al., 2009, Stojiljkovic et al., 1993).

However, the major form is Fe*" ions, which can reach concentrations only up to 10" M in
aerobic and aquatic environments (Guerinot & Yi, 1994). Cells must overcome Fe**
insolubility for sufficient iron uptake, but also regulate the uptake to prevent too high iron
concentrations, which lead to the catalysation of toxic hydroxyl radicals (Guerinot, 1994,
Guerinot & Yi, 1994, Litwin & Calderwood, 1993, Neilands, 1991). In the human body,
intracellularly heme, ferritin and iron-sulfur proteins contain the most iron, extracellularly
carrier glycoproteins like transferrin or lactoferrin complexing iron (Griffiths, 1991, Guerinot,
1994, Payne, 1993, Payne, 1988). Major strategies of bacteria and fungi for Fe** acquisition
are the production and utilization of siderophores (ferric specific chelators; the term is Greek
for iron bearers), the reduction of Fe** to Fe?* coupled with the transport of Fe** and/or the
usage of host iron compounds like heme, lactoferrin and transferrin (Guerinot, 1994).
Generally, most siderophores from microorganisms have higher affinities for Fe** than the
iron carriers in the human body, which are transferrin or lactoferrin; this plays an important
role in virulence for competing efficiently for iron (Griffiths, 1991, Guerinot, 1994, Husson et
al.,, 1993). Some pathogens like Neisseria gonorrhoeae, Neisseria meningitidis, and
Hemophilus influenzae do not rely on siderophores, but directly utilize iron bound to
transferrin and lactoferrin; these are often found in locations serving as primary bacterial
infection sites (Guerinot, 1994, Otto et al., 1992).

1.3.2. The iron scavenging group of siderophores

Siderophores are low molecular weight iron chelators, being generally less than 100 Daltons,
which facilitate the chelation and transport of Fe** (Guerinot, 1994). Many siderophores are
often composed of cyclic peptides, assembled via non-ribosomal peptide synthetases similar
to those used for non-ribosomal peptide antibiotics biosynthesis (Andrews et al., 2003).
Despite structural variations, the chrome azurol S assay is an easy structurally independent
method of detecting siderophores, as they all form six-coordinate octahedral complexes with
Fe** (Guerinot, 1994, Schwyn & Neilands, 1987). Siderophore transport in Gram-negative

bacteria is mediated by specific binding proteins and associated transporters (Andrews et al.,
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2003, Koster, 2001). Ferric siderophore complexes transported into periplasm need to release
iron for cellular metabolism, which involves the reduction of Fe** to Fe*, resulting in
dissociation caused by the low affinity of siderophores to Fe?* (Andrews et al., 2003). Gram-
positive bacteria lack periplasm, so they differ in Fe**-siderophore transport, but nevertheless
produce both lipoprotein receptors and ABC transporters similar to those of Gram-negative
bacteria (Hider & Kong, 2010).

Model gram-negative bacterium Eschericia coli produces two siderophores, aerobactin and
enterobactin/enterochelin, which can be sensed and uptaken via six receptors (induced by iron
starvation to avoid targeting of receptors, e.g. by antibiotics) and three associated ABC
systems (Andrews et al., 2003, Guerinot, 1994). Furthermore, these receptors and ABC
systems can sense and uptake not only their native siderophores but also fungal hydroxamates,
ferrioxamine, catechols and ferric citrate (Andrews et al., 2003, Braun & Hantke, 1991, Frost
& Rosenberg, 1973, Guerinot, 1994). Under iron limiting conditions, Vibrio cholera can
produce the siderophore vibriobactin, marine bacteria can produce alterobactin and aerobactin
and cyanobacteria can produce ferrioxamine (Guerinot, 1994, Reid et al., 1993, Sigel &
Payne, 1982). Many mycobacteria produce three types of siderophores, mycobactin,
carboxymycobactin and exochelins (Hider & Kong, 2010). Fluorescent pseudomonads
produce one primary siderophore, pyoverdine, and one secondary lower affinity siderophore,
pyochelin (Cezard et al., 2015).

Furthermore, genes of outer membrane receptor proteins for not only ferric pyoverdine and
ferric pyocheline but also ferric enterobactin were all found in Pseudomonas aeruginosa,
which means it is able to utilize siderophores of other genera (Ankenbauer, 1992, Dean &
Poole, 1993, Guerinot, 1994, Poole et al., 1993). However, pyoverdines of fluorescent
pseudomonads can be used only by bacteria of this group (Matthijs et al., 2009). Enterobactin
has the highest ferric iron ion affinity, followed by pyoverdine and pyochelin (Guerinot,
1994). When enterobactin is prevalent, expression levels of the corresponding receptor is
upregulated, whereas the other two receptors are downregulated, indicating that the affinity of
siderophores for ferric iron ions leads to a hierarchy of iron transport systems in P.
aeruginosa as it adjusts to different environmental conditions (Dean & Poole, 1993, Guerinot,
1994).
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1.3.3. Siderophores of the genus Pseudomonas

Pyoverdines (sometimes called pseudobactins), the main siderophores of Pseudomonas, are
responsible for the characteristic fluorescent pigments of fluorescent pseudomonads and can
be typed in three different pyoverdine systems via the structural differences of their peptidic
residues: succinyl, succinamide or a-ketoglutaryl (Elliott, 1958, Meyer et al., 1987, Meyer et
al., 1997). All pyoverdines of these three systems consist of three parts: a chromophore
(identical in all pyoverdines), a peptidic moiety of 6 to 14 amino acids and an acyl side-chain
deriving a dicarboxylic acid (Cezard et al., 2015, Cornelis et al., 1989). The combination of
D- and L-amino acids in the peptidic chain allows pyoverdine to bind iron with a 1:1
stoichiometry (Cezard et al., 2015). After iron binding, the fluorescence of pyoverdine is
quenched and shows a dark brown color, while apo-pyoverdine is yellow-green fluorescent
(Albrecht-Gary et al., 1994, Cezard et al., 2015, Schalk et al., 1999). Like all other
siderophores, pyoverdine has a higher affinity for Fe** (K, of 10%* M™) than for Fe** (10° M)
(Albrecht-Gary et al., 1994). The peptidic moiety incorporates unusual amino acids,
responsible for the recognition process whose composition is unique in each strain (Cezard et
al., 2015). A modern powerful method of distinguishing the pyoverdine type of various
strains is mass spectrometry, which provides information regarding both mass and structure,
aiding the examination of the taxonomy of different strains (Meyer et al., 2008, Ye et al.,
2013).

Two well-studied pyoverdine producers are the opportunistic human pathogen P. aeruginosa
and the plant growth-promoting P. putida WCS358, whose siderophores are structurally
related but differing in the shape of the peptide moiety (Abdallah, 1991, Guerinot, 1994,
Venturi et al., 1995b, Venturi et al., 1993). The strain of the studies in this thesis is P. putida
KT2440, which is an exception to pseudomonads, as it produces only the siderophore
pyoverdine (whose molecular mass is 1,073; the predicted peptide sequence is: succinamide —
chromophore — aspartic acid — cylic structured hydroxyaspartic acid and diaminobutanoic acid
— glycine — serine — cyclo — hydroxyotnithine), so pyoverdine-negative mutants do not show
any siderophore activity (Cornelis, 2010, Matthijs et al., 2009, Ravel & Cornelis, 2003). But
it has been recently shown, that P. putida KT2440 produces three different pyoverdines with
differences in the side chain and conformation (Wei & Aristilde, 2015).

Pyochelin is the most important secondary siderophore of pseudomomands (produced in

lower amounts than pyoverdine), having a lower iron affinity than pyoverdine, and also being
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associated with virulence in P. aeruginosa (Cox, 1982, Guerinot, 1994, Visca et al., 1992).
The intermediate product of pyocheline synthesis, salicylic acid, might also act as a
siderophore, because of its similarity to azurechelin of Burkholderia cepacia (Meyer, 1992,
Guerinot, 1994). Generally, secondary siderophores are produced either when iron limitation
is not that strict or they have additional functions like elicitors of plant defense, inflammation
or degradation as well as induction of secondary metabolites (Audenaert et al., 2002, Britigan
et al., 1997, Cornelis, 2010, Matthijs et al., 2007, Moon et al., 2008, Ravel & Cornelis, 2003,
Sun et al., 2006, Vinayavekhin & Saghatelian, 2009).

1.3.4. Pyoverdine biosynthesis, regulation and iron selectivity in Pseudomonads

In E. coli or pseudomonads, like in other siderophore producing Gram-negative bacteria, all
genes regarding iron uptake are negatively regulated by Fur. Thereby, Fur-Fe?*-complexes
bind to the operator DNA at the so called “iron box” or “Fur box” (thought to be an
overlapping 13 base pair “6-1-6” motif on the promoter allowing two Fur dimers to bind)
(Andrews et al., 2003, Escolar et al., 1999, Guerinot, 1994, Hantke, 1981, Lavrrar et al.,
2002, Stojiljkovic et al., 1994). One of the Fur-repressed genes is the master activator of
pyoverdine synthesis (called PvdS in P. aeruginosa and Pfrl in P. putida KT2440), an
extracytoplasmic function (ECF) o factor (see Fig. 1.2) (Andrews et al., 2003, Dos Santos et
al., 2004, Poole et al., 1993, Tiburzi et al., 2008, van Oeffelen et al., 2008, Venturi et al.,
1995a, Visca et al., 2002). In pseudomonads, the activities of Pfrl/PvdS and Fpvl (another
ECF o factor important for regulation of pyoverdine transporters) are inhibited in the absence
of pyoverdine via the anti-c factor FpvR (Beare et al., 2003, Edgar et al., 2014, Lamont et al.,
2002, Llamas et al., 2014). This is the only cell-surface signaling pathway known, where a
single anti-o-factor inhibits two different o-factors (Beare et al., 2003, Edgar et al., 2014,
Lamont et al., 2002, Llamas et al., 2014). Over a positive feedback loop, ferric pyoverdine
interacts with FpvA and thereby leads to proteolysis of FpvR releasing Pfrl, which
upregulates pyoverdine biosynthesis (Draper et al., 2011, Edgar et al., 2014, James et al.,
2005, Shen et al., 2002, Shirley & Lamont, 2009). Recent research also indicates the

importance of small regulatory RNA in pyoverdine regulation (Little et al., 2018).
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Figure 1.2: Regulation of synthesis and recycling of pyoverdine. Under high cytoplasmic
iron conditions, Fur represses pfrl expression. If iron is limited, pfrl expression is induced.
Pfrl binds to the transmembrane anti-c-factor FpvR. If ferric pyoverdine binds to the
pyoverdine outer membrane receptor FpvA, FpvR is proteolyzed and Pfrl can induce the
expression of pyoverdine synthesis and transport related genes (chromophore, peptide NRPS
and transporters). Then, a pyoverdine precursor is produced in the cytoplasm, transported to
the periplasm for maturation and the mature pyoverdine is transported into the environment.
This apo-pyoverdine binds Fe** and the ferric pyoverdine is transported after recognition via
FpvA (with the help of TonB) into the periplasm. Here, Fe**is reduced to Fe** and dissociates
with pyoverdine. Afterwards, Fe?* is transported via an ABC transporter into the cytoplasm,
while apo-pyoverdine is recycled by pumping it via the PvdRT-OmpQ efflux pump back into
the environment (figure based on results of (Ringel et al., 2018, Gao et al., 2018, Edgar et al.,
2017, Ringel et al., 2016, Cezard et al., 2015, Hannauer et al., 2012a, Matthijs et al., 2009).

PP:  Periplasm

During pyoverdine biosynthesis in P. putida KT2440, the precursor is assembled in the
cytoplasm by four nonribosomal peptide-synthetases (NRPS) (PvdL, Pvdl, PvdJ and PvdD),
while three additional enzymes are also involved in this process (PvdA, PvdF and PvdH) by
producing two non-proteogenic amino acids for the precursor (Ackerley et al., 2003, Gasser et
al., 2015, Mossialos et al., 2002, Ravel & Cornelis, 2003, Visca et al., 2007). Thus, only
PvdL (responsible for the synthesis of the chromophore precursor) is highly conserved in all

pseudomonads; the other NRPS differ in structure, because they are needed for the
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incorporation of strain-specific non-proteinogenic amino acids (Cezard et al.,, 2015,
Mossialos et al., 2002, Ravel & Cornelis, 2003, Schalk & Guillon, 2013, Visca et al., 2007).

Afterwards, the cytoplasmic precursor is transported by the ABC transporter PvdE into the
periplasm, where it is maturated by the enzymes PvdN, PvdO, PvdP and PvdQ (Gasser et al.,
2015, Yeterian et al., 2010). Here, the precursor is converted into ferribactin by excision of
the fatty acid chain and afterwards this is converted into the fluorescent mature pyoverdine by
cyclizing the chromophore (Drake & Gulick, 2011, Gasser et al., 2015, Hannauer et al.,
2012b, Nadal-Jimenez et al., 2014, Yeterian et al., 2010). After biosynthesis, pyoverdine is
stored throughout the periplasm and is exported by the ATP-dependent efflux pump PvdRT-
OpmQ (Gasser et al., 2015, Hannauer et al., 2010, Yeterian et al., 2010). In other
pseudomonads there are recently-found indications that type V1 secretion affects the secretion
of pyoverdine or operates as an independent iron uptake system (Chen et al., 2016, Lin et al.,
2017).

After chelating ferric iron ions, FpvA (a specific TonB dependent membrane transporter for
pyoverdines of all three classes) recognizes ferric pyoverdines and transports them into the
periplasm (Bouvier & Cezard, 2017, Brillet et al., 2007, Cezard et al., 2015, Cobessi et al.,
2005, Greenwald et al., 2009, Schalk et al., 1999, Wirth et al., 2007). The ABC transporter
encoded by the fpvyCDEF operon, along with the genes fpyWXYZ of the same operon seems to
be involved in the transport of iron across the inner membrane and is necessary for an
efficient dissociation of ferric pyoverdine complex along with FpvG and FpvH (Baune et al.,
2017, Brillet et al., 2012, Lin et al., 2017). The dissociation seems to occur without the
chemical modification of pyoverdine, but rather by the reduction of Fe** followed by ligand
exchange (Greenwald et al., 2007). Then the PvdRT-OmpQ efflux pumps the apo-pyoverdine
from the periplasm into the environment in order to recycle pyoverdine (Hannauer et al.,
2012a).

1.4. Social interactions mediated via siderophores might overcome the
dilemma of cooperators

Producers (cooperators) of siderophores can be exploited by non-producers (defectors) and

face the dilemma of cooperators (Fig. 1.1), and must develop cooperative mechanisms to

avoid extinction. This system provides an opportunity to examine conditions where

cooperators can overcome this dilemma and the mechanisms they use to maintain coexistence.
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Siderophore production is beneficial under iron limiting conditions, but costly for the
cooperators, as demonstrated by experiments with the pseudomonad model organism P.
aeruginosa using a co-culture of cooperators and defectors (Griffin et al., 2004, West et al.,
2006) (Fig. 1.3). In a monoculture and under iron limiting conditions, cooperator populations
grow faster, whereas in co-cultures defectors benefit from the production of siderophores
without paying the cost, and therefore increase in frequency and outcompete cooperators
(Griffin et al., 2004, West et al., 2006).

Producer / Cooperator Non-Producer / Defector

Siderophore
release

Receptor
binding

Figure 1.3: Siderophores as public good. A cooperator (blue) synthesizes the iron-
scavenging molecule siderophore (green) and excretes it into the medium, where it binds Fe*
ions. The ferric iron-siderophore complex is recognized via receptors by both producer and
defector (red), and in the periplasm the iron is reduced and released, supplying the cell with
essential iron. The unloaded siderophore is recycled for further iron scavenging. In mixed
populations of cooperators and defectors, the defectors have a selection advantage by
benefitting from siderophores without producing them.

Generally, for public goods production the presumed dominating cooperative mechanism for
overcoming the dilemma is kin selection, where cooperators outcompete defectors under
conditions with high relatedness (Griffin et al., 2004, Hamilton, 1963, Rousset, 2004, West et
al., 2006). Here it has also been demonstrated that higher investment in siderophore
production within populations keeps the populations under high relatedness over multiple
generations (Griffin et al., 2004, Keller & Surette, 2006). Relatedness here is measured with
respect to the “altruist allele”, in this case siderophore production (which increases with the
concentration of cooperators and varies across species) (Frank, 1998, Griffin et al., 2004).
Additionally, cooperation is favored when relatively high relatedness is combined with
relatively low local competition obtained by dispersal in populations instead of individuals
(Gardner & West, 2006, Kummerli et al., 2009a). Furthermore, ecological factors which

reduce pyoverdine production effort, by decreasing iron limitation and/or increasing
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opportunity for pyoverdine recycling, contribute to the evolutionary maintenance of
cooperativity, thereby reducing or even negating the exploitation of defectors (Dumas &
Kummerli, 2012). Finally, according to kin selection theory, relative defector fitness decreases
with increasing defector abundance relative to cooperators (Buckling et al., 2007, Frank, 1998,
Ross-Gillespie et al., 2007). This negative dependency of abundance is also valid for
cooperators, whose relative fitness is higher when their abundance is lower (Ross-Gillespie et
al., 2007).

