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Summary

1 Summary

The rapid evolution of male and female reproductive traits has long been regarded as
driven only by sexual selection. However, also natural selection, for instance mediated by
parasites, can shape reproductive traits. Microbes are probably the most common parasite
group and all animals are in constant contact with them. Besides microbes causing sexually
transmitted diseases, opportunistic environmental bacteria seem to be sexually transmitted.
Transmitted opportunistic microbes can eventually cause disease or death but they can also
reduce reproductive success for example due to their spermicidal activity or indirectly by
activating the female immune system resulting in tissue and sperm damage. In addition,
transmitted opportunistic microbes might disturb the microbial communities inhabiting the
reproductive organs, the genital microbiomes. Such disturbances could activate immune
responses that are costly in terms of resources and might cause autoimmunity. Host
populations are likely exposed to different environmental microbes or different microbe
prevalences as well as differences in the composition of genital microbiomes. If hosts and
environmental microbes and/or hosts and their genital microbiomes are locally adapted, host
populations likely differ in the type of strength of immune defence. Unfortunately, to date little
is known about the composition and mating-induced change of the genital microbiomes in
insects and how the female immune system reacts to invading microbes. To characterise the
genital microbiomes, | conducted two metagenomic studies based on the 16S rRNA gene of
the bacteria present in and on the reproductive organs of the common bedbug (Cimex
lectularius L.). By comparing the genital microbiomes of virgin and mated bedbugs of both
sexes from four different populations, | found that genital microbiomes are organ-, sex-, and
population-specific, indicating local adaptation. Differences in genital microbiomes might
interfere with reproductive success if they lead to reproductive incompatibilities, and ultimately
lead to speciation. Indeed, | found that mating-induced changes in the composition of the
genital microbiomes are partly due to exchanges of bacterial strains during mating, indicating

sexual transmission in both directions. Some of these sexually transmitted bacteria were
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opportunistic bacteria, i.e. bacteria from the cuticle. This indication was supported by my third
study that investigated the transmission rate of opportunistic microbes and the growth rate and
effect of such bacteria on the female immune system. Bacteria applied to the copulatory organs
of males and females were transmitted to the opposite sex during mating in at least ninety
percent of the cases, indicating that females are regularly threatened by sexually transmitted
opportunistic microbes. Bacteria injected into the female paragenital sperm-receiving organ
grew slowly within the first six hours, followed by a rapid growth within the next eighteen hours.
The injection of bacteria but also the injection of ejaculate induced lysozyme-like activity and
the production of antimicrobial peptides that can lyse bacterial cell walls and regulate bacterial
growth. This might be a mechanism to eliminate the residual bacteria within the sperm-
receiving organ. Against my expectation, | did not find indications of population-specific
immune responses to mating-associated bacteria, suggesting that either the host is not locally
adapted or that microbe presence per se is costly, leading to immunity being induced
regardless of the pathogenicity of specific microbes. This thesis provides important results for
understanding reproduction and how reproduction is affected by natural selection via host-
microbe interactions. My findings suggest that sexually reproducing organisms are regularly
exposed to invading microbes and therefore, they should be under selection to defend
themselves against infections. | have identified two possible substances used for the defence
against mating-associated microbes, providing evidence for the interaction of mating and
immunity in bedbugs. With this thesis, | have laid the foundations for a model system in which
many aspects of reproduction can be manipulated and experimentally tested, including the
genital microbiome as part of an interdependent metaorganism. Future studies should
investigate whether genital microbiome colonisation depends on environmental microbes or
host genotype and whether the genital microbiomes affect reproductive success. Furthermore,
it would be interesting to investigate whether mating-induced changes are reversible and how

the female immune response is triggered by mating.
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2 Zusammenfassung

Als Hauptursache fir die schnelle Evolution von Reproduktionsmerkmalen bei Mannchen
und Weibchen wurde lange die sexuelle Selektion angesehen. Allerdings kann auch natirliche
Selektion die Reproduktionsmerkmale beeinflussen. Mikroben sind vermutlich die am
weitesten verbreitete Parasitengruppe und alle Tiere sind in kontinuierlichem Kontakt mit
ihnen. Neben Mikroben, die sexuell Ubertragbare Infektionen verursachen, scheinen auch
opportunistische Bakterien sexuell Ubertragen zu werden. Ubertragene opportunistische
Mikroben kénnen auf lange Sicht Infektionen verursachen und zum Tod fuhren, aber sie
kénnen auch den Reproduktionserfolg durch ihre spermizide Aktivitat vermindern oder indirekt
durch eine Aktivierung des weiblichen Immunsystems zu Schaden an Geweben, oder
Spermien flhren. Des Weiteren konnten opportunistische Mikroben die in den
Reproduktionsorganen lebende mikrobielle Gemeinschaft, die genitalen Mikrobiome, storen.
Solche Stérungen kénnten Immunantworten ausldsen, die Kosten verursachen, z.B. in
Hinsicht auf Ressourcen, oder durch Autoimmunitat. Wirtspopulationen sind vermutlich
verschiedenen Umweltmikroben, oder verschiedenen Pravalenzen dieser Mikroben
ausgesetzt und verschiedenen Zusammensetzungen der genitalen Mikrobiome. Falls Wirt und
Umweltmikroben und/oder Wirt und genitale Mikrobiome lokal angepasst sind, unterscheiden
sich Wirtspopulationen vermutlich in der Art oder Starke ihrer Immunabwehr. Leider ist bisher
wenig dartber bekannt, wie die genitalen Mikrobiome von Insekten zusammengesetzt sind,
wie sich diese Zusammensetzung durch die Paarung verdndert und wie das weibliche
Immunsystem auf eindringende Mikroben reagiert. Um die genitalen Mikrobiome zu
untersuchen, fuhrte ich mithilfe des 16S rRNA-Gens der Bakterien in und auf den
Reproduktionsorganen von Bettwanzen (Cimex lectularius L.) zwei metagenomische Studien
durch. Durch einen Vergleich der genitalen Mikrobiome von virginen und verpaarten
Bettwanzen beider Geschlechter aus vier verschiedenen Populationen, fand ich heraus, dass
genitale Mikrobiome organ-, sex-, und populationsspezifisch sind, was fiir lokale Adaptation

spricht. Unterschiedliche genitale Mikrobiome kdnnten den Reproduktionserfolg stéren, wenn
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sie zu reproduktiven Inkompatibilitaten fihren, und kénnten schlie3lich zur Artbildung fihren.
Tatsachlich entdeckte ich, dass Anderungen in der Zusammensetzung der genitalen
Mikrobiome nach der Paarung teilweise auf einen Austausch von Bakterienstammen wahrend
der Paarung zurtickzufiihren sind, was auf eine sexuelle Ubertragung in beide Richtungen
hinweist. Einige dieser sexuell Ubertragenen Bakterien waren opportunistische Bakterien, also
Bakterien, die von der Cuticula stammten. Diese Hinweise wurden durch meine dritte Studie
unterstiitzt, die sich mit der Ubertragungsrate opportunistischer Mikroben und dem Wachstum
und Effekt dieser Bakterien auf das weibliche Immunsystem beschéftigte. Bakterien, die auf
die Reproduktionsorgane von Mannchen und Weibchen aufgetragen wurden, wurden wéhrend
der Paarung in mindestens 90% der Falle auf das andere Geschlecht lbertragen, sodass
angenommen werden kann, dass Weibchen regelméafRig mit sexuell Ubertragenen
opportunistischen Mikroben konfrontiert werden. Bakterien, die in das paragenitale Organ des
Weibchens injiziert wurden, das der Spermienaufnahme dient, wuchsen in den ersten sechs
Stunden langsam und in den folgenden achtzehn Stunden wesentlich schneller. Die Injektion
von Bakterien, aber auch die Injektion von Ejakulat induzierte lysozymahnliche Aktivitat und
die Produktion von antimikrobiellen Peptiden, die die Zellwénde von Bakterien auflosen und
das Bakterienwachstum regulieren kénnen. Dies kénnte ein Mechanismus sein, um die
verbliebenen Bakterien im Organ des Weibchens, das der Spermienaufnahme dient, zu
beseitigen. Im Gegensatz zu meinen Erwartungen fand ich keine Hinweise auf
populationsspezifische Immunantworten auf mit der Paarung assoziierte Bakterien, was
entweder so interpretiert werden kann, dass der Wirt nicht lokal angepasst ist, oder dass die
Anwesenheit von Mikroben an sich grof3e Kosten verursacht und daher zu einer Aktivierung
des Immunsystems flhrt, egal wie pathogen die Mikroben sind. Diese Arbeit liefert wichtige
Ergebnisse fur das Verstandnis der Reproduktion und wie diese durch natirliche Selektion
Uber Wirt-Mikroben-Interaktionen beeinflusst wird. Die Ergebnisse deuten an, dass
Organismen, die sich sexuell vermehren, regelméRig mit eindringenden Mikroben in

Berthrung kommen und daher unter Selektion stehen sollten, sich gegen Infektionen zu
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verteidigen. Ich habe zwei Substanzen identifiziert, die potenziell fir die Verteidigung gegen
mit der Paarung verbundenen Mikroben verwendet werden. Dies weist auf eine Interaktion von
Reproduktion und Immunitat in Bettwanzen hin. Mit dieser Arbeit habe ich das Fundament fir
ein Modellsystem gelegt, in dem viele Aspekte der Reproduktion manipuliert und experimentell
getestet werden kénnen, einschlie3lich des genitalen Mikrobioms als Teil eines voneinander
abhangigen Metaorganismus. Kinftige Studien sollten untersuchen, ob die Kolonisation der
genitalen Mikrobiome von Umweltmikroben abhangt, oder vom Wirtsgenotyp und ob die
genitalen Mikrobiome den Reproduktionserfolg beeinflussen. Des Weiteren ware es
interessant zu untersuchen, ob die Anderungen des Mikrobioms, die durch die Paarung
verursacht wurden, umkehrbar sind und wie die weibliche Immunantwort durch eine Paarung

ausgeldst wird.
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3 Introduction

3.1 Conflicts drive the evolution of reproductive traits

Sexual selection can be divided into intrasexual and intersexual selection. The former is
characterised by members of the same sex competing for access to members of the opposite
sex while the latter can be described by members of one sex choosing mates of the other sex
(Darwin, 1859). Intersexual selection can give rise to conflicts if the optima of the choosing and
the chosen sex differ. Males and females were long perceived as cooperating mating partners.
However, even Darwin discovered that some animals are polygamous as indicated by a letter
to Charles Lyell that described barnacle females as having “two little pockets, in each of which
she kept a little husband” (Burkhardt, 2008). The recent growing body of evidence suggests
that genetic monogamy is actually extremely rare (Clutton-Brock & Isvaran, 2006; Griffith et
al., 2002). Whenever males and females are not monogamous, there is potential for sexual
conflict because the sexes differ in their optimal mating rates: in males, the number of offspring
increases with the number of mates whereas females do not necessarily increase their
reproductive success when mating with more than one male (Bateman, 1948). Different mating
strategies can give rise to differences in physiology, morphology, and behaviour between the
sexes, ultimately leading to sexually antagonistic selection on specific traits (Arnqvist & Rowe,
2005).

Reproductive traits of males and females are one of the most rapidly evolving traits
(Swanson & Vacquier, 2002). In this context, sexual selection and sexual conflict intuitively
seem to be the drivers of divergence. The well-known “good genes” hypothesis states that
females select males based on traits that signal genetic advantages and will hence increase
the fitness of her offspring (Hamilton & Zuk, 1982). One such trait assessed by females might
be resistance against parasites signalled via ornaments (Milinski & Bakker, 1990). Hamilton
later stated that both types of selection can interact: natural selection has the ability to change
the strength of sexual selection (Hamilton, 1990). In accordance with this hypothesis, both

natural and sexual selection seem to play a role in the evolution of cuticular hydrocarbons in
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two Drosophila species that are sympatric in nature and use cuticular hydrocarbons to
recognise potential mates (Blows, 2002). When only natural selection acts on males and
females, the CHC content decreases, potentially due to the costly production. In comparison
to that of females, male CHC composition reacts to sexual selection and the evolution is sped
up by the interaction of sexual and natural selection (Blows, 2002).

Besides this example indicating the power of an interaction of natural and sexual selection,
there is evidence for effects of natural selection on the evolution of reproductive traits without
involving sexual selection. In addition to the external environment (Endler, 1986; Foster &
Endler, 1999; Houde, 1997) and gamete ageing (Reinhardt, 2007; Siva-Jothy, 2000), parasites
can affect reproductive traits directly. For instance, rat tapeworms inhibit the vitellogenesis in
mealworm beetles, resulting in delayed egg laying and reduced egg viability (Hurd, 1998).
Similarly, the parasitic mite Coccipolipus hippodamiae decreases egg production and egg
viability in the two-spotted ladybird (Hurst et al., 1995). These examples clearly show the
importance of natural selection in the context of reproductive trait evolution. They further
suggest that natural selection shapes reproductive traits in a similar way and with a similar
speed as sexual selection (Reinhardt, 2007; Sheldon, 1993). Unfortunately, we lack knowledge
on whether and how other types of parasites, for instance microbes, shape reproductive traits

via natural selection.

3.2 Sexually transmitted microbes affect reproductive traits

Parasites form a very diverse group of organisms spanning all kingdoms. Microbes, i.e.
bacteria, viruses, fungi, and protozoans, are probably the most common group. Virtually all
animals are surrounded by a rich community of microbes. They can be found on host surfaces
and inside the host (Goodrich et al., 2016; Huttenhower et al., 2012; Kostic et al., 2013).
Symbiotic associations reach from mutualistic to parasitic although for many species it is not
clear which group they belong to because the type of association depends on the host and its

environment (Dale & Moran, 2006). Many mutualistic microbes help the host with digestion
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(Dale & Moran, 2006). For instance, the bacterial symbionts of aphids from the genus
Buchnera have been shown to provide their hosts with essential amino acids (Douglas, 1998).
Similarly, symbionts of blood-feeding insects seem to provide their host with B vitamins, for
instance Wigglesworthia in tsetse flies (Akman et al., 2002) and Wolbachia in bedbugs
(Hosokawa et al., 2010). In contrast, parasitic microbes, whether living on the host
(ectoparasites) or inside the host (endoparasites) have negative effects, ranging from relatively
mild damage of external tissue (Richardson, 1991) to multiple organ failure resulting in death
(Matsuda & Hattori, 2006).

Microbes are transmitted horizontally between individuals from the same species or
vertically from parent to offspring (Bright & Bulgheresi, 2010; Cory, 2015; Ebert, 2013;
Perlmutter & Bordenstein, 2020) and even mixed modes of transmission exist (Cory, 2015;
Ebert, 2013). In addition to obvious ingression routes like the skin or cuticle, the digestive, or
the respiratory tract (Boucias & Pendland, 2012), microbes can be transmitted during mating
(Knell & Webberley, 2004; Lockhart et al., 1996). In mammals, we have a large body of
evidence for sexually transmitted microbes (STM), spanning 56 viruses like HIV and 51
bacteria causing infections such as gonorrhoea or chlamydia (Knell & Webberley, 2004). In
contrast, according to Knell and Webberley (2004) 17 viruses but no bacteria are sexually
transmitted in insects. They intentionally ignored microbes such as Wolbachia that manipulate
reproduction because these are maternally inherited microbes that are mostly not transmitted
during mating.

Instead of being sexually transmitted, reproductive manipulators use four different
mechanisms to guarantee a more successful spread via vertical transmission (Engelstadter &
Hurst, 2009). One mechanism used by these microbes is to feminise males, i.e. change the
developmental pathway of an individual from male to female (Hiroki et al., 2002; Negri et al.,
2006; Rigaud & Juchault, 1992; Terry et al., 1999; Weeks et al., 2001) to convert non-
transmitting individuals to transmitting individuals. The same is achieved by inducing

parthenogenesis (Huigens & Stouthamer, 2003; Kremer et al., 2009; Pannebakker et al., 2005;
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Pijls et al., 1996). Furthermore, reproductive manipulators kill male embryos (Dyson & Hurst,
2004; Hurst et al., 2003; Zeh & Zeh, 2006) or larvae (Hurst et al., 2003; Nakanishi et al., 2008).
Last but not least, cytoplasmic incompatibility (Bourtzis et al., 2003) between non-infected and
infected mating partners causes offspring mortality and hence increases the relative fitness of
infected females. Only in some cases, male offspring are killed in a later life stage and have
the potential to be transmitted horizontally (Engelstadter & Hurst, 2009).

Typical diseases due to STM have been reported for humans or species with high public
interest, i.e. hosts that are economically important (Lockhart et al., 1996). They span the
continuum from being of relatively little effect to being highly virulent, for instance by causing
high mortality or sterility. In insects, sexually transmitted viruses reduce fertility, offspring

survival, hatch rate, adult survival and longevity, or damage sperm (Knell & Webberley, 2004).

3.3 Reproductive organs harbour microbiomes that are affected by mating

Microbes have been reported to colonise the reproductive organs (Hickey et al., 2012;
Hirsh, 1999; Hupton et al., 2003; Ravel et al., 2011; White et al., 2011) and ejaculates (Baud
et al., 2019; Gonzalez-Marin et al., 2011; Lombardo & Thorpe, 2000; Skau & Folstad, 2003;
Virecoulon et al., 2005), even those of healthy individuals. For instance, bacterial presence
was detected in almost three quarters of human semen samples from infertile males
(Virecoulon et al., 2005) and in half of the semen samples from bovine (Gonzalez-Marin et al.,
2011). At least a quarter of the ejaculate samples, male cloacal swabs, and female cloacal
swabs from red-winged blackbirds (Hupton et al., 2003) and semen samples from tree
swallows (Lombardo & Thorpe, 2000) contained bacteria.

Such genital microbiomes seem to be the rule rather than the exception and even insects
harbour genitalia-associated microbes (Otti, 2015; Otti et al., 2017). The few studies in insects
reported more than 10 bacteria species from the sperm storage organ of female Formosan
subterranean termites (Raina et al., 2007) and from the testicles of wood-boring beetles (Rizzi

et al.,, 2013). Eight bacteria species were found in the sperm-receiving organ of bedbug



Introduction

females (Otti et al., 2017) and 7 microbe species occurred on the copulatory organ of bedbug
males (Otti et al., 2017; Reinhardt et al., 2005), often represented by several different strains
(Otti et al., 2017).

Microbiomes react to environmental changes, such as diet (David et al., 2014; Martinez
et al., 2013), age (Odamaki et al., 2016), time of the day (Thaiss et al., 2014) and hormonal
changes (Cauci et al., 2002; Nuriel-Ohayon et al., 2016). Mating is an event that is inevitable
for sexually reproducing species and has been shown to change the genital microbiomes of
vertebrates (Kulkarni & Heeb, 2007; Mandar et al., 2015; White et al., 2010, 2011) and
invertebrates (Otti et al., 2017). For instance, sexual intercourse decreases the relative
abundance of Lactobacillus crispatus, a dominant species of the vaginal microbiome (Méandar
et al., 2015). In birds, bacterial numbers of both sexes are correlated after mating whereas
there is no correlation when male and female are not mated (White et al., 2010). One of the
rare studies in insects showed that mated bedbug females harbour different bacterial strains
compared to virgin females (Otti et al., 2017). These mating-induced changes might increase
with the number of mating partners, as suggested by an increase in species richness and
compositional differences of genital microbiomes in polyandrous compared to monandrous
lizard females (White et al., 2011).

All of the microbe species found on the copulatory organ of bedbug males were
simultaneously present in the culture vials (Reinhardt et al., 2005), indicating that microbes in
the reproductive organs could be environmental opportunistic microbes (OM) instead of STM
or symbionts. In addition, bacteria applied to the copulatory organs of males can be transmitted
to females (Miest & Bloch-Qazi, 2008), suggesting that not only STM but even OM have the
potential to be sexually transmitted. Moreover, OM might invade the reproductive organs via
copulatory wounds that frequently occur in a variety of insect species (Lange et al., 2013) and
even humans (Reinhardt et al., 2015). To date, little is known about the composition of the

genital microbiomes and how they are affected by mating, especially in insects.
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3.4 Microbes invading the reproductive tract confer costs
Microbes entering the reproductive tract confer both direct and indirect costs (Fig.1). While
STM usually cause disease, OM eventually become pathogenic when the immune system of
the host is disturbed (Klainer & Beisel, 1969) and can increase mortality, for instance in bedbug

females (Reinhardt et al., 2003).

+ Defence against - Tissue damage
pathogens - Reduced

+ Functions in reproductive
reproduction success

- Resources for - Resources for

growth control / Host \ immune response

+ Resources + Transmission

- Growth medium
control by + Resources
host immune - Immune
system response

Microbiome < =>
- Competition over \
resources - Competition
- Unspecific immune over resources
response - Immune
- Balance destroyed system primed

Figure 1 Costs and benefits arising via interactions of host, genital
microbiome, and mating-associated microbes. The colour code indicates
which consequences are expected for which interaction partner.

This direct cost of STM and OM might be accompanied by indirect costs. Infections
threaten especially females because mating often compromises immunity due to the allocation
of resources away from the immune system to reproduction (Sheldon & Verhulst, 1996; Zuk &

Stoehr, 2002), potentially making the female more vulnerable to microbes after mating. But it
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was also hypothesised that the opposite can happen, i.e. that females allocate more resources
to immunity instead of reproduction, thereby reducing reproductive success (Sheldon &
Verhulst, 1996; Zuk & Stoehr, 2002). In accordance with this hypothesis, the great pond snalil
has a lower reproductive output when held in microbe-enriched water (Rigby & Jokela, 2000).
Furthermore, female pied flycatchers have less offspring and lower fledgling quality when
immunised with non-pathogenic antigens from a diphtheria-tetanus vaccine (lIlmonen et al.,
2000). More detail on female immune responses can be found in chapter 3.5.

Fitness could also be reduced by microbe-induced sperm damage which occurs in several
mammal, avian and insect species (reviewed in Rowe et al., 2020). In humans, bacteria like
Escherichia coli (Diemer et al., 1996, 2003; Prabha et al., 2010), Pseudomonas aeruginosa
(Huwe et al., 1998), and Staphylococcus aureus (Kaur et al., 2010) decrease sperm motility
and cause the agglutination of sperm in vitro. The same effect has been found for
Acinetobacter baumannii on rabbit spermatozoa (Tvrda et al., 2018). In insects, sperm motility
was drastically reduced when males were infected with an iridovirus (Adamo et al., 2014) and
environmental bacteria from the culturing vials increase sperm mortality in vitro (Otti et al.,
2013). Besides sperm agglutination due to adhesion of microbes, sperm damage has been
attributed to the release of toxic microbial lipopolysaccharides (Galdiero et al., 1988), the
production of reactive oxygen species (Eley et al., 2005), and antibodies being active against
both microbes and spermatozoa (Kurpisz & Alexander, 1995). Reduced sperm motility or
survival should decrease reproductive success of both males and females. Indeed, the
presence of E. coli in boar semen is positively correlated with the agglutination of sperm and
both E. coli presence and sperm agglutination are positively correlated with reduced litter size
(Maroto Martin et al., 2010). In chicken, Lactobacillus acidophilus decreases sperm motility
and artificial insemination with ejaculates exposed to L. acidophilus results in complete
infertility (Haines et al., 2015).

Furthermore, non-resident bacteria might invade the genital microbiomes that threaten the

resident microbiomes by the competition over available resources (Li & Stevens, 2012; Mallon
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et al., 2003). In humans, the composition and structure of the vaginal microbiome has been
shown to change to a transition state after disturbances such as sexual activity but
homoeostatic mechanisms can restore the initial state (Gajer et al., 2012). Besides the energy
spent on these homoeostatic mechanisms, the disturbance or loss of mutualists might impair
reproduction directly. In humans, the endometrial microbiome is normally characterised by a
high abundance of Lactobacillus, which decreases after sexual intercourse (Mandar et al.,
2015). Microbiomes not dominated by Lactobacillus are associated with low implantation and
pregnancy rates and decreased live birth (Moreno et al., 2016). Therefore, a disturbance of
the genital microbiome can have severe fitness consequences, especially if genital
microbiomes are beneficial for reproduction. Hence, it is important to characterise the genital
microbiomes and investigate potential interactions between sexually transmitted microbes and

the resident microbiome.

3.5 Both sexes react to mating-associated microbes

Microbes invading a host will be attacked by immunological defence mechanisms.
Invertebrate immune responses comprise a variety of constitutive (always active) and induced
(elicited by an immune challenge) defences (Schmid-Hempel, 2005; Siva-Jothy et al., 2005).
Although both sexes are threatened by mating-associated microbes, each sex might use
different protective mechanisms or adjust the strength of an immune response depending on
the costs conferred by microbes.

