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Abstract

In North America, the geographic distribution, ecology, and vectorial capacity of a diverse assemblage of mos-
quito species belonging to the genus Culex determine patterns of West Nile virus transmission and disease
risk. East of the Mississippi River, mostly ornithophagic Culex pipiens L. complex mosquitoes drive intense
enzootic transmission with relatively small numbers of human cases. Westward, the presence of highly compe-
tent Culex tarsalis (Coquillett) under arid climate and hot summers defines the regions with the highest human
risk. West Nile virus human risk distribution is not uniform geographically or temporally within all regions.
Notable geographic ‘hotspots’ persist with occasional severe outbreaks. Despite two decades of comprehen-
sive research, several questions remain unresolved, such as the role of non-Culex bridge vectors, which are
not involved in the enzootic cycle, but may be involved in virus transmission to humans.The absence of bridge
vectors also may help to explain the frequent lack of West Nile virus ‘spillover’ into human populations despite
very intense enzootic amplification in the eastern United States. This article examines vectorial capacity and
the eco-epidemiology of West Nile virus mosquito vectors in four geographic regions of North America and

presents some of the unresolved questions.
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Mosquitoes within the genus Culex have been implicated as the
principal vectors of West Nile virus (WNV) in North America for
almost 20 yr (Kramer et al. 2008, Farajollahi et al. 2011, Andreadis
2012). The geographic distribution, ecology, and vectorial capacity
of a diverse assemblage of Culex species, together with the prevailing
environmental and climatic conditions, largely explain continental
patterns of West Nile virus transmission and disease risk. For the
purpose of this review we have subdivided North America into four
geographic regions (Fig. 1) and examined the role of the most dom-
inant Culex vectors in the West Nile virus transmission cycle within
the ecological and epidemiological settings unique for each region.
Additionally, we highlight several unresolved issues concerning the
role of vector mosquitoes that require further investigation. This
analysis updates and extends previously published reviews (Fonseca
et al. 2004; Kramer et al. 2008; Reisen 2010, 2012; Farajollahi et al.
2011; Andreadis 2012) by focusing on the West Nile virus mosquito
vector community, their vectorial capacities, and interactions with
the environment.

The main mosquito vectors that are the key contributors to West
Nile virus transmission cycle vary by region. In the northeastern,
mid-Atlantic, and central United States (‘east-central United States’
hereafter; Region 1, Fig. 1), Culex pipiens L. and Culex restuans

Theobald have been overwhelmingly incriminated as the primary
vectors (Kulasekera et al. 2001, Andreadis et al. 2004, Kilpatrick
etal.2005,2006a, Lampman et al. 2006, Molaei et al. 2006, Hamer
et al. 2008, Kramer et al. 2008, Andreadis 2012). The involvement of
these species in epidemic transmission of West Nile virus to humans
varies seasonally and geographically and may be driven by genetic
factors (Huang et al. 2009). Culex salinarius (Coquillett) is a highly
competent vector that exhibits indiscriminate feeding habits and
likely plays a significant role in virus maintenance and transmission
to mammals, most notably in coastal areas (Andreadis et al. 2004,
Molaei et al. 2006, Anderson et al. 2012a, Andreadis 2012). The
east-central geographic region is characterized by intense enzootic
amplification of West Nile virus with limited ‘spillover’ into human
populations that fluctuates from year to year and usually increases
under hotter and drier conditions.

In the southeastern United States (Region 2), the abundance of
Culex quinquefasciatus (Say) in urban and suburban areas and fre-
quent feedings on both birds and mammals (Molaei et al. 2007),
clearly incriminate this species as the primary enzootic and likely epi-
demic vector (Godsey et al. 2005, Kramer et al. 2008), whereas other
species, such as Cx. salinarius and Culex nigripalpus (Theobald)
have been implicated mostly as bridge vectors (Godsey et al. 2005,
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Fig. 1. Four North America regions with the geographic ranges of the primary West Nile virus mosquito vectors (Darsie and Ward 2005, Kothera et al. 2013,
Nelms et al. 2013). Culex tarsalis occurs east of the Mississippi River, but is rare (Jenkins 1950); it is also scarce in LA, AK, and MO (McNeel and Ferguson 1954).
Region 1: Cx. pipiens/Cx. restuans/Cx. salinarius. Bridge vectors: Cx. pipiens form molestus, Ae. albopictus, Ae. j. japonicus, Ae. triseriatus, Ae. vexans. Region
2: Cx. quinquefasciatus/Cx. nigripalpus. Bridge vectors: Cx. erraticus, Cx. salinarius, Ae. albopictus. Region 3: Cx. tarsalis/Cx. pipiens. Bridge vectors: Ae. vexans,
Cx. salinarius. Region 4: ‘Urban’ Cx. quinquefasciatus/'rural’ Cx. tarsalis. Bridge vectors: Ae. albopictus (urban), Cx. salinarius, Ae. vexans. Additional explana-

tion found in text.

2013; Vitek et al. 2008). Although less commonly implicated, Culex
erraticus (Dyer & Knab) also has been found positive for West Nile
virus (Godsey et al. 2013) and readily feeds on both mammals and
birds (Cohen et al. 2009). Rainy summers in this region appear to
mitigate the risk of West Nile virus transmission to humans (Ruiz
et al. 2010, Shand et al. 2016).

The incidence of West Nile virus human risk increases west
of the Mississippi River as the climate becomes drier and hotter.
Intense human transmission in the northern part of the western re-
gion (Region 3) is driven by the presence of highly competent and
abundant Culex tarsalis (Coquillett) that feed on a variety of host
species, with Cx. pipiens serving as an effective enzootic vector
(Curry 2004; Reisen et al. 2004; Bolling et al. 2007, 2009; Winters
et al. 2008; Campbell et al. 2013; Anderson et al. 2015; Dunphy
et al. 2019). In the southwest (Region 4), transmission is largely
driven by Cx. quinquefasciatus in urban areas and Cx. tarsalis in
more rural locales (Reisen et al. 2009, Kwan et al. 2010, Molaei
et al. 2010, Godsey et al. 2012, Campbell et al. 2013, Chung et al.
2013, DiMenna et al. 2006). Other Culex species including Cx.
salinarius, Culex stigmatosoma (Dyar), and Culex erythrothorax
(Dyar) may also be involved in the transmission cycle, but based
on the comparative paucity of virus detections in these species,
they are thought to be of secondary or more localized importance
(Pitzer et al. 2009, Molaei et al. 2010, Reisen 2012, DiMenna
et al. 2006).

West Nile Virus Testing of Field-Collected Specimens
The national arboviral surveillance system (ArboNet) managed by
the Centers for Disease Control and Prevention (CDC) reported

102,215 West Nile virus-positive mosquito pools between 1999 and
2017 (the last year for which data are available at the time of this
publication). Of these, 97.4% of the positive pools were comprised
of Culex species and 1.5% Aedes species, with the remainder (1.1%)
belonging to eight other mosquito genera (Table 1). In total, 65 spe-
cies have tested positive for West Nile virus: 26 Aedes, 14 Culex, 10
Anopheles, 6 Culiseta, 4 Psorophora, and five additional genera with
one species each (Table 1) (Fig. 1). We note that the majority of these
mosquito pools were tested by molecular methods without isolating
actual virus, and detection of West Nile virus RNA in these pools
only confirms the presence of virus and not necessarily the ability to
transmit the virus.

