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Abstract

The source of bloodmeals in 2,082 blood-fed mosquitoes collected from February 2002 through
December 2003 in Memphis and surrounding areas of Shelby County, Tennessee were determined.
Members of the genus Culexand Anopheles quadrimaculatpsedominated in the collections.
Members of the Cx. pipiensomplex and Cx. restuansvere found to feed predominately upon avian
hosts, though mammalian hosts made up a substantial proportion of the bloodmeals in these species.
No significant difference was seen in the host class of bloodmeals in mosquitoes identified as Cx.
pipiens pipiens, Cx. p. quinquefasciatoishybrids between these two taxa. Anopheles
guadrimaculatuand Cx. erraticusfed primarily upon mammalian hosts. Three avian species (the
American Robin, the Common Grackle, and the Northern Cardinal) made up the majority of avian-
derived bloodmeals, with the American Robin representing the most frequently fed upon avian host.
An analysis of these host feeding data using a modification of a transmission model for Eastern
Equine encephalitis virus suggested that the American Robin and Common Grackle represented the
most important reservoir hosts for West Nile virus. A temporal analysis of the feeding patterns of
the dominant Culexspecies did not support a shift in feeding behavior away from robins to mammals
late in the summer. However, a significant degree of temporal variation was noted in the proportion
of robin-derived bloodmeals when the data were analyzed by semi-monthly periods throughout the
summers of 2002 and 2003. This pattern was consistent with the hypothesis that the mosquitoes were
preferentially feeding upon nesting birds.
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INTRODUCTION

West Nile virus (WNV) has spread rapidly across the United States and southern Canada since
its introduction into New York in 1999 (Hayes et al. 2005). WNV has become the most
prevalent viral encephalitis in the United States, with 2,949 human cases reported in 2005
(CDC2006b). WNV is a Flavivirus, and a member of a family of RNA positive stranded viruses
that includes such human pathogens as Saint Louis Encephalitis virus (SLEV) and Yellow
Fever virus. Like SLEV, WNYV is transmitted in an enzootic cycle involving the endemic
avifauna (Godsey et al. 2005).

Sixty species of mosquitoes have been shown to harbor WNV by various assays (CDC
2006a), of which roughly 20 species have been shown to be competent laboratory vectors
(Turell et al. 2005). Species belonging to the genus Culexare thought to be key vectors for
WNV in the United States, with members of the CX. pipiend.. complex representing the major
vectors throughout the Mississippi River basin and eastern portions of the United States
(Andreadis et al. 2001, 2004, Godsey et al. 2005, Loftin et al. 2006). In North America, the
Culex pipiengomplex includes Cx. pipiens pipienk., Cx. p. quinquefasciatuy and their
hybrids. Based on analysis of morphological features of the male genitalia, Barr (1957)
presented a simple latitudinal model to explain the geographic distribution of these taxa in
North America. Culex p. pipienss assumed to occur in areas north of 39°N and CX. p.
quinquefasciatus thought to be present in areas south of 36°N latitude. In the middle latitudes
of the United States between 36°N and 39°N both nominal taxa and their hybrids (Barr
1957) and introgressed specimens (Tabachnick and Powell 1983, Miller et al. 1996, Cornel et
al. 2003) may be present. In the Mississippi River basin, both nominal taxa and hybrids are
known to occur in areas south of 36°N latitude in northern Alabama, Arkansas, and Memphis
and other areas of southern Tennessee (Barr 1957, Jakob et al. 1979, Savage et al. 2006).

The transmission dynamics of WNV is often represented as consisting of two parallel cycles
(Savage et al. 1999, Fyodorova et al. 2006). In the enzootic cycle, transmission occurs from
bird-to-bird, mediated through a mosquito vector. This cycle is the primary way WNV is
maintained during the transmission season, though vertical transmission to the egg stage may
also play a role, both in over-wintering of the virus and maintaining infection in the vector
population during the transmission season (Miller et al. 2000, Nasci et al. 2001, Goddard et al.
2003, Anderson and Main 2006). The enzootic cycle is maintained through mosquito species
that feed primarily or exclusively upon birds. For example, in recent studies in Connecticut, it
was reported that Culex restuan¥heobald fed exclusively upon avian hosts, implicating it as
an important enzootic vector in this area (Molaei et al. 2006). The virus, while being maintained
in the bird population, occasionally escapes the bird-to-bird cycle to infect other vertebrates,
including horses and humans. Virus escape from an enzootic cycle into an epidemic cycle is
mediated through mosquito species with broad host utilization patterns, e.g. those that feed
upon both birds and mammals. In some cases, a single mosquito species can function as both
an enzootic and bridge vector. For example, CX. p. quinquefasciatusid Cx. nigripalpus
Theobald, function as both enzootic and epidemic vectors of SLEV and WNYV in the southern
United States (Mitchell et al. 1980, Savage et al. 1993b, Shaman et al. 2004). These species
are responsible for virus amplification in the enzootic cycle and transmission to humans.
Transmission to humans in urban areas by Cx. p. quinquefasciatus thought to occur when
mosquito population levels and infection rates are high allowing incidental feeding on humans
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to result in virus transmission (Mitchell et al. 1980, Savage et al. 1993b). Transmission of
SLEV to humans in Florida is believed to result from meteorological events that result in
increased CX. nigripalpushuman contact following periods of enzootic virus amplification
(Shaman et al. 2004). Similarly, Cx. p. pipien&as been hypothesized to act as both an enzootic
and bridge vector in the mid-Atlantic states (Kilpatrick et al. 2005). Mammalian hosts of WNV,
although they often suffer pathologies associated with infection, generally do not develop very
high circulating titers of the virus, are therefore generally not efficient reservoir hosts for the
virus and result in few infected mosquitoes.

