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Abstract

Endosymbiotic bacteria of the genus Wolbachia are extremely widespread
among arthropod species. Their predominant mode of transmission is ma-
ternal inheritance, that is, through the eggs of infected females (vertical
transmission). They are also able to move between unrelated hosts, even
between different species (horizontal transmission). As a consequence of ma-
ternal inheritance, Wolbachia are selected to increase transmission through
females at the expense of males. They achieve that by selfishly interfering
with host reproduction in a number of intriguing ways. In addition to
this reproductive parasitism, it can also pay for the symbionts to evolve
traits that directly increase the fitness of infected females. While the im-
portance of faithful vertical transmission and reproductive parasitism for
Wolbachia’s success is undisputed, in this thesis, we analyze the role of
horizontal transmission and mutualistic effects in the Wolbachia pandemic
among arthropods.
First, we derive an estimate of the number of arthropod species that

are infected with Wolbachia. Our estimate is based on more appropriate
data than those used in earlier analyses. We find that Wolbachia are by
far the most common reproductive parasites, thriving in millions of species.
In order to explain this striking distribution, we develop a model of Wol-
bachia horizontal transmission between species, building on epidemiological
theory and network theory. Our model is able to reproduce the high in-
cidence levels commonly found in arthropod communities. In particular,
our findings point to the importance of horizontal transmission over large
phylogenetic distances. Given that successful horizontal transmission is
likely to be facilitated by symbiont-induced host benefits, we then perform
a comprehensive review of Wolbachia–arthropod mutualisms. One focus
lies on symbiont-associated interference with pathogens. We show that the
evidence of Wolbachia-induced host protection in nature is limited so far, but
that, overall, host benefits associated with infection occur in diverse contexts.
By means of a population genetic model, we then analyze the influence of
host benefits on the infection dynamics of Wolbachia. Our findings show
that the product of vertical transmission efficiency and relative fitness of an
infected female is crucial for a symbiont’s invasion success. This also holds
for Wolbachia double infections, for which we derive invasion conditions
and equilibrium frequencies for the first time. Our results corroborate
that host benefits substantially facilitate invasion of Wolbachia into novel
hosts. Finally, we examine the interactions between Wolbachia infection and
the host immune system, with a focus on reactive oxygen species, a main
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component of the arthropod immune response. We propose a hypothesis
that explains differential immune responses in novel and coevolved asso-
ciations. Taken together, the findings presented in this thesis argue for a
significant involvement of horizontal transmission and mutualistic effects in
the Wolbachia pandemic among arthropods.
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Zusammenfassung

Endosymbiontische Bakterien der Gattung Wolbachia sind in Arthropo-
denarten extrem weit verbreitet. Sie werden überwiegend durch maternale
Vererbung übertragen, also über die Eier infizierter Weibchen (vertikale
Transmission), können aber auch zwischen unverwandten Wirten übertra-
gen werden, ja sogar von Art zu Art (horizontale Transmission). Aufgrund
ihrer maternalen Vererbung stehen Wolbachien unter Selektionsdruck, die
Transmission über Weibchen auf Kosten von Männchen zu erhöhen. Dies
gelingt ihnen, indem sie die Reproduktion ihrer Wirte eigennützig und auf
verblüffende Arten beeinträchtigen. Zusätzlich zu diesem reproduktiven
Parasitismus kann es sich für die Symbionten auch lohnen, die Fitness in-
fizierter Weibchen direkt zu erhöhen. Während die Bedeutung von vertikaler
Transmission und reproduktivem Parasitismus für den Erfolg von Wolbachia
unbestritten ist, möchten wir in dieser Arbeit untersuchen, welche Rolle
horizontale Transmission und mutualistische Effekte bei der Wolbachien-
Pandemie unter den Arthropoden spielen.
Zunächst leiten wir eine Schätzung der Anzahl der Arthropodenarten

her, die mit Wolbachien infiziert sind. Unserer Schätzung liegen geeignetere
Daten zugrunde als solche, die in früheren Analysen verwendet wurden.
Wir stellen fest, dass Wolbachien die mit Abstand häufigsten aller Re-
produktionsparasiten sind und in Millionen von Arten vorkommen. Um
diese erstaunliche Verbreitung zu verstehen, entwickeln wir ein Modell zur
horizontalen zwischenartlichen Transmission von Wolbachia, das auf epi-
demiologischer und Netzwerk-Theorie aufbaut. Mit unserem Modell können
wir das hohe Vorkommen nachvollziehen, das man gewöhnlich in Arthro-
podengemeinschaften findet. Insbesondere weisen unsere Ergebnisse auf
die Bedeutung von horizontaler Transmission über große phylogenetische
Distanzen hin. Da eine erfolgreiche horizontale Transmission wahrschein-
lich dadurch begünstigt wird, dass die Symbionten ihrem Wirt einen Fit-
nessvorteil verschaffen, legen wir anschließend eine umfassende kritische
Betrachtung von Mutualismen zwischen Wolbachien und Arthropoden vor.
Dabei liegt ein Schwerpunkt auf der von den Symbionten ausgehenden Beein-
trächtigung von Pathogenen. Wir weisen nach, dass die Belege für natürlich
vorkommenden Wolbachia-induzierten Schutz der Wirte vor Pathogenen
bisher noch begrenzt sind; insgesamt hingegen findet man Fitnessvorteile,
die mit einer Wolbachien-Infektion einhergehen, in zahlreichen Zusammen-
hängen. Mithilfe eines populationsgenetischen Modells untersuchen wir
danach den Einfluss von Fitnessvorteilen für den Wirt auf die Infektions-
dynamik von Wolbachia. Unsere Resultate zeigen, dass das Produkt aus
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vertikaler Transmissionsrate und relativer Fitness eines infizierten Weibchens
entscheidend für den Invasionserfolg der Symbionten ist. Das gilt ebenso für
Wolbachia-Doppelinfektionen, für die wir erstmalig Invasionsbedingungen
und Gleichgewichtsfrequenzen herleiten. Unsere Ergebnisse bestätigen, dass
Fitnessvorteile für den Wirt die Invasion von Wolbachien in neue Wirte
erheblich erleichtern. Schließlich untersuchen wir die Wechselwirkungen
zwischen einer Wolbachien-Infektion und dem Immunsystem des Wirtes,
wobei ein Schwerpunkt auf reaktiven Sauerstoffspezies liegt, einem Hauptbe-
standteil der Immunantwort von Arthropoden. Wir schlagen eine Hypothese
vor, die unterschiedliche Immunantworten in neuen und ko-evolvierten As-
soziationen erklären kann. Zusammengefasst sprechen die Ergebnisse dieser
Arbeit für einen wesentlichen Anteil von horizontaler Transmission und
mutualistischen Effekten an der Wolbachien-Pandemie in Arthropoden.

vi



Contents

Prologue xi

1 Introduction 1
1.1 Symbiont transmission modes and the outcomes of symbiosis 1

1.1.1 The conventional view . . . . . . . . . . . . . . . . . 1
1.1.2 Selfish genetic elements, genetic conflict, and repro-

ductive parasitism . . . . . . . . . . . . . . . . . . . 2
1.2 Wolbachia, the masters of reproductive parasitism . . . . . 3

1.2.1 Distribution: a true success story . . . . . . . . . . . 3
1.2.2 Vertical transmission . . . . . . . . . . . . . . . . . . 4
1.2.3 Reproductive parasitism . . . . . . . . . . . . . . . . 5
1.2.4 Phylogeny: a telling lack of congruence . . . . . . . 12
1.2.5 Horizontal transmission . . . . . . . . . . . . . . . . 14
1.2.6 Mutualistic effects . . . . . . . . . . . . . . . . . . . 15

1.3 Scope of this thesis . . . . . . . . . . . . . . . . . . . . . . . 16

2 How many species are infected with Wolbachia?—An update
informed by better data 19
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . 21

3 Horizontal transmission of Wolbachia between arthropod host
species 27
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.1 Small-world network . . . . . . . . . . . . . . . . . . 30
3.2.2 SIRS model . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.3 Stochastic simulations . . . . . . . . . . . . . . . . . 34

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3.1 Estimation of epidemiological parameters . . . . . . 37
3.3.2 Influence of the epidemiological parameters . . . . . 38

vii



Contents

3.3.3 Temporal infection dynamics and influence of host
assemblage size . . . . . . . . . . . . . . . . . . . . . 40

3.3.4 Removing the long-range connections . . . . . . . . 42
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4 A critical assessment of Wolbachia mutualisms in arthropod
hosts 51
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
4.2 From parasitism to mutualism . . . . . . . . . . . . . . . . . 55
4.3 Wolbachia as facultative mutualists . . . . . . . . . . . . . . 57

4.3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . 57
4.3.2 Protection against pathogens: the evidence . . . . . 63
4.3.3 Protection against pathogens: a critique . . . . . . . 69

4.4 Wolbachia as obligate mutualists . . . . . . . . . . . . . . . 75
4.4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . 75
4.4.2 Dependence without a reproductive phenotype: the

case of Asobara tabida . . . . . . . . . . . . . . . . . 78
4.4.3 Dependence associated with a reproductive pheno-

type: manipulation of sex determination in lepidopter-
ans . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.4.4 Dependence through a reproductive phenotype: par-
thenogenesis–inducing Wolbachia and their hosts . . 84

4.4.5 Resistance, tolerance, and dependence . . . . . . . . 87
4.5 Antibiotic treatment and Wolbachia effects: a critical note . 88
4.6 The evolutionary fate of Wolbachia–arthropod mutualisms . 89
4.7 Future directions . . . . . . . . . . . . . . . . . . . . . . . . 90
4.8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

5 Evolution of Wolbachia with direct fitness benefits 95
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.2 Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.2.1 Fitness effects due to reproductive parasitism . . . . 97
5.2.2 Direct fitness effects . . . . . . . . . . . . . . . . . . 98

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.3.1 Infection dynamics with one strain . . . . . . . . . . 99
5.3.2 Infection dynamics with two strains, but without dou-

bly infected hosts (coinfection at the population level) 107
5.3.3 Infection dynamics with two strains and doubly in-

fected hosts (coinfection at the individual level) . . . 111
5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

viii



Contents

6 Wolbachia and the arthropod immune system 125
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
6.2 Reactive oxygen species, oxidative stress, and redox homeostasis126
6.3 Arthropod immunity: antimicrobial peptides (AMPs), ROS,

and autophagy . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.4 Wolbachia and arthropod immunity . . . . . . . . . . . . . . 130

6.4.1 Wolbachia and AMP-/autophagy-based immunity . 131
6.4.2 Wolbachia and ROS-based immunity . . . . . . . . . 134
6.4.3 Wolbachia and anti-pathogenic effects . . . . . . . . 141
6.4.4 Wolbachia, ROS, life-history trade-offs, and mito-

hormesis . . . . . . . . . . . . . . . . . . . . . . . . . 142
6.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

7 Conclusion and outlook 147

Appendix 153

Bibliography 157

Publications 213

Acknowledgements 215

ix





Prologue

In August 2016, Rio de Janeiro played host to the Games of the XXXI
Olympiad, thus becoming the first South American city to host the Sum-
mer Olympics. The lead-up to these Games was marked by several bad
headlines, including a pervasive doping scandal and widespread human
rights violations against locals. Both issues, however, were overshadowed
by worldwide health concerns regarding the Zika virus epidemic that had
been spreading in Brazil for quite some time. In February 2016, the World
Health Organization (WHO) had declared the outbreak a Public Health
Emergency of International Concern because Zika infections can cause fetal
microcephaly and other birth defects (Rasmussen et al., 2016). With no
treatment or vaccine at hand, the most effective protective strategy is to
control the Zika vector, Aedes aegypti mosquitoes. However, conventional
mosquito control strategies involving insecticides or the reduction of larval
breeding sites have proven to be largely inefficient, urging the need for
novel mosquito control methods (Yakob and Walker, 2016). Indeed, an
unconventional approach was quickly found. Even before the opening of
the Games in Rio, two studies showed that a certain type of bacteria called
Wolbachia is able to block Zika transmission by Ae. aegypti (Aliota et al.,
2016; Dutra et al., 2016), and a large-scale release of Wolbachia-infected
mosquitoes in South America is currently underway (Callaway, 2016).
While the interested public probably first learned of Wolbachia in the

context of such novel biological control strategies (if it did at all), biologists
might have heard of the bacteria primarily because of other pecularities.
First, Wolbachia are considered the most common bacterial infection in the
animal world, infecting a vast number of insects and other invertebrates
around the globe. Whereas the WHO announced the end of the Zika epi-
demic in November 2016, the Wolbachia pandemic is here to stay. Moreover,
these symbionts fascinate evolutionary biologists because they manipulate
the reproduction of their hosts in bizarre ways to enhance their own trans-
mission, which in itself is remarkable: Wolbachia are inherited during host
reproduction, but, importantly, by females only. Hence, manipulations that
increase transmission through females will be favored by natural selection.
Such interference with host reproduction can have cut-throat effects, for
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Prologue

example killing all male offspring to the benefit of female offspring. Accord-
ingly, Wolbachia have long been notorious for their ‘reproductive parasitism’.
It therefore came as a surprise when the antiviral effects of Wolbachia were
first discovered (Hedges et al., 2008; Teixeira et al., 2008). In fact, these
effects are neither restricted to Zika nor to Ae. aegypti, but rather operate
against a broad range of viruses in a diverse range of insects. Just in case
you feel a bit dizzy by now and start wondering how Wolbachia does all
the tricks it does—you are not alone. The mechanisms underlying both
the selfish manipulations and the antiviral effects remain largely unknown
(Jiggins, 2016). Furthermore, given Wolbachia’s strict vertical transmission
and their parasitic lifestyle, it seems more than fair to ask how they became
so extremely widespread in the global arthropod community. If the bacteria
are faithfully transmitted from mother to offspring, how can they ever infect
novel host species? And in light of their harmful manipulations, shouldn’t
hosts be more effective in getting rid of the unbidden guests?

In order to answer these questions, we have to get to know two more tricks
Wolbachia have up their sleeves. First, in addition to vertical transmission
down the female germline, the symbionts are also able to move horizontally
between unrelated hosts, even between different species. Just like Zika is
transmitted to humans by a mosquito bite, Wolbachia can be transmitted
from one insect species to another, say from a parasitoid wasp to its fly
host when probing it for oviposition, where the wasps’s ovipositor acts as a
‘dirty needle’. Importantly, Wolbachia horizontal transmission events occur
nowhere near as frequently as do vertical transmission events in an insect’s
lifetime (nor as infectious diseases occur in ours). Nevertheless, they play an
important role on an evolutionary timescale, as we will see later on in this
thesis. Second, besides their nasty reproductive manipulations, Wolbachia
can also be benign to their hosts. After all, increasing the fitness of infected
females directly enhances symbiont transmission through these females;
hence, such mutualistic behavior will be selected as well. As you might
have guessed, we have already encountered one instance of mutualism—
protection against pathogens. However, antiviral effects as those found
in Zika-infected mosquitoes might not be the best example of naturally
occurring host protection (the reasons for this will also be discussed in
this thesis). In any case, it will be crucial to elucidate the mechanisms
underlying anti-pathogenic and other mutualistic effects of Wolbachia, not
least to improve vector control measures.

In this thesis, we argue that these two features—horizontal transmission
and mutualistic behavior—significantly contribute to the unparalleled suc-
cess of Wolbachia. To this end, we analyze the effects of both characteristics
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on the spread of Wolbachia by means of mathematical models. We combine
the modeling with a thorough review of the full range of Wolbachia-induced
mutualisms, including a critical assessment of anti-pathogenic effects. Our
objective throughout the thesis is to gain a better understanding of the
driving forces of the great Wolbachia pandemic among arthropods.
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1 Introduction

1.1 Symbiont transmission modes and the outcomes
of symbiosis

1.1.1 The conventional view

Symbiosis—the living together of unlike organisms—has long been acknowl-
edged to be of fundamental importance in the history of life (De Bary,
1879; Douglas, 2010). Just take the most prominent example, which
involves the origin of the mitochondria, the energy-harnessing organelles of
eukaryotic cells: the latter are thought to have originated through primary
endosymbiosis, in which bacterial symbionts hosted by archaeal cells were
converted into what we now know as mitochondria—one of the major tran-
sitions in evolution (Maynard Smith and Szathmáry, 1997; Williams
and Embley, 2015).

Endosymbiosis, in general, relates to any situation in which symbionts live
within and in close association with their hosts. Bacterial endosymbionts are
tremendously abundant among invertebrates, particularly among arthropods
(Zchori-Fein and Bourtzis, 2011). Their effects on host fitness span the
whole range from mutualism (beneficial) to parasitism (harmful). Symbiont
transmission modes are likewise diverse, ranging from vertical (heritable) to
horizontal (infectious). It is well recognized that the way in which symbionts
are transmitted plays a crucial role in determining whether parasitism or
mutualism will evolve. In the conventional view, horizontal transmission fa-
vors parasitism (Anderson and May, 1982), whereas vertically transmitted
symbionts will evolve towards mutualism because their survival depends on
that of their hosts (Fine, 1975; Ewald, 1987; Yamamura, 1993; Lipsitch
et al., 1995). For the same reason, vertical transmission is thought to select
for stable coevolutionary relationships between symbiont and host. This
is nicely illustrated by heritable bacterial symbionts such as Buchnera in
aphids and Wigglesworthia in tsetse flies. These endosymbionts are housed
in a specialized host organ, the bacteriome, and provide their hosts with
essential nutrients, thereby directly increasing host fitness. In such cases,
strict vertical transmission has inextricably linked the evolutionary fates of
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1 Introduction

symbiont and host and thus led to the evolution of mutualism. However,
the notion that heritable symbionts evolve into mutualists is true only to
some extent. Actually, vertical transmission by no means guarantees that
symbionts increase the fitness of their hosts, and bacteria of the genus
Wolbachia are the best example of that. To see why this is so, let us shortly
delve into the subject of genetic conflict.

1.1.2 Selfish genetic elements, genetic conflict, and
reproductive parasitism

Some genes (or larger genetic elements) within an individual’s genome act
to further their own evolutionary interests at the expense of the individual
as a whole, which puts these elements into conflict with the rest of the
genome. Such selfish genetic elements (including, among others, transposable
elements, B chromosomes, and meiotic drivers) and the intragenomic conflict
they create have far-reaching evolutionary consequences (Hurst et al.,
1996; Burt and Trivers, 2006; Werren, 2011). A particular type of
genetic conflict arises between nuclear and cytoplasmic elements, deriving
from the difference in their inheritance patterns (Cosmides and Tooby,
1981). While nuclear genes are typically inherited through both sexes,
cytoplasmic elements, such as mitochondria, chloroplasts, and most heritable
endosymbionts, are generally transmitted maternally only, that is, through
the cytoplasm of the egg (sperm cells contain almost no cytoplasm). This
results in a cytonuclear conflict, in particular over sex determination and
sex ratios (Werren and Beukeboom, 1998). Autosomal nuclear genes are
generally selected to produce a balanced sex ratio (Düsing, 1883; Fisher,
1930). By contrast, cytoplasmically inherited elements favor strongly female-
biased sex ratios. In fact, when in male hosts, they are stuck in reproductive
‘dead ends’ and hence under strong selection to manipulate host reproduction
in ways that increase transmission through females at the expense of males.
That is exactly the strategy of ‘reproductive parasites’ such as Wolbachia.
Reproductive parasitism thus represents an alternative to the strategy used
by mutualistic symbionts (which is to directly increase the fitness of infected
females). Actually, reproductive parasites can even afford to decrease host
fitness, despite being transmitted predominantly vertically. This alternative
has often been neglected in the face of the long-lasting notion that vertical
transmission necessarily selects for stable mutualistic associations (Werren
and O’Neill, 1997).
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1.2 Wolbachia, the masters of reproductive parasitism

1.2 Wolbachia, the masters of reproductive
parasitism

Intracellular bacteria of the genus Wolbachia are common heritable sym-
bionts of arthropods and nematodes. Nematode-associated Wolbachia are
generally assumed to be essential for host reproduction and survival and to
have coevolved with their hosts on long time scales, although the patterns
of coevolution may be more complex than previously thought (Lefoulon
et al., 2016). In any case, Wolbachia’s ‘signature feature’, reproductive
parasitism, has never been found in nematode hosts, and in this thesis, we
will focus on Wolbachia–arthropod relationships.

In this section, we give a concise overview of the biology of Wolbachia, with
a focus on aspects that matters most to our subject.1 We start by sketching
the tremendous success of Wolbachia, in terms of the number and diversity
of infected arthropod host species. Then, we discuss those issues commonly
considered to be responsible for this success: efficient transmission through
the female germline and manipulation of host reproduction. In doing so, we
also outline major Wolbachia–host interactions and their biological basis.
We then give an overview of the phylogeny of Wolbachia, highlighting the
well-known fact that vertical transmission alone is insufficient to account
for Wolbachia’s vast distribution among arthropods. We therefore outline
important features of horizontal transmission of the symbiont between
different host species. Lastly, we address another issue that is likely to
contribute to Wolbachia’s remarkable success: beneficial effects of infection.

1.2.1 Distribution: a true success story

Wolbachia were discovered almost a century ago in the reproductive tissue
of the mosquito Culex pipiens (Hertig and Wolbach, 1924), and the
type species Wolbachia pipientis was formally described a few years later
(Hertig, 1936). Long thought of as rare and inconsequential, Wolbachia are
now known to infect an astonishing variety of arthropods, probably making
them the most common endosymbionts in the world. Most notably, they
are found in species from all major insect orders, in particular the most
species-rich groups Coleoptera (beetles), Diptera (flies), Hymenoptera (ants,
bees, wasps, and sawflies), and Lepidoptera (moths and butterflies). Besides

1For aspects of Wolbachia biology that are beyond the scope of this thesis (e.g. Wolbachia
genetics and genomics, or their role in host speciation), we refer the reader to excellent
reviews (Serbus et al., 2008; Werren et al., 2008; Brucker and Bordenstein,
2012).
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1 Introduction

insects, Wolbachia infect spiders, scorpions, mites, ticks (all belonging
to the subphylum Chelicerata), isopods, amphipods, ostracods, cirripeds,
cladocerans, and copepods (all belonging to Crustacea),2 and springtails
(Hexapoda) (Baltanás et al., 2007; Werren et al., 2008; Cordaux
et al., 2012; Wiwatanaratanabutr, 2013). With the recent discovery
of Wolbachia in the millipede Hungarosoma bokori (Myriapoda) (Mock
et al., 2016), the bacteria have been found in every arthropod subphylum.
Although mostly searched for in terrestrial arthropods, Wolbachia also occur
in aquatic hosts (Sontowski et al., 2015). The species richness of terrestrial
arthropods, and of insects in particular, is stunning. A recent multi-method
approach estimated the mean number of terrestrial arthropod species to be
6.8 million, of which 5.5 million are estimated to be insect species (Stork
et al., 2015). The first statistical analysis of Wolbachia infection frequencies
estimated that considerably more than half of all terrestrial arthropod
species are infected (Hilgenböcker et al., 2008). However, the authors
of that analysis also pointed to some weaknesses of the underlying data.
In Chapter 2, we present an estimate based on a more appropriate data
set and find approximately 40% of all terrestrial arthropod species to be
infected, which still is a remarkably high number.

1.2.2 Vertical transmission

Wolbachia are predominantly transmitted vertically, through the eggs of in-
fected females, and faithful transmission to the next generation is considered
to be a cornerstone of Wolbachia’s tremendous evolutionary success. Indeed,
the efficiency of vertical transmission, although somewhat variable in the
field, is commonly very high and frequently close to 100% (Hoffmann
et al., 1996; Jiggins et al., 2002c). Efficient maternal transmission requires
bacterial localization to the female germline. In the following, we briefly
describe how Wolbachia achieve that localization.
Wolbachia are present in the female germline stem cells (GSCs). As GSCs

divide, the bacteria are partitioned between the self-renewing stem cell
and the differentiating cystoblast which gives rise to the oocyte (Serbus
et al., 2008). Recent evidence shows that Wolbachia are able to promote
GSC self-renewal via secretion of an effector protein (Ote et al., 2016).
During oogenesis, the bacteria utilize the host cytoskeleton, particularly

2We are aware that arthropod systematics is an area of considerable debate, concerning
for example the monophyly of crustaceans (Regier et al., 2010). However, this dispute
is of minor importance to our subject and does not impair the impressive abundance
of Wolbachia among arthropod species.
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1.2 Wolbachia, the masters of reproductive parasitism

microtubules and associated proteins (Ferree et al., 2005; Serbus and
Sullivan, 2007), and actin (Newton et al., 2015), to ensure their local-
ization at the posterior pole of the oocyte, which is the site of the future
germline. Throughout late oogenesis and early embryogenesis, Wolbachia re-
main concentrated in the germ plasm at the posterior cortex (Hadfield and
Axton, 1999; Serbus et al., 2008). Germ plasm localization of Wolbachia
has been observed in several insect species, suggesting that it is a successful
strategy to ensure transmission to the next generation (Breeuwer and
Werren, 1990; Zchori-Fein et al., 1998; Veneti et al., 2004).

An alternative strategy for Wolbachia to access the developing egg is
through a mechanism called ‘stem cell niche tropism’. Stem cells reside in a
special microenvironment termed the stem cell niche. The Drosophila ovary
contains two stem cell niches, the somatic stem cell niche (SSCN) and the
germline stem cell niche (GSCN), supporting somatic stem cells (SSCs) and
GSCs, respectively (Li and Xie, 2005). Interestingly, Wolbachia target and
colonize both the Drosophila SSCN and the GSCN to reach germline cells,
suggesting that stem cell niche tropism plays an important role in germline
infection (Frydman et al., 2006; Fast et al., 2011). Wolbachia stem cell
niche tropism has also been found in other insects (Hosokawa et al., 2010;
Sacchi et al., 2010) and is probably an evolutionarily conserved mechanism
for transmission to the germline (Toomey et al., 2013).

Lastly, Wolbachia can reach the germline via association with the centro-
somes in the early syncytial Drosophila embryo (Callaini et al., 1994; Kose
and Karr, 1995; Tram et al., 2003). During the syncytial divisions, the
bacteria undergo microtubule-dependent and cell-cycle-regulated movement
between centrosomes, which results in an even distribution throughout the
embryo (Albertson et al., 2009). Consequently, a subset of centrosomes
and associated Wolbachia end up in the posterior pole of the embyro, which
ensures bacterial integration into prospective germline cells. However, this
transmission strategy, if it is to be successful, requires a high Wolbachia
titer in the embryo (Serbus et al., 2008).

1.2.3 Reproductive parasitism

Around the same time Hertig and Wolbach (1924) discovered Wolbachia
in the ovaries of C. pipiens, an entomologist in Fiji wondered why broods
of the great eggfly, Hypolimnas bolina, contained only females (Simmonds,
1923). In subsequent work, he found this all-female trait to be transmitted
by mothers only and concluded that the trait resulted from the death of
sons. Since then, several other maternally inherited reproductive aberra-

5



1 Introduction

tions have been discovered, including all-female broods in the woodlouse
Armadillidium vulgare, but without differential mortality between the sexes
(Vandel, 1941), incompatible crosses between certain strains of C. pipiens
(Laven, 1951, 1956), and reversal to sexual reproduction in parthenogenetic
Trichogramma wasps after antibiotic treatment (Stouthamer et al., 1990).
Today, these phenotypes are known as male-killing, feminization, cytoplas-
mic incompatibility, and parthenogenesis induction, respectively, and are
collectively referred to as ‘reproductive parasitism’ (Hurst and Frost,
2015). It is also known by now that phenotypes of reproductive parasitism
affect a broad range of arthropod hosts and are induced by a variety of
maternally inherited microbes, including Arsenophonus, Cardinium, Rick-
ettsia, Spiroplasma, and Wolbachia (Engelstädter and Hurst, 2009).
Among those reproductive parasites, however, Wolbachia are special in that
they are the only microbes known so far to induce all four phenotypes.
Surely, Wolbachia’s mastery in reproductive parasitism is reflected in their
unparalleled distribution in the animal world.
As discussed in Section 1.1.2, maternally inherited symbionts are under

selection to increase the proportion of infected females. One way to achieve
this is to distort the offspring sex ratio of infected mothers towards females.
That is the rationale behind feminization and the induction of thelytokous
parthenogenesis (which, effectively, is a form of feminization in haplodiploid
hosts; see below): both phenotypes convert non-transmitting males into
transmitting females, thus directly increasing symbiont fitness. The logic of
another sex ratio distorting phenotype, male killing (MK), can be understood
in terms of kin selection. MK is advantageous to symbionts when infected
sisters of killed males benefit from their brothers’ death through some form
of fitness compensation. Hence, male-killing endosymbionts increase not
their direct, but their indirect fitness. The most elaborate reproductive
manipulation, cytoplasmic incompatibility (CI), does not distort sex ratios.
Instead, CI-inducing symbionts exert a form of conditional sterility on their
hosts: uninfected females suffer high offspring mortality when mating with
infected males. By contrast, infected females can mate successfully with both
infected and uninfected males. CI thus benefits infected females and favors
the spread of symbionts through host populations. In the following, we
present each reproductive manipulation phenotype in a little more detail.3

3In describing the mechanistic details of these phenotypes, we concentrate on those
mechanisms known to be employed by Wolbachia. For more comprehensive reviews
including other reproductive parasites, see for example Kageyama et al. (2012), Ma
et al. (2014), and Hurst and Frost (2015).
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1.2 Wolbachia, the masters of reproductive parasitism

Feminization

Conceptually, the conversion of genetic males into functional females is
the most obvious manipulation for a maternally inherited symbiont that
finds itself in a male host. Wolbachia-induced feminization has so far been
found in the insect orders Hemiptera and Lepidoptera, in isopod crustaceans
(Werren et al., 2008), and possibly in a spider (Curry et al., 2015).
Feminization occurs through different mechanisms in different hosts and
is not restricted to a specific sex determination system. In the isopod
A. vulgare, genetic sex determination follows female heterogamety (ZZ
males and ZW females). Male development is controlled by the androgenic
hormone, which is produced by the androgenic gland. Wolbachia proliferate
within the androgenic gland during early development, which prevents
its differentiation and results in female development of ZZ individuals
(Bouchon et al., 2008). All-female production in the butterfly Eurema
mandarina (former Eurema hecabe) was long considered to be due to the
feminization of genetic males (ZZ) (Hiroki et al., 2002; Narita et al.,
2007), but recent research suggests that things are more complicated. Since,
unexpectedly, E. mandarina females seem to depend on their symbionts for
proper development, we postpone a more detailed discussion to Chapter 4.
In the male-heterogametic leafhopper Zyginidia pullula, Wolbachia disrupt
the host genomic imprinting, with genetic males exhibiting a female-specific
methylation pattern (Negri et al., 2009). Finally, it is possible that, even
in insects, Wolbachia induce feminization by interfering with hormonal
pathways (Negri, 2012), although the role of hormones in insect sexual
differentiation is under debate (Prakash and Monteiro, 2016).
Feminizing symbionts can have profound effects on the evolution of

sex determination systems in their hosts (Cordaux et al., 2011). An
important evolutionary outcome of feminization in female-heterogametic
(e.g. ZW) hosts is the elimination of the female sex chromosome (W).
The reason is that feminized ZZ individuals produce functional females
without transmitting the W chromosome. The population sex ratio is
hence determined by the presence/absence of the feminizer—an example
of cytoplasmic sex determination. In A. vulgare, genes have been found
that prevent feminization by resisting Wolbachia transmission (Rigaud and
Juchault, 1992). By increasing the proportion of males, these suppressor
genes contribute to restore a more balanced population sex ratio and thus
indirectly impact on sex determination. Chromosomal sex determination
can be fully restored if a fragment of the Wolbachia genome that carries
the feminization information (the ‘f element’) is inserted into an autosome
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of the host. This is exactly what has recently been reported in A. vulgare,
where horizontal transfer of the f element has given birth to a new W sex
chromosome (Leclercq et al., 2016).

Induction of thelytokous parthenogenesis

Many insects, including all hymenopterans (ants, bees, and wasps), exhibit
haplodiploid sex determination: unfertilized eggs develop into haploid males
(a process termed arrhenotoky), while fertilized eggs develop into diploid fe-
males. Arrhenotoky thus constitutes a form of parthenogenesis (which is the
production of viable offspring from unfertilized eggs). In many haplodiploid
species, including hymenopterans, thrips, and mites (Werren et al., 2008),
Wolbachia are able to convert arrhenotokous parthenogenesis into thelytok-
ous parthenogenesis, where unfertilized eggs develop into diploid females.
Therefore, labeling this reproductive manipulation as ‘parthenogenesis in-
duction’ is, strictly speaking, not correct (though more convenient). So far,
this phenotype has been reliably documented only in haplodiploid species.
The simplest way for symbionts to induce thelytoky in hosts with hap-

lodiploid sex determination is to cause diploidization of unfertilized eggs.
Following the host’s sex determination system, these diploidized eggs would
then develop into females. In parasitoid wasps, Wolbachia-induced diploidiza-
tion commonly occurs through a process called gamete duplication, where
meiosis is normal, but diploidy is restored by disruption of the cell cycle
during early embryonic development. In Leptopilina clavipes and several
Trichogramma species, chromosomes fail to segregate in the first mitotic
division (Stouthamer and Kazmer, 1994; Pannebakker et al., 2004).
In Muscidifurax uniraptor, the first division proceeds normally, but then
the two cell nuclei fuse to produce a diploid female (Gottlieb et al., 2002).
A different mode than gamete duplication was observed in the mite Bry-
obia praetiosa, where Wolbachia-infected eggs presumably do not undergo
meiosis, resulting in diploid gametes (Weeks and Breeuwer, 2001).
Diploidization has long been assumed to automatically lead to feminiza-

tion in haplodiploid species. However, the occurrence of diploid males in
the Wolbachia-infected thelytokous wasp Asobara japonica suggests that
diploidization and feminization can be separate processes (Ma et al., 2015).
These findings support a two-step mechanism for endosymbiont-induced
thelytoky, at least in A. japonica: diploidization of the unfertilized egg
is followed by feminization, where each step relies on a specific symbiont
density (Ma et al., 2015). The frequency of this two-step mechanism among
symbiont-induced thelytokous species needs to be clarified.
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1.2 Wolbachia, the masters of reproductive parasitism

Wolbachia-induced thelytoky can have an interesting evolutionary impli-
cation in populations where infection has gone to fixation. In such all-female
populations, the loss of sexual traits makes females dependent on their
symbionts for daughter production. In Chapter 4, we will discuss this issue
more extensively.

Male-killing

Ever since Simmonds (1923) discovered the male-killing phenotype in Fiji
butterflies, the trait has been found in a plethora of host species. Wolbachia-
induced male-killing4 (MK) has so far been documented in the insect orders
Coleoptera, Diptera, and Lepidoptera, and in a pseudoscorpion (Werren
et al., 2008). Although a sex-ratio distorting phenotype like feminization
and thelytoky induction, the logic behind MK is different. By killing all
male offspring of an infected female, the symbionts do not increase their
transmission through that female directly. Rather, the adaptive rationale of
MK can be explained by a kin selection argument: male death must benefit
their surviving sisters who will pass to their offspring the clone-mates of
the male-killer. The MK-associated benefit, termed ‘fitness compensation’,
can come about in various ways: (i) reduced competition between siblings,
(ii) reduced inbreeding and inbreeding depression, and/or (iii) resource
reallocation, e.g. through sibling egg cannibalism (Hurst, 1991b).

In principle, MK could be achieved by targeting any male-specific feature
that is essential for normal development. This might explain the diversity
in mechanisms underlying symbiont-induced MK. In Drosophila bifasciata,
Wolbachia-induced MK is associated with defective sperm chromatin remod-
eling (Riparbelli et al., 2012). Sperm chromatin remodeling is one of the
earliest processes in Drosophila fertilization and involves the removal of pro-
tamines and other sperm-specific proteins and subsequent de novo chromatin
assembly using maternally provided histones (Loppin et al., 2015). In D.
bifasciata, defects in sperm chromatin remodeling are followed by abnormal
mitotic spindle formation and chromosome condensation/segregation defects
in male embryos (Riparbelli et al., 2012). Interestingly, these defects are
highly reminiscent of those observed in CI (see below), pointing to a similar
mechanism underlying both phenotypes. It is unclear, however, why only

4Male-killing induced by Wolbachia and other bacterial endosymbionts is also called
early male-killing (as it usually occurs early in development), to distinguish it from
late male-killing, which is induced by microsporidia and RNA viruses at larval or
pupal stages. Late male-killing rests upon a different adaptive logic and will not be
considered further.
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the chromatin of male embryos is affected, and which specific mechanisms
are involved. Wolbachia-induced MK in the moths Ostrinia furnacalis and
O. scapulalis, which exhibit female heterogamety (females: ZW; males:
ZZ), is caused by a failure of dosage compensation, a process necessary to
adjust the expression of Z-linked genes in males. In O. furnacalis, dosage
compensation failure is due to repression of the Masculinizer (Masc) gene
(Fukui et al., 2015), and it is likely that the same mechanism underlies
MK in O. scapulalis (Sugimoto et al., 2015). Quite unusually, however,
both moth species seem to have become dependent on their male-killer for
proper female development. In Chapter 4, we will elaborate further on that
dependence.

Suppression of Wolbachia-induced MK has been observed in different hosts
(Hornett et al., 2006; Jaenike, 2007; Vanthournout and Hendrickx,
2016). Selection for MK suppression is intense, as evidenced by the rapid
spread of suppressor genes (Charlat et al., 2007). Interestingly, however,
suppression of the MK phenotype does not necessarily eliminate Wolbachia’s
ability to induce MK. When Wolbachia that induce CI in their native
host Drosophila recens were introgressed into D. subquinaria, they caused
essentially complete MK in the novel host (Jaenike, 2007). These findings
suggest that Wolbachia in D. recens have maintained their MK ability
despite host resistance, and that they can induce two distinct phenotypes,
CI and MK, again indicating a similar underlying molecular basis.

