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ABSTRACT Wolbachia is a common intracellular bacterial endosymbiont of insects, causing a
variety of effects including reproductive manipulations such as cytoplasmic incompatibility (CI). In
this study, we characterized Wolbachia in the whiteßy Bemisia tabaci and in the whiteßy parasitoid
Eretmocerus sp. nr. emiratus. We also tested for horizontal transmission of Wolbachia between and
within trophic levels, and we determined the phenotype of Wolbachia in E. sp. nr. emiratus. Using
multilocus sequence typing and phylogenetic analyses, we found that B. tabaci and E. sp. nr. emiratus
each harbor a different and unique strain of Wolbachia. Both strains belong to the phylogenetic
supergroupB.Noevidence forhorizontal transmissionofWolbachiabetweenandwithin trophic levels
was found in our study system. Finally, crossing results were consistent with a CI phenotype; when
Wolbachia-infected E. sp. nr. emiratus males mate with uninfected females, wasp progeny survival
dropped signiÞcantly, and the number of females was halved. This is the Þrst description of CI caused
by Wolbachia in the economically important genus Eretmocerus. Our study underscores the expec-
tation that horizontal transmission events occur rarely in the dynamics of secondary symbionts such
as Wolbachia, and highlights the importance of understanding the effects of symbionts on the biology
of natural enemies.
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Wolbachia (�-Proteobacteria) is arguably the most
commonbacterial symbiont, estimated to infect �40%
of terrestrial arthropod species (Zug and Hammer-
stein 2012) and 66% of insect species (Hilgenboecker
et al. 2008). This maternally inherited, intracellular
symbiont is traditionally divided into eight super-
groups, designated AÐH, based on phylogenetic anal-
ysis of sequences from the 16S rRNA and the ftsZ and
wsp genes. In 2006, Baldo et al. launched the Wolba-
chia multilocus sequence typing (MLST)Ña robust
classifying system that provides strain typing based on
variation in Þve conserved housekeeping genes (ftsZ,
gatB, coxA, hcpA, and fbpA), and is the current stan-
dard for Wolbachia identiÞcation (Baldo et al. 2006).

Wolbachia is known for the multiple ways by which
it promotes its own transmission, most notably the
reproductivemanipulations that result in an increased

proportion or Þtness of Wolbachia-carrying females
(Werren et al. 2008). Types of reproductive manipu-
lation include cytoplasmic incompatibility (CI), par-
thenogenesis, feminization, and male-killing. In CI,
uninfected females produce few or no offspring when
they mate with infected males, thereby providing a
selective advantage to infected females. In haplodip-
loid insects, CI results in a male-biased sex ratio, as
fertilized, incipient female eggs will either die or lose
the paternal set of chromosomes and develop into
male progeny. Besides reproductive manipulation,
Wolbachia is anobligatenutritional symbiont inÞlarial
nematodes and bed bugs (Hosokawa et al. 2010, Sari-
daki and Bourtzis 2010) and in other cases where it is
facultative, may contribute to the Þtness of hosts by
enhancing pathogen resistance or nutrient provision-
ing (Hedges et al. 2008, Brownlie et al. 2009, Saridaki
and Bourtzis 2010).

Here we studied Wolbachia sequence types (STs),
transmission, and phenotype in the sweet potato
whiteßy, Bemisia tabaci (Gennadius) (Hemiptera:
Aleyrodidae), and in its parasitoid Eretmocerus sp. nr.
emiratus (Zolnerowich and Rose) (Hymenoptera:
Aphelinidae).

The sweet potato whiteßy, B. tabaci, feeds on
phloemsapofnumeroushost plants and is amajorpest
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of agricultural crops (Stansly and Naranjo 2010). It is
currently recognized as a complex of at least 24 dis-
tinct genetic groups, many of which are equivalent to
the “biotypes” of earlier works (De Barro et al. 2011).
This species complex exhibits variation in awide range
of biological characteristics, including host range, vi-
rus transmission capacities, and insecticide resistance
(Idris et al. 2001, Jiao et al. 2013, Su et al. 2013). The
B species (�Middle East-Asia Minor 1) and Q species
(�Mediterranean) are frequently sympatric; the B
species ishighly invasiveandcompetitive,whereas the
Q species is less invasive but resistant to several in-
secticides (Pascual and Callejas 2004, Horowitz et al.
2005, Dennehy et al. 2010).

