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ABSTRACT

Before maternally inherited bacterial symbionts like Wolbachia, which cause cytoplasmic incompatibility
(CI; reduced hatch rate) when infected males mate with uninfected females, can be used in a program
to control vector-borne diseases it is essential to understand their dynamics of infection in natural arthropod
vector populations. Our study had four goals: (1) quantify the number of Wolbachia strains circulating
in the California Culex pipiens species complex, (2) investigate Wolbachia infection frequencies and distribu-
tion in natural California populations, (3) estimate the parameters that govern Wolbachia spread among
Cx. pipiens under laboratory and field conditions, and (4) use these values to estimate equilibrium levels
and compare predicted infection prevalence levels to those observed in nature. Strain-specific PCR, wsp
gene sequencing, and crossing experiments indicated that a single Wolbachia strain infects Californian
Cx. pipiens. Infection frequency was near or at fixation in all populations sampled for 2 years along a
>1000-km north-south transect. The combined statewide infection frequency was 99.4%. Incompatible
crosses were 100% sterile under laboratory and field conditions. Sterility decreased negligibly with male
age in the laboratory. Infection had no significant effect on female fecundity under laboratory or field
conditions. Vertical transmission was >99% in the laboratory and ~98.6% in the field. Using field data,
models predicted that Wolbachia will spread to fixation if infection exceeds an unstable equilibrium point
above 1.4%. Our estimates accurately predicted infection frequencies in natural populations. If certain
technical hurdles can be overcome, our data indicate that Wolbachia can invade vector populations as

part of an applied transgenic strategy for vector-borne disease reduction.

N mosquitoes, the maternally inherited bacterial sym-
biont Wolbachia is associated with cytoplasmic in-
compatibility (CI), i.e, reduced egg hatch when un-
infected females mate with infected males. Matings
between infected females and infected or uninfected
males are fertile. Consequently, infected females have
areproductive advantage, allowing Wolbachia to spread
rapidly through host populations (TUReLLI and Hor¥-
MANN 1999). The spread of Wolbachia has applied in-
terest for the control of vector-borne diseases and pest
insect populations (PETTIGREW and O’NEILL 1997). No
vaccines for important vector-borne diseases such as
malaria and dengue are available (BEaTy 2000), and the
evolution of insecticide resistance in important vector
species is becoming an increasing problem (HEMING-
wAy and Ranson 2000). Due to these concerns, an
effort is underway to create genetically modified vector
arthropods that are unable to transmit pathogens (PET-
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TIGREW and O’NEILL 1997). Effector molecules that
block pathogen uptake and/or transmission by arthro-
pod vectors have been identified, inserted into the insect
germ line, and expressed in vector species (ITo et al.
2002). However, there is as yet no empirically demon-
strated method to spread or “drive” these engineered
genetic traits into vector populations to a high enough
frequency to interrupt pathogen transmission cycles.
Strategies exploiting Wolbachia spread to drive intro-
duced transgenic traits into vector populations are cur-
rently under theoretical consideration (TURELLI and
HorrmManN 1999).

Before Wolbachia can be utilized in a vector-borne
disease control strategy, it is essential to understand the
dynamics of infection in natural vector populations to
predict how introduced infections may behave. Models
of Wolbachia dynamics in natural Drosophila popula-
tions predict that three kinds of information are critical
for using Wolbachia in an applied manner to control
disease: (1) the unstable equilibrium, ¢.e., the introduc-
tion threshold of infected individuals that must be re-
leased for infection to become established in the popula-
tion; (2) the stable equilibrium frequency that infection
will ultimately reach; and (3) how long (in generations)
invasion will take from a given introduction level
(TurerLLl and HorrmanN 1999). Although there has
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been considerable theoretical and experimental work
involving CI in mosquitoes (reviewed in HOFFMANN and
TureLLI 1997), there have been no studies on infection
dynamics in natural mosquito or other vector popula-
tions. The dynamics of Wolbachia spread have been
adequately investigated only in Drosophila simulans (TUR-
ELLI and Ho¥rrMAN 1995) and D. melanogaster (HOFF-
MANN et al. 1994, 1998). Model validation and estimates
of equilibrium levels based on data from natural mos-
quito populations are necessary for designing transgenic
vector control strategies and will provide a conceptual
framework for asking comparative questions about Wol-
bachia-arthropod interactions.

The goals of this study were to: (1) quantify the num-
ber of Wolbachia strains circulating in populations of
mosquitoes in the Culex pipiens species complex in Cali-
fornia; (2) investigate Wolbachia infection frequency
and distribution in natural Cx. pipiens populations; (3)
under laboratory and field conditions, estimate the pa-
rameters that govern Wolbachia spread in Cx. pipiens;
and (4) use field parameter values to estimate Wol-
bachia equilibrium levels in Cx. pipiens and compare
theoretical results to observed levels in nature. The Cali-
fornia Cx. pipiens species complex includes two subspe-
cies: Cx. p. pipiens in northern California and Cx. p.
quinquefasciatus in the south, with extensive gene flow
and hybridization between these two extremes (URBA-
NELLI el al. 1997; CORNEL ¢t al. 2003). We used molecular
techniques and crossing experiments to determine Wol-
bachia strain composition in natural populations and
used a PCR-based assay to investigate infection fre-
quency and distribution along a north-south transect
for 2 years. Under laboratory and field conditions, we
estimated the parameters that govern Wolbachia spread
(vertical transmission, CI, and fecundity) and examined
the effect of male age on CI expression in the laboratory.
Parameter estimates were used in models of Wolbachia
spread to predict stable and unstable equilibrium levels
and time to equilibrium. Predictions were compared
to field observations. The implications of dynamics in
Wolbachia spread were considered within the context
of using transgenic mosquitoes to reduce disease.