Females have evolved several mechanisms to regulate the number of STM or OM and
thereby prevent fitness costs due to disease or sperm mortality. As part of the constitutive
defence in humans, the female reproductive tract contains a family of antimicrobial peptides,
so called defensins, that are thought to disrupt the membrane of microbes (Quayle et al., 1998;
Valore et al., 1998). In bedbugs, the female sperm-receiving organ has evolved to protect the
female from mating-associated microbes (Reinhardt et al., 2003) and is filled with haemocytes

(Carayon, 1966) that are able to phagocytose bacteria (Siva-Jothy et al., 2005).
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As a special form of induced defence, Drosophila females up-regulate immune genes that
provide protection against a sexually transmitted fungus (Zhong et al., 2013) in response to
male courtship song (Immonen & Ritchie, 2012) and bedbug females induce the production of
lysozyme-like activity in anticipation of mating (Siva-Jothy et al., 2019). These pre-copulatory
induced defences allow the female to react faster in comparison with other induced responses.
At the same time, they save energy by inducing the mechanism only when necessary, i.e.
when females are likely to mate within the next hours. Although knowledge on anticipatory
immunity is scarce, it was suggested to be a common strategy among insects because mating
should be highly predictable when females are in control over mating (Siva-Jothy et al., 2019).

Like females, males use antimicrobial substances to assure reproductive success. The
ejaculates of humans (Edstrom et al., 2008), mallard ducks (Rowe et al., 2011), and Drosophila
melanogaster (Lung et al., 2001; Samakovlis et al., 1991) contain antimicrobial peptides and
the ejaculate of bedbugs has lysozyme-like activity (Otti et al., 2009) that can protect sperm
from attacking bacteria (Otti et al., 2013). These constitutively expressed substances are likely
produced to protect sperm in the female reproductive tract after ejaculate transfer rather than
inside the male reproductive tract. But the expression of antimicrobial peptides inside the
genital tract of Drosophila melanogaster males in response to bacteria applied to the genital
plate (Gendrin et al., 2009) indicates that there are protective mechanisms that target microbes
associated with the copulatory organs of males. Although it is known that females and males
have evolved immune defences against mating-associated bacteria, we have little knowledge
about their effectiveness.

In addition to immune responses, symbionts might provide their host with protection
against STM and OM. Protection by symbionts against invading parasites has been reported
for humans (Boris et al., 1998; Kamada et al., 2013; Reid et al., 1987), nematodes (King &
Bonsall, 2017), and arthropods (Braquart-Varnier et al., 2015; Kaltenpoth & Engl, 2014; Koch
& Schmid-Hempel, 2012; Mattoso et al., 2012; Oh et al., 2009). The results of these studies

suggest that growth inhibition, competitive metabolic interactions, and immune priming are the
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main mechanisms by which symbionts protect their hosts. Interestingly, even pathogenic
symbionts have the potential to rapidly evolve to defend their host when parasites that are

more virulent are present (King et al., 2016).

3.6 Immune responses are population-specific

If hosts and microbes encounter each other regularly, which is the case for sexually
transmitted microbes and genital microbiomes, both host and microbes represent a constantly
changing environment to which the rival has to adapt (Gandon & Michalakis, 2002). The pre-
requisite for such local adaptation is a form of genotype X environment interaction for fithess
out of which antagonistic pleiotropy (alleles have opposite effects on fitness in different
habitats) is the most important for local adaptation (Kawecki & Ebert, 2004). Antagonistic
pleiotropy causes trade-offs between adaptation to different habitats, resulting in specialist
genotypes that are only superior in specific habitats, i.e. no single superior genotype in all
habitats exists (Kawecki & Ebert, 2004).

The two pre-requisites for adaptation to a constantly changing environment are the
strength of selection and the evolutionary potential which depends on mutation, migration, and
recombination (Gandon & Michalakis, 2002). Parasites, including microbes, are often regarded
as having the bigger evolutionary potential than their hosts because of their higher rates of
mutation and migration, shorter generation times, and larger population sizes. In accordance
with this view, a meta-analysis based on 22 reciprocal studies, i.e. studies of which the
experimental design included at least one sympatric pairing and one allopatric pairing, found
local adaptation characterised by better performances of parasites on sympatric than on
allopatric hosts (Hoeksema & Forde, 2008). However, other studies did not find any evidence
for parasite local adaptation (Dufva, 1996; Morand et al., 1996; Mutikainen et al., 2000) or
reported parasite maladaptation (Imhoof & Schmid-Hempel, 1998; Kaltz et al., 1999; Oppliger
et al., 1999), suggesting that the parasite is not always leading the arms race between parasite

and host.
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Since sexually reproducing animals are constantly exposed to sexually transmitted
bacteria and their genital microbiomes, it is reasonable that local adaptation plays a role in this
interaction. If hosts are locally adapted, they should show immune responses that are tailored
to the microbes they frequently encounter. Factors influencing immunity might be the
prevalence and pathogenicity of sexually transmitted bacteria or the diversity and composition
of the genital microbiomes that might vary between host populations. Both types of microbes
have the potential to shape their host’s immune response because even microbes like OM or
symbionts that do not directly cause disease have the potential to become pathogenic when
the host’'s immune system is disturbed (Klainer & Beisel, 1969). It has been shown that even
endosymbionts are prevented from uncontrolled growth by the host’'s immune system (Login
et al., 2011). If both sexually transmitted microbes and genital microbiomes are controlled by
the immune system of their host, it is likely that an immune response that protects the host
against one type of microbes affects the opposite type of microbes as well. Since host
populations are often exposed to different environmental microbes and their genital
microbiomes might differ if both host genotype and microbe genotype have adaptively
diversified, one would expect host immune defences to differ between populations, for instance
in strength or type of defence.

There are several studies that support the idea of population-specific immune defences
that might be caused by local adaptation. Freshwater shrimps exhibit strong between-
population variation in the prophenoloxidase activity of the haemolymph, an important
component of invertebrate immunity (Cornet et al., 2009). The examined shrimp populations
are usually infected with three different species of acanthocephalan parasites and their
richness and prevalence varies between populations. In accordance with the predicted link
between immunity and parasite presence, prophenoloxidase was found to be negatively
associated with prevalence of acanthocephalan parasites (Cornet et al., 2009). Similarly, the
expression of antimicrobial peptides in the abdomen differs between bumblebee colonies and

even collection sites when challenged with a trypanosome gut parasite (Brunner et al., 2013).
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The authors suggested that variation between collection sites might be related to differences
in trypanosome gut parasite prevalence between sites that could impose different selection
regimes. Unfortunately, we lack knowledge on the effect of local adaptation to population-
specific microbes on immunity.

As mentioned in chapter 3.5, symbionts might also provide their host with protection
against STM and OM, for instance by growth inhibition, competitive metabolic interactions, and
immune priming (Boris et al., 1998; Braquart-Varnier et al., 2015; Kaltenpoth & Engl, 2014;
Kamada et al., 2013; King & Bonsall, 2017; Koch & Schmid-Hempel, 2012; Mattoso et al.,
2012; Oh et al., 2009; Reid et al., 1987) and even pathogenic symbionts can defend their host
when parasites that are more virulent are present (King et al., 2016). Such protective microbes
provide a third level to the interaction between host and parasite. Antiviral protection by
symbiotic bacteria from the genus Wolbachia is common across Drosophila species and
depends on symbiont strain (Martinez et al., 2014, 2017) and density (Martinez et al., 2014) in
host tissues. Protection has been shown to decrease resistance to a virus after nine
generations of selection (Martinez et al., 2016), indicating that protective microbes can reduce
selection for host immunity and hence be an important part of host-parasite coevolutionary

interactions.

3.7 Bedbugs are an optimal system to study male-female and host-parasite
interactions

The common bedbug, Cimex lectularius L., is one of the best-known pest insects, probably
because of its close association and impacts on humans. The recent incidence of bedbugs
returning to levels comparable to those before World War 2 have drawn the attention of the
public towards the investigation of bedbugs as indicated by a 15-fold increase of global
searches for the word “bedbugs” between 2004 and 2018 (Scarpino & Althouse, 2019).
Besides the investigation of costs introduced by bedbugs and eradication methods, bedbugs

are a great system for the investigation of sexual conflict due to different optima in the mating
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rate of both sexes leading to antagonistic male traits (Stutt & Siva-Jothy, 2001) and for
reproductive immunity (Siva-Jothy et al., 2019).

Males do not inseminate females via the genital tract in any bedbug species (Carayon,
1966). Instead, the male intromittent organ pierces the female abdomen through a groove
covering the pleural membrane of the female abdominal wall, the ectospermalege, and injects
sperm into the mesospermalege, a female immune organ situated underneath the groove. In
addition to its function as a sperm-receiving organ, the mesospermalege also functions as an
immune organ (Reinhardt et al., 2003) and is filled with haemocytes (Carayon, 1966), cells
that can phagocytise bacteria (Siva-Jothy et al., 2005). From the mesospermalege, sperm
migrate to the ovaries and sperm storage organs via the haemocoel (Carayon, 1966). This
procedure of traumatic insemination involves copulatory wounding, which is costly for females
(Stutt & Siva-Jothy, 2001) but potentially beneficial for males.

The arms race between males and females has resulted in males having the control over
pre-copulatory choice. Fully-fed females cannot resist mating (Reinhardt et al., 2009) and the
actual mating rate is higher than the optimal mating rate of females, apparently without any
direct or indirect benefit of re-mating (Stutt & Siva-Jothy, 2001) but reduced lifespan (Morrow
& Arngvist, 2003; Reinhardt et al., 2003). Therefore, bedbug females might use post-
copulatory mechanisms to select for high-quality males or good genes. Some invertebrate
females eject or attack sperm via immunologically active substances (Firman et al., 2017) and
bedbug females might possess similar post-copulatory mechanisms. Sexual selection and
sexual conflict are therefore a potential driver for the evolution of copulatory traits in bedbugs.

Studies indicate that opportunistic microbes are sexually transmitted in bedbugs
(Reinhardt et al., 2005) and that such microbes increase the mortality of bedbug females
(Reinhardt et al., 2003) and sperm mortality, at least in vitro (Otti et al., 2013). This suggests
that in addition to male-female coevolution, bedbugs are also subject to host-parasite

coevolution and both types of coevolution might interact in shaping reproductive traits. To date,
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little is known about the impact of mating-associated microbes invading the reproductive

organs on the genital microbiomes and their bedbug host.

19



Objectives

4 Objectives

I. Does mating change the genital microbiomes?

As a first step towards an understanding of the interaction between male and female
bedbugs and bacteria, | will focus on the bacterial communities in and on the reproductive
organs of bedbugs, the genital microbiomes. In comparison to the gut microbiome, little is
known about the composition of the genital microbiomes and how they are affected by mating.
Furthermore, most studies have been conducted in humans, ignoring the effects of mating on
other organisms. Culture-dependent studies have shown that environmental microbes exist on
the copulatory organ of bedbug males (Reinhardt et al., 2005) and that both virgin and mated
bedbugs harbour bacteria (Otti et al., 2017). The fact that bacteria can be found in the sperm-
receiving organ of virgin females indicates that these bacteria are part of the resident genital
microbiome rather than originating from the environment. However, mated females also
harboured several bacteria that are not present in virgin females (Otti et al., 2017), suggesting
sexual transmission. None of these introduced species is a classical STM, suggesting that
even OM are sexually transmitted in bedbugs.

To the best of my knowledge, no studies in insects have ever addressed a compaositional
change in terms of both present species and their abundance in the genital microbiomes of
insects. | therefore analysed metagenomic data from the genital microbiomes of bedbugs and
how they change shortly after mating (Manuscript 1, chapter 6.1). Metagenomic approaches
have a large advantage because they track the majority of microorganisms within a sample in
comparison to culture-based approaches that result in a limited number of microorganisms due
to the difficulty to cultivate several species (Degnan & Ochman, 2011). This study provided me
with a first insight into the composition of bedbug genital microbiomes and how they are
affected by mating. Since bedbug populations caught on different continents likely differ in their
genetic background it is conceivable that the populations harbour distinct genital microbiomes
given the potential for local adaptation. If the resident microbes compete with invading

microbes, we might find differences in mating-induced changes between bedbug populations.
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Furthermore, the bedbug populations might be adapted to the invading microbes if the
bedbugs are constantly exposed to the same microbes. Therefore, differences in frequency or
pathogenicity of microbes between populations could be reflected in population-specific
mating-induced changes. | addressed this idea with a second metagenomic study (Manuscript
2, chapter 6.2) using four different bedbug populations originating from infestations in the UK

and Kenia and a long-term lab population.

II. How do females react to invading OM?

The first two studies (Manuscript 1, chapter 6.1; Manuscript 2, chapter 6.2) revealed that
bedbug females are constantly confronted with mating-associated bacteria. As a defence
against introduced pathogens, they have evolved a special immune organ that serves as the
sperm-receiving organ (Reinhardt et al., 2003). The so-called mesospermalege is filled with
haemocytes (Carayon, 1966), cells that can phagocytise bacteria (Siva-Jothy et al., 2005).
Recently, bedbug females have also been shown to upregulate the production of lysozyme-
like activity in anticipation of mating (Siva-Jothy et al., 2019), indicating that they possess
constitutive and induced defence mechanisms.

Despite the fact that several immune defence mechanisms of bedbug females have been
investigated, we have little knowledge about their effectiveness and whether they differ
between populations. In the second part of my thesis, | therefore investigated how long OM
survive in the mesospermalege of females after being introduced during mating (Manuscript
3, chapter 6.3). This study showed that after 24 hours, OM were still present in all populations,
even in the presence of sperm. To clarify whether OM induce mechanisms that can reduce
bacterial abundance, | decided to measure two immune traits, lysozyme-like activity and
growth inhibition due to antibacterial peptide presence, after the injection of OM into the female
mesospermalege (Manuscript 3, chapter 6.3). Injection of each mating-associated component

separately, i.e. sperm, seminal fluid, and bacteria, before measuring the two immune traits
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allowed me to disentangle the effect induced by male components and the effect induced by

bacteria.
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Bacterial communities of the reproductive organs of
virgin and mated common bedbugs, Cimex lectularius

SARA BELLINVIA,! PAUL R. JOHNSTON,?3

KLAUS REINHARD T 24 and OLIVER OTT 112 ! Animal Population Ecology, Animal
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Abstract. 1. Microbes associated with reproductive organs of animals are either
sexually transmitted or opportunistic. Both can affect host defence, immunity, and future
colonisation with other microbes. There are only few studies on the microbiota of
reproductive organs in insects and how they are affected by copulation.

2. This study examines the bacterial communities associated with reproductive organs
in the common bedbug Cimex lectularius, a well-established insect model for the effects
of microbes on male and female reproduction. Combining a metagenomic approach
with a controlled mating scheme, we found 31 sequence variants (SVs) across 55 organ
samples, with on average three SVs in each sample. Male and female reproductive organs
harboured distinct bacterial communities in terms of present SVs.

3. Using a community ecology approach, we found three potential indications of sexual
transmission of bacteria in the common bedbug: (i) copulation increased the similarity
of the communities of male and female organs; (ii) mated individuals harboured bacteria
that were found in non-mated individuals of the opposite sex but not in non-mated
individuals of the same sex; and (iii) bacterial communities showed a high SV turnover
between non-mated and mated individuals, suggesting a mating-induced replacement of
bacteria.

4. Our findings show that the community ecology approach is useful to examine the
bacterial dynamics on reproductive organs, especially when combined with studies that
quantify the frequency of transmission and/or estimate the effect of the transmitted
microbes on the host immune system and the host endosymbionts.

Key words. Microbiome, reproductive ecology, sexually transmitted diseases.

Introduction (or opportunistic microbes, OMs) (Marius-Jestin, 1987; Rein-
hardt et al., 2005; Otti et al., 2017) and can receive them via cop-
ulation by spreading through the reproductive tract and through
copulatory wounds (Lange et al., 2013; Reinhardt e? al., 2015).

In vertebrates, microbes colonise various reproductive organs
in a wealth of species (Hirsh, 1999; Lombardo & Thorpe, 2000;

Hupton et al., 2003; Virecoulon et al., 2005; Gonzalez-Marin

The microbial community surrounding and inhabiting the organ-
ism is an important, and increasingly recognised, component of
an organism’s environment. This community may shape repro-
ductive structures, physiology, reproductive behaviour, and, ulti-
mately, fitness. These effects have been mainly explored for

sexually transmitted microbes (STMs) (Afzelius et al., 1989;
Lockhart et al., 1996; Shalika et al., 1996; Knell & Webberley,
2004; Eley et al., 2005; Puerta Suarez et al., 2017). However,
reproductive organs also harbour environmental contaminants

Correspondence: Sara Bellinvia, Animal Population Ecology, Ani-
mal Ecology I, University of Bayreuth, UniversititsstraBe 30, 95440
Bayreuth, Germany. E-mail: sara.bellinvia@uni-bayreuth.de

etal., 2011; White et al., 2011). The few studies in insects
found bacteria associated with the reproductive organs of female
Formosan subterranean termites (Raina et al., 2007), male
wood-boring beetles (Rizzi et al., 2013), and male and female
common bedbugs (Reinhardt ez al., 2005, Otti et al., 2017; see
Table 1). Most of the bacteria in and on the copulatory organs
of insects belong to the classes of Actinobacteria, Bacilli, or
Gammaproteobacteria (Otti, 2015).

© 2019 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society 1
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Table 1. Presence of previously found bacterial genera in the repro-
ductive organs of non-mated and mated bedbugs.

Reinhardt Otti et al.
Genus Present study etal. (2005)  (2017)
Bacillus - I -
Enterobacter - I -
Micrococcus - - Cu
Pseudomonas Sams Inmt - Cum
Staphylococcus Saves Sve e I — L, Cams Cum
Stenotrophomonas - 1 -
Streptococcus Iy - Cum

Given are the results from Reinhardt ez al. (2005) and Otti et al. (2017)
and the present study for each organ (S, male sperm container; I, male
intromittent organ; C, female copulatory organ) and mating status (NM,
non-mated; M, mated). In contrast to our study, both previous studies
are based on culture-dependent methods.

The effect of these microbes has been less considered even
though OMs are ubiquitous and copulatory wounding is both
common and widespread across taxa (Lange et al., 2013; Rein-
hardt ez al., 2015). Despite causing infections (Klainer & Beisel,
1969), bacteria affect sperm function directly (Otti ez al., 2013;
Reinhardt et al., 2015), lower the proportion of viable sperm in
the female storage organs (McNamara et al., 2014), and cause
fitness costs due to resource allocation to the immune system
(Sheldon & Verhulst, 1996; Zuk & Stoehr, 2002). Such fit-
ness costs due to immune challenge include reduced probability
of reproduction (Rigby & Jokela, 2000) and reduced offspring
quality (Ilmonen et al., 2000).

Opportunistic microbes have the potential to become
pathogenic when the immune system of the host is dis-
turbed (Klainer & Beisel, 1969). They interact with the immune
system of the host that regulates the growth of OMs, and even
endosymbionts (Login et al., 2011). If such an immune response
does not target specific OMs, the immune response might affect
symbionts at the same time. Mating therefore has the potential
to change the microbial communities in the reproductive organs
not only by transmitting microbes but also by eliciting immune
responses that shape the resident microbial community. Even
more complicated, symbionts probably compete with OMs or
STMs because invasion into a bacterial community is limited
by available resources (Li & Stevens, 2012; Mallon eral.,
2015). Symbionts have actually been shown to provide protec-
tion against invading microbes (Reid et al., 1987; Boris et al.,
1998; Oh et al., 2009; Koch & Schmid-Hempel, 2012; Mattoso
et al., 2012; Kamada et al., 2013; Kaltenpoth & Engl, 2014;
Braquart-Varnier et al., 2015; King et al., 2016). We suggest
that this protection might also be directed against sexually
transmitted microbes.

Some of the interactions among OMs, STMs, and symbionts
and some of the fitness effects have been established, but it seems
important to consider two basic but fundamental insights from
community ecology — that species are not necessarily redundant
and that ecosystem effects vary with species composition of the
community (Allison & Martiny, 2008; Rillig et al., 2015). In
terms of species redundancy, it is clear that different microbe
species, and even populations, have different effects on the

host. For example, in humans, Chlamydia trachomatis (Eley
et al., 2005), Escherichia coli (Diemer et al., 1996; Diemer
etal., 2003; Prabha et al., 2010), Pseudomonas aeruginosa
(Huwe et al., 1998), and Staphylococcus aureus (Kaur et al.,
2010) were shown to cause agglutination and apoptosis of
spermatozoa, whereas an Enterococcus species, Staphylococcus
saprophyticus (Huwe et al., 1998) and Chlamydia trachomatis
(Puerta Suarez et al., 2017) did not have such an effect. In
terms of community effects, the interaction of invading bacteria
with each other or with resident bacteria (Otti et al., 2017)
could affect the outcome of an infection. If genital-associated
bacteria behave as a community, then changes in the species
composition, and even in the abundance of individual species,
will decisively affect the impact of this community on the
host. As a minimal precaution and a first step towards this
somewhat visionary notion of insect reproductive ecology, it
will be important for descriptive and functional studies on the
microbes’ role in reproduction to consider the mixed-species
nature of natural microbe associations with reproductive organs.

Common bedbugs, Cimex lectularius, have previously been
used as a model to study the effects of microbes associated with
reproduction. Male bedbugs traumatically inseminate females
by piercing the female’s abdominal wall with an intromittent
organ (Carayon, 1966), called paramere. Sperm are injected
from the sperm container (sperm vesicles) into a parageni-
tal female copulatory organ, called the mesospermalege. The
microbial species situated on the male intromittent organ con-
sist of environmental bacteria and fungi (i.e. OMs) (Reinhardt
et al., 2005; Otti et al., 2013) and can kill females (Reinhardt
et al., 2003). The female copulatory organ has evolved to reduce
the mortality after infections derived from microbes on the male
intromittent organ (Reinhardt et al., 2003; but see Morrow &
Arnqvist, 2003). Bacteria found on the male intromittent organ
kill sperm in vitro (Otti et al., 2013). Male responses include
the presence of a constitutive immune effector (lysozyme-like
activity) in the seminal fluid (Otti et al., 2009) which can reduce
sperm mortality (Otti et al., 2013). A notable omission by many,
if not most, of these studies is that the transmission is rarely
examined, either directly by observation or indirectly by infer-
ence from comparing the microbiota of virgin and mated indi-
viduals.

Here we use a community ecology approach to describe the
bacterial communities of different reproductive tissues in both
sexes of the common bedbug and to examine the potential for
sexual transmission of bacteria. We expected the communities
to be shaped by the location of the given organ or its func-
tion. We assumed that the external intromittent organ of males
harbours different communities, mostly consisting of environ-
mental bacteria, as compared with internal organs of females
and males which might harbour a core microbiome. We expected
the communities in the female copulatory organ to be different
from the communities in the male sperm container, because the
sperm-receiving female copulatory organ is more likely to be
invaded by bacteria during mating than is the male sperm con-
tainer.

We mainly focused on analysing four assumptions of sexual
transmission of bacterial communities. For this we analysed
differences in bacterial diversity and abundance, represented

© 2019 The Authors. Ecological Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society
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by the number of reads, between the organ communities of
non-mated and mated bedbugs, and the prevalence of bacteria
introduced during mating. For male-to-female transmission we
expected that the copulatory organs of mated female bedbugs
show increased diversity and abundance, compared with vir-
gins. Furthermore, we expected the copulatory organ of mated
females to harbour bacteria that are found in non-mated males
but not in non-mated females. If transmission is quantitatively
significant, we expected that bacterial diversity or abundance
would decrease in the sperm container and/or intromittent organ
of males after versus before mating. Although hardly consid-
ered in the literature, it may be that female-to-male transmission
is significant, in which case we would expect that the sperm
containers and/or intromittent organs of mated males show
increased diversity and/or abundance compared with non-mated
ones. We would also expect the copulatory organ of mated males
to harbour bacteria that are found in non-mated females but not
in non-mated males, and possibly that bacterial diversity and
abundance would be lower in mated than in virgin females.

Materials and methods
Bedbug culture and reproductive biology

All bedbugs were maintained in an incubator at 26 + 1 °C, at
70% RH with an LD 12:12h photoperiod. After eclosion, we
divided virgin males and females into sex-specific groups and
fed them twice with an interval of 1 week. The feeding and main-
tenance protocol was as described by Reinhardt ez al. (2003). We
used individuals from one large stock population (> 1000 indi-
viduals) which had been collected from an infestation in London
and started as laboratory culture in the laboratory in Sheffield in
2006. This population was transferred to the laboratory of Ani-
mal Population Ecology at the University of Bayreuth in 2011
and maintained under identical culture conditions.