Many cooperation experiments are based on simplifications, however, siderophore production
can variate facultatively in response to environmental conditions (e.g. iron availability, cell
density, frequency of strains), which creates an additional opportunity to address cooperation
under environment dependency (Buckling et al., 2007, Joyner & Lindow, 2000, Kummerli et
al., 2009c, Ratledge & Dover, 2000). Additionally, because siderophore is a durable public
good, its facultative production represents a powerful mechanism for reducing selection by
downregulating its production by cooperators (Brockhurst et al., 2008, Hamilton, 1964a,
Kummerli & Brown, 2010). This makes durability a specific parameter (influenced by
structure and environmental conditions like iron availability) affecting social interactions
between cooperators and defectors (Kummerli & Brown, 2010). The degradation of
siderophores in iron-rich conditions indicates consumption in non-selecting conditions and
makes cooperators inevitable when the environment changes into iron limitation (Kummerli &
Brown, 2010). Over long term evolution, siderophore cooperators and defectors can coexist,
adapting to one another and the abiotic environment, with both increasing fitness over time
(Kummerli et al., 2015). Additionally, other ecological conditions like disturbances, resource
partitioning or competition between species, parasitism and predation have an effect on the
evolution of cooperation, and may provide unique insights into how cooperation directed via
kin selection can overcome the dilemma of cooperators (Brockhurst, 2007, Brockhurst et al.,
2006, Buckling et al., 2007).

Spatial clustering is another mechanism of overcoming the dilemma, because siderophores
tend to stay in the vicinity of cooperator subpopulations, which benefit preferentially from
their own production and balance the advantage of defectors (Julou et al., 2013). Here,
cooperation is maintained when the siderophore exchange rate is slower than their growth rate,
because then siderophore exchange mainly benefits clonal patches of cooperators (Julou et al.,

2013). Furthermore, high diffusion rates reduce reusability of siderophores by cooperators and
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weakens cooperative behavior, whereas high viscosity reduces siderophore diffusion, thereby
increasing selection for cooperation (Kummerli et al., 2009b, Le Gac & Doebeli, 2010,
Kummerli & Brown, 2010).

Diversity in pyoverdine (the most common and important siderophore) structures and
recognition mechanisms have been found (Meyer et al., 2008, Meyer et al., 1997, Smith et al.,
2005, Ye et al., 2013). In iron limiting conditions it is beneficial for siderophore cooperators
to make unique siderophores (distinct in structure from major varieties present in the
environment). But this advantage can be continually compromised as defectors acquire
compatible receptors, resulting in a kind of “arms race” (Smith et al., 2005). Cooperative
behavior with an additional loner strain (a producer of an independent but rather inefficient
good) results in “rock-paper-scissors” dynamics, where cooperators outcompete loners,
defectors outcompete cooperators and loners outcompete defectors (Inglis et al., 2016).
Therefore, under well mixed conditions favoring defectors over cooperators, the loners can

stabilize the coexistence of defectors and cooperators (Knebel et al., 2013, Inglis et al., 2016).

1.5. Simpson’s paradox and theoretical cooperation models of growing

populations

Simpson’s paradox is a statistical phenomenon, observing a reversal of a trend in different
populations when those populations are combined (Blyth, 1972, Simpson, 1951, Xavier, 2011).
For a real life example, consider the case of personal income tax rates in the USA. From 1974
to 1978 the tax rate decreased in every tax bracket, meaning people with comparable salaries
paid less tax in 1978 than in 1974 (Wagner, 1982). Yet, the average tax paid for all citizens
increased over the same time period (Wagner, 1982). This paradoxical phenomenon was
caused by a large increase in salaries due to inflation, such that many people moved to higher
salary brackets and therefore paid higher tax rates, which reversed the trend of decreasing tax

rates in all brackets (Wagner, 1982).

Similarly, Fig. 1.4 illustrates how Simpson’s paradox can occur in a growing microbial
population divided into subpopulations (Chuang et al., 2009). The growth under selective
conditions and the interactions between cooperators and defectors mediated by a public good
in the mixed subpopulations are as described above. Another demonstration of Simpson’s
paradox in a microbial cooperation system was done via a synthetic public good cooperation
system in E. coli, which is the production of AHL autoinducers via a plasmid as a public good
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regulating the autoinducer dependent chloramphenicol resistance (Chuang et al., 2009, Xavier,
2011). In the experiments, subpopulations with low initial cell numbers were generated via
Poisson dilution resulting in sufficiently large variances in initial cell number and initial
cooperator fraction. These conditions allow multi-level selection, where single cells compete
with each other inside a subpopulation and subpopulations compete with other subpopulations
within a global gene pool (Xavier, 2011). These subpopulations grown under antibiotic stress,
so that defectors are selected within the subpopulations, yet subpopulations with higher initial
cooperator fractions grow to higher cell densities in the same time (Chuang et al., 2009). So it
could be that the global cooperator fraction (sum of all subpopulations) increases, thereby

overcoming the dilemma of cooperators (Chuang et al., 2009).
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Figure 1.4: Theoretical principle of Simpson’s paradox. Mixed subpopulations of
cooperators and defectors are illustrated differing in initial cell number N (purple at tp) and
initial cooperator fraction x (green at to). Due to the selection advantage of defectors, the
frequency of cooperators decreases in subpopulations over time n (X, < Xg). But,
subpopulations with a higher initial cooperator fraction grow faster and therefore lead to an
increase of the cooperator fraction on the global metapopulation level (X,, > X,). Under these
circumstances cooperative interactions can be observed according to Simpson’s paradox
overcoming the dilemma of cooperators (modified with author’s permission after (Chuang et
al., 2009)).
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Further studies with the abovementioned synthetic microbial system indicate a central
problem in explaining the development of cooperativity with molecular mechanisms (Chuang
et al., 2010, Xavier & Foster, 2007). Although this is a well-controllable system, social
interactions are nevertheless complex and environmentally dependent, because for example
parameters like costs and benefits are not constant, and rely on many factors like cooperator
fraction, relatedness, etc. (Chuang et al., 2010, Xavier & Foster, 2007).

Extreme bottlenecks, for example in this study generated via Poisson dilution or ecologically
generated population bottlenecks in nature support the evolution of cooperation (Brockhurst,
2007, Griffin et al., 2004). They indirectly favor cooperators through their effect on increasing
variance of population distributions (Chuang et al., 2009, Killingback et al., 2006, Xavier,
2011). Similar social interactions may evolve in natural microbial systems, however,
evolution may also have selected genetic backgrounds, ensuring that cooperators have a
growth advantage under these natural conditions, negating the dilemma (Chuang et al., 20009,
Crespi, 2001, Dunny et al., 2008, Foster & Wenseleers, 2006, Kerr et al., 2006, Rainey et al.,
2000).

Theoretical models of the system in Fig 1.3 deal on the one hand with neutral evolution,
where cooperators and defectors coexist much longer than under selective conditions (Cremer
et al., 2009, Reichenbach & Frey, 2008, Reichenbach et al., 2007a, Reichenbach et al.,
2007b). On the other hand, studies of the system in Fig 1.4 examining the impact of
environmental factors like population growth regime or population bottlenecks on siderophore
cooperators and defectors show, that these factors could explain the establishment of
cooperative interactions (Melbinger et al., 2015). Besides, consequences of an
interdependency between evolutionary and population dynamics have been investigated over
a theoretical approach (Cremer et al., 2011, Melbinger et al., 2010). Here, a transient increase
of cooperators can emerge by a fluctuation-induced effect during one growth life cycle
(Melbinger et al., 2010). Additional specific simulations of the public good siderophore have
provided insights into the evolution of the transient increase and its dependence on system
parameters, including selection pressure, initial cooperator fraction, cell number and growth
advantage of more cooperative subpopulations (Cremer et al., 2011). Furthermore, in
simulations with repetitive microbial life cycles like at Chuang et. al (Chuang et al., 2009) the
cooperator fraction can either decrease, increase transiently or increase permanently during

one life cycle (Cremer et al., 2012). But a stable increase of the cooperator fraction is possible
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over repetitive regrouping, until cooperators even overtake the whole population, which

means these regular life cycles are favoring cooperation (Cremer et al., 2012).

1.6. Thesis objective

The objective of this thesis is to examine conditions for the development of cooperativity in
synthetic ecosystems. To this end, phenotypic heterogeneity, ecological factors,
environmental conditions and the properties of the underlying gene regulatory network were
considered, all of which affect population dynamics. In particular, the focus was on social and
ecological factors like selection pressure, growth advantage of more cooperative populations,
and initial composition of initial subpopulations. This thesis is part of a cooperative project
with theoretical physicists, linking theoretical approaches and models with experimental
results. Accordingly, | have focused on the experimental side by proving their simulations of
theoretical models. For the experiments, a natural bacterial model system was used,
specifically the production of the siderophore pyoverdine as a public good. Pyoverdine is used
to scavenge iron ions from the medium, so that cells can also grow in iron-limiting conditions.
Pseudomonas putida KT2440, a fluorescent soil bacterium, was selected, which produces
only the siderophore pyoverdine (the production of which is not regulated via cell density-
dependent mechanisms like quorum sensing). This makes the system easier to examine than
the siderophore biosynthesis system of Pseudomonas aeruginosa. For the experiments,
mutants were constructed lacking the pyoverdine production mechanism. As experimental set-
up, well-mixed liquid co-cultures of pyoverdine cooperators and defectors were used.
Conditions for the development of cooperativity and for neutral evolution were analyzed via a
metapopulation approach, meaning the global metapopulation consists of many
subpopulations. With this setup, competition can be achieved between intra-population
selection (defectors grow faster than cooperators in mixed populations) and inter-population
selection (populations with more cooperators grow faster) under selective iron-limiting
growth conditions. To monitor cell growth and the fraction of pyoverdine cooperators over
time, cell numbers were assessed via colony forming units and cooperators were identified via

fluorescence of colonies resulting from pyoverdine.
Chapter 11

Here, the neutral evolution of co-cultures of pyoverdine producers (cooperators) and

pyoverdine non-producers (defectors) under iron rich conditions is examined.
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Metapopulations consisting of subpopulations with a random distribution of initial cell
numbers and initial cooperator fractions were generated via Poisson dilution to very low cell
numbers. Both theoretical models and experimental results support the conservation of the

cooperator fraction until the end of the exponential growth phase.

Chapter 111

In this chapter the system is investigated under selective conditions. Metapopulations
consisting of subpopulations with random initial cooperator fractions were grown under iron
limitation and the time course of global cooperator fraction was monitored. A transient
increase in the global cooperator fraction was observed and the role of pyoverdine as a central

element in social interactions was indicated both by theoretical and experimental outcomes.
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Abstract

Non-selective effects, like genetic drift, are an important factor in modern conceptions of
evolution, and have been extensively studied for constant population sizes (Kimura, 1955;
Otto and Whitlock, 1997). Here, we consider non-selective evolution in the case of growing
populations that are of small size and have varying trait compositions (e.g. after a population
bottleneck). We find that, in these conditions, populations never fixate to a trait, but tend to a
random limit composition, and that the distribution of compositions “freezes” to a steady
state. This final state is crucially influenced by the initial conditions. We obtain these findings
from a combined theoretical and experimental approach, using multiple mixed subpopula-
tions of two Pseudomonas putida strains in non-selective growth conditions (Matthijs et al,
2009) as model system. The experimental results for the population dynamics match the
theoretical predictions based on the Pdlya urn model (Eggenberger and Pdélya, 1923) for all
analyzed parameter regimes. In summary, we show that exponential growth stops genetic
drift. This result contrasts with previous theoretical analyses of non-selective evolution (e.g.
genetic drift), which investigated how traits spread and eventually take over populations (fix-
ate) (Kimura, 1955; Otto and Whitlock, 1997). Moreover, our work highlights how deeply
growth influences non-selective evolution, and how it plays a key role in maintaining genetic
variability. Consequently, it is of particular importance in life-cycles models (Melbinger et al,
2010; Cremer et al, 2011; Cremer et al, 2012) of periodically shrinking and expanding
populations.

Introduction

Stochastic effects play an important role in population dynamics [8-11], particularly when
competition between individuals is non-selective. Most previous theoretical analyses have stud-
ied how a non-selectively evolving trait can spread and eventually replace all other variants
(fixate) under conditions in which the population size remains constant [2, 12, 13]. However,
both natural and laboratory populations frequently experience exponential growth. Here we
show that genetic diversity in growing populations is maintained despite demographic noise,
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analysis, decision to publish, or preparation of the and reaches a stationary but random limit. We used a well-controlled model system in which
manuscript well-mixed co-cultures of a wild-type Pseudomonas putida strain and an isogenic mutant were
Competing Interests: The authors have declared grown under non-selective conditions. Multiple subpopulations were generated, each contain-
that no competing interests exist. ing a random number of individuals of each strain. Depending on the average initial popula-

tion size and the strain ratio, we observed distinct stationary probability distributions for their
genetic composition. Moreover, we showed that the dynamics of growing populations can be
mapped to Pdlya urn models [4], permitting the observed maintenance of genetic diversity to
be understood as the random limit property of a fair game between individual strains. General-
izing the Pélya urn model to include the effects of random initial sampling and exponential
growth allowed us to predict the evolution of the composition distribution. Using numerical
and analytical methods we found that the distribution broadens at first but quickly “freezes” to
a stationary distribution, which agrees with the experimental findings. Our results provide new
insights into the role of demographic noise in growing populations.

Results and Discussion

Evolutionary dynamics is driven by the complex interplay between selective and non-selective
(or neutral) effects. The paradigm of non-selective evolution originates from the seminal work
of Kimura [1], in which he solved the Wright-Fisher model, thus showing that non-selective
effects—and specifically genetic drift—can have a determinant role in evolution. His results
sparked an ongoing debate about the nature and potency of randomness as a fundamental evo-
lutionary force [13-15]. For very small populations genetic drift is generally considered an
important factor [13], as the theory successfully predicts the outcomes of neutral evolution
experiments [9, 16].

In most theoretical analyses, constant (or effectively constant) population sizes are assumed,
and the role of population growth is neglected. Bacterial populations, however, often undergo
rapid growth—especially when they are small. For example, as few as 10 individuals of some
highly virulent pathogens (e.g. enterohemorrhagic Escherichia coli or Shigella dysenteriae) suf-
fice to initiate a deadly infection in a human host [17, 18]. Another case of small, growing pop-
ulations are water-borne bacteria that feed on phytoplankton products. Due to nutrient
limitation in open water, these bacteria typically live in small populations in close proximity to
the planktonic organism [19]. During spring blooms, the phytoplankton releases more organic
material, boosting the bacterial growth rate [19-21]. In nature, such small populations often
form by adventitious dispersal from a larger reservoir population [22]. A typical example is the
spreading of pathogens from host to host. This random “sampling” from a reservoir yields
small populations whose genetic compositions differ from that of the reservoir (a phenomenon
known as the founder effect [23]). Recent studies also showed that the combination of popula-
tion growth and stochastic fluctuations can have a major impact on the evolution [5-7, 24] and
genetics [25] of small populations.

To probe how population growth shapes genetic diversity, we used a well-characterized
microbial model system, namely the soil bacterium Pseudomonas putida KT2440 [3, 29, 27].
The wild-type strain KT2440 produces pyoverdine, an iron-scavenging molecule that supports
growth when iron becomes scarce in the environment. Here we consider co-cultures of two
genetically distinct strains: the wild-type, pyoverdine-producing strain KT2440 (strain A) and
the mutant non-producer strain 3E2 (strain B). We set up conditions of non-selective competi-
tion between these strains by using an iron-replete medium (casamino acids, supplemented
with 200 M FeCl;). In this medium, production of pyoverdine is effectively repressed [27],
such that both strains have the same growth rate and neither has an advantage (see S2 Table).
Producer (KT2440 wild type) and non-producer (3E2) strains were first mixed and diluted to
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Fig 1. Schematic depiction of urn sampling and growth. (a) Schematic illustration of the random initial
conditions. An infinite reservoir contains a diluted mixture of bacteria, a fraction x,, of which are of strain A. We
draw small volumes of liquid from the reservoir containing small, random numbers of individuals, which
conform to a Poisson distribution with mean (determined by the dilution of the reservoir population). A certain
fraction of this initial population is of strain A. The mean value of this fraction is equal to x ;. We use these
individuals to initiate populations in the wells of a microtiter plate, so that each population starts with a random
size Np and a random fraction of A-individuals xo. (b) lllustration of the Pélya urn model. If a bacterial
population is represented as an urn, each individual as a marble and each bacterial strain as a color, this urn
model captures the essentials of bacterial reproduction in our populations. At each iteration, a marble is
drawn at random and returned to the urn, together with another one of the same color. The probability of
extracting a marble of either color is determined solely by its relative abundance, making the process non-
selective (since no strain has inherent advantages, see S2 Table). The rate of growth in population size can
be rendered exponential (see S2 Fig) by letting the waiting time between successive iterations be
exponentially distributed (also known as Poissonization).

doi:10.1371/journal.pone.0134300.9001

yield Poisson dilution conditions. Then we initiated a large number of subpopulations from
this reservoir by pipetting aliquots of the cell suspension into the wells of a 96-well plate,
thereby generating a large ensemble of subpopulations with a random distribution of initial cell
number Ny and producer fraction x (Fig 1). Use of shaken liquid cultures ensured homoge-
neous well-mixed conditions for all cells in the same well (access to nutrients, oxygen, etc.),
and exponential growth was observed in all cases (see S2 Fig).

