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ABSTRACT

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

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 (Gonzélez-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
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host against invaders, i.e. other microbes (Dethlefsen et al., 2007;
Kaltenpoth and Engl, 2014; Rillig et al., 2015; Weiss and Aksoy, 2011)
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 121:12D 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 pl,
mean * SD; see Supplementary methods), was centrifuged for 5 min 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 ul 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 pl 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 ul 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 pl 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 24 h (N = 14 per time point and injection
type, except for bacteria-injected females at 24 h: 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 pl 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 pl 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 pl 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 70 pul sterile PBS and 80 pl 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 3s 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 ODggp = 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 0.5pul, 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 pl 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 ul 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 ul 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 1.51k,
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 Oftti 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 ODggp = 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. ODgo 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 (AUQC), 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 504 = 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:
Fg204 = 1.381, p = 0.20) and CFU counts of Asaia sp. did not differ
between populations (ANOVA: F3 504 = 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, 7; = 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,,; = 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 300 = 1.122, p = 0.34)
and there was no interaction of treatment and population (ANOVA:
F]g’goo = 0639, pP= 0.81).

In the control experiment testing for the effect of injecting a liquid

into the female sperm-receiving organ, LLA differed significantly be-
tween treatments (Fy 165 = 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: F5 165 = 1.371, p = 0.25) and the treatment effect
did not depend on population (ANOVA: F¢ 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: Fy 790 = 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:
F1’700 = 0037, p= 085)

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

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



S. Bellinvia, et al.

Journal of Insect Physiology 123 (2020) 104048

A 125
1.00
0}
£
> . o
8 075 [} 5]
n @ o
>
5 . ) o °
o 050 . ) .
* ° 2 o * e © 2 e
sl Typosotp o bapiogiet o.gr
% 8 o € o 9 3 . e, o
b : ii‘%;% SRR EREEE. 21“3?
- o % 6) ‘ ® @© @ ! « <] o e @ (el %) L ] (9 (9
0.00
| S Sf S + 8f B
Treatment
e Population A e Population B ° Population C ¢ Population D
B 1.25
1.00
[0}
E o
N
N 075
1%
> o
G *
o 050 . .
E s (] 8
D ° L] 4 o
0.25 * e & o % tgw 8
8 o & ® 8 : o o2
A2t I S B S S i ¥e s
L & % '.. Qé' ° . o o o
0.00
Untreated Prick Injection
Treatment
e Population A ¢ Population B ° Population C ° Population D

Fig. 3. Lysozyme-like activity in the female sperm-receiving organ in response to a) the injection of various mating-associated substances or b) wounding type. Given
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wounding type and all individual data points for each bedbug population (A, B, C, and D).

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

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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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

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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