Cytoplasmic incompatibility

Cytoplasmic incompatibility (CI) is considered the most common repro-
ductive manipulation, and at the same time, it is the only one that is
not associated with sex ratio distortion. So far, Wolbachia and Cardinium
are the only symbionts known to induce CI. Wolbachia-induced CI has
been observed in the insect orders Coleoptera, Diptera, Hemiptera, Hy-
menoptera, Lepidoptera, Orthoptera, in isopod crustaceans, and in mites
(Werren et al., 2008). CI is a reproductive incompatibility in matings
between infected males and females that do not harbor the same symbiont
strain. Offspring from those matings suffer mortality at early stages of
their development. Unidirectional CI, the simplest form, usually occurs
between infected males and uninfected females (the reciprocal cross is fully
compatible), whereas bidirectional CI occurs when mating partners are
infected with different strains (then both crosses are incompatible). In any
case, infected females are compatible with both uninfected males and males
harboring the same strain; uninfected females, by contrast, are compatible
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only with uninfected males. Therefore, infected females have a selective
advantage over uninfected females, which drives the spread of CI-inducing
symbionts.
Despite intense empirical and theoretical efforts, the exact molecular

mechanism of CI remains unknown (although most recent research marks a
big step forward; see below). In Drosophila, the earliest observed defects
associated with CI occur during sperm chromatin remodeling immediately
after fertilization. Whereas protamine removal at the male pronucleus
functions normally in CI crosses, subsequent deposition of histones H3.3
and H4 is abnormal, and paternal DNA replication seems to be impeded
(Landmann et al., 2009). These interphase defects in the male pronucleus
could explain the chromosome condensation and segregation defects observed
during the first mitotic division in CI embryos (Callaini et al., 1997;
Landmann et al., 2009). Impaired H3.3 deposition is possibly due to
decreased Hira expression in Wolbachia-infected Drosophila males; Hira
encodes a chaperone of H3.3 (Zheng et al., 2011a).
A hallmark of CI is the fact that the defects in the first zygotic division

do not occur if the female is also infected. This phenomenon is usually
conceptualized by a modification/rescue model: symbionts modify the sperm
(the mod function), and the same strain must be present in the egg to rescue
this modification (the resc function) (Werren, 1997). Interestingly, mod
and resc are functionally independent, illustrated by the existence of the
mod−resc+ phenotype which is unable to induce CI but capable of rescuing
it (Poinsot et al., 2003). Within the mod/resc conceptualization (which
makes no assumption about the actual nature of the mod and resc factors),
several more specific models have been proposed, namely the ‘mistiming’ (or
‘slow motion’) model, the ‘lock and key’ model, and the ‘titration-restitution’
model (Poinsot et al., 2003; Serbus et al., 2008). More recently, the
‘mistiming’ and the ‘lock and key’ model have been extended by means of
sophisticated theoretical methods, drawing on formal logic and graph theory
(Bossan et al., 2011; Nor et al., 2013). Still, we do not know yet how CI
works.

Recently, Pontier and Schweisguth (2015) challenged the mod/resc
concept by proposing that Wolbachia-induced CI is regulated by pheromone-
based communication between male and female Drosophila pupae. However,
in an attempt to reproduce these findings, Jacquet et al. (2017) failed
to detect any influence of pupal communication on Wolbachia-mediated
CI, both in Drosophila and Nasonia, questioning the pupal communication
model for CI. Indeed, most recent evidence supports the modification/rescue
model. LePage et al. (2017) found promising candidate genes in the genome
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of the Wolbachia strain wMel that induces CI in D. melanogaster. These
two genes, named cytoplasmic incompatibility factor A (cifA) and B (cifB),
are located in the prophage WO region of the wMel genome. Dual cifA/cifB
expression in transgenic, uninfected males crossed to uninfected females
causes embryonic defects and lethality, essentially recapitulating CI. Notably,
these defects are rescued in embryos from wMel-infected females (LePage
et al., 2017). Moreover, the homologues of cifA and cifB were identified
at the protein level in sperm from Culex pipiens mosquitoes infected with
the wPip strain that also induces CI (Beckmann and Fallon, 2013).
The wPip homologues, termed cidA and cidB, were shown to encode a
deubiquitylating enzyme and its binding protein. cidA and cidB are part
of a two-gene operon, similar to bacterial toxin–antidote systems. Again,
in transgenic Drosophila, the cidA-cidB operon mimics CI (Beckmann
et al., 2017). By identifying bacterial genes responsible for CI, LePage
et al. (2017) and Beckmann et al. (2017) have taken a big step towards
the elucidation of its molecular mechanism.

A fundamental property of the infection dynamics of CI is that the drive
associated with CI is positively frequency-dependent: the more infected
males exist in a population, the more commonly uninfected females suffer
from incompatible matings. This frequency-dependent selection results in
the existence of a threshold infection frequency below which deterministic
invasion of CI is not possible (at least with imperfect vertical transmission or
infection-associated fitness costs) (Caspari and Watson, 1959; Fine, 1978;
Hoffmann et al., 1990). As we will see in Chapter 5, Wolbachia-induced
fitness benefits can easily remove the invasion threshold.

1.2.4 Phylogeny: a telling lack of congruence

Wolbachia belong to the order Rickettsiales within the Alphaproteobacte-
ria. The Rickettsiales are a diverse group of intracellular host-associated
bacteria, comprising species with mutualistic, commensal and parasitic
lifestyles. Intriguingly, this order most likely also includes the ancestor of
mitochondria (Wang and Wu, 2015). In contrast to mitochondria, how-
ever, the widespread conflict between Wolbachia and (most of) their hosts
suggests that these symbionts are a long way from undergoing a similar
major transition.
Based on multiple genetic markers, Wolbachia are classified into major

phylogenetic lineages termed supergroups, designated by capital letters
(A, B, C, . . . ). New supergroups are still being discovered; the two most
recently described supergroups are P and Q, which were found in quill
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mites (Glowska et al., 2015; Gerth, 2016). Wolbachia supergroups
differ in their host distribution: strains of supergroups A and B infect a
huge number of terrestrial arthropods, supergroup C and D strains are
found in filarial nematodes, and other supergroups are known only from
a small number of hosts restricted to specific (mainly arthropod) taxa.
Supergroup F is as yet the only one to harbor strains from arthropods
and nematodes. The phylogenetic relationships between supergroups are
subject to extensive research, which is currently flourishing with a growing
set of phylogenomic analyses (Comandatore et al., 2013; Gerth et al.,
2014; Brown et al., 2016). According to these analyses, the ubiquitous
arthropod-associated Wolbachia strains all belong to a single monophyletic
lineage consisting of supergroups A and B. The ability to adapt to a broad
range of diverse host species seems to be restricted to that lineage and
hence has a single evolutionary origin (Gerth et al., 2014). Recently,
the origin of that monophyletic lineage was estimated to be around 200
million years ago (Gerth and Bleidorn, 2016). Interestingly, this age
coincides with the diversification of several major insect orders, including
the ‘megadiverse’ Diptera, Hymenoptera, and Lepidoptera (Misof et al.,
2014). Insect radiation hence may have promoted the spread of Wolbachia
by providing a plethora of novel host species (Gerth and Bleidorn, 2016).

Strikingly, fine-scale analyses of the phylogeny of Wolbachia and their
arthropod hosts have repeatedly revealed extensive disagreement between
both phylogenies, with identical Wolbachia strains infecting distantly related
host species and closely related hosts harbouring different and distantly
related symbiont strains (O’Neill et al., 1992; Rousset et al., 1992;
Werren et al., 1995b; Zhou et al., 1998). More recent phylogenetic
analyses based on multilocus sequence typing (MLST) (Baldo et al., 2006)
corroborate these findings for diverse host taxa, including flies (Sheeley
and McAllister, 2009; Stahlhut et al., 2010; Schuler et al., 2013;
Morrow et al., 2014), bees (Gerth et al., 2013), wasps (Raychoudhury
et al., 2009), ants (Frost et al., 2010), beetles (Rodriguero et al., 2010),
butterflies (Salunke et al., 2012; Ahmed et al., 2016), and spiders (Baldo
et al., 2008). This lack of phylogenetic congruence between Wolbachia
and their arthropod hosts clearly indicates that co-divergence is rare, and
that Wolbachia horizontal transmission between distinct host species occurs
frequently over evolutionary time.
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1.2.5 Horizontal transmission

The clear evidence for common horizontal transmission of Wolbachia among
arthropod species strongly suggests that interspecies transmission has con-
tributed greatly to Wolbachia’s success (O’Neill et al., 1992; Rousset
et al., 1992; Werren et al., 1995b; Werren and Windsor, 2000). In
Chapter 3, we present an epidemiological model of Wolbachia transmission
between species that supports the view that horizontal transmission is re-
quired to explain the staggering abundance of arthropod species infected
with Wolbachia. First, however, let us have a look at how such horizontal
transmission might come about. In this respect, it is useful to distinguish
three different stages in the process of horizontal transmission (also called
filters) (Vavre et al., 2003; Riegler et al., 2004): (i) physical transfer
from an infected host to a potential new host species (ecological filter);
(ii) survival in the new host and infection of the germline (physiological
filter); and (iii) spread through host populations (population filter). In the
following, we briefly elaborate on these filters.

Physical transfer of Wolbachia requires close contact between donor and
recipient host species. Several mechanisms and ecological contexts have been
proposed, including parasitoids (Schilthuizen and Stouthamer, 1997;
Vavre et al., 1999a), social parasitism (Dedeine et al., 2005a), common
food substrates (Kittayapong et al., 2003; Sintupachee et al., 2006;
Stahlhut et al., 2010; Morrow et al., 2014; Li et al., 2016), transmission
inside galls and figs (Rokas et al., 2002; Haine and Cook, 2005; Yang
et al., 2013), phoresis (Covacin and Barker, 2007; Ahmed et al., 2015),
predation and cannibalism (Haine et al., 2005; Le Clec’h et al., 2013;
Brown and Lloyd, 2015; Faria et al., 2016), and via hemolymph, e.g.
after injury (Rigaud and Juchault, 1995; Cordaux et al., 2001).
After transfer to a novel host, Wolbachia must be able to survive in

the new environment and reach the germline to establish efficient vertical
transmission. To begin with, the bacteria need to cope with the native
microbiota (Hughes et al., 2014; Rossi et al., 2015) and with the host
immune response. We have devoted Chapter 6 to a more detailed discussion
of the latter topic and here concentrate on the colonization of the germline.
Immediately after host transfer, the bacteria are likely to be present only in
somatic tissues (Frost et al., 2014; Pietri et al., 2016). The necessary
soma-to-germline transmission usually requires the crossing of several tissues
and cell membranes, including extracellular survival and direct cell-to-cell
transmission (Pietri et al., 2016). Indeed, Wolbachia injected into the
abdominal cavity of Drosophila females were shown to migrate through
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several tissues and infect the germline by entering through the somatic stem
cell niche, suggesting that stem cell niche tropism plays a role in germline
infection not only during vertical transmission (see above, Section 1.2.2),
but also after horizontal transmission (Frydman et al., 2006; Toomey
et al., 2013). Moreover, Wolbachia are able to survive in cell-free medium
for up to one week, and in a leafcutter ant, they are abundantly found in
the gut lumen, suggesting that they can survive extracellularly for some
time (Rasgon et al., 2006; Andersen et al., 2012). To achieve cell-to-cell
transfer, Wolbachia utilize the host actin cytoskeleton and clathrin/dynamin-
dependent endocytotic pathways (Sheehan et al., 2016; White et al.,
2017a). Cell exit and entry may also be facilitated by the fact that, within
the host cell, Wolbachia reside in membraneous vesicles that have been found
to be associated with the Golgi apparatus and the endoplasmic reticulum
(Cho et al., 2011; White et al., 2017b). Both cell organelles are pivotal
in host membrane trafficking and known to be hijacked by intracellular
bacteria (Asrat et al., 2014).
The final stage of horizontal transmission involves successful invasion of

the new host population. This depends on maternal transmission efficiency,
strength of reproductive parasitism, and direct fitness effects on the host.
When introduced into a new host, however, Wolbachia frequently exhibit
low transmission efficiency (Clancy and Hoffmann, 1997; Heath et al.,
1999; Rigaud et al., 2001; Riegler et al., 2004). Moreover, there are cases
in which reproductive parasitism is too weak to ensure successful invasion,
not to mention the CI-associated minimum infection frequency below which
invasion is not possible. In such cases, an initially rare infection should not
be able to invade. How, then, could Wolbachia spread so successfully and
infect thousands and thousands of host species? A possible answer lies in
positive fitness effects temporarily bestowed upon the host to come through
the dire straits of population invasion (after successful invasion, reproductive
parasitism should, in theory, be sufficient to maintain the infection).

1.2.6 Mutualistic effects

Although there is no need for Wolbachia to become mutualistic (due to their
reproductive parasitism), it still pays for them to evolve traits that increase
host fitness, as long as those traits do not hinder their own transmission. A
mutant strain that, in addition to manipulating host reproduction, confers
some fitness benefit to the host is at an advantage over non-mutualistic
strains (Turelli, 1994). Hence, even reproductive parasites are in principle
selected to enhance host fitness. Indeed, recent years have seen a growing
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body of evidence suggesting that Wolbachia can increase the fitness of
their arthropod hosts, for example through nutritional provisioning or anti-
pathogenic protection. In particular, anti-pathogenic effects of Wolbachia
have been arousing great interest, primarily because of the potential to use
these effects to control mosquito-borne disease (Iturbe-Ormaetxe et al.,
2011; Caragata et al., 2016). In addition to those facultative benefits,
hosts can become dependent on their symbionts (obligate mutualism). A
textbook example of such evolved dependence is the wasp Asobara tabida
that requires Wolbachia for oogenesis (Dedeine et al., 2001). In Chapter 4,
we present a comprehensive review of Wolbachia mutualisms in arthropod
hosts, including both facultative and obligate relationships. We focus on a
critical assessment of anti-pathogenic effects and their biological relevance
and on the diverse relationships between mutualisms and reproductive
manipulations. Based on the clear evidence of Wolbachia-associated direct
fitness benefits, we present, in Chapter 5, a mathematical model of the
effects of such benefits on Wolbachia infection dynamics, thus unifying and
extending earlier theoretical studies (e.g., Fenton et al. 2011; Kriesner
et al. 2013). Our findings corroborate that mutualistic behavior considerably
contributes to Wolbachia’s great evolutionary success.

1.3 Scope of this thesis

The present thesis is structured as follows. In Chapter 2, we present an
estimate of how many arthropod species are infected with Wolbachia. To
this end, we use a beta-binomial model developed by Hilgenböcker et al.
(2008) and apply it to a more appropriate data set. Our analysis reveals
that a major part of all terrestrial arthropod species is infected, suggesting
that Wolbachia thrive in millions of species. We discuss in detail why we
think our estimate is more reasonable than earlier ones. Lastly, we also
estimate infection frequencies of several other reproductive parasites and
compare them to the estimated incidence of Wolbachia.

In order to gain a better understanding of this great pandemic, in Chap-
ter 3, we combine epidemiological theory with network theory to analyze
Wolbachia interspecies transmission dynamics over evolutionary time. This
requires a conceptual modification: in our model, we consider species, not
individuals, as infectious agents. Wolbachia infection hence spreads on a
contact network of arthropod host species. More specifically, we choose
a small-world network which idealizes the known relationships between
Wolbachia transmission and host phylogeny. Our model is able to explain
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Wolbachia’s high incidence levels commonly found in nature, and it also
makes several predictions on the evolutionary dynamics of Wolbachia infec-
tion frequency among arthropod species. Finally, we point to open questions
concerning Wolbachia interspecies transmission.
In our epidemiological model, horizontal transmission between species

brings about high incidence rates for Wolbachia even without explicitly
assuming beneficial effects of infection. However, infection of novel host
species requires successful population invasion, and beneficial effects are
probably crucial to achieve that. In Chapter 4, therefore, we comprehensively
review the evidence of mutualistic effects of Wolbachia on their arthropod
hosts. This includes both facultative mutualisms (where the host does not
depend on the symbiont, but benefits from its presence) and obligate ones
(where the symbiont is required for host reproduction or survival). In a
thorough analysis of Wolbachia’s anti-pathogenic effects, we find that many
of them are more likely a byproduct than a directly selected trait, and that
there is so far only limited evidence of Wolbachia-induced protection in the
field. These reservations notwithstanding, we find a plethora of cases in
which Wolbachia indeed positively affect host fitness.

In Chapter 5, we substantiate the impact of beneficial effects on the
evolution of Wolbachia by means of a population genetic model. In par-
ticular, we are interested in the effects of direct fitness benefits on the
infection dynamics of reproductive parasites, using the examples of cyto-
plasmic incompatibility and male-killing. We derive invasion conditions and
equilibrium infection frequencies for different invasion scenarios. In line
with previous theory, we find that direct fitness benefits clearly facilitate
invasion, and hence a critical step in the infection of novel hosts. Our results
therefore suggest that direct fitness benefits substantially contribute to the
evolutionary success of reproductive parasites.

Endosymbiosis and host immunity are highly interrelated. However, many
immunological aspects of Wolbachia–arthropod interactions are only poorly
understood. For example, it is unclear how the arthropod immune system
is involved in the diverse phenotypes of Wolbachia, and why host resistance
is not observed more frequently. In Chapter 6, we give an overview of the
interactions between Wolbachia and the host immune system, with a special
focus on reactive oxygen species. We propose a hypothesis concerning the
effects ofWolbachia on the immune system of novel and coevolved hosts. This
hypothesis offers a mechanistic explanation of several Wolbachia-induced
phenotypes, including anti-pathogenic effects.
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2 How many species are infected
with Wolbachia?—An update
informed by better data

Recently, a statistical analysis estimated the infection frequency ofWolbachia
among arthropods to be 66%. At the same time, the authors of this analysis
highlighted some weaknesses of the underlying data and concluded that in
order to improve the estimate, a larger number of individuals per species
should be assayed and species be chosen more randomly. In this chapter, we
apply the statistical approach to more appropriate data from a survey that
tested both a broad range of species and a sufficient number of individuals
per species. Indeed, we find a substantially different infection frequency: we
now estimate the proportion of Wolbachia-infected species to be around 40%
which is lower than the previous estimate but still points to a surprisingly
high number of arthropods harboring the bacteria. Notwithstanding this
difference, we confirm the previous result that, within a given species,
typically most or only a few individuals are infected. We discuss extensively
why several common procedures of Wolbachia screenings are likely to yield
biased estimates of the infection frequency. Since the survey analyzed
here largely avoids these drawbacks, our analysis probably provides a more
reasonable estimate of Wolbachia incidence. Moreover, we extend our
analysis to include several other reproductive parasites and corroborate that
Wolbachia are the most abundant endosymbionts among arthropod species.

Most parts of this chapter have been published in PLoS ONE (Zug and
Hammerstein, 2012).
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2 How many species are infected with Wolbachia?

2.1 Introduction

Both the proportion of infected individuals within species (prevalence)
and the overall percentage of infected species (incidence) are important
parameters describing the infection frequency of Wolbachia. In order to
estimate these parameters, Hilgenböcker et al. (2008) recently presented
a meta-analysis that combined the data from 20 Wolbachia screenings with
more than 900 arthropod species in total. Using a statistical approach, i.e.
a beta-binomial model, they found that prevalences are typically very low
or very high, and estimated the incidence of Wolbachia to be around 66%,
which is considerably higher than previous estimates of approximately 20%
(Werren et al., 1995a; Werren and Windsor, 2000). A major reason for
such underestimation is the sampling of only one or a few individuals per
species. With these one-individual samples, low (and even high) prevalence
infections are likely to be overlooked. On the other hand, Hilgenböcker
et al. (2008) found that samples comprising more than 100 individuals per
species tend to be biased towards infected species, e.g. due to prior knowledge
of infection. Although they corrected for the latter bias by excluding
particularly large samples, many studies used in their meta-analysis still
included quite a lot of one-individual samples and were restricted to specific
host taxa (see Hilgenböcker et al., 2008 for details). Therefore, in order
to more accurately assess the incidence of Wolbachia in arthropod hosts,
it is crucial to analyze a data set that comprises a medium number of
individuals from randomly chosen species. Here, we apply the approach by
Hilgenböcker et al. (2008) to data from a recent survey by Duron et al.
(2008) that meets these requirements more closely. This survey also tested
for the presence of several other reproductive parasites, which allows us to
estimate incidences of other endosymbionts and compare them to that of
Wolbachia.

2.2 Model

In the survey by Duron et al. (2008), 136 species of terrestrial arthropods
(2052 individuals in total) were screened for the presence of seven repro-
ductive parasites: Wolbachia, Arsenophonus, Cardinium, Flavobacterium,
Rickettsia, Spiroplasma ixodetis and S. poulsonii. Since Flavobacterium was
never observed, we excluded it from our analysis. In the survey, not more
than 40 individuals were sampled per species, and in only 25 of the 136
species tested, less than 10 individuals were sampled (median: 15 individuals
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2.3 Results and discussion

per species; mode: 20 individuals per species). This range of sampled indi-
viduals should help to avoid the drawbacks of both one-individual samples
and the bias associated with extensive sampling. Arthropod species tested
encompassed 15 orders and three classes (Insecta, Arachnida, Malacostraca),
thus representing a widespread and sufficiently random collection. Taken
together, the data from Duron et al. (2008) should satisfy the requirements
for an improved data set as outlined above.

We again use the framework of a beta-binomial model to estimate symbiont
prevalence q and incidence x. Different species are assumed to exhibit
different prevalences, and thus q values follow a probability distribution p(q).
The incidence x is then estimated by integrating the prevalence distribution:

x =
∫ 1

c
p(q) dq, (2.1)

where c defines a threshold frequency below which species are considered to
be uninfected. For a more detailed account of the model, see Hilgenböcker
et al. (2008).

2.3 Results and discussion

The prevalence distribution for Wolbachia shows that either most or only
few individuals within a species are infected (Figure 2.1). Based on this
distribution, Wolbachia incidence is estimated to be x = 0.406 for c = 0.001
(Table 2.1). We chose c = 0.001 in accordance with Hilgenböcker et al.
(2008) to facilitate comparisons. Our results confirm the main qualitative
findings from the previous meta-analysis, i.e. the ‘most-or-few’ prevalence
pattern and the likely underestimation of incidence in previous Wolbachia
screenings. However, there is one major difference between the results of the
two analyses: In the first study, Wolbachia incidence was estimated to be
around 66% (for c = 0.001). Based on the data from Duron et al. (2008),
we now obtain a lower estimate of the percentage of Wolbachia-infected
species, i.e. approximately 40%. We think that our current estimate is more
reasonable for the following three reasons.
First, the underlying data contain only a very low proportion of species

samples in which only a few individuals were tested. Testing only a small
number of individuals considerably increases the likelihood of randomly
picking some uninfected individuals from an actually infected species, par-
ticularly if prevalence levels are low. Indeed, there is evidence that infection
frequencies within species are often variable between geographically distinct
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2 How many species are infected with Wolbachia?

0 0.2 0.4 0.6 0.8 1
0

1

2

3

4

5

6

7

Prevalence, q

P
ro

b
a

b
ili

ty
 d

is
tr

ib
u

ti
o

n
, 
p
(q
)

Figure 2.1: Estimated probability distribution of Wolbachia prevalence.

populations. Such a prevalence variation between populations was found
in several species-specific surveys, ranging from 0% to 100% in the cherry
fruit fly or from 4% to 100% in two planthoppers (Arthofer et al., 2009b;
Hughes et al., 2011a). In another fruit fly screening that tested 1500
individuals, only extremely low prevalence levels were found among different
populations, ranging from 0% to 3% (Sun et al., 2007). Moreover, species
might also be falsely classified as uninfected because of low-titer infections
that are not detected. Recent evidence suggests that such low-titer Wol-
bachia infections within arthropod hosts are more common than previously
thought (Arthofer et al., 2009a; Hughes et al., 2011a). Taken together,
sampling more than just a few individuals, as it was predominantly done by
Duron et al. (2008), avoids the pitfalls outlined above and thus significantly
improves estimates of Wolbachia infection frequencies in nature.
A second reason why we think our current estimate is more accurate

is that the new data set does not include large samples (not more than
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2.3 Results and discussion

Table 2.1: Estimates of incidence x of different endosymbionts, depend-
ing on threshold infection frequency c.

Incidence x

c = 0.01 c = 0.001 c = 0.0001

Wolbachia 0.335 0.406 0.470
Arsenophonus 0.059 0.066 0.072
Cardinium 0.111 0.162 0.211
Rickettsia 0.014 0.061 0.114
Spiroplasma ixodetis 0.148 0.221 0.289
S. poulsonii 0.022 0.032 0.041

40 individuals per species). Large samples are likely to be biased towards
infection, probably because respective species were already known to be
infected and were sampled extensively to study infection prevalence in more
detail. Additionally, large samples will disproportionately often be samples
of common species, just because common species are more easily collected
in large amounts (Hilgenböcker et al. 2008; cf. the collecting procedure
in Weinert et al. 2007). Common species, however, are again prone to
have already been tested for infection. These are important issues because
large samples inherently have a strong impact on the estimation procedure.
Therefore, as was already pointed out by Hilgenböcker et al. (2008),
omission of large samples will improve estimates of Wolbachia incidence.
Thirdly, the fact that Duron et al. (2008) sampled a wide range of

arthropod species from 15 different orders should render this collection
sufficiently diverse in phylogenetic terms. In contrast to the previous
meta-analysis which pooled the results from many taxon-specific screenings,
analyzing a broad taxon survey ensures that all species are examined with
the same detection method. Usually, Wolbachia infections are detected
by PCR assays which crucially depend on the sensitivity of commonly
used PCR primers. A recent assessment of standard PCR protocols used
for Wolbachia detection, however, reveals considerable variation in primer
efficiency (Simões et al., 2011). To summarize, the data set compiled by
Duron et al. (2008) is the first one that satisfies our criteria for a reliable
estimate (no one-individual samples, no large samples, no restriction to a
specific host taxon). In contrast, severalWolbachia screenings that have since
been published fail to satisfy the criteria and are not included in our analysis
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2 How many species are infected with Wolbachia?

(see, for example, Wiwatanaratanabutr et al., 2009; Kondo et al., 2011;
Yun et al., 2011; Doudoumis et al., 2012; Evison et al., 2012). We
therefore think that our estimate of Wolbachia incidence within arthropods
is more reliable than previous attempts. Another reason for the difference
in incidence estimates between our study and that by Hilgenböcker et al.
(2008) might be the different sampling range. As described above, infection
frequencies within species can differ greatly between geographically distinct
populations. Duron et al. (2008) pointed out that such geographical
variation in prevalence was likely to increase when expanding the sampling
range beyond Western Europe, where species were predominantly collected.
In contrast, the meta-analysis by Hilgenböcker et al. (2008) comprises
samples from most continents, covering both temperate and tropical zones.
Although speculative, this unequal geographical sampling might partially
explain the difference in incidence estimates derived from both data sets.
Previous broad taxon surveys of Wolbachia infection frequencies among

arthropods found approximately 20% of the tested species to be infected
(Werren et al., 1995a; Werren and Windsor, 2000). In general, previous
surveys have estimated incidence by dividing the number of infected species
by the overall number of species tested. Adopting the same straightforward
approach to the data by Duron et al. (2008) yields a very similar estimate
(22.8%). However, this is roughly only half of our 40% estimate, although
based on the same data set. Therefore, the proportion of Wolbachia-infected
species seems to be considerably higher than a first glance would suggest.
In order to compare the infection frequency of Wolbachia to that of other
reproductive parasites, we estimate the incidence for five endosymbionts
that were also included in the survey by Duron et al. (2008). Since these
symbionts were detected only in very few species, the graphic representation
of the prevalence distributions is of limited value and therefore not displayed
here. Incidence levels range from 0.032 (Spiroplasma poulsonii) to 0.221
(Spiroplasma ixodetis; Table 2.1, all values for c = 0.001). Again, our
estimates are consistently higher than those obtained by the straightforward
approach (see Duron et al., 2008). Yet, even S. ixodetis as the most
common of these other symbionts does not match Wolbachia in terms of
incidence, which corroborates the status of Wolbachia as the most abundant
reproductive parasite of arthropod hosts. Considering the species richness
of the global arthropod community, with an estimated 6.8 million species
of terrestrial arthropods (Stork et al., 2015), our estimate implies that
millions of species are infected with Wolbachia. Thus, although lower than
estimated by Hilgenböcker et al. (2008), the number of species harboring
Wolbachia is still remarkably high, making them “one of the great pandemics
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in the history of life” (Werren et al., 2008).
The beta-binomial approach developed by Hilgenböcker et al. (2008)

has since been applied repeatedly to estimate Wolbachia incidence (Ahmed
et al., 2013; Weinert et al., 2015; Sazama et al., 2017). The database of the
most comprehensive meta-analysis to date contains over 150 000 individuals
from over 3500 arthropod species (Weinert et al., 2015). This analysis
estimates that 52% of all arthropod species are infected with Wolbachia,
which is fairly similar to our estimate. However, the data set underlying this
meta-analysis exhibits several drawbacks mentioned in this chapter, such
as many one-individual samples, many large samples, and different primer
sensitivities. The authors were well aware of that and put a lot of effort
into correcting for diverse sampling biases. Nevertheless, it is not clear how
comparable their findings are to ours. Since the two other meta-analyses
(Ahmed et al., 2013; Sazama et al., 2017) contain similar weaknesses, we
believe that the data underlying our estimate are the most balanced ones
to date.
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3 Horizontal transmission of
Wolbachia between arthropod host
species

The abundance of Wolbachia among arthropods is all the more impressive
considering that infections are suggested to be frequently lost within host
species due to the evolution of resistance. This apparent paradox suggests
that horizontal transmission between host species has been a key factor
in shaping the Wolbachia pandemic. Since Wolbachia infections are thus
acquired and lost like any other infection, in this chapter, we use a standard
epidemiological model to analyze Wolbachia horizontal transmission dynam-
ics over evolutionary time. Conceptually modifying the model, we apply it
not to transmission between individuals but between species. Since, in evo-
lutionary time, infections spread frequently between closely related species
and occasionally over large phylogenetic distances, we represent the set of
host species as a small-world network which satisfies both requirements. We
find that the ratio between transmission rate and recovery rate is crucial for
determining the proportion of infected species (incidence). Our results also
point to the importance of occasional transmission over long phylogenetic
distances for the observed high incidence levels of Wolbachia. In conclusion,
we are able to explain why Wolbachia are so abundant among arthropods
although selection for resistance within hosts often leads to infection loss.

A slightly different version of this chapter has been published in the Journal
of Evolutionary Biology (Zug et al., 2012).
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3 Horizontal transmission of Wolbachia

3.1 Introduction

Despite the evolutionary success of Wolbachia, there is broad evidence for
loss of infection in host lineages over evolutionary time, probably due to
selection for resistance. Suppressor alleles have been found in hosts infected
by feminizing or male-killing Wolbachia (Rigaud and Juchault, 1992;
Hornett et al., 2006). In the case of CI, theory predicts that male-specific
suppressor genes reducing the level of CI spread within populations, probably
leading to the eventual loss of Wolbachia infection (Koehncke et al., 2009).
Accordingly, Wolbachia infection rapidly decays with increasing age in Aedes
albopictus males, but not in females (Tortosa et al., 2010), and further
evidence in line with the evolution of CI suppressor genes in males comes
from Nasonia longicornis (Raychoudhury and Werren, 2012). Moreover,
CI intensity is a neutral trait and may thus degenerate over time, leading to
eventual loss of Wolbachia even without evolution of host resistance (Hurst
and McVean, 1996). Lastly, CI strains are highly susceptible to invasion
and replacement by strains that induce parthenogenesis, feminization or
male-killing, which in turn could be lost from the population (Hurst et al.,
2002). As a result, most reproductive manipulations seem to imply the
eventual extinction of the manipulators, rendering Wolbachia infections
evolutionarily transient within a given host lineage.
These findings present a paradox: although bound for extinction within

arthropod host species, Wolbachia have become extremely abundant among
them. This suggests that, in addition to vertical transmission, Wolbachia are
also transmitted horizontally between species over evolutionary time. The
idea that horizontal transmission can solve this paradox is not new (Hurst
et al., 1992; Hurst and McVean, 1996),1 and a simple model of Wolbachia
horizontal transmission was presented by Werren and Windsor (2000).
As we have seen in the Introduction, evidence of horizontal transmission
comes from a lack of congruence between Wolbachia and host phylogenies,
and several different mechanisms have been proposed to account for such
interspecies transmission events. Since most of these mechanisms do not
require close relatedness between donor and recipient species and since
incongruence in phylogenies often involves large phylogenetic distances,
these findings strongly suggest that Wolbachia are able to move between
distantly related host species.

1As Hurst and McVean (1996) have noted, this idea rests on a clade selection argument:
although there is no short-term selection for increased horizontal transmission rates,
clade selection favors those Wolbachia lineages that have the ability to undergo
horizontal transmission; those lineages will persist over evolutionary time.
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Still, the probability of successful horizontal transmission of Wolbachia
likely is highest between closely related hosts and decreases with increasing
phylogenetic distance. Wolbachia–host specialization was found in different
arthropod taxa (Jiggins et al., 2002a; Russell et al., 2009; Schuler et al.,
2013). Evidence from interspecific transfer experiments also identifies close
phylogenetic relatedness between hosts as important for successful horizontal
transmission (Heath et al., 1999; Van Meer and Stouthamer, 1999;
Huigens et al., 2004; Riegler et al., 2004). Similarly, hybrid introgression—
another means by whichWolbachia may cross the species boundary (Jiggins,
2003; Raychoudhury et al., 2009)—is presumably restricted to closely
related species (Mallet, 2005). Combining these findings on interspecies
transmission of Wolbachia suggests that transmission occurs predominantly
between closely related species, for example within genera, and occasionally
between distantly related hosts, for example even between members of
different insect orders.

Altogether, both acquisition and loss are hallmarks of Wolbachia infection
dynamics on evolutionary timescales (Frost et al., 2010). For a particular
host species, infection patterns are thus cyclical over evolutionary time
(Koehncke et al., 2009). First, Wolbachia would infect a species through
horizontal transmission and spread through the new host by vertical trans-
mission from generation to generation. Second, selection for resistance in
hosts would at some point lead to loss of the infection. Third, the now costly
but redundant suppressor would be selected against or degenerate through
mutation, thus rendering the species susceptible to reinfection. Because
maintenance of the Wolbachia pandemic depends on the rate of horizontal
transmission between species and on the rate of infection loss within species,
epidemiology provides a convenient means of analyzing Wolbachia infection
dynamics (Werren and Windsor, 2000; Werren et al., 2008). Further-
more, “tracing the network of Wolbachia movements” (Werren et al., 2008)
requires characterizing the contact network structure of arthropod hosts
that underlies these movements.

In this chapter, we combine standard epidemiological theory with network
theory to investigate Wolbachia transmission dynamics between arthropod
hosts. We choose a simple stochastic compartment model (i.e. the SIRS
model) that captures the cyclical character of infections within species over
evolutionary time as well as the random character of infection gains (horizon-
tal transmission, hybrid introgression) and losses (evolution of resistance).
Applying this model to the Wolbachia pandemic requires a conceptual adap-
tation because we regard species, rather than individuals, as infectious
agents. Accordingly, the host assemblage in question is not a population,

29



3 Horizontal transmission of Wolbachia

but a set of species. Because transmission occurs predominantly between
phylogenetically neighbouring host species but also occasionally between
distantly related species, we represent the assemblage of arthropod hosts
as a small-world network that incorporates both properties: neighboring
nodes represent closely related species, with each node being connected to
several neighbors, whereas distant nodes represent distantly related species
that are interconnected only with low probability.

We stress that this small-world network is neither a phylogenetic network
nor a representation of a phylogenetic tree or a cladogram. Instead, it is a
transmission network that accounts for the described relationships between
Wolbachia transmission and host phylogeny. As such, a given network does
not even need to represent a complete phylogenetic entity (genus, family,
etc), but might comprise only a subset or an assemblage of species of different
taxa (e.g. insects in a tropical rice-field community; Kittayapong et al.,
2003). In any case, species can be arranged as a string of phylogenetically
nearest neighbours and thus be represented by the open-ring lattice of the
small-world network.
We show that horizontal transmission of Wolbachia between arthropod

species can be adequately adressed by using epidemiology in evolutionary
time. First, this unorthodox approach readily explains the high proportion of
infected species, that is, the high incidence of Wolbachia among arthropods.
Depending on host network size and time available for the infection to
spread, our findings further suggest that, in many cases, incidence levels
may still be increasing on evolutionary timescales. Finally, we show that
the absence of long-range connections within the host network can lead to
a sharp decrease in incidence levels, implying that occasional transmission
events over long phylogenetic distances have been crucial in both shaping
and maintaining the global Wolbachia pandemic.

3.2 Model

3.2.1 Small-world network

The two key features of Wolbachia interspecies movements are clustered
transmission among phylogenetically neighboring species (i.e. many short-
range movements) and rare transmission over long phylogenetic distances
(i.e. few long-range movements). Due to insufficient data, it is not possible
to trace the actual host contact network that underlies these movements.
We therefore use an idealized, computer-generated network that satisfies
the criteria of having many short-range and few long-range transmission
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Figure 3.1: The three steps of generating the open small-world network.
For each step, a network scheme and the underlying adjacency matrix are shown.
The number of nodes is N = 8 in this schematic. Matrix elements that have
changed compared to the previous matrix are shaded in grey. See text for details
of the generating process. (a) A regular ring lattice with four edges per node. (b)
The open-ring lattice. (c) The open small-world network with, in this example,
two random long-range connections.

occasions, that is, a small-world network. A network is said to have small-
world properties if it is highly clustered (if node i is connected to node j
and node j is connected to node l, then, with high frequency, i is connected
to l) and has short average path lengths (it takes only a few steps to move
along the shortest path between two randomly selected nodes; Watts and
Strogatz, 1998). This small-world network represents the host species
assemblage, with nodes denoting host species and edges representing connec-
tions between species on which Wolbachia infection can pass via horizontal
transmission or introgressive hybridization. The high clustering property
translates into having many short-range connections, and the short path
length property corresponds to having few long-range connections.

