
ABSTRACT 

SAENZ, VIRNA LISA. Studies of Resurgent Bed Bugs: Population Genetic Structure, 

Impact of Aggregation on Development and Molecular Screening for Bartonella. (Under the 

direction of Edward L. Vargo and Coby Schal). 

 

The recent resurgence of bed bugs (Cimex lectularius L.) has created an unprecedented 

demand for research on its biology. The main objectives of this dissertation research were to 

investigate several aspects of bed bug biology: infestation and dispersal dynamics at a large 

and small geographical scale using molecular markers, to determine the impact of 

aggregation on bed bug development and to screen bed bug populations for a re-emergent 

pathogen.  

First, we studied the infestation and dispersal dynamics of bed bugs at large geographical 

scale (e.g., across cities, states). Although bed bug infestations are on the rise, there is a poor 

understanding of their dispersal patterns and sources of infestation. We conducted a genetic 

study of 21 bed bug infestations from the eastern United States. We genotyped samples 

comprised of 8 - 10 individuals per infestation at nine polymorphic microsatellite loci. 

Despite high genetic diversity across all infestations, with 5 – 17 alleles per locus (mean = 

10.3), we found low genetic diversity (1 – 4 alleles per locus) within all but one of the 

infestations. These results suggest that nearly all the studied infestations were started by a 

small propagule possibly consisting of a singly mated female and/or her progeny. All 

infestations were strongly genetically differentiated from each other (mean pairwise FST 

between populations = 0.68) and we did not find strong evidence of a geographic pattern of 

structuring. The high level of genetic diversity across infestations from the eastern United 

States together with the lack of geographically organized structure is consistent with multiple 



introductions into the United States from foreign sources. This work is described in Chapter 

2 and was published in the Journal of Medical Entomology in 2012. 

Second, we investigated dispersal and infestation dynamics of bed bugs at a fine 

geographical scale within three multistory apartment buildings: one from Raleigh, NC and 

two from Jersey City, NJ. Here we describe the development of 24 high resolution 

microsatellite markers and their application to elucidate infestation dynamics within three 

multistory apartment buildings in the United States. Results reveal contrasting characteristics 

potentially representative of geographic or locale differences. In Raleigh, NC, an infestation 

within an apartment building seemed to have started from a single introduction followed by 

extensive spread throughout the building. In Jersey City, NJ, two or more introductions 

followed by extensive spread. Populations within single apartments in all buildings showed 

low levels of genetic diversity suggesting that few individuals are starting these infestations, 

possibly a singly mated female or her progeny. This work is described in Chapter 3 and was 

published in the Journal of Medical Entomology in 2012. 

Third, we studied the impact of aggregation in bed bug development. Although it is well 

known that bed bugs live in aggregations, the adaptive benefits of this behavior are not well 

understood. In this study, we reared first instars either in isolation or in groups of five from 

hatching to adult eclosion and recorded their development time. Additionally, we 

investigated the effects of group-housing on same age nymphs versus nymphs reared with 

adults. Nymphal development was 2.2 d faster in grouped nymphs than in solitary-housed 

nymphs, representing 7.3% faster overall development. However, this grouping effect did not 

appear to be influenced by group composition (nymphs vs. adults). Thus, similar to other 



gregarious insect species, nymph development in bed bugs is faster in aggregations than in 

isolation. This work is described in Chapter 4. 

Fourth, we investigated the prevalence of a re-emergent bacterial pathogen in United States 

bed bugs populations. Because reports of both bed bugs and Bartonella have been increasing 

in the United States, and because their host ranges can overlap, we investigated whether the 

resurgence of these two medically important species are linked by screening for Bartonella 

spp. in bed bugs collected from geographic areas where these pathogens are prevalent. We 

screened a total of 331 bed bugs from 39 unique collections in 30 geographic locations in 13 

states for Bartonella spp. DNA using a polymerase chain reaction assay targeting the 16S-

23S rRNA intergenic transcribed spacer region. Bartonella spp. DNA was not amplified from 

any bed bug, but five bed bugs from four different units of an elderly housing building in 

North Carolina contained Burkholderia multivorans, an important pathogen in nosocomial 

infections that was not previously linked to an arthropod vector.  This work is described in 

Chapter 5. 
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BIOGRAPHY 

Virna Lisa Saenz was born in Chimbote, Peru on September 7, 1976. She lived most 

of her life in Chimbote with her two brothers Gengis and Yempo, her three sisters, Rocio, 

Elvira and Kelli, and her parents Desiderio Saenz and Julia Chauca. Although Virna spent 

most of her life in the city, Virna enjoyed spending time at the family farm three months a 

year during school vacation. At the family farm Virna helped her parents grow several crops 

and raise domestic animals. Since life at the farm was quiet, Virna could enjoy both, time for 

reading books and time to have contact with nature. It was life at the farm that inspired her to 

pursue an academic career in Agriculture. 

In January of 1996, Virna obtained a scholarship to attend the Escuela Agricola 

Panamericana, Zamorano located in a Tegucigalpa, Honduras to study agriculture. The idea 

that students from different countries attended this school really caught her attention and she 

looked forward to interacting with students from other countries and learning about their 

cultures. In Zamorano, she learned about all aspects of agriculture such as growing crops, 

food processing and business management. However, it was an entomology class she took 

that convinced her to apply for an internship in Medical Entomology at the University of 

Illinois in Urbana-Champaign.  

