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ABSTRACT OF DISSERTATION

FLAVIVIRUS SURVEILLANCE IN MOSQUITOES FROM NORTHERN
COLORADO, WITH THE DETECTION AND DESCRIPTION OF TWO INSHE

SPECIFIC FLAVIVIRUSES

Vector-borne diseases remain a major public health concern worldwide. The
studies described here underline the importance of combining field surveiltdivitiea
with laboratory experiments to provide a comprehensive understanding of the ciynami
of vector-borne disease systems.

Entomological measures of West Nile virus (WNV) risk were found to be
strongly associated with human WNV disease cases in northeastern Colorado.
Specifically,Culex tarsalisabundance and the Vector Index for WNV-infeaizd
tarsalisfemales (weekly mean per trap night x weekly proportion of WNV-infected
females) were associated with weekly numbers of WNV human diseasevatslag
times of 4-7 weeks and 1-2 weeks, respectively. This provides informatiorathlaé c
utilized for decision-making processes concerning when to initiate mosquitolcontr
activities and how to best utilize limited resources.

These studies also describe the first detection of insect-specific fflepésiin
mosquitoes collected in Coloradoulexflavivirus (CXFV), first described in Japan in

2007, and a new insect-specific flavivirus, designated Calbertado virus, wetted @tec



Culexspp. mosquitoes. Experiments were conducted to explore the transmission
dynamics of CXFV in a naturally infecté€glilex pipiendaboratory colony and also the
potential effects of CXFV infection on vector competence for WNV. Resultsateti
that vertical transmission is the primary mechanism for viral persistarthe colony,
with venereal transmission perhaps playing a supplemental role. Vector cocepete
experiments suggested possible suppression of WNV replication by persisiévit CX
infection. These findings are important as insect-specific flavivirnsitngsion
dynamics have not been described yet and studies investigating putiraetions
between insect-specific flaviviruses with arboviruses, like WNV, are Igckin

This work provides a better understanding of local vector-borne diseasmsyst
providing a basis for additional studies to further characterize the dynantias of

circulating flaviviruses in vector mosquitoes.

Bethany Gayle Bolling
Department of Microbiology, Immunology, and Pathology
Colorado State University
Fort Collins, CO 80523
Spring 2010
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CHAPTER 1

LITERATURE REVIEW



Introduction
Understanding factors that influence vector-borne disease systentisas for

modeling disease risk patterns, which in turn provide guidance for efficient use of

prevention, surveillance, and control resources (Eisen and Eisen, 2008). Vector-borne

diseases are complex systems, with different variables contributing taehections

between pathogen, vector, and vertebrate host (Moore 2008). This research examines

some of these variables by 1) determining the utility of different entomalatgk
measures for forecasting human West Nile virus disease cases; })idgshe seasonal
and spatial prevalence of co-circulating flaviviruse€utexspp. mosquitoes; 3)
investigating natural maintenance and transmission cycles of insefftesi@aviruses;
and, 4) by evaluating possible interactions of heterologous flaviviruses in cetkecartid

in mosquitoes.

Flaviviridae

Viruses in the genuslavivirus (Family Flaviridae) are single-stranded, positive-
sense, RNA viruses found on every continent except Antarctica (Gould et al., 2003).
They can be divided into four groups based on ecological niches and phylogenetic

analyses (Fig. 1.1): mosquito-borne, tick-borne, insect-specific, and no-knotan-vec

groups (Gould et al., 2003, Cook and Holmes, 2006, Lobo et al., 2009). Most flaviviruses

are arthropod-borne (arboviruses), maintained in nature by hematophagous arthropod

transmission between susceptible vertebrate hosts, and many are humanraraayete
pathogens. Arthropod-borne flaviviruses include the mosquito-borne and tick-borne

groups, containing viruses capable of replicating in vertebrate and inverteddtate
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(Cook and Holmes, 2006). Insect-specific flaviviruses are able to repdicialy in
invertebrate cells and have been isolated from insect cell lines and humemes spe
field-collected mosquitoes (Lobo et al., 2009). No-known vector flaviviruses are a
paraphyletic group containing viruses that have only been found infecting vertebrate
hosts, namely bats and rodents (Gaunt et al., 2001). Some examples of mosquito-borne
flaviviruses that cause significant impacts on human health are dengue eilus, y

fever virus, and West Nile virus (WNV). Dengue virus alone is responsibledsinca

over 50 million cases of dengue fever worldwide per year, with approxiniatehjllion
people living in risk areas (WHO 2009).

The different transmission modes of flaviviruses are strongly correlatied w
phylogeny (Cook and Holmes, 2006), providing valuable insight into vector-pathogen
relationships. The mosquito-borne flavivirus group can be divided into two distinct
categories (Gaunt et al., 2001). The first category contains the neurotrogesyir
associated with encephalitic disease in humans, which are maintained indsamsm
cycles betweeulexspecies and bird reservoirs. The second category contains the non-
neurotropic viruses, which are maintained in transmission cycles invé#\edgsspecies
and primate hosts, and are more associated with hemorrhagic clinical maéioifiesn
humans. These correlations provide evidence of the importance of the vector apecies
host species in flavivirus evolution (Gaunt et al., 2001). Flaviviruses are RNAs/ande
thus demonstrate higher mutation rates and greater genetic plasticipgredno DNA
viruses, because of their error-prone polymerase and lack of proofreadindycapaci
(Holland and Domingo, 1998). This provides RNA viruses with a mechanism to adapt to

the selective constraints imposed by particular environments, vectorss@eaehost



species. Components of arbovirus transmission cycles that also contribute i genet
variation include: 1) mosquitoes feed several times during their life, 2) vieos ¢an
reach high levels in the mosquito and vertebrate host, and 3) viral infections in

mosquitoes are persistent, resulting in a very dynamic system (Gould et al., 2003)

West Nile virus

West Nile virus (WNV) is a mosquito-borne flavivirus maintained in a natural
transmission cycle involving birds ailexmosquitoes (Hayes et al., 2005). It was first
isolated in 1937 from a febrile woman in the West Nile district of Uganda (Smithburn et
al., 1940). The emergence in 1999 (Lanciotti et al., 1999) and subsequent spread of WNV
in the United States (Fig. 1.2), has demonstrated the need for improved vector control and
disease surveillance programs (Beaty 2005). It has subsequently expandedriplgic
range, now existing on all continents except Antarctica, making it the mabesiywi
distributed arbovirus in the world (Kramer et al., 2008). West Nile virus is caplable o
causing severe meningitis and encephalitis in humans and it continues to be amimporta
public health concern in the United States, with 1,370 cases and 37 deaths occurring in
2008 (CDC 2008). Considerable resources have been directed toward prevention efforts,
but these strategies have not been effective or sustainable in manys getagsen and
Roehrig, 2007).

Knowledge of the spatial and temporal dynamics of mosquito vectors and WNV
is important for both efficient mosquito control programs and for emphasizingnpérs
protection measures for the public. Vector-borne disease systems are cortplex, w

numerous factors contributing to the interactions between vector, vertebratenost
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Figure 1.2. Dispersal of West Nile virus in the USA during: (A) 1999; (B) 2000; (C)
2001; (D) 2002; (E) 2003
(http://www.cdc.gov/ncidod/dvbid/westnile/background.htm).

pathogen (Fig. 1.3) (Moore 2008). Environmental variables are important to consider
when predicting vector-borne disease risk. Climate is a major factorlbzdtg to the
distribution and abundance of arthropods, the duration of arthropod life cycles, the
dispersal and evolution of arboviruses, and the vector transmission efficiency of
arboviruses to vertebrate hosts (Gould and Higgs, 2009). Specifically, warm temgsera

tend to enhance pathogen transmission by 1) increasing vector populations, 2ngcreasi

the frequency of blood feeding and oviposition, thus increasing vector-host contact, and
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Figure 1.3. Typical transmission cycle of a vector-borne agent, in this case a
mosquito-transmitted arbovirus such as West Nile virus (Moore 2008).
3) increasing the rate of pathogen development in the vector, resulting in a shorter
extrinsic incubation period (Reisen 2010). Most vector-borne transmission occurs during
the warmest periods of the year, but there is a threshold above which elevated
temperatures can have negative effects on vector survival (Reisen 1995, 2010).
Precipitation is another important environmental variable affecting modooiite
disease systems, as it determines the quantity and quality of larval hahdaterefore
adult population size (Reisen et al., 2007). Recent studies have indicated that periods of

drought can enhance arbovirus transmission (Monath 1980, DeGroote et al., 2008, Brault



2009, Jacob et al., 2009) by bringing avian hosts into close contact with vector
mosquitoes (Shaman et al., 2004, Shaman et al., 2005). Landuse patterns can also play a
role in the quantity and quality of larval breeding habitats (DeGroote et al., 200@r§V
et al., 2008a, Winters et al., 2008b, Jacob et al., 2009, Liu et al., 2009, Liu and Weng
2009, Ward et al., 2009). For example, irrigated agricultural areas can serodwagipe
larval habitats (Rapp 1985, Reisen et al., 1992a, Gates and Boston, 2009), as well as
urban areas with bird baths and swimming pools left un-maintained (Reisen et al., 2009).
West Nile virus is maintained and amplified in nature in enzootic transmission
cycles involving mainhyCulexspecies mosquitoes and avian hosts, with humans and
horses serving as incidental hosts. Ornithophilic mosquitoes tend to serve &g@gnpli
hosts Culex pipiend.., Culex quinquefasciatuUSay, Culex nigripalpuslheobaldand
Culex tarsalisCoquillett), while more catholic feedesgdes albopictuSkuse) and
mosquitoes that change host preference during the transmission $&asuigripalpus
andCx. tarsalig, may serve as important bridge vectors (Turell et al 2005). Primary
vector species vary by geographic location (Konrad et al., 2009)Qwittarsalis
considered to be the primary WNV vector in the western states (Goddard et al., 2002,
Bolling et al., 2007)Cx. pipiendn the eastern states (Andreadis et al., 2004)Cand
guinquefasciatuandCx. nigripalpusin the southeastern states (Godsey et al., 2003,
Rutledge et al., 2003). Other routes of human infection that have been documented are
blood transfusions, organ transplantation, and breastfeeding, (Kramer et al., 2007) but it
is unclear what effects these have on the overall dynamics of WNV tssismiWest
Nile virus continues to be an important public health concern in the U.S and

understanding the complex transmission cycle of this disease will help to fobasike



for surveillance, prevention, and control programs.

Combining vector abundance data with WNV infection rates to estimatea vect
index (Nasci et al., 2005) can provide a comprehensive tool to assess disease risk
(Bolling et al., 2009), but few studies have taken this approach (Bell et al., 2005, Guijral
et al., 2007). The vector index was developed by the Gf)g the parameters of species
composition, population density, and infection rate, which can be used as a threshold for
vector management decisions. A recurring theme in recent WNV literistthe need for a
predictive model to aid in efforts for reducing disease risk. Incorporatidre afetictor index
in forecasting WNV risk spatially and temporally appears to be a promigitens (Bolling

et al., 2009).

Insect-specific flaviviruses

The genug-lavivirus contains over 70 single-stranded, positive-sense RNA
viruses, most of which are arthropod-borne (arboviruses), transmitted betwietmater
hosts by mosquitoes or ticks. Arboviruses are capable of replicating in vertabdat
invertebrate cell lines. There is a group within the gétasivirus, referred to as insect-
specific flaviviruses, which has been found to only replicate in invertebrase Cell
fusing agent virus (CFAV) was the first insect-specific flavivirus dieed (Stollar and
Thomas 1975). It was isolated from Aedes aegyptiell line that resulted in massive
syncytia formation when co-cultivated witedes albopictusells (Stollar and Thomas
1975). The complete nucleotide sequence for CFAV was determined approximately 15
years later and was found to be distantly related to other flaviviruses based omddeduce
amino acie sequences (Cammisa-Parks et al., 1992). Sequence identites GeRAV

and other flaviviruses were highest for NS5 and NS3 genes, with 45% and 34%

9



similarities, respectively (Cammissa-Parks et al., 1992). Recestlgtes of CFAV have
been detected in field-caughedesandCulexspp. mosquitoes from Puerto Rico (Cook
et al., 2006). Phylogenetic analyses of the gé&hangvirus suggest that CFAV may
represent a basal lineage of the genus (Cammissa-Parks et al., 1992, Marir986al

Almost 25 years after the first insect-specific flavivirus was tedlaa second
virus, Kamiti River virus (KRV), was isolated froAedes macintostarvae and pupae
collected from flooded dambos in Kenya and was found to be related to CFAV (Crabtree
et al., 2003, Sang et al., 2003). As seen with CFAV, KRV did not antigenically cross-
react with other arboviruses and it failed to replicate in vertebrate i€alisiti River
virus did cause CPE, but not cell fusion in infected cells, a characteristic®yf CF
(Crabtree et al., 2003). Comparison of amino acid sequences showed 81% sequence
identity for NS5 between KRV and CFAV, but only ~45% identity for NS5 between
KRV and other flaviviruses (Crabtree et al., 2003). Interestingly, sequelosety
related to CFAV and KRV were found integrated into the genomes of laboratory-bred
and field-caughfedesspp. mosquitoes, generating questions about possible integration
mechanisms involved and potential effects on flavivirus evolution (Crochu et al., 2004,
Roiz et al., 2009).

