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ABSTRACT

Culex quinquefasciatus is a common mosquito that can transmit West Nile Virus.
Knowing which hosts the mosquito feeds upon is important to know if the mosquito
could vector West Nile Virus by feeding on both bird and human hosts. Research on the
blood meal host choices of this mosquito shows a wide variety of hosts and host
preferences (Beier 1990; Bertsch 1983; Bohart 1978; Dixit 2001; Ifteara 1994; Irby 1988;
Kay 1979, 1985; Niebylski 1992; Reisen 1987, 1990a, 1990b; Thapar 1998), so making a
prediction regarding the most prominent blood meal hosts in a specific area becomes
difficult. Blood fed mosquitoes were collected for three years, in the summer and early
fall, using CDC gravid traps. Residential trap sites were at volunteer households situated
throughout Tucson (2002) and at volunteer households and alleys in two distinct
neighborhoods in 2003 and 2004. Mosquitoes were also collected at Sweetwater
Wetland during all three collection seasons. Mosquitoes that had a visible blood meal in
the abdomen were tested using an ELISA that distinguished human, bird, dog, cat, and
rabbit blood meals.
C. quinquefasciatus collected from wetland and residential sites during the
summers of 2002, 2003, and 2004 show that it fed mostly on humans, with less feeding
on birds, dogs, cats, and rabbits. In residential areas, approximately 47% of all identified

blood meals were from humans, with fewer blood meals coming from bird (25% in 2002
and 6%) in 2003 and 2004), dog (19%) in 2002 and 20% in 2003 and 2004), cat (7%) in
2002 and 20% in 2003 and 2004), and rabbit (15%) in 2003 and 2004). At Sweetwater
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Wetland, humans were also the most common host, with 11 (41%) identified blood
meals. Birds were the hosts of 19% (n = 5) blood meals. Ten (seven residential and three
wetland) mosquitoes were identified to have blood from both bird and human hosts. This
is particularly relevant to transmission of West Nile Virus, because if the mosquito feeds
on both birds and humans, transmission of the virus to humans can occur.
These data only describe the feeding choices of the mosquitoes collected from a
limited number of sites in Tucson, and therefore, may not reflect feeding preferences
more generally.
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INTRODUCTION

Mosquitoes are a nuisance to humans and animals as biting pests. In addition,
mosquitoes pose a health risk to humans and animals by vectoring multiple diseases,
including malaria and encephalitis-causing viruses, such as West Nile Virus.
One of the vector species of West Nile Virus, Culex quinquefasciatus, is closely
associated with humans, and is widely distributed in southern areas of the US. It is a
persistent biting pest, known to readily come indoors for a blood meal (Floore 2000). In
the US, it vectors St. Louis encephalitis, dog heartworm (Savage 1995), and West Nile
Virus (Goddard 2002). The mosquito is very common throughout residential Tucson,
Arizona. In addition, it is a very common mosquito at Sweetwater Wetland, a constructed
wetland in urban Tucson that is home to many bird populations.
In areas where C. quinquefasciatus is common and where West Nile is present,
there is an increased chance of West Nile transmission. This statement is only partially
true: we face the risk of increased transmission only if an infected mosquito feeds on
humans. Because transmission of West Nile requires that a mosquito first bite an
infected bird and then a human, we should consider mosquito feeding on birds as well.
As part of assessing our risk of contracting West Nile, we must know if the mosquito
feeds on birds and humans, and to what extent. West Nile arrived in Arizona in 2003,
creating a large need to identify the hosts of C. quinquefasciatus.
This project aims to identify hosts of C. quinquefasicatus in urban, residential
Tucson, Arizona and at Sweetwater Wetland. If we find that C. quinquefasciatus feeds
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predominantly on human and on bird in residential areas, this will strongly indicate that
the mosquito poses more of a health risk than previously thought. Also, if C.
quinquefasciatus at Sweetwater Wetland, where there are humans within the theoretical
flight range of the mosquito, do not show much feeding on humans, then perhaps
Sweetwater is less of a threat than some have previously thought. Ten mosquitoes in our
backyard may be more of a threat than thousands at Sweetwater.
Making a strong prediction regarding the potential host choices of the mosquito
is difficult, as existing literature presents a wide variety of information (Table 1). In
Australia and in some areas in the US (California, Texas, Hawaii; Bohart 1978), birds
were the dominant host of C. quinquefasciatus. Near human dwellings in Bangladesh
(Ifteara 1994), Kenya (Beier 1990), and India (Dixit 2001), humans were the most
common host. Near cattle and poultry farms (North Carolina, US), C. quinquefasciatus
fed most commonly on cows and chickens (Irby 1988). These data suggest that the
mosquito feeds opportunistically. However, in India (Dixit 2001) and Bangladesh
(Ifteara 1994), mosquitoes collected near cattlesheds showed prominent feeding on
humans, suggesting more of a preference for humans.
Work done in the US (Irby 1998; Bohart 1978; Reisen 1990a; Reisen 1987; Bertsch
1983) suggests preferential feeding on birds, with one exception in Louisiana (Niebylski
1992), which supported more opportunistic feeding. Work done outside the US is more
controversial, sometimes suggesting preferential feeding patterns, sometimes
opportunistic. I initially expected that in Tucson, in the desert, that C. quinquefasciatus
would feed opportunistically.
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Consistent with this prediction, one would expect to find that feeding on humans will
be proportionately greater in residential sites than at Sweetwater, whereas feeding on
birds will be proportionately greater at Sweetwater than in residential areas.

