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     INTRODUCTION 

 Vector competence characterizes the likelihood that a vec-
tor will transmit a pathogen after feeding on an infected host. 1  
It is a critical component influencing pathogen transmission, 
as can be seen from the fact that it is a linear term in expres-
sions for vectorial capacity and for  R  0 , the population growth 
rate of a pathogen. 2–  4  Successful infection in mosquitoes must 
overcome a series of barriers to transmission including the 
mesenteronal infection barrier, 5  mesenteronal escape barrier, 6  
salivary gland infection barrier, 1  and salivary gland escape 
barrier. 7–  9  If pathogens fail to overcome any of these barriers, 
either because of environmental conditions (e.g., cool tem-
peratures limiting viral replication), or because of interactions 
between the pathogen and the individual mosquito (including 
genetic and non-genetic components), the vector will fail to 
transmit the pathogen. 

 West Nile virus (WNV) was first detected in the Americas 
in 1999, and has since spread throughout North and South 
America where it has infected and been transmitted by a mul-
titude of mosquitoes. 10–  12  Several studies have identified key 
aspects of WNV amplification, including the competence or 
infectiousness of different avian hosts, 11,  13,  14  some habitat-
specific associations of WNV, 15–  18  and the vector competence 
and feeding patterns of  Culex  mosquitoes, the dominant vectors 
for WNV between birds, and also to humans in some areas. 19–  24  
The vector competence of colonized and field populations of 
mosquitoes for WNV has received substantial attention. It has 
been found to vary among vector species and genera, 10,  25–  29  
days since feeding, 30–  32  strain of WNV, 30–  32  and temperature 31,  33  
during the extrinsic incubation period. Vector competence 
for WNV also has been shown to vary among mosquito pop-
ulations of the same species, 25,  34–  36  with evidence of a genetic 
basis, 37  and may vary seasonally, 38  but the full extent of the 
variability and consistency over time of the vector competence 
of a population is not well characterized. 

 We therefore sought to determine the extent to which vec-
tor competence of free-ranging  Culex pipiens  and  Cx. restuans  
mosquitoes varies in space and time. In particular, we mapped 
variation in vector competence of  Culex  mosquito populations 
for WNV at several spatial scales and across several seasons 
and years, and to determine if a genetic basis for vector com-
petence could be identified through the use of microsatellite 
analysis. To accomplish this effort,  Cx. pipiens  and  Cx. restuans  
mosquitoes were collected at geographically and ecologically 
diverse sites during three transmission seasons, reared under 
laboratory conditions, and vector competence was measured. 

   METHODS 

  Mosquitoes.   Field populations of  Cx. pipiens  and  Cx. restuans  
were collected as egg rafts from oviposition traps placed 
overnight in 14 sites from July through September during 
2002–2004, in Staten Island, Suffolk County, and Albany 
County, New York, and in 3 locations in Massachusetts. We 
aimed to collect egg rafts in July, August, and September at each 
site in each year, but weather related difficulties (e.g., rainfall 
during the week of our visit to a site or county) combined with 
variation in abundance (e.g.,  Cx. restuans  abundance decreases 
in the warmer summer months 29 ) prevented us from collecting 
egg rafts in some months. Sites within a county were 3–5 km 
apart in Albany County, 8–20 km apart in Suffolk County, 3–4 km 
apart in Staten Island, and > 10 km apart in Massachusetts. 

 Sites were classified as urban or rural on the basis of Landsat 
images and/or ground-truthed by field personnel at the begin-
ning of the study. 29  Rural sites were in heavily wooded, lightly 
used public land with no human dwellings and minimal human 
disturbance. Urban sites were in residential or heavily built 
up areas.  Culex pipiens  from a colony in our laboratory estab-
lished in 2002 from egg rafts collected in Pennsylvania and 
maintained as described elsewhere 29  were used as an internal 
control during 2002 and 2003. 

 For all studies, egg rafts of field and colonized mosqui-
toes were hatched in Tupperware flats containing tap water 
and Tetramin slurry, and reared at 26°C with a 16:8 hour 
light:dark cycle. Experiments on mosquito populations from 
a given month and site were conducted with mosquitoes from 
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multiple (5–20) egg rafts that were combined as larvae after 
they were identified as  Cx. pipiens  or  Cx. restuans . Pupating 
mosquitoes were transferred to an emergence jar. Adults were 
collected daily, transferred to standard 12″ × 12″ × 12″ mos-
quito cages, and maintained with water and sugar cubes until 
six days after the emergence of most of the adults. Mosquitoes 
were deprived of water and sugar for 24–48 hours prior to 
testing. 

 Adult females of colonized and wild-caught mosquitoes 
were fed on pledgets soaked with 10 −2  dilution of a WNV-
defibrinated blood-sucrose mixture as described, 39  yield-
ing a final blood meal titer of 10 7  plaque-forming units/mL. 
Engorged mosquitoes were separated and maintained in one-
gallon cartons as described above. After 14 days extrinsic incu-
bation at 30°C, capillary transmission assays were conducted 
as described, 39  and each test group of mosquitoes was frozen 
for subsequent assay for WNV infection, dissemination, and 
viral transmission as follows. Mosquitoes were anesthetized 
with triethylamine, legs were removed, and mouthparts were 
placed in a capillary tube containing fetal calf serum plus 50% 
sucrose for  in vitro  transmission assays. 40  After 15 minutes, the 
contents of the capillary tube were ejected into microfuge tubes 
containing 0.3 mL bovine albumin in borate-buffered saline. 
The legs and the body of the mosquito were placed in sepa-
rate tubes containing 1.0 mL of mosquito diluent (phosphate-
buffered saline solution with 20% fetal bovine serum, 100 
units/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL fun-
gizone, and 10 μg/mL gentamicin). All samples were frozen at 
–70°C until testing. 

   Virus.   The WNV strain 3356 isolated from an American 
crow on Staten Island, NY, in 2000 was used in all studies. 
Presence or absence of infection in mosquitoes was assayed 
by inoculation of samples onto Vero cell monolayers and 
monitoring for plaque formation after 96 hr as described. 41  
Negative specimens were screened for RNA by using a 
quantitative real-time reverse transcription–polymerase chain 
reaction (TaqMan) assay 42,  43  to determine whether viral RNA 
was present in the absence of infectious virus. 