B. tabaci harbors the obligate primary symbiont,
Portiera aleyrodidarum, which produces amino acids
and carotenoids lacking in the phloem (Santos-Garcia
et al. 2012, Sloan and Moran 2012). Additionally, B.
tabaci may be associated with various facultative bac-
terial secondary symbionts including Arsenophonus,
Cardinium, Fritschea, Hamiltonella, Hemipteriphilus,
Rickettsia, and Wolbachia. The prevalence of such
facultative symbionts is strongly correlated with
whiteßy genetic background: Wolbachia, for example,
was found to infect many of the Q but not B popula-
tions (Chiel et al. 2007, Gueguen et al. 2010, Skaljac et
al. 2010), with the exception of reports of Wolbachia-
infected B populations in China (Ahmed et al. 2010).
The function of secondary symbionts in B. tabaci is for
themost part unknown, but available data suggest that
they have variable effects on the Þtness of their hosts
(Kontsedalov et al. 2008, Himler et al. 2011, Xue et al.
2012).

InterspeciÞc horizontal transmission of secondary
symbionts (“horizontal transmission” in its evolution-
ary sense, that is, transmission that results in a stable
heritable infection) has been inferred from phyloge-
netic data (Russell et al. 2003, Viljakainen et al. 2008,
Kraaijeveld et al. 2011, Ahmed et al. 2013). Observa-
tions of interspeciÞc horizontal transmission, how-
ever, are quite scarce. Transfection experiments by
artiÞcial means, mostly microinjection, have been
variably successful, sometimes resulting in a stable
heritable infection in the new host, and in other cases,
infections are in very low titer and may be lost after
several generations (Braig et al. 1994, Kang et al. 2003,
Russell and Moran 2005, Kawai et al. 2009). By natural
means, interspeciÞc symbiont transmission has been
documented between parasitoids developing in the
same host (Huigens et al. 2004, Duron et al. 2010) and
betweenhosts and the parasitoids developing on them
(Heath et al. 1999, Chiel et al. 2009), but in all these
cases, subsequent stable vertical transmission did not
occur or diminished within 2Ð3 generations, suggest-
ing that in nature, these events occur very rarely on an
ecological timescale.

One of the potentially promising routes for hori-
zontal transmission is between hosts and endoparasi-
toids that spend their immature stages bathed in and
feeding on host contents. Phylogenetic analyses con-
Þrm thismeans of horizontal transmission (Vavre et al.
1999, Zchori-Fein et al. 2004). Parasitoids of the gen-

era Eretmocerus and Encarsia feed and develop in B.
tabacinymphsandarepotentially vulnerable towhite-
ßy symbiont infections. Previously,we found that dur-
ing development of Er. sp. nr. emiratus in Rickettsia-
infected B. tabaci hosts, Rickettsia is initially found in
the larval wasp gut, and later is found in the ovaries of
female parasitoids, but fails to penetrate the oocytes
(Chiel et al. 2009). Interestingly, in another parasitoid
in the genus Encarsia, we found no evidence that
Rickettsia ever escaped the gut, suggesting that the
susceptibility to invasion may differ between lineages
(Chiel et al. 2009). One difference between the gen-
era is that Eretmocerus does not void gut contents
before pupation, and may thus be more susceptible to
invasion of symbionts into the hemocoel from the gut
during metamorphosis.

Zindel et al. (2011) summarized the possible inßu-
ence that symbiotic bacteria may have on every stage
of a biological control program. These include the
efÞciency of mass rearing and possible protection of
the pest host against natural enemies. Symbiont-in-
duced thelytokous parthenogenesis (in which diploid
females develop from unfertilized eggs) has been
demonstrated in both of the common genera ofwhite-
ßy parasitoids, Encarsia and Eretmocerus, with either
Cardinium or Wolbachia as the causative agents (De
Barro and Hart 2001; Zchori-Fein et al. 2001, 2004;
Ardeh et al. 2005). CI caused by Cardinium or Wolba-
chia has also been documented in Encarsia (Hunter et
al. 2003, White et al. 2009). Although Wolbachia has
been reported from arrhenotokous Eretmocerus spe-
cies before (Ahmed et al. 2010), to our knowledge, its
phenotype in this economically important genus of
parasitoids has not been determined.