After she graduated from college in 2002, Virna arrived to the University of Illinois 

to work at a medical Entomology lab under the direction of Dr. Bob Novak. After doing 

research with mosquitoes and West Nile virus surveillance throughout the state, she 

indentified a new passion, the study of arthropod vectors and vector borne diseases. Virna 
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spend a year in Illinois and then moved to the University of Kentucky to continue her work 

with west Nile virus as a research scholar, with the goal to become a graduate student later 

on. 

In January of 2004, Virna enrolled at the University of Kentucky to continue her 

Master’s studies in Entomology. At UK, Virna studied mosquito ecology under the direction 

of Dr. Lee Townsend. She graduated from UK in 2006 and the same year she moved to 

Texas Tech University to start a PhD program in Toxicology. Although she was still working 

with mosquitoes and West Nile virus, TTU did not have an Entomology Department to take 

the necessary Entomology classes that would have helped her with her research.  

In July of 2008, Virna transferred to NCSU to start a PhD program at the Entomology 

Department under the direction of Drs. Ed Vargo and Coby Schal. There, she studied the 

infestation and dispersal dynamics of bed bugs at a large and small geographical scale using 

microsatellite markers. Additionally, she investigated the impact of aggregation on bed bug 

development rate and did a survey for the re-emergent bacterial pathogen Bartonella spp. By 

investigating the prevalence of pathogens in bed bugs Virna reconciled her academic goals 

with her love for studying vector borne diseases. Virna truly enjoyed working with bed bugs 

and still believes that they are a fascinating system. After graduation, Virna hopes to find a 

job where she can study arthropod borne diseases and she does not dismiss the possibility of 

working with bed bugs in the near future.  
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Introduction 



2 

 

 

 

 

Bed bugs (Cimex lectularius L.) are blood-sucking ectoparasites of humans and other 

vertebrates (Usinger 1966). Although bed bugs have associated with humans since ancient 

times, in most industrialized countries they were thought to be eradicated until their 

resurgence starting in the 1990s (Potter 2005). Recently, urban centers around the world have 

experienced an alarming resurgence of this pest, and infestations are dramatically on the rise 

(Potter et al. 2011). In the U.S., all 50 states are infested (Gangloff-Kaufman et al. 2006). 

Bed bugs affect people of all social and economic status and have been found in almost every 

human-built structure including hotels, college dorms, nursing homes, hospitals, schools and 

day care centers, office buildings, hospitals, retail stores, public transportation facilities and 

movie theaters (Potter et al. 2011). 

The causes for the resurgence remain unclear. However, among the possible reasons 

that may have contributed to the upsurge are increased international travel and trade, increase 

in exchange of second hand furniture, changes in pest management practices, lack of pest 

knowledge and insecticide resistance (Potter 2005). Resistance to pyrethroids, the most 

common insecticides used to control them, is widespread in wild bed bug populations and 

may have played a significant role in the resurgence of this pest in the U.S. and 

internationally (Romero et al. 2007, Davies et al. 2012). Insecticide resistance in bed bug 

populations makes their control difficult and expensive. In a recent survey, 73% of pest 

control companies considered bed bugs the most difficult urban pest to control (Potter et al. 

2011). 
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The economic impact of the bed bug resurgence in the U.S. has not been quantified. 

However, infestations can cost the hospitality industry millions of dollars annually for 

treatment and lawsuits (Reinhardt and Siva-Jothy  2007). A conservative estimate of the 

economic impact of the bed bug resurgence in Australia placed the cost at over $100 million 

per year (Doggett and Russell 2008). Costs of treatment in the U.S. are variable and depend 

on the pest control company, number of visits, and type of treatment (e.g., insecticide versus 

heat treatments). Treatment of a single room infested with bed bugs can exceed $400. Thus, 

it is expected that the toll of the bed bug resurgence in the U.S. is significant and similar to 

what has been reported in other countries. 

Although bed bugs are not known to transmit disease, they can potentially be infected 

with more than 45 pathogens (Delaunay et al. 2011). In addition to the threat of infection, 

bed bug bites are a nuisance and may elicit skin reactions such as macules, papules, bullae, 

wheals and nodules. Systemic reactions such as urticaria, asthma and anaphylaxis have also 

been reported (Goddard and deShazo 2009, Criado et al. 2011). When infestations are heavy, 

frequent feedings on victims especially children and the elderly may cause severe anemia 

(Usinger 1966, Paulke-Korinek et al. 2011). Furthermore, bed bugs can cause psychological 

trauma both during infestation and after eradication with symptoms that include anxiety, lack 

of sleep, and even depression (Goddard and de Shazo 2012, Susser et al. 2012). Additionally, 

most people in low-income communities cannot afford professional treatment and as a 

consequence are taking extreme and risky treatment measures, sometimes with disastrous 

results (Potter et al. 2011). A total of 111 cases of acute illness including one fatality 
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associated to pyrethroid insecticide use to control bed bugs have been reported in seven states 

from 2003 to 2010 (CDC 2011). Because of their feeding habits and the discomfort inflicted 

by their bites, and the hazard posed by the misuse of insecticides, bed bugs are now 

considered a pest of significant public health concern (Eddy and Jones 2011).  

