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ABSTRACT The endosymbiotic bacteria Wolbachia pipientis Hertig infects a wide variety of insect
species and can increase viral resistance in its host. Wolbachia naturally infects Culex quinquefasciatus
Say and Culex pipiens L. mosquitoes, both vectors of West Nile virus (WNV). We recently demon-
strated that Wolbachia infection of Cx. quinquefasciatus laboratory strain Ben95 increases host resis-
tance to WNV infection, reducing vector competence. This observation raised the possibility that
Wolbachia could impact vector competence in other populations ofCx. quinquefasciatusorCx. pipiens.
To investigate this possibility, Wolbachia densities were measured in Ben95 Cx. quinquefasciatus and
compared with densities in a newly established colony of Cx. quinquefasciatus, and in Þeld-collected
and colonized Cx. pipiens. Wolbachia densities in somatic tissues of Ben95 Cx. quinquefasciatus were
signiÞcantly higher than densities in the other mosquito populations tested. There was also no
signiÞcant spatiotemporal variation in Wolbachia density in the Þeld-collected Cx. pipiens, although
signiÞcant familial differences were observed. Correlating Wolbachia densities and vector compe-
tence in individual colonized Cx. pipiens indicated that the densities of somatic Wolbachia observed
in the mosquitoes other than Ben95 Cx. quinquefasciatus were too low to inhibit WNV infection and
reducevectorcompetence.These results suggest that thehighWolbachiadensities capableof inducing
resistance toWNVinBen95Cx. quinquefasciatus arenot ageneral characteristic ofCx. quinquefasciatus
or Cx. pipiens mosquitoes and that the impact of Wolbachia on vector competence in Þeld populations
of Cx. quinquefasciatus and Cx. pipiens, if any, is likely to be limited to speciÞc populations.
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Wolbachia pipientis Hertig is a gram-negative �-pro-
teobacteria in the order Rickettsiales (Dumler et al.
2001, Fitzpatrick et al. 2006, Werren et al. 2008, Bor-
denstein et al. 2009). It is a highly successful obligate
intracellular symbiont that infects 20Ð40% of terres-
trial arthropod species, including insects, arachnids,
and crustaceans (Duron et al. 2008, Cordaux et al.
2012, Zug and Hammerstein 2012). Wolbachia is ver-
tically transmitted through the egg cytoplasm, and the
frequency with which it infects a given species tends
to be either at or near Þxation, as in the mosquito
species Culex quinquefasciatus Say and Culex pipiens
L., or highly variable, as in the fruit ßy Drosophila
melanogasterMeigen(Hoffmanet al. 1994,Rasgonand
Scott 2003, Hilgenboecker et al. 2008, Sunish et al.
2011, Verspoor and Haddrill 2011). WolbachiaÕs suc-
cess at infecting such a large number of species can be

attributed to its ability to manipulate its hostÕs repro-
duction to increase the reproductive success of in-
fected over uninfected females. Wolbachia infection
can produce a number of different reproductive phe-
notypes, including cytoplasmic incompatibility, male
killing, parthenogenesis, and feminization (Werren et
al. 2008). These phenotypes provide a strong drive
mechanism with which a Wolbachia infection can
spread into uninfected populations (Turelli and Hoff-
man 1991, Vavre and Charlat 2012). To ensure both
vertical transmission and access to the germline cells
needed to manipulate reproduction, the principal tis-
sues of Wolbachia infection are the germline and so-
matic tissues of the gonads (Hertig andWolbach 1924,
Frydman et al. 2006, Serbus and Sullivan 2007).

Wolbachia also can cause phenotypes that increase
host Þtness independent of reproductive effects,
including metabolic and nutritional provisioning
(Brownlie et al. 2009,Hosokawaet al. 2010), increased
longevity (Brelsfoard and Dobson 2011), and in-
creased pathogen resistance (Hedges et al. 2008, Teix-
eira et al. 2008). Such Þtness phenotypes helps explain
Wolbachia persistence in host species that exhibit
weak reproductive phenotypes. Increased resistance
to viral pathogens, in particular, has received consid-
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erable attention since its initial discovery in D. mela-
nogaster and is being exploited as an approach for
biocontrol of disease vectors (Iturbe-Ormaetxe et al.
2011, Mcgraw and OÕNeill 2013). Wolbachia-mediated
viral resistance is cell autonomous and positively cor-
related with Wolbachia density (Moreira et al. 2009,
Frentiu et al. 2010, Lu et al. 2012, Osborne et al. 2012).
In contrast to reproductive phenotypes, the principal
tissues important for Wolbachia-mediated viral resis-
tance are nongonadal somatic tissues of the body
whereWolbachia and viral infection co-occur.Wolba-
chia is broadly distributed in the somatic tissues of its
host (Min and Benzer 1997, Dobson et al. 1999,
Zouache et al. 2009).

It is common for Wolbachia densities to vary in
different Wolbachia:host strain combinations and to
be positively correlated with the strength of viral re-
sistance (Osborne et al. 2009, 2012; Bian et al. 2010;
Mousson et al. 2012). BothWolbachia and thehost can
contribute to determining strain-speciÞc differences
in Wolbachia density (see Jaenike 2009 for review).
For example, different strains of Wolbachia replicate
to different levels when coinfecting the same host,
illustrating a role for each Wolbachia strain in deter-
mining its own level of replication (Ijichi et al. 2002,
Mouton et al. 2003, Dutton and Sinkins 2004). Alter-
natively, the same Wolbachia strain can replicate to
different levels in different host strains or different
host species, illustrating that the host can also play a
role in determiningWolbachia replication levels (Ber-
ticat et al. 2002, Mcgraw et al. 2002, Ikeda et al. 2003,
Kondo et al. 2005, Mouton et al. 2007).

Wolbachia densities can also vary dramatically be-
tween individual Þeld-collected adults from a single
host population. Wolbachia density has been reported
to vary as much as 20,000-fold between individual
Drosophila innubilaSpencer(Uncklesset al. 2009)and
as much as 178,000-fold between individual Aedes al-
bopictus Skuse (Ahantarig et al. 2008). The cause for
such large differences in Wolbachia density is un-
known. Under laboratory conditions, Wolbachia den-
sity varies in response to physiological and environ-
mental variables. For example, Wolbachia density in
adults can changewith age (Duron et al. 2007, Tortosa
et al. 2010), and with different temperatures and
growth conditions during development (Dutton and
Sinkins 2004, Mouton et al. 2006, Wiwatanaratanabutr
and Kittayapong 2009, Bordenstein and Bordenstein
2011).However, changes inWolbachiadensity caused
by environmental variables, at least tested under lab-
oratory conditions, are usually relatively small, and
sometimes nonexistent (seeCorrea andBallard 2012),
so it is unclear the extent to which such variables
impactWolbachiadensity in the Þeld andwhether the
effect of such variables are sufÞcient to explain the
large differences in Wolbachia density that have been
reported for some host species.

Wolbachia naturally infects a number of mosquito
species that are important vectors of human patho-
gens, including Ae. albopictus, an important vector of
denguevirus (DENV;Wright andBarr 1980, Sinkins et
al. 1995), andCx.quinquefasciatusandCx.pipiens,both

important vectors of West Nile virus (WNV; Hertig
and Wolbach 1924, Rasgon and Scott 2003). Although
determination of vector competence in mosquitoes is
clearly complex (Tabachnick 2013), the presence of
Wolbachia in these mosquito species raises the possi-
bility that native Wolbachia infections could impact
vector competence by modulating the mosquitoÕs sus-
ceptibility to viral infection. Although Wolbachia-in-
duced viral resistance in native hosts has been studied
most in species of Drosophila, where viral resistance
can be quite strong, recent evidence suggests that
Wolbachia also can induce viral resistance in native
mosquito hosts and reduce their ability to transmit
virus. Native Wolbachia infections of some popula-
tions of Ae. albopictus reduce the mosquitoÕs ability to
transmit DENV (Mousson et al. 2012), and we re-
cently demonstrated that native Wolbachia infections
ofCx. quinquefasciatus can reduce themosquitoÕs abil-
ity to transmit WNV (Glaser and Meola 2010).