Mating and sample preparation

We collected the reproductive organs of 35 individual bedbugs
in May 2012 to analyse the bacterial communities of the bedbug
reproductive system. Ten 3-week-old virgin females were mated
for 60s to the same number of 3-week-old virgin males.
Within 1-2h after mating, we dissected the mated bedbugs.
We collected the copulatory organ (mesospermalege) from
the mated females and both the intromittent organ (paramere)
and sperm containers (sperm vesicles) from mated males by
sampling both organs from the same male. Spermatozoa leave
the female copulatory organ after 4h to travel through the
haemolymph to the sperm storage organ (Carayon, 1966). This
means that the sperm were still inside the copulatory organ at
the time of dissection. We also collected the reproductive organs
of five virgin females and 10 males randomly drawn from the
stock populations. These males of unknown age and unknown
mating status were isolated for 2 weeks prior to dissection. Not
allowing them to copulate with a female ensured that they were
at their full reproductive potential. Hereafter, we refer to virgin
females and these males collectively as ‘non-mated’. Except for
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the copulatory organ of non-mated females (1 =5), we collected
the organs of 10 individuals for each reproductive organ and
mating status.

We used standard dissection techniques under sterile
conditions using a laboratory butane burner (Labogaz 206;
Campingaz, Hattersheim, Germany) to minimise the potential
of aerial bacteria contamination. We checked for contamination
by placing LB agar plates next to the dissection microscope. No
colonies were observed on these plates. Prior to any dissections,
we autoclaved the dissection kit and, after each dissection,
forceps and surgical scissors were dipped in ethanol (70%)
and flame-sterilised. To prevent contamination with bacteria
from the integument, we rinsed the integument of females with
70% ethanol prior to dissection. To further reduce the risk
of contamination, we used different forceps to hold the male
bedbug and to collect the internal organs. Dissected organs were
transferred directly into the MicroBead solution (MO BIO Ultra
Clean Microbial DNA Isolation Kit, catalogue no. 12224-250,
dianova GmbH, Hamburg, Germany) for DNA extraction.

DNA extraction, library preparation, and sequencing

The bacterial community in and on the reproductive organs
of bedbugs was described by the sequences of the 16S V4
region of bacteria obtained from three organs. We followed
the protocol from the MO BIO UltraClean Microbial DNA
Isolation kit with some additional steps. Instead of the MO BIO
Vortex Genie, we used the Vortex Disruptor Genie (vertical
12-sample vortex). Before vortexing the samples in MicroBead
tubes, we homogenised the samples with sterile pipette tips
(200 pl) melted at the tip to form a pestle. These samples were
then incubated and shaken at 65°C for 10 min. The kit uses
microbeads and a lysing solution in combination to homogenise
the tissue and extract the bacteria. We subjected the samples to
PCR with barcoded versions of the universal primers 27f and
519r. Roche multiplex identifiers were incorporated between
the sequences of adaptor A and 519r to give the structure:
5’-Adaptor_A-sequencing_key-multiplex_identifier-519r-3'.
PCR consisted of an initial denaturation step of 2 min at 94°C
and 25 cycles of 30s at 94°C, 20s at 52°C, and 60 at 65 °C.
We checked the PCR products by gel electrophoresis, purified
them with AMPure XP beads (catalogue no. A63881, Beck-
man Coulter GmbH, Krefeld, Germany), and sequenced them
at the Earlham Institute (Norwich, U.K.) on a 454 titanium
GS FLX (Roche, Basel, Switzerland) at 24-plex per quarter
pico-titre plate.

Bioinformatic analysis

The data were demultiplexed with QuUME (Caporaso et al.,
2010). We removed sequences that did not match the default
parameters of the ‘split_libraries.py’ script regarding quality
score, sequence length and ambiguous bases. After this step,
68 513 out of 226 789 raw sequences remained in the dataset.

We subjected the remaining sequences to the DADA2 pipeline
(Callahan et al., 2016) in R (R Core Team, 2013). The sequences
were filtered and trimmed with the default parameters of the
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‘fastqFilter’ function. The first 15bp were removed and the
sequences were truncated after 300 bp to remove low-quality
tails. Sequences with expected errors > 2 and a quality score <2
were discarded. The remaining 23 695 sequences were derepli-
cated with the default parameters of the ‘derepFastq’ func-
tion and denoised with the DADA’ function with the ‘selfCon-
sist” option enabled, a homopolymer gap penalty of —1 and a
band size of 32. We then constructed a sequence variant (SV)
table with the ‘makeSequenceTable’ function. The remaining
22566 SVs were checked for chimeras with the ‘removeBimer-
aDenovo’ function and default parameters, resulting in 22 149
chimera-free sequences. The taxonomy of the SVs was assigned
with the Greengenes database (De Santis et al., 2006). We used
NCBI's BLASTn with the default options to verify the taxonom-
ical assignments. We excluded uncultured and environmental
sample sequences. The taxonomy assignments of Greengenes
and BLASTn were in accordance for kingdom, phylum, class,
order, family, and genus level in 22 out of 31 SVs. In three of
the cases that were not in accordance, the BLAST hit with the
highest e-value and coverage belonged to an endosymbiont of C.
lectularius, the unclassified gammaproteobacterium mentioned
by Hosokawa er al. (2010). We therefore changed the taxon-
omy assignment of these SVs. Two out of the misassigned SVs
had BLAST hits that all agreed on one genus and we there-
fore changed the assignment. In four other cases there was no
clear BLAST result. Hence, we kept the Greengenes assignment
for the levels that were congruent with the BLAST results and
changed the assignment of the other levels to ‘unclassified’. We
compiled all sample descriptions, read numbers and assigned
taxonomy for the SVs in the Supporting Information (Tables
S1-S3). Sequences were deposited in NCBI’s Sequence Read
Archive with the accession number PRINA534453. Rarefaction
curves drawn with the ‘rarecurve’ function in the VEGAN pack-
age (Oksanen ef al., 2018) showed that our sampling captured
most of the communities, as almost all curves reached a plateau
(Fig. S1). We filtered out all SVs that belonged to chloroplasts
or hosts and all SVs that occurred in less than two samples. The
final SV table contained 31 SVs. There was one sample from the
intromittent organ of a mated male which did not yield any SVs
after the mentioned filtering. It was therefore excluded from the
statistical analysis.

Statistical analysis of the bacterial communities in non-mated
bedbugs

We focused on differences in bacterial diversity, prevalence,
and abundance between the reproductive organs of non-mated
bedbugs to describe the primary communities. We analysed
the dissimilarity of bacterial communities between organs of
non-mated bedbugs with a PERMANOVA (‘adonis’, 999 permu-
tations, VEGAN package; Oksanen et al., 2018). Distances were
estimated with the Jaccard index with the ‘distance’ func-
tion in the PHYLOSEQ package (McMurdie & Holmes, 2013).
We calculated pairwise contrasts between the organs with the
function ‘pairwise.adonis’ from the PAIRWISEADONIS package
(Martinez Arbizu, 2017) and corrected the P-values with the
inbuilt Benjamini-Hochberg procedure. We used the function

‘betadisper’ (VEGAN package; Oksanen et al., 2018) followed
by an ANOVA to assess between-individual variation of bacte-
rial communities across organs. To compare organs pairwise,
we applied the ‘“TukeyHSD.betadisper’ function in the VEGAN
package (Oksanen et al., 2018). We estimated alpha diversity
(Simpson index, 1 — D) with the ‘estimate_richness’ function
in the PHYLOSEQ package (McMurdie & Holmes, 2013) and
compared alpha diversity between organs of non-mated bedbugs
with a generalised linear model followed by an ANOVA. We visu-
ally inspected residual versus fitted plots to verify that residuals
followed a normal distribution. To calculate the relative abun-
dances of classes and genera, we divided the number of reads
for the specific class or genus within a given sample by dividing
them by the total number of reads within that sample.

Statistical analysis of mating-induced changes in bacterial
communities

We analysed the effect of mating status regarding a possi-
ble sexual transmission of bacteria, including samples from
non-mated and mated bedbugs. To compare alpha diversity
(Simpson index 1 — D) between organs from non-mated and
mated individuals, we fitted a generalised linear model followed
by an ANOvA. Included as fixed effects were organ and mating
status and their interaction term. We visually inspected residual
versus fitted plots to verify that the residuals followed a nor-
mal distribution. We applied the function ‘betadisper’ (VEGAN
package; Oksanen et al., 2018) followed by an ANOVA to assess
between-individual variation of bacterial communities between
mating status. Distances were estimated based on the Jaccard
index with the ‘distance’ function in the PHYLOSEQ package
(McMurdie & Holmes, 2013). We compared the number of reads
in samples from non-mated and mated bedbugs with exact tests
in the EDGER package (Robinson et al., 2010; McCarthy et al.,
2012) after normalising read numbers based on the median ratio
of each sample to the median library as a scale factor (Anders
& Huber, 2010). To evaluate the effect of mating on the nor-
malised number of reads of each bacterial genus, organs were
analysed separately. P-values were adjusted with the inbuilt
Benjamini—Hochberg procedure and a false discovery rate of
1%, and SVs that occurred only in non-mated or mated individu-
als were discarded. We used a Principal Coordinates Analysis to
analyse whether mating increases the similarity of the bacterial
communities in the reproductive organs. This analysis was based
on an ordination calculated with the ‘ordinate’ function in the
PHYLOSEQ package (McMurdie & Holmes, 2013) and the Jac-
card index. We then analysed the dissimilarity of bacterial com-
munities between non-mated and mated individuals with a PER-
MANOVA (‘adonis’, 999 permutations, VEGAN package; Oksanen
et al., 2018), including the interaction of organ and mating sta-
tus. To analyse which bacteria might be sexually transmitted, we
extracted the SVs that are found in mated but not in non-mated
individuals of one sex and in the organs of non-mated individuals
of the opposite sex. Partitioning beta diversity (Sgrensen index)
into turnover and nestedness with the function ‘nestedbetasor’ in
the VEGAN package (Oksanen et al., 2018), we investigated the
mechanism of the mating-induced change in bacterial communi-
ties. We therefore produced a presence—absence matrix for each
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Fig. 1. Alpha diversity of bacteria from the reproductive organs of bedbugs. The Simpson index (1 — D) is shown. Each grey dot represents the diversity
of one specific sample. The means and SEs for each organ and mating status are depicted in black. There were 10 samples per organ and mating status,

with the exception of the copulatory organ of non-mated females (n =5).

organ and mating status, which included all SVs present in the
particular group of samples. We then calculated the proportion of
beta diversity that was explained by turnover, i.e. a replacement
of resident SVs with newly introduced SVs, and the proportion
explained by nestedness, i.e. a loss or introduction of SVs.

Results

We sequenced the bacterial communities of three reproductive
organs of the common bedbug, (i) the female copulatory organ,
(ii) the male intromittent organ, and (iii) the male sperm
container. Except for the copulatory organ of non-mated females
(n=5), we sequenced the communities of 10 individuals for
each organ and mating status, resulting in a total of 55 samples.
After filtering out chimeric sequences, chloroplast sequences,
host sequences, and SVs that occurred in only one sample, we
identified a total of 31 SVs. On average, each sample contained
3+ 1SVs (mean+SD) and 340+ 224 reads. Average alpha
diversity was 0.38 + 0.28 (Simpson index, 1 — D), or 0.68 + 0.52
(Shannon index). There was one sample that harboured only
SVs that were filtered out. It was therefore excluded from the
statistical analysis.

As expected, the communities were shaped by the location
of the given organ or its function. The structure of bacte-
rial communities of non-mated bedbugs differed between
organs (F,,, =3.031, R?=0.216, P =0.001, based on the Jac-
card index). The female copulatory organ harboured distinct

communities in comparison to the male sperm container
(F,13=3.203, R*=0.198, P=0.003, 0=0.005) and the
male intromittent organ (F, ;; =4.128, R* =0.241, P =0.001,
0 =0.003), whereas the sperm container communities were
similar to those on the male intromittent organ (F, ;o =2.181,
R>=0.108, P=0.020, Q=0.02). The between-individual
variation in community structure differed between organs
of non-mated bedbugs (F,,, =5.064, P=0.02). The female
copulatory organ had a lower between-individual variation
than the male sperm container (Tukey honestly significant
difference (HSD), P =0.01). Between-individual variation
did not differ between the female copulatory organ and the
intromittent organ (Tukey HSD, P =0.08) or between the
male intromittent organ and the sperm container (Tukey HSD,
P =0.53). Against our predictions, alpha diversity was similar
across organs of non-mated bedbugs (F,,, =0.58, P =0.567)
(Fig. 1).

In total, we detected 20 bacterial genera from six differ-
ent classes in the reproductive organs of bedbugs. Most SVs
belonged to the classes of Actinobacteria, Alphaproteobac-
teria, and Gammaproteobacteria. The relative abundance of
these classes was highly variable between individual bedbugs
(Fig. 2), even though they originated from the same population
and environment. The female copulatory organ harboured
almost only Alpha- and Gammaproteobacteria. In addition
to Alpha- and Gammaproteobacteria, males harboured large
proportions of Actinobacteria and a few males had Bacilli and
Clostridia. Whereas females seem to have a core microbiome
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Fig. 2. Relative abundances of the six classes found in the reproductive organs of non-mated (NM) or mated (M) bedbugs. Relative abundances were
calculated based on the number of reads of the same class within a given sample divided by the total number of reads within that sample. Each bar
represents one individual bedbug. Bars across male organs correspond to the same individual and bars across organs of mated bedbugs are ordered
by mating pair. If the sequence variant was not assigned any class, we report the lowest assigned taxon instead. [Colour figure can be viewed at

wileyonlinelibrary.com].

with two SVs shared by all females (Table 2), male reproductive
organs did not consistently share the same SVs (Table 2). Also,
the relative abundances of the genera in male organs varied
tremendously across individuals (Fig. 3). Compared with the
other SVs, both shared SVs in females, Rickettsia and the
gammaproteobacterial endosymbiont discovered by Hosokawa
et al. (2010), had high relative abundances of 43-95% and
2-28%, respectively (Fig. 3).

As a pattern of sexual transmission of bacteria, we expected
changes in diversity and abundance of bacteria in the repro-
ductive organs. Newly introduced bacteria in mated individuals
of one sex that can also be found in non-mated individuals of
the opposite sex would further indicate sexual transmission. We
also expected that mating would homogenise the communities.
In contrast to our predictions, there were no mating-induced
changes in alpha diversity (F, s, =2.324, P=0.13) (Fig. 1).
Alpha diversity was not affected by an organ-specific effect of
mating status (F, 4 =0.448, P =0.64). Mating did not change
between-individual variation (F,5, =0.141, P=0.70) or the

abundance of specific SVs in any of the organs (-2 <log,-fold
change <2, 0 >0.01).

However, as predicted for sexual transmission of bacteria,
mating led to a larger overlap between the bacterial commu-
nities of females and males (Fig. 4). The community structure
within organs (Jaccard index) was changed by mating status
(F 48 =2.793, R? =0.044, P =0.003) and the effect was depen-
dent on organs (F, 4 =3.515, R*=0.111, P =0.001). As pre-
dicted by a transmission from the male to the female, mating
introduced four new SVs to the copulatory organ (Table 3a), out
of which one SV was harboured by both organs of non-mated
males. Out of the two remaining SVs, three were found in the
sperm container of non-mated males, and one on the intromit-
tent organ of non-mated males. Out of the SVs that appeared
on the intromittent organ after mating, two were found in the
copulatory organ of non-mated females (Table 3b), suggesting
a transmission from the female to the male. Mating introduced
three SVs to the male sperm container that were harboured by
non-mated females (Table 3c).
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Table 2. Prevalence of sequence variants (SVs) in the reproductive organs of non-mated bedbugs.

Male sperm container

Male intromittent

Female copulatory

SV ID Class Genus (n=10) organ (n =10) organ (n =5)
ASV23 Actinobacteria Corynebacterium 0.1 0 0
ASV5 Actinobacteria Cutibacterium 0.2 0.5 0
ASV12  Actinobacteria Cutibacterium 0 0 0
ASVI14  Actinobacteria Cutibacterium 0 0.2 0
ASV13 Alphaproteobacteria Agrobacterium 0 0.2 0
ASVI15  Alphaproteobacteria Rhizobium 0 0 0
ASV1 Alphaproteobacteria Rickettsia 0.8 0.4 1
ASV65 Alphaproteobacteria Rickettsia 0 0 0.4
ASV81 Alphaproteobacteria Rickettsia 0 0 0.4
ASV6 Alphaproteobacteria Sphingomonas 0 0.3 0
ASV4 Alphaproteobacteria Wolbachia 0.2 0 0
ASV9 Alphaproteobacteria Wolbachia 0 0 0.8
ASV27  Alphaproteobacteria Unclassified Rhizobiaceae 0 0 0
ASV11 Alphaproteobacteria Unclassified Sphingomonadaceae 0.1 0 0
ASV48 Bacilli Enterococcus 0 0.1 0
ASV18 Bacilli Staphylococcus 0.1 0.2 0
ASV21 Bacilli Staphylococcus 0.1 0.2 0
ASV19 Bacilli Streptococcus 0 0 0
ASV17 Bacilli Unclassified Bacilli 0 0.2 0
ASV7 Clostridia Veillonella 0.1 0.3 0
ASV20  Gammaproteobacteria Acinetobacter 0.1 0.1 0
ASV66  Gammaproteobacteria Acinetobacter 0 0.2 0
ASV2 Gammaproteobacteria Endosymbiont of Cimex lectularius 0.6 0.5 0
ASV3 Gammaproteobacteria Endosymbiont of Cimex lectularius 0 0 1
ASV30  Gammaproteobacteria Endosymbiont of Cimex lectularius 0 0 0.2
ASV22  Gammaproteobacteria Pseudomonas 0.1 0.1 0
ASV28 Gammaproteobacteria Serratia 0.2 0 0
ASV46  Gammaproteobacteria Serratia 0 0 0.2
ASV58  Gammaproteobacteria Unclassified Xanthomonadales 0 0 0
ASV10  Unclassified Proteobacteria ~ Unclassified Proteobacteria 0.2 0 0.2
ASV39 Unclassified Proteobacteria ~ Unclassified Proteobacteria 0.2 0 0.2

Shown are the proportions of samples from non-mated bedbugs harbouring the given SV.

Moreover, there was a large SV turnover of non-mated and
mated bedbugs (male sperm container, 93%; male intromittent
organ, 98%, female copulatory organ, 100% of the Sgrensen
index), suggesting a replacement of resident with newly intro-
duced SVs in all organs.

Discussion

Using an ecological community approach, we found 31 SVs
associated with the reproductive organs of the common bed-
bug, C. lectularius. The size of this bacterial community might
be underestimated given that microbiomes of laboratory ani-
mals often seem to exhibit lower diversity compared with
wild-caught individuals. For example, the gut microbiome of
laboratory-reared Drosophila melanogaster consists of fewer
taxa than the gut microbiome of wild-caught individuals (Brod-
erick & Lemaitre, 2012).

We observed differences in bacterial community compo-
sition between individuals. These differences suggest either
a strong host genotypic contribution or other properties of
individual bedbugs that were not measured. Although large vari-
ation between closely related species (Chaston et al., 2015) or

individuals of the same species are known (Costello et al., 2009;
Nasidze et al., 2009; Ravel ef al., 2011; Siddiqui et al., 2011;
Human Microbiome Project Consortium, 2012; Moran et al.,
2012; Osei-Poku et al., 2012; Hou et al., 2013; Zhou et al.,
2013; Liu et al., 2014), these differences at the same time were
likely to have hampered our organ- and mating-status-specific
approach. Nevertheless, we found potential evidence of sexual
transmission of bacteria because bacterial communities were
more similar after mating, there was a high turnover of SVs in
both sexes, and mating introduced new bacteria to the organs of
mated females and males. Our results confirm that a commu-
nity ecology approach can actually be used to analyse microbial
transmission in insects.

Previous studies revealed that most of the bacteria asso-
ciated with the reproductive system of insects belonged to
the classes of Actinobacteria, Bacilli, or Gammaproteobacteria
(Otti, 2015). In our study, a large proportion of individuals har-
boured Actinobacteria and Gammaproteobacteria. Bacilli were
only present in a few individuals, whereas many individuals
harboured Alphaproteobacteria. In the reproductive organs we
found two genera that have been reported as endosymbionts of
the common bedbug, Wolbachia and an unclassified gammapro-
teobacterium (Hosokawa et al., 2010). Both symbionts can be
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Fig. 3. Relative abundance of the 10 most abundant out of the 20 genera that were harboured by the reproductive organs of non-mated (NM) and mated
(M) bedbugs. Relative abundances were calculated based on the number of reads of the same genus within a given sample divided by the total number
of reads within that sample. Each bar represents one individual bedbug. Bars across male organs correspond to the same individual and bars across
organs of mated bedbugs are ordered by mating pair. If the sequence variant was not assigned any genus, we report the lowest assigned taxon instead.

[Colour figure can be viewed at wileyonlinelibrary.com].

found in the bacteriomes that are attached or in close proximity
to the reproductive organs. Wolbachia provides the host with B
vitamins (Hosokawa et al., 2010), whereas to date the function
of the gammaproteobacterium is unknown.

Our results are in line with the findings of culture-dependent
studies that common bedbugs (C. lectularius) carry opportunis-
tic bacteria (Reinhardt et al., 2005; Otti et al., 2013; Otti et al.,
2017). Three genera previously found on the intromittent organ
were not present in our data (Table 1). Staphylococcus was the
only genus that was repeatedly found and that was associated
with the same organ in more than one study (present study; Otti
et al., 2017). It is not clear whether this is due to differences in
the study design or the consequence of the large differences in
bacterial composition across individuals that our study reports.
Such between-individual differences in the microbiome have
been reported in a variety of human tissues, including saliva,
urine, skin, nares and stool (e.g. Costello et al., 2009; Nasidze
et al., 2009; Siddiqui ef al., 2011; Human Microbiome Project

Consortium, 2012), and even in reproductive organs (Ravel
etal., 2011; Hou et al., 2013; Zhou et al., 2013; Liu et al.,
2014). Studies reporting on compositional between-individual
differences in the microbiome of insects comprise, for instance,
the gut of mosquitoes (Osei-Poku et al., 2012) and honey bees
(Moran et al., 2012). To our knowledge, this is the first study
to report on compositional between-individual differences in
the bacterial community of the insect reproductive tract. Such
microbial differences between individuals in a similar environ-
ment may be important when interpreting aspects of sexual
behaviour in the context of animal ‘personalities’.

The male intromittent organ and the female copulatory organ
of non-mated bedbugs harboured distinct bacterial communities.
In addition, the copulatory organ of non-mated females had a
lower between-individual variation compared with the organs
of non-mated males. Differences in community composition
are unlikely to be caused by organ location as the intromittent
organ and the sperm containers of bedbug males harboured
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Fig. 4. Variation in the structure of bacterial communities in and on the reproductive organs of non-mated (NM) and mated (M) bedbugs. Shown are
the first three axes of a principal coordinate analysis based on the Jaccard index. Each circle represents a sample with its bacterial community. Ellipses
give the 95% confidence interval. There were 10 samples for each organ and mating status, with the exception of the intromittent organ of mated males
(n=9) and the copulatory organ of non-mated females (n =5). [Colour figure can be viewed at wileyonlinelibrary.com].

bacterial communities with similar composition. Sex differences
in diversity or composition of bacterial communities extracted
from whole-body homogenates or from the gut are common
across animals (Markle et al., 2013; Valiente Moro et al., 2013;
Haro et al., 2016). Some of these differences may arise from
the different niche that the sexes and even organs may occupy;
others, however, are likely to be closely linked to the most
pronounced difference found between the sexes — reproduction.
Hupton et al. (2003) and Otti et al. (2017) found pronounced
differences in the microbiome of reproductive organs of female
and male red-winged blackbirds and bedbugs, respectively.

For the first time, we showed that mating changes the bacterial
communities of the reproductive organs in insects. We even
found indications of a sexual transmission of bacteria in insects.
We predicted that, in the case of a transmission, some of the
bacteria found in one sex might be transmitted to the opposite
sex. This should be reflected in a decrease in diversity or
abundance in the organs of one sex and an increase in the other.
Furthermore, mating should homogenise the communities of
both sexes. We showed that copulation increased the similarity
of the bacterial communities of male and female organs. A high
turnover of SVs between the organs of non-mated and mated
males was found, suggesting a replacement of resident with
newly introduced bacteria.

Indeed, there were newly introduced bacteria in the copulatory
organs after mating that were also present in the organs of
non-mated individuals of the opposite sex. Taken together, these
observations suggest sexual transmission of bacteria in the
common bedbug. Even more interesting, the transmission seems
to be two-sided. We found shared bacteria between non-mated

females and mated males, indicating a transmission from the
female to the male.