   Statistical analysis.   We evaluated spatio-temporal patterns 
in vector competence among species, and between populations 
and temporal samples within populations by using logistic 
regression (equivalent to a generalized linear model with 
a binomial distribution and a logit link function) in SPSS 
version 15.0 (SPSS Inc., Chicago, IL). Each mosquito was 
treated as a data point, and the species, location (county or 
site-within-county), urban or rural nature of the site, year, and 
month that larvae were collected were included as categorical 
factors in the model. For two sites in Albany county and 
three sites in Staten Island, we had measurements of vector 
competence from at least three time points in common. We 
examined synchrony in temporal variation in the fraction 
transmitting within a county by using simple Pearson product-
moment correlations. In addition, to assess the likelihood of 
observing the large number of high but mostly non-significant 
correlations we observed, we performed a randomization 
test where we generated 10,000 random draws of the same 
number of estimates of vector competence as observed (3) 
at two counties (Albany, 2 sites; Staten Island, 3 sites) by 
using the mean of a binomial variable with the same sample 
size of mosquitoes as the estimates, and then calculated the 
probability of observing as high an average correlation as that 
observed (0.945). 

   Mosquito genetic analyses.   We examined the population 
genetics of specimens of  Cx. pipiens  from three WNV 
challenges in mosquitoes from Staten Island in 2002 and 
Suffolk in 2002 and 2003. For each of the three challenges, 
we used all mosquitoes that became infected, and a random 
subset of mosquitoes that did not become infected from rural 
sites and urban site 1 from Suffolk, NY and from all four 
sites in Staten Island, NY ( Table 1 ). We used eight highly 
polymorphic microsatellite markers as previously described. 44  
We used loci CQ11, CQ26, qGT4, pGT9, pGT12, pGT20, 
pGT46, and pGT53, which have been shown to amplify in 
populations of the  Cx. pipiens  complex with a low frequency of 
alleles unique to  Cx. quinquefasciatus . 45  Analyses of mosquito 
families have shown that all the microsatellite loci used in 
this study are inherited in a Mendelian fashion and are not 
sex-linked. 46,  47  Microsatellite loci were amplified and sized as 
described. 48  We determined whether the allelic frequencies 
of the population of mosquitoes that after challenge became 
infected with WNV (susceptible mosquitoes) differed from 
the population of mosquitoes that did not become infected 
(resistant) after the 14-day incubation period. We made this 
determination by calculating F ST  , a classical measure of the 
level of differentiation between the two populations, 49  which 
examines expected and observed heterozygosity values based 
on observed allelic frequencies across the full dataset. The 
calculations were performed independently for 2002 and 2003 
comparisons. We also calculated the relative average ancestry 
in resistant and susceptible  Cx. pipiens  from the two forms of 
 Cx. pipiens , form molestus and form pipiens. We used pure 
populations of the two  Cx. pipiens  forms from prior studies as 
reference 45  and a Bayesian inference method implemented in 
the program Structure 2.0. 50  

         RESULTS 

 We examined vector competence in 44 groups of 42.6 ± 13.3 
(mean ± SD)  Cx. pipiens  mosquitoes and 24 groups of 23.5 ± 
12.1  Cx. restuans  mosquitoes collected over 3 years at 17 sites 
across six counties (plus a laboratory colony). The data show 
that for both species, vector competence is highly variable in 
space and time with values ranging from 0% to 52% with a 
coefficient of variation (SD/mean) of 148% for  Cx. pipiens  
and ranging from 0% to 24% with a coefficient of variation 
of 124% for  Cx. restuans  ( Tables 1  and  2 ). For both species, 
there was no significant difference between sites categorized 
as urban and rural in the probability of transmitting WNV 
(urban coefficient = 0.0481 ± 0.2007, z = 0.24,  P  = 0.811, odds 
ratio [OR] = 1.05, 95% confidence interval [CI] = 0.71–1.55), 
and this factor was removed from the analysis. In the reduced 
model, analysis indicated significant differences between years, 
months, and counties. The site-within-county predictor was 
marginally non-significant (χ 2  = 30.5, degrees of freedom = 11, 
 P  = 0.073), and county remained significant ( P  = 0.023), which 
suggested that variation within county was smaller than 
between counties, but only marginally. After accounting for 
differences between locations and time,  Cx. restuans  mosqui-
toes had a significantly higher (OR = 2.05, 95% CI = 1.1–3.8) 
probability of transmitting WNV than  Cx. pipiens  ( Table 3 ). 

           When we examined infection, rather than transmission, 
 Cx. restuans  were marginally less likely to become infected 
(OR = 0.76, 95% CI = 0.55–0.105,  P  = 0.097) and marginally 
more likely to have a disseminated infection (OR = 1.44, 95% 
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CI = 0.94–2.22,  P  = 0.097) in models with species, year, month, 
and county, but neither pattern reach statistical significance. 
However, given infection,  Cx. restuans  was much more likely 
to have a disseminated infection or transmit (dissemination 
given infection: OR = 3.33, 95% CI = 1.71–6.49,  P  < 0.001; 
transmission given infection: OR = 3.01, 95% CI = 1.41–6.45, 
 P  = 0.004). 

 Although vector competence was highly variable in space 
and time ( Tables 1 – 3 ), there was some marginal evidence 
that vector competence within a county varied synchronously 
( Figure 1 ). We performed correlations between pairs of sites 
within a county (two in Albany and three in Staten Island) that 
had at least three time points where both sites were sampled 
in the same month. Vector competence at the two Albany sites 
showed a marginally significant correlation (Albany:  Figure 1A ; 
r = 0.99, n = 3 samples taken in the same month from both 
sites;  P  = 0.08; including a fourth point measured in August 
2003 at site 2, and September 2003 at site 1; r = 0.99, n = 4, 

 P  = 0.014). Evidence was slightly weaker at the three Staten 
Island sites ( Figure 1B ; rural 1 and urban 1; r = 0.99, n = 3,  
P  = 0.026; rural 1 and urban 2: r = 0.89, n = 3,  P  = 0.31, and 
urban 1 and urban 2: r = 0.91, n = 3,  P  = 0.28). Although these 
correlations between sites in Staten Island are high, none 
of these comparisons is significant with a correction for the 
three comparisons made, most likely because there were only 
three time points where both sites in each pair were sampled. 
Nonetheless, the overall probability of observing four corre-
lations (one at Albany with three points, and three at Staten 
Island for the pairwise comparisons between the three sites) 
with an average of 0.945 in a randomization test was 0.0033, 
which suggested that there is evidence of spatial synchrony. 