For WNV to be maintained in the enzootic cycle, a mosquito vector must first be infected by
feeding on an infectious bird. The mosquito must then survive long enough to develop a viral
titer sufficient to infect a vertebrate host, and the mosquito must then find and feed upon a
susceptible host in order to complete the transmission cycle. Conversely, the vertebrate host
must develop a sufficient viral titer in its blood to be infectious, and must also survive long
enough to be available to transmit the virus to the mosquito vector. Several variables determine
if a particular avian species will be a significant vertebrate reservoir host for WNV. For
example, laboratory infection studies have demonstrated that different bird species vary widely
in their susceptibility to WNV, in the peak viral titers in sera, duration of infectious viremia,
and in their survival after WNYV infection (Komar et al. 2003). Similarly, the importance of a
particular avian species as areservoir will be particularly dependent upon the amount of contact
between the bird species in question and the mosquito vector, since two feeding events are
required to complete the cycle of transmission.

Previous research has suggested that mosquito vectors of the arboviral encephalitides feed
predominately upon certain available bird species, and that some species are targeted to a
greater extent than might be expected based upon their abundance alone (Hassan et al. 2003,
Kilpatrick et al. 2006a). Similarly, recent studies have suggested that the American Robin is
the most important avian host for Cx. p. pipiengand Cx. restuansn the Northeastern United
States (Kilpatrick et al. 2006a, Molaei et al. 2006), and that a shift in feeding from robins to
humans late in the summer in the Northeast may be an important factor in the escalation of
human WNYV infections during this period (Kilpatrick et al. 2006b). However, these
conclusions were based upon an analysis of a relatively limited number of blood-fed
mosquitoes. It is also not known if a similar pattern of mosquito feeding is typical of other
areas in the United States or if this host-feeding pattern is specific to the Northeastern United
States.

In this manuscript, we present an analysis of over 2,000 blood-fed mosquitoes collected in
2002 and 2003 at 70 sites located in Memphis and surrounding areas of Shelby County,
Tennessee. The majority of mosquitoes analyzed were members of the Cx. pipiensomplex
and Cx. restuangboth taxa are significant vectors of WNV in the Eastern USA (Andreadis et
al. 2001, 2004). Shelby County is located in the southern portion of the zone where CX. p.
pipiensand Cx. p. quinquefaciatusre sympatric and hybridize, allowing us to analyze the
feeding patterns of both taxa and their hybrids (Barr 1957, Savage et al. 2006). Finally, the
large number of individuals analyzed permitted us to conduct a detailed temporal and spatial
analysis of the host-feeding choice of these mosquito species, and to model the reservoir
capacity of avian hosts for WNV.

Collection of mosquitoes

Mosquitoes were collected in Memphis and surrounding areas of Shelby Co., Tennessee, from
80 resting sites in concrete and galvanized metal storm water sewers. Collections were made
with hand-held aspirators (Hausherr’s Machine Works, Toms River, NJ). Collections began
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on February 4, 2002 and continued at least once per month through December 12, 2003.
Mosquitoes in sealed aspirator tubes were placed in small coolers and transported to the
Memphis/Shelby County Vector Control (M/SCVC) laboratory where specimens were
transferred to labeled cryotubes and held at —=70°C until they were shipped on dry ice to the
CDC, Ft. Collins, Colorado, for processing.

Classification of collection sites

At each site, the longitude and latitude were recorded with a hand-held Global Positioning
System (GPS) unit (Garmin, Olathe, KS), and the type of construction (concrete or galvanized
pipe) was recorded. The neighborhood surrounding each site was classified as rural, urban, or
commercial and industrial. Rural and urban sites were also classified by general income class
as either low income, middle income or upper income. Classification was done independently
by two members of the M/SCVC program after inspecting the area within 200 m of the
collection site.

Specimen processing, dissection, and morphological and molecular identification of

mosquitoes

Mosquitoes were identified to species or lowest taxonomic unit using dissecting microscopes
on refrigerated chill tables, and published taxonomic keys (Darsie and Ward 1981). For
CulexL. mosquitoes additional morphological characters were used for species identification
as previously described (Apperson et al. 2002). It was not always possible to reliably
distinguish specimens of Cx. restuansrom members of the Cx. pipiensomplex; therefore,
these specimens were morphologically identified as CX. pipiensomplex/restuansMembers
of the Cx. pipienscomplex can not be distinguished morphologically without examination of
the male genitalia, and adults were identified morphologically as Cx. pipiensomplex.

Specimens with a visible bloodmeal were assigned a unique number and processed
individually. In a Biological Safety Level-2 cabinet, each specimen was placed on a clean
microscope slide. An insect pin or forceps was used to hold the thorax and the abdomen was
removed with a separate insect pin. Insect pins were used only for one specimen; forceps, when
used, were used once, rinsed with ethanol, and washed with detergent before being reused. For
each specimen, the head and thorax were placed in a tube, and the severed abdomen placed
into a separate, identically labeled tube. Tubes were held on ice until being placed at =70°C
for temporary storage. Abdomens were shipped on dry ice to North Carolina State University
(NCSU), Raleigh, North Carolina, and then onto the University of Alabama at Birmingham
(UAB), Birmingham, Alabama, and tested for bloodmeal host as described below. The head
and thorax of each specimen was processed at CDC and tested for the presence of WNV, and
specimens of Cx. (Culex)were processed for molecular species identification (Savage et al.
2006).