MATERIALS AND METHODS
General methods

Experimental Cx. pipiens colonies: Laboratory mosquito col-
onies were reared in 30-cm® screen cages. Cages were kept
in an environmental chamber at 27°-29°, 80-90% relative
humidity on a 16:8-hr light:dark cycle. Larvae were fed a 1:2:2
mix of ground fish food, rabbit pellets, and bovine liver pow-
der. Adult mosquitoes were allowed access to a cotton wick
soaked in 10% sucrose solution as a carbohydrate source. Eggs
to maintain the colonies and for the experiments outlined
below were obtained by feeding mosquitoes twice each week
on a 2- to 18-day-old chicken. A Wolbachia-infected Cx. p.
pipiens colony was established from a larval collection from
Lincoln, California (Placer County) during August 1999 (strain

LIN). Mosquitoes in that colony had male genitalia morphol-
ogy (DV/D ratio; i.e., the distance between the dorsal and
ventral arms of the male phallosome divided by the distance
between the two dorsal arms) within the accepted range for
Cx. p. pipiens (SUNDARAMAN 1949). They were identified as
Cx. p. pipiens by amplification of a subspecies-specific PCR frag-
ment (CRABTREE ¢! al. 1997) and by a subspecies-specific re-
striction digest of the acetylcholinesterase gene (BOURGUET
et al. 1998). The Wolbachia-infected colony was maintained
for 15 generations after which it was split into two colonies
that were maintained in separate rooms at a standing popula-
tion size of approximately 2000 adults per colony. Larvae from
one colony were cleared of Wolbachia infection by a modifica-
tion of an existing protocol (PORTARRO and Barr 1975).
Newly hatched larvae were reared in a solution of tetracycline
(50 ppm for two generations, 100 ppm for four generations,
200 ppm for two generations) to clear them of Wolbachia
infection (strain LINT). The addition of food at the outset of
rearing avoided larval mortality as previously reported (Por-
TARRO and BARR 1975). Wolbachia infection was undetectable
by PCR amplification of the 16S rDNA gene (see Wolbachia-specific
PCR assay below) after the third generation of treatment. To
control for maternal effects, mosquitoes were not reared in
tetracycline for a minimum of four generations before being
used for any of the experiments outlined below.

DNA extraction: DNA was extracted from individual mo-
squitoes by salt extraction/ethanol precipitation (BLACK and
DuTeAU 1997) and reconstituted in deionized water. DNA
samples were stored at —20° until used for PCR amplification.

Wolbachia strain composition in natural
Cx. pipiens populations

Strain-specific PCR and sequencing: To examine Wolbachia
strain composition, Cx. pipiensspp. were collected from natural
development sites as larvae or adults. Five specimens were
randomly chosen from each of six equidistant sites spanning
the collection range (Anderson, Elk Grove, Madera, Hanford,
Lancaster, and Palm Desert; Figure 2). Infection type was first
grouped into “A” or “B” supergroups using fisZ A- and B-
specific primers (WERREN ef al. 1995) and then classified by
wsp-specific primers into a subgroup (Zuou et al. 1998). A
558-bp fragment from the Wolbachia wsp gene was also ampli-
fied by general wsp primers 81F and 691R (ZHoU et al. 1998)
from the same specimens subjected to strain-specific PCR.
Fragments were separated by agarose gel electrophoresis, puri-
fied with Qiaquick PCR purification spin columns (QIAGEN,
Valencia, CA), and sequenced in both directions using an ABI
Prism 377 DNA sequencer (Perkin-Elmer Applied Biosystems,
Foster City, CA). Sequence data were aligned using Sequencher
DNA Sequence Analysis Software v. 4.0.5 (Gene Codes Corpo-
ration, Ann Arbor, MI). All PCR was carried out in a GeneAmp
PCR system 9700 thermocycler (Perkin-Elmer Applied Biosys-
tems), using Ready-To-Go (RTG) PCR beads (Amersham Pha-
rmacia Biotech, Piscataway, NJ) according to the conditions
and primers outlined in the respective protocols.

Bidirectional cytoplasmic incompatibility assay: Cx. pipiens
spp. colonies were established from larvae collected from
Anderson (strain CPS) and Palm Desert (strain CVQ), which
were at the extreme northern and southern ends of the collec-
tion range (Figure 1). Mosquitoes were reared for several
generations before the experiment to maximize the likelihood
that mosquitoes would mate and blood-feed in the laboratory.
Because mating was poor in individual pair matings we per-
formed mass matings, which had a relatively high success rate.
Reciprocal mass crosses were performed with 3-day-old males
and females (75 males to 50 females). Cx. pipiens females are
for the most part monogamous (KrrzMmILLER and LAVEN 1958);
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Bakersfield

FIGURE 1.—Approximate Cx. pipiens spp. collection loca-
tions. Strain-specific PCR and sequencing were performed
on individuals from Anderson, Elk Grove, Madera, Hanford,
Lancaster, and Palm Desert.