Contradicting our expectations about sexual transmission,
mating did not induce changes in bacterial abundance, as shown
by similar read numbers in organs from non-mated and mated
individuals. OMs might cause an infection, or lower reproduc-
tive success by increasing sperm mortality (Otti et al., 2013).
Therefore, females, and potentially even males, should have
evolved mechanisms to protect themselves from these effects
of OMs. Haemocytes are constantly present in the copulatory
organ of female bedbugs (Carayon, 1966) and they can readily
phagocytose bacteria as part of insect immune defence (Lavine
& Strand, 2002). Even if bacteria are transmitted to the female,
these could be eliminated by haemocytes without a costly sys-
temic immune response. Physical barriers may also reduce the
receipt of bacteria by females and therefore bacterial abundance.
In the case of the bedbug, one may speculate that the highly
elastic membrane in the bedbug copulatory organ of females
(Michels et al., 2015), which the male penetrates during cop-
ulation, may function like a boot scraper.

The microbiome of the reproductive tract might protect its
host from invading microbes during copulation. In humans, the
female genital tract is inhabited by high proportions of lacto-
bacilli (Ravel et al., 2011; but see Anahtar et al., 2015), which
were reported to inhibit the growth of uropathogenic bacte-
ria and their adhesion to epithelial vaginal cells (Reid et al.,
1987; Boris et al., 1998). Rickettsia and the gammaproteobac-
terial endosymbiont reported by Hosokawa et al. (2010) were
the only genera that were commonly found in all non-mated
females and had high relative abundances. The relationship
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Table 3. Sequence variants (SVs) that were introduced to the reproductive organs of mated bedbugs: (a) the female copulatory organ; (b) the male
intromittent organ; and (c) the male sperm container. It is indicated whether these SVs were present in the organs of non-mated bedbugs from the
opposite sex (S, male sperm container: n=10; I, male intromittent organ: n =10; female copulatory organ: n=35). A sexual transmission would be
indicated by shared SVs between mated individuals of one sex and non-mated individuals of the opposite sex.

SV ID Class Genus Presence in non-mated individuals of the opposite sex
(a)

ASV4 Alphaproteobacteria Wolbachia S
ASV48 Bacilli Enterococcus 1
ASV2 Gammaproteobacteria Endosymbiont of Cimex lectularius S.I
ASV28 Gammaproteobacteria Serratia S
(b)

ASV23 Actinobacteria Corynebacterium No
ASV12 Actinobacteria Cutibacterium No
ASV15 Alphaproteobacteria Rhizobium No
ASV9 Alphaproteobacteria Wolbachia Yes
ASV27 Alphaproteobacteria Unclassified Rhizobiaceae No
ASV11 Alphaproteobacteria Unclassified Sphingomonadaceae No
ASV19 Bacilli Streptococcus No
ASV3 Gammaproteobacteria Endosymbiont of Cimex lectularius Yes
ASV58 Gammaproteobacteria Unclassified Xanthomonadales No
(c)

ASV12 Actinobacteria Cutibacterium No
ASV15 Alphaproteobacteria Rhizobium No
ASV9 Alphaproteobacteria Wolbachia Yes
ASV27 Alphaproteobacteria Unclassified Rhizobiaceae No
ASV3 Gammaproteobacteria Endosymbiont of Cimex lectularius Yes
ASV46 Gammaproteobacteria Serratia Yes
ASVS58 Gammaproteobacteria Unclassified Xanthomonadales No

between Rickettsia and its host is not essentially mutualistic as
it has the ability to manipulate the reproduction of ladybird bee-
tles (Werren et al., 1994; Hurst et al., 1999; von der Schulen-
burg et al., 2001) and parasitoid wasps (Hagimori et al., 2006;
Giorgini et al., 2010). However, Rickettsia has been shown to
protect its whitefly host against a challenge with Pseudomonas
syringae (Hendry et al., 2014). Unfortunately, the function of
the gammaproteobacterial endosymbiont of C. lectularius is still
unknown. If symbionts provide protection against transmitted
bacteria in C. lectularius, Rickettsia and the gammaproteobac-
terial endosymbiont might be the genera involved in a protec-
tion against invading bacteria. To date, nothing is known about
potential protection mechanisms of symbionts in the reproduc-
tive organs of insects.

We found distinct bacterial communities in and on the
mating-associated organs of C. lectularius. These communities
were composed of species that are known to be endosymbiont
of the common bedbug but also species that are thought to be
OMs. Future research should investigate their role in repro-
duction in more detail and whether they can provide protec-
tion against bacteria invading the reproductive organs. Taken
together, our results suggest that mating has an effect on the bac-
terial flora of organs involved in mating and that there might
be sexual transmission of bacteria. The identification of the
bacteria of reproductive organs using a community approach
is an important first step to study the transmission of bacteria
between the sexes. Our study highlights the need to consider
the role of the entire microbial community when examining the

impact of sexually transmitted bacteria on reproduction, both
generally and, in insects, specifically. This notion includes tra-
ditional single-species transmission assays that quantify how
often bacteria are actually transmitted during copulation because
the results of these assays may depend on the microbial com-
munity present in the organ(s) considered, and whether this
transfer is one-sided or reciprocal. Assuming that transmitted
microbes also perturb the microbiome of the reproductive organs
in species other than bedbugs, it would be interesting, too, to
consider whether the immune responses in females and males
also differ with respect to which microbe species enter which
particular microbial communities of reproductive organs.
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Many bacteria live on host surfaces, in cells and in specific organ systems.
In comparison with gut microbiomes, the bacterial communities of reproduc-
tive organs (genital microbiomes) have received little attention. During
mating, male and female genitalia interact and copulatory wounds occur, pro-
viding an entrance for sexually transmitted microbes. Besides being potentially
harmful to the host, invading microbes might interact with resident genital
microbes and affect immunity. Apart from the investigation of sexually trans-
mitted symbionts, few studies have addressed how mating changes genital
microbiomes. We dissected reproductive organs from virgin and mated
common bedbugs, Cimex lectularius L., and sequenced their microbiomes to
investigate composition and mating-induced changes. We show that mating
changes the genital microbiomes, suggesting bacteria are sexually transmitted.
Also, genital microbiomes varied between populations and the sexes. This
provides evidence for local and sex-specific adaptation of bacteria and hosts,
suggesting bacteria might play an important role in shaping the evolution of
reproductive traits. Coadaptation of genital microbiomes and reproductive
traits might further lead to reproductive isolation between populations,
giving reproductive ecology an important role in speciation. Future studies
should investigate the transmission dynamics between the sexes and
populations to uncover potential reproductive barriers.

1. Introduction

Animals have intimate associations with bacteria. Even reproductive organs and
the semen of a variety of animals often harbour several different microbe species
[1-9]. In insects, many studies have investigated intracellular microbes that
manipulate host reproduction, among others by male killing, or cytoplasmic
incompatibility (reviewed in [10]). Besides these reproductive manipulators,
extracellular microbes have been found on the male copulatory organ and
within the female reproductive organs (reviewed in [11]; also see [12,13]). Interest-
ingly, the microbiomes of whole body homogenates or the gut [14-16] and even
the genital microbiomes [3,12,13] are sex-specific in a variety of species. The exact
reasons for those differences as well as the role of genital microbes in reproduction
and the exact composition of these genital microbiomes are unknown, especially
for insects.

Microbiomes are dynamic and react to environmental change, such as diet
[17,18], climate [19] and time of day [20]. In humans, life-history events such as
pregnancy [21] and menopause [22] change the vaginal microbiome. Another
life-history event with the potential to affect genital microbiomes is mating as

© 2020 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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the microbiomes of both sexes encounter each other and
potentially interact. Mating-induced alterations of the genital
microbiome are documented in vertebrates, for instance in
birds [23] and humans [24,25]. By contrast, little is known
about the potential effects of mating on the composition of
genital microbiomes in invertebrates.

Microbes are sexually transmitted in a large range of
species (e.g. [26-28]). Not only microbes that cause sexually
transmitted infections (STI) are transferred during mating.
We assume also environmental bacteria in and on the genitalia
[13,29,30] can be transferred or enter the reproductive organs
via genital openings or copulatory wounds, which frequently
occur in invertebrates [31]. The environmental bacteria with
the potential to colonize the genitalia because they can tolerate
the local abiotic factors, such as pH or temperature, will hence-
forth be called opportunistic microbes (OM). OM do not
necessarily always cause an infection but become pathogenic
when the host immune system is disturbed [32].

Once transferred into the female genital tract, sperm is
exposed to a rich microbial flora [1,5]. In this context, OM
might have a more direct effect compared to microbes causing
STI: OM can decrease sperm motility and agglutinate sperma-
tozoa in humans [33-37] and increase sperm mortality in vitro
in insects [38]. Therefore, we predict male reproductive success
to depend on the microbe communities within the female.
In addition, invading OM might disturb the present genital
microbiome. Because sexual intercourse decreases the relative
abundance of one of the dominant species in the vaginal micro-
biome [24], similar mating-induced disturbances of insect
genital microbiomes are conceivable. Copulatory wounding
during mating further increases the risk of OM invasion in
invertebrate species [39,40] and in humans [41]. Sexually trans-
mitted bacteria disturbing the composition of the genital
microbiome have been predicted to select not only for a host
immune response to prevent uncontrolled growth [11], but
also for defensive responses in the resident microbiota [12].
Therefore, the host and its endosymbionts have a mutual inter-
est in keeping invading bacteria in check. In some organisms,
the resident microbiota is part of the interaction with invading
microbes [42—45].

If genital microbiomes are subject to OM, an adaptation to
environmental microbes seems conceivable. North American
women from four different ethnicities harboured distinct
vaginal microbiomes [7], raising the question whether there
are conserved differences in the community composition
between populations and whether mating-induced changes
are involved in this differentiation.

Bedbugs are an interesting system to study mating-induced
changes of insect genital microbiomes because several
organs are involved in reproduction. During mating and the
ejaculate transfer, microbes potentially invade these reproduc-
tive organs. The male ejaculate consists of spermatozoa that
are stored in the male sperm vesicles and seminal fluid from
the seminal fluid vesicles. After mounting the female, the
male transfers the ejaculate via its copulatory organ, the para-
mere, into the female paragenital copulatory organ, the
mesospermalege [46]. After a few hours, sperm travel through
the haemolymph towards the ovaries [46]. All tissues involved
could be invaded by microbes that impose a risk of infection or
sperm damage.

Microbial communities differ between reproductive organs
in bedbugs [13]. Copulation increases the similarity of female
and male organs, and bacteria present in mated but not
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virgin individuals of one sex are found in the opposite sex. n

Also, some of the resident bacteria are replaced with intro-
duced bacteria [13]. Our aim is to investigate whether these
findings within one bedbug population are a general pattern
across bedbug populations and whether genital microbiomes
differ between populations. Here, we use a community ecology
approach based on 165 rRNA sequencing data from the
genital microbiomes (i.e. the microbial communities of all
external and internal organs involved in reproduction) of
four bedbug populations. We focus on a potential difference
in the microbial community between populations, between
the two sexes, between organs, and between virgin and
mated individuals. We thereby evaluate the effect of differ-
ences in environmental microbes and genotypes between
populations on the genital microbiome and the risk of a
change in composition via copulation.

2. Material and methods
(a) Bedbug culture

We used four large stock populations of the common bedbug
(Cimex lectularius L.) out of which three populations were field
caught from London, UK in 2006 (A), from Nairobi, Kenya, in
2008 (B), and from Watamu, Kenya, in 2010 (C). The fourth popu-
lation (D) was a long-term laboratory stock originally obtained
from the London School of Hygiene and Tropical Medicine over
20 years ago. All populations were held in separate 60 ml plastic
pots containing filter paper in a climate chamber at 26 +1°C,
70% relative humidity, and a light cycle of 12 L : 12D at the Univer-
sity of Bayreuth and fed weekly with the same sterile food source
using the protocol of Hase [47]. After eclosion, all individuals were
kept in sex-specific groups of 20-30 individuals in 60 ml plastic
pots containing filter paper. Males were fed twice. Females were
fed three times, with the last feeding on the day of dissection
because fully fed females cannot resist copulation [48].

(b) Mating and sample preparation
Dissections and DNA extractions were conducted at the University
of Bayreuth in 2016 and 2017. We dissected 643 three-week-old
males and females from four populations (population A: n =163,
population B: n=160, population C: n=160, population D: n=
160). Half of the individuals were randomly mated before dissec-
tion. For this, females were placed individually in a petri dish
with a fresh filter paper. Then a male was added. Sixty seconds
after insertion of the paramere, female and male were separated
with forceps and transferred to separate containers. Both were dis-
sected 1-2 h after successful mating, ensuring the sperm were still
inside the mesospermalege of mated females at the time of dissec-
tion. The potential of contamination was minimized by a laboratory
butane burner (Labogaz 206, Campingaz, Hattersheim, Germany)
placed next to the dissection microscope. The dissection kit was
autoclaved each day and all forceps and surgical scissors were
dipped in ethanol (70%) and flame-sterilized before each dissection.
We collected different reproductive tissues and cuticle samples
from both sexes (n=10+0 per mating status, organ, sex and
population; mean +s.d.; see electronic supplementary material,
table S1). Each sample was taken from a different bedbug since it
is difficult to obtain all tissues from the same individual. From
males we collected sperm vesicles, seminal fluid vesicles and para-
mere. In females, we investigated the mesospermalege, ovaries
and haemolymph. Haemolymph was collected using a sterilized
glass capillary pulled to a fine point. Each tissue was transferred
into an Eppendorf tube containing 150 pl of phosphate-buffered
saline. We sampled the cuticle by transferring whole females or
males, whose paramere had been removed, into a tube. As a
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contamination control, we put an open Eppendorf tube containing
only phosphate-buffered saline next to the dissection microscope
during dissections. This tube was processed in the same way as
all tissue samples. All samples were frozen in liquid nitrogen
and stored at —80°C.

() Molecular methods

Prior to DNA extraction, we homogenized the samples using
pestles made from sterile pipette tips (200 pl). We followed the
protocol of the MO BIO UltraClean Microbial DNA Isolation
Kit (dianova GmbH, Hamburg, Germany), which includes a
bead beating step, except that we dissolved the DNA in 30 pl
elution buffer for higher yield. DNA was stored at —20°C. To
control for contamination during DNA extraction, we performed
one extraction without adding any tissue.

The library preparation and sequencing were done in the lab-
oratory of the Berlin Center for Genomics in Biodiversity Research.
The samples were split up into four sequencing runs, each
balanced in terms of population, sex, organ and mating status,
resulting in four libraries with 128 +25 (mean+s.d.) samples
each, including controls (see below). Using the universal primers
515fB  (5-GTGYCAGCMGCCGCGGTAA-3' [49]) and 806rB
(5-GGACTACNVGGGTWTCTAAT-3' [50]), we amplified the
variable V4 region from the bacterial 16S rRNA (denaturation:
94°C, 3 min; 30 cycles of denaturation: 94°C, 45s, annealing:
50°C, 1 min, extension: 72°C, 90 s; extension: 72°C, 10 min). After
amplicons had been purified using Agencourt AMPure XP
beads (Beckmann Coulter GmbH, Krefeld, Germany), a unique
combination of two eight nucleotide long index sequences were
used for barcoding each sample in a second PCR (denaturation:
95°C, 2 min; 8 cycles of denaturation: 95°C, 20 s, annealing: 52°C,
30 s, extension: 72°C, 30 s; extension: 72°C, 3 min). After another
purification step with AMPure beads, the DNA concentration of
the PCR products was quantified with the Quant-iT PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Samples
that had a higher concentration than 5ngul™" were diluted to
this concentration; all other samples were left undiluted. The
quality of the pooled amplicons was verified with a microgel
electrophoresis system (Agilent 2100 Bioanalyzer, Agilent Technol-
ogies, Santa Clara, CA, USA). The resulting libraries were
subjected to an Illumina MiSeq sequencer and paired-end reads
were generated using PhiX. For each plate and PCR type, we
had 1-2 negative controls containing only purified water instead
of DNA, resulting in 16 controls for the target PCR and 13 controls
for the indexing PCR across all sequencing runs. Four additional
samples per sequencing run contained the bacterial DNA from a
whole homogenized bedbug to increase sequencing depth.

(d) Bioinformatical analysis

(i) Data processing and check for contamination

All data processing and analyses were performed in R (version
5.3.1 [51]) with the packages dada2 (version 1.10.1 [52]), decontam
(version 1.2.0 [53]), DECIPHER (version 2.10.2 [54]), phangorn (ver-
sion 2.4.0 [55,56]), phyloseq (version 1.19.1 [57]), pairwiseAdonis
(version 0.0.1 [58]), vegan (version 2.4-5 [59]) and edgeR (version
3.22.1 [60,61]). We used the dada2 [52] pipeline to filter and trim
the sequences. The first 10 bp were removed and the sequences
were truncated after 260 bp (forward reads) and 200 bp (reverse
reads), or at the first instance of a quality score <2. Sequences
with expected errors greater than 2 were discarded. The remaining
sequences were dereplicated and denoised. We constructed a
sequence variant (SV) table and removed chimeric sequences.
We scored all controls with the decontam package [53] based on
prevalence and removed all contaminants (electronic supplemen-
tary material, table S2). All SVs that occurred in only one sample
and that had less than 0.01% of the total number of unfiltered
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reads were removed as suggested by Caporaso ef al. [62]. Out of
21478209 reads, 13129154 remained in the final dataset. The
highest proportion of reads was lost during the first quality filter-
ing step (18%) and decontamination (15%). The taxonomy of the
remaining taxa was assigned with the Greengenes database [63].
We verified the taxonomical assignment with Blast2Go [64]. If
Blast2Go did not find a match, we used NCBI’s BLASTn. In both
cases, we excluded uncultured or environmental samples from
the database used for taxonomic assignment. The taxonomic
assignments of the different algorithms were in accordance for
kingdom until genus level in 89 out of 126 SVs. In one of the mis-
matches, the BLAST hit with the highest e-value and coverage
belonged to an endosymbiont of C. lectularius, the unclassified
gammaproteobacterium mentioned by Hosokawa et al. [65]. In
five other mismatches, all BLAST hits agreed on one genus. We
therefore changed the taxonomy assignment of these SVs. For 31
cases without a clear BLAST result, we kept the Greengenes assign-
ment for the levels that were congruent with the BLAST results. We
changed the assignment of all other levels to “‘Unclassified’. After
aligning sequences with the DECIPHER package [54], we used
the phangorn package [55,56] to fit a maximum likelihood tree
(GTR + G +1). We added all information regarding sample type,
read numbers for samples and SVs, and taxonomic assignments
to the electronic supplementary material, table S3-S5.

(ii) Statistical analysis

All analyses except for the differential abundance test were based
on relative abundances. Comparisons of the microbiome compo-
sition were based on Bray—Curtis dissimilarities obtained with
the phyloseq package [57] as well as the alpha diversity estimates
(Simpson index (1 —D)). Additionally, we used weighted Uni-
Frac distances to compare the genital microbiomes from virgin
and mated bedbugs.

(iii) Microbiomes of virgin bedbugs

We analysed the differences in microbiome composition between
internal reproductive organs (sperm and seminal fluid vesicles of
males; mesospermalege, haemolymph and ovaries of females),
external reproductive organs (male paramere) and cuticle with a
PERMANOVA (999 permutations, vegan package [59]) followed
by a multilevel pairwise comparison using pairwise PERMANO-
VAs (pairwiseAdonis package [58]) and Benjamini-Hochberg
adjusted p-values. Between-individual differences across the three
groups were analysed with a multivariate test for homogeneity of
group dispersions with the vegan package [59]. We compared the
genital microbiome composition between populations, sexes and
organs using a PERMANOVA with the fixed effects population,
sex and organ nested within sex. Between-individual variation
was compared with three separate tests for homogeneity of group
dispersions for populations, sexes and organs.

(iv) Mating-induced effects on genital microbiomes
Compositional differences of genital microbiomes from virgin
and mated bedbugs were analysed with a PERMANOVA with
the fixed effects population, organ, mating status and their inter-
actions. Removing the non-significant interactions improved the
AIC. We then compared between-individual variation with sep-
arate tests for homogeneity of group dispersions for population,
organ and mating status.

We estimated the proportions of bacterial strains present in
mated individuals potentially originating from virgin individ-
uals of the opposite sex using the programme SourceTracker2
[66]. To generate the input files, we split the dataset by popu-
lation and transformed the phyloseq data into biom format with
the biomformat package [67].

With the quasi-likelihood tests in the edgeR package [60,61], we
tested for differential abundance of SVs, here represented by read
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Figure 1. PCoA of all groups of genital microbiomes performed with the phyloseq package [57] on Bray—Curtis dissimilarities. Organs are sperm vesicle (S), seminal
fluid vesicle (Sf), paramere (P), mesospermalege (M), haemolymph (H) and ovary (0). (Online version in colour.)

numbers, between the genital microbiomes of virgin and mated
bedbugs. Normalization factors were calculated with the relative
log expression [68] and applied to read counts with an added pseu-
docount of 1. Contrasts were built for every mating status within
organ and population. p-values were adjusted with the Benja-
mini-Hochberg procedure (FDR=0.05). The proportion of SVs
with significant differential abundance was analysed with a logistic
regression with quasibinomial error structure and the fixed effects
population and sex, including their interaction. Groups were then
compared with an ANOVA. Non-significant interactions were
removed to analyse the main effects, which improved the AIC.

3. Results and discussion

We sequenced 643 samples from bedbug reproductive organs
or cuticle via 165 rRNA amplicon sequencing to characterize
the composition of the genital microbiomes and investigate
the effect of mating. We sampled the cuticle from both sexes,
the external intromittent organ (paramere) and the internal
sperm vesicles and seminal fluid vesicles from males and the
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sperm-receiving organ (mesospermalege), the ovaries and the
haemolymph, which are all internal female organs. After filter-
ing, we obtained 126 sequence variants (SVs) from 495 samples
(n =8 + 1 per mating status, organ, sex and population; mean +
s.d.)(electronic supplementary material, table S1). On average,
filtered samples yielded 23 867 (18673, 29 061; mean and CI)
reads. Average alpha diversity was 0.59 (0.56, 0.61; Simpson
index (1 — D); electronic supplementary material, figure S1).

(a) Microbiomes of virgin bedbugs
(i) Compositional differences between cuticular and genital

microbiomes
Virgin bedbugs harboured distinct cuticular, external and
internal genital microbiomes (PERMANOVA: Bray—Curtis:
Fy045=3.451, R*=0.028, p = 0.001; UniFrac: Fyp45 =5.915, R =
0.046, p = 0.001). Multiple comparisons showed that the compo-
sition differed between the cuticle and the internal reproductive
organs of both sexes (pairwise PERMANOVA with Benjamini—
Hochberg correction: Bray—Curtis: F; 519 = 5.264, R?=0.001, q=

70£00707 :£8T § 05 Y 04  qdsi/jeuinol/bi0°buiysijgndAiaposiesol H



Manuscripts and declaration of own contribution

population A

> male virgin

male mated

D female virgin

population B

population D

female mated l

Figure 2. Occurrence of all SVs within the genital microbiomes split up by population, sex and mating status. Numbers on white background represent strains
shared by both sexes and mating status, bold numbers strains that might have been sexually transmitted. The dataset consisted of 126 SVs, of which all were

harboured by population A-C, and 124 by population D. (Online version in colour.)

0.003) and between the paramere and the internal reproductive
organs of both sexes (Fy 175 =2.351, R?=0.013, g =0.008) but not
between the cuticle and the paramere (F; o, = 1.404, R?=0.118,
q = 0.12) (electronic supplementary material, figure S2). Cuticle,
external and internal reproductive organs did not differ in
between-individual difference (Multivariate test for homogen-
eity of variances: Bray—Curtis: F; 543 = 1.467, p =0.23; UniFrac:
F>543=0.887, p=0.41).

The compositional differences between microbiomes
seem to be based on whether organs are internal or external.
Environmental bacteria have been found on the external
reproductive organ of bedbugs [30], suggesting cuticle and
paramere are mostly colonized by environmental bacteria.
By contrast, internal organs might be better protected from
environmental bacteria and, therefore, are composed of a
different set of bacteria. While it makes sense for internal
organs to harbour symbionts that play a role in reproduction,
the function of the paramere as a sperm-delivering organ is
unlikely to require symbionts.

(if) Composition of genital microbiomes

The genital microbiomes of virgin bedbugs harboured on
average 20 (15, 25; mean and Cl) SVs (female) or 30 (22, 37)
SVs (male). The composition of the microbial communities dif-
fered between populations (PERMANOVA: Bray-Curtis:
F3170=1.891, R*=0.031, p=0.007; UniFrac: Fs17=2.307,
R%=0.036, p=0.008) (figure 1a) and sexes (Bray—Curtis:
Fi170=3.780, R*=0.020, p=0.001; UniFrac: Fj70=7.248,
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R*=0.038, p=0.001) (figure 1b). Even different organs from
the same sex harboured distinct microbiomes (Bray—Curtis:
Fy170=1.579, R%?=0.034, p=0.005) but not when correcting
for phylogeny (UniFrac: Fy 7 =1.438, R*=0.030, p=0.110)
(figure 1c). Between-individual variation did not differ
between populations (Multivariate test for homogeneity of
variances: Bray—Curtis: Fj3175=1420, p=0.24; UniFrac:
F3175=1.664, p=0.18), sexes (Bray-Curtis: Fj,7,=2.073,
p=0.15) or organs (Bray—Curtis: Fs;73=1.462, p=0.20;
UniFrac: Fs;73=1.350, p=0.25). Only when correcting for
phylogeny, between-individual variation differed between
sexes (UniFrac: F, 177, =4.793, p = 0.03).