A third insect-specific flavivirusCulexflavivirus (CXFV), was detected in 2007
in Culexspp. mosquitoes collected in Japan (Hoshino et al., 2007). Isolates were made
from Cx. pipiensCulex tritaeniorhynchu&iles, andCx. quinquefasciatusiosquito
pools. Phylogenetic analysis of E protein amino acid sequences of CXFV and other
flaviviruses revealed that CXFV clustered with CFAV and KRV in the inspeetific

group (Hoshino et al., 2007). Similar to previously described insect-speciimrilses,

10



Culexflavivirus did not infect vertebrate cells, but it also did not cause severe CPE in
C6/36 cells, as seen with CFAV and KRV (Hoshino et al., 2@aJlexflavivirus has
since been detected @x. pipiendrom lowa (Blitvich et al., 2009), California (Tyler et
al., 2010), and Colorado (Bolling et al., 2010¥. quinquefasciatumosquitoes from
Guatemala (Morales-Betoulle et al., 2008), Mexico (Farfan-Ale et al., 200@)dad
(Kim et al., 2009), Texas (Kim et al., 2009), and Uganda (Cook et al., 2089}arsalis
from lowa (Blitvich et al., 2009), California (Tyler et al., 2010), and Colorado (Bodling
al., 2010), andcCx. restuangrom Texas (Kim et al., 2009). The CXFV strains isolated
from various geographic locations are genetically similar (< 10% nudéeséiquence
difference) and yet there are phenotypic differences in the presence anfl type
cytopathic effect observed in C6/36 cells. The original isolate from Japan appeared t
cause minor growth inhibition and cell aggregation in C6/36 cells, but only after 4
passages (Hoshino et al., 2007). Similar findings were also described dessfobm
Guatemala (Morales-Betoulle et al., 2008), Mexico (Farfan-Ale et al., 2008,
(Blitvich et al., 2009), Uganda (Cook et al., 2009), and Colorado (Bolling et al., 2010).
Interestingly, further studies with the Guatemalan CXFV isolate ledaériking
differences in CPE, with substantial cell death (Kent et al., 2010), contrary to the
previous description (Morales-Betoulle et al., 2008). Differences in CPE igerseen
among the 7 isolates from Texas, where one isolate produced marked CPE witia syncyt
formation, similar to CFAV, while the other 6 isolates did not (Kim et al., 2009). Further
studies are needed to determine the genetic basis for these variable CPEs.

In the past few years, several new insect-specific flaviviruses hanadmdated

and characterized. Quang Binh virus was isolated in Vietham@artritaeniorhynchus

11



mosquitoes collected in 2002 (Crabtree et al., 2088)edlavivirus, isolated from
AedesalbopictusandAedes flavopictumosquitoes in Japan, groups with other insect-
specific flaviviruses based on full length genome sequences, but based on sequences of
the NS1, NS2A, NS2B, and NS3 proteins and putative protein cleavage sites, it has a
high degree of similarity to cell silent agent (CSA), which is a flavivialated

nucleotide sequence found integrated into the genore.dadlbopictugCrochu et al.,
2004). Two other recently described flaviviruses, Nounané virus, isolated from
Uranotaenia mashonaensis West Africa (Junglen et al., 2009), and Lammi virus,
isolated fromAedes cinereuom Finland (Huhtamo et al., 2009), appear to represent a
distinct group of insect-specific flaviviruses. Phylogenetic analysag them with
mosquito-borne flaviviruses that cause disease in vertebrates, such aslé/astN
Japanese encephalitis viruses, yet they do not replicate in vertebisa{dwsjlen et al.,
2009, Huhtamo et al., 2009). Calbertado virus, named from detections made in
California, Alberia (Canada), and Coloradshares approximately 70% identity to CXFV,
based on NS5 nucleotide sequences, and has been detéexedhirsalisandCx. pipiens
mosquitoes (Tyler et al., 2010, Bolling et al., 2010). Several insect-speaificifises
have also been isolated in Spain and described as KRV-and CFAV-related, but ddditiona
studies are needed to further characterize these isolates (Aranda et alS&@b@z-

Seco et al., 2009). Of note, flavivirus RNA, closely related to described insediespe
flaviviruses, was detected in two poolsRiflebotomus perniciosysandflies) collected

in Algeria, representing the first detection of an insect-spec#wvirus in a non-
mosquito dipteran (Moureau et al., 2009). Research on insect-specific flaviviruses is

rapidly expanding, and as new viruses are being isolated and characteriziéeit w
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interesting to see how the evolutionary implications affect current thexdroes

flavivirus phylogeny.

Transmission

Arbovirus transmission cycles have three essential components: 1) the virus, 2)
the hematophagous arthropod vector, and 3) the vertebrate host (Kuno and Chang, 2005).
Arboviruses are maintained in nature by propagative biological transmissiame, tvbe
virus replicates in the vector and vertebrate host, and remains in the same dentbpm
form (Higgs and Beaty, 2005). Thus, arboviruses must be capable of infection and
replication in two disparate systems: the poikilothermic invertebrate \esruticthe
homeothermic vertebrate host (Higgs and Beaty, 2005). Arboviruses are maintained b
ongoing transmission between arthropod vectors and vertebrate hosts by sustained
infections in the vector, host, or both and by perpetuation through adverse seasons by
using various survival mechanisms (Kramer and Ebel, 2003, Higgs and Beaty, 2005).
Some arboviruses survive trans-seasonal periods by vertical and/or horizontal
transmission strategies. Vertical transmission refers to thedrasfsh pathogen from a
parent to his or her progeny (Fine 1981). This can occur by a female arthroptidgnfec
her offspring through transovarial transmission, where the virus infectsrthdayer of
the developing egg, or transovum transmission, where virus is on the egg surface, or by a
male arthropod infecting progeny via seminal fluid (Higgs and Beaty, 2005). Halizont
transmission between male and female vectors can occur by venereaissansauring
copulation or between female vectors via a viremic vertebrate host (Higgeaty B

2005) or by co-feeding on a nonviremic host (McGee et al., 2007).

13



Arboviruses in the genuddavivirus are primarily maintained in nature through
biological transmission between blood feeding arthropods and susceptible vertebra
hosts, but vertical and horizontal transmission strategies appear to playaa vedll.

Vertical transmission of a flavivirus was first described in Seneghlisofation of

Koutango virus from a malkedes aegypf{iCoz et al., 1976). Since then, there have been
numerous descriptions of flaviviruses isolated from larvae or male mosquitoadjngcl
Japanese encephalitis virus fr@ulex tritaeniorhynchugRosen et al., 1978), yellow

fever fromAe. aegypt(Fontenille et al., 1997), and WNV fro@ulex univittatugMiller

et al., 2000), and also laboratory studies have demonstrated vertical transmission of
flaviviruses (Tesh et al., 1977, Beaty et al., 1980, Nayar et al., 1986, Shroyer 1990b).
Apparently, flaviviruses are vertically transmitted at the time of ovijposituring

fertilization via the micropyle, as the fully developed egg passes throughithet

(Higgs and Beaty, 2005). This is much less efficient compared to “true” traredovar
transmission, where the virus infects the developing egg (Kramer and Ebel, 20413). F
infection rates seen with vertically transmitted flaviviruses in moscdaoe usually low

(less than 1%), compared to much higher rates seen with bunyaviruses (Tesh 1984).
Horizontal transmission of arthropod-borne flaviviruses between adult mosquitoes has
also been documented. Venereal transmission was demonstrated with dengue-infected
males transmitting to females (Rosen 1987, Tu et al., 1998), but females did not sexually
transmit virus to males (Rosen 1987) and Saint Louis encephalitis virus was shown to be
venereally transmitted from male to female mosquitoes (Nayar et al., 198§e6

1990).
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There are few data regarding the transmission dynamics of insediespeci
flaviviruses, which have been found to replicate only in invertebrate cellsndbity
to infect and replicate in vertebrate cells indicates that this group of fizséd has a
distinct transmission cycle compared to the arthropod-borne flaviviruses, which a
maintained between arthropod vectors and vertebrate hosts. There is evidence that
vertical transmission plays an important role in the transmission of insexfiespe
flaviviruses. Kamiti River virus was first isolated frokedes macintositarvae and
pupae collected from flooded dambos in Kenya (Sang et al., 2003) and laboratory
experiments conducted wikedes aegyptnosquitoes, orally exposed to KRV, indicated
that vertical transmission was possible (Lutomiah et al 2@ Agxflavivirus andAedes
flavivirus were both detected in adult males and females during mosquito fieldsurvey
Japan (Hoshino et al., 2007, 2009). Cell fusing agent virus, first isolated from an insect
cell line, was recently detected in male and female mosquito pools collecteeria P
Rico (Cook et al., 2006). Detection of insect-specific flaviviruses in all tidges,
including adult mosquitoes of both sexes, suggests vertical transmission as a probable

mechanism of viral maintenance in nature (Cook et al., 2006).

Vectorial Capacity and Vector Competence

Vectorial capacity is the overall ability of a vector species, in a goeatibn, at
a specific time, to transmit a pathogen (Higgs and Beaty 2005). This is the ntain fac
determining whether a vector-borne disease continues to spread. A morie specif
definition is the average number of potentially infective bites that will uleimde

delivered by all the vectors feeding on a single host in one day (Fine 1981). The
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conceptual basis for this model was originally developed by Ronald Ross foramalar
transmission (Ross 1915, Freier 1989). The model further developed with contributions
made by Macdonald (1957) and Garrett-Jones (1964). Vectorial capacity leasabie
components: feeding (a), survival rate (p), and extrinsic incubation period (ng¢ Thes
factors most strongly affect vectorial capacity because ‘a’ is squar is the exponent

of ‘p’, and ‘p’ is in the numerator and denominator. Of these, vectorial capanitysis

sensitive to changes in ‘p’ (Black and Moore 2005).

Vectorial capacity = nfa"b
-Inp
Where ‘m’ = vector density in relation to the host
‘a’ = probability a vector feeds on a host in 1 day [host preference index (HPI) x
feeding frequency (FF)]
‘p’ = probability the vector will survive 1 day
‘n’ = duration of the extrinsic incubation period (days)
‘b’ = vector competence (the proportion of vectors ingesting an infective meal

that successfully become infective)

The vectorial capacity equation is useful in understanding transmissionidgnam
of a disease system, but it is not very practical for day-to day decisiongratka vector
control agency. Some of the variables are difficult to quantify, espesiatyval rate,
which is the most important one (Black and Moore, 2005). Many vector control agencies

use certain variables from the vectorial capacity equation, or variatishsagf tool for
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making risk assessments (Crans and McCuiston 1993, Hornby and Opp, 1994).
Sometimes decisions for larviciding and adulticiding are based simply on lardkar
adult collections meeting certain threshold levels. Other factors may bporated like
sentinel flock data and minimum infection rates in vector mosquitoes.

Vector competence is part of the vectorial capacity equation and can be defined as
the natural ability of a particular vector to biologically transmit a pathddeygé and
Beaty, 2005). Components of vector competence include susceptibility to infection,
receptiveness to pathogen replication, duration of extrinsic incubation peried (tim
required for the pathogen to develop to infectivity in the vector), and transmission
efficiency (Higgs and Beaty 2005, Anderson and Rico-Hesse 2006). These components
can be experimentally determined for specific vector-pathogen relatiotghips
administering an infectious blood meal and testing for infection rates (susitgdbbi
infection), dissemination rates (receptiveness to pathogen replication), msrdiision
rates (transmission efficiency) at different time points (duration ofhsxtrincubation
period). Vector competence information can be useful in determining importargspeci
involved in pathogen transmission, but additional factors should be considered before
incriminating a particular vector species, including repeated detection di@patfrom
field-collected individuals and a relationship between the vector and naturaltyeidf

vertebrate hosts (Reeves 1957, Turell et al., 2005).