The head and thorax of each specimen were placed into 2.0-mL snap-cap tubes (Daigger and
Co., Lincolnshire, IL) and a single copper-coated, steel bead (Copperhead, East Bloom-field,
NY) and 0.5 mL of bovine albumin-1 solution (Savage et al. 2006) was added to the tube.
Mosquitoes were homogenized using a Mixer Mill apparatus (QIAgen Inc., Valencia, CA) for
4 min at 20 cycles/sec. After centrifugation at 4,000 rpm for 3 min, 220 4L of supernatant was
placed in an identically labeled 1.7-mL microfuge tube. Nucleic acids were extracted from this
supernatant aliquot as indicated below and the remainder of the original mosquito suspension
was held at —70°C for confirmatory tests. Nucleic acids, including mosquito DNA and viral
RNA, were extracted from each supernatant aliquot using a QIAgen Biorobot 9604 and
QIAgen’s Qiamp Viral RNA kit following the manufacturer’s protocols.
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Specimens identified morphologically as members of the subgenus Cx. (Culex)were assayed
by PCR using species-specific primers to refine, correct or verify morphological
identifications. All Cx (Culex)specimens were subject to a PCR assay using species-specific
primers designed to identify CX. restuanand members of the CX. pipiensomplex (Crabtree
etal. 1995) based on differences in the internal transcribed spacers (ITS) of the ribosomal DNA
gene array as previously described (Aspen et al. 2003). Specimens identified either
morphologically or by the ITS primers as members of the Cx. pipiensomplex were assayed
with primer sets based on the ACE.2 gene to distinguish between the three members of the CX.
pipienscomplex: Cx. p. pipiensCx. p. quinquefasciatusnd hybrids. For specimens collected
in 2002, the ACE.2 assay followed the protocol of Aspen and Savage (Aspen and Savage
2003) except that approximately 300 ng of template DNA was used in each reaction mixture.
For specimens collected in 2003, a revised hot start ACE.2 protocol was used that incorporated
two significant changes and improved sensitivity and specificity (Gordon and Savage,
unpublished data): use of a hot start Taq polymerase and the required activation step, and an
approximate four-fold increase in primer concentrations. Each 25-4L reaction contained 1x of
GeneAmp PCR Buffer I (10 mM Tris-HCI pH 8.3, 50mM KCl, 1.5mM MgCl,, 0.01% w/v
gelatin [Applied Biosystems, Foster City CA]), 0.2 mM of each deoxyribonucleic triphosphate
(Roche Diagnostics Corp., Indianapolis IN), 330 nM of the reverse-sense primer B1246, 2 L
of template DNA, and 0.025 U of Qiagen Hot-StarTaq (QIAgen, Valencia, CA). Each reaction
also contained either 330 nM of PACEF290 or 1315 nM of QACEF290 forward primers. The
reaction mixtures were placed in either a PTC-100 or PTC-200 thermal cycler (MJ Research,
Inc., Incline Village, NV) programmed for 1 cycle at 95°C for 15 min, 94°C for 1 min, 52°C
for 1 min, 72°C for 1 min, followed by 30 cycles of 94°C for 1 min, 52°C for 1 min, 72°C for
1 min, and completed by 1 cycle at 72°C for 10 min. PCR products were visualized and
taxonomic status of specimens assessed as described in Aspen and Savage (2003).

Detection of WNV in mosquitoes

The head and thorax of each specimen was tested for the presence of WNV-RNA using a
TagMan RT-PCR assay performed as described by Lanciotti et al. (2000). Five microliters of
template RNA from each sample were added to primers and probes, specific to the 3’ non-
coding region of the WNV genome (WN3' NC [Lanciotti et al. 2000]), and reagents in QIA-
gen’s Quantitect Probe RT-PCR kit. Samples were subjected to 45 amplification cycles in the
iCycler iQ™ Real-time PCR Detection System (Bio-Rad, Hercules, CA) according to cycling
conditions described previously (Lanciotti et al. 2000). Presumptive positives were confirmed
by hand-extraction of RNA from 100 xL of the original mosquito suspension (QIAgen Viral
RNA Minikit) followed by WNV detection in a TagMan RT-PCR assay using a second primer
set based on the envelope gene, WNENYV (Lanciotti et al. 2000). Mosquitoes positive in both
TagMan assays were reported as WNV positive.

Bloodmeal identification

Abdomens of blood-fed mosquitoes were initially processed for bloodmeal identification by
indirect ELISA as previously described (Irby and Apperson 1988). Abdomens of blood-fed
mosquitoes were homogenized individually in 500 uL of phosphate buffered saline (pH 7.4)
and the homogenate subjected to centrifugation at 6,225 x ¢ for 5 min. A total of 400 uL of
the supernatant was removed for use in the ELISA. The remaining solution was brought to 10
mM EDTA, the pelleted material resuspended and the samples stored at —80°C. The
supernatants were initially classified using a panel of broadly reactive antisera (anti-mammal,
reptile, avian, and amphibian) as previously described (Irby and Apperson 1988). Extracts
positive for mammalian blood were further characterized using a panel of species-specific
antisera.
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Samples testing positive for avian blood were further classified by PCR, employing a
previously described PCR-based assay for the specific amplification of a portion of the
cytochrome B gene encoded in the DNA present in avian derived bloodmeals (Hassan et al.
2003). Amplicons were classified by heteroduplex analysis (HDA), as previously described
(Lee et al. 2002), using two drivers derived from Northern Cardinal or Carolina Chickadee.
Samples were grouped on the basis of a comparison of the relative mobility of the HDA bands
in both assays carried out with the two different drivers. Amplicons from representative
samples from each HDA group were purified using the Qiaquick PCR purification kit (Qiagen)
and their DNA sequence directly determined. The origin of the bloodmeal was then determined
by comparison of the DNA sequence to the sequences present in the Gen-bank DNA sequence
bank, as previously described (Apperson et al. 2004).

Statistical analysis

The significance of observed differences in the number of bloodmeals derived from different
species or classes was assessed using a y2 test. The 95% confidence intervals surrounding the
estimated proportion of blood-meals taken from a given class or species were calculated as
described previously (Apperson et al. 2004).

