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Abstract. The endosymbiotic bacteria in the genus Wolbachia have been proposed as a potential candidate to
deliver pathogen-blocking genes into natural populations of medically important insects. The successful application
of Wolbachia in insect vector control depends on the ability of the agent to successfully invade and maintain itself
at high frequency under field conditions. Here, we evaluated the prevalence of Wolbachia infections in a field pop-
ulation of the Wolbachia-superinfected mosquito Aedes albopictus. A field prevalence of 100% (n = 1,016) was
found in a single population in eastern Thailand via polymerase chain reaction (PCR) testing of Wolbachia both from
individual parent females and their corresponding F1 offspring. This is the first report of accurate Wolbachia prev-
alence in a field population of an insect disease vector. The prevalence of superinfection was estimated to be 99.41%.
All single-infected individual mosquitoes (n 6) were found to harbor group A Wolbachia. For this particular
population, none was found to be single-infected with group B Wolbachia. Our results also show that PCR testing
of field materials alone without checking F1 offspring overestimated the natural prevalence of single infection. Thus,
the confirmation of infection status by means of F1 offspring was critical to the accurate estimates of Wolbachia

prevalence under field conditions.

INTRODUCTION

The mosquito Aedes albopictus (Skuse) is native to Asia
and the South Pacific and has recently been introduced into
the continental United States and South America.'> This spe-
cies has been implicated as one of the important vectors of
endemic dengue in Southeast Asia. Under experimental con-
ditions, it has been shown to be an efficient vector,®> and
dengue virus has been recovered from field mosquitoes.*>
For example, Ae. albopictus was reported to be naturally
infected with dengue virus during the 1995 outbreak in Mex-
ico.® Similarly, Ae. albopictus was observed to participate in
viral transmission during dengue hemorrhagic fever out-
breaks in Singapore* and on the island of Samui, Thailand.”

Wolbachia infection was discovered in Ae. albopictus by
Wright and Barr.® They reported the presence of Wolbachia
in the ovaries of mosquitoes collected from Thailand. Later,
the expression of Wolbachia-mediated cytoplasmic incom-
patibility in laboratory-bred Ae. albopictus was studied by
Kambhampati and others.”!° In 1995, the presence of Wol-
bachia superinfecions was detected in 12 laboratory popu-
lations of Ae. albopictus by restriction fragment length poly-
morphism of both the 16S rRNA polymerase chain reaction
(PCR) products when digested with Xbal and the ftsZ PCR
products when digested with EcoRV.!! Results showed that
all colonies except for the Mauritius and Koh Samui strains
appeared to be superinfected with strains of A and B group
Wolbachia. Individuals from these single-infected colonies
exhibited Wolbachia-mediated cytoplasmic incompatibility
when crossed with other mainland colonies of the same spe-
cies.!”

Wolbachia-induced cytoplasmic incompatibility has been
proposed as a potential mechanism to introduce and spread
transmission-blocking genes into natural populations of in-
sect vectors in an attempt to modify the vector competence
of these populations.'>!? The success of this long-term goal
for disease control is critically dependent on the ability of
Wolbachia to invade a host population and to establish a
stable equilibrium prevalence within the target population
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that is high enough to have a significant impact on disease
transmission.!* Previous studies have indicated that in Dro-
sophila simulans field populations infected with wRi Wol-
bachia, this stable equilibrium frequency is commonly
~96-97%."> Although this infection frequency is quite high,
it may not be high enough to eliminate disease transmission
in an insect vector population, even if all Wolbachia-infected
insects were genetically altered so as to be completely un-
able to transmit pathogens. However, very few reliable data
exist in species outside of the genus Drosophila to indicate
whether infection frequencies reported in Drosophila are
typical for other insect species. A number of studies have
reported infection frequencies of different insect species that
are based on PCR surveys, but these results are notoriously
unreliable because of the common occurrence of false-neg-
ative results in the PCR assays used to detect Wolbachia in
insects.!®

In this study, we examined the stable field infection fre-
quency of a natural Wolbachia infection in the vector mos-
quito, Ae. albopictus, in a region of endemic dengue trans-
mission. In order to circumvent the problems of previous
studies in accurately measuring this frequency, we used a
combination of PCR detection of Wolbachia in field col-
lected adults as well as in the laboratory-reared F1 progeny
of these same individuals.