Superinfection
In nature, arboviruses can have overlapping geographical ranges and share simil

transmission cycles, allowing for potential interactions to occur in cotederthropod
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vectors. Field studies in eastern India revealed dual infections of Chikungunyand
dengue virus iedes aegyptnosquitoes (Mourya et al., 2001). It is probably rare that a
mosquito would ingest two viruses simultaneously, but more likely would become
infected with one virus and then be exposed to a second virus at a later time (Borucki et
al., 1999). Superinfection exclusion, or homologous interference, is the ability of an
established virus infection to prevent infection with a secondary virus (Tschexine et
2007). For examplédedes albopictusells persistently infected with Sindbis virus were
refractory to infection with homologous strains of Sindbis and other heterologous
alphaviruses (Eaton 1979, Karpf et al., 1997). Porcine kidney cells, persistentlgdnfect
with louping ill virus, a tick-borne flavivirus, were resistant to superinfectidh wi
homologous flaviviruses and most heterologous flaviviruses, with yellow fegacl
neurotropic virus as the only flavivirus tested that was able to replicate (Meedwand
Gould 1992). Persistent infections with Saint Louis encephalitis virus weldigstal in

cell cultures derived fromAedes albopictuandAedes dorsaliand both cultures were
resistant to superinfection with homologous virus, but not with heterologous Japanese
encephalitis virus and yellow fever virus (Randolph and Hardy, 1888jvo studies
showed that dengue-infecté@. aegyptivere less likely to become infected and transmit
yellow fever virus compared to mosquitoes not infected with dengue virus (Sabin 1952).
Aedes triseriatusorally infected with LaCrosse (LAC) virus, were resistant to
superinfection with a second virus after 72 hr (Sundin and Beaty, 1988). In cokrast,
triseriatusmosquitoes transovarially infected with LAC virus, were susceptible to
superinfection with a second LAC virus (Borucki et al., 1999). Similarly, dualtiofex

occurred inCx. tarsalismosquitoes infected simultaneously or consecutively (1 week
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lag) with eastern and western equine encephalitis viruses (ChambaadaBudia 1957).
Within-host interaction among viruses varies based on the biological systemre$int

and the consequence of interaction is dependent upon the order and interval of infection
by different strains (Pepin et al., 2008). Competitive suppression was documented
between dengue virus serotypes (DENV2 and DENV4), where replication of botlsviruse
was suppressed in superinfection of C6/36 cells, with asymmetric resudSNAL was
more suppressed than DENV4 in mixed infections (Pepin et al., 2008). Superinfection
experiments irCx. quinquefasciatuwith West Nile virus and Saint Louis encephalitis
virus also resulted in competitive suppression, where infection rates andidatsam

rates for both viruses were lower in co-infected mosquitoes compared to mosquitoes
exposed to only one virus (Pesko and Mores 2009).

Multiple mechanisms have been described and hypothesized for superinfection
exclusion, including competition for host cell receptors or intracellular hdstr$ac
production of interferon or similar substances by the host cell, or by defectixferningg
particles from the first virus (Karpf et al., 1997, Burivong et al., 2004). Receng¢studi
indicate that mosquitoes use RNA interference pathways to modulate virgéibiméec
(Keene et al., 2004, Sanchez-Vargas et al., 2009). In terms of superinfectionsémegre
of one arbovirus could activate the RNAI pathway, causing it to target the supermfect
related virus, leading to exclusion or suppression of the second virus (Pesko and Mores
2009). The molecular basis for superinfection exclusion or suppression in mosquitoes
currently remains unclear.

Information about arbovirus vector species persistently infected with-insect

specific flaviviruses and the implications of dual infections is lacking. Tiesdeen one
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study to determine whether prior infection with an insect-specific flaxsunodulates
vector competence for a heterologous arbovirus (Kent et al., 2010). Experiments wer
conducted IrCx. quinquefasciatusosquitoes intrathoracically inoculated witkilex
flavivirus (Izabal strain) and then challenged with WNV. No significant ihffees were
seen for infection, dissemination, or transmission rates for WNV betweek -€xi#d
CXFV- mosquitoes (Kent et al., 2010). Additional studies are needed to explore
superinfection in natural systems and also with other insect-speaificifluses and

vector species.

Specific Aims

Initially, the main objective for this project was to describe the spatial and
temporal patterns of flaviviruses, specifically WNV, circulatinginexspp. mosquitoes
in northern Colorado. Unexpectedly, two insect-specific flaviviruses weeetddtthat
generated new questions and thus new directions for this research. The detecseatof i
flaviviruses in localCulexpopulations, along with continual circulation of WNV in
Northern Colorado, provided an excellent opportunity to study potential interactions
between heterologous flaviviruses in vector mosquitoes. The specific aimssaddre
were to 1) compare the seasonal patterns for WNV infection rataden tarsalis
mosquitoes with human disease cases; 2) determine the prevalence dpeséic-
flaviviruses inCulexspp. mosquitoes; 3) investigate the dynamidSwéxflavivirus, an
insect-specific flavivirus, in a naturally infect€x. pipiendaboratory colony; and 4)
evaluate the interaction betwe€unlexflavivirus and WNV, in cell culture and in

mosquitoes. This study provides new insights into local flavivirus transmissCulex
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spp. mosquitoes which can be applied to viral surveillance activities and mosquito control

efforts.
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CHAPTER 2
SEASONAL PATTERNS FOR ENTOMOLOGICAL MEASURES OF RISK FOR
EXPOSURE TO CULEX VECTORS AND WEST NILE VIRUS IN RELATION

TO HUMAN DISEASE CASES IN NORTHEASTERN COLORADO

This chapter has been published:
Bolling BG, Barker CM, Moore CG, Pape WJ, Eisen L, 2009. Seasonal patterns for

entomological risk for exposure @ulexvectors and West Nile virus in relation to
human disease cases in northeastern Colodalled Entomol 46(6)1519-1531.
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Introduction

Colorado experienced a dramatic West Nile virus (WNV) disease outloreak i
2003 with 2,947 reported cases of human disease and a smaller outbreak in 2007 with
578 reported cases (http://www.cdphe.state.co.us/dc/zoonosis/wnv/). This included two
major WNV disease foci: 1) the northern Front Range and northeastern plains;laed 2) t
Grand Junction area in the western part of the state. Knowledge of seastenas jod
activity for mosquito vectors and WNYV is critical for both effective imgamation of
mosquito control measures and to advise the public regarding critical tirndgp@ten
use of personal protection measures, such as repellents, should be emphasined. Pre
studies on seasonal patterns of risk for exposu@texvectors in eastern Colorado
were focused narrowly on the Fort Collins-Loveland area and showed that abuofdance
Culexvectors peaked during July-August (Smith et al. 1993, Bolling et al. 2007). The
study by Bolling et al. (2007) also reported on WNV infection rates in various mosquito
species but did not specifically present data for seasonal patterns of WNibimfates.
Recently, Kent et al. (2009) reported an increase in WNV infection raf@s tarsalis
Coquillett from June to August in 2007 in Weld County in the northeastern Colorado
plains. A similar pattern with increasing WNV infection rates over thexsemmas been
recorded for this species also in other western states (Bell et al. 200&niaNt al.
2006; Nielsen et al. 2008; Reisen et al. 2008a, 2009). However, studies combining
mosquito abundance and WNYV infection rate to generate a more comprehensive meas
of entomological risk of exposure to WNV, such as the Vector Index for abundance of

WNV-infected mosquitoes, have been scarce (Bell et al. 2005, Gujral et al. 2007).
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This study focused on a 5-county area in northeastern Colorado and aimed to
determine seasonal patterns for: 1) abundance of the primary WNV véxtompiens
L. andCx. tarsalis and the nuisance-biter and potential secondary WNV vetoes
vexangMeigen); 2) WNV infection rates i@x. pipiensandCx. tarsalisfemales, and 3)
the Vector Index for abundance of WNV-infecterl. tarsalisfemales. In addition, we
determined if these entomological risk measure€fortarsaliswere associated with the

seasonal occurrence of human WNV disease cases.

Materials and Methods

Study area.The study area in northeastern Colorado includes the western edge of
the Great Plains and the eastern edge of the Rocky Mountains. The dliegearea is
characterized by cold winters and hot summers with low humidity. The avemagal a
rainfall in Fort Collins in Larimer County from 1971-2000 was 393 mm (Mountain States
Weather Services, Fort Collins, CO). Mosquito sampling was conducted along tvgo rive
that emerge from the Rocky Mountains in western Larimer County (PoudredRiver
Big Thompson River) and then flow into the prairie landscapes characterististefn
Colorado (Fig. 2.1). Both rivers merge into the South Platte River in Weld Cougty (Fi
2.1). In the plains, these rivers typically are bordered by a narrow band oédorest
riparian wetland, dominated by cottonwo@bpulusspp.) and willow $alixspp.),
which, in turn, is commonly surrounded by irrigated agricultural land. Inotbhifls and
low montane habitats, the rivers flow through a canyon landscape dominated by grass
shrub, conifers (primarily Ponderosa piR&us ponderos®ougl. ex Laws.), and aspen

(Populus tremuloide®lichx.). Mosquito sampling sites were selected within the
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Figure 2.1. Location of mosquito sampling sites for 2006 (along the Poudre River) a@@07 (along the Big Thompson River
and South Platte River). The location of the targeted 5-county area in Colorade shown in the inset map.
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relatively uniform riparian corridor at sites which could be accessed by abilem
Locations were mapped with a GPS receiver (Trimble Geo XT; Trimble Corp.,
Sunnyvale, CA) and visualized using ArcGIS 9.3 (ESRI, Redlands, CA). Selected
environmental site characteristics are provided in Table 2.1. Latitude and lorfgitude
sampling sites are included to facilitate future studies to determinasibisal patterns
were affected by climate change.

Mosquito collection and identification.Mosquitoes were collected using &0
baited CDC miniature light traps (John W. Hock Company, Gainesville, FL) that we
suspended ~1.5 m above the ground and operated from afternoon (1500-1700 hours) until
morning (0800-1000 hours). Sampling sites contained two traps baited with ~1 kg of dry
ice and were located directly along the aforementioned rivers. Sampling inn20@ed
10 sites located along the Poudre River and 1 site by the Dixon Reservoir in fad.Col
This spanned an elevation gradient from below 1,600 m in Fort Collins up to 2,360 m in
the Poudre Canyon (Fig. 2.1). The sites were sampled every 2 wk from mid-Apid to la
October 2006. Sampling in 2007 included 20 sites along the Big Thompson and South
Platte rivers and two additional sites located south of the Big Thompson River in the
Loveland area. This included an elevation gradient ranging from 1,215 m in the prairie
landscape of eastern Colorado to 1,840 m in the montane habitat of the Big Thompson
Canyon (Fig. 2.1). These sites were sampled every 2 wk from mid-June-to mid
September 2007. Collected mosquitoes were examined with a dissecting aperasd
identified to species using published keys (Harmston and Lawson 1967, Darsie and Ward

2005). Taxonomic nomenclature for Aedini genera follows Reinert et al. (2004).
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Table 2.1.Characteristics of mosquito collection sites.

Site coordinatés Mean

Elevatio Elevation June-Aug.
Site Habitat | atitude (N) Longitude (W) N category (m) temp.

(m) (°C)
Poudre River sampling transect (2006)
LMP Plains 40.59456333 -105.078424591,510 1,501-1,600 20.5
BFH Plains 40.63046744 -105.169067421,560 1,501-1,600 19.6
DIX® Plains 40.55414868 -105.141049131,585 1,501-1,600 19.8
PIR Foothills 40.67531706 -105.236517831,610 1,601-1,750 18.1
GAP Foothills 40.70004260 -105.244247891,640 1,601-1,750 18.2
oYG Montane 40.69214711 -105.337474841,750 1,601-1,750 16.6
STP Montane 40.68193007 -105.38909379 1,860 >1,750 15.9
DUG Montane 40.69854287 -105.441310682,000 >1,750 155
EGG Montane 40.69110602 -105.494632062,110 >1,750 15.0
DAD Montane 40.69959335 -105.538612312,130 >1,750 145
BSW  Montane 40.70755489 -105.752745542,360 >1,750 11.5
Big Thompson River-South Platte River sampling transect (2007)
OVE Plains 40.53981478 -103.26729278 1,215 1,201-1,300 22.1
ATW  Plains 40.51132441 -103.29860284 1,219 1,201-1,300 22.1
MES  Plains 40.42114686 -103.42058665 1,242 1,201-1,300 22.0
CoT Plains 40.32261249 -103.59151936 1,272 1,201-1,300 22.2
JEA Plains 40.28480442 -103.69612552 1,286 1,201-1,300 22.3
BOY Plains 40.27350806 -103.82703510 1,303 1,301-1,400 22.2
WEL  Plains 40.33373196 -103.97041874 1,321 1,301-1,400 21.9
SOO  Plains 40.32223738 -104.11763996 1,344 1,301-1,400 21.8
GRE Plains 40.41074220 -104.56347789 1,397 1,301-1,400 21.8
MIT Plains 40.42255709 -104.59813692 1,402 1,401-1,500 21.8
BRO Plains 40.37795104 -104.67287258 1,418 1,401-1,500 21.8
OFF Plains 40.34138892 -104.78297469 1,434 1,401-1,500 21.5
HAR Plains 40.36346382 -104.91709610 1,459 1,401-1,500 21.3
SIM Plains 40.38336774 -105.03109402 1,487 1,401-1,500 20.9
NEW’ Plains 40.31557104 -105.03709367 1,511 1,501-1,600 20.9
NAM  Plains 40.40073803 -105.12296546 1,524 1,501-1,600 20.6
GLA Plains 40.41089097 -105.16606378 1,544 1,501-1,600 20.4
LON®  Plains 40.33409016 -105.13580524 1,566 1,501-1,600 20.6
LIT Foothills  40.42509226 -105.21171030 1,598 1,501-1,600 19.9
NRW  Montane 40.41515686 -105.25146509 1,688 1,601-1,750 19.2
VSP Montane 40.42004747 -105.28132071 1,737 1,601-1,750 18.6
IDY Montane 40.42918494 -105.31700388 1,840 >1,750 17.3

*Site locations were determined with a GPS recefiugan values for 1961-1990 were
based on GIS-derived data from Climate Source LLC, Corvallis, OR (Bxphtial resolution).
“Located by Dixon Reservoir, ~7 km south of the Poudre Rilzecated by Newell Lake, ~8 km
south of the Big Thompson Rivét,ocated by Lonetree Reservoir ~7 km south of the Big
Thompson River.
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Detection of West Nile virus inCulex mosquitoes.Culexmosquitoes were
examined for presence of WNV RNA following Bolling et al. (2007) with the
modifications outlined below. Mosquitoes were identified on a chill table and placed in
pools of 1 to 50 by species, sekg, trap, and date. Mosquito pools were then stored at
-70°C until processed for viral RNA detection.