We did not find any SV present in all samples of a given
sex, but the three most prevalent SVs occurred in at least half
of all individuals within each sex. Males and females did not
differ in the prevalence of a gammaproteobacterial endo-
symbiont of C. lectularius (males: 67%, females: 64%) and
one Rickettsia strain (males: 58%, females: 59%), whereas
more females than males harboured a second Rickettsia
strain (males: 59%, females: 69%). The relative abundance
of these bacteria varied tremendously from 0% to 50%
(gammaproteobacterial endosymbiont) or from 0% to 100%
(both Rickettsia strains) in individual samples. Virgin males
and females shared 92 (population A), 108 (population B),
123 (population C) or 114 (population D) out of all
SVs found in virgin bedbugs from the specific population
(population A-C: 126, population D: 124) (figure 2).

The variation in genital microbiomes between popu-
lations indicates local adaptation of microbes and hosts and
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Figure 3. Potential for sexual transmission as estimated by SourceTracker2 [66]. Given are the proportions (a) that the sperm vesicle (S), the seminal fluid vesicle
(Sf), the paramere (P) and the cuticle (C) of virgin males contribute to the microbiomes of mated females, and (b) that the cuticle (C), the mesospermalege (S), the
haemolymph (H), and the ovaries (0) of virgin females contribute to the microbiomes of mated males. Depicted are means (black), standard errors of the mean, and
individual data points (grey). The frequency of potential transmission for each population and transmission direction is given in the top left comer.

likely arises from host-microbe coevolution. While sexual
conflict and genetic drift might affect this host-microbe inter-
action as well, we suspect bacteria to play an important role
in shaping the evolution of reproductive traits and causing
them to vary between populations. Ultimately, the coadapta-
tion of genital microbiomes and reproductive traits might
give rise to reproductive barriers between populations, lead-
ing to reproductive isolation and giving reproductive ecology
an important role in speciation.

Despite of the controlled environmental factors in the
laboratory, populations differed in their microbiome compo-
sition. Previous research has shown that bedbugs from
infestations within the same city exhibit extreme levels of genetic
differentiation [69] and that microbial communities of whole
body homogenates are infestation specific [70]. In humans, vagi-
nal microbiomes are ethnicity dependent [7], suggesting genital
microbiomes might be adapted to host genotypes. In the labora-
tory setting, environmental bacteria are population specific
in bedbugs [12]. These microbes probably originate from the
faeces that are constantly deposited on the filter paper in
the housing containers. Some of these bacteria might transfer
to the paramere and the cuticle of both sexes and might finally
be added to the genital microbiomes. Whether these differences
in initial microbial communities are based on a founding effect
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or whether microbe colonization is host genotype specific
remains unknown. Experimental evolution experiments com-
bined with microbe exposure treatments could show whether
genital microbiomes adapt to environmental microbes and/or
whether the host genotype selects for adaptations.

Whole body homogenates or gut samples in a variety
of species show sex-specific microbiome compositions
[14-16]. These differences could be explained by different
behaviours, feeding strategies, functions in the ecosystem
or roles in reproduction. Despite a lack of studies investi-
gating the origin of sexual dimorphism in the microbiome,
pronounced differences exist between the genital micro-
biomes of female and male red-winged blackbirds [3] and
bedbugs [12,13].

To our knowledge, we provide evidence for organ-specific
genital microbiomes in female insects for the first time, a find-
ing similar to the varying microbiome composition along the
female reproductive tract in humans [71], which could be
caused by the different accessibility for OM or the function of
the organs. However, when correcting for phylogeny, genital
microbiomes were not organ specific, suggesting that bacterial
strains in different organs were related, possibly because the
microbiomes of all organs within one sex originate from
the same initial bacterial community.
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Figure 4. Changes in prevalence and abundance of SVs present in the microbiomes of the sperm vesicle (), the seminal fluid vesicle (Sf), the paramere (P), the
mesospermalege (M), the haemolymph (H) and the ovary (0) from virgin versus mated individuals. Given is (a) the prevalence of each SV before and after mating
and (b) the log2-fold abundance change for each SV due to mating as estimated by GLM fits in the edgeR package [60,61]. (Online version in colour.)

(b) Mating-induced changes in genital microbiomes

(i) Structural changes

We found mating-induced changes in the genital microbiomes
of females and males as virgin and mated individuals har-
boured distinct genital microbiomes (PERMANOVA: F; 355 =
1.932, R2=0.005, p=0.04) (figure 1d). We found no interaction
of organ and mating status (Fs 317 = 1.003, R%=0.013, p=047),
population and mating status (F 317 =0.762, R*=0.006, p =
0.84), or population, organ and mating status (Fi5317=0.777,
R%2=0.031, p=0.99). Between-individual variation was similar

a7

between mating status (Multivariate test for homogeneity
of variances: Fj363=0.010, p=0.92), organs (F53s9=1.440,
p=0.21) and populations (F3 361 = 0.280, p = 0.84).

In all four populations, virgin males and mated females
shared bacterial strains that were not present in virgin females
(figure 2). In two populations (population B and D), mated
males harboured bacteria that were present in virgin females
but not in virgin males (figure 2). Out of the 32 bacteria that
were potentially transmitted from males to females, one
strain (unclassified Comamonadaceae) was shared by
population A and B, two strains (both Pseudomonas sp.) by
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population A and C, and another two strains (unclassified
Lactobacillaceae and Cloacibacterium sp.) by population A
and D (for a detailed list of transmitted bacteria species see
electronic supplementary material, table S6). None of the bac-
terial strains were potentially transmitted from females to
males in more than one population (for a detailed list of trans-
mitted bacteria species see electronic supplementary material,
table 57). All bacteria that were only found in the genital micro-
biomes of mated individuals occurred on the cuticle of virgin
bedbugs. According to SourceTracker2, bacteria in mated indi-
viduals likely originated from at least one of the organs of the
opposite sex in 96% to 100% (mated females) (figure 3a) and
94% to 100% (mated males) (figure 3b) of the cases.

In accordance with the previous studies in vertebrates
[23,24,72,73] and invertebrates [12,13], we found mating-
induced changes in the genital microbiomes of bedbugs.
Changes in strain composition can be caused by immunologi-
cal substances targeting members of the genital microbiome,
by the sexual transmission of bacteria via the ejaculate or
male genitalia, by strains transferred from the cuticle or by
strains invading genital openings and copulatory wounds.
Indeed, our results indicate that a part of the bacteria in
mated individuals of one sex originate from the reproductive
organs of the opposite sex as well as from the cuticle. Bacteria
from the cuticle invading the genital microbiomes are highly
likely to be OM rather than bacteria causing STI, which is
in accordance with a previous study in bedbugs using
culture-based methods [30].

Surprisingly, even males seemed to be subject to trans-
mission, although males are less likely to face copulatory
wounding, and the distance between the environment and the
internal reproductive organs is larger compared with females.
However, in case males do not apply pressure to transfer their
ejaculate, bacteria might reach the internal organs through the
ejaculatory duct via a capillary effect similar to the invasion of
human testicles by urethral pathogens [74]. Antimicrobial pep-
tide production in the genital tract of Drosophila males in
response to bacteria deposited on the genital plate [75] suggests
microbes regularly enter the genital microbiomes of male insects.
Experimental manipulation of bacteria on the paramere might
clarify whether and how bacteria can enter the paramere and
move through the ejaculatory duct towards the internal organs.

(ii) Prevalence and abundance changes

The prevalence of many bacterial strains was changed by
mating but there was no clear direction of change, i.e. decrease
or increase in prevalence. However, the prevalence of several
bacteria seemed to change simultaneously within the same
organ, sex and population (figure 4a). Mating affected the
abundance of several bacterial strains in all organs except for
sperm vesicle, paramere and haemolymph samples from
population B and mesospermalege samples from population
D. The proportion of differentially abundant SVs did not
differ between males and females (F; ;9 =3.254, p=0.09) or
between populations (F319=1.56, p=0.23) and population
did not interact with sex (F3,6=0.367, p=0.78). No clear

direction of abundance change for populations, sexes or
organs was identified (figure 4b).

Genital microbiomes of females should be more affected by
invading bacteria because bacteria could enter the immune
organ via the ejaculate and via copulatory wounds. In accord-
ance with this idea, sexual transmission of bacteria in birds
is higher when males are the transmitting sex [72]. Since
mating induced prevalence and abundance changes of several
bacteria in both sexes of the common bedbug, even the micro-
biomes of males seem to be affected by mating. Bacteria can
decrease survival [76] but also cause a trade-off between immu-
nity and mating and hence decrease fecundity [77]. Moreover,
bacteria could harm sperm within the male and female directly.
OM decrease sperm motility [33-37] and incapacitate sperma-
tozoa [36] in humans, at least in vitro, and environmental
bacteria increase sperm mortality in bedbugs [38]. To reduce
the costs of mating-associated infections, bedbugs have
evolved the mesospermalege [76]. The high number of haemo-
cytes [46] able to phagocytose bacteria [78] in this organ might
stabilize its microbiome and protect against invading bacteria.
In addition, lysozyme in the seminal fluid of males [79] and in
the mesospermalege produced in anticipation of mating [80]
could help to reduce invading bacteria. Furthermore, endo-
symbionts have been shown to interact with invading
microbes [42-45] and might help to control non-resident
bacteria in the genital microbiomes. Future studies should
investigate the effect of the species with the largest prevalence
and abundance changes on fecundity and survival and what
adaptations have evolved to eliminate the possible threat to
host integrity.

We have demonstrated that genital microbiomes of the
common bedbug C. lectularius differ between populations,
sexes and organs. Our findings show that genital microbiomes
are sensitive to mating, an activity that every sexually reprodu-
cing animal experiences. Future studies should investigate
sexual transmission dynamics of OM in combination with
fitness effects on both sexes. Experimental manipulation of
the female immune system could provide information about
the importance of immunity in response to genitalia-associated
bacteria. Finally, the coadaptation of genital microbiomes
and reproductive traits might lead to reproductive isola-
tion between populations, giving reproductive ecology an
important role in speciation.
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Figure S1 Alpha diversity of each sample in the sperm vesicle (S), the seminal fluid vesicle
(Sf), on the paramere (P), in the mesospermalege (M), the haemolymph (H) and the ovary (O).
Depicted are means, standard errors of the mean, and all individual data points.
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SUPPLEMENTARY TABLES

Table S1 Sample sizes and number of bacterial communities that were successfully
sequenced and endured quality filtering for each group of samples. Sampled organs were:
cuticle (C), sperm vesicle (S), seminal fluid vesicle (Sf), paramere (P), mesospermalege (M),
haemolymph (H) and ovary (O).

Population Sex Organ Mating status N total N sequenced
A Male C Virgin 10 7
A Male C Mated 10 6
A Male S Virgin 10 7
A Male S Mated 11 7
A Male Sf Virgin 10 7
A Male Sf Mated 10 6
A Male P Virgin 10 7
A Male P Mated 10 6
A Female C Virgin 11 7
A Female C Mated 11 8
A Female M Virgin 10 8
A Female M Mated 10 6
A Female H Virgin 11 8
A Female H Mated 10 6
A Female @] Virgin 10 6
A Female O Mated 9 7
B Male C Virgin 10 9
B Male C Mated 10 8
B Male S Virgin 10 10
B Male S Mated 10 9
B Male Sf Virgin 10 6
B Male Sf Mated 10 10
B Male P Virgin 12 7
B Male P Mated 8 6
B Female C Virgin 10 10
B Female C Mated 10 8
B Female M Virgin 10 8
B Female M Mated 10 7
B Female H Virgin 10 6
B Female H Mated 10 8
B Female @] Virgin 10 6
B Female @] Mated 10 8
C Male C Virgin 10 9
C Male C Mated 10 7
C Male S Virgin 10 9
C Male S Mated 10 9
C Male Sf Virgin 10 7
C Male Sf Mated 10 8
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Table S2 Contaminants found with the decontam package (Davis et al. 2018) based on
prevalences in controls. Given are the contaminants and their prevalences within each type of
control, i.e. control for dissection, control for DNA isolation, control for target PCR, and control
for indexing PCR.

Contaminant Dissection DNA Target Indexing
(N=1) isolation PCR PCR
(N=1) (N=16) (N=13)
Unclassified
Enterobacteriaceae 1 0 0.81 0.62
Wolbachia sp. 0 0 0.75 0.77
Bradyrhizobium sp. 0 0 0.44 0.08
Stenotrophomonas sp. 0 0 0.25 0.08
Myroides sp. 0 0 0.13 0.00
Methylobacterium sp. 0 0 0.38 0.08
Pseudomonas sp. 0 0 0.13 0.00
Methylobacterium sp. 0 0 0.19 0.08
Enterococcussp. 0 0 0.13 0.00
Sphingomonas sp. 0 0 0.25 0.00
Unclassified Streptophyta 0 0 0.13 0.00
Curvibacter sp. 0 0 0.25 0.08
Rickettsia sp. 0 0 0.06 0.08
Sphingomonas sp. 0 0 0.19 0.00
Curvibacter sp. 0 0 0.19 0.00
Unclassified Streptophyta 0 0 0.06 0.00
Unclassified
Erythrobacteraceae 0 0 0.13 0.08
Janthinobacterium sp. 0 0 0.13 0.00
Unclassified
Erythrobacteraceae 0 0 0.13 0.00
Unclassified Lactobacillales 0 0 0.06 0.00
Janthinobacterium sp. 0 0 0.13 0.00
Pseudomonas sp. 0 0 0.06 0.08
Unclassified Lactobacillales 0 0 0.06 0.00
Sphingomonas sp. 0 0 0.13 0.00
Methylobacterium sp. 0 0 0.06 0.00
Methylobacterium sp. 0 0 0.06 0.00
Novosphingobium sp. 0 0 0.13 0.08
Paracoccus sp. 0 0 0.13 0.00
Renibacterium sp. 0 0 0.13 0.00
Unclassified
Pseudomonadaceae 0 0 0.06 0.00
Unclassified
Rhodospirillaceae 0 0 0.06 0.00
Bacillus thermoalkalophilus 0 0 0.06 0.00
Prevotella sp. 0 0 0.13 0.00
Pseudoxanthomonas
taiwanensis 0 0 0.13 0.00
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Unclassified

Rhodospirillaceae 0 0 0.06 0.00
Rickettsia sp. 0 0 0.06 0.08
Unclassified

Pseudomonadaceae 0 0 0.06 0.00
Thermomonas sp. 0 0 0.06 0.00

o

Unclassified
Erythrobacteraceae 0.06 0.00
Unclassified

Rhodospirillaceae 0 0 0.06 0.00
Bacillus thermoalkalophilus 0 0 0.06 0.00
Thermus sp. 0 0 0.06 0.00
Rubrivivax sp. 0 0 0.06 0.00
Bosea genosp. 0 0 0.06 0.00
Unclassified

Pseudomonadaceae 0 0 0.06 0.00
Unclassified

Phyllobacteriaceae 0 0 0.06 0.00
Sphingobacterium sp. 0 0 0.06 0.00
Unclassified

Comamonadaceae 0 0 0.06 0.00
Marinobacter sp. 0 0 0.06 0.00
Bosea genosp. 0 0 0.06 0.00
Marinobacter sp. 0 0 0.06 0.00
Nevskia sp. 0 0 0.06 0.00
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Table S6 SVs potentially transmitted from males to females. Given are prevalence and relative
abundance of all SVs that were found in mated females and in virgin males but not in virgin
females.

ID SV Prevalence Min. relative Max. relative
abundance abundance

Population A (N=19)
SV30 Unclassified Aeromonas 6 0.0009 0.0065
Svi44 Staphylococcus sp. 2 0.0001 0.0003
SV51 Bradyrhizobium sp. 6 0.0006 0.0091
SV66 Caulobacter sp. 7 0.0001 0.0045
SV68 Alcanivorax sp. 4 0.0004 0.0024
SV69 Brevibacterium sp. 1 0.0004 0.0004
SV73 Staphylococcus sp. 2 0.0010 0.0018
SV77 Alcanivorax sp. 4 0.0003 0.0017
Sv83 Staphylococcus sp. 1 0.0010 0.0010
SV86 Unclassified

Comamonadaceae 3 0.0004 0.0020
SV94 Bradyrhizobium sp. 3 0.0003 0.0020
SV97 Cutibacterium acnes 5 0.0001 0.0029
SVo8 Acinetobacter sp. 2 0.0003 0.0016
SV99 Bradyrhizobium sp. 4 0.0005 0.0009
SV100 Unclassified

Gammaproteobacteria 1 0.0002 0.0002
SV106 Corynebacterium sp. 5 0.0002 0.0023
SV109 Paracoccus sp. 1 0.0014 0.0014
SV1i11 Pseudomonas sp. 3 0.0005 0.0008
Sv114 Cloacibacterium sp. 2 0.0000 0.0007
SV115 Unclassified Alcaligenaceae 1 0.0003 0.0003
SV116 Acinetobacter sp. 5 0.0001 0.0018
SV117 Unclassified Lactobacillaceae 1 0.0004 0.0004
Sv118 Cloacibacterium sp. 2 0.0002 0.0005
SV120 Lactobacillus sp. 1 0.0002 0.0002
Sv122 Unclassified

Gammaproteobacteria 2 0.0003 0.0018
SV124 Pseudomonas sp. 2 0.0006 0.0006
SV125 Acinetobacter |woffii 4 0.0003 0.0021
SV126 Comamonas sp. 3 0.0004 0.0015
SV135 Unclassified

Comamonadaceae 2 0.0004 0.0047
Population B (N=22)
SV135 Unclassified 1 0.0030 0.0030

Comamonadaceae
Population C (N=25)
SV111 Pseudomonas sp. 4 0.0002 0.0063
SV124 Pseudomonas sp. 1 0.0004 0.0004
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SV140

Population D
SV33

SV117
SV118
SV138

Unclassified
Rhodobacteraceae

Stenotrophomonas sp.
Unclassified Lactobacillaceae
Cloacibacterium sp.
Corynebacterium sp.

1 0.0001
(N=26)

1 0.0003
3 0.0001
2 0.0001
1 0.0003

0.0001

0.0003
0.0023
0.0009
0.0003

Table S7 SVs potentially transmitted from females to males. Given are prevalence and

relative abundance of all SVs that were found in mated males and in virgin females but not in

virgin males.
ID sV Prevalence Min.relative Max. relative
abundance abundance

Population A (N=19)
Population B (N=25)
SVI0 Bradyrhizobium sp. 2 0.0011 0.0033
SVo3 Halomonas sp. 2 0.0015 0.0024
Sv122 Unclassified

Gammaproteobacteria 2 0.0004 0.0008
SV134 Unclassified

Gammaproteobacteria 2 0.0004 0.0009
Population C (N=26)
Population D (N=24)
Sv4a4 Staphylococcus sp. 1 0.0016 0.0016
SVv108 Lactobacillus sp. 1 0.0002 0.0002

The separate Excel files for Table S3-S5 containing the “raw” data after the pre-processing

steps, such as denoising and filtering, can be accessed under:
https://royalsocietypublishing.org/doi/suppl/10.1098/rspb.2020.0302
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ARTICLE INFO ABSTRACT

Keywords:

Sexually transmitted diseases
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Besides typical sexually transmitted microbes, even environmental, opportunistic microbes have been found in
copulatory organs of insects and even humans. To date, only one study has experimentally investigated the
sexual transmission of opportunistic microbes from male to female insects, whereas nothing is known about the
transmission from females to males. Even if opportunistic microbes do not cause infection upon transmission,
they might eventually become harmful if they multiply inside the female. While the immune system of females is
often assumed to target sexually transmitted microbes, most studies ignore the role of mating-associated op-
portunistic microbes. Variation in immunity between populations has been linked to parasite or bacteria pre-
valence but no study has ever addressed between-population differences in immune responses to sexually
transmitted opportunistic microbes. We here show that bacteria applied to the copulatory organs of common
bedbugs, Cimex lectularius, are sexually transmitted to the opposite sex at a high rate, including the transmission
from female to male. Bacterial growth in the female sperm-receiving organ was inhibited over the first hours
after introduction, but after this initial inhibition bacterial numbers increased, suggesting a shift of investment
from immune defence towards reproduction. However, 24 h after the injection of bacteria, male components, or
saline as a control, the sperm-receiving organ showed lysozyme-like activity and inhibited the growth of Gram-
negative and Gram-positive bacteria in vitro, potentially to mop up the remaining bacteria. Contrasting our
prediction, neither bacterial growth nor immune responses differed between populations. Future studies should
link transmission dynamics, immune responses and fitness effects in both sexes. Experimental manipulation of
environmental bacteria could be used to investigate how transmission frequency and toxicity of sexually
transmitted opportunistic microbes shapes bacteria clearance and immune responses across populations.

1. Introduction (Dale and Moran, 2006). While mutualistic interactions are mainly
based on nutrition (Dale and Moran, 2006), some microbes defend their
host against invaders, i.e. other microbes (Dethlefsen et al., 2007;

Kaltenpoth and Engl, 2014; Rillig et al., 2015; Weiss and Aksoy, 2011)

Microbes are known to be able to colonise a large range of en-
vironments. In animals, bacteria are associated with host surfaces, host

cells, or specific organ systems, such as the gut (Goodrich et al., 2016;
Huttenhower et al., 2012; Kostic et al., 2013). Even the reproductive
organs often harbour several different microbe species. Microbes live in
female (Hickey et al., 2012; Hirsh, 1999; Hupton et al., 2003; Ravel
et al.,, 2011; White et al., 2011) and male reproductive organs and
semen (Gonzéalez-Marin et al., 2011; Hupton et al., 2003; Lombardo and
Thorpe, 2000; Skau and Folstad, 2003; Virecoulon et al., 2005) of
vertebrates, including humans. Because animals are constantly exposed
to them, microbes play a crucial role in the biology and life cycle of
many species, affecting development, immunity, reproduction and
other life history traits (Dale and Moran, 2006). Symbiotic associations
between microbes and their hosts range from mutualistic to parasitic

* Corresponding author.
E-mail address: sara.bellinvia@uni-bayreuth.de (S. Bellinvia).

https://doi.org/10.1016/j.jinsphys.2020.104048

or eukaryotic parasites (Oliver et al., 2003).

In contrast, parasitic symbionts impact the host negatively, for ex-
ample by causing cuticular damage, reducing reproductive success, or
killing the host (Knell and Webberley, 2004). For the horizontal
transmission between individuals of the same generation (Bright and
Bulgheresi, 2010), various sites of potential ingression exist, e.g. the
cuticle, the digestive and the respiratory tract (Boucias and Pendland,
2012). One very common horizontal transmission mode in vertebrates
as well as in invertebrates is sexual transmission (Knell and Webberley,
2004).

Sexually transmitted microbes are well studied in humans (Lockhart
et al., 1996). While the majority of sexually transmitted microbes in
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vertebrates are viruses or bacteria, nearly all known sexually trans-
mitted microbes in invertebrates are multicellular organisms (Knell and
Webberley, 2004). Sexually transmitted microbes mostly affect fertility
and fecundity but can also reduce lifespan (Knell and Webberley,
2004). One of the few studies on the sexual transmission of bacteria in
insects revealed that Serratia marcescens can be transmitted from Dro-
sophila males to females (Miest and Bloch-Qazi, 2008). Two other me-
tagenomic studies found potential evidence for a transmission of bac-
teria from male to female and vice versa in bedbugs (Bellinvia et al.,
2020a, 2020b). Apart from these three studies, we have little knowl-
edge about the sexual transmission of bacteria in insects.

Not only typical sexually transmitted microbes are transmitted
during mating, also opportunistic microbes that are associated with the
genitalia (Bellinvia et al., 2020a, 2020b; Marius-Jestin et al., 1987; Otti
et al., 2017; Reinhardt et al., 2005) might be transmitted via genital
openings and copulatory wounds, which frequently occur in insects
(Lange et al., 2013). Once transferred to the female genital tract, sperm
will be exposed to a rich microbial flora (Hirsh, 1999; Virecoulon et al.,
2005). In humans, several bacterial species have been shown to de-
crease sperm motility and lead to agglutination of spermatozoa (Diemer
et al., 2003, 1996; Huwe et al., 1998; Kaur et al., 2010; Prabha et al.,
2010) and environmental bacteria can harm the sperm of insects (Otti
et al., 2013).