The native Wolbachia infection in a long-term lab-
oratory colony of Cx. quinquefasciatus (Ben95) inhib-
ited WNV infection and signiÞcantly reduced the fre-
quency with which the mosquitoes transmitted virus
(Glaser and Meola 2010). This observation raised the
possibility that Wolbachia could impact vector com-
petence in Þeld populations of Cx. quinquefasciatus
such that variation in Wolbachia density could con-
tribute to variation in vector competence between
individual mosquitoes or between different Cx. quin-
quefasciatus populations. It is unknown, however,
whether the observation of Wolbachia-induced resis-
tance to WNV infection in the Ben95 colony of Cx.
quinquefasciatus canbe extrapolated to otherCx. quin-
quefasciatus populations, or to other Wolbachia-in-
fected Culex species, such as Cx. pipiens. To address
this question, we measured Wolbachia density in the
somatic tissues ofBen95Cx. quinquefasciatus andcom-
pared it with densities in a colony of Cx. quinquefas-
ciatus newly collected from the Þeld and maintained
only a few generations in the laboratory before being
assayed, and with densities in colonized and Þeld-
collectedCx. pipiens. In all cases, thedensityofWolba-
chia in somatic tissues of Ben95 Cx. quinquefasciatus
was signiÞcantly higher than densities in the other
mosquitoes tested, and furthermore, the lower densi-
ties of somatic Wolbachia in the other mosquito pop-
ulations do not appear to inhibit WNV infection and
reduce vector competence.

Materials and Methods

Mosquito Colonies. Adult mosquitoes were main-
tained on 10% sucrose ad libitum at 26�C and 50%
relative humidity (RH) and fed chicken blood for egg
laying. Larvae were reared at 250 larvae per liter with
a water depth of 1.5 cm and fed standardized volumes
of ground koi pellets (Kaytee Products, Chilton, WI).
The Ben95 colony of Cx. quinquefasciatus was estab-
lished from mosquitoes obtained from Benzon Re-
search, Inc. (Carlisle, PA). The provenance of the
Ben95 mosquitoes is unknown, but they have been
continuously maintained in the laboratory for at least
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40 yr (G. Benzon and A. Yousten, personal commu-
nications). The Arg12 strain of Cx. quinquefasciatus
was established at theWadsworthCenter in 2012 from
egg rafts collected in Buenos Aires province, Argen-
tina(Micieli et al. 2013).Threeegg rafts fromtheF3Ð4
generation were used for the analysis of Wolbachia
density illustrated in Fig. 1. The Pa04 colony of Cx.
pipiens was established at the Wadsworth Center in
2004 fromegg rafts collected inPennsylvania (Ciota et
al. 2007).

Field Collections. Egg rafts of Cx. pipiens were col-
lected during a single Þeld season from mid-June
through mid-September and from oviposition traps
located in urban, suburban, and rural locations sepa-
rated from each other by �10 km and located in and
around the city of Albany, NY (42� 39� N, 73� 45� W).
A rabbit chow infusion spiked with 3-methylindole
was used as the attractant in the oviposition traps
(Beehler et al. 1994). Each egg raft was hatched, and
DNA extracted from Þrst-instar larvae was used in
a polymerase chain reaction (PCR) reaction to
identify egg rafts thatwere fromCx. pipiens vs.Culex
restuans Theobald or Culex salinarius Coquillett,
species that are also found in the region. The prim-
ers used were CP16, PQ10, and R6, as described
previously (Crabtree et al. 1995). Species identiÞ-
cation was conÞrmed by examining the morphology
of fourth-instar larvae. Larvae from each Cx. pipiens
egg raft were reared to adulthood under standard-
ized laboratory conditions, after which Wolbachia
levels were measured in adult females 3Ð5 d old.

Wolbachia Quantitation. Wolbachia density was
measured by quantitative real-time PCR. DNA was
extracted from individual females using the DNeasy
Blood and Tissue Kit (Qiagen, Venlo, Netherlands).
For ovariectomized females, ovarieswere removed by
dissection in Ephrussi-Beadle Ringer solution, being
careful to ensure that all ovary tissue was removed.
Mock dissection controls, in which the ovaries were
removed but combined with the carcass for DNA
extraction, gave the same Wolbachia densities as
whole mosquitoes (R.L.G., unpublished data), dem-
onstrating that the lower Wolbachia densities seen in
ovariectomized mosquitoes were due solely to remov-
ing theovaries andnot lossduringdissectionofWolba-
chia located in the hemolymph or hemocyes. Wolba-
chiadensitywasdeterminedbymeasuring thenumber
of Wolbachia wsp gene sequences relative to the num-
ber of ribosomal protein L32 (RpL32) gene sequences
in DNA from each mosquito. General Wolbachia wsp
gene primers 81 F and 691 R were used as described
previously (Zhou et al. 1998). Insect RpL32 gene se-
quences were measured using primers RpL32-F2 (5�-
AAG CCG AAA GGT ATC GAC AA-3�) and
RpL32-R2 (5�-CAG TAG ACG CGG TTC TGC AT-
3�), which bind regions of the RpL32 gene conserved
between Cx. quinquefasciatus and D. melanogaster and
give a 190-bp product. PCR reactions were done using
USB Hot Start-IT SYBR Green quantitative PCR
(qPCR) Master Mix buffer (Affymetrix, Santa Clara,
CA), 0.2 �M of each primer, and 0.5 �l of template
DNA.ThesameampliÞcationproÞlewasused forboth

Fig. 1. LevelsofWolbachia in theBen95(Ben)andArg12(Arg)coloniesofCx.quinquefasciatus, and thePa04(Pa)colony
ofCx.pipiens. Thenumber ofWolbachiawsp gene sequenceswasmeasuredbyPCRand (A) shownnormalized to thenumber
of host nuclear ribosomal RpL32 gene sequences or (B) shown as the absolute number of Wolbachia genomes per mosquito.
DNA was extracted from sibling progeny from each of three separate females (families numbered 1Ð3 for each mosquito
strain). DNA was extracted from whole females (O) or from ovariectomized females (X). Median values are indicated by
a separate horizontal line for each group of whole female and ovariectomized female samples for each family. Samples for
which no Wolbachia wsp gene sequences were detected are indicated in parentheses at the bottom of the graph.
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wsp and RpL32: 95�C 2 min, followed by 40 cycles of
95�C15 s, 60�C30 s, 72�C1min, followed by a standard
melt curve to conÞrm the speciÞcity of each reaction.
Duplicate reactions were run for each gene. The Ct
values for duplicate reactions, which always differed
by �5%, were averaged for each calculation. After
averaging, Ct values for each gene were converted to
absolute copy numbers using standard curves that
were run on each 96-well plate of samples. The stan-
dardcurveswere logdilution series of 106 to 102 copies
of each gene sequence generated using cloned PCR
products for thewspandRpL32genes fromCx.pipiens.
Wolbachia density was calculated as the copy number
of wsp gene sequences divided by the copy number of
RpL32 gene sequences in each sample.

