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Abstract

First emerging in the United States in 1999, and Montana in 2002, West Nile 

Virus (WNV) has had a significant impact on human and avian populations. Due to this 

significance, a greater understanding of the factors affecting the prevalence of WNV is 

necessary. Mosquitoes were collected from 27 locations across the state of Montana 

throughout the summer of 2009. RT-PCR and TaqMan assays were used to identify 

positive pools of mosquitoes, with three locations testing positive. As avian species serve 

as a reservoir for the virus, it is hypothesized that locations testing positive for WNV 

should have a greater presence of reservoir competent species. A contingency analysis 

was run to test for an association between the presence of avian competent species and 

WNV, resulting in a p-value of 0.425. These results do not establish a statistically 

significant correlation between presence of reservoir competent species and WNV. 

However, due to limitations, further analysis is necessary to determine if a significant

correlation exists and if other factors are involved.
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Introduction

Zoonotic diseases, or diseases transferred to humans from an animal or arthropod

vector, have greatly impacted human health, representing 61% of existing pathogenic

organisms (Taylor et al., 2001). Over the past several years, an increase in the emergence 

of infectious diseases in the United States has been observed, and of those emerging

diseases, a majority can be attributed to zoonosis (Murphy, 1998). Zoonotic diseases are

twice as likely to be an emerging disease as non-zoonotic diseases (Taylor et al., 2001).

The reason for this increase in the emergence of zoonotic diseases can be attributed to a 

variety of factors. As human populations and livestock numbers continue to grow,

humans and animals are brought within close proximity (Murphy, 1998). Transportation

advances have also led to an increased availability in the modes of transfer of infectious 

diseases (Murphy, 1998). Along with these factors, viruses and other infectious agents 

are able to readily adapt to changing environments, with arboviruses demonstrating an 

especially complex and effective adaptation ability (Murphy, 1998). This ability to adapt 

has allowed a variety of arboviruses to easily emerge in new locations. Venezuelan

equine encephalitis virus emerged in El Salvador and Guatemala in 1969, and then 

quickly spread north, reaching the United States in 1971 and establishing itself in a 

variety of environments (Weaver and Barrett, 2004). Similarly, Japanese encephalitis 

virus extends across a wide geographical area, continuing to infect individuals in India, 

Korea, China, south-east Asia, and Indonesia (Weaver and Barrett, 2004). More recently, 

West Nile Virus (WNV) has spread from the Middle East to the United States (Petersen 

and Roehrig, 2001).
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Since its 1999 emergence in the United States, WNV has been an intensely 

studied topic within the health and science communities. First reported in New York, 

WNV has since migrated at a rapid rate, reaching Montana in 2002 (Sugumaran et ah, 

2009). The introduction of WNV has had a significant impact on humans, birds, and 

horses (Sugumaran et al., 2009). Over the past ten years, more than 29,000 human cases 

have been reported and the virus has caused over 1,100 fatalities in the United States

(Sugumaran et al., 2009). In addition to these human incidents, at least 326 species of 

birds have documented mortalities caused by WNV (Center for Disease Control l(CDC), 

2009). Some species have been hit particularly hard, with corvids proving to be 

especially susceptible. During the 2002 WNV outbreak, corvid populations were reduced 

by 82% in the city of Chicago (Theophilides et al., 2006). In California, the Yellow

billed Magpie population is estimated to have been cut by 49% only two years after 

introduction of the virus (Crosbie et al., 2008). In addition, in the summers of 2002 and 

2003, over 35% of American Crows were lost to WNV in New York (Clark et al., 2006). 

Due to the increasing significance of WNV it is important to gain a better understanding 

of the factors that contribute to the prevalence of the virus.

WNV is a single-stranded RNA virus of the Japanese encephalitis antigenic 

complex, specifically found within the family Flaviviridae (Petersen and Roehrig, 2001). 

The virus has two genetic lineages, with the first representing strains found in North 

America, Europe, Africa, Asia, India and Australia, and the second including strains from 

sub-Saharan Africa and Madagascar (Petersen and Roehig, 2001). Four clades make up 

lineage 1: Kunjin, Indian, A, and B, with the latter including the strain found in the U.S. 

(Petersen and Roehrig, 2001). The strain responsible for the 1999 NY outbreak shares a
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99.7% genetic homology with the Israel strain (Lanciotti et al., 2000). This relationship 

suggests that the virus was imported to the U.S. from somewhere in the Middle East 

(Petersen and Roehrig, 2001).