it is unlikely that multiple fertilization events distorted our
results. The 3:2 ratio of males to females was chosen to mini-
mize the probability that individual males would mate with
multiple females, because multiple male matings have been
shown to reduce CI expression (HOFFMANN and TURELLI 1997).
Experimental crosses were performed in 3.8-liter bucket cages
with CPS F; and CVQ F; Due to low insemination and oviposi-
tion rates in the CPS male X CVQ female cross, that cross
was repeated using CPS F; and CVQ F, and the data were
pooled (squared-ranks test, z = 0.73, P = 0.23). Females were
allowed to mate for 5 days and then allowed to feed once on
a 2-week-old chicken. After blood-feeding, engorged females
were individually placed into 10-cm cylindrical cages that con-
tained a 50-ml cup filled with strained water from larval pans
as an oviposition stimulus and a cotton pad soaked in 10%
sucrose as a carbohydrate source. After each female oviposited,
it was checked for insemination by dissection and microscopic
examination (X100) for the presence of sperm in the sper-
methecae. Egg rafts produced from uninseminated females
were not included in hatch rate analysis. Eggs per female
were counted under a dissecting scope, placed in a 50-ml cup
containing deionized water, and allowed to hatch. Hatch rates
were calculated by counting the number of unhatched eggs
after 2 days and treatments were statistically compared by
Mann-Whitney Utest (SokaL and RoHLF 1997). Confidence
intervals were estimated by the BCa bootstrapping procedure
with 5000 replicates (EFRON and TiBsSHIRANI 1993).

Wolbachia spatial /temporal distribution and
infection frequencies

Experimental field collections: Culex pipiens spp. were col-
lected as larvae and/or as adults from 14 locations along a
north-south transect in California during the summer of 1999
and from 12 locations along the same transect during the
summer of 2000 (collections were not performed in Fresno or
Bakersfield during 2000; Figure 1). Specimens were returned
to the University of California-Davis (UCD), and immatures
were reared to adulthood and stored at —80° until further
processing. Collected adults were killed at —80° and stored
at that temperature until further processing (see below). Dif-
ferences in infection frequency among sites, collection years,
and sexes were statistically compared by Gtest (SOKAL and

RoHLF 1997). Confidence intervals were estimated from the
binomial distribution.

Wolbachia-specific PCR assay: PCR was conducted using a
primer multiplex system, which consisted of two primer sets that
amplified two regions simultaneously. Primers 99F and 994R
(O’NEILL et al. 1992) amplify a 0.9-kb fragment from Wolbachia
16S rDNA and are designed to be specific to Wolbachia of all
strains. Primers 12SA1 and 12SB1 (S1MON et al. 1991) are univer-
sal for insect mitochondrial DNA and amplify an ~0.4-kb
fragment. Successful amplification of the latter fragment was
used as a control to verify the quality of extracted DNA. RTG
PCR beads were used for PCR reactions to ensure standardized
amplification. Fragments were amplified as described by O’NEILL
et al. (1992) except that the annealing temperature was raised
to 54°. PCR products were separated by electrophoresis in a
1% agarose gel, stained with ethidium bromide, and visualized
with UV light. As a positive control, known Wolbachia-infected
D. simulans or Cx. pipiens specimens were included in every
reaction. Tetracycline-cured Cx. pipiens specimens were in-
cluded in every reaction as a negative control.

Infection parameter estimates—laboratory and field

Vertical transmission: The DNA stain 4',6-diamidino-2-phe-
nylindole-2-HCl (DAPI; HOFFMANN et al. 1994) was used to
visualize the presence of Wolbachia in infected embryos. Fe-
males were induced to oviposit using an artificial crepuscular
lighting period and strained water from larval pans as an
oviposition stimulus. Embryos were fixed within 3 hr of oviposi-
tion. Because the fixation protocol outlined by HOFFMANN et al.
(1994) proved destructive to Culex embryos, an alternative
fixation procedure was developed. Entire egg rafts were indi-
vidually placed (without dechorionating) into 20-ml scintilla-
tion vials containing 5 ml of fixation buffer (182 mm KClI,
46 mm NaCl, 3 mm CaCly, 10 mm Tris, 3.7% formaldehyde,
pH 7.2) and 5 ml n-heptane. Vials were incubated at room
temperature with gentle agitation for 15 min. The aqueous
layer was removed and replaced with 10 ml 100% methanol,
and the vials were incubated at room temperature with gentle
agitation for 10 min. The organic heptane layer was removed
and 10 ml 100% methanol was added. Vials were gently shaken
for 15 sec and the fixed embryos were allowed to sink to the
bottom. Embryos were collected from the side of the vial,
removed with a large-bore pipette tip, washed twice with 100%
methanol, and stored in 100% methanol at —20° until stained
for microscopy. For microscopy, fixed embryos were washed
twice in PBST (1X PBS, 0.1% Triton X-100), twice in PBS,
and stained in a 1-pg/ml solution of DAPI in PBS for 15 min
at room temperature with gentle agitation. Stained embryos
were washed once in PBS, mounted in 80% PBS, 20% glycerol
and viewed at X100 on a Nikon Microphot-SA compound
microscope with epifluorescent optics. In infected embryos,
Wolbachia are visible as specific fluorescence at both the ante-
rior and posterior poles. In uninfected embryos, only back-
ground fluorescence is detectable (Figure 2). Transmission
rate per female was calculated as the number of embryos with
visible Wolbachia over the total number examined.

Laboratory: Egg rafts from laboratory LIN and LINT females
were processed in the above manner. LINT specimens served
as a negative control.

