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 Understanding the primary factors driving the transmission dynamics of West 

Nile virus (WNV) is essential to predicting and controlling disease risk to wildlife and to 

humans.  In Chapter 1, I found that seasonal drought conditions, associated with specific 

thresholds of temperature and precipitation, correspond to epizootic levels of 

transmission.  As a follow up, in Chapter 2, I examined the effects of drought-induced 

egg retention on the reproductive potential of female Culex pipiens.  I found that, 

consistent with an “all-or-none” ovipositing strategy, female Cx. pipiens are able to 

maintain a high degree of reproductive potential during prolonged drought events.  In 

Chapter 3, since identification limitations have long confounded the roles of native and 

exotic Culex species in WNV transmission, I used a cost-effective DNA-based assay to 

identify field-collected specimens.  Contrary to expectations, I found the native species, 

Cx. restuans, to be more abundant and more frequently infected than Cx. pipiens, an 

exotic species, in both natural and urban habitats.  Importantly, I found that Cx. restuans 

and Cx. pipiens appear to be acting synergistically resulting in high WNV transmission.  

Lastly, in Chapter 4, in order to rectify the lack of insecticide resistance (IR) studies in 
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local Culex, I examined the occurrence of IR alleles in New Jersey Cx. pipiens.  I found 

two widespread organophosphate resistant alleles, Ester
B1

 and Ester
2
,
 
and the classical 

knockdown resistance (kdr) mutation (L1014F) conferring resistance to pyrethroids.  

Importantly, I detected double mutants at the kdr and Ester loci, a condition that may 

accelerate IR. Taken together, my studies reveal that disease risk for WNV is exacerbated 

by high temperature/low humidity conditions.  I elucidated this paradoxical result by 

showing that female Cx. pipiens can retain their eggs until they find remnant water filled 

containers, which during drought become concentrated near humans. Further, I elucidated 

the important role of the native Cx. restuans in the transmission of WNV and the ways 

that native and exotic species may act synergistically to maximize transmission.  

Similarly, my baseline analysis of IR in Cx. pipiens indicates the presence of multiple 

resistance alleles in single individuals that may drive the spread of resistance.  
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INTRODUCTION 

West Nile virus (WNV), an Old World flavivirus, has expanded globally, both in 

prevalence and severity, over the past two decades (Peterson et al. 2006; Kilpatrick 

2011). For much of the time since the original isolation of WNV in the West Nile district 

of Uganda, outbreaks occurred infrequently and WNV was even once considered to be 

nearly asymptomatic (Hayes 2001; Petersen and Hayes 2008).  However, since the 

introduction of WNV in North America in 1999, it has become the most economically 

and medically important active arbovirus in the United States (Kilpatrick 2011).  The 

immense economic, public health, and wildlife importance of WNV in the US has 

stimulated much research on the spatial and temporal risks of transmission (Kramer et al. 

2008; Petersen and Hayes 2008). Despite extensive research on WNV over the last 15 

years, the factors driving the spatial and interannual variability in infection intensity are 

not fully resolved, particularly at the local level (Rochlin et al. 2011; Manore et al. 2014). 

In this dissertation, I present a series of field surveys and laboratory experiments to better 

understand the local transmission dynamics of WNV in the northeastern US and possible 

hindrances to its control.  

One especially perplexing pattern to emerge recently in the US and Europe is that 

high rates of WNV transmission are particularly associated with exceptionally hot and 

dry summers (Shaman et al. 2005; Wang et al. 2010; Johnson and Sukhdeo 2013; Paz et 

al. 2013). The high transmission of WNV during hot and dry summers is paradoxical 

since the water containers Culex mosquitoes, the main vectors of WNV in the US and 

Europe (Kramer et al. 2008), depend upon for larval development decrease in response to 

increases in seasonal temperatures (Shaman et al. 2005; Smartt et al. 2010).  The lack of 
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larval habitats forces female mosquitoes to retain their eggs beyond the normal length of 

their gonotrophic cycle, the period from blood feeding to oviposition (Vinogradova 

2000), and this prolonged egg retention has been shown to significantly reduce the 

reproductive potential of some Aedes and Anopheles species (McDonald and Lu 1972; 

Dieter et al. 2012).  Importantly, when Anopheles females were forced to retain eggs, 

those that obtained secondary blood meals had a lower loss of fitness than those that did 

not, indicating that drought may lead to increases in malaria transmission by enhancing 

vectorial capacity (Dieter et al. 2012; Charlwood et al. 2013).  If also applicable to Culex 

spp., drought-induced secondary feedings may account for the paradoxically high rates of 

WNV transmission observed during hot and dry summers.  

Additionally, during a drought, containers with water tend to become 

concentrated around human dwellings due to activities related to rainwater harvesting and 

storage in response to legislated water restrictions (Trewin et al. 2013).  As a result, large 

populations of Culex mosquitoes in search of potential larval habitats may become 

concentrated near human populations in urban and suburban environments that harbor an 

abundance of container larval habitats (Dowling et al. 2013; LaDeau et al. 2013). The 

avian communities in these areas are also largely composed of WNV-competent host 

species, such as the American robin (Turdus migratorius) and house sparrow (Passer 

domesticus) (Kilpatrick et al. 2006; Johnson et al. 2012).  Inevitably, the likelihood of 

WNV transmission will increase. All of these factors, taken together, suggest that 

conditions related to drought result in increased transmission efficiency and enzootic 

infection rates, which ultimately lead to an increase in disease risk. 
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In addition to the effects of climatic variability, a primary factor impeding the 

development of accurate risk models is the lack of specific ecological and 

epidemiological knowledge of primary vector species, particularly Culex restuans, a 

species endemic to the US (Carpenter and La Casse 1965). The lack of knowledge of the 

importance of Cx. restuans stems from the difficulty in correctly differentiating adult 

females of Cx. restuans from Cx. pipiens, an ecologically similar, but exotic species, 

using morphological characteristics (Fonseca et al. 2004; Ebel et al. 2005; Harrington and 

Poulson 2008). This difficulty commonly results in the two species being grouped 

together during field surveys and, importantly, for WNV testing (Ebel et al. 2005).  This 

practice has left the determination of the seasonal and spatial importance of each species 

in the transmission of WNV largely unresolved.  Although many public health and 

mosquito control professionals recognize these limitations, Cx. pipiens is still touted as 

the primary vector of WNV in the northeastern US since it is considered the predominant 

Culex in urban areas, thought to be commonly infected with the virus, and human cases 

of WNV rise during their peak abundance period during mid-late summer (Andreadis et 

al. 2004; Fonseca et al. 2004; Kilpatrick et al. 2005). However, surveys of larvae, which 

have distinct morphologies in the two species, have found high abundance, even 

predominance of Cx. restuans in highly urbanized settings (Ebel et al. 2005). The lack of 

accurate identification of the adults, therefore, may have led to the perpetuation of 

potentially inaccurate understandings of the ecological and epidemiological importance 

of each species in the transmission of WNV.  

Another primary factor influencing the transmission of WNV is the application of 

insecticides to control mosquito populations during disease outbreaks. Most federal and 
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state guidelines advocate the application of adulticides as the most effective method of 

reducing transmission risk to humans during WNV outbreaks (Gubler et al. 2000; CDC 

2003). The majority of adulticides recommended for use are organophosphate (OP) and 

pyrethroid based products that are generally applied as ultra-low volume (ULV) cold 

aerosol sprays applied from aircraft and truck-mounted equipment (Mount 1998; Rose 

2001).  It is well documented that the ineffective application of insecticides can lead to 

the development and spread of insecticide resistance, which has become a major obstacle 

to the control of mosquito-borne diseases (Raymond et al. 2001; Labbé et al. 2007). 

Despite the public health consequences of resistance, the distribution of resistance alleles 

in local Culex spp. has been poorly studied throughout much of the US, particularly in the 

Northeast. For instance, the last statewide evaluation of the presence of resistance to 

organophosphates (OP) in New Jersey was published in 1981 (Sutherland 1982), and 

bioassays assessing resistance to pyrethroids have been relatively limited (but see Sun et 

al. 2014).  

This dissertation outlines my attempt to address these issues to better understand 

the transmission dynamics of WNV in the US, particularly in the Northeast where WNV 

was first introduced.  In chapter 1, I investigate the importance of seasonal drought events 

on the prevalence of WNV at the local and regional levels. In chapter 2, I analyze the 

effects of drought-induced forced-egg retention on the reproductive success and blood-

feeding behavior of female Cx. pipiens. In chapter 3, I quantify the spatiotemporal 

importance of Cx. restuans and Cx. pipiens in WNV transmission across a distinct urban 

gradient. Lastly, in chapter 4, I survey the spatial distribution of Ester alleles conferring 



5 
 

 
 

resistance to OPs and knockdown resistance alleles conferring resistance to pyrethroids in 

New Jersey Cx. pipiens.  
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Chapter 1: Drought-Induced Amplification of Local and Regional West Nile Virus 

Infection Rates in New Jersey (USA) 

 

Abstract 

This study looked at the influence of interannual variations in temperature and 

precipitation on seasonal mosquito abundances, the prevalence of WNV in the 

northeastern United States, and the capacity for local mosquito communities to maintain 

and transmit West Nile virus (WNV), defined as vector community competence.  Vector 

and virus surveillance took place within Middlesex County in New Jersey (USA) over 

two transmission seasons (2010/2011).  Drought conditions during the 2010 season were 

associated with significant increases in the number of blood-fed Culex spp. mosquitoes 

collected per week when compared to the wetter and milder 2011 season.  These 

increases were associated with significantly higher weekly WNV infection rates in Culex 

spp. (i.e. Culex pipiens and Culex restuans) during the 2010 drought season.  At a larger 

scale, the positive influence of drought on the amplification of WNV was also confirmed 

at the state level where early seasonal (June-July) increases in temperature and decreases 

in precipitation were strongly correlated with increases in yearly WNV infection rates 

over a nine year period (2003-2011).  These data indicate that there are clear temperature 

and precipitation thresholds beyond which epizootic levels of WNV transmission occur.  

 

Key Words: Drought, West Nile virus, Vector Community Competence, Culex pipiens, 

Climate Change 
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Introduction 

West Nile virus (WNV), first introduced in North America in 1999, has become 

the most economically and medically important active arbovirus in the United States.  

Clinically, over the last decade ~1.8 million people were infected with WNV resulting in 

12,852 cases of encephalitis/meningitis and 1308 deaths (Kilpatrick 2011).  However, 

compared to the human consequences of infection, the virus’ impacts on local wildlife 

populations have been much more serious.  Overall, millions of birds have died from 

WNV infection, with some species experiencing regional population declines of > 50% 

(LaDeau et al. 2007).  The immense economic, public health, and wildlife importance of 

WNV has stimulated much research on the spatial and temporal risks of transmission.  

Several investigations have suggested that interannual and long-term climate variability 

may have a direct influence on the seasonality and intensity of WNV transmission 

(Epstein and Defilippo 2001; Dohm et al. 2002; Landesman et al. 2007; Ruiz et al. 2010).  

These studies have addressed the effects of a wide variety of climatic variables, including 

temperature, precipitation, relative humidity, total degree heating/cooling days, and 

others (Bolling et al. 2005; Landesman et al. 2007; Ruiz et al. 2010; Gong et al. 2011).  

While several climate variables have been shown to influence the epidemiology of WNV, 

temperature and precipitation have emerged as the strongest predictors of viral activity 

(Landesman et al. 2007; Pecoraro et al. 2007; Ruiz et al. 2010).  

Globally, temperatures have risen steadily over the past 50 years, and are 

expected to increase by approximately1.0-3.5
o
C by 2100 (Karl et al. 1995).  In the US, 

daily temperatures have already increased by more than 0.70
 o

C (Hansen et al. 2010), 

most of which occurred over the last thirty years (Githeko et al. 2000; Watson et al. 
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2004).  The current and projected increases in regional and global temperatures are 

fueling concern about the influence of global warming on the spread and amplification of 

vector-borne diseases (Githeko et al. 2000; Lafferty 2009).  Global increases in 

temperature are projected to affect the distribution and transmission of mosquito-borne 

diseases by positively impacting the biology and ecology of the pathogen and its vector 

species (Githeko et al. 2000).   In regards to WNV, increased temperatures have been 

shown to increase larval mosquito growth rates, decrease the length of the gonotrophic 

cycle, and increase viral infection and dissemination rates, as well as increasing the 

evolutionary rate of the virus (Meyer et al. 1990; Dohm et al. 2002; Reisen et al. 2006; 

Paz and Albersheim 2008).  Increases in temperature have also been positively correlated 

with mosquito abundances in Seattle (Pecoraro et al. 2007), and were the strongest 

temporal predictor of increased infection rates in Culex pipiens and Culex restuans in 

Illinois (Ruiz et al. 2010).  These factors, taken together, suggest that increases in 

seasonal and yearly temperatures lead to increased transmission efficiency and enzootic 

infection rates, which ultimately lead to an increase in disease risk. 

Unlike temperature, the impacts of climate change on regional and global 

precipitation patterns cannot be described by a simple linear relationship.  Modern 

precipitation patterns are shifting towards the extremes, with more frequent heavy rain 

falls and fewer lighter precipitation events (Karl et al. 1996; Knapp et al. 2008; Sheffield 

and Wood 2008).  These extremes between wet and dry may also be key predictors of 

increased or decreased WNV activity.  For example, Landesman et al. (2007) reported 

that human WNV outbreaks are preceded by above-average rainfall in the eastern US and 

below average rainfall in the western US during the prior year.   Despite the potential 
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duality of the influence of precipitation on WNV, below-average levels of precipitation 

seem to be a much stronger temporal predictor of increased WNV activity than above-

average levels of precipitation.  Seasonal drought periods have been associated with past 

WNV outbreaks in Europe, New York City, Russia, and Israel (Epstein and Defilippo 

2001).  More recently, it was also reported that seasonal dry conditions precede increases 

in clinical WNV cases in the southern US (Shaman et al. 2005), and in Illinois, lower 

precipitation values were the strongest spatial predictor of mosquito infection rates (Ruiz 

et al. 2010).   Additionally, increased precipitation can negatively affect Culex spp. (i.e. 

Culex pipiens and Culex restuans) abundances, the main enzootic and bridge vector 

species for WNV in much of the US (Bernard and Kramer 2001; Andreadis et al. 2004).  

One explanation for this negative effect is that large rainfalls have a flushing effect on 

larval container habitats (Geery and Holub 1989; Koenraadt and Harrington 2008).  This 

flushing effect could decrease the ability of local mosquito communities to maintain and 

transmit WNV by decreasing the community presence of competent enzootic and bridge 

vector species.  On the other hand, a lack of precipitation would allow water bodies to 

eutrophy, which could result in an increase in the community presence of Culex spp. 

because of their preference to oviposit in organically polluted and eutrophic water bodies 

(Lampman and Novak 1996; Jacob et al. 2009).     

In most of the above studies, the influence of temperature and precipitation were 

based on annual metrics, e.g. yearly human or enzootic WNV infection rates, or relied 

upon laboratory experiments (Dohm et al. 2002; Reisen et al. 2006; Landesman et al. 

2007; Ruiz et al. 2010).  Few studies have incorporated the local and regional impacts of 

temperature and precipitation on the population and community dynamics of local vector 
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species.  The purpose of this study was to examine the seasonal influences of temperature 

and precipitation on seasonal mosquito abundances, the ability of local mosquito 

communities to maintain and transmit WNV, which we define as vector community 

competence, and yearly WNV infection rates at both the local and regional levels.  The 

data from this study come from field surveys of local mosquito communities and the 

prevalence of WNV within Culex spp. populations over two complete transmission 

seasons (2010-2011) in central New Jersey (USA).   At a larger regional scale, analysis of 

the long-term influence of precipitation and temperature on yearly WNV infection rates 

utilized statewide infection and climate data from nine transmission seasons (2003-2011).  

Materials and Methods 

Study Sites 

We surveyed local mosquito populations and the prevalence of WNV at 12 sites 

located within Middlesex County in the state of New Jersey (USA) between 2010 and 

2011.  Six sites were urban natural areas, primarily urban wetlands, and six sites were 

located within urban residential/commercial areas.  All of the study sites fall within the 

Piedmont physiographic province, within the Arthur Kill (409.7 km
2
) or Lower Raritan 

(910.7 km
2
) Water Management Areas (WMAs). Urban lands cover 83% of Arthur Kill 

and 58% of the Lower Raritan WMA; wetland area covers <4.5% and <18%, respectively 

(NJDEP 2013).   