In the current study, we investigated Wolbachia in
two insect species: Q B. tabaci and the parasitoid Er.
sp. nr. emiratus. We sequence-typed the Wolbachia in
these two hosts, tested for horizontal transmission of
Wolbachia between and within trophic levels, and
studied the reproductive phenotype of Wolbachia in
Er. sp. nr. emiratus.

Methods and Materials

Whiteflies. Two colonies of B. tabaci were used in
this study: a Q colony (Q2 haplotype 45, Chu et al.
2012) thatcarriedWolbachia(W�)andRickettsia,and
a B colony that carried only Hamiltonella (both are
secondary symbionts;Table1).Although theBspecies
in the United States is now typically infected with
Rickettsia, for these experiments, we used a laboratory
line that was not infected (Himler et al. 2011). The
infection statusof eachwhiteßycolonywasveriÞedby
polymerase chain reaction (PCR), as described by
Chiel et al. (2009). The presence/absence of Wolba-
chia was routinely monitored by diagnostic PCR, as
described later in the text. Both colonies were main-
tained on cowpea plants (Vigna unguiculata variety
ÔCalifornia blackeyeÕ), each colony in a separate cli-
mate-controlled walk-in chamber at 27 � 1�C, �60%
relative humidity (RH), and at a photoperiod of 16:8
(L:D) h.
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Parasitoids. Er. sp. nr. emiratus, Eretmocerus er-
emicus, and Encarsia pergandiella were each reared
separately on cowpea plants that were infested with B
B. tabaci nymphs as hosts (Table 1) inside transparent
ventilated plastic jars. The infection status of each
parasitoid was veriÞed by PCR, as described by Chiel
et al. (2009) (Table 1). All parasitoid cultures were
kept in a climate-controlled walk-in chamber (27 �
1�C, �60% RH, and a photoperiod of 16:8 [L:D] h).

Whitefly Parasitoid Natural History. While both
major genera of whiteßy parasitoids are solitary en-
doparasitoids in the family Aphelinidae, their natural
history differs. Encarsia species lay female eggs in the
hemocoel of the whiteßy nymph, and the larva de-
velops directly within the host. In all but one known
sexual Encarsia species, males develop as hyperpara-
sitoids; adult female Encarsia deposit male eggs within
late larval or pupal female parasitoids (conspeciÞcs or
heterospeciÞcs) as they are developing within the
whiteßy (Gerling et al. 2001, Hunter and Woolley
2001). In contrast, both sexes of Eretmocerus are pri-
mary parasitoids, but eggs are laid under the whiteßy
nymph venter (between the host and the leaf). At
hatching, the Eretmocerus Þrst instar penetrates and
developswithin a cellular capsule inside the host larva
(Gerling et al. 1990). Individuals of both genera pu-
pate within the dry cuticular remains of the whiteßy.
The En. pergandiella and the Er. sp. nr. eremicus cul-
tures used for these experiments are Nearctic, and
were collected initially in Texas and Arizona, respec-
tively. The Er. sp. nr. emiratus was one of several
species introduced and established in the United
States for biological control of B. tabaci in the mid-
1990s and, like both the B and Q B. tabaci species, has
a Palearctic origin.

Establishment of Symbiont-Free Parasitoid Colo-
nies. Wolbachia-carrying Er. sp. nr. emiratus adults
were fed onhoney containing 50mg/ml rifampicin for
48 h and were then released on cowpea plants bearing
B B. tabaci nymphs for oviposition. This process was
repeated for another generation, after which the in-
fection status of the progeny was checked by PCR.
The parasitoids were conÞrmed to be free of Wolba-
chia and subsequently were reared continuously on B
whiteßies under the conditions described earlier.

PCRAnalysis.ToextractDNA, individualwhiteßies
or wasps were ground in a 3-�l droplet of proteinase
K solution (20 mg/ml, Invitrogen, Grand Island, NY).