MATERIALS AND METHODS

Mosquito specimens. Aedes albopictus mosquitoes were
collected weekly for 6 months from August 1999 to January
2000 in their natural habitats in Hua Samrong Subdistrict,
Plaeng Yao District, Chachoengsao Province, eastern Thai-
land. The method of collection was the standard mosquito
landing catch.!” Live mosquitoes were brought back to the
laboratory at Mahidol University in Bangkok, where indi-
viduals were identified to species level by use of the mor-
phological keys of Buei'® and of Rattanarithikul and Panthu-
siri.”

Individual mosquitoes were blood-fed from hamsters and
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TABLE 1

Prevalence of Wolbachia infection in natural Aedes albopictus pop-
ulation sampling from Chachoengsao, eastern Thailand

TABLE 2

Comparison of Wolbachia infection rate between field-collected fe-
male mosquitoes without F1 versus those with F1 confirmation

Infected, n (%)t
Date of Total no.

collection with F1* AB A only B only
August 1999 180 145 (100.00) 0 (0.00) 0 (0.00)
September 1999 255 232 (99.15) 2 (0.85) 0 (0.00)
October 1999 267 259 (99.23) 2 (0.77) 0 (0.00)
November 1999 142 137 (98.56) 2 (1.44) 0 (0.00)

December 1999 161 161 (100.00) 0 (0.00) 0 (0.00)

January 2000 76 76 (100.00) 0 (0.00) 0 (0.00)
Total 1,081 1,010 (99.41) 6 (0.59) 0 (0.00)

* Total number of field females that laid eggs and screened via PCR for the presence of
Wolbachia before excluding samples negative for the Wolbachia outer surface protein (wsp)
and the synaptic vesicle nuclear protein (SVNP) genes.

1 Percentage infection of Wolbachia based on combined polymerase chain reaction (PCR)
results of field females and their corresponding F1 progeny.

then allowed to lay eggs in a confined vial one-quarter filled
with water. After egg laying, parent females were assayed
by PCR for Wolbachia infection. Eggs from individual fe-
males were stored under optimal conditions in the insectary
until the infection status of the female parent was deter-
mined. In the case that the female parent was determined to
be infected with only one strain of Wolbachia or to be un-
infected, the corresponding egg batch from this female was
hatched by placing the eggs in deoxygenated water for 24
hr. The larvae were then transferred to rearing trays in the
insectary and fed fish food until adult emergence. These F1
adults were PCR tested to confirm the infection status of
their female parents.

Polymerase chain reaction typing of Wolbachia infec-
tion. We extracted DNA from the dissected ovaries of in-
dividual females. The extraction procedure followed the
crude boiling method of O’Neill and others.?’ Ovaries were
dissected in sterile double-distilled water on a sterile micro-
scope slide and were homogenized with 100 pL of STE
buffer (100 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, pH
8.0). The homogenates were heated at 95°C for 10 min and
centrifuged at 14,000 rpm for 1 min. One microliter of the
supernatant was used in a 20-pL. PCR reaction. The DNA
extraction from gonad tissues of the Wolbachia-infected col-
ony of Ae. albopictus was used as a positive control. Neg-
ative PCR control, which consisted of PCR reactions without
the addition of template, was included randomly to check
for contamination.

The PCR amplification was carried out in 20-pL reaction
mixtures consisting of 2 nL. 25 mM MgCl,, 2 nL 10X buffer
(Promega, Madison, WI), 0.5 pL 20 uM forward and reverse
primers, 0.5 pLL dNTPs (10 mM each), 1 unit of Tag DNA
polymerase (Promega), and 1 pL of DNA template. The
temperature profile started with an initial denaturation at
95°C for 3 min, followed by 95°C for 1 min, 50°C for 1 min,
and 72°C for 1 min per cycle for 30 cycles. A PCR product
of 10 pL was electrophoresed with a 1-kb DNA ladder (Gib-
co BRL, Gaithersburg, MD) on a 1% agarose gel. The DNA
bands were visualized by ethidium bromide staining.

Specific primers developed from the rapidly evolving wsp
outer-surface protein gene of Wolbachia were used to screen
for the presence of these bacteria in Ae. albopictus mosqui-
toes.?!?2 The quality of DNA extraction was checked by use
of primers for the synaptic vesicle nuclear protein gene

Infection rate in field-collected
female mosquitoes

Infection Inaccuracy
status Without F1 ‘With F1 (%)
AB infected 0.979 (995/1,016) 0.994 (1,010/1,016) 1.48
A infected  0.015 (15/1,016)  0.006 (6/1,016) 0.89
B infected 0.006 (6/1,016) 0.000 (0/1,016) 0.59

(SVNP) (Ono M, O’Neill SL, unpublished data) (SVNP2F2:
TGC GGT TTG TGG CGT ATT CTC AGT; SVNP2R2:
CCT CCA CGG GTT CGA TTG TTT TG) to screen any
samples that were negative with wsp gene primers. The
SVNP primers amplify a single copy nuclear gene of the
mosquito and provide a conservative control for DNA ex-
traction quality. Any mosquitoes that were negative with
both wsp and SVNP primer sets were excluded from the data
set. Mosquitoes that were negative with general wsp primers
but positive with SVNP primers were scored as uninfected.
Samples that were positive with general wsp primers were
assigned into specific Wolbachia A and B groups by use of
group-specific wsp and ftsZ primers.?>?