  There was some evidence for genetic differentiation 
between mosquitoes that became infected with WNV after 
feeding on infected blood (susceptible) and those that did not 
become infected (resistant) in Suffolk County, NY  Cx. pipi-
ens  mosquitoes (2002: n S  = 42, n R  = 58, F st  = 0.0149,  P  = 0.047; 

 Table 1 
  Fraction of  Culex pipiens  mosquitoes infected and with disseminated infection, transmitting West Nile virus 14 days after feeding on West Nile 

virus–infected blood with a titer of 10 7  plaque-forming units/mL, and held at 30°C *   

State Location Site
Month and 

year No.
Fraction 
infected

Fraction with 
disseminated infection

Fraction 
transmitting

MA Cambridge Site 1 Aug 2003 36 0.11 0.08 0.03
MA Cambridge Site 1 Sep 2003 79 0.10 0.10 0.05
MA Eastham Site 1 Aug 2003 16 0.00 0.00 0.00
MA Eastham Site 1 Sep 2003 67 0.07 0.03 0.01
MA Needham Site 1 Aug 2003 36 0.22 0.11 0.03
MA Needham Site 1 Sep 2003 7 0.00 0.00 0.00
NA Colony NA Aug 2002 36 0.00 0.00 0.00
NA Colony NA Sep 2002 50 0.32 0.22 0.06
NA Colony NA Jul 2003 50 0.10 0.08 0.06
NY Albany Rural 1 Aug 2003 28 0.18 0.04 0.00
NY Albany Rural 2 Sep 2002 32 0.16 0.09 0.09
NY Albany Urban 1 Jul 2002 50 0.18 0.08 0.08
NY Albany Urban 1 Aug 2002 50 0.00 0.00 0.00
NY Albany Urban 1 Sep 2002 50 0.60 0.42 0.28
NY Albany Urban 1 Sep 2003 50 0.06 0.02 0.02
NY Albany Urban 2 Jul 2002 50 0.08 0.06 0.04
NY Albany Urban 2 Aug 2002 50 0.00 0.00 0.00
NY Albany Urban 2 Sep 2002 50 0.42 0.16 0.10
NY Albany Urban 2 Aug 2003 24 0.00 0.00 0.00
NY Albany Urban 2 Sep 2004 35 0.34 0.11 0.06
NY Albany Urban 3 Aug 2004 39 0.15 0.08 0.03
NY Albany Urban 4 Aug 2004 50 0.12 0.04 0.00
NY Staten Island Rural 1 Jul 2002 50 0.38 0.30 0.20
NY Staten Island Rural 1 Sep 2002 30 0.20 0.07 0.00
NY Staten Island Rural 1 Sep 2003 50 0.18 0.08 0.06
NY Staten Island Rural 1 Jul 2004 50 0.20 0.10 0.04
NY Staten Island Rural 2 Jul 2002 15 0.33 0.33 0.20
NY Staten Island Rural 2 Sep 2002 35 0.40 0.23 0.09
NY Staten Island Urban 1 Jul 2002 50 0.46 0.38 0.24
NY Staten Island Urban 1 Sep 2002 50 0.18 0.08 0.06
NY Staten Island Urban 1 Sep 2003 28 0.21 0.18 0.11
NY Staten Island Urban 2 Jul 2002 50 0.80 0.70 0.52
NY Staten Island Urban 2 Sep 2002 50 0.30 0.20 0.10
NY Staten Island Urban 2 Jul 2003 50 0.22 0.04 0.00
NY Staten Island Urban 2 Sep 2003 50 0.04 0.02 0.00
NY Suffolk County Rural 1 Jul 2002 45 0.53 0.38 0.22
NY Suffolk County Rural 1 Jul 2003 50 0.64 0.22 0.04
NY Suffolk County Rural 2 Jul 2002 34 0.00 0.00 0.00
NY Suffolk County Rural 2 Aug 2003 32 0.06 0.03 0.03
NY Suffolk County Rural 2 Sep 2003 50 0.16 0.06 0.00
NY Suffolk County Urban 1 Sep 2003 50 0.00 0.00 0.00
NY Suffolk County Urban 1 Aug 2004 50 0.16 0.06 0.02
NY Suffolk County Urban 2 Jul 2002 27 0.22 0.15 0.07
NY Suffolk County Urban 2 Aug 2003 42 0.10 0.05 0.02

  *   Mosquitoes were reared from field-collected egg rafts obtained in the month and year indicated. No. = sample size; MA = Massachusetts; NA = not available; NY = New York.  
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2003: n S  = 80, n R  = 64, F st  = 0.0203,  P  = 0.042) and Staten Island, 
NY  Cx. pipiens  mosquitoes (only compared in 2002: n S  = 82, 
n R  = 138, F st  = 0.0135,  P  = 0.004). However, there was little 
evidence of genetic differentiation between mosquitoes that 
had either disseminated infections or transmitted WNV 
(F st  values for three county-year comparisons = –0.0483 to 
0.0092; all  P  values > 0.21), which was partly caused by the 
smaller sample size of disseminated and transmitting mosqui-
toes in these comparisons ( Table 1 ). In addition, genetic dif-
ferentiation between resistant and susceptible mosquitoes was 
smaller than differences between Staten Island and Suffolk 
County populations of mosquitoes (F st  = 0.0327,  P  = 0.001). 

 We also compared the genetic ancestry for the two forms 
of  Cx. pipiens  (form pipiens and form molestus) of suscepti-
ble and resistant specimens. We found a significant difference 

in the ancestry of mosquitoes that became infected (average 
form pipiens ancestry probability 0.76 ± 0.061 [mean ± SE], 
n = 38) and those that did not become infected (average form 
pipiens ancestry probability 0.54 ± 0.051, n = 74, by  t -test on 
arc-sin square root transformed data, t = 2.51,  P  = 0.0014) in 
mosquitoes from Staten Island in 2002. However, this differ-
ence in ancestry was not apparent in mosquitoes from Suffolk 
in 2002 (infected, form pipiens ancestry: 0.54 ± 0.077, n = 32; 
uninfected, form pipiens ancestry: 0.56 ± 0.087, n = 27, t = 0.18, 
 P  = 0.86). 