The Mann-Whitney test was used for all pair-wise
comparisons to determine signiÞcance between me-
dian Wolbachia densities. ANOVA was used for all
group-wise comparisons to determine signiÞcance of
average Wolbachia densities among families. For sta-
tistical analyses that included negative wsp results, Ct
values at the limit of detection for the assay were used
instead of zero values or dropping the data from the
analysis. This had minimal effect on the statistical
results and did not affect any conclusions drawn from
the analyses. PearsonÕs r correlation test was used to
compare the median Wolbachia densities in the
whole-body vs. somatic tissue samples within each
family of the Þeld-collected Cx. pipiens.

Vector Competence. Vector competence assays
were performed essentially as described previously
(Aitken 1977). Brießy, 3- to 5-d-old females were fed
a bloodmeal containing WNV at a Þnal titer of 108

pfu/ml. The WNV stock was 03Ð1956V1C1, a WNV02
genotype virus isolated from the kidney of an Amer-
ican crow collected in New York State in 2003. Pre-
blood-fed mosquitoes were collected from the same
groupof females beforeblood feeding. Fully engorged
mosquitoes were sorted into cups and held at 27�C,
55% relative humidity (RH), and aphotoperiodof 16:8
(L:D) h before being assayed. At 7 and 14 d post-
bloodmeal, mosquitoes were anesthetized, their legs
removed and homogenized, and a sample of their
saliva was collected using the capillary tube tech-
nique. After saliva collection, the ovaries were re-
moved, and the ovariectomized bodies stored at
�70�C until DNA was isolated from the bodies and
somatic Wolbachia levels quantitated as described (in
Wolbachia Quantitation). Vero cell plaque assays
were used to quantitate WNV in the leg homogenates
and saliva, essentially as described previously (Payne
et al. 2006). Mosquitoes with no WNV in the leg
homogenate or salivawere categorized as nondissemi-
nated infections.MosquitoeswithWNVonly in the leg
homogenate were categorized as disseminated infec-
tions, and mosquitoes with WNV in both the leg ho-
mogenate and saliva were categorized as transmitting
infections. WNV titers were measured in the whole
bodiesof 15mosquitoescollectedat 7dpostbloodmeal
todetermine theoverall frequencyof infection,which
was 93%. All experiments involving infectious WNV

were done in the Wadsworth CenterÕs ACL-3 labora-
tories.

Results

Cx. quinquefasciatus. Wolbachia levels were Þrst
measured in mosquitoes from the Ben95 colony of Cx.
quinquefasciatus in which Wolbachia-induced resis-
tance to WNV infection has been demonstrated (Gla-
ser and Meola 2010). Wolbachia densities were mea-
suredas thenumberofWolbachiawspgene sequences
normalized to the number of host nuclear ribosomal
RpL32 gene sequences in DNA extracted from indi-
vidual sibling females fromeach of three families (Fig.
1A). Wolbachia densities in the whole-body samples
for all the Ben95 siblings both within and between
families were similar, with a median wsp-to-rpl ratio
for all the samples of 1.27 (Fig. 1A, OÕs). Wolbachia
densities speciÞcally in somatic tissues were consis-
tently two- to threefold lower thandensitiesmeasured
in whole bodies from siblings from the same family
with a median wsp-to-rpl ratio of 0.45 (Fig. 1A, XÕs).
Although we did not measure Wolbachia density di-
rectly in isolated ovaries owing to technical limita-
tions, this result indicates that there are at least as
many Wolbachia in the ovaries as the rest of the so-
matic tissues of the body combined and that the den-
sity of Wolbachia in ovaries must be much higher than
in somatic tissues given that the ovaries in nongravid
females contribute extremely little mass to each
whole-body sample, yet increaseWolbachiadensity in
the whole-body samples by two- to threefold.

Estimates of the absolute number of Wolbachia ge-
nomes in each Ben95 mosquito is shown in Fig. 1B.
Note that the absolute Wolbachia levels are only es-
timates, because the measurements are not normal-
ized for variation in totalDNAcontent in each sample,
and theefÞciencyofDNAextractionmaynotbe100%,
although the total amount of DNA extracted from
each mosquito was about what would be expected.
There was generally good concordance in sample-to-
sample variation between the measurements of
Wolbachia density and of Wolbachia genome copy
number (compare Fig. 1A and B), suggesting that the
values for Wolbachia genome copy number per mos-
quito are probably reasonable estimates. There were
�18 million Wolbachia in each Ben95 mosquito with
�11 million in the ovaries and 7 million in the somatic
tissues of the body (Fig. 1B). Based on our earlier
studies, thismeans that the infection of somatic tissues
of Ben95 mosquitoes with �7 million Wolbachia is
sufÞcient to increase resistance to WNV infection and
reduce vector competence (Glaser and Meola 2010).

We next considered how representative, with re-
spect to Wolbachia levels, the colonized Ben95 mos-
quitoes are of Cx. quinquefasciatus in general, espe-
cially given that the Ben95 colony has been
maintained in the laboratory for at least 40 yr, so is
likely to be more genetically homogenous than mos-
quitoes in outbred Þeld populations. To address this
question,Wolbachia levelsweremeasured inCx. quin-
quefasciatus that were newly collected from the Þeld
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and maintained only three to four generations in the
laboratory before being assayed (strain Arg12). The
Arg12 Cx. quinquefasciatus colony was started from
�50 females from at least 10 Þeld-collected egg rafts,
and hundreds of progeny were used to propagate the
colony in each subsequent generation without signif-
icant rearing bottlenecks. Such large-scale inbreeding
for only three to four generations would have minimal
impact on genetic diversity within the population and
would be unlikely to provide sufÞcient time for phe-
notypic selection or genetic drift to impact Wolbachia
levels. Therefore, althoughnot collecteddirectly from
the Þeld, we reasoned that the Arg12 Cx. quinquefas-
ciatus would have Wolbachia levels more representa-
tive of levels found in outbred Þeld mosquitoes than
in mosquitoes from a long-term highly inbred labora-
tory colony like Ben95.

In general, Wolbachia densities in the Arg12 Cx.
quinquefasciatus were signiÞcantly lower and much
more variable than in theBen95mosquitoes (Fig. 1A).
SpeciÞcally,medianWolbachiadensities in thewhole-
body samples of Arg12 were about twofold lower than
in the Ben95 mosquitoes with a median wsp-to-rpl
ratioof0.57(P�0.0001),whereasWolbachiadensities
in somatic tissues of the Arg12 mosquitoes were dra-
matically lower. A few individual Arg12 mosquitoes
had somatic Wolbachia densities that approached
those measured in Ben95 mosquitoes, but most had
densities that were three to Þve orders of magnitude
lower with a median wsp-to-rpl ratio of only �10�4, or
3,200-fold lower than in Ben95 mosquitoes (P �
0.0001). Furthermore, somatic Wolbachia densities
varied �20,000-fold between individual Arg12 mos-
quitoes compared with only Þvefold variation be-
tween individualBen95mosquitoes. The same relative
differences in Wolbachia levels between the Ben95
and Arg12 mosquitoes and between the whole-body
and ovariectomized samples were also reßected in the
estimates of the absolute number of Wolbachia per
mosquito (Fig. 1B). Themediannumber ofWolbachia
in whole bodies for all the mosquitoes tested was
slightly lower in the Arg12 than in the Ben95 mosqui-
toes (13 vs. 18 million; P � 0.05), whereas the median
number of somatic Wolbachia was dramatically lower
(2,000 vs. 7million; P � 0.0001). In fact, nearly half the
Arg12 mosquitoes had less than an estimated 1,000
somaticWolbachia,with somehavingWolbachianum-
bers at the limit of detection for the qPCR assay.