Non-parametric models were used to assess the significance of observed temporal shifts in host
feeding. This analysis was restricted to the 2002 data, as semi-monthly collections were not
carried out in 2003. The analysis concentrated on shifts in feeding on robins compared to all
other hosts, as previous studies have suggested that such a shift from robins to other hosts may
be an important factor in driving infection of humans with WNV (Kilpatrick et al. 2006b).
Non-parametric models were used to develop “predicted” numbers of robin and non-robin
derived bloodmeals for each semi-monthly period. Concordance between the modeled curves
for the robin and non-robin derived meals was assessed using Kendall’s Tau test. The
significance of the differences between the predicted and observed values for each semi-
monthly period were assessed using a y2 test.

In analyzing this sort of seasonal data, one would expect to see two types of variation. The first
of these would result from the normal seasonal variation in the total number of blood-fed
mosquitoes present, simply reflecting those months when the mosquitoes are most active. The
second potential source of variation would result from actual temporal shifts in host choice.
To separate these two sources of variation, the curves derived from the non-parametric
regression models were subtracted from the observed data, producing residual curves that
highlighted trends associated with shifts in host choice. The concordance of these residual
curves was assessed using a Kendall’s Tau test.

Modeling analysis

The model used to assess the relative reservoir competence of various avian species was
modified from a recently published step-flow model (Unnasch et al. 2006), whose purpose was
to test the hypothesis that young of the year birds played a significant role in the transmission
dynamics of Eastern Equine Encephalitis virus. This model was created with the Stella®
Software package (Wallis et al. 2002). The model was designed to run in 200 daily steps,
simulating a 200-day transmission season (March 15 to October 1). To adapt this model to
assess the importance of various avian species as reservoirs for WNV, the young of the year
module present in the original model was replaced by a second adult bird module. Feeding
success on individual bird species were estimated by normalizing the number of bloodmeals
taken from a given bird species with a global estimate of the overall abundance of that species
in the Memphis/Shelby County area, as estimated from data collected by the U.S. Geological
Survey (USGS) breeding bird survey (BBS) (Sauer et al. 2005). To obtain as global an estimate
as possible, data from the five BBS routes located within a 40-kM radius of the center of the

Vector Borne Zoonotic Dis\uthor manuscript; available in PMC 2008 November 6.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

SAVAGE et al.

RESULTS

Page 7

city of Memphis were combined to estimate bird abundance in the area. Feeding success values
were further normalized to the species that exhibited the greatest value (the Grey Catbird). The
feeding success on the Grey Catbird was set as 1.0 (i.e., a mosquito attempting to feed upon
this species succeeded 100% of the time). The feeding success estimates for all other species
were thus estimated as less than 1.0, based upon their feeding index relative to that of the Grey
Catbird. Relative encounter rates were set at 0.5, meaning that if two birds of different species
were encountered by a questing mosquito, there was an equal probability that the mosquito
would attempt to feed upon either. Data on mortality rates, peak serum viremia levels and
duration of viremia for each bird species were obtained from published laboratory studies
(Komar et al. 2003). All of the remaining parameters in the model relating to infection in the
mosquito vector (e.g., vector competence, extrinsic incubation period and daily mosquito
mortality rates) were derived from published sources (Nasci and Edman 1984,
Mokgweetsinyana 1987, Johnson 1998, Turell et al. 2001, Dohm et al. 2002).

Two approaches were taken to evaluate the reservoir capacity of each species. In the first
analyses, birds that were frequently targeted by mosquitoes were analyzed individually, to
estimate the reservoir capacity of each species. In conducting this analysis, the model was first
seeded with 500 identically parameterized adult birds, which were divided equally between
the two modules. The modules were parameterized identically, using values for the avian
parameters (e.g., duration of infectious viremia, mortality rate in infected birds and mosquito
feeding success) derived from published laboratory studies (Komar et al. 2003). Several output
values from the model indicative of the predicted intensity of transmission were then examined
to estimate the reservoir capacity of each species.

The studies involving the individual bird species provided an indication of the predicted
reservoir capacity of each species. However, these studies did not indicate the relative role that
each species might play in the transmission of WNYV in the context of the avifauna as a whole.
To address this question, the model was run with the two modules parameterized differently.
In these analyses, one module was parameterized with the values derived from the individual
species to be studied, while the second module was parameterized with weighted averages for
all parameters derived from the entire observed bird population, minus the species under
consideration. The number of adult birds seeded into the individual module was based upon
the relative abundance of the species under study relative to all other birds observed, so that
the number of birds in both modules totaled 500.

A free-standing version of the model, a text file describing how to navigate the model’s
interface, an Excel spreadsheet detailing the parameters used in the analysis and a link to a free
engine that may be used to run the model can be obtained from Dr. Thomas R. Unnasch at
tunnasch@uab.edu.

In total, 8,440 mosquitoes were collected from 80 resting sites. Among these 8,440 specimens,
2,346 (28%) had visible bloodmeals under the dissecting microscope and were processed for
bloodmeal identification. The bloodmeals of 2,082 (89%) of 2,346 processed mosquitoes were
identifiable to host class. These 2,082 specimens were collected at 70 of the 80 sampled sites.
The locations of these 70 sites are depicted in Figure 1.

Members of the genus Culexmade up 79% of the collection, with members of the CX.
pipienscomplex (29%), Cx. restuan$21%), and CX. erraticug22%) predominating among
the Culexmosquitoes. The only species other than Culexmosquitoes that was collected in
significant numbers was Anopheles quadrimaculatushich made up 19% of the total
collection.
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Mosquitoes with identifiable bloodmeals were collected on at least one day per month from
February 4 through December 31, 2002, and from March 24 through November 13, 2003. No
blood fed specimens were detected during 12 site visits conducted between January 8, 2003
and February 18, 2003, and on seven site visits conducted between November 20 and December
12, 2003. The seasonal abundance of blood-fed specimens for the five most common mosquito
taxa are summarized in Figure 2. The numbers of blood-fed Cx. pipiensomplex mosquitoes
peaked in July in both 2002 and 2003, as did the number of blood-fed An. quadrimaculatus
collected (Fig. 2). In contrast, the numbers of blood-fed Cx. restuansollected peaked earlier
in both years, in April and May. The numbers of blood engorged Cx. erraticusollected peaked
in late summer (August—October) in 2002 and in July 2003 (Fig. 2). In 2003, the majority
(72%) of the Cx. erraticuscollected were obtained from a single collection taken from a single
site.