Comparative percentages of West Nile virus-positive pools by
the highest contributing Culex and Aedes species are shown in Fig.
2. Among those pools identified to the species level, Cx. pipiens
was more common in the northern Regions 1 and 3, whereas Cx.
quinquefasciatus predominated in the southern Regions 2 and 4
(Fig. 1). Positive West Nile virus pools obtained from Cx. tarsalis
were confined to mosquitoes collected in the western United States
(Regions 3 and 4).

Among Aedes mosquitoes, widespread Aedes vexans (Meigen)
was the only species from which West Nile virus-positive pools
were reported in all four regions of the United States (Fig. 2). Aedes
albopictus (Skuse) represented the highest proportion of West Nile
virus-positive pools, except in northern sections of western United
States (Region 3, Fig. 1) where this species is only found sporadically.
Other species including Aedes japonicus japonicus (Theobald) and
Aedes triseriatus (Say) collectively represented a small percentage of
West Nile virus-positive pools.
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Table 1. Generic summary of West Nile virus positive mosquito pools reported to CDC ArboNet from different regions of the United States, 1999-2017

Southwestern?

Western<

Southeastern”

East-Central®

Mosquito genera

Region 4

Region 3

Region 2

Region 1

% No. spp. No. West Nile % No. spp. No. West Nile % No. spp. No. West Nile %

No. West Nile

No. spp.

virus pools

virus pools

virus pools

virus Pools

0.9 11 221 0.8
15

87
13

1.9
0.4
0.2

96.3

284
55

10

2.0

946
122
65
46,767

16

Aedes

0.1

0.1
<0.1

0.3

Anopheles

25
14,729

0.1
96.6

Coquillettidia

Culex

9,127 98.4 13 28,884 98.7

10

<0.1

13

0.5

44

0.1
<0.1

11

0.7

315

Culiseta

Deinocerites

<0.1

Mansonia

<0.1

<0.1

Orthopodomyia
Psorophora

0.1
0.3

25
98

<0.1
<0.1

0.2
<0.1
0.9

37
2
139

0.1
<0.1
0.3

30
12
128

Uranotaenia
Unidentified

°CT, DC, DE, IL, IN, KY, MA, MD, ME, MI, NH, NJ, NY, OH, PA, RI, VA, VT, WI, WV (1999-2017), also see Fig. 1.

AL, AR, FL, GA, LA, MO, MS, NC, SC, TN (2001-2017).

CO, IA, ID, KS, MN, MT, ND, NE, NV, OR, SD, UT, WA, WY (2002-2017).

4AZ, CA,NM, OK, TX (2002-2017).

Vectorial Capacity of Culex Mosquitoes

From an eco-epidemiological perspective, vectorial capacity largely
defines the role of a species as a vector. Vectorial capacity measures
include female abundance, blood-feeding habits, vector competence
(the ability to propagate and transmit an infectious agent), extrinsic
incubation period (EIP), and adult survival (Freier 1989, Reisen
1989). Each of these components is briefly reviewed below.

Habitat and Abundance

In the east-central United States, immature stages of Cx. pipiens and
Cx. restuans are found, often together, in a variety of aquatic habi-
tats from clear woodland pools to highly polluted waters of sewage
treatment plants, farms, and other organically enriched water bodies
(Means 1987, Andreadis et al. 2005). These species also inhabit
various artificial containers, from tires and buckets to catch basins
and storm drains (Geery and Holub 1989). The underground man-
made larval habitat is especially important for the West Nile virus
transmission cycle in urban and suburban areas. The third species of
importance, Cx. salinarius, occasionally may be found in small con-
tainers (Means 1987, Andreadis et al. 2005, Kaufman et al. 2005),
however, its primary habitat is confined to saline, brackish, and ad-
jacent freshwater marshes along the eastern coast, where this species
is abundant in both suburban or heavily urbanized areas (Means
1987, Andreadis et al. 2005, Gingrich and Williams 2005, Rochlin
et al. 2008a, Bajwa 2018).

A distinct autogenous variant of Cx. pipiens, Culex pipiens form
molestus (Forskal), also occurs in this region (Fonseca et al. 2004,
Farajollahi et al. 2011). Culex pipiens f. molestus has been mostly
associated with enclosed and isolated underground habitats in
large urban centers including New York City, Chicago, and Boston
(Spielman 1967, Kent et al. 2007, Huang et al. 2009, Kothera et al.
2010). However, autogenous Cx. pipiens also have been found in
suburban and even rural areas suggesting that hybridization be-
tween the two forms may occur (Mattingly et al. 1951, Means 1987,
Fonseca et al. 2004).

Due to their wide-ranging larval habitats, Culex species are
among the most abundant mosquitoes found in the east-central
United States (Kulasekera et al. 2001, Andreadis et al. 2004, Rochlin
et al. 2008b, Verna 2015, Bajwa 2018). The abundance of flood-
water or salt marsh Aedes and Cogquillettidia species may exceed
Culex locally (Andreadis et al. 2004); however, these species are typ-
ically more numerous in less developed areas, whereas Culex spe-
cies tend to be abundant in more urbanized settings (Kilpatrick et al.
2005, Rochlin et al. 2008b, Verna 2015). Therefore, in suburban and
urban areas, Cx. pipiens and/or Cx. restuans tend to predominate
(Geery and Holub 1989, Savage et al. 2007, Gardner et al. 2013,
Johnson et al. 2015), and in heavily urbanized environment of large
cities, Cx. pipiens is the dominant species (Hamer et al. 2009, Becker
et al. 2014, Bajwa 2018). It is notable that large populations of Cx.
salinarius with frequent West Nile virus infections also have been
recorded in Kansas, New Mexico, and Texas (Bolling et al. 2005,
Harrison et al. 2009, Ganser and Wisely 2013, DiMenna et al. 2006).

In the southeastern United States, Cx. quinquefasciatus utilizes
habitats similar to those of Cx. pipiens. Culex quinquefasciatus has
been associated spatially with areas that are urban and suburban and
temporally with high temperature (Moise et al. 2018). However, as
habitats become increasingly urbanized, the species tends to utilize
backyard container habitats, where they compete with container-
inhabiting Aedes species (Moise et al. 2018). Culex quinquefasciatus
is extremely common in exposed septic ditches that are abundant
throughout Louisiana (Williams and Palmisano 1981) and in sewage
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Culex species, 97.4% of the total positive pools
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Fig. 2. Comparative percentage of West Nile virus positive mosquito pools obtained from field-collected Culex and Aedes species reported to CDC ArboNet from
the four regions of the United States, 1999-2017.The size of each circle corresponds to the relative percentage (indicated by the number in the center) within each
mosquito genus. Only those species with relative percentage > 1% are shown except Region’s 3 Cx. erythrothorax (2.5%). For geographic Regions 1-4, see Fig.
1. Upper panel: Culex species (97.4% of the total positive pools). Culex pipiens complex include Cx. pipiens and Cx. quinquefasciatus hybrids. Culex sp. (mixed
pools) are mostly composed of unseparated Cx. pipiens, Cx. restuans, or Cx. salinarius mosquitoes. Lower panel: Aedes species (1.5% of the total positive
pools). Other Aedes species category includes those mosquitoes identified to species or generic level.

overflow habitats in Georgia (Calhoun et al. 2007). In Florida, Cx.
quinquefasciatus is largely associated with urban habitats, whereas
Cx. nigripalpus is more often found in mixed rural and vegetated
habitats (Rey et al. 2006).