Mosquito Collection   

Two active trapping methods were used to monitor host-seeking adult female 

mosquitoes and the presence of blood-fed Culex spp. (i.e. Culex pipiens and Culex 

restuans).  Adult host-seeking mosquitoes were collected using CO2 baited CDC 
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miniature light traps (John W. Hock Company). Gravid mosquitoes were collected using 

CDC gravid traps (John W. Hock Company) baited with a hay infusion consisting of 1lb 

(0.5 kg) of hay to 30 gal (114 L) of tap water that was allowed to incubate for at least 5 

days.  Both trap types were set at least one hour before sunset and collected the following 

morning.  Mosquitoes were collected weekly June-September during both seasons.  Due 

the difficulty in correctly distinguishing between Cx. pipiens and Cx. restuans 

morphologically, and the lack of Cx. salinarius within our traps, collected Culex spp. 

were grouped for statistical analyses as the Cx. restuans/pipiens group.   

West Nile Virus Testing 

The dominant and most tested vector species for WNV in New Jersey are Cx. 

restuans and Cx. pipiens, which made them the focal species for WNV testing.  In 2010 

and 2011 Cx. restuans/pipiens mosquitoes were pooled and tested for WN-viral RNA by 

TaqMan RT-polymerase chain reaction (PCR) assays following established protocols 

(Lanciotti et al. 2000) in collaboration with the Cape May County Department of 

Mosquito Control (Cape May, NJ) labs.  In 2010 and 2011 only gravid trap collections 

were tested.  Testing gravid trap collections is considered to be a more reliable method of 

viral surveillance than testing light trap collections (Williams and Gingrich 2007).  

Infection rates (IR) for each season were calculated using maximum likelihood 

estimation (MLE) with 95% confidence intervals using the PooledInfRate version 3.0 

add-in (Biggerstaff 2006) for Microsoft Excel and minimum infection rate (MIR) 

methods when MLE could not be used.  State mosquito collections between 2003 and 

2009 were tested for WNV-viral RNA at the New Jersey Department of Health and 

Senior Services Public Health Epidemiology Laboratories (Trenton, NJ) and the Cape 
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May County Department of Mosquito Control (Cape May, NJ) using RT-PCR TaqMan 

techniques as outlined above.  

Vector Community Competence Values  

Changes in vector community competence values in relation to intra-annual 

variations in temperature and precipitation were used to determine how seasonal 

differences in climatic conditions affected the ability of local vector communities to 

transmit and maintain WNV.  These values were calculated based on the abundance of 

each vector species within each habitat using CDC light trap collections due to the 

similarity between habitats (F1,30=0.29, P=0.59), and exclusivity of gravid trap 

collections for Culex spp. mosquitoes.   Community competence values were calculated 

based on the community presence and the capacity of individual vector species to serve 

as enzootic or bridge vectors for WNV.  Competent vector species were chosen based on 

the ability of each species to serve as an enzootic or bridge vector for WNV based on the 

results of Turell et al. (2001, 2005).  Each individual species was then assigned a 

competence value ranging from 0-1 based on their ability to acquire and transmit WNV 

enzootically and act as a bridge vector (Table 1).  These values were than combined with 

the community dominance values for each vector species calculated using the Berger-

Parker index of dominance (Magurran 2004).  The result is a measure of the capacity of 

the vector community to transmit and maintain WNV locally.   Competent vector species 

included Culex spp. (i.e. Culex pipiens, Culex restuans), Aedes albopictus, Ochlerotatus 

japonicus, Aedes vexans, Ochlerotatus canadensis, Ochlerotatus triseriatus, and 

Coquillettidia perturbans.  

 



13 
 

 
 

Climate Data  

Daily climate data for the 2003-2011 collection seasons were obtained through 

the Office of the New Jersey State Climatologist (http://climate.rutgers.edu/njwxnet.php) 

and the Utah State Climate Center (http://climate.usurf.usu.edu/index.php), which 

provides access to National Weather Service Cooperative observation stations.  For local 

analyses, climate data were obtained from the New Brunswick, NJ weather station, which 

was the station nearest a majority of our trap sites.  For statewide analyses, daily climate 

data were averaged across 23 weather stations (see Appendix 1).  

Statistical Methods 

Paired t-tests were used to evaluate significant differences between 2010 and 

2011 weekly temperature, precipitation, and vector abundance averages.  Correlations 

between species site abundances were analyzed using Pearson product correlation 

coefficients.  Linear regression was performed using the R statistical package (R 2013) to 

evaluate the independent relationships between yearly and weekly temperature and 

precipitation differences and yearly WNV infection rates in Culex spp.  For the statewide 

analysis, variations in temperature (daily maximum and daily minimum) and 

precipitation (daily and weekly lagged totals) were analyzed against cumulative yearly 

statewide WNV infection rates in Culex spp.  Infection results were obtained through The 

Center for Vector Biology Surveillance system (Center for Vector Biology, Rutgers 

University). Over the nine seasons being analyzed (2003-2011) 25,677 pools of Culex 

spp. were submitted for testing resulting in 2,959 positive results (Table 2).   

Results 

Climatic Differences between Years  
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There were significant differences in overall seasonal daily maximum 

temperatures (t242=-2.72, P=0.007) and seasonal daily precipitation values (t242=2.03, 

P=0.043) between 2010 and 2011 (Fig 1).  Overall, the average daily maximum 

temperature during 2010 (30.16±4.26°C) was 1.5°C higher than it was in 2011 

(28.66±4.33°C).   Monthly, the temperature difference was greatest in June (t58=-2.26, 

P=0.027).   In 2010 the month of June had an average daily maximum temperature 

2.19°C higher (29.94±3.65) than the month of June in 2011 (27.75±3.81).  In regards to 

precipitation, 2011 averaged 3.5mm more daily precipitation (6.10±17.20mm) compared 

to 2010 (2.6±7.7mm).   Monthly, August experienced the greatest difference (t60=2.50, 

P=0.018) with 2011 experiencing on average 13.0mm more daily precipitation 

(14.1±28.8mm) compared to 2010 (1.1±2.9mm).   

Mosquito Collections  

Over the duration of our study a total of 11,007 adult mosquitoes consisting of 25 

species were collected from CDC light traps, and an additional 13,407 Culex spp. 

mosquitoes were collected using gravid traps (Table 3).  There was a significant (t14=-

3.52, P=0.002) increase in light trap collections between 2010 (188.2±51.5) and 2011 

(545.6±92.3).  Conversely, there was a significant decrease (t14=-2.55, P=0.02) in yearly 

gravid trap collections between 2010 (619.7±109.8) and 2011 (274.1±75.2).  As is typical 

for most mosquito communities, a few common species comprised the majority of the 

collection totals.  During both collection seasons Ae. vexans, the most abundant 

floodwater and pest species in the Northeast, dominated our collection totals.  Cx. 

restuans/pipiens, the Northeast’s most prominent container breeding species, were the 

second most abundant species overall for both collection seasons.  The combined 
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abundances of Ae. vexans and Cx. restuans/pipiens accounted for 84.7% of collection 

totals in 2010 and 64.6% in 2011.  Included in the top ten species based on abundances 

were Ochlerotatus japonicus, Ochlerotatus trivittatus, Ochlerotatus triseriatus, 

Ochlerotatus canadensis, Anopheles punctipennis, Anopheles quadrimaculatus, 

Uranotaenia sapphirina, and Coquillettidia perturbans.   

Overall, yearly mosquito abundances followed a similar pattern between seasons 

(Fig 2a).  During both seasons mosquito populations were suppressed for most of the 

summer with the biggest peak in weekly light-trap catches occurring in late September.   

In contrast to light trap collections for both years, gravid trap collections in 2010 and 

2011 both peaked early in the year (June-July) then gradually decreased throughout the 

remainder of the season (Fig 2b).  This indicates that early seasonal conditions provided 

ample oviposition habitat that carried Culex spp. populations throughout much of the 

season.    

Vector Community Competence Values 

 Inter-annual variations in temperature and precipitation were associated with 

significant differences in community competence values between years (Fig 3a).  Overall, 

despite producing less mosquitoes due to severe drought conditions, the 2010 season still 

produced significantly (t14=3.01, P=0.006) higher weekly vector community competence 

values (0.38±0.06) compared to 2011 (0.30±0.08).  In all, the 2010 season produced 

higher weekly community competence values for every week of collections.  

Additionally, the weekly site abundances of major container-breeding species were 

significantly correlated with each other during the hot and dry 2010 season, but not 

during the wet and mild 2011 season (Table 4).  In 2010 the weekly site abundances of 
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Culex spp. were positively correlated to the weekly site abundances of Oc. japonicus 

(r=0.60, P=0.03), but not Ae. albopictus (r=0.10, P=0.74), which was never captured in 

large numbers.   

Local Influence of Temperature and Precipitation on Yearly Infection Rates 

In addition to being associated with higher weekly gravid trap collections and 

vector community competence values, the 2010 produced significantly higher levels of 

WNV infection compared to the 2011 season (Table 2).  Overall, the 2010 season 

produced higher weekly infection rates for 10 out of 11 weeks of testing (Fig 3b).  This 

lead to an average weekly minimum infection rate (MIR) of 18.44/1000 during the 2010 

season, which is significantly greater (t10=3.24, P=0.004) than the average weekly 

infection rate produced during the milder 2011 season (4.09/1000).  Seasonally, the 

month of August produced higher overall infection rates during both the 2010 (35.52) and 

2011 (14.63) seasons compared to July (13.34; 1.31) and September (14.58; 4.29).  

Despite the substantial increase in infection rates during the 2010 season there were no 

significant correlations between infection rates and weekly temperature and precipitation 

averages, a trend which also carried over to the 2011 season. 

Regional Influence of Temperature and Precipitation on Yearly Infection Rates 

State-wide, early seasonal drought conditions (i.e. increased temperature and 

decreased precipitation) preceded high transmission seasons.  Each season experiencing 

epizootic transmission levels (MIR>4) over the last nine years (Table 2) in the state of 

New Jersey experienced drought conditions (daily high temperature averages >29.0
o
C 

and daily precipitation averages <4.0mm) early in the season (June-July).  Correlation 

analyses reveal that early seasonal increases in daily maximum temperatures between the 
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months of June and July were significantly positively correlated with yearly infection 

rates (r = 0.75, P=0.021), whereas early seasonal increases in daily precipitation totals 

over the same time period were significantly negatively correlated (r = -0.85, P= 0.004) 

with yearly WNV infection rates (Fig 4).  Additionally, linear regression analyses reveal 

that increases in daily precipitation totals averaged between the months of June and July 

were the strongest temporal predictor of yearly WNV activity, explaining 67% of the 

variation in yearly infection rates (R
2
=0.67, P=0.004).  Increases in daily maximum 

temperatures averaged between the months of June and July were also a strong temporal 

predictor of yearly WNV activity, explaining 50% of the variation in yearly infection 

rates (R
2
=0.50, P=0.021).  Combined, the interaction between early seasonal daily 

maximum temperatures and daily precipitation totals explained 69% (R
2
=0.69, P=0.003) 

of the yearly variation in WNV infection rates in Culex spp.  These data show that early 

seasonal temperature and precipitation averages can be strong predictors of yearly WNV 

activity.  

Discussion 

The results of this study support the importance of intra-annual variations in 

temperature and precipitation on local vector population dynamics and the seasonal 

prevalence of WNV, as well as the importance of interannual variations in temperature 

and precipitation on regional yearly infection rates.  Our primary finding is that seasonal 

conditions associated with drought (i.e. increased temperatures and decreased 

precipitation totals) correspond to epizootic transmission levels at both the local and 

regional levels.  These data confirm the association between drought and the 

amplification of WNV as reported by others (Epstein and Defilippo 2001; Shaman et al. 
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2005).  These findings may also extend to other encephalitic mosquito-borne diseases 

known to respond positively to drought, including Saint Louis encephalitis virus which 

has a transmission cycle that is similar to WNV (Shaman et al. 2002).   

The principal mechanisms behind the increase in infection rates at the local level 

during the 2010 season was an increase in the number of successfully blood-fed Culex 

spp. collected per week, and an increase in the community presence of virally competent 

vector species in response to drought.  Increases in the number of successfully blood-fed 

Culex spp. in response to increased temperatures may be due to shortened developmental 

times and increased rates of oviposition activity, ultimately leading to increased biting 

rates (Strickman 1988; Ruiz et al. 2010).  The importance of the relationship between 

increased oviposition activity and increased WNV activity in response to temperature has 

also been confirmed by Reisen et al. (2006).  Resien and his colleagues reported that 

enzootic WNV activity in Culex tarsalis, the primary vector of WNV in the western US, 

began after the length of both the gonotrophic cycle and the EIP decreased in response to 

increased temperature.  Conversely, the increase in weekly presence of virally competent 

vector species may be attributed to a lack of precipitation.  A lack of precipitation may 

have increased the community presence of WNV-competent vector species by creating a 

strong spatial synchronicity between competent vector species (i.e. Culex spp. and Oc. 

japonicus) through larval habitat stabilization.  Culex spp. and Oc. japonicus are both 

prominent urban container-breeders (Fonseca et al. 2001; Benedict et al. 2007), and 

unlike floodwater species, they are subject to flushing effects in larval habitats in 

response to large precipitation events (Geery and Holub 1989; Koenraadt and Harrington 

2008).  Furthermore, a lack of precipitation would allow water bodies to eutrophy, which 
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could result in an increase in the community presence of Culex spp. because of their 

preference to oviposit in organically polluted and eutrophic water bodies (Lampman and 

Novak 1996; Jacob et al. 2009).  Therefore, drought conditions may not only decrease the 

community presence of less competent floodwater species (Turell et al. 2001; Turell et al. 

2005), but also may increase the presence of virally competent vector species within an 

area. 

At the state level, early seasonal (June-July) increases in temperature and 

decreases in precipitation related to drought support epizootic transmission levels within 

Culex spp. (Cx. restuans/pipiens) populations through a dichotomous process.  This 

process revolves around the positive impacts of increased temperature and decreased 

precipitation events during the primary amplification and transmission phases of WNV in 

the Northeast.  Much like the annual transmission cycle of Saint Louis encephalitis virus 

(Shaman et al. 2002), the seasonal transmission cycle of WNV in the Northeast can be 

divided into four primary phases; March-April, reemergence; May-June, early 

transmission; July-August, primary transmission; September-October, late transmission.  

Thus, June and July represent critical transmission periods for WNV.  Subsequently, 

processes which favor the transmission of disease over this time period could elevate 

transmission from endemic to epidemic levels.  The dichotomous relationship between 

temperature and precipitation may seem counterintuitive since increases in monthly 

precipitation lead to increases in the abundance, and type, of aquatic larval habitats, 

which result in an increase in mosquito abundance (Shaman et al. 2002; DeGaetano 2005; 

Shaman et al. 2006).  However, as we have shown above drought conditions significantly 

increase the community presence of competent vector species while decreasing the 



20 
 

 
 

community presence of less competent floodwater species, such as Ochlerotatus 

canadensis and Ochlerotatus cantator, which have virtually no role in the enzootic 

amplification of WNV (Turell et al. 2005).  This occurs because the majority of 

floodwater species prefer to feed on mammalian hosts, whereas Cx. pipiens and Cx. 

restuans are primarily ornithophilic (Apperson et al. 2004; Molaei et al. 2008).  Thus, 

when increased temperatures and decreased precipitation totals co-occur, as experienced 

during the 2010 season, it results in epizootic levels of transmission, as seen in both our 

local and regional analyses.  This is a similar to a recent study which found that drier 

early summer conditions during the months of June and July were associated with 

increases in WNV among Culex vectors in Long Island, NY (Shaman et al. 2011). 

There is a very clear temperature and precipitation threshold (daily high 

temperature averages >29.0
o
C and daily precipitation averages <4.0mm) over which 

epizootic levels (MIR>4.0) of transmission occur in New Jersey.  Above this threshold 

there is evidence of increased physical contact between vector and host species involved 

in WNV transmission (i.e. fewer available water sources, increased feeding rates, and 

increased vector density).  Thus, the increased physical contact between vector and host 

as they aggregate around scarce resources, similar to what occurred during the 2010 

season, would facilitate epizootic WNV amplification.  A similar dynamic was 

responsible for the increase in WNV activity in the southern United States during early 

drought conditions which resulted in the aggregation of Culex nigripalpus and wild birds, 

and lead to epizootic WNV amplification and high levels of WNV transmission (Shaman 

et al. 2005).  
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In conclusion, several authors have warned that global climate warming will 

increase the distribution and emergence of a wide variety of infectious diseases (Sutherst 

1993; Harvell et al. 2002; Patz et al. 2004).  These assumptions have been supported by a 

number of studies demonstrating the positive impacts of global climate change on a wide 

range of infectious diseases (Martens et al. 1999; Githeko et al. 2000; Reiter 2001).  In 

our study we have shown that drought conditions (i.e. increased temperatures and 

decreased precipitation), the frequency and severity of which are predicted to increase 

due to global climate change (Sheffield and Wood 2008; Allen et al. 2010), are associated 

with increases in the prevalence of WNV.   Furthermore, although socioeconomic 

conditions and anthropogenic activities may also be important in the distribution and 

emergence of WNV and other infectious diseases (Ruiz et al. 2007; Bradley et al. 2008; 

Lafferty 2009), our study confirms that seasonal variations in climatic conditions have a 

strong impact on the prevalence of vector-borne diseases.   
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Table 1. Summary of individual vector competence values and community dominance 

values (Magurran 2004) for each mosquito vector species used to generate the vector 

community competence indices for the 2010 and 2011 collection seasons.  Overall 

competence values are derived from the average of each species enzootic and bridge 

vector competence values.   