We depict the small-world network as an open ring lattice (i.e. a ring lattice
with a break) with random long-range connections (Figure 3.1c). Wolbachia
transmission events between distantly related host species are assumed to be
represented by long-range connections; those between neighboring species by
short-range connections, that is, connections between a node and its nearest
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neighbors along the ring lattice. Thus, we assume the topological distance
between two nodes on the ring lattice to correspond to the phylogenetic
distance between the respective species, with the break representing the
location at which the most distantly related species meet topologically.
We ignore host speciation (including Wolbachia–host co-divergence, which
is a rare event; Raychoudhury et al., 2009) and extinction, as well as
species migration, which results in a static species network with constant
connections over time. We represent a network of N nodes by a binary
N ×N adjacency matrix A, with ai,j = 1 if there is an edge between nodes
i and j, and ai,j = 0 otherwise. We assume the network to be undirected
(transmission along an edge is possible in both directions) and simple (there
are no loops connecting a species directly to itself and no more than one
edge between any two different nodes). Based on these assumptions, A is a
symmetric matrix with zero diagonal: ai,j = aj,i, and ai,i = 0.
We generate a small-world network in three steps. First, we create a

regular ring lattice with N nodes and k edges per node, with A being
represented by a symmetric Toeplitz matrix (Figure 3.1a). Second, in
order to insert the break, we set the non-zero entries in the lower left
and upper right corner of the Toeplitz matrix equal to zero (Figure 3.1b).
Third, we add random cross-connections to the open-ring lattice by adding,
with probability p, non-zeros to A at random locations, but preserving
its symmetry and excluding non-zero diagonal entries to prevent loops
(Figure 3.1c). Probability p corresponds to the rate at which long-range
connections are added so that, on average, the total number of added long-
range cross-connections is Np. This procedure, adapted from Higham and
Higham (2005), is slightly different from the rewiring method used in the
original work by Watts and Strogatz (1998), but has the advantage
of preserving all regular short-range edges along the ring lattice, which is
more adequate for our purposes. In constructing the small-world network,
we always chose k = 4 for the number of nearest neighbors (which is a
conservative estimate because many species are likely to have more than
four closely related species to whom Wolbachia might be transmitted) and
p = 0.1 for the probability of adding random connections (which is also a
conservative estimate within the small-world regime from p = 0 [regular
graph] to p = 1 [random graph]).

3.2.2 SIRS model

To simulate the spread of Wolbachia infection on a small-world host net-
work, we use the SIRS (Susceptible–Infected–Recovered–Susceptible) model,
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Figure 3.2: Schematic illustration of the SIRS model. In evolutionary time,
a host species passes successively through the S stage, the I stage, the R stage,
again the S stage and so on. The corresponding transition rates β, γ and α are
indicated. Note that the actual rate for the transition from S to I is ‘β × number
of infectious contacts’, but may be approximated by β. The reciprocals of the
transition rates determine the average time periods spent in the respective stage.
The sum of all three average time periods is denoted by T .

which is a standard epidemiological compartment model classifying hosts
by their disease status (Keeling and Rohani, 2008). Species in the S
compartment are susceptible to Wolbachia infection and can become infected
with transmission rate β through an infected species with whom they have
contact. Species in the I compartment have been infected and can spread
the infection (via horizontal transmission or hybrid introgression). Due
to selection for resistance, species lose the infection with recovery rate γ,
move to the R compartment and pass a period of temporary immunity
(resistance). Eventually, species lose their resistance to Wolbachia with
immunity loss rate α, thus becoming susceptible again and returning to
the S compartment (see Figure 3.2 and Table 3.1 for possible transitions
and their corresponding rates). The SIRS model is especially well suited to
represent the cyclical pattern of Wolbachia infection dynamics within host
clades over evolutionary time. The possibility of multiple infections, as well
as mutualistic relationships between Wolbachia and their arthropod hosts,
which might pose barriers to horizontal transmission and infection loss, will
not be considered here.
Considering a set of host species of size N , the number of species in

each compartment at time t is given by S(t), I(t), and R(t), respectively:
S(t) + I(t) + R(t) = N . We assume that the time period spent in each
compartment is exponentially distributed so that the average periods can
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Table 3.1: Possible events, transitions and rates in the SIRS model.
Event Transitions Rate

Infection S(t)→ S(t)− 1, Transmission rate β
I(t)→ I(t) + 1 × number of infectious contacts

Loss of infection I(t)→ I(t)− 1, Recovery rate γ
R(t)→ R(t) + 1

Loss of resistance S(t)→ S(t) + 1, Immunity loss rate α
R(t)→ R(t)− 1

be approximated by the reciprocals of the epidemiological parameters:
the average infectious period is given by 1/γ, and the average period of
temporary immunity by 1/α. The average period of susceptibility may
be approximated by the reciprocal of the product of β and the number of
infectious contacts. Because the number of overall contacts per given node is
relatively small (as we used k = 4), the number of infectious contacts is even
smaller. As β values are extremely small, multiplication with the number
of infectious contacts will not significantly change the magnitude of the β
values. Therefore, we can use 1/β as a rough approximation of the average
period of susceptibility (Figure 3.2). This implies that the average overall
time necessary to pass through a single infection cycle (T ) is approximately
equal to the sum of all three reciprocals: T ≈ 1

β + 1
γ + 1

α .

3.2.3 Stochastic simulations

Although the SIRS model can be described deterministically by a system
of differential equations, there are two main reasons to choose a stochastic
network model for our purposes. First, both interspecies horizontal trans-
mission events and evolution of resistance to Wolbachia are rare and random
events. Second, as outlined above, the spatial structure of the small-world
network better accounts for Wolbachia transmission routes between species
than does the homogenous-mixing assumption of the deterministic model
which states that each individual has equal chance of transmitting the
infection to any other individual. As a result, we use a stochastic version
of the SIRS model to simulate the spread of a Wolbachia infection across
a small-world network over time. A convenient method for tackling this
issue is provided by the Gillespie algorithm, which is a procedure for gen-
erating time-evolution trajectories of finite populations in continuous time

34



3.2 Model

(Gillespie, 1977). Here, we follow the approach by Keeling and Rohani
(2008).

We consider a network (species assemblage) of size N . Every node in
the network is represented by its current infection state. The state vector
s(t) = (s1(t), . . . , sN (t)) assigns to every node i = 1, . . . , N its infection
state at time t, with

si(t) =


1 if node i is susceptible at time t
2 if node i is infectious at time t
0 if node i is recovered at time t.

(3.1)

Given an initial time t0 and assuming that node i = 1 is the only infectious
one, the initial state is given by s1(t0) = 2 and sl(t0) = 1, where l = 2, . . . , N .
The transition probability of every node i at time t is captured by the rate
vector r(t) = (r1(t), . . . , rN (t)), with

ri(t) =


β
∑ni
j=1Hci

j
if si(t) = 1

γ if si(t) = 2
α if si(t) = 0.

(3.2)

Again, β is the transmission rate, γ the recovery rate, and α the immunity
loss rate. Hj is equal to one if node j is infectious; otherwise, Hj is
zero. ci1,ci2, . . . , cini

are the ni contacts of node i. Therefore,
∑ni
j=1Hci

j
is

the number of infectious contacts by which node i can become infected.
Considering the initial state of r(t), we have one single infectious node which
is node i = 1; therefore, r1(t0) = γ. All other nodes are susceptible. Every
susceptible node that is connected to node 1 is assigned r(t0) = β, all other
susceptible nodes have r(t0) = 0.

With s(t0) and r(t0) at hand, we start the update of s(t) to see how
the fractions of susceptible, infectious, and recovered nodes change over
time. According to the Gillespie algorithm, we determine (i) when the next
transition occurs, and (ii) which node m is the next one performing this
transition and thus changing its state sm(t). Let p1, p2 be two random
numbers drawn from the uniform distribution in the unit interval, and
r0 =

∑
i ri(t). The time step to the next transition τ is an exponentially

distributed random number scaled by the sum of all transition rates, r0:

τ = 1
r0

ln( 1
p1

). (3.3)
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The index of the next node that changes its state is

m = the smallest integer satisfying
m∑
i=1

ri(t) > p2r0. (3.4)

This procedure ensures that the next node at which a transition occurs is
drawn randomly, but proportional to ri(t). The time is advanced by τ , and
s(t) is updated according to

sm(t+ τ) =


1 if sm(t) = 0
2 if sm(t) = 1
0 if sm(t) = 2.

(3.5)

As for the update of r(t), we have to distinguish three cases:

1. The changing node m has just lost its immunity and is again suscepti-
ble: sm(t+ τ) = 1. Therefore,

rm(t+ τ) = β × number of infectious contacts

= β
ni∑
j=1

Hci
j
. (3.6)

2. The changing node m has just become infected: sm(t + τ) = 2.
Therefore,

rm(t+ τ) = γ (3.7)
rv(t+ τ) = rv(t) + β, (3.8)

where the index v represents all susceptible nodes that are connected
to the node m.

3. The changing node m has just recovered: sm(t+ τ) = 0. Therefore,

rm(t+ τ) = α (3.9)
rv(t+ τ) = rv(t)− β. (3.10)

After the update of both s(t) and r(t), the process is iterated as long as
I(t) > 0 and t < tmax.

Every simulation consisted of generating a network (open small-world or
open ring) and iterating the Gillespie algorithm. Due to the network’s ran-
dom connections, repeating network creation in every simulation increases
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the robustness of results because it lowers the influence of statistically
outlying small-world network topologies (i.e. extreme numbers of random
connections). Infections started from a single infectious node chosen ran-
domly from all N nodes with all other N − 1 nodes initially susceptible.
The Gillespie algorithm was iterated as long as I(t) > 0 and t < tmax (tmax
being the maximum time value for a simulation run), and every simulation
was run 500 times (except for Figures 3.5 and 3.6 where simulations were
run 100 times [10 times for three values in Figure 3.5] to save computational
time).
Our main interest was in estimating the proportion of infected species

I∗ (i.e. the incidence) which we calculated as follows: at the end of each
simulation run, we divided the final number of infected species by the number
of species in the network, thereby obtaining I∗s (s for a single simulation run):
I∗s = I(tmax)/N . By taking into account only those simulations that ran to
tmax, we excluded those in which infection disappeared globally. After the
simulation had been run 500 (100) times, we averaged I∗s over all simulation
runs, thus giving I∗ (in case the infection disappeared in all simulation runs,
we set I∗ = 0). The incidence I∗ reached its endemic equilibrium when I∗
did not increase significantly with increasing tmax values.
Programs were written, and simulations were performed using Matlab

7.6 (The MathWorks, Inc.) and C++ (with Visual Studio 2010, Microsoft),
with some code partly based on Keeling and Rohani (2008). All data
were analyzed using Matlab.

3.3 Results

3.3.1 Estimation of epidemiological parameters

How frequently Wolbachia move between species in evolutionary time is
difficult to estimate. There are, however, estimates of the age of infection
or the most recent species-wide sweep of Wolbachia in different host species
(varying between 3000 and 700 000 years; Table 3.2). This time frame
provides a reasonable benchmark for the average duration of the infectious
period (1/γ) and thus for the recovery rate γ, for which we choose values
varying between 10−6 and 10−3 per year. We assume the transmission rate β
to be of a similar order of magnitude as γ. The reasons for this assumption
are that (i) infections will quickly disappear if β � γ and (ii) successful
horizontal transmissions between two randomly chosen arthropod species
are rare events so that β � γ seems equally unlikely. Furthermore, we
assume the rate of immunity loss α to be higher than β and γ because a
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3 Horizontal transmission of Wolbachia

Table 3.2: Estimated age of Wolbachia infection or of the most recent
sweep in different host species.
Host species Estimated age (years) Reference

Hypolimnas bolina < 3000 Duplouy et al. (2010)
Acraea encedana < 16 000 Jiggins (2003)
Culex pipiens 12 000–21 000 Atyame et al. (2011)
Chelymorpha alternans 100 000–125 000 Keller et al. (2004)
Drosophila innubila 15 000–700 000 Jaenike and Dyer (2008)

costly but superfluous resistance allele will decline quickly due to mutation
or selection against it. For tmax, we chose different values with an upper
limit of 10 million years, which should be a sufficiently large time frame
to make reasonable predictions within the overall evolutionary history of
Wolbachia among arthropods, whose origin has recently been estimated to
be about 200 million years ago (Gerth and Bleidorn, 2016).

3.3.2 Influence of the epidemiological parameters

We first consider the influence of the transmission rate β, recovery rate γ, and
immunity loss rate α on the incidence of Wolbachia I∗, always varying only
the rate in question, leaving all other parameters unchanged. As expected,
increasing transmission of Wolbachia between species (β) positively affects
incidence I∗ (Figure 3.3a), whereas more frequent infection loss within
species (γ) negatively affects I∗ (Figure 3.3b). In the model context, this is
because β is the only parameter which directly replenishes the compartment
of infectious species (I), whereas γ is the only parameter to directly deplete
it (Figure 3.2).
In the deterministic version of the SIRS model, the basic reproduction

number (a key parameter in epidemiology) is given by R0 = β/γ, and
major epidemic outbreaks are possible only if R0 > 1. Our network model
reproduces this threshold property of the β/γ ratio. Due to the spatial
structure of the small-world network, positive incidence levels are possible
even if β/γ < 1, although infections are more likely to occur if β > γ, as
measured by the breadth of the respective β/γ parameter range. Moreover,
we can use the ratio β/γ as an indicator of how both parameters influence
the incidence I∗. As expected, I∗ is an increasing function of the ratio β/γ
(Figure 3.3d).

The immunity loss rate α has a similar positive effect on the incidence I∗
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Figure 3.3: The influence of (a) transmission rate β, (b) recovery rate γ,
(c) immunity loss rate α, and (d) the ratio between transmission rate
and recovery rate β/γ on incidence I∗. Shown are representative results for
each case. Each I∗ value was calculated independently with 500 simulation runs
per value. Bold dots and lines indicate means and medians, respectively; boxes
show lower and upper quartiles; error bars encompass data within 1.5 times the
interquartile range. N = 100 in all panels; tmax = 106 years (a–c), 5×106 years (d);
rate values: (a) γ = 10−5, α = 10−3, (b) β = 8× 10−5, α = 10−3, (c) β = 2× 10−5,
γ = 10−5, (d) β = 10−5, γ values ranging from 10−4 to 10−7 (from left to right),
α = 10−3. All rates are given per year.
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as the transmission rate β, though with a more gradual increase (Figure 3.3c).
This is because the effect of α on I∗ is indirect as it first replenishes the S
compartment which then refills the I compartment (Figure 3.2). Moreover,
when a critical range for α is exceeded, increasing α even further will not
change I∗ anymore, even if I∗ has not reached 100% (Figure 3.3c). To
investigate this further, we chose three different β/γ ratios (10, 1, and 0.5),
increased α up to 0.1 and also increased tmax fivefold to rule out possible
time limitations. Even under these altered conditions, and for each β/γ
ratio tested, the incidence does not change with increasing α (data not
shown). This finding is especially relevant because we estimated α to often
be significantly higher than β and γ (see above). In this case (α� β, γ), the
fact that varying α has no substantial effect on I∗ makes a more accurate
estimation of α unnecessary and thus increases the robustness of our results
with respect to α. Overall, these results suggest that the ratio between
transmission rate and recovery rate is crucial in determining the proportion
of Wolbachia-infected species.
To investigate this ratio-dependent effect further, we take up the three

β/γ ratios (10, 1, and 0.5), but additionally include α to get three constant
ratios between all three rates: β:γ:α = 10:1:100, 1:1:100, and 1:2:100. We
measure the absolute magnitude of the parameters β, γ and α using the
average duration of a single infection cycle T (T ≈ 1

β + 1
γ + 1

α). If we
keep a constant ratio between the three parameters, I∗ does not change
significantly, regardless of the absolute magnitude of β, γ and α (data not
shown). Therefore, it is possible to obtain every particular incidence level
by a large number of parameter combinations, which partially compensates
for the lack of data regarding parameter estimation.

3.3.3 Temporal infection dynamics and influence of host
assemblage size

In order to investigate the effects of the evolutionary time available tmax
on the incidence I∗, we use the three previous β/γ ratios of β/γ = 10, 1,
and 0.5. With increasing time available, I∗ increases for all three ratios;
the higher the β/γ ratio, the faster the increase (Figure 3.4). Within the
first 104 years, I∗ values are similarly low for all three ratios, and roughly
between 104 and 106 years, I∗ values increase. Beyond a certain tmax value,
the incidence has reached its endemic equilibrium and does not increase
anymore. These results suggest that Wolbachia infection must have been
spreading for tens of thousands of years or longer to achieve the equilibrium
state. In host networks existing for less than millions of years, Wolbachia
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Figure 3.4: The influence of available time tmax on incidence I∗. Shown
are results for three β/γ values: (a) β/γ = 10, (b) β/γ = 1, and (c) β/γ = 0.5.
Each I∗ value was calculated independently with 500 simulation runs per value.
Bold dots and lines indicate means and medians, respectively; boxes show lower
and upper quartiles; error bars encompass data within 1.5 times the interquartile
range. N = 100 in all panels; (a) β = 10−4, γ = 10−5, α = 10−3, (b) β = γ = 10−5,
α = 10−3, and (c) β = 10−5, γ = 2× 10−5, α = 10−3. All rates are given per year.
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symbionts might thus still be in a pre-equilibrium state, implying bacterial
incidence to still be increasing on an evolutionary timescale.

Assessing the influence of network size N on the temporal dynamics of the
incidence I∗ demonstrates that, if time available tmax is sufficient so that
I∗ can reach equilibrium, increasing N has almost no effect on I∗. With
less time available, however, I∗ decreases with increasing N (Figure 3.5).
We conclude that in evolutionarily ancient Wolbachia infections (i.e. tmax
large), even networks consisting of millions of host species are very likely
to not significantly differ in incidence levels from those we investigated
here, that is, networks with up to 105 species. On the other hand, the
effect that in evolutionarily young infections (tmax small) Wolbachia tend
to accomplish only low incidence levels is considerably enhanced in larger
host assemblages.

3.3.4 Removing the long-range connections
Occasional transmission events between distantly related host species may
be one reason for the global distribution of Wolbachia among arthropod
hosts and for their evolutionary success in general. We use our model to
test the possible role of long-range connections as an amplifier of Wolbachia
incidence. To this end, we let infection spread on an open-ring lattice lacking
long-range connections (Figure 3.1b) and compared the results to those from
the small-world network. Within the first 105 years of infection, there is no
significant difference between the small-world and open-ring network: for
both network structures, the incidence is hardly above 0%. Subsequently,
however, the increase in I∗ is considerably slower on the open-ring lattice
than on the small-world network (Figure 3.6a). This negative impact of the
missing long-range links becomes even stronger with decreasing β/γ ratio
(Figure 3.6b) and increasing network size (data not shown). We conclude
that, across a wide parameter space and particularly within large host
networks (including networks larger than those studied here), long-range
connections are a prerequisite for Wolbachia to achieve the high incidence
levels commonly found in nature.

3.4 Discussion
We applied an epidemiological network model to Wolbachia horizontal trans-
mission between arthropod species over evolutionary time. The study was
motivated by the contradictory findings that a large percentage of all arthro-
pod species is estimated to be infected with Wolbachia (see Chapter 2) but
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Figure 3.5: The influence of network size N and available time tmax on
incidence I∗. Shown are results for a network of size (a) N = 103, (b) N = 104,
and (c) N = 105. Each I∗ value was calculated independently with 100 simulation
runs per value (except the last three values in (c) which were calculated with 10
runs per value). Bold dots and lines indicate means and medians, respectively;
boxes show lower and upper quartiles; error bars encompass data within 1.5 times
the interquartile range. β = 10−4, γ = 10−5, α = 10−3 (and thus β/γ = 10). All
rates are given per year.
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Figure 3.6: The influence of long-range connections on incidence I∗.
Shown are results as a function of available time tmax for open-ring (without long-
range connections) and small-world network (with long-range connections; inset) for
(a) β/γ = 2 and (b) β/γ = 0.6. Each I∗ value was calculated independently with
100 simulation runs per value. Bold dots and lines indicate means and medians,
respectively; boxes show lower and upper quartiles; error bars encompass data
within 1.5 times the interquartile range. N = 104 in both panels; (a) β = 2× 10−5,
γ = 10−5, α = 10−3; (b) β = 10−5, γ = 1.67× 10−5, α = 10−3. All rates are given
per year.
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Table 3.3: Model predictions on the evolutionary dynamics of Wolbachia
incidence.

The ratio between the rates at which species acquire and lose Wolbachia
is the main determinant of Wolbachia incidence. The rate at which
species lose resistance to Wolbachia is of minor importance

In host communities with an evolutionarily young Wolbachia infection,
incidence is likely to still be increasing on an evolutionary timescale.
This effect is enhanced in larger host communities

In host communities with an evolutionarily ancient infection, incidence is
likely to be at equilibrium. The size of host communities has little effect

Wolbachia transmission over large phylogenetic distances will often be
crucial for obtaining high incidence levels. Hybrid introgression, which
works only over small phylogenetic distances, will often be insufficient
to obtain such high incidence

that infections are likely to be lost on evolutionary timescales (Koehncke
et al., 2009). This apparent paradox can be resolved if one considers cyclical
infection patterns within host clades over time. This is, to our knowledge,
the first attempt to use epidemiological modeling to investigate Wolbachia
interspecies infection dynamics, and our results suggest that these infection
dynamics can be adequately addressed by such modeling. By computer
simulations, we show that (i) the ratio between transmission rate β and
recovery rate γ is the major determinant of Wolbachia incidence levels in
host species assemblages, (ii) the evolutionary time available for Wolbachia
to spread may considerably limit their incidence, especially in large host
assemblages, and (iii) occasional transmission events over long phylogenetic
distances are, under a wide range of conditions, indispensable for Wolbachia
to achieve similar incidence levels as observed in nature (see Table 3.3 for a
summary of predictions).
Our first main finding—the pivotal role of β/γ in determining the inci-

dence of Wolbachia—reflects the importance of one of the key quantities in
epidemiology, the basic reproduction number R0 (most basically defined as
β/γ). R0 can be used as a threshold quantity that determines whether an
epidemic occurs (Keeling and Rohani, 2008). We are able to reproduce
the threshold behavior of the incidence as a function of β/γ. A recent co-
phylogenetic analysis involving more than 1,000 arthropod species estimates
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the Wolbachia acquisition rate β to be 0.11 per million years, and the loss
rate γ to be 0.14 per million years (Bailly-Bechet et al., 2017). These
estimates are approximately one order of magnitude smaller than our lower
bound for these rates (1 per million years). What is crucial, however, is the
ratio between these rates; their β/γ ratio is 0.79 and thus very similar to
ratios that yield reasonable results in our model (e.g. β/γ = 1 in Figure 3.4b
or β/γ = 0.6 in Figure 3.6b). Our finding that the effect of immunity loss
rate α on incidence levels is negligible, at least in the estimated parameter
range, confirms the significance of transmission and recovery rate. Moreover,
this result confers considerable robustness to our approach because (i) we
need not further confine the parameter range for α and (ii) many different
parameter combinations yield the same incidence levels. As a result, the
limited knowledge of actual parameter values does not preclude an epi-
demiological approach to Wolbachia infections, particularly because basic
findings from standard epidemiology (e.g. the role of β/γ) also apply to the
Wolbachia pandemic.

Second, our model predicts that a particular incidence level encountered
in nature may still be in a pre-equilibrium state, and that incidence levels
should increase with evolutionary time before finally reaching equilibrium.
The question of whether Wolbachia incidence within global arthropod com-
munities is at equilibrium or increasing was already put forward by Werren
and Windsor (2000) and again addressed by Bailly-Bechet et al. (2017).
Our results support the latter possibility and thus suggest that host species
assemblages with an evolutionarily ancient Wolbachia infection should tend
to have a higher incidence than host assemblages that have acquired the
infection only recently. The limiting effect of time becomes particularly
relevant in large host assemblages where Wolbachia takes longer to reach
equilibrium incidence levels. However, one should not conclude that inci-
dence levels generally tend to decrease with increasing host assemblage size.
On the contrary, a recent meta-analysis of species-level phylogenies found
a positive correlation between clade age and species richness (McPeek
and Brown, 2007). Thus, larger host clades are likely to have an older
age compared to smaller clades and thus also have a higher chance to have
acquired Wolbachia at an earlier stage. This could partially compensate for
the incidence-decreasing effect of increasing clade size.
A third key result of our study is the finding that Wolbachia movement

between distantly related host species is often necessary to reach naturally
occurring incidence levels, particularly in large host assemblages. Besides
different modes of horizontal transmission, introgressive hybridization has
been suggested as a means for Wolbachia to move between species (Jiggins,
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Table 3.4: Open questions concerning parameters of Wolbachia inter-
species transmission.
Parameter Comments

Transmission rate β How frequently does a species acquire
Wolbachia infection in evolutionary time?

Can this rate be extrapolated from data on
population-wide sweeps in ecological time?

To what extent will this rate be species-specific
(e.g. depend on physiological and/or ecological
background)?

Recovery rate γ How frequently does a species lose Wolbachia
infection in evolutionary time?

To what extend will this rate depend on the type of
reproductive manipulation induced by Wolbachia?

Immunity loss rate α How fast does the functionality of suppressor
alleles decline within a species in the absence
of Wolbachia?

Can this rate be inferred from population-genetic
analyses of the fate of redundant genes?

2003; Raychoudhury et al., 2009). However, only a fraction of hybridiza-
tion events is accompanied by introgression of Wolbachia. Moreover, the
vast majority of hybrid introgression events are presumably restricted to
transmission within genera because hybridization beyond the genus level
appears to be rare in insects (Mallet, 2005). Thus, if we consider a network
that consists of several genera, hybrid introgression alone (corresponding to
the open-ring lattice that lacks any long-range connections) is not sufficient
to obtain adequate levels of Wolbachia incidence. Our findings therefore
point to the importance of transmission mechanisms other than hybrid
introgression in order to explain the empirically observed incidence levels.
The idea of regarding species as individual infectious agents on an evo-

lutionary timescale and within an epidemiological framework is essential
to our model. At the same time, its high level of abstraction makes it
difficult to validate our model with empirical data because both the ‘species-
as-infectious-agents’ conception and the consequent lack of data impede
parameter estimation. Some open questions regarding parameter estimation
are listed in Table 3.4. However, as pointed out previously, our incidence
estimates often depend more on parameter ratios than on absolute values,
which partially compensates for difficulties in parameter estimation and
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thus allows the high abstraction level.
Our model assumes that the three epidemiological parameters are equal

for all host species within a network. Regarding the transmission rate, this
assumption overlooks that the physiological and ecological background of
different arthropod species might promote or impede horizontal transmission.
For example, generalist parasitoids and predators probably have a higher
chance of transmitting and/or acquiring Wolbachia than specialists (Rokas
et al., 2002). Regarding the recovery rate, the particular reproductive
phenotype that is induced by Wolbachia influences the probability of being
lost from the host. Whereas resistance to Wolbachia is likely to eventually
evolve in the case of CI, male-killing and feminization, host species that
depend on thelytoky-inducing Wolbachia for reproduction (see Chapter 4) do
not seem to easily lose their symbionts. One might speculate, however, that
allowing for species-specific differences in transmission rate and recovery
rate will probably primarily increase the variance of incidence and have
less effect on the incidence level itself. Therefore, ignoring these differences
should be a reasonable simplification.

In our model, we consider neither host speciation nor extinction. Including
these processes, however, is not likely to change our findings qualitatively.
This is because both speciation and extinction affect network size N , whose
influence on Wolbachia incidence we already investigated. Moreover, regard-
less of whether a species is in the susceptible (S), infectious (I) or recovered
(R) compartment, both speciation and extinction can be understood as a
replenishment or depletion of the particular compartment and, therefore,
as a change in the transition rate (β, γ, α) replenishing or depleting that
compartment (Fig 3.2). For example, the emergence of uninfected species
can be understood as a replenishment of the S compartment, which in turn
can be expressed as an increase in α. The extinction of infected species can
be expressed as an increase in γ and so on. Because we analysed all effects
of changing transition rates, we believe that our model delivers insightful
results without the explicit inclusion of speciation or extinction events.
In a similar effort though with a different focus, Engelstädter and

Hurst (2006b) investigated how incidence dynamics of horizontally trans-
mitted parasites depend on the topology of host phylogenies. Assuming
that transmission probability declines exponentially with increasing phy-
logenetic distance, they show that heterogeneity in phylogenetic history
(i.e. symmetric vs. asymmetric trees) can lead to heterogenous incidence
between clades. Our approach differs from theirs in several ways. First,
by including spatial structure using a small-world transmission network,
we overcome the assumption that transmission probability solely depends
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on phylogenetic distance, thereby specifically including transmission over
large distances as is strongly suggested by phylogenetic evidence. Second,
by explicitly adopting a standard epidemiological model, we incorporate
more suitably the cyclical pattern of Wolbachia infections within species
and introduce a productive method for future research in this direction.
Our study reveals that the application of epidemiology in evolutionary

time advances our understanding of the Wolbachia pandemic among the
global arthropod community. We show that horizontal transmission between
unrelated hosts, including cases of large phylogenetic distance, is necessary
to account for the high incidence found in many host clades, but also that
incidence levels are likely to further increase on evolutionary timescales.
These insights would have not been possible if one considers Wolbachia
as purely vertically transmitted parasites. When conceptualizing species
as infectious agents, epidemiological modeling thus provides a productive
new perspective to analyze Wolbachia–host systems and their evolutionary
infection dynamics. Our approach can be applied not only to Wolbachia, but
to all parasites that move both vertically within and horizontally between
host species, such as other bacterial endosymbionts (Jaenike et al., 2007;
Chiel et al., 2009; Weinert et al., 2009; Duron et al., 2010; Ros et al.,
2012) and even viruses (Longdon et al., 2011). Future studies could profit
from epidemiology, particularly combined with network theory, to further
elucidate the evolutionary transmission dynamics between endosymbionts
and their hosts.
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4 A critical assessment of Wolbachia
mutualisms in arthropod hosts

There has been a recent upsurge in reports on Wolbachia-associated fitness
benefits. Therefore, the question arises how such instances of mutualism are
related to the phenotypes of reproductive parasitism. In this chapter, we
review the evidence of Wolbachia mutualisms in arthropods, including both
facultative and obligate relationships, and critically assess their biological
relevance. Although many studies report anti-pathogenic effects of Wol-
bachia, only few of them actually prove these effects to be relevant to field
conditions. We further show that Wolbachia frequently have beneficial and
detrimental effects at the same time, and that reproductive manipulations
and obligate mutualisms may share common mechanisms. These findings
undermine the idea of a clear-cut distinction between Wolbachia mutualism
and parasitism. In general, both facultative and obligate mutualisms can
have a strong, and sometimes unforeseen, impact on the ecology and evolu-
tion of Wolbachia and their arthropod hosts. Acknowledging this mutualistic
potential might be the key to a better understanding of some unresolved
issues in the study of Wolbachia–host interactions.

A slightly different version of this chapter has been published in Biological
Reviews (Zug and Hammerstein, 2015a).
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4.1 Introduction
Even for reproductive parasites it can pay to enhance host fitness. In
theory, any trait that increases the fitness of infected females will increase
transmission through these females and hence will be selected. Indeed,
recent years have witnessed rapid accumulation of evidence suggesting that
Wolbachia can have positive effects on the fitness of their arthropod hosts
and thus behave as mutualists, both of the facultative and obligate type
(Figure 4.1; see Table 4.1 for definitions). Mutualistic relationships between
Wolbachia and arthropods can be as intimate as the ancient mutalisms
between Buchnera and aphids or Wigglesworthia and tsetse flies: in the
bedbug Cimex lectularius, for example, Wolbachia reside in a specialized
host organe, the bacteriome, and provide essential nutrients (Hosokawa
et al., 2010; Figure 4.1A). The fact that Wolbachia-induced fitness bene-
fits can occur in the presence or absence of a reproductive manipulation
prompts the question of how both effects are related to each other. In other
words, are Wolbachia in arthropod hosts parasitic, mutualistic, or both?
Moreover, considering potential benefits of Wolbachia infection might be
helpful in elucidating several other outstanding issues. For example, how
can Wolbachia persist in novel host species, although they initially often
perform poorly in new hosts? Why has host resistance to Wolbachia been
found only so rarely, given that selection would act on hosts to suppress
reproductive parasites? And can Wolbachia become ultimate mutualists
(see Table 4.1), so that the host performs better than it would ever have
done without the bacteria?
In this chapter, we gather evidence of Wolbachia mutualisms in arthro-

pods and thus outline possible answers to these questions. We first describe
phenotypes of facultative mutualism and conditions that are favorable for
its emergence, with a special emphasis on Wolbachia-mediated protection
against pathogens. Next, we provide evidence of obligate mutualism in-
duced by Wolbachia in arthropod hosts and discuss how different forms of
dependence may have evolved. To this end, we present three case studies
on the evolution of dependence in order to highlight common features as
well as differences between them. Finally, we sketch possible evolutionary
fates of Wolbachia–arthropod mutualisms and outline directions for future
research.
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Figure 4.1: Wolbachia mutualisms in arthropod hosts. (A) In the bedbug Cimex lectularius (top), Wolbachia provide
essential B vitamins and are housed in specialized organs, the bacteriomes (bottom, magenta spots). c© Dr. Richard Naylor,
cimexstore.co.uk (top), Takahiro Hosokawa (bottom). (B) The leaf miner Phyllonorycter blancardella (top) relies on Wolbachia
to cope with nutritional constraints in senescent leaves. Infected larvae are able to induce so-called ‘green-islands’ (bottom
left), whereas cured larvae are not (bottom right). c© Bert Gustafsson (top), David Giron (bottom). (C) The mosquito Culex
pipiens is naturally infected with Wolbachia and the pathogen Plasmodium relictum. Wolbachia protects its host against
Plasmodium-induced mortality. c© Hans M. Smid, bugsinthepicture.com. (D) The parasitic wasp Asobara tabida depends on
Wolbachia for oogenesis. c© Kees Hofker. (E) The butterfly Eurema mandarina (top) is infected with feminizing Wolbachia.
After larval antibiotic treatment, many adults show an intersexual phenotype, fail to escape from the pupal case and die
(bottom). It is possible, though, that intersexual defects, rather than the lack of Wolbachia, are the cause of death. c© Daisuke
Kageyama. (F) In Franklinothrips vespiformis, Wolbachia-induced parthenogenesis has led to the complete loss of sexual
function, making the symbiont an obligate mutualist for daughter production. c© Entocare, Wageningen NL.



Table 4.1: Definitions of mutualism-related terms used in this review.
Term Definition

Mutualism A symbiotic relationship in which both partners (host and symbiont) benefit
Parasitism A symbiotic relationship in which one partner benefits at the expense of the other
Facultative mutualisma A mutualistic relationship in which the symbiont is not necessary for successful host

development or reproduction, but if it is present, the host enjoys some benefit from it
Obligate mutualisma A mutualistic relationship in which the symbiont is required for host reproduction or

survival
Proximate mutualism A mutualistic relationship in which symbiont removal results in a decreased performance

of the host. Proximate mutualisms can be the result of either ultimate mutualism or
evolved dependence

Ultimate mutualismb A mutualistic relationship in which the host could never have performed as well without
the symbiont, i.e. the host gains some ‘real’ benefit from the interaction. In practice,
detecting ultimate mutualisms is difficult because two different host genotypes must
be compared: an infected host that is adapted to the presence of its symbiont must
perform better than an uninfected conspecific that is adapted to the symbiont’s absence

Evolved dependenceb A mutualistic relationship in which the host has lost the ability to perform well in the
absence of its symbiont. Evolution of dependence is a precursor to obligate mutualism

‘Jekyll and Hyde’ infection A symbiotic relationship in which a reproductive parasite simultaneously acts as a
mutualist

‘Stand-alone benefit’ infection A symbiotic relationship in which symbiont-associated benefits occur without any
reproductive manipulation

a Both in facultative and obligate mutualisms, the endosymbiont benefits because it cannot survive outside of the host
cell.
b For a more detailed discussion on ultimate mutualism and evolved dependence, see De Mazancourt et al. (2005).



4.2 From parasitism to mutualism

4.2 From parasitism to mutualism

Originally, the idea of fitness-enhancingWolbachia was launched by recurrent
findings showing that the infection can be prevalent within a population even
though reproductive manipulation is low or absent (Giordano et al., 1995;
Hoffmann et al., 1996, 1998; Perrot-Minnot et al., 2002; Charlat
et al., 2003; Bouwma and Shoemaker, 2011). Theory suggests that, in
such cases, Wolbachia should increase host fitness in order to be maintained.
Turelli (1994) showed that selection on CI-inducing Wolbachia favours
variants that increase the relative fecundity of infected females, even if these
variants reduce the strength of CI. Under different conditions, however,
selection on fecundity-enhancing strains is likely to preserve CI. Thus,
once selection for increasing fecundity is operating, Wolbachia might either
continue to manipulate host reproduction (case I), or not (case II). In case I,
Wolbachia simultaneously act as a beneficial symbiont and as a reproductive
parasite—a situation called ‘Jekyll and Hyde’ infection (Jiggins and Hurst,
2011; see Table 4.1). It has been shown that beneficial effects of CI-inducing
Wolbachia facilitate their invasion and spread in host populations (Dobson
et al., 2002; Fenton et al., 2011), making ‘Jekyll and Hyde’ infections good
candidates for particularly successful Wolbachia strains. Moreover, such
infections blur the distinction between mutualistic and parasitic Wolbachia
(Herre et al., 1999; Sachs et al., 2011a).

In case II, Wolbachia-associated benefits occur without reproductive
manipulations. These ‘stand-alone benefit’ infections are likely to exhibit
larger net benefits than ‘Jekyll and Hyde’ infections and are perhaps the best
candidates for ultimate mutualisms (see Table 4.1), although it is difficult
to prove that a given relationship actually reflects an ultimate mutualism
(De Mazancourt et al., 2005). Although speculative, the ability to induce
a reproductive phenotype might only be hidden behind the beneficial trait
and might suddenly become visible, for example after a host shift. Such
a hiding effect has not yet been demonstrated for beneficial Wolbachia
traits, but it has been shown that the ability to induce one reproductive
manipulation can be hidden by another (Hornett et al., 2008). Therefore,
it is possible that ‘stand-alone benefit’ infections might easily turn into
‘Jekyll and Hyde’ infections.