In western North America, Cx. tarsalis is found in a variety of
freshwater habitats, but is most commonly associated with agricul-
tural lands (Bohart and Washino 1978, Reisen et al. 1990, Reisen
et al. 2008a). Culex tarsalis are less tolerant of pollution than Cx.
pipiens or Cx. quinquefasciatus, and in urban areas their larval habi-
tats are mostly confined to unchlorinated pools, flood channels, and
occasional artificial containers. This species can become more abun-
dant in urban areas when suitable larval habitats such as abandoned
pools become available (Reisen et al. 2008a). In contrast, Cx. pipiens

and Cx. quinquefasciatus immatures in the western region, like their
counterparts in the east, typically inhabit underground man-made
structures such as storm water drains, catch basins, wastewater sys-
tems (Su et al. 2003, Bolling et al. 2007, Metzger et al. 2008, Reisen
2012), and peridomestic sources such as gutters, drains, and foun-
tains (Reisen et al. 1990).

Differences in larval habitat requirements are reflected in the
distribution of adult populations. In the rural environs of southern
California, Cx. tarsalis was reported to be the most abundant spe-
cies (Reisen et al. 2009). By contrast, in heavily urbanized areas such
as Los Angeles, Cx. quinquefasciatus had the highest relative abun-
dance whereas Cx. tarsalis, was rarely collected and exhibited a very
patchy distribution in the city (Molaei et al. 2010, Kwan et al. 2012,
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Thiemann et al. 2012). Similar differences in urban and rural areas
were observed in New Mexico, Kansas, and Arizona (Harrison et al.
2009, Pitzer et al. 2009, Godsey et al. 2012, Ganser and Wisely 2013).

There is an apparent latitudinal trend in California whereby the
ratio of Cx. tarsalis abundance to that of Cx. pipiens complex in-
creased from South to North (Barker et al. 2010). Culex tarsalis is
much more abundant in northern California and Colorado (Bolling
et al. 2007, 2009; Campbell et al. 2013) and in the Dakotas and
Canadian Great Plains, where this species is thought to be the sole en-
zootic and epizootic vector (Curry 2004, Bell et al. 2005, Chen et al.
2012, Anderson et al. 2015). In the southwest, Cx. quinquefasciatus
greatly predominates in urbanized regions of southern California,
Arizona, New Mexico, and Texas (Reisen et al. 1990; Dennett et al.
2007; Molaei et al. 2007, 2010; Kwan et al. 2010; Godsey et al.
2012; DiMenna et al. 2006), but not in rural agricultural areas
where Cx. tarsalis is common (Pitzer et al. 2009, Reisen et al. 2009).
An important factor that may limit the vectorial capacity of Cx.
tarsalis in the southern part of its range is seasonal dynamics. This
species’ populations peak during the summer in northern latitudes,
but in more southern latitudes, it is only commonly found during
the cooler months with a short winter diapause, or exhibits bimodal
(spring and fall) activity (Bohart and Washino 1978, Reisen et al.
1995, Barker et al. 2010).

Although the relative abundance of Culex species is well charac-
terized, few estimates of absolute abundance or density have been
published. Reisen et al. (1992) reported that the population density
of host-seeking female Cx. tarsalis ranged seasonally from 125 to
65,500 females per km? in California and in the same locality, Cx.
quinquefasciatus reached similarly high absolute abundance. Higher
absolute abundances of Cx. tarsalis ranging from 56,000 to 155,000
were recorded over the course of the summer by Nelson et al. (1978)
at an isolated foothill site in California of less than 1 km?.

Host Preference and Bloodfeeding Patterns

Host preference and bloodfeeding of Culex vectors have been in-
vestigated extensively, yet, despite several points of consensus,
considerable disagreements among different studies persist (Fig.
3). In east-central United States (Region 1, Fig. 1), two important

facts have been unequivocally established: 1) Cx. pipiens and Cx.
restuans are primarily ornithophagic and play a major role in the en-
zootic transmission of West Nile virus among wild bird populations
(Andreadis et al. 2004, Apperson et al. 2004, Gingrich and Williams
2005, Lukacik et al. 2006, Molaei et al. 2006, Savage et al. 2007,
Hamer et al. 2009, Andreadis 2012); and 2) Cx. salinarius is an in-
discriminate feeder on a wide range of mammalian and avian hosts
in this region and a key West Nile virus bridge vector (Hayes 1961;
Crans 1964; Means 1987; Apperson et al. 2002, 2004; Gingrich and
Williams 2005; Molaei et al. 2006; Fig. 3).

Much variation and disagreement exist regarding mammalian
feeding by Cx. pipiens and Cx. restuans and their role as bridge vec-
tors, in part, because adults of these two species (and sometimes
Cx. salinarius) are difficult to distinguish morphologically (Ritchie
and Rowley 1981; Means 1987, Harrington and Poulson 2008;
Farajollahi et al. 2011). In the northeastern United States, both Cx.
pipiens and Cx. restuans are strongly ornithophagic based on re-
gional bloodmeal identification studies (Apperson et al. 2002, 2004;
Molaei et al. 2006; Fig. 3). However, other studies have shown that
Cx. pipiens and Cx. restuans are attracted to mammals (Hayes 1961;
Means 1968, 1987; Faraji and Gaugler 2015).

Within Cx. pipiens, differences in behavior were attributed to
the possible presence of autogenous Cx. pipiens f. molestus, which
are morphologically indistinguishable from Cx. pipiens (Spielman
1967, Means 1987). The interbreeding of bird-biting Cx. pipiens and
mammalian-biting Cx. pipiens f. molestus occasionally has been ob-
served in this region (Fonseca et al. 2004, Farajollahi et al. 2011) and
in other locales (Means 1987, Kent et al. 2007, Huang et al. 2009,
Kothera et al. 2010). In an analysis of Cx. pipiens from Chicago, IL,
which had fed on mammalian hosts, Huang et al. (2009) found a
significantly greater proportion of Cx. pipiens f. molestus ancestry.
Spielman (1967) observed that autogenous (mammal feeding) Cx.
pipiens populations peaked in the late summer or fall, and much
later than the anautogenous (bird feeding) populations. Therefore,
the observed feeding preference of the Cx. pipiens complex could
appear to shift during the season from avian to mammalian hosts as
proposed by some investigators (Kilpatrick et al. 2006a,2007) based
on earlier studies on Cx. tarsalis in western United States (Tempelis

Birds

Mammals Humans

Cx. salinarius4 © qi @
Cx. restuans
Cx. pipiens

Cx. quinquefasciatus

Mosquito species

Cx. tarsalis 0

Cx. nigripalpus

region

e
(o]
[}
3
O 0O
B W N

0 25 50 75 1000

25 50 75 0 5 10 15 20

Percent bloodmeals

Fig. 3. Bloodmeal analysis of Culex mosquitoes in four regions (Fig. 1). The percent of avian, mammal, or human feeding is indicated. Mammalian feeding in-
cluded human bloodmeals, and both mammalian and human feedings represent their percentage relative to the total number of bloodmeals tested. Each dot
corresponds to a separate study or locality (if mosquitoes from multiple localities were tested, SuppTable S1 [online only]). Line designates the mean value for

each species. Citations provided in text and in SuppTable S1 (online only).
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et al. 1965, 1967). However, this hypothesis was not supported in
subsequent studies across the entire region (Kilpatrick et al. 2007;
Huang et al. 2008, 2009). Moreover, no clear correlation between
Cx. pipiens f. molestus genetic ancestry and either geographic lo-
cation (New Jersey vs. New England) or urban/rural gradient was
found in an extensive study and caution should be exercised in using
hybrid ancestry as the main driver behind the differences in host
feeding patterns of Cx. pipiens populations (Huang et al. 2008).