Species 

Enzootic Vector 

Competence 

Value
a 

Bridge Vector 

Competence 

Value
a 

Overall 

Competence 

Value 

2010 

Berger-Parker 

Index of 

Dominance
b,c 

2011 

Berger-Parker 

Index of 

Dominance
b,c 

Aedes 

albopictus 

 

0.20 1.00 0.60 0.026 0.055 

Aedes vexans 

 
0.00 0.50 0.25 0.408 0.362 

Culex spp. 

 
1.00 0.50 0.75 0.299 0.226 

Coquillettidia 

perturbans 

 

0.20 0.25 0.23 0.006 0.005 

Ochlerotatus 

canadensis 

 

0.00 0.50 0.25 0.002 0.008 

Ochlerotatus 

japonicus 

 

0.20 1.00 0.60 0.045 0.011 

Ochlerotatus 

triseriatus 
0.00 0.50 0.25 0.003 0.011 

a 
The potential of each species to transmit WNV enzootically (i.e. maintenance vector) and as a bridge 

vector (i.e. epizootic vector) are based on the results of Turell et al. 2005 and Turell et al. 2001. 
b 
Berger-Parker Index of Dominance values are calculated as d = Ni/N where Ni = number of individuals of 

the i
th

 species, N = total number of individuals over all. 
c
 Berger-Parker Index of Dominance values are represented as weekly averages  
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Table 2.  Summary of cumulative yearly local and statewide West Nile virus testing 

results. Those labeled with * had a minimum infection rate >4.0 which indicates that 

WNV is being transmitted at an epizootic level within avian host and vector 

communities. 

Level Year 

Number of 

Pools 

Number of 

Mosquitoes 

Number of 

Positive 

Pools 

Minimum 

Infection 

Rate (MIR) 

Local 

2010 100 4119 54 13.11* 

2011 125 3666 15 4.09* 

State 

2003 3099 83392 272 3.26 

2004 2007 63667 208 3.27 

2005 2155 74650 214 2.87 

2006 1994 74334 184 2.48 

2007 2447 82282 255 3.10 

2008 3395 117142 476 4.06* 

2009 3915 150780 294 1.95 

2010 3113 104116 641 6.16* 

2011 3552 118224 415 3.51 

 

 

 

 

 

 



24 
 

 
 

Table 3.  Weekly and seasonal totals for the twelve most common species collected during the 2010 and 2011 collection seasons. 

Abundances are represented as the total number of female mosquitoes of each species collected per week using CDC miniature light 

traps baited with CO2, except gravid Culex spp. which were collected using CDC gravid traps baited with a hay-infusion. 

 2010 Weekly Collection Summary  

Species/Week 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 Total 

Aedes albopictus 1 2 1 4 5 3 3 22 0 0 10 10 2 1 11 75 

Aedes vexans 24 38 55 13 39 56 37 97 34 20 69 186 184 358 800 2010 

Anopheles punctipennis 8 9 4 9 13 16 3 21 14 6 18 2 7 13 4 147 

Anopheles quadrimaculatus 3 4 5 1 4 0 1 4 2 1 2 0 0 0 0 27 

Coquillettidia perturbans 2 1 1 0 4 0 0 2 0 0 0 0 0 0 0 10 

Culex spp. 52 56 31 17 38 20 14 18 18 31 21 7 23 10 25 381 

Gravid Culex spp. 731 1292 1419 1341 928 471 498 448 514 184 341 297 356 191 284 9295 

Ochlerotatus canadensis 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

Ochlerotatus japonicus 7 7 0 1 3 4 4 6 12 1 14 10 2 2 1 74 

Ochlerotatus triseriatus 0 0 2 0 0 1 0 0 1 0 2 1 0 0 0 7 

Ochlerotatus trivittatus 0 11 6 0 16 10 1 1 0 0 0 0 0 0 0 45 

Uranotaenia sapphirina 0 1 0 0 1 0 0 3 0 0 1 0 4 0 1 11 

Light-Trap Totals
a 

103 132 109 47 128 113 65 175 83 64 139 216 222 384 843 2823 
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 2011 Weekly Collection Summary  

Species/Week 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 Total 

Aedes albopictus 2 0 0 11 7 0 7 22 32 25 18 22 42 15 25 228 

Aedes vexans 9 140 276 133 321 61 70 77 78 49 62 1184 726 747 247 4180 

Anopheles punctipennis 6 35 29 9 64 134 105 111 86 38 74 58 47 48 8 852 

Anopheles quadrimaculatus 0 2 6 2 2 2 0 3 2 0 11 6 2 2 4 44 

Coquillettidia perturbans 1 6 12 1 3 12 14 5 10 3 9 0 1 0 77 154 

Culex spp. 78 156 133 45 75 32 48 61 34 31 50 121 119 101 24 1108 

Gravid Culex spp. 316 814 1011 492 338 155 205 155 232 117 80 53 62 49 33 4112 

Ochlerotatus canadensis 2 34 7 1 1 0 0 0 0 0 0 0 0 0 0 45 

Ochlerotatus japonicus 0 4 16 6 7 1 4 4 1 0 6 5 1 8 2 65 

Ochlerotatus triseriatus 0 11 3 3 13 7 7 2 0 0 1 4 2 3 3 59 

Ochlerotatus trivittatus 8 4 5 12 3 10 3 0 0 1 0 53 10 9 11 129 

Uranotaenia sapphirina 0 1 5 5 4 41 42 257 327 142 368 39 10 7 2 1250 

Light-Trap Totals
a 

109 393 492 233 500 300 300 542 570 303 599 1500 971 969 403 8184 

a
 Light-trap totals include all species collected 
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Table 4.  Species-site correlations between Culex spp. and other prominent container 

inhabiting species (i.e. Aedes albopictus and Ochlerotatus japonicus) and Aedes vexans, 

the most abundant floodwater species in the Northeast. There were positive significant 

site correlations between container inhabiting species (i.e. Culex spp. and Oc. japonicus) 

during the 2010 collection season but not during the 2011 season.  These data 

demonstrate that both site specific qualities and seasonal climate differences influence the 

site abundances of individual vector species. 

Species-Site Pearson's Product Moment Correlations 

Year Species 
r 

value 

p-

value 
Year Species 

r 

value 

p-

value 

2010 

Culex spp. – 

Ochlerotatus 

japonicus 

0.6 0.03* 2011 

Culex spp. – 

Ochlerotatus 

japonicus 

0.19 0.52 

 

Culex spp. – 

Aedes albopictus 
0.10 0.74 

 

Culex spp. – 

Aedes albopictus 
0.10 0.73 

 

Culex spp. – 

Aedes vexans 
-0.06 0.805 

 

Culex spp. – 

Aedes vexans 
0.19 0.52 
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Figure 1.   Seasonal maximum temperature (A) and precipitation averages (B) for the 

2010 and 2011 collection seasons (avg±SE).  The x-axis represents United States Center 

for Disease Control (CDC) disease weeks.   
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Figure 2.   Seasonal light-trap (A) and gravid-trap abundances (B) for the 2010 and 2011 

collection seasons (avg±SE).   Light-trap collections represent the number of female host-

seeking mosquitoes collected per week, whereas gravid-trap collections represent the 

number of successfully blood-fed female Culex spp. mosquitoes collected per week.  The 

x-axis represents United States Center for Disease Control (CDC) disease weeks.  
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Figure 3.   Seasonal vector community competence values (A) and West Nile virus 

infection rates (B) for the 2010 and 2011 seasons.   Vector community competence 

values (avg±SE) are based on the community presence and ability of individual vector 

species to act as enzootic or bridge vector species for WNV.   WNV infection rates are 

represented as weekly minimum infection rates (MIR) in Culex spp. (Cx. restuans and 

Cx. pipiens) populations.   
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Figure 4.  The relationships between yearly West Nile virus infection rates and early 

seasonal (June-July) daily maximum temperature (A) and daily precipitation (B) 

averages.  Temperature and precipitation are represented as weekly averages.  WNV 

infection rates are represented as cumulative yearly infection rates within Culex spp. (Cx. 

pipiens, Cx. restuans) pools submitted to the state of New Jersey from 2003-2011.   
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Chapter 2: The effects of forced-egg retention on the blood-feeding behavior and 

reproductive potential of Culex pipiens (Diptera: Culicidae). 

 

Abstract 

High rates of West Nile virus (WNV) transmission to humans are associated with 

exceptionally hot and dry summers.  This is paradoxical since the eggs of Culex vectors 

of WNV depend on the persistence of containers with water, which decline during 

droughts. We examined the effects of forced-egg retention on the reproductive success of 

female Culex pipiens as well as behavioral responses, such as likelihood of secondary 

blood meals.  As controls we examined the effects of female age and delayed mating. We 

found that early mating is essential to achieve reproductive success and, consistent with 

an “all-or-none” ovipositing strategy, Cx. pipiens females are able to retain considerable 

reproductive potential while searching for oviposition sites.  Specifically, although 

forced-egg retention resulted in significant decreases in fitness, the decline was moderate 

for 5 weeks and most can be accounted for by increases in female age.  Consequently, no 

females took blood more than once per gonotrophic cycle, which eliminates the 

possibility that heightened vectorial capacity due to multiple blood-feedings increases 

WNV transmission during periods of drought.  Instead, our findings suggest that during 

droughts populations of Cx. pipiens have time to locate the remaining water holes, which 

are associated with human populations and WNV-competent bird species. 

 

 Keywords: West Nile virus, Fertility, Fecundity, Blood-feeding, Vector-borne 
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Introduction 

West Nile virus (WNV), first introduced in North America in 1999, has become 

the most economically and medically important arbovirus active in North America 

(Kramer et al. 2008; Kilpatrick 2011).  Current research indicates that interannual and 

long-term climate variability directly influences the intensity of WNV transmission 

(Epstein and Defilippo 2001; Dohm et al. 2002; Landesman et al. 2007) and several 

studies have revealed that high rates of WNV transmission to humans are particularly 

associated with exceptionally hot and dry summers (Patz et al. 2004; Shaman et al. 2005; 

Wang et al. 2010; Johnson and Sukhdeo 2013).  This is paradoxical since Culex 

mosquitoes, the main vectors of WNV in the US (Kramer et al. 2008) depend on water 

containers for larval development (Vinogradova 2000), and increases in seasonal 

temperatures are often associated with decreases in precipitation (Wilhite and Glantz 

1985) resulting in decreases in the number of potential larval habitats (Shaman et al. 

2005; Smartt et al. 2010).  The lack of larval habitats forces female mosquitoes to retain 

their eggs, which has been shown to significantly reduce the reproductive potential of 

some Aedes and Anopheles species (McDonald and Lu 1972; Dieter et al. 2012). 

Importantly, when Anopheles females were forced to retain eggs, those that obtained 

secondary blood meals had a lower loss of fitness than those that did not, indicating that 

drought may lead to increases in malaria transmission (Dieter et al. 2012; Charlwood et 

al. 2013).  If also applicable to Culex spp., drought-induced secondary feedings would 

substantially increase the vectorial capacity of Culex vectors by increasing contact with 

potential host species, which would account for the paradoxically high transmission of 

WNV during hot and dry conditions. 
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Anautogenous female Culex spp. require a blood meal for the development of 

their eggs and, if no environmental perturbations occur, will oviposit at the completion of 

blood meal digestion (Clements 1992).  Culex mosquitoes utilize an “all-or-none” 

ovipositing strategy and lay their eggs in a single large batch formed into a floating raft in 

water holding containers preferably with large amounts of organic matter (Vinogradova 

2000).  In contrast, Aedes mosquitoes such as Aedes triseriatus (Khatchikian et al. 2010), 

Aedes aegypti (Reiter 2007) and Aedes albopictus (Fonseca et al. 2014) utilize a “bet-

hedging” ovipositing strategy, where eggs are distributed across many containers 

presumably to minimize mortality due to random drying of water containers as well as 

competition at the larval stage (Khatchikian et al. 2009; Khatchikian et al. 2010).  

Nuisance and vector Aedes lay eggs that are desiccation resistant and hatch only after 

they are submersed following a rain episode or similar event (Clements and Clements 

1963). This strategy obviously maximizes the likelihood eggs will hatch in enough water 

for larval development without too much parental investment in finding the current “best” 

sites.  An alternative but similar strategy is employed by Anopheles females, which do 

not lay desiccation resistant eggs. Recent studies have revealed that Anopheles gambiae 

lay eggs not in standing water but in the mud and that the amphibious larvae are able to 

crawl towards standing water and away from drying puddles (Miller et al. 2007). 

Therefore, female Aedes and Anopheles may not be commonly faced with the need to 

retain eggs. It follows that studies that have examined the reproductive potential of Aedes 

and Anopheles spp. forced to retain eggs have shown rapid and dramatic declines in 

overall fitness even after just a few days of delay (McDonald and Lu 1972; Dieter et al. 

2012). In contrast, recent work involving Culex quinquefasciatus (Yang 2008) found they 
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can retain a high degree of reproductive success during prolonged periods of oviposition 

site deprivation (>50% for up to four weeks).   

 The aim of this study was to analyze the effects of drought-induced forced-egg 

retention on the reproductive success and blood-feeding behavior of gravid female Culex 

pipiens, a primary vector of WNV in North America (Hamer et al. 2008).  We measured 

the effects of forced-egg retention and the prevalence of secondary blood meals in gravid 

Cx. pipiens forced to retain their eggs for up to seven weeks. To eliminate possible 

confounding effects of female age (Jalil 1974; Andreadis and Hall 1980; McCann et al. 

2009) and potential negative effects of sperm age (Jones and Elgar 2004; Garcia-

Gonzalez and Simmons 2005) on the reproductive success of female mosquitoes, in 

parallel separate experiments we controlled for female age and mating age. 

Materials and Methods   

Forced-egg retention experiment 

 To analyze the effects of forced-egg retention on the fecundity and fertility of 

female Cx. pipiens after allowing them to mate and blood feed, we withheld from them 

containers with water appropriate for oviposition for up to 7 weeks.  Each experiment 

consisted of one treatment group (forced-egg retention, Table 1) and two control groups: 

one where female age was kept constant (female age control, Table 1) and a second 

where mating was delayed to match female age increases (mating age control, Table 1).  

Mosquitoes exhibiting a genetic signature that indicates a mix of Culex pipiens biotypes 

pipiens and molestus were obtained from a colony established from eggs collected in 

Middlesex County, New Jersey in 1989. Hybrids of biotype pipiens and molestus are 

prevalent throughout the U.S. and allow for the long-term maintenance of the laboratory 
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colony due to the mating and physiological restrictions (i.e. need for large mating sites, 

seasonal diapause) inherent in biotype pipiens (Fonseca et al. 2004). Once larvae hatched 

they were reared in white enamel trays and provided a diet of crushed and sifted rat chow 

(Purina
®
, Missouri, USA).  Adult mosquitoes were kept in 2.99 m

3
 cages (BioQuip 

Products Co. Gardena, CA) and supplied with 10% sucrose solution ad libitum and 

maintained at 27
o
C under a 14:10 (light: dark) cycle.   Newly emerged females for use in 

the forced-egg retention and female age control treatments were reared together with 

males for one week to allow mating.  Virgin females for use in the mating age control 

treatment were obtained by allowing individual pupae to emerge in cardboard (473.18 

ml) cups to eliminate any potential mating events.  For each treatment, we established a 

group of cages by randomly aspirating and transferring 30 adult female mosquitoes into 

separate cages.  The number of cages in each treatment group depended on the duration 

(number of weeks) of the experiment (Table 1).   

 Females in the forced-egg retention treatment blood-fed on live quail (Colinus 

virginianus) for a period of 1hr (Animal Use Protocol 86-129) at 7 d of age and were 

forced to retain eggs for a period of 1 to7 weeks at weekly intervals (Table 1).  The 

female age control group consisted of mated females that were provided their first blood 

meal (live quail) at 1, 2, 3, 4, 5, 6, or 7 weeks of age and allowed to oviposit 7 d after 

blood-feeding (Table 1).  The mating age control group consisted of virgin females that 

were provided access to 7 d old virgin males 48 hr prior to being blood-fed (live quail) at 

2, 3, 4, 5, or 6 weeks of age and one baseline group that consisted of females that were 

mated upon emergence from the pupal case and blood-fed at 1 week of age (Table 1).  