   DISCUSSION 

 We found substantial spatial and temporal variability in 
WNV vector competence in  Cx. pipiens  and  Cx. restuans , in 

 Table 2 
  Fraction of  Culex restuans  mosquitoes infected and with disseminated infection, transmitting West Nile virus 14 days after feeding on West Nile 

virus–infected blood with a titer of 10 7  plaque-forming units/mL, and held at 30°C *   

State Location Site
Month and 

year No.
Fraction 
infected

Fraction with 
disseminated infection

Fraction 
transmitting

NY Albany Rural 1 Sep 2003 12 0.08 0.08 0.08
NY Albany Rural 2 Aug 2003 16 0.06 0.06 0.06
NY Albany Urban 2 Aug 2003 17 0.06 0.06 0.06
NY Albany Urban 2 Sep 2004 12 0.17 0.17 0.08
NY Albany Urban 3 Aug 2004 25 0.16 0.04 0.04
NY Albany Urban 4 Aug 2004 8 0.00 0.00 0.00
NY Albany Urban 5 Aug 2004 38 0.16 0.11 0.03
NY Albany Urban 5 Sep 2004 27 0.22 0.11 0.04
NY Staten Island Rural 1 Jul 2003 25 0.16 0.12 0.00
NY Staten Island Rural 1 Aug 2003 17 0.24 0.24 0.24
NY Staten Island Rural 2 Aug 2003 24 0.13 0.13 0.13
NY Staten Island Rural 2 Sep 2003 36 0.14 0.11 0.03
NY Staten Island Urban 1 Aug 2003 15 0.20 0.07 0.00
NY Staten Island Urban 1 Sep 2003 47 0.13 0.04 0.00
NY Staten Island Urban 2 Sep 2003 4 0.00 0.00 0.00
NY Suffolk Rural 1 Aug 2003 32 0.25 0.19 0.16
NY Suffolk Rural 1 Sep 2003 28 0.07 0.04 0.00
NY Suffolk Rural 1 Jul 2004 21 0.00 0.00 0.00
NY Suffolk Rural 1 Aug 2004 31 0.19 0.10 0.06
NY Suffolk Rural 2 Aug 2003 12 0.00 0.00 0.00
NY Suffolk Rural 2 Sep 2003 31 0.10 0.06 0.03
NY Suffolk Urban 1 Sep 2003 29 0.00 0.00 0.00
NY Suffolk Urban 2 Aug 2003 7 0.14 0.14 0.14
NY Suffolk Urban 2 Sep 2003 50 0.04 0.04 0.02

  *   Mosquitoes were reared from field-collected egg rafts obtained in the month and year indicated. No. = sample size; NY = New York.  

 Table 3 
  Results of binary logistic regression statistical analysis of the probability of a mosquito transmitting West Nile virus *   

Predictor Coefficient SD Test statistic (Z or χ 2 )  P Odds ratio 95% Confidence interval

Constant −2.14 0.45 −4.79 < 0.001
Species ( Culex pipiens )
  Cx. restuans 0.72 0.32 2.28 0.02 2.05 1.10–3.80
Year (2002) 34.17 < 0.001
 2003 −1.51 0.28 −5.41 < 0.001 0.22 0.13–0.38
 2004 −1.48 0.36 −4.13 < 0.001 0.23 0.11–0.46
Month (July) 12.66 0.002
 August −0.72 0.28 −2.54 0.01 0.48 0.28–0.85
 September −0.68 0.20 −3.34 < 0.001 0.51 0.34–0.76
Location (colony) 15.26 0.018
 Staten Island 0.88 0.45 1.95 0.05 2.40 1.00–5.79
 Suffolk 0.22 0.48 0.46 0.65 1.25 0.48–3.21
 Albany 0.28 0.46 0.61 0.55 1.32 0.54–3.23
 Eastham −0.07 1.11 −0.06 0.95 0.94 0.11–8.29
 Needham 0.63 1.12 0.57 0.57 1.89 0.21–17.00
 Cambridge 1.26 0.66 1.91 0.06 3.51 0.97–12.73

  *   In this analysis, each individual mosquito is a data point. The table shows the relative coefficients for each predictor relative to arbitrary reference levels shown in parentheses. For predictors 
with more than two groups (year, month, county), the test statistic for the predictor is a Wald’s χ 2  with degrees of freedom equal to one less than the number of groups (2, 2, and 6, respectively). 
Odds ratios give the relative odds of a mosquito transmitting West Nile virus relative to the reference level.  
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agreement with findings of previous studies. 25,  34–  36  However, in 
previous studies, few efforts have been made to understand 
the spatial and temporal scale on which vector competence 
varied and on the sources of variation. We found that vec-
tor competence of  Cx. pipiens  at sites separated by relatively 
small distances, in this case within a county, varied somewhat 
synchronously (although sample sizes were small), whereas 
at larger spatial scales (i.e., between distant counties in New 
York), variability appeared to be non-synchronous ( Figure 1 ). 

 The variability in vector competence observed in these 
experiments over a short time scale (months) and over mod-
erate spatial scales (3–20 km) implies that its contribution to 
the amplification of WNV is variable, which may make pre-
diction of WNV transmission using surveillance data more 
challenging. At the same time, the significant difference in 
vector competence between counties ( Table 3 ) highlights the 
potential role of vector competence in influencing transmis-
sion. Although a previous attempt to find a link between vec-
tor competence and WNV transmission intensity in the field 
was unsuccessful, 34  this might have been because other factors 
such as mosquito abundance, mosquito feeding patterns, tem-
perature, and acquired immunity were not incorporated into 
the analysis. 

 Previously, the most in-depth study of WNV vector com-
petence examined California populations of four species 
( Cx. pipiens ,  Cx. tarsalis ,  Cx. quinquefasciatus , and  Cx. stig-
matosoma ) and measured aspects of vector competence over 
five years. 34  This study demonstrated substantial year-to-year 

and site-to-site variation in susceptibility to infection but 
reported less extensive analysis of transmission by these mos-
quitoes. The investigators found limited evidence of spatial 
(but no year-to-year) variation in transmission in  Cx. pipiens , 
and limited evidence of temporal (but no spatial) variation in 
 Cx. tarsalis . They also found no significant evidence that spatio-
temporal patterns in susceptibility to infection correlated with 
intensity of WNV outbreaks in California. 

 Seasonal variability in vector competence also has been 
studied in  Cx. tarsalis  for western equine encephalitis virus 
and St. Louis encephalitis virus. 51,  52  These studies showed sig-
nificant variation in vector competence, with a decrease in 
susceptibility to infection with increasing temperature in the 
month of collection for western equine encephalitis virus, and 
variable transmission rates for both viruses that showed no 
clear pattern with season. In these studies, and in those just 
described for WNV, it is unknown on what spatial scale vec-
tor competence varied, and the extent to which vector compe-
tence has a genetic component. 