Infestation dynamics and dispersal of bed bugs are important aspects of their biology 

that are not well understood (Reinhardt and Siva-Jothy 2007). Bed bugs are wingless, so 

active dispersal is limited and their main mode of long-range spread seems to occur mainly 

by passive means (Lehane 2005). Humans can disperse bed bugs in their belongings when 

they travel or when they purchase second hand furniture (Lehane 2005). Although active 

dispersal of bed bugs is limited, they can actively disperse within structures (Wang et al. 

2010). However, this type of dispersal is also poorly understood (Reinhardt and Siva-Jothy 

2007). Although it is well known that humans play a key role in their movement across large 

and small geographic areas, there is little information about patterns of movement, the 

identification of certain areas that serve as major sources of bed bugs, or if local infestations 

within a city are more likely to come from local or far away sources. Furthermore, the 

number of individuals that start an infestation is unknown. On a more local scale, there are 

two studies that have addressed bed bug dispersal in buildings; Doggett and Russell 2008, 

and  Wang et al. 2010. These studies demonstrated that when infestations are established 

within an apartment, bed bugs can rapidly spread throughout the building. However, neither 

study could determine whether subsequent infestations came from the original infestation 



5 

 

 

 

 

within the same building or whether they were the result of new introductions into the 

building.  

Molecular markers can be extremely helpful to elucidate patterns of population 

genetic structure, genetic diversity and genetic differentiation of organisms, and infer 

patterns of colonization and dispersal across large and small geographic areas (Sunnucks 

2000, Avise 2004). However, efforts to use molecular markers to elucidate patterns of 

population structure and dispersal at a large geographical scale (e.g., within a city and across 

states) of bed bug infestations are scarce and relatively recent (Szalanski et al. 2008). To 

date, there is no evidence of the use of molecular markers to study population genetic 

structure and patterns of dispersal at a small geographical scale (e.g., within buildings). 

Furthermore, there are no studies employing high resolution molecular markers such as 

microsatellites, which have been useful to study and understand the biology of several pests 

of economic and public health importance such as mosquitoes, cockroaches and termites 

(Fonseca et al. 2000, Parman and Vargo 2008, Crissman et al. 2010, Booth et al. 2011), in 

bed bug infestation dynamics at a large or small geographical scale. Thus, development and 

application of high resolution markers such as microsatellites are crucial to elucidate 

infestation dynamics and dispersal patterns of resurgent bed bug populations.  

Another aspect of bed bug infestation dynamics that is not well understood are the 

adaptive benefits of aggregation. Infestations of bed bugs occur as aggregations that are 

comprised of individuals of different sexes, life stages, feeding status and mating status, and 

this behavior is mediated by aggregation pheromones emitted by adults and by thigmotaxis 
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(Usinger 1966, Reinhardt and Siva-Jothy 2007, Siljander et al. 2008). In many animal species 

including insects, aggregation or group living can confer several benefits that include 

protection from predators, finding mates, protection from environmental conditions and 

faster development (Wharton et al. 1968, Krause and Ruxton 2002, Uzsák and Schal 2012). 

There is little experimental evidence addressing possible adaptive benefits of aggregation to 

bed bugs. Aggregation in bed bugs has been shown to contribute to the maintenance of 

humidity in harborages and the prevention of desiccation, particularly during the early 

developmental stages (Benoit et al. 2007). However, other potential adaptive benefits of 

aggregation to bed bugs remain unknown.  

Because of the recent rapid increase in bed bug infestations and the difficulty of 

controlling infestations of this pest, there is great concern about their potential as disease 

vectors. Emerging and re-emerging microbial pathogens are a threat for most of the 

industrialized world because they can rapidly expand their host ranges, adapt to new vectors, 

and the number of pathogen species continues to increase (Cutler et al. 2010). Thus, 

comprehensive arthropod vector and re-emerging pathogen surveillance are crucial for the 

determination of new vectors. Bartonella spp. are re-emerging bacterial pathogens in the U.S. 

with an interesting dynamic in the sense that new species are appearing, their host range is 

expanding, and they use a wide range of blood-sucking arthropod vectors that include ticks, 

sandflies, biting flies, fleas and lice (Breitschwerdt et. al 2010). These bacteria are the 

causative agents of several diseases including Cat Scratch disease and Trench fever, which 

are prevalent in the U.S. Bartonella spp. affect humans, bats and domestic pets 
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(Breitschwerdt et al. 2010). Given that bed bugs are also resurgent in the U.S. and are closely 

associated with humans, bats and pets, it is plausible that there could be a link between re-

emerging bed bugs and Bartonella. To date, few studies have examined the vectorial capacity 

of bed bugs by screening wild populations for re-emerging pathogens including Bartonella 

spp., and even fewer vector competency studies have been performed to implicate bed bugs 

as disease vectors.  

As a consequence of the ongoing resurgence of bed bugs, there has been a renewed 

interest of researchers for studying aspects of bed bug biology to obtain a better 

understanding of this pest and to be able to curtail its spread. Given that there are still big 

gaps in knowledge of several important aspects of this pest’s biology, the main objectives of 

this project were to provide insights about bed bug infestation dynamics and dispersal at a 

large and small geographical scale, the impact of aggregation on bed bug development and 

the investigation of re-emergent pathogens.  