Females in the mating age control treatment were allowed to oviposit 7 d after blood 
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feeding.  At the end of each treatment period, females were aspirated into individual 

containers with 100 ml plastic cups affixed to the bottom and filled with 50 ml of tap 

water.  The number of egg rafts was counted and the number of eggs laid was determined 

by counting the number of eggs in each egg raft using a stereomicroscope.  After the 

number of eggs was recorded, 5 ml of larval food (5 g rat chow diluted in 100 ml of tap 

water) was added to each oviposition cup.  Larvae were reared for a period of 48 hr 

before being preserved in 70% ethanol and were later counted using a stereomicroscope.  

 Secondary blood meal experiment 

The goal of the secondary blood meal experiment was to determine the prevalence 

of secondary blood meals acquired by gravid females forced to retain their eggs for a 

period of 1 to 7 weeks (Table 1).  Gravid females included in the secondary blood meal 

experiment were obtained using the same procedure as used for the forced-egg retention 

treatment (blood-fed 7 d of age).  Gravid females were forced to retain their eggs for a 

period of 1 to 7 weeks at weekly intervals and were provided access to a secondary blood 

source at the end of each time period (week). They were provided access to three types of 

blood: live quail, defibrinated sheep blood (Hemostat, CA, USA), and a 10% 

sucrose/defibrinated sheep blood mix.  The defibrinated sheep blood and 10% 

sucrose/blood mix were administered using membrane style mosquito feeder flasks 

(Shamrock Glass, Delaware, USA) with Parafilm™ (Pechiney Plastic Packaging 

Company, Illinois, USA) serving as the membrane material.  Each flask was filled with 

20 ml of blood or blood mix and heated to 37°C by circulating warm water through the 

outer flask.   The timings for the secondary feedings were; live quail for 1 hr, defibrinated 

sheep blood for 4 hr, 10% sucrose/blood for 4 hr.  A maximum feeding time period of 4 
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hr was chosen for the defibrinated sheep blood and 10% sucrose/blood treatments due to 

the degradation (i.e. darkening in color, congealment) of the blood beyond 4 hr.   

Measures of reproductive success 

Measures of fecundity and fertility were calculated for all female mosquitoes in 

each treatment group.  Fecundity was calculated as the number of eggs per raft and 

fertility as the number of larvae that hatched per raft.  In addition to individual measures 

of fecundity and fertility, we determined the relative fecundity and relative fertility 

during each time period.  Relative fecundity and fertility are the fecundity and fertility 

recorded at each time point (week) divided by the fecundity and fertility recorded in the 

baselines (week 1) of each treatment, respectively.  Relative reproductive potential (= 

fitness) was calculated as the product of fecundity and fertility divided by the average 

number of offspring (larvae) produced per egg raft in the baselines of each treatment.  In 

addition to measures of fecundity and fertility, we recorded the blood-feeding success, 

represented as the number of gravid females successfully acquiring a blood meal, for the 

female age and mating age control treatments.  Blood-feeding success was not recorded 

for the forced egg-retention and secondary blood meal treatments as these treatments 

began with blood-fed females.  

Statistical analysis 

 The fecundity data satisfied the assumptions of normality and homogeneity of 

variance and were subject to a one-way analysis of variance.  Differences between time 

points were determined by TukeyHSD post-hoc pairwise comparisons.  Differences 

between treatments were analyzed by two-way analysis of variance with TukeyHSD 

post-hoc pairwise comparisons.  Because the fertility and relative fitness data violated the 
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assumption of normality we performed non-parametric Kruskal–Wallis one-way analysis 

of variance by ranks (Kruskal and Wallis 1952).  Differences between time points were 

determined by pairwise comparisons using the Wilcoxon rank sum test with Bonferroni 

p-value adjustment.  Differences between treatments were analyzed by two-way analysis 

of variance using the rank-transformation method (Akritas 1990) to account for 

deviations from normality.  All statistical analyses were performed using R (R Core 

Development Team, 2012). 

Results  

Fecundity 

 Increases in the length of forced-egg retention (F6=20.17, P<0.001), female age 

(mated) (F6=4.95, P<0.001), and increased age at time of mating (mating age control) 

(F5=11.61, P=0.001) were associated with significant decreases in fecundity (Table 2).  

Overall, all three treatments produced similar patterns of relative fecundity (Fig. 1A) 

throughout the entirety of the study.  A two-factor analysis comparing the egg-retention, 

female age, and mating age treatments showed no significant main effects (F2,6=3.53, 

P=0.061), a significant effect of time (week) (F2,6=31.78, P<0.001), and a significant 

interaction between treatment (i.e. egg-retention, female age, mating age) and time 

(F2,6=3.34, P<0.001).  No differences in relative fecundity were recorded between the 

forced-egg retention and female age throughout the entirety of the study, while the 

mating age control group recorded significantly different results from the forced-egg 

retention and female age control groups only at week two (14 d).   
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Fertility 

 Increases in the length of forced-egg retention (H=128.89, DF=6, P<0.001), 

female age (mated) (H=13.01, df =6, P=0.043), and increased age at time of mating 

(mating age control) (H=46.20, df =5, P<0.001) were associated with significant 

decreases in fertility (Table 2).  A two-factor analysis comparing the forced-egg retention 

and mated female age treatments showed a significant main effect of female age 

(F1=43.42, P<0.001), time (F6=42.81, P<0.001), and a significant interaction between 

treatment and time (F1, 6=3.06, P<0.006).  The mating age control data was omitted from 

the two-way analysis due to the drastic reduction in fertility beyond the baseline group 

(week 1) (Fig. 1B).  Overall, there was no significant difference in relative fertility (Fig. 

1B) between the forced-egg retention and female age control groups up to four weeks (28 

d), after which the female age treatment recorded significantly higher measures of  

fertility at weeks 5 (35 d) and 6 (42 d).  The overall power of the analysis was hampered 

in week 7 by the small number of ovipositing females in the female age treatment (Table 

2).   

Relative fitness 

 Both forced-egg retention and female age (mated) were associated with 

significant decreases in relative fitness (H=137.88, DF=6, P<0.001; H=30.22, DF=6, 

P<0.001, respectively) (Table 2).  Forced egg-retention led to an average decrease of 

16% (0.16±0.04) (R
2
=0.96, P<0.001) for every 7 d of forced-egg retention relative to the 

baseline (week 1), while increases in female age led to an average decrease of 14% 

(0.14±0.10) (R
2
=0.83, P=0.003) (Table 2). The two-factor analysis comparing the forced-

egg retention and female age control data showed a significant effect of treatment 
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(F1=40.29, P<0.001) and time (F6=71.89, P<0.001), but not a significant interaction 

between treatment and time (F1,6=1.34, P=0.24).  The mating age control data was 

omitted from the two-way analysis due to the drastic reduction in fitness observed 

beyond the baseline (Fig. 1C).  Overall, the female age control group experienced similar 

decreases in relative fitness (Fig. 1C) compared to the forced-egg retention treatment 

through the first four weeks (7-28 d) of the study, after which the female age treatment 

recorded significantly higher measures of relative fitness during weeks 5 and 6.  

Blood-feeding success and sample size 

 Measures of blood feeding success (Table 3) were similar between the female age 

and mating age control treatments.  Overall, blood-feeding success was variable and 

decreased beyond the baselines (week 1) in each treatment.  The average blood-feeding 

success was lowest in the mating age control treatment, 51±7%, compared to the female 

age control treatment, 70±6%.   Despite this, the difference in blood-feeding rates 

between the two treatments was not significant (t10=1.32, P=0.21).  Additionally, there 

was no significant correlation between blood-feeding success and increases in female age 

(r=-0.61, P= 0.15) or length of delayed access to males (r=-0.48, P=0.33).  The sample 

size at the end of each time period (week) for each treatment (Table 2) was relatively 

constant in the forced-egg retention treatment and decreases in later time periods were 

due to female mortality. In contrast, the sample sizes at each time period for both 

treatments were variable due to the poor blood-feeding success observed beyond the 

baselines (week 1) of each treatment.  
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Secondary blood meals 

 We did not observe female Cx. pipiens taking additional blood meals during any 

gonotrophic cycle. 

Discussion 

 In response to global climate change, modern precipitation patterns are shifting 

(Karl et al. 1996; Knapp et al. 2008; Field et al. 2012), resulting in projected increases in 

the frequency and severity of regional and global drought events (Sheffield and Wood 

2008; Allen et al. 2010; Field et al. 2012).  These increases may have significant public 

health implications concerning WNV since human cases peak in drought years (Shaman 

et al. 2005; Johnson and Sukhdeo 2013; Paz et al. 2013). In contrast to other major 

disease vectors, such as An. gambiae (Beier 1996) and Ae. aegypti (Scott et al. 1993), 

gravid Cx. pipiens did not acquire additional blood meals, rejecting the hypothesis that 

increased WNV infection rates during periods of drought in North America are due to 

increased vectorial capacity resulting from drought-induced secondary blood-feedings.   

 Instead, and in contrast to what has been observed for Anopheles and Aedes spp. 

(McDonald and Lu 1972; Dieter et al. 2012) that if prevented from laying eggs females 

loose fitness precipitously, we found that Cx. pipiens retain a large proportion of their 

reproductive potential during prolonged periods (≤ 5 weeks) of forced-egg retention.  In 

addition, although there seems to be an additive negative effect of forced-egg retention on 

fertility and fitness, particularly beyond 5 weeks of egg retention, the decrease in fitness 

we observed was predominantly the result of increased female age.  In older females, the 

decline in fitness was apparent even though they had just obtained a blood meal. 

Therefore, we conclude that additional blood meals would not have reversed the effects 
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of age on reproductive success, which explains why none of the females attempted to 

obtain a secondary blood meal.  Although the majority of studies have addressed the 

effects of female age on fitness by analyzing egg production after each completed 

gonotrophic cycle (Jalil 1974; Andreadis and Hall 1980), our results agree with one other 

study where increased female age at the onset of the first gonotrophic cycle was also 

found to decrease reproductive success (McCann et al. 2009).  Unfortunately, it is 

currently still unclear what drives the decrease in fitness associated with female age, 

although it may be follicular degeneration (Magnarelli 1983). 

 Although we were originally attempting to control for sperm age by delaying 

mating, instead we found that delayed access to mates even by only 1 week resulted in 

catastrophic declines in fertility and consequently in relative fitness.  We interpret these 

results as supporting evidence that delayed access to secretions from the male accessory 

reproductive glands prevents the normal development of female reproductive activity 

(Gillott 2003; Takken et al. 2006).  In Cx. quinquefasciatus the normal copulation period 

has been shown to last between 72-144 hr (Sebastian and de Meillon 1967; Williams and 

Patterson 1969) and our results indicate that mating must overwhelmingly occur shortly 

after the females emerge.  Surprisingly, fecundity was relatively similar across treatments 

indicating not a lack of working follicles but instead dead embryos. 

 In conclusion, our results show that female Cx. pipiens need to mate shortly after 

emerging but can delay oviposition for a substantial amount of time until they find 

containers with appropriate water.  This ability is congruent with the needs of a species 

exhibiting an “all-or-none” oviposition strategy with, to the best of our knowledge, no 

flexibility to lay eggs across several containers and “spread the risk”, and therefore 
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required to take the time to find the best available containers for oviposition.  

Importantly, during a drought, containers with water tend to become concentrated around 

human dwellings due to activities related to rainwater harvesting and storage in response 

to legislated water restrictions (Trewin et al. 2013).  As a result, a corollary of our 

findings is that large populations of Cx. pipiens may become concentrated near human 

populations in urban and suburban environments that harbor an abundance of container 

larval habitats (Dowling et al. 2013; LaDeau et al. 2013) and where WNV-competent 

bird species such as the American robin (Turdus migratorius) and house sparrow (Passer 

domesticus) also congregate (Kilpatrick et al. 2006; Johnson et al. 2012).  Inevitably, the 

likelihood of WNV transmission will increase.  

 The hypothesis that increased rates of WNV in drought years result from the 

increased overlap between competent vectors and competent birds, both dependent on the 

reduced water resources, has been proposed before (Shaman et al. 2005), however 

without accounting for potential decreases in fitness associated with extended forced-egg 

retention.  In this study we were able to determine that secondary blood-feedings by 

gravid Cx. pipiens do not contribute to the high rates of WNV in humans observed during 

drought years and that U.S. Cx. pipiens can successfully retain eggs for long periods of 

time.  The ability to retain eggs until suitable habitats are found may allow Cx. pipiens to 

locate appropriate oviposition sites during droughts potentiating WNV transmission to 

humans.  Furthermore, these results also indicate that U.S. Cx. pipiens will likely 

maintain their current distribution even if the frequency and severity of drought events 

increase in response to global climate change (Sheffield and Wood 2008; Dai 2012). 
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Table 1. Summary of the steps and procedures involved in each experimental treatment.  All females were 7 days old at the beginning 

of each treatment (Time 0). 

Week Forced-egg retention
 

Female age Control Mating age Control Secondary blood-meal 

Time 0 
7 cages: 30 mated

1
 & 

bloodfed females each 

6 cages: 30 mated
1
 females 

each 

1 cage (baseline): 30 mated
1
 & 

bloodfed females 

5 cages: 30 virgin females each
 

1 cage (baseline): 30 mated
1
 & 

blood-fed females 

7 cages: 30 mated
1
 & bloodfed 

females each 

Week 1 
Cage 1 (baseline): 

oviposit
 

Baseline: oviposit 

Cage 1: bloodfed
 

Baseline: oviposit                  

Cage 1: mated
2
 & bloodfed 

Cage 1(baseline): access to 

blood 

Week 2 Cage 2: oviposit 
Cage 1: oviposit 

Cage 2: bloodfed
 

Cage 1: oviposit                  

Cage 2: mated
2
 & bloodfed 

Cage 1: oviposit
 

Cage 2: access to blood 

Week 3 Cage 3: oviposit 
Cage 2: oviposit 

Cage 3: bloodfed
 

Cage 2: oviposit                  

Cage 3: mated
2
 & bloodfed 

Cage 2: oviposit 

Cage 3: access to blood 

Week 4 Cage 4: oviposit 
Cage 3: oviposit 

Cage 4: bloodfed
 

Cage 3: oviposit                  

Cage 4: mated
2
 & bloodfed 

Cage 3: oviposit 

Cage 4: access to blood 

Week 5 Cage 5: oviposit 
Cage 4: oviposit 

Cage 5: bloodfed
 

Cage 4: oviposit                  

Cage 5: mated
2
 & bloodfed 

Cage 4: oviposit 

Cage 5: access to blood 

Week 6 Cage 6: oviposit 
Cage 5: oviposit 

Cage 6: bloodfed
 

Cage 5: oviposit 

Cage 6: mated
2 

& bloodfed 

Cage 5: oviposit 

Cage 6: access to blood 

Week 7 Cage 7: oviposit Cage 6: oviposit Cage 6: oviposit 
Cage 6: oviposit 

Cage 7: access to blood 

Week 8    Cage 7: oviposit 

1 
Females were mated naturally (upon emergence from pupal case). 

2 
Females were mated 2 days prior to being bloodfed. 
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Table 2. Summary of reproductive statistics (Avg ± SE) measured for each time period for the forced-egg retention, female age 

control, and mating age control treatments.   