The droplet was then transferred into a tube contain-
ing 50 �l of sterile 10% Chelex beads (Sigma-Aldrich,
St. Louis, MO) in PCR water. The tubes were incu-
bated at 37�C for 1 h, then at 96�C for 8 min, and then
kept at �20�C until analysis. Two microliters of the
DNAlysatewereusedas a template forPCRreactions.
The presence of Wolbachia was determined using the
Wolbachia-speciÞc 16S rDNA primers, V1 and V6
(OÕNeill et al. 1992). Screening for other B. tabaci
symbionts was done using the primers and conditions
described by Chiel et al. (2009). PCR products were
visualized on 1.5% agarose gel using SYBR-Green
(Cambrex Bio Science Rockland Inc.).

Wolbachia Characterization. Characterization of
the Wolbachia strains in B. tabaci and Er. emiratus was
done by the MLST method (Jolley et al. 2004, Baldo
et al. 2006). The gene fragments were ampliÞed using
the primers and conditions described in the MLST
website (http://pubmlst.org/Wolbachia); the ampli-
Þed DNA was then puriÞed (QIAquick gel puriÞca-
tion kit, Qiagen) and sent for direct sequencing at the
University of ArizonaÕs sequencing facility. The re-
sulting sequences and allelic proÞles were deposited
in the Wolbachia MLST online database.

Each Wolbachia isolate from a single host popula-
tion was assigned a sequence-type (ST) deÞned as the
combination of Þve alleles identifying numbers for the
Þve MLST loci (the allelic proÞle). Supergroup des-
ignation of STs is based on phylogenetic inference of
the concatenated MLST data matrix (Baldo and Wer-
ren 2007). For all subsequent analyses, we included
only one strain per ST per species. MLST sequences,
which have either no indels or small indels (6Ð9 bp)
in predictable locations, were aligned to Wolbachia
MLST templates using ClustalW (Thompson et al.
1994). To assignour STs to aphylogenetic supergroup,
a preliminary neighbor-joining analysis was carried
out with PAUP* 4.0b10 (Swofford 2002) using all the
sequences available in the Wolbachia database from
the different supergroups, including those without
host information. This analysis revealed that the two
STs belonged to supergroup B. Hence, to infer phy-
logenetic relationships, maximum likelihood (ML)
andBayesian inference (BI) analyseswere performed
ona smaller concatenatedMLSTgene sequence align-
ment using all published STs belonging to supergroup
B for which host information was available. A single
outgroup strain belonging to supergroup A (from the

Table 1. Insects, their symbionts, and hosts used in the study

Insect Secondary symbiont Host Used for

B. tabaci (Q) Wolbachia Cowpea (Vigna unguiculata) Wolbachia strain-typing
Rickettsia Horizontal transmission experiments

B. tabaci (B) Hamiltonella Cowpea Rearing parasitoids
Hosts in CI experiments

Er. sp. nr. emiratus Wolbachia B. tabaci (B) Wolbachia strain-typing
Horizontal transmission experiments
CI experiments

Er. sp. nr. emiratus None (cured by antibiotic) B. tabaci (B) Horizontal transmission experiments
CI experiments

Er. eremicus None B. tabaci (B) Horizontal transmission experiments
En. pergandiella Cardinium B. tabaci (B) Horizontal transmission experiments
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host Drosophila melanogaster) was included for root-
ing the trees.

Likelihood-ratio tests were performed using
jModelTest2 (Darriba et al. 2012) to determine the
model of evolution that best Þt the concatenated
MLST data. ML was carried out using RAxML 7.0.4
(Stamatakis 2006) after 1,000 multiple inferences on
the original alignments by using the GTRGAMMAI
nucleotide model as inferred by jModeltest2, starting
from a random parsimonious tree, and default initial
rearrangement settings andnumber of rate categories.
Branch support was assessed by 1,000 bootstrap pseu-
doreplicates. BI was performed using MrBayes 3.2
(Ronquist et al. 2012). The likelihoodmodelwas set to
the GTR � G � I. Two parallel runs of four simulta-
neous Monte Carlo Markov chains were run for 2
million generations, and trees sampled every 1,000
generations. The burn-in value was set at 25% of sam-
pled topologies, and the phylogeny and posterior
probabilitieswere estimated fromamajority-rule con-
sensus of the remaining trees.