As the reproductive success of both sexes depends on vital sperm,
males and females might be subject to a considerable cost of re-
production, even if opportunistic microbes do not always cause an in-
fection. Animals should, therefore, invest in reducing or regulating the
number of sexually transmitted bacteria to prevent uncontrolled
growth. The ejaculate of males contains antimicrobial peptides (AMPs)
(Lung et al., 2001; Poiani, 2006) or has lysozyme-like activity (LLA)
(Otti et al., 2009) that can protect spermatozoa from bacterial attack
(Otti et al.,, 2013) and AMPs have been found in the female re-
productive tract of insects (Peng et al., 2005) and even humans (Quayle
et al., 1998; Valore et al., 1998). LLA is produced in anticipation of
mating in bedbug females (Siva-Jothy et al., 2019) and AMPs are ex-
pressed upon deposition of bacteria on the genital plate of Drosophila
males (Gendrin et al., 2009). Probably also in response to genitalia-
associated microbes, female bedbugs have evolved a new paragenital
sperm-receiving immune organ, the mesospermalege (Reinhardt et al.,
2003). This organ is filled with haemocytes (Carayon, 1966) that can
phagocytose bacteria (Siva-Jothy et al., 2005). Although these anti-
microbial mechanisms are widespread among insects, we have little
knowledge of how they interact in fighting invading microbes.

Immune responses cost resources (Sheldon and Verhulst, 1996; Zuk
and Stoehr, 2002), reduce reproduction (Rigby and Jokela, 2000) and
offspring quality (Ilmonen et al., 2000). Differences in transmission risk
and bacterial toxicity across populations should, therefore, be reflected
in the variation in immune defence between populations. Bumblebees
vary in the upregulation of an AMP in response to a gut parasite
(Brunner et al., 2013) and freshwater shrimps differ in prophenolox-
idase activity (Cornet et al., 2009), both potentially due to variation in
parasite prevalence across populations. Unfortunately, we lack knowl-
edge about between-population differences in counter adaptations to
bacteria invading the reproductive organs.

We predict that sexual transmission of bacteria is relatively common
in bedbugs. As a consequence, females should control invading bacteria
with haemocytes, AMPs, and/or LLA. Since the transmission frequency
might vary across populations, we expect differences in the strength of
immune responses. To test our predictions, we use GFP-labelled bac-
teria to investigate the frequency of sexual transmission of bacteria in
the common bedbug Cimex lectularius. We further assess the bacterial
growth within the female sperm-receiving organ and test the effect of
invading bacteria on two immune traits in four different populations.
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2. Material and methods
2.1. Bedbug system and culture

Common bedbugs (Cimex lectularius L.) have been used as a model
system for examining consequences of sexual selection and re-
productive physiology (Reinhardt et al., 2003; Stutt and Siva-Jothy,
2001). Males transfer their ejaculates to females by traumatic in-
semination. Females have evolved a paragenital organ consisting of a
groove in the cuticle, hereafter called “copulatory groove” (ectos-
permalege), that guides the male copulatory organ (paramere) to the
female subcuticular, paragenital sperm-receiving organ (mesosperma-
lege) (Stutt and Siva-Jothy, 2001). Approximately four hours after in-
semination, the transferred sperm leave the female sperm-receiving
immune organ and travel through the haemolymph to the sperm sto-
rage organs (Carayon, 1966).

All bedbugs were maintained in a climate chamber at 26 + 1°C,
70% relative humidity, and a light cycle of 12L:12D and fed weekly
using the protocol of Hase (Hase, 1930). Individuals originated from
four large stock populations (> 1000 individuals) of different locations
(arbitrarily called A, B, C, D) maintained in the laboratory for different
amounts of time. A was collected in London in 2006, B in Nairobi,
Kenya in 2008 and C in Watamu, Kenya in 2010. D is a long-term lab
stock (> 50 years) obtained from the London School of Hygiene and
Tropical Medicine over 20 years ago. All virgin individuals were kept in
sex-specific groups in 60 ml plastic pots containing a folded piece of
filter paper.

2.2. Controlled transmission of bacteria

2.2.1. Sample preparation and measurements

For the transmission experiments we used population D since the
physical mechanism of transmission unlikely relies on the variation in
immune responses between populations. We examined how often en-
vironmental bacteria are sexually transmitted from bedbug males to
females and vice versa as indicated by Bellinvia et al. (2020a, 2020b).
We investigated the transmission i) from the male copulatory organ to
the female copulatory groove, ii) from the female copulatory groove to
the male copulatory organ, iii) from the male copulatory organ to the
female sperm-receiving organ and iv) from the female copulatory
groove to the female sperm-receiving organ due to mating. Males were
fed twice before the application of bacteria and mating. Females were
fed three times, with the last feeding on the day of mating and dis-
section because fully fed females cannot resist mating (Reinhardt et al.,
2009). Bacteria were applied to the male copulatory organ (transmis-
sion experiments i and iii) or the female copulatory groove (transmis-
sion experiments ii and iv) by gently touching the organs with forceps
dipped in bacteria. For the transmission experiment iv, the male was
left untreated. The treated individual was immediately transferred to a
petri dish (55mm) containing filter paper and an individual of the
opposite sex. After a mating of 60s, both sexes were separated with
forceps. Pictures of the respective part or organ were taken with a
camera (DFC 450C, Leica Microsystems, Germany) attached to a
fluorescence microscope (DM 2000 LED, Leica Microsystems, Germany)
under UV light (pE-300, CoolLED Limited, Andover, UK). To make its
contents visible, the female sperm-receiving organ was dissected with
surface-sterilised forceps and homogenised on the microscope slide.
Each type of transmission was assessed in 30 individuals.

2.2.2. Bacteria culture

GFP-labelled bacteria are suitable for investigating sexual trans-
mission in bedbugs since the female sperm-receiving organ does not
harbour fluorescent bacteria (see Supplementary methods). We decided
to use Asaia sp. as a representation of OM that do not necessarily cause
an infection but could eventually become pathogenic when the host
immune system is disturbed (Klainer and Beisel, 1969) because Asaia
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sp. does not occur in the reproductive organs of virgin bedbugs
(Bellinvia et al., 2020a, 2020b) but can colonise the male reproductive
tract of another blood-feeding insect (Favia et al., 2007). To obtain the
bacteria for transmission experiments, we inoculated glycerol agar
plates (2% agar, 1% yeast extract, 2.25% glycerol) with GFP-labelled
Asaia sp. (Favia et al., 2007) and incubated the plates at 30 °C for 48 h.
We picked an individual colony and inoculated 5 ml of glycerol medium
(1% yeast extract, 2.25% glycerol) in a 15ml Falcon tube. The tubes
were incubated in a shaking incubator at 30 °C and 200 rpm for 24 h. To
produce a bacteria suspension, the incubated bacteria culture (over-
night culture) (23900 = 17184 colony forming units (CFUs) per ul,
mean * SDj; see Supplementary methods), was centrifuged for 5min at
2350 g. The bacteria pellet was transferred to a Petri dish and left to dry
for 24 h at 30 °C to improve the adhesion of the bacteria to the male
copulatory organ and the female copulatory groove, especially for the
transmission tests between male copulatory organ and the female co-
pulatory groove. For the transmission from the male copulatory organ
and the female copulatory groove to the female sperm-receiving organ,
we mixed the dried bacteria with fresh overnight culture (approxi-
mately 1000:1 CFUs, dried:fresh) to improve the contrast under the
fluorescence microscope against the auto-fluorescence of the female
sperm-receiving organ.

2.2.3. Data analysis

We used descriptive tools to analyse the different transmission
routes and the location of transmitted bacteria. First, we designed
templates of the female copulatory groove and of the male copulatory
organ in PowerPoint (Microsoft, version 2016). We transferred the lo-
cation of bacteria found on the microscope pictures for each individual
to one template using natural landmarks, such as intersegmental
membranes and the point where the male copulatory organ and the
abdomen meet and superimposed all templates with an opacity of 90%
to obtain one picture including all individuals. Like this we were able to
illustrate the number of bacteria in a particular location on the male
and female reproductive organs, i.e. the darker a certain area is the
more bacteria were transferred during mating to this location on the
reproductive organ.

2.3. Bacterial growth

2.3.1. Sample preparation and measurements

To examine how fast mating-associated bacteria are eliminated by
the female immune system, we surface-sterilised the copulatory grooves
of females from four different populations (N = 240) with 70% ethanol,
which usually all females survive (Reinhardt et al., 2003). With a glass
capillary (GB100OF-10, Science Products GmbH, Hofheim, Germany)
pulled to a fine point we injected 0.5 pl bacteria (for bacteria pre-
paration see following section) into the female sperm-receiving organ.
Females were randomly chosen for dissection after four time points:
5min, 1h, 3h, or 6h (N = 15 females per population and time point).
The sperm-receiving organs were dissected and transferred to a 0.5 ml
Eppendorf tube containing 100 ul sterile PBS. For each dissection step
we used different forceps to prevent contamination from the cuticle.
After each individual, forceps were rinsed with 70% ethanol and flame-
sterilised. We homogenised the organs using forceps and pestles made
from melted 200 pl pipette tips. Samples were vortexed for 5s and
plated out on a glycerol agar plate using sterile glass beads. After in-
cubating the plates for 48h at 30°C, we used a 395nm UV LED
torchlight (ePathChina Ltd, Kowloon, Hong Kong) to verify and identify
fluorescent colonies. Plates were photographed with a Gel iX Imager
(software: INTAS GDS, INTAS Science Imaging Instruments GmbH,
Gottingen, Germany) and CFUs were counted with OpenCFU (version
3.8-BETA) (Geissmann, 2013).

Next, we analysed whether bacterial growth interacts with sperm.
We injected 83 females with either 0.5 ul bacteria or a combination of
0.25ul bacteria and 0.25ul sperm and followed the procedure
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described above. Both solutions had the same bacteria concentration.
To obtain sperm, we dissected males and transferred both sperm ve-
sicles, the containers in which sperm are stored before copulation, into
10 pl sterile PBS. We ruptured the sperm vesicles and mixed sperm and
PBS with forceps. We only injected females from population D, because
bacterial growth did not differ between populations (ANOVA: interac-
tion time point x population: Fg 554 = 1.381, p = 0.20). Females were
dissected after 5min, 6 h, or 24h (N = 14 per time point and injection
type, except for bacteria-injected females at 24h: N = 13, one female
died) because we were interested in the growth rate after an initial
plateau phase observed in the previous experiment.

Since it is more important for the host to stop bacterial growth if the
bacterium has higher costs, for instance reduced fitness due to sper-
micidal activity, we tested how Asaia sp. affects sperm viability. We
dissected 14 males per treatment combination from each population
(N = 224) in random order and tested the decline in fluorescence of
sperm stained with SYBR green live stain from the Live/Dead Sperm
Viability Kit (L7011, Invitrogen, Carlsbad, USA) using a microplate
reader (Synergy HT, BioTek Instruments, Winooski, VT, USA) (for the
development of this protocol see Supplementary methods). We exposed
stained sperm without or with seminal fluid to bacteria and compared
both organ combinations to their respective control without bacteria.
For this, we transferred both sperm vesicles or both sperm vesicles and
both seminal fluid vesicles into a 0.5ml Eppendorf tube containing
50 ul sterile PBS stored on ice. We ruptured the vesicles with forceps,
mixed the solution using a pipette and transferred it to a FLUOTRAC
384 well plate (781076, Greiner, Frickenhausen, Germany). We then
added 20 pul of SYBR green (first diluted 1:50 in DMSO and then 1:40 in
sterile PBS) and incubated the plate in the dark at room temperature for
10 min. Subsequently, we added 10 ul bacteria solution to one half of
the wells and 10 ul sterile PBS to the other half. The fluorescence of the
bacteria and PBS, we calibrated by measuring 16 replicates of 10 pl of
bacteria solution in 70l sterile PBS and 80pul PBS, respectively.
Fluorescence was measured every 5min for 30 min in a microplate
reader with an excitation at 485 nm, an emission at 528 and a gain of
75. The plate was shaken for 3 s before each measurement. We sub-
tracted the mean of all measurements for bacteria or PBS controls at a
given time point from the fluorescence of the samples.

2.3.2. Bacteria culture

Overnight cultures of Asaia sp. were prepared as for the transmis-
sion experiments and diluted to an ODgoo = 0.1. To stop bacteria from
growing further, we centrifuged the overnight culture for 5 min at 2350
g and replaced the supernatant with sterile PBS. The resulting solution
was diluted 1:100 (221 = 85 CFUs per 0.5pl, mean * SD; see
Supplementary methods) or 1:50 (277 = 127 CFUs per 0.25 pl) in case of
additional injection of sperm to keep the injected volume constant. To
determine the spermicidal potential of Asaia sp., we used the same
procedure described above. After centrifugation, the bacteria-PBS so-
lution was diluted 1:20, resulting in 1195 + 859 CFUs per pl.

2.3.3. Data analysis

All statistical analyses were performed in R (version 3.5.1, R Core
Team, 2018). The effect of time on the number of CFUs in the female
sperm-receiving organ was evaluated with a generalised linear model
(GLM) with quasi-Poisson error structure and the fixed effects popula-
tion, time, and their interaction term. For the long-term experiment, we
applied a GLM based on the fixed effects sperm presence, time, and
their interaction term. We analysed the effect of bacteria on the number
of viable sperm represented by fluorescence fitting a GLM with popu-
lation, bacteria, and time as fixed effects including all interaction terms.
If time was significant, we conducted pairwise comparisons (Tukey)
and adjusted p-values after Benjamini-Hochberg (BH) (Benjamini and
Hochberg, 1995). If residuals were not normally distributed, we used
Box-Cox transformation after adding 0.00001 to the raw variables
(long-term experiment: number of CFUs, sperm viability experiment:
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fluorescence) to obtain positive values for all our fitted models. We only
report significant interaction terms in the main text (see Tab. S1 for
statistical details).

2.4. Female reproductive immunity in response to mating-associated
substances

2.4.1. Sample preparation and measurements

We investigated immunity in response to mating-associated sub-
stances of 15 females per population and treatment (N = 360, including
controls) that had been fed once, one week before treatment. We pre-
pared the following five treatments: injection control (I), sperm (S),
seminal fluid (Sf), sperm and seminal fluid (S + Sf), and bacteria (B). A
control group of 15 females per population was injected with 0.5 pl
sterile PBS. For treatments S, Sf, and S + Sf, individual males from the
same population as the females were dissected to extract their re-
productive organs (N = 180). We collected either the pair of sperm
vesicles, the pair of seminal fluid vesicles, or both the pair of sperm
vesicles and the pair of seminal fluid vesicles. Using forceps, the organs
were gently homogenised in 10 ul sterile PBS. Bacteria were harvested
with cuticle washes by vortexing 5 males and 5 females from a given
population in 5 ml sterile PBS for 15 min after chilling on ice for 15 min.
The resulting bacteria solution contained 64 = 11 CFUs per pul
(mean = SD; see Supplementary methods). Sterilised glass capillaries
pulled to a fine point were used to inject 0.5 ul of a given treatment
solution into the sperm-receiving organ of females that had been an-
aesthetised on ice. 24 h after the injection, we dissected the sperm-re-
ceiving organs and transferred them to 30 pl sterile PBS in a 1.5ml
Eppendorf tube, which we put into liquid nitrogen until further pro-
cessing for the lysozyme and the AMP assay (see Immunoassays). We
used the same protocol to investigate if the injection of a liquid differed
from the effect of wounding by the glass capillary. Therefore, we
measured LLA in untreated virgin females (Untreated), females pricked
with a glass capillary (Prick), and females injected with 0.5 pl sterile
PBS (Injection) (15 females per population and treatment, N = 180).

2.4.2. Immunoassays

Lysozyme assay. We used the lysozyme assay described in Otti et al.
(Otti et al., 2013) to measure lysozyme-like activity (LLA) in the sperm-
receiving organs of the injected females. The frozen organs were
homogenised with pestles made from melted 200 pl pipette tips and
vortexed for 10 s. Two pl of the tissue mixture were then transferred to
a 5ml agar plate containing lyophilised Micrococcus lysodeikticus (ATCC
No. 4698, Sigma-Aldrich, Hamburg, Germany). All plates were in-
cubated at 30° C for 48h and photographed. The diameter of the
clearance zone was measured twice using ImageJ (version 1.51Kk,
Schneider, Rasband and Eliceiri, 2012) and converted into units of ly-
sozyme, using a standard curve (Fig. S3) to make LLA comparable
across studies. The measurements were conducted blind with regard to
population and treatment.

2.4.2.1. AMP assay. We used the liquid growth inhibition assay
described in Otti et al. (2013) to measure antimicrobial peptide
(AMP) activity against the Gram-positive bacterium Arthrobacter
globiformis and the Gram-negative bacterium Escherichia coli. The
homogenised tissue mixture from the lysozyme assay was centrifuged
for 5min at 160 g. Ten pl of the supernatant were transferred to a 96-
well microplate containing 30 ul of E. coli solution or A. globiformis
solution, respectively. Both solutions had a starting ODggo = 0.5.
Growth controls contained 30 ul of the given bacteria solution and
10 ul sterile PBS. Contamination controls contained 40 pl of LB medium
and none of them showed any sign of growth. ODgoo was determined in
a microplate reader at 26°C for 5h, every 30min. Before each
measurement, the plate was shaken for 3s. Maxima of the growth
curves for each sample were determined and the area under the curve
was calculated with the AUC function (spline method) in the DescTools
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package (version 0.99.28, Signorell, 2019). While Gram-positive
bacteria are susceptible to lysozyme, Gram-negative bacteria are
protected from a lysozyme attack by their outer membrane and are
thus insensitive to lysozyme (Masschalck and Michiels, 2003). Using
both Gram types, therefore, allowed us to distinguish between the
inhibitory effect of lysozyme and other AMPs.

2.4.3. Data analysis

To analyse the effect of injected mating-associated substances and
the effect of wounding on LLA in the sperm-receiving organ, we fitted
two GLMs with the response variable LLA and treatment, population,
and their interaction as fixed effects. If treatment was significant, we
conducted pairwise comparisons (Tukey) and adjusted p-values (BH)
(Benjamini and Hochberg, 1995). To analyse the effect on AMP activity
against A. globiformis and E. coli in the sperm-receiving organ, we first
calculated one of the two response variables, i.e. the area under the
curve (AUC), to fit three GLMs. For the first GLM, we created a dummy
variable with the two levels, i.e. growth control vs. all other treatments.
Then, we fitted AUC as a response variable and the dummy variable,
bacteria species and their interaction term as fixed effects. For the
following GLMs we excluded the growth control from our data set.
Then, we fitted two GLMs with the response variables AUC and max-
imum absorbance, respectively. For both models we included the fixed
effects population, treatment, bacteria species and all interaction terms.
If residuals were not normally distributed, we used Box-Cox transfor-
mation for all our fitted models. We only report significant interaction
terms in the main text (see Tab. S2 and Tab. S3 for statistical details).

3. Results
3.1. Controlled transmission of bacteria

Bacteria applied to the male copulatory organ were transmitted to
the female copulatory groove in 29 out of 30 cases. Most of the trans-
mitted bacteria were located close to the entry point of the male co-
pulatory organ (Fig. la). Bacteria applied to the female copulatory
groove were transmitted to the male copulatory organ in 28 out of 30
cases. Most of the bacteria transmitted to the male were located at the
proximal part of the copulatory organ (Fig. 1b). Only 2 out of 30 males
whose copulatory organs had been treated with GFP-labelled bacteria
successfully introduced their copulatory organ into the female sperm-
receiving organ. Both males transferred sperm, but no bacteria were
visible immediately after mating. All 30 males were able to extend their
copulatory organ, and 27 out of 30 mounted a female, indicating their
willingness to mate. When bacteria were applied to the female copu-
latory groove but not to the male (transmission experiment iv), 24 out
of 30 sperm-receiving organs contained bacteria after females had been
mated.

3.2. Bacterial growth

After the injection of bacteria, the number of CFUs in the female
sperm-receiving organ changed significantly between time points
(ANOVA: F3 554 = 8.972,p < 0.001). Within the first hour, there was a
significant 5-fold increase in the number of CFUs (pairwise comparison
with BH correction: p < 0.001), followed by a stationary phase after
one to three hours (Fig. 2a). This growth pattern did not differ between
populations (ANOVA: interaction time point x population:
Fg 204 = 1.381, p = 0.20) and CFU counts of Asaia sp. did not differ
between populations (ANOVA: F3 554 = 0.376, p = 0.77).

After the injection of either bacteria or bacteria and sperm, the
number of CFUs in the female sperm-receiving organ differed sig-
nificantly between time points (ANOVA: F, 77 = 21.393, p < 0.001). A
non-significant 3-fold increase within the first 6 h (pairwise comparison
with BH correction: p = 0.86) was followed by a significant 16-fold
increase until 24h post injection (pairwise comparison with BH
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Fig. 1. Distribution of the sexually transmitted bacteria a) from the male copulatory organ to the female copulatory groove and b) from the female copulatory groove
to the male copulatory organ. Templates of the organs indicating the location of bacteria detected with fluorescence microscopy were superimposed in PowerPoint.

Darker areas indicate a higher rate of transmission.

correction: p < 0.001) (Fig. 2b). This bacteria growth pattern did not
depend on the presence of sperm (ANOVA: interaction time point x
treatment: F, 7, = 0.153, p = 0.86).

Sperm viability in the controls and in the bacteria exposure treat-
ments decreased over time in a very similar way and samples with and
without seminal fluid did not show differences in sperm viability due to
bacteria over time (Table S1) (Fig. S2). Populations did not differ in the
decrease in sperm viability over time, nor was there an interaction of
population, bacteria, and time (Table S1) (Fig. S2).

3.3. Female reproductive immunity in response to mating-associated
substances

3.3.1. Lysozyme assay

The injection of cuticular bacteria resulted in similar levels of LLA in
the female sperm-receiving organ as the injection of PBS (injection
control), sperm, seminal fluid and the combination of sperm and
seminal fluid (ANOVA: F, 300 = 2.209, p = 0.07) (Fig. 3a). Overall LLA
did not differ between populations (ANOVA: F3 390 = 1.122, p = 0.34)
and there was no interaction of treatment and population (ANOVA:
F12,300 = 0.639, p = 0.81).

In the control experiment testing for the effect of injecting a liquid
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into the female sperm-receiving organ, LLA differed significantly be-
tween treatments (Fy 16 = 7.007, p = 0.001) (Fig. 3b). The sperm-re-
ceiving organs of females injected with PBS showed significantly higher
LLA than the ones from females pricked with a capillary (pairwise
comparison with BH correction, p < 0.001) or left untreated (pairwise
comparison with BH correction, p < 0.001). Populations showed si-
milar LLA (ANOVA: F3 165 = 1.371, p = 0.25) and the treatment effect
did not depend on population (ANOVA: Fg 165 = 1.522, p = 0.17).

3.3.2. AMP assay

After an initial growth phase of Arthrobacter globiformis and
Escherichia coli over the first hour, the growth was inhibited in all
treatments except for the growth control as indicated by significant
differences in the area under the curve (AUC) between growth control
and treatments (ANOVA: F; 700 = 67.926, p < 0.001). AMPs did not
only induce growth inhibition, but also killed bacteria as the OD curves
started to decline after the initial peak in the injection treatments
(Fig. 4). This pattern did not depend on bacteria species, i.e. the Gram
type (ANOVA: interaction bacteria species x sample type:
Fi.700 = 0.037, p = 0.85).

The bacteria species and hence the Gram type, populations, and
treatments did not vary in the maximum absorbance, nor did they



Manuscripts and declaration of own contribution

S. Bellinvia, et al.

Journal of Insect Physiology 123 (2020) 104048

A app
200 :
ol *
= - [ L] &
T . .
(] ) . . .
100/ 'y B
i i ook
L b %
L : ! N
(-
-y
0 1 3 &]
Tirme (h)
® Populaton & @ Popuation B © Population C Poputation D
B 5000 :
40001
o 000
=
b ]
20001
10004 }
] i E 3 % 'i o F

L]
T

Tirme (h)

Bacleria ® Bacteria + Sperm

Fig. 2. Bacterial growth in the female sperm-receiving organ after the injection of a) bacteria or b) bacteria or both bacteria and sperm. The number of fluorescent
CFUs after injection of GFP-labelled Asaia sp. was counted under UV light. Given are mean and standard error of the mean and all individual data points for a) each

bedbug population (A, B, C, and D) or b) each treatment.

depend on each other (Table S2). The AUC did not differ between
bacteria species (Gram types), populations, and treatments, nor was any
of the interaction terms significant (Table S3).

4. Discussion
4.1. Controlled transmission of bacteria

We could show that in bedbugs, bacteria applied to the copulatory
organs of males and females were transmitted to the external copula-
tory organs of the opposite sex at a high rate and in both directions. The
only other study providing evidence that opportunistic microbes can be
sexually transmitted in insects was conducted with Drosophila (Miest
and Bloch-Qazi, 2008). However, this study ignored the sexual trans-
mission to males. We here provide first evidence that males are subject
to sexually transmitted opportunistic microbes. Bacteria deposited on
the genital plate of immune deficient Drosophila males have been shown
to invade the haemolymph (Gendrin et al., 2009), suggesting that the
genital plate can provide an entry for bacteria. This makes the invasion
of the internal reproductive organs of bedbug males by opportunistic
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microbes highly likely.