Forty-eight of the mosquitoes with blood-meals identifiable to host class were not identified
below the generic level, for example, Culexspp., and were excluded from further analysis.
Host class utilization data on the remaining 2,034 specimens, representing 13 mosquito taxa,
are summarized in Table 1. Of the 2,034 mosquitoes with bloodmeals identified to host class,
1,956 (96%) were identified as having come from a single class of host (Table 1). The remaining
4% of the meals were found to have been derived from more than one host class, with mixed
avian-mammalian meals accounting for 3.5% of the meals. Members of the Cx. pipiens
complex were ornithophilic, with 73% (95% CI, 70-76%) of the individuals from these taxa
taking meals from avian hosts. The majority (14%) of non-avian meals taken by members of
the CX. pipiensomplex were mammalian in origin, and 24 (3.6%) bloodmeals were of mixed
avian-mammalian origin (Table 1). No statistically significant (p >0.05; 2 test) differences in
the class of hosts fed upon were noted among members of the Cx. pipiensomplex that were
classified as Cx. p. pipiensCx. p. quinquefaciatusr hybrids of the two taxa, based upon
polymorphisms in the ACE.2 gene (Table 1). Culex restuanslso fed primarily upon birds,
taking 62% (95% CI, 58—67%) of its meals from avian hosts (Table 1). In contrast, both CX.
erraticusand An. quadrimaculatusok the majority of their meals from mammals. However,
both species were found to occasionally feed upon avian hosts (Table 1). Culex territanswas
the only species that fed predominantly on cold-blooded hosts with 63% of its meals taken
from amphibians (95% CI, 43-81%).

Of the 802 meals taken from mammals, 786 (98%) were identified to a single species or were
of mixed mammalian origin (Table 2). Nine different mammalian species served as hosts for
the various mosquito species. However, three to four mammalian hosts made up the vast
majority of the mammalian blood-meals identified (Table 2). The domestic dog (Canis
familarius) was the most frequently utilized host for An. quadrimaculatusnd Cx. erraticus
making up 72% of the mammalian-derived bloodmeals identified in these two species. In
contrast, the raccoon (Procyon loto) was the preferred host for members of the Cx. pipiens
complex and Cx. restuanswith 56% of the mammalian-derived meals having been taken from
this host in these two taxa. Humans were rarely fed upon by any of the species collected, and
only 2.5% (20/786) of all of the mammalian-derived meals were from humans. Mosquitoes
identified as either CX. restuansor a member of the CX. pipiensomplex yielded 45% (9/20)
of the human feeds; thus, approximately one out of a hundred (9/852) of these mosquitoes fed
on humans. Additionally, one mixed cat-human feed was observed for CX. restuansThe
mammalophilic species, An. quadrimaculatugyielded the largest proportion of human feeds
(8/20) of any nominal species.

Of the 987 bloodmeals identified as from avian sources by the ELISA-based assay, 709 (72%)
were identified to a single avian species using a PCR assay (Table 3). An additional 46
mosquitoes (5%) were found to have taken meals from multiple avian species and were not
characterized further, due to technical limitations. Although 23 different avian species were
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identified in the bloodmeals, three species (the American Robin, the Common Grackle and the
Northern Cardinal) made up over 81% of the avian-derived meals (Table 3). The American
Robin was the most commonly fed upon avian host, making up 54% of the identified avian-
derived meals.

Avian host preference did not differ significantly among members of the Cx. pipiensomplex
or between members of the Cx. pipienscomplex and Cx. restuangTable 3; p > 0.05 2 test).
In all of these taxa, American Robins were the most frequently fed upon hosts. In contrast, the
proportion of avian hosts in Cx. erraticusdiffered significantly from the remaining Culex
species (p < 0.01; 42 test). In Cx. erraticus the positions of the Common Grackle and Robin
were reversed, with the grackle representing the most commonly fed upon avian host (Table
3).

There was no significant difference in the feeding pattern of Cx. pipiensomplex and Cx.
restuansnosquitoes collected at sites in urban residential neighborhoods with different income
levels (p > 0.05; 42 test). At urban sites of all income levels, the American Robin, Common
Grackle and Northern Cardinal were the three most commonly utilized avian hosts. All human-
derived bloodmeals were collected in sites classified as urban residential middle-income.

West Nile virus was detected in the head and thorax, indicating a disseminated infection, in 13
mosquitoes, representing six taxa (Table 4). Nine (69.2%) of the WNV-positive mosquitoes
were members of the CX. pipiensomplex, and two (15.4%) were Cx. restuansThe only non-
Culex (Culexmosquitoes that were WNV-positive were two (15.4%) specimens of An.
guadrimaculatusVirus was detected at 10 different sites; eight sites yielded a single positive
mosquito, while site 67 yielded two positive mosquitoes and site 8 yielded three positive
mosquitoes. Twelve (92.3%) of WNV-positive mosquitoes were detected from sites located
in urban residential neighborhoods with nine (69.2%) positive mosquitoes being collected from
urban residential middle income sites (URMI). Virus-positive mosquitoes of the Cx. pipiens
complex were collected from May 6 through September 12, while both WNV-positive CX.
restuansspecimens were collected in April, supporting a role for this species in early spring
amplification.

