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ABSTRACT OF DISSERTATION

ENDOSYMBIOTIC BACTERIA IN THE BED BUG, Cimex lectularius L.
(HEMIPTERA: CIMICIDAE)

The return of bed bugs to prominence as an urban pest has precipitated an
emphatic research response from the scientific community in an effort to better
understand their biology and management. However, not all aspects of bed bug biology
have received equal attention. The role of symbiotic bacteria in the normal function and
biology of insects is often underappreciated, and this is true of bed bugs. Bed bugs have
two main endosymbiotic bacteria, a Wolbachia species and a poorly-characterized
gamma-proteobacterium referred to as BLS. However, their interactions with the host are
poorly understood. I explored various aspects of these symbionts and their relationship
with bed bugs. Major objectives included studies of the methods for symbiont elimination
to create aposymbiotic strains, modes of endosymbiont transmission within a bed bug
population, and impacts of symbiont loss on the host. Additional studies of bed bugs
measured the impact of juvenile hormone analogs for the control of bed bugs.

Endosymbionts often form close interdependent relationships with the host,
making it difficult to create a truly aposymbiotic strain. Maintaining bed bugs at elevated
temperature (36°C) for five weeks or feeding for eight weeks with the antibiotic
rifamycin were determined to be the most effective methods of those examined, including
the use of other antibiotics. Although these two treatments were not successful in
eliminating symbionts completely from treated adults, aposymbiotic strains were
successfully created by harvesting the offspring of treated bugs soon after treatment.

Transovarial transmission of endosymbionts in bed bugs is well documented, but
additional methods of transmission have not been explored. The reproductive strategy
exhibited by bed bugs, traumatic insemination, has been suggested as a possible avenue
of horizontal transmission of symbionts. My experiments demonstrated horizontal
transmission of BLS from the male to the female during mating, but there was no
indication that the new infection was passed from females to males or directly to
offspring. No horizontal transmission of Wolbachia was detected. There was also no
evidence of transmission through coprophagy.



In contrast with normal symbiotic controls, bed bugs which lacked both
symbionts took a significantly longer time to develop to the adult stage. Successive
generations of aposymbiotic bugs took longer to develop, up to several months.
Supplemental B Vitamins administered through blood meals did not compensate fully for
the slowed development. Upon reaching the adult stage, aposymbiotic bugs were
significantly smaller than normal bugs in total body length and head-capsule width.
Symbiont loss did not directly affect fecundity of adults.

Hydroprene and methoprene administered as the active ingredients of formulated
products produced negative effects such as reduced fecundity and increased mortality
only at doses much greater than label rate, and did not inhibit feeding or activity at sub-
lethal doses. This work with Juvenile Hormone analogs has been published in Pest
Management Science.

KEYWORDS: symbionts, Wolbachia, horizontal transmission, aposymbiotic
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Chapter 1: Introduction
Bed bug biology
Bed bugs are small, dorsoventrally flattened ectoparasitic insects belonging to the

hemipteran family Cimicidae. There are about 110 recognized species in this family, all
of which feed exclusively on blood (Usinger 1966, Henry 2009). While a majority of
cimicid species are exclusively associated with bats or birds, three are associated with
humans; Leptocimex boueti (Brumpt) is localized to West Africa, Cimex hemipterus (F.)
(commonly called the tropical bed bug) is limited to tropical regions of the world, and
Cimex lectularius L. (generally referred to as the bed bug) is found worldwide (Usinger
1966, Reinhardt and Siva-Jothy 2007b). Cimex lectularius is the predominant bed bug

pest of humans in temperate regions and it is the subject of this dissertation.

Bed bugs are thigmotactic and prefer to live in protected harborages (Usinger
1966, Romero et al. 2010), often on textured surfaces such as wood or fabric. Harborages
vary in size and number of individuals sheltering within; a single bug may be found in the
head of a screw, or hundreds may cluster together on a mattress seam. These aggregations
are composed of individual bugs that may differ in life stage, sex, and feeding or mating
status (Reinhardt and Siva-Jothy 2007). Various factors such as population density,
distance between harborages, presence of fecal material or pheromones, and proximity to
the host impact aggregation behavior (Parashar et al. 2003, Olson et al. 2009, Pfiester et
al. 2009a, Naylor 2012). There also appear to be benefits to clustering behavior in
harborages, including faster development (Saenz et al. 2014) and desiccation resistance

by creating microclimates of higher humidity (Benoit et al. 2007).



Bed bugs function under an endogenous circadian rhythm entrained by darkness,
tending to feed and be active at night, but will adapt to activity at other times in order to
take advantage of host availability (Usinger 1966, Reinhardt and Siva-Jothy 2007b,
Romero et al. 2010). This behavior is similar to that of other blood-feeding Hemiptera
(Barrozo et al. 2004) and these two behaviors—hiding in harborages and night activity—

contribute to making bed bugs a difficult pest to eliminate.

Bed bugs have five nymphal instars, and both males and females require at least
one blood meal to reach each successive developmental stage after hatching from the egg
(Reinhardt and Siva-Jothy 2007). Although humans are the most common host, bed bugs
can also survive and reproduce utilizing chickens, bats, and various rodents as alternative

hosts (Usinger 1966, Johnson 1937).

Bed bugs have evolved an unusual form of reproduction known as traumatic
insemination, with specialized paragenital organs in the female. This behavior was first
described by Patton and Cragg (1913), and involves the male puncturing the ventral
cuticle of the female with the curved, blade-like paramere at a particular point of thin
cuticle called the ectospermalage where an internal bag-like organ called the
mesospermalege has evolved to accept the injected sperm (Ribaga 1897, Rivnay 1933,
Reinhardt et al. 2003). After entering the mesospermalage, sperm migrate along oxygen
gradients through the hemolymph to the seminal conceptacles, and from there to the
ovaries (Rao and Davis 1969, Ruknudin and Silver 1987). Traumatic insemination has
negative impacts on the female, including introduction of pathogens and reduction of
ability to maintain water balance (Reinhardt et al. 2005, Siva-Jothy 2006, Benoit et al.

2012). The evolutionary conflict implied in this reproductive strategy has been intensely



studied and reviewed (Stutt and Siva-Jothy 2001, Morrow and Arnqvist 2003, Pfiester et
al. 2009b, Reinhardt et al. 2009, Reinhardt et al. 2015). In-depth reviews of bed bug
biology, ecology, morphology, and behavior include Johnson (1941), Usinger (1966), and

Reinhardt and Siva-Jothy (2007b).

Bed bugs in society

Today, bed bugs can be found in hotels, single and multi-family residences,
libraries, theaters, cars and other transportation, retail spaces, hospitals, and nearly
anywhere humans lie or sit long enough for feeding to occur (Robinson and Boase 2011,
Potter et al. 2013, Zorrilla-Vaca et al. 2015). They may cause itchy or painful bites,
anemia, emotional trauma, economic loss, and are associated with considerable social
stigma and psychological ailments (Potter 2006, Pritchard and Hwang 2009, Ashcroft et
al. 2015). But bed bugs have not always been considered the severe problem they
currently present; while they have been associated with humans as a pest for thousands of
years, historically they were more of a nuisance than a crisis (Usinger 1966, Potter 2008).
The advent of central heating of homes in the early 1900’s appears to have led to more
serious problems with infestation, as bugs could reproduce at full capacity year-round
(Potter 2008). During these years, research on bed bugs intensified, and many papers and
books were published on their biology, ecology, and control. Much of that early research

remains the foundation of our current knowledge and understanding about bed bugs.

With the advent of modern insecticides in the decades immediately following
World War II, bed bugs quickly disappeared from developed countries and as the
problem abated, much of the research focus on bed bugs also died out (Potter 2008,

Reinhardt and Siva-Jothy 2007b).



The return of bed bugs to prominence as an urban pest starting in the late 1990°s
(Koehler 2001, Boase 2009, Potter 2008), along with their associated resistance to
common insecticides (Romero et al. 2007), has precipitated an emphatic response from
the scientific research community in an effort to better understand their biology and
control. Our knowledge of bed bugs has expanded dramatically since the beginning of the
21* century, including new information about the roles and identity of semiochemicals in
bed bug ecology (Siljander et al. 2008, Ryne et al. 2009, Harraca et al. 2010b), bed bug
anatomy and physiology (Harraca et al. 2010a, Liu et al. 2014), mechanisms of
insecticide resistance (Zhu et al. 2010, Romero et al. 2007, Romero et al. 2009, Gordon et
al. 2014), sexual conflict and evolution of traumatic insemination (Morrow and Arnqvist
2003, Reinhardt et al. 2003, 2007a, Stutt and Siva-Jothy 2001), physiology (Otti et al.
2009, Reinhardt et al. 2009, Benoit et al. 2009), behavior (Olson et al. 2009, Pfeister et al.
2009, Cooper et al. 2015), and potential disease transmission by bed bugs (Silverman et

al. 2001, Blow et al. 2001, Salazar et al. 2015).

The potential for bed bugs to transmit disease has been of real concern and the
subject of repeated study for decades. The literature on this point is crowded with
attempts to demonstrate the viability of pathogens in the bed bug or transmission of
pathogens to vertebrates (Silverman et al. 2001, Blow et al. 2001, Goddard 2003,
Goddard and deShazo 2009, Adelman et al. 2013). Recent studies have demonstrated not
only the viability of Trypanosoma cruzi (the agent of Chagas Disease) in bed bugs, but
also their potential to act as vectors of the pathogen (Salazar et al. 2015). While

transmission of Chagas Disease by bed bugs has been technically shown in the lab with



mice, there is still no real-world demonstration of infectious disease transmission by bed

bugs.

While there is a lot of focus on the presence of pathogenic microbes in bed bugs,
a related area which is not well understood is the role of symbiotic bacteria in the normal

function and biology of bed bug populations.

Symbionts in insects
The role of symbiotic bacteria in insect biology has gained more appreciation as
time goes on. Since the coining of the term “symbiosis” by Anton de Bary in 1878
(Oulhen et al. 2016) to describe dissimilar organisms living together, much has been

discovered and written about symbionts.

Endosymbiosis is a special case of symbiosis in which one organism lives inside
another dissimilar organism (the host). These relationships occur on a continuum, ranging
from mutualistic interactions in which both host and symbiont benefit from the
relationship to parasitism in which the symbiont benefits to the detriment of the host
(Moran et al. 2008). They can further be described as obligate, in which the host and/or
endosymbiont depend on the relationship for survival, or facultative, in which the
relationship is not necessary for at least one of the pair (Moran et al. 2008). Finally,
within these two groups, those obligate symbionts that are required for 4ost survival may
be referred to as primary or P-symbionts. Facultative symbionts may be referred to as
facultative mutualists when their presence is beneficial to the host. When facultative
symbionts display parasitic behavior and alter host reproduction to increase their own

spread, they are considered reproductive manipulators (Moran et al. 2008). Multiple



endosymbiotic organisms may exist within a single host, resulting in more complex

interactions (Wu et al. 2006, Moran et al. 2008).

In the early 1900’s, some of the same researchers working on bed bugs were also
pioneering work on symbionts using light microscopy, histology, and experimental
dissections to describe not only the appearance and location of microbes in insects, but
also to explore how the microbes were transmitted (Buchner 1923, Hertig and Wolbach
1924, Hase 1930). More recently as molecular technologies, tools and techniques have
become more available, there has been a surge in symbiont research and a plethora of
symbiont-host interactions have been revealed. Some of these include morphological
changes in the host such as color (Tsuchida et al. 2010), reproductive changes such as
egg production (Dedeine et al. 2001), reduced sperm competitive ability (de Crespigny
and Wedell 2006), increased mating behaviors (de Crespigny et al. 2006), or cytoplasmic
incompatibility and male-killing (Bourtzis and O’Neill 1998), nutritional provisioning of
B vitamins and amino acids (Nakabachi and Ishikawa 1999, Brownlie et al. 2009),
defense against parasitoids (Oliver et al. 2003, Brownlie and Johnson 2009), insecticide
resistance (Kikuchi et al. 2012), immune function and protection from pathogens
(Scarborough et al. 2005, Haine 2007), influences on food choices (Leonardo et al. 2003,
Tsuchida et al. 2004), vector competency (Beard et al. 1998, Beard et al. 2002) and so on.
While many symbionts may have defined roles yet to be discovered, others may simply
be commensal and have no measurable impact on the host. However it is clear that many
symbionts have shown and continue to demonstrate an impact on the biology of

arthropods, and bed bugs are no exception.



Symbionts in bed bugs

Anatomical studies on the unique reproductive system of bed bugs, including
descriptions of some organs that contain symbionts, were published near the end of the
1800’s (Ribaga 1897, Berlese 1898a, 1898b) and other similar descriptive studies
followed. However, the first papers to include a description of microorganisms in bed
bugs were published in 1921. Arkwright et al. (1921) used light microscopy, dissections
and histology to describe two bacterial forms living inside the bed bug, emphasizing a
threadlike motile form found predominantly in the Malpighian tubules, reproductive
organs, and hemolymph, but also noting another minute form in the reproductive organs.
They concluded that all forms were simply stages of one bacterial symbiont. In addition
to describing these two bacterial forms as being different types, Buchner (1921)
described an organ he called the mycetome, containing specialized cells or mycetocytes
for holding endosymbionts. The mycetome is a paired organ in bed bugs that lies just
above the gonads in both sexes, and is directly attached to the testes in the male. These
descriptions were followed by a masterful study of bed bug development (Buchner 1923),
which included descriptions of the symbionts and their movement in the bed bug embryo
as it developed, going so far as to dissect the various stages of embryo before the eggs
were laid. Buchner also demonstrated that both bacterial forms were transmitted
transovarially. Over the next several decades, researchers continued to provide
descriptions of these bacteria and their location in the host, but there was disagreement as
to scientific names and how many different types were present in bed bugs (Hertig and
Wolbach 1924, Dasgupta and Ray 1955, Ray and Dasgupta 1955, Dasgupta and Ray

1956, Pteiffer 1931, Philip 1956, Krieg 1959, Chang and Musgrave 1973).



Although research on bed bug symbionts decreased as pest populations in
developed nations declined, there were a few notable advances. Chang (1974) described
the symbionts morphologically and attempted to eliminate them from the bed bugs by
rearing them at increased temperatures of 36°C for two weeks. After treatment he noted
decreased symbionts in the mycetome, which seemed to collapse. He also noted that for
several weeks after the heat treatment and apparent loss of symbionts, there were no eggs
laid by adult females, and suggested that there may be a symbiont role in providing
nutrition. Louis et al. (1973) used scanning electron microscopy to clarify the presence of
two distinct endosymbiotic bacteria, providing clear images of the motile form in
particular. Despite this research, the identity and roles of bed bug endosymbionts
remained unclear until new molecular technology allowed for different ways of detecting

and measuring microorganisms.

In 1997, Hypsa and Aksoy were the first to sequence bacterial genes extracted
from bed bugs, identifying them as a Wolbachia sp. in the F clade and a gamma-
proteobacterium referred to as BEV-Like Symbiont (BLS). The designation BLS was
based on genetic similarities of the sequenced 16S amplicon to that of a symbiont called
BEV found in the sharpshooter Euscelidius variegatus Kirschbaum (Campbell and
Purcell 1993). BLS appears to be the motile form described by Louis et al. (1973), and 1
was able to readily observe it in the hemolymph of bed bugs under a phase contrast
microscope. The identities of the two endosymbionts have been confirmed by multiple
researchers (Rasgon and Scott 2004, Sakamoto and Rasgon 2006a, Hosokawa et al. 2010,
Meriweather et al. 2013), along with evidence that these two symbionts were found

consistently in bed bug populations around the world (Sakamoto and Rasgon 2006b,



Sakamoto et al. 2006, Siddiqui and Raja 2015, Akhoundi et al. 2016). In the bed bug,
Wolbachia is present in the mycetomes, reproductive organs, and mesospermalage; BLS
is present in these same organs generally in lower concentrations, but is also found in the

hemolymph and malphigian tubules (Hosokawa et al. 2010).