An examination of Cx. pipiens and Cx. restuans populations from
more southern and western regions of the United States revealed that
the proportion of mammalian bloodfeeding increased (Fig. 3). In the
south, Cx. pipiens extensively hybridizes with Cx. quinquefasciatus
(Kothera et al. 2009), which has a higher propensity for feeding on
humans (Fonseca et al. 2004). A very detailed analysis conducted at
the hybridization zone in Tennessee using molecular species iden-
tification (Kothera et al. 2009), concluded that there were no sig-
nificant differences in mammalian feeding among Cx. pipiens, Cx.
quinquefasciatus, or their hybrids (Savage et al. 2007). A review of
more than a dozen studies from the United States, Australia, and
Mexico reached similar conclusions (Farajollahi et al. 2011).

Unlike its ecological counterpart, Cx. restuans is usually not
considered among the potential bridge vectors and is perceived as
the most ornithophagic of the common Culex in the northeastern
and central United States (Andreadis et al. 2004, Hamer et al. 2009,
Andreadis 2012). This supposition requires further research because
there are no discernable differences between Cx. pipiens and Cx.
restuans in the proportion of mammalian or human bloodmeals
(Fig. 3, Farajollahi et al. 2011). In fact, every study outside of the
northeastern United States, except one (Edman 1974), identified Cx.
restuans feeding on humans in addition to other mammals (Fig. 3).

Data from the southeastern United States indicate that Cx.
quinquefasciatus fed on both avian and mammalian hosts (Edman
1974, Savage et al. 2007, Mackay et al. 2010). It has been hypothe-
sized that Cx. quinquefasciatus may show a preference for blood
feeding on nestling birds in the spring (Ligon et al. 2009, Burkett-
Cadena et al. 2010). However, this species will readily enter dwell-
ings, and feed on available hosts, including humans. Edman (1974)
evaluated bloodmeal host preferences of several Culex species in
Florida. Results showed that Cx. quinquefasciatus, Cx. salinarius,
Cx. restuans, and Cx. nigripalpus all readily fed on both avian and
mammalian hosts. In Florida and Louisiana, human bloodmeals
have been detected in Cx. quinquefasciatus, Cx. salinarius, and Cx.
nigripalpus (Edman 1974, Mackay et al. 2010).

In the western United States, Cx. pipiens is considered an avian
feeder, Cx. quinquefasciatus feeds on a variety of available hosts,
and Cx. tarsalis exhibits the most diverse feeding patterns of the
three (Bohart and Washino 1978). A summary of the studies con-
ducted between 1940 and 1980 (summarized in Bohart and Washino
1978) and the more recent molecular identifications indicated that
Cx. pipiens and Cx. quinquefasciatus obtained the majority of their
bloodmeals from birds (Fig. 3). Culex tarsalis obtained a smaller
proportion of avian bloodmeals, and also fed on large mammals
more often than Cx. pipiens in Region 3, and Cx. quinquefasciatus
in Region 4. In northern California, Cx. tarsalis was reported to feed
on over a dozen mammalian host species, whereas Cx. pipiens fed
on single mammalian host or none (Thiemann et al. 2012, Campbell
et al. 2013). In southern California, Cx. quinquefasciatus fed on a
small number of mammalian host species (Thiemann et al. 2012).
Among a variety of studies, all three species exhibited similarly low
percentages of human bloodmeals.

Seasonal and geographic variations in mammalian feeding have
been reported for Cx. tarsalis (Tempelis et al. 1965, 1967) and Cx.

quinquefasciatus. In a study in Colorado, Kent et al. (2009) showed
the percentage of Cx. farsalis mammalian bloodmeals increased
twofold from June through August, along with a corresponding
increase in human-derived bloodmeals. A similar shift toward in-
creased mammalian feeding in the fall was reported for Cx. tarsalis
in California(Thiemann et al. 2011) and Cx. quinquefasciatus in
Texas (Molaei et al. 2007).

Considerable geographic variation was reported from California
(Molaei et al. 2010, Montgomery et al. 2011, Thiemann et al. 2012).
In the north, over one-quarter of Cx. farsalis bloodmeals were de-
rived from mammals compared to only 2% among Cx. pipiens com-
plex species. In central California, both Cx. pipiens complex and
Cx. tarsalis were shown to be mostly ornithophagic with >95%
avian-derived bloodmeals. In rural southern California, Cx. tarsalis
obtained about one-quarter of bloodmeals from mammals, versus
less than 10% for Cx. quinquefasciatus, including densely populated
Los Angeles. These differences were also observed at smaller geo-
graphic scales: one-fifth of Cx. quinquefasciatus were found feeding
on humans at West Nile virus outbreak sites compared to none at
control sites in New Mexico (Godsey et al. 2012).

Vector Competence and the EIP

Vector competence is determined by intrinsic or genetic factors that
influence the ability of a vector to transmit a pathogen such as West
Nile virus (Hardy et al. 1983). Rate of infection is dependent upon
the amount of virus ingested. Possible physiological barriers to infec-
tion include the midgut and salivary glands (Hardy et al. 1983, Turell
et al. 2002a, Colpitts et al. 2012). The percent infected increases as
a function of virus titer regardless of temperature and this is related
to the midgut infection barrier as measured by comparing the me-
dian infectious dose (ID, ). Although some studies have used percent
blood fed as a baseline, for the purpose of the present review, West
Nile virus transmission is presented as the proportion of infected fe-
males expectorating virus. All Culex species are able to disseminate
and transmit West Nile virus after imbibing infectious bloodmeals
with a viremia greater than 10°° plaque forming units (pfu) per ml
(Komar 2003, Komar et al. 2003, Reisen et al. 2008b; Fig. 4).

In the northeastern United States, Cx. restuans mosquitoes are
less susceptible to oral infection, but a significantly greater propor-
tion of infected females develop disseminated infections and transmit
virus than Cx. pipiens (Ebel et al. 2005, Kilpatrick et al. 2010). The
vector competence of Cx. salinarius is at least as high or higher com-
pared to Cx. pipiens and Cx. restuans (Fig. 4) based on limited data
(Sardelis et al. 2001, Andreadis 2012). Culex nigripalpus popula-
tions from the southeastern United States exhibit high West Nile
virus infection rates, but low transmission rates (Sardelis et al. 2001,
Richards et al. 2011). An analysis of Cx. tarsalis from California
indicated that this species is a more efficient vector, followed by
Cx. pipiens and Cx. quinquefasciatus (Goddard et al. 2002, Turell
et al. 2002b, Reisen et al. 2008b). In general, Cx. salinarius and
Cx. tarsalis appear to support higher West Nile virus transmission
rates than either Cx. pipiens, Cx. Restuans, or Cx. quinquefasciatus
(Fig. 4). Another study estimated the EIP, for Cx. tarsalis at 28°C
to be 5-7 d, Cx. pipiens at 9 d, and Cx. quinquefasciatus at 11-12 d
(Goddard et al. 2003).