To address the question of relative reservoir capacity of the different avian species fed upon
in Shelby County, a step-flow model was first used to evaluate the reservoir potential of the
most commonly fed upon birds. We also used the model to estimate the reservoir capacity of
the American Crow, a species that has experienced widespread mortality from WNV (Komar
et al. 2003, Caffrey et al. 2005). A schematic of this model is shown in Figure 3. Results of
these studies are summarized in Table 5. Several avian species exhibited a low predicted
reservoir capacity, including the American Crow, the House Sparrow, the Northern
Mockingbird and the European Starling. In all of these species, the infection rate in the
mosquito population declined asymptocally from its initial setpoint of 0.33 infected mosquitoes
per 1,000 mosquitoes, indicating little or no WNV transmission was occurring (Table 5). In
keeping with this finding, little evidence for infection in the avian population was noted in
these four species, with final infection rates of 0.08—-0.9% (Table 5). In contrast, three species
(the American Robin, the Blue Jay, and the Common Grackle), exhibited relatively high
predicted reservoir capacities. In these species, the mosquito infection rate increased from its
initial value of 0.33 per 1,000 to between 9.26 per 1,000 and 70.9 per 1,000, indicating that
these species were capable of supporting transmission of WNV. In keeping with this finding,
these three species exhibited high predicted avian infection rates, ranging from 72.3% to 100%
of the susceptible population (Table 5).

The studies involving the individual bird species summarized in Table 5 provided an indication
of the reservoir capacity of each species. However, these studies did not indicate the relative
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role that each species might play in the transmission of WNV in the context of the avifauna as
a whole. To address this question, the model was run with the two modules parameterized
differently, with one module parameterized to represent the individual species in question and
the second module parameterized with weighted averages for all other species. The results
from these studies are summarized in Table 6. Here, the analysis suggested that just two species
(the American Robin and the Common Grackle), when considered in the context of the avifauna
as awhole, were capable of supporting WNV transmission. Interestingly, these species behaved
somewhat differently (Table 6). The robin population induced a rapid enzootic of virus
transmission, with a peak infection rate of 1.52 per 1,000 mosquitoes, occurring on day 35.
The model predicted a rapid spread of virus infection that appeared to be confined primarily
to the robin population, as 100% of the robins became infected by day 73, but just 18% of the
avifauna overall were infected. In contrast, the Common Grackle population induced a more
widespread, late season pattern of viral activity. Here, the maximal level of infection in the
vector population reached 3.22 per 1000 mosquitoes on day 182. A more widespread pattern
of infection was also noted, as the model predicted that 71% of the Common Grackles and 42%
of all birds became infected with the virus.

The semi-monthly distribution of blood-meals by host groups for Cx. pipiensomplex and Cx.
restuansmosquitoes are summarized in Figure 4. These data suggested that a large level of
variation occurred in the proportion of robin-derived bloodmeals from semi-monthly period
to semi-monthly period. The data also indicated a slight trend away from feeding on robins to
other hosts, a pattern that has been noted in previous studies (Kilpatrick et al. 2006b). To assess
the significance of these patterns, non-parametric models were used to prepare “smoothed”
curves for the number of robin and non-robin-derived blood meals. For both robins and all
other hosts, the observed data exhibited some variation about the trend line predicted by the
models (Fig. 5A,B). However, variation was much greater for the robin-derived blood meals
than it was for the non-robin-derived blood meals, with significant deviations from the
smoothed prediction of the number of robin-derived meals seen during each semi-monthly
period from March 1, 2002 through June 15, 2002 (Fig. 5A).

When the modeled curves for the number of robin-derived and non-robin-derived curves were
compared, there was some suggestion that feeding on robins peaked slightly earlier than did
feeding upon other hosts (Fig. 5C). However, when the robin and non-robin derived curves
were compared for concordance using Kendall’s Tau, the two curves were found to be highly
concordant (z=0.81, p<0.0001). Furthermore, when the effect of the normal seasonal variation
in the number of blood-fed mosquitoes was removed as described in the Methods and the
resulting residual time histories were again compared by Kendall’s Tau, the value for
concordance remained very high (z = 0.49, p < 0.0003). Taken together, these analyses
suggested that perceived shift from feeding on robins early in the season to other hosts later in
the season was not statistically significant. However, as discussed above, significant
differences in the number of robin-derived meals were noted in contiguous semi-monthly
periods. This pattern was inconsistent with the hypothesis that the mosquitoes were feeding
upon free-ranging adult robins, because if this were the case, one would predict that the
frequency of feeding upon robins would be stable throughout the spring and early summer
months. However, a variable pattern of feeding with peaks lasting one to two semi-monthly
periods might be expected if the mosquitoes were targeting nesting birds. Robins nest
throughout the spring and summer in the Shelby County area, and tend to raise two to three
broods of nestlings per season (Gough et al. 1998). Nestlings fledge in 14—16 days (Gough et
al. 1998). Thus, if mosquitoes were targeting nesting birds, one might predict that the frequency
of feeding upon robins would increase during the period when nests were active.

Because breeding in robins is not synchronized and the birds are capable of raising more than
one brood per year, a pattern of preferential feeding upon nesting birds would be difficult to
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discern when mosquitoes were collected from multiple sites. However, such a pattern might
become more evident if the data were analyzed by site, as this would presumably limit the
number of active nests capable of being sampled by the resident mosquitoes. The data were
therefore re-analyzed for collection sites where more than 10 robin-derived blood-meals were
detected, where more than 25 blood-fed mosquitoes were identified overall, and where blood-
fed mosquitoes were collected in at least six of the 11 semi-monthly periods during the 2002
transmission season. When broken down by site and time, the proportion of robin-derived
bloodmeals was seen to vary widely over time at most sites, with peaks in the proportion of
robin derived blood-meals lasting one to two semi-monthly periods (Fig. 6).