By showing that, under certain circumstances, reproductive parasites are
selected to become increasingly benign, the analysis by Turelli (1994) pro-
vides theoretical evidence for the notion that mutualistic Wolbachia evolved
from parasitic ancestors (transition 1 in Figure 4.2). This view is supported
by more general studies on the origins of bacterial mutualism (Ewald, 1987;
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Ultimate mutualism

Facultative mutualism Obligate mutualism

Loss of WolbachiaReproductive parasitism

• increasing fecundity (1a)

• increasing survival (1b)

• nutritional provisioning (1c)

• host protection (1d)

Selection to enhance

host fitness

Evolution of dependence
• takeover of host function (2a)

• compensatory evolution/

  tolerance (2b)

Breakdown of 'Jekyll

and Hyde' mutualisms

Breakdown of 

'stand-alone' 

mutualisms

Host overcomes dependence

Evolution of dependence in the 

context of a facultative benefit

The host performs better than it would ever have done without Wolbachia

Evolution of resistance
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Figure 4.2: A schematic overview of the possible transitions between
different symbiotic relationships of Wolbachia and arthropod hosts. Each
transition is depicted by an arrow and explained by the overlying numbered box
(box 6 and box 7 belong to two transitions each). The numbers correspond with
the descriptions of the transitions in the text. ‘Jekyll and Hyde’ mutualisms are
those which occur together with a reproductive manipulation, whereas ‘stand-alone’
mutualisms do not. Note that the overview is non-exhaustive and also makes no
statements on how likely each transition is. See text for further details.

Sachs et al., 2011b). Accordingly, transitions from parasitism to mutualism
have been found in several Wolbachia–arthropod associations (Vavre et al.,
1999b; Fry et al., 2004; Weeks et al., 2007). Among the several phenotypes
of reproductive parasitism, CI is probably the best candidate for a hypothet-
ical starting point for a transition from parasitism to mutualism. In contrast
to the sex-ratio distorting phenotypes, CI causes selection on females to
improve bacterial transmission because Wolbachia-free females suffer from
incompatibility with infected males (Koehncke et al., 2009). This selection
for high vertical transmission is likely to have two effects: Firstly, it favours
fixation of CI-inducing Wolbachia within populations; once near fixation, CI
does little damage because most individuals are infected and thus protected
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from the phenotype. Secondly, high vertical transmission enables the host
to adapt to the presence of Wolbachia. The fact that both effects promote
the evolution of mutualism makes CI the most likely parasitic ancestor of a
mutualistic phenotype (Engelstädter and Hurst, 2009).

4.3 Wolbachia as facultative mutualists

4.3.1 Overview

In this section, we provide an overview of beneficial Wolbachia phenotypes
that are facultative from the host’s point of view, that is, although hosts
benefit from infection, they do not depend on Wolbachia for survival or fecun-
dity. Therefore, infected individuals can be cured of infection by antibiotic
treatment or introgression crosses (but see Section 4.5 for some shortcom-
ings of antibiotic treatment as a method to identify Wolbachia effects). A
straightforward way to examine Wolbachia-induced fitness effects is to com-
pare survival or fecundity rates of infected versus uninfected females. Due
to maternal inheritance of Wolbachia, there is no selection to increase male
fitness (although there are a few cases known in which Wolbachia enhances
male fertility: Wade and Chang, 1995; Hariri et al., 1998). By comparing
the performance of infected vs. uninfected females (detection of proximate
mutualisms; see Table 4.1), facultative fitness benefits due to Wolbachia
infection have been found in many arthropod host species, often measured
as a direct increase in fecundity or longevity (see Table 4.2; cases 1a and
1b in Figure 4.2). Many of these fitness effects have been measured in the
laboratory, but a recent study suggests that Wolbachia also increase lifetime
reproductive success in the field (Segoli et al., 2013). Frequently, infection
exhibits the ‘Jekyll and Hyde’ type in which Wolbachia induce a reproduc-
tive phenotype and simultaneously confer some fitness benefit. For example,
CI-inducing Wolbachia have been found to increase female survival in Aedes
albopictus (Dobson et al., 2004), and Drosophila simulans females infected
by male-killing Wolbachia produce significantly more daughters than do un-
infected females (Unckless and Jaenike, 2012). These examples illustrate
that the clear-cut distinction between parasitic and mutualistic Wolbachia
is not always possible. In some cases, however, Wolbachia increase host
fitness without any evident reproductive phenotype (‘stand-alone benefit’
infection): in the parasitoid wasp Trichogramma bourarachae, for example,
the only known Wolbachia phenotype consists of an increase in fecundity
(Vavre et al., 1999b; in most Trichogramma species, by contrast, Wolbachia
induce thelytokous parthenogenesis, see Huigens and Stouthamer, 2003).
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Table 4.2: Wolbachia-induced facultative fitness benefits.
Fitness benefit Reproductive
Host species manipulation?a Notes References

Increased fecundity
ARACHNIDA
Tetranychus truncatus CI perhaps due to the double infection [1]

with Wolbachia and Cardinium
INSECTA
Diptera
Aedes albopictus CI [2, 3]
Drosophila innubila MK [4]
Drosophila mauritiana ? due to increased mitotic activity of germline [5]

stem cells and decreased apoptosis
Drosophila melanogaster — [6]
Drosophila simulans CI [7]
Hemiptera
Nilaparvata lugens — [8]
Hymenoptera
Nasonia vitripennis CI probably due to host genetic background; [9]

see Bordenstein and Werren (2000)
Trichogramma bourarachae — [10, 11]
Trichogramma oleae PI [12]
Trichogramma pretiosum PI [13]
Psocoptera
Liposcelis tricolor ? [14]



Table 4.2. Continued
Fitness benefit Reproductive
Host species manipulation?a Notes References

Increased survival/longevity
ACARI
Tetranychus phaselus — perhaps due to the interplay between [15]

Wolbachia and Cardinium strains
INSECTA
Diptera
Aedes albopictus CI [2, 3, 16]
Aedes polynesiensis CI [17]
Culex quinquefasciatus CI only in blood fed females [18]
Drosophila melanogaster — [6, 19]
Drosophila melanogaster ? [20, 21]
Hemiptera
Bemisia tabaci ? [22]
Psocoptera
Liposcelis tricolor ? [14]

Nutritional provisioning
INSECTA
Coleoptera
Diabrotica virgifera virgifera CI due to down-regulation of defense [23]

genes in maize host plant; but see
Robert et al. (2013)

Diptera
Drosophila innubila MK in low-nutrient environment [4]
Drosophila melanogaster CI in low or high iron environment [24]



Table 4.2. Continued
Fitness benefit Reproductive
Host species manipulation?a Notes References

Nutritional provisioning
(continued)

Lepidoptera
Phyllonorycter blancardella ? due to cytokinin-mediated induction of [25]

‘green-island’ phenotype

a CI, cytoplasmic incompatibility; MK, male-killing; PI, parthenogenesis induction; ?, unknown/not reported; —,
not detected.

[1] Zhao et al. (2013b); [2] Dobson et al. (2002); [3] Dobson et al. (2004); [4] Unckless and Jaenike (2012);
[5] Fast et al. (2011); [6] Fry et al. (2004); [7] Weeks et al. (2007); [8] Zhang et al. (2010); [9] Stolk and
Stouthamer (1996); [10] Girin and Boulétreau (1995); [11] Vavre et al. (1999b); [12] Silva (1999); [13]
Grenier et al. (2002); [14] Dong et al. (2007); [15] Zhao et al. (2013a); [16] Gavotte et al. (2010); [17]
Brelsfoard and Dobson (2011); [18] Almeida et al. (2011); [19] Fry and Rand (2002); [20] Alexandrov
et al. (2007); [21] Toivonen et al. (2007); [22] Xue et al. (2012); [23] Barr et al. (2010); [24] Brownlie et al.
(2009); [25] Kaiser et al. (2010).
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Facultative benefits, both of the ‘Jekyll and Hyde’ and ‘stand-alone’ type,
could help to explain an unresolved issue concerning the spread of Wolbachia:
On the one hand, the bacteria infect a major proportion of arthropod species
worldwide (see Chapter 2). Horizontal transmission into new host species
is likely to be a key factor in shaping this pandemic (see Chapter 3). On
the other hand, Wolbachia commonly perform poorly after transmission
into new hosts. Moreover, reproductive parasitism alone is often insufficient
to ensure successful invasion into novel host populations. In the case of
CI, for example, there exists a threshold infection frequency below which
Wolbachia become extinct. Modeling shows that providing a fitness benefit
greatly facilitates the invasion and spread of CI-inducing Wolbachia in novel
hosts, e.g. by removing the invasion threshold (Fenton et al., 2011; see
Chapter 5). A recent experimental study suggests that beneficial effects
might facilitate Wolbachia invasion even if the reproductive phenotype is
lost after transmission to the new host. After transfer of a male-killing
Wolbachia strain from Drosophila innubila to D. simulans, the recipient
host did not suffer from any reproductive manipulation, but instead showed
increased longevity. Such immediate beneficial effects could provide the
necessary condition for Wolbachia to spread from low initial frequencies in
novel host species, independently of any reproductive manipulation (Veneti
et al., 2012). Note, however, that after Wolbachia have overcome the initial
obstacles to invasion by providing a fitness benefit, the beneficial effect might
attenuate over time (e.g. in the case of host protection; see Section 4.3.3). In
the absence of benefits, the bacteria would have to make use of reproductive
parasitism to be maintained in the population. Nevertheless, even such
temporary beneficial effects are probably important facilitators of Wolbachia
invasion into new hosts.

Most studies that analyzedWolbachia effects on host fecundity or longevity
did not investigate possible mechanisms underlying these effects. Recent
work on Wolbachia’s role in the female ovaries of Drosophila mauritiana
might be informative in this respect. Strikingly, Wolbachia-infected females
produce about four times more eggs than uninfected females (Fast et al.,
2011). In Drosophila, egg chambers are produced in the germarium, the
anterior part of each ovariole that contains the germline stem cells. Wolbachia
infection in D. mauritiana leads to increased mitotic activity of germline
stem cells and to decreased apoptosis in the germarium. The combination
of both effects results in the fourfold increase in egg production (Fast et al.,
2011). Although it is questionable whether such a huge fecundity effect is
still beneficial to the host, Wolbachia could make use of these mechanisms
to a lesser extent in order to enhance host fecundity in a beneficial way.
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Moreover, in Drosophila melanogaster, Wolbachia infection influences the
expression level of chico (Zheng et al., 2011b), a gene that is involved in
life span regulation (Clancy et al., 2001). This could indicate a possible
mechanistic basis for Wolbachia’s positive effect on longevity in Drosophila
(Fry and Rand, 2002; Fry et al., 2004).

It is well known that the particular manifestation of mutualistic in-
teractions is often context-dependent (Bronstein, 1994). Accordingly,
Wolbachia-associated facultative benefits are likely to depend on the envi-
ronmental conditions experienced by the host. For example, female Aedes
albopictus larvae that are infected with Wolbachia experience higher sur-
vivorship under low larval densities, but not under high densities (Gavotte
et al., 2010). Additional conditions under which Wolbachia-associated bene-
fits appear to be particularly valuable are the presence of pathogens (see
Sections 4.3.2 and 4.3.3) and nutritional stress (see Table 4.2; case 1c in
Figure 4.2). When exposed to low-nutrient food, infected D. melanogaster
and Drosophila innubila females laid significantly more eggs than uninfected
females (Brownlie et al., 2009; Unckless and Jaenike, 2012). A no-
table case of Wolbachia-induced nutritional provisioning was observed in
the leaf miner Phyllonorycter blancardella. In autumn, Ph. blancardella
larvae induce ‘green islands’ in otherwise senescent leaves (Figure 4.1B).
These photosynthetically active patches present a nutrient-rich microenvi-
ronment to feeding larvae. Interestingly, larvae lose their ability to induce
green islands when their mothers were cured of Wolbachia, leading to high
mortality rates (Kaiser et al., 2010). Probably, Wolbachia impact green
island formation by manipulating cytokinin levels in the plant, possibly
by directly synthesizing the phytohormone. If it could be shown that Ph.
blancardella on its own (i.e. without Wolbachia) has never been able to
induce green islands, this would represent a good example of an ultimate
mutualism. It has also been suggested that Wolbachia may manipulate
plant physiology in order to help its herbivorous insect host to cope with
plant defense mechanisms. Larvae of the western corn rootworm, Diabrotica
virgifera virgifera, feed on maize root tissues. A recent microarray study
reported that Wolbachia-infected larvae induce a down-regulation of maize
defense genes compared to their antibiotic-treated counterpart (Barr et al.,
2010). However, a follow-up study could not find any evidence of this
effect (Robert et al., 2013). Lastly, it is noteworthy that Wolbachia might
also act as a nutritional mutualist in fungus-growing ants. Workers of the
leaf-cutting ant Acromyrmex octospinosus cultivate their fungus garden
by feeding it with freshly cut leaves and manuring it with faecal droplets.
Surprisingly, Wolbachia occur extracellularly in the workers’ gut lumen and
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faecal droplets (Andersen et al., 2012). It is tempting to speculate that
Wolbachia might contribute to the nutritional function of the faecal droplets
in the ant-fungus symbiosis. Taken together, these examples illustrate the
role of mutualistic symbionts as ‘hidden players’ in insect-plant interactions
(Frago et al., 2012), but also show that Wolbachia’s role in such interactions
needs further investigation.

4.3.2 Protection against pathogens: the evidence

The presence of natural enemies is another situation that might reveal
possible host benefits provided by Wolbachia (case 1d in Figure 4.2). During
the last few years, numerous studies have reported that Wolbachia infec-
tion has an anti-pathogenic effect in the host, for example against several
RNA viruses, different Plasmodium species, fungi, bacteria, and nematodes.
Antiviral effects, in particular, have been observed frequently and across
different Wolbachia strains, multiple hosts, and diverse viral families (see
Table 4.3 and references therein). Some of these studies have aroused great
interest, not least because Wolbachia’s anti-pathogenic potential might be
used as an effective means to control insect-borne human diseases (Kam-
bris et al., 2009; Moreira et al., 2009; Iturbe-Ormaetxe et al., 2011;
Blagrove et al., 2012; Mousson et al., 2012; Cook and McGraw, 2010;
Caragata et al., 2016; Dutra et al., 2016). The recent upsurge in reports
on that topic is also in line with a generally increasing interest in symbiont-
mediated protection among arthropod hosts (for reviews, see Haine, 2008;
Brownlie and Johnson, 2009; Eleftherianos et al., 2013).
At this point, we put forward a clarification of terminology by distin-

guishing between ‘anti-pathogenic effect’ (or ‘pathogen interference’) on
the one hand and ‘protection’ on the other hand. Symbiont-mediated pro-
tection can result from a reduction in pathogen load (resistance), from
an increased ability of the host to compensate for negative effects of the
pathogen (tolerance), or from a combination of both mechanisms. We
define ‘protection’ as an increase in host fitness as a result of increased
resistance and/or tolerance in the presence of pathogens. By contrast, the
term ‘anti-pathogenic effect’ (‘interference’) is meant to include all cases
of increased resistance/tolerance, regardless of whether a corresponding
fitness benefit has been demonstrated. While many studies observed an
anti-pathogenic effect of Wolbachia (mostly based on increased resistance),
only some of them have tested for a fitness effect (see Table 4.3). In light
of other potential drawbacks (see Section 4.3.3), there remain only a few
reports that make a convincing case for Wolbachia-mediated host protection
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Table 4.3: Wolbachia-induced anti-pathogenic effects (pathogen interference).

Host/vector
species

Reprod.
manip.?a

Natural infection? Fitness effect tested?b

Pathogen Wolbachia Pathogen Wolbachia Pathogen wMelPop? Ref.

INSECTA
Diptera
Aedes aegypti CI Nematode Noc Yes No No Yes [1]

Brugia
pahangi

CI Bacterium Noc ? Yes Yes Yes [2]
Burkholderia
cepacia

CI Chikungunya Noc Yes No No Yesd [3, 4]
virus

CI Dengue virus Noc Yes Yese Yese Yesd [3, 5, 6]
CI Bacterium Noc ? Yes Yesf Yesd [1, 2]

Erwinia
carotovora

CI Bacterium Noc No Yes Yes Yes [2]
Mycobacterium
marinum

CI Plasmodium Noc No No No Yes [3]
gallinaceum

CI Bacterium Noc No Yes Yes Yesd [2]
Salmonella
typhimurium

CI Yellow Fever Noc Yes No No Yes [4]
virus



Table 4.3. Continued

Host/vector
species

Reprod.
manip.?a

Natural infection? Fitness effect tested?b

Pathogen Wolbachia Pathogen Wolbachia Pathogen wMelPop? Ref.

Aedes aegypti Zika virus Noc Yes No No No [7, 8]
(continued)

Aedes albo- CI Chikungunya Nog Yes No No No [9]
pictus virus

CI Dengue virus Nog Yes No No No [10]
CI Dengue virus Yes Yes Yesh No No [11]

Aedes poly- CI Nematode Nog Yes Yesi Yes No [12]
nesiensis Brugia

pahangi
Anopheles ?j Plasmodium Noc No No No Yes [13]
gambiae berghei

?j Plasmodium Noc Yes Yesi Yesh Yesd [14]
falciparum

Anopheles CI Plasmodium Noc Yes No No No [15]
stephensi falciparum

Culex pipiens CI Plasmodium Yes Yes Yes Yes No [16]
relictum

Culex quinque- CI West Nile virus Yes Yes No No No [17]
fasciatus

Drosophila MK Flock House Yes No Yes Yes No [18]
innubila virus

Drosophila ? fungus Yes Yes Yes No No [19]
melanogaster Beauveria

bassiana



Table 4.3. Continued

Host/vector
species

Reprod.
manip.?a

Natural infection? Fitness effect tested?b

Pathogen Wolbachia Pathogen Wolbachia Pathogen wMelPop? Ref.

Drosophila CI Chikungunya Yes No No No No [17]
melanogaster virus
(continued) CI Cricket Paralysis Yes Yes Yes No No [20]

virus
CI Dengue virus Yes No No Yesh Yesd [21]
CI Drosophila C Yes Yes Yes Yesk Yesd [20, 22]

virus
CI Flock House Yes No Yes No No [20, 22]

virus
CI Nora virus Yes Yes Yes No No [22]
CI West Nile virus Yes No No No No [17]

Drosophila CI Drosophila C Yes Yes Yes Yes No [23]
simulans virus

CI Flock House Yes No Yes Yes No [23]
virus

Hemiptera
Cimex ? opportunistic Yes Yes ? ? No [24]
lectularius bacteria

The column ‘Natural infection?’ indicates whether the host/vector is naturally infected with Wolbachia or the pathogen.
The column ‘Fitness effect tested?’ indicates whether any fitness effects of Wolbachia or pathogen infection were tested.
The column ‘wMelPop?’ indicates whether the laboratory Wolbachia strain wMelPop was used. Gray shading indicates
characters that are not suited for an assessment of Wolbachia’s protective potential in the field. For more information see
main text.



Table 4.3. Continued

a Reproductive manipulation? CI, cytoplasmic incompatibility; MK, male-killing; ?, unknown/not reported.
b If yes, then a positive Wolbachia effect/negative pathogen effect was found, unless noted otherwise.
c Host naturally uninfected.
d Not in all experiments.
e Only Bian et al. (2010) tested for a fitness effect; Wolbachia effect was slightly positive, but there was no significant
pathogen effect.
f Only Ye et al. (2013) tested for a fitness effect; pathogen effect was negative.
g Cured of its native Wolbachia and then transfected with a non-native strain.
h No significant effect.
i Negative effect.
j Only transient somatic infections have been established.
k Only Teixeira et al. (2008) tested for a fitness effect; pathogen effect was negative.

[1] Kambris et al. (2009); [2] Ye et al. (2013); [3] Moreira et al. (2009); [4] Van den Hurk et al. (2012);
[5] Bian et al. (2010); [6] Walker et al. (2011); [7] Aliota et al. (2016); [8] Dutra et al. (2016); [9] Blagrove et al.
(2013); [10] Blagrove et al. (2012); [11] Mousson et al. (2012); [12] Andrews et al. (2012); [13] Kambris et al.
(2010); [14] Hughes et al. (2011b); [15] Bian et al. (2013); [16] Zélé et al. (2012); [17] Glaser and Meola (2010); [18]
Unckless and Jaenike (2012); [19] Panteleev et al. (2007); [20] Hedges et al. (2008); [21] Rancès et al. (2012); [22]
Teixeira et al. (2008); [23] Osborne et al. (2009); [24] L. L. Heaton and M. T. Siva-Jothy, unpublished data.
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(e.g. Hedges et al., 2008; Teixeira et al., 2008; Osborne et al., 2009;
Zélé et al., 2012; see also Figure 4.1C).
The molecular mechanisms underlying Wolbachia-associated anti-patho-

genic effects are still unclear. Antiviral activity seems to be more frequent
than antibacterial activity, indicating that the underlying mechanisms are
independent (Wong et al., 2011; Rottschaefer and Lazzaro, 2012).
RNA interference, a major constituent of insect antiviral immunity (Sabin
et al., 2010), was shown to be not essential for antiviral effects (Hedges
et al., 2012; Rainey et al., 2016; Terradas et al., 2017). Moreover, no effect
against a DNA virus has been found so far (Teixeira et al., 2008; Unckless,
2011; Graham et al., 2012). Recently, White et al. (2017b) proposed a
possible explanation for the RNA virus specificity of Wolbachia-associated
antiviral effects: RNA viruses, but not DNA viruses, preferentially replicate
in the endoplasmic reticulum (ER). Since the authors found Wolbachia to be
intimately associated with the ER and to dramatically alter its morphology,
this might result in interference with viral replication. For a discussion
on possible mechanisms underlying Wolbachia’s antiviral effects, see also
Merkling and van Rij (2013), Sinkins (2013), Rainey et al. (2014), and
Johnson (2015).

In general, there is good evidence that Wolbachia density is correlated
to the strength of anti-pathogenic activity (Osborne et al., 2009, 2012;
Frentiu et al., 2010; Lu et al., 2012). Consistent with this finding, two
major (mutually non-exclusive) hypotheses have been proposed to explain
the mechanism of Wolbachia-induced pathogen interference. On the one
hand, interference may be due to the possibility that both Wolbachia and
pathogens compete for limited host resources, e.g. cholesterol, which both
Wolbachia and viruses need for replication (Moreira et al., 2009; Osborne
et al., 2009, 2012; Frentiu et al., 2010; Wong et al., 2011; Lu et al., 2012;
Caragata et al., 2013). On the other hand, several studies suggest that
Wolbachia upregulate the host immune response, particularly genes involved
in the Toll and the Immune deficiency (Imd) pathway, and that such immune
upregulation underlies anti-pathogenic effects (Xi et al., 2008; Moreira
et al., 2009; Kambris et al., 2009, 2010; Bian et al., 2010; Pan et al., 2012).
However, all of these studies analyzed Wolbachia effects in hosts that are
either naturally uninfected or infected with a different strain. By contrast,
Wolbachia-induced anti-pathogenic effects in naturally infected hosts are not
associated with immune activation, indicating that upregulation of immune
genes (or at least of those in the Toll and Imd pathway) is not required for
host protection in the field (Wong et al., 2011; Rancès et al., 2012, 2013;
Ferreira et al., 2014) (see next section).
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Modeling predicts that host protection will evolve in vertically transmitted
symbionts when they compete with horizontally transmitted pathogens in
the same host (Lively et al., 2005; Jones et al., 2007, 2011). Accordingly,
mechanisms of symbiont-mediated protection can be classified into three
categories that correspond to distinct types of interspecies competition from
classical ecology (Gerardo and Parker, 2014). Interference competition
involves the direct impairment of pathogens by symbionts, e.g. by producing
toxins that harm pathogens. In the two other forms, competition is indirect.
In exploitative competition, symbiont and pathogen have overlapping ecolog-
ical niches and/or compete for the same limited resource; and in apparent
competition, the symbiont induces a host immune response that is more
deleterious to the pathogen than to itself. Notably, most mechanisms that
have so far been proposed to underlie Wolbachia-mediated anti-pathogenic
effects fall into categories of indirect competition, either of the exploitative
type (e.g. competition for lipids or for the intracellular ER niche), or of the
apparent type (triggering of a host immune response). By contrast, we know
of no example showing that Wolbachia directly interfere with pathogens to
the benefit of the host. Therefore, most anti-pathogenic effects of Wolbachia
probably do not stem from selection on the symbiont to be beneficial to the
host, but are more likely to be a byproduct of other processes (Gerardo
and Parker, 2014). Consequently, even if pathogen interference indeed
increases host fitness (and thus qualifies as protection; see below), these
instances will mostly be ‘byproduct benefits’, a well-known concept in the
literature on the evolution of cooperation (Connor, 1995; Sachs et al.,
2004).

4.3.3 Protection against pathogens: a critique

In addition to the fact that pathogen interference is more likely a byprod-
uct than a directly selected trait, there are some further caveats to the
experimental findings of Wolbachia-associated anti-pathogenic effects and
the conclusions that can be drawn from them. Primarily, these caveats
relate to the question of whether pathogen interference does occur in nature
and, if yes, whether it is associated with a fitness benefit to the host. In
other words, does an anti-pathogenic effect actually represent a case of host
protection? To answer this question, it is crucial to have a closer look at
the ménage à trois between host, pathogen, and Wolbachia. With regard
to the Wolbachia–host relationship, one should ask whether the arthropod
species under study is naturally infected with Wolbachia, and whether the
anti-pathogenic effect is associated with an increase in host fitness. Likewise,
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one should examine the studied host-pathogen relationship: is it actually
found in nature, and is pathogen presence associated with a decrease in
host fitness? We consider each issue in turn.

Does the Wolbachia–host relationship exist in nature?

Firstly, several studies that found Wolbachia-induced anti-pathogenic effects
used the virulent Wolbachia strain wMelPop (see Table 4.3). This strain
was detected in a laboratory strain of Drosophila melanogaster and possibly
does not exist in nature. It is therefore unclear what these findings tell
us about naturally existing symbioses. Secondly, almost all experiments
were done using laboratory host strains or even cell lines (Frentiu et al.,
2010; Lu et al., 2012). These strains are highly adapted to laboratory
conditions which are more benign than those in the field. Again, it is
unclear what we can learn about Wolbachia-mediated host protection in
natural environments. Lastly, and most importantly, a number of studies
found pathogen interference in hosts that are naturally uninfected with
Wolbachia and were only transfected with the symbiont, e.g. the mosquitoes
Aedes aegypti and Anopheles gambiae1 (Moreira et al., 2009; Kambris
et al., 2009, 2010; Bian et al., 2010; Hughes et al., 2011b; Walker et al.,
2011). Other reports on anti-pathogenic effects involve hosts that had been
cured of their native Wolbachia and that were then transfected with a
non-native strain (Blagrove et al., 2012, 2013) (see Table 4.3).

Why does the distinction between natural and artificial Wolbachia
infections matter?

Transfection of Wolbachia into naturally uninfected hosts (or into hosts
naturally infected with a different Wolbachia strain) is likely to be the
cause of immune upregulation and thus of the anti-pathogenic effects in
these artificially created Wolbachia–host associations. By contrast, in many
coevolved associations Wolbachia infection is not associated with immune
upregulation (Bourtzis et al., 2000; Wong et al., 2011; Rancès et al., 2012)
and also has no anti-pathogenic effect, but rather is neutral or even ‘pro-
pathogenic’ (see Table 4.4). We also note that even an artificial Wolbachia
infection can be pro-pathogenic, e.g. by increasing pathogen load (Hughes

1The absence of Wolbachia in these mosquitoes is probably due to a reciprocal negative
interference with Asaia, a member of the native microbiota of several mosquito
species (Hughes et al., 2014; Rossi et al., 2015). Accordingly, the recent detection of
Wolbachia sequences in a few An. gambiae individuals in Burkina Faso (Baldini et al.,
2014) might be explained by an unusual lack of Asaia in this mosquito population.
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Table 4.4: Naturally occurring Wolbachia–host associations in which
infection has either no anti-pathogenic effect or even a deleterious (‘pro-
pathogenic’) effect in the presence of pathogens. This neutral/negative
effect was proven by comparing pathogen load or host fitness (survival) in the
presence vs. absence of Wolbachia.
Host/vector species Pathogen Ref.

INSECTA
Diptera
Aedes aegypti Chikungunya virus [1]

Yellow Fever virus [1]
Aedes albopictus Chikungunya virus [2]

Dengue virus [3]
Aedes fluviatilis Plasmodium gallinaceuma [4]
Aedes pseudoscutellaris nematode Brugia pahangi [5]
Armigeres subalbatus Japanese encephalitis virus [6]
Drosophila bifasciata Drosophila C virus [7]

Flock House virusa [7]
Drosophila innubila Drosophila innubila Nudivirus [8]
Drosophila melanogaster bacterium Burkholderia cepacia [9]

bacterium Erwinia carotovora [10]
Insect Iridescent Virus 6a [11]
La Crosse virusa [12]
bacterium Listeria monocytogenes [13]
bacterium Mycobacterium marinum [9]
bacterium Providencia rettgeri [13]
bacterium Pseudomonas aeruginosa [10]
bacterium Salmonella typhimurium [13]
bacterium Serratia marcescens [10]

Drosophila neotestacea nematode Howardula aoronymphium [14]
Drosophila simulans fungus Beauveria bassiana [15]

Drosophila C virus [16]
bacterium Erwinia carotovora [10]
Flock House virusa [16]
parasitoid Leptopilina heterotoma [15]
bacterium Pseudomonas aeruginosa [10]
bacterium Serratia marcescens [10]

Lepidoptera
Spodoptera exempta Spodoptera exempta nucleopolyhedrovirus [17]
a No natural pathogen.
[1] Van den Hurk et al. (2012); [2] Mousson et al. (2010); [3] Bian et al.
(2010); [4] Baton et al. (2013); [5] Dutton and Sinkins (2005); [6] Tsai et al.
(2006); [7] Longdon et al. (2012); [8] Unckless (2011); [9] Ye et al. (2013);
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Table 4.4. Continued

[10] Wong et al. (2011); [11] Teixeira et al. (2008); [12] Glaser and Meola
(2010); [13] Rottschaefer and Lazzaro (2012); [14] Jaenike et al. (2010);
[15] Fytrou et al. (2006); [16] Osborne et al. (2009); [17] Graham et al.
(2012).

et al., 2012). Nevertheless, the overall trend of the findings is that a strong
immune response and concomitant pathogen interference are frequent in
artificial, but rare in natural Wolbachia–host associations. In Chapter 6, we
will discuss the interactions between Wolbachia and the host immune system,
and their implications for anti-pathogenic effects, in more detail. A possible
conclusion from the overall trend is that anti-pathogenic effects are present
only in newly infected hosts and will attenuate through coevolution between
host and symbiont (Vavre and Charlat, 2012). Therefore, Wolbachia-
induced pathogen interference (and associated host protection) might only
be a temporary phenomenon. However, even a temporary anti-pathogenic
effect in naturally uninfected hosts might be of biological relevance: It could
boost Wolbachia from very low initial frequencies and thus facilitate invasion
into novel host populations (Fenton et al., 2011; see Chapter 5).

Is Wolbachia infection associated with a fitness benefit?

In order to demonstrate that Wolbachia actually protects its host against
a pathogen, the anti-pathogenic effect must be shown to confer a fitness
benefit (e.g. increased survival). In many studies, however, the impact of
pathogen interference on host fitness was not analyzed at all (see Table 4.3).
Furthermore, some of the studies that did test for fitness effects could not
find a positive effect (Mousson et al., 2012) or even found a negative
one (Hughes et al., 2011b; Andrews et al., 2012). In conclusion, many
analyzed Wolbachia–host associations are not suited to prove the symbiont’s
ability to protect its host against pathogens. Lastly, high-density Wolbachia
infections, which are often associated with strong anti-pathogenic effects
(see Section 4.3.2), might shorten host lifespan. Therefore, even if Wolbachia
infection protects against pathogens, this benefit might be counteracted by
the cost of shortened lifespan, possibly causing selection to favour lower
levels of protection (Chrostek et al., 2013).
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Does the host-pathogen relationship exist in nature?

The second big task in assessing Wolbachia’s protective potential is to scru-
tinize the relationship between host and pathogen. Not all host-pathogen
relationships that were examined in the laboratory are actually found in the
field. For example, Wolbachia-associated effects against the Flock House
virus (FHV) were examined in three different Drosophila species (Hedges
et al., 2008; Teixeira et al., 2008; Osborne et al., 2009; Unckless and
Jaenike, 2012), although FHV is not a natural pathogen of Drosophila, but
was isolated from a coleopteran (Scotti et al., 1983). Likewise, Wolbachia-
induced anti-pathogenic effects were observed in mosquito–Plasmodium
combinations that are not found in nature (Moreira et al., 2009; Kam-
bris et al., 2010). There are more examples of unnatural host-pathogen
relationships (see Table 4.3). Tripartite interactions between Wolbachia, its
host and an unnatural pathogen are probably not well suited to evaluate
Wolbachia’s protective abilities.

Is pathogen infection associated with a fitness cost?

A last crucial point is to demonstrate a pathogen-induced fitness cost to the
host (usually increased mortality). To do so, one has to compare survival
rates of pathogen-challenged and unchallenged hosts. Despite this simplicity,
only some studies in Table 4.3 used this approach to confirm a pathogen-
related fitness cost (Teixeira et al., 2008; Osborne et al., 2009; Andrews
et al., 2012; Unckless and Jaenike, 2012; Zélé et al., 2012). Neverthe-
less, this check is important because not all symbionts commonly referred
to as pathogens necessarily reduce host fitness. For example, Teixeira
et al. (2008) found a Wolbachia-induced anti-pathogenic effect against the
Drosophila Nora virus. However, this virus causes infections that are essen-
tially symptom-free (Habayeb et al., 2009). Even in an artificially created
host-pathogen association, there was no significant pathogen effect on host fit-
ness (Rancès et al., 2012). Moreover, it is possible that a fitness cost is only
due to the experimental mode of pathogen transmission. In its natural host
Drosophila melanogaster, for example, Drosophila C virus (DCV) is trans-
mitted by feeding and shows varying pathogenicity (Thomas-Orillard
et al., 1995; Hedges and Johnson, 2008). However, when injected into
adult flies, DCV turns out to be highly pathogenic, with flies dying within
several days after injection. Accordingly, microarray studies that analysed
the antiviral response of D. melanogaster revealed that only few genes are
induced after oral ingestion of DCV, whereas a broad response is triggered
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after DCV injection (Roxström-Lindquist et al., 2004; Dostert et al.,
2005). Therefore, experiments involving the injection of pathogens might
be biased towards higher fitness costs than those that are found in natural
host-pathogen relationships. This might be a serious problem because injec-
tion of pathogens into adult hosts is a standard transfection procedure and
was used in all studies listed in Table 4.3 that consider Drosophila–virus
relationships. Last we note that a particular strain of DCV (termed DCVC)
even has a beneficial effect on its Drosophila host: although DCVC enhances
pre-adult mortality, it increases fecundity and longevity in adult females
and might thus confer a net fitness benefit to the host (Thomas-Orillard,
1990; Gomariz-Zilber and Thomas-Orillard, 1993). In this case, an
antiviral effect by Wolbachia would probably be disadvantageous to the host.
Up to this point, we have considered relationships between a pathogen

and its principal host (such as DCV and Nora virus in Drosophila). However,
the question of whether pathogens induce a fitness cost is particularly con-
troversial in cases where an arthropod species acts as vector of a pathogen,
not as its principal host. Indeed, many studies listed in Table 4.3 consider
relationships between pathogens and their arthropod vectors, for example
mosquito–Plasmodium systems or mosquito-borne viruses such as chikun-
gunya and dengue. The degree of pathogen virulence in arthropod vectors is
still under debate. Two meta-analyses suggest that, overall, arthropod-borne
pathogens reduce the survival of their vectors (Ferguson and Read, 2002;
Lambrechts and Scott, 2009). Nevertheless, there are exceptions: For
two mosquito–Plasmodium combinations in Table 4.3 (Aedes aegypti–P.
gallinaceum and Anopheles gambiae–P. falciparum), Ferguson and Read
(2002) found no reduction in vector survival (see also Hughes et al., 2011b).
Similarly, there are cases where chikungunya and dengue infection had no
influence on vector survival (Bian et al., 2010; Mousson et al., 2010).
Therefore, the fact that pathogens do not necessarily impose a fitness cost
holds true both for hosts and vectors. However, if there is no fitness cost of
pathogen infection, any anti-pathogenic effect induced by Wolbachia will
probably not be beneficial to the host.

Taken together, we have shown that many reports onWolbachia-associated
anti-pathogenic effects fail to prove naturally occurring host protection.
While Wolbachia-induced pathogen interference is a promising field of re-
search, given its far-reaching implications for disease control, we feel that
there is a need to examine more rigorously its significance in the field. We
do not claim that Wolbachia-induced protection is unimportant in nature;
rather, our survey shows that the evidence is limited so far. Future research
might easily change the picture.
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4.4 Wolbachia as obligate mutualists

4.4.1 Overview

It is becoming increasingly clear that several arthropod species cannot
survive or reproduce when their Wolbachia symbionts are removed (see
Table 4.5). In such cases of evolved dependence (transition 2 in Figure 4.2),
hosts have adapted to the presence of Wolbachia (De Mazancourt et al.,
2005). For example, the latter might have evolved to provide some vital
component of a host developmental or reproductive process. Subsequent
relaxed selection on host genes for this trait would allow for the accumu-
lation of mutations in these genes. Once the host has lost the ability to
provide the vital function on its own, Wolbachia could permanently take
over control of the corresponding process. Such sheltering of deleterious
mutations has been observed in Drosophila melanogaster where Wolbachia
infection suppresses sterility in Sex-lethal (Sxl) mutants and lethality of chico
mutants, respectively (Starr and Cline, 2002; Clark et al., 2005). Simi-
larly, infection also rescues female fertility in bag of marbles (bam) mutants
(Flores et al., 2015). Since all genes are involved in D. melanogaster ooge-
nesis (Sxl, in addition, is the master regulator of sex determination in this
species), these observations indicate that dependence on Wolbachia might
frequently be associated with the ability of the symbiont to interfere with
key host reproductive processes, such as oogenesis and sex determination
(see Sections 4.4.2–4.4.4).