The concatenated analysis can identify closely re-
lated strains and resolvemajor supergroups.However,
it cannot be used to interpret more distant phyloge-
netic relationships within a supergroup, even when
clades are highly supported, because of artifacts re-
sulting from recombination among genes. To provide
further insight into relatedness among Wolbachia
strains, we performed a phylogenetic analysis using
ClonalFrame, software speciÞcally designed for mul-
tilocus data that accounts for both point mutation and
homologous recombination (Didelot and Falush
2007). For the ClonalFrame analysis, we executed
1,000,000 MCMC iterations (500,000 burn-in itera-
tions, and 500,000 postburn-in iterations), starting
with a random tree, and using all options as default.

Testing for Wolbachia Phenotype in Er. emiratus.
To determine whether Wolbachia in the parasitoid
causes CI, two experiments were performed.

Full-Factorial Crosses Between W� and W� Er. sp.
nr. emiratus. If CI was the reproductive phenotype of
Wolbachia in Er. sp. nr. emiratus, we would predict
that among the four possible crosses of W� and W�

individuals, the W� male/W� female cross would
exhibit CI. Pupae of W� and W� Er. sp. nr. emiratus
were removed from leaves and placed individually in
1.2-ml glass vials. A droplet of honeywas supplied, and
the vials were plugged with cotton and placed in an
incubator(27�1�C,65%RHandaphotoperiodof16:8
[L:D]h).Onemergence, adultswere sexed, randomly
assigned to one of the four possible crosses, and al-
lowed to mate for 48 h on a plant infested with B-spe-
cies B. tabaci nymphs. After the mating period, female
Er. sp. nr. emiratus were transferred individually to
30-mm cowpea leaf disks bearing 30Ð50 B-species B.
tabaci nymphs (second and third instars). The leaf
disks restedon1%agar in 35-mmpetri dishes andwere
closed with screen lids. The female wasps were re-
trieved after 24 h, preserved at �20�C, and the leaf
disks were incubated until progeny emergence, at
which point they were counted and the sex ratio
determined. To ensure that the experimental females

had indeed mated, we dissected and veriÞed the pres-
ence of sperm in their spermathecae (a sperm storage
organ of female insects) and excluded arenas that had
contained unmated females from the data set. The
numbers of progeny produced were analyzed using
one-way analysis of variance and Bonferroni post hoc
tests. Progeny sex ratios were analyzed as a logistic
regression with binomial or quasibinomial errors in
the statistical analysis package R (R Development
Team 2010).

ComparisonofParasitismandSurvivorshipRates in
a Control and a Putative CI Cross. To distinguish
potential differences in host parasitism rates or sex
ratios among treatments from the characteristic ef-
fects of CI on larval survivorship, we performed an-
other experiment in which parasitism rate could be
distinguished from immature survival.W� andW� Er.
sp. nr. emiratus were prepared as in the Þrst experi-
ment, but here just two crosses were performed: a
control cross (W� females with W� males) and the
putative CI cross (W� females with W� males). To
verify mating, each pair was observed for up to 15 min
or until the pair mated; only mated females were used
for the experiment. Each mated Er. sp. nr. emiratus
female was transferred to a cowpea leaf disk infested
with 30Ð50 R�/W� B. tabaci nymphs as described
earlier. The number and distribution of B. tabaci
nymphsoneachdiskweremapped.After 24h, females
were removed from the leaf disks, and half of the
surviving hosts in each arena were selected, ßipped
over, and the Er. emiratus eggs found (on the leaf or
whiteßy venter) were recorded. The remaining hosts
were reared on the leaf disks until progeny emer-
gence. The emergence sex ratio and survivorship of
wasps and whiteßies were recorded. Wasp sex ratios
and the proportion surviving were analyzed using lo-
gistic regressions with binomial or quasibinomial er-
rors in R (R Development Team 2010).

Horizontal Transmission of Wolbachia. Several
horizontal transmission routes were tested.

From B. tabaci to Er. sp. nr. emiratus. We asked if
Er. sp. nr. emiratus that hadbeencured from their own
Wolbachia (W�) can acquire the symbiontwhen they
develop in Wolbachia-infected whiteßy hosts. We hy-
pothesized thatwasps thatnormallyharborWolbachia
may be more susceptible to invasion by Wolbachia
than normally uninfectedwasps. ThirtyW� Er. emira-
tus females and males were introduced onto a cowpea
plant thatwas infestedwithWolbachia-infected(W�)
Q B. tabaci nymphs. As a control, Er. sp. nr. emiratus
were introduced onto a plant with Wolbachia-free
(W�) Q B. tabaci nymphs. This procedure was re-
peated for four consecutive generations, with 20 in-
dividuals being randomly tested by PCR in each gen-
eration for Wolbachia presence.