 
Forced-Egg Retention n (out of 30) Fecundity Rel. Fecundity Fertility Rel. Fertility Rel. Fitness 

Week 1 (baseline) 28 199.89 (7.24) a 1.0 (0.04) a 0.89 (0.02) a 1.0 (0.02) a 1.0 (0.04) a 

Week 2 30 175.18 (7.59) a, b 0.88 (0.04) a, b 0.83 (0.03) a, b 0.94 (0.03) a, b 0.81 (0.04) b 

Week 3 30 143.36 (6.19) b 0.72 (0.03) c 0.67 (0.05) b, c 0.76 (0.06) b, c 0.54 (0.05)  c 

Week 4 30 148.70 (6.05) b 0.74 (0.03) b, c 0.64 (0.04) c, d 0.72 (0.04) c, d 0.53 (0.04) c 

Week 5 24 142.42 (9.60) b 0.71 (0.05) c 0.40 (0.06) d 0.45 (0.07) d 0.33 (0.06) d 

Week 6 25 116.39 (7.04) c 0.58 (0.04) c, d 0.10 (0.04) e 0.12 (0.04) e 0.07 (0.03) e 

Week 7 27 102.11 (8.07) d 0.51 (0.04) d 0.05 (0.02) e 0.06 (0.02) e 0.04 (0.02) e 

Female Age Control n (out of 30) Fecundity Rel. Fecundity Fertility Rel. Fertility Rel. Fitness 

Week 1 (baseline) 28 141.78 (6.70) a 1.0 (0.05) a 0.82 (0.05) a 1.0 (0.06) a 1.0 (0.07) a 

Week 2 14 119.32 (8.41) a, b 0.84 (0.06) a, b 0.81 (0.04) a 0.97 (0.04) a 0.83 (0.07) a, b 

Week 3 15 119.84 (11.17) a, b 0.85 (0.08) a, b 0.71 (0.08) a, b 0.89 (0.08) a, b 0.77 (0.11) a, b 

Week 4 19 95.92 (7.67) a, b 0.68 (0.05) b, c 0.71 (0.06) a, b 0.87 (0.07) a, b 0.62 (0.07) b, c 
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Week 5 29 104.00 (8.41) b, c 0.73 (0.06)  b, c 0.65 (0.05) a, b 0.80 (0.06) a, b 0.58 (0.06)  b, c 

Week 6 9 104 (8.41) b, c 0.70 (0.08)  b, c 0.59 (0.10)  b 0.71 (0.12) a, b 0.52 (0.13) c, d 

Week 7 5 58.00 (12.20) c 0.41 (0.09) c 0.38 (0.23) b 0.46 (0.28) b 0.25 (0.15)  d 

Mating Age Control n (out of 30) Fecundity Rel. Fecundity Fertility Rel. Fertility Rel. Fitness 

Week 1 (baseline) 28 141.78 (6.70) a 1.0 (0.04) a 0.82 (0.05) a 1.0 (0.06) a 1.0 (0.07) a 

Week 2 7 68.71 (8.84) a 0.48 (0.07) b 0.07 (0.07) b 0.08 (0.08) b 0.03 (0.03) b 

Week 3 11 87.31 (10.32) a, b 0.62 (0.07) b 0.07 (0.06) b 0.08 (0.08) b 0.07 (0.07) b 

Week 4 5 93.10 (14.55) b 0.66 (0.10) a, b 0.05 (0.05) b 0.06 (0.06) b 0.05 (0.05) b 

Week 5 15 79.66 (10.53) b 0.56 (0.07) b 0.01 (0.005) b 0.01 (0.01) b 0.01 (0.004) b 

Week 6 9 83.88 (13.53) b 0.59 (0.09) b 0.24 (0.12) b 0.29 (0.14) b 0.15 (0.08) b 
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Table 3.  Initial blood-feeding success (Avg ± SE) of female mosquitoes in the female 

age and sperm age control treatments.  Each time period (week) began with 30 females, 

which were provided access to a blood meal from a live quail for 1 hr. 

 

Female Age Control Blood-Feeding Success  

Week 1 1.00 (0.00)  

Week 2 0.53 (0.09) 

Week 3 0.70 (0.09) 

Week 4 0.63 (0.09) 

Week 5 0.97 (0.03) 

Week 6 0.37 (0.09) 

Week 7 0.30 (0.09) 

Mating Age Control Blood-Feeding Success 

Week 1 1.00 (0.00) 

Week 2 0.33 (0.09) 

Week 3 0.47 (0.09) 

Week 4 0.27 (0.08) 

Week 5 0.50 (0.09) 

Week 6 0.47 (0.09) 
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Figure 1.  Measures of relative fecundity (A), relative fertility (B), and relative fitness 

(C) (Avg. ± SE) recorded at the end of each time point.  Females in the forced-egg 

retention treatment were mated naturally (upon emergence), blood-fed at 7 d, and forced 

to retain eggs for a period of 1 to 7 weeks.  Mating age control females were mated 48 hr 
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prior to each blood-feeding time point beyond the baseline (week 1; females mated upon 

emergence and blood-fed at 7 d).  Females in the female age control treatment were 

mated naturally and were blood-fed at 1 to 7 weeks of age. Lines connecting individual 

sampling points within each treatment have been added to increase the comprehensibility 

of the figure and do not represent predicted outcomes. 
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Chapter 3: Unexpected spatiotemporal abundance of infected Culex restuans 

suggest a greater role as a West Nile virus vector for this native species 

 

Abstract  

 Difficulties in separating the native mosquito Culex restuans from Cx. pipiens, an 

exotic, have left the spatiotemporal mechanisms underlying the epidemiology of West 

Nile virus (WNV) in the northeastern United States largely unresolved.  We performed 

weekly surveys across a natural to urban gradient of sites in central New Jersey (USA) 

and used a species-specific PCR assay to create single species pools for WNV testing. To 

assess seasonal trends we combined these results with WNV surveillance records 

generated from grouped Cx. restuans/Cx. pipiens pools tested in 2011-2012.  Culex 

restuans was found to be highly abundant within all sites and reached especially high 

abundances in urban wetland habitats greatly disturbed by human action. In contrast, the 

seasonal presence of Cx. pipiens was greatest in residential and urban habitats and its 

presence in natural areas was minimal throughout the season.  WNV infection rates in 

both species were similar but Cx. restuans was consistently found infected first and more 

frequently, even as early as May, whereas WNV was first detected in Cx. pipiens in late 

July. WNV activity peaked during the month of August when WNV was commonly 

isolated from both species. The peak in WNV activity in August observed for both 

species was consistent with data from 2011-2012 when Cx. restuans and Cx. pipiens were 

grouped, although analyzing single species pools increased overall predicted infection 

levels. Our results support the preeminence of Cx. restuans as an enzootic vector of 

WNV and strongly suggest this species has become adapted to artificial containers 
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allowing for its successfully expansion into human modified habitats (i.e. has become a 

native invasive). Importantly, high infection rates in disturbed wetland sites with high 

populations of Cx. restuans suggest this species may enable the introduction of WNV to 

urbanized environments where both Culex contribute to transmission potentiating disease 

risk. 

Keywords: Enzootic, epidemic, wetlands, urbanization, anthropogenic disturbance 

Introduction 

Differentiating adult females of Culex restuans, a mosquito endemic to North 

America, from Culex pipiens, an ecologically similar but exotic species introduced from 

Europe, possibly as early of the 16
th

 century, using morphological characteristics is 

largely unreliable (Ebel et al. 2005; Harrington and Poulson 2008; Farajollahi et al. 

2011). Consequently, the two species are frequently misidentified and are commonly 

lumped together in West Nile virus (WNV) testing (Ebel et al. 2005; Harrington and 

Poulson 2008). This practice has left the determination of the seasonal and spatial 

importance of each species in the transmission of WNV in the northeastern United States 

largely unresolved. Although many public health and mosquito control professionals 

recognize these limitations, Cx. pipiens is still touted as the primary vector of WNV in 

the Northeast since it is considered the predominant Culex in urban areas, thought to be 

commonly infected with the virus, and human cases of WNV rise during their peak 

abundance period during mid-late summer (Fonseca et al. 2004; Kilpatrick et al. 2005; 

Kramer et al. 2008). However, surveys of larvae, which have distinct morphologies in the 

two species, have found high abundance, even predominance of Cx. restuans in highly 

urbanized settings (Ebel et al. 2005). The lack of accurate identification of the adults, 
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therefore, may have led to the perpetuation of potentially inaccurate understandings of 

the ecological and epidemiological importance of each species in the transmission of 

WNV.  

Culex restuans is a cold-tolerant species and is considered the undisputed early 

season vector of WNV (Andreadis et al. 2001; Reiter 2007; Reiskind and Wilson 2008). 

However, the abundance of Cx. restuans is commonly thought to decline at mid-season 

thereby enabling Cx. pipiens to surpass it in abundance. This apparent switch in 

abundance is often described as ‘the crossover’ and is often associated with increased 

WNV activity (Kunkel et al. 2006; Lampman et al. 2006). The shift in seasonal 

abundance from Cx. restuans to Cx. pipiens, combined with observed increases in WNV 

activity, has given rise to the hypothesis that focal enzootic cycles of WNV are initiated 

by Cx. restuans early in the season and that the rapid amplification and dispersal of WNV 

observed in late summer is driven by increases in Cx. pipiens populations (Kunkel et al. 

2006; Lampman et al. 2006).  However, despite a comprehensive analysis of the timing 

of the crossover, the only study to analyze the association between crossover timing and 

WNV activity could not attribute the increase to either species as only mixed Culex spp. 

pools were tested (Lampman et al. 2006). Further complicating matters is the differential 

spatial aggregation and distribution of each species. Culex restuans is generally 

considered to be largely associated with forested and undeveloped sites, whereas Cx. 

pipiens has been shown to be strongly associated with anthropogenically modified 

landscapes as expected from an exotic species (Diuk-Wasser et al. 2006; Brown et al. 

2008). These observations suggest that Cx. restuans may reinitiate disease transmission 

in natural areas and that Cx. pipiens may cycle WNV in more developed areas later in the 
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season, however, the mechanistic basis of the transfer between natural and urbanized 

areas remains unclear. 

The objective of this study was to accurately quantify the relative abundance and 

WNV infection status of Cx. restuans and Cx. pipiens across a unique urban gradient in 

central New Jersey (USA). This was accomplished with a species-specific polymerase 

chain reaction (PCR) assay (Crabtree et al. 1995) in conjunction with an inexpensive and 

quick DNA extraction method to minimize the cost and labor involved in correctly 

identifying individual female Culex collected weekly from May through August. To 

strengthen the estimates of virus activity we also include WNV surveillance data 

collected from the same locations in 2011-2012. 

Materials and Methods 

Site Selection  

Five trap locations representing a distinct gradient of urban development and 

habitat disturbance were chosen for this study: (1) a large natural site (95.12 ha), (2) a 

medium natural site (23.18 ha), (3) a small natural site (8.37 ha), (4) a residential site, and 

(5) an urban site. Each natural site, classified as a freshwater forested wetland (USFWS 

2013), is dominated by tree species associated with saturated to seasonally flooded 

landscapes (e.g., Acer rubrum, Liquidambar styraciflua, Quercus spp., and Fraxinus 

pennsylvanica) (Cowardin 1979),  and are surrounded by medium-high (0.5-0.125 

acres/unit) density housing (Fig. 1) (Hasse and Lathrop 2008). The ratio of edge (<100 m 

from the boundary) to core (>100 m from the boundary) habitat for each natural site 

(hereafter referred to as wetlands) was calculated using ArcGIS 10.1 (Esri, Redlands, 

CA). A high edge to core ratio is associated with high habitat degradation because human 



55 
 

 
 

activities such as trash dumping are concentrated within forest edges (McWilliam et al. 

2010). Trash dumping creates habitat for mosquitoes like Cx. restuans and Cx. pipiens 

that explore small water filled containers (e.g. tires, cups, and buckets). The edge to core 

ratios of the three sites was 1:1.29, 1:0.42, and 1:0 for large, medium, and small wetland 

sites, respectively. The residential site had a total of 33.6% land cover classified as 

impervious surface, 70.1% land classified as developed, and an average population 

density of 1,571 people/km
2
 based on the municipality (Edison, NJ, USA) where the site 

was located (NJDEP 2013).  The urban site had a total of 45.2% of land cover classified 

as impervious surface, 81.0% land classified as developed, and had a population density 

of 2,966 people/km
2
 (New Brunswick, NJ, USA) (Hasse 2001; NJDEP 2013).  

Mosquito Collection and Identification 

 Gravid Culex spp. were collected weekly from June 15-August 25 (week 16-34) 

in 2011-2012 and from April 15-August 25 (week 16-34) in 2013 using CDC gravid traps 

(John W. Hock Company, Gainesville, FL) baited with a hay infusion (Johnson et al. 

2012).  A hay infusion oviposition attractant was chosen as it is a preferred oviposition 

attractant of Cx. pipiens and has been shown to also effectively attract Cx. restuans 

(Jackson et al. 2005).  One trap was used per location and traps were rotated weekly to 

avoid trap bias. All sites were sampled on the same day of the week (Wednesday) and 

traps were set between 5-6pm and were collected between 6-7am the following morning. 

Field-collected specimens were transported alive back to the laboratory and upon arrival 

were immediately placed into a -80
o
C freezer. Collected Culex specimens were grouped 

together as Cx. restuans/pipiens in 2011-2012 following standard protocols. In 2013 

Culex were identified using a species-specific PCR assay developed by Crabtree et al. 
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(Crabtree et al. 1995) after genomic DNA was extracted using a variation of the HotShot 

(hot sodium hydroxide) extraction method (Truett et al. 2000). Specifically, single legs 

from individual mosquitoes were individually placed into each well of a 96-well PCR 

plate that contained 50 µl of an alkaline lysis reagent (25mM NaOH, 0.2mM EDTA, 

pH=12.0). The legs in the lysis reagent were placed at 95
o
C for 1h, then cooled to 4

o
C, 

after which 50 µl of a neutralization buffer (40mM Tris-HCl, pH=5.0) was added to each 

well and mixed by pipetting. One microliter of the supernatant was either used for PCR 

directly following this step or was stored at -20
o
C. Using this method, DNA was 

extracted from 192 specimens in a total of 2-3 hr at a cost of <$8.00 per plate (including 

the cost of the 96 well plates) based on current reagent prices (Sigma-Aldrich, St. Louis, 

MO; USA Scientific, Orlando, FL).   

 Each 20µl PCR reaction contained 1µl of extracted DNA, 1XPCR buffer (200 

mM Tris-HCl, pH 8.4, and 500 mM K Cl), 250 µM of each dNTP, 300 nM of each 

primer, 2.0 mM MgCl2, 150 ng of Bovine Serum Albumin (BSA), and 1 unit of 

AmpliTaq polymerase (Applied Biosystems, Foster City, CA). Samples were heated at 

96ºC for 10 min, followed by 40 cycles of 96ºC for 30s, 56ºC for 30s, and then 72ºC for 

90s and DNA fragments were visualized on ethidium-bromide stained 1.8% agarose gels. 

A maximum of 40 Culex were identified to species per site per week to calculate the 

weekly population contribution of each species. When much more than 40 Culex were 

collected per site each week a minimum of 30 specimens was identified to species and 

when fewer than 30 Culex were collected all specimens were identified. A subsample size 

of 30 was chosen as it allows for the estimation of the population proportion for either 

species with 95% confidence with a 10% margin of error based on the average nightly 
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collection size (43.16±51.47) (Zar 1999).  To ensure random samples were taken and to 

avoid sampling bias, field-collected specimens were evenly distributed on a glass petri 

dish placed on top of a -20
o
C chill table. The petri dish was overlaid with a 1 cm grid and 

samples were selected from individually numbered grids chosen at random through the 

use of a random number generator. To estimate the weekly abundance of each species we 

multiplied the total number of mosquitoes collected at each site per week by the 

population proportion of each species determined by the species-specific PCR assay.  

RNA extraction and West Nile virus Testing 

 In 2011 and 2012 Cx. restuans/pipiens were grouped by week and site in pools of 

up to 50 mosquitoes and sent for WNV testing at the Cape May County Department of 

Mosquito Control where they use standard protocols (Lanciotti et al. 2000). In 2013 

positively identified Cx. restuans and Cx. pipiens mosquitoes were pooled by week, site, 

and species and we performed the WNV testing using the same protocols (Lanciotti et al. 

2000). Pools ranged in size from 1-40 depending on availability of identified specimens. 

Pooled mosquitoes were placed in 2ml collection tubes containing 2 copper plated beads 

(Daisy Outdoor Products, Rogers, AR) and were homogenized in 1 ml of BA-1 diluent 

(Lanciotti et al. 2000) containing 100 U penicillin/ml, 100 µg/ml streptomycin, and  

0.25µg/ml Fungizone® (100X Antibiotic-Antimycotic, LifeTechnologies, Grand Island, 

NY) by vortexing on a laboratory mixer for 30s. The homogenate was centrifuged at 

14,000 rpm for 3 min at room temperature and total RNA was extracted from 200 µl of 

the supernatant using the RNeasy Mini Kit (Qaigen, Valencia, CA). The presence of 

WNV RNA was then tested with TaqMan® RT- PCR assays following established 

methods (Lanciotti et al. 2000) using the TaqMan® RNA-to-Ct™ 1-Step Kit 
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(LifeTechnologies, Grand Island, NY) in a ABI7500 Real Time PCR machine (Applied 

Biosystems, Foster City, CA). A positive WNV RNA control (strain NY99-35262-11) 

that was used as a standard was obtained from the Centers for Disease Control and 

Prevention, Division of Viral Diseases (Fort Collins, CO, USA). Maximum likelihood 

estimates (MLE) of minimum field infection rates (MFIR) were generated using the 

PooledInfRate 3.0 software (Biggerstaff 2006). 