Cx. pipiens. We next considered whether the dif-
ference in Wolbachia levels, particularly in somatic
tissues, between long-term colonized vs. newly col-
lected Cx. quinquefasciatus would also be true for
colonized vs. Þeld-collectedCx. pipiens, anotherCulex
species naturally infected by Wolbachia. Wolbachia
levels were Þrst measured in Cx. pipiens from a colony
that has been maintained in the laboratory for 9 yr
(Pa04). Median Wolbachia densities in whole bodies
of Pa04 mosquitoes were comparable with densities
measured in Ben95 and Arg12 Cx. quinquefasciatus,
with wsp-to-rpl ratios around 1, although the Pa04
mosquitoes demonstrated more pronounced differ-
ences between families (Fig. 1A). In contrast, the

medianWolbachiadensity in somatic tissues for all the
Pa04 mosquitoes was 0.04 wsp-to-rpl ratio, 11-fold
lower than in Ben95 mosquitoes (P � 0.0001) but
284-fold higher than in Arg12 mosquitoes (P � 0.01;
Fig. 1A). There also were pronounced differences in
the densities of somatic Wolbachia among the Pa04
families tested,with families 1 and 2 having higher and
more consistent densities, similar to what was ob-
served in the Ben95 mosquitoes, and family 3 having
lower more variable densities, more similar to what
was observed in the Arg12 mosquitoes. Therefore,
overall, somatic Wolbachia densities in the Pa04 Cx.
pipiens were intermediate between what was ob-
served for the Ben95 and Arg12 Cx. quinquefasciatus.
Estimates of the absolute number of Wolbachia in the
Pa04 Cx. pipiens paralleled the measurements of
Wolbachia density. The median number of Wolbachia
in whole bodies was 8 million, which is lower than
observed for the Ben95 (18 million) and Arg12 (13
million) mosquitoes, although the range among indi-
vidual Pa04 mosquitoes encompassed the same range
observed for the Cx. quinquefasciatus strains. The me-
dian number of somatic Wolbachia in the Pa04 mos-
quitoes was 310,000 per mosquito, which is interme-
diate between what was observed for Ben95 (7
million) and Arg12 (2,000).

Next, Wolbachia levels were measured in Þeld-col-
lected Cx. pipiens. Wolbachia densities as a function of
collection week and landscape type are illustrated in
Fig. 2. The median Wolbachia density in whole bodies
for all the Þeld-collected Cx. pipiens was not signiÞ-
cantly different from the median density measured in
the Pa04 colony (P � 0.169). In contrast, the median
Wolbachia density in somatic tissues for the Þeld-
collected Cx. pipiens was 0.0024 wsp-to-rpl ratio, 17-
fold lower than in the Pa04 colony (P � 0.01). Esti-
mates of the absolute number of Wolbachia in the
Þeld-collected Cx. pipiens paralleled the measure-
ments of Wolbachia density. The median number of
Wolbachia in whole bodies was �3.4 million and in
somatic tissues was �15,000 per mosquito. For con-
venience, a scale of the approximate number of
Wolbachia genomes per mosquito in the Þeld-col-
lected Cx. pipiens is shown on the right y-axis of Fig.
2, although the data shown are the wsp-to-rpl ratio
measurements of density. There were no signiÞcant
differences in Wolbachia levels as a function of col-
lection site or collection week other than mosquitoes
from urban sites, as a group, having a slightly higher
median Wolbachia density measured in whole bodies
compared with mosquitoes from suburban (twofold;
P� 0.0001)or rural sites (1.5-fold;P� 0.01). The same
differences, however, were not detected for Wolba-
chia in somatic tissues, which was not surprising given
the large variation in somatic densities between indi-
vidual mosquitoes.

In summary, Cx. pipiens showed a similar trend as
Cx. quinquefasciatus of higher more consistent densi-
ties of somatic Wolbachia in a long-term laboratory
colony vs. lower more variable densities of somatic
Wolbachia in Þeld-collected (or recently colonized)
mosquitoes (Figs. 1 and 2). The magnitude of the
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difference, however, was much smaller for Cx. pipiens
(17-fold) than for Cx. quinquefasciatus (3,000-fold).

Because the adults obtained from each individual
Þeld-collected Cx. pipiens egg raft were analyzed sep-
arately, familial differences in Wolbachia density
could be assessed. There were signiÞcant differences
in Wolbachia density among families in both whole
mosquitoes (P � 0.0001), which primarily represents
Wolbachia in ovary, and for Wolbachia in somatic
tissues (P � 0.05). In whole mosquitoes, median
Wolbachia density differed up to 11-fold among fam-
ilies, with no overlap in the distribution of Wolbachia
densities between some families (e.g., compare fam-
iliesC4 andC5 inFig. 2). The samewas true in somatic
tissues, with median Wolbachia density differing up to
71-fold among families, and no overlap in densities
between some families (e.g., compare families H4 and
H5 in Fig. 2). Familial differences in Wolbachia den-
sities didnot fall intodiscernible subgroupings. In fact,
rank ordering the median Wolbachia densities for all
the families illustrates that Wolbachia density in this
Þeld population of Cx. pipiens is a quantitative trait
(Fig. 3). Furthermore, familial Wolbachia densities
were not correlated between the whole-body samples
and somatic tissue samples within each family (Pear-
sonÕs r�0.016; compareupperand lowerpanels inFig.
3). Finally, signiÞcant familial differences in Wolba-
chia density also were observed in the whole-body
samples for the Pa04 Cx. pipiens (P � 0.01) and Arg12
Cx. quinquefasciatus (P � 0.001), but not for theBen95
Cx. quinquefasciatus (P � 0.1191; Fig. 1).

Vector Competence. The relatively high and con-
sistent densities of somatic Wolbachia in Ben95 Cx.
quinquefasciatus (Fig. 1A) were high enough to in-
crease themosquitoÕs resistance toWNVinfectionand
reduce their vector competence (Glaser and Meola
2010). By comparison, the densities of somatic Wolba-
chia in theArg12Cx. quinquefasciatus and thePa04and
Þeld-collected Cx. pipiens were all signiÞcantly lower
(Figs. 1 and 2), raising the possibility that the levels of
Wolbachia in thesemosquitoeswere too low to inhibit
WNV infection. In contrast to the Ben95 Cx. quinque-
fasciatus, however, the densities of somatic Wolbachia
in individual mosquitoes in the Arg12 Cx. quinquefas-
ciatus and the Pa04 and Þeld-collected Cx. pipiens
varied widely, from high densities approaching those
in the Ben95 mosquitoes to very low densities, esti-
mated to be only hundreds of bacteria per mosquito,
almost certainly too low to inhibit WNV infection and
reduce vector competence (Figs. 1 and 2). This vari-
ability, however, raises the possibility that differences
in somaticWolbachiadensitybetween individualmos-
quitoes could contribute to individual differences in
vector competence, such that mosquitoes with high
densities of somatic Wolbachia might be more resis-
tant to WNV infection, and therefore be less compe-
tent vectors, than mosquitoes with low densities of
Wolbachia within the same population.