In Chapter 2, I study the genetic structure, genetic differentiation, gene flow and 

dispersal of bed bug infestations across a large geographic region of eastern United States 

using high resolution microsatellite markers. These results provide insights into the number 

of individuals responsible for starting an infestation, the origins of resurging populations, 

dispersal patterns and possible number of sources of C. lectularius resurgent populations.  

Chapter 3 of this dissertation addresses the development of high resolution 

microsatellite markers and their application to elucidate patterns of genetic differentiation, 
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aggregation characteristics, and infestation dynamics of bed bugs on a finer spatial scale 

within heavily infested multi-unit apartment buildings in the United States. 

In Chapter 4, I investigate the effects of aggregation and isolation on the development 

rate of bed bug nymphs, providing insights about another important adaptive benefit of 

aggregation to individual bed bugs. 

In Chapter 5, I investigate the prevalence of a re-emerging bacterial pathogen, 

Bartonella spp., in bed bug resurging populations to determine if these two resurgences are 

linked. 
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CHAPTER 2. 

Genetic Analysis of Bed Bug Populations Reveals Small Propagule Size Within 

Individual Infestations but High Genetic Diversity Across Infestations From the 

Eastern United States 

Virna L. Saenz, W. Booth, C. Schal, and E. L. Vargo 

As published in the Journal of Medical Entomology 
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CHAPTER 3. Molecular Markers Reveal Infestation Dynamics of the Bed bug 

(Hemiptera: Cimicidae) Within Apartment Buildings 

W. Booth, V. L. Saenz, R. G. Santangelo, C. Wang, C. Schal, and E. L. Vargo 

As published in the Journal of Medical Entomology 
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CHAPTER 4.  

The Impact of Aggregation on Bed Bug Development Rate 
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Abstract Bed bugs (Cimex lectularius L.) live in aggregations comprised of eggs, nymphs, 

and adults of various ages. For some animals, including many insect species, group-living 

provides important physiological and/or behavioral benefits, including faster development. 

Our aim was to determine whether bed bug nymphs reared in groups develop faster than 

solitary nymphs. We reared first instars either in isolation or in groups of five from hatching 

to adult eclosion and recorded their development time. Additionally, we investigated the 

effects of group-housing on same age nymphs versus nymphs reared with adults. Nymphal 

development was 2.2 d faster in grouped nymphs than in solitary-housed nymphs, 

representing 7.3% faster overall development. However, this grouping effect did not appear 

to be influenced by group composition. Thus, similar to other gregarious insect species, 

nymph development in bed bugs is faster in aggregations than in isolation. 

Keywords: Aggregation, bed bug, development, social interactions, Cimicidae. 
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Introduction 

Bed bugs live in aggregations in cracks and crevices that serve as refugia in close 

proximity to their hosts (Usinger 1966, Reinhardt and Siva-Jothy 2007). These aggregations 

are comprised of individuals of different sexes, life stages, feeding status, and mating status 

(Usinger 1966, Reinhardt and Siva-Jothy 2007). The aggregation behavior of bed bugs seems 

to be mediated by aggregation pheromones emitted by adults and thigmotaxis (Reinhardt and 

Siva-Jothy 2007, Siljander et al. 2008).  

Social facilitation or “group effect” is a form of phenotypic plasticity, where group 

living with or without social interactions can result in morphological, behavioral and/or 

physiological changes that may benefit individuals within the aggregation compared to 

solitary animals (Grassé 1946, Wilson 1971). Benefits of group-living may include a more 

favorable micro-environment (e.g., higher humidity, group thermoregulation), access to 

symbiotic microbes, lower risk of predation, faster development, more encounters with 

mates, and faster sexual maturation (Wharton et al. 1968, Gadot et al. 1989, Holbrook et al. 

2000, Krause and Ruxton 2002, Uzsák and Schal 2012). Experimental evidence in support of 

any adaptive benefits of group-living in bed bugs is lacking. 

Group effects on development rate have been documented in several non-eusocial 

insects including cockroaches (Wharton et al. 1968, Izutsu et al. 1970), crickets (McFarlane 

1962), and desert locusts (Norris 1954) juveniles reared in groups grow faster and reach the 

adult stage sooner than those reared in isolation. Furthermore, the acceleration of growth can 
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occur in groups as small as two same age conspecifics, different age conspecifics or even 

with individuals from other species (Izutsu et al. 1970).   

In this study we investigated the effects of grouping and isolation on the development 

rate of bed bug nymphs. We hypothesized that development time in C. lectularius nymphs 

will be affected by social interactions, with grouped nymphs developing faster than isolated 

nymphs.  

 

Materials and Methods 

Insects. We used first instars and/or adult males C. lectularius from a colony 

originating from an infested apartment in Jersey City, New Jersey, which has been in culture 

in the laboratory for three years. Experiments were maintained in an incubator at 27 ± °C and 

50 ± 10% RH. The insects were on a 12h: 12h reversed dark/light cycle. To obtain newly 

hatched first instars, adult females were separated and allowed to lay eggs immediately after 

feeding. Newly hatched first instars were immediately removed and used in experiments.  