This experimental setting is well described within the mathematical framework of a Pélya
urn model. Consider each bacterium in the population as a marble in an urn, and its genotype
as the color of the marble (e.g. red for strain A, and blue for strain B). Population growth results
from single reproduction events in which an individual randomly divides. This is mathemati-
cally equivalent to a stochastic event in which a marble is chosen at random from the urn and
put back, together with another one of the same color. This random process, introduced by
Eggenberger and Polya [4], exhibits several important properties [28-31]. It is self-reinforcing:
each time a marble is extracted, another one of the same color is added, increasing the likeli-
hood of extracting a marble of that color again. In the context of bacterial populations, this
means that every birth event for one strain makes it more likely that further birth events of that
same strain will occur in the future. Note, however, that fixation, i.e., complete loss of one type
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of marble from the population, cannot occur, simply because in the Pélya urn model marbles
are neither removed nor do they change their color. This fully reflects the experimental condi-
tions: During exponential growth, rates of cell death are negligible, and within the observation
time mutations will be extremely rare, given the population sizes considered. The bacteria in
each well reproduce randomly at a per-capita (average) rate y. To translate this to the urn
model, drawing of a marble is assumed to be a stochastic Poisson process, with a “per-marble”
rate y (a procedure known as Poissonization or embedding [32, 33]). Mathematically, the
growth process in then described by a Master Equation: The time evolution for the probability
P(Ny, t) of finding N4 individuals of strain A at time ¢ reads

S PN 0) = (N, ~ PN, — 1:1) ~ N,P(N,: 1), (1)

where we have set the growth rate to y = 1 in order to fix the time scale (for an introduction to
the mathematical concepts see, e.g., [34]); the corresponding Master equation for individuals of
strain B is of identical form. To study the composition of the populations, we use the more con-
venient quantities N = N + Np (total size) and x = N4/N (fraction of individuals of strain A).

To start the experiment, we inoculated the wells of 96-well-plates by drawing small volumes
of diluted liquid bacterial culture from a large reservoir (Fig 1(a)). Each volume contains a ran-
dom number of bacteria whose mean value is controlled by the dilution of the reservoir. The
fraction of bacteria of strain A (wild type) in that volume is also random, with its mean value
X, given by the fraction of strain A in the reservoir. In the mathematical formulation, this setup
corresponds to stochastic initial conditions for the Pélya urn model: the initial population size
N, for each well is given by a Poisson distribution with mean N, and each individual is
assigned to strain A or B with probability X, and 1 — X)), respectively. This procedure is also
equivalent to treating the initial numbers of A- and B-individuals as independent, Poisson-
distributed random variables with mean values N x, and N (1 — x,)), respectively [6].

Fig 2 shows a time series of the histogram for the composition x of all subpopulations con-
sidered, as obtained from a stochastic simulation of the Master Eq (1) for a given random initial
condition (with N, = 10 and X, = 0.33). Surprisingly, the distribution first broadens, but then
quickly “freezes” to a steady state (see S1 Video). This is genuinely different from Kimura“s
result for populations with constant size [1] (or similar results with effectively constant size
[2]) where the balance between stochastic birth and death events leads to genetic drift, and
thereby eventually to the extinction of one of the two strains. In contrast, for a growing popula-
tion, death events are negligible, and therefore there is no fixation of the population during
growth. Instead, fixation arises as a direct consequence of the initial sampling process, as can
be seen from the heights of the black bins in the histogram (at x = 0 and x = 1), which remain
constant over time (Fig 2). During growth, the composition of each subpopulation, instead of
drifting to fixation at either x = 0 or x = 1, reaches a stationary limit value x*, where it remains
thereafter [35]. This limit value is random: starting several subpopulations (urns) from the
exact same initial composition of strain A and B (blue and red marbles), each reaches a limit,
but in general these limits differ from one another. Once all of the subpopulations in an ensem-
ble reach their limit, the distribution of the population composition freezes to a steady state,
which is equal to the probability distribution of x*. Similar random limit properties appear in
other fields, with lock-in in economics as the best-known example [30].

The inset in Fig 2 shows approximate solutions for the time evolution of mean, standard
deviation, and skewness of the composition x, which we obtained by analytically solving the
Master Eq (1) (see S2 Text). The analytical results agree well with their numerical counterparts.
In particular, the mean value remains constant over time, as it must for a non-selective process.
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Fig 2. Time series for the simulated distribution of the population composition x. The distribution
initially broadens, then freezes to a steady state (see S1 Video). The fraction of populations that have x = 0 or
x =1 (indicated by the black bins) remains constant during the time evolution, as expected for a Pélya urn
process, and in contrast to expectations from genetic drift (see S1 Table). In each well the population follows
a stochastic path and reaches a (random) limit composition, and the distribution freezes only when all
populations reached their limit. The parameter values used in the simulation are N[, =10andx, = 0.33 The
inset shows the mean, standard deviation and skewness as a function of the number of generations, with
symbols denoting numerical simulations, and the solid lines corresponding to the theoretical prediction of Eq
(2) (and also those in S2 Text). Analytical and numerical values agree. The mean (x) remains constant
throughout the evolution, as expected for a non-selective process; standard deviation and skewness saturate
to limit values, confirming the freezing of the distribution.

doi:10.1371/journal.pone.0134300.9002

For the time evolution of the variance, which is a measure for the spread of a distribution, we
obtain to leading order in population size

Var, (1) = 25,1 - %) @)

The broadening and freezing of the distribution is reflected in the exponential decay term of
the variance. Note that the skewness increases as well, because growth is self-reinforcing (see
inset in Fig 2). To further test the validity of the stochastic simulations, we also calculated the
limit values of the average and variance after extended periods of evolution exactly, and found
that they match the numerical solutions of the Master Equation perfectly (see S1 Text).

We tested these theoretical predictions using P. putida as a bacterial model system. We
mixed the wild-type and mutant strains in order to obtain different initial fractions x,,. The
degree of dilution of the mixture determines the average initial cell number N ;, with which we
inoculated 120 wells per experiment (96-well plate format). In order to compare the experi-
mental data with our model, we set up simulations that matched the experimental configura-
tion by initializing N, and ¥, with the same values as measured in the experiments. We
simulated the time evolution of about 10* populations, grouped in “virtual plates” of 120 wells
each. Every virtual plate produced a histogram like the one we obtained from experiments. We
then generated an average histogram of the virtual plates and used its values to compute the
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Fig 3. Initial distributions for population size N and composition x, (parameter values N, = 2.55,

X, = 0.45). The experimental distributions (bars) for N (panel (a)) and x, (panel (b)) are measured from
120-well ensembles. The average N, and X, calculated from the measured values determine the parameters
for the simulated distributions. The theoretical average distribution (solid blue line) is the average of the same
distributions generated for 84 sets of 120 wells. Using that average we calculate the Wilson binomial
confidence intervals (gray areas) for 68% (between dashed lines), 95% (between dotted lines) and 99.73%
confidence. The measured and simulated distributions agree well within statistical error, confirming our
assumption that individuals of strain A and B in the experiments start Poisson-distributed with mean N x, and

N, (1 —x,), respectively. The ragged distribution of x, derives from a small-number effect, and disappears at
larger values of Ny (see main text, and also S3 Fig).

doi:10.1371/journal.pone.0134300.9g003

binomial confidence intervals [36] for the count in each bin, and compared those with the
experimental distribution.

Fig 3(a) shows a representative experimental histogram of the initial population sizes N, for
strong dilution with N = 2.55. It is well approximated by a Poisson distribution, and agrees
with the simulation results within statistical errors (blue line and shaded gray areas in Fig 3(a)).
Fig 3(b) shows the probability distribution of the corresponding initial compositions x, of the
populations, where again theoretical and experimental values agree well within statistical error.
Note also that in every well the composition x, must be a simple fraction; this means that only
a few numerical values are possible for small initial population sizes Np. This small-number
effect explains why the distribution of x, in Fig 3(b) is so ragged. The distribution becomes
much smoother for larger initial population sizes (see S3 Fig). Taken together, these results for
the distribution of initial population size and composition confirm that the inoculation of the
individual wells is a stochastic sampling process with Poissonian statistics.

Next, we were interested in how the composition of the bacterial population would evolve
under non-selective (neutral) growth conditions. To this end we let the 120 populations grow
for an 11-hour period, during which they remained in exponential growth phase (see S2 Fig).
Then we measured the population size N(¢) in each well by counting colony-forming units, and
x(t) by counting the pyoverdine-producing colonies (see Materials and Methods). Fig 4 shows
the final outcome for four different initial conditions, i.e. combinations of the initial average
population size N, and composition x,. We first wanted to know what determines the number
of wells that contain only individuals of either strain A or strain B, i.e. that are fixated. To this
end we compared the experimentally observed values with the corresponding predictions from
the numerical simulations of the Pélya urn model (Fig 4). Since both results agree within statis-
tical error, we conclude that fixation of a population is a consequence of the initial sampling
process and is not due to fixation during population growth (see also S1 Table). This is espe-
cially obvious for small average initial population size or compositions close tox=0orx =1,
where a large fraction of the wells contains cells of strain A or B only (Fig 4(a) and 4(d)). Next
we wished to learn how the final distribution of the population composition (i.e. the random
limits, x*) depends on the initial average composition x,,. For X, = 0.5, we observed both by
experiment and theoretically that the initial distribution significantly broadened (by a factor
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Fig 4. Steady-state distributions of population composition x for different initial conditions. The
experimental distribution (bars) is the result of growth on 120 independent wells. We use the measured
average xo and N, from the experiments to initialize the simulations of several 120-well ensembles. After
growth, we compute the histogram for each of these ensembles and obtain the average theoretical
distribution (blue line). Using the values from this distribution, we compute the three confidence intervals
(shaded gray areas) for each bin for 68% (between dashed lines), 95% (between dotted lines) and 99.73%
confidence. The two sets of data match: most experimental data agree with the first prediction confidence
region, practically all with the second one. The limit distributions are clearly different from the initial ones (see
S1 Fig). The importance of growth in changing the distributions depends on the initial size Ny (see main text,
and S1 Fig). Parameter values: N, = 2.9, X, = 0.32 (panel (a)); N, = 18.4, X, = 0.22 (panel (b)); N, = 19.6,
X, = 0.52 (panel (c)); N, = 14.5, X, = 0.71 (panel (d)).

doi:10.1371/journal.pone.0134300.9004

of v/2) but remained symmetrical (Fig 4(c) and S1 Fig). In contrast, starting from distributions
with average values below or above 0.5 caused the final distribution to broaden and also
become skewed towards smaller or larger values of x, respectively (Fig 4(b) and 4(d)). More-
over, we found quantitative agreement between experiment and numerical simulations within
statistical errors in all analyzed parameter regimes (see blue lines and shaded areas in Fig 4):
most experimental histograms fall within the first confidence interval of the prediction (darkest
gray areas, between dashed lines), and almost all fall within the 99.73% confidence interval.

Taken together, our combined theoretical and experimental analysis gives a coherent pic-
ture of evolution during non-selective (exponential) growth. We have shown, experimentally
and by analogy with the Pélya urn model, that for each well-mixed population the composition
of the population reaches a random stationary limit, and, unlike populations with constant
size, generally does not fixate. For a large ensemble of populations, this implies that the proba-
bility distribution for the population composition converges to limit distributions (Figs 2 and
4), which are nothing like Kimura“s result for constant-sized populations. Our result is also
quite different from that obtained in range expansion experiments [37] or other settings featur-
ing population growth without death on two-dimensional substrates. There, monoclonal sec-
toring patterns arise as a consequence of random genetic drift, which drives population
differentiation along the expanding fronts of bacterial colonies, unlike our well-mixed popula-
tions that freeze to coexistence.

Our study also shows that, in a growing population with stochastic initial conditions, demo-
graphic noise has two possible sources: the initial sampling process by which subpopulations
are formed, and the subsequent growth process. The initial average population size N, sets
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their relative weight (see S3 Text and S1 Fig). For very small N, of the order of one or two indi-
viduals, the formation process already determines the final composition distribution: most
populations start off fixated, many with just a single founder individual, and the composition
of each well remains the same during growth. For very large N, of the order of a few hundreds,
the sampling process is again central: the composition distribution changes very little before
freezing, and growth generates only a very limited amount of variation. In these two limiting
regimes, neglecting stochastic effects during growth leaves the evolutionary outcome practically
unchanged. In contrast, for small founder colonies such as those typically found during popu-
lation bottlenecks [18, 19, 38] (N, ~ 10), population growth is responsible for the major part
of the variation observed in the final distribution.

Moreover, our results reveal that a growing population reaches a random limit composition
much faster than genetic drift leads to fixation in populations of constant size. Typical fixation
times for genetic drift increase logarithmically with the population size [11], while the time
scale for freezing is independent of population size. This has important consequences for the
role of stochastic effects when a population passes from exponential growth phase to stationary
phase, in which growth rate and death rate are equal. Then, the composition of the population
shows both freezing and fixation, albeit at quite distinct times because the relevant time scales
differ markedly. During growth the composition distribution quickly freezes, as described
above. Once the population reaches its stationary size, it slowly drifts to fixation, following
Kimura-like dynamics.

We also believe that our results have a broad range of applications since growing populations
are ubiquitous in nature. For example, experimental studies of P. aeruginosa [22, 39] have
shown that typical life cycles pass through different steps with regularly occurring dispersal
events being followed by the formation of new colonies. As initial colony sizes are typically
small, such dispersal events coincide with population bottlenecks and subsequent exponential
growth. During these phases of the life cycle, population dynamics is often selectively neutral
and hence falls within the framework of the present work. The degree of diversity generated dur-
ing these population bottlenecks has been shown to be crucial for some proposed mechanisms
for the evolution of cooperation under selective pressure [5-7, 40-42]. Our analysis quantifies
the ensuing degree of diversity and points to the relative importance of sampling versus growth
for long-term behavior of the reservoirs. This may have important consequences for the degree
of genetic diversity observed in natural populations with life-cycle structures [38].

Materials and Methods
Strains and cultivation conditions

The P. putida strains KT2440 (wild type) and 3E2 (mutant with defective pyoverdine synthesis)
[3] were used as pyoverdine producers and non-producers, respectively. Cells were grown in
casamino acid medium (CAA) containing per liter: 5 g casamino acids, 0.8445 g K,;HPO,,
0.1404g MgSO,4¢(H,0) [3]. The CAA medium was supplemented with 200 yuM FeCl;
(CAA-Fe) to suppress pyoverdine production (see S2 Table). Overnight cultures of the individ-
ual strains in CAA-Fe medium were adjusted to an ODgg of 1, diluted 1072 fold, mixed to yield
the desired producer fraction, and further diluted to create Poisson distribution conditions.
Producer/non-producer co-cultures were started by inoculating the central 60 wells of two
96-well plates thereby adjusting the average initial cell number N, to values between 2 and 25
cells/150 L. Wells at the border of the plates were filled with water to minimize evaporation
from central wells. For non-selective growth, co-cultures were grown in CAA-Fe medium shak-
ing at 30°C for given periods of time. Due to the random distribution of initial cell number Ny
and producer faction x, in the 120 wells, each experiment was unique. An experiment was
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limited to 120 wells to allow initiation of the analysis of the subpopulations in the individual
wells without uncontrolled changes of growth parameters during analysis. The experiment
duration was set to 11h to allow evolution to act for a significant number of generations (see S1
Table), while leaving bacteria in exponential growth phase (see S2 Fig)

Determination of growth parameters

Cell numbers N; and N(#) were determined by counting the colony forming units (cfu) of indi-
vidual wells. For this purpose 100uL aliquots of the individual wells were plated on cetrimide
[43] or King’s B agar (contains per liter: 20 g peptone, 10 g glycerol, 1.965 g K,HPO,(3H,0),
0.842 g MgSO4(H,O) [44]. Producer fractions x, and x(t) were determined based on the capa-
bility of cells to produce the green fluorescent pyoverdine either by direct counting of fluores-
cent and non-fluorescent colonies on the plates or after growth in iron-limited CAA medium.
The fraction of dead cells was determined by life/dead staining with propidium iodide [45],
and was always <0.02 of the total cell number under the experimental conditions.

Simulation of growing populations

We performed simulations of 10080 wells using a Gillespie algorithm [46]. The initial numbers
of “cells” per well were drawn at random from a Poisson distribution with a mean value of N,
measured in the corresponding experiment. The strain assigned to every individual in each
well was determined by the outcome of a Bernoulli trial (i.e., coin-flip-like process) and the
probability of assignment to strain A was set to the value of ¥, measured in the experiment.
After initialization, wells were grouped into 84 virtual 120-well “plates”, and a random waiting
time was selected for each well, drawn from an exponential distribution with the population
size as parameter. The Gillespie algorithm was run until the average size across all wells
matched the average size measured at the end of the growth experiments, or until a specified
time had elapsed (see S2 Fig).