Field: Gravid females were captured between May 2000 and
July 2002 from a Hanford, California, dairy using a gravid
female trap (Du and MILLAR 1999) or by aspiration from walk-
in resting boxes (SERVICE 1993). Specimens were transported
alive to UCD and induced to oviposit, and egg rafts were
processed as described above.

Statistical analysis: Wolbachia transmission rates between lab-
oratory and field females were statistically compared by Mann-
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F1GURE 2.—Cx. pipiens embryos stained with DAPI and visual-
ized by epifluorescence microscopy. Wolbachia-infected LIN
embryos (right) show high bacterial concentration at posterior
and anterior poles. Distribution of Wolbachia in naturally
infected, field-collected embryos is similar to LIN, but there
is a greater variation in titer (not shown). Uninfected LINT
embryos (left) exhibit some background fluorescence but
have no visible Wolbachia symbionts at the poles or in the
cytoplasm. Bar, 0.25 mm.

Whitney Utest (SOKRAL and RoHLF 1997). Confidence intervals
were estimated by bootstrapping (5000 replicates).
Cytoplasmic incompatibility: As described in Bidirectional
cytoplasmic incompatibility assay, we conducted mass crosses due
to poor mating success in individual pair-mating attempts.
Laboratory: All four possible LIN X LINT crosses were con-
ducted using 3- to 5-day-old mosquitoes. Mosquitoes were held
as a group in 3.8iter bucket cages (75 males, 50 females)
and were allowed to mate for 5 days (four to five replicate cages
per treatment). Blood-feeding, female isolation, oviposition,
insemination check, and hatch rate determination were car-
ried out as described in Bidirectional cytoplasmic incompatibility
assay. Treatment hatch rates were statistically compared by
Kruskal-Wallis test followed by pairwise comparisons using the
Dwass simultaneous test procedure with a Bonferroni correc-
tion for multiple tests (SokaL and RoHLF 1997). Confidence
intervals were calculated by bootstrapping (5000 replicates).
Field: Wild males were collected by net from mating swarms
and/or by aspiration from resting boxes and transported live
to UCD during summer-autumn 2000. To determine if field
CI levels fluctuated over time, the experiment was replicated
four times. Three collections were made from Hanford, Cali-
fornia (August 10, September 16, and October 7) and one
from Elk Grove, California (October 6). Depending on the
number of wild males collected, there were one to three repli-
cate cages per treatment per collection. In each cage, 20-40
wild males were mass mated to 20 3-day-old LIN or LINT
females and the experiment was carried out as described for
laboratory CI estimates. Hatch rates between treatments were
statistically compared by Mann-Whitney U-test. Confidence
intervals were calculated by bootstrapping (5000 replicates).
CI changes with male age in laboratory: Hatch rates from mat-
ings of three infected (LIN) or uninfected (LINT) male age
cohorts were examined (4, 17, and 28 days; Figure 3). Three-
day-old LINT females were mass mated to males in each treat-
ment/age cohort (75 males to 50 females). Females were
allowed to mate for 5 days and then offered blood meal.
Female isolation, oviposition, insemination check, and hatch
rate determination were carried out as described in Bidirec-
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Ficure 3.—CI changes with male Cx. pipiens age under
laboratory conditions. Three-day-old LINT females were mated
to 4-day-old, 17-day-old, or 28-day-old LINT (C, compatible
cross) or LIN (I, incompatible cross) males. Error bars repre-
sent 95% bootstrap confidence intervals (5000 replicates).
Numbers represent sample size. Compatible crosses are sig-
nificantly different from incompatible crosses (P < 0.0001).

tional cytoplasmic incompatibility assay. Hatch rates for various
crosses were statistically compared by a Kruskal-Wallis test fol-
lowed by pairwise comparisons and Bonferroni correction as
previously described. Confidence intervals were calculated by
bootstrapping (5000 replicates).

Fecundity: Laboratory: In 3.8 liter bucket cages, LIN and LINT
females were mated to males of similar infection status (50-75
males to 30-50 females), blood fed, and allowed to oviposit
(six to eight replicate cages per treatment). Eggs per raft were
counted under a dissecting microscope.

Field: LIN or LINT first instar colony larvae were placed in
30-cm?® submerged field cages at a density of ~0.1 larvae/cm’®
in rice ponds exposed to natural environmental conditions
on the Kearny Agricultural Field Station (Parlier, CA). Infected
and uninfected cages (two replicate cages) were reared in the
same pond with two replicate ponds. Larvae were maintained
under field conditions to pupation. Pupae were transported
to UCD, adults were allowed to emerge, and fecundity differ-
ences were assayed as described above.

Statistical analysis: We used a twofactor ANOVA to determine
the effect of infection status (Wolbachia infected or unin-
fected) and rearing environment (laboratory or field) on the
number of eggs produced per female.

Model dynamics: Mathematical models (TURELLI AND HOFr-
MANN 1999) were parameterized using data estimated from
our field experiments to predict: (1) Wolbachia stable equilib-
rium levels, (2) Wolbachia introduction thresholds, and (3)
time (in generations) to stable equilibrium. Predicted stable
levels were compared to our field infection prevalence data.