It is also conceivable that hosts become dependent on their protective
symbionts because the latter reduce selection on hosts to maintain their own
defense mechanisms (Gerardo and Parker, 2014; Ford and King, 2016).
Hence, the presence of defensive symbionts may slow down the evolution
of host resistance genes, as was recently shown in Wolbachia-infected D.
melanogaster (Martinez et al., 2016). This may potentially lead to some
form of ‘immunological dependence’. Possibly, the loss of immune genes in
honey bees and pea aphids (Evans et al., 2006; Gerardo et al., 2010) can
also be explained by protective symbionts partially taking over host defense.
The takeover of some host function by Wolbachia is likely to be typical

of the initial steps towards obligate mutualism (case 2a in Figure 4.2, see
Section 4.4.3; another evolutionary path to obligate mutualism involves com-
pensatory evolution in the host; see Sections 4.4.2 and 4.4.4). However, some
authors have refrained from classifying such relationships as mutualisms
and prefer the term ‘obligatory parasitism’ because Wolbachia does not
provide any additional new function, but only ensures that pre-exisiting pro-
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Table 4.5: Evolved host dependencies upon Wolbachia.
Defects in aposymbiotic females Reproductive
Host species manipulation?a Notes References

Female sterility (oogenesis defects)
ENTOGNATHA
Folsomia candida PI Via facilitation of [1, 2]

parthenogenesis; see
Hafer and Pike (2010)

INSECTA
Coleoptera
Coccotrypes dactyliperda ? Caused by Wolbachia [3]

or Rickettsia (or both)
Lissorhoptrus oryzophilus ? [4]
Otiorhynchus sulcatus ? [5]
Diptera
Drosophila paulistorum CI [6]
Exorista sorbillans ? [7]
Hemiptera
Cimex lectularius ? Via supply of B vitamins [8]
Hymenoptera
Asobara tabida — [9]
Lethality
INSECTA
Lepidoptera
Eurema mandarina (former Eurema hecabe) FE Via interference with sex- [10]

specific-splicing of
doublesex



Table 4.5. Continued
Defects in aposymbiotic females Reproductive
Host species manipulation?a Notes References

Lethality
(continued)

Ostrinia furnacalis MK Via interference with [11]
dosage compensation

Ostrinia scapulalis MK Via interference with [12]
dosage compensation

a CI, cytoplasmic incompatibility; FE, feminization; MK, male-killing; PI, parthenogenesis induction; ?, un-
known/not reported; —, not detected.

[1] Pike and Kingcombe (2009); [2] Timmermans and Ellers (2009); [3] Zchori-Fein et al. (2006); [4] Chen
et al. (2012); [5] Son et al. (2008); [6] Miller et al. (2010); [7] Puttaraju and Prakash (2009); [8] Hosokawa
et al. (2010); [9] Dedeine et al. (2001); [10] Kageyama et al. (2017); [11] Fukui et al. (2015); [12] Sugimoto
et al. (2015)
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cesses function properly, thus rendering the host incapable of independence
(Dedeine et al., 2003). The conflict can be resolved by the disambiguation
put forward by De Mazancourt et al. (2005): symbioses in which the host
requires Wolbachia are classified as proximate mutualisms (the host derives
a benefit from Wolbachia’s presence) and as obligate mutualisms (arising
from evolved dependence), but usually not as ultimate mutualisms (there is
no additional benefit) (see Table 4.1). The loss of a trait whose function is
taken over by an ecological partner has also been termed ‘compensated trait
loss’; its importance for the evolutionary stability of ecological interactions
has been recognized only recently (Ellers et al., 2012).

Just as with facultative benefits, some obligate mutualisms are associated
with reproductive manipulation, while others are not. In addition, there
are certain kinds of obligate mutualism that could only arise because of
the reproductive phenotype. We present in detail a case study for each of
the three scenarios. Here, a main focus will be on the question how these
dependencies evolved, both in evolutionary and developmental terms. This
allows us to highlight both commonalities and differences between different
forms of dependence, but also between mutualistic and parasitic Wolbachia
phenotypes.

4.4.2 Dependence without a reproductive phenotype: the case
of Asobara tabida

The first report of an arthropod species being completely dependent on
its Wolbachia symbiont comes from the parasitoid wasp Asobara tabida
(Figure 4.1D). Here, females that are cured of their Wolbachia (i.e. aposym-
biotic females) fail to produce mature oocytes (Dedeine et al., 2001). This
case has risen to prominence even beyond the Wolbachia community and
is frequently used to illustrate the role of symbiosis in animal development
(Gilbert et al., 2010; McFall-Ngai et al., 2013). A. tabida is infected
with three distinct Wolbachia strains, only one of which is required for
oogenesis, whereas the two other strains induce CI (Dedeine et al., 2004).
No other species of the genus Asobara depends on Wolbachia for oogenesis,
suggesting that the dependence in A. tabida has evolved recently (Dedeine
et al., 2005b). Although the oogenesis defects in A. tabida resemble those in
Sxl female-sterile mutants in Drosophila melanogaster (Starr and Cline,
2002; see Section 4.4.1), recent findings suggest that dependence in A. tabida
did not evolve by Wolbachia simply taking over control of some host func-
tion. In the following, we summarize what we know about the mechanisms
underlying this dependence, and how it might have evolved.
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The failure of oogenesis in aposymbiotic females has been shown to
be due to extensive apoptosis of nurse cells in mid-stage egg chambers
(Pannebakker et al., 2007). Apoptosis is an essential part of insect
oogenesis. At the end of Drosophila oogenesis, developmental apoptosis of
nurse cells occurs after their cytoplasmic contents have been transferred
to the oocyte (a process called dumping). In addition, cell death may be
triggered at distinct checkpoints during early and mid-oogenesis in response
to adverse stimuli (McCall, 2004). The results by Pannebakker et al.
(2007) suggest that Wolbachia is necessary for egg chambers to pass the
mid-oogenesis checkpoint by preventing apoptosis. The authors outline
a coevolutionary scenario in which A. tabida responds to infection with
apoptosis, which is then suppressed by Wolbachia, and the host in turn
compensates for suppression by further increasing apoptosis because it is
essential to complete oogenesis (Pannebakker et al., 2007). This scenario
is based on the pleiotropic role of programmed cell death in development
and immunity (Vavre et al., 2008), and there is good empirical support for
it. Although evidence for apoptosis as a host defense against Wolbachia is
rather scant, apoptotic cell death is a common immune response to viral
infections among insects (Clarke and Clem, 2003). Moreover, autophagic
cell death was recently shown to regulate Wolbachia populations in mosquito
and D. melanogaster cell lines (Voronin et al., 2012). Further support for
the involvement of cell death pathways in the insect immune response comes
from the fact that bacterial suppression of such pathways is widespread
(Faherty and Maurelli, 2008). Strikingly, a native Wolbachia strain
in Drosophila mauritiana is able to significantly decrease apoptosis in the
female ovary (Fast et al., 2011). So far, there are two candidate genes
whose expression might be manipulated by Wolbachia in order to decrease
apoptosis. Both chico and lola are involved in the apoptotic pathway of the
Drosophila mid-oogenesis checkpoint (McCall, 2004; Bass et al., 2007). In
a recent gene expression analysis of D. melanogaster larval testes, expression
of both genes was found to be altered in Wolbachia-infected flies compared
to uninfected flies (Zheng et al., 2011b). Moreover, in chico mutant lines
infected with Wolbachia, symbiont removal results in complete lethality
of homozygous mutants, although this Wolbachia effect appears to be not
directly linked to chico (Clark et al., 2005). These results suggest that
Wolbachia might interfere with apoptosis in the Drosophila ovary by targeting
chico and/or lola. Lastly, the Wolbachia surface protein (WSP) of nematode-
associated Wolbachia inhibits apoptosis in human neutrophils (Bazzocchi
et al., 2007). Taken together, these findings indicate that Wolbachia could
directly manipulate apoptotic pathways in A. tabida ovaries.
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There is also evidence that Wolbachia can act indirectly on host apoptotic
processes. Kremer et al. (2009b) showed that Wolbachia interferes with
iron metabolism in A. tabida, particularly with the expression of ferritin,
a protein involved in iron storage and oxidative stress regulation. The
authors suggest that Wolbachia, which is known to induce oxidative stress
in another host system (Brennan et al., 2008), can thus disrupt cellular
physiology, including apoptosis. Regardless of whether the effect is direct or
indirect, Wolbachia-induced suppression of apoptosis in the ovaries should
select for increased apoptotic signaling in the host to enable developmental
apoptosis of nurse cells after dumping. Thus, the host should evolve some
form of tolerance (a strategy to reduce fitness costs of infection; see also
Section 4.4.5) to compensate for the harmful effects of the symbiont. In
the absence of Wolbachia, this compensatory evolution would result in
excessive apoptosis and therefore inhibition of oogenesis, rendering A. tabida
completely dependent on its symbiont (Aanen and Hoekstra, 2007). Is
there any molecular evidence for such compensatory evolution in A. tabida?
Interestingly, there is a high level of intraspecific variation in A. tabida

regarding the degree to which wasps depend on Wolbachia for oogenesis.
Whereas most aposymbiotic females are unable to produce mature oocytes,
there are A. tabida lines in which cured females can produce some eggs;
however, larvae hatched from these eggs die early during development
(Dedeine et al., 2005b). Very few eggs laid by aposymbiotic females
even develop to adulthood; however, lines derived from these individuals
are unable to be maintained (Kremer et al., 2010). Therefore, despite
considerable variation in the phenotype of aposymbiotic females (also termed
the ‘ovarian phenotype’), in no case are viable offspring produced, implying
that the ovarian phenotype cannot be subject to direct selection. In an
elegant work, Kremer et al. (2010) offer a possible explanation for this
puzzle. They propose that the ovarian phenotype could be indirectly selected
if it is correlated with traits that are under direct selection. The authors
then argue that host mutations that compensate for the anti-apoptotic
effects of Wolbachia are likely to be selected for. Indeed, they could show
that the ovarian phenotype is correlated with the expression of genes that
are involved in iron metabolism and oxidative stress control, e.g. ferritin
(Kremer et al., 2010, 2012). Exactly those genes are manipulated by
Wolbachia to interfere with host apoptosis and therefore are likely to be
used by A. tabida to counteract the symbiont’s harmful effects. Moreover,
these differences in gene expression are also present in Wolbachia-infected
females (which do produce viable offspring), making direct selection possible
(Kremer et al., 2010). Thus, these findings strongly suggest that complete
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dependence of A. tabida on its symbiont is the result of compensatory
evolution in the host.
The ability of Wolbachia to interfere with host apoptosis and iron meta-

bolism pathways is not restricted to the A. tabida mutualism, but has
also been observed in other relationships, both mutualistic and parasitic.
This fact allows us to compare the mechanisms that are used by Wolbachia
to interact with the host in different symbiotic relationships. Kremer
et al. (2009b) showed that Wolbachia affect iron metabolism not only in the
obligate mutualism with A. tabida, but also in the facultative parasitism
with Drosophila simulans (where Wolbachia induces CI) and in Aedes aegypti
cells. In a facultative mutualism with D. melanogaster, Wolbachia has a
positive fecundity effect in low- or high-iron environments, again suggesting
that the symbiont is involved in iron hoemostasis (Brownlie et al., 2009).
Furthermore, interference with both host iron metabolism and apoptosis has
been suggested to be involved in the Wolbachia–nematode mutualism. The
biosynthetic pathway of heme (which plays a central role in iron metabolism)
is absent in the nematode Brugia malayi (Ghedin et al., 2007), whereas its
Wolbachia symbiont has all but one gene for heme biosynthesis, suggesting
that worms depend on acquiring heme from their symbionts (Foster et al.,
2005). In addition, it has recently been shown that depletion of Wolbachia
from B. malayi leads to extensive apoptosis in the adult germline, which
offers another potential basis for this mutualistic symbiosis and, moreover,
mirrors the situation in A. tabida (Landmann et al., 2011). These results
indicate that parasitic and mutualistic Wolbachia use the same molecular
mechanisms to interact with their hosts.

Taken together, the dependence of A. tabida onWolbachia nicely illustrates
the role of tolerance or compensatory evolution in the transition from
parasitism to mutualism (Aanen and Hoekstra, 2007; Edwards, 2009)
(case 2b in Figure 4.2). Moreover, although probably no ultimate mutualism,
it serves as a prime example of evolved dependence and obligate mutualism
(De Mazancourt et al., 2005; Edwards, 2009).

4.4.3 Dependence associated with a reproductive phenotype:
manipulation of sex determination in lepidopterans

Here we present examples of obligate mutualisms where dependence has
evolved concomitantly with reproductive manipulation. In the adzuki bean
borer, Ostrinia scapulalis, Wolbachia-infected females produce all-female
broods, indicative of a sex-ratio distorting phenotype. Such all-female
broods were shown to be due to the death of genetic males, suggesting
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a male-killing effect of Wolbachia. Unexpectedly, however, cured females
give rise to all-male progeny, which is due to the death of genetic females
(Kageyama and Traut, 2004). This finding indicates that O. scapulalis
has evolved some form of dependence on its Wolbachia symbionts as the
latter appear to be required for female development. Moreover, the sex-
specificity of death suggests that Wolbachia somehow interferes with the
sex determination system of its host. Indeed, recent studies show that
Wolbachia’s manipulation of O. scapulalis sex determination plays a crucial
role in both the sex-ratio distorting and the dependence phenotype.
In many insect species, it is the chromosomal constitution that serves

to start the sex determination pathway. As in most lepidopterans, O.
scapulalis has a female heterogametic sex chromosome system, i.e. females
are heterogametic (ZW), and males are homogametic (ZZ) (Kageyama
and Traut, 2004). The gene doublesex (dsx) is the conserved master
switch at the bottom of the insect sex determination cascade. Due to
sex-specific splicing, dsx exists as a male or a female isoform, which starts
male- or female-specific development, respectively (Sánchez, 2008). In
female embryos of the lepidopteran Bombyx mori, a feminizing factor (Fem)
on the W chromosome silences the transcripts of a masculinizing factor
(Masc) on the Z chromosome, leading to female-specific splicing of dsx. In
male embryos, Masc is responsible both for male-specific splicing of dsx
and for dosage compensation, a process necessary to adjust the expression
levels of Z-linked genes, jointly leading to male development (Kiuchi et al.,
2014). Recently, a dsx homologue was identified in O. scapulalis, which
was termed Osdsx (Sugimoto et al., 2010). Interestingly, in Wolbachia-
infected individuals, the female-type Osdsx is expressed irrespective of the
genetic sex. By contrast, in individuals that have been cured of infection,
the male-specific splice form is expressed irrespective of the genetic sex
(Sugimoto and Ishikawa, 2012). Death occurs if there is a mismatch
between genetic sex (ZW or ZZ) and phenotypic sex (male- or female-specific
Osdsx). Sugimoto et al. (2015) showed that Wolbachia-associated sex-
specific death (male-killing when present, female-killing when removed) is
due to a failure of dosage compensation. The expression of the female-
specific Osdsx in genetic males suggests that Wolbachia carries a Fem-like
feminizing factor. This would lead to Masc silencing, defective dosage
compensation and abnormally high expression of Z-linked genes. Moreover,
the fact that genetic females develop a male phenotype in the absence
of Wolbachia suggests that the W chromosome lacks the Fem-like factor.
Consequently, Masc is not silenced, leading to abnormally low expression of
Z-linked genes.
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Taken together, the findings by Sugimoto and Ishikawa (2012) and
Sugimoto et al. (2015) suggest that Wolbachia’s feminizing factor performs
the function of the Fem gene that has been lost from the W chromosome
in O. scapulalis (case 2a in Figure 4.2). The pattern of bidirectional sex-
specific death associated with Wolbachia infection was also observed in
the closely related species Ostrinia furnacalis (Sakamoto et al., 2007).
Recently, it was shown that male death in O. furnacalis is based on the
same mechanism as in O. scapulalis, i.e. repression of Masc and subsequent
failure of dosage compensation (Fukui et al., 2015). Therefore, this species
is likely to have evolved essentially the same dependence on Wolbachia as
O. scapulalis. Note that, in these cases, bacterial disturbance of host sex
determination is facilitated by female heterogamety: since the female-specific
W chromosome is co-inherited with Wolbachia, W-specific functions can be
lost and substituted by the symbiont. This is not possible in hosts with
male heterogamety.
In the female-heterogametic butterfly Eurema mandarina (former Eu-

rema hecabe), the production of all-female broods in Wolbachia-infected
populations was long thought to be due to the feminization of genetic males
(ZZ) (Hiroki et al., 2002; Narita et al., 2007). However, this notion was
challenged by the finding that infected females have only one Z chromosome
that is paternally inherited, suggesting that meiotic drive excludes the ma-
ternal Z and thus prevents the formation of ZZ zygotes (Kern et al., 2015).
Subsequent work by Kageyama et al. (2017) corroborated that infected
females have a Z0 genotype and that Wolbachia cause both feminization of
Z0 individuals and meiotic drive. Antibiotic treatment of infected females
results in the production of both Z0 and ZZ eggs (as expected in the absence
of meiotic drive). However, only very few of these Z0 eggs survive in the
absence of feminizing effects of Wolbachia. Moreover, antibiotic treatment
at larval stages leads to intersexual phenotypes and high pupal mortality
(Narita et al., 2007; Figure 4.1E). Kageyama et al. (2017) could show
that intersexes have a Z0 genotype, but express both the male- and female-
specific splicing product of E. mandarina dsx (Emdsx). These findings
suggest that Wolbachia are required for female development of Z0 individ-
uals, and that death might be due to a failure of dosage compensation,
as evident in Ostrinia. Kageyama et al. (2017) conceive the following
evolutionary scenario to account for the observed effects. Wolbachia-induced
feminization is lethal to ZZ males, probably also because of improper dosage
compensation. In infected ZW females, the female-determining function of
the W chromosome became redundant and was taken over by the bacteria,
leaving the hosts dependent on their symbionts for female development. In
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contrast to Ostrinia, however, the W chromosome was lost completely in
E. mandarina. After the loss of the W chromosome, Wolbachia evolved an
additional property: the ability to induce meiotic drive. By preventing the
production of ZZ zygotes (which are doomed when infected), the bacteria
gain the advantage of being transmitted by all zygotes, and not only by half
of them. In sum, these findings show that male-killing and feminization can
be closely intertwined and that host sex determination might be particularly
prone to microbial manipulation and to subsequent evolution of dependence.

4.4.4 Dependence through a reproductive phenotype:
parthenogenesis–inducing Wolbachia and their hosts

In haplodiploid species, Wolbachia-induced thelytokous parthenogenesis can
lead to the complete elimination of males in populations where infection has
gone to fixation. These populations consist entirely of infected females which
reproduce parthenogenetically; sexual reproduction is no longer present.
The loss of sexual functionality makes Wolbachia an obligate mutualist for
daughter production in all-female populations. Such obligate mutualism
between arthropod hosts and their PI-Wolbachia has evolved in numerous
haplodiploid species, mainly hymenopterans, but also in the mite species
Bryobia praetiosa and in the thysanopteran Franklinothrips vespiformis (see
Table 4.6; Figure 4.1F). In what follows, we summarize evidence of how this
dependence could evolve.
Interestingly, the lack of sex in fixed populations is due to a complete

loss of sexual function in females, but not in males. This was shown in host
species in which both fixed (asexual) and uninfected (sexual) populations
exist. Males can be derived from fixed populations by antibiotic treatment.
When such males are mated with females from sexual populations, the
latter successfully fertilize the eggs. However, when females from fixed
populations are exposed to males, they do not fertilize their eggs (Pijls
et al., 1996; Kremer et al., 2009a; Russell and Stouthamer, 2011).
In some cases, the morphological or physiological aberrations underlying
the failure of fertilization are known: in Muscidifurax uniraptor, females
lack a spermathecal muscle, and in Trichogramma cordubensis, females
are not attractive to conspecific males, possibly due to lacking pheromone
production (Gottlieb and Zchori-Fein, 2001; Silva and Stouthamer,
1997).

Several hypotheses have been proposed to explain the female-specific decay
of sexual function in fixed populations and the concomitant evolution of
dependence on PI-Wolbachia. The ‘costly female trait’ hypothesis says that
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Table 4.6: Loss of sexual function due to infection with PI-Wolbachia.
Host species References

ARACHNIDA
Bryobia praetiosa Weeks and Breeuwer (2001)
INSECTA
Hymenoptera
Aphytis diaspidis Zchori-Fein et al. (1995)
Aphytis lingnanensis Zchori-Fein et al. (1995)
Apoanagyrus diversicornis Pijls et al. (1996)
Asobara japonica Kremer et al. (2009a)
Encarsia formosa Zchori-Fein et al. (1992)
Eretmocerus mundus De Barro and Hart (2001)
Gronotoma micromorpha Arakaki et al. (2001a)
Leptopilina clavipes Pannebakker et al. (2005)
Muscidifurax uniraptor Gottlieb and Zchori-Fein (2001)
Telenomus nawai Arakaki et al. (2000),

Jeong and Stouthamer (2005)
Trichogramma cordubensis Silva and Stouthamer (1997)
Trichogramma pretiosum Russell and Stouthamer (2011)
Thysanoptera
Franklinothrips vespiformis Arakaki et al. (2001b)

in the absence of sex, costly female traits involved in sexual reproduction,
e.g. pheromone production, will be selected against (Pijls et al., 1996).
The ‘functional virginity’ hypothesis proposes that the female-biased sex
ratio in populations with a spreading PI-Wolbachia infection selects for
mutations that increase the production of males in order to restore the
optimal sex ratio. In haplodiploid species, this is achieved by lowering the
fertilization rate. Thus, any mutation occurring in females that reduces the
fertilization frequency will be selected, including even ‘virginity’ alleles which
disable any trait required for successful sexual reproduction (Huigens and
Stouthamer, 2003; Jeong and Stouthamer, 2005). Recent modeling
favours the latter hypothesis: Stouthamer et al. (2010) showed that
selection for lower fertilization rates ultimately results in the population
becoming fixed for both the PI-Wolbachia infection and the virginity alleles.
Once infection is fixed, mutations interfering with costly female traits will
spread (Pijls et al., 1996), and other genes involved in reproduction will
accumulate mutations both in males and females (Carson et al., 1982).
Thus, the nucleo-cytoplasmic conflict over sex ratio is eventually resolved
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by an irreversible loss of sexual reproduction (Stouthamer et al., 2010).
In line with theory, putative ‘functional virginity’ loci responsible for the
loss of female sexual function have been identified in Telenomus nawai
and Trichogramma pretiosum (Jeong and Stouthamer, 2005; Russell
and Stouthamer, 2011). These findings show that selection can promote
the evolutionary transition to obligate asexuality, associated with complete
dependence on Wolbachia (King and Hurst, 2010).

The evolution of obligate mutualism involving PI-Wolbachia demonstrates
another example of how dependence can result from compensatory evolution
(tolerance) in the host (case 2b in Figure 4.2), which, in this case, involves
decreasing the fertilization rate to counteract the female-biased sex ratio.
Exactly this host compensatory mechanism has also evolved in the hap-
lodiploid mite Tetranychus urticae. Although not due to parthenogenesis
induction, Wolbachia-infected T. urticae females produce more female-biased
sex ratios than cured females. Interestingly, it is the sex ratio produced by
infected females that best approaches the optimal sex ratio (which, due to
local mate competition, is female-biased in T. urticae) (Vala et al., 2003).
Why is the sex ratio produced by cured females less than optimal? Vala
et al. (2003) propose that, in response to the Wolbachia-induced shift in
sex ratio (which initially was too female-biased), T. urticae decreased the
fertilization rate in order to restore the optimal sex ratio. However, this
compensatory mechanism is costly in the absence of Wolbachia because
then the sex ratio is too male-biased. Again, obligate mutualism is a likely
outcome of such compensatory evolution.
If the functional virginity hypothesis is correct, it has some interesting

implications. Firstly, the theoretical finding by Stouthamer et al. (2010)
that any allele that lowers the fertilization rate will become fixed nicely
corroborates the prediction that any tolerance gene should be driven to
fixation by natural selection (Roy and Kirchner, 2000). Secondly, it
is only selection on the host that eventually leads to the evolution of
dependence on PI-Wolbachia. This stands in contrast to other cases of
evolved dependence in which selection on Wolbachia causes, or at least
contributes to, the dependence phenotype (in addition to selection that gave
rise to the reproductive phenotype itself). This issue can be exemplified
by two closely related wasp species that both depend on Wolbachia for
reproduction, but for completely different reasons. In Asobara tabida,
dependence on Wolbachia for oogenesis could emerge ultimately because
the symbiont evolved the ability to interfere with host apoptotic processes
(see Section 4.4.2). In A. japonica, by contrast, infection with PI-Wolbachia
has selected for lower fertilization rates and, eventually, led to the decay of
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sexual function in females and thus dependence (Kremer et al., 2009a).
Hence, although compensatory mechanisms underlie the dependence in both
Asobara species, the evolutionary trajectories leading there are distinct.

4.4.5 Resistance, tolerance, and dependence

Resistance and tolerance are two distinct host strategies to cope with
infection. Whereas resistance aims at limiting the infection, tolerance does
not reduce the infection itself, but limits its fitness consequences (Roy
and Kirchner, 2000). This review shows that tolerance to Wolbachia
has evolved repeatedly in arthropod hosts. By contrast, resistance alleles
have rarely been found in host species, although there is strong selection
to counteract Wolbachia’s reproductive parasitism (Charlat et al., 2007;
Koehncke et al., 2009). Why might host resistance to Wolbachia be rare?
A possible reason is that, once resistance has led to the loss of infection,
costly but redundant resistance alleles are likely to be lost as well. While
this conjecture does not rule out that resistance itself evolves frequently
(transition 8 in Figure 4.2), there might be circumstances in which resistance
is not the best strategy of responding to Wolbachia infection. Here we show
two barriers to the evolution of host resistance, both of which are associated
with Wolbachia mutualisms. Obviously, resistance should not evolve if
Wolbachia confers a net fitness benefit to the host (‘fitness benefit’ barrier
to resistance; see Chapter 5). A second barrier to resistance is closely linked
to the evolution of tolerance in response to Wolbachia infection. This can
be illustrated by any host compensatory mechanism, e.g. the decrease in
fertilization rate to counteract the symbiont-induced female-biased sex ratio
(see Section 4.4.4). Such compensatory mechanisms leading to host tolerance
are costly in the absence of infection. If these costs are too high, there will
be selection on females to foster vertical transmission of their symbiont (Law
and Dieckmann, 1998). Thus, selection for tolerance favours the evolution
of dependence (obligate mutualism) (Roy and Kirchner, 2000; Aanen and
Hoekstra, 2007; Edwards, 2009; see Sections 4.4.2 and 4.4.4). Once the
host depends on Wolbachia, resistance is no longer an option (‘dependence’
barrier to resistance). On these grounds, both beneficial effects of, and
tolerance to, Wolbachia can hinder the evolution of host resistance.
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4.5 Antibiotic treatment and Wolbachia effects: a
critical note

Most experimental approaches to identify mutualisms have investigated the
performance of a given host in the presence and absence of its symbiont
(Douglas and Smith, 1989). In the case of Wolbachia, infected hosts are
cured of the infection by antibiotic treatment to compare the performance
of cured individuals with that of their untreated counterparts. Usually,
the broad-spectrum antibiotic tetracycline is used (Li et al., 2014). It is
implicitly assumed that tetracycline treatment has no other effect than
removing Wolbachia. However, this is not always the case. Other symbionts
(e.g. gut bacteria) are likely to be removed as well. Therefore, effects
attributed to Wolbachia might in fact be caused by other bacteria. This
can be exemplified by the role of symbionts in reproductive isolation in
Drosophila melanogaster. Koukou et al. (2006) eliminated Wolbachia from
D. melanogaster cage populations by tetracycline treatment and found that
the preexisting sexual isolation between populations was reduced by about
50%. However, this effect could be due to any tetracycline-sensitive bacteria
of the D. melanogaster microbiota. Indeed, recent results suggest that,
rather than Wolbachia, Lactobacillus bacteria are responsible for the mating
preference in D. melanogaster (Sharon et al. 2010).
Another largely disregarded effect of tetracycline concerns mitochon-

drial metabolism and mitochondrial DNA (mtDNA) density. Tetracycline
works by blocking the 30S subunit of prokaryotic ribosomes, thus inhibiting
translation and protein synthesis. Descending from bacterial ancestors, mi-
tochondria have bacteria-type ribosomes, and thus tetracycline also inhibits
mitochondrial protein synthesis (Zhang et al., 2005). Indeed, in Drosophila
simulans, tetracycline treatment reduces mitochondrial efficiency and prob-
ably leads to decreased ATP production. This could have a direct influence
on fecundity or longevity, which may easily be confused with a Wolbachia
effect (Ballard and Melvin, 2007). Moreover, tetracycline treatment
causes an increase in mtDNA copy number in Wolbachia-uninfected fly
lines, which is probably a consequence of tetracycline-induced inhibition of
mtDNA translation. In infected flies, by contrast, tetracycline has no effect
on mtDNA copy number because the presence of Wolbachia dilutes the
concentration of the antibiotic in the mitochondria (Ballard and Melvin,
2007). This differential effect of tetracycline on infected and uninfected
flies might impair experimental controls in the laboratory. In the field, on
the other hand, the antibiotic-diluting effect of Wolbachia will be beneficial
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only if the host is exposed to antibiotics in its environment, and if this
antibiotic is somehow detrimental to host fitness. Finally, the effects of
tetracycline on mitochondria in D. simulans were observed two generations
after treatment (see also Zeh et al., 2012). In light of these findings, it is
essential that researchers carefully control for antibiotic effects other than
Wolbachia removal. Otherwise, Wolbachia might be held responsible for
effects that either are caused by other symbionts or actually do not exist in
the field.

4.6 The evolutionary fate of Wolbachia–arthropod
mutualisms

What will happen to Wolbachia that have evolved a mutualistic association
with their arthropod hosts? The question of whether mutualistic relation-
ships are evolutionarily stable or whether transitions between mutualism and
parasitism occur is an ongoing debate in evolutionary biology (Moran and
Wernegreen, 2000; Sachs and Simms, 2006; Sachs et al., 2011b). In the
following, we briefly present possible evolutionary outcomes of mutualism
in Wolbachia–arthropod associations (Figure 4.2).

Facultative mutualisms that are based on environment-dependent fitness
benefits might easily break down if the environment changes so that the
cost-benefit ratio (i.e. the net effect on host fitness) becomes unfavourable.
In the case of ‘Jekyll and Hyde’ infections, this would leave Wolbachia as
pure reproductive parasites (transition 3 in Figure 4.2). Moreover, such
transitions from mutualism to reproductive parasitism probably are partic-
ularly relevant in the context of temporary benefits which help Wolbachia
to invade a population. After such benefits have helped to overcome the
invasion threshold, they might attenuate over time so that Wolbachia would
have to rely on a reproductive manipulation to be maintained. Alternatively,
facultative mutualisms might break down in ‘stand-alone benefit’ infections.
In this case, Wolbachia would be prone to extinction in the absence of any
mechanism to maintain them in the population (transition 4 in Figure 4.2).
In sum, facultative Wolbachia mutualisms seem to be relatively unstable
and, owing to shifts in the cost-benefit ratio, might easily switch to para-
sitism. Given that there is also good evidence for the reverse switch (from
parasitism to mutualism, which is the subject matter of this Chapter), these
findings together indicate that the two forms of symbiosis are often dynamic
in Wolbachia–arthropod associations.

Facultative mutualisms might become obligate if dependence is evolving
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in the context of a developmental or reproductive pathway that is already
manipulated by Wolbachia to provide the facultative benefit (transition 5
in Figure 4.2). For example, Wolbachia’s ability to interfere with iron
metabolism is presumably used both in the facultative mutualism with
Drosophila melanogaster and in the obligate mutualism with Asobara tabida
(Brownlie et al., 2009; Kremer et al., 2009b; see Section 4.4.2). Under
such circumstances, one could imagine a scenario in which the facultative
benefit comes about by the provisioning of an additional amount of some
factor. If the host ceased to produce this factor on its own, this would turn
the facultative mutualism into an obligate symbiosis. It is unclear, however,
how likely such shifts are in nature.

Lastly, facultative or obligate mutualisms might evolve into stable ul-
timate mutualisms (transition 6 in Figure 4.2). In particular, evolved
dependence is considered a possible precursor to ultimate mutualism be-
cause it couples the evolutionary fates of host and symbiont. Subsequent
selection could then fine-tune the interaction and act on Wolbachia to confer
some ‘extra’ benefit (Aanen and Hoekstra, 2007). Furthermore, mu-
tual dependence should lead to co-speciation between host and symbiont.
However, although host dependence on Wolbachia has evolved frequently
(see Section 4.4), co-speciation between Wolbachia and arthropod hosts
has never been found among mutualistic strains (and only rarely among
parasitic strains; Raychoudhury et al., 2009). This might suggest that
obligate mutualisms between Wolbachia and arthropods are not stable on
an evolutionary timescale or at least too short-lived to evolve into ultimate
mutualisms. Obligate mutualisms might become unstable if the host is able
to overcome the dependence (transition 7 in Figure 4.2); in addition, these
relationships could in general be more prone to extinction (Kremer et al.,
2009a). On the whole, the fact that mutualisms between Wolbachia and
arthropod hosts appear to be quite dynamic, even on ecological timescales,
makes it hard to predict the evolutionary fate of such associations.

4.7 Future directions

The study of Wolbachia mutualisms in arthropods is a young field of research,
and several issues await further investigation. Here, we point to some
promising avenues for future research.
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How are Wolbachia-induced mutualisms achieved mechanistically?

It will be of great importance to elucidate in more detail the mechanisms
that underlie mutualistic effects. So far, some insights have been gained
regarding obligate mutualisms (e.g. Wolbachia’s role in progressing A. tabida
egg chambers past the mid-oogenesis checkpoint by preventing apoptosis
of nurse cells). Still, the mechanisms underlying other cases of evolved
dependence remain unclear. Furthermore, the molecular nature of most
mutualisms is unknown, particularly that of facultative benefits. In light
of common mechanisms involved in mutualistic and parasitic phenotypes,
unravelling the mechanistic basis of Wolbachia mutualisms might also help
to better understand how these symbionts manipulate host reproduction.

Is host protection only a temporary phenomenon?

Wolbachia frequently triggers immune responses in newly infected hosts, but
does so rarely in hosts adapted to infection. This suggests that protection
associated with immune upregulation might only be a transient effect. On
the other hand, Wolbachia-induced protection is not necessarily associated
with immune activation. It is therefore crucial to elucidate the mechanism(s)
underlying anti-pathogenic effects of natural Wolbachia infections, particu-
larly the exact role of the host immune system. In Chapter 6, we review
the current knowledge of the interactions between Wolbachia and the insect
immune system and conclude that anti-pathogenic effects are likely to dimin-
ish with ongoing symbiont-host coevolution. A better understanding of the
physiological causes of anti-pathogenic effects will help to characterize such
effects as largely ephemeral or as effective benefits of Wolbachia infection.

How stable are mutualistic interactions between Wolbachia and
arthropods?

Not only protective effects, butWolbachia–arthropod mutualisms in general
should be tested for their stability. This issue revolves around the question of
how likely transitions between different forms of symbiosis are (Figure 4.2).
In other words, how frequently do mutualisms arise, and how fast are
they lost? Our understanding of this matter with respect to Wolbachia–
arthropod relationships is still very limited. In contrast to the situation in
Wolbachia-infected nematodes, co-speciation between mutualistic Wolbachia
and arthropods has not yet been found, indicating that these mutualisms
are relatively short-lived and might easily break down in evolutionary (or
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even in ecological) time. On the other hand, mutualisms might just be
difficult to detect at all. These questions require further investigation.

Can we identify ultimate benefits provided by Wolbachia?

The search for Wolbachia-induced ultimate mutualisms is still in its infancy.
Ultimate mutualisms relate to interactions in which a partner could never
have performed as well without the other (as opposed to evolved dependen-
cies). In order to detect ultimate benefits, it is necessary to compare the
performance of two different host genotypes, one being infected with and
adapted to Wolbachia and the other one being uninfected and adapted to
the symbiont’s absence (De Mazancourt et al., 2005). Future studies
should try to apply this method to identify ultimate benefits (although they
are difficult to measure).

Are insects more prone to Wolbachia mutualisms than other
arthropods?

It is striking that almost all cases of mutualistic Wolbachia–arthropod
relationships have been found among insect species. This may be because
non-insect arthropods have only rarely been tested forWolbachia mutualisms,
or because mutualisms have evolved less frequently in these host species. To
discern between these possibilities, future work should intensify the search
for mutualistic Wolbachia effects in non-insect host species such as spiders,
isopods, and mites.

Did Wolbachia mutualisms foster the evolution of haplodiploidy?

Although not discussed in this review, Wolbachia mutualisms could also
be relevant to the question of whether male-killing endosymbionts possibly
play a role in the evolution of haplodiploidy in their hosts. Recent theory
suggests that slight benefits accruing from infection facilitate the evolution
of haplodiploidy, whereas earlier models that do not consider possible mutu-
alisms often fail to explain the evolution of haplodiploidy by endosymbionts
(Kuijper and Pen, 2010). Researchers could look for empirical support for
these theoretical findings.

4.8 Conclusions
In addition to their notorious reproductive parasitism, Wolbachia also
have the potential to engage in mutualistic relationships with their hosts.
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As mutualists, Wolbachia either provide facultative fitness benefits or are
required for host survival or reproduction (obligate mutualism).
Not only can Wolbachia be mutualistic, they also frequently act as a

mutualist and as a reproductive parasite at the same time (‘Jekyll and
Hyde’ type of infection). Moreover, they can induce both mutualism and
reproductive parasitism by interfering with the same host process (e.g. iron
metabolism). These findings argue against a clear-cut distinction between
parasitic and mutualistic Wolbachia and imply that transitions between
both forms of symbiosis might occur relatively easily.

Facultative mutualisms arise through selection on maternally transmitted
Wolbachia to enhance the fitness of their female hosts. Such fitness benefits
have been found in different arthropod species and include increases in
fecundity and longevity, nutritional provisioning, and protection against
pathogens. Obligate mutualisms arise through the evolution of dependence,
either via compensatory evolution in the host (tolerance) or via the takeover
of some host function by Wolbachia. Tolerance has evolved frequently in
arthropod hosts as a means to cope with the harmful effects of Wolbachia
infection. Since tolerance strategies tend to render hosts dependent on
Wolbachia, they are a potential barrier to the evolution of host resistance
(as are direct fitness benefits, too).