 

In Vitro Feeding System. Insects were fed using an artificial membrane feeding 

system, which consisted of custom-built water-jacketed glass feeders connected to a thermal 

circulator water bath (Thermomix 1480 Immersion circulator, B. Braun Biotech, Inc., CA) 

that was maintained at 37°C. The hollow center of the feeders could hold up to 5 mL of 

blood which was retained by a membrane stretched across the bottom of the feeder 

(NESCOFILM, Karlan research products corporation, Cottonwood, AZ). Bed bugs were fed 
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defibrinated rabbit blood (Quad five, Ryegate, MT). Although bed bugs do not require 

frequent feeding, we offered them blood three times per week throughout the experiments to 

ensure that newly molted individuals had ready access to a blood meal.  

 

Effects of Grouping and Isolation on Development Rate of C. lectularius 

Nymphs. One or five newly hatched first instars were placed in each 1 mL polypropylene 60 

cages, which were constructed by cutting 5 mL polypropylene low temperature freezer vials 

(VWR International) to 1 mL volume (17.5 mm high × 13.0 mm diameter) and by heat-

sealing both ends with plankton netting fabric (0.3 mm mesh opening, 0.2 mm fabric 

thickness; BioQuip Products, Inc., CA) through which bed bugs could feed. A piece of twice-

folded manila card stock (17 mm × 17 mm) was inserted into each cage and served as 

harborage as well as a rough surface on which bed bugs could crawl up to the top of the cage 

and feed. Total nymph development time by sex was recorded when nymphs reached the 

adult stage. 

Effects of Group Composition on Development Time of Nymphs. Newly hatched 

first instars were reared either in a group of 50 or in a group of 50 first instars with 10 

additional adult males. We used adult males rather than females to avoid the confounding 

effects of eggs (and ultimately more nymphs) oviposited by the females. All treatments were 

placed in plastic cages that were constructed from 5 cm × 5 cm clear polystyrene wide-mouth 

threaded round jars (Consolidated Plastics Company, Inc., Stow, OH). The base of the jar 

was removed and replaced with plankton netting. Two pieces of quadruple-folded manila 
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cardboard (6.6 cm × 4.4 cm) were inserted in the cage. We recorded development time by 

sex when the nymphs reached the adult stage.  

 

Statistical Analyses. Data were analyzed with an unpaired Student t- test using SAS
®
 

9.1.3 software (SAS Institute Inc. 2002-2003, Cary, NC). Significance level for rejecting the 

null hypothesis was set at α = 0.05. Variation around the mean is represented by the standard 

error of the mean (s.e.m).  

Results 

 Effects of Grouping and Isolation on Development Time of C. lectularius 

Nymphs. The mean developmental time (days) for grouped bed bugs to reach the adult stage 

significantly faster (27.5 ± 0.33 d, P = 0.0002) than bed bugs reared in isolation (29.6 ± 0.45 

d) (Fig. 1A). No significant differences in development time were observed between males 

and females in any of the treatments. We observed lower mortality in grouped nymphs (6%) 

than in solitary nymphs (18%), although this difference was not significant (P = 0.06). 

Effects of Group Composition on Nymph Development Time. Nymphs reared in a 

group of 50 similarly-aged nymphs did not develop faster (29.1 ± 0.29 d, P = 0.51) than 50 

nymphs grouped with 10 adult males (28.8 ± 0.42 d) (Fig. 1B). Similar to the previous 

experiment, we did not observe significant differences in development time between males 

and females in either group. Mortality was higher in nymphs grouped with adults (20%) than 

in nymphs grouped with similarly-aged nymphs (12%), but this difference was not 
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significant (P = 0.51). Similar to the previous experiment, most of the mortality was 

observed within the first two weeks of the experiment during early instar development.  

 

Discussion 

This is the first study to document the effects of aggregation on bed bug development 

time. Our results showed that grouped nymphs developed 2.2 d faster than solitary nymphs, a 

significant 7.3% difference (Fig. 1). This socially-mediated difference in development time is 

comparable to differences observed in other species. For example, McFarlane (1962) found 

that grouped male nymphs of the house cricket (Acheta domesticus (L.)) developed 11.1% 

(4.4 d) faster than isolated males, and grouped female nymphs developed 8.0% (3.0 d) faster 

than females reared in isolation. Similarly, grouped nymphs of the German cockroach 

(Blattella germanica) developed 11.9% (7.8 d) faster than isolated nymphs (Izutsu et al. 

1970).  

Bed bug nymphs grouped with other nymphs as well as adult males did not develop 

faster than similarly aged grouped nymphs. These results suggest two important features of 

bed bug aggregations. First, it appears that the effects of grouping are the same regardless of 

the age of the individuals in the group, as previously shown for German cockroach nymphs 

paired with either same age or older nymphs (Izutsu et al. 1970). However, this suggestion 

remains tentative for bed bugs because we did not include a treatment consisting of a single 

nymph grouped with different aged nymphs or adults. Secondly, our results suggest that 

newly hatched neonate bed bugs do not require interaction with other bed bugs to achieve 
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maximal developmental rates, implying that development might be independent of 

horizontally transmitted symbiotic microbes. 

