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The human bed bug (Cimex lectularius L.) 
(Fig. 1) is an ancient associate of human 
beings (Panagiotakopulu and Buckland 

1999). In developed countries, bed bugs have not 
been serious household pests since World War 
II because of DDT applications and improved 
sanitary standards (Usinger 1966, Temu et al. 
1999, Gangloff-Kaufmann and Shultz 2003). 
Within the past 20 years, however, there has been 
a drastic increase in the number of reported bed 
bug infestations in developed countries (King et al. 
1989, Krueger 2000, Boase 2001). This increased 
incidence has been attributed to second-hand goods 
and furniture, increased international traffi c, and 
growing pesticide resistance (King et al. 1989, 
Boase 2001), but the ultimate causes are still under 
some debate.

The resurgence of bed bug outbreaks has 
stimulated interest in the development of novel 
control strategies for this pest. Current chemical 
control methods include application of pyrethroids, 
insect juvenile hormone analogues, and organo-
phosphates (Boase 2001, Jacobs 2003). Rapid 
development of resistance to chemical agents has 
been observed in natural bed bug populations. 
DDT resistance was fi rst reported in 1947 and 
has been observed in C. lectularius and the related 
species C. hemipterus (F.) (Usinger 1966, Busvine 
1971). In the 1970s, organophosphate resistance 
was observed (Feroz 1971). Pyrethrin tolerance as 
a consequence of DDT cross-resistance also was 
reported (Busvine 1971). 

Bed bug resistance to or tolerance of pyrethrins 
and pyrethroids is of additional public health 
importance because a major incentive for using 
pyrethroid-treated bed nets for control of malaria-
transmitting mosquitoes is bed bug control (WHO 
1997, Temu et al. 1999). Resistant bed bugs have 
contributed to a loss of motivation among villagers 
to continue treating bed nets, which has resulted 
in increased risk for contracting malaria (WHO 
1997, Myamba et al. 2002). 

Molecular control methods have been proposed 
in other insect systems of medical, veterinary, and 
agricultural importance. One potential novel meth-
od is to manipulate obligate endosymbiotic bacteria 
(Beard et al. 1998). The idea is that by manipulating 
or eliminating symbionts required by the arthropod 
for blood meal digestion, reproduction, or develop-

ment, arthropods can be 
sterilized, killed, or have 
their life cycles disrupted, 
which will result in the 
reduction or elimination 
of populations. These 
strategies have the poten-
tial to be effi cacious and 
cost-effective. In prin-
ciple, endosymbionts can 
be targeted specifi cally, 
and thus these strate-
gies should be safe and 
have minimal nontarget 
effects.

Endosymbionts were 
fi rst documented by light 
microscopy in bed bugs 
almost 90 years ago (Arkwright et al. 1921, Us-
inger 1966, Chang and Musgrave 1973). More 
recent molecular studies identifi ed two symbionts 
in C. lectularius that belong to two distinct bacte-
rial groups. The fi rst symbiont was identifi ed as 
Wolbachia (Hypsa and Aksoy 1997, Rasgon and 
Scott 2004, Sakamoto and Rasgon 2006, Sakamoto 
et al. 2006), an alpha-proteobacterium that is a 
common invertebrate endosymbiont (Werren et al. 
1995, Werren 1997, Jeyaprakash and Hoy 2000 
(Fig. 2). The second endosymbiont was related to 
an unnamed gamma-proteobacterial symbiont in 
the planthopper Euscelidius variegatus (Hypsa 
and Aksoy 1997; JLR, unpublished data) and was 
termed BEV-like symbiont (Bacteria of E. variega-
tus) (Campbell and Purcell 1993). 

Speculations have arisen about the role that 
individual endosymbionts may play in bed bug 
biology. Some have suggested that bed bugs might 
obtain B vitamins from at least one of their endo-
symbionts (De Meillon and Goldberg 1947). Severe 
reductions in egg production have been observed in 
bed bugs when symbionts were eliminated by heat 
(Chang 1974) or antibiotic treatment (Takano-Lee 
et al. 2003). Because bed bugs seem to be dependent 
on one or more of their symbionts, these bacteria 
may serve as a novel, specifi c target for control ef-
forts. Along these lines, we have been investigating 
the distribution of endosymbionts across the family 
Cimicidae in general and in more detail within the 
human bed bug C. lectularius. 
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Fig. 1. Engorged female Cimex lectularius, the human 
bed bug.
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Fig. 2. Wolbachia visualized in insect cells by 
fluorescence in situ hybridization using Wolbachia-
specific oligonucleotide probes. Red, Wolbachia. 
Blue, host cell nuclei stained with DAPI.