Each pool was triturated for 45 sec with a vortex mixer in a 5-ml round-bottom
polypropylene tube (Becton Dickinson Labware, Franklin Lakes, NJ) using 1.5 ml of
diluent (1X minimum essential medium containing 2% fetal bovine serum, 100 pg/ml
penicillin/streptomycin, supplemented with L-glutamine and nonessential amd®) a
and 4 copper-coated steel shot (4.5-mm diameter; 0.177” caliber). Suspensiotiewere
centrifuged at 3,000 rpm for 10 min at 4°C. Total RNA was extracted from 140 ul of the
supernatant using the QIAamp viral RNA Mini kit (Qiagen Inc., ValerCh). RNA
was then eluted in 60 pl of nuclease-free water (Ambion Inc., Austin, TXgr&e
transcription-PCR was used to detect viral RNA in the samples. Mosquitovperals
first tested using universal flavivirus primeeasgeting a portion of the NS5 gene
(forward MAMD: 5’-AACATGATGGGRAARAGRGARAA-3’, reverse cFD2: 5'-
GTGTCCCAGCCGGCGGTGTCATCAGC-3’) (Scaramozzino et al. 2001). Posimte
positive for flavivirus RNA were then testéalr WNV using primers developed and
recommended by the CDC for use in WNV surveillance (forward WN212: 5'-
TTGTGTTGGCTCTCTTGGCGTTCTT-3', reverse WN619c: 5'-
CAGCCGACAGCACTGGACATTCATA-3’) (Gubler et al. 2000, Lanciotti et al. 2000)

PCR products were visualized following electrophoresis on a 1% agarose gel siiine
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ethidium bromideNegative (no template) and positive controls were included in each
RT-PCR run.

Infection rateper 1,000 individuals were calculated as bias-corrected Maximum
Likelihood Estimates using the Excel Add-In PooledInfRate, version 3.0 (Bigdfer
2006).

Epidemiological data.Data for 219 WNV disease cases reported in 2007 from
the targeted 5-county area (Larimer, Weld, Morgan, Washington, and Logamn) wer
provided by the Colorado Department of Public Health and Environment. This included
date of onset for each case, located by county, zip code and census tragenteebput
did not include any personal identifiers.

Presentation and analysis of dataPresented data for mosquito abundance in
2006 are restricted to the WNV vectox. tarsalisand the nuisance bit&e. vexans
because the other locally important WNV vectox, pipienswas not collected in
sufficient numbers for meaningful inclusion in the presentation. To simplify the
presentation, seasonal patterns for mosquito abundance and temperature wereedggregat
into three elevation classes: 1,501-1,600 m, 1,601-1,750 m, and > 1,750 m (sites falling
into each of these categories are shown in Table 2.1). Mosquito abundance data from
2006 are shown together with mean weekly temperatures determined usi HDB
Pro series loggers (Onset Computer Corporation, Pocasset, MA). Seasonal data f
mosquito abundance in 2007, which did not span the entire active season, are presented in
the context of comparison with WNV infection rates in mosquitoes and human WNV
disease cases, and therefore are restricted to the primary WNV extoassalisand

Cx. pipiens
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Presented data for WNV infection in mosquitoes for 2006-2007 are restricted to
Cx. tarsalisandCx. pipiendemales. We also present a series of seasonal data for June-
September 2007 (aggregated data for the 18 sites in the plains and excluding the-foothill
montane sites [LIT, NRW, VSP and IDY], which yielded very féw tarsalig including
abundance oEx. tarsalisfemales (weekly means per trap night), infection rate with
WNYV per 1,000Cx. tarsalisfemales (weekly Maximum Likelihood Estimate for
infection rate), and the Vector Index (Gujral et al. 2007) for abundance d-MWfisicted
Cx. tarsalisfemales (weekly mean per trap night x weekly proportion of WNV-infected
females).

Statistical tests used are indicated in the text. All statisthzdyses were carried
out using the IMP7.0.1 statistical package (SAS Institute Inc., Cary, NC) and results

were considered significant whér< 0.05.

Results

Seasonal patterns of mosquito abundance along elevation gradients in the
Colorado Front Range area — 2006Examination of seasonal abundance patterns for
the WNV vectorCx. tarsalisalong an elevation gradient extending from plains to
montane habitats in the Colorado Front Range area from April to October 200&ishowe
that: 1) peak abundance of females was greater below 1,600 m compared to 1,601-1,750
m or > 1,750 m; 2) females were collected over a longer time period below 1,600 m; and
3) peak abundance occurred earlier below 1,600 m (Fig.2x2jarsalisfemales were
first recorded during mid-April (on the first sampling occasion of the yeasites

located below 1,600 m and between 1,601-1,750 m; these mosquitoes probably
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Figure 2.2.Seasonal patterns of abundance @x. tarsalisfemales in relation to mean weekly temperature by elevation

category (1,501-1,600; 1,601-1,750; and > 1,750 m) along the Poudre River, April-October 2006.
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represented overwintered females that emerged and sought blood meals during war
spring weather (Fig. 2.2). The earliest collectioiCgf tarsalisfemales from sites above
1,750 m occurred in early May.

Below 1,600 mCx. tarsalisfemales were collected on each sampling occasion
from late May to late September with a distinct peak in mid-July. In contrast,snogle
Cx. tarsalisfemale was collected from late May to mid-July between 1,601-1,750 m or
above 1,750 m. At these higher elevations, peak abundances occurred in early August
(1,601-1,750 m) or late August (above 1,750 m). The period with consecutive collections
of Cx. tarsalisfemales extended from late July to mid-September for the sites between
1,601-1,750 m. As illustrated in Fig. 2@x. tarsalisabundance increased rapidly when
weekly mean air temperatures consistently exceeded 18.5-19.5°C, ocautateggVay
at elevations below 1,600 m and in mid-July at higher elevations.

The seasonal abundance patterng\farvexansvere similar taCx. tarsalisbelow
1,600 m, with consistent collections of females from late May to late Septentbpeak
abundance occurring in mid-July (Fig. 2.3). However, at higher elevations tempatt
differed between the two speciég. vexangemales peaked sharply in late May between
1,601-1,750 m and declined gradually in abundance thereafter, comp@reddcsalis
which peaked later in the season at 1,601-1,750 m than at 1,600 m.

Seasonal patterns o€x. tarsalis and Cx. pipiensin the northeastern Colorado
plains — 2007 Data from 2007 provided an opportunity to compare seasonal patterns for
Cx. tarsalisandCx. pipiendrom late June to mid-September in the northeastern

Colorado plains (Fig. 2.4). This showed that abundan@xofarsalisfemales peaked in
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Figure 2.3.Seasonal patterns of abundance @e. vexansfemales in relation to mean weekly temperature by elevation

category (1,501-1,600; 1,601-1,750; and > 1,750 m) along the Poudre River, April-October 2006.
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early July and declined gradually thereafter. In cont@stpipiendemales gradually
increased in abundance over the sampling period to reach peak numbers in late August.

Seasonal patterns of WNV infection irCulex mosquitoes — 2006 and 200t
both 2006 and 2007, WNV-infect&k. tarsalisfemales were collected in the plains but
not in foothills-montane areas above 1,600 m (Tables 2.2-2.3). WNV activity wagllimite
in the plains sites examined in 2006, with WNV infectiolCin tarsalisfemales
recorded only in mid-July (Table 2.2). Sampling in the plains in 2007 included a different
set of collection sites and yielded far greater numbe@xofarsalisfemales and more
intense WNV activity compared to 2006. Only two out of the 18 sites examined in the
plains in 2007 failed to produce infect€d. tarsalisfemales. The proportion of plains
sites producing infecte@x. tarsalisfemales ranged from 22% in late June®3@% in
mid-July and mid-August.

Overall WNV infection rates fo€x. tarsalisfemales in the 18 plains sites in 2007
increased gradually from late June (MLE of 0.53 per 1,000 females) to reach a peak i
mid-August (8.29 per 1,000 females) and then remained high through mid-September
(4.49-5.41 per 1,000 females) (Table 2.3; Fig 2.5). Infection rates for individual
collections by site and date, wher®00Cx. tarsalisfemales were examined, ranged
from O to 8.90 per 1,000 females, with most collections that produced infected females
falling in the infection rate range of 1-3 per 1,000 females (Table 2.3). Veryaigghaf
WNYV infection, >10 per 1,000 females, were associated with smaller sazgde s

FewerCx. pipiendemales were collected at most sites, and only five pools were

infected with WNV. Infected pools were recorded from 20-22 June, 17-19 July, 15-17
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Table 2.2. Seasonal pattern of infection with West Nile virus i€x. tarsalis females in Larimer County, April-September 2006.

Maximum Likelihood Estimate (MLE) for WNV infection rate per 1,000 fezdal
(total number of females examined)

Elevation category; Habitat; 14 28 9 25 7 21 8 19 2 16 30 13 27
Sites April  Aprii May May June June July July Aug Aug Aug Sept Sept
<1,600 m; Plains; 0 0 - 0 0 0 0 1500 O 0 0 0 0
DIX 1y @ (2) (9 (15 40 (335) (129 (6) (1) () O
<1,600 m; Plains; ~ semem e e e 0 0 0 0 0 0 - -
LMP 1 12 @ (@) a6 @)

<1,600 m; Plains; ~ semem emeem eeem e 0 0 0 699 O 0 0 -
BFH O @O @5 @49 @45 1 @

<1,600 m; Plains sites combined; 0 0 - 0 0 0 0 1191 O 0 0 0 0
DIX, LMP, BFH 11 (@ (2) (11) (28) (56) (B35) (73) (149 2 (3 3
1,601-1,750 m; Foothills-Montane; 0 0 e e e e e 0 0 0 0 -
PIR, GAP, OYG 3 2 11) ® @ @
>1,750 m; Montane;  ----- --ee- 0 - e e e e 0 - 0 0 -
STP, DUG, EGG, DAD, BSW (1) (2) 3) (@

*Females were tested in pools of 1-50. Bias-corrected MLEs were calcwittethe Excel Add-In PooledInfRate, version 3.0
(Biggerstaff 2006)
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Table 2.3.Seasonal patterns of infection with West Nile virus and Vector Index fo€x. tarsalis females along the South Platte
River-Big Thompson River corridor, June-September 2007.