Supporting Information

S1 Video. Time evolution of composition distribution. The distribution of compositions x
first broadens due to demographic noise, but soon “freezes” to a steady state. The steady state
form is maintained as long as the populations grow. Parameter values are N, = 10, X, = 0.33
(as for Fig 2).

(MP4)

S1 Text. Exact calculations for steady-state composition distribution and moments. Using
the theory of Pélya urns, we calculate exactly the steady state values of: (i) the distribution of
population compositions x, (ii) its mean value, and (iii) its variance.

(PDF)

$2 Text. Approximate calculations for the time evolution of the distribution moments. We
use the Master equation of the growth process (Eq (1)) to determine the time evolution of vari-
ance and skewness of the composition distribution. These values are used in Eq (2) and Fig 2.
(PDF)

S1 Fig. Initial and steady state distributions, relative entropy. Panels (a),(b),(c): Initial and
final distributions of x for three regimes of N,. When N, is very small or very large (panels (a)
and (b)), the evolutionary fate of the population is largely determined by the initial population
sampling. Therefore, the initial distribution (red bars) and the steady-state one (green bars)
look qualitatively very similar. For intermediate values of N, however, population growth
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becomes more important, and the distributions look very different. The amount of composi-
tion values the population can access through growth can be quantified looking at the “unpre-
dictability” of the steady-state composition, once the initial one is known: the more
unpredictable, the more are made accessible by growth. Mathematically, the measure for this is
called conditional entropy: the higher the entropy, the more unpredictable the outcome. Panel
(d) shows the conditional entropy as function of N,,. Indeed, very small or very large initial
populations experience little to no additional noise from growth, while in populations with
intermediate values of N, (N, ~ 15) growth is a major source of demographic noise. (Parame-
ter values: N, = 2 (a), N, = 2000 (b), N, = 20 (c); X, = 0.25 in all panels)

(TIF)

S3 Text. Comparison of initial and steady-state distributions of X, and entropy of the
steady state distribution conditioned on the initial one. We use conditional entropy to ana-
lyze the impact of growth on the distribution of compositions x. The results are also depicted
in S1(d) Fig

(PDF)

S2 Fig. Growth curve of a mixed population. The population consists of pyoverdine producer
(P. putida KT2440) and non-producer (P. putida 3E2) under non-selective (iron replete) con-
ditions. Individual precultures of the strains were mixed and diluted in iron replete medium to
yield N, = 4 (in 150 uL), and X, = 0.5. Cells were grown aerobically at 30°C for 24 hours. The
dots represent the mean N(t) of three independent replications, the bars the corresponding
standard deviation. After a lag phase of about 2 hours, the cells start to grow exponentially and
reach the stationary phase after about 14 h of growth. For the non-selective growth experi-
ments used to test the predictions of the Pélya urn model, cells were grown for 11.5 h to ensure

exponential growth conditions.
(TIF)

S3 Fig. Additional initial conditions measurements. The experimental distributions (bars)
are measured from 120-well ensembles, the average N, and x, from those sets the parameters
for the simulated distributions. The theoretical average distribution (solid line) is the average
of the same distributions generated for 84 sets of 120 wells. Using that average we calculate
three Wilson binomial confidence intervals (gray areas). Experiments and theory agree within
statistical error: the distribution of sizes (panels (a) and (c)) follows a Poisson distribution. The
raggedness of the distribution of x for at small NU (see panel (b) and Fig 3(b) in main text) is
due to a small size effect: since x must be a simple fraction, when Ny is small only a few values
are available (see main text). This effect disappears for average initial sizes N, ~ 10 (see panel
(d)). Parameter values: NO = 5.75,X, = 0.43 (a) and (b); N(, = 26.49, X, = 0.45 (c) and (d).
(TIF)

S1 Table. Comparison between results from our experiments and those in [9]. While experi-
ments for constant-sized populations of Drosophila observe significant fixations within the
first tens of generations, we instead observe freezing of the probability distribution for the pop-
ulation composition, without any fixation.

(PDF)

$2 Table. Comparison of growth and pyoverdine production per cell of P. putida KT2440
and 3E2. Separate cultures of producer (P. putida KT2440) and non-producer (P. putida 3E2)
were grown in iron-limiting (no addition of FeCl;) and iron-replete medium (addition of

200 uM FeCl;) at 30°C. The cell density was measured at 600 nm, and specific growth rates
were calculated from density values of the exponential phase. The pyoverdine production was
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determined by fluorescence emission measurements (excitation 400 nm, emission at 460 nm).
The pyoverdine production per cell represents the ratio of pyoverdine fluorescence and optical
density measured after 24 h of growth. The values in the table are averages over a minimum of
five experiments, with the corresponding standard deviation. The fluorescence value for the
non-producing mutant in iron-limiting medium is 0 because the culture failed to grow.

(PDF)
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a public good transiently
“increase cooperativity in
wawaeee’ growing Pseudomonas putida
et metapopulations

Felix Becker!, Karl Wienand?, Matthias Lechner?, Erwin Frey(®? & Heinrich Jung(®?

Bacterial communities have rich social lives. A well-established interaction involves the exchange

of a public good in Pseudomonas populations, where the iron-scavenging compound pyoverdine,
synthesized by some cells, is shared with the rest. Pyoverdine thus mediates interactions between
producers and non-producers and can constitute a public good. This interaction is often used to test
game theoretical predictions on the “social dilemma” of producers. Such an approach, however,
underestimates the impact of specific properties of the public good, for example consequences of its
accumulation in the environment. Here, we experimentally quantify costs and benefits of pyoverdine
production in a specific environment, and build a model of population dynamics that explicitly accounts
for the changing significance of accumulating pyoverdine as chemical mediator of social interactions.
The model predicts that, in an ensemble of growing populations (metapopulation) with different initial
producer fractions (and consequently pyoverdine contents), the global producer fraction initially
increases. Because the benefit of pyoverdine declines at saturating concentrations, the increase need
only be transient. Confirmed by experiments on metapopulations, our results show how a changing
benefit of a public good can shape social interactions in a bacterial population.

Bacteria have complex social lives: they communicate with each other and with other organisms, form tight
communities in biofilms, exhibit division of labor, compete, and cooperate'~’. They also produce and exchange
public goods. Public goods are chemical substances that are synthesized by some individuals (known as producers
or cooperators) and are then shared evenly among the whole population, including cells that did not contribute to
their production®'°. Such social interactions can also influence population dynamics, as exemplified in the con-
text of metapopulations''~!7. Metapopulations consist of several subpopulations. The subpopulations may grow
independently for a time, then merge into a single pool that later splits again, restarting the cycle. This ecological
system, which mimics some bacterial life-cycles'®!, also dramatically impacts the population’s internal dynam-
ics. To mathematically analyze the effects of social interactions, they can be framed in terms of game theoretical
models?*?* —for instance, the prisoner’s dilemma, in the case of the exchange of public goods?*-* ~or formulated
in terms of inclusive fitness models*-!. These approaches underestimate the impact on the social interaction of
specific properties and mechanisms of action of the public good in question, mostly to simplify the mathematical
description. Previous investigations have shown that, for example, phenomena like public good diffusion?**,
interference of different public goods with each other®, the regulatory nature of public good production®, or
its function in inter-species competition®” may affect strain competition. The shortcomings of game-theoretical

models in studying the evolution of cooperation can be overcome by systems biology modeling approaches®*%,

IMicrobiology, Department Biology 1, Ludwig-Maximilians-Universitat Munich, Grosshaderner Strasse 2-4, D-
82152 Martinsried, Germany. 2Arnold-Sommerfeld-Center for Theoretical Physics and Center for Nanoscience,
Ludwig-Maximilians-Universitat, Theresienstrasse 37, D-80333, Munich, Germany. Felix Becker and Karl Wienand
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frey@Imu.de) or H.J. (email: hjung@Imu.de)
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Figure 1. Outline of PVD-mediated interactions and experimental setting. (a) Outline of the social interaction.
Producers (blue) secrete pyoverdine (PVD, green) into the environment, where it binds iron (red). The resulting
Fe-PVD complex is transported into the periplasm of both producers and non-producers. Iron is reduced and
incorporated into cells, while PVD is transported back into the environment to scavenge additional ferric
ions*~4. (b) Metapopulation growth setting. We initiate a metapopulation by mixing producers and non-
producers in random proportions and inoculating the individual populations, which grow independently. At
given time points ¢, we take samples from each population, and merge them to determine the average
population size and the global producer fraction of the metapopulation.

In this work, we directly quantify a social interaction mediated by a public good. Thus, we adopt a sys-
tems biology approach, rather than a more reductive game-theoretical one. We focus on the dissemination of
iron-scavenging pyoverdine (PVD) in a metapopulation of fluorescent Pseudomonas putida, and study how its
biological function determines the population dynamics.

In this well-established, native model system, cells secrete PVD into the environment to facilitate iron
uptake when the metal becomes scarce?**-*. PVD binds to ferric iron and is then actively transported into
the periplasm. There, the iron is reduced, released and transported across the plasma membrane, while PVD is
secreted back into the environment*-*®, Figure 1 outlines the PVD-mediated interaction between producer and
non-producer cells and the metapopulation set-up we use to study its effects on population dynamics.

In the following, we show, both experimentally and in computer simulations, that the global fraction of pro-
ducer cells across a metapopulation increases during growth, but only transiently. This effect hinges on the specif-
ics of PVD biochemistry, which elude a game-theoretical analysis. Thus, our study shows that the specific features
of the public good considered are the key determinant of the outcome of the social interaction. Our experiments
employ a well-defined system, with a constitutive producer and a non-producer strain. The simulations use a
mathematical model based on quantitative measurements of PVD’s costs and benefits, as well as its behavior as
an accumulating public good. For appropriate values of the parameters, the theoretical results match those of
experiments with P. putida metapopulations.

Results

Characterization of the model system. To investigate the social role of public goods, we chose the soil
bacterium P. putida KT2440 as a model system. This is a well-defined system in which, as sketched in Fig. 1a, a
single public good mediates all cell-cell interactions. P. putida KT2440 synthesizes a single type of siderophore
- a pyoverdine (PVD) molecule”” —and does not produce 2-heptyl-3-hydroxy-4-quinolone or other known quo-
rum-sensing molecules that might otherwise interfere with the social interaction*®-C.

Wild-type P. putida KT2440 controls PVD production through a complex regulatory network. As shown
in Fig. 2a, the central element of the network is the ferric uptake regulator (Fur) protein, which binds iron and,
among other things, down-regulates expression of the iron starvation sigma factor pfrI°'-%, which in turn directs
the transcription of PVD synthesis genes. As a consequence, siderophore production continually adapts to the
availability of iron*”*2. This regulation, however, obscures the costs of PVD production, as it also affects other pro-
cesses. We therefore circumvented it by generating a P. putida strain, called KP1, which constitutively produces
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Figure 2. Characterization of the strains. (a) Sketch of each strain’s regulatory system. In the wild-type P. putida
KT2440 (gray), the ferric uptake regulator Fur binds iron and represses the expression of the pfrI gene necessary
for PVD synthesis. The constitutive producer strain KP1 (blue) carries an additional copy of the pfrI gene
controlled by a constitutive promoter. The non-producer strain 3E2 (orange) has an inactivated non-ribosomal
peptide synthetase gene, which prevents PVD synthesis. (b) Average PVD production per cell by the wild-type
and strains KP1 and 3E2 after 8 h of cultivation. The darker the columns, the more abundant is the iron in the
medium. Dark gray columns represent moderate iron availability conditions (KB medium without additions);
white columns represent extreme iron limitation (KB/1 mM DP); black columns represent iron-replete
conditions (KB/100 uM FeCl,); light gray columns represent iron-limiting conditions (KB/100 uM FeCl,/1 mM
DP). KP1 produces PVD under all conditions (albeit with different yields), 3E2 never produces the siderophore,
and the wild-type adapts its rate of synthesis to iron availability.

PVD. KP1 carries a copy of the pfrI gene controlled by the constitutive promoter P, 5,05>* at the atfTn7 site in the
KT2440 genome. As the non-producer, we used strain 3E2, which carries an inactivated non-ribosomal peptide
synthetase gene (pp4220) that inhibits PVD synthesis*’. The two strains were otherwise isogenic.

We characterized producer (KP1) and non-producer (3E2) strains by measuring their average per-cell PVD
production under different iron availabilities, and comparing the results with those for the wild type (strain
KT2440). We cultivated all three strains, separately, in KB medium and KB supplemented with 100 uM FeCl; (for
short, KB/100 uM FeCl,), as well as in the same two media supplemented with the chelator dipyridyl (DP, 1 mM)
to reduce iron availability. Using atom absorption spectroscopy, we determined an iron concentration in KB of
about 8 uM. Figure 2b shows the average amount of PVD produced per cell after 8 h of growth (close to the end
of exponential growth). The wild type partially represses production of PVD under moderate iron availability
(KB, dark gray bars), and ceases synthesis altogether under high iron availability (KB/100 uM FeCls, black bars).
Addition of DP reduces iron availability and stimulates PVD production in both media (Fig. 2b, white bars:
KB/1mM DP, light gray bars: KB). In contrast, KP1 produces large amounts of PVD under all tested growth
conditions, and thus represents a constitutive PVD producer. The yield depends on conditions, probably because
the regulated copy of pfr[ is still present in the genome. 3E2, finally, never synthesizes PVD, regardless of the con-
ditions, and is a true non-producer, as previously reported*’.

Quantifying the social role of pyoverdine. Having established how each strain behaves, we quantified
the impact of PVD on population dynamics. Specifically, we wanted to determine the metabolic load of PVD
production, its impact on growth, its stability, and how evenly it is shared with other cells.

We assessed the impact of PVD production on growth by comparing the growth rates of strains KP1 and
3E2 under iron-rich conditions (KB). As shown in Fig. 2b, neither 3E2 nor the wild-type produces substantial
amounts of PVD under these conditions, and the solid symbols in Fig. 3a show that both strains grow at about the
same rate. KP1, on the other hand, produces PVD and grows more slowly. The data in Supplementary Table S1
allow us to quantify this difference in growth rate. Depending on the conditions, KP1’s growth rate is 3-10%
lower than that of strain 3E2. For example, the difference is minimized (1.03-fold) when the medium is replaced
(in a 24-well plate format) every hour, whereas the largest difference (1.10-fold) is observed in batch cultures
(96-well plate format). This suggests that factors other than iron level per se, such as nutrients and oxygen availa-
bility, modify the metabolic impact of PVD production.

The empty symbols in Fig. 3a illustrate the growth of the strains under extreme iron limitation (KB/1 mM DP).
In these conditions, PVD is indispensable for iron uptake, and only producing strains - KP1 and the wild-type
- can grow at all. Less restrictive conditions (KB/100 uM FeCl; and KB/100 pM FeCl;/1 mM DP) produce
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Figure 3. Characterization of the social impact of pyoverdine (PVD) in terms of costs (a), benefits (b), degree
of sharing among cells (c) and stability (d). (a) In an environment with available iron (KB, solid symbols), non-
producer cells (strain 3E2) grows as fast as the wild-type (WT), and faster than the producer (strain KP1).
Under extreme iron limitation (KB /1 mM DP, empty symbols), PVD is needed for growth: KP1 and WT grow,
whereas 3E2 does not (mean values and standard deviations were calculated from six measurements). (b) Green
dots represent the growth rate ;i of 3E2 cultures, measured under extreme iron limitation (KB/1 mM DP) in the
presence of the indicated concentrations of added PVD (error bars are standard deviation over four replicates).
The solid gray line represents the growth rate calculated using equation (2) (maximal growth rate s __and the
saturation concentration B, fitted to the experimental data: 1, = 0.878, p  =0.8). (c) Early growth of
KP1-3E2 co-cultures (initial fraction of KP1 =0.33) under extreme iron limitation (KB/1 mM DP). Shown are
mean and SD of eight independent experiments. Since 3E2 needs PVD to grow (see panel b), this result
indicates that PVD is shared between the strains. (d) Stability of PVD (2 uM) in KB medium and in the presence
of the non-producer 3E2. The fluorescence emission was recorded at 460 nm (excitation 400 nm).

qualitatively similar results (see Supplementary Fig. S1). 3E2, if cultivated alone, cannot grow unless the medium
is supplemented with PVD isolated from a producer culture. Figure 3b shows the maximal growth rate of 3E2
under these conditions as a function of the concentration of added PVD. For values lower than about 1 1M, the
growth rate increases almost linearly with PVD concentration, then sharply levels off. Higher PVD concentra-
tions do not further stimulate growth — which is consistent with observations of iron saturation in other bacterial
systems®>,

This saturating behavior, we argue, stems directly from PVD’s ability to bind iron and make it available to cells.
Because PVD has an extremely high affinity for iron [10** M~ for Fe>* at pH 7%, we can assume that each PVD
molecule immediately binds an iron ion. Therefore, the PVD concentration p is equivalent to that of PVD-Fe
complexes, and represents the concentration of iron accessible to cells (this may not hold if the level of PVD
exceeds that of the iron available, but we expect this extreme case to arise only after the exponential growth phase
in our setting, if ever). Each cell, then, incorporates iron ions at a constant rate k- p which is proportional to the
PVD concentration p. Moreover, cells try to maintain a constant internal iron concentration Fe; and reproduce
at a PVD-dependent rate 1(p) when growth is limited by iron availability. If we also assume that the cell volume
just before division is twice the volume V(0) of a newborn cell, we find that the growth rate is proportional to p
(see Supplementary Note):

B FeinV(O)p ’ 1)
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For PVD concentrations above 1 pM, however, some other factor limits growth. Cells cannot further increase
1(p), regardless of the PVD concentration, and the benefit of PVD saturates. In summary, there is a limit PVD
concentration p_ (~1uM), below which the growth rate is proportional to the PVD concentration, following
equation (1). Above p_, the growth rate is a constant y_, whose value depends on the culture conditions. In
mathematical terms,

sat

p Poasp, if p <,
up) = HopaMin| =—, 11 = P
st Fonax® lf p = psat. (2)

The gray curve in Fig. 3b shows the function described in equation (2). Fitting the values for the parameters
D, and g, the curve closely resembles the experimental results, validating our argument.