It is generally accepted that in order to thrive, those arthropods that feed
exclusively on nutritionally deficient materials such as blood and xylem must have
symbionts to provide supplemental nutrients including vitamins and amino acids (Koch
1960, Brooks 1964, Chang 1975). This has been demonstrated in aphids, tsetse flies, lice,
and others (Nakabachi and Ishikawa 1999, Brownlie et al. 2009, Rio et al. 2016), leading
to the suggestion that at least one of the symbionts in bed bugs must provide a nutritional
benefit. In two studies, bed bugs fed on thiamine-deficient rats afterwards exhibited
higher levels of thiamine than the host, suggesting that B-vitamins might be supplied to
bed bugs by symbionts (De Meillon and Goldberg 1946, De Meillon et al. 1947). This
host-symbiont interaction remained unproven until Hosokawa et al. (2010) published a
study that demonstrated that Wolbachia played a major role in providing nutrients to the
bed bug, without which they experienced decreased fecundity and slowed development.
This was a significant finding, since most Wolbachia infections previously studied in
other arthropod hosts had demonstrated reproductive manipulation, not benefits (Werren
1997, Werren et al. 2007, Rio et al. 2016). Perhaps the discovery of nutritional
provisioning by Wolbachia should not be surprising, since the C, D and F clades of
Wolbachia provide similar benefits in nematode and other arthropod hosts (Bandi et al.
2001, Nikoh et al. 2014) as well. In subsequent studies, it has been confirmed that loss of

Wolbachia in bed bugs caused negative effects on the host such as lower fecundity on



both male and female bugs (Heaton 2013). Sequencing the genome of Wolbachia in bed
bugs also revealed that this symbiont carries the genes necessary for producing the

vitamins Riboflavin and Biotin (Nikoh et al. 2014).

Elimination of symbionts from the host

One of the key ways researchers have explored the impact of endosymbionts on a
host is by removing the symbionts from part of a population, then comparing them with
the control group for specific response variables. Elimination can be achieved through a
few different methods depending on the specific requirements and characteristics of
individual systems. For example, centrifugation has been used to eliminate louse
endosymbionts by taking advantage of symbiont migration within the embryo at specific
developmental time-points (Aschner 1934, Sasaki-Fukatsu et al. 2006, Perotti et al.
2007). Irradiation has been found to be effective in termites and other arthropods with
thin cuticle (Novelli et al. 2008). High levels of oxygen under high barometric pressure
has been effectively utilized in both cockroaches and termites, exploiting the
susceptibility of their specific symbionts to oxygen toxicity at levels that had no
demonstrably deleterious effect on the host (Cleveland 1925, Brooks and Richards 1955,
Cleveland and Burke 1956). Some hosts are able to survive under higher temperature
conditions than their symbionts, allowing the removal of symbionts by rearing at elevated
temperatures (Chang 1974, Heaton 2013). When symbionts are maintained in a
population by horizontal transmission from infected surfaces, as in assassin bugs, sterile
rearing techniques may be effective (Eichler and Schaub 1998). The use of antibiotics can
greatly simplify the process of symbiont elimination in many situations, since feeding or

otherwise applying the treatment can be enough to remove all symbionts (Hermans et al.
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2001). This has been the most common method for many years, documented in work with
bed bugs (Hosokawa et al. 2010), aphids, mosquitos (Dobson and Rattanadechakul 2001,
Xi et al. 2005), fruit flies (Brownlie et al. 2009), Tsetse flies (Pais et al. 2008), parasitoid
wasps (Dedeine et al. 2001), and numerous others. In some cases, different antibiotics
have even been used to target specific symbionts without harming others (Koga et al.
2007). Molecular techniques such as Denaturing Gradient Gel Electrophoresis (DGGE),
PCR, real-time PCR, Elisa, and Fluorescent In-Situ Hybridization (FISH) staining may
also be effective for detecting symbiont identity, presence and/or quantity, making it
possible to verify the efficacy and success of these removal techniques (Higgins and

Azad 1995, Fenolar et al.2003, Zouache et al. 2009).

A newly symbiont-free (aposymbiotic) group of insects becomes a more effective
tool for detecting host-symbiont interactions if the new strain remains reproductively
viable, because this allows for generational separation from direct treatment effects. Even
when a symbiont cannot be detected through some molecular techniques, it may be
present in low titers or protected from detection (Miiller et al. 2013, Mee et al. 2015).
Rearing out successive generations of the aposymbiotic host can demonstrate long-term

loss of the symbionts and reduce confounding by treatment effects.

In bed bugs, symbionts have been successfully reduced to low levels by rearing at
elevated temperatures (Chang 1974, Heaton 2013) and by feeding them on blood
containing the antibiotics tetracycline or rifamycin (Hosokawa et al. 2010, Heaton 2013,
Nikoh et al. 2014). But endosymbionts often form close interdependent relationships with
the host, making it difficult to create a truly aposymbiotic strain lasting multiple

generations.
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Transmission of endosymbionts

The movement of symbionts between insect populations and generations can be
categorized into two main types of transmission. Vertical transmission of symbionts from
parents to offspring—particularly transovarial, through the egg from mother to
offspring—is by far the most common method and can be very efficient, approaching
100% efficiency in some systems (Moran et al. 2008, Bright and Bulgheresi 2010).
However, horizontal transmission between individuals and populations also has been
demonstrated many times for a variety of organisms. Symbionts can be transmitted
sexually (Moran and Dunbar 2006), through feeding on contaminated surfaces or
coprophagy (Baines 1956), or by physical contact with infected materials (Douglas

1989).

Transovarial transmission of endosymbionts in bed bugs is well documented
(Buchner 1923, Hosokawa et al. 2010), but additional methods of transmission have not
been explored. The reproductive strategy exhibited by bed bugs, traumatic insemination,
has been suggested as a possible avenue of horizontal transmission of symbionts (Usinger
1966). This hypothesis is supported to some degree morphologically, as the mycetome in
male bed bugs is directly connected to the testes (Buchner 1923, Reinhardt and Siva-
Jothy 2007b). Studies have also demonstrated that environmental microbes can be
transmitted through traumatic insemination in bed bugs (Reinhardt et al. 2005).
Coprophagy and transmission by way of contaminated surfaces is seen in other blood-
feeding bugs in the order Hemiptera, namely assassin and kissing bugs in the genera

Rhodnius and Triatoma (Baines 1956, Eichler and Schaub 1998). However, their
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symbiotic bacteria are found primarily in the gut and remain viable in the feces, while

bed bug symbionts are not.

Objectives

The research objectives of this dissertation have been designed to further our

understanding of the bed bug, and in particular the endosymbionts associated with it.

In Chapter 2, I explore the identity and presence of symbiotic bacteria in
laboratory strains of bed bugs, and determine the most effective and consistent ways to
eliminate symbionts from the host while maintaining reproductive viability for further
testing of aposymbiotic strains. Methods tested include various antibiotic treatments and

exposure to elevated temperatures.

In Chapter 3, I test the ways in which symbionts of the bed bug may be
transmitted and maintained within populations in addition to transovarial transmission. |
evaluate hypotheses of horizontal transmission through traumatic insemination and
coprophagy by crossing normally infected bed bugs with aposymbiotic strains, and

exposing aposymbiotic neonates to feces from normal adults.

In Chapter 4, the effects of endosymbiont loss on the host are investigated with
the intention of shedding light on the interactions between symbionts and host. Potential
effects tested for include slowed growth and development, changes in size, nutritional

deficiency, and increased mortality.

Chapter 5 details experiments on the efficacy of juvenile hormone analogs for bed

bug control, using different rates of commercially available products containing the
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active ingredients hydroprene and methoprene on two laboratory strains in both direct

and dry residue experiments. This chapter is unrelated to the other research objectives.
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Chapter 2: The elimination of endosymbionts from bed bugs, Cimex lectularius L.
(Hemiptera: Cimicidae)
Introduction

Microbial endosymbionts of insects and their associated host interactions have
been recognized and studied for many years (Buchner 1923, Hertig and Wolbach 1924,
Hase 1930). Many different impacts of these associations have been described, including
phenotypic influences on host coloration and size (Tsuchida et al. 2010), reproductive
changes such as egg production (Dedeine et al. 2001) or cytoplasmic incompatibility and
male-killing (Bourtzis and O’Neill 1998), nutritional provisioning of B vitamins and
amino acids (Nakabachi and Ishikawa 1999, Brownlie et al. 2009), influences on food
choices (Leonardo et al. 2003, Tsuchida et al. 2004), insecticide resistance (Kikuchi et al.
2012), immune function and protection from pathogens (Scarborough et al. 2005, Haine
2007), defense against parasitoids (Oliver et al. 2003, Brownlie and Johnson 2009), and
vector competency (Beard et al. 1998, Beard et al. 2002).

In light of the wide-ranging and often unexpected roles of endosymbionts that
have been described thus far, it is clear that discovering and understanding these
interactions is necessary to accurately understand the biology of the host itself. For
example, insect life history traits such as fecundity and development time may change
dramatically depending on interactions with microbial symbionts (Harrington 1967, Pais
et al. 2008).

One valuable method commonly used for assessing host-symbiont interactions is
eliminating endosymbionts in a subset of the host population and subsequently

comparing this secondarily symbiont-free strain (aposymbiotic) with normal control
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hosts. Diverse means have been employed by researchers attempting to clear arthropods
of their endosymbionts. Among these methods are the following techniques: rearing at
increased temperatures in bed bugs (Chang 1974, Heaton 2013), exposure to pure oxygen
at elevated barometric pressure in termites and cockroaches (Cleveland 1925; Brooks &
Richards 1955), centrifugation of eggs in fleas to exploit the migration of symbionts
within the embryo at specific developmental time-points (Aschner 1934, Sasaki-Fukatsu
et al. 2006, Perotti et al. 2007), irradiation of the host in termites and mites (Novelli et al.
2008), sterile rearing techniques in assassin bugs (Eichler and Schaub 1998), and
administration of antibiotics (Hermans et al. 2001, Koga et al. 2007). The use of
antibiotics has been the most common method for many years, and is documented in
work with bed bugs (Hosokawa et al. 2010), aphids, mosquitos (Dobson and
Rattanadechakul 2001, Xi et al. 2005), fruit flies (Brownlie et al. 2009), Tsetse flies (Pais
et al. 2008), parasitoid wasps (Dedeine et al. 2001), and numerous others.

Difficulty in creating an aposymbiotic strain is not surprising given the often
complex interactions and interdependencies between host and endosymbiont. The
challenge is not only to remove the symbionts, but to do so while avoiding other
confounding effects on the host caused by the treatment itself and perhaps unrelated to
symbiont function (Wilkinson 1998, Ballard and Melvin 2007). A newly symbiont-free
(aposymbiotic) group of insects becomes a more effective tool for detecting host-
symbiont interactions if the new strain is reproductively viable, because this allows for
generational separation from direct treatment effects. Even when a symbiont cannot be
detected through some molecular techniques, it may be present in low titers or protected

from detection (Miiller et al. 2013, Mee et al. 2015). Rearing out successive generations
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of the aposymbiotic host can demonstrate long-term loss of the symbionts and reduce the
probability of confounding treatment effects. For these types of experiments to work, one
needs a consistent and effective way to remove endosymbionts from the host and create
separate, reproducing strains with different symbiont profiles.

Two endosymbionts are found consistently in nearly all bed bug populations
worldwide (Sakamoto and Rasgon 2006b, Sakamoto et al. 2006, Siddiqui and Raja 2015,
Akhoundi et al. 2016). Both were discovered at the turn of the twentieth century and
described by Arkwright et al. (1921) and others, but were first identified and placed
phylogenetically by Hypsa and Aksoy (1997) as a Wolbachia sp. in the F clade and a
gamma-proteobacterium referred to as BEV-Like Symbiont (BLS). The designation BLS
was based on genetic similarities of the sequenced 16S amplicon to that of a symbiont
called BEV (Bacterial symbiont of Euscelidius variegatus) found in the sharpshooter
Euscelidius variegatus Kirschbaum (Campbell and Purcell 1993). The identities of these
symbionts have since been confirmed by additional researchers using molecular methods
(Rasgon and Scott 2004, Sakamoto and Rasgon 2006a, Hosokawa et al. 2010,
Meriweather et al. 2013).

Many of the methods of symbiont elimination reported above are ineffective or
incompatible with the bed bug system, and therefore were not pursued in our studies. For
example, symbiont elimination by centrifugation of the eggs takes advantage of symbiont
migration during the early development of the flea (Perotti et al. 2007), which does not
correspond with symbiont development that occurs in the bed bug where symbionts
remain in the mycetome throughout embryonic development (Buchner 1923, Usinger

1966). Sterile rearing as a method is not applicable to the bed bug system, where
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transovarial transmission of the symbionts would circumvent such efforts (Usinger 1966).
Cobalt-60 radiation easily penetrates the thin cuticle of mites and termites and effectively
removes their symbionts (Novelli et al. 2008), but irradiation may also have other side
effects on the host, such as genetic mutations which could confound treatment effects
(Rao et al. 2005).

Use of hyperbaric oxygen to eliminate symbionts operates on the assumption that
the microbes in question are more susceptible than the host to mortality due to high
oxygen conditions (Cleveland 1925; Brooks & Richards 1955). Toxicity may be due to
various factors, including inhibition of growth, interference with nutritional processes,
and suppression of RNA translation due to oxygen radicals (McAllister et al. 1964,
Wittner and Rosenbaum 1972). I briefly explored using this method for bed bugs in
preliminary studies, qPCR conducted on bugs receiving this treatment did not indicate
any decrease in symbiont levels compared with control bugs, and the method was not
explored further. When subjected to high pressures of pure oxygen for less than 24 hours,
bed bug mortality was low. However, when treated for longer times the mortality rate
increased sharply. Treated bugs showed decreased fecundity, a response often associated
with symbiont loss. However, this result can also be explained by interference in sperm
movement within the female bed bugs, since oxygen gradients seem to play a major role
in the migration of sperm from the mesospermalage to the seminal conceptacles
(Ruknudin and Silver 1987). Sperm move toward areas of higher oxygen content, which
notably include the reproductive organs (Rao and Davis 1969).

Both elevated temperature and antibiotics demonstrated encouraging preliminary

results and have been used in published papers involving the endosymbionts of bed bugs
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with varying degrees of success. When bed bugs were kept at 36°C for two weeks, Chang
(1974) reported a reduction in the number of symbionts visible based on light microscopy
and histology. He noted that the mycetome seemed to lose its integrity and decrease in
size after adults were treated, and that overall fecundity was lower. However, he was
unable to confirm complete elimination, and the work was inconclusive as to whether
these effects were consequences of the heat treatment, the loss of symbionts, or both.

In their more recent explorations of bed bug symbionts, Hosokawa et al. (2010)
fed adult bugs weekly on blood containing rifamycin at 10 ug/ml (0.001%) concentration
and employed qPCR to demonstrate elimination of Wolbachia. They continued to
administer antibiotics throughout the experiment, and did not investigate effects of
aposymbiosis on subsequent generations following treatment. There was also no
investigation of the role of the secondary endosymbiont, BLS, since they noted it is not
present in all bed bug populations and is therefore not required for bed bug survival.

Integral to the pursuit of symbiont elimination is some means of verifying that the
endosymbionts are indeed absent and not merely decreased. Early studies relied heavily
on skillful dissections, light microscopy, scanning and transmission electron microscopy,
and histology to detect symbiont presence (Chang et al. 1973, Louis et al. 1973).
Molecular technologies such as Denaturing Gradient Gel Electrophoresis (DGGE), PCR,
real-time PCR, Elisa, Fluorescent In-Situ Hybridization (FISH) staining and DNA
sequencing have transformed the methodology, making it possible to verify elimination
of microbes with increased confidence (Higgins and Azad 1995, Fenolar et al.2003,

Zouache et al. 2009, Hosokawa et al. 2010, Heaton 2013).
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My initial experiments focused first on finding the most effective methods for
removal of symbionts, while additional experiments attempted to create aposymbiotic
lines of bed bugs maintained over multiple generations.

Materials and methods

Bed bugs used in these experiments came from a colony (NY1) that was
originally collected in Plainview, NY, in April 2007. This colony has a history of
insecticide resistance to pyrethroids (Zhu et al. 2010; Gordon et al. 2014). They were
maintained in the laboratory under standard conditions of 26.7° C, 65 £5% RH, and a
photoperiod of 14: 10 (L: D) h. The colony was fed weekly on a parafilm-membrane
feeding system with citrated or defibrinated rabbit blood (Quad Five, Ryegate, MT)
heated to 34° C by a circulating water bath (Montes et al. 2002). Virgin adult bugs were
obtained by isolating recently-fed fifth instar nymphs, which subsequently molted to the
adult stage. Bugs for all experiments were used 7—14 days after molting to the adult
stage.

DNA extractions for experiments with Denaturing Gradient Gel Electrophoresis
(DGGE), rearing under increased temperatures, or multiple antibiotics were completed
with QIAGEN DNEasy Extraction Kits (QIAGEN Sciences, Germantown MD)
following their recommended protocol for animal tissues. Extractions were made on the
entire bed bug, which was sterilized in 70% ethanol under a sterile hood (Andrews 2013).
Subsequent qPCR, if any, was completed with a MiniOpticon Real-Time PCR System
(BioRad Laboratories, Inc., Hercules CA) with 20 pl reactions (9.4 ul template, 10 pl
FastStart SYBR Green Master Mix (Roche Life Science, Penzberg Germany), 0.6 ul

primers at 10 uM).
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DGGE uses a vertical polyacrylamide gel which contains denaturing agents on a
gradient to separate PCR products based on nucleotide content rather than size. For this
experiment, DGGE was completed on a BioRad D-Code Universal Mutation Detection
System (BioRad Laboratories, Inc., Hercules CA) following the protocols given by
Andrews (2013). Bacterial DNA was amplified for DGGE analysis using 16S general
primers (Andrews 2013).