From Er. sp. nr. emiratus to Er. eremicus. Even
though Eretmocerus spp. tend not to super-parasitize
or multi-parasitize, they will when hosts are in short
supply (Lo Verde et al. 2008). Thus, we exposed Er.
eremicus (W�) females to hosts that had already been
exposed to Er. sp. nr. emiratus (W�), to determine
whether Wolbachia would be transmitted during mul-
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tiparasitism. Single mated Er. sp. nr. emiratus females
(W�) were introduced to one of 10 cowpea leaf disks
infested with 20Ð30 B B. tabaci nymphs (W�). After
24 h, the females were retrieved and one Er. eremicus
female was introduced to each disk for an additional
24 h and then collected and preserved. A set of disks
(n � 5) to which only Er. sp. nr. emiratus or only Er.
eremicus were introduced served as a control. On
emergence (after 12Ð14 d of incubation), Þve Er. er-
emicus female progeny from each disk were tested for
Wolbachia presence by PCR.

FromEr. sp. nr. emiratus toEn. pergandiella.Similar
to the previous experiment, the experiment was de-
signed to test if En. pergandiella males acquire Wolba-
chia when they develop as hyperparasitoids of W� Er.
emiratus larvae. To do that, mated En. pergandiella
females (W�)were introducedontocowpea leafdisks
(n � 10) infestedwith 20Ð30 prepupae and early stage
pupae of W� Er. sp. nr. emiratus. As a control, En.
pergandiella were introduced onto leaf disks (n � 5)
bearing pupae and prepupae of W� Er. emiratus. In
both treatment and control, BB. tabacinymphs served
as hosts for Er. emiratus. After 24 h, the En. per-
gandiella females were retrieved, disks were incu-
bated, and En. pergandiella males from each disk were
tested by PCR for Wolbachia presence.

Results

Wolbachia Characterization. The allelic proÞles of
Wolbachia from Er. emiratus and Q2-species B. tabaci
were found to be different from each other (Table 2),
with the former being novel. Among the Þve genes
analyzed, the Wolbachia of B. tabaci contains a novel
allele in the fbpA gene, whereas gatB, coxA, and hcpA
alleles were shared with B. tabaci from China (Bing et
al., personal communication). The gatB allele in the
Er. emiratus Wolbachia is identical to the gatB allele of
the B. tabaci Wolbachia. The whiteßy Wolbachia ftsZ
allele was previously recorded from various hosts, in-
cluding a parasiticwasp, butterßies, and other unspec-
iÞed ones. All sequences were deposited in the MLST
database and the allelic proÞles were assigned the
numbers 161 for Er. sp. nr. emiratus and 166 for B.
tabaci.

ML and BI phylogenetic analyses for concatenated
MLST loci revealed that, within supergroup B, the
Wolbachia strains that infectedB. tabaci andEr. sp. nr.

emiratus appear to be distantly related (Fig. 1). The
two trees had identical topologies, with overall higher
nodal support in theBayesian tree, although the lower
part of both trees is poorly supported. Interestingly,
the closest Wolbachia relative to the strain in the Q2
B. tabaciwhiteßies of the current studywas also found
in a B. tabaci group whiteßy, provisionally named Asia
II7 (Bing et al., personal communication). This strainÕs
ST (#178) shared three of the Þve alleles with the Q2
strain, coxA, gatB, and hcpA. The same phylogenetic
pattern was retrieved by the ClonalFrame analysis
(tree not shown). It is also interesting to note that the
Wolbachia strains of Er. sp. nr. emiratus and Encarsia
formosa are relatively distantly related (Fig. 1), even
though the hosts are both in the chalcidoid family
Aphelinidae and both attack B. tabaci.