WNV infection rate (IR) per 1,000 femafdgsotal number of females examined) and Vector xngié)®

20-22 June 4-6 July 17-19 July 1-3 August 15-17 ustig 29-31 August 12-14 September
Site IR i IR i IR i IR \i IR \ii IR VI IR \i
Plains
OVE 0 (129) 0 0 (155) 0 6.62 (507) 1.68 19.5 (208) 2.03 12.4 (257) 1.60 67.1 (44) 148 0(51) 0
ATW  1.29 (769) 0.50 0(1078) 0 13.9 (461) 3.20 85 0 50.0 (20) 1.90 18.8 (62) 058 03 0
MES 0 (812) 0 0.65 (1545) 0.50 4.48 (474) 1.06 & (2 0 28.6 (107) 1.53 0 (37) 0 38.9 (31) 0.60
CoT 0 (105) 0 1.13 (887) 0.50  4.45 (200) 0.45 4181) 0.44 0 (113) 0 0 (34) 0 0(13) 0
JEA 0 (453) 0 2.41 (1735) 2.09 7.23 (470) 1.70 127®) 1.94 4.87 (422) 1.03 2.60 (386) 050 0@43) O
BOY 0 (49) 0 0(74) 0 0 (113) 0 0 (55) 0 0(22) 0 @) 0 0(4) 0
WEL 0.83 (1175) 0.49 2.31(891) 1.03  2.56 (1224) 571  8.47 (554) 2.35 3.50 (287) 0.50 0 (325) 0 g@s o
SO0 1.72 (582) 0.50 0.78 (1275) 0.50 5.20 (1066) 772. 10.3 (465) 2.40 3.65 (277) 0.51 0 (44) 0 027 0
GRE 0 (412) 0 0 (375) 0 1.05 (951) 0.50 0(72) 0 (62 0 83.3 (12) 0.50 0(6) 0
MIT 0 (1304) 0 1.39 (1467) 1.02  1.52 (660) 0.50 90)( 0 5.33 (376) 1.00 0 (267) 0 0 (79) 0
BRO 0 (611) 0 0 (579) 0 1.15 (867) 0.25 2.28 (439) 0.50 8.36 (119) 0.50 0 (32) 0 0(27) 0
OFF 0 (570) 0 0 (980) 0 2.78 (1132) 1.57 4.01 (511) 1.02 8.90 (809) 3.60 0(37) 0 0 (53) 0
HAR 0 (127) 0 5.94 (171) 0.51 5.45(395) 1.08 qaus) 0.54 0(87) 0 0 (6) 0 0(3) 0
SIM 0 (43) 0 8.76 (86) 0.60 0(139) 0 0 (42) 0 283) 0.32 0 (10) 0 0 (5) 0
NEW  4.07 (249) 0.51 0(217) 0 2.39 (419) 0.50 0 (45 0 14.1 (369) 2.60 0 (38) 0 200.0 (5) 0.50
NAM 0 (38) 0 0 (51) 0 0 (68) 0 166.7 (6) 1.00 0)15 0 0 0(1) 0
GLA 0 (31) 0 0 (88) 0 0 (66) 0 0 (62) 0 04 0 D ( 0 0(2 0
LON 0 (65) 0 0 (135) 0 0 (154) 0 0 (74) 0 8.85(94) 0.42 0(7) 0 0(3) 0
Total 0.53 0.12 1.13 0.37 3.59 0.88 6.59 10.6 8.29 0.80 4.49 0.17 541 0.06
Foothills-Montane
LIT 0() 0 04 0 0 (18) 0 0 (18) 0 04 0 03 0 0(2 0
NRW - 0 0(3) 0 0(1) 0 0() 0 0 0() 0 0
VSP 0 0 (20) 0 0 (14) 0 04 0 0(2) 0 0 (1) 0 0
IDY 0(1) 0 0(2) 0 0(1) 0 0 0 0 0
Total O 0 0 0 0 0 0 0 0 0 0 0 0 0

*Females were tested in pools of 1-50. Bias-corrédtedmum Likelihood Estimates for WNV infection rata&re calculated with the
Excel Add-In PooledInfRate, version 3.0 (Biggerstaff 2006¢ctor Index was calculated as the mean numbfanafles per trap night
times the proportion of WNV-infected females.
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August, 29-31 August and 12-14 September. The overall infection rate (MLE per 1,000
females) for the plains sites during June-September was 2.10.

Seasonal patterns of entomological risk measures in relation to occurrencé
WNYV disease cases — 200For the 2007 data, we explored potential relationships
between the seasonal pattern of WNV disease cases in the targeted 5-@&aunty ar
(Larimer-Weld-Morgan-Washington-Logan) and the seasonal paftartizee
entomological risk measures combined for the 18 plains sites located within these
counties: 1) mean number Gk. tarsalisfemales per trap night (Fig. 2.5); 2) WNV
infection rate per 1,00Qx. tarsalisfemales (Table 2.3, Fig. 2.5); and 3) Vector Index for
abundance of infectedx. tarsalisfemales (mean per trap night x proportion of WNV-
infected females) (Table 2.3, Fig. 2.5). The seasonal patterns for theitfenesnd
entomological risk measures are shown together in Fig. 2.5. Abunda@zetafsalis
females peaked in early July and declined gradually thereafter, wiieeeASNV
infection rate in the females increased gradually to reach a peak-ilsugigt. This
resulted in the Vector Index peaking in mid-July and mid-August. The Vewtex lfor
all plains sites combined exceeded 0.50 from mid-July to mid-August, and at least one
site recorded a Vector IndeX.50 from late June to mid-September add0 from
early July to late August.

Linear regression models where entomological risk measures were usedi¢o pr
WNYV disease in subsequent weeks, with time-lags ranging from 0 to 8 wk, showed that
abundance ofx. tarsalisfemales was strongly associated with weekly numbers of WNV
disease cases 4-7 wk later and that the Vector Index was strongly assadiatweekly

numbers of WNV disease cases 1-2 wk later (Table 2.4). Weekly patterns for WNV
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Table 2.4.Results for linear regression models to predict numbers of WNV disse cases in subsequent weeks from

entomological risk measures, northeastern Colorado, 2007.

Lag time for com- Abundance of

parison with weekly Cx. tarsalisfemale$

WNYV infection rate in

Cx. tarsalisfemale&

Vector Index for

Cx. tarsalisfemale§

numbers of WNV Model fit ANOVA Model fit ANOVA Model fit ANOVA
disease cases Type' 1 Fis P Type r? Fis P Type r? Fis P

+ 0 wk NA 0.187 1.15 0.33 Pos 0.712 12.39 0.02 NA 0.488 4.76 0.08
+ 1wk NA 0.007 0.04 0.86 NA 0.373 297 0.14 Pos 0.786 18.37 0.008
+ 2 wk NA 0.102 0.57 0.48 NA 0.061 0.33 059 Pos 0.725 13.18 0.02
+ 3 wk NA 0.371 295 0.14 NA 0.001 0.01 098 NA 0.534 572 0.06
+ 4 wk Pos 0.907 49.01 <0.001 NA 0401 335 0.12 NA 0.130 0.75 0.43
+ 5wk Pos 0.729 13.47 0.01 NA 0.477 455 0.08 NA 0.054 0.28 0.61
+ 6 wk Pos 0.801 20.18 0.006 Neg 0.738 1405 0.01 NA 0.009 0.04 0.84
+ 7 wk Pos 0.911 51.30 <0.001 Neg 0.781  17.80 0.008 NA 0.001 0.01 0.95
+ 8 wk NA 0.498 4.95 0.07 Neg 0.678 10.51 0.02 NA 0.075 040 0.55

All comparisons were based on seven data points for entomological risk meas@reeEy 2 wk from late June to mid-September);
these data points combined data for 18 plains sites located within the 5-countyremeheastern Colorado that was used to determine
weekly WNV disease casédfean number o€x. tarsalisfemales per trap nightivaximum Likelihood Estimate for WNV infection

rate per 1,00@x. tarsalisfemalesfVector Index for abundance of WNV-infect€a. tarsalisfemales (weekly mean per trap night x
weekly proportion of WNV-infected female§)Pos — Positive linear relationship, Neg — Negative linear relationship, NA — no

significant relationship.
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disease cases in relation to abundandexotarsalisfemales or Vector Index are shown

in Figs. 2.6-2.7.

Discussion

This study provided detailed descriptions of seasonal risk patterns for exmosure t
mosquitoes and WNV in a wide range of habitat types in Colorado, including prairie
landscapes in the Great Plains and foothills and montane areas in the Rocky Mountains
Key findings included that: 1) the seasonal activity period is shortened and pedadraum
occur later in the summer fQx. tarsalisfemales in foothills-montane areas above 1,600
m compared to plains areas below 1,600 m along Colorado’s Front Range; 2) seasonal
patterns of abundance fGx. tarsalisandCx. pipiendemales in the northeastern
Colorado plains in 2007 differed in thaxk. tarsalisreached peak abundance in early July
whereas the peak f@x. pipiensdid not occur until late August; 3) WNV-infect€k.
tarsalisfemales were recorded from nearly all sites sampled in the plains in 2007 with
infection rates commonly exceeding 1 infected female per 1,000 examined \/4ctbe
Index for abundance of WNV-infect&ik. tarsalisfemales exceeded 0.50 for the plains
sites combined from mid-July to mid-August, with values for at least one indi\gdeal
exceeding 1.00 from early July to late August; and 5) abundari@e tdrsalisfemales
and the Vector Index for abundance of infected females were stronglyaasdaeith
weekly numbers of WNV disease cases with onset 4-7 weeks later (femalerat®)rata
1-2 wk later (Vector Index).

An important limitation of this study is that we were not able to sampldes| si

during both years. Some of the key findings outlined above, especially the aggsciat
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between entomological risk measures and human disease cases, need to be edrroborat
not only in other parts of the western U.S. but also in future studies in Colorado that span
multiple years and can account for between-year variability in weathditions,

mosquito population dynamics, and WNV transmission intensity. Another issue that
needs to be addressed in future studies is to clarify the relative ra@gstafsalisversus

Cx. pipiensas bridge vectors of WNV to humans in eastern Colorado. Our findings
suggest thatx. tarsalisshould be considered a primary vector of WNV to humans in
eastern Colorado but further work is needed to define the local circumstances under
which Cx. pipiensalso may play an important role in this respect.

Seasonal patterns of mosquito abundance along elevation gradients in the
Colorado Front Range.To our knowledge, this is the first study from North America
exploiting a natural elevation/climate gradient to determine how seasadteathpaf
abundance of adult nuisance-biting or vector mosquitoes change with elevation at the
cool edge of the range of the mosquitoes. For the WNV vE&ototarsalis we found
dramatic changes in seasonal abundance patterns above 1,600 m. Above this elevation
threshold, the seasonal activity period @x. tarsalisfemales was shortened (Fig. 2.2),
peak numbers were lower and occurred later in the summer (Fig. 2.2), and WNV was not
detected from the females (Tables 2.2-2.3). We speculate that these diSeneme due
to: 1) temperature conditions at elevations above 1,600 m in the Front Range that limited
population growth o€x. tarsalisby slowing larval development rates and gonotrophic
cycles, and 2) a reduction in the number, size, and persistence of larval habitats due
land use changes such as a lack of irrigation and other human-managed water inputs.

This also may keep the overall abundanc€ukxvectors below a critical threshold for
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enzootic WNV transmission to occur. These speculations provoke interestingugsiesti
regarding how climate warming in coming decades, should it occur, may ingbaot r
exposure taCulexvectors and WNV in mountainous areas of the western U.S. where
current climate conditions are marginally suitableGatexvectors and viral replication,
but where nearby lower elevation areas have active WNV transmission foci.

Variability in the seasonal abundance patterrA@rvexanslong the same
elevation gradient was less dramatic. The seasonal pattern observed below 1,680 m, w
increased abundance from late June to early August, was expected frooapetudies
conducted in Great Plains landscapes in eastern Colorado and Nebraska (Janousek and
Kramer 1999, Bolling et al. 2007). In foothills-montane areas above 1,6R6.mexans
exhibited a similar rate of increase as seen in the lower elevatiornrsitelafe May to
early June. Abundance then stabilized briefly before starting to decline iulia¢,
which differed from the lower elevation sites where abundance continued tesancrea
sharply until mid-July. This resulted in a distinct seasonal pattern above 1,600 m
characterized by a short period of increasing abundance in late May, a bkielupeg
the first two weeks of June, and a slow decline thereafter. We specalateetiseasonal
pattern above 1,600 m results from a combination of: 1) limited access to larval
development sites in dry foothills-montane canyon landscapes beyond the pniigl s
river flooding event; and 2) cooler temperatures negatively impacting @evalopment
rates and female gonotrophic cycles.

Seasonal patterns o€ulex abundance in the northeastern Colorado plains.
Seasonal patterns of abundanc€xf tarsalisandCx. pipienshave been described

previously from many parts of the western U.S. The single peak seasoeal fatt
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abundance ofx. tarsalisfemales observed in this study in 2006-2007, with elevated
abundances occurring from late June to mid-August, agrees with previous studies fr
Colorado (e.g., Tsai et al. 1988, Smith et al. 1993, Bolling et al. 2007), Nebraska
(Janousek and Kramer 1999), North Dakota (Bell et al. 2005), Utah (Beadle 1959),
Washington (Pecoraro et al. 2007), and northern California (Reisen et al. 1995a). A
different seasonal pattern with an earlier spring peak and a second distinct treatall
can occur in warmer areas such as southeastern California (e.g., Reisé@%ilg

2008a, 2009). Further, an intermediate pattern, with a pe&kfdarsalisfemales in

July and a smaller but distinct second peak in September, was reported from the Davi
area in central California (Nielsen et al. 2008).