An arbovirus, WNV is transmitted to hosts via mosquito vectors (Marra et al., 

2004). This dependence on mosquito vectors results in the appearance of the virus during 

the summer months as mosquito populations grow. A mosquito’s lifespan may last up to 

several weeks, during which females lay multiple batches of eggs. For many species, egg 

development is dependent on nutrients obtained from vertebrate blood, and various 

species have different feeding preferences (Zou et al., 2007). After obtaining a blood 

meal from an infected host, the virus enters the stomach of the mosquito where 

amplification occurs. With time, the virus begins to spread throughout the body until a 

disseminated infection is established. At this point, the mosquito becomes infectious as 

the virus is present in the saliva and can be easily transmitted through the next blood 

meal. This process is temperature dependent, with higher temperatures decreasing the 

time required for the process to be completed (Dohm et al., 2002). At temperatures of 

30°C, the infection becomes disseminated in only four days, increasing the likelihood of 

the vector passing the virus to its next blood source (Dohm et al., 2002). However, at a 

temperature of 18° C this time period can be extended to 25 days or longer, decreasing 

the likelihood of transmission (Dohm et al., 2002). To date, 64 species of mosquitoes 

tested positive for WNV (CDC-2, 2009). However, some species prove to be more 

competent vectors than others (Turell et al., 2005). In Montana, species within the genus 

Culex are the primary vectors for the virus, specifically Cx. tarsalis (Goddard et al.,
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2002). In a laboratory setting Cx. tarsalis has proven to be a highly competent vector 

with transmission rates higher than 90% (Turell et al., 2002).

Just as mosquito species vary in their competence, hosts also vary in their ability

to serve as a reservoir for WNV as each species generates a different viremia, or amount 

of virus present in the bloodstream (Komar et al., 2003). Some hosts, including humans 

and horses, are considered dead ends as their viremia never becomes high enough to 

infect mosquitoes. Many avian species, on the other hand, generate a high viremia that 

persists for a long period of time, making them competent reservoirs of the virus (Komar 

et al., 2003). The initial surveillance of the impact of WNV on avian populations after the 

1999 New York outbreak found 33% of dead birds were crows, suggesting their high 

susceptibility (Eidson et al., 2001). Since then, laboratory studies have provided insight 

on the reservoir competency of avian species, defined as the product of susceptibility, 

peak viremia and the duration of the viremia (Komar et al., 2003). Under laboratory 

conditions, Blue Jays, Common Grackles, House Finches, American Crows, House 

Sparrows, Ring-billed Gulls, Black-billed Magpies, American Robins, and Red-Winged 

Blackbirds proved to have the highest reservoir competence of 25 species evaluated 

(Komar et al., 2003). In addition, field correlation study has shown a significant negative 

correlation between WNV prevalence and non-passerine diversity (Ezenwa et al., 2006).

Understanding the susceptibility of birds to WNV and their role as reservoirs is 

highly important when looking at the ecology of the disease (Marra et al., 2004). There is 

still little known about the bird species involved in the transmission of WNV across 

Montana. In this thesis, I examined mosquito populations from 27 locations across the 

state and analyzed them for the presence of WNV using reverse transcription real time
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polymerase chain reaction (RT-PCR) and a TaqMan assay. As birds serve as a reservoir 

for the virus, I hypothesized that locations positive for WNV would have more reservoir 

competent species present in comparison to negative locations. A contingency test was 

run to determine if there is a statistically significant correlation between the presence of 

reservoir competent species and WNV.
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Materials and Methods

Collection

Mosquitoes were collected using battery powered CDC miniature light traps with 

a CO2 attractant at 38 sites representing 27 locations across the state (Table 1). Wildlife 

Refuges were targeted as site locations as they provide a habitat for a large number of 

avian populations.

Traps were run weekly from dusk to dawn from June through August, 2009. The 

source of CO2 used as an attractant for the traps was dry ice when available and CO2 

tanks when the location was too far from a dry ice source. After collection, mosquitoes 

were frozen at -20°C for two days to ensure death while the virus remained intact. Once 

frozen, the mosquitoes were sorted to isolate the species Cx. tarsalis based on 

morphological traits.