DISCUSSION

The host-feeding data presented above support previous studies (Apperson et al. 2004, Molaei
et al. 2006) that show that members of the Cx. pipiengomplex and Cx. restuanare primarily
ornithophilic. However, it is clear from the data presented here that neither species is
exclusively ornithophilic. Furthermore, it appears that the degree of preference for avian hosts
varies from location to location. For example, the percentage of avian derived meals in CX. p.
pipiensin New Jersey was reported to be just 35%, while in New York it was found to be 85%
(Apperson et al. 2004). Similarly, CX. restuanged upon avian hosts 62% of the time in this
study, while it was reported to be exclusively ornithophilic in Connecticut (Molaei et al.
2006) and highly mammalophilic in Delaware (Gingrich and Williams 2005). This level of
variation may in part reflect the limited number of specimens analyzed in some of the previous
studies (Apperson et al. 2004, Gingrich and Williams 2005). However it is also possible that
these data reflect the fact that host feeding choice may vary widely within a single species from
location to location, which may in turn affect the role that each species plays both as an enzootic
and as a bridge vector in different regions. The reason for such a difference in feeding behavior
remains to be resolved. However, it appears that the innate host preference of many mosquito
species is modulated by the spatial and temporal abundances of potential hosts (Savage et al.
1993a, Niebylski et al. 1994, Richards et al. 2006), and by regional differences in host
reproductive cycles and other behaviors.

Shelby County is located in the southernmost portion of the hybrid zone for members of the
Cx. pipiengomplex (Barr 1957, Savage et al. 2006). The results of our study suggest that there
are no significant differences in host utilization among members of the Cx. pipiensomplex
within Shelby County. One possible explanation for this finding rests upon the fact that the
mosquitoes involved in this study were classified using a single molecular marker, which would
not have detected evidence of hybridization at other unlinked loci (Aspen and Savage 2003).
More detailed multi-locus classification methods (Fonseca et al. 2004, Smith and Fonseca
2004) may provide an answer to this question. Alternatively, studies of the host-feeding
preferences of genetically pure Cx. p. pipiengand Cx. p. quniquefaciatu§om areas outside
the hybrid zone might be able to address this issue. However, it is likely that such studies would
be complicated by regional differences in host feeding such as those described above.

Similar to the results from previous studies (Apperson et al. 2002, 2004, Hassan et al. 2003,
Ngo and Kramer 2003, Kilpatrick et al. 2006a, Molaei et al. 2006), mosquitoes that fed upon
avian hosts targeted a limited number of species most of the time. In keeping with other recently
published studies from the Northeastern and mid-Atlantic states, (Kilpatrick et al. 2006a,
Molaei et al. 2006) the American Robin was by far the most preferred avian host. The only
exception to this finding was the case of Cx. erraticuswhich fed upon the Common Grackle
more frequently than the American Robin. However, the distribution of Common Grackle
meals in CX. erraticuswas highly focal, as the majority of grackle-fed Cx. erraticuswere
collected from a single site on a single date. This focality may have resulted in a feeding pattern
that was not reflective of the overall host preference in this species.
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Several laboratory studies have been conducted that have estimated many of the parameters
involved with reservoir competency in different bird species, while the host-feeding data
presented above permitted us to estimate the level of host-vector contact. All of these
parameters were employed in a step-flow model to gain insight into the relative reservoir
capacity of the avian species that were important bloodmeal sources of the Culexmosquitoes
in our study. The results suggested that two species (the Common Grackle and the American
Robin) may play major roles as reservoir hosts for WNV in Shelby County. However, these
species differed somewhat in the pattern of viral transmission that they supported. The robins
were predicted to be very susceptible to WNV infection, with the entire robin population
becoming infected less than half way through the season. In contrast, the grackles produced a
late-season pattern of transmission, which also seemed to involve a wider variety of other avian
species. This difference is likely to be related to the relative intensity of vector-host contact in
these two species. Robins are a highly preferred host for the Culexspecies, and as such would
be expected to become rapidly exposed to the virus. Furthermore, the high level of feeding
upon robins would tend to exclude other species from being fed upon, thereby tending to
confine the infection to the robin population, resulting in an intensive, but limited enzootic of
infection within the robin population. In contrast, grackles, although exhibiting a relatively
high feeding index, were less likely to be chosen as hosts when compared to robins. This may
have resulted in a pattern in which the level of infection built more slowly and became more
widespread among the avian population as a whole, when compared to the intensive enzootic
seen in the robin simulations.

A recent study has suggested that a temporal shift in feeding by Cx. pipiengomplex mosquitoes
from robins to humans occurs late in the summer (Kilpatrick et al. 2006b). The authors of that
study suggested that this shift might play an important role in permitting WNV to move from
an avian cycle of transmission to infect humans. However, the data presented above suggest
that such a shift to feeding upon humans may not be occurring in Shelby County, as the
percentage of robin-derived meals in CX. pipiengomplex and Cx. restuansosquitoes did not
decline significantly in the late summer period. Furthermore, human-derived bloodmeals in
Culex pipiengomplex mosquitoes made up just over 1% of the total meals identified in these
taxa, and the human-derived meals were spread throughout the semi-monthly collection
periods (data not shown). There are several possible explanations for the difference in the
temporal pattern of robin feeding seen here and the host shift reported to occur in the
northeastern United States. First, robins are year-round residents in Shelby County (National
Audubon Society 2002) and therefore may differ in behavior from the robin populations in the
Northeast. It is also possible that the level of human contact with the Cx. pipiensomplex is
lower in Shelby County than in the Northeastern and mid-Atlantic states. Shelby County is a
southern urban area with very warm and humid summers, and many residents stay indoors in
air-conditioned buildings during the months of July through early September. This behavior
would limit the exposure of humans to the mosquito population, and focus Culexmosquito
feeding on other more available mammals, such as dogs, horses and raccoons.