Background: Culex quinquefasciatus
Approximately 200 species of mosquito occur in the US, 43 of which have been
described in Arizona (Bohart 1978; Willott 2003). Culexpipiens, including its many
subspecies, is one of the most widespread mosquitoes in the US; it occurs just about
everywhere, except extreme northern and southern climates (Gillett 1972). In 1955,
Culex pipiens quinquefasciatus, one of two C. pipiens subspecies, was classified as its
own species (Bohart 1978). C. quinquefasciatus and C. pipiens distribution appears to
be related to climate, with C. quinquefasciatus occurring in warmer climates (south of
36° N in North America; in most northern temperate regions and in the tropics
worldwide), while C. pipiens tends to occur in cooler climates (north of 39° N). In areas
where ranges for the two species overlap, interbreeding occurs, evidenced by
morphologically and genetically intermediate species (Urbanelli 1997). There is still
much discussion regarding the degree to which interbreeding in hybrid zones accounts for
the ecology of vector C. pipiens species (Spielman 2004, Fonesca 2004).
C. quinquefasciatus lives in a wide variety of habitats, including near humans and

in natural habitats. Data from research on the feeding habits of C. quinquefasciatus
reflect this diversity (Table 1). Most work from the US shows that the mosquito feeds
minimally on humans (Bohart 1978; Irby 1988; Reisen 1990a; Reisen 1990b), although
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one study in Louisiana (Niebylski 1992) indicated a higher proportion of mosquitoes
feeding on humans. Research from Kenya (Beier 1990), India (Thapar 1988), and
Bangladesh (Ifteara 1994), however, indicate that C. quinquefasciatus feeds on humans
and cattle.

Studies in the US
Irby and Apperson (1988) examined the hosts of multiple mosquito species in
Duplin County, North Carolina. Mosquitoes were collected from natural and artificial
resting sites in rural areas, close to residential sites and poultry farms. Collected
mosquitoes were rated to stage of blood-meal digestion and then tested using a capillary
precipitin test. To further determine to species blood meals identified as being from bird,
an enzyme-linked immunosorbant assay (ELISA) was used. Of the 161 C.
quinquefasciatus tested, 128 were collected as resting mosquitoes with an aspirator, and
13 were collected at light traps. The majority (158/161, 91%) of those that reacted fed on
birds, followed by mammals (6%), and reptiles/amphibians (3%). Of the 5 that reacted in
mammal blood meal testing, 3 fed on dog, and 1 each fed on deer and rabbit (Irby 1988).
Bohart and Washino (1978) discuss three papers that describe the host feeding of
Culex pipiens. For these papers, Bohart and Washino indicated that the mosquito
described is likely C quinquefasciatus, as the work described was done before C.
quinquefasciatus was classified as a species or before the classification was commonly
used.
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In Kern County, California, over 300 mosquitoes were tested, and 99% of these
reacted in the blood meal analysis. 99% of the mosquitoes that reacted fed on bird
(Tempelis and Reeves 1964, cited in Bohart 1978; Reisen 1990b). In Texas, mosquitoes
were collected for 4 years between 1964 and 1968 and blood meals were analyzed.
Ninety mosquitoes were tested, with almost 97% reacting in the test. The overwhelming
majority of C. quinquefasciatus fed on bird (97%), and the other blood meals were
undetermined (Hayes 1973 cited in Bohart 1978). In Hawaii, blood meals from over
twelve thousand mosquitoes collected between 1965 and 1968 were analyzed (Tempelis
1970, cited in Bohart 1978). Of the mosquitoes tested, 85% reacted, and host feeding
behavior was slightly different. Nearly 70% fed on birds, but the remaining 30% of
blood meals were from horse (1%), cattle (9%), dog (19 %), and human (!%>).
Work in Mississippi (Bertsch 1983) also shows strong feeding on birds. C.
quinquefasciatus collected in urban and rural areas fed on birds from 57% to 96% of the
time, with less feeding on horse and cattle. Only 3 out of 821 analyzed blood meals were
determined to be human.
Mosquitoes collected in Louisiana (Niebylski 1992) sewage ditches in residential
neighborhoods near houses with outdoor dog kennels show substantial feeding on dogs
(as much as 100% at one site, 99% at another site). However, C. quinquefasciatus
collected in hardwood forested areas fed more commonly on birds (45% on bird, 23% on
dog). The author attributes the predominant feeding on dogs in residential areas to the
availability of dogs outdoors during feeding hours (many dogs were outdoors in kennels
from sunset to sunrise).
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Studies outside the US
In Queensland, Australia, C. quinquefasciatus were collected from sites along
transects that included both urban and natural habitats. A vacuum aspirator was used to
collect blood fed mosquitoes from resting sites. Nearly 540 blood meals were analyzed
using a precipitin test. Of the mosquitoes collected in urban environments (430 total),
79% fed on bird, 5% on dog, and 12% on human. The remaining blood meals were from
other mammals. In natural spaces, however, the data showed no feeding on human. Of
107 blood meals analyzed, almost 80% were from bird, 5% from dog, and 10% from
other mammals (including cow, horse, rabbit, and pig). An additional 5% of mosquitoes
fed on either reptiles and amphibians (Kay 1985).
Studies from Bangladesh, India, and Kenya show that C quinquefasciatus feeds
more on humans in these areas. Ifteara and his cohorts (1994) examined the hosts of five
Culex mosquito species, including C. quinquefasciatus. Resting mosquitoes in cattle
sheds and human dwellings (from multiple sites in Bangladesh) were aspirated in the
early evening between 7:30 and 9:30 PM using an aspirator. Blood meals were identified
using a gel diffusion technique that distinguished only between human and bovine blood
meal sources. Approximately 88% of the 362 C. quinquefasciatus tested in the study
reacted in the gel diffusion test. The strong majority (93%) of blood meals were from a
human source; 7% were only from a bovine source, and 1 % were mixed blood meals of
both human and bovine blood (Ifteara 1994).
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Thapar (1998) examined the hosts of multiple species collected from cattle sheds,
houses, and other dwellings in India. Other collection specifics were not explained. A
modified ELISA was used to determine blood meals, though the test only distinguished
human and bovine blood meals. Of the 137 C. quinquefasciatus tested, 77 reacted in the
ELISA, all having fed on cow. However, the test only distinguished between human and
bovine blood meals and no other hosts were considered. Some of the tests that failed
might have shown feeding on other animals. Even though only two hosts were
considered, approximately 56% of the blood meals tested reacted in the ELISA, so we
can assume at least 56% feeding on cow.
Other work done in India on the feeding choices of C. quinquefasciatus shows
preferential feeding on humans (Dixit 2001). Mosquitoes collected from cattle sheds in
Raipur City, India (Dixit 2001) showed 60% (15 out of 25) C. quinquefasciatus feeding
on humans, while mosquitoes collected near both cattle sheds and human dwellings
showed 63% feeding on humans (12 out of 19). Mosquitoes collected in human
dwellings showed 90% feeding on human (52 out of 58 positive mosquitoes). The gel
diffusion test used in this study distinguished between humans, cows, dogs, goats,
chickens, and rabbits. The high proportion of feeding on humans in India contrasts with
the high proportion of feeding on birds in the US. These data suggest that C.
quinquefasciatus is a preferential feeder, but the host can differ by location.
Collections over one year at multiple sites in western Kenya using multiple
collection techniques yielded 19 species of mosquito, but most (approximately 80%)
were C. quinquefasciatus (Beier 1990). Female C. quinquefasciatus, however, were the