RNA Extraction

Pools of <50 female Cx. tarsalis mosquitoes were placed in 1.5 mL screw cap 

vials containing a ceramic bead and RNALater (Qiagen Inc, Valencia, CA, USA), and 

frozen at -80°C until extraction. The extraction was performed using a QIAamp Fibrous 

Tissue RNA Kit (Qiagen Inc, Valencia, CA, USA) with the exception of the 

homogenization process. Pools of ten or fewer mosquitoes were homogenized in 600 (iL 

of RNALater and 300 ptL of BA-1 homogenate buffer (Lanciotti et al., 2000), while pools 

greater than ten used lOOOpL and 500pL, respectively. Tubes were placed in a 115V 

FastPrep FP120 (Thermo Fisher Scientific Inc., Waltham, MA, USA) and beat for 30 

seconds at a speed of five. Once homogenization of the mosquitoes was complete, the
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procedure continued as directed by the kit. Extracted samples were stored at -80°C until 

RT-PCR and TaqMan assays were run.

Reverse Transcriptase RT-PCR and TaqMan Assay

Positive controls were established by extracting RNA from lOOjlL of NATtrol 

WNV (ZeptoMetrix Corporation, Buffalo, NY, USA) using the QIAamp Viral RNA Mini 

Kit (Qiagen Inc, Valencia, CA, USA). The extracted RNA was diluted fivefold and run

on RT-PCR and TaqMan assays to ensure the extraction was successful.

Two sets of primers and probes were used in the RT-PCR and TaqMan assays, 

each hybridizing at different segments of the RNA. The first primer, WNENV, had a 

forward sequence of 5’TCAGCGATCTCAACCAAAG-3’and a reverse sequence of 5’- 

GGGTCAGCACGTTTGTCATTG-3’ (Lanciotti et al., 2000). The corresponding probe 

had the sequence 5’-TGCCCGACCATGGGAGAAGCTC-3’ (Lanciotti et al., 2000). The 

second, WN3’NC had a forward sequence of 5’-CAGACCACGCTACGGG-3’, a reverse 

sequence of 5’-CTAGGGCCGCGTGGG-3’ and a corresponding probe with the 

sequence 5’-TCTGCGGAGAGTGCAGTCTGCGAT-3’ (Lanciotti et al., 2000).

The assay was performed with a iQ5 Real-Time PCR Detection System (Bio-Rad 

Laboratories, Hercules, CA, USA) using a total reaction volume of 50 pL containing 

5 p.L RNA extract, 1 pL of 50 pmol/mL forward and reverse primer, 2 pL of 10 pmol/mL 

probe, 1.25 pL of MultiScribe Reverse Transcriptase (Applied Biosystems Inc , Foster 

City, CA , USA), and 25 pL of TaqMan Universal PCR Master Mix (Applied Biosystems 

Inc , Foster City, CA , USA) (Kauffman et al., 2003). The final volume was brought to 

50 pL with water. Each sample was run in duplicate to rule out cross contamination as a
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source of false positives. The thermocycling conditions used were 30 minutes at 48°C, 10

minutes at 95°C, and 55 cycles of 15 seconds at 95°C and 1 minute at 60°C.

The threshold for the TaqMan assay was set at 10,000 relative fluorescent units 

(RFU) and samples with a cycle threshold (ct) value <35.00 were considered positive. 

Samples were considered negative if both duplicates failed to reach the threshold value. If 

the ct value was greater than 35, or if only one of the duplicates tested positive, the 

sample was run again.

Contingency Analysis

To determine if a significant correlation existed between presence of reservoir 

competent avian species and WNV, a contingency analysis was run comparing the three 

positive locations to five negative locations (Table 2). The five negative locations used as 

a comparison were selected due to their location east of the divide as WNV has never

been detected in mosquito populations west of the divide. Data was obtained from the 

National Resource Inventory Service relating the number of direct and indirect breeding 

observations for 16 species determined to be reservoir competent by Komar et al. (2003) 

(Table 3). Reservoir competency was calculated based on susceptibility, mean 

infectiousness, and duration of infectious viremia in a laboratory setting (Komar et al., 

2003). The reservoir competent value represents the mean number of mosquitoes that 

would become infectious after feeding on the host (Komar et al., 2003). As surveying 

frequency varied from location to location, the relative densities of the breeding 

occurrences were unreliable and values were converted to 1 if any breeding was present 

and 0 if no breeding was present. Data was available in three resolutions: 1° latitude by 

1° longitude, V20 by I/20 and *4° by *4°. The smallest resolution was used for the
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contingency analysis as it provided the best representation of avian populations present at 

the specific locations tested. The program Statistica was used to run the contingency 

analysis comparing absence and presence of reservoir competent avian species and the 

presence and absence of WNV.
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Table 1. Locations included in surveillance of WNV.