 We identified mosquito genetics as one factor associated 
with susceptibility to infection, but the pattern was not strong 
enough to be predictive, and was not apparent when consid-
ering transmission. This finding is likely because the markers 
we used are not physically linked to the locus or loci involved 
in pathogen susceptibility/resistance. The recent sequencing 
of the genome of  Cx. quinquefasciatus  ( http://www.broadin
stitute.org/annotation/genome/culex_pipiens.4/Home.html ) 
may aid in identification of genes that directly influence sus-
ceptibility to infection or other aspects of vector competence. 
Nonetheless, efforts in this direction should also examine 
gene-by-environment interactions to fully understand vari-
ability in vector competence. 

 We also found some evidence that the genetic ancestry of 
 Cx. pipiens  mosquitoes (forms pipiens and molestus) differed 
between mosquitoes that became infected and those that did 
not become infected. In one of the two comparisons made 
(Staten Island specimens collected in 2002) susceptible mos-
quitoes had a much higher probability of form pipiens ancestry. 
We previously showed that mosquitoes with higher probabil-
ity of ancestry from form molestus were more likely to feed on 
mammals. This finding has been recently replicated in the mid-
western United States. 53  One possible, but entirely speculative, 
mechanism that could explain this pattern is that with stronger 
selective pressure on the virus to replicate more efficiently in 
vectors, which it encounters more frequently because birds are 
more competent than mammals, 11  WNV would be more likely 
to encounter form pipiens mosquitoes. However, mosquitoes 
are also under selection to avoid infection and the damage to 
mosquitoes during replication that reduce fitness. 54  Finally, 
because we only observed a difference in genetic ancestry of 
susceptible and infected mosquitoes in one of two popula-
tions where we examined them, our findings need replication 
and corroboration and would be strongest if they were made 
between pure populations of the two  Cx. pipiens  forms. 

 Across all of our sampling, we found that  Cx. restuans  were 
more likely to transmit WNV than  Cx. pipiens , but were mar-
ginally less likely to become infected. A previous study in our 
laboratory found no significant difference in the fraction of 
all  Cx. pipiens  and  Cx. restuans  mosquitoes transmitting, but 
also found that of mosquitoes that became infected,  Cx. res-
tuans  were much more likely to have a disseminated infection 
and to transmit. 29  This finding suggests that there may be more 

 F igure  1.    Fraction of  Culex pipiens  mosquitoes transmitting West 
Nile virus (±SE) versus month sampled for two sites in Albany, New 
York ( A ) and three sites in Staten Island, New York ( B ) where there 
were at least three estimates of vector competence. Each point repre-
sents an average of 45.6 (range = 24–50) mosquitoes. Because only a 
single site in Suffolk County, New York, was sampled more than twice, 
data from this county are only shown in  Table 1 .    
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barriers to dissemination and infection of the salivary glands 
in  Cx. pipiens  than in  Cx. restuans . A similar comparison exists 
between  Culex tarsalis  and  Cx. pipiens , with the former being 
more efficient at dissemination and transmission of WNV. 30,  32  

 One other study examined vector competence in  Cx. restu-
ans  from a single population in Maryland (but did not study  Cx. 
pipiens ) and found that 100% of mosquitoes became infected 
and 55% transmitted, but the sample size was too small (11 
mosquitoes) to make strong comparisons with our data. 28  Two 
other studies measured vector competence of field-collected 
 Cx. pipiens  mosquitoes (from New York) and found 14% and 
20% of mosquitoes transmitted WNV, which is well within the 
range we observed. 26,  27  

 In our study, different temperatures and other environmen-
tal factors at the different sites may have affected the parental 
generation that laid the egg rafts collected for our experimen-
tal vector competence assays physiologically and by altering 
the genetics and phenotypes of mosquito populations. 55  This 
possibility was supported by the significant genetic differentia-
tion between counties, and these differences in turn might have 
influenced vector competence despite our rearing all larvae 
and maintaining all adults at one temperature (30°C). Although 
our collections of mosquito populations were not conducted 
frequently enough to enable determination of influences of 
temperature or other environmental influences on vector com-
petence, suggestive evidence has been observed in previous 
studies with seasonal patterns of susceptibility to infection. 51,  52  

 More broadly, our results suggest that vector competence 
is not a static intrinsic trait of a particular mosquito popula-
tion, and spatial variation within a species can be larger than 
between species ( Tables 1  and  2 ). Instead, our study suggests 
that vector competence of a mosquito population can vary 
over time and appears to be dependent on intrinsic and extrin-
sic influences, such as environmental and genetic factors, and 
possibly their interaction. This finding is interesting because 
temperature has received substantial attention as a determi-
nant of the geographic distribution and transmission intensity 
of particular vector-borne diseases, 56  and vector competence 
has been suggested as one possible contributing factor. 57–  59  
It remains to be determined whether temporal variability in 
vector competence and not just susceptibility to infection can 
be consistently linked to environmental factors in a predic-
tive manner. Temperature is already known to have an impact 
on survivorship, feeding frequency, immature developmental 
rates, and vector competence directly, 31,  60,  61  all of which affect 
vectorial capacity. Disentangling the factors that determine 
the wide variation in vector competence we observed is an 
important challenge for future research. 

 Received January 3, 2010. Accepted for publication May 15, 2010. 

     Acknowledgments:   We thank Pam Chin for help rearing mosquitoes; 
the entire Arbovirus Laboratory insectary staff for help with experi-
mental procedures; H. Brightman for assistance with data management; 
Timothy J. Lepore Jr. and Dr. Anthony Kiszewski for field collection 
efforts; Kenli Okada for painstakingly comparing and repeating mic-
rosatellite analyses to maintain coherence over the years; and the 
University of Pennsylvania Sequencing Facility for working with us to 
optimize microsatellite analysis of the  Cx .  pipiens  complex. 

 Financial support: This study was supported by National Institute of 
Allergy and Infectious Diseases contract #NO1-AI-25490, Centers 
for Disease Control and Prevention grant 1RO1AI069217-01, and 
National Science Foundation grant EF-0914866 as part of the joint 
National Science Foundation–National Institutes of Health Ecology 
of Infectious Disease program. 