Wolbachia
Wolbachia has been identi-

fied infecting a diverse range 
of invertebrates (Werren et 
al. 1995, Hypsa and Aksoy 
1997, Stouthamer et al. 1999, 
Vandekerckhove et al. 1999, 
Werren and Windsor 2000, Lo 
et al. 2002, Rasgon and Scott 
2004, Rowley et al. 2004, Bor-
denstein and Rosengaus 2005). 
Wolbachia is estimated to infect 
up to 70% of all known insect 
species, making it perhaps the 
most prevalent symbiotic bacte-
rium on the planet (Jeyaprakash 
and Hoy 2000). Eight major 
Wolbachia phylogenetic “su-
pergroups” (A–H) are currently 
recognized (Fig. 3). A, B, and 

E infect diverse arthropods; C and D infect nema-
todes; G infects spiders; H infects termites; and F 
infects arthropods and nematodes (Stouthamer 
et al. 1999, Vandekerckhove et al. 1999, Lo et 
al. 2002, Rasgon and Scott 2004, Rowley et al. 
2004, Bordenstein and Rosengaus 2005). Infec-
tion with Wolbachia is commonly associated with 
host reproductive phenotypes, such as cytoplasmic 
incompatibility (sterility when infected males mate 
with uninfected females or females infected with a 
different Wolbachia strain), feminization, male-kill-
ing, parthenogenesis, increased or decreased fitness, 
and obligate symbiosis (Stouthamer et al. 1999). 

Wolbachia-like inclusions were identified in 
bed bugs by microscopy almost 90 years ago 
(Arkwright 1921). DNA sequencing of bacterial 
16S rDNA conclusively identified F supergroup 
Wolbachia in a laboratory colony of C. lectularius 
(Hypsa and Aksoy 1997, Rasgon and Scott 2004). 
More recently, we investigated the geographic 
distribution of Wolbachia infections in natural 
C. lectularius populations in North America and 
Africa. Wolbachia infections were found at high 
prevalence (83–100%) in all sampled populations 

(Sakamoto and Rasgon 2006). Because targeting 
an influential bacterium for control strategies will 
not be useful if the endosymbiont is not ubiquitous, 
high infection levels indicate that Wolbachia may 
be useful as a novel potential target for control 
efforts.

The specific effect of Wolbachia on bed bug 
biology is unknown. CI-like crossing patterns were 
observed during experimental crosses between 
C. lectularius and the closely related species C. 
columbarius Jeyns (sometimes considered a sub-
species). When C. lectularius males mated with 
C. columbarius females, the number of oviposited 
eggs decreased significantly, whereas the recipro-
cal cross was fertile (Ueshima 1964). We have 
identified Wolbachia infections in C. columbarius 
and C. lectularius (Sakamoto et al. 2006), but it 
likely that these two infections are distinct from 
one another. 

Historically, Wolbachia-like inclusions were ob-
served in other cimicids besides C. lectularius and 
were identified by PCR (polymerase chain reaction) 
in the cliff swallow bug Oeciacus vicarius Horvath 
(Rasgon and Scott 2004). We therefore wondered 
how common Wolbachia infections were within 
the family Cimicidae in general. We used PCR to 
screen for Wolbachia infections in multiple cimicid 
species. These experiments were complicated by 
the fact that apart from species of medical impor-
tance, cimicids that feed on nonhuman hosts are 
not frequently collected. Museum specimens were 
previously used for molecular surveys of other 
bacteria (Persing et al. 1990, Barns et al. 2000), 
and we speculated that preserved museum material 
could be used in a similar manner for Wolbachia 
surveys. Generous donations of specimens from 
private donors, and in particular from the Usinger 
Cimicid Collection housed at the Essig Museum of 
Entomology (University of California, Berkeley), 
allowed us to obtain a broad sampling across the 
family for screening purposes. Nondestructive 
DNA extraction methods were used to preserve 
valuable specimens for future study (Sakamoto 
et al. 2006).