RESULTS
Wolbachia strain composition

Subgroup-specific PCR: PCR amplification of Wolbachia
JisZ sequences using A supergroup-specific primers was
not successful (data not shown). Amplification using B
supergroup-specific primers succeeded. Further strain
characterization with specific Wolbachia B subgroups-
specific primer sets was conducted. B subgroups tested
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TABLE 1

Wolbachia infection frequency estimates for mosquitoes in the Cx. pipiens complex collected
in California during 1999 and 2000

2033

1999 2000
Location N Frequency 95% C.I. N Frequency 95% C.L
Anderson 40 1.00 (0.93) 45 1.00 (0.94)
Lincoln 77 1.00 (0.96) 16 1.00 (0.83)
Elk Grove 50 0.98 (0.89, 0.9995) 12 1.00 (0.78)
Stockton 50 1.00 (0.94) 30 1.00 (0.91)
Merced 50 1.00 (0.93) 30 0.93 (0.78, 0.992)
Madera 50 1.00 (0.94) 30 1.00 (0.91)
Fresno 72 0.99 (0.93, 0.9997) — — —
Bakersfield 50 1.00 (0.94) — — —
Hanford 50 1.00 (0.94) 25 1.00 (0.89)
Delano 48 1.00 (0.94) 30 0.97 (0.83, 0.999)
Lancaster 29 1.00 (0.90) 30 1.00 (0.91)
Chino 50 1.00 (0.94) 16 1.00 (0.83)
Orange Co. 50 0.98 (0.89, 0.9995) 30 0.97 (0.83, 0.999)
Coachella 100 1.00 (0.971) 30 1.00 (0.91)
Total 766 0.996 (0.99, 0.9992) 324 0.988 (0.97, 0.997)
Total both years 1090 0.994 (0.99, 0.997)

Confidence intervals (C.I.) were calculated from the binomial distribution.

included wOri, wDei, wCon, and wPip. All specimens
were found to be infected with the Wolbachia strain wPip.

Wolbachia wsp sequence analysis: Analysis of the Wol-
bachia wsp gene nucleotide sequence was undertaken
to control for the possibility that strain-specific PCR
might not detect noncharacterized Wolbachia strains
and/or variation outside the PCR priming regions. The
wsp gene sequence was chosen for analysis because it is
the most highly variable region known in the Wolbachia
genome (ZHOU et al. 1998; VAN MEER el al. 1999). All
sequences obtained (N = 30) were identical within and
between populations, with no detected ambiguous bases
to indicate the presence of multiple strains. The wsp
sequence in the California Cx. pipiens complex is identi-
cal to that obtained from Asian pipiens complex mem-
bers (e.g., AF216859, AF216860). Wsp sequences from
Anderson (Shasta County, Cx. p. pipiens), Hanford (Kings
County, Cx. p. pipiens/Cx. p. quinquefasciatus hybrid), and
Palm Desert (Riverside County, Cx. p. quinquefasciatus)
were submitted to GenBank (accession nos. AF301010,
AF301011, and AF301012).

Bidirectional cytoplasmic incompatibility: There was
no statistically significant difference in hatch rates from
reciprocal crosses made between mosquitoes from the
extreme northern [Shasta (CPS)] and southern [Coach-
ella (CVQ)] ends of California [CPS female X CVQ
male, 0.969 (95% bootstrap CI, 0.956, 0.978), N = 27;
CVQ female X CPS male, 0.968 (0.952, 0.978), N = 23,
Mann-Whitney U, P= 0.8153]. This result, coupled with
analysis of statewide wsp sequences, indicates that Cali-
fornia Cx. pipiens complex mosquitoes are infected with
asingle strain of Wolbachia with respect to CI attributes.

Wolbachia spatial /temporal distribution and infection
frequencies in California

During 1999, the total statewide infection frequency
(Table 1) was 99.6% (n = 766; female, 100%, n = 386;
male, 99.2%, n = 380), with no statistically significant
differences among sites (G = 4.55, d.f. = 13, P = 0.98).
During 2000, the total statewide infection frequency was
98.8% (n = 324; female, 98.4%, n = 247; male, 100%,
n = 77; Table 1). Again, there were no statistically sig-
nificant differences among sites (G = 5.44, d.f. = 11,
P=0.91). Total infection frequency was not significantly
different between years (G = 1.14, d.f. = 1, P = 0.29)
or sexes (female, 99.4%, n = 633; male, 99.3%, n =
457; G = 0.001, d.f. = 1, P = 0.97). Our data indicate
that Wolbachia is at or close to fixation throughout the
California Cx. pipiens complex.

Wolbachia infection parameter estimates

Vertical transmission: In infected embryos a mass of
Wolbachia symbionts is clearly visible in the anterior
pole just under the micropile, consistent with previous
transmission electron microscopy observations (YEN and
BARR 1974). We also observed high numbers of symbi-
onts in the posterior pole where the pole (or germ) cells
form, similar to what has been observed in Drosophila
(Kosk and KARr 1995; Figure 2). Symbionts were distrib-
uted throughout the cytoplasm, butin much lower num-
bers compared to the poles. Uninfected embryos showed
some background fluorescence, but were easily distin-
guishable from infected embryos. It should be noted
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TABLE 2

Mean hatch rate in all four possible crosses between
LIN (infected) and LINT (uninfected) Cx. pipiens

Cross N Mean 95% C.I.
LIN X LIN 16 0.657 0.492-0.819
LIN X LINT 35 0.801 0.657-0.883
LINT X LIN“ 33 0 —
LINT X LINT 64 0.852 0.779-0.896

Crosses were female X male.

“ Mean is significantly different (P < 0.0001) from all other
means after correcting for multiple comparisons. Confidence
intervals were calculated by bootstrapping (5000 replicates).

that the DAPI technique estimates Wolbachia transmis-
sion rate to embryos. We assume that this rate is linked
to infection in the adult (i.e., infected embryos develop
into infected adults), but did not explicitly test this.