GPS Coordinates
County Location DDN DDW
Blaine Fort Belknap/Harlem 48.490858 -108.683680
Custer Miles City 46.380714 -105.891840
Dawson Glendive 47.115572 -104.719150
Flathead 2115 HWY 2 48.220918 -114.274460
Flathead Forest Acres 48.334346 -114.340740
Flathead Big Fork 48.071603 -114.096870
Lake Ninepipe Site 1 47.450742 -114.147680
Lake Ninepipe Site 2 47.432503 -114.143140
Missoula Ft. Missoula 46.840519 -114.062880
Powell Helmville 46.903933 -113.013850
Ravalli Florence 46.638917 -114.056670
Sheridan Medicine Lake 48.467439 -104.377130
Teton Freezeout Site 1 47.663500 -112.039960
Teton Freezeout Site 2 47.672320 -112.022300
Phillips Bowdoin Site 1 48.417720 -107.660500
Phillips Bowdoin Site 2 48.387050 -107.729290
Broadwater Toston 46.165900 -111.561800
Broadwater Canyon Ferry Site 1 46.370800 -111.505800
Broadwater Canyon Ferry Site 2 46.383300 -111.560000
Lewis and Clark Lake Helena 46.700900 -111.961030
Lewis and Clark Scratch Gravel 46.650290 -112.074000
Lewis and Clark Carroll College 46.600399 -112.038200
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Table 2. Locations used in the contingency analysis.

Location WNV
Medicine Lake Present
Bowdoin Present
Fort Belknap Present
Freezeout Absent
Toston Absent
Canyon Ferry Absent
Lake Helena Absent
Miles City Absent

Table 3. Reservoir competent avian species used in the contingency analysis

Common Name Reservoir Competence Index*
Blue Jay 2.55
Common Grackle 2.04
House Finch 1.76
American Crow 1.62
House Sparrow 1.59
Ring-billed Gull 1.26
Black-billed Magpie 1.08
American Robin 1.08
Red-winged Blackbird 0.99
American Kestrel 0.93
Great Homed Owl 0.88
Killdeer 0.87
Mallard 0.48
Mourning Dove 0.19
Northern Flicker 0.06
Canada Goose 0.03
* Values obtained from Komar et al. (2003)
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Results

RT-PCR and TaqMan assays were performed on 204 mosquito pools from across 

the state, totaling 7220 mosquitoes tested. From these pools, WNV was isolated from

seven samples representing three locations (Table 4). Values for the total mosquito

population were unavailable at Medicine Lake as our collaborator sent only Cx. tarsalis.

All positive locations had a cycle threshold (et) value lower than 35 as they reached the 

critical threshold before cycle 35. Figure 1 shows the specific regions of the state that 

were tested and identifies counties as negative or positive for WNV.

The number of Cx. tarsalis present in comparison to the presence of other

mosquito species sorted varied between positive and negative samples (Fig. 2). Sites

testing positive for WNV all had large total mosquito populations, with over 1000 

mosquitoes sorted and of those sorted, 42.8% to 1.09% were Cx. tarsalis. On the other

hand, the sites testing negative either had low total mosquito populations, low presence of 

the vector or a combination of the two. The negative sites present in Figure 2 were 

selected to demonstrate this theme. The selected negative locations with low populations 

ranged from 0 to 139 total mosquitoes and had 0% to 38.2% Cx. tarsalis, while those 

with large populations had over 1000 mosquitoes sorted, with 4.6% to 0.2% of those 

being Cx. tarsalis.

The results of the contingency analysis showed that expected values were 

statistically similar to the observed values (Table 5). To determine these values, each of

the locations was analyzed for the presence or absence of each of the 16 reservoir 

competent species and fit into the appropriate category. For example, every time a 

competent species was observed at a negative location, it was added to the category avian
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species present and WNV absent. Therefore, the value 33 under this category represents 

that on 33 separate occasions, a reservoir competent species was observed at a negative 

location. A p-value of 0.425 suggests the observed values would occur 42.5% of the time 

due to random chance alone. Similar results were obtained in the contingency analysis of 

the two higher resolutions.

13



Table 4. Positive samples identified by RT-PCR and TaqMan Assays.