Experiments evaluating the effectiveness of rifamycin were completed with
DNAZzol (Thermo Fisher Scientific, Inc., Waltham, MA) for extraction of DNA using a
modified version of the standard protocol. For these experiments, I used an iCycler iQ
Real Time PCR Detection System (BioRad Laboratories, Inc., Hercules CA) with 10 pl
reactions (4.7 pl template, 5 ul FastStart SYBR Green Master Mix, 0.3 pl primers at 10
uM).

All extractions were verified and quantified using a NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham MA) and prepared for
qPCR by dilution in pure water to produce template samples with equivalent DNA
concentrations of 5 ng/ul. All gPCR followed a standard protocol (denature for 30 s at
95°C, anneal primers for 15 s at 55°C, DNA extension for 30 s at 72°C, plate read, 40
cycles) followed by a melting curve from 55°C to 95° C.

Determining levels of both BLS and Wolbachia with qPCR required three
reactions for each sample using the appropriate primers. Primers for BLS and Wolbachia
were designed from existing 16S sequence data on GenBank (accession numbers U65654
and AY316361.1, respectively) using the NCBI primer-designing service. The successful

primers were as follows: for Wolbachia (859F 5’GACCCGCACAAGCGGTGGAG 3,
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973R 5’AATCCGGCCGAACCGACCCT 3’), for BLS (74F 5’ AGCGGCGGACGGGT-
GAGTAA 3°, 194R 5’GCGTGAAGCCCGAAGGTCCC 3’) and a reference gene Clrpl8
(accession no. EZ419784, Clrpl8F 5’ AAAGGCACGGTTACATCAAAGGTG 3°,
Clrpl8R 5’TAGTCTTGAACCTATAGGGGTCCC 3°).

The raw fluorescence data gathered during qPCR was processed using the
LinRegPCR software program (Ruijter et al. 2009). This program performs baseline
corrections for each sample and uses linear regression analysis to determine PCR
efficiency for each. Initial concentrations of a given amplicon in each sample, measured
in arbitrary fluorescence units (No values), are calculated using mean PCR efficiency per
amplicon and quantitation cycle (Cq) values. The Ny values resulting from this process
were calibrated with the reference gene Clrpl8 to control for variation in the initial total
template concentration, and the resulting values were log, transformed for normality for
statistical purposes. Descriptive analysis was run on these final measurements, providing
a mean for titers of Wolbachia and BLS in control bugs. In processing data from
experiments with rifamycin over generations, I set a threshold of four standard deviations
below this mean, and defined “positive” as those values at or greater than the threshold,
while values less than the threshold were defined as “negative”. In practice, no values
were close to these calculated thresholds, both positive and negative results forming
separate normal distributions.

Results were analyzed with Statistix 9.0 (Analytical Software, Tallahassee FL).
Mean number of eggs laid and proportion egg hatch were examined using Analysis of

Variance. Significant results were analyzed using the Tukey HSD multiple comparisons,
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a=0.05. Proportions were arcsine transformed before analysis. Comparisons of
proportions testing positive for endosymbionts were examined using Fishers Exact Test.
Antibiotics

Tetracycline and rifamycin concentrations

A preliminary laboratory test indicated that mated female bed bugs given a single
blood-meal containing 0.05% tetracycline failed to lay any eggs, in stark contrast to
controls (mean 8.1 eggs, 84.1% hatch). Because Wolbachia is reported from bed bugs
and is often associated with reproductive abnormalities (Werren et al. 2008), and because
the antibiotic tetracycline is commonly used to remove Wolbachia from a host, I thought
it possible that the dramatic loss of fecundity following antibiotic treatment was
associated with the elimination of one or both symbionts. I therefore set up an experiment
to test the hypotheses that antibiotic treatment with tetracycline or rifamycin decreased
fecundity of bed bugs through the elimination of one or both symbionts.

The experiment consisted of eight treatments (three different concentrations of
tetracycline or rifamycin, and two controls), replicated three times. Tetracycline or
rifamycin were diluted with phosphate buffer saline (PBS) to three different
concentrations for each antibiotic. Each PBS solution was then mixed into blood,
resulting in three different final concentrations of antibiotic in blood (0.05%, 0.005%, or
0.0005%). Normal blood and blood containing PBS (10%) acted as controls.

For each treatment, 20 non-virgin adult female bed bugs were taken from the NY1
colony one week after reaching the adult stage and allowed to feed to repletion once on
treatment blood. After feeding, bugs were separated into individual wells on 24-well cell

culture plates (3527, Corning Inc., Corning, NY), one plate per treatment group. The
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resulting fecundity was measured as eggs laid and proportion hatched. After 18 d, all
bugs were fed normal blood and placed into new wells for continued measurement of
fecundity. Sample adult bugs were removed at 14 and 38 d, individually extracted for
whole-body DNA, and PCR was performed with universal 16S rDNA primers (Andrews
2013). The resulting bacterial profiles were analyzed by DGGE and the resulting bands
sequenced (Andrews 2013). Neonate offspring resulting from each treatment and feeding
were extracted for DNA and processed in like manner.
Trials with different types of antibiotics

Antibiotics have been used successfully by researchers to selectively remove
specific endosymbionts from insects while leaving others at normal levels (Koga et al.
2007). I chose four antibiotics (chloramphenicol, carbenicillin, tetracycline, and
rifamycin) representing different modes of action to examine their capacity for
eliminating bed bug endosymbionts. Chloramphenicol is a translation inhibitor, stopping
bacterial protein synthesis by reversibly binding to the 50S ribosomal subunit and
blocking access by aminoacyl tRNA (Trivedi et al. 2016). Tetracycline similarly prevents
translation in bacteria by binding to the 16S part of the 30S ribosomal subunit in
microbes and blocking aminoacyl tRNA from binding (Trivedi et al. 2016). Carbenicillin
is bacteriolytic, inhibiting the formation of peptidoglycan cross-links in the bacterial cell
wall, resulting in cytolysis (Butler et al. 1970). Rifamycin binds to prokaryotic RNA
polymerase, inhibiting transcription by steric occlusion (Floss and Yu 2005).

In preliminary tests to determine palatability of different antibiotic concentrations
in blood, each of these antibiotics was diluted with PBS into blood with three different

final concentrations (0.05%, 0.005%, or 0.0005%) using the methods described above.
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Because chloramphenicol was initially dissolved in 100% ethanol, an additional control
was used containing PBS with ethanol in corresponding concentrations (8%, 0.8%, or
0.08% ethanol in blood).

After feeding, all bugs within a treatment group were allowed to mate for three d,
then separated into individual wells on a 24-well cell culture plate. The resulting
fecundity was measured as eggs laid and proportion hatched. After one week, all bugs
were again fed treated blood and placed into new wells for continued measurement of
fecundity. This was repeated for a third week.

Bed bugs readily fed to repletion when presented with blood containing rifamycin
or carbenicillin at the highest concentration (0.05%) and fecundity remained high after
multiple weeks of feeding, so this rate was used for continued experiments with these two
antibiotics. At that same concentration, however, bugs would not feed on blood
containing chloramphenicol. This was probably due to the high alcohol content (8% of
blood) used in the chloramphenicol treatment, as bugs also would not feed on the ethanol
control at that level. While tetracycline was readily accepted by bugs at the highest dose,
it resulted in significant mortality and complete loss of fecundity. Chloramphenicol and
tetracycline were therefore used at the intermediate level (0.005%) for continuing
experiments.

Following this initial testing, I examined the effect of these different antibiotics
on symbiont titers using the antibiotic concentrations determined above (chloramphenicol
0.005%, rifamycin 0.05%, tetracycline 0.005%, carbenicillin 0.05%). Initially, virgin
adult male and female bed bugs were placed in groups of 60 female and 30 male for each

treatment and fed their respective treatments. All bugs within each treatment were then
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placed together for 48 hr in a petri dish and allowed to mate, after which they were
separated into individual wells on a 24-well cell culture plate and subsequent fecundity
was measured for each female as eggs laid and proportion hatched. Seven days after the
first feeding, all the bugs were allowed to feed again on their respective treatment, then
placed in new wells on cell culture plates for fecundity measurements. The process was
repeated through eight feedings, after which samples (adults and offspring) were taken
from each treatment for extraction and qPCR testing of symbiont levels. The experiment
was replicated 3 times.

Rifamycin with generations

Based on the results of the experiments with different antibiotics, a similar
protocol was used, this time with only two treatments and intended to test for the long-
term loss of symbionts. Virgin adult male and female bed bugs were fed weekly for eight
weeks on blood containing rifamycin (0.05% final concentration), with control bugs
feeding on blood containing PBS. A sub-sample of bugs were removed from each
treatment after the first and all subsequent feedings, individually extracted for total-body
DNA, and qPCR was used to determine the titers of both endosymbionts relative to
control bugs.

After eight weeks of treatment, the bugs were paired and allowed to mate within
treatments. The resulting offspring (F1) first instar nymphs were collected and reared on
normal blood with weekly feedings until they reached the adult stage. At that point,
samples were taken for qPCR, and the new F1 adults were allowed to mate. Offspring
(F2) were again collected and reared to adulthood, and this process was repeated for the

F3 generation. For each replicate, I attempted to rear and test at least three generations
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from the treated bugs in order to demonstrate real and permanent loss of symbionts in the
strain.
Maintenance at elevated temperatures

Initial experiments following the methods of Chang (1974) with bugs maintained
at 36°C for two weeks resulted in reduced levels of endosymbionts but not complete
elimination, as indicated through qPCR in comparison with controls. The reduced
symbiont titers rebounded back to normal levels in the weeks following treatment. Based
on these results, I maintained treatment groups at 36°C for a longer treatment time of five
weeks in my experiments.

Virgin adult male and female bed bugs were maintained at either 36°C or 24°C in
one of two incubators for five weeks, with four males and four females removed each wk
for DNA extraction and qPCR to measure symbiont titers. The assignment of incubator to
elevated temperature or control treatments was rotated over the four replicates to control
for incubator effects. After five weeks the bugs were allowed to mate within the
treatment and control groups. The resulting offspring (F1) neonates were collected and
maintained at normal rearing temperatures. They received weekly feedings until reaching
the adult stage, at which point samples were taken for gPCR and mating was allowed
within each treatment group. Resulting offspring (F2) were again collected and reared.
This rearing cycle was repeated for over a year, with varying number of generations
dependent on development rate. I attempted to maintain each group for at least three
generations, with adults being harvested at each of the first three generations (F1, F2, F3)

to assess the permanence of any apparent symbiont loss.
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Results
Antibiotics
Tetracycline and rifamycin concentrations

There was a significant treatment effect on mean number of eggs laid per female
(F(7,16)=25.02, p<0.01), as well as the proportion of those eggs hatching (F(7,15)=2.88,
p=0.04). The mean number of eggs laid per female fed on the highest dose of tetracycline
(0.05, SD=0.06) was reduced relative to the untreated control (7.4, SD=0.46). No other
treatments were significantly different from the control in the number of eggs laid (Table
2.1). There were two groups of treatments within which the mean proportions of eggs
hatching were not statistically different. Only the treatment given the highest dose of
tetracycline (0.42, SD=0.42) was significantly different from the controls (0.95,
SD=0.02) in the proportion of eggs hatched (Table 2.1). The fecundity of bugs that were
fed rifamycin was not significantly different from the control.

The DGGE analysis revealed that bed bugs treated with tetracycline still had
detectable levels of both symbionts, even at the highest dose (Figure 2.1, H and K). The
offspring of these treated bugs still had both symbionts present. However, bugs that were
treated with rifamycin and their resulting progeny no longer had detectable levels of BLS.
Wolbachia was still detected in adults and their offspring after treatment with a single
dose of either antibiotic.

Trials with different types of antibiotics

There was a significant effect of treatment on levels of BLS (F(4,24)=6.1, p<0.01)

and Wolbachia (F(4,24)=8.96, p<0.01). Tetracycline and rifamycin treatments were the

most effective at removing either endosymbiont over eight weekly feedings (Figure 2.2).
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Based on qPCR results, only these two antibiotic treatments resulted in symbiont levels
significantly different than the PBS control. In addition, offspring of the bugs treated with
these two antibiotics exhibited similarly low levels (Figure 2.2).

However, there appeared to be notable side effects of tetracycline including high
mortality, few eggs being laid, and none hatching (Table 2.2). There was a significant
effect of treatment on mean number of eggs laid (F(5,12)=43.57, p<0.01) and the
proportion of eggs that hatched (F(5,12)=97.54, p<0.01). Based on these studies and the
need for aposymbiotic lines that could reproduce effectively, rifamycin was selected for
use in follow-up symbiont removal experiments.

Rifamycin with generations

The proportions of bed bugs testing positive for symbionts were significantly
lower for those fed on blood containing rifamycin than for the control bugs for all eight
weeks (Fig 2.3). In control samples, the proportions of bugs that tested positive after each
of the eight weeks of treatment were all close to 1. However, the positive proportions
changed over time for bugs fed rifamycin. Proportions of treated bugs positive for BLS
dropped for the first two weeks, then rose slightly to about 0.4 and remained at that level
for the final five weeks. Proportions testing positive for Wolbachia tell dramatically to
zero after the first two weeks and stayed near zero for the remainder of the treatments. In
both cases, there was no notable change in the proportion of bugs with symbionts after
the third week.

No offspring of bugs from treatment groups in replicates 1 and 2 tested positive
for symbionts using qPCR. For the third replicate, there were four specimens that tested

positive for both symbionts in F1, but none were positive in F2. In control bugs the
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proportions testing positive for BLS in F1 and F2 were 0.78 (n=18) and 0.9 (n=10)
respectively. Repeated measurements of the levels of BLS in the main NY1 colony
resulted in a mean proportion of 0.91 testing positive, which is not significantly different
from the proportion measured in the controls (p=0.0871, p=1, Fisher’s Exact Test,
a=0.05). Every control bug tested positive for Wolbachia in the F1 and F2 generations.
Maintenance at elevated temperatures

Bugs maintained at 36°C for five weeks showed high variance in the measured
titers of symbionts by qPCR, even within replicates (Figure 2.4). As a result there was no
significant reduction in symbiont titers even though measured titers were lower than the
control group for all weeks of treatment as well as the resulting offspring. Of the four
replicates, only one resulted in an aposymbiotic strain over multiple generations.

Discussion

Efficacy of different antibiotics

Antibiotics are the most commonly used method of endosymbiont removal
(Moran et al. 2008), and tetracycline is one of the more commonly used over the last
decades. In light of this, the negative impact of tetracycline on fecundity and the
increased mortality associated with treatment in my studies—which do not seem to be
associated directly with symbiont loss—are quite surprising. Bugs treated with
tetracycline experienced these effects even after one feeding, when they still had high
levels of both symbionts. Potential complications with tetracycline toxicity could be
associated with binding to blood serum such as would take place in blood fed to bed bugs
(Rolinson and Sutherland 1965) and toxic breakdown products (Benitz and Diermeier

1964). Tetracyclines have also recently been shown to impair the function of
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mitochondria in eukaryotes, with potentially confounding influence on research looking
at the effects of symbiont loss. (Ballard and Melvin 2007, Moullan et al. 2015,
Chatzispyrou et al. 2015).

There were no similar effects observed in bugs treated with rifamycin or the other
antibiotics, all of which had normal fecundity and low mortality even after eight weeks of
treatment. Only rifamycin was effective, in stark contrast with tetracycline; bugs treated
with rifamycin had normal fecundity and low mortality despite having little to no
detectable levels of symbionts following treatment. Thus, among the antibiotic types
tested in this dissertation rifamycin is the most effective choice for curing bed bugs of
their symbionts. Other antibiotics in the ansamycin family would likely have comparable
results (Floss and Yu 2005), since with the exception of tetracycline these results with
different antibiotics are consistent with other recent studies. For example, Fenolar et al.
(2003) tested 13 antibiotics against Wolbachia from mosquitoes and found that
antibiotics in the tetracycline and rifamycin groups were the most effective at reducing
the bacterial titers, while Hermans et al. (2001) tested five antibiotics and also found that
the same families of antibiotics was the most effective.

It appears from my results that the loss of both symbionts in a bed bug does not
negatively impact individual fecundity over the short term. This does not necessarily
mean that there are no immediate impacts, but none were apparent in my study. These
results are not consistent with other recent studies using similar methodologies with bed
bugs, in which immediate negative impacts on fecundity of treated individuals, such as
low egg viability, were displayed (Hosokawa et al. 2010, Nikoh et al. 2014). One notable

difference between the studies is their use of bed bug strains that only contained
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Wolbachia, while my studies were completed on a strain that originally had both
Wolbachia and BLS. In the generational study with rifamycin, a proportion of the treated
adults continued to show detectable levels of BLS throughout the treatment period, but
Wolbachia levels were not detected after three treatments. Perhaps this indicates some
resistance in BLS to the antibiotic or its lack of penetration to all symbiont locations
within the host.