Laboratory: We individually examined 3153 DAPI-
stained embryos produced by 30 LIN females. Transmis-
sion estimates per female ranged from 0.872 to 1.0.
Twenty-six embryos were observed without visible Wol-
bachia symbionts. These embryos were indistinguish-
able from control LINT embryos with no observable
Wolbachia symbionts (Figure 2); we therefore infer that
these embryos were devoid of Wolbachia. The mean
transmission rate in laboratory females was estimated
to be 0.9902 (95% bootstrap C.I.: 0.974, 0.996).

Field: Thirty-five wild females were successfully in-
duced to oviposit in the laboratory, which produced a
total of 4304 embryos. Transmission estimates per fe-
male ranged from 0.893 to 1.0. We observed, in total,
70 DAPI-negative embryos. Putatively negative embryos
were indistinguishable from LINT controls. The mean
transmission rate for all collections was estimated to be
0.986 (0.975, 0.992).

There was no significant difference in transmission
rate between laboratory- and field-reared females (Mann-
Whitney U, P = 0.275). However, in many cases the
Wolbachia titer in positive field embryos was qualita-
tively less than that observed in laboratory-reared LIN
embryos. Field embryo titers within single rafts also var-
ied considerably, although no formal quantification was
attempted. Uninfected embryos were more or less ran-
domly distributed across females (i.e., uninfected em-
bryos were not produced from a few females) under
both lab and field conditions.

Cytoplasmic incompatibility: Laboratory: Analyses indi-
cated that hatch rates from at least one cross differed
significantly (Kruskal-Wallis, d.f. = 3, P< 0.0001). Pair-
wise comparisons indicated that hatch rates for all three
compatible crosses (LIN male X LIN female, LINT
male X LIN female, LINT male X LINT female) were
not significantly different from one another (P> 0.15),
but were all significantly different from the incompati-
ble cross (LIN male X LINT female; P < 0.0001). No

larvae were produced from any incompatible cross, indi-
cating a laboratory CI level of 100% (Table 2).

Field: All estimates for mosquitoes collected at differ-
ent times and two locations indicated that CI is 100%
in the field (Table 3). Out of 18,314 eggs produced by
83 females involved in incompatible crosses, one larva
was produced (Hanford, August 10). We were not able
to determine the sex or infection status of the larva due
to its death prior to pupation. Confidence intervals for
the Elk Grove compatible cross should be considered
cautiously due to small sample size (N = 3) and little
variation in hatch rate between samples.

CI changes with male age in laboratory: Analyses indicated
that hatch rates from at least one age/compatibility
treatment differed significantly (Kruskal-Wallis, d.f. =
5, P < 0.0001). Pairwise comparisons indicated that
hatch rates within compatibility crosses were not signifi-
cantly different across the male ages we examined (com-
patible, P > 0.08; incompatible, P > 0.6), but were
significantly different between compatibility treatments
(P <0.0001). If CI expression in field males is similar,
we expect that male age is not a significant modulator
of CI expression under field conditions. We did not
explicitly test the age of males in the field, because there
is no method available to reliably age-grade wild male
Cx. pipiens complex mosquitoes.

Fecundity: There was no significant effect of infection
status on female fecundity under laboratory or field
conditions. The mean number of eggs produced by in-
fected and uninfected females was almost identical (lab-
oratory infected, 233.06 = 60.05 SD, n = 69; laboratory
uninfected, 233.99 = 59.84 SD, n = 83; field infected,
187.7 = 59.16 SD, n = 102; field uninfected, 189.34 *+
51.09 SD, n = 92; P = 0.84). With our sample sizes under
both laboratory and field conditions, we had 95% power
to detect a 15% difference at a = 0.05. Increasing the
sample size would increase our ability to detect smaller
differences in the future. There was a highly significant
effect of rearing environment (laboratory vs. field; P <
0.0001), which was independent of infection status (P =
0.95). Mosquitoes of either infection status reared un-
der field conditions laid significantly fewer eggs.

Predicted dynamics: Unlike some Cx. pipiens popula-
tions (LAVEN 1967; O’NEILL and PATTERSON 1992;
GUILLEMAUD el al. 1997), our data indicate that a single
Wolbachia strain/crossing type is present in California
and as such, a model describing the dynamics of a single
strain is appropriate. Using previously defined terminol-
ogy (TureLLI and HorrmanN 1999), Wolbachia infec-
tion parameters are the following: w is the percentage
of uninfected offspring from an infected female (n =
0 if transmission is 100%), H is the relative hatch rate
of an incompatible vs. compatible cross (H = 0 if Cl is
100%), and F is the relative fecundity of an infected
vs. uninfected female (F = 1 if there is no effect on
fecundity). Assuming random mating and discrete gen-
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TABLE 3

Hatch rates of eggs obtained from LIN and LINT Cx. pipiens females mated to wild males

collected during 2000

Wild males X LIN females

Wild males X LINT females

Collection Date N Mean 95% C.1. N Mean 95% C.1. P

Hanford August 15 0.692 0.437-0.876 18 1.95 X 10~* 0-5.54 X 107* <0.0001
Hanford September 14  0.857  0.589-0.937 19 0 0 <0.0001
Hanford October 18 0.811 0.614-0.917 27 0 0 <0.0001
Elk Grove October 3 0.935 0.904-0.953 19 0 0 <0.0001
Total 50 0.796 0.684-0.873 83  4.00 X 107° 0-1.2 X 10~ <0.0001
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Confidence intervals were calculated by bootstrapping (5000 replicates).