Statistical Analysis 

 We analyzed differences in weekly and seasonal site abundances (log-

transformed) between Cx. restuans and Cx. pipiens using two-way repeated measures 

ANOVAs, followed by Tukey HSD post-hoc analysis, in which week was regarded as the 

repeated measure. Because the WNV prevalence data violated the assumption of 

normality we analyzed differences in MFIR values recorded in 2013 and from 2011-2013 

by two-way ANOVA using the rank-transformation method (Akritas 1990). To maintain 

similarity to the 2011 and 2012 datasets for the three year analysis, the 2013 pool data for 

each species was combined into a single dataset prior to the analysis. To assess the 

presence of a seasonal crossover from Cx. restuans to Cx. pipiens, we used linear 

regression analyses to analyze the relationship between the weekly population 

proportions of each species and time (collection week). A crossover would be indicated 

by the crossing of the regression lines (population proportion vs. time) for each species. 

All statistical analyses were performed using the JMP 11.0 software. 

Results 

Seasonal Abundance of Cx. pipiens and Cx. restuans  
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In 2013 a total of 1,664 of the 3,236 gravid Culex specimens collected were 

positively identified to species using the species-specific PCR assay and all were 

identified as either Cx. pipiens or Cx. restuans (i.e. no Cx. salinarius were found). Culex 

restuans accounted for 79.8% of all identified specimens and an average of 78.6% 

(SD=25.6) of the number of specimens collected per week per site were identified to 

species. Based on predicted abundances extrapolated from determined population 

proportions, Cx. restuans was the most abundant species within all locations (Fig. 2). 

Overall, the abundance of Cx. restuans was greater than Cx. pipiens during each 

collection week (Fig. 2A) and across all sites (Fig. 2B) and significant (F15=2.13, 

P=0.01) differences were observed early in the season (weeks 23-25, Fig. 2A) and within 

the large and medium wetland sites (F5=3.39, P=0.01) (Fig. 2B). A crossover in species 

dominance from Cx. restuans to Cx. pipiens, based on the crossing of best-fit regression 

lines (population proportion vs. time), was detected only within the residential and urban 

sites (Fig. 3) during weeks 31 and 29, respectively. However, a significant relationship 

between population proportion and time (week) was only observed for Cx. pipiens in the 

residential (R
2
=0.52, P=0.01) and urban (R

2
=0.41, P=0.02) sites.  

West Nile virus Prevalence in Cx. restuans and Cx. pipiens 

In 2013 a total of 128 mosquito pools (66 Cx. restuans; 62 Cx. pipiens) were 

tested and WNV RNA was detected from 12 Cx. restuans and 5 Cx. pipiens pools (Table 

1). The mean pool size of Cx. restuans (18.95±12.71) was on average larger than that of 

Cx. pipiens (6.13±5.78) reflecting differences in relative abundance. WNV RNA was 

detected in Cx. restuans originating from all five locations with the first isolate detected 

in the large wetland site on May 1 (week 18). Infected Cx. restuans were detected every 
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month from May through August and the site MFIR in Cx. restuans ranged from 3.57-

16.59 per 1,000 (Table 2) with the small wetland (MFIR=14.84/1000), urban 

(MFIR=14.06/1000), and medium wetland (MFIR=13.48/1000) sites having the highest 

infection rates, in decreasing order.  

In contrast to Cx. restuans, WNV RNA was not detected in Cx. pipiens until late 

July (week 29, Table 1). The site MFIR in Cx. pipiens ranged from 8.50-36.51 per 1,000 

(Table 2) with the medium wetland (MFIR-36.51/1000), small wetland 

(MFIR=19.89/1000), and residential (MFIR=8.81/1000) sites recording the highest 

infection rates.  Overall, no significant difference (F1, 13=0.87, P=0.37) in weekly MFIRs 

was observed between Cx. pipiens and Cx. restuans.  

Comparison to Past WNV Surveillance Records 

In 2011 and 2012 a total of 100 pools containing 2,257 Cx. restuans/pipiens 

(mean pool size 22.57±17.90) were tested and WNV RNA was detected from 16 pools 

(Table 1, 2). The increase in WNV activity from mid-July to August (week 24-34) 

observed for both Cx. restuans and Cx. pipiens in 2013 was consistent with results from 

2011 and 2012 (Table 2). Over the past three seasons, significant (F4, 14=3.34, P=0.01) 

differences in infection rates were observed between the large wetland site and the small 

wetland and urban sites. Overall, WNV was consistently most prevalent in the urban site 

and was detected in all locations except the large wetland site (Table 2) from June 15 

(Week 24) to August 25 (34).  

Discussion 

To the best of our knowledge this study is the first to analyze the seasonal 

abundance and spatial prevalence of WNV within positively identified Cx. restuans and 
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Cx. pipiens populations originating from multiple habitats representing a unique gradient 

of urban development and human density. Our results reveal that Cx. restuans, a native 

species, is an important vector of WNV in both natural and urban habitats and, in contrast 

to previous suggestions, is an active vector throughout the entire transmission season. 

Although the importance of Cx. restuans to WNV perpetuation early in the transmission 

season has been suggested before (Andreadis et al. 2001; Sardelis et al. 2001), our results 

suggest that Cx. restuans is as important, if not more so, in the perpetuation of WNV late 

in the season than the exotic Cx. pipiens. Importantly, increases in infection prevalence in 

both species late in the season, particularly in urbanized areas, suggest that the co-

occurrence of both species may have a synergistic effect on disease transmission.  

Additionally, although Cx. pipiens is generally considered a more urban species than Cx. 

restuans (Andreadis et al. 2004; Kilpatrick et al. 2005), our results reveal that Cx. 

restuans is equally capable of exploiting highly disturbed environments. Our results 

support the dominance of Cx. restuans in urban areas as observed by Ebel et al. (2005) 

and suggest a more urban distribution of Cx. restuans throughout the Northeast. 

Nevertheless, since we were only able to positively identify the Culex to species during a 

single season further studies are required to definitively establish patterns of abundance 

and disease status for Cx. restuans at a larger geographic scale across the northeastern 

US.  

Our results stress the importance of understanding the population dynamics of 

both Culex species across a variety of habitats. In particular, the occurrence of a 

crossover from Cx. restuans to Cx. pipiens, which has been shown to be related to 

increased WNV activity (Lampman and Novak 1996; Jackson et al. 2005; Kunkel et al. 
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2006), is strongly dependent upon habitat type since it was only observed in the more 

developed sites. The lack of a seasonal crossover in the wetland sites is the result of the 

high populations of Cx. restuans maintained in these areas throughout the season, which 

are likely driven by the cooler and wetter conditions in these areas that are more 

favorable to Cx. restuans (Madder et al. 1980; Madder et al. 1983; Small 2006). 

Importantly, although WNV activity increased in Cx. pipiens around the timing of the 

crossover, it did not herald a decrease in WNV activity in Cx. restuans. Instead, these 

observations support Lampman et al.’s (2006) hypothesis that disease risk is greatest 

following the crossover event, but not only because Cx. pipiens populations are 

increasing. Instead, disease risk is greatest because both Culex species are active WNV 

vectors. Based on these results, current single-species disease risk models, or models 

based on the grouping of Cx. restuans and Cx. pipiens, underestimate the prevalence and 

risk of WNV as both species contribute to disease transmission late in the season when 

human cases commonly increase. Our study does not attempt to measure the role of Cx. 

restuans vs. Cx. pipiens in the transmission of WNV to humans, however, infections in 

urban birds (and ultimately in Cx. pipiens) may depend on the introduction of the disease 

by infected Cx. restuans coming from natural areas. 

Point in fact, the detection of a positive Cx. restuans pool within the large wetland 

site on May 1 is evidence that large natural patches may play an important role in the 

early season re-start of WNV. However, the failure to detect WNV in the large wetland 

any time thereafter and anytime in previous years indicates that large forested wetland 

and other natural areas may not be important incubators of WNV. The early 

establishment of WNV in natural areas may occur through the recruitment of 
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immunologically naive birds (Hamer et al. 2008), the migration of infectious hosts from 

southern locations (Rappole et al. 2000), or the survival of the virus in overwintering Cx. 

restuans. The absence of WNV in large natural areas past early season is likely the result 

of Cx. restuans there blood-feeding on a variety of non-competent avian host species 

(Ezenwa et al. 2006; Allan et al. 2009; Egizi et al. 2014) compared to smaller natural 

patches and developed sites where the less diverse avian community present is heavily 

skewed towards competent hosts (Blake and Karr 1984; Blair 1996; Johnson et al. 2012).  

These results provide support for the conservation and expansion of urban natural areas 

as an effective means of natural disease control but also for the need to control Culex in 

the disturbed fringe wetlands that often border residential sites.  

Conclusions 

 These results reveal unexpected spatiotemporal patterns of abundance and 

infection status of Cx. restuans and support the role of Cx. restuans as the primary 

enzootic vector of WNV in the Northeast. We hypothesize that the large populations of 

Cx. restuans residing on the interface between natural and human environments act as a 

“ferry” of WNV that eventually leads to the co-amplification of WNV by Cx. pipiens. 

The increase in infection prevalence in both species over the season appears to have a 

synergistic effect on disease transmission leading to high infection rates in the fall. In 

developed habitats, the amplification of WNV by both Culex species that are primarily 

ornithophilic but also known to feed on humans (Savage et al. 2007; Hamer et al. 2009) 

greatly increases disease risk to local inhabitants. These results stress the need to 

understand the role native mosquito species may play in the transmission of exotic 

vector-borne diseases, especially those native mosquito species, such as Cx. restuans, that 
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may be classified as a ‘native invasive’ as a result of their successful exploitation of 

anthropogenic change (Simberloff et al. 2011).  
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Table 1. Weekly summary of West Nile virus isolation data from field-collected Culex 

restuans and Culex pipiens trapped from April 18 (week 16) to August 25 (week 34) in 

2013 and from combined Culex spp. pools tested from the same location from June15 

(week 24) to August 25 (week 34) from 2011-2012.  Locations from which positive pools 

were detected are represented within the table. Minimum field infection rates (MFIR) and 

95% confidence intervals (lower and upper limits) were generated using maximum 

likelihood estimates (MLE) using the PooledInfRate 3.0 Software (Biggerstaff 2006).  

 

Culex restuans Weekly West Nile virus Summary 2013 

Week MFIR 
Lower 

Limit 

Upper 

Limit 

No. 

Pools 

Pos 

Pools 

Num 

Tested 

Collection 

Site
1 

16 0 0 0 0 0 0  

18 180.82 10.74 682.78 3 1 6 LW 

19 0 0 0 0 0 0  

20 0 0 205.56 3 0 10  

21 0 0 52.53 5 0 48  

23 0 0 19.35 5 0 139  

24 0 0 21.13 5 0 131  

25 0 0 18.11 5 0 155  

26 9.21 0.56 49.44 5 1 110 MW 

27 7.55 0.46 38.99 5 1 131 SW 

28 0 0 35.95 5 0 74  

29 0 0 20.76 5 0 131  

31 24.82 7.63 77.75 5 3 145 
SW, MW, 

UR 

32 14.87 0.93 78.13 5 1 67 MW 
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33 89.06 24.28 349.67 5 3 54 
SW, MW, 

UR 

34 41.59 8.88 141.4 5 2 50 SW, RS 

     Total 66 12 1251   

Culex pipiens Weekly West Nile virus Summary 2013 

Week MFIR 
Lower 

Limit 

Upper 

Limit 

No. 

Pools 

Pos 

Pools 

Num 

Tested 

Collection 

Site
1 

16 0 0 793.45 1 0 1  

18 0 0 489.89 4 0 4  

19 0 0 0 0 0 0  

20 0 0 793.45 1 0 1  

21 0 0 156.75 3 0 12  

23 0 0 244.35 6 0 10  

24 0 0 141.95 4 0 16  

25 0 0 54.01 4 0 45  

26 0 0 61.05 5 0 41  

27 0 0 42.47 5 0 64  

28 0 0 47.44 5 0 51  

29 61.13 3.51 305.4 5 1 18 RS 

31 83.59 18.71 296.88 5 2 26 SW, UR 

32 49.9 2.95 243.48 5 1 21 MW 

33 0 0 66.95 5 0 38  

34 31.16 1.96 161.8 4 1 32 SW 

     Total 62 5 380   
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 Cx. restuans/pipiens Weekly West Nile virus Summary 2011-2012 

Week MFIR 
Lower 

Limit 

Upper 

Limit 

No. 

Pools 

Pos 

Pools 

Num 

Tested 

Collection 

Site
1 

24 0 0 19.06 8 0 150  

25 2.71 0.17 13.05 9 1 345 SW 

26 2.31 0.14 11.53 11 1 435 SW 

27 14.2 4.44 38.45 7 3 214 
SW, MW, 

UR 

28 0 0 15.98 9 0 189  

29 5.57 0.34 29.84 8 1 183 UR 

30 14.28 2.83 47.13 9 2 142 MW, UR 

31 14.82 2.95 48.06 10 2 133 RS, UR 

32 5.36 0.34 25.66 10 1 174 SW, UR 

33 30.71 10.22 81.24 10 4 177 MW, RS, UR 

34 8.78 0.55 47.18 9 1 115 UR 

      Total 100 16 2257   

1
LW= Large Wetland, MW= Medium Wetland, SW= Small Wetland, RS= Residential, UR= 

Urban 

 

 

 

 

 

 

 

 



68 
 

 
 

Table 2.  Seasonal location summary of West Nile virus isolation data from field-

collected Culex restuans and Culex pipiens trapped from April 18 (week 16) to August 25 

(week 34) in 2013 and from combined Culex spp. pools tested from the same location 

from June15 (week 24) to August 25 (week 34) from 2011-2012. Minimum field 

infection rates (MFIR) and 95% confidence intervals (lower and upper limits) were 

generated using maximum likelihood estimates (MLE) using the PooledInfRate 3.0 

Software (Biggerstaff 2006). 

  Culex restuans West Nile virus Location Summary 2013 

Location MFIR Lower Limit Upper Limit No. Pools Pos Pools Num Tested 

Large Wetland 3.86 0.24 18.42 14 1 245 

Medium Wetland 13.48 4.5 33.21 13 4 340 

Small Wetland 14.84 5.05 36.11 12 4 301 

Residential 4.28 0.26 20.63 14 1 224 

Urban 14.06 2.73 44.93 13 2 141 

 Culex pipiens West Nile virus Location Summary 2013 

Location MFIR Lower Limit Upper Limit No. Pools Pos Pools Num Tested 

Large Wetland 0 0 109.6 8 0 22 

Medium Wetland 36.41 2.07 175.4 10 1 29 

Small Wetland 19.89 3.77 63.87 14 2 101 

Residential 8.81 0.53 42.24 15 1 111 

Urban 8.5 0.5 41.53 15 1 117 

 Overall West Nile virus Location Summary (Cx. restuans & Cx. pipiens) 2013 

Location MFIR Lower Limit Upper Limit No. Pools Pos Pools Num Tested 

Large Wetland 3.57 0.22 17.04 22 1 267 

Medium Wetland 15.58 5.98 34.89 23 5 369 

Small Wetland 16.59 7.06 34.28 26 6 402 

Residential 5.92 1.10 19.08 29 2 335 

Urban 11.92 3.25 31.81 28 3 258 
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 West Nile virus Summary from Cx. restuans/pipiens pools tested during 2011-2012  

Location MFIR Lower Limit Upper Limit No. Pools Pos Pools Num Tested 

Large Wetland 0 0.00 7.16 19 0 466 

Medium Wetland 6.65 1.87 17.66 20 3 374 

Small Wetland 7.91 2.19 21.46 21 3 399 

Residential 8.32 2.28 22.36 20 3 374 

Urban 14.45 6.72 28.16 19 7 565 
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Figure 1.  Approximate locations of all collection sites used in the study. All sites were located within Middlesex County, NJ (USA).  

The entirety of each wetland patch surveyed in this study is encapsulated in a brown outline, which represents edge habitat (<100m 

from the wetland edge) and the red arrows represent specific wetlands surveyed in this study. The core habitat (>100m from the 

wetland edge) of each wetland surveyed in this study is colored in yellow. The residential and urban (New Brunswick, NJ) sites 

surveyed in this study are represented by individually colored stars. Land cover data was obtained through the New Jersey Department 

of Environmental Protection Bureau of Geographical Information Systems (NJDEP 2013
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Figure 2. Weekly (A) and individual site abundances (B) of Cx. restuans and Cx. pipiens. 