While the use of different strains (with and without BLS) may not explain the
different results, it points to the possibility of BLS as an additional nutritional symbiont.
An overlap in provisioning or complementarity is not unreasonable, and has been
demonstrated in other insects such as the sharpshooter Euscelidius variegatus (Wu et al.
2006, Moran et al. 2008).

Since levels of bacteria remained constant after three weeks of treatment, there
may be no real benefit in treating bugs with antibiotics for a longer period. It was only by
collecting offspring of treated bugs that I was able to successfully grow a BLS
aposymbiotic strain that no longer required antibiotic treatment to maintain.

Efficacy of heat treatments

While maintaining bugs at increased temperatures shows some promise for
removal of symbionts, the inconsistency among replicates made it ineffective for these
studies. Further studies could be done to refine the process and perhaps make it more
reliable. Heaton (2013) used elevated temperature extensively in her work on Wolbachia
in bed bugs, but dealt with similar concerns of incomplete elimination of the symbiont.
These concerns over rebounding symbiont titers restricted the interpretations of

experimental results. On the other hand, Guruprasad et al. (2011) noted differences in
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fecundity between female tachinid flies when symbionts were removed by antibiotics
versus elevated temperature. They suggested that there were direct effects of the
antibiotic on the host unassociated with symbiont loss, and determined that temperature-
based removal of symbionts was more effective. While other researchers report good
success with symbiont elimination by elevated temperatures in various arthropods
including flies, nematodes and mites (Van Opijnen and Breeuwer 1999, Guruprasad et al.
2011), based on our results the most efficient and reliable method of symbiont removal
for bed bugs seems to be feeding virgin adults with rifamycin for multiple weeks,
allowing them to mate with other virgin treated adults, and using the resulting offspring

to create aposymbiotic strains.
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Table 2.1. Fecundity results following a single feeding on blood containing various

concentrations of tetracycline and rifamycin. Asterisk indicates statistically significant

difference from the control (Tukey HSD all-pairwise comparisons, 0=0.05, n=3).

Mean No. Eggs per female +

Proportion hatched +

Treatment SEM SEM
Control 8.55+0.99 0.92 +0.04
PBS control 7.40 +0.26 0.95+0.01
Tetracycline 0.05% 0.05+0.04 * 0.42+0.42*
Tetracycline 0.005% 6.97+0.12 0.88 +£0.04
Tetracycline 0.0005% | 7.53 £ 0.54 0.95+0.01
Rifamycin 0.05% 6.98 + 0.66 0.94 +0.02
Rifamycin 0.005% 7.78 £0.63 0.94 +0.02
Rifamycin 0.0005% 7.63 +0.37 0.96 = 0.01
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Table 2.2. Fecundity results following 8 weekly feedings on blood containing various

concentrations of four different antibiotics. Asterisk indicates statistically significant

difference from the control (Tukey HSD all-pairwise comparisons, 0=0.05, n=3).

Mean No. Eggs per

Proportion hatched +

Treatment female + SEM SEM

PBS Control (n=90) 8.963 £ 0.211 0.881 £0.023
Tetracycline 0.005% (n=74) 0.131 £0.022 * 0.000 £ 0.000 *
Rifamycin 0.05% (n=100) 7.786 £0.923 0.887 £0.010
Carbenicillin 0.05% (n=96) 9.964 +0.768 0.704 £0.105 *
Chloramphenicol 0.005% (n=104) | 8.327 £ 0.346 0.921 £0.011
Ethanol Control (n=94) 7.194 + 0.330 0.934 +0.016
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Figure 2.1. Results of DGGE showing symbiont presence or absence with antibiotic
treatments at 0.05%. A: Negative control. B: Positive control. C: Nymphs from second
feeding of rifamycin adults. D: Nymphs from second feeding of control adults. E:
Nymphs from first feeding of tetracycline adults. F: Nymphs from first feeding of
rifamycin adults. G: Nymphs from first feeding of control adults. H: Tetracycline adult
after 38 days. I: Rifamycin adult after 38 days. J: Control adult after 38 Days. K:

Tetracycline adult after 2 weeks. L: Rifamycin adult after 2 weeks. M: Control adult

after 2 weeks. N: Cimex lectularius (18S). O: Wolbachia. P: BLS.
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Figure 2.2. Levels of symbionts present in bed bugs after feeding on one of four
antibiotics for eight weeks. Treatments include carbenicillin, chloramphenicol, phosphate
buffer saline (control), rifamycin, and tetracycline. Three bars are given for each
treatment, corresponding with adult female and male bugs and the resulting offspring.
Bars show standard error, n=3. There were no offspring after treatment with tetracycline,

therefore no measurement is given.
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Figure 2.3. The proportion of bugs testing positive for endosymbionts over an eight week
period of weekly feeding. Bugs were fed on blood with rifamycin or control blood with

phosphate buffer saline. Bars show standard error of the mean.
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Figure 2.4. Symbiont titers in bugs maintained at 36°C for five weeks. Results are for
each week of treatment and the F3 generation following treatment. Y-axis shows the fold
difference (Logz) of endosymbiont titers compared to control, with a fold difference of 1

indicating no difference from control. Bars show standard error of the mean.
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Chapter 3: The horizontal transmission of endosymbionts in the bed bug, Cimex
lectularius L. (Hemiptera: Cimicidae)
Introduction
Endosymbiotic microorganisms are found in many insects, with a variety of types
and host-symbiont interactions having been described (Moran et al. 2008). Two
endosymbionts are found consistently in bed bug populations around the world
(Sakamoto and Rasgon 2006b, Sakamoto et al. 2006, Siddiqui and Raja 2015, Akhoundi
et al. 2016). These were discovered at the beginning of the twentieth century by
Arkwright et al. (1921) and others, but first identified and placed phylogenetically by
Hypsa and Aksoy (1997) as a Wolbachia sp. in the F clade and a gamma-proteobacterium
referred to as BEV-Like Symbiont (BLS) based on similarities to a symbiont found in
sharpshooters (Campbell and Purcell 1993). The identities of these symbionts have since
been confirmed by multiple researchers using molecular methods (Rasgon and Scott
2004, Sakamoto and Rasgon 2006a, Hosokawa et al. 2010, Meriweather et al. 2013). In
1923, Buchner published a seminal paper on the biological development of the bed bug,
including a detailed description of transovarial transmission of the endosymbionts from
the female to her offspring. Since that time, the vertical transmission he detailed has been
consistently and universally reported as the way in which the symbionts are transferred
(Usinger 1966, Reinhardt and Siva-Jothy 2007b, Hosokawa et al. 2010).
However, there are notable instances of alternative transmission methods being

utilized in other insects, even within the order Hemiptera. A prime example of this is
assassin bugs of the genera Triatoma and Rhodnius. These true bugs are also obligate

blood feeders, but their endosymbionts are maintained through coprophagy and transfer
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from contaminated surfaces rather than through transovarial transmission (Baines 1956,
Douglas 1989, Eichler and Schaub 1998). Nymphs ingest wet fecal material of both
parents and other adults, from which they acquire the microbial symbionts, resulting in
symbiont transfer that may be both horizontal and vertical (Brecher and Wigglesworth
1944).

Despite some similarities between the hosts, coprophagy is an unlikely prospect
for endosymbiont transmission in bed bugs because the symbionts of interest have not
been isolated from the bed bug gut. There are no modern reports of fecal feeding by bed
bugs of any stage, and despite multiple attempts with hundreds of bugs, I did not observe
any fecal feeding by starved nymphs placed with recently fed adults. In an un-replicated
experiment I extracted DNA from fecal material of infected bugs and analyzed for
symbiont DNA using qPCR and 16S primers. There was no symbiont DNA detected in
the feces, although some host DNA was recorded.

Researchers have also demonstrated horizontal transfer of symbionts through
mating in aphids (Moran and Dunbar 2006) and in a parasitic wasp with Wolbachia
(Huigens et al. 2004). However, neither coprophagy nor mating have been seriously
examined as an additional mode of endosymbiont transmission in bed bugs.

Historically, there has been some speculation about bed bugs with regards to a
link between the male reproductive system and transmission of symbionts to their
offspring. Usinger (1966) made mention of this in his monograph, noting that the
mycetome housing the endosymbionts is directly connected to the testis in the male. Bed
bugs employ a form of reproductive behavior that, while not unique to bed bugs, is

certainly not common among insects (Stutt and Siva-Jothy 2001, Reinhardt et al. 2009,
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Tatarnic et al. 2014). Traumatic insemination in bed bugs entails the male using its blade-
like paramere to puncture the female integument at a particular point of cuticular
weakness, called the ectospermalage (Patton and Cragg 1913, Usinger 1966, Morrow and
Arnqvist 2003). Ejaculate is received into a specialized internal bag-like structure called
the mesospermalage, located just inside the cuticle at that area (Ribaga 1897, Rivnay
1933, Reinhardt et al. 2003). The mesospermalage is a loose organization of cells thought
to be involved in immune function and protection from introduced pathogens during
mating (Reinhardt et al. 2005, Siva-Jothy 2006). From there the sperm migrate through
the hemolymph to the primary reproductive system, following oxygen gradients into the
seminal conceptacles and to the ovarioles (Rao and Davis 1969, Ruknudin and Silver
1987), where fertilization occurs just before chorion development (Usinger 1966). The
evolutionary conflict associated with this reproductive strategy has been well studied and
reviewed (Stutt and Siva-Jothy 2001, Morrow and Arnqvist 2003, Pfiester et al. 2009b,
Reinhardt et al. 2009, Tatarnic et al. 2014, Reinhardt et al. 2015).

As an endosymbiont, BLS is motile and can be readily found in the hemolymph
as well as gonads in infected individuals (Louis et al. 1973, Hosokawa et al. 2010), which
suggests that if it were introduced into the female through mating, it might move with the
sperm and establish in the new host. Wolbachia is also present in both the testes of the
male and the mesospermalage of the female (Hosokawa et al. 2010). It has been shown
that other environmental microbes may be transferred to the female by the contaminated
male during traumatic insemination (Reinhardt et al. 2005), but similar transmission

between individual bed bugs has not been looked at with endosymbionts.
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In light of these results, and given the aforementioned association of the
mycetome with the testis in male bed bugs, my focus was turned to determining if
traumatic insemination in bed bugs acted as a means of transmitting symbionts between
hosts. I set up reciprocal crosses with normal and aposymbiotic bed bugs and measured
the levels of symbionts present in the experimental bugs and their offspring after four
weeks of mating with weekly feeding.

Materials and methods

Bed bugs used in these experiments came from a colony (NY1) that was
originally collected in Plainview, NY, in April 2007. This colony has a history of
insecticide resistance to pyrethroids (Zhu et al. 2010; Gordon et al. 2014). They were
maintained in the laboratory under standard conditions of 26.7° C, 65+5% RH, and a
photoperiod of 14: 10 (L: D) h. The colony was fed weekly on a parafilm-membrane
feeding system with defibrinated rabbit blood (Quad Five, Ryegate, MT) heated to 34° C
by a circulating water bath (Montes et al. 2002). Virgin adult bugs were obtained by
isolating recently-fed fifth instar nymphs. Bugs for all experiments were used 7-14 d
after molting to the adult stage.

DNA extractions for the crossing experiment with bugs maintained at elevated
temperatures were completed with DNAzol (Thermo Fisher Scientific, Inc., Waltham,
MA) using a modified version of the standard protocol. The protocol for successful
extraction required close adherence to specific requirements. First, place the sample to be
extracted into a microcentrifuge tube with 100ul of DNAzol. Homogenize, then let stand
for 15 min. Centrifuge at 10,000 g for 10 min, then remove supernatant to a new tube

with 45ul of 100% ethanol and mix thoroughly. Let stand for 3 min, then centrifuge at
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16,000 g for 15 min. As a wash to remove contaminants, discard supernatant and pipette
160 pl of 75% ethanol into the tube. Mix well, then centrifuge for 5 min at 16,000 g.
Repeat with a second wash and centrifuge, then remove and discard supernatant. Finally,
place 50 microliters of PCR-quality water into each tube and mix well. Keep extracted
DNA frozen until use.

The success of all extractions were verified using a NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham MA) to measure
concentrations of DNA and monitor quality. Each was then diluted in pure water to
produce template samples with equivalent DNA concentrations of 5 ng/ul.

Determining levels of both BLS and Wolbachia with qPCR required three
reactions for each sample using the appropriate primers. Primers for BLS and Wolbachia
were designed from existing 16S sequence data on GenBank (accession nos. U65654 and
AY316361.1, respectively) using the NCBI primer-designing service. The successful
primers were for Wolbachia (859F 5>GACCCGCACAAGCGGTGGAG 3°,973R
5’AATCCGGCCGAACCGACCCT 3°), BLS (74F 5’ AGCGGCGGACGGGTGAGTAA
3’, 194R 5’ GCGTGAAGCCCGAAGGTCCC 3’) and a reference gene (accession no.
EZ419784, Clrpl8F 5’ AAAGGCACGGTTACATCAAAGGTG 3’, Clrpl8R
5S’TAGTCTTGAACCTATAGGGGTCCC 3°)).

Two different qPCR systems were used, one for each experiment. For the crosses
with bugs maintained at elevated temperatures I used a MiniOpticon Real-Time PCR
System (BioRad Laboratories, Inc., Hercules CA) with 20 pl reactions (9.4 ul template,
10 pl FastStart SYBR Green Master Mix (Roche Life Science, Penzberg Germany), 0.6

pl primers). All gPCR followed a standard protocol (denature for 30 s at 95°C, anneal
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primers for 15 s at 55°C, DNA extension for 30 s at 72°C, plate read, 40 cycles) followed
by a melting curve from 55° to 95° C.

For the crosses with aposymbiotic strains I used an iCycler iQ Real Time PCR
Detection System (BioRad Laboratories, Inc., Hercules CA) with 10 ul reactions (4.7 pl
template, 5 pl FastStart SYBR Green Master Mix, 0.3 ul primers) and the same protocol
as that used in the other qPCR system.

The raw fluorescence data gathered during qPCR was processed using the
LinRegPCR software program (Ruijter et al. 2009), which performs baseline corrections
for each sample and uses linear regression analysis to determine PCR efficiency for each.
Mean PCR efficiency per amplicon and quantitation cycle (Cq) values are used to
calculate the initial concentrations of a given amplicon in each sample, measured in
arbitrary fluorescence units (No values). After processing with LinRegPCR, the resulting
No values were calibrated with the reference gene Clrpl8 to control for variation in the
initial template concentration, and the resulting values were log transformed for
normality. Descriptive analysis was run on these final measurements, providing a mean
for titers of Wolbachia and BLS in control bugs. I set a threshold of four standard
deviations below this mean, and defined “positive” as those values at or greater than the
threshold, while values less than the threshold were defined as “negative”. In practice, no
values were close to these thresholds, both positive and negative results forming separate

normal distributions.
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Results were analyzed with Statistix 9.0 (Analytical Software, Tallahassee FL).
Mean number of eggs laid and proportion egg hatch were examined using Analysis of
Variance. Proportions were arcsine transformed before analysis. Comparisons of
proportions testing positive for endosymbionts were examined using Fishers Exact Test.
Crosses with individuals maintained at elevated temperatures

I placed virgin male and female bed bugs into cylindrical plastic containers used
for normal colony rearing (42422, Consolidated Plastics, Stow, OH, radius 2.5 cm, depth
5 c¢cm) as groups of 200 males or females. Groups were randomly assigned to be
maintained at temperatures of 36°C or 24°C for four weeks with weekly feeding
according to laboratory protocols. Previous experiments demonstrated that maintaining
bugs at 36°C for this length of time reduced symbiont titers to levels not detected by our
qPCR. At the end of the treatment period, four treatment groups were created by placing
treated and control bugs together in pairs (40 pairs per group) into individual wells on 24-
well cell culture plates (3527, Corning Inc., Corning, NY) to mate. Treatment 1, the
positive control, contained normal males and females. Treatment 2 contained normal
females and treated males, while Treatment 3 contained treated females and control
males. Treatment 4, the negative control, contained treated males and females.