 Authors’ addresses: A. Marm Kilpatrick, University of California, 
Santa Cruz, CA, E-mail:  marm@biology.ucsc.edu . Dina M. Fonseca, 
Center for Vector Biology, Rutgers University, New Brunswick, NJ, 
E-mail:  dinafons@rci.rutgers.edu . Gregory D. Ebel, Department 
of Pathology, University of New Mexico School of Medicine, 
Albuquerque, NM, E-mail:  gebel@salud.unm.edu.  Michael R. Reddy, 
Department of Epidemiology and Public Health, Yale University 
School of Medicine, New Haven, CT, E-mail:  michael.reddy@yale.edu . 
Laura D. Kramer, Wadsworth Center, New York State Department of 
Health, Slingerlands, NY, E-mail:  kramer@wadsworth.org . 

 Reprint requests: Laura D. Kramer, Wadsworth Center, New York 
State Department of Health, 5668 State Farm Road, Slingerlands, NY 
12159.  

  REFERENCES 

   1.      Hardy   JL  ,   Houk   EJ  ,   Kramer   LD  ,   Reeves   WC   ,  1983 .  Intrinsic fac-
tors affecting vector competence of mosquitos for arboviruses . 
 Annu Rev Entomol   28:   229 – 262 .  

   2.      Garrett-Jones   C   ,  1964 .  Prognosis for interruption of malaria trans-
mission through assessment of mosquitos vectorial capacity . 
 Nature   204:   1173 .  

   3.      MacDonald   G   ,  1957 .  The Epidemiology and Control of Malaria . 
 London :  Oxford University Press .  

   4.      Anderson   RM  ,   May   RM   ,  1991 .  Infectious Diseases of Humans: 
Dynamics and Control .  London :  Oxford University Press .  

   5.      Chamberlain   R  ,   Sudia   WD   ,  1961 .  Mechanism of transmission of 
viruses by mosquitoes .  Annu Rev Entomol   6:   371 – 390 .  

   6.      Kramer   LD  ,   Hardy   JL  ,   Presser   SB  ,   Houk   EJ   ,  1981 .  Dissemination 
barriers for western equine encephalomyelitis virus in  Culex 
tarsalis  infected after ingestion of low viral doses .  Am J Trop 
Med Hyg   30:   190 – 197 .  

   7.      Grimstad   PR  ,   Paulson   SL  ,   Craig   GB   ,  1985 .  Vector competence of 
 Aedes hendersoni  (Diptera, Culicidae) for La Crosse virus and 
evidence of a salivary gland escape barrier.   J Med Entomol   22:  
 447 – 453 .  

   8.      Paulson   SL  ,   Grimstad   PR  ,   Craig   GB   ,  1989 .  Midgut and salivary 
gland barriers to Lacrosse virus dissemination in mosquitoes of 
the  Aedes triseriatus  group .  Med Vet Entomol   3:   113 – 123 .  

   9.      Hardy   JL   ,  1988 .  Susceptibility and resistance of vector mosquitoes . 
   Monath   TP   , ed.  The Arboviruses: Epidemiology and Ecology . 
 Boca Raton, FL :  CRC Press ,  87 – 126 .  

  10.      Turell   MJ  ,   Dohm   DJ  ,   Sardelis   MR  ,   Oguinn   ML  ,   Andreadis   TG  , 
  Blow   JA   ,  2005 .  An update on the potential of North American 
mosquitoes (Diptera: Culicidae) to transmit West Nile virus . 
 J Med Entomol   42:   57 – 62 .  

  11.      Kilpatrick   AM  ,   LaDeau   SL  ,   Marra   PP   ,  2007 .  Ecology of West Nile 
virus transmission and its impact on birds in the western hemi-
sphere .  Auk   124:   1121 – 1136 .  

  12.      Komar   N  ,   Clark   GG   ,  2006 .  West Nile virus activity in Latin 
America and the Caribbean .  Revista Panam Salud Publica   19:  
 112 – 117 .  

  13.      Komar   N  ,   Langevin   S  ,   Hinten   S  ,   Nemeth   N  ,   Edwards   E  ,   Hettler   D  , 
  Davis   B  ,   Bowen   R  ,   Bunning   M   ,  2003 .  Experimental infection of 
North American birds with the New York 1999 strain of West 
Nile virus .  Emerg Infect Dis   9:   311 – 322 .  

  14.      Reisen   WK  ,   Fang   Y  ,   Martinez   VM   ,  2005 .  Avian host and mosquito 
(Diptera: Culicidae) vector competence determine the effi-
ciency of West Nile and St. Louis encephalitis virus transmis-
sion.   J Med Entomol   42:   367 – 375 .  

  15.      Savage   HM  ,   Anderson   M  ,   Gordon   E  ,   McMillen   L  ,   Colton   L  , 
  Charnetzky   D  ,   Delorey   M  ,   Aspen   S  ,   Burkhalter   K  ,   Biggerstaff  
 BJ  ,   Godsey   M   ,  2006 .  Oviposition activity patterns and West Nile 
virus infection rates for members of the  Culex pipiens  complex 
at different habitat types within the hybrid zone, Shelby County, 
TN, 2002 (Diptera: Culicidae).   J Med Entomol   43:   1227 – 1238 .  

  16.      Gomez   A  ,   Kilpatrick   AM  ,   Kramer   LD  ,   Dupuis   AP  ,   Jones   MJ  , 
  Goetz   SJ  ,   Marra   PP  ,   Daszak   P  ,   Aguirre   AA   ,  2008 .  Land use and 
West Nile virus seroprevalence in wild mammals .  Emerg Infect 
Dis   14:   962 – 965 .  

  17.      Gibbs   SE  ,   Wimberly   MC  ,   Madden   M  ,   Masour   J  ,   Yabsley   MJ  , 
  Stallknecht   DE   ,  2006 .  Factors affecting the geographic distribu-
tion of West Nile Virus in Georgia, USA: 2002–2004.   Vector 
Borne Zoonotic Dis   6:   73 – 82 .  



613VARIABILITY IN VECTOR COMPETENCE

  18.      Andreadis   TG  ,   Anderson   JF  ,   Vossbrinck   CR  ,   Main   AJ   ,  2004 . 
 Epidemiology of West Nile virus in Connecticut: a five-year 
analysis of mosquito data 1999–2003 .  Vector Borne Zoonotic 
Dis   4:   360 – 378 .  

  19.      Hamer   GL  ,   Kitron   UD  ,   Brawn   JD  ,   Loss   SR  ,   Ruiz   MO  ,   Goldberg  
 TL  ,   Walker   ED   ,  2008 .   Culex pipiens  (Diptera: Culicidae): a 
bridge vector of West Nile virus to humans .  J Med Entomol   45:  
 125 – 128 .  