To test this hypothesis, we measured both Wolba-
chia density and vector competence in individual Cx.
pipiens Pa04 mosquitoes. Pa04 mosquitoes were cho-
sen for the analysis because they have somatic Wolba-

Fig. 2. Levels of Wolbachia in Þeld-collected Cx. pipiens. Individual egg rafts were collected, larvae hatched and reared
to adulthood, and Wolbachia densities measured in nongravid sibling females 3- to 5-d-old from each raft. DNA was extracted
from whole (O) or ovariectomized females (X). Families are grouped by landscape type. Each column presents the results
for a single family, which are named consecutively by collection site. The week of collection is indicated below a gray line
that identiÞes those families collected for that week. The data shown are the number of Wolbachia wsp gene sequences
normalized to the number of host nuclear ribosomal RpL32 gene sequences, as indicated on the left y-axis. Median values
are indicated by a separate horizontal line for each group ofwhole female and ovariectomized female samples for each family.
The right y-axis illustrates the approximate number of Wolbachia genomes per mosquito for each sample. Samples for which
no Wolbachia wsp gene sequences were detected are indicated in parentheses at the bottom of the graph.
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chia densities lower than in the Ben95 mosquitoes but
higher than in either Arg12 Cx. quinquefasciatus or
Þeld-collected Cx. pipiens, yet still demonstrate sig-
niÞcant individual variation in Wolbachia density
across a range that includes densities observed in both
the Arg12 Cx. quinquefasciatus and Þeld-collected Cx.
pipiens (Figs. 1 and 2).We reasoned that if the somatic
Wolbachiadensities that occur in the Pa04mosquitoes
were too lowto reducevectorcompetence, then itwas
likely that the even lower Wolbachia levels in the
Arg12Cx. quinquefasciatusandÞeld-collectedCx.pipi-
ens would be too low to reduce vector competence in
these mosquitoes as well. Cx. pipiens Pa04 females
collected from the colony (not collected as sibling
families)were given an infectious bloodmeal ofWNV.
Mosquitoes were collected at 7 and 14 d postblood-
meal, and legs and saliva were harvested from each
mosquito and tested for WNV to identify mosquitoes
that had nondisseminated, disseminated, and trans-
mitting infections. These three categories of infection
were strongly correlated with increasing WNV titers
during infection (Glaser and Meola 2010). After col-
lecting the legs and saliva, the ovaries were removed,
and DNA was extracted from each ovariectomized
body. The density of somatic Wolbachia in the body
then was measured and correlated with the category
of WNV infection based on the analysis of the leg and
saliva samples from the same mosquito. The results of
the analysis are shown in Fig. 4. The general increase
in median Wolbachia densities seen in all the post-
bloodmeal samples was expected and a consequence
of an age-dependent increase in Wolbachia density
independent of virus infection, as has been reported

Fig. 3. Rank ordering of Þeld-collected Cx. pipiens families by median Wolbachia density in whole females (top graph)
and in ovariectomized females for the same families (bottom graph).

Fig. 4. Wolbachia density and vector competence in
individual Cx. pipiens Pa04 mosquitoes. Cx. pipiens Pa04 fe-
males were given an infectious bloodmeal of WNV. At 7 and
14 d postbloodmeal (d7 and d14), WNV was measured in the
legs and saliva collected from each mosquito to identify
mosquitoes that had nondisseminated infections (ND), dis-
seminated infections (DIS), and transmitting infections
(TRANS).Only acoupleofmosquitoeshadnondisseminated
infections at day 14 and were not included in the analysis.
Median Wolbachia density is indicated by a horizontal line.
Each sample for which no Wolbachia wsp gene sequences
weredetected is indicated inparentheses at thebottomof the
graph.
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previously for Cx. pipiens (Berticat et al. 2002, Duron
et al. 2007). Furthermore, the overall WNV infection
prevalence was 93%, based on testing for WNV in a
group of whole-mosquito samples assayed from the
samepopulationofblood-fedmosquitoesused tomea-
sure vector competence. This means that all but one
or two mosquitoes in the day 7, nondisseminated cat-
egory did, in fact, have nondisseminated infections.

The distribution of somatic Wolbachia densities did
not differ among mosquitoes that had nondissemi-
nated, disseminated, or transmitting infections (Fig.
4). Most importantly, mosquitoes with the highest
somatic Wolbachia densities were not selectively
underrepresented among mosquitoes that were
most susceptible to WNV infection. For example,
mosquitoes with the highest Wolbachia densities
occurred just as frequently among mosquitoes with
transmitting infections (most WNV susceptible;
highest vector competence) as mosquitoes with
only disseminated infections (less WNV suscepti-
ble; lower vector competence), and even as fre-
quently as mosquitoes with only nondisseminated
infections (least WNV susceptible; lowest vector
competence). This result suggests that even the
highest Wolbachia densities that occur in the so-
matic tissues of Cx. pipiens Pa04 mosquitoes are too
low to inhibit WNV infection and reduce vector
competence.

Discussion

Wolbachia clearly has the capacity to increase re-
sistance toWNVand reducevector competence inCx.
quinquefasciatus mosquitoes in the Ben95 laboratory
colony (Glaser and Meola 2010). However, the data
presented in the current report demonstrated that
somaticWolbachiadensities in theBen95 colonywere
signiÞcantly higher than densities in a newly estab-
lished colony of Cx. quinquefasciatus (Arg12), in a
colony of Cx. pipiens (Pa04), and in Þeld-collected Cx.
pipiens (Figs. 1 and 2). Furthermore, the lower levels
of somatic Wolbachia observed in the mosquitoes
other than Ben95 did not appear to be high enough to
inhibit WNV infection and reduce vector compe-
tence, at least as tested in the Pa04 Cx. pipiens (Fig. 4).
Therefore, to the extent that the Arg12 Cx. quinque-
fasciatus and the Pa04 and Þeld-collected Cx. pipiens
were representative of Cx. quinquefasciatus and Cx.
pipiens generally, these results suggest that the native
Wolbachia infections in these two mosquito species
may not play a signiÞcant role in modulating vector
competence for WNV in many, perhaps most, Þeld
populations.

Despite the similarly low Wolbachia densities in the
Arg12 Cx. quinquefasciatus, and Pa04 and Þeld-col-
lected Cx. pipiens, the possibility that some popula-
tions of Cx. quinquefasciatus or Cx. pipiens might have
Wolbachia densities high enough to inhibit virus in-
fection and reduce vector competence cannot be ex-
cluded. For example, different strains of Ae. albopictus
differ in the extent to which Wolbachia can inhibit
dengue virus infection because of differences in

Wolbachia density (Bian et al. 2010, Mousson et al.
2012).However, unlike the relatively consistent levels
of total Wolbachia that thus far have been reported in
whole-body Þeld-collected Cx. pipiens (Berticat et al.
2002, Echaubard et al. 2010, this study), Wolbachia
levels in Þeld-collected Ae. albopictus can vary dra-
matically between individual mosquitoes in at least
some populations, perhaps contributing to more fre-
quent differences in the ability ofWolbachia to inhibit
viral infection inAe. albopictus (Ahantarig et al. 2008).

We considered the possibility that Wolbachia levels
might vary in Þeld populations and potentially reach
high enough levels to induce viral resistance and im-
pact vector competence as a function of location,
landscape type, or time during the season, but somatic
Wolbachia levels in the Þeld-collected Cx. pipiens did
not vary signiÞcantly at least over the 10-km range,
three landscape types, and single Þeld season that
were analyzed (Fig. 2). In addition to supporting the
general conclusion thatWolbachia levels inCx. pipiens
were too low to impact vector competence, this ob-
servation also argues against Wolbachia playing a role
in the signiÞcant spatiotemporal variation in vector
competence that has been reported for Cx. pipiens
(Kilpatrick et al. 2010), including some of the same
general locations used in our study.