Every pair within each group was allowed to mate throughout the experiment.
Fecundity was recorded for each, measured as the number of eggs laid and the proportion
hatched. After two weeks, the bugs were all fed again, and the resulting fecundity was
measured. Four weeks after the pairs were placed together, 10 pairs were taken from each
treatment for whole-body extraction of DNA and processing with qPCR to determine

final symbiont titers.
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Crosses with bugs from symbiont-free strains

In order to investigate the transmission of endosymbionts in bugs which had not
been directly treated to remove symbionts, I used three aposymbiotic strains of bugs, the
progeny of NY1 adults directly treated with heat and the antibiotic rifamycin. Virgin
adults were obtained from these three strains, and each strain served as a replicate. In
addition, virgin adult bugs were obtained from three control populations (“normal” bugs)
taken from NY'1 at the same time the aposymbiotic groups were established. Using these
sources, four treatment groups were created by placing aposymbiotic and normal bugs
together as mating pairs into individual wells on 24-well cell culture plates. Treatment 1,
the positive control, consisted of normal males and females. Treatment 2 consisted of
normal females and aposymbiotic males, while Treatment 3 consisted of aposymbiotic
females and control males. Treatment 4, the negative control, consisted of aposymbiotic
males and females. Each treatment group consisted of 30 mating pairs.

Every pair within each group was allowed to mate freely. Fecundity was recorded
for each, measured as the number of eggs laid and proportion hatched. After one week,
the bugs were all fed again, moved to new wells with the same mates, and fecundity was
measured again. This was repeated for a third week. Three weeks after the pairs were
placed together, individual bugs were whole-body extracted for DNA and underwent
qPCR to determine final symbiont titers. Offspring resulting from each pairing were

extracted for DNA and processed in like manner.
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Results
Crosses with bed bugs maintained at elevated temperatures

Though there was some variation in exact measurements, all bugs from all the
treatment groups tested positive for Wolbachia, including the negative control. This
suggests that maintaining the bed bugs at 36°C for four weeks did not completely remove
Wolbachia, and titers had rebounded to some extent during the four weeks after
treatment. There was a significant difference in proportions testing positive for BLS
when comparing normal females (0.85, n=20) and heat-treated females (0.20, n=20), or
normal males (0.90, n=20) and heat-treated males (0.05, n=20) (Fishers Exact Test,
p<0.001 for both). However, there was no statistically significant difference in the
proportion of treated females testing positive for BLS when comparing between those
mated with normal males (0.3, n=10) or treated males (0.1, n=10, p=0.582). The same
applies to comparisons between treated males mated with normal or treated females
(p=D).

The mean number of eggs laid and the proportion hatched per female within each
treatment following the first and second feedings showed different results from week to
week (Table 3.1). For the first feeding there was a significant effect of treatment on the
mean number of eggs laid (F(3,4)=37.47, p<0.01) and on the proportion hatched
(F(3,4)=38.68, p<0.01). The mean number of eggs laid per female had two groups within
which the means were not significantly different, with females maintained at elevated
temperature laying lower numbers of eggs than normal females (Figure 3.1). Normal

females mated with normal males had significantly higher hatch rate compared to the
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other groups, and treated females mated with normal males had a significantly lower
hatch rate than the others (Figure 3.1).

After the second feeding there was a significant treatment effect on number of
eggs being laid (F(3,4)=10.40, p=0.02), but the pattern of significant groups had changed
and there was no longer a significant treatment effect on the proportions of eggs hatching
(F(3,4)=2.35, p=0.21). There was a significantly higher number of eggs laid in Treatment
2 (normal females and treated males) compared to Treatment 3 (treated females and
normal males) (Figure 3.2).

Crosses with bugs from symbiont free strains

All normal (NY1) males and females tested positive for Wolbachia after three
weeks of mating, whether they were paired with aposymbiotic or normal mates.
Likewise, all aposymbiotic line males and females tested negative for Wolbachia after
three weeks of mating, regardless of symbiont status of the mate. Based on these results,
there is no evidence to disprove the null hypothesis that the proportions being compared
are equal (Fishers Exact Test, p=1). There is no indication that Wolbachia is transferred
between males and females through traumatic insemination (Figure 3.3).

No males from aposymbiotic strains tested positive for BLS after mating with
normal females (n=30). This was not significantly different from the proportion of
aposymbiotic males which tested positive after mating with aposymbiotic females (0.04,
n=28). As with Wolbachia, there is no evidence to disprove the null hypothesis that the
proportions being compared are equal (Fishers Exact Test, p=0.4828). Likewise, there
was no significant difference between the proportions of normal males testing positive for

BLS after mating with normal females (0.77, n=30) or with aposymbiotic females (0.83,
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p=0.748). There is no evidence that BLS is transferred to males from females (Figure
3.4).

Females from aposymbiotic lines all tested negative for BLS when mated with
aposymbiotic males (n=28). However, when females from these same symbiont-free lines
were mated with normal males, a significant proportion (0.57, n=30) tested positive for
BLS (Fishers Exact Test, p<0.01), indicating that transmission of BLS from males to
females had occurred (Figure 3.4).

The symbiont profile of the female was highly correlated with the symbiont
profile of offspring for both Wolbachia and BLS (p<0.01). If the female was lacking one
or both symbionts, her offspring also did not have it, regardless of male symbiont status.
In addition, aposymbiotic females that apparently gained BLS from the males during
mating did not transmit the symbiont to their offspring in the course of the experiment.

When the female was normal, the profile of the male had no significant impact on
Wolbachia or BLS in the offspring. Offspring of normal females tested positive for
Wolbachia regardless of its presence in the male mates (p=1), and the proportions of
offspring that tested positive for BLS when the male was aposymbiotic (0.94, n=39) was
not significantly different than the proportion testing positive when the male was also
normal (0.89, n=26, Fishers Exact Test, p=0.64) (Figure 3.5).

While the symbiont status of males had no significant impact on the presence of
symbionts in their offspring, there was a significant impact on the total offspring resulting
from the each of the four treatments (F(3,114)=57.14, p<0.01). Further analysis of these
results showed three significantly different groupings in the mean total offspring (Tukey

HSD All-Pairwise Comparisons, 0=0.05). Mean offspring produced by normal females
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with normal males (10.96, SD=2.91) was not significantly different than that produced by
normal females with aposymbiotic males (10.12, SD=2.68), indicating that male
symbiont status does not affect the overall fecundity of normal females. However,
aposymbiotic females paired with normal males had significantly more offspring (6.41,
SD=3.26) than those paired with aposymbiotic males (2.60, SD=1.76), but significantly
less than normal females.
Discussion

Maintenance at elevated temperatures

The crosses with bugs exposed to 36°C for four weeks resulted in all sampled
bugs from all treatments testing positive for Wolbachia. Since samples taken immediately
after treatment were negative for both symbionts, it is likely that symbionts had been
severely reduced to levels not detected by qPCR, and levels of Wolbachia subsequently
rebounded while BLS did not. However, there was insufficient power in the experiment
to determine if transmission of BLS took place. Similar complications using temperature
to eliminate symbionts have been documented by Heaton (2013) in her dissertation work,
in which she focused on impacts of Wolbachia in bed bugs and also used elevated
temperatures in an attempt to produce aposymbiotic lines. In order to overcome only
temporary decreases in Wolbachia titers, experiments using these bugs were limited to
the first two weeks following treatment (Heaton 2013).

In my experiments, the fecundity data following the first feeding likely represents
crosses with treated bugs having very low Wolbachia titers and lacking BLS. Treated
females had lower fecundity than the normal females, but the results may be confounded

with possible side-effects of exposure to higher temperatures which could lower
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fecundity regardless of symbiont status since maintaining bed bugs at 36°C inhibits their
development (Usinger 1966). At slightly lower temperatures, elevated temperature may
be a viable option for ongoing elimination of symbionts. When spider mites were
maintained at 32°C for six generations, they were cured of their Wolbachia endosymbiont
(Van Opijnen and Breeuwer 1999). This type of long-term strategy has not been explored
in bed bugs, as current strategies have focused on faster elimination. However, natural
environmental changes in temperature were shown to impact the levels of Wolbachia
infection in a tachinid fly (Guruprasad et al. 2011). If similar patterns were found in bed
bugs and their symbionts, it might have an impact on the overall severity of bed bug
infestations in a given geographic region, which do vary considerably (Potter et al. 2015).

The nature of interactions between an endosymbiont and host can be changed by
altered symbiont titers. For example, in Drosophila a male-killing phenotype was no
longer exhibited at low levels of Wolbachia whether the low levels were experimentally
induced by elevated temperatures (Hurst et al. 2000) or the result of natural variation in
symbiont titer (Unckless et al. 2009). Since Wolbachia in my experiment was not
completely removed, the effects demonstrated may or may not be the same as complete
elimination. Clear analysis of symbiont impacts on hosts is complicated by high natural
variation in levels of symbionts in hosts, such as described in mosquitoes (Ahantarig et
al. 2008) and Drosophila (Unckless et al. 2009).

The data from the second feeding after treatment with elevated temperatures
represents treated bugs with normal levels of Wolbachia but lacking BLS. It is not
completely clear what effect BLS might have on the number of eggs laid, as the two

treatments pairing normal and aposymbiotic bugs were the only ones statistically
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different from each other, but neither was different from the positive or negative controls.
It may be that normal females lay more eggs when mated with BLS-free males than BLS-
free females produce with normal males, but this could also be confounded by side-
effects of treatment. The proportion hatching was not significantly different for any
group, despite differences in BLS presence. It therefore appears that either the lower
hatching proportions seen after the first feeding were due to treatment side-effects or low
levels of Wolbachia rather than loss of BLS, or that BLS-free bugs have lower fecundity
only initially.
Crosses with bugs from aposymbiotic strains

With respect to transmission of symbionts, the results are clear; Wolbachia was
not transmitted horizontally through traumatic insemination, while BLS was transmitted
to the female from the male at least some of the time (0.68 when aposymbiotic females
were mated with males having BLS), but not from the female to the male. That
proportion is nearly as high as the proportion testing positive with normal populations
(0.75), and could be a major factor in maintaining BLS in the bed bug population if this
infection were to be transmitted to offspring. However, it is also clear that BLS from the
male was not transmitted in measurable amounts to offspring for at least the first three
weeks. Perhaps this is because BLS had not yet migrated to the ovaries in the female after
being introduced by the male. It is possible that given more time, BLS-positive offspring
would have been produced by these females. Further studies should be done to verify
whether transmission of BLS to offspring is exclusively maternal, as it seems to be with
Wolbachia. There is also potential for studying movement of BLS through a population

or patterns of mating in bed bugs by monitoring BLS infection over time.
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In the short-term, aposymbiotic females experience higher fecundity if mating
with normal males. Various explanations for this result are possible. Since it has been
demonstrated that ejaculate components improve female fecundity (Reinhardt et al. 2009)
and seminal fluid availability can vary (Reinhardt et al. 2011), better health and vigor of
normal males could be the answer. A variation on this theme is the possibility that some
nutrients being supplied through the ejaculate are provided by symbionts in the male.
Alternatively, transmission of BLS to the female could restore direct benefits of the
symbiosis. These hypotheses have not been tested.

The long-term impacts of the symbionts on fecundity in bed bugs are cloudier,
given the changes shown in the different groups over time. Initially, groups in which the
female did not have symbionts had much lower fecundity, but both number of eggs laid
and proportion hatch increased the following two weeks. While I only gathered data for
the first three weeks, it is possible that the number of eggs laid and proportion hatched
would eventually have been about the same for all treatment groups. By the third week
the number of eggs being laid and proportion hatched in Treatment 3 (aposymbiotic
females and normal males) was not significantly different than the normal female groups.
While it is easy to account this improvement in fecundity to the associated transmission
of BLS, results can be misleading. Treatment Group 4 also showed improved fecundity
despite total absence of symbionts, and life table analysis of bed bugs shows that mean
female fecundity increases over the first five weeks of reproduction (Polanco et al. 2011).

BLS seems to be readily transmitted from males to females during mating. No
BLS was detected in the resulting offspring, indicating that it was not transmitted to

offspring by the males during the first three weeks after pairing. Over time the newly

54



infected females might begin to transmit BLS to their offspring. Venereal transmission of
many pathogenic viruses, fungi, protists and bacteria have been demonstrated in a variety
of arthropod organisms (Knell and Webberley 2004, Mavale et al. 2010), and another
study reports Rickettsial symbionts being transmitted from males to subsequent offspring
in this manner (albeit through typical and not traumatic insemination) (Brumin et al.
2012).

Bed bugs have the potential to vector Chagas Disease (Salazar et al. 2015), but
one reason it is less likely to occur outside of the lab is the lack of pathogen transmission
from parent to offspring. Traumatic insemination as a route of horizontal transmission
should be evaluated for other diseases which could be carried and vectored by bed bugs,

but is only likely if the pathogens are able to invade the reproductive organs of the male.
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Table 3.1. Results of reciprocal crosses between normal bed bugs and those maintained
at 36°C for four weeks, showing subsequent fecundity. The second feeding took place
two weeks after the first. Numbers shown are mean = SEM. N=2 for all treatments.
Treatment 1: normal females with treated males (positive control). Treatment 2:

normal females with treated males. Treatment 3: treated females with normal males.

Treatment 4: treated females and males (negative control).

Treatment | Feeding | Eggs laid Proportion Hatched
F+M+ 1 15.72 £ 0.05 0.94 +0.02
2 8.21 + (.44 0.90 + 0.04
F+M- 1 17.46 £ 0.23 0.55+0.09
2 9.98 +0.06 0.96 + 0.02
F-M+ 1 10.33 +1.03 0.24 +0.04
2 6.56 +£0.59 0.88 +0.02
F-M- 1 12.30 £0.10 0.71 £0.02
2 8.46 +0.46 0.89 +0.03
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Figure 3.1. Fecundity after first feeding for reciprocal crosses of normal bed bugs and
those maintained at 36°C for four weeks. Treatment 1: normal females with normal
males (positive control). Treatment 2: normal females with treated males. Treatment 3:
treated females with normal males. Treatment 4: treated females and males (negative
control). Bars show standard error of the mean. Letters over each bar indicate groups with
statistically significant differences between means, Tukey HSD All-Pairwise

Comparisons 0=0.05, n=2 for each treatment group.
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Figure 3.2. Fecundity after Second feeding for reciprocal crosses of normal bed bugs and
those maintained at 36°C for four weeks. Treatment 1: normal females with treated
males (positive control). Treatment 2: normal females with treated males. Treatment 3:
treated females with normal males. Treatment 4: treated females and males (negative
control). Bars show standard error of the mean. Letters over bars indicate groups with
statistically significant differences between means, Tukey HSD All-Pairwise

Comparisons 0=0.05, n=2 for each treatment group.
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Figure 3.3. Proportion of individual bugs testing positive for Wolbachia following
reciprocal crosses of normal bed bugs with aposymbiotic strains. Treatment 1: normal
females with normal males (positive control). Treatment 2: normal females with
aposymbiotic males. Treatment 3: aposymbiotic females with normal males. Treatment
4: aposymbiotic females and males (negative control). All females tested positive for
Wolbachia in treatment 1, while no females tested positive for Wolbachia in treatments 3
and 4. All males tested positive for Wolbachia in treatment 1, and no males tested
positive in treatments 2 and 4. Bars show standard error of the mean, n=30 males and 30

females for treatments 1, 2 and 3, and n=28 males and 28 females for treatment 4.

Wolbachia in Females Wolbachia in Males
1.0 T 1.0 T
1 1

(%)
< 4
© 0.8 o — 0.8 A
g =
(]
L Y
© 06 1 © 06 A
S 2
-+ n = -
g 0.4 8_ 0.4
S £
o 0.2 - 0.2 ~

0.0 0.0

F+M+ F+M- F-M+ F-M- F+M+ F+M- F-M+ F-M-
Treatment group Treatment group

59




Figure 3.4. Proportion of individual bugs testing positive for BLS following reciprocal
crosses of normal bed bugs with aposymbiotic strains. Treatment 1: normal females
with normal males (positive control). Treatment 2: normal females with aposymbiotic
males. Treatment 3: aposymbiotic females with normal males. Treatment 4:
aposymbiotic females and males (negative control). No females tested positive for BLS
in treatment 4, and no males tested positive in treatment 2. Bars show standard error of
the mean, n=30 males and 30 females for treatments 1, 2 and 3, and n=28 males and 28

females for treatment 4.
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Figure 3.5. Proportions of offspring from reciprocal crosses testing positive for

endosymbionts. Treatment 1: normal females with normal males (positive control),

n=24. Treatment 2: normal females with aposymbiotic males, n=26. Treatment 3:

aposymbiotic females with normal males, n=25. Treatment 4: aposymbiotic females and

males (negative control), n=25. All offspring in treatment 1 were positive for Wolbachia.