On average, untreated bedbug males copulate 8 times per hour
when presented with a fed female (Kaldun and Otti, 2016). In our
transmission experiment, 2 out of 30 males with bacteria on their co-
pulatory organs pierced the female copulatory groove, hindering us to
determine the transmission frequency to the female sperm-receiving
organ. Since 90% of the males mounted a female, we concluded that
this is not due to an adaptive strategy to prevent the spread of bacteria
in the population but rather due to the bacteria layer interfering with
tactile receptors on the copulatory organ. Chemoreceptors of bedbug
males can detect the presence of ejaculate in the female sperm-re-
ceiving organ (Siva-Jothy and Stutt, 2003) and potentially guide the
male to the female copulatory organ, as suggested by males probing the
cuticle near the female copulatory groove before inserting their copu-
latory organ (Reinhardt and Siva-Jothy, 2007). The application of a
bacteria layer might impair the function of tactile receptors and make it
impossible to find the right spot for insertion. Nevertheless, metage-
nomic studies indicate that there is sexual transmission to the internal
copulatory organs of bedbug females (Bellinvia et al., 2020a, 2020b).

Under natural conditions, bacteria transmitted to the copulatory
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groove might enter the female during following matings since the
bacteria on the copulatory groove were transferred to the sperm-re-
ceiving organ in 80% of the cases in our controlled study (transmission
experiment iv). Bacteria on the female cuticle are therefore highly
likely to enter the sperm-receiving organ regularly given the high
mating rate observed in bedbugs (Stutt and Siva-Jothy, 2001) and via
copulatory wounds, which frequently occur in insects (Lange et al.,
2013). In all cases, females would be confronted with foreign microbes
invading their sperm-receiving organs and therefore will be selected to
invest in protection against opportunistic pathogens (Reinhardt et al.,
2003; Siva-Jothy et al., 2019).

4.2. Bacterial growth

Every mating imposes the risk to be associated with opportunistic
microbes and bacteria have been shown to cause infections and harm
sperm (Diemer et al., 2003, 1996; Huwe et al., 1998; Kaur et al., 2010;
Otti et al., 2013; Prabha et al., 2010). Therefore, females should reduce
or regulate the number of sexually transmitted opportunistic microbes.
In insects, possible mechanisms comprise the production of
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antimicrobial peptides (AMPs) (Peng et al., 2005) and lysozyme-like
activity (LLA) (Siva-Jothy et al., 2019). In addition, bedbug females
have evolved a sperm-receiving immune organ, the mesospermalege
(Reinhardt et al., 2003). It is filled with haemocytes (Carayon, 1966)
that can phagocytose bacteria (Siva-Jothy et al., 2005) and potentially
protect the female from the uncontrolled growth of invading bacteria.

In accordance with the expected protection, the growth rate of
bacteria (Asaia sp.) injected into the sperm-receiving organ of bedbug
females was slowed down after one hour although Asaia sp. is a bac-
terium that is not associated with bedbugs (Bellinvia et al., 2020a,
2020b), according to our results does not have the ability to harm
sperm, and hence might not signal any danger in the female re-
productive organs. Sperm start to travel from the sperm-receiving organ
towards the ovaries and storage organs approximately 4h after in-
semination (Carayon, 1966). This makes growth control within the first
hours during sperm travel especially important. The stationary phase
within the first hours was followed by another phase of bacterial
growth. It remains to be investigated whether this is due to a shift from
investment in immunity to investment in reproduction when sperm
reach the ovaries. The sperm-receiving organ has evolved as a
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Fig. 4. Liquid growth inhibition of Arthrobacter glo-
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protection from mating-associated bacteria (Reinhardt et al., 2003) and
might be helpful not only to control bacterial growth via haemocytes,
AMPs, and LLA, but also as a physical barrier towards the haemolymph
when the female cannot invest in immunity, for instance due to a trade-
off between immunity and reproduction.

4.3. Female reproductive immunity in response to mating-associated
substances

To our knowledge, this is the first study measuring female immunity
in response to an immune challenge in female bedbugs. Contrasting our
predictions, all substances induced similar levels of LLA, even injection
controls. Not the prick but the injection of a fluid seemed to be re-
sponsible for the production of LLA although wounding itself is a very
reliable signal for immune investment and repair cascades as well as
wound closure are common among invertebrates (Theopold et al.,
2004). Instead, the introduction of liquid rather than specific pathogen-
associated molecular patterns, seems to trigger the production of LLA. If
females associate the transfer of liquid with the transfer of ejaculate,
they should upregulate LLA because of the infection risk conferred by
sexually transmitted bacteria. Future studies should investigate whe-
ther the frequency of sexually transmitted opportunistic microbes de-
pends on the transfer of ejaculate to clarify why the injection of liquid
elicits a stronger immune response compared to wounding.

Two other hemipterans possess an abdominal stretch receptor that is
sensitive to internal pressure due to an abdominal distension (Chiang
et al., 1990; Chiang and Davey, 1988), for instance caused by blood-
feeding, and stretch receptors are attached to intersegmental muscles of
other blood-feeding insects (Anwyl, 1972; Klowden and Lea, 1979). The
female sperm-receiving organ lies ventral underneath the copulatory
groove in the intersegmental membrane (Carayon, 1966) and could be

68

connected to similar sensors. Supporting this idea, abdominal disten-
sion can inhibit feeding in bedbugs (Wintle and Reinhardt, 2008). It
remains to be shown how such a signal can trigger an immune response.

As predicted, we found growth inhibition of a Gram-negative and a
Gram-positive bacterium due to antimicrobial peptides (AMPs) pro-
duced in the female sperm-receiving organ in response to mating-as-
sociated substances. As for the bacterial growth experiment, bacterial
growth was controlled one hour after exposure, suggesting that im-
munological reagents are very time-efficient. Curves did not differ be-
tween treatments, suggesting that even the injection control triggered
the production of AMPs. Again, this might be explained by an immune
response induced by a stretch sensor.

4.4. Population effects on bacterial growth and female reproductive
immunity

Surprisingly, female reproductive immunity did not differ between
populations although populations likely differ in the frequency of
sexually transmitted opportunistic microbes and the toxicity of trans-
mitted bacterial strains. In other insects, populations differ in responses
to parasites or bacteria, potentially because they are adapted to dif-
ferent levels of parasite prevalence (Brunner et al., 2013; Cornet et al.,
2009) and immune responses confer multiple costs (Ilmonen et al.,
2000; Rigby and Jokela, 2000; Sheldon and Verhulst, 1996; Zuk and
Stoehr, 2002). The lack of between-population differences might partly
be because Asaia and bedbugs do not share any co-evolutionary history.
However, the bacteria used for the immunoassays should have been co-
evolved with the bedbugs since they were harvested from the bedbug
cuticle. Therefore, missing between-population differences might in-
dicate that the response of the host is similar across populations. In-
ducing a strong immune response regardless of prevalence and toxicity
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might be less costly than the uncontrolled growth of the transmitted
opportunistic microbes.

5. Conclusion

We have demonstrated that opportunistic bacteria have the poten-
tial to be sexually transmitted at a high rate in the common bedbug
Cimex lectularius. To our knowledge, this is the first record of oppor-
tunistic bacteria being sexually transmitted from female to male in in-
sects. We here provide the first evidence of female immunity, measured
by antimicrobial and lysozyme-like activity, in response to mating-as-
sociated substances in bedbugs. Our findings suggest that female im-
mune responses are induced by receiving a liquid. Bacteria usually not
occurring in the environment of bedbugs were inhibited within the first
hours after injection with sperm. However, after 6 h, bacterial numbers
increased again. Against our expectations, populations did not differ in
the measured immune traits or bacterial growth. Future studies should
investigate how sexual transmission dynamics and immune responses
affect fitness in both sexes. Experimental evolution with different en-
vironmental bacteria might clarify whether sexually transmitted op-
portunistic bacteria can shape the immune response in females.
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SUPPLEMENTARY METHODS

Suitability of GFP-labelled bacteria

We investigated whether green fluorescent bacteria naturally occur in the sperm-receiving
organs of virgin females to verify the suitability of GFP-labelled bacteria for the investigation of
sexual transmission. We therefore dissected 40 females (N=10 per bedbug population) and
homogenised their sperm-receiving organs in 50 pl of sterile phosphate buffered saline (PBS)
with a pestle made from a melted 200 pl pipette tip. The homogenate was plated out on glycerol
agar (2% agar, 1% yeast extract, 2.25% glycerol) and incubated for 48 hours at 30°C.
Fluorescence was examined with a 395nm UV LED torchlight (ePathChina Ltd, Kowloon, Hong
Kong). We found no fluorescent bacteria in the dissected organs, suggesting that GFP-labelled

bacteria are suitable for investigating sexual transmission in bedbugs.

Concentration of bacteria solutions

To determine the concentration of bacteria cultures for the transmission experiments, we
inoculated glycerol agar plates (2% agar, 1% yeast extract, 2.25% glycerol) with GFP-labelled
Asaia sp. and incubated the plates at 30°C for 48 hours. We picked an individual colony and
inoculated 5 ml of glycerol medium (1% yeast extract, 2.25% glycerol) in a 15 ml Falcon tube.
The tubes were incubated in a shaking incubator at 30°C and 200 rpm for 24 hours. Using
sterile glass beads, we plated 100 pl of each bacteria culture (N=10) on glycerol agar after
diluting them 1:1000000.

To determine the concentration of bacteria solutions for the bacterial growth experiments, we
cultured the bacteria as described above and diluted the bacteria culture to an ODgp=0.1. We
centrifuged the overnight culture for 5 minutes at 2350 g and replaced the supernatant with
sterile PBS. We diluted the resulting solution 1:100 or 1:50 and with a glass capillary
(GB1000F-10, Science Products GmbH, Hofheim, Germany) pulled to a fine point, we
transferred 0.5 pl (N=10) or 0.25 pl (N=10) to an Eppendorf tube containing 100 pl sterile PBS.

Using sterile glass beads, we plated 100 pl of each tube on glycerol agar.
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To determine the concentration of bacteria solutions for the reproductive immunity
experiments, we harvested cuticular bacteria with cuticle washes by vortexing 5 males and 5
females from population A in 5 ml sterile PBS for 15 minutes after chilling on ice for 15 minutes.
We plated 100 pl of each bacteria solution (N=5) on LB agar after diluting them 1:100.

All plates were incubated for 48 hours at 30°C and photographed with a Gel iX Imager
(software: INTAS GDS, INTAS Science Imaging Instruments GmbH, Gottingen, Germany) and

the colony forming units were counted with OpenCFU (version 3.8-BETA).

Suitability of the sperm viability protocol

To analyse whether a decrease in sperm numbers is reflected by a decrease in fluorescence
induced by a SYBR green stain (Live/Dead Sperm Viability Kit, L7011, Invitrogen, Carlsbad,
USA), we dissected 12 males in two experiment blocks. Both sperm containers of all 12 males
were pooled in an Eppendorf tube containing 960 ul Grace’s Insect Medium (G8142, Sigma
Aldrich, Hamburg, Germany), homogenised, and serially diluted to an end concentration of
0.0625. To measure the fluorescence, 20 ul of SYBR green (first diluted 1:50 in DMSO and
then 1:40 in sterile Grace’s Insect Medium) were added to each sample containing 60 pl of a
given concentration and mixed with a pipette. After incubating the samples in the dark for 10
minutes, we transferred them to a FLUOTRAC 384 well plate (781076, Greiner,
Frickenhausen, Germany) and measured every 5 minutes for 60 minutes in a microplate
reader (Synergy HT, BioTek Instruments, Winooski, VT, USA) with an excitation at 485 nm, an
emission at 528 and a gain of 75. The dilution of sperm resulted in lower fluorescence (Fig.
S1), showing that a decrease in sperm numbers can be inferred from a decrease in

fluorescence.

Lysozyme standard curve
We produced a standard curve for measuring the lysozyme units in each sample by serially

diluting chicken lysozyme (from chicken egg white; A4972, PanReac AppliChem, Darmstadt,
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Germany) in PBS to produce the following concentrations in units of lysozyme/ml: 40, 24, 16,
8,4,24,1.6,0.8,0.4,0.24, 0.16, 0.08, 0.04. We transferred 1 pl of each concentrationto a 5
ml agar plate containing lyophilised Micrococcus lysodeikticus (ATCC No. 4698, Sigma-
Aldrich, Hamburg, Germany) and incubated the plate at 30°C for 48 hours. In total, we had 19
replicates per concentration. We then measured the area of clear zones in ImageJ (version

1.51k) and plotted them against lysozyme concentration (Fig. S3).
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Figure S2 Potential spermicidal ability of Asaia sp. in vitro indicated by a decrease in
fluorescence of spermatozoa labelled with SYBR 14. Given are mean and standard error of
the mean for each treatment across populations (A, B, C, D).
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SUPPLEMENTARY TABLES

Table S1 ANOVA results showing the effect of the given fixed effects on sperm viability
determined by fluorescence measurements.

Fixed effect Sum Sq Df Fvalues Pr(>F)
Population 11.017 3 0.205 0.893
Seminal fluid presence 15.771 1 0.879 0.349
Bacteria treatment 2.306 1 0.129 0.720
Time 96.107 6 0.892 0.500
Population x seminal fluid 4.047 3 0.075 0.973
presence

Population x bacteria treatment 19.557 3 0.363 0.780
Seminal fluid presence 0.438 1 0.024 0.876
X bacteria treatment

Population x time 0.717 18 0.002 1.000
Seminal fluid presence x time 1.996 6 0.019 1.000
Bacteria treatment x time 0.497 6 0.005 1.000
Population x seminal fluid 5.505 3 0.102 0.959
presence x bacteria treatment

Population 0.976 18 0.003 1.000
x seminal fluid presence x time

Population x bacteria treatment 2.917 18 0.009 1.000
X time

Seminal fluid presence 0.373 6 0.003 1.000
X bacteria treatment x time

Population x seminal fluid 2.468 18 0.008 1.000
presence x bacteria treatment x

time

Residuals 26133.519 1456

Table S2 ANOVA results showing the effect of the given fixed effects on the maximum
absorbance determined from the liquid growth inhibition induced by the injection of mating-
associated substances into the female sperm-receiving organ.

Fixed effect Sum Sq Df F values Pr(>F)
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Bacteria species 0.00002 1 0.006 0.939
Population 0.00215 3 0.169 0.917
Treatment 0.00570 4 0.336 0.854
Bacteria species x population 0.00084 3 0.066 0.978
Bacteria species x treatment 0.00336 4 0.198 0.939
Population x treatment 0.02419 12 0.475 0.929
Bacteria species 0.02971 12 0.584 0.856

X population x treatment

Residuals 2.54507 600

Table S3 ANOVA results showing the effect of the given fixed effects on the area under the
curve determined from the liquid growth inhibition induced by the injection of mating-associated
substances into the female sperm-receiving organ.

Fixed effect Sum Sq Df F values Pr(>F)
Bacteria species 0.00027 1 0.283 0.595
Population 0.00095 3 0.328 0.805
Treatment 0.00270 4 0.701 0.592
Bacteria species x population 0.00045 3 0.154 0.927
Bacteria species x treatment 0.00123 4 0.320 0.865
Population x treatment 0.00805 12 0.696 0.756
Bacteria species 0.00547 12 0.473 0.931

X population x treatment

Residuals 0.57864 600
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7 Discussion

With this thesis | contribute to the understanding of reproduction and ecological factors
affecting it. By conducting two metagenomic studies based on the 16S rRNA gene of the
genital microbiomes of the common bedbug (Cimex lectularius L.), | characterised the structure
and composition of the genital microbiomes that were organ-, sex- and population-specific.
Mating changed the structure and composition of the genital microbiomes and these changes
were partly due to exchanges of bacterial strains between the sexes, suggesting sexual
transmission, and due to invading opportunistic bacteria from the cuticle. In a third study, |
therefore investigated the transmission rate of opportunistic bacteria and their effects on the
female immune system. In at least ninety percent of the cases, bacteria that had been applied
to the copulatory organs of the opposite sex were transmitted during mating, indicating that
females regularly face sexually transmitted opportunistic microbes and the related
consequences. Bacteria injected into the female paragenital sperm-receiving organ, the
mesospermalege, were able to survive for at least 24 hours although the growth was slower
within the first six hours. The injection of bacteria but also the injection of ejaculate induced
lysozyme-like activity and bacterial growth inhibition in vitro. Against my expectations, these

immune responses were not population-specific.

7.1 Genital microbiomes seem to be locally adapted

Reproductive traits are more rapidly evolving than most other traits (Swanson & Vacquier,
2002) and sexual selection has been discussed as the driver of the rapid evolution of
reproductive traits. In the last decades, it has been debated that natural and sexual selection
can interact (Hamilton, 1990) and that natural selection on its own has the ability to affect
reproductive traits (Endler, 1986; Foster & Endler, 1999; Houde, 1997; Hurd, 1998; Hurst et

al., 1995; Reinhardt, 2007; Siva-Jothy, 2000).
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All animals are in constant contact with microbes. Even the reproductive organs (Hickey
et al., 2012; Hirsh, 1999; Hupton et al., 2003; Ravel et al., 2011) and ejaculates (Baud et al.,
2019; Gonzalez-Marin et al., 2011; Lombardo & Thorpe, 2000; Skau & Folstad, 2003;
Virecoulon et al., 2005) of healthy individuals harbour microbes that might shape reproductive
traits via natural selection. In arthropods, most of the bacteria associated with mating belong
to the classes Actinobacteria, Alphaproteobacteria, Bacilli, or Gammaproteobacteria (Bellinvia
et al., 2020b; Otti, 2015; Perimutter & Bordenstein, 2020). However, between-individual
variation in genital microbiomes is very high, at least in bedbugs (Bellinvia et al., 2020b,
2020a), suggesting that genital microbiomes do not only harbour obligate mutualists.

Genital microbiomes differ between organs even if they are in close proximity as it is the
case for the human female reproductive system (Chen et al., 2017) and the reproductive
organs of bedbugs (Bellinvia et al., 2020a). Reproductive organs might differ in the accessibility
for OM that colonise the organs, for instance due to different openings and organ shapes.
Alternatively, the function of the organ might require specific symbionts. In addition to
differences between organs, microbiomes are sex-specific as has been shown for whole body
homogenates (Valiente Moro et al., 2013), intestinal samples (Haro et al., 2016; Markle et al.,
2013), and organs involved in reproduction (Bellinvia et al., 2020b, 2020a; Hupton et al., 2003;
Otti et al., 2017). Whether sex-specific microbiomes arise due to different behaviours, functions
in the ecosystem, or roles in reproduction remains to be investigated.

Bacterial communities associated with insects vary between collection sites (Adams et al.,
2010). This could be explained by environmental bacteria regularly colonising the microbiomes
or by conserved differences. Symbionts living in the reproductive organs are potentially
constantly exposed to the immune system of their host and therefore under selection to adapt
to this special environment as even endosymbionts are prevented from uncontrolled growth by
the host’s immune system (Login et al., 2011). Furthermore, they should have a high
evolutionary potential because of their likely higher rates of mutation, shorter generation times,

and larger population sizes compared to their hosts. Therefore, interactions between genital
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microbes and their hosts should fulfil both pre-requisites of local adaptation, i.e. selection
pressure and evolutionary potential (Gandon & Michalakis, 2002). Indeed, genital microbiomes
seem to be locally adapted as shown by ethnicity-dependent vaginal microbiomes (Ravel et
al., 2011) and population-specific genital microbiomes of bedbugs (Bellinvia et al., 2020a).

Such differences between populations might be involved in speciation processes if mating
with a partner who has a differently composed genital microbiome leads to incompatibilities or
reduced reproductive success. Possible reasons for reduced fithess might be stronger immune
responses due to different microbiomes (Rowe et al., 2020) or interference of non-adapted
microbes with symbionts that help in reproduction. Furthermore, microbes have been shown
to modify host signals, produce metabolites and odours (reviewed in Shropshire and
Bordenstein, 2016). Furthermore, they induce cytoplasmic incompatibility (Bourtzis et al.,
2003), i.e. incompatibility between the gametes of hosts infected with different microbe strains,
male killing (Dyson & Hurst, 2004; Hurst et al., 2003; Nakanishi et al., 2008; Zeh & Zeh, 2006),
feminisation (Hiroki et al., 2002; Negri et al., 2006; Rigaud & Juchault, 1992; Terry et al., 1999;
Weeks et al., 2001), and parthenogenesis (Huigens & Stouthamer, 2003; Kremer et al., 2009;
Pannebakker et al., 2005; Pijls et al., 1996). They can also affect mate choice and assortative
mating likely results in reproductive isolation and, ultimately, in speciation (Perlmutter &
Bordenstein, 2020).

Bacteria in the microbiomes of Drosophila melanogaster females interact with their hosts
to affect attractiveness as indicated by a line-specific increase or decrease after antibiotic
treatment (Arbuthnott et al., 2016). In laboratory mice, bacteria helping the host’s digestion
increase the attractiveness while antibiotic treatment and the knockout of host receptors for a
specific nutrient cause decreased attractiveness (Li et al., 2013). Both studies indicate that
bacteria have the ability to modify mating signals. Microbes can produce signals, such as
odours, that are used for mate choice (Shropshire & Bordenstein, 2016). For instance, a
correlation exists between variations in human skin microbiomes and underarm odour (James

et al., 2013), which women use to rate male attractiveness (Havlicek et al., 2005; Saxton et
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al., 2008). Arthropods seem to use cuticular compounds to evaluate the infection status of their
potential mating partner and choose an uninfected partner (Gilbert & Uetz, 2019).
Additionally, microbes causing cytoplasmic incompatibility might select for avoidance of
potential mates that are not compatible based on their microbiome (Perlmutter & Bordenstein,
2020; Shropshire & Bordenstein, 2016). This is the case for two Drosophila species which
occur sympatrically in a region in Canada. Over 98% of Drosophila recens are infected with
Wolbachia whereas Drosophila subquinaria is not infected (Shoemaker et al., 1999). Hybrids
of the uninfected D. subquinaria females and infected D. recens males are inviable but
reciprocal crosses produce viable offspring (Shoemaker et al., 1999). Hybrid inviability is
mirrored by sympatric D. subquinaria females showing higher discrimination against D. recens
males compared to allopatric females and no discrimination by D. recens females (Jaenike et
al., 2006). Moreover, spider mite females that are not infected with Wolbachia prefer to mate
with uninfected males whereas infected females aggregate their offspring (Vala et al., 2004).
Despite of being population-specific, genital microbiomes do not seem to cause assortative
mating in bedbugs as indicated by similar mating behaviours between coevolved and non-
coevolved crosses (see chapter 8.1) but studies on the effect of reproductive success could
clarify whether reproductive success depends on the genital microbiomes of both mating

partners.

7.2 Mating changes the genital microbiomes

Microbiomes are affected by changes in the environment (Cauci et al., 2002; David et al.,
2014; Martinez et al., 2013; Nuriel-Ohayon et al., 2016; Odamaki et al., 2016; Thaiss et al.,
2014). Mating is a life-history event that affects all sexually reproducing animals and has been
shown to alter vertebrate (Kulkarni & Heeb, 2007; Mandar et al., 2015; White et al., 2010,
2011) and invertebrate (Bellinvia et al., 2020b, 2020a; Otti et al., 2017) genital microbiomes.
Interestingly, mating-induced changes seem to be a general pattern across populations

(Bellinvia et al., 2020a). Compositional changes can be caused by the invasion of new
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microbes and/or the loss of resident microbes. New microbial strains could be found due to
three different scenarios which are not mutually exclusive: 1) the organ recruits microbes from
other organs to fulfil a different function after mating; Il) microbes are sexually transmitted or
transferred from the cuticle; 1ll) microbes enter genital openings and copulatory wounds.
Resident microbes could be lost if they are targeted by an immune response actually intended
against microbes or if invading microbes compete for resources. In both cases, the host has
to deal with the consequences of a disturbed genital microbiome.

Microbes are sexually transmitted in both vertebrates and invertebrates (reviewed in Knell
& Webberley, 2004). In addition to microbes causing sexually transmitted diseases (STM),
opportunistic microbes (OM) might be transmitted that can become pathogenic when the host
immune system is disturbed (Klainer & Beisel, 1969). Previous studies in insects have reported
that bacteria can be sexually transmitted (Miest & Bloch-Qazi, 2008) and that OM colonise the
paramere of bedbug males and might be transmitted to females (Reinhardt et al., 2005).
Indeed, bacteria are sexually transmitted in both sexes of the common bedbug (Bellinvia et al.,
2020b, 2020a, 2020c). Bellinvia et al. (2020b, 2020a) found bacteria in mated individuals that
did not occur in the genital microbiomes of virgin individuals of the same sex or the opposite
sex, indicating that these bacteria must have been from a different source. Indeed, these
bacteria originated from the cuticle (Bellinvia et al., 2020b, 2020a) and should, therefore, be
OM instead of bacteria causing sexually transmitted diseases. Furthermore, most transmitted
strains varied between populations (Bellinvia et al., 2020a), suggesting that environmental
microbes are population-specific. This is in accordance with previous findings that microbes
on the filter papers in the housing containers vary between bedbug populations (Otti et al.,
2017).