The ability of Wolbachia to inhibit WNV infection
is correlated with the higher densities of somatic
Wolbachia in the Ben95 Cx. quinquefasciatus mosqui-
toes compared with lower somatic Wolbachia densi-
ties in the Arg12 Cx. quinquefasciatus, and Pa04 and
Þeld-collected Cx. pipiens, consistent with studies
demonstrating that Wolbachia-induced viral resis-
tance is density dependent (Figs. 1 and 2; Moreira et
al. 2009, Frentiu et al. 2010, Lu et al. 2012, Osborne et
al. 2012). The density of somatic Wolbachia in Ben95
mosquitoes may be higher than in the other mosqui-
toes analyzed,but thedensity is still signiÞcantly lower
than densities that are unable to inhibit viral infection
in Drosophila (Osborne et al. 2012). Osborne and
colleagues reported that Drosophila simulans Sturte-
vant infected with Wolbachia at densities of 39Ð118
Wolbachia genomes per ßy genome were resistant to
viral infection (Osborne et al. 2012). Similarly, the
density of somatic Wolbachia in the Ber1 strain of D.
melanogaster, which is highly resistant to WNV infec-
tion (Glaser and Meola 2010), is �77 Wolbachia ge-
nomesperßygenome(unpublisheddata). Incontrast,
D. simulans with Wolbachia densities at or below 6
Wolbachia genomes per ßy genome were not pro-
tected from infection (Osborne et al. 2012). By com-
parison, the average density of somatic Wolbachia in
Ben95mosquitoes is only 0.46Wolbachia genomes per
mosquito genome, or 13-fold lower than densities un-
able to protect D. simulans. It is not known why the
lower densities of Wolbachia in the Ben95 Cx. quin-
quefasciatus are still able to inhibit infection.

It is unclear why the density of somatic Wolbachia
in Ben95 Cx. quinquefasciatus is so much higher than
the othermosquito populations analyzed. It is possible
that the density reßects the Wolbachia density that
was present in the Þeld mosquitoes from which the
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Ben95 colony was originally established. This possi-
bility seems unlikely, however, unless there are larger
differences in Wolbachia density than have thus far
been reported forCulexmosquitoes.Alternatively, the
density of Wolbachia in the Ben95 mosquitoes may be
a consequence of long-term colonization. Perhaps
during the 40 yr that the Ben95 mosquitoes have been
maintained in the laboratory, phenotypic selection or
genetic drift has produced high somatic Wolbachia
densities. It is interesting to consider the possibility
that exposure of colonized mosquitoes to pathogens
present in the laboratory environment over an ex-
tended period of time might select for the increased
resistance phenotype provided by higher Wolbachia
densities. It is also interesting to consider the Pa04
colony of Cx. pipiens that have been colonized for 9 yr
and have somatic Wolbachia densities that are inter-
mediate between the high levels in the Ben95 Cx.
quinquefasciatus and the lower levels in the Arg12 Cx.
quinquefasciatus and Þeld-collected Cx. pipiens (Figs.
1 and 2). Perhaps the 9 yr of colonization for the Pa04
mosquitoes, compared with 40 yr for the Ben95 mos-
quitoes, has produced an intermediate stage in the
selection process.

Wolbachia densities in the Þeld-collected Cx. pipi-
ensdemonstrated signiÞcant familial variation(Fig. 2).
The most parsimonious explanation for the origin of
this variation is that Wolbachia density is genetically
determined and that there is sufÞcient genetic heter-
ogeneity within the Cx. pipiens host, Wolbachia sym-
biont populations, or both, to produce the observed
continuous distribution of median familial densities
(Fig. 3). Familial variation was not a consequence of
variation in environmental parameters, as egg rafts
were collected within a few hours of being laid and
then hatched and reared under standardized labora-
tory conditions. Unfortunately, the heritability of the
familial differences seen in theCx. pipienscouldnotbe
tested because the mosquitoes did not mate under
laboratory conditions. In addition to the Þeld mosqui-
toes, however, signiÞcant familial differences were
also observed in the Pa04 colony of Cx. pipiens and
Arg12 colony of Cx. quinquefasciatus (Fig. 1). Because
the colonies were maintained under the same envi-
ronmental conditions each generation, the observed
familial differences, at least in the laboratory colonies,
must be caused by genetic heterogeneity that exists
within the colony.

Familial differences were observed in Wolbachia
density in the Þeld-collected Cx. pipiens in both the
ovary (whole-body samples) as well as somatic tissues
of thebody(ovariectomized samples), but the familial
differences were not correlated between the two tis-
sue typeswithin each family (Fig. 3). This observation
suggest that Wolbachia infection of somatic tissues, at
a minimum, is not simply a consequence of random
mislocalization of Wolbachia during embryonic de-
velopment of each mosquito and that the genetics
determining Wolbachia density in somatic tissues is
different from the genetics determining Wolbachia
density in the ovary.

Herein, we provided the Þrst characterization of
variation in somatic Wolbachia levels in the natural
WolbachiaÐmosquito host systems of Cx. quinquefas-
ciatus andCx. pipiens,both important vectors ofWNV.
We found that the densities of Wolbachia in somatic
tissues of Ben95 Cx. quinquefasciatus were signiÞ-
cantly higher than densities in a newly established
colony of Cx. quinquefasciatus or in colonized and
Þeld-collected Cx. pipiens. Furthermore, the lower
densities of somaticWolbachia in thesemosquito pop-
ulations are likely too low to inhibit WNV infection
and reduce vector competence as occurs in the Ben95
Cx. quinquefasciatus. These results indicate that
Wolbachia-induced resistance to WNV is not gener-
ally applicable to all populations of Cx. quinquefascia-
tus and Cx. pipiens, and that the impact of Wolbachia
on vector competence in Þeld populations, if any, is
likely to be limited to speciÞc populations of these
mosquito species.
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(CONICET) to M.V.M.

References Cited

Ahantarig, A., W. Trinachartvanit, and P. Kittayapong. 2008.
Relative Wolbachia density of Þeld-collected Aedes al-
bopictus mosquitoes in Thailand. J. Vector Ecol. 33: 173Ð
177.

Aitken, T.H.G. 1977. An in vitro feeding technique for ar-
tiÞcially demonstrating virus transmission by mosquitoes.
Mosq. News 37: 130Ð133.

Beehler, J. W., J. G. Millar, and M. S. Mulla. 1994. Field
evaluation of synthetic compoundsmediating oviposition
in Culex mosquitoes (Diptera: Culicidae). J. Chem. Ecol.
20: 281Ð291.

Berticat, C., F. Rousset, M. Raymond, A. Berthomieu, and M.
Weill. 2002. High Wolbachia density in insecticide-re-
sistant mosquitoes. Proc. R. Soc. Lond. B 269: 1413Ð1416.

Bian, G., Y. Xu, P. Lu, Y. Xie, and Z. Xi. 2010. The endo-
symbiotic bacterium Wolbachia induces resistance to
dengue virus in Aedes aegypti. PLoS Pathog. 6: e1000833.

Bordenstein, S. R., and S. R. Bordenstein. 2011. Tempera-
ture affects the tripartite interactions between bacterio-
phage WO, Wolbachia, and cytoplasmic incompatibility.
PLoS ONE 6: e29106.

Bordenstein, S. R., C. Paraskevopoulos, J. C. Dunning Ho-
topp, P. Sapountzis, N. Lo, C. Bandi, H. Tettelin, J. H.
Werren, and K. Bourtzis. 2009. Parasitism and mutual-
ism in Wolbachia: what the phylogenomic trees can and
cannot say. Mol. Biol. Evol. 26: 231Ð241.