Group effects have been described in several insect species, but the underlying 

sensory   mechanisms and transduction pathways that result in faster development in grouped 

nymphs are not well understood. Although visual, acoustic, olfactory, and tactile stimuli can 

induce the group effect (e.g., faster development) (Hägele and Simpson 2000), mechanical or 

tactile stimuli appear to be the most important triggers of physiological differences between 

grouped and isolated nymphs (Hägele and Simpson 2000, Lihoreau and Rivault 2008). 

Aggregation in bed bugs is mediated by aggregation pheromones and tactile detection of 

adjacent individuals via mechanoreceptive sensilla at the base of the antennae, with no 

apparent major involvement of other sensory modalities (Reinhardt and Siva-Jothy 2007, 

Siljander et al. 2008, Olson et al. 2009). Therefore, the role of olfactory and tactile cues from 

conspecifics as triggers of the group effect in bed bug development needs to be investigated.  

Gregariousness may have evolved in bed bugs for protection from natural enemies, 

mate-finding, horizontal transfer of symbionts and/or nutrients, and for protection from 

unfavorable environmental conditions such as low humidity (Benoit et al. 2007, Pinto et al. 

2007). The general absence of predators in the indoor environment coupled with the benefits 

of prey aggregations to cursorial predators (e.g., spiders) make the predator avoidance 

argument unlikely. The value of aggregations for mate-finding is an attractive hypothesis 

because bed bugs are wingless and do not appear to use long-range sexual communication. 

But the presence of nymphs in bed bug aggregations makes a purely sexual function unlikely. 
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Aggregation, however, seems to be important for the maintenance of a moist microclimate in 

harborages because all bed bug life stages are sensitive to desiccation, especially during 

molting (Usinger 1966, Benoit et al. 2007). Therefore, an adaptive benefit of aggregation 

appears to be the prevention of desiccation.  

Here, we report that a second important benefit of grouping in bed bugs is a 

significantly faster development of nymphs. As hypothesized for the German cockroach 

(Uzsák and Schal 2012), this life history trait might be particularly adaptive for a colonizer 

species with obligatory sexual reproduction. In aggregations, nymphs should maximize their 

developmental rate to rapidly reach the reproductive adult stage. When a solitary male or 

female nymph is the sole colonizer in a new habitat, rapidly reaching the adult stage without 

the prospect of successful reproduction would be maladaptive. It is plausible therefore that 

social facilitation of development rate evolved in certain insect species—particularly in pest 

species—in response to periodic population bottlenecks and frequent colonization events in a 

highly fragmented environment. 

Many aspects of this fascinating system remain to be investigated, including whether 

there are particular stages in nymph development that are affected more or less by grouping, 

whether aggregation influences reproduction and survivorship of adult bed bugs, the sensory 

cues that trigger faster development in grouped bed bugs and their coupling to 

neuroendocrine mechanisms that accelerate development, and other fitness advantages 

conferred in aggregations.  
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Figure 1. A) Effects of isolation and grouping on nymph development time. Mean (±SE) 

nymph development time for isolated and grouped bed bugs. The difference between the two 

treatments was significant (P < 0.001, t - test), B) Effects of grouping on development time 

of 50 same age grouped nymphs and 50 nymphs grouped with 10 adult males. The difference 

between these two treatments was not significant (P = 0.15, t - test). Numbers of individuals 

per treatment are shown inside the bars. 
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CHAPTER 5.  

Molecular Screening for a Re-emerging Pathogen, Bartonella spp., in U.S. Bed Bug 

Populations 
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Abstract Bed bugs (Cimex lectularius L.) have resurged globally, including in the United 

States. Bed bugs are hematophagous ectoparasites of humans and other animals, including 

domestic pets, chickens, and bats, and their blood feeding habits contribute to their potential 

as disease vectors. Bartonella spp. are re-emergent bacterial pathogens that affect humans 

and other animals including domestic pets, numerous wildlife, including bats. Because 

reports of both bed bugs and Bartonella have been increasing in the U.S., and because their 

host ranges can overlap, we investigated whether the resurgences of these two medically 

important species are linked, by screening for Bartonella spp. in bed bugs collected from 

geographic areas where these pathogens are prevalent. We screened a total of 331 bed bugs 

from 39 unique collections in 30 geographic locations in 13 states for Bartonella spp. DNA 

using a polymerase chain reaction assay targeting the 16S-23S rRNA intergenic transcribed 

spacer region. Bartonella spp. DNA was not amplified from any bed bug, but five bed bugs 

from four different units of an elderly housing building in North Carolina contained 

Burkholderia multivorans, an important pathogen in nosocomial infections that was not 

previously linked to an arthropod vector.   

KEY WORDS Cimex lectularius, Cimicidae, disease, vector 
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Introduction 

Bed bugs are an important resurging pest in urban centers globally including the U.S. (Potter 

et al. 2011). These hematophagous ectoparasites feed mainly on humans but are occasionally 

found feeding on other animals including bats, chickens, and domestic pets such as cats 

(Usinger 1966, Clark et al. 2002). Because of their commensal association with their hosts 

and hematophagous propensity, there is great concern about the potential of bed bugs to 

vector disease organisms. More than 45 candidate human pathogens that can potentially be 

transmitted by bed bugs have been identified (Delaunay et al. 2011).  