We screened 39 cimicid species for Wolbachia 
infection (spanning 16 genera and all 6 recognized 
subfamilies) (Usinger 1966), using primers specific 
to the Wolbachia 16S rDNA gene. PCR was initially 
attempted using published primers (O’Neill et al. 
1992, Werren and Windsor 2000). Amplification 
of PCR products >500 bp (base pairs) generally 
succeeded from recently collected wild specimens 
(Afrocimex constrictus Ferris and Usinger and C. 
lectularius), but usually failed when attempted on 
preserved museum material due to the degraded 
nature of the template DNA. We therefore designed 
primers to amplify small overlapping fragments 
(130–240 bp) of the Wolbachia 16S rDNA gene. 
From degraded specimens, amplification success 
rate of small fragments (<200 bp) was much 
greater than larger fragments. These sequences 
were concatenated for phylogenetic analysis. Using 
this technique, we were able to detect and sequence 
Wolbachia-specific DNA fragments in preserved 
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Fig. 3. Unrooted dendrogram of Wolbachia 16S rDNA gene sequences, 
based on previously published sequence data (Lo et al. 2002, Rowley et 
al. 2004, Bordenstein and Rosengaus 2005, Sakamoto et al. 2006). Bold 
indicates cimicid infections. Taxon names represent host species. Letters 
indicate Wolbachia supergroup designations.
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cimicid specimens over 40 years old and use this 
information to place most infection into a phylo-
genetic context (Sakamoto et al. 2006).

Even though DNA in most specimens was highly 
degraded, we were able to detect, and confirm by 
sequencing, Wolbachia DNA in 23% of cimicid 
species (9/39). We identified nine cimicid infec-
tions, seven of which were previously undescribed. 
Infections in the F supergroup were common in the 
subfamily Cimicinae (C. lectularius, C. hemipterus, 
C. adjunctus Barber, C. incrassatus Usinger and 
Ueshima, and Oeciacus vicarious). Infections in 
the A supergroup were identified in the subfamilies 
Afrocimicinae (Afrocimex constrictus) and Haema-
tosiphoninae (Haematosiphon inodorus Duges). 
We were able to detect and confirm by sequencing 
diagnostic Wolbachia fragments from the cimicids 
C. columbarius and Psitticimex uritui (Lane and 
Abalos), but we did not obtain enough sequence 
information to phylogenetically place these infec-
tions into a supergroup (Fig. 3) (Sakamoto et al. 
2006). 

The observation of multiple F supergroup infec-
tions among the subfamily Cimicinae is very inter-
esting (Fig. 3). These F infections were observed in 
two genera (Cimex and Oeciacus) and appear to 
be monophyletic, which suggests that Wolbachia 
was introduced once and has diverged dependently 
along with the insect hosts in this subfamily. In 
contrast, A supergroup infections were detected 
in two widely divergent subfamilies (Afrocimicinae 
and Haematosiphoninae), suggesting multiple in-
troductions of A infections into bed bugs. 

Our initial estimates of Wolbachia prevalence 
in cimicids are almost certainly an underestimate. 
Failure to detect Wolbachia DNA in many species 
may be due to lack of infection, sampling bias, or 
most likely, poor template quality in insufficiently 
preserved museum specimens. Many museum speci-
mens in our study were stored without temperature 
control or ethanol changes for more than 40 years. 
Even with poorly preserved material, we observed 
an infection rate in cimicids of (23%) comparable 
to other estimates of Wolbachia prevalence in 
arthropod taxa (Werren and Windsor 2000). Our 
results thus suggest that Wolbachia infections are 
probably common among bed bugs in general. 

BEV-like Symbiont
The second characterized symbiont known to 

infect C. lectularius is the BEV-like symbiont (BLS). 
BLS was identified by sequencing specific fragments 
of bacterial 16S rDNA from a laboratory colony 
(NIH) of C. lectularius (Hypsa and Aksoy 1997). 
We have confirmed this result in a different bed bug 
colony (Maryland) and have detected the symbiont 
in several wild specimens from Africa (JLR and 
JMS, unpublished). The geographical distribution 
of BLS and infection frequencies in natural popula-
tions, however, is currently unknown.

Endosymbiotic bacteria related to BLS have 
been identified by DNA sequencing in several 
insect taxa, including ant lions (Dunn and Stabb 
2005) and tick flies (Reeves 2005), in addition to 

E. variegatus and cimicids, and thus this group may 
reflect a previously undescribed clade of widespread 
insect endosymbiotic bacteria. The phenotypic 
effect of BLS on bed bug biology is unknown. 
When bugs were fed on blood supplemented with 
penicillin–streptomycin (pen–strep), reductions in 
egg production were observed. Wolbachia is not 
susceptible to pen–strep (Fenollar et al. 2003), 
which suggests the possibility that BLS is required 
for egg development in bed bugs. However, the 
possibility of another undescribed symbiont in bed 
bugs that is required for reproduction cannot be 
ruled out at this time. We are currently conducting 
experiments to characterize the interaction between 
BLS and bed bugs at the phenotypic and genetic 
level to address this question.
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