Vector competence can vary geographically and temporarily. For
example, West Nile virus transmission rates varied from ~0 to 50%
for Cx. pipiens and from ~0 to 25% for Cx. restuans collected from
various locations in New York and Massachusetts over a period of
several years (Kilpatrick et al. 2010). On the other hand, no observ-
able variations in vector competence for West Nile virus were de-
tected between two populations of Cx. restuans from areas with low
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Fig. 4. Vector competence of Culex species for West Nile virus. Infection and transmission rates at different oral viremic doses (log,, pfu/ml) are shown. Each dot
corresponds to a separate experiment reported in each study. Line designates the mean value for each species. All experiments were conducted under 26-30°C
incubation temperature for the duration of 12-15 d. Citations provided in text and in SuppTable S2 (online only).

and high West Nile virus prevalence in Chicago (Mutebi et al. 2012).
In California, Cx. quinquefasciatus from areas of potential hybrid-
ization with Cx. pipiens exhibited higher vector competence than
‘pure’ Cx. quinquefasciatus further south (Goddard et al. 2002).
Southern Cx. tarsalis populations had lower West Nile virus compe-
tence compared to more northern populations, however, competence
fluctuated from year to year (Reisen et al. 2008b).

Temperature can have a considerable effect on the transmission
of West Nile virus during extrinsic incubation of the virus. Culex
pipiens females held at 18°C had consistently lower infection rates
compared to those subjected to higher temperatures (Dohm et al.
2002). The relationship between the duration of the West Nile virus
EIP and temperature in Cx. pipiens was nonlinear, with small in-
creases in temperatures leading to a significant decrease (Kilpatrick
et al. 2008). For Cx. tarsalis, females held at 14°C transmitted the
virus after 36 d, those at 18°C after 22 d, and females held between
26°C and 30°C after as few as 5 d (Reisen et al. 2006).

Vector Survivorship

Longevity of adult female mosquitoes is a critical parameter, be-
cause it essentially impacts the size and age of the population that
is potentially able to transmit an infectious agent. Variation in mos-
quito survival may be the dominant factor regulating transmission
intensity (Jones et al. 2012). Despite this importance, very little data
on Culex survival rates have been published. It is also important to
note that there are different methodologies to measure mosquito
longevity. The majority of studies employ mark-release-recapture
(MRR) techniques that provide combined loss due to death and
emigration. On the other hand, parity studies measure only loss due
to death during a gonotrophic cycle, and cage experiments may pro-
duce life tables.

Ciota et al. (2014) has shown that under laboratory conditions,
median female longevity decreases with rising temperature. When
temperature was increased from 20°C to 24°C, the average lifespan
of Cx. pipiens was reduced from ~60 d to ~30 d, Cx. restuans from
~50 d to less than 25 d, and Cx. quinquefasciatus from ~90 d to ~
45 d. Similar results were observed with Cx. pipiens mosquitoes col-
lected at various altitudes (Ruybal et al. 2016). The largest decrease

in female survival rate occurred between 27°C and 31°C, with less
than 30% of females surviving to 9 d at 35°C. Under cooler weather
conditions, females of Cx. pipiens can be extremely long lived: e.g.,
20% of females survived 151 d under ambient temperatures of
California’s winter and spring (Strickman and Fonseca 2012).

There are likely many factors that influence survival of adult fe-
male Culex mosquitoes. Under field conditions, Nelson et al. (1978)
estimated daily survival rates of 64 to 77% (including both death
and emigration at survival) during summer from the recapture of
female Cx. tarsalis under open and dry conditions in the foothills of
California. Under typical summer field conditions, mean daily sur-
vival rate for Cx. pipiens females in a suburban area in the mid-At-
lantic was 90%, with an average longevity of 10.5 d (Jones et al.
2012). The authors estimated that approximately 4.7% would have
likely transmitted West Nile virus on their second feeding on day 10
if they fed on an infected host in their initial feeding on day 3. They
subsequently concluded that only a small fraction of mosquitoes
would be capable of transmitting West Nile virus. Therefore, any
further reduction in adult mosquito survival, such as caused by a
severe rainstorm or an adulticide application could decrease or po-
tentially limit virus transmission.

Infection with West Nile virus may also influence survival
in mosquitoes. Alto et al. (2014) compared field-collected Cx.
quinquefasciatus from Gainesville and Vero Beach, FL at 27 and
31°C. They found that at 31°C, infection with West Nile virus caused
decreased survival in the Gainesville population compared to those
uninfected. Conversely, at 27°C, survival in the Vero population in-
creased when infected with West Nile virus compared to those un-
infected. West Nile virus has been shown to alter the cytopathology
of mosquitoes and induce additional immune responses (Girard
et al. 2006, 2010). Infection with West Nile virus has been shown
to increase vacuolization in the midgut epithelium, and apoptosis
in salivary gland tissues, which could directly impact survival in
mosquitoes. In addition, West Nile virus has been shown to in-
crease upregulation of detoxification genes of Cx. quinquefasciatus
indicating that West Nile virus might be responsible for oxidative
stress. Therefore, the role of the virus on mosquito longevity, both
positive and negative, should be further explored.
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Aedes Species as West Nile Virus Bridge Vectors

The involvement of Aedes species in West Nile virus transmission to
humans and other mammalian hosts is uncertain (Andreadis et al.
2004, Kilpatrick et al. 2005, Reisen and Brault 2007, Kramer et al.
2008). Although West Nile virus has been isolated from or detected
in 26 different species of Aedes, the majority of these species prob-
ably play only a minor, if any, role in West Nile virus transmission
to humans. Nevertheless, during periods of intense epizootic ampli-
fication of the virus, four Aedes species may likely serve as bridge
vectors (Andreadis et al. 2004, Kilpatrick et al. 2005, Turell et al.
2005, Dennett et al. 2007, Anderson et al. 2015). These include two
exotic and aggressive human-biting species that are locally abun-
dant in peridomestic settings where human cases typically occur,
Ae. albopictus and Ae. j. japonicus, and two native, equally aggres-
sive mammalophagic species, the eastern tree hole mosquito, Ae.
triseriatus, and a floodwater species, Ae. vexans (Kulasekera et al.
2001, Andreadis et al. 2004, Kilpatrick et al. 2005, Turell et al. 2005,
Erickson et al. 2006, Dennett et al. 2007, Tiawsirisup et al. 2008,
Molaei et al. 2009, Anderson et al. 2015).

An efficient West Nile virus bridge vector should: 1) exhibit a
propensity to blood feed on both avian and mammalian (including
human) hosts, 2) be competent to transmit the virus, 3) survive long
enough to acquire at least two bloodmeals, and 4) be relatively abun-
dant (summarized in Table 2). The data on the avian feeding for all
four Aedes species are inconsistent. For Ae. albopictus, the propor-
tion of avian bloodmeals has been shown to range from 0 to 17%
(Savage et al. 1993, Niebylski et al. 1994, Gingrich and Williams
20085, Richards et al. 2006, Dennett et al. 2007, Faraji et al. 2014).
For Ae. j. japonicus, direct evidence for feeding on birds is scant, but
because West Nile virus has been found in field-collected females,
bird feeding is implied (Kaufman and Fonseca 2014). An analysis of
field-collected females from Connecticut and New Jersey found this
species feeding solely on mammals (Molaei et al. 2008, 2009), how-
ever, approximated 15% were reported to feed on birds in Europe
(Schonenberger et al. 2016). Aedes triseriatus is considered an indis-
criminate feeder and studies of populations from the eastern United
States have documented the species taking 0-50% of bloodmeals
from avian hosts (Apperson et al. 2002, 2004; Molaei et al. 2008).
Aedes vexans has been shown to feed solely on mammalian hosts
(Apperson et al. 2004) or obtain less than 10% of bloodmeals from
birds (Hassan et al. 2003, Gingrich and Williams 2005, Molaei and
Andreadis 2006, Lujan et al. 2014).