The seasonal pattern observed by utarpipiendemales in 2007, with
gradually increasing abundance reaching a peak in late August, agteasonetious
study using light traps in western Colorado (Tsai et al. 1988). Other studiespasted
earlier peaks fo€x. pipiendemales in late June and July in Washington (Pecoraro et al.
2007) and the Central Valley of California (Nielsen et al. 2008). We also reediait
the data foICx. pipienan our study should be interpreted with care because use of CDC
light traps can underestimate the abundance of this species compared tohettf@ttsot
include gravid traps (Tsai et al. 1988).

With the exception of California (e.g., Kliewer et al. 1969; Olson et al. 1979;
Reisen et al. 1992b, 2008b; Wegbreit and Resien 2000), there is a lack of long-term
studies from the western U.S. to determine the extent of between-year igiiabil
seasonal abundance patternsGatexvectors, especially in relation to weather patterns.

This is unfortunate because such studies are critical for developing models&store
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Culexvector abundance based on weather patterns. For example, Reisen and colleagues
used long-term (1950-2000) data €@x. tarsalisfrom mosquito control programs in
California to determine impacts of climate variation on mosquito abundance and found
strong correlations between spring abundandexotarsalisand winter-spring
precipitation, winter snow pack and winter-spring temperature (Reiser2€@08b).
Similar studies are needed from the Great Plains WNV disease focus.

Seasonal patterns for WNV infection rates and Vector Index foCx. tarsalis.
The overall seasonal pattern for WNV infection rate@xntarsalisfemales in the
northeastern Colorado plains in 2007 was characterized by a gradual increésetioni
rates from late June to late July, peak values occurring during the firef Balfust,
and infection rates remaining high until the study was concluded in mid-September
(Table 2.3). A similar monthly pattern was recorded from June to August for WNV
infection rates irCx. tarsalisfemales in other parts of Weld County in 2007 (Kent et al.
2009). Other studies have produced similar seasonal patterns for infedlirntafsalis
with WNV in California, New Mexico, and North Dakota (Bell et al. 2005; DiMenna et
al. 2006; Nielsen et al. 2008; Reisen et al. 2008a, 2009), and with western equine or St.
Louis encephalitis viruses in Colorado (e.g., Hess and Hayes 1967, Tsai et al. 1988,
Smith et al. 1993). We also found considerable variation among trap sites in seasonal
patterns for WNV infection rates (Table 2.3) which underscores the importance of
operating multiple trap stations for mosquito-based WNV surveillance. Additional
studies are needed to determine optimal combinations of trap densities and trapdocat
for mosquito-based WNV surveillance in the Great Plains landscape to minimize

operational cost without compromising data quality.
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The general pattern for WNV infection rategdr. tarsalisobserved in our study
likely reflects the seasonal pattern of intensity of enzootic trangmis$iWNV, which
can be expected to increase over the summE@ukexvectors become more abundant
and new generations of WNV-susceptible birds emerge. Further, a tempdria shif
feeding behavior of€x. tarsalistowards increased feeding on mammals from spring to
summer has been observed in California and northeastern Colorado (Tempelis et al
1965, 1967). This phenomenon has been hypothesized to impact seasonal risk of human
exposure t&Cx. tarsalisand otheCulexspecies (Edman and Taylor 1968, Kilpatrick et
al. 2006). However, a recent study from Weld County showed that the percentage of
tarsalisthat fed on humans increased from June to July/August, but remained below 7%
for all months examined (Kent et al. 2009). During each month, >73%4.dfrsalis
blood meals came from birds. The epidemiological importance of temporal shifts in
feeding behavior remains unclear. We caution against attempting to adjustitgsi
for human exposure to WNV-infect€k. tarsalisbased on perceived seasonal changes
in feeding behaviors until we have gained a better understanding of the underlying
mechanisms. For example, increased feeding on humans in summer may sieqdly ref
changes in human behavior rather than changes in mosquito feeding habits.

The Vector Index for abundance of WNV-infected vectors, which was developed
by the Centers for Disease Control and Prevention, is in operational use in mosquito
control programs in some parts of the western U.S., including Colorado, but has not
received much attention in the published literature. In fact, we are only afuare
previously published studies presenting data on the Vector Index, or variations of the

Vector Index, forCx. tarsalis(Bell et al. 2005, Gujral et al. 2007). Our study, which uses
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a Vector Index foCx. tarsalisfemales to assess risk of exposure to WNV-infected
females, clearly demonstrates the value of combining information for \edmodance
and WNV infection rates to generate a more meaningful risk index. In bigné.
illustrate how the seasonal pattern for the Vector Index differs from timabsduito
abundance alone or WNV infection rate alone. In fact, we find it surprising thagbis

of risk index has taken so long to permeate the WNV literature. Similar risksritiae
combine vector abundance and vector infection rate are used extensivelydaiakses
for exposure to tick-borne pathogens sucBaselia burgdorferi(e.g., Mather et al.

1996, Stafford et al. 1998, Eisen et al. 2004) and also were used previously as measures
of risk for exposure t€x. tarsalisinfected with western equine or St. Louis encephalitis
viruses (e.g., Reeves et al. 1962, Hess and Hayes 1967, Tsai et al. 1988)

Predicting seasonal patterns for WNV disease cases from entomologiciskr
measuresOur study demonstrates that the number of weekly human cases of WNV
disease within the targeted 5-county area in 2007 could be predicted by the abundance of
Cx. tarsalisfemales (4-7 weeks previously) and by the Vector Index for WNV-infected
Cx. tarsalisfemales (1-2 wk previously) (Table 2.4; Figs 2.6-2.7). Interestingly, a
previous study on western equine encephalitis virus (WEEV) in eastern Colorado in 1965
showed a similar pattern where the weekly numbers of human WEE caseseua&gr
by abundance dEx. tarsalisfemales with a 4-wk time-lag and by abundance of WEEV-
infectedCx. tarsalisper trap night with a 2-wk time lag (Hess and Hayes 1967). A recent
large-scale study of WEEV transmission to sentinel chickens in central ahéastetn
California also identified 4-6 weeks as the critical time lag betWsernarsalis

abundance and sentinel chicken seroconversions (Barker 2008).
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Our data for time-lags between entomological risk measures and humén WN
disease cases provide critical information for operational surveillangegons to
determine time-lags for which these entomological risk measureseaneingful and
how they should be used to guide emergency vector control activities. One distinct
drawback of using the Vector Index is the short lead time of 1-2 weeks fdieelia
prediction of human case loads. This underscores the critical need for rapicbturd-a
of WNV testing of mosquito pools in order for the Vector Index to be operationally
useful. The longer lead time for abundanc€xf tarsalisfemales (4 wk) to predict
human case loads for WNV disease argues for use of this entomological rekenea
However, the robustness of the predictive capability of this risk measure needs to be
evaluated prospectively and corroborated in other areas and over multiple gearsebe
the longer time-lag, relative to the Vector Index, may result in greatsttiséy to
weather events such as cold spells that can affect vector population growtteasyi
of enzootic WNV transmission. Advances in statistical models for early metect
warning systems (e.g., Chaves and Pascual 2007) also provide new opportunities to

explore how entomological data can be used to predict human cases.
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CHAPTER 3
INSECT-SPECIFIC FLAVIVIRUSES FROM CULEX MOSQUITOES IN

COLORADO, WITH EVIDENCE OF VERTICAL TRANSMISSION
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Introduction

The genu#-lavivirus contains numerous arthropod-borne viruses (arboviruses)
that are associated with disease in vertebrates. These arbovieusapable of
replicating in both vertebrate and invertebrate cells (Cook and Holmes, 2006).sThere i
however, a group of viruses within the geRkimsvivirus that appear to replicate only in
invertebrate cells. These are considered insect-specific flaviviamsemclude cell
fusing agent virus (CFAV) (Stollar and Thomas, 1975), Kamiti River virus (KRV)
(Crabtree et al., 2003, Sang et al., 20Q3)lexflavivirus (CXFV) (Hoshino et al., 2007),
Quang Binh virus (Crabtree et al., 2008ededlavivirus (AEFV) (Hoshino et al.,

2009), Nounané virus (NOUV) (Junglen et al., 2009), Lammi virus (LAMV) (Huhtamo et
al., 2009), and Nakiwogo virus (Cook et al., 2009). Phylogenetic analyses suggest that
insect-specific viruses are the most divergent group within the dgéanisirus and may
represent the earliest forms of flaviviruses (Cook and Holmes, 2006, Hoshino et al.,
2007).

Cell fusing agent virus, the first insect-specific flavivirus described,is@ated
from a cultured line ofe. aegyptmosquito cells (Stollar and Thomas, 1975). It has
recently been isolated from field-collected mosquitoes in Puerto Rico (Cook20G8).
Kamiti River virus was isolated in 2003 frofe. macintoshliarvae and pupae from
Kenya and described as a CFAV-related flavivirus (Crabtree et al., 2003,t%dng e
2003).Culexflavivirus was first isolated in Japan frddx. pipiensand otheCulex
speciegHoshino et al., 2007), and has since been describ@dl@exmosquitoes from
Guatemala (Morales-Betoulle et al., 2008), Mexico (Farfan-Ale et al., 2008i)jdad

(Kim et al., 2009), Texas (Kim et al., 2009), lowa (Blitvich et al., 2009), and Uganda
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(Cook et al., 2009QQuang Binh virus was isolated fro@x. tritaeniorhynchusollected
in Vietnam in 2002 (Crabtree et al., 2009).

Aededlavivirus, isolated fromAedesmosquitoes in Japan, groups with other
insect-specific flaviviruses in phylogenetic analyses, but, interégtimgs a high degree
of similarity to cell silent agent (CSA), which is a flavivirus-related@ottide sequence
found integrated into the genomeA#. albopictugHoshino et al., 2009, Crochu et al.,
2004). Two other recently described flaviviruses, NQU¥hglen et al., 2009) and
LAMV (Huhtamo et al., 2009), appear to represent a distinct group of insectispecif
flaviviruses. Phylogenetic analyses group them with mosquito-borne flas@githat
cause disease in vertebrates, such as West Nile and Japanese enceplsdiisyeir
they do not appear to grow in vertebrate cells (Junglen et al., 2009, Huhtamo et al., 2009).
Research on insect-specific flaviviruses is rapidly expanding, as new \amaslesing
isolated and characterized.

The findings described here originated from adult mosquito collections conducted
along riparian corridors in northeastern Colorado during 2006-2007 to investigate spatia
and temporal risk patterns for exposure to West Nile virus (WNV)-infeéCtsekspp.
mosquitoesCulexflavivirus (CXFV) and a novel insect-specific flavivirus (Calbertado
virus, CLBOV) were detected fro@x. tarsalisandCx. pipiensusing universal flavivirus

primers targeting the NS5 gene.

Materials and Methods

Study area.The 5-county study area (Larimer, Weld, Morgan, Logan, and

Washington) is located in northeastern Colorado and has been previously described
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(Bolling et al.,2009). Briefly, mosquito sampling was conducted along thres:rihier
Poudre River and the Big Thompson River, which both emerge from the Rocky
Mountains in western Larimer County, and the South Platte River into which the other
two rivers merge in the eastern Colorado plains (Fig. 3.1). Mosquito collections were
conducted in plains, foothills, and montane areas along these riparian corridors in
sampling sites which could be accessed by automobile. Site locations amgyedhwith

a GPS receiver (Trimble Geo XT; Trimble Corp., Sunnyvale, CA) and visdalszag
ArcGIS 9.3 (ESRI, Redlands, CA).

Mosquito collection and identification.Mosquitoes were collected using &0
baited CDC miniature light traps (John W. Hock Company, Gainesville, FL) tmat we
suspended ~1.5 m above the ground and operated from afternoon (1500-1700 hours) until
morning (0800-1000 hours). Sampling sites contained two traps baited with ~1 kg of dry
ice and were located directly along the aforementioned rivers. Sampling the
summer of 2006 included 10 sites located along the Poudre River and 1 site by the Dixon
Reservoir in Fort Collins (Fig. 3.1). This spanned an elevation gradienbietw 1,600
m in Fort Collins up to 2,360 m in the Poudre Canyon. The sites were sampled every 2
wk from mid-April to late October 2006.

Sampling in 2007 included 20 sites along the Big Thompson and South Platte
rivers and two additional sites located south of the Big Thompson River in the hdvela
area (Fig. 3.1). This included an elevation gradient ranging from 1,215 m in the prairie
landscape of eastern Colorado to 1,840 m in the montane habitat of the Big Thompson
Canyon. The sites were sampled every 2 wk from mid-June to mid-September 2007.