In contrast to the abundance of experimental studies that found Wol-
bachia-induced pathogen interference (anti-pathogenic effects), there is only
limited support for a fitness-enhancing effect of such interference in natural
interactions (i.e. for host protection). Many studies observed anti-pathogenic
effects after Wolbachia had been artificially introduced into naturally un-
infected insects. While these findings may offer great potential for disease
control strategies, they say little about natural Wolbachia–host interactions.
Moreover, there is broad evidence that Wolbachia-associated protection
has not evolved for the purpose of protecting the host, but rather is a
side effect of other processes and hence an instance of byproduct benefits.
Lastly, protection that is based on a host immune response might only be a
temporary phenomenon.

Once Wolbachia are established in a host population, providing a fitness
benefit is not necessary for them to be maintained, because reproductive
parasitism is sufficient for this purpose. However, reproductive parasitism
alone is often insufficient for Wolbachia to invade a population (for example
because the bacteria fail to overcome the invasion threshold). By contrast,
facultative mutualisms enable Wolbachia to establish and spread from low
initial frequencies and therefore facilitate the invasion into novel hosts (this
holds even if beneficial effects are only temporary).
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Both facultative and obligate Wolbachia mutualisms have further im-
portant consequences for the ecology, evolution, and development of their
arthropod hosts. Effects can be as diverse as the requirement of bacte-
rial signalling for oogenesis, manipulation of host plant physiology (e.g.
induction of green islands on yellow leaves), or irreversible loss of sexual
reproduction. The mechanisms that underlie Wolbachia mutualisms are
likewise diverse (as far as they are known), including alterations in gene
expression and interference with crucial host processes such as apoptosis
and sex determination.
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fitness benefits

It is increasingly acknowledged that Wolbachia can also have beneficial
effects on host fitness, either along with reproductive parasitism (‘Jekyll and
Hyde’ infections) or not (‘stand-alone benefit’ infections). In this chapter,
we analyze the effect of direct fitness benefits on the evolution of Wolbachia,
using the examples of cytoplasmic incompatibility and male killing. By
means of a simple population genetic model, we derive invasion conditions
and equilibrium frequencies for the different infection scenarios. Our results
demonstrate the importance of a strain’s ‘effective fitness’ (i.e. the product of
bacterial transmission efficiency and relative fitness of an infected female) for
its invasion success. In the case of ‘Jekyll and Hyde’ infections, direct fitness
benefits substantially facilitate their invasion and spread, for example by
lowering or removing the invasion threshold. Moreover, for Wolbachia strains
with weak or no reproductive parasitism, fitness benefits make invasion
possible in the first place. Finally, we discuss the role of direct fitness
benefits in long-term evolutionary dynamics of reproductive phenotypes
and highlight their potential to resolve genetic conflicts between maternally
inherited symbionts and their hosts.

A slightly different version of this chapter has been published in Heredity
(Zug and Hammerstein, 2018).
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5.1 Introduction

In light of the drastic phenotypes of reproductive parasitism, it is not
surprising that there has been a historical tendency to separate symbionts
into mutualists and reproductive parasites. This view, however, neglects
the fact that both strategies are not mutually exclusive: as we have seen in
Chapter 4, Wolbachia can also have direct beneficial effects on host fitness, in
addition to fitness effects that are due to reproductive parasitism. Instances
of reproductive parasitism with direct fitness benefits have been termed
‘Jekyll and Hyde’ infections (Jiggins and Hurst, 2011). Traditionally,
models describing the infection dynamics of Wolbachia either ignore direct
fitness effects altogether or consider only fitness costs of infection. For
example, MK models usually lack a term describing direct fitness effects,
and most CI models consider direct fitness effects only in terms of reduced
fecundity of infected females (but see Randerson et al., 2000; Dobson
et al., 2002). Only recently have researchers begun to include the possibility
of direct fitness benefits when modeling the invasion and spread of Wolbachia.
However, such fitness benefits have mostly been modeled in the form of
symbiont-mediated protection against pathogens (Fenton et al., 2011;
Souto-Maior et al., 2015). Such models usually involve many specific
assumptions and parameters concerning pathogen infection, e.g. virulence,
susceptibility, or parasitism rate. Hence, these models are not applicable to
cases where symbiont-induced fitness benefits do not stem from protective
effects. Moreover, the significance of Wolbachia-mediated protection in
nature is still under debate (see Chapter 4). Therefore, a more general
conception of direct fitness benefits is needed when modeling the infection
dynamics of ‘Jekyll and Hyde’ infections. Last but not least, direct fitness
benefits are also crucial for understanding the prevalence of infections where
reproductive parasitism is weak or absent (‘stand-alone benefit’ infections;
see Chapter 4). Theory suggests that, in these cases, and if transmission is
not perfect, symbionts should increase host fitness in order to be maintained
(Hoffmann and Turelli, 1997; Kriesner et al., 2013, 2016).

In this chapter, we analyze the effects of direct fitness benefits on the
dynamics of both ‘stand-alone benefit’ and ‘Jekyll and Hyde’ infections. In
the latter case, we focus on CI and MK, the two most commonly observed
reproductive phenotypes. We investigate infection dynamics both with
one and two Wolbachia strains and also consider the possibility of doubly
infected host individuals. We derive invasion conditions and equilibrium
frequencies for the different infection scenarios. Finally, we discuss our
findings in the light of relevant theoretical and empirical research.
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5.2 Model

In our population genetic model, we assume a single panmictic host popula-
tion with discrete, non-overlapping generations. We further assume haploid
individuals that reproduce sexually with the primary sex ratio being 1:1.
Individuals are sufficiently described by two parameters: their infection
status and their sex. Regarding their infection status, individuals can be
uninfected, infected with CI-inducing Wolbachia, with MK-Wolbachia, or
with both (only in Section 5.3.3). Moreover, we include the possibility of
direct fitness benefits associated with infection, either along with reproduc-
tive parasitism (‘Jekyll and Hyde’ infections) or not (‘stand-alone benefit’
infections). Wolbachia are maternally inherited with transmission efficiency
t, i.e. the proportion of infected offspring produced by an infected female
(for all parameters used in this model, see Table 5.1). ‘Jekyll and Hyde’
infections are assumed to be transmitted as efficient as their counterparts
without direct fitness benefits. Regarding double infections, transmission of
CI is assumed to be independent of transmission of MK.
Depending on infection status and sex, individuals can be grouped into

different classes. We denote by p the frequency of females of a given class, as
a fraction of the whole population (for reasons of comprehensibility, however,
frequencies depicted in the figures are those of all individuals of a given
class, i.e. males and females). We derive difference equations describing the
frequency changes of the different classes of individuals from one generation
to the next. Building upon standard replicator dynamics, frequencies of the
offspring classes can be calculated from frequencies of parental classes and
fitness-related effects of infection. Wolbachia-induced fitness effects can be
partitioned into two components: those due to reproductive parasitism (CI
and/or MK in this chapter), and those directly affecting host fitness. Both
fitness effects are assumed to be independent of each other.

5.2.1 Fitness effects due to reproductive parasitism

Under CI, uninfected females suffer offspring loss when mating with infected
males. This fitness reduction is depicted as the CI level lCI, i.e. the proportion
of offspring killed in incompatible matings. Under MK, male offspring is
killed during embryogenesis. However, a fraction v of the male offspring
is assumed to survive the male-killing. A proportion β of the resources
the killed males would have used is reallocated to the surviving siblings
and distributed equally among them. The relative fitness of the surviving
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Table 5.1: Glossary of notation.
Symbol Definition

β resource reallocation efficiency (proportion of the
resources the killed males would have used that is
reallocated to the surviving siblings)

F relative fitness of infected females
lCI CI level (proportion of offspring killed in incompatible

matings)
p infection frequency (proportion of infected females)
p̂ equilibrium infection frequency
p⊕ beneficial infection frequency
pCI CI infection frequency
pMK MK infection frequency
pCI+MK CI+MK double infection frequency
pU frequency of uninfected females
pini initial infection frequency
pthr threshold infection frequency
R fitness compensation (surviving offspring’s fitness in-

crease through resource reallocation)
t transmission efficiency (proportion of infected off-

spring produced by an infected female)
v male viability in the face of MK

offspring from infected females is increased by a factor R which is given by

R = 1 + βtMK(1− v)
2− tMK(1− v) . (5.1)

For the derivation of this fitness compensation term, see for example Nor-
mark (2004) and Engelstädter and Hurst (2006a).

5.2.2 Direct fitness effects

We denote by the parameter F the relative fitness of an infected female. In
the classical CI models by Hoffmann and Turelli (Hoffmann et al.,
1990; Turelli, 1994; Hoffmann and Turelli, 1997), F denotes the
relative fecundity of infected females, but it is not necessary to confine
fitness to fecundity. In fact, the first theoretical analysis of CI uses a broad
definition by considering a general ‘selective advantage’ of uninfected females
(Caspari and Watson, 1959). Here we adopt this broad definition and
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let F comprise any direct effect of infection on female fitness, including
fecundity, survival, growth, and performance (note that fitness effects due
to reproductive manipulations are not measured by F ). In doubly infected
individuals, direct fitness effects of each Wolbachia strain are assumed to be
independent of each other.
A general conception of direct fitness effects has two major advantages:

First, by including any possible fitness-related trait, the model also captures
symbiont-induced fitness effects that are unrelated to fecundity, e.g. longevity
(Fry and Rand, 2002), development time (Xue et al., 2012), and larval
competitiveness (Gavotte et al., 2010). This is particularly relevant
because laboratory measurements of fecundity are highly sensitive to assay
conditions, in contrast to other fitness traits measured (Ackermann et al.,
2001). Second, our model is independent of the particular mechanism
underlying the fitness effect, e.g. anti-pathogenic protection (Zélé et al.,
2012), nutritional provisioning (Brownlie et al., 2009), or manipulation of
host plant physiology (Kaiser et al., 2010).

Turelli (1994), who used F as relative fecundity, named the term Ft
(i.e. the product of relative fecundity and bacterial transmission efficiency of
an infected female) the ‘effective fecundity’ of the strain infecting her. Based
on our terminology, we accordingly refer to Ft as the ‘effective fitness’ of a
symbiont and thus broaden the scope of this approach. In this chapter, we
show that effective fitness is crucial for determining a symbiont’s invasion
potential.

Analytical calculations were performed by hand and using Mathematica
9.0 (Wolfram Research, Inc.). Programs were written, and simulations were
performed using Matlab 8.1 (The MathWorks, Inc.).

5.3 Results

5.3.1 Infection dynamics with one strain

‘Stand-alone benefit’ infection dynamics

In the absence of reproductive manipulations, Wolbachia must confer a
fitness benefit to the host in order to be able to spread (‘stand-alone benefit’
infections). In describing the infection dynamics of facultative beneficial
symbionts, at least two parameters are necessary: the transmission efficiency
t⊕, and the relative fitness of infected females F⊕. The proportion p of
infected and uninfected females in the population then changes from one
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generation to the next by

p′⊕ = p⊕F⊕t⊕
w

, (5.2a)

p′U = p⊕F⊕ (1− t⊕) + pU
w

, (5.2b)

where

w = 2 (p⊕F⊕ + pU) .

The resulting stable equilibrium frequency of beneficial Wolbachia strains is

p̂⊕ = F⊕t⊕ − 1
2 (F⊕ − 1) . (5.3)

This equilibrium frequency is precisely analogous to mutation-selection
balance for haploids (Hoffmann and Turelli, 1997). The ‘transmission-
selection balance’ described by Equation (5.3) is the simplest means by
which a polymorphism for a beneficial infection can be maintained (Jaenike,
2012).

The condition for the spread of beneficial symbionts is

F⊕t⊕ > 1. (5.4)

We see that for beneficial Wolbachia to spread, their effective fitness must be
larger than one. If, on the other hand, F⊕t⊕ < 1, symbionts will not spread
by benefits alone. They then have to resort to some kind of reproductive
manipulation such as CI or MK in order to persist.

CI infection dynamics

In describing the infection dynamics of CI-inducing Wolbachia, we follow
earlier models (Hoffmann et al., 1990; Turelli, 1994; Hoffmann and
Turelli, 1997). The proportion p of infected and uninfected females in the
population changes from one generation to the next by

p′CI = (pCIFCItCI) [pCI + pU]
w

, (5.5a)

p′U = (pCIFCI (1− tCI) + pU) [pCI (1− lCI) + pU]
w

, (5.5b)
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where

w = 2 (pU (pCI (1− lCI) + pU) + pCIFCI (pCI (1− lCI (1− tCI)) + pU)) .

In the numerator of Equations (5.5a) and (5.5b), the first term (in round
brackets) denotes the maternal contribution, and the second term (in square
brackets) denotes the paternal contribution. Note that, under CI, the
proportion of infected and uninfected individuals among males equals that
among females, hence it is possible to express the paternal contribution in
terms of female frequencies.
Equation (5.5a) has two nontrivial equilibria, given by

p̂CI = 1− FCI + lCI +
√

(FCI − lCI − 1)2 −A (1− FCItCI)
A

, (5.6a)

pthr
CI = 1− FCI + lCI −

√
(FCI − lCI − 1)2 −A (1− FCItCI)

A
, (5.6b)

where

A = 4lCI (1− FCI + FCItCI) .

The first equilibrium is stable and defines the CI equilibrium frequency. The
second equilibrium is unstable and defines the threshold frequency below
which the infection will disappear from the population. The CI threshold
exists whenever FCItCI < 1 and can take values of substantial magnitude,
particularly under low transmission efficiency and high costs of infection, i.e.
reduced fitness (Figure 5.1, top). By contrast, if a strain’s effective fitness
is larger than one (FCItCI > 1), there is no invasion threshold (Figure 5.1,
bottom). Since tCI ≤ 1, this is only possible if FCI > 1. Hence, if a CI strain
confers a small fitness benefit so that FCItCI > 1, it can invade and spread
from any initial frequency, however small it may be, and will eventually
reach the equilibrium frequency p̂CI given by Equation (5.6a) (Figure 5.2,
top).

It has been stated that changes in FCI have little impact on p̂CI (Weeks
et al., 2007). However, this is only correct as long as the initial frequency pini

CI
exceeds the threshold frequency pthr

CI , a situation that is rather unrealistic.
If, more realistically, the initial frequency lies below the threshold frequency,
changes in FCI have a huge effect on p̂CI (Figure 5.2, bottom). For a large
part of the range of the CI level lCI, the relationship between FCI and
p̂CI exhibits a switch-like behavior at the point where the initial frequency
equals the threshold frequency. Above this point, the positive effect of FCI
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Figure 5.1: Direct fitness benefits facilitate invasion of CI by lowering or
removing the CI invasion threshold. Behavior of the CI invasion threshold pthr

CI
in dependence of the relative fitness of infected females, FCI, and the transmission
rate, tCI, for FCI < 1 (top) and FCI > 1 (bottom). The CI threshold disappears if
FCItCI > 1. lCI = 0.5.
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Figure 5.2 (previous page): Direct fitness benefits have a strong effect
on CI equilibrium frequency. Top: Dynamics of CI infection frequency pCI
with and without direct fitness benefits. If the symbiont induces CI only, its initial
frequency must exceed a given threshold (thin dotted line) in order to spread
(dashed line); otherwise it will be lost from the population (dash-dotted line). If
it additionally confers a fitness benefit so that FCItCI > 1 (CI⊕), it will spread
from any initial frequency (solid line). Bottom: The effect of fitness benefits on CI
equilibrium frequency p̂CI for different lCI values, given a low initial frequency. A
small fitness benefit is unable to raise the infection above the threshold. For most
lCI values, a switch-like increase in p̂CI occurs where pini

CI = pthr
CI . Above this point,

the positive effect of FCI is small for larger lCI values, but large for small lCI values.
Parameters take the values FCI = 1, FCI⊕ = 1.1, lCI = 0.3 (top), and tCI = 0.95.

on p̂CI is extremely small for a large part of the lCI range, but becomes
strong for small lCI values. The switch-like behavior only vanishes for very
small lCI values close to zero, where p̂CI increases gradually with increasing
FCI.

MK infection dynamics

In describing the infection dynamics of MK-inducing Wolbachia, we follow
earlier models, in particular Hurst (1991b), Randerson et al. (2000), and
Normark (2004). The proportion p of infected and uninfected females in
the population changes from one generation to the next by

p′MK = pMKRFMKtMK
w

, (5.7a)

p′U = pU + pMKRFMK (1− tMK)
w

, (5.7b)

where

w = pMK (RFMKtMK (1 + v) + 2RFMK (1− tMK)) + 2pU.

In Equations (5.7a) and (5.7b), the numerator denotes only the maternal
contribution (as the paternal contribution cancels out in both equations).
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The nontrivial equilibria of these equations are

p̂MK = RFMKtMK − 1
B

. (5.8a)

p̂U = RFMK (1− tMK)
B

, (5.8b)

where

B = RFMK (2− tMK (1− v))− (1 + v) .

In contrast to CI, MK distorts offspring sex ratios, and therefore the
proportion of infected females differs from that of infected males (that are
scarce or absent under MK). To derive the equilibrium frequency of infected
males, one has to multiply p̂MK with v.
The MK equilibrium p̂MK is positive if

RFMKtMK > 1. (5.9)

Since this is also the condition for p̂MK to be stable (not shown), Condi-
tion (5.9) is a necessary and sufficient condition for male-killing bacteria
to invade and persist in a population. Hence, male killers can invade if the
product of their effective fitness (FMKtMK) and the fitness compensation
through resource reallocation (R) is larger than one.

It is convenient to solve this invasion condition for β, the resource reallo-
cation efficiency (Hurst, 1991b; Normark, 2004). Doing this yields

β >
(1− FMKtMK)(2− tMK(1− v))

FMKt2MK(1− v)
. (5.10)

If the resource reallocation efficiency β is greater than a critical value βcrit

(given by Condition (5.10)), then the male killer will invade and finally reach
the equilibrium frequency given in Equation (5.8a). If MK-bacteria have a
negative fitness effect on infected females (FMK < 1), then βcrit can take
quite high values, particularly if there is considerable male survival under
MK (Figure 5.3, top). The ability of male killers to induce a fitness benefit
(FMK > 1) substantially facilitates their invasion by lowering the critical
resource reallocation efficiency βcrit (Figure 5.3, bottom). Therefore, even
if the resource reallocation efficiency β is very low, a small fitness benefit is
sufficient to reduce the critical value βcrit so that the male killer can invade.
The critical value βcrit exists whenever FMKtMK < 1. That is the same
condition as for the existence of the CI invasion threshold (Equation (5.6b)).
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Figure 5.3: Direct fitness benefits facilitate invasion of male killers by
lowering or removing the critical resource reallocation efficiency. Be-
havior of the critical resource reallocation efficiency, βcrit, in dependence of the
relative fitness of infected females, FMK, and the viability of males under MK,
v, forFMK < 1 (top) and FMK > 1 (bottom). βcrit disappears if FMKtMK > 1.
tMK = 0.95.
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This again emphasizes the importance of a symbiont’s effective fitness for
its invasion potential.
In general, a fitness benefit has a positive effect on the MK equilibrium

frequency p̂MK, but the strength of the effect depends on other parameters
such as β and v. The positive effect of FMK on p̂MK is weak for large values
of β and small values of v, but strong for small values of β and large values
of v (not shown).

5.3.2 Infection dynamics with two strains, but without doubly
infected hosts (coinfection at the population level)

For the rest of this chapter (infection dynamics with two strains), we present
in the main text the invasion conditions and their biological implications.
For the difference equations and the derivation of the invasion conditions,
we refer the reader to the Appendix.

Two strains: beneficial vs. CI

Invasion of a beneficial strain into a CI population. As shown in Ap-
pendix 1, the condition for an initially rare beneficial strain to increase in a
population where a CI strain is at equilibrium is

F⊕t⊕(1− 2lCIp̂CI) > FCItCI. (5.11)

F⊕t⊕ is the effective fitness of the beneficial strain, and FCItCI is the effective
fitness of the CI strain. The term (1− 2lCIp̂CI) describes the CI-associated
offspring loss in females not infected with the CI strain. Thus, in order to
invade, a beneficial strain must not only exhibit a larger effective fitness
than the resident CI strain, but also compensate for the fitness loss due to
incompatible matings with CI-infected males (Turelli, 1994). The latter is
only possible with low CI levels. If condition (5.11) is fulfilled, the beneficial
strain will invade and drive the CI strain to extinction. For biologically
reasonable parameter values (FCI, tCI > 0.9), the term FCItCI/(1− 2lCIp̂CI)
is always larger than one (not shown). Hence, if Condition (5.11) is satisfied,
it also implies that F⊕t⊕ > 1; therefore, the beneficial strain will finally
reach the equilibrium frequency p̂⊕ given by Equation (5.3).

If the beneficial strain is able to rescue CI (i.e. if it is a mod−resc+ strain),
the invasion condition is simply

F⊕t⊕ > FCItCI. (5.12)
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Figure 5.4: A beneficial symbiont that is able to rescue CI can invade
even into populations fixed for CI. Such invasion is possible if Condition (5.12)
is fulfilled. Parameters take the values F⊕ = 1.08, t⊕ = 0.95, FCI = 0.95, tCI = 0.98,
and lCI = 0.98.

Whether the ability to rescue CI influences the invasion probability of a
beneficial strain depends on which of the Conditions (5.11) and (5.12) are
fulfilled. If both are satisfied, the beneficial strain will invade and reach p̂⊕,
regardless of whether it is able to rescue CI or not. Importantly, however,
insensitivity to CI significantly accelerates the time it takes for the beneficial
strain to invade the population and replace the CI strain (not shown). If
neither condition is satisfied, infection will go extinct in both cases. Finally,
if Condition (5.12) is satisfied, but Condition (5.11) is not, it is crucial
whether the beneficial strain is able to rescue CI or not. If not (i.e. if
it is mod−resc−), it will go extinct. However, if the beneficial strain is
mod−resc+, it will invade the population, drive the resident CI strain to
extinction and, if F⊕t⊕ > 1, finally reach the equilibrium frequency p̂⊕.
The fact that neither lCI nor p̂CI enters Condition (5.12) implies that a
mod−resc+ beneficial strain is able to invade a CI population even if CI
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levels are very high and CI is essentially fixed in the population (Figure 5.4).
Theory suggests that, with imperfect maternal transmission and without

any fitness benefits, mod−resc+ strains can only spread in the presence of
a mod+resc+ strain, but their spread eventually leads to the extinction of
both infections (Hurst and McVean, 1996). Beneficial mod−resc+ strains,
by contrast, can easily spread in a CI-infected population and outcompete
the resident strain.

Invasion of a CI strain into a beneficial population. The condition for a
rare CI strain to invade a population in which a beneficial infection is at
equilibrium was derived by Kriesner et al. (2013) and is given by

FCItCI > F⊕t⊕. (5.13)

Because essentially no CI occurs when the CI strain is very rare, the
incompatibility does not enter this condition. Hence, for a CI strain to
invade a population at equilibrium with a beneficial strain it is sufficient that
it has a larger effective fitness (obviously, this also holds for a beneficial strain
invading a population infected with another beneficial strain). However, a
beneficial strain can reach its equilibrium frequency in the first place only if
F⊕t⊕ > 1. Without direct fitness benefits, the CI strain’s effective fitness
cannot exceed 1, and it is therefore only able to invade a population infected
at equilibrium with a beneficial strain if it confers a direct fitness benefit.

Two strains: beneficial vs. MK

Invasion of a beneficial strain into a MK population. The condition for
an initially rare beneficial strain to increase in a population where a MK
strain is at equilibrium is

F⊕t⊕ > RFMKtMK. (5.14)

Thus, in order to invade, a beneficial strain’s effective fitness must exceed
the MK strain’s effective fitness multiplied by the fitness compensation
factor R.

Invasion of a MK strain into a beneficial population. The condition for
an initially rare MK strain to invade into a population infected at equilibrium
with a beneficial strain is

RFMKtMK > F⊕t⊕. (5.15)
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Above we showed that a CI strain without direct fitness benefits is not able
to invade a beneficial population (section 5.3.2). By contrast, a MK strain
without direct benefits is able to do so if the fitness compensation due to
MK is sufficiently high.

Two strains: CI vs. MK

Invasion of a MK strain into a CI population. The condition for an
initially rare MK strain to increase in a population where a CI strain is at
equilibrium is

RFMKtMK(1− 2lCIp̂CI) > FCItCI. (5.16)

The invading MK strain faces the risk of high offspring mortality due to
CI prevailing in the population. Therefore, with high CI levels, invasion is
not possible for reasonable parameter values. In addition to low CI levels,
invasion is also facilitated by high fitness compensation through male-killing
(R) and direct fitness benefits of the MK strain. A strong male killer (with
low v and high β values, leading to high fitness compensation) might be able
to invade into a CI population even without conferring direct fitness benefits.
However, as shown in section 5.3.1, fitness benefits strongly enhance the
invasion potential of weak male killers (high v and low β). In particular, if
a male killer’s resource reallocation efficiency β is low, the symbiont will
only be able to invade when conferring a direct fitness benefit.
If the MK strain is mod−resc+, the invasion condition simplifies to

RFMKtMK > FCItCI. (5.17)

If Condition (5.17) is fulfilled, the mod−resc+ MK strain will invade the
population, drive the resident CI strain to extinction, and, if RFMKtMK > 1,
finally reach the equilibrium frequency p̂MK. Given that the mod−resc+

MK strain is insensitive to CI, it can invade even in populations fixed for
CI.

So far, we have considered fitness compensation only in the case of male-
killing. However, fitness compensation could also occur in broods where
offspring is killed not because of MK, but CI (Freeland and McCabe,
1997). Interestingly, when vertical transmission is high (which holds true
throughout this chapter), such compensation cannot aid the spread of CI, but
only increases the average fitness of uninfected offspring, and may thus even
impede the spread of CI (Freeland and McCabe, 1997). In our model, we
also find this impeding effect of CI-associated fitness compensation: when
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we allow for fitness compensation not only for MK, but also for CI, we find
that invasion of a MK strain into a CI population is accelerated significantly
(not shown). Therefore, the possibility of CI-associated fitness compensation
does not prevent CI strains from being replaced by MK strains (given that
Condition (5.16) or (5.17) is fulfilled).

Invasion of a CI strain into a MK population. Due to frequency-depen-
dent selection, CI involves a minimum infection frequency below which it
cannot establish. When introduced into a population infected with male
killers, this invasion threshold exists whenever FCItCI < RFMKtMK (albeit
we could not derive this threshold analytically). If, on the other hand,
FCItCI > RFMKtMK, there is no invasion threshold, and CI can establish no
matter how low its initial frequency. Therefore, the condition for an initially
arbitrarily rare CI strain to increase in a population where a MK strain is
at equilibrium is

FCItCI > RFMKtMK. (5.18)

The fact that the invasion condition does not contain the CI level lCI implies
that even strains with very low CI levels can invade. This is not surprising,
however, since a strain with stand-alone benefits is also able to invade a
MK population as long as its effective fitness is large enough (see above).
Further, remember that the condition for male killers to invade an uninfected
population is RFMKtMK > 1 (Condition (5.9)). Therefore, for a male killer
to reach the equilibrium, the right-hand side of Condition (5.18) must be
larger than one. From this, it is easy to see that an extremely rare CI strain
without direct benefits cannot invade a population infected at equilibrium
with a male killer, because its effective fitness never exceeds one. Hence,
invasion is only possible for a CI strain that additionally confers a direct
fitness benefit (the same holds true for CI invasion into a population infected
at equilibrium with a beneficial symbiont; see above).

5.3.3 Infection dynamics with two strains and doubly infected
hosts (coinfection at the individual level)

So far, we have not observed stable coexistence of CI and MK. Previous
modeling has shown that stable coexistence of CI- and MK-Wolbachia is
possible if doubly infected individuals exist within the population (En-
gelstädter et al., 2004). If doubly infected hosts occur, there are eight
types of individuals, four of each sex. The corresponding equation system
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(see Appendix A2) has eight equilibrium sets, five of which are biologically
plausible. These plausible sets are (i) the infection-free equilibrium, (ii)
the CI equilibrium (stable), (iii) the CI threshold (unstable), (iv) the MK
equilibrium, and (v) the equilibrium containing CI, MK, and the double
infection CI+MK. In the latter case, all eight types of individuals are present
in equilibrium, and the equilibrium frequencies of the four female types are
given by

p̂CI+MK =

(
1− FCI + lCI +

√
C
)

(RFMKtMK − 1)
D

, (5.19a)

p̂CI =

(
1− FCI + lCI +

√
C
)
RFMK (1− tMK)

D
, (5.19b)

p̂MK = −
(
1− FCI (1− 2lCI (1− tCI))− lCI +

√
C
)

× (RFMKtMK − 1) 1
D
, (5.19c)

p̂U = −
(
1− FCI (1− 2lCI (1− tCI))− lCI +

√
C
)

×RFMK (1− tMK) 1
D
, (5.19d)

where

C = (FCI − lCI − 1)2 − 4lCI (1− FCItCI) (1− FCI + FCItCI) ,
D = 2lCI (1− FCI + FCItCI) (RFMK (2− tMK (1− v))− (1 + v)) .

Note that the term inside the square root, C, is identical with the term inside
the square root in the standard CI equilibria (Equations (5.6a) and (5.6b)),
and the denominator, D, is half the product of the denominators in the
standard CI and MK equilibria (Equations (5.6a) and (5.8a)). Accordingly,
the equilibrium frequency of the double infection p̂CI+MK (Equation (5.19a))
is twice the product of the equilibrium frequencies of the corresponding
single infections p̂CI (Equation (5.6a)) and p̂MK (Equation (5.8a)) in the
one-strain dynamics. Moreover, there is a structural similarity between
p̂CI+MK and p̂CI on the one hand, and between p̂MK and p̂U on the other
hand. One reason for this is that both uninfected females and females
infected by a male killer suffer from CI, whereas females infected by CI+MK
and CI do not. Hence, if all four types are present in equilibrium, we can
expect generally larger values for p̂CI+MK and p̂CI than for p̂MK and p̂U
(Figure 5.5, bottom).
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Table 5.2: Possible outcomes of the introduction of the double infection.
Result

C1 > 1? C2 > 1? C3 > 1? Further conditions (stable equilibria)

I no no no U
II no no yes MK, U
III yes no yes CI and MK CI+MK, CI,

parameters high1 MK, U2

else MK, U
IV no yes no CI, U
V yes yes no CI, U
VI yes yes yes CI+MK, CI,

MK, U2

1 Here, CI parameters are FCI, lCI, tCI, and MK parameters are FMK, tMK, β.
2 For most of the parameter range, CI+MK and CI dominate over MK and U
(see main text).

Invasion of a CI+MK double infection into an uninfected population

If we allow for the existence of doubly infected hosts, complex dynamics are
possible. The condition for an initially rare double infection (CI+MK) to
invade into an uninfected population and finally reach the stable equilibrium
given by Equation (5.19a) is

FCItCIRFMKtMK > 1. (5.20)

If this condition is not met, the double infection must exceed a threshold
frequency in order to be able to invade (Engelstädter et al., 2004).
To see how Condition (5.20) relates to the possible outcomes of the

CI+MK introduction, let us term its left-hand part C1 and partition it into
two parts, C2 and C3:

C1︷ ︸︸ ︷
FCItCI︸ ︷︷ ︸
C2

RFMKtMK︸ ︷︷ ︸
C3

Table 5.2 shows all possible outcomes of the introduction of a double
infection into an uninfected population, dependent on which of the terms
C1, C2 and C3 are larger than one. Let us start with the obvious results. If
none of the three conditions is fulfilled, there will be no infection (case I;
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Figure 5.5: Frequency distribution of the different types in equilibrium
after invasion of a CI+MK double infection into an uninfected popula-
tion. Frequency distributions are shown in dependence of the relative fitness of
females infected with the male-killer, FMK, for FCI < 1 (top) and FCI > 1 (bottom).
Parameters take the values FCI = 0.96, lCI = 0.9 (top), FCI = 1.02, lCI = 0.1
(bottom), tCI = 0.99, tMK = 0.95, β = 0.2, and v = 0.1.
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Figure 5.5, top). If only C3 > 1, only the male killer will invade (case II;
Figure 5.5, top), and if only C2 > 1, only CI will establish (case IV;
Figure 5.5, bottom). The double infection is stably maintained only if
C1 > 1, that is, if Condition (5.20) is fulfilled (cases III and VI; Figure 5.5).
Importantly, however, this condition is necessary, but not sufficient for the
stable existence of double infections. Even if Condition (5.20) is fulfilled,
it is possible that the double infection disappears, while either CI or MK
prevails as a single infection (cases III and V).
The most interesting dynamics can be observed in case III. Here, the

fact that RFMKtMK > 1 implies that MK will be present in equilibrium,
be it as single or double infection. In contrast, the effective fitness of the
CI strain is smaller than one. In the one-strain dynamics, this implies
the existence of a threshold frequency so that no CI invasion is possible
if the initial frequency is below this threshold (see section 5.3.1). The
introduction of a double infection, by contrast, makes it possible for CI to
establish in a population, even if extremely rare initially. To see this, let us
have a closer look at the infection dynamics in case III. Due to imperfect
maternal transmission (tCI, tMK < 1), the double infection also introduces
both single infections into the population. Given that the CI-associated
drive is frequency-dependent (being very weak when CI is rare), whereas
the MK-associated drive is not, MK will initially increase more strongly
than CI. Nevertheless, as long as the double infection increases, the single
CI infection will also increase. With increasing CI+MK and CI frequencies,
CI-associated positive frequency-dependent selection becomes stronger, so
that it can happen that CI eliminates MK and becomes predominant, being
present both as single and double infection. This happens if sufficient
parameters underlying the success of CI and MK (FCI, lCI, tCI, FMK, tMK,
β) are large enough (while male viability v must not be too large). The
crucial point is that CI benefits from a successful double infection, regardless
of how this success is achieved. This leads to the counter-intuitive result
that even an increase in FMK can result in the displacement of MK by the
double infection and in fixation of CI (Figure 5.5, top).

Invasion of a CI+MK double infection into a CI population

The condition for an initially rare double infection (CI+MK) to increase in
a population where CI is at equilibrium is

RFMKtMK > 1. (5.21)
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With the spread of the double infection, the single MK infection is also
introduced into the population. The only exception is for lCI = 1: in a
population fixed for CI, the double infection can invade, but there is no
introduction of the single MK infection. Instead, CI stays fixed during the
invasion process; before the invasion, the single CI infection was fixed, and
after the invasion, there is a polymorphism of the single CI and the double
infection.
If Condition (5.21) is not met, the double infection will not be able to

invade, however high its initial frequency may be. The reason is that it is
only MK that must establish (CI is already at equilibrium), but MK is not
frequency-dependent so that there is no extra benefit from a high initial
frequency.

Invasion of a CI+MK double infection into a MK population

The condition for an initially rare double infection (CI+MK) to increase in
a population where MK is at equilibrium is

FCItCI > 1. (5.22)

With the spread of the double infection, the single CI infection is also
introduced into the population. There is a tendency for the CI+MK infection
to ‘replace’ the MK infection, eventually reaching an equilibrium frequency
very similar to the initial MK frequency, and equally for the CI infection
to ‘replace’ the uninfecteds. This tendency increases with increasing lCI,
until replacement is perfect with complete CI (Figure 5.6). That is because,
for lCI = 1, p̂CI+MK (Equation (5.19a)) = p̂MK (Equation (5.8a)), and p̂CI
(Equation (5.19b)) = p̂U (Equation (5.8b)). As a consequence, and not
surprisingly for lCI = 1, CI becomes fixed in the population, being present
as a single and a double infection.
If Condition (5.22) is not met, the double infection must again exceed a

threshold frequency in order to be able to invade (Engelstädter et al.,
2004).

5.4 Discussion

Reproductive parasitism constitutes a powerful means for maternally in-
herited symbionts to spread in host populations. However, evidence is
accumulating that, in a range of circumstances, reproductive manipulation
alone is not sufficient to ensure Wolbachia invasion and spread. In these
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Figure 5.6: With complete CI, the invading double infection completely
replaces the pre-existing MK infection. Simultaneously, CI is introduced as a
single infection. As a consequence, CI becomes fixed in the population. Parameters
take the values FCI = 1.04, tCI = 0.98, lCI = 1, FMK = 1.05, tMK = 0.97, β = 0.2,
and v = 0.1.

cases, direct positive effects on female fitness are predicted to enable sym-
bionts to successfully invade host populations. This study investigates the
effects of direct fitness benefits on the evolution of reproductive parasites,
using the examples of CI and MK.
The key quantity in our model is effective fitness, i.e., the product of

the relative fitness of an infected female and her transmission efficiency.
This parameter thus captures any direct effect of infection on female fitness
(but no fitness effects that are due to reproductive parasitism). Ever since
Turelli (1994) established the concept of effective fitness, theoretical
studies have repeatedly proven its significance for the evolutionary success
of microbes inducing CI or MK (Randerson et al., 2000; Egas et al., 2002;
Vavre et al., 2003; Vautrin et al., 2007, 2008; Haygood and Turelli,
2009; Kriesner et al., 2016). Our study supports these findings and at the
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same time extends them in several ways. First, most previous studies only
consider the narrow version of effective fitness, that is, effective fecundity.
Our broad approach thus widens the applicability of the concept. Second,
for the first time, we apply the concept of effective fitness to a situation
where different types of reproductive parasites co-occur, thus unifying earlier
results. Lastly, we actually include positive values for a strain’s effective
fitness. Despite strong evidence of direct fitness benefits, this has been
largely ignored in previous models.
From our model, several major conclusions can be drawn: Frequently,

direct fitness benefits significantly facilitate invasion, e.g. by lowering or
even removing the invasion threshold. In other cases, direct benefits make
invasion possible in the first place. Furthermore, taking into account positive
fitness effects allows for a more general view of the dynamics of multiple
infections with different reproductive manipulations. Here we discuss these
findings and their implications in more detail.