erations, the frequency of infected adults (p) at genera-
tion ¢ + 1 has been shown to be

pd - wWFE )
1=p(Q =18 =0~ HQA = p)p— wFpi(l — H)

(1)

P =

In both laboratory and field experiments, we detected
100% CI and no evidence for Wolbachia-induced fe-
cundity effects. Thus, our parameter estimates for CI
and fecundity are H = 0 and F'= 1. Equation 1 can be
simplified to

p(d = ) ,
1= p+ pi(l — p)

Equation 2 predicts two equilibrium points for Wol-
bachia frequency in the population (ignoring the trivial
equilibrium point p = 0). p = 1 is a stable equilibrium
point, suggesting that Wolbachia will eventually reach
fixation in the population after a successful introduc-
tion attempt. The equation predicts an unstable equilib-
rium point,

b1 = (2)

p=—— (3)
I—n

which describes the introduction threshold of infected
individuals that must be initially exceeded for Wol-
bachia to successfully invade the population. Ifinfection
frequency exceeds this unstable equilibrium point, Wol-
bachia will be expected to spread and reach the stable
equilibria (ze., 1, or fixation).

On the basis of our field data, we obtained an estimate
for p ranging from 0.025 = p = 0.0077. Using the
mean value of p = 0.014, Wolbachia will be expected
to spread if infection frequency exceeds a threshold
level of 0.0142. Infection in California Cx. pipiensis pre-
dicted to reach fixation in ~30 generations with an
initial introduction of p = 0.05 and in 12 generations
with an initial introduction of p = 0.15 (Figure 4).

DISCUSSION

Successful vector-borne disease control strategies that
aim to replace vector populations with transgenic insects

will depend on a drive mechanism, such as Cl-inducing
Wolbachia (TUreLLI and HOFFrMANN 1999). Although
there has been discussion of how Wolbachia might be
expected to behave in natural mosquito populations dur-
ing a transgenic insect introduction attempt, those con-
clusions were based on data estimated from Drosophila.
Prior to our study, no data were available for Wolbachia
infection dynamics in natural mosquito populations.
Data from our study indicate that Wolbachia dynamics
and equilibrium levels can be accurately estimated from
field data in Cx. pipiens. It should be noted that the sim-
plicity of the system is a potential drawback. Parameter
values for transmission, CI, and fitness less ideal than
those we detected would be potentially more informa-
tive for testing hypotheses regarding introduction thresh-
olds and stable equilibrium levels. Nevertheless, the Cal-
ifornia Cx. pipiens complex represents an appropriate
model system for studying Wolbachia dynamics in a vec-
tor insect, because the single infecting strain simplifies
study of parameter interactions and Culex biology al-
lows relatively easy parameter estimation under field
and laboratory conditions.

Wolbachia DNA sequences from Cx. pipiens complex
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F1GUure 4.—Predicted dynamics of Wolbachia spread in Cx.
pipiens using field-estimated parameter values (F'= 1, H = 0,
p = 0.014). Dotted line denotes initial infected introduction
of 0.05. Solid line denotes infected introduction at 0.15. At a
5% introduction, infection is expected to reach fixation in 30
generations; with a 15% introduction, infection is expected
to reach fixation in 12 generations.
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members are known to display little molecular variation
(GUILLEMAUD et al. 1997). However, despite their lack of
sequence variation, members of the Cx. pipiens complex
worldwide exhibit considerable variation in hatch rates
from crosses between different populations (LAVEN 1967;
O’NEILL and PATTERSON 1992; GUILLEMAUD ¢t al. 1997).
In comparison to our results, BARR (1980, 1982) ob-
served the presence of other rare compatibility types in
California Cx. pipiens. Incompatibility in some of those
strains was found to decrease over time under laboratory
conditions and insemination status of females in experi-
mental crosses was not examined. Rather, the distinc-
tion between incompatible egg rafts and uninseminated
egg rafts was made on the basis of embryo morphology.
In the course of our experiments, we found morpho-
logical characteristics to be inadequate for determining
insemination status and, therefore, we checked female
insemination directly by examining spermatheca. Varia-
tion in insemination patterns and resultant variation in
hatch rates may explain differences between our obser-
vations and those of BARR (1980). Insemination has
been confirmed in laboratory incompatible crosses be-
tween colonies derived from European Culex popula-
tions (GUILLEMAUD et al. 1997), but it is possible that
variation in insemination status may also contribute to
the complexity of European crossing types (LAVEN 1967).

Most studies that attempt to quantify Wolbachia ver-
tical transmission in the field rely on testing progeny
of wild females for infection (HOFFMANN et al. 1998;
KitrAyAaPONG et al 2002a). However, if infection fre-
quency in the population is high, and CI expression is
strong, testing of female progeny may give a positively
biased estimate of transmission. In this situation, field-
collected females are likely to have mated with infected
males and CI expression would potentially kill embryos
that did not receive Wolbachia from their mother. Vir-
gin females could be obtained from collection of pupae
and mated to antibiotic-cured males in the laboratory
to eliminate CI bias in hatch rates, but this would not
be an accurate estimate of transmission under true field
conditions due to laboratory rearing procedures. Unlike
Drosophila (HOFFMANN et al. 1998), Cx. pipiens cannot
be reared under near-field conditions. Although it is
difficult to evaluate whether progeny testing biased esti-
mates of Wolbachia transmission in other insect systems,
we felt that a conservative approach was prudent. DAPI
staining addressed these concerns by allowing direct
observation of symbionts in infected embryos. We sug-
gest that DAPI staining of embryos should be considered
when studying the dynamics of Wolbachia-insect inter-
actions.