Predicted abundances were determined by multiplying the total number of mosquitoes 

collected at each site per week by the population proportion of each species generated 

from random samples indentified using a species-specific PCR assay during the 2013 

collection season. Weekly abundances are repesented as averages (Avg±SE) across all 

sites and individual site abundances are represented as weekly averages (Avg±SE). * 

represents a significant (P-value<0.05) difference in abundance between Cx. restuans and 

Cx. pipiens. 
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Figure 3. Population proportions and predicted abundance of gravid Cx. restuans and Cx. 

pipiens for each collection week within each location (A. Large Wetland, B. Medium 

Wetland, C. Small Wetland, D. Residential, and E. Urban). The bars represent the 

predicted abundance of Cx. restuans and Cx. pipiens determined by multiplying the total 

number of mosquitoes collected at each site per week by the population proportion of 

each species determined by the species-specific PCR assay for each week from May 15-

August 25 (Week 20-34). This time frame was chosen since either Cx. restuans or Cx. 
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pipiens were collected within at least half of the trap sites. The solid black and dashed 

lines represent best-fit lines of the regression of each species population proportion to 

time (week). The solid black circles represent the estimated population proportion of Cx. 

pipiens and the 95% confidence intervals of the estimate at each week within each 

location. Data were not collected for weeks 22 and 30 due to weather related disruptions 

in the collection schedule.  
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Chapter 4: Insecticide resistance alleles in the West Nile virus vector Culex pipiens 

in New Jersey, USA 

 

Abstract 

Despite the extensive use of insecticides to control Culex pipiens populations in 

response to West Nile virus cases, knowledge of the spatial distribution and frequency of 

insecticide resistance in this species is poorly understood in the United States. This paper 

reports on the spatial distribution of unregulated esterases that detoxify organophosphates 

(OP) and mutations conferring resistance to pyrethroids in New Jersey (USA). We report 

the first observations of two Ester alleles, Ester
B1

 and Ester
2
,
 
and the

 
classical knockdown 

resistance (kdr) mutation (L1014F) in New Jersey Cx. pipiens. Unregulated Ester
B1

 and 

Ester
2
, associated with OP resistance, were widely distributed and present at high 

frequencies: Ester
B1

 peaked at 23% (Mean±SE= 12±2.3%) and Ester
2
 at 14% (8±1.8%). 

L1014F, which confers resistance to pyrethroids when homozygous, was widely 

distributed and occurred in 2-17% of sampled populations (5.1% were heterozygous 

individuals and 1.4% homozygous). We demonstrate that resistance to OPs is common 

and broadly distributed in New Jersey and that homozygous individuals resistant to 

pyrethroids are present. Further, the detection of double mutants at kdr and esterases, a 

condition shown to rescue some of the negative effects of resistance in the absence of 

insecticides, indicates that insecticide management is paramount. 

 

Keywords: Esterase, Organophosphates, kdr, Pyrethroids, Integrated Pest Management, 

Vector-Borne Disease  
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Introduction 

West Nile virus (WNV), the most important arbovirus currently active in 

temperate sections of the United States, is a mosquito-borne human, equine, and avian 

neuropathogen that is primarily maintained in an enzootic cycle between ornithophilic 

mosquitoes and local avian hosts (Campbell et al. 2002; Farajollahi et al. 2011).  Most 

federal and state guidelines advocate the broad scale application of adulticides during 

WNV outbreaks as the most effective method of reducing transmission risk to 

humans (Gubler et al. 2000; CDC 2003). The majority of adulticides recommended for 

use are organophosphate (OP) and pyrethroid based products that are generally applied as 

ultra-low volume (ULV) cold aerosol sprays from aircraft and truck-mounted equipment 

(Mount 1998; Rose 2001).  It is well documented that the ineffective application of 

insecticides can lead to the development and spread of insecticide resistance, which has 

become a major obstacle to the control of mosquito-borne diseases (Raymond et al. 2001; 

Labbé et al. 2007). Despite the public health consequences insecticide resistance in Culex 

pipiens, a primary vector of WNV (Farajollahi et al. 2011), has been poorly studied in the 

US, particularly in the northeast. To the best of our knowledge, the last statewide 

evaluation of the presence of resistance to organophosphates in Cx. pipiens in New Jersey 

was published in 1981 (Sutherland 1982) and there have been few published assessments 

of resistance to pyrethroids (but see Sun et al. 2014). 

In Cx. pipiens, one primary mechanism of resistance to OPs is increased 

detoxification mediated by carboxylesterase overproduction of two types of esterases (A 

and B), coded at two loci, Est-2 (or esterase B) and Est-3 (or esterase A), located on 

chromosome II (Rooker et al. 1996; Berticat et al. 2000). This overproduction is the 
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result of gene amplification or gene regulation at one or both loci (Rooker et al. 1996; 

Lenormand et al. 1998). Due to their close proximity, esterase genes are often 

coamplified as a single unit, which explains the complete association of resistance alleles 

at both loci (Rooker et al. 1996; Guillemaud et al. 1997). This coamplification results in 

esterase genes being considered as a belonging to a single “super locus”, designated as 

Ester (Lenormand et al. 1998). To date, 13 alleles that confer insecticide resistance have 

been identified at the Ester super locus in the Cx. pipiens complex.  Some resistant alleles 

are distributed globally and others are restricted to certain geographic areas. For instance, 

Ester
2
 is found in Africa, Asia, Europe, and North America (Raymond et al. 1991; 

Raymond et al. 2001), whereas Ester
8
, Ester

9
, Ester

10
, and Ester

11
 are endemic to China 

(Cui et al. 2006; Zhang et al. 2012).  In the US, two resistant esterase alleles, Ester
2
 and 

Ester
B1

, have been identified at this locus.  Ester
2
 corresponds to the coamplification of 

the esterase A2 and B2 genes (esterase A2-B2), whereas Ester
B1

 corresponds to the 

amplification of the esterase B1 gene (Qiao and Raymond 1995; Raymond et al. 1998). 

Ester
2
 and Ester

B1
 have been recorded in Culex quinquefasciatus populations from many 

localities and are particularly prevalent in California (Raymond et al. 1987; Beyssat-

Arnaouty et al. 1989; Qiao and Raymond 1995). Unlike Cx. quinquefasciatus, much less 

is known about the distribution and presence of overproduced esterases in Cx. pipiens in 

the US. Although esterase B1 has been recorded in US Cx. pipiens (Beyssat-Arnaouty et 

al. 1989), little is known about its distribution, or the possible presence of other esterases 

in this species throughout much of the US.   

With regards to pyrethroid resistance, it is important to highlight that both 

pyrethroids and dichloro-diphenyl-trichloroethane (DDT) kill insects by acting on their 
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sodium channels, and resistance to one often provides cross-resistance to the other 

(Davies et al. 2007). To date, at least four mutations in the sequence of the para-type 

voltage-dependent sodium channel gene have been linked to resistance to pyrethroids in a 

diversity of insects, including mosquitoes (Williamson et al. 1996; Martinez-Torres et al. 

1999; Zhou et al. 2009). Resistance to pyrethroids is commonly referred to as 

“knockdown resistance” (kdr), which is a generic term that refers to the decreased 

sensitivity of the insect nervous system to pyrethroids (Soderlund and Knipple 2003). In 

mosquitoes, the two most widely distributed mutations associated with kdr are a leucine 

to phenylalanine substitution at position 1014 (L1014F) and a leucine to serine (L1014S) 

substitution at the same position (Liu et al. 2006; Zhou et al. 2009). The mutation from 

leucine to phenylalanine is the most widely distributed mutation and has been detected in 

Anopheles gambiae, An. arabiensis, Culex pipiens pallens, and Cx. quinquefasciatus (Liu 

et al. 2006; Chen et al. 2010). In the northeastern US, the L1014F allele has been detected 

in Cx. pipiens in the District of Columbia, Pennsylvania, and New York (Zhou et al. 

2009). The L1014S allele seems to have a much narrower distribution and has only been 

detected in Cx. pipiens in New York, although this mutation was also detected in 

Florida’s Cx. quinquefasciatus (Zhou et al. 2009).  Despite the detection of kdr alleles in 

US Cx. pipiens, the spatial distribution and aggregation of alleles responsible for 

pyrethroid and OP resistance is poorly understood. This is especially concerning as the 

presence of both kdr and OP resistance together in individual Cx. pipiens has been shown 

to offset the fitness costs of expressing either resistance mechanism alone (Berticat et al. 

2008).  These findings suggest that the known selection against resistance in insecticide 

free environments would be slower in mosquitoes resistant to both OPs and pyrethroids 
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(Berticat et al. 2002; Agnew et al. 2004).   

To assess the distribution of insecticide resistance in anthropogenically modified 

landscapes in New Jersey, a US state in the northeast, we surveyed the spatial distribution 

of esterase and kdr alleles associated with resistance to OPs and pyrethroids in Cx. 

pipiens populations sampled from several wetlands of different sizes, nearby residential 

areas since these wetlands are natural “islands” in the NJ urban belt (Fig 1), and three 

densely populated NJ cities. 

Experimental Methods  

Local mosquito sampling  

Gravid Culex spp. were collected within large (95.12 ha), medium (23.18 ha), and 

small (8.37 ha) urban wetland site and their adjacent residential habitats. Urban wetlands 

were chosen as they are the most abundant natural habitat remaining within urban 

landscapes in the northeastern US (Ehrenfeld 2000). Each wetland site was dominated by 

tree species associated with saturated to seasonally flooded landscapes (e.g., Acer 

rubrum, Liquidambar styraciflua, Quercus spp., and Fraxinus pennsylvanica) (Cowardin 

1979), and were surrounded by medium-high (0.5-0.125 acres/unit) density housing (Fig. 

1) (Hasse and Lathrop 2008). The ratio of edge (<100 m from the boundary) to core 

(>100 m from the boundary) habitat for each wetland site was calculated using ArcGIS 

10.1 (Esri, Redlands, CA). We used the ratio of edge to core habitat as a measure of 

habitat disturbance (increase in edge = greater disturbance) because human activities such 

as trash dumping are concentrated within forest edges (McWilliam et al. 2010). The edge 

to core ratios of the three sites was 1:1.29, 1:0.42, and 1:0 for large, medium, and small 

wetland sites, respectively. Each paired residential site was located within 500-600 m of 
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the edge of the adjacent urban wetland. Culex spp. were also collected within three 

densely populated urban areas: Trenton (Mercer County), Jersey City (Hudson County), 

and New Brunswick (Middlesex County) (Fig. 1).   

Local mosquito identification 

Due to the difficulty in correctly differentiating adult females of Cx. restuans 

from Cx. pipiens based on morphological characters that often become damaged during 

sampling (Harrington and Poulson 2008), we identified collected mosquitoes using a 

species-specific PCR assay (Crabtree et al. 1995). To do so we extracted genomic DNA 

from the mosquitoes using a variation of the HotShot (hot sodium hydroxide) extraction 

method (Johnson et al. unpublished). This is a fast and cost-effective DNA extraction that 

only requires a leg or similar mosquito part (Johnson et al. unpublished). Following 

extraction we used 1 µl of DNA in a 20µl PCR reaction that included 1XPCR buffer (200 

mM Tris-HCl, pH 8.4, and 500 mM K Cl), 250 µM of each dNTP, 300 nM of each of 4 

primers (three forward primers specific to Cx. pipiens, Cx. restuans and Cx. salinarius 

and one universal reverse, 37) , 2.0 mM MgCl2, 150 ng of Bovine Serum Albumin 

(BSA), and 1 unit of AmpliTaq polymerase (Applied Biosystems, Foster City, CA). 

Samples were heated at 96ºC for 10 min, followed by 40 cycles of 96ºC for 30s, 56ºC for 

30s, and then 72ºC for 90s. DNA fragments were visualized on ethidium-bromide stained 

1.8% agarose gels. Positively identified Cx. pipiens were then surveyed for the presence 

of specific insecticide resistance alleles.  

Detection of overproduced esterase alleles 

 Six reference mosquito strains were obtained from the institute des Sciences de 

l’Evolution, Université de Montpellier (France). Each strain was homozygous for one of 
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six alleles involved in resistance located on the Est-3 and Est-2 loci: Ester
1
, Ester

2
, 

Ester
3
, Ester

4
, Ester

5
, and Ester

8
 (Berticat et al. 2000).  DNA was extracted from both 

reference mosquitoes and field collected mosquitoes using the DNeasy Blood & Tissue 

kit (Qiagen, Valencia, CA).  The presence of overproduced esterases was detected using a 

modified version of the PCR-RFLP protocol developed by Berticat et al. (2000). 

Specifically, the PCR conditions were 400 nM of each primer, 2 mM MgCl2, 300 µM 

dNTP mix, 2.5 U Taq Polymerase (LongAmp, New England BioLabs, Ipswich, MA, 

USA) in its 1XPCR buffer, and 2 µl of DNA in a final reaction volume of 50 µl. The 

PCR cycling conditions were 10 min at 95
o
C, followed by 40 cycles of 30 sec at 95

o
C, 30 

sec at 52
o
C, and 2 min at 72

o
C and a 10 min extension at 72

o
C. Twenty µl of the PCR 

product was digested in 20 units of HaeIII (New England Biolabs, Ipswich, MA, USA) in 

its 1X reaction buffer (according to the manufacturer’s recommendations) at 37
o
C for 1h 

followed by 20min at 80
o
C to inactivate the enzyme. The digestion products were then 

separated on a 1.8% agarose gel stained with ethidium bromide and visualized and 

photographed under UV light.  

Detection of kdr alleles 

 Because three forms of the kdr alleles (wildtype, L1014F, and L1014S) have been 

detected along the eastern US, we used a combination of the allele-specific polymerase 

chain reaction (AS-PCR) assays developed by Martinez-Torres et al. (1999) and Chen et 

al. (2010). The wildtype and L1014F alleles were detected using the Cgd1, Cgd2, Cgd3, 

and Cgd4 primers described in Martinez-Torres et al. (1999). The Cgd3 and Cgd4 

primers are specific for the wildtype and L1014F alleles at position 1014, respectively.  

To detect the L1014S allele, the same protocol was followed, except that the Cgd4 primer 
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was replaced with the Cpp5 primer specific for the L1014S mutation described by Chen 

et al. (2010). The PCR conditions were 1XPCR buffer, 300 nM of each primer, 2 mM 

MgCl2, 250 µM dNTP mix, 1 U Taq Polymerase (AmpliTaq Gold), and 1 µl of HotShot 

extracted DNA in a final reaction volume of 20 µl. The PCR cycling conditions were 5 

min at 95
o
C, then 40 cycles of 30 sec at 95

o
C, 30 sec at 54

o
C, and 2 min at 72

o
C followed 

by a 5 min extension at 72
o
C. The DNA fragments were analyzed by electrophoresis on a 

1.5% agarose gel and visualized by ethidium bromide staining under UV light. 

Specificity of the AS-PCR was determined by sequencing the 481-510bp common band 

generated by primers Cgd1 and Cgd2. Amplification products were sequenced with the 

forward primer (Cgd1) and were compared with those available in GenBank (accession 

numbers DQ497212.1, DQ497213.1, and DQ497222.1). 

Statistical analysis 

For each population, kdr genotype frequencies were compared with Hardy-

Weinberg expectations using the “genetics” package in R (R 2013) and differences in 

esterase allele frequencies were compared using a t-test.  We performed a Spearman rank 

correlation analysis to examine the relationship between genetic distance and geographic 

distance among sites. Genetic distance was calculated using Nei’s standard genetic 

distance formula (Nei 1972) and incorporated both the esterase and kdr results.  

Results 

Distribution of esterase alleles 

 In total, 161 field collected mosquitoes were analyzed using the PCR-RFLP test 

(Table 1). The analysis revealed the presence of Ester
B1

 and Ester
2
. Each esterase allele 

was widely distributed, exhibited variable frequencies, and all individuals found to harbor 
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an overproduced esterase were homozygous for either allele. Ester
B1

 was the predominant 

allele detected and ranged in frequency from 5-23% (12±2.3%), whereas Ester
2
 ranged in 

frequency from 3-18% (8±1.8%). The frequency of Ester
B1

 was greatest in the Jersey 

City population (23%) and the frequency of Ester
2
 peaked in the small wetland (14%) 

and medium residential sites (14%). No significant differences (t18=1.61, P=0.12) in the 

frequencies of each allele were observed among sites and no significant relationship 

(r=0.11, P=0.77) between genetic distance and geographic distance was observed. 

Distribution of L1014F and L1014S alleles 

 A total of 293 Cx. pipiens were analyzed for the presence of the L1014F and 

L1014S alleles (Table 2). Overall, 93.6% of individuals were homozygous for the 

susceptible wildtype allele, 5.1% were heterozygous for the L1014F allele, and 1.4% 

were homozygous for the L1014F allele. The allele frequency of L1014F ranged from 0-

17%, was absent from the large and medium sized urban wetland populations and was 

greatest in the small wetland (14%) and New Brunswick (17%) populations.  The L1014F 

allele was observed at low frequencies in both the Trenton (2%) and Jersey City (5%) 

populations. The number of homozygous resistant individuals observed was low and they 

were only observed in the small wetland (n=2) and New Brunswick (n=2) populations. 