No offspring in treatment groups 3 or 4 tested positive for either symbiont. Bars show

standard error of the mean.
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Figure 3.6. Mean number of offspring produced following reciprocal crosses between
normal and aposymbiotic bed bugs. Treatment 1: normal females with normal males
(positive control), n=30. Treatment 2: normal females with aposymbiotic males, n=30.
Treatment 3: aposymbiotic females with normal males, n=30. Treatment 4:
aposymbiotic females and males (negative control), n=28. Bars show standard error of
the mean. Letters indicate groupings of statistically significant difference, Tukey HSD

All-Pairwise Comparisons, 0=0.05.
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Chapter 4: The impacts of endosymbiont elimination on development in the bed

bug, Cimex lectularius L. (Hemiptera: Cimicidae)

Introduction

Endosymbiosis is a special case of symbiosis in which one organism lives inside
another dissimilar organism (the host). These relationships occur on a continuum, ranging
from mutualistic interactions in which both host and symbiont benefit from the
relationship to parasitism in which the symbiont benefits to the detriment of the host
(Moran et al. 2008). They may also be described in terms of organismal interdependence:
obligate endosymbiosis, in which the host and/or endosymbiont depend on the
relationship for survival, or facultative, in which the relationship is not necessary for at
least one of the pair (Moran et al. 2008). Multiple endosymbiotic organisms may exist
within a single host, resulting in more complex interactions (Wu et al. 2006, Moran et al.

2008).

The interactions of microbial endosymbionts with their hosts have received
increasing attention as improved molecular technology provides new ways to measure
and detect them. Some of the interactions more recently described or discovered include
morphological changes such as color and size (Tsuchida et al. 2010), reproductive
manipulation such as egg production (Dedeine et al. 2001), reduced sperm competitive
ability (de Crespigny and Wedell 2006), increased mating behaviors (de Crespigny et al.
2006), cytoplasmic incompatibility and male-killing (Bourtzis and O’Neill 1998),
provisioning of B vitamins and amino acids to insects on nutrient-limited diets
(Nakabachi and Ishikawa 1999, Brownlie et al. 2009), defense against natural enemies

(Oliver et al. 2003, Brownlie and Johnson 2009), insecticide resistance (Kikuchi et al.
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2012), immune function and protection (Scarborough et al. 2005, Haine 2007), influences
on food choices (Leonardo et al. 2003, Tsuchida et al. 2004), vector competency (Beard
et al. 1998, Beard et al. 2002) and so on. It is clear that many symbionts have shown and
continue to demonstrate an impact on the biology of arthropods, and bed bugs are no
exception.

In 1997, Hypsa and Aksoy were the first to sequence bacterial genes extracted
from bed bugs. They identified the two symbionts present as a Wolbachia sp. in the F
clade and a gamma-proteobacterium referred to as BEV-Like Symbiont (BLS) based on
similarities to a symbiont found in sharpshooters (Campbell and Purcell 1993). These
identities have been confirmed by multiple researchers (Rasgon and Scott 2004,
Sakamoto and Rasgon 2006a, Hosokawa et al. 2010, Meriweather et al. 2013), along with
evidence that these two symbionts were found consistently in bed bug populations around
the world (Sakamoto and Rasgon 2006b, Sakamoto et al. 2006, Siddiqui and Raja 2015,

Akhoundi et al. 2016).

It has long been accepted that in order to thrive, arthropods that feed exclusively
on blood require symbionts to provide supplemental nutrients including vitamins and
amino acids (Koch 1960, Brooks 1964, Chang 1975). This has been demonstrated in
aphids, tsetse flies, lice, and others (Nakabachi and Ishikawa 1999, Brownlie et al. 2009,
Rio et al. 2016). This host-symbiont interaction remained unproven in bed bugs until
Hosokawa et al. (2010) published a study that demonstrated that Wolbachia played a
major role in providing nutrients to the bed bug, without which they experienced
decreased fecundity and slowed development. This was a significant finding, since most

Wolbachia infections previously studied in other arthropod hosts had demonstrated
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reproductive manipulation, not benefits (Werren 1997, Werren et al. 2007, Rio et al.
2016). The discovery of nutritional provisioning by Wolbachia is not surprising, since the
C, D and F clades of Wolbachia provide similar benefits in nematode and other arthropod
hosts (Bandi et al. 2001, Nikoh et al. 2014) as well. In subsequent studies, it has been
confirmed that loss of Wolbachia in bed bugs caused negative effects on the host such as
lower fecundity in both male and female bugs (Heaton 2013). Sequencing the genome of
Wolbachia in bed bugs also revealed that this symbiont carries the genes necessary for
producing the vitamins Riboflavin and Biotin (Nikoh et al. 2014).

The present study approaches a similar question about symbionts in bed bugs, but
with some key differences. First, while the above studies investigated the role of
Wolbachia, there has been little study done on BLS, the secondary symbiont. Multiple
endosymbionts can interact in a single host (Wu et al. 2006), and my experiments include
both symbionts.

Second, previous studies used bed bugs that were currently being treated with
antibiotics or elevated temperatures or were the offspring of treated bugs. The present
study attempts to avoid confounding treatment effects by using bugs two generations
removed from treatments for eliminating symbionts. While many potential impacts need
to be explored, I have focused in this study on the impacts of symbiont loss on host

fecundity, development time, and size of adults.

Materials and methods
Bed bugs used in these experiments came from a colony (NY1) that originated in
Plainview, NY, in April 2007. This colony has been shown to exhibit insecticide

resistance to pyrethroids (Zhu et al. 2010; Gordon et al. 2014). It was maintained in the
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laboratory under standard conditions of 26.7° C, 65 +5% RH, and a photoperiod of 14: 10
(L: D) h. The colony was fed weekly on a parafilm-membrane feeding system with
defibrinated rabbit blood (Quad Five, Ryegate, MT) heated to 34° C by a circulating
water bath (Montes et al. 2002). Virgin adult bugs were obtained by isolating recently-fed
fifth instar nymphs. Bugs for all experiments were used 7-14 days after molting to the
adult stage.

DNA extractions for all experiments were completed with DNAzol (Thermo
Fisher Scientific, Inc., Waltham, MA) using a modified version of the standard protocol.
The protocol for successful extraction required close adherence to specific requirements.
First, place the sample to be extracted into a microcentrifuge tube with 100ul of DNAzol.
Homogenize, then let stand for 15 min. Centrifuge at 10,000 g for 10 min, then remove
supernatant to a new tube with 45ul of 100% ethanol and mix thoroughly. Let stand for 3
min, then centrifuge at 16,000 g for 15 min. As a wash to remove contaminants, discard
supernatant and pipette 160 pl of 75% ethanol into the tube. Mix well, then centrifuge for
5 min at 16,000 g. Repeat with a second wash and centrifuge, then remove and discard
supernatant. Finally, place 50 microliters of PCR-quality water into each tube and mix
well. Keep extracted DNA frozen until use.

All extractions were verified and quantified using a NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham MA) to measure DNA
concentration and monitor for quality of product. Template was prepared for qPCR by
dilution in pure water to produce template samples with equivalent DNA concentrations

of 5 ng/ul.
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I'used an iCycler iQ Real Time PCR Detection System (BioRad Laboratories,
Inc., Hercules CA) with 10 pl reactions (4.7 pl template, 5 pl FastStart SYBR Green
Master Mix (Roche Life Science, Penzberg Germany), 0.3 pl primers). A melting curve
was included as an indicator to verify amplification of a single pure amplicon. All gPCR
followed a standard protocol (denature for 30 s at 95°C, anneal primers for 15 s at 55°C,
DNA extension for 30 s at 72°C, plate read, 40 cycles) followed by a melting curve from
55°Cto 95° C.

Determining levels of both BLS and Wolbachia 16S genes with qPCR required
three reactions for each sample using appropriate primers. Primers for BLS and
Wolbachia were designed from existing 16S sequence data on GenBank (accession
numbers U65654 and AY316361.1, respectively) using the NCBI primer-designing
service. The successful primers were as follows: for Wolbachia (859F
5’GACCCGCACAAGCGGTGGAG 3°, 973R 5’ AATCCGGCCGAACCGACCCT 3°),
for BLS (74F 5’ AGCGGCGGACGGGT-GAGTAA 3, 194R
5’GCGTGAAGCCCGAAGGTCCC 3’) and for the reference gene Clrpl8 (accession no.
EZ419784, Clrpl8F 5’AAAGGCACGGTTACATCAAAGGTG 3’, Clrpl8R
5S’TAGTCTTGAACCTATAGGGGTCCC 3°).

All from qPCR was processed using the LinRegPCR software program (Ruijter et
al. 2009). This program performs baseline corrections on the raw fluorescence data
gathered during the reactions, then uses linear regression analysis to determine PCR
efficiency for each. Calculation of initial concentrations of amplicons in each sample,
measured in arbitrary fluorescence units (No values), is made using quantitation cycle

(Cq) values and mean PCR efficiency per amplicon. The Ny values resulting from this
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processing with LinRegPCR were calibrated using the reference gene Clrpl8 to control
for variation in the initial total template concentration. The resulting values were log>
transformed for normality in statistical analysis.

Results were analyzed with Statistix 9.0 (Analytical Software, Tallahassee FL).

Symbiont effect on adult size

Aposymbiotic strains were created by taking virgin adult bugs from NY1 colony
and feeding them weekly for eight weeks on blood containing rifamycin. Following
treatment, they were allowed to mate and the resulting aposymbiotic offspring (confirmed
by random sampling and qPCr of nymphs) were used as the basis for a new strain.
Control strains were created simultaneously by taking bugs from NY'1 and feeding them
for eight weeks on normal blood.

Second generation (F2) adult bed bugs from three aposymbiotic strains and
control strains were used to test if loss of symbionts had an effect on bed bug body size.
For 32 male and 32 female bugs from each replicate, | measured the head capsule at its
greatest width at the eyes and the total body length from the head to the tip of the
abdomen (unfed) using a dissecting microscope. Adults were identified by full
sclerotization of the cuticle and the presence of wing pads. Males and females were
differentiated by the presence of external male genitalia (left paramere) with the abdomen
coming to a relative point, while females were more symmetrically rounded in shape,
lacked the paramere, and had an ectospermalege. After measuring, each individual was
whole-body extracted for DNA and the symbiont titers were determined using qPCR. The
measurements of aposymbiotic bugs were compared to those of control bugs with normal

symbiont profiles.

68



Symbiont effects on development time

In order to determine the effect of symbiont loss on the amount of time required
for successive generations to develop, I recorded the length of time required for bed bug
individuals to develop from egg to adult. Three aposymbiotic lines and three control lines
were measured, with weekly feedings. Notes on development were taken after each
feeding, including whether or not molting occurred, mortality, and proportion of

individuals which fed.

Symbiont effects on nutrition

Hosokawa et al. (2010) indicated that Wolbachia was a nutritional obligate, and
found that by supplementing the diet of aposymbiotic bugs with B vitamins they could
restore them to normal fecundity. With preliminary evidence suggesting that
aposymbiotic bugs take longer to develop, I investigated whether vitamin supplements
would restore normal development time. To test this hypothesis, I added the vitamins
thiamine (100 pg/ml), riboflavin (20 pg/ml), niacin (100 pg/ml), folic acid (30 pg/ml),
pantothenic acid (100 pg/ml), and pyridoxine (100 pg/ml) to blood meals, following the
protocol set forth by Lake and Friend (1968). Using first, second and third instar nymphs
from aposymbiotic and control strains, I measured the time required for development to
the adult stage. Sampled nymphs were split into two groups, with one half feeding on
supplemented and the other normal blood. After feeding, they were placed in individual
wells on a 24-well cell culture plate for observation. The time required for molting after

feeding was then compared for those fed on vitamin-supplemented and normal blood.
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Results

Symbiont effect on adult size

There was a significant effect of symbiont presence on both head capsule size and
total body length, as both female and male bed bugs without symbionts were significantly
smaller on average than their normal counterparts (female head width F(1,72)=69.20,
p<0.01; female body length F(1,72)=54.91, p<0.01; male head width F(1,76)=10.06,
p<0.01; male body length F(1,76)=6.22, p=0.02; Table 4.1, Figures 4.1, 4.2). The size
differences were greater for female bed bugs, which were on average 8.45% smaller
when measured at the head capsule and 9.61% shorter in total length when they
developed without symbionts. Male aposymbiotic bugs were about 3.49% smaller than
controls with regards to head capsule 3.96% shorter in total length.

While the mean sizes of the groups were significantly different, overlap in size
distribution between groups was notable, with some aposymbiotic adults being larger

than some normal adults (Figures 4.1, 4.2).

Symbiont effects on development time

Symbiont loss significantly slowed development time. Control development from
egg to adult required seven weeks, and three generations were completed in 24 weeks.
However, there was slower development for the aposymbiotic lines. The first-generation
offspring following treatment (F1) required 10 weeks to develop to adults in all three
replicates, and the second generation (F2) required 26 + 10.8 wk to become adults (Table
4.2). No third generation aposymbiotic bugs reached adulthood during the course of these

experiments despite a full year of weekly feedings.
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Because development was measured in weeks and feeding was on a weekly
schedule, there was no measured variation in the length of time required for F1
aposymbiotic strains or the controls to reach adulthood. While this and the small number
of replicates limit statistical analysis, Wilcoxon Rank-Sum analysis indicates that
aposymbiotic bugs took a significantly longer time to develop (a=0.05) for both the F1

and F2 generations.

Symbiont effects on nutrition

Times required to molt after feeding are given in Table 3. There was a significant
effect of instar, supplement treatment, and aposymbiotic status on the time required to
molt. There were also significant interactions between factors, with supplement treatment
by instar and by aposymbiotic status both significant (Three-way Analysis of Variance,
Table 4.3). The mean time required to molt was not significantly different between
control bugs fed normal or supplemented blood, but aposymbiotic bugs given vitamin
supplements molted sooner on average than aposymbiotic bugs given normal blood
(Figure 4.3). However, aposymbiotic bugs still took significantly longer to develop than

normal bugs even when given supplements.

Discussion
Endosymbionts have been shown to have many impacts on their host. When the
diet of the host is restricted to a nutritionally deficient source, such as xylem or blood, it
is predicted that at least one symbiont will fulfill a nutrient-provisioning role (Zeintz et
al. 2004, Moran 2008). Studies have shown that this is the case with Wolbachia in bed
bugs, which showed delayed development when the symbiont was removed (Hosokawa

et al. 2010, Heaton 2013, Nikoh et al. 2014). This study confirms these results, as I also
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found delayed development when the symbionts were eliminated. Vitamin supplements
succeeded in reducing that delay, but did not restore normal development. The reason for
this difference may be that biotin was not included as a supplement in my experiments. In
a study published after the conclusion of this work, Nikoh et al. (2014) showed that
Wolbachia in bed bugs has the genetic pathway for biotin production and that it is the key
nutrient provided to the bed bug by this symbiont.

It is likely that the reduced size of aposymbiotic adults detailed here is a result of
nutritional deficiency, similar to that seen in other insects (Nakabachi and Ishikawa 1999,
Brownlie et al. 2009). However, the cause of reduced fecundity is among the same bugs
is not so clear cut. The slightly smaller size of aposymbiotic males probably has little
effect on their physical ability to mate with females, since all males in my studies were
successful in mating with females regardless of size, and mating behaviors did not appear
challenged. Male mating rate has been correlated with amount of seminal fluid available
(Reinhardt et al. 2011), but this study did not provide male bed bugs with multiple
females nor measure sperm.

However, the nearly 10% smaller size of aposymbiotic females could directly
impact the overall fecundity of aposymbiotic bed bug strains. Body size in female insects
demonstrates a strong positive relationship, with each percent increase in body weight
correlating with approximately one percent increase in fecundity (Hon¢k 1993). While it
remains to be tested, smaller body size could result in smaller blood meals, reduced
nutrient availability, fewer ovarioles, or lower storage capacity as eggs develop within the
abdomen. It is also possible that symbionts affect reproduction independent of body size

or nutrition, but this seems unlikely given the results of other researchers who showed a
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return to normal fecundity with vitamin supplements for female bed bugs (Hosokawa et
al. 2010, Nikoh et al. 2014).

While potential reduced fecundity may impact aposymbiotic strains, it probably
does not constitute the limiting factor in population growth. Almost certainly, the effects
of symbiont loss on development time far outweigh adult size in this regard. The effect of
symbiont loss on the time required for bugs to become adults was significant, with
aposymbiotic bugs requiring longer than normal bugs to develop completely.
Interestingly, the development time for symbiont-free bugs increased with each
generation, until individuals of the third generation did not develop to the adult stage at
all during our experiments. Instead, they slowly progressed through the first three molts
before apparently stalling in their development. Eventually some did reach the imago, but
not until experiments had concluded, and data is not available for them. With
development times lasting over six months, this effect is biologically significant in terms
of population viability since this is well over 143 days, the mean life expectancy of bed
bugs (Polanco et al. 2011).