West Nile virus vector competence is influenced by several fac-
tors including: the virus titer in the mosquito host, the EIP, and the
ambient temperature which can impact the latter. For potential
bridge vectors, it is instructive to compare their competence with
that of Cx. pipiens. Under typical laboratory conditions of ~26°C for

14 d, Ae. albopictus and Ae. j. japonicus exhibited transmission rates
~1.6 and ~2.5 times higher than Cx. pipiens depending on the initial
virus dose and the origin of the mosquitoes, whereas Ae. triseriatus
and Ae vexans had lower infection and transmission rates (~ 0.4
and ~0.7, respectively) compared to Cx. pipiens (Sardelis et al. 2001,
2002; Turell et al. 2001, 2005; Goddard et al. 2002; Tiawsirisup
et al. 2005, 2008; Erickson et al. 2006).

Field studies on mosquito longevity and survivorship are scarce,
although these data are critical for determining the probability of
West Nile virus transmission for a bridge vector. Generally, daily
survival rates for container-inhabiting Aedes species are approxi-
mately 90% and much higher than ~70% for the floodwater species
Ae. vexans (Haramis and Foster 1983, Walker et al. 1987, Jensen
and Washino 1994, Niebylski and Craig 1994, Brady et al. 2013).
Accurate estimates of relative abundance for container-inhabiting
Aedes species are difficult to obtain because of low attractiveness
of the standard traps, but when appropriate lures are used, Ae.
albopictus (if present) is the most numerous species, followed by
Ae. j. japonicus and Ae. triseriatus (Anderson et al. 2012b, Rochlin
et al. 2016). The native species populations have declined with
an increase in the abundance of invasive Ae. j. japonicus and Ae.
albopictus (Rochlin et al. 2013) and immatures of Ae. j. japonicus
and Ae. albopictus often predominate in urbanized environment
(Verna 2015). In contrast, floodwater Ae. vexans is among the most
numerous mosquitoes found in more rural habitats (Andreadis et al.
2004, Gingrich and Williams 2005, Verna 2015), but this adaptable
species can be also common in urban and suburban areas throughout
the continental United States (Bell et al. 2005, Bolling et al. 2005,
Irwin et al. 2008, Harrison et al. 2009, Rochlin et al. 2009, DiMenna
et al. 2006, Bajwa 2018).

Vectorial capacity of the four Aedes species, and their potential to
serve as West Nile virus bridge vectors are shown in Table 2. The two
native species, Ae. vexans and Ae. triseriatus have lower West Nile
virus competence compared to the two introduced species. Although
Ae. vexans is a very common mosquito, it is mostly mammalophagic,
and more importantly, it is usually short-lived. Assuming the EIP
of 10 d at 26°C (Sardelis et al. 2002), the majority of Ae. vexans
females may not survive long enough to transmit the virus at the
second feeding. However, in western United States, the involvement
of this widespread and abundant species in West Nile virus trans-
mission to humans needs to be elucidated (Curry 2004, Bell et al.
2005, Bolling et al. 2007, Ganser and Wisely 2013, Anderson et al.
2015). Aedes triseriatus daily survivorship is the highest and it is
also an indiscriminate feeder on both birds and mammals, but this
species is not common, especially in urban and suburban areas. The
introduced species, Ae. albopictus and Ae. j. japonicus, are highly
competent West Nile virus vectors and are abundant in urbanized

Table 2. Vectorial capacity of potential West Nile virus bridge vectors from the genus Aedes

Species Avian feeding Vector competence Daily survival rate Abundance Bridge vector
compared to (Median/mean survival potential
Cx. pipiens time, days)
Ae. albopictus 0-17% Higher 0.9/ (20 d) High (residential areas),  High
stable
Ae. j. japonicus 0% (United States) Higher (28 d) Medium-high Medium
15% (Europe)
Ae. triseriatus 0-50% Lower >0.9 Low-medium, declining ~ Low to medium
in some areas
Ae. vexans 0-10% Lower 0.7/ (7 d) Locally high, fluctuating ~ Low to medium,

higher in western
United States?
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areas. Like Ae. triseriatus, their survivorship appears to be high,
thereby allowing the majority of females to live through at least two
bloodmeals. However, based on scant data, Ae. j. japonicus appears
to be mammalophagic and thus less likely to acquire the virus from
an avian host.

The role of Ae. albopictus as a West Nile virus bridge vector has
not been completely elucidated and may be more important at dif-
ferent times and places within extensive range of this species. During
West Nile virus outbreaks, this species abundance and West Nile
virus infection rates in the Houston, Texas, area have been shown
to be comparable to those of Cx. quinquefasciatus (Dennett et al.
2007). This species’ role could be especially significant during in-
tense epizootics of West Nile virus, when the potential for transmis-
sion increases considerably.

West Nile Virus Eco-Epidemiology in Relation to Its
Vectors

East-Central United States (Region 1)

Culex pipiens, Cx. restuans, and Cx. salinarius overwinter as adults
(Eldridge et al. 1972, Means 1987, Nasci et al. 2001). West Nile
virus detection in overwintering females collected from hibernacula
(Nasci et al. 2001, Farajollahi et al. 2005, Andreadis et al. 2010),
while comparatively rare, provides support for early season ini-
tiation of enzootic transmission by Cx. pipiens and probably Cx.
restuans and Cx. salinarius. Vertical transmission of West Nile virus
has been documented for Cx. pipiens (Dohm et al. 2002, Anderson
and Main 2006, Anderson et al. 2008) and Cx. salinarius (Unlu et al.
2010a, Anderson et al. 2012a). Although the data on Cx. restuans
are rather scarce, this species was able to transmit closely related St.
Louis encephalitis virus to its progeny (Nayar et al. 1986).

During the warm season, West Nile virus is amplified by hor-
izontal transmission with Culex mosquitoes feeding on passerine
birds such as sparrows in highly urbanized areas (Komar 2003), or,
a greater diversity of bird species such as American robins, northern
cardinals, northern mockingbirds, and gray catbirds in more sub-
urban and rural locales (Apperson et al. 2002, 2004; Komar 2003;
Molaei et al. 2006; Savage et al. 2007; Levine et al. 2016). Perhaps
surprisingly, Culex mosquitoes rarely acquired their bloodmeals
from American crows, which are not as important for enzootic
West Nile virus transmission (Kilpatrick et al. 2006b, Molaei et al.
2006, Savage et al. 2007, Hamer et al. 2009). All three Culex spe-
cies typically exhibit similar avian host preferences (Apperson et al.
2002, Molaei et al. 2006, Hamer et al. 2009). American robins were
identified as the most common hosts accounting for ~20-70% of
bloodmeals (Kilpatrick et al. 2006a, Molaei et al. 2006, Savage et al.
2007, Egizi et al. 2014). It has been postulated that the dispersal of
American robins in the late summer drives Cx. pipiens to shift to in-
creased mammalian feeding (Kilpatrick et al. 2006a). However, this
hypothesis has not been supported by other studies that found no
seasonal switch to mammalian feeding (Molaei et al. 2006, Hamer
et al. 2009, Levine et al. 2016).