17
most common species collected indoors. Blood meals from female mosquitoes were
analyzed using an ELISA that distinguished multiple hosts. Of the mosquitoes collected
indoors, 89% fed on humans, 4% on chicken, and the remainder fed on cow, donkey,
goat/sheep, dog, and cat blood. Of the C. quinquefasciatus collected outdoors, 23% fed
on human, 61% on cow, 8% on chicken, and the remainder on donkey and dog (Beier
1990).
Work in Bangladesh (Kaul 1968, cited in Ifteara 1994) indicates that the feeding
patterns of C. quinquefasciatus have a seasonal variation; most bovine blood meals were
taken at night during the winter, when we might expect possible human hosts are indoors
under covers.

West Nile Virus in Arizona
West Nile Virus was first isolated in 1937 and has since caused illness in Eastern
Europe, Africa, West Asia, and the Middle East. It is a bird virus vectored by
mosquitoes. When an infected bird is bitten by a mosquito, that mosquito can transmit
the virus to other birds or to other incidental hosts, including humans and horses. It
causes encephalitis in a small proportion of infected humans and horses, and causes high
morbidity in some wild and domestic bird species (CDC 2004). The first animal and
human cases in the US were documented in 1999 in New York City, and virus activity
has since been recorded in all of the 48 contiguous states, except Washington (as of
November 8, 2004; CDC 2004). This year, 2151 cases have been reported in the country,
causing 68 deaths. Arizona had its first evidence of virus activity late in the summer of
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2003, with 13 cases and one human death. Those numbers significantly increased in
2004, with 381 cases in Arizona, causing 10 deaths (CDC 2004). In Arizona, most cases
(345 out of 378) were in Maricopa County (includes Phoenix metropolitan area). Pima
County, which includes Tucson, had only 8 cases in 2004 (USGS 2004).

Study Sites
The two residential sites in Tucson were selected by availability of volunteer
households. Sam Hughes, a neighborhood in central Tucson, has had an established
mosquito problem and many residents in this neighborhood have willingly cooperated
with other mosquito researchers in the past. Sam Hughes is a relatively affluent area,
with many older homes (some over 100 years old) and well established vegetation
(Figures 1 and 2). Many yards in the neighborhood have grass, pools, large potted plants,
and birdbaths, all of which can hold water and harbor mosquito growth. Public parks and
several schools are located in the neighborhood.
Desert Aire, located further east in Tucson, is a less affluent neighborhood and
most homes were constructed in the 1950's. Vegetation is not as lush as in Sam Hughes
(Figures 3 and 4), and more homes have desert vegetation or no landscaping at all. Like
Sam Hughes, public parks and a school are also close. Available hosts for mosquitoes in
these two residential sites include birds, humans, dogs, cats, birds, rodents, coyote, and
rabbits.
Sweetwater Wetland is a constructed wetland on the northwest side of Tucson. It is
located near a number of commercial buildings, a golf course, and the city water
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treatment plant, with residential neighborhoods less than a mile away from the wetland.
The businesses, some with 24 hour operation, are within one-eighth of a mile from
Sweetwater Wetland. Constructed in 1996, it consists of multiple ponds surrounded by
riparian vegetation; cattails, willows, and cottonwood (Figures 5 and 6). It provides
habitat for many animal species, including many bird and insect species. The wetland is
a popular recreational area for walkers and bird-watchers, so humans are a possible
mosquito host at Sweetwater. Other possible mosquito hosts include birds, javelina,
bobcat, snakes, coyote, lizards, rodents, and rabbits. As wetlands create a natural habitat
for mosquitoes, this work might help in improving control efforts as we learn more about
the biology of C. quinquefasciatus.

Why this study is important
The main goal of this study is to determine if local C. quinquefasciatus feed both
on humans and birds. In addition, we may be able to suggest if the mosquito feeds
preferentially or opportunistically. The abundance of birds at Sweetwater is much higher
and the abundance of humans at Sweetwater is much lower than in residential
neighborhoods. If C quinquefasciatus feeds on birds where birds are common and on
humans where humans are common, this suggests that the mosquito is an opportunistic
feeder, and will feed on whatever hosts are available. However, if the mosquito does not
feed on the most common host in a given area (for example, if it feeds most on humans at
Sweetwater), this would suggest that C. quinquefasciatus is a preferential feeder, and
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may pass up the chance to feed on a readily available host and wait until it finds the host
it prefers.
If it is found that C. quinquefasciatus strongly prefers feeding on birds and rarely
feeds on humans, even when humans are present, transmission of West Nile Virus to
humans is less of a concern. If C. quinquefasciatus feeds opportunistically on whichever
hosts are available where both birds and humans are possible hosts, then transmission of
West Nile Virus to humans is more of a concern.
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METHODS