We did not observe any instance of the L1014S allele. Exact tests examining departures 

from Hardy-Weinberg equilibrium revealed that homozygote frequencies were 

significantly higher than expected based on the number of heterozygotes in the small 

wetland (χ
2
=10.3, P=0.01) and New Brunswick (χ

2
=7.9, P=0.02) populations.  
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Co-occurrence of esterase and kdr alleles 

The co-occurrence of the L1014F allele and an overproduced esterase allele was 

observed in three individuals, two from the small wetland population and one from the 

New Brunswick population. In the small wetland population, one individual was 

heterozygous for the L1014F allele and homozygous for Ester
B1

 and one individual was 

heterozygous for L1014F and homozygous for Ester
2
. The individual from the New 

Brunswick population was heterozygous for L1014F and homozygous for Ester
B1

. 

Discussion 

 Insecticide resistance represents an important obstacle to insecticide-based vector 

control approaches (Brogdon and McAllister 1998; Hemingway and Ranson 2000). 

Therefore, accurately monitoring the distribution of alleles known to be associated with 

resistance to common insecticides in disease vectors is essential to planning and 

implementing successful control efforts during disease outbreaks or to reduce nuisance. 

We demonstrate the presence of alleles associated with resistance to OP and to pyrethroid 

insecticides in the prominent WNV vector Cx. pipiens across a wide diversity of habitats 

in NJ. The wide distribution and high frequency of the Ester
B1

 and Ester
2
 alleles in our 

area indicates that there has been widespread selection for these alleles in New Jersey Cx. 

pipiens. This is similar to the situation in populations of the Cx. pipiens complex in 

California (Qiao and Raymond 1995). Of note, the widespread presence of Ester
B1

 and 

Ester
2
 indicates that even though pyrethroid-based adulticides and alternative larvicides, 

such as Bacillus thuringiensis israelensis, have surpassed OPs in use in New Jersey 

(Brattsten 2012), resistance alleles remain in local populations. In addition, the classical 

kdr allele, L1014F, known to impart significant resistance to pyrethroids in Cx. pipiens 
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when homozygous (Norris and Norris 2011; Protopopoff et al. 2013), was also widely 

distributed, and although homozygous individuals were rare, there was evidence of 

selection for resistance in two populations.  

The co-occurrence of more than one resistant allele observed in the current study 

has also been observed in the Mediterranean, France, Italy, and Tunisia (Berticat et al. 

2000). Importantly, when multiple resistant alleles are present their frequencies are 

ultimately determined by differential selection pressures, i.e. their selective advantage in 

the presence of OP and their disadvantage in the absence of OP (Chevillon et al. 1999; 

Raymond et al. 2001). For example, Ester
1
, once widely distributed in Europe, was 

overtaken in frequency by Ester
4
, which has been shown to confer a slightly lower OP 

resistance level but at substantially lower fitness cost compared to Ester
1
 (Guillemaud et 

al. 1998). Similar dynamics also account for the predominance of Ester
2
 over other Ester 

resistance alleles in moderately treated areas (Labbé et al. 2005). Although Ester
2
 has 

been shown to confer a lower degree of resistance to OPs compared to Ester
B1

 (Raymond 

et al. 1987), there have been no studies to date to address the influence of differential 

selection pressures on the distribution of Ester
B1

 and Ester
2
 in US Cx. pipiens 

populations. Accordingly, further analysis of the distribution and fitness costs associated 

with each allele is needed to fully understand the dynamics OP resistance in the US.  

Not surprisingly based on previous reports from neighboring states (Zhou et al. 

2009), we found the classical mutation (L1014F) in the kdr gene in Cx. pipiens in New 

Jersey. The frequency of the L1014F allele was greatest within highly disturbed urban 

areas and small wetlands that are commonly highly impacted by anthropogenic activity. 

Interestingly, the association of the L1014F allele with disturbed areas did not hold across 
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all sites as evidenced by its low frequencies in the more densely populated Trenton and 

Jersey City populations. Additionally, although the L1014S mutation has been detected in 

neighboring states (Zhou et al. 2009), it was absent from our sampled populations. Since 

L1014S has been strongly associated with resistance to DDT in other mosquito species 

(Ramphul et al. 2009), its absence in New Jersey Cx. pipiens may be due to low selection 

pressure in the absence of DDT, a chemical banned for over forty years in the US (Grier 

1982; Ramphul et al. 2009). Despite the absence of L1014S, the wide distribution of the 

L1014F mutation is concerning as pyrethroids have surpassed OPs as the most common 

class of insecticide in use in the US after the US Environmental Protection Agency 

restrictions on OPs were enacted from 2000-2001 (Williams et al. 2008). However, the 

low frequency of the L1014F mutation, combined with the low frequency of homozygous 

individuals, indicates that pyrethroids are still an effective class of insecticides in New 

Jersey, which is supported by bioassays (Sun et al. 2014).  However, although the 

frequency of homozygous individuals was low, it is important to recognize that the 

observed deviations from Hardy-Weinberg equilibrium in the small wetland and New 

Brunswick populations suggests that selection for resistance is occurring. This might be 

caused by the efficacy of pyrethroid insecticides against heterozygotes, as kdr-type 

resistance to mortality and knockdown have been reported to be semi-dominant (Chandre 

et al. 2000). Accordingly, the use of pyrethroids should be carefully managed to ensure 

that resistance does not increase.  

The observed co-occurrence of kdr and resistant esterase alleles in multiple 

individuals, particularly in areas where there is evidence of selection for pyrethroid 

resistance, is especially concerning. The presence of resistance to both pyrethroid and 
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carbamate insecticides, due to the presence of the L1014F allele and the G119S mutation 

at the ace-1 locus, in Cx. pipiens has been shown to offset the fitness costs of expressing 

either resistance mechanism alone (Berticat et al. 2008).  In particular, the presence of 

L1014F
 
compensated for the costs of the ace-1

 
mutation in an insecticide-free 

environment, suggesting the strength of selection in untreated areas would be less against 

mosquitoes resistant to both insecticides than for those resistant to carbamates alone 

(Berticat et al. 2008). Although the resistance mechanism of ace-1 differs from Est-2 and 

Est-3 (i.e. mutated target site vs. detoxifying esterases), both confer resistance to OPs 

(Raymond et al. 2001) and their expression is associated with negative fitness costs 

(Bourguet et al. 2004; Berticat et al. 2008). These studies suggest that selection against 

either kdr or OP resistance would be slower in mosquitoes resistant to both pyrethroids 

and OPs, and may account for the high frequency of both Ester
B1

 and Ester
2
 despite a 

marked decrease in the use of OPs in New Jersey.  

Conclusions  

 This study reports baseline data on frequencies of alleles associated with OP and 

pyrethroid resistance at both local and regional scales in New Jersey. This study reveals 

that the distribution and frequency of resistant alleles was heterogeneous across a variety 

of urban habitats.  In New Jersey, the widespread distribution of Ester
B1

 and Ester
2
, 

combined with the observation of their co-occurrence with kdr resistant alleles in 

multiple individuals, suggest that the use of OPs should be further limited to avoid an 

increase in OP resistance and to counter possible positive interactions between multiple 

forms of resistance. Further, although the L1014F allele was present at a lower frequency 

compared to the esterase alleles, there is evidence for selection for pyrethroid resistance 
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in the state and use of pyrethroids should be carefully managed to avoid further selection.  

Although recent studies did not observe resistance to Temephos (an organophosphate) 

and Sumithrin (a synthetic pyrethroid) in Cx. pipiens in central New Jersey (Sun et al. 

2014), our results reveal that there is the potential for the rapid selection of resistance and 

stress the importance of expanding insecticide resistance monitoring to maximize 

insecticide efficacy.  
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Table 1. Frequency of alleles associated with organophosphate resistance in Culex 

pipiens populations monitored by PCR-RFLP (Berticat et al. 2000). Ester
0
 corresponds to 

the susceptible allele andEster
B1

and Ester
2
represent detected resistant alleles. 

Population Origin Ester
0 

Ester
B1 

Ester
2 

N 

Large Wetland 0.90 0.00 0.10 20 

Large Residential 0.74 0.19 0.07 27 

Medium Wetland 0.83 0.17 0.00 12 

Medium Residential 0.76 0.10 0.14 21 

Small Wetland 0.82 0.05 0.14 22 

Small Residential 0.75 0.13 0.13 16 

New Brunswick 0.86 0.10 0.03 29 

Jersey City 0.69 0.23 0.08 13 

Trenton 0.81 0.13 0.06 16 
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Table 2. kdr allele frequency in Culex pipiens populations monitored by allele-specific PCR and the results (p-value) of exact tests to 

test for departures from Hardy-Weinberg equilibrium.  

Population Origin 
No. 

analyzed 

Genotype Resistance 

allele frequency 
H-W

b
 χ2 

Observed S/S
a 

Observed S/R
a 

Observed R/R
a 

Large Wetland 18 18 0 0 0 - 

Large Residential 38 36 2 0 0.05 0.03 

Medium Wetland 12 12 0 0 0 - 

Medium Residential 23 23 0 0 0 - 

Small Wetland 37 32 3 2 0.19 10.3* 

Small Residential 28 26 2 0 0.07 0.04 

New Brunswick 52 45 5 2 0.17 7.9* 

Trenton 42 40 2 0 0.05 0.03 

Jersey City 45 44 1 0 0.02 0.01 

Total 295 276 15 4 0.08 33.8* 

a 
S and R are abbreviations for the susceptible and resistant alleles, respectively.  

b 
Field populations were tested for the Hardy-Weinberg (H-W) equilibrium by the χ

2
 (P<0.05, df=1, χ

2 
= 3.84). Populations in which 

no heterozygous and/or homozygous individuals were detected were omitted from the analysis. 

*, indicates values that are statistically significant at P<0.05. Significance indicates nonconformity to H-W equilibrium.  
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Figure 1. Approximate locations of collection sites used in the study.  The entirety of 

each wetland site is encapsulated in the brown outline and blue and red circles indicate 

wetland and residential sampling locations, respectively. The New Brunswick, Jersey 

City, and Trenton areas are represented by individually colored stars. Land cover data 

was obtained through the New Jersey Department of Environmental Protection Bureau of 

Geographical Information Systems (NJDEP 2013).   
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CONCLUSIONS 

A thorough analysis of the spatiotemporal drivers of vector-borne diseases 

enables the development of effective predictive and preventative models to aide in the 

reduction of disease risk to humans. Accordingly, the overarching objective of the 

research presented in this dissertation was to examine the proximal spatial and climatic 

factors driving the local transmission dynamics of West Nile virus (WNV) in the 

northeastern United States. The results presented in this dissertation highlight the 

importance of seasonal drought events on the prevalence of WNV and on the 

reproductive success of major Culex vectors. Additionally, these results reveal new 

insights into the importance of Cx. restuans in the transmission of WNV and present the 

first survey of the geographical distribution of insecticide resistance alleles associated 

with resistance to organophosphate (OP) and pyrethroid insecticides.  

In chapter 1, I showed that seasonal climatic conditions associated with drought 

(i.e. increased temperatures and decreased precipitation totals) correspond to epizootic 

transmission levels at both the local and regional levels. Importantly, I show that there are 

very clear temperature and precipitation thresholds over which epizootic levels of 

transmission occur.  Above this threshold there was evidence of increased physical 

contact between vector and host species involved in WNV transmission (i.e. fewer 

available water sources and increased vector density).  Thus, the increased physical 

contact between vector and host as they aggregate around scarce resources would 

facilitate epizootic WNV amplification.  These results directly support similar hypotheses 

proposed by others (Shaman et al. 2005), and will hopefully allow local control agencies 

to more effectively manage control efforts based on seasonal climatic conditions. These 
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findings may also extend to other arboviruses, such as Saint Louis encephalitis virus, a 

closely related and epidemiologically similar arbovirus (McCarthy 2001).  

  In the second chapter, I show that secondary blood-feedings by gravid Cx. 

pipiens do not contribute to the high rates of WNV in humans observed during drought 

years and that the “all-or-none” ovipositing strategy of Culex pipiens allows females to 

maintain a high degree of reproductive success during prolonged periods of drought. A 

corollary of these findings is that large populations of Cx. pipiens may become 

concentrated near human populations in urban and suburban environments that harbor an 

abundance of container larval habitats, especially during prolonged periods of drought 

(Trewin et al. 2013), increasing the likelihood of WNV transmission. These findings 

indicate that control agencies should focus on source reduction and that these efforts 

should be focused within suburban and urban areas during prolonged drought events. An 

important new finding from these experiments is the observed catastrophic declines in 

fitness in female Cx. pipiens delayed access to mates for only 1 week. These results 

support evidence that delayed access to secretions from the male accessory reproductive 

glands prevents the normal development of female reproductive activity (Gillott 2003; 

Takken et al. 2006), and further studies may open up new methodologies for the natural 

control of mosquito vectors of major diseases. 

In Chapter 3, I used a rapid DNA extraction technique in conjunction with a 

species-specific PCR assay to reveal unexpected spatiotemporal patterns of abundance 

and infection status of the native WNV vector, Culex restuans. These results suggest a 

greater role as a WNV vector for this native species, especially in urban areas where this 

species was previously thought to have a minor role in transmission. The observed large 
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populations of Cx. restuans residing on the interface between natural and human 

environments appear to act as a ‘ferry’ of WNV that eventually leads to the co-

amplification of WNV by Cx. pipiens. The increase in infection prevalence in both 

species over the season appears to have a synergistic effect on disease transmission 

leading to high infection rates, particularly during late summer. Importantly, based on 

these findings, current single-species disease risk models, or models based on the 

grouping of Cx. restuans and Cx. pipiens, vastly underestimate the prevalence and risk of 

WNV as both species contribute to disease transmission, especially late in the season 

when human cases commonly increase. Accordingly, these results will hopefully allow 

local control agencies to more accurately control and monitor the seasonal abundance and 

infection status of each species. These findings ultimately stress the importance of 

understanding the roles native mosquito species may play in the transmission of exotic 

vector-borne diseases, especially those, like Cx. restuans, that may be classified as 

‘native invasives’ as a result of their successful exploitation of anthropogenic habitats 

(Simberloff et al. 2011).  

 In the final chapter, I show that alleles associated with resistance to OP and 

pyrethroid insecticides are widely distributed across a variety of anthropogenically 

modified habitats.  The widespread distribution of Ester
B1

 and Ester
2
, combined with the 

observation of their co-occurrence with kdr resistant alleles in multiple individuals, 

suggest that the use of OPs should be further limited to avoid an increase in OP resistance 

and to counter possible positive interactions between multiple forms of resistance 

(Berticat et al. 2008). Further, although the classical kdr allele, L1014F, was present at a 

lower frequency compared to the esterase alleles, there is evidence for selection for 
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pyrethroid resistance in the state and use of pyrethroids should be carefully managed to 

avoid further selection. These results reveal that there is the potential for the rapid 

selection of resistance to both OP and pyrethroid insecticides and stress the importance of 

expanding insecticide resistance monitoring to maximize insecticide efficacy during 

disease outbreaks. 
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APPENDICES 

Appendix 1.  Weather stations used in the statewide analysis. Data were collected for the 

years between 2003-2011. Data were obtained through the Utah Climate Center 

(http://climate.usurf.usu.edu/) and the New Jersey Weather and Climate Network 

(http://climate.rutgers.edu/njwxnet/). 

Station Name Station ID/Alt Name Longitude Latitude 

ATLANTIC CITY AIRPORT USW00013724 39.379 -74.424 

CANOE BROOK USC00281335 40.744 -74.354 

CAPE MAY 2NW USC00281351 38.954 -74.936 

CRANFORD 282023 40.65 -74.3 

ESSEX FELLS SVC BLDG 282768 40.831 -74.286 

FLEMINGTON USC00283029 40.563 -74.883 

HAMMONTON 1NE USC00283662 39.644 -74.807 

LAKEHURST NAS 724090 40.03 -74.35 

MORRISTOWN MUNI 724097 40.8 -74.41 

NEW MILFORD USC00286146 40.961 -74.016 

NEWARK INTERNATIONAL 

AIRPORT 

725020 40.71 -74.18 

NEW BRUNSWICK 3SE USC00286055 40.472 -74.436 

PLAINFIELD USC00287079 40.604 -74.403 

TOMS RIVER 288816 39.95 -74.217 

TRENTON MERCER CO AP USW00014792 40.277 -74.816 

POINT PLEASANT BEACH 0.5 SW US1NJOC0013 40.088 -74.052 

BASKING RIDGE KQ51 40.6956 -74.5198 

LAMBERTVILLE USC00284635 40.367 -74.947 

CHATHAM 0.6 NW US1NJMS0040 40.748 -74.391 

CLAYTON NA 39.676 -75.0991 

WOODSTOWN US1NJSL0002 39.656 -75.334 

UPPER DEERFIELD TWP 1.7 SW US1NJCD0001 39.476 -75.238 

HIGH POINT HIGH POINT STATE PARK 41.3050 -74.6660 
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