Location County Date Total number 
of mosquitoes

Number of 
Cx. tarsalis 

tested

ct
Value

Medicine Lake: Sheridan 7/20/2009 N/A 200 29.50
Refuge
Bowdoin Site 2 Phillips 7/23/2009 1042 200 23.40
Medicine Lake: Sheridan 7/23/2009 N/A 200 31.45
Big Island
Fort Belknap Blaine 7/27/2009 1033 200 22.86
Bowdoin Site 2 Phillips 7/30/2009 1035 95 23.30
Fort Belknap Blaine 8/11/2009 2500 200 24.03
Bowdoin Site 1 Phillips 8/13/2009 2000 11 29.27
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■ Cx. tarsalis

■ Other Species Sorted

Figure 2. Presence of Cx. tarsalis and other mosquito species sorted at select positive and 
negative locations. Sites denoted by an * represent sites positive for WNV.

Table 5. Results of contingency analysis testing for associations between WNV and the 
presence of reservoir competent bird species.

WNV
Absent

WNV
Present

Chi-square df p-value

Species Present 33/35* 24/22* 0.64 1 0.425
Species Absent 46/44* 25/27*
* numbers above the diagonal are the observed records and those numbers below the 
diagonal are the expected values based on a random distribution
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Discussion

West Nile Virus (WNV) was detected at only three of the sites tested, a relatively 

low number in comparison to other years (U.S. Geological Survey (USGS), 2009). 

Although data on detection of WNV in mosquito pools in 2007 are unavailable, 35 

counties in Montana reported human cases (USGS, 2008), a value much higher than the 

three counties detected in our study. Moreover, during the period of our study only three 

human cases were reported, all in counties not included in this study. As WNV was 

detected in mosquito pools from three additional counties during this study, human cases 

from 2007 may actually be an underestimate of presence of the virus during that year

(USGS, 2009). Of the 35 counties reporting human cases in 2007, we tested seven: 

Ravalli, Missoula, Lewis and Clark, Teton, Blaine, Phillips, and Sheridan, with the last 

three found to be positive. This observed decrease in viral detection may have been

impacted by below average temperatures experienced in eastern Montana during the 2009

summer (National Oceanic Atmospheric Administration, 2009). WNV replication is

temperature dependent, with higher temperatures resulting in increased viral infection, 

dissemination, and transfer (Kilpatrick et al., 2008).

Although the levels of WNV were not as high as typically observed, the results of

this study provide insight into the factors necessary to make predictions about the 

presence of the virus in a given environment. The number of Cx. tarsalis compared to 

other mosquito species sorted at a variety of positive and negative locations was 

calculated in this study (Fig. 2). The positive locations all had a high total number of 

mosquitoes, with values above 1000, suggesting that a large mosquito population may be 

one possible factor increasing the probability of detecting WNV. In addition, Fort
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Belknap and Bowdoin Site 2 had relatively high ratios of Cx. tarsalis to other mosquito 

species, signifying that high levels of the vector also aid in increasing the presence of the 

virus. However, these tendencies were not universal. Bowdoin Site 1 had a relatively low

ratio and still tested positive, indicating that other factors, such as a bird population, may 

be critically important in determining the level of virus present. At locations that did not 

test positive, total mosquito levels were often low, as observed in Miles City, Helena, and 

Missoula. Although the ratios may have been high, the low level of mosquitoes and 

therefore low level of the vector decrease the probability of detecting the virus. This was 

also true in populations that had high mosquito numbers but low ratios of Cx. tarsalis and

did not typically allow for viral detection, as observed at Toston and Canyon Ferry. These 

results suggest that a variety of factors, including the total number of mosquitoes, number 

of vector mosquitoes, and bird communities, all play a role in WNV detection.

The results of the contingency analysis of this study do not establish a significant

difference in the presence of reservoir competent avian species at positive and negative

locations. However, there were limitations to this study. The sample size used in the 

contingency analysis was relatively small as only three of the locations were determined

to be positive for WNV. A larger sample size may provide enough data for a relationship 

to be established. In addition, this analysis did not capture the relative abundance of the 

avian species at sites tested and the abundance of the mosquito vector was not used as a

covariant. As both avian reservoirs and competent mosquito vectors are necessary for the 

transmission of WNV, a statistical analysis that includes both may provide a better 

indication of their role in transmission. Therefore although this analysis does not
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establish a significant correlation, it in no way negates the possibility of a significant 

correlation existing.

The detection of WNV is clearly dependent on an array of factors. This study 

does not establish a link between the presence and absence of avian populations and the 

presence or absence of WNV. However, this factor in combination with others may prove 

to be closely linked to detection of WNV. Further analysis and an increase in sample size 

is necessary to determine if a significant correlation exists and if other factors are 

involved, which would in turn allow for risk assessment. Once possible hot spots can be 

identified, risk management becomes possible, allowing the emerging zoonotic disease to 

become more actively contained.
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