Bartonella spp. are re-emerging facultative intracellular bacterial pathogens found 

throughout much of the industrialized world (Cutler et al. 2010). Many new Bartonella 

species have been described in recent years in conjunction with an expanding host range, and 

evidence to support transmission by a wide range of blood-sucking arthropod vectors that 

include ticks, sandflies, biting flies, fleas, and lice (Breitschwerdt et al. 2010). These bacteria 

are the causative agents of several diseases, including Cat Scratch disease (Bartonella 

henselae), Carrion’s disease (Bartonella bacilliformis) and Trench fever (Bartonella 

quintana). In the U.S., Cat Scratch disease (CSD) is a common disease with the highest B. 

henselae seroprevalences found in cats located in the Southeast, Hawaii, the West Coast, and 

the South Central Plains regions (Jameson et al. 1995). Cats are the main reservoir of B. 

henselae, whereas humans and dogs are accidental hosts of this pathogen (Jameson et al. 

1995). The cat flea (Ctenocephalides felis (Bouchè)) is the primary vector of B. henselae, but 

the organism can also be transmitted by cat bites and/or scratches, contaminated with flea 
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feces. Trench fever is also prevalent in the U.S. in homeless shelters; it is transmitted by the 

body louse (Pediculus humanus humanus L.), and humans are considered the main reservoir 

(Brouqui 2011). Based upon these factors, detection of either B. henselae or B. quintana in 

bedbugs from the US would seem more probable than other less prevalent Bartonella sp. that 

infect humans.  

Efforts of molecular screening of bed bugs for human pathogens, including 

Bartonella spp., are scarce and relatively recent. Richard et al. (2009) screened 18 individual 

bed bugs from French warships for Rickettsia spp., Bartonella spp., and Anaplasma spp. 

These authors did not detect Rickettsia or Bartonella in the screened insects, but they found a 

single sample containing an Anaplasma-like bacterium “Candidatus Midichloria 

mitochondrii”, an endosymbiont of ticks (Sassera et al. 2006). To date, few studies have 

examined the vectorial capacity of bed bugs by screening wild populations.  Even fewer 

vector competency studies have been performed to implicate bed bugs as disease vectors.  

Bartonella spp. has been detected in eastern bat bugs (Cimex adjunctus Barber) 

collected in two bat caves from the southeastern U.S. (Reeves et al. 2005). Cimex adjuntus is 

found in bat roosts, occasionally invading buildings with bat roosting sites (Usinger 1966). It 

is a close relative of C. lectularius and co-infestation of human built structures by both 

species can sometimes occur (Usinger 1966). Because bats are relatively new hosts of 

Bartonella spp. (Reeves et al. 2007), and C. lectularius can occasionally feed on bats 

(Usinger 1966), it is plausible that C. lectularius could also harbor bat-adapted Bartonella 

spp. Given that both C. lectularius and a spectrum of Bartonella spp.are resurgent in the U.S. 
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Because bed bugs and Bartonella spp. are associated with humans, bats, domestic pets, and 

wildlife, our objective was to investigate if the resurgence of bed bugs could represent a 

potential source of  Bartonella transmission. We specifically determined the frequency of the 

bacteria in bed bug populations from geographic areas where the B. henselae bacteremia is 

prevalent in the feral and pet cat populations.  

Materials and Methods 

Sample collection. Adult bed bugs were sampled from 39 unique collections in 30 

different geographic locations spanning 13 states (Table 1). A total of 331 bed bugs were 

screened individually for Bartonella spp. DNA, 3–10 bed bugs per collection. In most 

locations specimens were collected from a single room within the apartment, but in some 

samples bed bugs from multiple rooms were combined by the collector. Additionally, we 

screened bed bugs from three populations that have been in culture in our lab for several 

years: the Fort Dix (Harold Harlan, HH) colony which has been in culture since 1973 and 

two colonies which have been in culture for approximately 3 yr (Table 1).  

DNA Extraction and PCR Amplification. Total genomic DNA was extracted from 

individual adult bed bugs using the phenol-chloroform methodology described by Taggart et 

al. (1992). DNA concentration of samples was standardized to 20 ng/μl. Bartonella genus 

screening was performed using a polymerase chain reaction (PCR) assay targeting the 16S-

23S ribosomal RNA intergenic transcribed spacer (ITS), with forward primer 438s (5′- GGT 

TTT CCG GTT TAT CCC GGA GGG C-3′) and reverse primer 1100as (5′-GAA CCG ACG 

ACC CCC TGC TTG CAA AGC A-3′) (Beard et al. 2011). The detection limit observed in 
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100% of 10 replicate reactions was 2.5 DNA copies of B. henselae. Bed bug DNA was 

spiked with 2.5 copies of B. henselae DNA to determine if PCR inhibitors would interfere 

with successful amplification. No PCR inhibitors were detected in bed bug DNA.  

 PCR amplification was performed in a 25 μL final volume reaction containing 12.5 

μL of Premix Ex Taq™ (Takara Bio Inc.) and 7.5 μL of molecular grade water (Epicentre). 