We initially hypothesized that CI expression might be
less severe in the field than in the laboratory due to the
presence of older males in field samples because CI was
previously found to be significantly decreased by male
age in Cx. pipiens (SINGH et al. 1976). We observed 100%
Cl in all field crosses and considered the possibility that

recent mass emergence events saturated mating swarms
with young males. Because previous studies showed sig-
nificant decreases in CI expression in matings from Cx.
pipiens males older than 12 days (SINGH et al. 1976), we
examined CI in males up to 28 days old. Laboratory
crosses with males of different ages indicated that male
age was not an important factor in CI expression, a
result that helps to explain our field data but that runs
counter to previously published studies (SINGH et al.
1976). Reduction in CI strength with male age is associ-
ated with the loss of the symbionts in developing sperm
cysts with advancing male age (CLARK et al. 2003). It is
possible that (1) in the Culex strain we studied, there
is no significant reduction in sperm cyst Wolbachia titer
in older males or (2) differences in Wolbachia and/or
mosquito genetic background may account for our in-
ability to detect phenotypic differences compared to
previous studies (MCGRAW et al. 2001; CLARK et al. 2003).
Similarly, no significant effect of male age on CI expres-
sion was observed in multiply infected (supergroups A
and B) Aedes albopictus, even though CI was attenuated
with male age in single-infected (supergroup A) males
(KITTAYAPONG ef al. 2002b). It is interesting to note that
the B infection in multiply infected Ae. albopictus (wAlbB)
is closely related to the wPip infection of Cx. pipiens.
The lack of strong male age effects on CI expression may
be a general property of wPip-type Wolbachia strains.
In different arthropod hosts, Wolbachia has been
shown to lower fecundity of infected females (FLEURY
et al. 2000), increase fecundity (DoBsON et al. 2002), or
have no effect (ZCHORI-FEIN et al. 2000). Fluctuating
asymmetry levels have been used to indirectly estimate
Wolbachia-induced fitness effects in Drosophila field
populations (HOFFMANN et al. 1998), but due to the very
low numbers of uninfected Cx. pipiens females detected
in nature (<1%) we were not able to obtain sufficient
numbers of naturally uninfected females to perform
those types of field experiments. As an alternative, we
examined Wolbachia-induced fecundity effects using
mosquitoes from our laboratory colony that were reared
under field conditions and did not detect an effect of
infection on fecundity. It is possible that Wolbachia may
induce different fitness effects in different host geno-
types. Conducting similar experiments with multiple
mosquito strains collected from geographically diverse
locations and habitats would help to clarify this issue.
Our survey data indicated that in the California
Cx. pipiens complex Wolbachia infection is present in
all populations sampled and is essentially at fixation, a
result that agrees closely with model predictions. Popu-
lations where single negative individuals were observed
in 1999 did not have negative individuals in 2000, indi-
cating that the production of rare uninfected mosqui-
toesis likely a transitory local phenomenon. Itis possible
that local environmental factors such as temperature
or naturally occurring antibiotics could rarely result in
temporary clearing of infection (Crancy and Horr-
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MANN 1998). If clearing of infections does occur it is
unlikely to be an important factor in affecting Wol-
bachia dynamics. It is also possible that negative results
were due to Wolbachia titers below the threshold for
detection by PCR. Lending credence to this alternative
explanation is the fact that even at the extreme confi-
dence levels calculated for our estimates of p (0.0077 =
p = 0.025) and H (0 = H= 5.0 X 107°), for any value
of F > 0, infection stable equilibrium levels are pre-
dicted to reach fixation.

Wolbachia with the characteristics of the California
Cx. pipiens strain we studied would have potential for
application in vector-borne disease control programs.
Important characteristics for applied strategies include
strong CI that does not attenuate appreciably with male
age, no observable fecundity effects, and near-perfect
vertical transmission. These values for infection parame-
ters lead to the prediction that an economically viable
low introduction threshold (<1.5%) will result in a sta-
ble equilibrium at fixation. As long as the transgenic
trait is maternally transmitted with 100% fidelity, it will
be expected to reach fixation in the population even if
Wolbachia transmission is less than perfect (TURELLI
and HorrMANN 1999). It is important to note, however,
that these characteristics may change according to spe-
cies-specific host influences that will require empirical
examination (McGraw et al. 2001; CLARK et al. 2003).

Our data are encouraging and support the idea that
Wolbachia can invade vector populations as part of
applied transgenic strategies for vector-borne disease
control. However, major technical hurdles must be over-
come before these types of strategies can be imple-
mented. Obstacles include, but are not limited to, esti-
mation of Wolbachia infection parameters under field
conditions for multiple vector species, study of the fit-
ness effects of transgenes in vector insects, transforma-
tion of Wolbachia, and studies to assess ecological pro-
cesses relevant to releases of genetically modified vectors
(TurerLl and HorrMmanN 1999; Scort et al. 2002). If
these kinds of issues can be adequately addressed, Wol-
bachia have the potential to be an important part of
novel efforts to control vector-borne diseases.
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