The high transmission rate of bacteria applied to the copulatory organs of males and
females (Bellinvia et al., 2020c) suggests that OM are regularly transmitted during mating
under natural conditions. OM eventually become pathogenic (Klainer & Beisel, 1969) and

increase mortality (Reinhardt et al.,, 2003). One other major problem caused by OM is
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decreased reproductive success. Females might allocate resources to immunity instead of
reproduction (Sheldon & Verhulst, 1996; Zuk & Stoehr, 2002), which has been shown to be
the case for the great pond snail (Rigby & Jokela, 2000) and the pied flycatcher (llmonen et
al., 2000). Furthermore, OM decrease sperm motility (Diemer et al., 1996, 2003; Kaur et al.,
2010; Prabha et al., 2010), agglutinate sperm (Kaur et al., 2010), and increase sperm mortality
(Otti et al., 2013) in vitro, consequently lowering reproductive success. In addition, mutualistic
microbes in the genital microbiomes might compete with OM over available resources (Li &
Stevens, 2012; Mallon et al., 2003). If the abundance of symbionts essential for specific
functions of the organ decreases, this might have severe consequences for the host’s
reproductive success. For instance, in humans, mating decreases the abundance of
Lactobacillus in the endometrium (Mandar et al., 2015) and lower Lactobacillus abundances
have been associated with low implantation, pregnancy, and birth rates (Moreno et al., 2016).
These threats should impose selection pressure on females to protect themselves and the
received sperm from OM. Some of the observed increased immunity in females either prior to
or after mating might be a response to such a threat (Harney et al. 2019, Oku et al. 2019,

Zhong et al. 2013).

7.3 OM and ejaculate components elicit immune responses in females

Females possess various immunological defence mechanisms, both constitutive and
induced (Rolff & Reynolds, 2009; Schmid-Hempel, 2005; Siva-Jothy et al., 2005) that might be
used to fight invading STM and OM. In humans, antimicrobial peptides that lyse the membrane
of microbes have been found in the reproductive tract (Quayle et al., 1998; Valore et al., 1998).
In Drosophila females, male courtship song induces the production of immune genes
(Immonen & Ritchie, 2012) that protect against a sexually transmitted fungus (Zhong et al.,
2013). Even special organs have evolved to protect females from microbes invading during
mating, for instance the mesospermalege in bedbugs (Morrow & Arngvist, 2003; Reinhardt et

al., 2003), a paragential immune organ that forms a barrier towards the haemolymph.
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Additionally, it shows lysozyme-like activity in anticipation of mating (Siva-Jothy et al., 2019)
and in response to mating-associated substances (Bellinvia et al., 2020c), suggesting that the
selection pressure for protection from microbes can lead to the evolution of localised immunity
and specialised organs.

One key aspect of ecological immunology is that immunity is costly, leading to trade-offs
with traits like reproduction or survival due to a restricted resource budget (Boots et al., 2013;
Sheldon & Verhulst, 1996). Often, mating is associated with reduced immunity due to the
allocation of resources to reproduction instead of immune responses (Sheldon & Verhulst,
1996; Zuk & Stoehr, 2002). Thus, physical barriers preventing the host from a systemic
infection might be helpful to optimise the benefits at a relatively low cost. Hence, the physical
barrier function of the mesospermalege becomes especially important when sperm have
started migrating through the haemolymph towards the ovaries and the resources need to be
allocated to reproduction instead of immunity. Such a shift in resources is indicated by the slow
growth rate of bacteria inside the mesospermalege within the first six hours, i.e. when sperm
are still inside the mesospermalege or travelling to the ovaries and sperm storage organs,
followed by the fast growth within the next 18 hours, i.e. when sperm have reached the ovaries
(Bellinvia et al., 2020c). Potential mechanisms to mop up the bacteria seem to be lysozyme-
like and antimicrobial activity, which are induced by any liquid injected into the
mesospermalege (Bellinvia et al., 2020c).

That sexually reproducing organisms constantly face microbes, be it their genital
microbiomes or sexually transmitted microbes, provides the basis for adaptations to evolve. If
microbes vary between populations, local adaptation of the host to the genital microbiomes
and sexually transmitted microbes might lead to population-specific immune responses For
instance, immunity could be affected by the prevalence and pathogenicity of STM and OM and
by the composition of the genital microbiome. Such population-specific immune responses

might manifest in different levels of immunity or different immunological substances used.
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Empirical studies have shown that immune activity indeed varies between populations, for
instance in freshwater shrimps (Cornet et al., 2009) and bumblebees (Brunner et al., 2013)
and might be correlated with parasite prevalence. In contrast to these studies, Bellinvia et al.
(2020c) did not find evidence for population-specific levels of lysozyme-like activity or growth
inhibition by antimicrobial peptides in bedbugs although the genital microbiomes differ between
populations (Bellinvia et al., 2020a), providing the basis for local adaptation of immunity.

Immune responses after mating are potentially not solely caused by sexually transmitted
bacteria: in addition, they could be used by the female to exert post-copulatory selection.
Polyandry has direct and indirect benefits for the female, the latter being higher offspring
diversity, attractiveness, and viability (Birkhead & Pizzari, 2002). If females can choose
gametes based on specific characteristics this benefit might be even higher. In accordance
with the idea of post-copulatory selection, females have been shown to induce mechanisms
that affect sperm physiology and motility (Kekaldinen & Evans, 2018; Yoshida et al., 2008).
However, research on cryptic female choice has largely been neglected so far although it might
be older than pre-copulatory selection (Parker, 2014).

Bedbug females cannot exert pre-copulatory mate choice since fully-fed females cannot
prevent mating (Reinhardt et al., 2009). Therefore, post-copulatory cryptic female choice is a
potential mechanism that enables the female to maximise fitness by choosing the sperm from
males of better quality over the sperm from low quality males or even to choose spermatozoa
of better quality (Eberhard, 1996). One mechanism that could be used by the female to exert
cryptic female choice might be immune responses that target non-desired sperm. The pre-
requisites of such choice mechanisms are that spermatozoa vary in resistance against this
choice mechanism and that variation correlates with male quality, good genes, or compatibility
between male and female.

In accordance with the idea of immune responses functioning as cryptic female choice
mechanisms, Bellinvia et al. (2020c) found a higher lysozyme-like activity when females were

injected with a liquid, likely representing ejaculate transfer, compared to when females were
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pricked with a sterile needle. Whether the induction of lysozyme-like activity has evolved
because of mating-associated bacteria or cryptic female choice is difficult to distinguish. The
higher activity when females were injected with seminal fluid from males indicates that females
react to male components. However, further studies are required to investigate whether
lysozyme is indeed used as a cryptic choice mechanism since we have no evidence for cryptic
female choice in the mesospermalege of bedbugs so far. If lysozyme is used for cryptic female
choice, Bellinvia et al. (2020c) provide another example of a potential interaction between
sexual and natural selection. On the other hand, commercially available lysozyme has been
shown to protect bedbug sperm from environmental microbes in vitro (Otti et al., 2013),
indicating that lysozyme-like activity is unlikely to be part of the female’s repertoire of cryptic

female choice mechanisms.

7.4 Conclusions

This thesis provides important new results for understanding reproduction and
environmental factors affecting it. Apart from human studies, this is the first observation of
genital microbiomes potentially being locally adapted and indicating the potential of these
microbes to be involved in speciation, for instance via cytoplasmic incompatibility.
Characterising the genital microbiomes has shown that the bacterial communities are subject
to mating-induced changes and that opportunistic microbes seem to be transmitted during
mating. This finding suggests that sexually reproducing organisms are regularly exposed to
invading microbes and therefore, they should be under natural selection to defend themselves
against infections. That is especially important given the large growth rate of opportunistic
microbes inside the female sperm receiving organ that | found. This thesis has identified two
possible immunologically active substances that might be the main actors in the defence
against mating-associated microbes, providing evidence for the interaction of mating and
immunity in bedbugs. Since these defences do not seem to be population-specific although

OM likely differ between populations, | conclude that either the hosts are not locally adapted
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or that the costs of an infection are more likely related to invading microbes per se than to the
pathogenicity of specific microbes. In conclusion, this thesis gives an overview of the potential
of host-microbe interactions to affect reproduction. | have laid the foundations for a model
system in which many aspects of reproduction can be manipulated and experimentally tested,

including the genital microbiome as part of an interdependent metaorganism.

7.5 Future directions
The findings of this thesis raise several interesting research questions that should be

investigated further:

l. Does the genital microbiome colonisation depend on environmental

microbes or host genotype?

My second metagenomic study revealed that the genital microbiomes are population-
specific (Bellinvia et al., 2020a). Abiotic factors, such as pH or temperature will likely determine
which part of the environmental microbe community can colonise the reproductive organs.
Furthermore, colonisation by similar microbes can be caused by monogamy (reviewed in Rowe
et al., 2020), similarities in behaviour, ecological niches, and diets, by a shared environment,
and, last but not least, by host-genotype effects (reviewed in Shropshire and Bordenstein,
2016). To investigate whether genital microbiomes adapt to environmental microbiomes and
whether the host selects for adaptations in the microbes that colonise the host, | would
recommend conducting a study that combines experimental evolution with microbe exposure.
Isogenic lines of different genotypes could be exposed to different communities of
environmental microbes. After every third generation, their genital microbiomes would be
sequenced because arthropods have the potential to adapt to symbionts within less than ten
generations (Martinez et al., 2016). If genital microbiomes differ between isogenic lines
exposed to different microbes, it is likely that environmental microbes shape genital

microbiomes. If genital microbiomes exposed to the same environmental bacteria differ
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between genotypes but not within genotypes, this would suggest that microbiomes are adapted
to the genotype of their host. However, the resident microbiome likely determines which
invading microbes can successfully colonise the genital microbiomes (Perimutter &
Bordenstein, 2020). Therefore, differences in the genital microbiomes investigated after
experimental evolution with the same environmental bacteria do not necessarily indicate host
genotype effects. To disentangle the effects of host genotype and microbiome, it would be
necessary to include a group in the described experiment that is treated with antibiotics before

the bacterial exposure.

Il. Do genital microbiomes affect reproductive success?

Population-specific genital microbiomes could be a first step in the direction of speciation
since microbes have the potential to cause cytoplasmic incompatibility and assortative mating,
for instance by modifying or producing signals that are used for mate choice or by inducing
cytoplasmic incompatibility (reviewed in Shropshire and Bordenstein, 2016). Although
bedbugs do not seem to reject mates from other populations, mating partners from different
populations might be incompatible due to differences in the genital microbiomes, or post-
copulatory choice in the form of cryptic female choice might be used by females to choose
sperm from compatible males. As a first step, the effect of mating with coevolved vs non-
coevolved males on offspring numbers and hatching success should be investigated under
natural conditions and after antibiotic treatment. If microbe-free bedbugs differ in reproductive
success, this would hint at host genotype-effects. If this difference is altered in non-treated
bedbugs, this would indicate that microbes can affect reproductive traits. With the experimental
evolution approach described in question 1., it would also be possible to compare the
reproductive success between coevolved and non-coevolved lines to determine whether

adaptation of the genital microbiome can affect reproductive success.

M. Are mating-induced changes reversible?
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Genital microbiomes are changed by mating (Bellinvia et al., 2020b, 2020a; Kulkarni &
Heeb, 2007; Mandar et al., 2015; Otti et al., 2017; White et al., 2010, 2011), which might be
critical for reproductive success. It would be interesting to investigate whether females can
restore the original microbiome and how long this takes. To do so, another metagenomic study
could be conducted and the genital microbiomes before mating and at different time points
after mating compared. For this, | would suggest the following time points: I) within one hour
after mating, Il) after six hours, Ill) after 12 hours, 1V) after 24 hours, V) after 48 hours, VI) after
72 hours. With this sampling procedure it is possible to capture the changes I) immediately
after mating, Il) after the slow growth phase of invading bacteria inside the mesospermalege,
) after the sperm have reached the ovaries and invading bacteria have grown faster, V) after
antimicrobial substances are produced, and V) and VI) after the immune system might have
restored the initial microbiome composition. In case that the restoration of the microbiome
takes several days, it would be interesting to compare offspring numbers and hatching success
between the time before and after normalisation of the genital microbiome to find out whether

a disturbance has an effect on reproductive success.

V. How does mating trigger immune responses of the female?

The injection of a liquid into the mesospermalege induced lysozyme-like activity (Bellinvia
et al., 2020c). In contrast, there was no difference in lysozyme-like activity between females
that had received a sterile prick and untreated females. To investigate whether a stretch
receptor triggers immunity, one would have to artificially stretch the mesospermalege, for
instance with air and compare the lysozyme-like activity induced by different volumes. A similar
method has previously been used to mimic the feeding-induced abdomen distension (Wintle

& Reinhardt, 2008).
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8 Supplement

8.1 Influence of coevolution with environmental bacteria on mating behaviour

8.1.1 Introduction

To determine whether population-specific genital microbiomes (Bellinvia et al., 2020a) can
affect pre-copulatory (as reviewed in Shropshire and Bordenstein, 2016) and copulatory
behaviour, | analysed the mating behaviour of coevolved and non-coevolved bedbugs (Cimex
lectularius L.). Bedbug males determine the mating rate because fed females cannot resist
mating (Reinhardt et al., 2009). Males have been reported to mount females without showing
any courtship behaviour (Carayon, 1966). However, they do not necessarily mate immediately
after discovering a female. | have observed many males that initiated mating after having
touched or walked over the female several times. After mounting, the male expands its needle-
like intromittent organ and inserts it through the cuticle into the female paragenital sperm-
receiving organ, the mesospermalege, to transfer the ejaculate. Before the male inserts his
intromittent organ, females usually shake their body vigorously, potentially to resist mating
(Reinhardt et al., 2009). This shaking stops after the male has successfully introduced its
intromittent organ. | therefore considered the number of contacts and the time until mounting
as pre-copulatory behaviour of the male and the time between mounting and successful
intromission as pre-copulatory behaviour of the female. In addition, | measured copulatory

behaviour via copulation duration, which should be rather determined by the male.

8.1.2 Methods

8.1.2.1 Mating scheme

Bedbugs were taken from 4 different populations, resulting in 8 mating pairs: AxA (male x
female), CxC, AXC, CxA, DxD, BxB, DxB, BxD. Mating pairs from the same population were
referred to as “coevolved”, pairs with male and female originating from different populations as
“non-coevolved”. All bedbugs were kept in a climate chamber at 26£1°C, at a humidity of 70%

and a light cycle of 12L:12D. After eclosion, all individuals were kept in sex-specific groups.
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They were fed weekly four times with human blood before the start of the experiment. The
fourth blood meal was given on the specific day of the experiment, because freshly-fed females
cannot resist mating (Reinhardt et al., 2009). To start with, | placed virgin males and females
from the given populations (N=30 for each mating combination), in a cleaned 70mm glass petri
dish with new filter paper. To separate male and female, | isolated them with Drosophila vials.
The bedbugs were left to acclimatise to the new environment for 2 minutes, after which |

removed the vials.

8.1.2.2 Measurements

I measured the number of contacts before mounting (contacts), the time until mounting
(latency) the time between mounting and insertion of the paramere (struggle), and the time
from insertion until removal of the paramere (copulation duration). The number of contacts was
counted as the number of times the two sexes had contact with any body part except for the
legs until the male mounted the female. A new contact was only counted if the individuals had
not touched each other after the previous contact. For the analysis the number of contacts was
divided by the time until mounting. Latency was defined as the time from the release of the
male and female from their Drosophila vials until the male mounted the female. | measured
struggle as the time between the male mounts the female and the time when both sexes did
not shake anymore, which served as a good proxy for the intromission of the paramere
(Reinhardt et al., 2009). To determine copulation duration, | took the time between the insertion
of the paramere and the time when the abdomen of the male was not attached to the female

anymore. Times were measured to the nearest millisecond.

8.1.2.3 Statistical analysis
All statistical analyses were performed in R (version 3.4.0, R Core Team, 2017). The effect of
coevolutionary status on the number of contacts was analysed with a generalised linear model

with quasi-Poisson error structure and the fixed effects male population and coevolutionary
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status and their interaction term. Three outliers were removed before fitting the model. To
analyse the effect of coevolutionary status on the latency and copulation duration, | fitted a
generalised linear model with gaussian error structure and the fixed effects male population
and coevolutionary status and their interaction term. Since the residuals were not normally
distributed, | used Box-Cox transformation. For the analysis of latency, | excluded one outlier.
The effect of coevolutionary status on struggle was determined with a generalised linear model
with gaussian error structure and the fixed effects female population and coevolutionary status
and their interaction term. Since the residuals were not normally distributed, | used Box-Cox

transformation.
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8.1.3 Results and discussion

The number of contacts did not differ between coevolved and non-coevolved crosses
(F1220=1.380, p=0.24) or between male populations (Fs229=2.560, p=0.05) but there was a
significant interaction between male population and coevolutionary status (Fs220=2.859,
p=0.04)(Fig. S1), suggesting that males from different populations reacted differently to the
coevolutionary status of their mate. However, the number of contacts differed only slightly,
indicating that this measure is probably not suitable for detecting effects on pre-copulatory

behaviour.

Group 1 Group 2

6

Number of contacts

Population of male

® Coevolved @ Non-coevolved

Figure S1 Number of contacts between male and female before the male mounted the female.
Given are mean and standard error of the mean for both coevolutionary status and all individual

data points.
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There was no difference in the latency between coevolved and non-coevolved crosses
(F1231=3.324, p=0.07) or between male population (Fig. S2). However, | found a significant
interaction between male population and coevolutionary status (Fs231=3.430, p=0.02) and male
population significantly affected latency (Fs231=4.132, p=0.01)(Fig. S2). This result indicates
that pre-copulatory behaviour can be affected by coevolutionary status of the mate in some

populations, potentially via cuticular compounds altered by microbes (Gilbert & Uetz, 2019).

Group 1 Group 2

200

100

Latency (time in seconds)

Population of male

® Coevolved @ Non-coevolved |

Figure S2 Latency, i.e. time until the male mounted the female. Given are mean and standard
error of the mean for both coevolutionary status and all individual data points.
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Struggle, i.e. the time between mounting and insertion of the male intromittent organ, was not
affected by coevolutionary status (F1232=0.0002, p=0.99), female population (Fsz23.=0.469,
p=0.70) and there was no interaction between female population and coevolutionary status
(F3,232=0.305, p=0.82)(Fig. S3). Therefore, genital microbiomes do not seem to alter the pre-

copulatory behaviour of bedbug females.

Group 1 Group 2

20

Struggle (time in seconds)

A C B D

Population of female

| ® Coevolved ® Non-coevolved |

Figure S3 Struggle, i.e. time between the male mounted the female and the successful
insertion of the male intromittent organ. Given are mean and standard error of the mean for
both coevolutionary status and all individual data points.

97



Supplement

Coevolutionary status did not affect mating duration (F1232=0.001, p=0.98) and coevolutionary
status did not interact with male population (Fs232=0.111, p=0.95)(Fig. S4). However, mating
durations differed significantly between male populations (Fs3232=14.684, p<0.001)(Fig. S4).
Our results show that it unlikely that males adjust their reproductive investment to the
coevolutionary status of their mating partner as copulation duration is positively correlated with

ejaculate transfer (Siva-Jothy & Stutt, 2003).
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Figure S4 Copulation duration of bedbugs from coevolved or non-coevolved populations.
Given are mean and standard error of the mean for both coevolutionary status and all individual
data points.
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8.2 Influence of bacteria concentration on female immunity

8.2.1 Introduction

Each mating is most likely associated with varying numbers of invading microbes if these are
opportunistic and bacteria concentration can affect virulence, at least in the case of
entomopathogenic bacteria (Pietri & Liang, 2018). Since immunity is associated with costs like
autoimmunity (Schmid-Hempel, 2005) or reduced reproductive success due to allocation of
resources away from reproduction (Sheldon & Verhulst, 1996; Zuk & Stoehr, 2002), it might
be beneficial for the female to react to mating-associated microbes in a dose-dependent way.
Furthermore, immunity to protect sperm might be related to the microbe concentration because
Escherichia coli has been shown to reduce sperm motility only at high concentrations (Diemer
et al., 1996). To determine whether the immune response depends on the number of bacteria
entering the female body during mating, | measured the lysozyme-like activity in the
mesospermalege of female bedbugs (Cimex lectularius L.) after mating and a bacteria prick

with bacteria solutions of different concentrations.

8.2.2 Methods

8.2.2.1 Bedbugs

All bedbugs from population A were kept in a climate chamber at 26+1°C, at a humidity of 70%
and a light cycle of 12L:12D. After eclosion, all virgin individuals were kept in sex-specific
groups. They were fed weekly two times with human blood before the start of the experiment.
Females were fed another time on the day of mating, because freshly-fed females cannot resist

mating (Reinhardt et al., 2009).

8.2.2.2 Mating and bacteria prick
To surface-sterilise the males, their last abdominal segment of males was dipped into
Kohrsolin (20%) for 20 seconds. The males were transferred to a petri dish with filter paper

and a female was placed in the petri dish. The bedbugs were allowed to mate for 60 seconds,
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to standardise the transfer of sperm and seminal fluid. Male and female were separated with
forceps and the female was pricked with a minutia, which had been dipped into a bacteria
solution of a specific concentration. The female was then transferred to a single Eppendorf

tube (1.5 ml) containing a filter paper disc.

8.2.2.3 Treatments

Arthrobacter globiformis were plated out on LB agar plates and incubated at 30°C for 24h. One
single colony was picked with an inoculation loop and transferred to a Falcon tube filled with
5ml LB medium. The tube was incubated at 30°C and shaken at 200 rpm for 24h. The overnight
culture was vortexed and 1ml of the culture was transferred to an Eppendorf tube. The tubes
were centrifuged at 23509 for 5 minutes. The supernatant was discarded, and the bacterial
pellet was resuspended in 1000 pl. | serially diluted 100 pl of the solution with 900 ul PBS until
a dilution of 1:1000. After mating, the prick was applied following a pseudo-random design. |
dipped the minutia in the desired solution and pierced the ectospermalege with a slight angle.
Only the tip of the minutia entered the mesospermalege. Each treatment was applied to 22 +

1 (mean = SD) females.

8.2.2.4 Sample collection and LLA measurement

24h and 48h after the bacteria prick, respectively, the females were dissected and the
mesospermalege was photographed with a camera (LEICA DFC 290) attached to the
dissection microscope (LEICA M165 C). Using forceps, the mesospermalege was
homogenised in a 1.5 mm hole on a 5 ml agar plate containing lyophilised Micrococcus
lysodeikticus (ATCC No. 4698, Sigma-Aldrich, Hamburg, Germany). Lysozyme assay plates
were incubated at 30° C for 48 h and photographed with a Gel iX Imager (software: INTAS
GDS, INTAS Science Imaging Instruments GmbH, Goéttingen, Germany). The clearance zone

was measured in ImageJ (version 1.51k) and converted into units of LLA, using a calibration
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curve (see Supplement of Bellinvia et al., 2020c). Total LLA represents the activity per sample,

while specific LLA refers to the activity per microliter.

8.2.2.5 Statistical analysis

The statistical analysis was performed in R (version 3.4.0, R Core Team, 2017). The effect of
the bacteria concentration used to stab the female mesospermalege on lysozyme-like activity
was analysed with a generalised linear model with gaussian error structure and the fixed
effects time after dissection and treatment and their interaction term. Since the residuals were

not normally distributed, | used Box-Cox transformation.
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8.2.3 Results and discussion

LLA did not differ between the mesospermaleges of females stabbed with different bacteria
concentrations (Fa200=1.342, p=0.26)(Fig. S5). However, the time between treatment and
dissection significantly interacted with the treatment (Fs,200=3.179, p=0.01). This indicates that
females do not adjust LLA to the number of bacteria invading their mesospermalege during
mating. The similar LLA level between sterile stab and bacteria after 24 hours suggests that
copulatory wounding might trigger LLA instead of the invading bacteria. Since every copulatory
wound increases the risk of females to be infected, it might be less costly and faster to induce
an immune response upon wounding instead of assessing the number of bacteria before

inducing a reaction.
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Figure S5 Lysozyme-like activity in the female mesospermalege in response to a sterile stab
or stabs with different concentrations of bacteria (Arthrobacter globiformis) corrected for the
volume of the mesospermalege. Given are mean and standard error of the mean (black points)
and all individual data points (grey points).
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