Er. emiratusCIExperiments. In theÞrst experiment
in which all four crosses were performed, the number
of progeny was signiÞcantly lower in the putative CI
�W�/�W� cross than in the other three possible
crosses (Fig. 2B;F3,82 �26.9,P�0.0001). Similarly, the
proportion of female progeny in the �W�/�W�

cross differed signiÞcantly among treatments (Fig. 2A;
F3,81 � 27.24, P � 0.0001), and the proportion of fe-
males in the putative CI cross was signiÞcantly lower
than in the �W�/�W� cross (F1,39 � 26.336, P �
0.0001). These results are consistent with CI as the
reproductive phenotype of Wolbachia.

In the second experiment, the percentage of at-
tacked hosts (B. tabaci nymphs under which a wasp
egg was observed) was similar in both crosses and not
signiÞcantly different (Fig. 3). However, the number
ofwasp progenywas signiÞcantly higher in the �W�/
�W� cross than in the �W�/�W� cross (15.7 � 0.9
vs9.2�1, respectively; t53 �4.9,P�0.0001). Similarly,
theproportionofwasps surviving toadulthoodand the
proportion of female progeny produced were signif-
icantly higher in the �W�/�W� cross (Fig. 3; pro-
portion surviving: F1,53 � 29.29, P � 0.0001; proportion
of female progeny: F1,53 � 25.31, P � 0.0001). These
results are also consistent with a CI phenotype.

Horizontal Transmission of Wolbachia. No evi-
dencewas found ofWolbachia transfer fromEr. sp. nr.
emiratus to either Er. sp. nr. eremicus females or En.
pergandiella males. Similarly, Wolbachia was not
found in progeny of cured Er. sp. nr. emiratus (W�)
that were reared on W� hosts (Q B. tabaci nymphs)
for four consecutive generations.

Discussion

Taken together, the results of the current study show
that: 1) B. tabaci and its parasitoid Er. sp. nr. emiratus
carry different strains of Wolbachia belonging to super-
group B, 2) both Wolbachia strains in this system were
not transmitted to anyof theother species tested, and 3)
Wolbachia causes CI in Er. sp. nr. emiratus.

In the B. tabaciÐEr. sp. nr. emiratus hostÐparasitoid
system, each species harbors its own distantly related
strain of Wolbachia (Fig. 1; Table 2), but they share the
same gatB allele that has so far been reported only from
these twohosts, and their ftsZ allele is 99.8% similar. This

Table 2. Allele and allelic profile no. of Wolbachia from Er. sp.
nr. emiratus and B. tabaci, as they appear in the MLST database

Gene
Allele no. in MLST database

Er. sp. nr. emiratus B. tabaci (Q)

gatB 105 105
coxA 14 88
fbpA 4 165*

ftsZ 73 7
hcpA 3 106

Allelic proÞle no. 161* 166*

Numbers followed by * are alleles and proÞles that were Þrst
described in this study.
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may indicate lateral gene transfer or recombination of
common ancestral strains followed by horizontal trans-
mission. There are many recent examples in the litera-
ture of lateral gene transfer between co-occurring sym-
bionts. In the symbiontCardinium inEncarsiawasps, for
example, 8%of genes characterizedwere likely horizon-
tallyacquiredfromotherbacteria(Penzetal.2012)Both
whiteßy (Q2) and wasp (Er. sp. nr. emiratus) are Pale-
arctic species andmay overlap in their original ranges. It
should,however,bementionedthatourcultureofEr. sp.
nr. emiratus has been reared on Wolbachia-free B hosts,

thusEr. sp. nr. emiratuswerenot acquaintedwith theQ2
Wolbachia before setting up the experiments. We ac-
knowledge that horizontal transmission may well occur,
but at a rate lower than our experimental design would
detect.

ThewidedistributionofWolbachia amonghost taxa
and incongruence of the Wolbachia phylogeny with
host phylogenies indicate frequent horizontal trans-
mission among lineages (Raychoudhury et al. 2009,
Zug et al. 2012, Ahmed et al. 2013). The fact that the
allelic proÞle of Wolbachia from Er. sp. nr. emiratus in
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Fig. 1. Bayesian majority-rule consensus tree for Wolbachia MLST data with available host information. Posterior
probabilities �0.90 and bootstrap values �70% relative to the ML tree (identical topology) are indicated above branches.
Ns � not supported. *ST41 is shared with 10 more known hosts (see http://pubmlst.org/wolbachia/). Sequences generated
in the course of this study are marked in bold.
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our study is most related to a Wolbachia described
from distantly related hosts supports this view.