RESULTS

A total of 1,568 individuals of Ae. albopictus were col-
lected from 3 adjacent locations in Hua Samrong Subdistrict,
Plaeng Yao District, Chachoengsao Province, eastern Thai-
land. Out of 1,107 blood-fed females, 1,081 laid eggs and
were screened via PCR to determine their Wolbachia infec-
tion status by use of general wsp primers. Sixty-five individ-
uals were negative for both wsp and SVNP primers and were
excluded from the data set. Table 1 shows the frequency of
double and single infections of Wolbachia in the Ae. albop-
ictus population sampled from Chachoengsao, eastern Thai-
land. Our PCR results showed that 100% of the mosquitoes
sampled were infected with the A group Wolbachia strain.
Prevalence of double infection was determined to be
99.41%. Individuals carrying a single infection of group A
Wolbachia were observed at a very low rate, ranging 0.77—
1.44% during the months September—November. Over the
entire sampling period, the mean percentage of individuals
carrying only the group A infection was 0.59%. No individ-
uals were found carrying a single infection of group B Wol-
bachia in this study. Similarly, no uninfected individuals
were sampled.

According to the PCR results of female parents with no
F1 confirmation, a total of 995 (97.93%) of 1,016 samples
were determined to be superinfected with both A and B
strains of Wolbachia, whereas single A-infected and single
B-infected individuals were estimated to be 1.48 and 0.59%,
respectively (Table 2). However, when the infection status
of each female parent was confirmed by PCR testing of her
F1 offspring, we found that the PCR result underestimated
the superinfected individuals in the field by 1.48%. A female
that PCR tested as single infected was considered to be ac-
tually superinfected if any of her progeny were superinfect-
ed. All male and female F1 offspring of individual parent
females that were previously screened as single B-infected



110 KITTAYAPONG AND OTHERS

were found to be superinfected with both A and B groups
of Wolbachia. After combining the PCR data of both parents
and F1 offspring, the more accurate superinfection preva-
lence in this natural population was estimated to be 99.41%
(1,010 of 1,016). In addition, only 6 single A-infected in-
dividuals were present in this population. No single B-in-
fected individual or uninfected individual was detected, even
though a large population of Ae. albopictus was sampled in
this study (n = 1,016).

DISCUSSION

Our results show a Wolbachia infection frequency of
100% in natural populations of the mosquito vector Ae. al-
bopictus. Of these mosquitoes, 99.41% were superinfected,
and the remainder were infected with group A Wolbachia
infection. This prevalence is higher than previous studies
that have measured infection prevalence in Drosophila pop-
ulations.! It is possible that infection with 2 different strains
of Wolbachia may contribute to the high fidelity of maternal
transmission of Wolbachia in natural populations of this
mosquito species.?

Many different species of mosquito vectors have been re-
ported to be infected with different strains of Wolbachia.?
Therefore, in order to use Wolbachia to drive transmission
blocking genes into these species, Wolbachia superinfections
would be needed.!® The results of this study show that mos-
quito populations are capable of being superinfected with
Wolbachia at extremely high frequency and suggest that seg-
regation of single infected strains from superinfected moth-
ers is not a common event.

In this study, no confirmed uninfected individuals were
encountered despite extensive sampling. However, we did
find 8 females that were negative with specific primers of
both Wolbachia A and B groups. Unfortunately, all of these
females died before laying eggs, so we could not check F1
progeny to confirm their infection status. However, these
samples were not positive after PCR testing with the SVNP
control primers and were finally excluded from our analysis.
If they were truly negative, the rate of uninfected individuals
would have been maximally estimated at 0.78% (8 of 1,024),
which is still extremely low.

As indicated by Turelli and Hoffmann,'* data on natural
infection frequency is critical in order to evaluate the poten-
tial to use Wolbachia as a vehicle to modify insect vector
populations. Our data provide evidence that Wolbachia is a
better candidate to use for genetic control experiments of
mosquitoes than previous studies focused on Drosophila
suggest.
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