A central question in determining the social role of PVD is whether cells share the molecule with other cells,
and thus also its benefit, or keep it to themselves. In other words, to what extent is PVD a public good? Fig. 3¢
shows the early stages of growth of a mixed population of KP1 and 3E2 (initial fraction of KP1 =0.33) under
extreme iron limitation (KB/1 mM DP). After a lag phase of about 2 h, both strains begin to grow. Since 3E2 needs
PVD to grow in these conditions (see above and Supplementary Fig. S1), we conclude that both strains receive the
benefit at the same time, and neither has preferential access to it. In our experiments, then, PVD behaves as a truly
public good. Consequently, populations that start with a higher producer fraction x,, have more PVD available,
and grow faster than populations with low x,, values (as shown in Supplementary Figs S1 and S2).

PVD is also very stable. Figure 3d shows the fluorescence yield of PVD over 48 h in KB medium alone (green
line). The value fluctuates around a constant average, indicating that PVD does not spontaneously degrade - at
least not appreciably — within the time scales of our experiments. The orange line in Fig. 3d represents a similar
measurement, but in the presence of non-producer cells. In this case also, fluorescence does not appreciably
decay, so cells do not seem to consume PVD during the interaction. This also means that, provided producers are
present, the public good accumulates in the environment once its synthesis has been triggered.

Taken together, these observations characterize the social interaction as follows: (i) Constitutive producers
grow more slowly than non-producers (given equal PVD availability); (ii) PVD acts as a public good, which is
homogeneously shared among cells; (iii) once produced, PVD persists: it is chemically and functionally stable,
and cells recycle it rather than consuming it; (iv) the public good drives the population dynamics, since PVD is
necessary for access to the iron required for growth.

Modeling social and growth dynamics. Based on the experimental results presented in the previous
section, we formulated a set of equations to describe the development of a single, well-mixed population of ¢
producers and f non-producers. The population dynamics follows a logistic growth, where the function (p)
from equation (2) determines the per-capita growth rate. For our experimental setup, we estimate cells to incor-
porate only a minimal fraction of the available iron (<3%, see Supplementary Note), so the assumptions of equa-
tion (2) hold (and some other resource determines the carrying capacity K. Although KP1 synthesizes PVD at
condition-dependent rates, we adopt a simplified description and model synthesis as occurring at a constant rate
0. The produced PVD does not decay but accumulates in the medium. Finally, the costs of PVD synthesis slow
down the growth of producers by a factor1 — s (wheres < 1), compared to non-producers. All in all, assuming
the interaction between cells and PVD is fast, the dynamics can be summarized in the following equations:

de _ oy e tS

%~ o s)[l * ]

% = fu(p)[l —C—;f],

dp _

a0 (3)

This set of equations mathematically describes the experimental facts, in terms of measurable quantities. It is also
different from a traditional game theoretical formulation, which would require us to somehow define a payoff function.

To better highlight the key factors of the population dynamics, we rescale the variables in equations (3). First,
we measure population size in terms of the fraction of resources used up, i.e., n: = (¢ + f)/K. This definition
means that K determines the scale of population sizes, while 1 takes values between 0 and 1: as n approaches 1, the
resources become depleted, and cells enter a dormant state'*. Second, we consider the fraction x: = ¢/(c + f) of
producers within each population, rather than their absolute number. Third, we measure the amount of PVD in
units of the saturation concentration, v: = p/ D (and define p(v) = min(v, 1)). Finally, measuring time in units
of the minimal doubling time1/;; , equations (3) become

dn _ _
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dx

_dt = —sx(1 — x)(1 — n)u(v),
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Figure 4. Simulation results for the growth of a metapopulation. The time course of the global producer
fraction X (a) is computed by numerically solving equations (4) for a given distribution of stochastic initial
compositions (b) (parameter values: o = 200, s = 0.05, initial size n, = 10~°). The producer fraction initially
increases as populations with more producers begin to expand earlier (see also Supplementary Movie S1). After
reaching a maximum value x,, ., the global producer fraction decreases. (c) The maximal magnitude of the
increase AX = X, — X(0) decreases with stronger growth reduction s (s between 0.01 and 0.9, other
parameters identical to panel (a): for low s it is comparable to the initial producer fraction, while very low

producer growth precludes any increase at all.

oK

whereq: = is a dimensionless parameter. This parameter represents the rate at which PVD benefit satura-

L
sat/max

tion sets in. Keeping other factors constant, the benefit saturates sooner if production is faster (higher o) and/or
the number of total producers increases (higher K and thus larger populations). Conversely, if the saturating PVD
concentration is higher (higher p_), or cell reproduction is faster (higher /nax), populations can reach higher
densities before the benefit saturates. Generally speaking, the lower o, the more advantageous producers are for
their population. For & — 0 for example, the reproduction time scale is shorter than that of public good produc-
tion. Therefore, the relatively scarce PVD strictly limits growth, PVD saturation occurs only after many genera-
tions, and producer-rich populations outgrow producer-poor communities for longer. At the other extreme,
a — 0o means that cells produce PVD much faster than they grow. In this case, a handful of producers suffices to
quickly reach saturation levels of PVD. Whether they include few or many producers, all populations grow at the
same rate, which negates the advantage of higher producer fractions.

We can also use equations (4) to describe a metapopulation of M independent populations. To simulate this
scenario, we solve equations (4) numerically for an ensemble of stochastic initial conditions (using M = 10%). We
generate a stochastic distribution of initial producer fractions x,, — depicted in Fig. 4b — as implemented in the
experiments (see Fig. 5a and Materials and Methods). Because the experiments described here deal with relatively
large populations (starting with around 103-10* individuals, and expanding to between 10° and 107 cells), stochas-
ticity in the initial size is low, and we initialize all populations in the simulated ensemble with the same size
n, = 107>, Once the populations are formed, the choice of s and o completely determines the population
dynamics.
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Figure 5. Experimental results for the growth of a mixed metapopulation. (a) Sample distribution of initial
producer fractions in a 96-well plate. (b) Time course of the development of the total cell number N (¢) and
global producer fraction x(¢) for a metapopulation grown under extreme iron limitation (KB/1 mM DP) in a 96-
well plate shaken at 30°C. At given time intervals, samples are taken from the wells, merged: N(t) is
determined by counting cfu and x(¢) is assessed based on the (green) color of colonies. Error bars are the result
of three to five determinations of the respective parameter at the given time point. After a lag phase, populations
begin to grow exponentially. During this phase, the global producer fraction transiently increases, dips sharply,
then stabilizes to its final value.

During the simulations, we record the average sizes1 = ﬁzfi \n; and the global producer fraction X across the
metapopulation

iCi
S+ £) (5)

where n; and x; are the size and producer fraction of each population i, respectively. Note that this global fraction
of public-good producers (i.e., the percentage of producer cells in the metapopulation) follows a different trajec-
tory from the local one x; (the fraction of producers actually present in each of the component subpopulations).
Specifically, while the latter always decreases — because producers grow more slowly than non-producers - the
former can, in some cases, increase.

How X changes in time within a metapopulation, according to equations (4) (withew = 200, s = 0.05, 7 = 10~
is shown in Fig. 4a, and compositions sampled from the distribution in Fig. 4b, with average x(0) ~ 0.33);
Supplementary Movie S1 shows the same data, together with the evolution of the joint distribution of sizes n; and
compositions x;. During early stages of growth, the more producers a population has, the quicker it accrues PVD,
and the faster it grows. Populations with higher producer fractions rapidly increase their share in the metapopu-
lation, driving up the global producer fraction X. As time passes, populations with fewer producers also accumu-
late enough PVD to grow significantly (while the few with no producers never grow). Meanwhile, producer-rich
populations have depleted their resources and end growth. As a result, the rate of increase of X first slows, then
reaches a maximum X, and decreases again. Finally, once all populations have entered the dormant state, the
global producer fraction stabilizes. Its ultimate value depends on the production cost s and, because all popula-
tions grow to the same size, it is lower or equal to the initial ¥(0).

The overall time course of X and 77 depends crucially on the choice of parameters, which reflect the features of the
bacterial strains, as well as the cultivation conditions. Figure 4c, for example, shows how changing the growth reduction
s affects the magnitude of the increase in global producer fraction Ax = x,, — x(0) (for @ = 200 and the initial
conditions shown in Fig. 4b). It is intuitively clear that a slower producer growth would yield a smaller increase. As the
figure shows, we can find a region of extreme reduction (s > 0.4, which is unlikely to appear in natural systems), which
cannot be offset by the benefit from the public good, thus producing no increase whatsoever in producer fraction. For
lower values (roughly between 0.1 and 0.4), AX is positive, and increases as s is lowered. Finally, for low s (below 0.1),
AX increases further, reaching values comparable with x(0), implying that the global producer fraction ¥ almost dou-
bles during growth, albeit transiently. The specific values of s at which different results occur depend on the choice of o
and of the x,, distribution. Nevertheless, the qualitative behavior of AX remains the same.

The model thus provides insights into this public-good-mediated social interaction, and implies that it leads
to a transient, but potentially very significant, increase in producer fraction. In the following section, we show
that these predictions are in good agreement with experiments on competitive growth of mixed populations of
producers and non-producers.

X =

Comparison between experimental and theoretical results. We grew mixed populations composed
of producers KP1 and non-producers 3E2 under extreme iron limitation (KB/1 mM DP), in which PVD is indis-
pensable for iron uptake and growth (see Supplementary Fig. S1). The metapopulation consisted of a 96-well plate
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Figure 6. Comparison of simulation and experimental results for the population size (a) and global producer
fraction (b) in a metapopulation. Solid lines represent numerical solutions of equations (4) for different values
of the growth rate reduction s, and in (b) darker shades indicate higher values (s € {0.03, 0.05, 0.07}). Dots of
different colors indicate the results of different independent experimental runs. Error bars are the result of three
to five determinations of the respective parameter at the given time point in one experiment. The population
size n is rescaled to the final yield (or carrying capacity). The stochastic initial compositions are sampled from
the distribution in Fig. 4b. For appropriate values of the parameters (determined from fitting of the growth
curve in (a)), theoretical and experimental result agree.

(so the metapopulation size is M = 96), and each well was inoculated with about 10* cells. Producers and
non-producers in each well were mixed in stochastic proportions, sampled from the distributions shown in
Figs 4b and 5a, which were derived from the weighted average of three dice rolls (see Materials and Methods).
These initial conditions mimic the characteristic variability of small populations. The mean initial producer frac-
tion was X(0) ~ 0.33. As outlined in Fig. 1b, at given time points ¢, samples were taken from each well, merged,
and their average cell number N (¢t) = ﬁzf‘i \¢; + f; and mean global producer fraction X(t) were determined.
Figure 5 shows the results of a representative experiment. On average, populations start growing after a lag phase
of about 2h and enter stationary phase after around 8 h. The global producer fraction X initially increases, up to a
maximum ¥, =~ 0.5. After sharply dipping to X, ;, ~ 0.2, it levels off to values around 0.2-0.3, and remains
constant for at least 24 h. These results qualitatively agree with those obtained by solving equations (4) for an
analogous metapopulation (see previous section and Fig. 4).

The only qualitative departure from the simulation results is that X drops towards the end of growth phase
(t = 6 h) in the experiments. Notably, however, this also corresponds to an acceleration in population growth.
Most probably, this stems from a change in the metabolic state of cells, which is not captured by the simplified
description encoded in the equations (4).

We can also directly compare theoretical and experimental results. As initial conditions for the simulations,
we sample the values of x, from the same distribution as in the experiments, and set 7i, = 10>, which we esti-
mated by dividing the mean minimum size from experiments (taken at the end of the lag phase, so as to eliminate
the slight population decay) by the final yield. To set s, we considered that KP1 grows at a rate that is between 1.03
and 1.10 times lower than that for 3E2 (as determined previously), which corresponds to a range for s of between
0.03 and 0.09. Since the rate of approach to saturation o reflects several complex processes, we opted to fit it.

The data from four separate experiments (colored dots) and simulations for three possible values of s and an
appropriate saturation rate, &« =200 (solid lines) are shown in Fig. 6. To meaningfully compare the two sets of
data, we also need to fix the global time scale of simulations, which is done by fitting the slope of the exponential
phase in Fig. 6a. The increase in the global producer fraction observed in simulations agrees very well with exper-
iment (Fig. 6b): X grows to a maximum X, =~ 0.5 over similar periods, then decreases, and stabilizes to similar
values.

Besides the aforementioned end-of-growth discrepancy — which seems to be due to behaviors well beyond the
scope of our simplified mathematical description — experimental and theoretical results match.

Discussion
In this work, we showed that social interactions mediated by a public good result in a transient increase in the
global fraction of producers in a growing bacterial metapopulation. By combining theoretical modeling and
experiments, we were able to quantitatively describe an exchange interaction involving a public good in a bacte-
rial metapopulation.

We selected as our model system the native production of the iron-chelating siderophore pyoverdine (PVD) in
P, putida KT2440 under iron limitation*"*’. We characterized a constitutive producer (KP1) and a non-producer
strain (3E2), and determined the growth rate reduction due to producing PVD. Under the chosen conditions,
PVD is essential for iron acquisition and growth. We demonstrated that populations that produce more PVD
grow faster than those with less (under otherwise identical conditions), though the magnitude of the benefit
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progressively diminishes as PVD accumulates, and eventually vanishes when the available iron ceases to limit
growth. Based on these experimental facts, we constructed a set of differential equations that describes the growth
of mixed populations of PVD producers and non-producers. Solving these equations for a large metapopulation,
we found that, at first, the more producers (and thus more PVD) are present in the sub-populations, the faster
they grow. This generates a positive covariance between composition and growth rate, which drives the global
producer fraction up, in accordance with the Price equation'>!”*%. As PVD accumulates, however, the benefit to
cells eventually saturates, reducing the advantage enjoyed by these producer-rich populations; meanwhile, popu-
lations containing fewer producers begin to grow and ultimately catch up with the initially faster ones. Therefore,
the increase in the global fraction of producers is transient, both in simulations and in experiments.

Previous experimental studies related similar phenomena to the so-called Simpson’s paradox!!'2. However,
they considered an artificial bacterial system, in which both the need for the public good and its production
mechanism had been designed specifically for the experiments. In contrast, we employed a native system and
quantified its social interactions, particularly the function and biochemical properties of the public good. Our
analysis also shows that, without mechanisms to sustain it, the Simpson-related increase can only be transient.
This conclusion is also compatible with previous qualitative predictions'*-', based on game theory models with
implicit public goods. However, in contrast to our experiments, these studies predict that the producer fraction
should peak at the end, instead of the mid-point of exponential growth. This indicates that simple cost-benefit
considerations do not suffice to describe the social interaction. Inclusive fitness models have been used to
describe an analogous scenario in wild-type P. aeruginosa, reaching qualitative conclusions compatible with our
results*>*°. Similarly to game-theoretical approaches, however, they remain mainly conceptual®. Our systems
biology approach, instead, provides a simple description, with testable quantitative predictions, as well as impor-
tant insights into the social interaction.

In metapopulation settings, diffusion, dispersal, and mobility affect public good interactions®*®. Besides these
factors, our results highlight the potential role of the timing of dispersal. Some studies already pointed to dispersal
timing, by considering a metapopulation that periodically splits into groups and merging these again to reform
the pool. After several cycles, the metapopulation might develop stable coexistence of the strains'*-!¢, or even
have the producers fixate!"'2. Testing this process, however, requires Poisson dilution conditions which implicate
very low initial densities of producer cells. As a consequence, large fractions of cells die under iron-limiting con-
ditions before physiologically effective PVD concentrations are reached. Therefore, a repetitive scenario of group
formation and merging is experimentally not feasible for our well mixed cultivation conditions. In principle,
introduction of a non-selective growth phase may rescue such a scenario®'.

An interesting next step will be to include regulatory aspects in our system. Like many other bacteria, the
wild-type P, putida KT2440 continually senses changes in environmental conditions, and uses this information
to tune production of the public good®*-**. By employing constitutive producer strains, we shifted the focus more
on the social role of PVD itself, while replicating a potential earlier stage of evolution (if PVD production evolved
before regulation). Our model also indicates that a cost-saving strategy such as down-regulation of PVD produc-
tion as a consequence of PVD accumulation is not sufficient to prevent the long-term decline of the global frac-
tion of producers, because all populations with producers eventually accumulate the same PVD concentration. So
accounting for regulation, which has been shown to also impact growth®, will also necessarily involve elaborate
production curves® and cost-saving strategies®®. Ultimately, adaptive production raises complex questions about
how cells shape the ecological and environmental conditions in which they interact®.