Brelsfoard, C. L., and S. L. Dobson. 2011. Wolbachia effects
on host Þtness and the inßuence of male aging on cyto-
plasmic incompatibility in Aedes polynesiensis (Dipera:
Culicidae). J. Med. Entomol. 48: 1008Ð1015.

Brownlie, J. C., B. N. Cass, M. Riegler, J. J. Witsenburg, I.
Iturbe-Ormaetxe, E. A. McGraw, and S. L. O’Neill. 2009.

January 2014 MICIELI AND GLASER: Wolbachia LEVELS IN Culex MOSQUITOES 197



Evidence for metabolic provisioning by a common in-
vertebrateendosymbiont,Wolbachiapipientis,duringpe-
riods of nutritional stress. PLoS Pathog. 5: e1000368.

Ciota, A. T., A. O. Lovelace, S. A. Jones, A. Payne, and L. D.
Kramer. 2007. Adaptation of two ßaviviruses results in
differences in genetic heterogeneity and virus adaptabil-
ity. J. Gen. Virol. 88: 2398Ð2406.

Cordaux, R., S. Pichon, H.B.A. Hatira, V. Doublet, P. Greve, I.
Marcade, C. Braquart-Varnier, C. Souty-Grosset, F. Charfi-
Cheikhrouha, and D. Bouchon. 2012. Widespread Wolba-
chia infection in terrestrial isopods and other crustaceans.
Zookeys 176: 123Ð131.

Correa, C. C., and J.W.O. Ballard. 2012. Wolbachia gonadal
density in female and male Drosophila vary with labora-
tory adaptation and respond differently to physiological
and environmental challenges. J. Invertebr. Pathol. 111:
197Ð204.

Crabtree, M. B., H. M. Savage, and B. R. Miller. 1995. De-
velopment of a species-diagnostic polymerase chain re-
action assay for the identiÞcation of Culex vectors of St.
Louis encephalitis virus based on interspecies sequence
variation in ribosomal DNA spacers. Am. J. Trop. Med.
Hyg. 53: 105Ð109.

Dobson, S. L., K. Bourtzis, H. R. Braig, B. F. Jones, W. Zhou,
F. Rousset, and S. L. O’Neill. 1999. Wolbachia infections
are distributed throughout insect somatic and germ line
tissues. Insect Biochem. Mol. Biol. 29: 153Ð160.

Dumler, J., A.Barbet,C.Bekker,G.Dasch,G.Palmer, S.Ray,
Y. Rikihisa, and F. Rurangirwa. 2001. Reorganization of
genera in the familiesRickettsiaceae andAnaplasmataceae
in the order Rickettsiales: uniÞcation of some species of
Ehrlichia with Anaplasma, Cowdria with Ehrlichia and
Ehrlichia with Neorickettsia, descriptions of six new spe-
cies combinations and designation of Ehrlichia equi and
ÔHGE agentÕ as subjective synonyms of Ehrlichia phago-
cytophila. Int. J. Syst. Evol. Microbiol. 51: 2145Ð2165.

Duron, O., P. Fort, and M. Weill. 2007. Inßuence of aging
on cytoplasmic incompatibility, sperm modiÞcation and
Wolbachia density in Culex pipiens mosquitoes. Heredity
98: 368Ð374.

Duron, O., D. Bouchon, S. Boutin, L. Bellamy, L. Zhou, J.
Engelstadter, and G. D. Hurst. 2008. The diversity of
reproductive parasites among arthropods: Wolbachia do
not walk alone. BMC Biol. 6: 27.

Dutton, T. J., and S. P. Sinkins. 2004. Strain-speciÞc quan-
tiÞcation of Wolbachia density in Aedes albopictus and
effects of larval rearing conditions. Insect Mol. Biol. 13:
317Ð322.

Echaubard, P., O. Duron, P. Agnew, C. Sidobre, V. Noel, M.
Weill, and Y. Michalakis. 2010. Rapid evolution of
Wolbachia density in insecticide resistant Culex pipiens.
Heredity 104: 15Ð19.

Fitzpatrick, D. A., C. J. Creevey, and J. O. McInerney. 2006.
Genome phylogenies indicate a meaningful alpha-pro-
teobacterial phylogeny and support a grouping of the
mitochondria with the rickettsiales. Mol. Biol. Evol. 23:
74Ð85.

Frentiu, F. D., J. Robinson, P. R. Young, E. A. McGraw, and
S. L. O’Neill. 2010. Wolbachia-mediated resistance to
dengue virus infection and death at the cellular level.
PLoS ONE 5: e13398.

Frydman, H. M., J. M. Li, D. N. Robson, and E. Wieschaus.
2006. Somatic stem cell niche tropism in Wolbachia. Na-
ture 441: 509Ð512.

Glaser, R. L., and M. A. Meola. 2010. The native Wolbachia
endosymbionts of Drosophila melanogaster and Culex
quinquefasciatus increase host resistance to West Nile
virus infection. PLoS ONE 5: e11977.

Hedges,L.M., J.C.Brownlie, S.L.O’Neill, andK.N. Johnson.
2008. Wolbachia and virus protection in insects. Science
322: 702.

Hertig, M., and S. B. Wolbach. 1924. Studies on rickettsia-
like micro-organisms in insects. J. Med. Res. 44: 329Ð374.

Hilgenboecker, K., P. Hammerstein, P. Schlattmann, A. Tel-
schow, and J. H. Werren. 2008. How many species are
infected with Wolbachia? A statistical analysis of current
data. FEMS Microbiol. Lett. 281: 215Ð220.

Hoffman, A. A., D. J. Clancy, and E. Merton. 1994. Cyto-
plasmic incompatibility in Australian populations of
Drosphila melanogaster. Genetics 136: 993Ð999.

Hosokawa, T., R. Koga, Y. Kikuchi, X.-Y. Meng, and T. Fu-
katsu. 2010. Wolbachia as a bacteriocyte-associated nu-
tritional mutualist. Proc. Natl. Acad. Sci. U.S.A. 107: 769Ð
774.

Ijichi, N., N. Kondo, R.Matsumoto,M. Shimada,H. Ishikawa,
and T. Fukatsu. 2002. Internal spatiotemporal popula-
tiondynamics of infectionwith threeWolbachia strains in
the adzuki bean beetle, Callosobruchus chinensis (Co-
leoptera: Bruchidae).Appl. Environ.Microbiol. 68: 4074Ð
4080.

Ikeda, T., H. Ishikawa, and T. Sasaki. 2003. Regulation of
Wolbachia density in the Mediterranean ßour moth,
Ephestia kuehniella, and the almondmoth,Cadra cautella.
Zool. Sci. 20: 153Ð157.

Iturbe-Ormaetxe, I., T. Walker, and S. L. O’Neill. 2011.
Wolbachia and the biological control of mosquito-borne
disease. EMBO Rep. 12: 508Ð518.

Jaenike, J. 2009. Coupled population dynamics of endosym-
bionts within and between hosts. Oikos 118: 353Ð362.

Kilpatrick,A.M.,D.M.Fonseca,G.D.Ebel,M.R.Reddy, and
L. D. Kramer. 2010. Spatial and temporal variation in
vector competence of Culex pipiens and Cx. restuans mos-
quitoes for West Nile virus. Am. J. Trop. Med. Hyg. 83:
607Ð613.

Kondo,N.,M.Shimada, andT.Fukatsu. 2005. Infectionden-
sity of Wolbachia endosymbiont affected by co-infection
and host genotpye. Biol. Lett. 1: 488Ð491.