Mosquito Collection
Collection Method
Multiple methods are available for collecting blood fed mosquitoes, including red
resting boxes, vacuum aspiration, carbon dioxide traps, gravid traps, and light traps
(Service 1976). The efficacy of different methods for collecting blood fed mosquitoes
had not been tested in Tucson, so a number of methods were tested and evaluated.
Mosquitoes were collected from residential sites (Figure 9) during the summers (June
through late September) of 2002 and 2003 using Centers for Disease Control gravid traps
(Hock model 1712) or carbon dioxide traps (both operated without a light). For the
summer of 2003, a number of methods were tested based on the research discussed here.
In 2004, only gravid traps were used. In residential areas, traps were placed in alleys
behind homes and in the yards of volunteer households within approximately one square
kilometer of one another.
Reisen and Pfunter (1987) evaluated multiple methods for collecting mosquitoes
(including C. quinquefasciatus) in southern California. Although their total number of
mosquitoes caught using any collection method was low, they found that walk-in red
resting boxes (large frames lined with red fabric) were most effective for attracting blood
fed C. quinquefasciatus in rural areas (40 out of 49 rural blood fed mosquitoes were
collected in red resting boxes). In residential sites, few blood fed mosquitoes were
collected, but Centers for Disease Control gravid traps were most effective, though the
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number of trapped mosquitoes was low. Four out of seven blood fed mosquitoes
collected in residential areas were collected in CDC gravid traps. Kay (1983) tested
collecting methods in Australia and found that red resting boxes were effective for
collecting C quinquefasciatus. The red resting boxes were stacked in groups of 10-25
boxes in areas shaded from morning sun. Many of the mosquitoes collected in the study
were blood fed. At one site, 26,000 mosquitoes were collected, 34% of which were
blood fed. At another site, 22% of 5300 mosquitoes collected were blood fed.
Service (1976) described methods of sampling outdoor resting populations. Of
particular interest are two designs for artificial resting sites, the resting boxes for
attracting blood fed mosquitoes (Edman 1968, cited in Service 1976), and the red cloth
shelter designed by Breeland and Glasgow (1967, cited in Service 1976). The Edman
resting box consisted of a plywood box (30" x 18" x 12"), open on one end and painted
black inside and grey outside. One end was left open, in which a red cloth collecting bag
was secured. A concave frame was positioned around the open end (28" x 52" opening
that tapers to 10" x 16"). Boxes with a frame attracted more female mosquitoes per day
than boxes without a frame (44 compared to 9 per day), presumably attracting mosquitoes
from a greater distance. Though the proportion of engorged mosquitoes was higher in
boxes without the frame, numbers of engorged females were still higher in boxes with a
frame (Service 1976).
The red cloth resting bags (Breeland and Glasgow 1967, cited in Service 1976) are a
less expensive, lighter, and more portable version of red resting boxes described in
Reisen and Pfunter (1987). A red cotton bag (18"x 26") was attached to a one-square-
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foot frame and hung from a nearby structure (vegetation, stakes, etc.). In two Alabama
studies, the fabric bags were more effective than the traditional red boxes for collecting
mosquitoes, though Service (1976) does not address the details of this study.
Vacuum aspiration and a modified design of red resting boxes were used in this study
for collecting blood fed mosquitoes. For vacuum aspiration, a small, battery-powered
hand vacuum was modified so that a small fabric mesh net was attached to the intake
canal of the vacuum. The net measured approximately 3 inches square. The net was
attached to the intake canal using a thick rubber band so that the net could easily be
removed and emptied into collecting vials.
For collecting blood fed C. quinquefasciatus in the red cloth resting shelters, the
design by Breeland and Glasgow (1967, cited in Service 1976) was modified to allow for
the bag frame to collapse and tie shut (Figure 8). It consisted of the red cloth resting
shelter described by Service, but with an external wood dowel frame that disassembled
for collection and transport. Two dowels slide into open fabric sleeves (top and bottom)
so the dowels could be easily removed in preparation for storing the bag. At the open end
of the bag, near the frame, an additional flap of fabric closed to ensure that no mosquitoes
escape when the frame is collapsed and the bag closed with a drawstring. In addition, the
resting shelter had the concave frame described for the Edman (1968, cited in Service
1976) resting boxes. The bags were attached to vegetation using hooks on the top dowel
and a string tied around the back corner of the bag. Based on the comments of Service
(1976), bags were hung so that the opening of the bag faced west and was situated about
4 feet from the ground.
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Vacuum aspiration and the resting red bags did not effectively collect mosquitoes.
The resting red bags, over the course of one month, attracted one mosquito and a handful
of other insects. Vacuum aspiration was at times mildly effective (though many
mosquitoes escaped) but was too labor intensive. In addition, the battery of the vacuum
did not last long enough on a given collection day to collect an adequate number of
mosquitoes.
Gravid traps consisted of a basin partially filled with an alfalfa hay infusion on top of
which sat a fan that pulls into a net mosquitoes coming to the surface of the water to
oviposit (Figure 9). When gravid traps were used, between three and five traps were
placed at each site approximately once a week (for one or two nights, with net
replacement in the morning).

Collection Sites
For the 2002 collection season, traps were placed at Sweetwater Wetland and at
several volunteer households around the Tucson area (Figure 10). Residential sites were
based on volunteers.
For the 2003 and 2004 collection seasons, two distinct residential neighborhoods
were used. The first was located directly east of the University of Arizona campus (Sam
Hughes, Figure 10) and the other on the farther east side of Tucson (Desert Aire, Figure
11), close to the intersection of Craycroft Road and 22"'' Street. In addition to the two
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residential neighborhoods, Sweetwater Wetland (Figure 12) was also included in the
weekly collection. An additional wetland (Agua Caliente, Figure 7) was initially used for
collection during the 2003 collection season, but the number of mosquitoes collected
during the entire summer (10 mosquitoes, 2 of which had a partially digested blood meal)
did not merit returning there during the 2004 season.
In residential neighborhoods, traps were placed in yards of volunteer households
and service alleys, in areas out of direct sun. At Sweetwater, traps were placed in shaded,
sheltered areas close to pools of water.

Mosquito identification and storage
Collected mosquito samples were identified to species and stored at -70° C until
analyzed. Only C quinquefasciatus with a visible blood meal in the abdomen were
analyzed. Blood fed C quinquefasciatus were put into microcentrifuge vials labeled with
a unique number and collection information.