As noted above, the relationships and interactions between endosymbiont and
hosts are complex and diverse. I have confirmed that the loss of both Wolbachia and BLS
in bed bugs results in reduced body size and increased development time, reduced to
some extent by dietary supplements of B vitamins. While other work has focused on the
role of the primary symbiont, Wolbachia, little is known about BLS. Koga et al. (2003)
showed that when the primary and nutritional symbiont Buchnera is removed from
aphids, a facultative symbiont can fulfil the nutritive role in its place. Other potential

impacts on the host remain to be tested, particularly for BLS. These possible impacts
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include reduced sperm competitive ability (de Crespigny and Wedell 2006), increased
mating behaviors (de Crespigny et al. 2006), insecticide resistance (Kikuchi et al. 2012),
and immune function and protection from pathogens (Scarborough et al. 2005, Haine

2007).
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Table 4.1 The effect of symbionts on adult size. Head capsules were measured at the
point of greatest width between the eyes, and body length was measured from the front of
the head to the tip of the abdomen. Statistical analysis using Tukey All-Pairwise mean
comparisons, 0=0.05. Mean £SEM.

Normal  Aposymbiotic %A P-value

Head width (mm)
Male | 0.63+£0.004  0.61£0.004  -3.49% p<0.01
Female | 0.68+0.003  0.62+0.007  -8.45% p<0.01

Body Length (mm)
Male | 4.17+0.03 4.00+0.04 -3.96% p=0.02
Female | 4.48+0.03 4.05+0.06 -9.61% p<0.01
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Table 4.2 The effect of symbiont loss on development time from egg to adult over three
generations. *Measurements of development were discontinued after 30 weeks in the F2
generation.

Development Time for generations (wk)

Treatment Replicate F1 F2 F3

Rifamycin 1 10 23 | NA
2 10 20 | NA
3 10| 30* | NA
Control 1 7 7 7
7 7 7
3 7 7 7
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Table 4.3 Analysis of Variance Table for effects of supplemental diet (Sup), Instar, and
symbiont presence (Apo) on development time in bed bugs.

Source DF SS MS F P
Instar 2 23.26 11.63 8.92 0.0001
Sup 1 29.95 29.953 22.98 0
Apo 1 823.56  823.564 631.94 0
Sup*Apo 1 37.35 37.352 28.66 0
Instar*Sup*Apo 6 32.76 5.461 4.19 0.0003
Error 2407 3136.88 1.303

Total 2418
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Figure 4.1 Box and whisker plots showing the impact of symbiont loss on adult total
body length.
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Figure 4.2 Box and whisker plots showing the impact of symbiont loss on adult head
capsule width.
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Figure 4.3 The effects of vitamin supplements on time required to molt after feeding.
Sample size of treatments from left to right: first instar 102, 99, 305, 224, second instar
272,220, 336, 271, third instar 290, 257, 24, 19. Bars represent SEM, letters indicate
groupings of statistically significant difference (Tukey HSD all-Pairwise Comparisons,
a=0.05).
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Chapter 5: Effects of Juvenile Hormone Analog Formulations on Development and

Reproduction in the Bed Bug Cimex lectularius L. (Hemiptera: Cimicidae)

Introduction

The following summarizes previously published research (Goodman et al. 2013).
Bed bugs (Cimex lectularius L.) are one of the most commonly reported pest problems in
many urban areas, and are often difficult to control (Potter et al. 2015). The cryptic nature
of the bugs, the intimate settings where infestations occur, and widespread resistance to
pyrethroids (Romero et al. 2007, Zhu et al. 2010) make eradication difficult even for
professional pest control operators. Bed bugs are likely to take refuge on and around
beds, couches, and other places where humans make frequent and prolonged contact, and
consequently, where relatively few effective insecticides are labeled for use. Those that
are most effective for bed bug treatment are valued for their residual action and low

mammalian toxicity.

Juvenile hormone analogs (JHA) such as methoprene and hydroprene are
attractive management options because of their low toxicity to mammals and their history
of effectively controlling a variety of urban insect pests, such as cockroaches,
mosquitoes, fleas, and stored product pests (Mohandass et al. 2006, Henrick 2007).
Juvenile hormone (JH) plays an integral role in insect molting, development, and
reproduction. By imitating abnormally high levels of JH, these analogs interfere with the
development of normal reproductive adults. Gentrol® (Central Life Sciences,
Schaumburg IL), with (S)-hydroprene as the active ingredient, is one JHA product

labeled for use in bed bug management and is utilized extensively (Potter et al. 2015).
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However, despite high usage, the efficacy of JHA formulations for bed bug control

remains unclear.

Previous work with (S)-hydroprene on a laboratory colony found no impact on
development time, but did show adult mortality (Todd 2006). In another study bed bug
nymphs and adults were exposed to dry residues of (S)-methoprene, and demonstrated
high efficacy against both laboratory-maintained bugs and insecticide-resistant field
strains (Naylor and Boase 2008). However, the application rates used in the study were
high, up to 15 times higher than the label rate of current methoprene-containing
insecticides. Earlier work also showed methoprene efficacy against treated nymphs
(Shaarawi et al. 1981, 1982) and eggs (Takahashi and Ohtaki 1975) only at similarly high

rates.

In order to determine efficacy of Hydroprene and Methoprene for bed bug
control, bed bugs of different stages originating from pyrethroid-resistant and susceptible
colonies were exposed to aqueous dilutions of Gentrol® IGR Concentrate, and Precor®
IGR Concentrate (Central Life Sciences, Schaumburg IL, active ingredient: (S)-
methoprene) both as a direct spray of insects and dry residue in which bed bugs were

confined to the treated surface.

Materials and Methods

Insects and materials
Three strains of bed bugs were tested. The FD colony came from a collection made
in Ft. Dix, NJ, in 1974 (Bartley and Harlan 1974), and having long been maintained in the

laboratory, is highly susceptible to various insecticides, including pyrethroids (Romero et
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al. 2007). CIN-1 was initiated from over 200 bugs collected in an apartment in Cincinnati,
OH in 2005. Relative to the long-maintained laboratory strain (FD), this colony is highly
resistant to two pyrethroids (deltamethrin and A-cyhalothrin) as measured by a residual
assay with technical grade insecticide (Romero et al. 2007). NY-1 was collected from an
infested apartment in Plainview, NY in April 2007, and has shown resistance to a
pyrethroid (deltamethrin) measured by a residual assay and compared to the FD strain (Zhu

et al. 2010).

Insects were housed in incubators at 26.7° C, 65 = 5% RH, and a photoperiod of
14: 10 (L: D) h. All colonies were maintained on citrated rabbit blood using the methods

of Montes et al. (2002) with a weekly feeding regimen.

The efficacy of (S)-methoprene and (S)-hydroprene formulations were tested
using both direct spray and dry residue tests. Direct spray tests were conducted on eggs
and nymphs from the NY-1 colony, while dry residue tests were conducted with all three
colonies and included eggs, nymphs, and adults. Mortality, oviposition, egg hatch, and
development to adult were measured as response variables. Adults were also inspected
and/or dissected under light microscope for morphological deformities or irregularities.

All experiments were replicated four times.

The containers used to confine bed bugs during the course of each experiment
with insecticide residues were prepared as follows: circular sections of Masonite (5 cm
diameter) were sprayed with one of the treatments at indicated concentrations using a 118
ml fine mist spray bottle (SQB.4FMS, ProChemical and Dye, Somerset, MA). The spray
bottles were triggered twice for each disk at a distance of approximately 15 cm, resulting

in a uniformly wet surface. Application rates were calculated by weight over the treated
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area. These treated disks were allowed to air-dry for 24 h, after which they were placed
into the bottom of cylindrical plastic containers (42422, Consolidated Plastics, Stow, OH,
radius 2.5 cm, depth 5 cm). The inside cylindrical surface was treated with Fluon®
(polytetrafluorethylene, Northern Products, Woonsocket, RI), so that bugs placed inside

were effectively confined to the bottom treated surface.

Each cell of a 24-well cell culture plate (3527, Corning Inc., Corning, NY) was
lined at the bottom with filter paper, and the sides were coated with Fluon® to prevent
escape. These cells were used to pair adults for mating following experimental

treatments.

Over the course of these experiments, the following treatments were included:
distilled water (control), (S)-methoprene 1x [diluted in distilled water to label
concentration (0.007% methoprene)], (S)-methoprene 2x (0.014%), (S)-hydroprene 2x
[diluted in distilled water to two times label concentration (0.12% hydroprene)], (S)-
hydroprene 3x (0.18%), and (S)-hydroprene 10x (0.6%). The application method resulted
in rates of 3.6 mg/m? and 7.4 mg/m* methoprene for (S)-methoprene 1x and 2x,
respectively. Application rates for hydroprene were measured as 65.1 mg/m?, 89.2

mg/m?, and 317.8 mg/m? for (S)-hydroprene 2x, 3x, and 10x respectively.

Direct spray experiments
Eggs sprayed directly

Sections of blotter paper containing ten bed bug eggs (NY-1 colony) were directly
sprayed with one of five treatments ((S)-methoprene (1x or 2x), (S)-hydroprene (2x or
3x), or control). Eggs had been deposited 0—24 or 48—72 h earlier. Each group of treated

eggs was immediately transferred to an individual well of a 24-well cell culture plate.
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Egg hatch was observed daily for eight days, at which point all eggs had either hatched or

collapsed.

Nymphs sprayed directly

Third-instar nymphs from the NY-1 colony were directly sprayed with either (S)-
hydroprene 3x or water. Each treatment group consisted of twenty nymphs, fed 24 h prior
to treatment. Immediately following exposure, bugs were placed in untreated containers
and kept in an incubator under the previously mentioned conditions. All bugs were fed
weekly and observed for molting and mortality. Upon reaching the adult stage, each
specimen was examined for morphological irregularities under a light microscope, then
placed in an individual well on a 24-cell culture plate and fed. An untreated, fed virgin
adult of the opposite gender was placed in each cell to allow mating. Subsequent

oviposition, egg hatch and mortality were recorded for 20 d.

Dry Residue Experiments
Adults continuously exposed to dry residues

Masonite disks treated with (S)-methoprene (1x or 2x), (S)-hydroprene (2x or 3x)
or water were placed in cylindrical containers. Groups of virgin bed bugs (five male and
ten female) from the NY-1 colony were fed, placed in prepared containers on the dry,
treated surface, and allowed to mate. The 1: 2 sex ratio minimized deleterious effects
from multiple mating associated with traumatic insemination (Stutt and Siva-Jothy 2001).
Mortality, oviposition, and egg hatch were observed daily for 20 d without additional
feeding. At every observation, each bug was gently touched with clean forceps to

determine responsiveness.
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Nymphs continuously exposed to dry residues

Masonite disks treated with (S)-methoprene (1x or 2x), (S)-hydroprene (2x or 3x)
or water were allowed to dry for 24 h. Groups of 20 third-instar nymphs from two
colonies (NY-1 and FD) were fed, and then placed on the treated surfaces after 24 h.
Nymphs were fed weekly and observed daily for molting and mortality. After reaching
the adult stage, all insects were fed and placed in individual wells on a cell culture plate.
An untreated virgin adult of the opposite gender was introduced in each cell to allow
mating, and mortality, oviposition, and egg hatch were observed for 20 d. Every
specimen was examined for morphological deformities using light microscope, and all
females were dissected to count eggs remaining in the abdomen. Using these same
methods, nymphs were also evaluated at higher concentration residues with treatments of

(8)-hydroprene (3x or 10x) and a water control.

Nymphs from three colonies continuously exposed to dry residues

To examine potential efficacy against different colonies, three colonies were
tested; NY-1, FD, and CIN-1. Masonite disks treated with (S)-hydroprene 3x or water
were allowed to air dry for 24 h. Thirty fed and mated females were placed in each
container and allowed to lay eggs for 24 h, after which all adults were removed. These
eggs were allowed to hatch over the next two wks. Twenty first-instar nymphs from each
container were randomly selected, fed, and returned to their respective treatment
containers. Additional nymphs were discarded. These twenty nymphs were then followed
through the remainder of their development to adults, with weekly feedings and
observations of molting and mortality. Upon reaching the adult stage, they were placed in

individual wells of a 24-well cell culture plate, fed and mated with untreated virgin
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insects. Oviposition and egg hatch, along with mortality, were recorded for 20 d without
additional feeding. At each observation, bugs were gently touched with clean forceps to
determine responsiveness. In addition, each adult was examined under light microscope
for morphological deformities. Containers were kept in an incubator between

observations.

Statistical Analysis

Results were analyzed with Statistix 8.0 (Analytical Software, Tallahassee FL).
Mean oviposition, egg hatch, successful development to adult, and retention of eggs were
compared using Analysis of Variance. Proportions were arcsine transformed before

analysis.

Results

Direct Spray Results

Direct spray of eggs

When eggs were sprayed directly, proportions of eggs that hatched were not
statistically different for any treatments (water, (S)-methoprene 1x or 2x, (S)-hydroprene
2x or 3x), regardless of whether the eggs were sprayed at 1 or 3 d of development
(F=0.87; df=4, 30; P=0.49). The hatch rates (mean £SEM) were 0.98 +0.025, 0.98
+0.025, 1.0 £0.0, 1.+0.0, and 0.93 £0.048 for eggs sprayed when they were <24 h old
with water, (S)-methoprene 1x, (S)-methoprene 2x, (S)-hydroprene 2x, or (S)-hydroprene
3x, respectively. For eggs treated when they were 48—72 h old, hatching rates were 1.0

+0.0, 1.0 0.0, 0.95 +0.05, 0.98 £0.025, and 0.95 +0.05 for the respective treatments.
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Direct spray of nymphs

The mean proportion of nymphs successfully reaching the adult stage after being
sprayed directly with (S)-hydroprene 3x was not significantly different than control
(86.3% vs. 93.8%) (F=2.59; df=1, 6; P=0.16). Subsequent oviposition (mean eggs laid
per female after first feeding as adult) was unaffected (£=0.49; df=1, 6; P=0.51) as was
egg hatch (F=0.56; df=1, 6; P=0.48). Mean oviposition was 7.13 £0.59 (SEM) and 6.5
+0.69 for control and (S)-hydroprene 3x, respectively. Proportion hatching rates were
0.97 £0.007 and 0.94 £0.027 for the respective treatments. No morphological deformities

were observed in the adults when examined under a light microscope.

Dry Residue Results

Adults continuously exposed to dry residues

For adults restricted to a treated surface, treatment effects were not significant for
oviposition (£=0.2; df=4, 15; P=0.93) or egg hatch (F=0.49; df=4, 15; P=0.74). Mean
oviposition (eggs laid per female after a single bloodmeal) was 6.05 +0.58, 5.75 £0.62,
5.55 £0.86, 5.95 +0.84, and 6.48 +£0.91 for water, (S)-methoprene 1x, (S)-methoprene 2x,
(S)-hydroprene 2x, and (S)-hydroprene 3x treatments, respectively. These numbers are
consistent with expectations for the first bout of oviposition after molting to adult.
Proportional hatch rates were 0.90 +0.021, 0.89 +0.056, 0.94 +0.006, 0.93 +£0.017, and

0.91 £0.014 for the respective treatments.

Nymphs continuously exposed to dry residues
There was no effect on the proportion of treated nymphs developing to adult for
any of the treatments (F=0.87; df=4, 30; P=0.49). For NY-1, the mean proportions

developing to adults (n=4) were 0.88 £0.043 (SEM), 0.90 £0.054, 0.88 £0.043, 0.91
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+0.024, and 0.91 £0.013 for water, (S)-methoprene 1x, (S)-methoprene 2x, (S)-
hydroprene 2x, and (S)-hydroprene 3x, respectively. For FD colony, the mean
proportions were 0.88 £0.048, 0.93 £0.025, 0.95 £0.029, 0.89 +0.032, and 0.85 +0.02 for
the respective treatments. Adults did show some other abnormalities associated with the
treatments. There was a significant colony effect on oviposition (F=153.65; df=1, 30;
P<0.0001) and on the number of eggs retained inside the female (F=43.75; df=1, 30;
P<0.0001). Treatment by colony effect on oviposition was significant (F=3.28; df=4, 30;
P=0.024); while there were no significant effects of treatments on the FD colony
(F=1.39; df=4, 15; P=0.29), they were highly significant in the NY-1 colony (F=11.86;
df=4, 15; P=0.0002), with adults resulting from NY-1 nymphs reared on a (S)-hydroprene
3x residue showing a 77% reduction in oviposition (Fig. 1A, B). Many of these females
produced eggs but did not oviposit, instead retaining the developing eggs in the abdomen
(Fig. 2A). Retained eggs did not hatch, but showed some development of the embryo,

with eyes, legs, and distinct segmentation visible (Fig. 2B).