Lu, P., G. Bian, X. Pan, and Z. Xi. 2012. Wolbachia induces
density-dependent inhibition todenguevirus inmosquito
cells. PLoS Negl. Trop. Dis. 6: e1754.

McGraw,E. A., and S. L.O’Neill. 2013. Beyond insecticides:
new thinking on an ancient problem.Nat. Rev.Microbiol.
11: 181Ð193.

McGraw, E. A., D. J. Merritt, J. N. Droller, and S. L. O’Neill.
2002. Wolbachia density and virulence attenuation after
transfer into a novel host. Proc. Natl. Acad. Sci. U.S.A. 99:
2918Ð2923

Micieli, M. V., A. C. Matacchiero, E. Muttis, D. M. Fonseca,
M. T. Aliota, and L. D. Kramer. 2013. Vector compe-
tence of Argentine mosquitoes (Diptera: Culicidae) for
West Nile virus (Flaviviridae: Flavivirus). J. Med. Ento-
mol. 50: 853Ð862.

Min, K.-T., and S. Benzer. 1997. Wolbachia, normally a sym-
biontofDrosophila,canbevirulent, causingdegeneration
and early death. Proc. Natl. Acad. Sci. U.S.A. 94: 10792Ð
10796.

Moreira, L. A., I. Iturbe-Ormaetxe, J. A. Jeffery, G. Lu, A. T.
Pyke, L. M. Hedges, B. C. Rocha, S. Hall-Mendelin, A.
Day, M. Riegler, et al. 2009. A Wolbachia symbiont in
Aedesaegypti limits infectionwithDengue,Chikungunya,
and Plasmodium. Cell 139: 1268Ð1278.

Mousson, L., K. Zouache, C. Arias-Goeta, V. Raquin, P. Ma-
vingui, and A. B. Failloux. 2012. The native Wolbachia
symbionts limit transmission of dengue virus in Aedes
albopictus. PLoS Negl. Trop. Dis. 6: e1989.

198 JOURNAL OF MEDICAL ENTOMOLOGY Vol. 51, no. 1



Mouton, L., H. Henri, M. Bouletreau, and F. Vavre. 2003.
Strain-speciÞc regulation of intracellular Wolbachia den-
sity inmultiply infected insects.Mol. Ecol. 12: 3459Ð3465.

Mouton, L., H. Henri, M. Bouletreau, and F. Vavre. 2006.
Effect of temperature on Wolbachia density and impact
on cytoplasmic incompatibility. Parasitology 132: 49Ð56.

Mouton, L., H. Henri, D. Charif, M. Bouletreau, and F.
Vavre. 2007. Interactionbetweenhost genotype anden-
vironmental conditions affects bacterial density in
Wolbachia symbiosis. Biol. Lett. 3: 210Ð213.

Osborne, S. E., Y. S. Leong, S. L. O’Neill, and K. N. Johnson.
2009. Variation in antiviral protection mediated by dif-
ferent Wolbachia strains in Drosophila simulans. PLoS
Pathog. 5: e1000656.

Osborne, S. E., I. Iturbe-Ormaetxe, J. C. Brownlie, S. L.
O’Neill, and K. N. Johnson. 2012. Antiviral protection
and the importance of Wolbachia density and tissue tro-
pism inDrosophila simulans.Appl.Environ.Microbiol. 78:
6922Ð6929.

Payne, A. F., I. Binduga-Gajewdka, E. B. Kauffman, and L. D.
Kramer. 2006. Quantitation of ßaviviruses by ßuores-
cent focus assay. J. Virol. Methods 134: 183Ð189.

Rasgon, J. L., and T. W. Scott. 2003. Wolbachia and cyto-
plasmic incompatibility in the California Culex pipiens
mosquito species complex: parameter estimators and in-
fection dynamics in natural populations. Genetics 165:
2029Ð2038.

Serbus, L. R., and W. Sullivan. 2007. A cellular basis for
Wolbachia recruitment to the host germline. PLoS Pat-
hog. 3: e190.

Sinkins, S. P.,H.R.Braig, and S.L.O’Neill. 1995. Wolbachia
superinfections and the expression of cytoplasmic incom-
patibility. Proc. R. Soc. Lond. B 261: 325Ð330.

Sunish, I. P., R. Rajendran, R. Paramasivan, K. J. Dhanan-
jeyan, and B. K. Tyagi. 2011. Wolbachia endobacteria in
a natural population of Culex quinquefasciatus from Þlar-
iasis endemic villages of south India and its phylogenetic
implications. Trop. Biomed. 28: 569Ð576.

Tabachnick, W. J. 2013. Nature, nurture and evolution of
intra-species variation inmosquito arbovirus transmission
competence. Int. J. Environ. Res. Public Health 10: 249Ð
277.

Teixeira, L., A. Ferreira, and M. Ashburner. 2008. The bac-
terial symbiont Wolbachia induces resistance to RNA

viral infections in Drosophila melanogaster. PLoS Biol. 6:
e1000002.

Tortosa, P., S. Charlat, P. Labbe, J.-S. Dehecq, H. Barre, and
M. Weill. 2010. Wolbachia age-sex-speciÞc density in
Aedes albopictus: a host evolutionary response to cyto-
plasmic incompatibility. PLoS ONE 5: e9700.

Turelli, M., and A. A. Hoffman. 1991. Rapid spread of an
inherited incompatibility factor in California Drosophila.
Nature 353: 440Ð442.

Unckless, R. L., L. M. Boelio, J. K. Herren, and J. Jaenike.
2009. Wolbachia as populationswithin individual insects:
causes and consequences of density variation in natural
populations. Proc. R. Soc. Lond. B 276: 2805Ð2811.

Vavre, F., and S. Charlat. 2012. Making (good) use of
Wolbachia: what the models say. Curr. Opin. Microbiol.
15: 263Ð268.

Verspoor, R. L., and P. R. Haddrill. 2011. Genetic diversity,
population structure and Wolbachia infection status in a
worldwide sample of Drosophila melanogaster and D.
simulans populations. PLoS ONE 6: e26318.

Werren, J. H., L. Baldo, and M. E. Clark. 2008. Wolbachia:
master manipulators of invertebrate biology. Nature Rev.
Microbiol. 6: 741Ð751.

Wiwatanaratanabutr, I., andP.Kittayapong. 2009. Effectsof
crowding and temperature on Wolbachia infection den-
sity amongst life cycle stages of Aedes albopictus. J. In-
vertebr. Pathol. 102: 220Ð224.

Wright, J. D., and A. R. Barr. 1980. The ultrastructure and
symbiotic relationships ofWolbachiaofmosquitoes of the
Aedes scutellaris group. J. Ultrastruct. Res. 72: 52Ð64.

Zhou, W., F. Rousset, and S. O’Neill. 1998. Phylogeny and
PCR-based classiÞcation of Wolbachia strains using wsp
gene sequences. Proc. R. Soc. Lond. B 265: 509Ð515.

Zouache, K., D. Voronin, V. Tran-Van, L. Mousson, A. B.
Failloux, and P. Mavingui. 2009. Persistent Wolbachia
and cultivable bacteria infection in the reproductive and
somatic tissues of the mosquito vector Aedes albopictus.
PLoS ONE 4: e6388.

Zug, R., and P. Hammerstein. 2012. Still a host of hosts for
Wolbachia: analysis of recent data suggests that 40% of
terrestrial arthropod species are infected. PLoS ONE 7:
e38544.

Received 5 August 2013; accepted 8 October 2013.

January 2014 MICIELI AND GLASER: Wolbachia LEVELS IN Culex MOSQUITOES 199