Despite the relative lack of targeting of humans, there were 40 human WNYV cases reported in
2002 (USGS 2003) and 10 human WNYV cases reported in 2003 (USGS 2004) in Shelby
County. These cases occurred during a period marked by extensive public health messages and
an intense mosquito control program targeting Culexmosquitoes. These data indicate that
seasonal or targeted feeding by Cx. pipiensomplex and Cx. restuansnosquitoes on humans
is not necessary to support significant WNV transmission to humans in this area. The very high
rates of WNV infection in Cx. pipiensomplex and CX. restuansnosquitoes in Memphis
observed in this study and elsewhere (Savage et al. 2006), combined with extremely high
mosquito population levels and an observed human feeding rate of roughly 1% suggest that
these species account at least in part for the observed WNV transmission to humans. However,
other mosquito species may also play an important role in acting as bridge vectors of WNV
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from birds to humans. Our WNYV infection and abundance data suggest a possible bridge vector
role for An. quadrimaculatuin Memphis, while Cx. salinariushas been implicated as a
potential bridge vector in Connecticut (Andreadis et al. 2004) and has been found to be
frequently infected with WNV in studies conducted in the Southeastern United States (Godsey
et al. 2001, 2005, Cupp et al. 2007).

It has been hypothesized that the reason for the shift in feeding from robins to other hosts is
related to the dispersal of adult robins late in the summer (Kilpatrick et al. 2006b). As mentioned
above, we could detect no such late-summer shift away from robins in Shelby County.
However, we were able to demonstrate a significant difference in the proportion of robin-
derived bloodmeals in contiguous semi-monthly periods in the spring and early summer
periods. Such shifts in feeding would not be predicted to occur if the mosquitoes were targeting
free-ranging adult birds, which are present throughout the spring and early summer. However,
this pattern is consistent with the hypothesis that the mosquitoes were targeting nesting birds.
As mentioned above, robins in Tennessee generally produce more than one brood of young
per year, and the young fledge in 14-16 days (Gough et al. 1998). If unfledged birds were
particularly targeted by mosquitoes, it would be predicted that one would see a pulse of feeding
upon robins after hatching and before the young fledged. It is also possible that mosquitoes are
targeting brooding adults, which while on the nest may be unable to exhibit the full range of
defensive and avoidance behaviors available to them while they are free-ranging. In either case,
the prediction that nesting birds are preferentially targeted is completely consistent with the
feeding pattern described above. Furthermore, a similar pattern of tightly temporally regulated
feeding upon a preferred avian host has been noted in studies of host choice in Cx. erraticus
at a site endemic for Eastern Equine Encephalitis virus in Alabama (Unnasch et al. 2005).
Several previous studies have suggested that nestlings may play an important role in the
amplification of Saint Louis Encephalitis (Scott et al. 1988, Mahmood et al. 2004), and recent
modeling studies have suggested that nestlings may be instrumental in the amplification of
Eastern Equine Encephalitis virus as well (Unnasch et al. 2006). Taken together, these studies
suggest that preferential feeding upon and infection of young of the year birds may be an
important amplifier in the transmission of WNV and other arboviruses.
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FIG. 1.

Location of the 70 mosquito resting sites in Shelby County, Tennessee, that yielded mosquito

specimens with blood-meal hosts identifiable to host class.
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FIG. 3.

Schematic of model used to compare reservoir capacities of different avian species. Large
boxes highlight the avian and mosquito modules that make up the model. Variables that affect
the interaction of the three modules are listed in small boxes interrupting the arrows that connect
the modules. The arrows connecting the modules indicate the direction of the interactions
among the modules. Within each module, the white boxes indicate stocks of the avian reservoir
and vector mosquito species in different states (e.g., uninfected or infectious). Gray boxes
indicate conveyors, in which animals moving from one stock to another must rest for a defined
period of time before moving to the next stock. The bold Xs indicate death of animals in a
given stock, resulting in removal from subsequent iterations of the model. Arrows indicate the
direction that animals may move from stock to stock. Arrows interrupted by a circle indicate
that movement from one stock to another stock is governed by a single variable. This variable
is indicated by the curved arrow pointed to the circle in question. Arrows interrupted by
hexagons symbolize that movement between the stocks indicated is controlled by multiple
variables, most of which affect the interactions between the modules. Variables affecting the
transitions in each hexagon are as follows. Hexagon A: Number of uninfected birds of species
1 (susceptible and immune), number of uninfected birds of species 2 (susceptible and immune),
and relative feeding upon species 1 and species 2, calculated from the relative feeding indices
of the two species. Hexagon B: Number of infectious birds of species 1, number of infectious
birds of species 2 and relative feeding upon species 1 and species 2. Hexagon C: Total number
of birds of species 1, total number of birds of species 2, and relative feeding upon species 1
and species 2. Hexagon D: Number of infectious mosquitoes, number of susceptible birds, and
relative feeding preference on species 1 and species 2.
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Non-parametric analysis of the numbers of robin and non-robin avian bloodmeals by semi-

monthly period. (A) Predicted and observed numbers of robin blood meals. (B) Predicted and
observed numbers of avian blood-meals derived from species other than robin. (C) Predicted
numbers of blood-meals from robins and other avian species. In A and B, asterisks (*) indicate
time periods where the observed numbers of meals differed significantly from those predicted

by the models (p < 0.05; 2 test).
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FIG. 6.

Percent of American Robin derived bloodmeals taken during semi-monthly periods during the
2002 transmission season, May 1, 2002 to September 15, 2002, at four collection sites. Only
sites where greater than 10 robin-derived bloodmeals and at least 25 total bloodmeals were
identified, and where blood-fed mosquitoes were found during at least six of the 11 possible

semi-monthly periods are included.
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