Another possible extension would be to allow privatized use of the public good. Privatized use of sidero-
phores, in particular, has been shown to introduce fascinating social dynamics into intra- and inter-species com-
petition®*®$-7, Limited diffusion and private use have important social consequences***. Indeed, several studies
have intensely debated under what conditions the secreted siderophores actually behave as public goods**”'-7. In
our conditions, however, populations seem to behave as well-mixed, with negligible privatization.

Taken together, our work uses a simplified setting to highlight the determinant role of public goods in social
interactions and population dynamics. For example, we showed the profound consequences of the public good’s
accumulation and saturating benefits, which simple game-theoretical considerations would fail to describe. Our
approach could clearly be extended to investigate the fundamental principles underlying different interactions
and bacterial systems. Thereby it should stimulate more mechanistic analyses of bacterial social interactions and
their impact on population development.

Materials and Methods

Strains and growth conditions.  Escherichia coli DH5a [F- 80d lacZ AM15 A(lacZYA-argF) U169 deoR
recAl endAl hsd R17(rk—, mk+) phoA supE44 \- thi-1 gyrA96 relAl] was used as the carrier for plasmids.
Pseudomonas putida KT2440 and the derived strain 3E2 (non-producer)*” were employed as PVD producer
(wild-type) and non-producer, respectively. E. coli strains were grown in lysogeny broth (LB) at 37°C, and P.
putida strains were grown at 30 °C in King’s medium B (KB)7%. KB medium was supplemented with 100 uM FeCl,
and/or 1 mM of the iron chelator 2,2-dipyridyl (DP) where indicated. Solid media were LB or KB with 1.5% agar.

Generation of the constitutive PVD producer strain KP1. A P putida strain that constitutively pro-
duces PVD was generated by placing a copy of the pfrI gene under the control of the constitutive promoter
P 410405 For this purpose, P, ;0,05 and the pfrI gene were amplified by PCR from the plasmid miniTn7(Gm)
Pa1jo403ecfp-a” and the P. putida genome, respectively, cloned into plasmid pUC18R6K-mini-Tn7T-Gm, and
inserted at the atfTn7 site in P. putida KT2440 following a mini-Tn7 protocol for Pseudomonas’. The resulting P.
putida strain KP1 was verified by PCR amplification of corresponding genome regions and sequencing. All oligo-
nucleotide primers used for strain generations and verification are listed in Supplementary Table S2.
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Quantitative analysis of PVD production. Pre-cultures of the respective strains were grown in
iron-replete medium (KB/200 uM FeCl;) at 30 °C for 18 h. The pre-cultures were used to inoculate the appropriate
media for the growth of the cultures used in experiments (N, = 10’ cells mL~?). Experiments were performed in
24-well plates (2 mL culture/well). The plates were shaken at 300 rpm at 30 °C. At given time points samples were
taken and the optical density at 600 nm was measured. Subsequently, cells were removed by centrifugation, and
the relative PVD content was determined by measuring the fluorescence emission at 460 nm (excitation 400 nm).
PVD production was analyzed under iron limitation (KB/1 mM DP; KB/100 uM FeCl,/1 mM DP) and iron replete
conditions (KB; KB/100 uM FeCl,). Each individual experiment was performed with three parallel replicates. A
minimum of three independent experiments were conducted per condition.

Growth characteristics of strains under different environmental conditions.  Pre-cultures of the
respective strains were grown in iron-replete medium as described above for the analysis of PVD production, and
used to inoculate the appropriate media for growth of the cultures used in experiments (N, = 10’ cells mL ).
Experiments were performed in 96-well plates (150 uL culture/well). The plates were shaken at 300 rpm at 30 °C.
Growth was followed by measuring the optical density at 600 nm using a microplate reader (Infinite® M200 from
Tecan Trading AG). The measurement was controlled and monitored with the i-control™ Software from Tecan
Trading AG (30°C, shaking at 280 rpm, 880 per cycle, minimum 80 cycles). Each condition was implemented in
six replicates per experiment, including medium blanks. For low cell numbers (e.g., N, = 10* cells 150 uL™h),
growth was analyzed by determining colony forming units (cfu) over time (threefold per time point). The specific
growth rate 1 represents a quantitative measure of growth in the exponential phase and was calculated using the
following equation: 1 = w

Quantitative assessment of the benefit of PVD. The benefit conferred by PVD was quantified under
iron-limiting conditions (KB/1 mM DP) with the non-producer strain 3E2. PVD was isolated according to a
previously described protocol”” and added to the medium at concentrations of between 0 and 20 uM. Growth was
monitored via optical density measurement, and the specific growth rate ;. was calculated as described in the
previous paragraph. Each individual experiment was performed with four parallel repeats per PVD concentra-
tion, and three independent experiments of this type were conducted per PVD concentration.

Determination of PVD sharing in mixed culture. Cells were grown in KB/1 mM DP (initial producer
frequency X(0) ~ 0.33, N, = 10 cells/150 uL, 96-well plate format) at 30 °C. Colony forming units (cfu) were
determined at given time points (five replicates per time point), and producer and non-producer cells were dis-
criminated by colony color and size. Three independent experiments were performed, each yielding similar results.

Stability of PVD in KB medium with and without bacteria. Medium without cells and medium con-
taining about 107 cells mL~! of the non-producer were supplemented with 2uM PVD and incubated at 30 °C for
48h. At given time points samples were taken, and the relative PVD contents of medium and of the supernatant
of medium with cells were determined by measuring the fluorescence emission of PVD at 460 nm (excitation
400 nm).

Competitive growth experiments. To analyze the impact of the initial producer frequencies x, on
growth, strains KP1 and 3E2 were mixed in KB/1 mM DP (96-well plate, N, = 10* cells 150pL %, x, € {0, 0.1,
0.2, 0.3, 0.5, 0.75, 1.0}). Total cell numbers were determined at the end of the lag phase and after 8 h of shak-
ing at 30 °C by counting cfu. For each condition, a minimum of three individual experiments were performed. To
analyze the development of the total cell number N (¢) and global producer frequency x(t) in metapopulations, a
random distribution of the initial producer frequency x, was established by rolling three dices. The values of each
triplet were weighted (lowest 2/3, middle 2/9 and highest 1/9) and rounded to yield sixteen different values from
0 to 15 that are equivalent to sixteen different initial producer frequencies x, ranging from 0 to 1.0 and result in
an initial average global cooperator fraction x(0) of about 0.33. Cells were grown in KB/1 mM DP (96-well plate,
N, = 10" cells 150 uL ") at 30 °C while shaking at 300 rpm. At given time points aliquots of each well were merged
and N (¢) was determined by counting cfu. The global producer frequency X(t) was obtained based on differences
in the color and size of the colonies of KP1 and 3E2 on KB agar plates (minimum three replicates per time point).

Stochastic initial conditions and ensemble averages. We generate all triplets of the integers between
0 and 5 to simulate the results of a sequence of (simultaneous) throws of three dice. Since the weights in the exper-
imental procedure are assigned based on the order of the rolled values, we order the “rolled” values within each
triplet from lowest to highest. This results in a table of all possible 3-dice rolls, which we can use directly to gen-
erate the initial conditions and simulate equations (4). To speed up calculations, however, we remove duplicate
triplets: for example, 113, 131, 311 are different triplets before sorting, but are the same after. Once we remove the
duplicate combinations, we assign the appropriate probability to them, i.e. the number of ways to produce them
before sorting divided by the total number of triplets. With a minimal combinatorics, one can compute the total
number of triplets (6* = 216), and the multiplicities of triplets: those with three equal values have only one way to
appear before sorting; those with two equal values have three; those with all different values have six.

To simulate the time evolution of 7 and x, we generate the initial composition x,, for each triplet, using the
weighted average described above. After setting i, o, and s, the temporal evolution of the average X and 77 in
ensembles of populations can be computed by solving equations (4) for each of the allowed values of x,, and
weighting it using the relative probability, computed as described above.
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Data Availability. The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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Supplementary Information

Notes

Derivation of the growth rate u(p)

Assume a cell is born with an internal iron concentration Fe;,(0) and a volume V (0). Let p be
the concentration of PVD-Fe complexes (which we take to be the same as that of PVD; see
text). Each cell, then, incorporates iron ions at a constant rate kp that is proportional to the
concentration of PVD. So at time ¢ after its birth, the cell has accumulated kpt iron ions. Its
internal iron concentration Fe,(t), then, is Fe;,(0)V (0) (that is, the number of iron atoms at

birth), plus the iron it has collected, all divided by the volume birth V (t) it has reached:

Fe;j,(0)V(0)+kpt

Because cells try to maintain iron concentration homeostasis, we can consider Fe;, to be
constant. Moreover, as long as iron is the limiting factor for growth, the growth rate u(p)

depends only on the PVD concentration.

On average, cells divide at time t, = 1/u(p), given that growth is logistic. Moreover, at
the moment of division, the cell has attained twice the volume of its future daughters:

V(tp) = 2V (0). With these substitutions in the above equation, and minimal algebra, we

48


mailto:hjung@lmu.de
mailto:frey@lmu.de

Chapter III - Supplementary Information

obtain equation (2).

Estimation of iron incorporated into cells

The iron content of a bacterial cell ranges from ~10° to 10° atoms per cell (4bdul-
Tehrani et al., 1999, Andrews et al., 2003a). In our experimental setup, cells reach a
maximum density of 2 X 107 cells per 150 pL at the end of the exponential growth phase
accumulating in total 2 X 1012 to 2 X 103 iron atoms. We determined the iron concentration
of our KB preparation by atomic absorption spectroscopy and found a concentration of ~8 uM
(corresponding to ~7.2 x 104 iron atoms per 150 uL KB medium). Using these numbers we
calculated that ~0.28 to 2.8% of the total iron of KB is incorporated into cells by the end of

the exponential growth phase.

References
1 Abdul-Tehrani, H. et al. (1999).Ferritin mutants of Escherichia coli are iron deficient

and growth impaired, and fur mutants are iron deficient. J Bacteriol 181, 1415-1428

2 Andrews, S. C., Robinson, A. K. & Rodriguez-Quinones, F. (2003).Bacterial iron
homeostasis. FEMS Microbiol Rev 27, 215-237
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Figure S1. Growth of P. putida KT2440 and the derived strains KP1 and 3E2 under iron
replete and limiting conditions. Cells were grown in KB supplemented with iron (KB/100
uM FeCls, full symbols) and in KB with iron chelator DP (KB/100 uM FeCl;/1 mM DP,
empty symbols). When iron is more available, PVD is not needed for growth, 3E2 and WT
grow about at the same rate, and KP1 grows slower. Under iron limitation, producing strains
(KP1 and WT) benefit from production and grow much faster than non-producing 3E2. The

experiment was performed as described in the legend of Fig. 3a.
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Figure S2. Impact of the initial producer fraction x, on the growth of mixed populations
under iron limiting conditions. (a) Impact of the initial producer fraction x, on the growth
yield. Strains KP1 and 3E2 were grown in mixed culture under iron-limiting conditions (KB/1
mM DP, N, about 103 cells/150 pL, 96-well plate format) with the given initial producer
frequencies x,. Total cell numbers were determined by counting cfu at the beginning of the
experiment (black columns) and after 8 h of incubation (weight columns). For each condition,
minimum three individual experiments were performed. (b) Impact of the initial producer
fraction x, on the specific growth rate u. Mixed cultures of strains KP1 and 3E2 with x,,
values between 0 (=100% 3E2) and 1 (=100% KP1) were incubated in shaking 96-well
microtiter plates at 30°C (N, = 107 cells mL™"). Growth was analyzed by measuring the
optical density at 600 nm using a Tecan microplate reader. y was determined for each
condition from the exponential phase of the resulting growth curves. All growth parameters

represent the means of five growth experiments. Deviations were <10% of the mean value.
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Figure S3. Distribution of initial compositions x, in three replicates of the experiment.
Although specific values differ, the overall features of the distribution remains the same. Most
populations start mixed, with x, between 0.1 and 0.5. When at all present, populations with
all producers or no producers are very rare.
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Table S1. Specific growth rate of P. putida KT2440 (WT), the non-producer
(3E2), and the constitutive PVD producer (KP1) under iron-rich and iron-

limiting conditions.

. HwT MaE2 Hkp1

Growth medium . . . /
(h l) (h 1) (h 1) H3E2 uKPl

KB? 0.797 £0.047 0.786 £ 0.034 0.732+0.22 1.074
KB“?O M 0.766 £0.013 0.759 £0.054 0.701 £ 0.027 1.082
FeCl3
KB/DP* 0.389 £0.178 0.004 + 0.001 0.576 £ 0.011 0.007
KB/100 uM
FeCly/DP* 0.615+0.055 0.025 +£0.007 0.582 +0.061 0.043
EeBéllﬁo M 1.237 £ 0.056 1.238 +£0.065 1.201 £0.064 1.031
KB/IQO M n.d. 1.182 £ 0.099 1.077 £ 0.060 1.097
FCC13

“The specific growth rate u was calculated from the growth curves shown in Fig. 3a and Fig.
S1. Cells were grown in shaking 96-well microtiter plates at 30°C (N, = 107cells mL™).
Growth was analyzed by measuring the optical density at 600 nm using a Tecan microplate
reader. Mean and SD values were calculated from fifteen growth experiments. The large error
of uwrtin KB/DP was attributed to cell aggregation interfering with a reliable detection of

optical densities (cp. also Fig. 3a).

®Cells were grown in shaking 24-well microtiter plates at 30°C (N, = 107cells mL™"). Every
hour 50% of the culture was replaced with fresh medium. Growth was analyzed by measuring
the optical density at 600 nm using a 1-mL cuvette (d=1 cm). Mean and SD values were

calculated from nine growth experiments.

°Cells were grown in shaking 96-well microtiter plates at 30°C (N, = 10%cells mL™). Growth
was analyzed by determination of colony forming units, cfi. Mean and SD values were

calculated from five growth experiments.
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Table S2. Oligonucleotides used in this investigation

Name

Sequence (5'...3")

Generation of P. putida KP1
Pa1_04 03 bw kpn

P41 04 03 mod2

pfrl start mod2

pfrl end mod2

Sequencing insert on plasmid

mini Tn7 reverse MCS

Sequencing Tn7 insertion on genome
checkdown primer trans

Primer TN7R as

tn7left s

checkup primer trans

AAATAGGGGGGTACCCGCACATTTCCC
TTCCGCCATGCTTAATTTCTCCTCTTT
AAATTAAGCATGGCGGAACAACTATCC
TGCGGCGTTGGATCCGCTGCGAGTTATTGGCCG

TTGCATTACAGTTTACGAACCGAAC

GTCTTATTACGTGGCCGTGC
CCACGCCCCTCTTTAATACG
TTTGTCATTTTTAATTTTCG
GCAGGAGCCGATGAGACAGA

54



Chapter III - Supplementary Information

Movie S1. Temporal evolution of X in a metapopulation. The evolution of X was obtained by
solving equations (4) together with the evolution of the joint distribution of sizes n; and

compositions X;.

55



Concluding Discussion



Chapter 1V - Concluding Discussion

CHAPTER IV

4. Concluding Discussion

This thesis examines the population dynamics of bacterial co-cultures consisting of P. putida
pyoverdine producers (cooperators) and non-producers (defectors). For this purpose a
metapopulation approach with subpopulations having a stochastic distribution of cooperator
fraction and cell number was used. In Chapter Il the dynamics under non-selective conditions
(iron rich) were analyzed. Here, a conservation of the cooperator fraction was observed in all
subpopulations. The cooperative behavior of this system under iron limiting conditions was
investigated in Chapter I11. Here, pyoverdine acted as a public good, and conditions leading to
cooperative behavior in accordance to Simpson’s paradox were identified. Furthermore, the
cost and benefit of cooperative behavior in this public good system and the impact of
environmental conditions on selection were examined. Finally, the central role of pyoverdine
dynamics - a threshold and a saturation concentration for growth stimulation - on mediating

social interactions was clarified.

4.1. Important features for the metapopulation studies

This thesis focuses on population dynamics of metapopulations consisting of many
subpopulations. In Chapter I, the metapopulation setup was used to determine population
dynamics under non-selective conditions with stochastic distributions of initial cell numbers
and initial cooperator fractions. A co-culture of cooperators and defectors was Poisson diluted

and split into subpopulations with very low initial cell numbers of around 10 cells per well.