We hypothesized that Wolbachia may transfer from
the whiteßy to the parasitoid in the current study be-
cause we 1) previously found that the symbiont Rickett-
sia moves from the whiteßy host to Er. sp. nr. emiratus
ovaries but does not invade the germ line (Chiel et al.
2009), 2) Wolbachia was shown to be present in the
hemolymphofQB. tabacinymphs(Gottliebet al. 2008),
and 3) Wolbachia in Drosophila has been shown to nav-
igate inside hosts to Þnd the germ line (Frydman et al.
2006). However, our results do not support the hypoth-
esis, as we found no evidence for horizontal transfer of
Wolbachia between or within trophic levels in our ex-
periments (herbivore to parasitoid, parasitoid to hyper-
parasitoid, or parasitoid to parasitoid). It is certainly pos-
sible that horizontal transfer of Wolbachia in our
experiments took place at such a low frequency and/or
titer that transmission was not detected. Nonetheless,
our results are consistent with the scarcity of empirical

horizontal transmission reports in the literature and un-
derline the speciÞcity of hostÐsymbiont interactions,
even when the recipient host has a recent history of
infection with a related symbiont.

Among the possible reproductive manipulations
that are known to be caused by Wolbachia, CI is the
one that does not necessarily bias the sex ratio. TheEr.
sp. nr. emiratuspopulationdidnot show female-biased
sex ratios, thus reducing the possibility thatWolbachia
caused feminization, male-killing, or parthenogenesis,
and leaving CI, an asymptomatic infection, or a mu-
tualist infection (e.g., a nutritional or defensive sym-
biosis) as possible options. Our results are consistent
with CI as the reproductive phenotype of Wolbachia
in Er. sp. nr. emiratus. CI-inducing Wolbachia are
common in parasitic Hymenoptera and have been
studied extensively in genera such as Nasonia (Ptero-
malidae), Trichogramma (Trichogrammatidae), and
Leptopilina (Figitidae) (Bordenstein and Werren
2007, Vavre et al. 2009). Within the guild of whiteßy

Fig. 2. Proportion of female progeny (A) and total number of progeny (B) in the four possible crosses between
Wolbachia-infected (W�) and Wolbachia-free (W�) Er. sp. nr. emiratus.
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aphelinid parasitoids, Wolbachia is known from sev-
eral species of Encarsia and Eretmocerus: in Encarsia
inaron, Wolbachia causes CI; in En. formosa, it causes
parthenogenesis; and in En. pergandiella, CI is caused
by another bacterial symbiont, Cardinium (Hunter et
al. 2003, White et al. 2009). The current study adds a
Þrst species of Eretmocerus, Er. sp. nr. emiratus, to the
list of parasitoids in which Wolbachia induces CI.

Microbial symbionts can inßuence the success of
biological control programs. Symbionts may improve
the mass production of such natural enemies and their
performance in the Þeld by increasing the Þtness
and/or the proportion of females in natural enemy
populations (Stouthamer 1993, Zindel et al. 2011). In
contrast, symbionts may also impair natural enemiesÕ
Þtness, cause reproductive incompatibility among sepa-
rate introductions, or protect the pest from pathogens
and natural enemies, thereby compromising the success
of biological control programs (Zindel et al. 2011).
Vasquez et al. (2011), for example, showed that Wolba-
chia in Aphytis melinus, a common parasitoid of scale
insects produced in several insectaries, is generally at
high frequency, causes CI, and reduces wasp longevity
and fecundity. Simpleantibiotic treatmentof introduced
natural enemies, such as Er. sp. nr. emiratus, may be
possiblewhile theyare inquarantine,but isnotadvisable
withoutanassessmentof thesymbiontphenotypeandits
effects on agent Þtness. Once releases have been made,
however, there is no possibility of inßuencing the sym-
biont infection status of the established population.
Whenmultiplereleasesareperformed,CImayaffect the
success of biological control programs if Wolbachia-free
agents are released in areas with an established Wolba-
chia-infectedpopulation.Without a selective advantage,

the introduced Wolbachia-free agents are predicted to
decrease with time. Our results underline the impor-
tance of these cryptic players in biological control pro-
grams.
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