Two main vectors, Cx. pipiens and Cx. restuans, also differ in
their seasonal population dynamics. Culex restuans abundance tends
to peak earlier than Cx. pipiens (Andreadis et al. 2001, 2004; Kunkel
et al. 2006; Lampman et al. 2006; Savage et al. 2007, Rochlin et al.
2009; Helbing et al. 2015). The ‘crossover’ between the two species
(Kunkel et al. 2006) typically occurs in July, with Cx. pipiens be-
coming more abundant in July and August. The timing and duration
of the crossover period is influenced by ambient temperature and ap-
pears to have a significant impact on the seasonal dynamics of these
two species in defining the intensity of West Nile virus transmission

(Tokarz and Smith 2019). Notably, while larval surveillance tends to
support the crossover observed in the adult populations (Geery and
Holub 1989; Gardner et al. 2013), oviposition data do not always
show the same trend (Ebel et al. 2005; Jackson and Paulson 2006).
Based on the adult mosquito abundance and West Nile virus isola-
tions, Cx. restuans is considered an early season enzootic amplifica-
tion vector, whereas Cx. pipiens becomes more important later in the
season (Andreadis et al. 2001, 2004; Gingrich and Williams 2005;
Savage et al. 2007; Hamer et al. 2009). Which mosquito species
serves as a bridge vector facilitating epidemic transmission between
birds and humans likely depends on place and time (Andreadis
2012). A risk-assessment model that combined data on mosquito
abundance, infection prevalence, vector competence, and biting
behavior, estimated that local populations of Cx. pipiens and Cx.
restuans from New Jersey and New York might be responsible for up
to 80% of human infections in that region (Kilpatrick et al. 2005).
However, the mosquito pools from these areas likely contained a sig-
nificant proportion of Cx. salinarius (Rochlin et al. 2009), perhaps
underestimating the contribution of this species.

Culex restuans role in epidemic transmission remains enigmatic.
Although the abundance of this species may decline in the late
summer, it is still comparable to the other two Culex species sug-
gesting that it may contribute to human disease risk (Rochlin et al.
2009, Johnson et al. 2015). Under this scenario, Cx. pipiens, Cx.
restuans, and Cx. salinarius may all serve as West Nile virus bridge
vectors within location and time specific context.

Southeastern United States (Region 2)
In this region, Cx. quinquefasciatus is abundant living in close prox-
imity to humans in urban and suburban habitats and readily enters
homes feeding indoors. Unlike Cx. pipiens, Cx. quinquefasciatus
does not undergo diapause, making it incapable of surviving harsh
winters (Meuti et al. 2015). West Nile virus transmission by this
species is likely driven by reservoir host abundance and dynamics.
In Louisiana, models have shown that West Nile virus infection
rates were positively correlated with increasing human population
densities and negatively correlated with increasing biodiversity of
non-passerine birds (Ezenwa et al. 2006). Contact rates with nestling
birds in the spring may be an important contributor to West Nile
virus activity in the south (Robertson and Caillouét 2016). However,
in Atlanta, host preference shifts were observed from feeding on
American robins in the early season to northern cardinals in the late
season (Levine et al. 2016). It was speculated that this host shift and
change in diversity to less competent reservoirs, have helped sup-
press West Nile virus transmission in the area (Levine et al. 2017).

One of the factors influencing outbreaks of West Nile virus
in Florida includes spring drought followed by summer wetting
(Shaman et al. 2005), where drought brings both avian hosts and
vector mosquitoes in close proximity. In Mississippi, where West Nile
virus human incidence is high, road and stream density have been
shown to be positively correlated with West Nile virus human cases
(Cooke et al. 2006), which is not surprising, given their importance
in Cx. quinquefasciatus larval habitat types. In addition, density of
Cx. quinquefasciatus has been positively correlated with vegetation
conducive to nestling bird habitats (Sallam et al. 2016). Therefore,
climate and availability of habitat in the south, especially as it per-
tains to bringing avian hosts and vectors together, likely contributes
greatly to the seasonal dynamics of West Nile virus transmission.

It has been proposed that reptiles, such as alligators, may serve
as potential reservoir hosts in the southeast, given that viremia titers
exceed levels high enough to infect Cx. quinquefasciatus (Klenk et al.
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2004, Jacobson et al. 2005). Interestingly, alligator blood has been
detected in both Cx. quinquefasciatus and Cx. nigripalpus (Unlu
et al. 2010b). In addition, python blood has been detected in Cx.
quinquefasciatus and Cx. erraticus in Florida (Reeves et al. 2018).
Therefore, the role of reptilian bloodmeals as a source of West Nile
virus infection in the southeastern United States could provide fur-
ther insight into transmission dynamics in more rural areas.

In the areas where Cx. quinquefasciatus is scarce or absent, Cx.
nigripalpus have been implicated as an important West Nile virus
vector (Godsey et al. 2005, 2013; Vitek et al. 2008) based on the
proximity to humans, the high prevalence of human bloodmeals,
and population densities (Sallam et al. 2016). Its role in West Nile
virus epidemiology in the south should be further elucidated.

Western United States (Region 3)
Culex tarsalis is sufficiently opportunistic (Fig. 3) to support West
Nile virus avian transmission in areas outside of Cx. pipiens com-
plex range (Curry 2004, Chen et al. 2012, Anderson et al. 2015).
The same highly competent vector plays a major role in both enzo-
otic and epidemic cycles leading to increased West Nile virus human
risk in these areas (Chen et al. 2012, DeGroote et al. 2014). In con-
trast with east-central United States where human cases are associ-
ated with urban and suburban areas, in the western United States,
West Nile virus human risk is positively correlated with agricultural
areas (Bowden et al. 2011, Crowder et al. 2013), perhaps due to
the exposure of agricultural workers to mosquito bites. These find-
ings also underscore the difference between the preferred habitat of
the main vectors, residential in the east and agricultural areas in the
west (Bohart and Washino 1978, Geery and Holub 1989, Reisen
et al. 1990, Savage et al. 2007, Reisen et al. 2008a, Gardner et al.
2013, Johnson et al. 2015). In many mid-Western states, such as
Kansas, Oklahoma, Iowa, and Texas Cx. tarsalis distribution follows
a clear west-east gradient, with western and central parts of these
states harboring much higher populations of this species (Dennett
et al. 2007, Bradford et al. 2008, DeGroote et al. 2008, Harrison
et al. 2009, Ganser and Wisely 2013, Nolan et al. 2013, Noden et al.
2015, Dunphy et al. 2019). The same parts of these states are also
subject to much higher West Nile virus human risk (DeGroote et al.
2008, Nolan et al. 2013, Noden et al. 2015, Dunphy et al. 2019) sup-
porting the notion that Cx. tarsalis is the most effective bridge vector
of West Nile virus in North America. Conversely, Cx. pipiens ap-
pears less important compared to Cx. tarsalis where it co-occurs in
the western part of its range (Bolling et al. 2007, Winters et al. 2008,
Roth et al. 2010, Montgomery et al. 2011, Campbell et al. 2013).
To some extent, the difference between the two species could be
attributed to host preferences. American robins are among impor-
tant avian hosts for Cx. tarsalis and Cx. pipiens (Kent et al. 2009,
Montgomery et al. 2011, Campbell et al. 2013). However, other avian
species can be more important depending on abundance and signif-
icant geographical variability has been observed (Thiemann et al.
2011, 2012). Culex tarsalis feedings on mammals, but not that of
Cx. pipiens, was greater later in the season (Kent 2009, Montgomery
et al. 2011). Culex tarsalis host selection flexibility can also con-
tribute to location-specific West Nile virus risk, for example switching
to more competent hosts such as corvids would intensify West Nile
virus transmission (Thiemann et al. 2012, Campbell et al. 2013).
Landscape and climatic factors also contribute to defining West
Nile virus transmission (Reisen 2010). In northwestern United
States, the number of West Nile virus infections in humans, horses,
and birds were negatively associated with precipitation (Crowder
et al. 2013). Plentiful temporal wetlands in the Great Plains (prairie
pothole wetlands in the north and playa lakes in the south) are

subject to dry and hot summers concentrating mosquitoes and their
avian hosts into small foci with intense virus amplification. This
high-risk region is interrupted by the Rocky Mountains towards
the west. Culex tarsalis abundance decreased rapidly with elevation,
and no West Nile virus isolations were made at altitudes higher than
1,600 m (Bolling et al. 2009). The human risk increases again in the
valleys of central and southern California that also support intense
agricultural production.