In an additional experiment, there was no significant difference in proportion of
nymphs reaching adulthood for 3x, 10x, and control (F=1.6; df=2, 18; P=0.23; all
treatments >0.88). Likewise, subsequent proportions of eggs hatching were high for all
treatment (>0.85). There were strong treatment (£=36.8; df=2, 18; P<0.0001) colony
(F=13.71; df=1, 18; P=0.0016), and treatment by colony (F=10.27; df=2, 18; P=0.0011)
effects on the presence of morphological deformities. Morphological irregularities such
as cuticular openings on the dorsal surface of the abdomen, color patchiness of the
cuticle, malformed hemelytral pads, and in extreme cases, bursting of the gut through the

dorsal surface of the abdomen at the site of cuticular openings were noted in different
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proportions of NY-1 (0.09) and FD (0.05) bugs treated with (S)-hydroprene 3x, while
control bugs showed no morphological deformities. Even more strikingly different
proportions of NY-1 (0.81) and FD (0.23) bugs treated with (S)-hydroprene 10x exhibited
these symptoms (Figs. 3, 4A). Oviposition also showed strong treatment (F=34.58; df=2,
18; P<0.0001), colony (F=116.9; df=1, 18; P<0.0001), and treatment by colony (F=6.27,
df=2, 18; P=0.0086) effects. When treated with (S)-hydroprene 3x, NY-1 bugs showed
decreases in oviposition similar to previous experiments (49% reduction), and no eggs
were laid after rearing on (S)-hydroprene 10x. Oviposition of FD females showed a slight
(13%) increase with (S)-hydroprene 3x, while decreasing (38%) with the (S)-hydroprene

10x treatment (Fig. 4B).

Nymphs from three colonies continuously exposed to dry residues

Adults resulting from treated nymphs from NY-1, FD and CIN-1 colonies
exhibited results consistent with those of earlier experiments. There were no significant
treatment effects on egg hatch (F=0.05; df=1, 18; P=0.83) or number reaching the adult
stage (£=0.24; df=1, 18; P=0.63). Oviposition showed significant colony (F=14.44; df=2,
18; P=0.0002) and treatment (F=5.53; df=1, 18; P=0.03) effects. The number of eggs
laid by (S)-hydroprene 3x treated bugs decreased by 40, 36, and 6% for NY-1, CIN-1,
and FD respectively compared to the control (Fig. 5). No morphological defects were

noted.

Discussion and conclusions
(S)-Methoprene had no effect on bed bugs at 1x and 2x label rate. These results
are in agreement with Naylor and Boase (2008), who found significant results at 16

mg/m? (8.4 times label rate of Precor®) but not at § mg/m? (4.2 times label rate). Based
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on these findings, methoprene does not appear to be a promising candidate for bed bug

management programs.

The effects of (S)-hydroprene are dependent both on dose and bed bug strain, with
two field strains more susceptible than the laboratory strain at 3X. Furthermore,
oviposition was completely curtailed at the 10x rate for NY-1, and showed a 38%
decrease in FD. The causal basis for the difference between laboratory and field strains is

not clear.

Egg retention in females treated with hydroprene is an unusual effect; we are not
aware of any similar published findings. Up to 36 developing eggs were found within a
single female, while control females never contained more than two eggs. However,
some treated females continued to lay eggs normally, and those hatched in normal
proportions. For an individual female, either normal oviposition was displayed or all eggs
were retained. While this condition could be due to various causes, it seems consistent
with a morphological defect of the oviduct in which eggs cannot be deposited. However,
crowding in the abdomen due to retained eggs left reproductive organs in poor condition,

and dissections did not clearly show any specific defects.

Significant reduction in oviposition with (S)-hydroprene depended on prolonged
exposure during nymphal instars, with nymphs feeding multiple times before effects were
realized. Even after development to adult, bed bugs continued to feed despite decreased
oviposition at the higher rates. The findings suggest that hydroprene has little if any
immediate effect on bed bugs and the delayed effects occur only at rates above those on

the current product label. Different effects might result when (S)-hydroprene is applied in
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conjunction with other insecticides, as is often the case in commercial practice (Kramer et

al. 1990, Moore and Miller 2008).

Based on our studies, current label rates of these JHA formulations would have
little efficacy on bed bug populations. At application rates 3x label rate or higher,
hydroprene would have a somewhat greater effect, but this would require label
modification to allow higher rates of application and may not be feasible. However, given
the limited availability of effective insecticides labeled for bed bugs, and the potential
that some of these will be lost to regulation or resistance, further investigation of JHAs

may be worthwhile.
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Figure 5.1 A. Mean number (+SEM) of eggs laid by females from two colonies (NY-1,
FD) reared on methoprene (M) or hydroprene (H) residues and mated with untreated
virgin males; B. Mean number of eggs retained in the abdomen of treated females from
the same colonies. For NY-1 colony, mean proportions of females retaining more than
two eggs were 0.09, 0.19, 0.18, 0.38, and 0.82 for control, M 1x, M 2x, H 2x, and H 3x,
respectively. For FD colony, corresponding mean proportions were 0, 0.02, 0, 0.08, and

0.04.
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Figure 5.2 A. Dissected NY-1 female showing eggs retained in abdomen after treatment

with (S)-hydroprene 3x; B. Close-up of egg retained in NY-1 female, showing

development of embryo.

94



Figure 5.3 NY-1 adult showing morphological deformities; cuticular openings (co),

abnormal hemelytral pads (ahp), and patchiness of cuticle (pc).
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Figure 5.4 A. Mean proportion (+SEM) of adults that showed no morphological
deformities from two colonies; B. Mean number of eggs produced by treated females

from the same colonies paired with untreated virgin males.
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Figure 5.5 Mean number (+SEM) of eggs laid by treated females from three colonies.
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Chapter 6: Conclusions

Since their resurgence at the turn of the century, bed bugs have become prominent
in the public consciousness because of the economic, psychological and social impacts.
While our overall understanding of bed bug biology and control has grown substantially
over this time period, there has been relatively little research conducted on the
endosymbiotic bacteria found within them. Researchers of other insect groups have
powerfully demonstrated the critical role that symbionts play in the biology and ecology
of their hosts, but we know little about the symbionts of bed bugs beyond their identity
and some basic physical descriptions. In fact, early research on these microbes has been
mostly descriptive in nature, with few attempts at experimentally elucidating the ways in
which they affect their host. One key tool in studying these interactions is to eliminate
symbionts in a subset of a population and compare these aposymbiotic bugs to a control
group. My purpose was to determine the best methods for removing the endosymbionts
of bed bugs and to discover more about bed bug endosymbiont interactions.

Two main approaches have been used to remove microorganisms from bed bugs
for the purpose of studying symbiont-host interactions: rearing at increased temperatures
(Chang 1974, Heaton 2013), and antibiotic treatment (Hosokawa et al. 2010, Heaton
2013, Nikoh et al. 2014). Both methods have positive and negative aspects affecting their
suitability.

The use of temperature for symbiont elimination takes advantage of differences in
thresholds for development and mortality between host and microbe. Bed bugs cease
development at around 37°C and have a thermal death point between 44—45°C (Usinger

1966, Johnson 1941). There is a demonstrated decrease in symbiont titers when bugs are
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reared at 36°C for two weeks (Chang 1974, Heaton 2013). However, Heaton (2013) also
reports a subsequent symbiont titer rebound in the days following treatment, and my
experiments with temperature yielded similar results. Rather than being killed outright, it
seems probable that the symbionts here follow a pattern similar to that described by
Mouton et al. (2005), in which densities of Wolbachia in aphid hosts decrease when they
are maintained at increased temperatures.

In order to expand on this elimination technique, I extended treatment time from
two to five weeks at 36°C. The resulting bed bug populations demonstrated increased
mortality after five weeks, which placed an upper limit on the possible treatment time.
The treatment also gave inconsistent results with regard to complete elimination of the
symbionts; only a portion of replicate strains continued to show low symbiont titers over
time. The rebound in symbiont titers following rearing at elevated temperature is a
problem for subsequent experimentation, since it is difficult to differentiate the effects of
temperature versus symbiont loss on the host as endosymbiont titers recover to original
levels. I concluded that rearing the host at elevated temperatures yielded results too
inconsistent and unstable for reliable use in experiments.

The use of antibiotics can also be complicated, with direct impacts on the host
easily confounded with effects of symbiont loss. It has been suggested that incorporating
multiple antibiotic treatments with different modes of action as controls is unsatisfactory
because each antibiotic will have unknown effects (Heaton 2013). However, if different
antibiotics each result in removal of the symbionts but have different impacts on the host,
the treatments can be contrasted to help differentiate between those impacts occurring

due to symbiont loss and those caused by the treatment directly.
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For example, my experiments with four different antibiotics showed that at least
some of the host effects documented with tetracycline-type antibiotics, including reduced
fecundity (Heaton 2013), may be attributed to the toxicity of antibiotics to bed bugs and
not to symbiont loss, since the loss of symbionts with rifamycin treatment does not result
in the same immediate fecundity reduction. These results are notable because tetracycline
is often used to remove symbionts in other systems (Min and Benzer 1997, Puttaraju and
Prakash 2005, Dobson and Rattanadechakul 2001). Potential complications with
tetracycline toxicity could be associated with binding to blood serum such as would take
place in blood fed to bed bugs (Rolinson and Sutherland 1965) and toxic breakdown
products (Benitz and Diermeier 1964). As I have shown that it has detrimental effects
directly on the bed bug host, it may have detrimental direct effects on other insects as
well. Tetracyclines have also recently been shown to impair the function of mitochondria
in eukaryotes, with potentially confounding influence on research looking at the effects
of symbiont loss (Ballard and Melvin 2007, Moullan et al. 2015, Chatzispyrou et al.
2015). This is not the first example of sometimes long-term non-target effects of
tetracycline used for the purpose of removing symbionts. For example, tetracycline
treatment reduced sperm viability in male pseudoscorpions, but also caused reduced
sperm viability in the sons of treated males (Zeh et al. 2012), though the impact did not
extend to the second generation. Tetracycline was also shown to cause reduced offspring
and male-skewed gender bias in Drosophila, independent of symbiont effects (O’Shea
and Singh 2015). This is notable because these very effects have been attributed to

symbionts in some insects (Werren et al. 2008).
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The results of my research on methods of symbiont removal show a simple yet
effective way to eliminate these microorganisms in bed bugs and create aposymbiotic
strains for experimental comparisons by feeding adults weekly with blood containing
rifamycin. After three weeks of treatment, symbiont titers are reduced sufficiently that
offspring of these treated adults can be collected and used to initiate consistently
aposymbiotic strains. Although there are some reports of permanent and heritable effects
of antibiotics on insects, such as changes in mitochondrial metabolism (Ballard and
Melvin 2007, Zeh et al. 2012), using the offspring of treated bugs for experiments rather
than using those that are directly treated with antibiotics does reduce the likelihood of
confounding results due to antibiotic effects on the host.

While in my studies the permanent establishment of aposymbiotic strains was
hampered by increasingly long development times in successive generations, some
researchers have published evidence that aposymbiotic bed bugs can regain nearly
normal fecundity and development rate through supplementation of their diets with
specific B vitamins (Hosokawa et al. 2010, Nikoh et al. 2014, Heaton 2013). In fact,
Nikoh et al. (2014) showed that the genome of Wolbachia in bed bugs includes the entire
genetic pathway for synthesizing biotin and riboflavin. My experiments, conducted prior
to this discovery, provided vitamin supplements to aposymbiotic bugs including
riboflavin and several other B vitamins, but I did not include biotin in my tests. However,
Nikoh et al. (2014) also presented results using the same mix of vitamins I used, and the
improvement of host fecundity and development in their trials was much greater than in
mine. The difference in results has several possible explanations, such as variations in

rearing conditions, feeding methods, the bed bug strains examined, or the use of bugs
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which originally only contained Wolbachia, as opposed to populations which originally
harbored both symbionts. It is also possible that my use of later generations of
aposymbiotic bugs for the experiment, as opposed to treated bugs, played a part.
Regardless, the use of this method (offspring of bugs treated with antibiotics, fed on
supplemented blood) opens the door for future studies on symbiont impacts.

The decreased size of aposymbiotic bed bugs demonstrated in our studies may be
attributed to malnutrition from lack of biotin and other nutrients. Similar results were
published by Kuriwada et al. (2010) following the removal of the symbiont Nardonella in
a weevil, with reduced host size continuing into subsequent generations. It is also likely
that there are other interactions with the symbionts of which we are not aware and have
not considered. Substantial variation in bed bug size within colonies has long been
observed in our laboratories and in the field, but there has not been any attempt to
correlate the size of naturally-occurring bed bugs with presence of symbionts, and the
results may be informative.

A notable finding of this work is the horizontal transmission of BLS, but not
Wolbachia, from male bed bugs to females via traumatic insemination. While horizontal
transmission of facultative endosymbionts such as Regiella during sexual reproduction is
documented in aphids, (Moran and Dunbar 2006), this is the first example of horizontal
transmission in bed bugs, and the first demonstrated for any insect through traumatic
insemination. This new information on how symbionts may be maintained in a
population could be useful in future studies on the impacts of BLS on the bed bug host. If
the bacteria can be easily and naturally reintroduced to an aposymbiotic bed bug strain

through mating, it could help clarify possible confounding antibiotic effects and complete
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Koch’s postulates to prove the effects of BLS loss. It could also aid in differentiating
between effects caused by the loss of the two different endosymbionts. My experiments
measured for but did not demonstrate that BLS is subsequently transmitted to offspring
after horizontal transmission from a male, but this would be another unusual finding.
Generally, symbionts are transmitted from mother to offspring, but transmission from
both parents to offspring would provide an intriguing contrast and interaction with the
maternally inherited Wolbachia.

In my transmission study, over half of the aposymbiotic females mating with a
single normal male tested positive for BLS after just four weeks. As indicated by Stutt
and Siva-Jothy (2001), a male bed bug will mate with multiple females within a
population after each blood meal. In a normal population, this would likely result in few
if any females that have not mated with BLS-positive males.

One might expect higher rates of infection in females, therefore, since horizontal
infection only occurs one direction, but this does not seem to be the case. I found that
within the NY1 population about 10% of virgin adult individuals, both male and female,
lacked BLS. This proportion remained constant over the course of several years, and
appears stable within the population. It appears reasonable that while some populations
are truly free of BLS due to founder effects, few if any are completely made up of
infected individuals. Further studies must be done to determine the efficiency of BLS
transmission, both transovarially and during insemination. It also remains to be
determined if transmission to females during mating results in transmission to offspring

as well, or only to the female.
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There was an initial fecundity benefit for aposymbiotic virgin females if mated
with a male having symbionts, as compared to a male lacking symbionts. This finding is
in agreement with the work of Heaton (2013), and begs the question of whether the
benefit is tied to the transmission of BLS to the female, male viability, or nutrients
provided to the female by a symbiont-infected male. One study showed that increased
amounts of ejaculate increased the fecundity of female bed bugs regardless of mating rate
(Reinhardt et al. 2009). Because aposymbiotic males are significantly smaller than
normal males, the fecundity benefit may simply be a reflection of adult size difference
impacting amounts of ejaculate available for mating. Over time, multiple mating events
might then result in a narrowing of the resulting fecundity gap. This hypothesis remains
to be tested. On the other hand, considering that a single mating event may allow a
female bed bug to lay viable eggs for eight weeks or more (Johnson 1941), it is possible
that other ejaculate components, and not insufficient sperm, are the cause of reduced
fecundity.

Control of bed bugs as a human pest is an ongoing concern, which leads to the
question of whether endosymbiont effects on their host may indicate a weakness we
could exploit in bed bug management, or even be somehow responsible for difficulty in
their control. It has been demonstrated that in some stink bugs, insecticide resistance is
conferred by symbionts (Kikuchi et al. 2012). However, I tested both resistant and
susceptible populations of bed bugs and found Wolbachia and BLS present in all of them,
indicating that insecticide resistance in bed bugs is unlikely to be related to symbiont
effects. On the other hand, if bed bug populations are dependent on the nutrients provided

by symbionts for successful development and fecundity, it is tempting to suggest
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elimination of symbionts as a control method. This is not reasonable, because even if a
proper feeding mechanism could be contrived which would provide the majority of bugs
in an infestation with multiple blood meals, it would still be simpler to feed the bugs
something to kill them outright rather than attempting to lower their reproductive
potential and growth over several months.

Control of a pest through integrated pest management hinges in great part on a
correct understanding of its biology, ecology, and behavior. Microbial endosymbionts
have dramatic impact on their hosts, and the bed bug is no exception. Thus as C.
lectularius becomes ever more prevalent as a pest, our understanding of these interactions
increases in importance, and further research is needed to answer questions which have
not been sufficiently addressed. For example, do symbiont titers have thresholds to affect
function in the host? What are the interactions between Wolbachia and BLS in bed bugs?
Are there changes is natural behavior due to symbiont loss, such as feeding frequency,
defecation, and mating behaviors? Does symbiont loss impact bed bug effectiveness as a
disease vector? In addition, learning about the symbionts of the bed bug sheds light on
possible roles of other symbionts in insects, both related and unrelated. As research in

this area continues, new applications and possibilities will undoubtedly emerge.
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