  20.      Kilpatrick   AM  ,   Daszak   P  ,   Jones   MJ  ,   Marra   PP  ,   Kramer   LD   ,  2006 . 
 Host heterogeneity dominates West Nile virus transmission . 
 Proc Biol Sci   273:   2327 – 2333 .  

  21.      Kilpatrick   AM  ,   Kramer   LD  ,   Jones   MJ  ,   Marra   PP  ,   Daszak   P   ,  2006 . 
 West Nile virus epidemics in North America are driven by shifts 
in mosquito feeding behavior .  PLoS Biol   4:   606 – 610 .  

  22.      Kent   R  ,   Juliusson   L  ,   Weissmann   M  ,   Evans   S  ,   Komar   N   ,  2009 .  Sea-
sonal blood feeding behavior of  Culex tarsalis  (Diptera: Culicidae) 
in Weld County, Colorado, 2007.   J Med Entomol   46:   380 – 390 .  

  23.      Kilpatrick   AM  ,   Kramer   LD  ,   Campbell   S  ,   Alleyne   EO  ,   Dobson   AP  , 
  Daszak   P   ,  2005 .  West Nile virus risk assessment and the bridge 
vector paradigm .  Emerg Infect Dis   11:   425 – 429 .  

  24.      Kilpatrick   AM  ,   Kramer   LD  ,   Jones   MJ  ,   Marra   PP  ,   Daszak   P  ,   Fonseca  
 DM   ,  2007 .  Genetic influences on mosquito feeding behavior 
and the emergence of zoonotic pathogens .  Am J Trop Med Hyg  
 77:   667 – 671 .  

  25.      Goddard   LB  ,   Roth   AE  ,   Reisen   WK  ,   Scott   TW   ,  2002 .  Vector com-
petence of California mosquitoes for West Nile virus .  Emerg 
Infect Dis   8:   1385 – 1391 .  

  26.      Turell   MJ  ,   O’Guinn   ML  ,   Dohm   DJ  ,   Jones   JW   ,  2001 .  Vector compe-
tence of North American mosquitoes (Diptera: Culicidae) for 
West Nile virus .  J Med Entomol   38:   130 – 134 .  

  27.      Turell   MJ  ,   O’Guinn   M  ,   Oliver   J   ,  2000 .  Potential for New York mosqui-
toes to transmit West Nile Virus .  Am J Trop Med Hyg   62:   413 – 414 .  

  28.      Sardelis   MR  ,   Turell   MJ  ,   Dohm   DJ  ,   O’Guinn   ML   ,  2001 .  Vector 
competence of selected North American  Culex  and 
 Coquillettidia  mosquitoes for West Nile virus .  Emerg Infect Dis  
 7:   1018 – 1022 .  

  29.      Ebel   GD  ,   Rochlin   I  ,   Longacker   J  ,   Kramer   LD   ,  2005 .   Culex restuans  
(Diptera: Culicidae) relative abundance and vector compe-
tence for West Nile virus .  J Med Entomol   42:   838 – 843 .  

  30.      Moudy   RM  ,   Meola   MA  ,   Morin   LL  ,   Ebel   GD  ,   Kramer   LD   ,  2007 . 
 A newly emergent genotype of West Nile virus is transmitted 
earlier and more efficiently by  Culex  mosquitoes .  Am J Trop 
Med Hyg   77:   365 – 370 .  

  31.      Kilpatrick   AM  ,   Meola   MA  ,   Moudy   RM  ,   Kramer   LD   ,  2008 . 
 Temperature, viral genetics, and the transmission of West Nile 
virus by  Culex pipiens  mosquitoes .  PLoS Pathog   4:   e1000092 .  

  32.      Ebel   GD  ,   Carricaburu   J  ,   Young   D  ,   Bernard   KA  ,   Kramer   LD   ,  2004 . 
 Genetic and phenotypic variation of West Nile virus in New 
York, 2000–2003 .  Am J Trop Med Hyg   71:   493 – 500 .  

  33.      Dohm   DJ  ,   O’Guinn   ML  ,   Turell   MJ   ,  2002 .  Effect of environmental 
temperature on the ability of  Culex pipiens  (Diptera: Culicidae) 
to transmit West Nile virus .  J Med Entomol   39:   221 – 225 .  

  34.      Reisen   WK  ,   Barker   CM  ,   Fang   Y  ,   Martinez   VM   ,  2008 .  Does varia-
tion in  Culex  (Diptera: Culicidae) vector competence enable 
outbreaks of West Nile virus in California?   J Med Entomol   45:  
 1126 – 1138 .  

  35.      Sardelis   M  ,   Turell   M  ,   O’Guinn   M  ,   Andre   R  ,   Roberts   D   ,  2002 .  Vector 
competence of three North American strains of  Aedes albopic-
tus  for West Nile virus .  J Am Mosq Control Assoc   18:   284 – 289 .  

  36.      Vaidyanathan   R  ,   Scott   TW   ,  2007 .  Geographic variation in vector com-
petence for West Nile virus in the  Culex pipiens  (Diptera: Culicidae) 
complex in California .  Vector Borne Zoonotic Dis   7:   193 – 198 .  

  37.      Hayes   CG  ,   Baker   RH  ,   Baqar   S  ,   Ahmed   T   ,  1984 .  Genetic variation 
for West Nile virus susceptibility in  Culex tritaeniorhynchus  . 
 Am J Trop Med Hyg   33:   715 – 724 .  

  38.      Vaidyanathan   R  ,   Scott   TW   ,  2006 .  Seasonal variation in susceptibil-
ity to West Nile virus infection in  Culex pipiens pipiens  (L.) 
(Diptera: Culicidae) from San Joaquin County, California.   
J Vector Ecol   31:   423 – 425 .  

  39.      Jia   YQ  ,   Moudy   RM  ,   Dupuis   AP  ,   Ngo   KA  ,   Maffei   JG  ,   Jerzak   GVS  , 
  Franke   MA  ,   Kauffman   EB  ,   Kramer   LD   ,  2007 .  Characterization 
of a small plaque variant of West Nile virus isolated in New 
York in 2000 .  Virology   367:   339 – 347 .  

  40.      Aitken   TH   ,  1977 .  An  in vitro  feeding technique for artificially 
demonstrating virus transmission by mosquitoes .  Mosq News  
 37:   130 – 133 .  