Collected mosquitoes were examined with a dissecting microscope and iddaotifie
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Figure 3.1. Location of mosquito sampling sites for 2006 (along the Poudre River) a@@07 (along the Big Thompson River

and South Platte River). The location of the targeted 5-county area in Colorade shown in the inset map.
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species using published identification keys (Harmsten and Lawson, 1967, &afsie
Ward, 2005).

Detection of flavivirus RNA and nucleotide sequencingCulexmosquitoes
were examined for presence of viral RNA following Bolling et al. (2007), waigh t
modifications outlined below. Mosquitoes were identified on a chill table and placed
in pools of 1 to 50 by species, sekg, trap location, and date. Mosquito pools were
then stored at -70°C until processed for viral RNA detection.

Each pool was triturated for 45 sec with a vortex mixer in a 5-ml round-
bottom polypropylene tube (Becton Dickinson, Franklin Lakes, NJ) using 1.5 ml of
diluent (minimum essential medium [MEM] containing 2% fetal bovine serum [FBS]
100 pg/ml penicillin/streptomycin, supplemented with L-glutamine and nonedsent
amino acids) and 4 copper-coated steel shot (4.5-mm diameter; 0.177” caliber).
Suspensions were centrifuged at 3,000 rpm for 10 min at 4°C. Total RNA was
extracted from 140 pl of the supernatant using the QIAamp viral RNA Mini kit
(Qiagen Inc., Valencia, CA). RNA was eluted in 60 pl of nuclease-fresr wat
(Ambion Inc., Austin, TX).

Reverse transcription-polymerase chain reaction (RT-PCR) wasccaut
using SuperScript Il reverse transcriptase (Invitro@arlsbad, CAand GoTaq
DNA polymerase (Promeghiadison, W). Mosquito pools were first tested using
universal flavivirus primers (cFD2 and MAMDIargeting a portion of the NS5 gene
(Scaramozzino et al., 2001). Pools testing positive for flavivirus RNA werel teste
with virus-specific primers for WNV (Gubler et al., 2000, Lanciotti et al., 2000),

CXFV (Hoshino et al., 2007), and CLBOV. PCR products were visualized following
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electrophoresis on a 1% agarose gel stained with ethidium bradedative (no
template) and positive controls were included in each RT-PCR.

Infection rateper 1,000 individuals were calculated as bias-corrected
Maximum Likelihood Estimates using the Excel Add-In PooledInfRate, ve&sbn
(Biggerstaff 2006). Presented infection rates are based on males aresfemal
combined. The most comm&ulexspp. found in our light trap collections weZg.
tarsalisandCx. pipiens Becaus&x. tarsalisare easily identifiable, even when badly
damaged, mosquitoes identified only@&dexspp. were grouped wit@x. pipiendor
analyses.

For nucleotide sequencing, RT-PCR was carried out as described above using
primers FUL or FU2 and cFD3 (Kuno et al., 1998). The PCR products were purified
using a QIAquick Gel Extraction kit (Qiagen) and submitted for sequencing to the
CSU Proteomics and Metabolomics Facility, which uses the ABI 3130 Genetic
Analyzer. Sequences obtained for the NS5 genome region were compared to other
flavivirus sequences using the BLASTn program (blast.ncbi.nlm.gov/Blast.cgi)
(Altschul et al., 1997).

Phylogenetic analysisNucleotide sequences of insect-specific flavivirus
genomes detected froB@ulexspp. in Colorado were compared to known flavivirus
sequences as follows. The ~1kb sequences from NS5 genes were aligned using
ClustalX 1.81 (Thompson et al., 1997). The ClustalX program aligns each sequence
to each of the other sequences and uses the pairwise alignments to credddragui
which is then used to help create a multiple alignment (Hall 2004). Phylogeaesc tr

were constructed from the alignment using various methods including neighbor-
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joining, maximum parsimony, and maximum likelihood analyses in PAUP 4.0
(Swofford 1991), and also with Bayesian analysis using MrBayes 3.1 (Huelsenbeck
and Ronquist, 2001). Neighbor joining is a distance-based method that calculates a
distance matrix from the differences between sequence comparisons atihtises
matrix to construct a tree showing the net divergence between taxa. Maximum
parsimony, maximum likelihood, and Bayesian analyses are charasest-in@thods
where characters are compared within each column of a multiple alignméint (Ha
2004). The maximum parsimony method selects a tree that requires the least number
of evolutionary changes to explain the data. Maximum likelihood analysis produces a
tree by evaluating the probability of a specified evolutionary modargéng the

observed sequences. The evolutionary model used for this study was the gaaeral t
reversible (GTR) model, which estimates base frequencies thateaspadific by

codon position. Bayesian phylogenetic analysis is a variant of maximurhdiéel

where a set of trees is chosen based on a sampling method called Monte Carlo
Markov Chain, which samples trees from the distribution of posterior probabilities
(Hall 2004). Resulting trees were midpoint rooted to show relationships between
sequences using RETREE from the Phylip package (Felsenstein 1989) and displayed
using Treeview 1.6.6 (Page 1996).

Virus isolation. To isolate viruses, 10 of homogenate supernatants from
infected pools were inoculated onto Vero cells (African green monkey kidney), DF-1
cells (chicken embryo fibroblast), and C6/36 cells.(albopictukin 25 cnf flasks.

After addition of 1 ml of medium, the flasks were rocked for 1 hr at room

temperature. Four ml of medium were then added and cells were monitored for
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cytopathic effects (CPE). The Vero and DF-1 cells were maintained ata3id®C%
CO, with MEM supplemented with 10 % FBgenicillin/streptomycin, L-glutamine,
and nonessential amino acid$ie C6/36 cells were maintained at 28°C with L-15
medium supplemented with 7% FB&nicillin/streptomycin, L-glutamine, and
nonessential amino acidSell culture medium was harvested after each passage for 4
passages and tested by RT-PCR to assess virus propagation.
Immunofluorescense assayndirect fluorescent-antibody assays (IFA) were
conducted on spot slides of infected C6/36 cells using polyclonal anti Japanese
encephalitis virus (JEV), St. Louis encephalitis virus (SLEV), WNV, CX&\W
CLBOV as primary antibody. Murine hyperimmune ascitic fluids for JEV
(M30178ABY), SLEV (VS0102), and WNV (M30200ABY) were obtained from the
Division of Vector-Borne Infectious Diseases, Centers for Disease Canttol
Prevention, Fort Collins, CO. Virus-specific antisera for the Colorado sthins
CXFV and CLBOV were produced by subcutaneous immunization of ICR mice with
infected C6/36 cell culture medium, clarified by centrifugation. Mice were
immunized 3 times, at 2 wk intervals, with complete Freund’s adjuvant for the first
immunization and incomplete Freund’s adjuvant for the remaining immunizations.
An indirect ELISA on mouse sera 2 wk after the final immunization confirmed
antibody production. Serum was cross-absorbed twice to sonicated C6/36 cells to
reduce non-specific binding. Secondary antibody for IFA was biotinylateg sinéie
mouse IgG, followed by streptavidin-fluorescein (GE Healthcare BienSes Corp.,

Piscataway, NJ).
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Persistently CXFV-infected mosquito colonyA Cx. pipienscolony was
established from egg rafts collected in Fort Collins during summer 2005. After
discovery of CXFV and CLBOV in local field populations, the colony was
determined to be infected with CXH)Y RT-PCR as described above and by virus
isolation in C6/36 cells. Mosquito homogenates taken from the colony in 2005 and
stored at -80°C tested positive for CXFV, indicating that the mosquitoes were
infected at the time the colony was established. The colony is maintaine@ama 6
60cm x 60cm cage at 25°C, 75% relative humidity, with a 16:8 light:dark cycle. To
investigate viral maintenance within the colony, a quantitative RT-PCGly ass
designed using a QuantiTect SYBR Green RT-PCRX#gen Inc., Valencia, CA)
and CXFV-specific primers. Total RNA was extracted from individualradjg,
individual 4" instar larvae, and individual adult mosquitoes using Trizol (Invitrogen,

Carlsbad, CA).

Results

Discovery of insect-specific flaviviruses itCulex spp.In 2006, ~1,300
Culexmosquitoes from northeastern Colorado were tested for viral RNA by RT-PCR
using universal flavivirus primers. Unexpectedly, nume@ukexpools testing
positive for flavivirus RNA were negative for the flaviviruses that most commonly
are found irCulexin Colorado: WNV and SLEV. To rule out contamination, 80
pools (89 mosquitoes) @ulisetaspp. mosquitoes and 64 pools (1,997 mosquitoes)
of Ae. vexansvere tested by RT-PCR with the universal flavivirus primers. All these

pools tested negative.
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PCR products from flavivirus-positiv@ulexpools were then sequenced,
revealing similarity in some cases to a previously described ingecifis flavivirus,
CXFV. In addition, we discovered sequences from a novel insect-specific flavivirus,
referred to herein as Calbertado virus (CLBOV), as this virus has been found in
California, Alberia, Canada (Pabbaraju et al., 2009, Tyler et al., 2010), and Colorado
Specific primers were designed to detect these insect-specific fleaggiin mosquito
pools.

In 2007, we collected ~43,0@ulexspp. mosquitoes. AlCulexpools were
first tested with the flavivirus primers. Thereatfter, all flavivirus-pesipools were
tested with WNV-specific, CXFV-specific, and CLBOV-specific prisie

Trends for insect-specific flaviviruses inCulex spp. in time and space.
Infection rates for WNV, CXFV, and CLBOV i@x. tarsalisandCx. pipienswere
calculated by month (Table 3.1) and by site (Table 3.2) for both 2006 and 2007.
Infection rates include male and female pools of mosquitoes combined, as viral RNA
was detected in both. The seasonal patterns of infection rates are shown for @007 (Fi
3.2), whenCulexabundance was higher and virus detection was based on larger
numbers of mosquitoes than in 2006.

In the case of the 2006 collections, most CXFV-positive pools (36/37) came
from Cx. pipienswith only a singleCx. tarsalispool positive for CXFV. Conversely,
all (34) CLBOV-positive pools were fro@x. tarsalis(Table 3.1). This pattern was
less clear in 2007 when both CXFV and CLBOV were foun@dxntarsalisas well as
Cx. pipiensHowever, there still was a trend towards most CXFV-positive pools

being recorded fron®x. pipiengcontributing 125 of 178 CXFV-positive pools) and
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most CLBOV-positive pools coming fro@x. tarsalis(contributing 113 of 121
CLBOV-positive pools).

The overall infection rates per 1,008. tarsalisin 2006 were 5.47 for WNV,
0.83 for CXFV, and 40.13 for CLBOV. The corresponding infection rateSxor
tarsalisin 2007 were 2.65 for WNV, 1.34 for CXFV, and 2.95 for CLBOV.
Differences between years are likely related, in part, to the fact ffeakdi sites
were sampled in 2006 and 2007. The overall infection rates per @0@@piensn
2006 were 0 for WNV, 462.42 for CXFV, and 0 for CLBOV. The corresponding
infection rates foCx. pipiendn 2007 were 2.41 for WNV, 72.09 for CXFV, and 3.18
for CLBOV. Notably, CXFV infection rates i@x. pipienswere very high compared

to the other two viruses.
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Table 3.1. Monthly infection rates with West Nile virus (WNV),Culex flavivirus
(CXFV), and Calbertado virus (CLBOV) for Cx. tarsalis and Cx. pipiens,
Colorado, 2006-2007.

Culex tarsalis Culex pipiens
Yr|Monthy Total | No. Infection Rates (MLE) | Tota] No. Infection Rates (MLE)
Mosg.| Pools [WNV [CXFV [CLBOV |Mosq.| Pools |WNV [CXFV |CLBOV
April 17 7 0 g 154.98 L 1 D 1000* 0
May 4 3 Qg @ { ( 0 D D D
© [June 4% 1p D 0 133.48 9 3 0 76|46 0
(% July 889 4( 7.7 1.2 33.37 b6 12 0 247.49 0
Aug 189 54 ( )  32.70 43 2 0 63814 0
Sept A 21 D D 36.56 18 8 0 777|73 0
Oct 0 0 @ { ( 2 L D 500* 0
June 790D 546 0.51 0.p5 3128 110 25 1894 21195 17.00
'éJuly 23420 130B 1.96 0.86 2.1 568 71 1.72 10f.53 3.45
N1Aug 8662 1238 6.58 3.31 2.61 1407 108 144 124.35 2.18
Sept 444  22b 6.90 8.91 2.2 454 38 4.23 67.19 2.15

Adult mosquitoes were tested in pools of 1-50. Bias-corrected Maximum Likelihood
Estimates for infection rates per 1000 mosquitoes were calculated withAehéh
PooledInfRate 3.0 (Biggerstaff 2006).
'Based in part on data published previously by Bolling et al (2009).
One single pool that was examined tested positive, so a minimum infection rate was
calculated ([no. of positive pools/no. of mosquitoes tested] x 1,000).