In Chapter 111, public good-mediated social interactions (see Fig. 1.3) were investigated with a
multi-level (inside subpopulations and among subpopulations) selection approach (see Fig 1.4
about Simpson’s paradox). Therefore, for the development of cooperativity, a stochastic
distribution of initial cooperator fractions of a metapopulation as well as an evenly shared and
stable public good are indispensable. For the stochastic distribution of initial cooperator
fractions, a similar metapopulation setup as in Chapter 11 was used, but with higher initial cell
densities. In previous research, cooperative behavior according to Simpson’s paradox was not
observed in populations with siderophores as a public good in static growth conditions
supporting spatial structures, where public good was not evenly shared in the subpopulations

(Penn et al., 2012). Therefore, it is important to have well mixed conditions to avoid
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differences in local pyoverdine concentrations, so that the public good is evenly shared within
one subpopulation and all cells benefit equally from iron acquisition by pyoverdine.
Furthermore, pyoverdine plays a central role as a public good for social interactions under
selective conditions (Buckling et al., 2007). Therefore, it is important that it is stable over the
experimental dimensions, which was shown in Chapter 111 (see Fig. 3d of Chapter III).

In general, the metapopulations in Chapter Il and Chapter Il fulfilled the important
requirements for their purposes: the metapopulation in Chapter 11 had stochastic distributions
of initial cell numbers and cooperator fractions and was well-shaken; the metapopulation in
Chapter 111 had the opportunity to develop cooperative behavior according to Simpson’s
paradox by having stochastic distributions of initial cooperator fractions in subpopulations,
well-shaken cultures and a stable public good (similar as previously described by Chuang et
al., 2009).

4.2. Non-selective growth of the metapopulation

In Chapter Il the non-selective growth of the metapopulation was investigated by letting cells
grow under iron rich conditions and comparing this situation with a P6lya urn model. Under
iron rich conditions, the pyoverdine production of the P. putida wildtype cooperator was
completely shut off (see Fig. 2b of Chapter IlI). Since cooperators did not invest in
pyoverdine production under iron rich conditions, there was no fitness difference between
cooperators and defectors and both strains showed the same growth rate in monoculture (see
Table S1 of Chapter Il1I).

Under these conditions, exponentially growing bacterial populations could preserve the
stochastic distribution of the cooperator fraction until the end of the growth period (see Fig. 4
of Chapter I1). In this case, the distribution of the cooperator fraction relies on the initial cell
number and cooperator fraction of the metapopulation (exemplary initial condition see Fig. 3
of Chapter Il). With decreasing initial cell number in the metapopulation, the stochastic
distribution of cooperator fractions of the subpopulations broadens, and at very low cell
numbers there is a large number of subpopulations containing either defector or cooperator
cells. Furthermore, the peak of the stochastic distribution of the cooperator fractions of all
subpopulations fraction has similar value as the cooperator fraction of the metapopulation (see
Fig. 4 of Chapter Il). This observation is supported by a Pdlya urn model simulating the
exponential growth of a metapopulation (Eggenberger & Pdlya, 1923). In this model, the
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stochastic distribution of cooperator fractions broadens during the first generations of
exponential growth, but then “freezes” to a steady state (see Fig. 2 of Chapter II). Both in
model and experiments, the cooperator fraction of the metapopulation remains constant over
time. The experimental initial and final distributions of cooperator fractions are also similar to
the predicted values of the Pdlya urn model (see Fig. 3 and Fig. 4 of Chapter II).

The results differ from previous models of the probability of fixation in populations due to
non-selective evolution (Kimura, 1955, Otto & Whitlock, 1997). These models examine non-
selective evolutionary effects as genetic drift in populations with constant population size,
whose composition changes via stochastic birth and death events in each generation. Thus, the
proportion between birth and death events lead to genetic drift and the fraction of one strain
can increase over generations and possibly take over the population (fixation) (Kimura, 1955,
Otto & Whitlock, 1997). There are several differences to the Polya urn model in Chapter II.
First, in Chapter Il populations increased in size rather than remaining constant. Second,
because of the exponential growth, death events were neglected. Furthermore, the
subpopulations in Chapter 1l did not fixate to either cooperators or defectors; instead, non-
selective growth stabilized the stochastic distribution. Only in the first generations a
broadening of the distribution of cooperator fractions was observed due to genetic drift
(Chapter II). Afterwards, the cooperator fractions of the subpopulations stay constant over
time and do not fixate. Hence, non-selective evolution of growing populations as in Chapter |1
has the potential to lead to the stable coexistence of cooperators and defectors over the long-

term.

4.3. The importance of initial cell number

For the metapopulation studies in Chapter Il, Poisson dilution conditions were used to obtain
very low cell densities with stochastic distributions of initial cell numbers and cooperator
fractions between subpopulations (see Fig. 3 of Chapter II), similar to Chuang et al. (Chuang
et al., 2009) (see Chapter 1.1.5. regarding a synthetic microbial system mediating antibiotic
resistance via AHL molecules). Stochastic distribution is also one of the prerequisites for
possible bacterial cooperative population dynamics behavior following Simpson’s paradox,
which was the focus of Chapter Ill (Blyth, 1972, Chuang et al., 2009). However at low cell
densities, the pyoverdine production levels are too low in the microbial system of this thesis
and do not have a significant effect. In order to obtain a growth benefit from pyoverdine

production, more than 0.1 uM pyoverdine must be produced in a subpopulation (see Fig. 3b
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in Chapter I1l). With low cell densities, the resulting pyoverdine concentrations after
exponential growth would be below this threshold concentration. This means that for the
cooperativity experiments in Chapter Ill, Poisson dilution conditions are difficult to use,

because the cells would probably die due to the obtained low cell densities.

Higher initial cell concentrations and stochastic distribution of the initial cooperator fraction
of subpopulations can solve this problem; these conditions can be obtained by introducing a
non-selective growth phase with low initial cell numbers before the iron limiting growth. This
non-selective growth can also be used to design population dynamics experiments with all the
necessary preferences for developing cooperativity in accordance with Simpson’s paradox
(see Fig 1.4). Another option for solving this problem would be the addition of isolated
pyoverdine with a concentration equal to the threshold concentration (0.1 M) to the Poisson
diluted culture at the beginning of the selective growth phase. In Chapter IlI, a constitutive
cooperator was used (see subchapter 4.4) to simplify theoretical modeling and avoid
phenotypic heterogeneity of cooperators. Here, a non-selective growth phase would be
impossible, because growth under iron rich conditions would lead to a decrease of the
cooperator fraction in co-cultures due to constitutive pyoverdine production. Therefore, an
experimental procedure with high initial cell densities and random initial cooperator fractions
was established using a simulated rolling of three dices to determine initial cooperator
fractions. Furthermore, high initial cell densities promise higher production levels of
pyoverdine and bigger growth differences between subpopulations with high initial

cooperator fractions to those with low initial cooperator fractions.

4.4. Choice of constitutive cooperator to simplify social interactions

mediated by pyoverdine

As mentioned in the last subchapter, a constitutive pyoverdine cooperator was used for the
cooperativity experiments under selective conditions in Chapter 11l in order to simplify the

population dynamics and development of corresponding theoretical models.

As a public good, pyoverdine helps cooperator cells to sense the social environment and acts
as a signaling molecule via a feedback mechanism (Weigert & Kummerli, 2017). The
wildtype pyoverdine cooperator regulates pyoverdine production in response to iron
concentration (see Fig. 2b of Chapter I1l) so that the relative fitness of defectors to wildtype

cooperators depends strongly on environmental conditions, in this case on the iron

60



Chapter 1V - Concluding Discussion

concentration (Ghoul et al., 2014, Kummerli et al., 2009c). In extreme cases, cooperator cells
shut down pyoverdine production completely and grow at the same rate as “defector” cells.
Furthermore, pyoverdine production is dependent on other factors: the growth phase, for
example, there is no pyoverdine production in the stationary phase; or cell density, where
higher cell densities lead to the faster decrease of production levels. This makes it even harder
to predict and model cooperative behaviors with a wildtype pyoverdine cooperator (Ghoul et
al., 2016, Kummerli et al., 2009c).

Therefore, a constitutive cooperator was used in Chapter 11l to simplify the population
dynamics. The experiments in Chapter Il show that the constitutive cooperator produces
comparable pyoverdine amounts under iron limiting and iron rich conditions, but the wildtype
cooperator does not produce any pyoverdine if iron is not limited (see Fig. 2b and Fig. 3a of
Chapter 1I1). Thus, pyoverdine production of constitutive cooperators under iron rich
conditions also has an impact on the growth rate. Constitutive cooperators grow slower than
wildtype cooperators (Fig. S1 of Chapter 111), which means that pyoverdine production under
iron rich conditions is also a good way to measure quantitatively an approximated value for
the cost of the cooperative act. Therefore, the growth rate differences between the constitutive
cooperator and defector were measured, which would be impossible with a wildtype
cooperator due to the regulation of pyoverdine biosynthesis. Additionally, constitutive
pyoverdine production may also lead to a more significant growth advantage for
subpopulations with high fraction of cooperators compared to subpopulations with a high
fraction of defectors. This is an important prerequisite for the metapopulation study in
Chapter I11. In total, these results support the choice of a constitutive cooperator in Chapter Il1.

Another problem could be the phenotypic heterogeneity of pyoverdine production levels at
the single cell level. In pure wildtype cooperator cultures, this could lead to wide ranges in
cellular pyoverdine production levels of wildtype cooperator cells inside one subpopulation,
which is similar to heterogeneous gene expression in mono-species biofilms (Dumas &
Kummerli, 2012, Flemming et al., 2016, Ross-Gillespie et al., 2015). Here, stochastic gene
expression and interactions between cells, for example via cell-cell contact or the feedback
mechanism of pyoverdine, are seen as some of the main mechanisms leading to heterogeneity
(Ackermann, 2015). Without this heterogeneity as in Chapter Il with a constitutive
cooperator, the modeling is easier and the effect of pyoverdine as public good is clearer to

analyze.
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In general, a constitutive pyoverdine cooperator simplifies the modeling of cooperative
behavior and avoids phenotypic heterogeneity and regulation of pyoverdine production, which

can lead to complete downregulation of pyoverdine production.

4.5. Selective growth and the development of cooperative interactions

In Chapter IlI, the development of cooperativity was examined, which in this case is defined
as an increase of the global cooperator fraction x. In a systems biology approach, the social
interactions mediated by the public good pyoverdine were examined under selective
conditions with strict iron limitation. Under these conditions pyoverdine is indispensable for
growth, which was shown with monoculture experiments where defectors could not grow at
all under strict iron limitation (see Fig 3a of Chapter I1l). The pyoverdine production levels
per cell were also determined in both iron-limiting and iron rich conditions of both
constitutive cooperator and defector (see Fig. 2b of Chapter Ill). There, the constitutive
cooperator produces pyoverdine in all conditions, whereas the defector not at all. By
quantitatively determining the growth rate difference between monocultures of the
constitutive cooperator and defector under iron rich conditions, an estimation for the cost of
cooperation was obtained (see Tab. S1 of Chapter I11). This metabolic cost leads to an intra-
population selection, where defectors have a growth advantage against cooperators in one
population. Furthermore in co-culture experiments under iron limitation, it was proven that
pyoverdine is not privatized in the experimental setup of Chapter Ill, because cooperators and
defectors start to grow at the same time point (see Fig. 3c of Chapter IlI). Additionally, with
co-culture experiments under iron limitation with different initial cooperator fractions, it was
proven that higher initial cooperator fractions led to faster growth (Fig. S2 of Chapter IlI).
This shows that there is also an inter-population selection, which means that populations with
higher initial cooperator fractions have a growth advantage. In metapopulations, there is a
multi-level selection of both intra-population and inter-population selection and in order to
develop cooperativity, the inter-population selection needs to dominate. Furthermore, with
growth rate measurements of defector cultures applied with differing initial extracellular
pyoverdine concentrations, the benefit of cooperative behavior was quantified (see Fig. 3b of
Chapter I11). Here, the growth rate of the defector culture increases linearly with increasing
extracellular pyoverdine concentration for pyoverdine concentration above the threshold
concentration of about 0.1 uM. However, this beneficial effect saturates with pyoverdine

concentration over a value of around 0.8 to 1 uM. This experimental result also showed that
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there is a growth advantage of more cooperative subpopulations as in Fig. S2 of Chapter Il
(more cooperative subpopulations have higher initial cooperator fractions and produce more
pyoverdine compared to subpopulations with low cooperator fractions), but that this growth
advantage does not stay constant over the exponential growth period: At the beginning of the
exponential growth phase, subpopulations with higher initial cooperator fractions have a high
growth advantage over subpopulations with lower initial cooperator fractions, because they
produce more pyoverdine. However, this advantage decreases over time because
subpopulations with high cooperator fractions reach pyoverdine concentrations where the
benefit saturates. This dynamic behavior of benefit in dependence to pyoverdine
concentration highlights the central role of pyoverdine’s specific properties in mediating

social interactions.

The experimentally determined basic properties, e.g., cost, pyoverdine concentration
dependent benefit and pyoverdine production rate per cell in the previous paragraph were
implemented into a theoretical model, which then predicts a transient increase of the global
cooperator fraction x in the metapopulation (see Fig. 4a of Chapter Ill). This increase is only
transient, because of the abovementioned saturation effect. In the model, the inter-population
selection is dominant at the beginning of the exponential growth phase and x increases. But,
because the selection advantage of defectors in subpopulations during the exponential growth
phase remains constant, the intra-population selection becomes more and more dominant, the
increase of x peaks and then decreases until the metapopulation reaches the stationary growth
phase, where x stays constant. The transient increase of x in the metapopulation model was
similar to the previously-developed theoretical models based on the repetitive prisoner’s
dilemma, which simulates multi-level selection in public good systems as in Chapter IlI
(Melbinger et al., 2010, Cremer et al., 2011). However, the repetitive prisoner’s dilemma
models predict the peak of transient increase at the end of the exponential growth phase,
whereas for the model in Chapter 111 the peak was in the middle of exponential growth. This
difference arises because previously-described models consider only the cost and benefit of
the cooperative act as constant values, while the newly-developed model from Chapter I11
also considers properties of the public good pyoverdine, i.e. the threshold concentration and
saturation behavior as mentioned above, and its impact on the benefit (Melbinger et al., 2010,
Cremer et al., 2011). Another difference between the two models is that in the previous model
the stochastic distribution of initial cooperator fraction was the only decisive factor for the
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development of cooperativity (Melbinger et al., 2010, Cremer et al., 2011). So, the transient
increase only occurs at low initial cell concentrations, where smaller initial cell concentrations
broaden the stochastic distribution of initial cooperator fraction and lead to a greater transient
increase of x (Melbinger et al., 2010, Cremer et al., 2011). In Chapter Ill, the pyoverdine
concentrations were identified as another important factor. At low cell densities, populations
did not benefit from pyoverdine production, because its accumulated concentration was below
a threshold concentration. Therefore, a high initial cell number was needed to obtain
conditions, where the population would benefit from pyoverdine production by accumulating

sufficient pyoverdine concentrations.

The findings of the model were experimentally proven via metapopulation studies with high
initial cell numbers and a stochastic distribution of initial cooperator fraction in 96
subpopulations (see Fig. 5a of Chapter I1I). As a result, a statistically relevant transient
increase in X between the experiments was obtained (see Fig. 5b of Chapter Il1), which was
similar to the theoretical model of Chapter Ill (see Fig. 6 of Chapter Ill). In contrast to
previous experimental studies from Chuang et al. with metapopulations (see Chapter 1.1.5.
observing a synthetic microbial system mediating antibiotic resistance via AHL molecules),

the increase of x in Chapter Il is transient and not stable.

The studies of population dynamics in metapopulations can be extended to multiple life
cycles, as was done in the experiments of Chuang et al.. Multiple life cycles is understood as
having multiple growth phases, which start with the dilution of merged cultures into fresh
medium and regrouping into subpopulations. This is in contrast to population dynamics
studies in this thesis, where only one life cycle was observed and high initial cell numbers
were used. To obtain such a multiple life cycles scenario, bottlenecks are created by using
Poisson dilution conditions. But, as in Chapter Ill, the cell densities would be then too low
and cells would probably die because the threshold concentration of pyoverdine in the
subpopulations would not be reached in one life cycle. Multiple life cycles with regrouping
after Poisson dilution are not suitable for the system used in Chapter I1l. Presumably, for the
experiments of Chapter Ill, the start of a new life cycle at the time point of maximum
transient increase of x would lead to a maintenance of cooperativity, which would then lead
to an increase of x or the complete takeover of cooperators after multiple life cycles. This
scenario is supported by a theoretical model dealing with multiple life cycles in
metapopulations and the impact of the duration of life cycles on maintaining cooperativity. In
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this model, short life cycles lead to coexistence or complete cooperative metapopulations
(Cremer et al., 2012). Here, the “population-growth” mechanism is effective, meaning that
inter-population selection is dominant and subpopulations with higher cooperator fraction
grow faster. In this model, a long life cycle, meaning the start of a new life cycle at the end of
an exponential growth phase or during a stationary growth phase, favors the “population-
fixation” mechanism, where subpopulations fixate to completely cooperative or defective
(Cremer et al., 2012). There, completely cooperative subpopulations reach higher cell
densities than purely defective ones, but with an increasing length of life cycles more and
more subpopulations fixate to purely defective due to intra-population selection. This then can

lead to a decrease of cooperators after each life cycle.

In sum, a systems biology approach was developed which had experimentally testable
quantitative predictions, which in turn provided valuable insights into social interaction
mediated by public goods. In particular, the central role of public goods, as illustrated by
pyoverdine in Chapter Il was shown and how its dynamics mediate complex social
interactions. In the metapopulation of Chapter Ill, a transient increase of x occurred in both
experimental results and the theoretical model. Unlike other public good systems, a multiple
life cycle approach using population bottlenecks was not suitable because there is no growth
stimulation by pyoverdine at low cell densities.