  41.      Payne   AF  ,   Binduga-Gajewska   I  ,   Kauffman   EB  ,   Kramer   LD   ,  2006 . 
 Quantitation of flaviviruses by fluorescent focus assay .  J Virol 
Methods   134:   183 – 189 .  

  42.      Shi   PY  ,   Kauffman   EB  ,   Ren   P  ,   Felton   A  ,   Tai   JH  ,   Dupuis   AP  ,   Jones  
 SA  ,   Ngo   KA  ,   Nicholas   DC  ,   Maffei   J  ,   Ebel   GD  ,   Bernard   KA  , 
  Kramer   LD   ,  2001 .  High-throughput detection of West Nile 
virus RNA .  J Clin Microbiol   39:   1264 – 1271 .  

  43.      Kauffman   E  ,   Jones   S  ,   Dupuis   A II  ,   Ngo   K  ,   Bernard   K  ,   Kramer   LD   , 
 2003 .  Virus detection protocols for West Nile virus in vertebrate 
and mosquito specimens .  J Clin Microbiol   41:   3661 – 3667 .  

  44.      Fonseca   DM  ,   Keyghobadi   N  ,   Malcolm   CA  ,   Mehmet   C  ,   Schaffner  
 F  ,   Mogi   M  ,   Fleischer   RC  ,   Wilkerson   RC   ,  2004 .  Emerging vec-
tors in the  Culex pipiens  complex .  Science   303:   1535 – 1538 .  

  45.      Smith   JL  ,   Keyghobadi   N  ,   Matrone   MA  ,   Escher   R  ,   Fonseca   DM   , 
 2005 .  Cross-species comparison of microsatellite loci in the 
 Culex pipiens  complex and beyond .  Mol Ecol Notes   5:  
 697 – 700 .  

  46.      Fonseca   DM  ,   Atkinson   CT  ,   Fleischer   RC   ,  1998 .  Microsatellite 
primers for  Culex pipiens quinquefasciatus , the vector of avian 
malaria in Hawaii .  Mol Ecol   7:   1617 – 1619 .  

  47.      Keyghobadi   N  ,   Matrone   MA  ,   Ebel   GD  ,   Kramer   LD  ,   Fonseca   DM   , 
 2004 .  Microsatellite loci from the northern house mosquito 
( Culex pipiens ), a principal vector of West Nile virus in North 
America .  Mol Ecol Notes   4:   20 – 22 .  

  48.      Smith   JL  ,   Fonseca   DM   ,  2004 .  Rapid assays for identification of 
members of the  Culex  ( Culex )  pipiens  complex, their hybrids, 
and other sibling species (Diptera: Culicidae) .  Am J Trop Med 
Hyg   70:   339 – 345 .  

  49.      Hudson   RR  ,   Slatkin   M  ,   Maddison   WP   ,  1992 .  Estimation of levels 
of gene flow from DNA-sequence data .  Genetics   132:   583 – 589 .  

  50.      Pritchard   JK  ,   Stephens   M  ,   Donnelly   P   ,  2000 .  Inference of popula-
tion structure using multilocus genotype data .  Genetics   155:  
 945 – 959 .  

  51.      Reisen   WK  ,   Hardy   JL  ,   Presser   SB  ,   Chiles   RE   ,  1996 .  Seasonal vari-
ation in the vector competence of  Culex tarsalis  (Diptera: 
Culicidae) from the Coachella valley of California for western 
equine encephalomyelitis and St. Louis encephalitis viruses.   
J Med Entomol   33:   433 – 437 .  

  52.      Hardy   JL  ,   Meyer   RP  ,   Presser   SB  ,   Milby   MM   ,  1990 .  Temporal vari-
ations in the susceptibility of a semi-isolated population of 
 Culex tarsalis  to peroral infection with western equine enceph-
alomyelitis and St. Louis encephalitis viruses.   Am J Trop Med 
Hyg   42:   500 – 511 .  

  53.      Huang   SM  ,   Hamer   GL  ,   Molaei   G  ,   Walker   ED  ,   Goldberg   TL  , 
  Kitron   UD  ,   Andreadis   TG   ,  2009 .  Genetic variation associated 
with mammalian feeding in  Culex pipiens  from a West Nile 
virus epidemic region in Chicago, Illinois.   Vector Borne Zoonotic 
Dis   9:   637 – 642 .  

  54.      Styer   LM  ,   Meola   MA  ,   Kramer   LD   ,  2007 .  West Nile virus infection 
decreases fecundity of  Culex tarsalis  females .  J Med Entomol  
 44:   1074 – 1085 .  

  55.      Kramer   L  ,   Ebel   G   ,  2003 .  Dynamics of flavivirus infection in mos-
quitoes .  Adv Virus Res   60:   187 – 232 .  

  56.      Pascual   M  ,   Ahumada   JA  ,   Chaves   LF  ,   Rodo   X  ,   Bouma   M   ,  2006 . 
 Malaria resurgence in the East African highlands: temperature 
trends revisited .  Proc Natl Acad Sci USA   103:   5829 – 5834 .  

  57.      Reisen   WK  ,   Reeves   WC  ,   Hardy   J  ,   Milby   MM   ,  1991 .  Effects of cli-
matological change on the population dynamics and vector 
competence of mosquito vectors in California .  Proceedings of 
the California Mosquito and Vector Control Association   59:  
 14 – 20 .  

  58.      Rogers   DJ  ,   Randolph   SE   ,  2006 .  Climate change and vector-borne 
diseases .  Adv Parasitol   62:   345 – 381 .  

  59.      Kramer   LD  ,   Hardy   JL  ,   Presser   SB   ,  1983 .  Effect of temperature of 
extrinsic incubation on the vector competence of  Culex tarsalis  
for western equine encephalomyelitis virus .  Am J Trop Med 
Hyg   32:   1130 – 1139 .  

  60.      Delatte   H  ,   Gimonneau   G  ,   Triboire   A  ,   Fontenille   D   ,  2009 .  Influence 
of temperature on immature development, survival, longevity, 
fecundity, and gonotrophic cycles of  Aedes albopictus , vector of 
Chikunguna and dengue in the Indian Ocean .  J Med Entomol  
 46:   33 – 41 .  

  61.      Rueda   LM  ,   Patel   KJ  ,   Axtell   RC  ,   Stinner   RE   ,  1990 .  Temperature 
dependent development and survival rates of  Culex quinque-
fasciatus  and  Aedes aegypti  (Diptera, Culicidae) .  J Med Entomol  
 27:   892 – 898 .      