Blood meal analysis (ELISA)
Optimizations
Antibodies for the ELISA test were optimized twice: first in winter 2003 and
again in early 2004. Optimization was done in the form of a "checkerboard titration" in
which, for each anti-host antibody, different concentrations of the capture (primary)
antibody were tested against different concentrations of the conjugate (secondary)
antibody. We used antibody concentrations at which positive control mosquitoes
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produced strong positive results and at which negative control mosquitoes produced
strong negative results. Optimizations in 2003 suggested capture antibodies
concentrations of 0.5 to 1 |J.g/ml and for conjugate antibodies, concentrations of 0.04 to
0.08 |ag/ml. This later caused a problem of cross-reactivity between anti-dog and antihuman antibodies. Wells that were negative for dog showed elevated OD595 values
when a given mosquito tested positive for human. Anti-dog antibody wells for negative
control mosquitoes occasionally reacted with elevated OD595 values, though these
values were still substantially lower than positive control values. This prompted another
antibody optimization during the start of 2004. Based on that optimization, the
concentrations for the capture anti-dog antibody were reduced from 1 ^g/ml to 0.5|ig/ml
to make the test more conservative and to eliminate any problems with cross-reactivity.
Based on these optimizations, the anti-bird antibody concentrations were increased for
both capture (from 0.5 |J.g/ml to 2 i^g/ml) and conjugate (from 0.04 i^g/ml to 0.08
|ig/ml). For all ELISAs, a capture concentration of 0.5 |J.g/ml for cat, 1 |a.g/ml for human
and conjugate concentrations of 0.04 |j,g/ ml for cat, and 0.08 |j.g/ ml for human was used.

Testing blood fed mosquitoes
A standard sandwich enzyme-linked immunosorbant assay (ELISA) was used that
distinguished between the following hosts: bird, cat, dog, and human (Chow 1993). Tn
2004, we added rabbit as a detectable host in the ELISA. C. quinquefasciatus that had a
visible blood meal were homogenized in 150 i^L phosphate-buffered saline (PBS) with
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0.02% thimerosal. Ground mosquito sample (5 |4,L) was added to prepared plates for
analysis.
Capture antibodies used were (1) affinity-purified goat anti-cat IgG, Fc fragment
specific (Jackson ImmunoResearch, 102-005-008; (2) affinity-purified rabbit anti-chicken
IgY (Jackson ImmunoResearch, 303-005-008; (3) affinity-purified rabbit anti-dog IgG,
Fc fragment specific (Jackson ImmunoResearch, 304-005-008); (4) affinity-purified goat
anti-human IgG, Fc fragment specific (Jackson ImmunoResearch 109-005-008).
Peroxidase-labeled conjugate antibodies were (1) affinity-purified goat anti-cat IgG, Fc
fragment specific (Jackson ImmunoResearch, 102-035-008; (2) affinity-purified rabbit
anti-chicken IgY (Jackson ImmunoResearch, 303-035-003; (3) affinity-purified rabbit
anti-dog IgG, Fc fragment specific (Jackson ImmunoResearch, 304-035-008); (4)
affinity-purified goat anti-human IgG, Fc fragment specific (Jackson ImmunoResearch
109-035-008).

Analysis of Results.
Samples were processed in duplicate alongside control mosquitoes with and
without one type of host blood (usually human) and read at OD595. To account for
variability between plates, the values for negative control mosquitoes and the negative
wells on positive control mosquitoes (to account for elevated values from crossreactivity) were analyzed to get a mean of negative control values for each assay. Any
value that fell within the 95% confidence interval for negative control values for a plate
was considered negative. Any value that fell above twice the mean of negative values
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was considered positive. Positive control mosquitoes were not used in establishing which
values were considered positive because positive control mosquitoes tended to react with
greater strength in the ELISA than experimental mosquitoes. Using positive control
values to determine a positive response in the ELISA would have eliminated many blood
meals from the test. Absorbance readings for negative control mosquitoes typically
ranged from 0.031 to 0.041 (OD595), while absorbance values for positive control
mosquitoes typically fell well above 0.500. Readings from blood fed mosquitoes
typically reacted in the ELISA ranged from 0.066 to 0.148 OD595.
Using JMP IN 5.1, the distribution of hosts from each site was evaluated and
compared using a contingency table analysis and Pearson's chi-square test. The chisquare values are suspect and do not have a great deal of descriptive power because our
sample numbers are low (many cell counts less than 5). A logistic regression to correlate
feeding choices with host densities in residential and wetland sites was considered, but
the data did not meet the basic assumptions for logistic regression, as the data were too
sparse.

29
RESULTS
Residential Sites: 2002
Of the 328 blood fed mosquitoes collected from Tucson residential sites, 139
reacted in the ELISA. Humans were the most common host, comprising 49% of
identified blood meals (Table 2, Figure 13). Fewer blood meals were identified as being
from bird (25%), dog (19%), and cat (7%). Nineteen mosquitoes had blood from more
than one host. These included 5 mosquitoes that had blood from both human and bird; 3
with blood from dog, cat, and human; 4 from dog and cat; 3 from dog and human; 2 from
dog and bird; 1 from bird and cat; and 1 from cat and human.

Residential Sites: 2003 and 2004
Of the mosquitoes collected in Sam Hughes (Table 4) and Desert Aire (Table 5)
neighborhoods in 2003 and 2004, 85 were blood fed and 36% reacted in the ELISA, with
a total of 34 identified blood meals. Of these 34 blood meals, 13 (38%) were from
humans, 2 (6%) from bird, 7 (20%) from cat, 5 (15%) from rabbit, and 7 (20%) from dog.
Included in these totals are two mosquitoes that had blood from both bird and human, and
one mosquito that had blood from cat and rabbit.