4.6. Impact of environmental conditions on public good mediated

interactions

The outcome of social interactions relies on several factors. Differences in environmental
conditions, e.g. nutrition (determined by the choice of media) or diffusion, can have a

significant impact on the development of cooperativity.

4.6.1. Choice of media can lead to critical limitations, changes in cost of cooperative

behavior and private usage of public goods

The choice of media, which determines the nutrition, is one of these critical criteria. In the
past few years there have been controversial discussions which media can lead to a
cooperative behavior (Kummerli & Ross-Gillespie, 2014, Rainey et al., 2014, Zhang & Rainey,
2013). The central question is in which media is the iron limitation sufficient that pyoverdine
can act as a public good. Under some conditions, private usage of pyoverdine by cooperators

was observed (Zhang & Rainey, 2013). For the experimental conditions in Chapter IlI,
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pyoverdine can be regarded as a public good due to high initial cell densities, resulting in high
pyoverdine concentrations, and the simultaneous start of the growth of cooperators and
defectors in co-cultures (see Fig. 3c of Chapter I11). Furthermore, a higher availability of iron
or pyoverdine in the media can alter the cost of cooperation, in this case the pyoverdine
production, which then also has an impact on cooperative interactions.

In the experiments described in Chapter Il, the so-called CAA medium with additionally
supplied iron was used (see Materials & Methods in Chapter I1). Due to its very low iron
concentrations, the CAA medium is regarded as the standard for cooperativity studies with
siderophores as a public good (Kummerli & Ross-Gillespie, 2014). In Chapter I, readily
reproducible results for the non-selective evolution experiments under iron rich conditions
were obtained using CAA medium supplied with 200 uM iron chloride. In contrast, under
strict iron limiting conditions, provided by CAA medium with the addition of the iron
chelator apo-transferrin along with sodium-hydrocarbonate, the results were different among
experimental repetitions of metapopulation studies with same initial conditions and showed a
very random profile with no statistical relevance (data not shown). Here, not only iron
limitation but also additional limitations, of carbon or nitrogen for example, seemed to occur,
affecting pyoverdine production and cell growth and leading to side effects on the
development of social interactions. In systems with pyoverdine as a public good, carbon
limitation leads to higher pyoverdine production cost for cooperators, because it is a building
block for pyoverdine biosynthesis (Sexton & Schuster, 2017). This limitation affects
cooperativity by significantly increasing the defector fraction, whereas phosphorus limitation
has no impact on the cooperative interactions (Sexton & Schuster, 2017). Additionally,
pseudomonads produce proteases, which presumably degrade the iron chelator apo-transferrin
indicated by a growth boost at time points during late exponential growth phase (Jin et al.,
2018). This degradation also shifts iron limiting into iron rich conditions. Furthermore, it was
shown that nutrient-rich environments maintain cooperation (Connelly et al., 2017).

Furthermore,

Therefore, for the population dynamics studies in Chapter Ill, the so-called King’s B (KB)
medium, which is richer in nutrients than the CAA medium, was used (see Materials &
Methods in Chapter 111); this medium was also part of the controversial discussion mentioned
above (Kummerli & Ross-Gillespie, 2014, Rainey et al., 2014, Zhang & Rainey, 2013).
However, twice as high chelator concentrations (1 mM) as compared to Zhang & Rainey was
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used in the population dynamics studies in Chapter Ill, producing strict iron limiting
conditions, which restrict the growth of pure defector cultures. Under the conditions in
Chapter 1l there was no private usage of pyoverdine, and the population dynamics
experiments showed a statistically relevant transient increase among the experiments, as

mentioned in the previous subchapter.

Another important factor for cooperative behavior is the cost of cooperation - in this thesis the
metabolic costs for pyoverdine production - which depends on the choice of media
composition. It was shown in a system with a cooperator regulating pyoverdine production
that decreasing the necessity for pyoverdine production led to a more stable cooperative
behavior, because the cost of cooperation was decreased (Dumas & Kummerli, 2012). In
contrast to the system mentioned above, the system in Chapter Il has a constitutive
pyoverdine cooperator, where a decreased necessity for pyoverdine production via either
higher iron availability or pyoverdine supplemented at the beginning of the experiment, would
not significantly decrease pyoverdine production. The cost for cooperation will stay instead
constant. But, higher iron availability or supplemented pyoverdine would decrease the
selective pressure by decreasing the dependence of defectors and cooperators on the
pyoverdine production of cooperators. Higher available iron concentrations would make it
possible to take up iron via diffusion. Additionally, high initial extracellular pyoverdine
would give cells a growth stimulation effect from the beginning of the experiment. Although
both cooperators and defectors have a growth benefit from less selective conditions, this
benefit is presumably more beneficial for defectors, because cooperators still have metabolic
costs for pyoverdine production. Under less selective conditions inter-population selection
will become weaker; meaning that the growth advantage of subpopulations with high initial
cooperator fractions compared to subpopulations with low ones will decrease. However, the
cost of cooperation will stay the same and so will the intra-population selection, i.e. defectors
grow faster than cooperators in co-cultures. In sum, intra-population selection becomes

dominant over inter-population selection, which could lead to the extinction of cooperators.

4.6.2. The role of diffusion in social interactions mediated by public goods

Another aspect of cooperative behavior is to what extent diffusion has an impact on
cooperative interactions. In the experiments of Chapter Ill, social interactions under well-
mixed conditions were examined. Of course, social behaviors are completely different in non-

structured (well-mixed) or spatial structured (static) cultures. These differences definitely
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change diffusion of both nutrients and public goods, and therefore have an enormous impact
on both growth and public good interactions in the culture (Allison, 2005, Zhang & Rainey,
2013). Additionally, experimental conditions such as the viscosity of the medium can have an
impact on diffusion and thus on the interactions of public goods, e.g. by favoring private over
public use (Kummerli et al., 2009b). Environmental stress caused by antimicrobial
compounds or photons can also have an outcome on the private usage of pyoverdine in order
to protect cooperators against reactive oxygen species (Jin et al., 2018). Here, the pyoverdine
is kept in the periplasmic space of cooperators during the time period of environmental stress
and this leads to maintenance of cooperative behavior (Jin et al., 2018). This kind of
privatization is not abundant in the experiments in Chapter Ill, because none of these

additional environmental stresses are prevalent.

Non-selective growth was measured under several experimental setups: cultures in 96 well
plates were incubated in either a well plate incubator or a well plate reader and serial diluted
cultures in 24 well plates were incubated in a well plate incubator. When comparing the
results from the various setups, differences were observed in the growth rates of the strains
and the selection advantage of defectors (see Table S1 in Chapter I11). These differences may
be due to modified diffusion, aeration regimes and/or mixing characteristics among the
various cultivation systems. The highest growth rates were obtained by shaking the 24 well
plates with serial dilution of the culture with new medium every hour. On the one hand, the
serial dilution setup decreases the chances of limitation of nutrients, as mentioned in
subchapter 4.6.1, and oxygen, because the dilution step keeps the level of dissolved oxygen
high. On the other hand, the architecture of the 24 well plates, for example the surface-to-
volume ratio or mixing characteristic, might result in more thorough mixing and aeration than
that of the 96 well plates. In the 96 well plates experiments, significant differences also
occurred between experiments depending on how growth was measured: whether with
automatic measurements of the optical density in a well plate reader or a manual
determination of the cfu (colony forming units). The measurement of cfu counts only active
cells, whereas the measurement of optical density counts active and dead cells. Of course,
these different measuring methods produce differences in results. But it is also probable that
these differences are additionally caused by differing shaking and aeration regimes between
the well plate incubator and the well plate reader.
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Other studies show that in a low diffusion regime, the social behavior mediated by signaling
molecules, such as the public good pyoverdine with its feedback mechanism is highly
influenced by experimental conditions (Youk & Lim, 2014). This is in large extent due to the
difference between local and global product concentration, as also observed in a system
dealing with extracellular proteases and the availability of peptides (Bachmann et al., 2011,
Youk & Lim, 2014). The concentration difference and the volume of the local concentration
area depend on mixing characteristics and cell density, where higher densities decrease
differences between local and global concentration (Youk & Lim, 2014). In Chapter 111, small
differences between local and global pyoverdine concentrations in the subpopulations cannot
be completely ruled out. But, these differences should have only a minor impact on the
population dynamics studies because of the high initial cell concentrations and the shaking of
the culture. This is supported by the fact that cooperators and defectors start growing at the
same time point in co-cultures under iron limitation (see Fig. 3c in Chapter I11).

In general, because cooperative behaviors are so complex, as evidenced by the changing cost
and benefit of the cooperative act, they can be impacted by many environmental conditions,
including nutrition, aeration and diffusion (Allison, 2005, Chuang et al., 2010, Connelly et al.,
2017, Sexton & Schuster, 2017, Youk & Lim, 2014). Iron limitation is the key reason for the
development of social interactions mediated by pyoverdine, but the choice of medium may
also lead to unwanted side effects. For this reason, a nutrient-rich medium with strict iron
limitation was chosen in Chapter Ill. Furthermore, higher availability of neither iron nor
pyoverdine would decrease the pyoverdine production cost in the system of Chapter IlI,
because a constitutive cooperator was used. Regarding mixing and diffusion, pyoverdine can
be seen as an equally-distributed public good due to the simultaneous onset of growth start of

both cooperators and defectors in co-cultures.

4.7. Pyoverdine-mediated social interactions in nature and their practical

usage

An important question addressed by lab experiments is to what extent they can provide
insights into processes in natural environments and how these can lead to practical usage.
Here, the preferences of the lab system are compared with natural conditions of systems with
siderophore producing pseudomonads. Afterwards, exemplary usages of pyoverdine as

industrial product were discussed based on their significance on natural processes.
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4.7.1. Significance of lab result for natural conditions

In order to mimic ecological processes, the experiments in this thesis used a ferric (Fe**) iron
source (FeCls), the most prevalent form of iron found in nature due to the oxidation of ferrous
iron (Fe**) under aerobic conditions, along with the pyoverdine production of P. putida a
system which also occurs in nature, where it plays a role as a public good in cooperative
interactions. Furthermore, the evolution of pyoverdine defectors exists under natural
conditions, and cooperative interactions between cooperators and defectors, both in nature and
in lab conditions, are similar to the experiments in this thesis, e.g. by the splitting of the
cultures into many subpopulations or liquid cultures (Bruce et al., 2017, Butaite et al., 2017).
In contrast, bacteria in nature live mainly in complex and spatial structures, which could
significantly reduce the dispersal of public goods (Julou et al., 2013). Examples of
environments with siderophores as a public good are communities in soil or freshwater, and
cystic fibrosis patients (Bruce et al., 2017, Butaite et al., 2017, Harrison et al., 2017). In
particular, the results of this thesis could be applied to natural freshwater environments that
show the greatest similarity e.g. those having a liquid and unstructured environment with a

high possibility of developing a metapopulation.

In nature, evolution produces mostly partially-deficient public good defectors, and these have
a higher chance of outcompeting cooperators due to fewer side effects (Dumas & Kummerli,
2012). This has also been confirmed with experiments, where the relative fitness of defectors
compared to the constitutive cooperator was measured. Here, the partially-deficient defector
used in Chapter Il and 111 was chosen because it had the highest relative fitness and a much
higher relative fitness than the engineered knock-out mutants (results not shown).

4.7.2. Practical usage of pyoverdine mediated cooperative interactions

Cooperativity studies could lead to a practical usage of pyoverdine, because of its
abovementioned significance in nature. Because pyoverdine plays a central role in virulence
as a virulence factor in P. aeruginosa by scavenging iron in the host, a Trojan horse strategy
with engineered cheater strains harboring a drug susceptibility can be used (Brown et al.,
2009, Little et al., 2018). Here, these cheaters should at first outcompete the pathogenic
strains, for example siderophore-producing P. aeruginosa cells, and afterwards be inactivated
via medical treatment, but this strategy is limited to specific environmental conditions of strict

iron limitation where cooperation would be very costly (Brown et al., 2009, Dumas &
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Kummerli, 2012). However, the evaluation of virulence in dependence on pyoverdine
availability showed non-trivial virulence effects for the host, where a decrease of pyoverdine
levels was not enough for a sufficient therapy (Weigert et al., 2017). Due to the fact that
pyoverdine together with other public and private goods are regulated via quorum sensing in
pathogenic pseudomonads, perhaps effective anti-virulence drugs can be developed by

targeting the quorum-sensing mechanism (Schuster et al., 2017).

Finally, siderophores not only play the key role in iron acquisition, but also prevent the uptake
of toxic metals, which leads to the preservation of the intracellular metal composition of
pseudomonads (Cunrath et al., 2016). They are important not only for growth under iron
limitation and virulence, but also for survival under environmental conditions with high

concentrations of toxic metals, which can be bound by pyoverdine.

In sum, the experiments in this thesis have taken natural conditions into account by using a
natural-occurring iron source, a metabolic pathway mediating cooperative interactions in
nature, conditions similar to freshwater environments and a partially-deficient public good
defector. This has provided useful insights into cooperativity under natural conditions, but of
course these can be further improved with experiments mimicking natural conditions even
better. Furthermore, outcomes of cooperativity studies can be employed in the development of
anti-virulence drugs, and specific properties of pyoverdine can be used to develop binders of

toxic metals in the environment.

4.8. Outlook

It was shown in Chapter Il of this thesis that under non-selective and well mixed conditions,
the cooperator fractions of a metapopulation consisting of co-cultures of wildtype cooperators
and defectors is conserved in subpopulations and it do not fixate to only cooperator or
defector subpopulations. Furthermore, in Chapter 111, conditions under selective pressure were
identified where well mixed co-cultures of constitutive pyoverdine cooperators and defectors
with random initial cooperator fractions in all subpopulations of a metapopulation led to a

transient increase of the global cooperator fraction x. However, there are some questions

unanswered for this cooperative system with the public good pyoverdine.

Cooperative behavior of microbes relies significantly on the environmental conditions of their
habitat. For selective growth of metapopulations under well mixed conditions, it would be

interesting to test various environmental conditions, for example different levels of iron
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limitation, to examine the environmental dependence of public good dynamics and its impact
on cooperative behavior. Additionally, more natural conditions could be simulated by using
minimal media without iron chelators so that pyoverdine would need to scavenge precipitated

insoluble iron.

In Chapter I11, a constitutive pyoverdine cooperator was used: however, in nature the level of
pyoverdine production is regulated in the wildtype cooperator. Since it is completely
downregulated at time points when enough iron and pyoverdine are prevalent, it could lead to
a stable long-term increase of x in metapopulation experiments (Kummerli & Brown, 2010).
A further option to fully understand cooperative behavior in nature would be to screen and use
natural isolates of cooperators and defectors for population dynamic studies and compare the
outcomes with experiments done with lab strains. Additionally, the cooperative system could
be extended by a third strain which could either produce an exclusive pyoverdine or produce
pyoverdine regulated via quorum sensing. Moreover, a multiple life cycles approach could be
employed to observe whether the outcomes of single life cycles remain stable over multiple

repetitions.

It would be interesting to analyze how spatial structure, dispersal and segregation might affect
public good dynamics and the development of cooperative behavior in response to local
differences in environmental conditions and the “privatization” of pyoverdine. For example,
for growing colonies, it is mainly the edges that are supplemented with nutrients due to low
diffusion into the colony. Furthermore, the cell number of the inoculant can have a big impact
on clustering and cooperative behavior. It would be important to examine whether low initial
cell concentrations promote cooperation and segregation, because a study of early clonal
patches originating from few cells showed that cooperators mostly have other cooperators as
neighbors so that they can benefit from each other (Nadell et al., 2016). Additionally, if these
colonies were examined under the microscope setting, new insights might be obtained into
what extent more distant cells would benefit from pyoverdine and the impact this would have
on cooperativity. Spatial structuring can also be determined in liquid non-shaking systems,
where clusters can form. A multiple life cycles procedure could be applied by disturbing
spatial growth via periodic shaking, which leads to bottlenecks by splitting clusters into small
aggregates and initiating the growth of new clusters in the next life cycle. This could provide

insights into how cooperation is maintained over longer time scales.
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Phenotypic heterogeneity and phenotypic switching are two cost saving mechanisms by
public good cooperators. It would be interesting to examine these phenomena with the
wildtype pyoverdine cooperator (Avery, 2006, Veening et al., 2008). Here, the dynamics of
pyoverdine biosynthesis and its dependence on iron and pyoverdine availability should be
examined in both well mixed and static cultures via (time-lapse) microscopy. In this way,
production levels and heterogeneity can be analyzed in both pure cooperator and mixed
cultures. These experiments could shed light on the bistability of cooperator production levels
by having cooperator cells which produce either high levels of pyoverdine or no pyoverdine at
all. This would represent a phenotypic specialization, which can stabilize cooperative
behavior. Furthermore, fluctuating environments can be applied to look for phenotypic
switching, i.e. shutting pyoverdine production on and off over observed time scale, of

cooperator cells at the single cell level.
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