The reaction mixture was completed by adding 0.2 μL of forward and reverse primers (each 

at 30 μM) and 5 μL of either bed bug DNA template, positive control (with 2.5 copies of 

Bartonella DNA) or water (as PCR negative control). Amplification of the ITS region was 

performed under the following conditions: a hot start cycle of 94 °C for 2 min, followed by 

55 cycles of denaturing at 94 °C for 15 s, annealing at 68 °C for 15 s, and extension at 72 °C 

for 18 s. Amplification was completed by an additional cycle of 72 °C for 1 min to allow 

complete extension of PCR products. All amplification products were separated by 

electrophoresis in a 2% agarose gel and visualized under ultraviolet light with ethidium 

bromide. Positive and negative controls were used in all reactions and consisted of genomic 

DNA extracts of B. henselae, and molecular-grade sterile water, respectively. If a sample was 

found to be positive, the PCR reaction was purified using the QIAquick® PCR purification 

kit (QIAGEN, Valencia, CA) and sent to an external laboratory for sequencing. Alignment of 

sequences was performed with the program BlastX in order to identify bacteria at the genus 

and species levels. 
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Results and Discussion 

We did not detect any positive PCR products for Bartonella spp. in any of the 326 

bed bugs collected between 2005 and 2010, suggesting that bed bugs are an unlikely vector 

of Bartonella spp. However, as Bartonella are emerging pathogens adaptation to new hosts 

in conjunction with an expanding range of vectors suggests that vector biologists remain 

vigilant (Cutler et al. 2010). The ecological interactions between Bartonella and bed bugs 

may be dynamic and could have changed since our collections were completed. Although we 

targeted our collections to regions of the United States where B. henselae seroprevalence is 

high in cats due to frequent flea exposure, it is possible that other geographic regions, other 

Bartonella sp., and other sites within the regions in which we collected might show different 

results. Vector competency studies, in which bed bugs are infected with the bacteria to 

determine the fate of the bacteria and the ability of bed bugs to infect a host, should be 

investigated to completely rule out bed bugs as potential vectors of Bartonella spp. 

(Klempner et al. 2007).  

Five bed bugs that were collected in 2010 in four different units of an elderly housing 

building in North Carolina yielded PCR products of the expected size for Bartonella spp. 

(400-600 bp), close to the Bartonella henselae control (604 bp). When these amplicons were 

sequenced, the alignments of the five sequences with BlastX were 98 % similar to a sequence 

of Burkholderia multivorans, accession number YP001949472.1. B. multivorans is 

recognized as an important pathogen in nosocomial infections of patients with cystic fibrosis 

(Coenye et al. 2001), although it has not been linked to an arthropod vector. As these 
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amplicons were generated using Bartonella 16S-23S intergenic spacer primers, more 

specifically designed primers may or may not have detected an increased prevalence of B. 

multivorans. The isolation of B. multivorans from multiple bed bugs in multiple apartments 

suggests that this association should be investigated further to determine whether bed bugs 

are competent to vector B. multivorans between humans.  
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Table 1. Sources of bed bugs screened by PCR for Bartonella spp.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 
Bed bugs were collected from each of 10 apartments within a multi-unit elderly housing building. 

NA = Information not available 

State City or county Abbreviation Source No. of rooms  Year  

    

  
collected collected 

Alabama Mobile AL Apartment Single 2009 

California Los Angeles Co. CA1 Hotel room Single 2005 

California San Rafael CA3 House Single 2009 

California Whittier CA2 Apartment Single 2009 

Florida Broward Co. FL1 Apartment Single 2009 

Florida Panama City FL2 Hotel room Single 2009 

Florida Panama City FL3 Hotel room Single 2009 

Georgia Nocross GA Hotel room Single 2009 

Hawaii Honolulu HI1 Apartment Single 2009 

Hawaii Honolulu HI2 Apartment Single 2009 

Missouri Springfield MO Hotel room Single 2009 

New Jersey NA NPMA5 Lab colony NA 2008 

New Jersey Fort Dix HH Lab colony NA 1973  

New Jersey Freehold NJ2 Apartment Single 2005 

North Carolina Boone W-93 Hospitality house  Multiple 2009 

North Carolina Fayetteville W-256 Homeless shelter Multiple 2010 

North Carolina Greenville NC10 Apartment Single 2009 

North Carolina Raleigh
1
 SW-307 Elderly housing Single 2010 

  SW-310 Elderly housing Single 2010 
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Table 1 continued 

 
  SW-318 Elderly housing Single 2010 

  SW-419 Elderly housing Single 2010 

  SW-510 Elderly housing Single 2010 

  SW-512 Elderly housing Single 2010 

 

  SW-517 Elderly housing Single 2010 

  SW-603 Elderly housing Single 2010 

  SW-617 Elderly housing Single 2010 

  SW-909 Elderly housing Single 2010 

North Carolina Raleigh W-195 Apartment Multiple 2010 

North Carolina Raleigh W-262 Homeless shelter Multiple 2010 

North Carolina Wilmington W-132 Homeless shelter Multiple 2009 

North Carolina Winston-Salem NC7 Apartment Single 2009 

North Carolina Winston-Salem TR Lab colony NA 2008 

Ohio Toledo OH Apartment Single 2007 

South Carolina Myrtle beach SC Motel room Single 2009 

Texas Beaumont TX2 College dorm Single 2009 

Texas College Station TX1 Apartment Single 2008 

Virginia NA VA1 Hospital NA 2009 

Virginia Williamsburg VA2 Apartment Single 2009 

Washington, DC Washington, DC DC Apartment Multiple 2008 