Sweetwater Wetland: 2002-2004
C. quinquefasciatus collected at Sweetwater Wetland fed most on human, with 11
(41%) of the 27 blood meals identified as having human blood (Table 3, Figure 14).
Dogs and birds were hosts for 5 blood meals each (19%). Cats were hosts for 4 blood
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meals (15%), and rabbits were hosts for 2 blood meals (7%). Included in these totals are
4 mosquitoes that had blood from more than one host in their abdomen; 3 mosquitoes had
fed on bird and human, and 1 on human and cat.
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DISCUSSION
About 46% of C. quinquefasciatus in residential Tucson fed on humans. Feeding
on birds varied from 6 to 25%. The remainder fed on other animals including dogs, cats,
and rabbits, but the percentage of mosquitoes feeding on each of these hosts varied
considerably from 2002 to 2004.
At Sweetwater Wetland, humans were also the most common host (11 out of 27
identified blood meals). Dog, bird, cat, and rabbit were less common hosts. These
percentages, because based on low numbers of identified blood meals (due to low
numbers of collected blood fed mosquitoes and low reactivity in the ELISA), are limited
in predictive power.
Most research (Table 1) in the US indicates that C. quinquefasciatus feed
minimally on humans, but rather feed more on birds (Bohart 1978; Reisen 1990a),
suggesting that they feed preferentially. However, one report (Niebylski 1992) from
Louisiana indicates substantial feeding on humans and birds. In residential sites and near
dog kennels, C. quinquefasciatus fed more on dogs (65% to over 96%). Niebylski's data
suggest that the mosquito in that area may be more of an opportunistic feeder, taking a
meal from readily available hosts.
Mosquitoes feeding opportunistically take blood meals from a readily available
host, regardless of the host species. For example, if cattle are readily available, an

opportunistically feeding mosquito will feed on cattle. Mosquitoes that are strongly
preferential will forego the chance to feed on a non-preferred host and wait to feed on a
particular host species. For example, a mosquito that is strongly preferential for bird will
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not feed on humans. A mosquito that is weakly preferential for bird will choose to feed
on bird if they are available, but will feed on another host if necessary (if birds are not
available hosts). The feeding habits of C. quinquefasciatus seem to vary dramatically by
location, both in host choice, and in whether or not that host choice is opportunistic,
weakly preferential, or strongly preferential.
Data from Australia suggested strong preferential feeding (80-85%) on birds (Kay
1985), regardless of location. The host choice of C. quinquefasciatus is different in two
Indian studies (Dixit 2001; Thapar 1998), though both suggest a strong preference for a
particular host. Thapar (1998) showed that the mosquito strongly fed on cow, regardless
of location. A more recent study (Dixit 2001) showed strong feeding (-90%) on humans
near human dwellings. C. quinquefasciatus collected from cattle sheds still showed over
60% feeding on human, indicating the mosquito's preference for human in these areas.
Another Australian study suggested a weak preference for dogs (54%) in a town where
both humans and dogs were easily available hosts (Kay 1979). In Kenya, C.
quinquefasciatus seem to feed opportunistically (Beier 1990); mosquitoes collected
indoors had 88%) feeding on humans, while mosquitoes collected outdoors had lower
(23%) feeding on humans and a higher proportion of mosquitoes feeding on cattle (65%)).
Humans were the most common blood meal host identified at most sites (except
Desert Aire) in all three years. Birds were a less common host at all three sites. In
Desert Aire neighborhood, none of the identified blood meals were from birds.
The data collected in this study indicate prominent feeding on humans, with bird,
cat, dog, and rabbit constituting a fewer number of identified blood meals. Though the
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total number of identified blood meals in this study is low, these data do not support that
C. quinquefasciatus feed preferentially on birds as suggested by some literature on C.
quinquefasciatus host choices in the US. Rather, the mosquito seems to preferentially
feed on humans in Tucson. However, C. quinquefasciatus could be an opportunistic
feeder, but this study does not have adequate data to support this conclusion. The ELISA
may not detect all bird blood meals for one of two reasons. First, the blood from all
available bird host species might not be detectable in the ELISA. There is no way to
fully verify if all possible hosts would be detected by the ELISA. Second, the sample of
mosquitoes collected might not be representative. Mosquitoes feeding on birds might
rest higher in trees than mosquitoes that feed on hosts that live closer to the ground.
These mosquitoes may not show up in gravid traps with the same frequency. Collecting
mosquitoes in gravid traps set at different heights might produce higher trap counts, as
mosquitoes might be host seeking and resting higher in trees and vegetation at
Sweetwater. Future work should include collection using gravid traps placed higher in
vegetation.
It might also be interesting to more closely examine seasonal variation in blood
meal choice. The numbers of mosquitoes collected and tested in this study were too low
to determine any statistical differences in host choice throughout the collection season.
Future work might show that more bird feeding occurs earlier in the summer, when birds
are nesting when nestling birds are easily available hosts.
No mosquito blood meals from Desert Aire Neighborhood were identified as
being from birds. A number of factors may account for this. Homes in Desert Aire have
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less ground cover and lush vegetation than in Sam Hughes, so it is possible that bird
populations are smaller in Desert Aire than in Sam Hughes. Based on my own
observation in collecting mosquitoes, outdoor pets are much more common. In addition.
Hermitage Cat Shelter is located within the theoretical flight range of trapping sites in
Desert Aire (though cats are housed indoors at night). Five out of 14 (35.71%) blood
meals in Desert Aire came from cat hosts, while only 12% (2 of 17) of blood meals came
from cat in Sam Hughes.
A number of variables limit this study in both its scope of inference and in its
ability to detect all possible hosts. Factors related to field collection and the ELISA
include the difficulty in collecting blood fed mosquitoes, sample storage, cross-reactivity
between multiple anti-host antibodies, inability to retest ambiguous samples and the
number of detectable hosts (dictated by which anti-host antibodies are commercially
available). The scope of inference of this study is limited because the data did not meet
the assumptions of logistic regression, so the ability to draw significant conclusions is
also limited.
Approximately 2% of the mosquitoes collected in 2004 had taken a blood meal.
The majority of mosquitoes collected in the gravid trap were nulliparous, nectar-fed, or
gravid (having already taken and digested a blood meal). However, despite this, gravid
trapping was the most efficient means for finding blood fed mosquitoes. The number of
mosquitoes collected in each season from each site varied widely, making it difficult to
predict the number of blood feds expected in any given collection season. That was a
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significant limitation in this study as a significant time investment was required to collect
enough blood fed mosquitoes to test in the ELISA.
Surveillance mosquito collection done by Tucson City Water on a weekly basis
during 2002, 2003, and 2004 shows that the numbers of C. quinquefasciatus in 2002 were
much higher than in 2003 and 2004. A total of 10,684 C. quinquefasciatus were
collected in carbon dioxide traps over 39 collections in 2002. In 2003 and 2004, the total
number of C. quinquefasciatus collected was much lower: 3735 in 2003 and 4483 in
2004. A similar drop in mosquito populations was also observed at both Sweetwater and
at residential sites.
Mosquito samples were stored at -70° C until they were used in the ELISA.
Though not formally tested, it is likely that the length of time that a given sample was
stored affected the strength with which that sample reacted in the ELISA. Therefore, it is
possible that mosquito samples with a partial blood meal were not detected in the ELISA,
or mosquitoes that were stored for a long time produced ambiguous results in the ELISA.
Ambiguous samples were retested, but not all mosquitoes that were retested produced a
strong positive result.
Each mosquito sample, after being ground in buffer, produces 150 ^L solution.
In one ELISA test, 50 to 60 |jL of mosquito solution was used. This means that
ambiguous samples could only be retested once, or twice if tested only against the hosts
for which it produced weak positive results. Many sample solutions were completely
used before it could be verified whether a sample was positive for a given host. Such
data were considered ambiguous and not included in the "positive" mosquito category.