One of the major gaps in our understanding of the infection dynamics of
reproductive parasites is how they initially invade host populations. When
introduced into a novel host, Wolbachia frequently perform poorly, for ex-
ample exhibiting low transmission efficiency (Clancy and Hoffmann,
1997; Heath et al., 1999; Rigaud et al., 2001; Riegler et al., 2004).
Moreover, the benefits of reproductive parasitism are not unconditional.
The drive associated with CI is frequency-dependent and hence very weak
when infection is rare. As a result, CI-inducing Wolbachia face a threshold
frequency below which infection cannot establish. Therefore, recently intro-
duced CI infections, which usually exhibit low frequencies, should fail to
invade (although, in principle, chance fluctuations might carry low initial
frequencies above the threshold; Jansen et al. 2008). The drive associated
with MK does not depend on infection frequency, but on the efficacy of
the MK-associated fitness compensation, measured in terms of male-killing
intensity and resource reallocation efficiency. This equally results in a
threshold behavior: if fitness compensation is not effective enough, the
male killer will fail to invade. Indeed, survival of males despite infection
with MK-Wolbachia has been observed (Hurst et al., 2000; Dyer and
Jaenike, 2004; Charlat et al., 2005; Weinert et al., 2007). In addition,
it is unclear how efficient resource reallocation is in nature (Balas et al.,
1996; Martins et al., 2010; Elnagdy et al., 2011). Accordingly, there has
also been some debate in the theoretical literature on the range of values
for the resource reallocation efficiency (Engelstädter and Hurst, 2006a;
Úbeda and Normark, 2006). In sum, invading Wolbachia face a range
of obstacles when relying solely on reproductive parasitism. Our results
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show that direct fitness benefits easily overcome these obstacles by lowering
or even removing invasion thresholds, thus confirming previous theoretical
findings in the specific context of symbiont-induced protection (Fenton
et al., 2011; Souto-Maior et al., 2015). Such net fitness advantages seem
far more plausible than chance fluctuations to pass the invasion threshold
(Turelli and Barton, 2017). Lastly, reproductive parasitism may be weak
or absent. Our findings confirm that in such cases, direct fitness benefits
enable Wolbachia to invade host populations in the first place. Again, this
is in line with recent theoretical results (Kriesner et al., 2013, 2016), and
a recent empirical study corroborates that Wolbachia that do not show
reproductive parasitism in a novel host rapidly evolve to be benign (Veneti
et al., 2012).

Direct fitness benefits also influence infection dynamics of different types
of reproductive parasites within one host population. Engelstädter
et al. (2004) showed that, without direct benefits, threshold frequencies
for CI-Wolbachia are highest if they are introduced as a single infection
into a population infected with MK-Wolbachia at equilibrium, and that
the opposite invasion (MK-symbionts into CI-infected population) is not
possible under strong CI. Our results show that, in the former case, direct
benefits easily remove the invasion threshold, and that, in the latter case,
direct benefits considerably facilitate invasion of a male killer, in particular
if it is a weak one (low β, high v). Moreover, a mod−resc+ male killer
can invade even in populations fixed for CI. Evidence of the existence of
such a CI-insensitive MK strain comes from Drosophila pandora that carries
both CI- and MK-Wolbachia. No incompatibility was detected in crosses
between CI-infected males and MK-infected females, suggesting that these
females can rescue CI (Richardson et al., 2016). Unfortunately, there
is as yet not much empirical evidence for invasion scenarios involving CI
and MK within one host population. The tropical butterfly Hypolimnas
bolina might be a promising system to study the interactions between both
reproductive phenotypes. In the South Pacific, this species harbours two
strains of Wolbachia, one of which induces MK and the other one induces
CI. Most populations are infected with either the MK strain or the CI strain
only, suggesting that, most often, populations infected by one strain are
able to resist invasion by the other strain, and vice versa (Charlat et al.,
2006). These findings are in line with the theoretical prediction that CI
and MK cannot stably coexist in a single host population (if no doubly
infected individuals occur; Engelstädter et al., 2004). In 3 out of 25
populations, however, co-occurrence of both strains was observed. The
most likely explanation is that these populations are not at equilibrium, but
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rather represent transitional stages in which one strain (in this case, the
CI strain) is about to invade and replace the other (Charlat et al., 2006).
Given the existence of a threshold frequency for CI-Wolbachia introduced
into a population infected with a male-killer, it is quite possible that the
invasion of CI into MK-infected H. bolina populations is facilitated by direct
fitness benefits.

Theory suggests that CI- and MK-Wolbachia can coexist within a single
unstructured host population in two different ways. First, both phenotypes
can be expressed simultaneously by the same strain (Hurst et al., 2002).
Alternatively, CI and MK are expressed by different Wolbachia strains, and
doubly infected host individuals exist (Freeland and McCabe, 1997;
Engelstädter et al., 2004). The latter situation was investigated in this
chapter. To the best of our knowledge, we present for the first time invasion
conditions and equilibrium frequencies for the invasion of CI+MK double
infections. Engelstädter et al. (2004) showed via simulations that the
double infection must exceed a threshold frequency to invade a population
that is uninfected or MK-infected, but that this threshold is lower than
the threshold for CI as a single infection. In accordance with these results,
we find that invasion conditions for the double infection are more relaxed
than those for the single infections. Our results show that direct fitness
benefits also facilitate invasion of double infections by reducing or removing
the threshold. Evidence for the role of direct benefits in the invasion of
double infections is scarce. Although CI- and MK-Wolbachia co-occur in
Drosophila pandora (Richardson et al., 2016), we cannot yet assess the
role of direct fitness benefits in the persistence of CI+MK double infections
in D. pandora populations.

Lastly, we may take a look at how direct fitness benefits affect evolutionary
dynamics of Wolbachia in the long run. In particular, evolutionary dynamics
of CI have been the focus of extensive research. Early models showed that
the mod function is selectively neutral, predicting that a mod−resc+ strain
would spread if it raised effective fitness (Prout, 1994; Turelli, 1994).
Although these studies did not consider host population structure, which
has been argued to engender selection for stronger CI through a kin selection
process (Hurst, 1991a; Frank, 1997), a more recent model found that,
even in subdivided host populations, selection for increased CI levels is
only weak and transient (Haygood and Turelli, 2009). These findings
have two major implications. First, regardless of whether host populations
are panmictic or structured, selection on CI-inducing Wolbachia acts to
maximize effective fitness, and not the CI level itself. This has also been
shown to hold for haplodiploid hosts (Egas et al., 2002; Vavre et al., 2003)
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and multiple infections (Vautrin et al., 2007, 2008). The fact that there
is selection acting on effective fitness, but not on CI intensity also implies
that CI and direct fitness benefits are not correlated. Both predictions
have been confirmed for CI-inducing Wolbachia in Drosophila simulans:
In Californian fly populations, Wolbachia have evolved so that effective
fitness, but not CI intensity, has risen (Weeks et al., 2007). Moreover,
recent experiments revealed that, across multiple Wolbachia strains, CI and
antiviral protection occur independently (Martinez et al., 2015). These
observations are inconsistent with the view that CI is a pleiotropic byproduct
of other bacterial traits that benefit hosts, as has been assumed by Prout
(1994) and Turelli (1994). The second major implication concerns the
possible extinction of CI-inducing Wolbachia. Given the lack of selection for
the mod function, symbionts may lose their ability to induce CI and become
extinct (Hurst and McVean, 1996). Moreover, theory predicts that host
resistance to CI will be selected for in infected males and uninfected females
(Rousset et al., 1991; Turelli, 1994; Koehncke et al., 2009), and there
is some evidence in line with that prediction (Reynolds and Hoffmann,
2002; Tortosa et al., 2010; Raychoudhury and Werren, 2012). The
evolution of host suppressor genes may eventually also lead to extinction
of CI-inducing Wolbachia. However, loss of infection is not expected if
symbionts additionally have a beneficial effect on host fitness (which is
quite likely, given selection for higher effective fitness). In the presence of
direct fitness benefits, symbionts may still lose the ability to induce CI, but
probably won’t go extinct. In this scenario, Wolbachia that used to express
CI subsequently lost this ability (either because of lacking positive selection
or because the host evolved suppression) and now are maintained solely by
beneficial effects.
In the case of MK, evolutionary pressures are somewhat different from

those acting on CI-inducing Wolbachia. For male killers, the primary target
of selection is the product of effective fitness and MK-associated fitness
compensation. This was first shown by Randerson et al. (2000) who called
the quantity the ‘Basic Rate of Increase’ (BRI). Hence, and in contrast to
CI, male killers are under selection to increase not only effective fitness,
but also the efficiency of the reproductive phenotype itself. Nevertheless,
male killers also face the risk of extinction, and that is because of strong
selection on hosts to counteract the sex ratio distortion (Werren, 1987;
Hurst, 1992; Randerson et al., 2000). Host suppression of the action
or transmission of MK-Wolbachia has been observed in several Drosophila
species (Jaenike, 2007), in the dwarf spider Oedothorax gibbosus (Van-
thournout and Hendrickx, 2016), and in different populations of the
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butterfly Hypolimnas bolina (Hornett et al., 2006; Charlat et al., 2007;
Mitsuhashi et al., 2011). The spread of MK suppression can be very rapid,
shifting an extremely female-biased population sex ratio to an even one
in under 10 generations, which suggests intense selection for suppression
(Charlat et al., 2007). Interestingly, however, suppression of the MK
phenotype in H. bolina does not lead to reduced frequency or even extinc-
tion of Wolbachia (Charlat et al., 2005; Hornett et al., 2006). That
is because the bacteria immediately express CI when MK is suppressed,
which is sufficient to maintain the infection in the population (Hornett
et al., 2008). Another possible reason for the maintenance of infection is
that Wolbachia confer a direct fitness benefit to the host. In this case,
the bacteria are predicted to persist as well, even if the MK phenotype is
suppressed. Direct fitness benefits therefore could explain the persistence
of male-killing Wolbachia in populations where suppression of MK has pre-
sumably evolved (as deduced from the occurrence of infected males; e.g.
Weinert et al., 2007). Eventually, populations once plagued by MK would
end up harbouring only “beneficial symbionts that are a peaceful resolution
of an evolutionary arms race between a male-killer and a suppressor system”
(Majerus and Majerus, 2010).

In this spirit, one can speculate on the evolutionary fate of the fitness
benefits themselves. It is well known that mutualistic interactions are
highly context-dependent (Bronstein, 1994; Chamberlain et al., 2014).
Accordingly, benefits provided by Wolbachia are likely to depend on the
environmental conditions experienced by the host (for example, presence or
absence of a natural enemy against which the symbiont provides protection;
see Chapter 4). Therefore, interactions between beneficial symbionts and
their hosts are supposed to be highly dynamic (Jaenike, 2012), involving
frequent evolutionary transitions in the outcome of symbiosis and blurring
the line between mutualism and parasitism (Sachs et al., 2011a,b). Taken
together, these considerations suggest that both reproductive manipula-
tions and direct fitness benefits might appear and disappear quickly on an
evolutionary timescale.
In summary, our results demonstrate that direct fitness benefits have a

strong effect on the invasion and persistence of Wolbachia. Positive fitness
effects enable or facilitate invasion into novel hosts and allow symbionts to
persist even in the absence of reproductive manipulations. Beneficial effects
also play an important role in infection dynamics involving more than one
manipulation phenotype (both at the population and the individual level),
but more empirical research is clearly needed in this respect. Our findings
also point to the potential of direct fitness benefits to resolve genetic conflicts
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between maternally inherited symbionts and their hosts. As more and more
beneficial aspects of Wolbachia and other reproductive manipulators are
being discovered, their significance for the evolution of these symbionts
and their hosts is increasingly acknowledged. It will be exciting to further
elucidate the interplay of reproductive manipulations and mutualistic effects
in ensuring the evolutionary success of CI- and MK-inducing Wolbachia.
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6 Wolbachia and the arthropod
immune system

The mechanisms underlying Wolbachia phenotypes, both parasitic and
mutualistic, are only poorly understood. Moreover, it is unclear how the
arthropod immune system is involved in these phenotypes and why it is not
more successful in eliminating the bacteria. In this chapter, we argue that
reactive oxygen species (ROS) are likely to be key in elucidating these issues.
ROS are major players in the arthropod immune system, and Wolbachia
infection can affect ROS levels in the host. After reviewing the essentials of
arthropod immunity, we elaborate a hypothesis that considers the different
effects of Wolbachia on the immune system of novel and native hosts, with
a focus on the oxidative environment. We propose that newly introduced
Wolbachia trigger an immune response and cause oxidative stress, whereas
in coevolved symbioses, infection is not associated with oxidative stress, but
rather with restored redox homeostasis. Redox homeostasis can be restored
in different ways, depending on whether Wolbachia or the host is in charge.
This hypothesis offers a mechanistic explanation for several of the observed
Wolbachia phenotypes.

A slightly different version of this chapter has been published in Frontiers
in Microbiology (Zug and Hammerstein, 2015b).
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6.1 Introduction

Reactive oxygen species (ROS) have long been viewed as purely harmful
molecules contributing to oxidative stress, which can cause severe cell
damage. On the other hand, ROS can also play a beneficial role, for
example in intracellular signaling and innate immune defense. Wolbachia
have recently been shown to influence ROS production and the oxidative
environment as a whole, suggesting an involvement of ROS in Wolbachia-
induced phenotypes. In this chapter, we first give an overview of the
arthropod immune response with a focus on ROS. In the main part, we
outline the interactions between Wolbachia and the host immune system.
We explore the possible roles of ROS in different Wolbachia phenotypes
and hypothesize how interference with the host oxidative environment has
shaped various aspects of the Wolbachia–arthropod symbiosis. Finally, we
discuss some corollaries of the hypothesis.

6.2 Reactive oxygen species, oxidative stress, and
redox homeostasis

In eukaryotic cells, aerobic respiration takes place in the mitochondria. Elec-
trons are transferred along the mitochondrial respiratory chain to generate
a proton gradient which eventually enables the synthesis of ATP. In this
electron transport chain, the final acceptor of electrons is molecular oxygen
which thereby is reduced to produce water. Occasionally, however, oxygen
is prematurely and incompletely reduced, giving rise to superoxide. The
superoxide anion belongs to a class of oxygen-derived molecules that readily
oxidize other molecules and are commonly referred to as reactive oxygen
species (ROS). It has been known for a long time that an excessive load of
ROS damages diverse cellular macromolecules, including proteins, lipids,
and DNA, a process known as oxidative stress. The concept of oxidative
stress has its roots in the mid-20th century when researchers began to
explore the harmful effects of oxidizing free radicals (Gerschman et al.,
1954) and their possible involvement in the aging process (Harman, 1956).
A couple of years later, the antioxidant enzyme superoxide dismutase (SOD)
was discovered which eliminates superoxide from the cell and thus protects
the cell from its toxicity (McCord et al., 1971). Since then, ROS have
been seen as harmful but unavoidable by-products of an aerobic lifestyle.
It therefore came as a surprise when enzymes were discovered whose

sole function is the production of ROS (Suh et al., 1999). In fact, these
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ROS-generating enzymes, termed NADPH oxidases (NOX) and dual oxi-
dases (DUOX), are present in most eukaryotes (Aguirre and Lambeth,
2010). Therefore, the view that ROS are purely harmful by-products of
mitochondrial metabolism needed reconsideration. It is important to note,
though, that despite the existence of ROS-producing enzymes, the vast
majority of cellular ROS (estimated at approximately 90%) can be traced
back to a mitochondrial origin (Balaban et al., 2005). Nevertheless, the
fact that ROS are actively synthesized prompted research into their possible
biological functions. It is now clear that ROS act as important signaling
molecules in diverse physiological processes (Sena and Chandel, 2012).
Therefore, organisms must tightly control the balance between ROS pro-
duction and degradation. This fine-tuned balance between oxidants and
antioxidants is called redox homeostasis.

6.3 Arthropod immunity: antimicrobial peptides
(AMPs), ROS, and autophagy

The innate immune response of arthropods consists of multiple defense mech-
anisms, including epithelial barriers and both local and systemic immune
reactions. Most research in arthropod immunity has focused on insects,
and on Drosophila melanogaster in particular (Lemaitre and Hoffmann,
2007; Buchon et al., 2014). Although some components of the arthropod
immune system are highly conserved, recent comparative genomic analyses
of immune signaling pathways have also revealed a remarkable diversity,
even within the insects (Waterhouse et al., 2007; Palmer and Jiggins,
2015). Our discussion of arthropod immunity is largely based on insights
from Drosophila; however, we will point to divergent findings from other
arthropods whenever necessary.
The cellular immune response is executed by hemocytes and emcom-

passes several distinct mechanisms, including phagocytosis, encapsulation,
coagulation, and melanization (Lemaitre and Hoffmann, 2007). Some
of these mechanisms (encapsulation, melanization) involve the generation
of ROS at infection sites to kill pathogens (Kumar et al., 2003). At the
core of the systemic immune response lies the production of antimicrobial
peptides (AMPs) by the fat body and their subsequent release into the
hemolymph. AMP gene expression is mainly controlled by two distinct
signaling pathways, the Toll pathway and the Imd pathway, both of which
include homologues of the NF-κB pathway (Lemaitre and Hoffmann,
2007; Hetru and Hoffmann, 2009). The Imd pathway is predominantly
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activated by Gram-negative bacteria, whereas Gram-positive bacteria, fungi
and yeast trigger the Toll pathway (Buchon et al., 2014). Interestingly,
major components of the Imd pathway are missing in chelicerates (Palmer
and Jiggins, 2015; Bechsgaard et al., 2016), suggesting that two func-
tionally Imd pathways exist, the canonical one in insects and crustaceans,
and an atypical one in chelicerates and myriapods (Shaw et al., 2017).
In the lab, systemic responses have frequently been elicited by bacterial

injection into the hemocoel. However, this might not reflect the natural
way of infection. Commonly, epithelia such as those lining the gut are the
first barrier a pathogen encounters when infecting the host. A peculiarity
of gut epithelia is the fact that they not only are in constant contact with
pathogens, but also host a number of beneficial commensal bacteria, the
so-called gut microbiota. Commensal gut microbes are involved in diverse
physiological functions of their hosts (Erkosar et al., 2013; Sommer and
Bäckhed, 2013). The challenge for the host immune system, therefore, is
to find the balance between fighting pathogens and tolerating the microbiota
(Sansonetti and Medzhitov, 2009). Accordingly, a tight regulation of
the production of immune effector molecules is strictly needed. In the
Drosophila gut, there are two major classes of immune effectors, AMPs and
ROS (Kuraishi et al., 2013). AMP generation in the gut is controlled
by the Imd pathway, but not by the Toll pathway (Tzou et al., 2000).
The Imd pathway is triggered when the bacterial cell wall component
diaminopimelic acid (DAP)-type peptidoglycan (PG) is recognized by PG
recognition proteins (PGRPs) in the host membrane (Leulier et al., 2003;
Bosco-Drayon et al., 2012). In the absence of pathogenic bacteria, PG-
triggered AMP gene expression is repressed by negative regulators of the
Imd pathway to protect the commensal microbiota, thereby maintaining
the balance between immune tolerance and immune response (Paredes
et al., 2011; Bosco-Drayon et al., 2012; Bonnay et al., 2013).

Local production of AMPs only seems to constitute a complementary
response against microbes that are resistant against ROS (Ryu et al., 2006),
the second major immune effector class in the Drosophila gut. Indeed,
DUOX-dependent production of microbicidal ROS serves as the first line
of defense in gut immunity (Ha et al., 2005a, 2009a). Importantly, and in
contrast to canonical Imd pathway components, DUOX genes were found
in species of each arthropod subphylum (Palmer and Jiggins, 2015).
Infection-induced ROS generation in the Drosophila gut can also act as
a signal for AMP production in the fat body, thus triggering a systemic
immune response (Wu et al., 2012). After the pathogen-induced increase
in ROS production, ROS levels are actively reduced by immune-regulated
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catalase (IRC) activity to avoid excessive oxidative stress (Ha et al., 2005b).

DUOX-dependent ROS production in the Drosophila gut is regulated
by two signaling pathways (Bae et al., 2010): The enzymatic activity of
DUOX is controlled by the Gαq-PLCβ-Ca2+ pathway (“DUOX activity
pathway”) (Ha et al., 2009a), while DUOX gene expression is regulated by
a MEKK1-MKK3-p38-ATF2 pathway (“DUOX expression pathway”) (Ha
et al., 2009b; Chakrabarti et al., 2014). Activation of both pathways is
required for stable ROS production. Interestingly, PG is able to activate the
DUOX expression pathway, but not the DUOX activity pathway. Therefore,
DUOX-dependent ROS generation cannot depend on PG alone (Ha et al.,
2009a,b; Bae et al., 2010). Recently, bacterial-derived uracil was identified
as a non-PG ligand triggering DUOX-dependent ROS generation (Lee
et al., 2013). Uracil is probably recognized by a G-protein-coupled receptor
(GPCR) and, via Hedgehog-induced signaling endosomes, induces PLCβ-
dependent Ca2+ mobilization which triggers DUOX activation (Lee et al.,
2015). Strikingly, uracil is released by pathogenic bacteria, but not by
commensal symbionts (Lee et al., 2013). This allows the gut epithelia to
distinguish between pathogens and commensal bacteria, thus maintaining
immune homeostasis in the Drosophila gut (You et al., 2014).

Arthropods must also fight against intracellular pathogens. In general,
host defenses against intracellular pathogens are less well studied than those
against extracellular pathogens. Antiviral immunity seems to be based on
diverse mechanisms, including RNA interference, activation of the Toll/Imd
and JAK-STAT pathways, and autophagy (Lemaitre and Hoffmann,
2007; Sabin et al., 2010; Lamiable and Imler, 2014; Cheng et al., 2016).
Autophagy seems to represent a general and evolutionarily conserved defense
mechanism against intracellular pathogens (Deretic, 2010; Choy and
Roy, 2013; Gomes and Dikic, 2014). In Drosophila, for example, one
type of PGRP (PGRP-LE) acts as an intracellular receptor for DAP-type
peptidoglycan and thus as an intracellular sensor of Gram-negative bacteria
(Kaneko et al., 2006). PGRP-LE also induces an autophagic response to
prevent the intracellular growth of bacterial pathogens, and this induction
occurs independently of the Toll and Imd pathways (Yano et al., 2008).
Moreover, autophagy is also activated and regulated by ROS (Huang et al.,
2009; Scherz-Shouval and Elazar, 2011; Sena and Chandel, 2012).
In sum, several distinct and yet interconnected immune responses are at
work to defend the arthropod host against a plethora of different pathogens.
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6.4 Wolbachia and arthropod immunity

In principle, hosts can employ two different strategies to defend themselves
against infections: resistance and tolerance. Resistance is the ability to
clear the infection, while tolerance is the ability to reduce the fitness costs
of infection (without clearing the infection itself) (Schneider and Ayres,
2008). Whether a host responds toWolbachia through resistance or tolerance
strongly depends on two features of the infection: its age and its phenotypic
effects. A recently acquired infection is likely to trigger an immune response,
which is the key resistance mechanism. In coevolved associations, by contrast,
resistance may no longer be the best response to infection. Whether or not
resistance is the host’s best option in coevolved symbioses mainly depends on
the symbiont’s phenotype. Reproductive manipulations such as feminization
and male killing reduce host fitness and thus are expected to lead to the
evolution of resistance. Indeed, host suppressor alleles have been identified
that confer resistance to feminizing and male-killing Wolbachia (Rigaud and
Juchault, 1992; Hornett et al., 2006). With other Wolbachia phenotypes,
things are a bit more complex. In the case of CI, infected females are
‘addicted’ to Wolbachia—if they lose the symbionts, their offspring will
suffer from high mortality rates when fathered by infected males. Therefore,
females infected with CI-Wolbachia are selected to maintain the bacteria and
even increase the efficiency of maternal transmission. On the other hand,
suppressor genes are predicted to spread in males, and successive selection
for male suppressors of Wolbachia should lead to long-term elimination of
infection (Koehncke et al., 2009). With respect to Wolbachia-induced
thelytokous parthenogenesis, the symbiont has gone to fixation in most
populations that are infected. In these populations there are no males,
and females depend on the bacteria for asexual reproduction. Under such
circumstances of host dependence, infected females are not expected to
evolve mechanisms of resistance (‘dependence’ barrier to resistance; see
Chapter 4). However, nuclear suppressor alleles have been hypothesized for
populations where infected and uninfected individuals coexist (Huigens,
2003). Finally, if Wolbachia exhibit a mutualistic phenotype, evolution of
resistance will also be selected against (‘fitness benefit’ barrier to resistance;
see Chapter 4). When resistance is not feasible, tolerance mechanisms
represent an alternative host strategy to deal with the infection. The
evolution of tolerance is associated with the attenuation of the immune
response that originally was there to eliminate the bacteria. Immune
tolerance is also an efficient means to reduce the risk that host tissue is
damaged as a side effect of the immune response (immunopathology).
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In summary, the evolution of host resistance is expected in many, but not
all, Wolbachia–host associations. In those associations in which resistance
evolution is expected, Wolbachia should, in principle, trigger the host
immune system which should aim at eliminating the bacteria, regardless
of whether they are novel or native. On the other hand, given the huge
number of infected insect species and the recurrent occurrence of successful
transmission into novel host species, why is the host defense machinery
not more efficient in overcoming the infection? Have Wolbachia evolved
mechanisms to suppress or interfere with the immune system, or do they
hide from it? Or does the high prevalence of Wolbachia indicate that,
frequently, hosts are not selected to evolve resistance (but rather tolerance)?
In the following paragraphs, we outline in more detail the interplay between
Wolbachia infection and the different host defense mechanisms, with special
emphasis on the host oxidative environment.

6.4.1 Wolbachia and AMP-/autophagy-based immunity

Interestingly, in their native hosts, Wolbachia do not induce AMP gene
expression, as has been shown for Aedes albopictus, Drosophila melanogaster,
D. simulans, and Tetranychus urticae (Bourtzis et al., 2000; Wong et al.,
2011; Rancès et al., 2012; Zhang et al., 2015). On the other hand,
Wolbachia-infected D. simulans and Ae. albopictus are still able to activate
AMP gene expression when challenged by other bacterial pathogens, e.g. E.
coli (Bourtzis et al., 2000). These results suggest that Wolbachia neither
induce nor suppress the AMP-based branch of the immune system of their
natural hosts. Drosophila species seem to be naturally infected with only two
maternally inherited bacteria, Wolbachia and Spiroplasma (Mateos et al.,
2006). In Spiroplasma-infected D. melanogaster, the same picture emerges:
in their natural host, the bacteria neither upregulate nor downregulate the
expression of AMP genes (Hurst et al., 2003; Hutchence et al., 2011).
Taken together, these findings suggest that endosymbionts such as Wolbachia
have evolved means to evade the host immune system by stealth (Figure 6.1D;
Siozios et al., 2008). This notion is corroborated by the fact that, in the host
cytoplasm, Wolbachia are located within vesicles whose outermost membrane
is of host origin (Louis and Nigro, 1989). This probably helps the bacteria
to hide from the host immune system. Another possible reason for the lack
of Wolbachia-induced AMP upregulation is that the host has shut down the
AMP-based immune response when selection favors the maintenance of the
bacteria (Figure 6.1G). However, it is unclear how this immune tolerance
could be restricted to Wolbachia so that other pathogens are still effectively
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Figure 6.1 (previous page): Hypothesized effects of Wolbachia on the im-
mune system of novel (A–C) and coevolved hosts (D–I). Newly introduced
Wolbachia (red dots) trigger an immune response by upregulating the expression
of several immune effectors such as AMPs (A), autophagy-related proteins (B),
and ROS (C). A ROS-based immune response leads to oxidative stress. Due to
host-symbiont coevolution, native Wolbachia (green dots) have ceased triggering an
immune response. They neither induce nor suppress AMP expression, but evade
the AMP-based immune response by stealth (D). Presumably, they downregulate
autophagy-related genes (E). With regard to the ROS-based branch of the im-
mune system, we hypothesize that Wolbachia not only induce ROS production and
oxidative stress, but also the expression of antioxidant genes. By such immune
interference, Wolbachia restore redox homeostasis (F). Another coevolutionary
outcome is host-driven shutdown of the immune response (immune tolerance; G–I).
By evolving ROS-associated immune tolerance, the host restores redox homeostasis
itself (I). Note that evolution of resistance is also a possible outcome of coevolution,
but eventually leads to symbiosis breakdown and therefore is not depicted here.

targeted. This problem could be resolved by the fact that AMPs do not
need to be shut down for ensuring immune tolerance in coevolved symbioses,
but instead are actively involved in symbiont maintenance (Login et al.,
2011).

The fact that Wolbachia do not elicit an AMP-based immune response in
their native hosts stands in stark contrast to the strong induction of AMP
gene expression whenWolbachia are introduced into novel hosts (Figure 6.1A;
Xi et al., 2008; Moreira et al., 2009; Kambris et al., 2009, 2010; Bian
et al., 2010). This is indicative of a systemic immune response triggered by
the canonical Toll and/or Imd pathway (immune upregulation; note that the
term immune priming is equivalent to such general immune upregulation only
in its unspecific meaning; see, for example, Roth et al., 2009 and Masri
and Cremer, 2014 for a different usage of the term). As Gram-negative
bacteria, newly introduced Wolbachia are probably detected by the Imd
pathway that is triggered by recognition of diaminopimelic acid (DAP)-type
peptidoglycan from the bacterial cell wall. Although Wolbachia lack a proper
cell wall and peptidoglycan has never been detected, they are probably
able to synthesize DAP (Dunning Hotopp et al., 2006; Vollmer et al.,
2013). Moreover, it was recently shown that the peptidoglycan-associated
lipoprotein (PAL) is located on the cell membrane of Wolbachia (Voronin
et al., 2014). PAL is known to specifically bind DAP (Parsons et al., 2006).
Therefore, DAP is present on the Wolbachia membrane, and perhaps this is
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sufficient to be recognized by peptidoglycan recognition proteins (PGRPs)
which then trigger the Imd pathway and subsequent AMP generation.

The discovery of PGRP-LE as an intracellular sensor of DAP-type pepti-
doglycan Kaneko et al. (2006) also opens the possibility of an autophagic
immune defense against Wolbachia. It was recently shown that Wolbachia
induce the autophagy pathway in a naturally infected Aedes albopictus cell
line (Voronin et al., 2012). Hence, one might expect bacterial strategies
to counteract autophagy. Indeed, autophagy-associated genes are downreg-
ulated in the ovaries of two hosts naturally infected with Wolbachia, the
woodlouse Armadillidium vulgare and the wasp Asobara tabida, supporting
the notion that the symbionts suppress the autophagic signal to prevent
their elimination (Figure 6.1E; Chevalier et al., 2012; Kremer et al.,
2012. Again, it is also conceivable that the host itself is responsible for the
downregulation – another possible case of evolved immune tolerance when
symbiont presence is favored (Figure 6.1H). In contrast to these coevolved
associations, a transfected Wolbachia strain causes a catastrophic autophagic
response in another woodlouse, Porcellio d. dilatatus, resulting in the death
of the new host (Figure 6.1B; Le Clec’h et al., 2012). Therefore, an
autophagic immune response is observable in novel, but not in native hosts,
mirroring the situation with regard to AMP-based immune defense.
How can we reconcile these differing findings concerning the immune

response to Wolbachia in native vs. novel hosts? Perhaps, it is not too
surprising that Wolbachia do elicit an immune response in novel hosts.
In insects that acquired Wolbachia only recently (either by natural or
artificial means), the bacteria are recognized as foreign, probably by PGRPs
detecting DAP on Wolbachia membranes, and then AMP- and/or autophagy-
associated defense mechanisms are triggered to eliminate the infection
(Figure 6.1A, B). With ongoing coevolution, however, Wolbachia have
found ways to prevent their elimination, for example by evading the AMP-
based immune response (immune evasion by stealth; Figure 6.1D) and by
suppressing the autophagy-associated immune defense (immune suppression;
Figure 6.1E). Alternatively, evolution of immune tolerance enables the host
to reduce costly defense mechanisms when selection favors the presence of
Wolbachia (Figure 6.1G, H).

6.4.2 Wolbachia and ROS-based immunity

Given their vertical transmission through the female germline and their
reproductive manipulations, Wolbachia are expected to reside primarily in
the host reproductive tissues. Although this is true, they are also able to
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infect somatic tissues, including tissues of immunological importance, such
as the gut, Malpighian tubules, fat body, and hemolymph (Dobson et al.,
1999; Cheng et al., 2000; Ijichi et al., 2002; Goto et al., 2006; Zouache
et al., 2009; Faria and Sucena, 2013; Frost et al., 2014; Braquart-
Varnier et al., 2015; Pietri et al., 2016). In gut epithelia, AMPs represent
only one of two major classes of immune effectors, the other one being ROS
(see Section 6.3). Therefore, when asking about the relationship between
Wolbachia infection and the host immune system, it is also important to
consider possible interactions between Wolbachia on the one hand and ROS
and the oxidative environment on the other hand, in particular if infection
in the gut has been reported.

The first, indirect evidence of such an interaction between Wolbachia and
the host oxidative environment came from studies on the role of mitochondria
in various aspects of host biology. In Drosophila melanogaster, tetracycline
treatment to eliminate Wolbachia resulted in a significant decrease in lipid
hydroperoxide, a marker for ROS-induced oxidative damage (Driver et al.,
2004). However, this finding could be due to a direct negative effect of
tetracycline on mitochondrial efficiency (see Section 4.5). Further indirect
evidence comes from the fact that Wolbachia infection can have a profound
influence on mitochondrial DNA (mtDNA) haplotype diversity (Hurst and
Jiggins, 2005), and different mtDNA haplotypes can differ in mitochondrial
ROS production rates (Ballard, 2005).

Brennan et al. (2008) were the first to demonstrate a more direct
effect of Wolbachia on the host oxidative environment. The mosquito
Aedes albopictus is naturally infected with CI-inducing Wolbachia. In an
Ae. albopictus cell line, the authors found that Wolbachia infection is
associated with high levels of ROS (as compared to an identical cell line
treated with the antibiotic rifampicin). These ROS probably are a product
of the host immune response (although they may also be a side-product
of bacterial metabolism). In addition, Wolbachia infection is associated
with the upregulation of several host antioxidant genes. These antioxidant
proteins include copper-zinc superoxide dismutase (SOD1), peroxiredoxin
(Prx5), and glutathione peroxidase (GPx). Antioxidant upregulation may
be a host countermeasure to mitigate the negative effects of increased
ROS levels. However, as the authors point out, there is so far only little
support in the literature for antioxidant upregulation as a host response
to pathogen infection. Alternatively, one might speculate that Wolbachia
induce the host antioxidant system in order to be protected against the host
immune response based on increased ROS levels. Possibly, induction of the
host antioxidant system is due to effectors secreted by the bacterial type
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IV secretion system (T4SS). The Wolbachia T4SS is a potential pathway
to transfer effector proteins into the host cytoplasm and therefore might
be involved in Wolbachia-induced host phenotypes (Pichon et al., 2009).
Recently, a T4SS effector in Ehrlichia (a close relative of Wolbachia) was
shown to be translocated to mitochondria and to upregulate a host SOD
(MnSOD), thereby reducing ROS levels and apoptosis (Liu et al., 2012).
Lastly, Wolbachia also seem to be able to produce their own antioxidants to
protect themselves, since two bacterial antioxidant proteins were identified as
well, a bacterial type of SOD (Fe-SOD) and bacterioferritin (Bfr). Iron (Fe)
is an essential element for most organisms, but also a cause of oxidative stress
as it catalyzes the generation of highly reactive hydroxyl radicals (Fenton
reaction) (Nappi and Vass, 2002). Hence, bacterioferritin has important
functions both in bacterial iron storage and, although not commonly referred
to as an antioxidant, in fighting iron-mediated oxidative stress (Carrondo,
2003). Upregulation of Wolbachia bacterioferritin expression under iron-
induced stress was also observed in naturally infected Drosophila simulans
(Kremer et al., 2009b). Given the crucial role of iron at the interface of
immunity, infection and host-pathogen interactions (Cassat and Skaar,
2013; Nairz et al., 2014), Wolbachia’s ability to interfere with host iron
metabolism might be an important factor underlying diverse phenotypes
and thus contributing to the unparalleled success of Wolbachia (Gill et al.,
2014).

Wolbachia and the oxidative environment: a hypothesis

Based on the results by Brennan et al. (2008), on subsequent propositions
regarding the possible involvement of Wolbachia in the host oxidative en-
vironment (Kremer et al., 2010; Moné et al., 2014), and on the findings
concerning AMP-/autophagy-based immunity, we propose the following
hypothesis. In novel hosts, Wolbachia induce a ROS-based immune response,
leading to oxidative stress (Figure 6.1C). In general, therefore, we expect
infections in novel hosts to be associated with a disruption of redox home-
ostasis (although Wolbachia effects on antioxidant production are hardly
predictable). In native hosts, by contrast, Wolbachia infection is expected to
be associated with restored redox homeostasis, resulting from coevolutionary
processes between symbiont and host. Redox homeostasis can be restored
by Wolbachia or by the host (or by a combination of both) because both
benefit from reduced oxidative stress. In the first case, Wolbachia not only
induce a ROS-based immune response, but also the expression of antioxidant
genes (regardless of whether these genes are part of the symbiont or host
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genome). In doing so, the bacteria interfere with the host immune response
(immune interference) and are involved in maintaining redox homeostasis
(Figure 6.1F). This may be particularly relevant if there are additional
sources of oxidative stress (e.g., iron overload). In the second case, the
host decreases the Wolbachia-induced immune response by reducing ROS
production or by increasing antioxidant production (immune tolerance),
and thereby restores redox homeostasis itself (Figure 6.1I). In what follows,
we will gather further evidence in support of this hypothesis.