Southwestern United States (Region 4)

Culex quinquefasciatus is abundant in urbanized environments,
such as Los Angeles, Albuquerque, Phoenix, and Houston, whereas
Cx. tarsalis is found chiefly in more rural or less populated areas
(Dennett et al. 2007, Bradford et al. 2008, Kwan et al. 2010, Molaei
et al. 2010, Godsey et al. 2012, Colborn et al. 2013, Nolan et al.
2013, Lujan et al. 2014, DiMenna et al. 2006). These cities contain
an extensive network of storm water management structures such as
catch basins, storm drains, and retention ponds, highly favorable to
Cx. quinquefasciatus production (Strickman and Lang 1986, Reisen
et al. 1990, Su et al. 2003, Molaei et al. 2007, Metzger et al. 2008,
Reisen 2012). In addition to providing larval habitat, underground
storm drains can serve as a secure refuge for female mosquitoes to
digest bloodmeals and are thus crucial ecological components of the
West Nile virus amplification cycle in urbanized areas (Anderson
et al. 2006).

There is also a strong climatic connection between the man-made
storm water larval habitats and West Nile virus transmission, with
rainfall as the key regulatory factor. Excess precipitation flushes
larvae out, precludes adult emergence, and diminishes adult sur-
vival (Strickman and Lang 1986, Gardner et al. 2012, Jones et al.
2012). Conversely, under drought conditions, avian hosts and vector
mosquitoes come into close contact (Shaman et al. 2005, Ruiz et al.
2010, Johnson and Sukhdeo 2013). Frequently, storm water systems
retain water replenished by landscape irrigation systems (Reisen
et al. 1990). These vector-reservoir congregations around the last
‘watering holes” within suburban environments are likely driving in-
creased human risk of contracting West Nile virus during hot and
dry periods.

Climatic factors are vital contributors to elevated West Nile
virus human risk in the southwestern United States compared
to the eastern regions. The main urban vectors, Cx. pipiens/Cx.
restuans in the north and east and Cx. quinquefasciatus in the south
and southwest have similar vectorial capacities (Figs. 3 and 4).
Culex quinquefasciatus obtained a relatively minor proportion of
bloodmeals from humans, although this proportion appears to in-
crease southward (Dennett et al. 2007, Molaei et al. 2010, Godsey
et al. 2012, Thiemann et al. 2012). However, warmer and drier
climate of southwestern United States with prolonged West Nile
virus transmission season intensify West Nile virus human risk re-
sulting in larger outbreaks of the disease. Additionally, many parts
of southwestern United States harbor significant Cx. tarsalis popu-
lations driving West Nile virus transmission wherever this species
is present (Reisen et al. 2009, Nolan et al. 2013, Lujan et al. 2014,
DiMenna et al. 2006). Although Cx. quinquefasciatus West Nile
virus transmission in large urban centers was typically character-
ized by episodic outbreaks (Kwan et al. 2010), high West Nile virus
epidemic activity was sustained over multiple years in rural areas
where Cx. tarsalis predominated (Reisen et al. 2009). Other Culex
species in western United States, such as Cx. stigmatosoma and Cx.
erythrothorax may be involved in the enzootic cycle or serve as a
bridge vector, respectively (Goddard et al. 2002, Kwan et al. 2010,
Molaei et al. 2010).
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Unresolved Questions and Future Directions
In summary, we note several unresolved issues concerning the role of
vector mosquitoes for further investigation:

The Role of Aedes Bridge Vectors

These vectors are very important from both theoretical and practical
(operational vector control) perspectives. Their involvement in West
Nile virus may be location and time specific. The most pressing ques-
tions concern the role of Ae. albopictus in urban outbreaks, and the
role of widespread and abundant Ae. vexans in both suburban and
rural areas, especially in the northeastern and western United States.
Another interesting question is why have we observed a reduction in
the number of mosquito species found positive for West Nile virus
since the initial years following its introduction into the United States?
Has the virus really stabilized and found its enzootic, epizootic, and
epidemic niche? Or could the large initial detections of West Nile virus
positive mosquito pools be attributed to contamination and the lack of
expertise/training at the operational level during the formative years?
Many mosquito control districts now routinely focus testing on known
West Nile virus vectors, which provides rapid data useful for control
decisions, but limits the detection of West Nile virus in other species.

Vector Longevity

Mosquito demography including daily survivorship, duration of the
gonotrophic cycle (or blood-feeding frequency) and absolute pop-
ulation density are important factors in determining the vectorial
capacity for West Nile virus. These data are especially important for
the potential bridge vectors. Yet, very few studies have investigated
these parameters.

Vector-Host Interactions

Is there a ‘crossover’ between vector mosquitoes and naive fledglings
susceptible to both bites and West Nile virus infection? Timing of
such ‘crossover’ would be critical for amplification and the spillover
of the virus and might be dependent on host species composition
(single vs. multibrood species). In addition, could control strat-
egies be used that help break the cycle during this crossover period?
Studies that help elucidate this crossover period, could potentially be
used to determine an important target period to minimize the impact
of West Nile virus.

Low Human Infection Prevalence in the East

Intense epizootics with no or little epidemic transmission have
been observed repeatedly in the eastern United States. This epide-
miological picture contradicts the entomological risk based on the
presence of vectors with high vectorial capacity and considerable
human feeding such as by Cx. pipiens or Cx. quinquefasciatus. If
this is a function of a shorter amplification season in the northeast,
why are similarly low or even lower incidence rates found in many
southeastern states? Perhaps West Nile virus human transmission is
more precipitation dependent than generally assumed, with human
incidence rates increasing westward in proportion with diminished
rainfall? The dynamic factors between vector and host abundance,
precipitation, temperature, and humidity still wait to be elucidated
and conceptualized. Behavioral and socioeconomic factors may also
play a role in determining the human risk.

Increased Incidence of Human Disease in the West
Geographic ‘hotspots’ of human risk persist in areas such as Upper
Midwest, Texas, Mississippi/Louisiana, and some areas in California.

Can the presence of these ‘hotspots’ be explained by mosquito vec-
tors, host species and host immunity, environmental, socioeconomic,
or behavioral factors, or their combination? What role do agricul-
tural practices, such as working at night, play? It is still unclear
why these outbreaks occur periodically and tend to shift on micro-
geographic scales.

Limited Geographic Coverage

Most West Nile virus research has been conducted in a few states
such as California, Illinois, Connecticut, New York, New Jersey,
and Florida. Given the local variability in West Nile virus transmis-
sion, expanding the geographic bounds of intense research invest-
ment seems imperative if we want to understand West Nile virus
epidemiology.

In conclusion, much progress in understanding the various
aspects of West Nile virus transmission, ecology, and epidemiology
have been made since the introduction of the virus to North America
in 1999. Intense efforts have been focused on elucidating the role
of mosquito vector species, a key component of the West Nile virus
transmission cycle important not only from purely academic per-
spective, but absolutely essential for guiding the practical steps of
surveillance and control for the protection of public health. Despite
considerable advancements, multiple questions regarding mosquito
vectors require further research.

Supplementary Data

Supplementary data are available at Journal of Medical Entomology online.
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