36
Two different combinations of antibody concentrations were used: the first to test
2002 samples, and the second to test the 2003 and 2004 samples. The first concentrations
used were higher and thus, less conservative. However, in some plates, cross-reactivity
between anti-dog and human antibodies presented a problem. Control (human positive)
mosquitoes that were fed on a human produced weak positive results for dog as well. A
few samples also fit in this category: a mosquito that tested as strongly positive for
human blood also produced a weak positive for dog blood. In others, perhaps in the cases
of partially digested or smaller blood meals, the absorbance readings for dog and human
were too close to the elevated negative control values. These mosquitoes were
considered ambiguous and were retested.
The problem of cross-reactivity prompted another round of antibody
optimizations at the start of 2004. As a result, the concentrations for most host antibodies
were lowered. This eliminated the problem of cross-reactivity between anti-dog and antihuman antibodies, but the ELISA became more conservative, possibly preventing
detection of partial blood meals.
There are many potential vertebrate blood meal hosts in Tucson and at
Sweetwater Wetland, including numerous birds, mammals (rodents, bobcat, javelina) and
reptiles. Commercially available antibodies are not available for all of the possible hosts
in Tucson, and blood sample volume is limited. Thus, the ability to detect all possible
hosts was limited. The choice of which hosts to detect in the ELISA was primarily
determined by which antibodies were commercially available. However, the antibodies
used should be able to detect a large number of possible hosts, though our ability to
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verify this was limited. Group-specific antibodies for dog should detect blood meals
from domestic dogs and coyote. Group-specific antibodies for cat should detect blood
meals from domestic cats, mountain lions, and bobcats. The anti-bird antibodies are
class-specific and were tested against chicken blood (donated from the Arizona
Veterinary Diagnostic labs). For use as control blood, samples from domestic cat, dog,
and rabbit were donated from a local veterinarian's office (with permission from the pets'
owners), but the time constraints involved with obtaining Institutional Animal Care and
Use permission prohibited us from collecting blood from other possible hosts. A much
larger study could go through the appropriate channels to get permission to collect blood
from all of the possible hosts in Arizona, but sample size would be limiting.
The efficacy of commercially available class-specific antibodies may also account
for some of the observed host choice at Sweetwater Wetland. Sweetwater Wetland
provides habitat for dozens of bird species, including blackbird, killdeer, and multiple
duck species. We did not determine if the class-specific anti-bird antibodies can
accurately detect all possible bird hosts at Sweetwater. Some bird species may not be
detectable in the ELISA, and this may account for the low proportion of bird feeding at
Sweetwater Wetland.
It is important to note that our scope of inference is limited in many respects.
This is an observational study and thus has little predictive power. First, the data
presented here only applies to the sites studied and to C quinquefasciatus. Each
mosquito species has distinct differences in ecology and should be considered separately
in other studies. Second, the data presented here should only be used to describe the
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specific sites included in this study. We can draw no causal conclusions or inferences to
the larger populations of mosquitoes in residential Tucson. Rather, our conclusions can
only be used to describe the populations of mosquitoes collected at the three sites used in
the study. To be able to draw inferences to larger populations of mosquitoes, we would
have needed at least 100 mosquitoes reacting in the ELISA from each site.
Logistic regression was considered for this study. Had the data met the
assumptions for logistic regression, it would have helped us relate the proportions of
blood meal hosts at each site to other factors, such as the density of hosts (especially bird
and human) at each site. In this case, sample sizes were too small and sampling
distributions were not normal, so any likelihood estimates relating the data to other
factors would be biased and inaccurate.

Relevance to West Nile Virus
Of interest is that a number of mosquitoes at Sweetwater and in Sam Hughes
neighborhood had recently taken blood meals from both bird and human. Three bird/
human blood meals were identified from Sweetwater mosquitoes in 2002, and two blood
meals from Sam Hughes Neighborhood in 2003. During 2002 residential site collection,
5 blood meals were from both bird and human. Of the 200 blood meals identified during
all three years at all sites, 20 blood meals (from 10 mosquitoes) were identified as having
recently taken blood from both bird and human.
These data certainly indicate that C. quinquefasciatus is a likely vector for West
Nile virus. Of 200 blood meals (the total at Sweetwater and all 2002-2004 residential
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sites), 134 (67%) mosquitoes had fed on either human or bird alone, or both. If a local
population of mosquitoes feeds on both humans and birds (regardless of a mosquito
taking a blood meal from multiple hosts), transmission of West Nile Virus to humans is a
potential concern. Laboratory evaluation of West Nile Virus vertical transmission from a
female mosquito to her offspring shows that 3 out of 1000 progeny are infected (Goddard
2003). This work was done in the laboratory with laboratory-reared mosquitoes; it is
possible that field populations would have different rates of transmission. We know that
vertical transmission of West Nile Virus is possible for C. quinquefasciatus.