Wolbachia and the oxidative environment in novel hosts

Several studies report effects of Wolbachia infection on the oxidative envi-
ronment of arthropods that are naturally either uninfected or infected with
a different strain. Examples where a novel Wolbachia infection causes an
increase in ROS levels include the mosquitoes Aedes aegypti (Pan et al.,
2012), Ae. polynesiensis (Andrews et al., 2012) and Anopheles stephensi
(Bian et al., 2013). All mosquitoes were transfected with the Wolbachia
strain wAlbB, which naturally infects Aedes albopictus. In Ae. aegypti, ROS
production was shown to be due to the upregulation of NADPH oxidase
(NOXM) and dual oxidase (DUOX2), the latter one being upregulated
28-fold (Pan et al., 2012). Interestingly, the authors found that increased
ROS levels activate the Toll pathway, leading to the production of AMPs
and antioxidants. The fact that Wolbachia induce both the activation of
ROS and antioxidants in Ae. aegypti is reminiscent of the situation in
evolved symbioses (immune interference by Wolbachia). Given the relatively
close phylogenetic relationship between donor (Ae. albopictus) and recipient
(Ae. aegypti), it might not be too difficult for wAlbB to induce antioxidant
production in Ae. aegypti and thus establish redox homeostasis in a novel
host. On the other hand, some studies involving transfected cell lines show
the downregulation of antioxidants as a result of infection (Xi et al., 2008;
Hughes et al., 2011c). In sum, there is good evidence of the induction
of ROS production by Wolbachia in novel hosts, whereas findings on the
effects of novel infections on antioxidant production are so far inconclusive.

Wolbachia and the oxidative environment in native hosts

In addition to the results by Brennan et al. (2008) in an Aedes albopictus
cell line, there is also evidence in support of our hypothesis that comes
from whole insects. Using different methods, Molloy and Sinkins (2015)
re-examined the production of ROS and antioxidants in Ae. albopictus, both

137



6 Wolbachia and the arthropod immune system

in mosquito and cell lines. Interestingly, they did not find any significant
difference in infected vs. uninfected lines, a finding that differs from that
by Brennan et al. (2008). Nevertheless, it can similarly be interpreted
as an outcome of host-symbiont coevolution, i.e. as attentuation of the
immune response to Wolbachia in its natural host (immune tolerance). Thus,
although it is unclear why both studies come to different results at the
molecular level, the conclusion that can be drawn from them is the same:
coevolution between Aedes albopictus and its Wolbachia las led to restored
redox homeostasis, either through immune interference (suggested by the
results from Brennan et al., 2008) or immune tolerance (suggested by
Molloy and Sinkins, 2015).

In Drosophila simulans naturally infected withWolbachia, total ROS levels
are significantly higher in infected males than in males cured of infection.
Moreover, DUOX is located in close proximity to the Wolbachia-containing
vesicles (Haukedal, 2013). This suggests that the host recognizesWolbachia
as foreign and prompts an immune response involving DUOX-dependent
ROS production. On the other hand, total SOD levels (including two host
SODs and bacterial Fe-SOD) are also significantly higher in infected flies
than in uninfected flies (Brennan et al., 2012). These findings suggest that
Wolbachia infection in the natural host D. simulans induces not only a host
immune response, but also antioxidant production.

As already mentioned, the ability of Wolbachia to interfere with the host
oxidative environment might be of particular importance if the level of
oxidative stress is elevated by external factors. Toxicity of the heavy metal
lead is mainly attributed to its ability to generate ROS and to impair the
antioxidant defense (Flora et al., 2012). When Drosophila melanogaster
is challenged by a lead-contaminated diet, flies cured of infection exhibit a
strongly increased malondialdehyde content, which is a marker for oxidative
stress. In addition, high-lead diet significantly decreases SOD activity in
cured flies, but not in infected flies (Wang et al., 2012).

Another example of the putative role of Wolbachia in maintaining redox
homeostasis under stressful conditions involves the oxidative challenge
imposed by blood-feeding. Ingestion of a blood meal is associated with
the release of large amounts of the iron-containing cofactor heme in the
gut. When not bound to proteins, heme has potential pro-oxidant and
cytotoxic effects in that it converts weakly reactive oxygen species into
highly reactive ones (Jeney et al., 2002)). Hematophagous insects have
evolved different mechanisms to be protected from these cytotoxic effects,
including the binding, aggregation, and degradation of heme, and expression
of antioxidant enzymes (Oliveira et al., 1999; Paiva-Silva et al., 2006;
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Graça-Souza et al., 200). Maintenance of redox homeostasis in the midgut
after a blood meal is crucial, not least because of the pivotal role of ROS in
gut immunity. In the mosquito Aedes aegypti, a blood meal leads, perhaps
counterintuitively at first, to a dramatic decrease in ROS levels in the
midgut (Oliveira et al., 2011). This decrease is due to a heme-mediated
activation of protein kinase C (PKC) which leads to lowered ROS generation
in midgut epithelial cells. The authors interpret this as an adaptation to
compensate for the pro-oxidant blood meal and to avoid heme-mediated
oxidative stress, thus maintaining redox homeostasis. However, lowered
ROS levels in the gut are probably associated with decreased resistance to
infection and increased mortality (Oliveira et al., 2011). Interestingly,
overall ROS levels do not change significantly after a blood meal in Aedes
polynesiensis which, unlike Ae. aegypti, is naturally infected with Wolbachia
(Andrews et al., 2012). In a coevolutionary process, the host might have
abolished the PKC-mediated decrease in ROS levels in the gut (tolerance)
because of Wolbachia-induced antioxidant production (immune interference).
Therefore, it is reasonable to assume that Wolbachia help in maintaing
redox homeostasis in this evolved symbiosis (Gill et al., 2014). Moreover,
when Ae. polynesiensis is fed sucrose only, there is no significant difference
between ROS levels of infected and cured mosquitoes, and these ROS levels
are lower than that of artificially infected mosquitoes (Andrews et al.,
2012). A possible explanation for this finding is that, due to coevolution
between Ae. polynesiensis and its symbiont, the mosquito has reduced ROS
production to mitigate oxidative stress (immune tolerance). Evolution of
immune tolerance might therefore also be at play in the Wolbachia–Ae.
polynesiensis symbiosis (Moné et al., 2014).
In the spider mite Tetranychus urticae, Wolbachia infection is associ-

ated with the enrichment of gene sets related to oxidoreductase activity
(Zhang et al., 2015). Oxidoreductases are known to produce ROS (Raha
and Robinson, 2000; Esterházy et al., 2008), but also to control redox
homeostasis (Messens et al., 2013). Moreover, Wolbachia encodes an oxi-
doreductase (α-DsbA1) which, due to its low redox potential, might have
antioxidant properties (Kurz et al., 2009). Therefore, it is conceivable
that Wolbachia directly or indirectly regulate redox homeostasis and thus
maintain their association with T. urticae.

We do not want to conceal that there also are some findings from natural
Wolbachia–host associations that are more difficult to reconcile with the
above hypothesis, or at least more difficult to interpret. In the pill bug
Armadillidium vulgare, some antioxidants (thioredoxin, ferritin) are upregu-
lated in the ovaries of infected individuals (as compared to uninfected ones),
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while others (peroxiredoxin, glutathione peroxidase) are downregulated
(Chevalier et al., 2012). Perhaps, upregulation of some antioxidants is
just a compensation for the downregulation of others, or vice versa. It is
unclear, however, what is induced by the host and what by the bacteria. In
the parasitoid wasp Asobara tabida, the expression of several antioxidant
genes (oxidoreductase, glutathione peroxidase, ferritin) is downregulated
in infected ovaries, compared to ovaries from cured wasps (Kremer et al.,
2012). At first, this seems to contradict our hypothesis. However, the
Wolbachia–A. tabida association is a special case because here, the host is
strictly dependent on its symbiont (see Section 4.4.2). Females cured of
infection fail to produce oocytes, due to extensive apoptosis in egg cham-
bers (Pannebakker et al., 2007). The authors suggest a coevolutionary
scenario where the wasp responds to infection with apoptosis, which is then
suppressed by Wolbachia. A. tabida in turn compensates for suppression
by further increasing the apoptotic signal because it is essential for proper
egg development (Pannebakker et al., 2007). There is good empirical
support for this scenario. First, Wolbachia are probably able to directly or
indirectly suppress apoptosis. Suppression of apoptosis might be due to
Wolbachia interfering with host iron metabolism and oxidative stress control
(Kremer et al., 2010; Gill et al., 2014; see Chapter 4). Moreover, it is
known that ROS can act as initiators and mediators of apoptosis (Simon
et al., 2000; Dixon and Stockwell, 2014). Therefore, downregulation of
antioxidant genes could be a host measure to further increase the apoptotic
signal. In sum, the dependence of A. tabida on Wolbachia might well be a
consequence of the evolution of tolerance following the disruption of redox
homeostasis (Moné et al., 2014; see Chapter 4).

Lastly, we point to the fact that all cases that are compatible with the hy-
pothesis involve CI-inducing Wolbachia (Aedes albopictus, Ae. polynesiensis,
Drosophila melanogaster, D. simulans, Tetranychus urticae). In contrast,
Armadillidium vulgare is naturally infected with feminizing Wolbachia, and
the strain that Asobara tabida depends on for oogenesis does not seem to
exhibit any reproductive phenotype (although the possibility that it induces
CI remains untested). Therefore, one could think of a mechanistic connec-
tion between the host oxidative environment and the CI phenotype. Indeed,
Brennan et al. (2012) showed that total SOD levels are significantly higher
in testes of D. simulans males infected with CI-Wolbachia than in testes of
cured males. Taking this as evidence of higher oxidative stress in infected
testes, the authors presumed that disruption of redox homeostasis caused
DNA damage in spermatocytes of infected males. Strikingly, DNA damage
is significantly higher in infected compared to uninfected spermatocytes and
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might be a contributing factor to the sperm modification characteristic of CI
(Brennan et al., 2012). For example, DNA damage in spermatocytes could,
after fertilization, lead to DNA replication defects in the male pronucleus
as observed in CI crosses in D. simulans (Landmann et al., 2009).

6.4.3 Wolbachia and anti-pathogenic effects

The possibility of Wolbachia-induced host protection has recently spurred
intense research efforts. Taking a slightly critical stance, in Chapter 4, we
proposed to distinguish protection from mere anti-pathogenic effects. Fol-
lowing our definition, Wolbachia are said to induce an anti-pathogenic effect
whenever infection increases host resistance and/or tolerance to pathogens.
However, an anti-pathogenic effect should only be classified as protection if
it is associated with a fitness benefit to the host. Since so far only a few
studies have found evidence for Wolbachia-mediated protection in the field
(Hedges et al., 2008; Teixeira et al., 2008; Osborne et al., 2009; Zélé
et al., 2012), we here focus on anti-pathogenic effects.

The molecular mechanisms underlying Wolbachia-mediated anti-patho-
genic effects are still unclear (Rainey et al., 2014; Johnson, 2015; see
Chapter 4). Antiviral effects seem to be more frequent than antibacterial
effects. Moreover, the strength of the anti-pathogenic effect is positively
correlated to Wolbachia density. But how is the insect immune system
involved? Anti-pathogenic effects are frequently observed when Wolbachia
are transfected into hosts that are either naturally uninfected or infected
with a different strain. As outlined above, in such cases, infection induces
the upregulation of host immune genes, in particular genes involved in
the Toll and Imd pathway, leading to the generation of AMPs. Such
immune upregulation of Toll/Imd pathway genes is assumed to underlie anti-
pathogenic effects in novel hosts, especially antiviral effects in mosquitoes
(Xi et al., 2008; Moreira et al., 2009; Kambris et al., 2009, 2010; Bian
et al., 2010; Pan et al., 2012). However, other studies have shown that, both
in native and novel hosts, genes involved in the Toll or Imd pathway are
not required for Wolbachia-mediated anti-pathogenic effects (Wong et al.,
2011; Rancès et al., 2012, 2013; Chrostek et al., 2014; Ferreira et al.,
2014; Martinez et al., 2014). Therefore, upregulation of immune genes
involved in the Toll/Imd pathways cannot be the universal explanation for
Wolbachia-induced anti-pathogenic effects, let alone for host protection in
the field (see Chapter 4).

The possible role of ROS in Wolbachia-induced anti-pathogenic effects has
been less intensively studied than that of AMPs. The mosquito Aedes aegypti
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is naturally not infected withWolbachia, but transfection of the wAlbB strain
into Ae. aegypti inhibits replication of Dengue virus (Bian et al., 2010). It
could be shown that transfection induces NOX- and DUOX-dependent ROS
generation. Increased ROS levels activate the Toll pathway, which then
mediates the production of antioxidants and AMPs such as defensin and
cecropin. These AMPs are involved in inhibiting the proliferation of Dengue
virus in Wolbachia-transfected mosquitoes (Pan et al., 2012). In transfected
Ae. albopictus mosquitoes, by contrast, ROS-mediated immune activation
is probably not involved in the antiviral effect of Wolbachia (Molloy and
Sinkins, 2015). A recent study analyzed the relationship between ROS
levels and antiviral effects in naturally infected Drosophila strains (Wong
et al., 2015). The study included Wolbachia strains that were known to either
have an anti-pathogenic effect (‘protective’ strains) or not (‘non-protective’
strains). In flies that harbor a protective strain, ROS levels are significantly
higher than in flies cured of the protective strain. By contrast, presence
of the non-protective strain has no significant effect on ROS levels relative
to cured flies. These findings suggest that ROS levels are increased in
Drosophila naturally infected with protective Wolbachia strains. Moreover,
elevated ROS levels confer a survival advantage against mortality induced
by Drosophila C virus (DCV) (Wong et al., 2015). The anti-DCV effect
is probably not mediated by the Toll pathway because Wolbachia-induced
antiviral effects were shown to be independent of this pathway in Drosophila
for both Dengue virus and DCV (Rancès et al., 2013; Ferreira et al.,
2014). Interestingly, the ROS-mediated survival advantage is not associated
with reduced virus accumulation, pointing to increased tolerance rather
than resistance (Wong et al., 2015). Tolerance mechanisms have been
shown to be at play in other coevolved Wolbachia–host systems where the
symbionts induce anti-pathogenic effects (Teixeira et al., 2008; Osborne
et al., 2009; Zélé et al., 2014). In sum, the possibility that a Wolbachia-
induced ROS-based immune response is involved in anti-pathogenic effects
constitutes a promising topic for future research.

6.4.4 Wolbachia, ROS, life-history trade-offs, and mitohormesis

Organisms cannot maximize all fitness-relevant traits at once. Rather, they
face the challenge to optimally allocate limited resources among those traits.
Hence, the evolution of fitness-related traits is constrained by the existence
of trade-offs between them. These trade-offs play a fundamental role in
life-history theory (Stearns, 1989). Along these lines, immune defense can
be viewed as a life-history trait as well, and trade-offs between immunity and
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other fitness-related traits (‘costs of immunity’) have been gaining increasing
attention among evolutionary ecologists (Sheldon and Verhulst, 1996;
Zuk and Stoehr, 2015; Schmid-Hempel, 2003; Schulenburg et al.,
2009; McKean and Lazzaro, 2011; Schwenke et al., 2016).

Much effort has been made to elucidate the physiological mechanisms
underlying life-history trade-offs. Given their antagonistic and pleiotropic
effects, ROS have recently been proposed as central players in the occurrence
of such trade-offs (Monaghan et al., 2009; Dowling and Simmons, 2009;
Metcalfe and Alonso-Alvarez, 2010; Isaksson et al., 2011; but see
Speakman and Garratt, 2014). In particular, because of their pivotal
role in innate immunity on the one hand and in oxidative stress on the other
hand, ROS may be a key factor underlying the trade-off between immunity
and other life-history traits such as fecundity and longevity (Moné et al.,
2014).

Building upon these ideas and on the intimate connections between
Wolbachia and the host oxidative environment, one may speculate that
Wolbachia are involved in the occurrence of the trade-off between immunity
and other life-history traits, and that this involvement is, at least in part,
mediated by ROS. There is some evidence for this hypothesis. Pigeault
et al. (2014) studied the effect of transfected Wolbachia strains on immunity
and reproduction in the woodlouse Porcellio dilatatus. They found a clear
trade-off between both life-history traits: the wCon strain increases invest-
ment in immune parameters but reduces reproductive investment (whereas
the wDil strain has the converse effect). However, the tested immune pa-
rameters (such as hemocyte density or phagocytosis activity) do not allow
to draw a conclusion on whether ROS are involved in the trade-off. In
Drosophila simulans, there is a similar trade-off between Wolbachia-induced
antiviral protection and egg hatch rates, female fecundity and male fertility
(Martinez et al., 2015). Another example of Wolbachia-associated costs
of immunity involves the trade-off between immunity and longevity. Wol-
bachia strains that induce strong antiviral effects in Drosophila melanogaster
(so-called wMelCS-like strains) often shorten the host lifespan (Chrostek
et al., 2013). Strikingly, the wMelCS strain was recently shown to increase
ROS concentration 2-fold relative to a Wolbachia-free control (Wong et al.,
2015). Therefore, it is possible that elevated ROS levels are responsible not
only for the antiviral effect, but also for the shortened lifespan.

The impact of ROS and oxidative stress on longevity and aging has been
debated for more than half a century. The seminal ‘free radical theory of
aging’ states that the production of mitochondrial ROS is the major cause
of aging (Harman, 1956, 1972; Balaban et al., 2005). However, findings
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are accumulating that seem to be incompatible with this theory (Lapointe
and Hekimi, 2010; Speakman and Selman, 2011; Stuart et al., 2014,
but see Kirkwood and Kowald, 2012). In particular, recent evidence
suggests that moderately increased formation of ROS in the mitochondria
causes higher stress resistance and eventually extends life span, a process
that has been termed mitochondrial hormesis (mitohormesis) (Ristow and
Schmeisser, 2014; Yun and Finkel, 2014). In general, hormesis can be
defined as an adaptive response that is characterized by a beneficial effect at
low doses and a harmful effect at higher doses. In a narrower, and recently
more frequently used, sense, hormesis describes the phenomenon that a mild,
sublethal stress causes an adaptive response that protects against larger
subsequent stresses. The latter meaning of the term has been named ‘stress-
response hormesis’ (Gems and Partridge, 2008). Mitohormesis represents
a form of stress-response hormesis: Mild mitochondrial stress increases ROS
formation which induces stress response mechanisms (such as antioxidant
production), ultimately causing a long-term reduction of oxidative stress.
Mitohormesis thus involves both an increase in mitochondrial ROS and a
subsequent antioxidant response, and the notion of a mitohormetic pathway
is tightly associated with the role of ROS as important signaling molecules
(Hamanaka and Chandel, 2010; Finkel, 2011). Several recent studies
have shown this mitohormetic pathway to be at work in promoting survival
and longevity (Kharade et al., 2005; Chávez et al., 2007; Schulz et al.,
2007; Zarse et al., 2012; Mouchiroud et al., 2013; De Haes et al., 2014;
Hirose et al., 2016). Given that Wolbachia are known to promote longevity
in several hosts (see Chapter 4), it is tempting to speculate that they do so
by triggering the mitohormetic pathway. More generally, the mitohormetic
pathway is strongly reminiscent of the hypothesized ‘immune interference’
phenotype of Wolbachia in native hosts (in which the symbionts not only
induce a ROS-based immune response, but also the expression of antioxidant
genes; Figure 6.1F). Taken together, some fitness-enhancing effects of native
Wolbachia (e.g. promoting longevity, maintaining redox homeostasis) might
be attributable to mitohormesis.

With regard to the impact of ROS on fitness-related traits, the trade-off
approach and the mitohormesis approach might appear to come to quite
different conclusions. For example, ROS are assumed to shorten lifespan
under the former approach and to extend lifespan under the latter. More
generally, the trade-off approach states that Wolbachia (via ROS) have a
positive effect on some fitness parameters and a negative effect on others,
whereas the mitohormesis approach emphasizes the positive fitness effect of
Wolbachia-induced mitochondrial ROS formation. However, hormesis itself

144



6.5 Conclusion

is assumed to trade off with at least some fitness-related traits because a
positive hormetic effect on overall fitness would be at odds with life-history
theory (Forbes, 2000). Accordingly, a recent study finds that pathogen
challenge in Drosophila enhances not only survival and fecundity, but also
susceptibility to infection, suggesting a trade-off between hormesis and
immunity (McClure et al., 2014). Therefore, both approaches involve
some form of trade-off and thus are not mutually exclusive.

6.5 Conclusion
Reactive oxygen species (ROS) represent a double-edged sword: They
are known to cause oxidative stress and damage cellular macromolecules.
However, given their cytotoxic nature, ROS also are efficient microbicidal
effectors which play a crucial role in the insect immune system. Due to
this antagonistic pleiotropy, ROS probably underlie evolutionary trade-
offs between immunity and other life-history traits such as fecundity and
longevity. Wolbachia are widespread intracellular bacteria famous for their
ability to modulate exactly these fitness-related host traits in intriguing
ways. At the same time, they must be able to cope with the host immune
system in order to invade and persist in their insect hosts. Therefore, the
host oxidative environment represents a promising area to elucidate the
mechanisms of Wolbachia–host interactions.
In newly infected hosts, Wolbachia usually trigger an immune response

which is aimed at eliminating the infection. In coevolved associations, by
contrast, either the host has curbed the immune response when it pays
to do, or the symbionts have evolved ways to resist the host immune
response. They do so by adopting a variety of strategies, including immune
evasion by stealth, suppression, and interference. We propose that in
coevolved symbioses, Wolbachia frequently make use of the latter strategy
in that they not only induce a ROS-based immune response but also an
antioxidant response. Thereby the bacteria are involved in maintaining redox
homeostasis. Interference with the host oxidative environment might also
underlie other mutualistic phenotypes of Wolbachia such as enhancing host
defense or promoting longevity, possibly via mitohormetic effects. On the
other hand, Wolbachia-induced ROS formation might be involved in parasitic
phenotypes such as cytoplasmic incompatibility. Taken together,Wolbachia’s
impact on the host oxidative environment probably contributed to their
tremendous success and opens up exciting avenues for future research.
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The main objective of this thesis was to analyze the significance of horizon-
tal transmission and mutualistic effects for the unprecedented success of
Wolbachia in the global arthropod community. We started our endeavor by
quantifying this success, in terms of the number of infected host species.
To estimate the infection frequency of Wolbachia among arthropods, we
used a statistical approach based on a survey that, in contrast to many
others, satisfies several criteria for a reliable estimate (no one-individual
samples, no excessively large samples, no restriction to a specific host taxon).
We found that approximately 40% of all terrestrial arthropod species are
infected, implying that millions of species harbor the bacteria. In addition,
we estimated the incidence of several other reproductive manipulators and
found Wolbachia to be by far the most abundant ones (Chapter 2).
This massive number of infections calls for explanation. From an epi-

demiological perspective, transmission between hosts must compensate for
infection loss within hosts, and the Wolbachia pandemic is no exception.
Indeed, in an epidemiological network model in which Wolbachia move be-
tween host species (instead of individuals), we found that the ratio between
acquisition and loss of infections among species is the major determinant of
Wolbachia incidence. Moreover, in host communities with an evolutionarily
ancient Wolbachia infection, incidence is likely to be at equilibrium, whereas
the incidence of younger infections might still be increasing on an evolution-
ary timescale. Lastly, we showed that transmission over large phylogenetic
distances is crucial for obtaining high incidence levels (Chapter 3).

Although our model does not explicitly assume beneficial effects of Wol-
bachia infection, such effects are likely to be very helpful for invasion into
novel hosts. To assess the scope and diversity of Wolbachia-associated host
benefits, we performed a thorough investigation of Wolbachia–arthropod
mutualisms. We found that facultative mutualisms arise either through
selection on Wolbachia to increase female fitness or through byproduct
benefits, i.e. without selection to directly benefit hosts. For example, our
comprehensive review of Wolbachia-induced anti-pathogenic effects revealed
that frequently such pathogen interference is only a byproduct of other
processes (e.g. competition for limited resources or triggering of the host
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immune system). Moreover, only few studies have so far examined whether
pathogen interference actually provides host benefits in the field.
Obligate mutualisms arise through the evolution of dependence, either

via host compensatory mechanisms (tolerance) or via the takeover of some
host function by Wolbachia. Many obligate mutualisms evolve in the con-
text of host reproductive processes, e.g. oogenesis and sex determination.
In general, we found many cases in which Wolbachia mutualisms, both
of the obligate and facultative type, go hand in hand with reproductive
parasitism (so-called ‘Jekyll and Hyde’ infections). We also found that
some phenotypes of mutualism and parasitism are likely to share common
mechanisms. In sum, our analysis suggested that Wolbachia mutualisms can
have far-reaching consequences for the relationships between the symbionts
and their arthropod hosts (Chapter 4).
In order to analyze the effects of host benefits on the evolution of Wol-

bachia, we modeled the infection dynamics of CI- and MK-inducing sym-
bionts that additionally increase host fitness. We showed that a symbiont’s
‘effective fitness’ (i.e. the product of maternal transmission efficiency and
relative fitness of an infected female) is crucial for its invasion success. Our
findings corroborate that host benefits substantially facilitate invasion into
new populations, and that they are even needed for invasion if CI or MK
is weak. The facilitating effect of host benefits also pertains to multiple
Wolbachia infections with different reproductive manipulations. To show
this, we derived, for the first time, invasion conditions and equilibrium fre-
quencies for CI+MK double infections. We then discussed the significance
of host benefits for the long-term evolutionary dynamics of CI and MK and
their potential role in resolving genetic conflicts between Wolbachia and
their hosts (Chapter 5).
Finally, we addressed the interrelationships between Wolbachia and the

arthropod immune system. Just like any other bacterial infection, Wolbachia
must cope with the host immune system in order to spread. In our review,
we focused on the interactions between Wolbachia and reactive oxygen
species, a central component of the arthropod immune response. In order
to explain different effects of Wolbachia on the host oxidative environment,
we proposed a hypothesis that emphasizes the importance of distinguishing
between novel and coevolved Wolbachia–host associations when considering
the mutual interactions between the symbiont and the host immune system.
Building on findings of Chapter 4, we showed that a Wolbachia-induced
immune response based on reactive oxygen species might be involved in anti-
pathogenic effects, and perhaps even in Wolbachia-associated host protection.
Lastly, we explored the possibility that some Wolbachia effects might be
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attributable to mitohormesis, a process by which mild mitochondrial stress
(i.e. slightly elevated levels of reactive oxygen species) improves systemic
defense mechanisms (Chapter 6).

In summary, our findings suggest that both horizontal transmission and
mutualistic effects contribute greatly to the Wolbachia pandemic among
arthropods. Both issues are very up-to-date topics, as more and more papers
appear that deal with either of them. Some of these publications seem to
question the predominance of reproductive parasitism, either in favor of
mutualistic effects (Hamm et al., 2014) or of horizontal transmission (Par-
ratt et al., 2016). In this thesis, we prefer the view that it is the full range
of Wolbachia’s abilities—vertical and horizontal transmission, reproductive
parasitism and mutualistic effects—that explains their unparalleled success.

One important conclusion from our findings is that Wolbachia should be
fully embraced as symbionts with mixed-mode transmission (if one takes
different time scales into account). Although typically treated as a special
case, mixed-mode transmission may in fact be common among symbionts
and makes a big difference for their evolution (Ebert, 2013). We have shown
here that this is particularly the case for Wolbachia. With the advent of more
reliable estimates for the frequency of Wolbachia horizontal transmission
and extinction events (Bailly-Bechet et al., 2017), our modeling approach
could serve as a starting point for future work to better understand the
long-term spread and persistence of Wolbachia.
With respect to Wolbachia’s mutualistic effects, it is useful to relate

them to the large body of literature on the evolution of mutualisms. Our
current understanding of mutualisms is that they are best viewed as recip-
rocal exploitations that nonetheless provide net benefits to each partner
(Doebeli and Knowlton, 1998; Herre et al., 1999). From this point
of view, mutualists are selected not to invariably maximize their partner’s
fitness (as classical thinking would have it), but rather to maximize their
own net benefits (Sachs et al., 2011a). As this thesis suggests, most Wol-
bachia–arthropod mutualisms seem to be adequately described by such an
‘antagonistic arms race’ framework for the evolution of mutualism (Sachs
et al., 2011a). This framework accommodates both the many instances
of ‘Jekyll and Hyde’ infections and the fact that Wolbachia mutualisms
frequently arise without selection to directly benefit hosts, that is, as byprod-
uct benefits. Given that byproduct benefits have probably been involved
in the evolutionary origin of many existing mutualisms (Connor, 1995;
Bergstrom et al., 2003), we may nevertheless expect the emergence of
some ‘real’ Wolbachia–arthropod mutualisms. Future work will hopefully

149



7 Conclusion and outlook

reveal instances of such ultimate mutualisms. It will also be fruitful to
elucidate how antagonistic arms races between Wolbachia and their hosts
are affected by selection pressures from the host immune system, and how
these selective pressures differ between more parasitic and more mutualistic
interactions. Although there are some first efforts in this respect (Jiggins
et al., 2002b; Brownlie et al., 2007), much remains to be done. In general,
gaining a better insight into immunological aspects of Wolbachia–arthropod
symbioses will be crucial if we are to fully understand the immense success
of these bacteria.
Recent years have seen a growing interest in the interface between sym-

biosis, major transitions in evolution, and the nature of individuality and
organismality (Queller and Strassmann, 2009; Sachs et al., 2011b;
Kiers and West, 2015; West et al., 2015; Estrela et al., 2016; Díaz-
Muñoz et al., 2016). One key issue relates to the question of what kinds
of symbioses qualify as major evolutionary transitions, that is, as new or-
ganisms. Constitutive features of such major transitions are a high level of
cooperation, low levels of conflict, and mutual dependence between partners.
There is broad consensus that some obligate symbionts and their hosts meet
the criteria to be considered organisms, e.g. Buchnera that provide their
aphid hosts with essential nutrients and are housed in specialized host cells
(bacteriocytes). Some Wolbachia–arthropod relationships come close to
the Buchnera–aphid symbiosis: in the bedbug, for example, Wolbachia are
bacteriocyte-associated obligate nutritional mutualists (Hosokawa et al.,
2010), suggesting that these symbioses, too, might be considered integrated
organisms. The crucial difference, however, is that such highly integrated
symbioses are rare among Wolbachia–arthropod associations, whereas they
are the rule in Buchnera–aphid associations. In sum, therefore, the symbiosis
between Wolbachia and arthropods does not constitute a major transition
in evolution.

Prior to a major transition, the outcomes of species interactions are to a
large extent context-dependent (Chamberlain et al., 2014), and we have
shown in this thesis that this also holds for Wolbachia–arthropod symbioses.
Building on the organismality approach by Queller and Strassmann
(2009) that defines an organism simply by having high cooperation and
low conflict among its parts, Díaz-Muñoz et al. (2016) recently proposed
the ‘contextual organismality’ framework. Within this framework, context-
dependent cooperation is a stepping stone toward increased organismal inte-
gration, with organisms being defined by a lack of context dependence. We
propose that the varying degrees of integration among Wolbachia–arthropod
symbioses can be used to test the prediction that this variation will be
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associated with different degrees of context dependence (Estrela et al.,
2016; Díaz-Muñoz et al., 2016).

Finally, it might be worthwhile to relate our work to the currently popular
‘hologenome concept’ which also aims at a discussion of individuality and
organismality (Zilber-Rosenberg and Rosenberg, 2008; Bordenstein
and Theis, 2015). One of its major tenets is that the holobiont (the host
and its microbiome), together with its hologenome, should be considered
as the unit of selection, which requires concordance of selective interests
between the host and its symbionts. However, even the selective interests
of mutualistic Wolbachia almost never completely align with those of their
hosts. Therefore, we agree with critics of the hologenome concept in that
it is largely based on restrictive assumptions and only applies to a subset
of symbiont–host interactions (Moran and Sloan, 2015; Douglas and
Werren, 2016; Queller and Strassmann, 2016).

In closing, we hope to have convincingly argued for the involvement of
horizontal transmission and mutualistic effects in the global Wolbachia pan-
demic among arthropods. The methods, findings, and reflections presented
in this thesis are to stimulate future research on these fascinating symbionts
and the creatures they live in. More than ever, biologists studying symbiosis
might find themselves in a kind of ‘future shock’, in view of “too much
change in too short a time” (McFall-Ngai, 2008).1 In this spirit, we
look forward with keen anticipation to the contributions and challenges
Wolbachia will present to the field.

1In her essay, McFall-Ngai (2008) refers to the 1970 book Future Shock by Alvin Toffler,
in which the author defines the term as “the shattering stress and disorientation that
we induce in individuals by subjecting them to too much change in too short a time”.
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A1 Infection dynamics with two strains, but without
doubly infected hosts

In the first section of the appendix, we describe in detail how invasion con-
ditions can be derived from the recursion equations, following an approach
taken by Kriesner et al. (2013). The same approach is used in all further
sections.

Two strains: CI

Invasion of a beneficial strain into a CI population

We consider a population to be infected with a CI strain at equilibrium
frequency. We are interested in the conditions for an initially rare beneficial
strain to increase in frequency. Individuals can be infected with a CI strain,
with a beneficial strain, or uninfected. Thus we assume that individuals
cannot be doubly infected with both strains. We denote the frequency of
each female type by pCI, p⊕, and pU, respectively. The recursions for the
frequencies of the three female types are

p′CI = (pCIFCItCI) [pCI + p⊕ + pU]
w

, (A1a)

p′⊕ = (p⊕F⊕t⊕) [(1− lCI) pCI + p⊕ + pU]
w

, (A1b)

p′U = (pU + pCIFCI (1− tCI) + p⊕F⊕ (1− t⊕))

× [(1− lCI) pCI + p⊕ + pU] 1
w
, (A1c)

where

w = 2
(
pCIFCI ((1− lCI (1− tCI)) pCI + p⊕ + pU) +

(p⊕F⊕ + pU) ((1− lCI) pCI + p⊕ + pU)
)
.
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The first term in the numerator (in round brackets) denotes the maternal
contribution, and the second term (in square brackets) denotes the paternal
contribution. The frequencies of each type do not differ between the sexes,
therefore the paternal contribution can be expressed in terms of female
frequencies.
Now consider the condition for a beneficial strain to increase when it

is extremely rare in a population infected at equilibrium with a CI strain.
With p⊕ ≈ 0, this situation corresponds to the scenario described in
section 5.3.1 (one-symbiont CI dynamics). Hence, the equilibrium fre-
quency for the CI strain, p̂CI, is given by equation (5.6a). When the
CI strain is at equilibrium (p′CI = pCI = p̂CI), we see from equation
(A1a) that w = FCItCI [pCI + p⊕ + pU]. The condition for the beneficial
strain to increase when rare is p′⊕ > p⊕ and thus, from equation (A1b),
F⊕t⊕ [(1− lCI) pCI + p⊕ + pU] > w. Combining both equations, we get
F⊕t⊕ [(1− lCI) pCI + p⊕ + pU] > FCItCI [pCI + p⊕ + pU]. Considering that
pCI + p⊕ + pU = 0.5, we get F⊕t⊕ (0.5− lCIp̂CI) > FCItCI/2 and hence
condition (5.11):

F⊕t⊕(1− 2lCIp̂CI) > FCItCI.

If the beneficial strain is able to rescue CI (i.e. if it is a mod−resc+ strain),
equation (A1b) simplifies to p′⊕ = (p⊕F⊕t⊕) [pCI + p⊕ + pU] /w. Hence, for
the invasion condition for a beneficial resc+ strain, we get condition (5.12):

F⊕t⊕ > FCItCI.

Two strains: MK

Invasion of a beneficial strain into a MK population

The recursions for the frequencies of the three female types are

p′MK = pMKRFMKtMK
w

, (A2a)

p′⊕ = p⊕F⊕t⊕
w

, (A2b)

p′U = pU + pMKRFMK(1− tMK) + p⊕F⊕(1− t⊕)
w

, (A2c)

where

w = pMKRFMK (2− (1− v) tMK) + 2 (p⊕F⊕ + pU) .
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Using the same reasoning as above, we derive at condition (5.14):

F⊕t⊕ > RFMKtMK.

Two strains: CI and MK

Invasion of a MK strain into a CI population

The recursions for the frequencies of the three female types are

p′CI = (pCIFCItCI) [pCI + pMKv + pU]
w

, (A3a)

p′MK = (pMKRFMKtMK) [(1− lCI) pCI + pMKv + pU]
w

, (A3b)

p′U = (pU + pCIFCI (1− tCI) + pMKRFMK (1− tMK))

× [(1− lCI) pCI + pMKv + pU] 1
w
, (A3c)

where

w = 2 (pCIFCItCI) [pCI + pMKv + pU] +
(1 + v) (pMKRFMKtMK) [(1− lCI) pCI + pMKv + pU]
+2 (pU + pCIFCI (1− tCI) + pMKRFMK (1− tMK))
× [(1− lCI) pCI + pMKv + pU] .

Note that for the frequency of MK-infected males in the paternal contribution
(in square brackets) we use the term pMKv because it is the only male
frequency that does not equal the female one. Using the same reasoning as
above, we derive at condition (5.16):

RFMKtMK(1− 2lCIp̂CI) > FCItCI.
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A2 Infection dynamics with two strains and doubly
infected hosts

The recursion equations for the frequencies of the four female types are:

p′CI+MK = (pCI+MKRFCIFMKtCItMK)

× [(pCI+MK + pMK) v + pCI + pU] 1
w
, (A4a)

p′CI = ((pCI + pCI+MKRFMK (1− tMK))FCItCI)

× [(pCI+MK + pMK) v + pCI + pU] 1
w
, (A4b)

p′MK = ((pMK + pCI+MKFCI (1− tCI))RFMKtMK)

× [(1− lCI) (pCI+MKv + pCI) + pMKv + pU] 1
w
, (A4c)

p′U =
(
pU + pCI+MKRFCIFMK (1− tCI) (1− tMK) +

pCIFCI (1− tCI) + pMKRFMK (1− tMK)
)

× [(1− lCI) (pCI+MKv + pCI) + pMKv + pU] 1
w
, (A4d)

where

w = (1 + v) (pCI+MKRFCIFMKtCItMK) [(pCI+MK + pMK) v + pCI + pU]
+ 2 ((pCI + pCI+MKRFMK (1− tMK))FCItCI)
× [(pCI+MK + pMK) v + pCI + pU]
+ (1 + v) ((pMK + pCI+MKFCI (1− tCI))RFMKtMK)
× [(1− lCI) (pCI+MKv + pCI) + pMKv + pU]
+ 2

(
pU + pCI+MKRFCIFMK (1− tCI) (1− tMK) + pCIFCI (1− tCI)

+pMKRFMK (1− tMK)
)

× [(1− lCI) (pCI+MKv + pCI) + pMKv + pU] .
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