Conclusions
This work shows that C. quinquefasciatus, in urban Tucson, feeds on both birds
and humans. These data (1) do not agree with most published US literature which
suggest preferential feeding on birds; (2) do not support the hypothesis that the mosquito
is an opportunistic feeder, since it is not the case that the mosquito feeds most on birds at
Sweetwater; and (3) does support preferential feeding on humans, given the prominent
feeding on humans at Sweetwater. However, as argued above, this last point needs to be
considered speculative.
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APPENDIX OF FIGURES

FIGURE 1. Sam Hughes Neighborhood

FIGURE 2. Sam Hughes trap site

FIGURE 3. Desert Aire Neighborhood

FIGURE 4. Desert Aire Neighborhood trap site

FIGURE 5. Sweetwater Wetland trap site

FIGURE 6. Sweetwater Wetland
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FIGURE 7. Map of Study Sites. Residential sites from 2002 are denoted with light grey
dots; Wetland sites are denoted with dark grey dots; Sam Hughes and Desert Aire
Neighborhoods are marked with shaded grey squares.

FIGURE 8. Red Bag Resting Shelter

FIGURE 9. Gravid Trap
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FIGURE 10. Sam Hughes Trap Sites. Black dots denote locations where gravid traps
were placed during the 2003 and 2004 collection seasons. Please note: one site that falls
outside the northern limit of the map was not shown, at 2262 East Drachmann.
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FIGURE 11. Desert Aire Trap Sites. Black dots denote locations where gravid traps were
placed during the 2003 and 2004 collection seasons.
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Identified Bloodmeais from Sweetwater Wetland 2002-2004.

• dog

• bird
•cat

• human
o rabbit

2002

1

2003

1

FIGURE 13. Identified Blood meals at Sweetwater Wetland. Please note: 1. that mixed
blood meals (4 from 2002) are not included in this figure; 2. anti-rabbit antibodies were
not available for 2002 mosquito testing, so rabbit was not tested as a possible host in
2002.
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Identified Blood meals from Residential Sites

• bird
neat
• human
• rabbit

FIGURE 14. Blood meals identified from residential sites during 2002, 2003, 2004.
Please note 1. that mixed blood meals (19 from 2002; 3 from 2003) are not included in
this figure, and 2. anti-rabbit antibodies were not available for 2002 mosquito testing, so
rabbit was not tested as a possible host in 2002.
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% feeding on:
/o

Location
Duplin Co, North
Carolina, USA (Irby
1988)
Louisiana, USA
(Niebylski 1992)
Louisiana, USA
(Niebylski 1992)
Louisiana, USA
(Niebylski 1992)
Texas, USA (Bohart
1978)
Hawaii, USA (Bohart
1978)
Orange/ Los Angeles Co,
California, USA (Reisen
1990a)
Kern Co, California,
USA (Reisen 1987)
Mississippi, USA
(Bertsch 1983)
Charleville, Queensland,
Australia (Kay 1985)
Charleville, Queensland,
Australia (Kay 1985)
Kowanyama,
Queensland, Australia
(Kay 1979)

Study
Site

technique
# react
other
used
tested ing human bird cat dog mammal other

rural

CPT, ELISA

161

near houses
near dog
kennels

CPT

forest

residential

0

99

934

9 to 15

6to29

CPT

912

0

CPT

150

13 to 23

1 to 4
43 to
53

CPT

98

90

97

12673

85

107

92

1

2

4

53 to78
96 to
100

2 to 5

23 to 34

5 to 10

3

0

97

0

0

0

3

69

0

19

10

1

58

2

22

14

99

343
urban and
rural

0

1

gel diffusion

821

75

0

60

0

<1

40

CPT

430

100

12

79

1

5

4

0

CPT

107

100

1

85

0

5

10

5

rural
residential

CPT

4562

96

9

30

2

54

5

32

India (Dixit 2001)

residential

gel diffusion

60

97

90

2

2

6

India (Dixit 2001)

cattle sheds
resid. and
cattle shed
cattle sheds
and houses

gel diffusion

25

100

60

0

24

gel diffusion

20

95

63

11

21

ELISA

137

56

urban
residential
(indoors)

gel diffusion

52

79

78

0

0

0

22

0

ELISA

1054

89

88

4

1

2

6

0

ELISA

87

86

23

8

0

4

65

0

India (Dixit 2001)
India (Thapar 1998)
Bangladesh (Ifteara
1994)
western Kenya (Beier
1990)
western Kenya (Beier
1990)

urban
natural
habitats

residential
(outdoors)

100

TABLE I. Culex quinquefasciatus feeding preferences from existing literature
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Table 2. Blood meal hosts of C. quinquefasciatus in
residential sites in Tucson in 2002
Human

Bird

Dog

Cat

68

35

26

10

Meals that included multiple hosts (also counted in individual
host totals):
dog/cat/human
3
bird/ human
5
dog/ cat
4
bird/ cat
1
dog/ bird
2
3
dog/ human
cat/ human
1

TABLE 2. Blood meal hosts of C. quinquefasciatus in residential sites in 2002. Please
note that anti-rabbit antibodies were not available for 2002 mosquito testing, so rabbit
was not tested as a possible host in 2002. Also note that for the mosquitoes that tested
positive for more than one blood meal, the blood meal was counted in both host
categories.
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TABLE 3. Hosts of C. quinquefasciatus at Sweetwater Wetland 2002-2004
Human Bird
2002
2003
2004

6
2
3

3
1
1

Dog

Cat

Rabbit

Total

% reactivity

3
1
1

2
0
2

*

14
4
9

28%
33%

0
2

53%

total
11
5
5
4
2
21
33%
Mosquitoes that tested positive for more than one host were counted in all relevant host
categories.

TABLE 4. Hosts of C. quinquefasciatus in Desert Aire 2003-2004
Human Bird
2003
2004

2
3

0
0

Dog

Cat

Rabbit

Total

% reactivity

2
3

4
1

2
2

10
9

26%
75%

total
5
0
5
5
4
19
36%
Mosquitoes that tested positive for more than one host were counted positive in all
relevant host categories.

TABLE 5. Hosts of C quinquefasciatus in Sam Hughes 2003-2004
Human Bird

Dog

Cat

Rabbit

Total

% reactivity

2003

6

1

1

2

0

10

34%

2004

2

1

1

0

1

5

46%

total
8
2
2
2
1
15
37%
Mosquitoes that tested positive for more than one host were counted positive for all
relevant host categories.