In 2007, the WNV and CXFV infection rates@x. tarsalisincreased
gradually from June to September, while the CLBOV infection rates were highes
June (3.28) and then decreased slightly from July to September (Table 3.1, Fig. 3.2).
West Nile virus and CLBOV infection rates@x. pipiensollowed similar seasonal

patterns, with the highest infection rates occurring in June, when mosquito counts

were low (Table 3.1, Fig. 3.2).
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Table 3.2 Infection rates by trapping site with West Nile virus (WNV), Culex
flavivirus (CXFV), and Calbertado virus (CLBOV) for Cx. tarsalis and Cx.
ipiens, Colorado, 2006-2007.

Culex tarsalis

Culex pipiens

Yearl Site | Habitat Ele(\r/:)tlo Total | No. Infection Rates Total | No. Infection Rates
Mosg.| Pools [ywNy?! [CXFV [CLBOV | Mosg.| Pools [ywyny?! |CXFV |CLBOV
o |LMP_|Plains 1,510 108 18 0 0 45p5 3 11 0 400.08 0
8 [BFH [Plains 1,560 436 37 234 2p5 36095 63 23 0 90R.52 0
< [oix piains 1,585 61p 41 943 0o 37ho 33 7 0 189.75 0
g [PIR_ [Foothils | 1,610 3B 14 0 0 59.410 10 4 0 15d.08 0
g |GAP [Foothills | 1,640 1o 7 0 0 102.87 0 0 0 0 0
= |0YG [Montane| 1,750 7 7 0 0 0 0 0 0 0 0
Z [sTP_[Montane| 1,860 5 4 0 0 0 0 0 0 0 0
o [buG [Montane| 2,000 n 4 0 0 0 0 0 0 0 0
3 [EGG |Montane| 2,110 1 1 |o 0 0 0 o |o 0 0
& |pAD |Montane | 2,130 1 1 0 0 0 0 0 0 0 0
BSW |Montane| 2,360 1 1 0 0 0 0 0 0 0 0
OVE [Plains 1215| 1,638 189 s8p2 1f25 123 60 19 0 33.02 0
ATW [Plains 1219 2,749 192 2.b9 o oJss 15 9 0 13b.11 0
g [MES |[Plains 1242 3110 2p4 1l6 o[32  do9s 24 7 0 0 4255
& |coT |Plains 1272 1,631 1fs 184 1|25 0 115 17  B.32 149.15 0
S [5EA [Piains 1286 4436 22 3h2 ofes 139 63 13 17.08 14.92 0
£ [sovy [Plains 1,303 35 124 0 3pa 0 4m 14 0 6356 B.24
‘; WEL |Plains 1321 482 2§41 2p7 o1 126 40 10 0 27.03 0
2 [S00 | Plains 1,344 39p0 29 3|31 o 131 40 10 0 45.88 0
o [GRE |Plains 1,397 2,035 10 oles o490  d.60 14 8 68.82 2B5.53 0
g MIT  |Plains 1,402 | 4386 231 117 o0p3 117 137 15 0 17B.16 7.06
< |BRO |Plains 1418 2846 2p9 1jo7 5{39 d40 [pss 22 [|1.68 $4.48 0
é OFF |[Plains 1,434 45p8  2B4 256 356 411 ]317 17 [3.23 1h1.78 24| 3.
< |HAR |Plains 1,459 95 139 4ho 3ho 1372 |93 16 0 2d7.95 4.88
Z [sM__|Plains 1,487 3t 122 52 785 1603 b66 15 0 296.95 3.72
s [NEw |Plains 1511 1,347 165 559 1|47 1483 P28 16 [.07 73.60 0
2 [NAM [Plains 1,524 23B g8 8.17 0 12p2 21 8 0 14395  4.77
E GLA [Plains 1,544 26 d7 0 0 366 D1 10 0 384.73 0
- [LON_|Plains 1,566 595 135 15 15 7|13 49 12 0 298.85 0
@ |LIT |Foothills | 1,598 64 sf D J D 7 4 0 359.p2 0
NRW |Montane| 1,688 7 7 0 0 0 0 0 0 0 0
VSP [Montane| 1,737 46 15 0 0 0 0 0 0 0 0
IDY |Montane | 1,840 . n D D 0 0 0 0 0 0

Adult mosquitoes were tested in pools of 1-50. Bias-corrected Maximum Likelihood
Estimates for infection rates per 1000 mosquitoes were calculated withAehéh
PooledInfRate 3.0 (Biggerstaff 2006)
'Based in part on data published previously by Barker et al (2009).
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Figure 3.2. Monthly infection rates from June-September 2007 fo€x. tarsalis
(A-C) and Cx. pipiens (D-F) with West Nile virus (WNV) (A and D), Culex
flavivirus (CXFV) (B and E), Calbertado virus (CLBOV) (C and F). Error bars
indicate 95% skewness-corrected confidence intervals. Estimates fiofection
rates per 1000 mosquitoes were calculated with Excel Add-In PooledInfRa8.0
(Biggerstaff 2006).
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Both insect-specific flaviviruses occurred widely in the 5-county study area
CXFV was detected from all 21 sites in the plains sampled in 2006-2007 and CLBOV
was recorded from 20 of these sites. The viruses also occurred in foothillzusites
were not recorded from montane sites where mosquito counts are very low (Table
3.2). Site-specific infection rates for WNV were compared to site-sp&xieV and
CLBOV infection rates by graphing, but there were no apparent associatiamadtat
shown).

Phylogenetic analysesBayesian analysis was conducted using a 1 kb region
of the NS5 gene sequence to assess phylogenetic relationships between ingect-spe
flavivirus isolates fronCulexspp. mosquitoes in Colorado and other selected
flaviviruses (Fig. 3.3). Neighbor-joining, maximum parsimony and maximum
likelihood analyses resulted in similar tree topologies (data not shown). The CXFV
isolate from this study was most similar to CXFV isolates from Texasy@anughed
with other CXFV isolates from lowa, Japan, Mexico, and Guatemala (Fig. 3.3). The
Colorado CLBOV isolate shared closest phylogenetic relationships witiO¥LB
sequences detected in California and Alberta, Canada (Pabbaraju et al., 200&, Tyler
al., 2010), with blast results indicating 97% NS5 amino acid sequence similarity.
Based on Bayesian analysis, the insect-specific flavivirus clade n®mia
subclades, which correspond with insect host genus. The first subclade contains
CLBOV, Quang Binh virus, and th@ulexflavivirus isolates, which have all been
detected irCulexmosquitoes. The second subclade contains KRV, CFAV, and
AEFV, which have all been describedArdesmosquitoes. Interestingly, Nounané

virus, which was recently isolated frddranotaeniamosquitoes in Coéte d’lvoire
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(Junglen et al., 2009), appears to only replicate in insect cells, and yet based on our

phylogenetic analysis, groups with the arthropod-borne flaviviruses.

~
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o Nounané virus (EU159426) Arthropod-
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Figure 3.3. Phylogenetic tree inferred from Bayesian analysis and midpoint
rooted, showing relationships between insect-specific flavivirusérom Culex
species mosquitoes collected in Colorado (shaded), with other flavivges, based
on a 1 kb segment of the NS5 gene. The numbers at the nodes represent clade
credibility values and the scale bar indicates the number of estimade
substitutions per site. GenBank accession humbers for the seques used in the
analysis are listed in parentheses.

Virus isolation. Isolation of insect-specific flaviviruses fro@ulexin
Colorado was attempted by blind passages in Vero, DF-1, and C6/36 cell cultures.
Vero (mammalian) and DF-1 (avian) cells inoculated with mosquito homogenate

supernatants and cell culture media did not exhibit any CPE after 1-4 pasddges
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extractions were performed on Vero and DF-1 cell culture medium after eaelygpass
and these tested negative by RT-PCR using virus-specific primers. lastpntr
CXFV-infectedCx. pipienshomogenates caused minor growth inhibition for C6/36
(mosquito) cells after several passages. RNA extracted from cellecoiedgium was
CXFV-positive by RT-PCR after each passage. CLBOV-infeCbedtarsalis
homogenates caused apparent CPE in C6/36 cells on 5 dpi only after 10 passages.
RNA extractions of C6/36 cell culture medium for passages 1-3 were negat/e-b
PCR using virus-specific primers but after tffepassage were positive. Spot slides
of CXFV- and CLBOV-infected C6/36 cells were tested by IFA with JE,Sind
WNV antibodies based on a previous report (Kim et al., 2009), but antigens were
undetectable. IFA using virus specific antibodies for CXFV and CLBOV praduce
positive results (Fig. 3.4), confirming C6/36 cell infections.

CXFV infection in a Cx. pipiens laboratory colony. After isolation of
CXFV from adult mosquitoes collected in 2006 and 2007 Coupipiendaboratory
colony, established during the summer of 2005 from egg rafts collected in Fort
Collins, was tested in March of 2007 and found to be infected with CXFV by RT-
PCR and virus isolation. A subset of mosquitoes had been taken from the colony in
September of 2005 and stored at -80°C. These stored specimens also tested positive
for CXFV, indicating that the mosquitoes were infected at the time the colay wa
established. To examine viral maintenance within this naturally infected ¢caodoaly
RNA was extracted from individual egg rafts, individusllidstar larvae, and
individual adult (male and female) mosquitoes and tested by a gRT-PCR aksay w

virus-specific primers. All life stages were found to be positive for CRINA.
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Figure 3.4. Indirect fluorescent-antibody assays performed on C6/36 cells ngi
mouse antisera to CXFV (A, uninfected, B, CXFV-infected) and CLBOV (C
uninfected, D, CLBOV-infected). Cells were counterstained wit Evans blue, so
that uninfected cells appear red and viral antigen in infected cells q@ars
yellow-green. Arrows indicate infected cells (white arrows) vs. non-ggific
extracellular staining artifacts (gray arrows).

Discussion

Culexmosquitoes collected in 2006-2007 in northeastern Colorado, as part of
ongoing studies to investigate entomological patterns of risk for exposure tg WNV
were found to be commonly infected with two insect-specific flaviviruses. Both
viruses were isolated in C6/36 mosquito cells, but failed to replicate in Vero
mammalian cells or DF-1 avian cells. Phylogenetic analyses, based on a 1 kb
sequence from the NS5 gene, revealed that these viruses group with previously

described insect-specific flaviviruses. We isolated a stra@utdxflavivirus
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(CXFV) from Cx. pipiensand a novel insect-specific flavivirus, Calbertado virus
(CLBOV), from Cx. tarsalis The 1 kb sequence from the NS5 gene of the Colorado
CLBOV isolate shares 97% identity with amino acid sequences from Califowhia a
Alberta, Canada (Pabbaraju et al., 2009, Tyler et al., 2010). The next most closely
related viruses to CLBOV afeulexflavivirus isolates, with NS5 nucleotide
sequences ranging from 65-68% similarity. After detecting thesetiapecific
flaviviruses inCulexfrom Colorado, we initiated studies to investigate seasonal and
spatial patterns of infection, determine cell culture host range, and examine vira
prevalence within a naturally infected laboratory colony.

Trends for insect-specific flaviviruses inCulex spp in time and spaceWe
found that infection rates for CXFV and CLBOV varied®ylexspecies, month, and
site. In 2006, there was a strong species-specific pattern with CXFV detegjed
almost exclusively irf€x. pipiensand all records of CLBOV coming fro@x.
tarsalis.In 2007, we collected and examined far greater numbe&tslek
mosquitoes, and both insect-specific flaviviruses were detectex itarsalisas well
asCx. pipiens These findings suggest that CXFV and CLBOV circulate in both
species of mosquitoes in northern Colorado, although we cannot entirely rule out the
possibility that a body part from one species sometimes was accideotalyned
with a pool from the other speci&€3ulexflavivirus has previously been detected in a
variety of Culexspp. includingCx. pipiengHoshino et al., 2007, Blitvich et al.,
2009),Cx. tarsalis(Blitvich et al., 2009)Cx. quinquefasciatugdoshino et al., 2007,
Morales-Betoulle et al., 2008, Kim et al., 2000%. tritaeniorhynchugHoshino et

al., 2007), andcCx. restuangKim et al., 2009). These findings indicate that CXFV
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occurs in numerouSulexspecies. We also tested a subsétefvexansandCuliseta
spp. pools, but these were negative with the pan-flavivirus primers used. Other
studies also foundedesspecies pools to be negative for CXFV RNA (Hoshino et al.,
2007, Blitvich et al., 2009).

We detected CLBOV RNA in bot@x. tarsalisandCx. pipiensrom
Colorado, and isolated the virus from sev€haltarsalispools. A portion of the NS5
gene of this virus shares a high similarity to viral sequences fou@dtarsalis
mosquitoes in Alberta and other western provinces of Canada where this mosquito is
found (Pabbaraju et al., 2009, Tyler et al., 2010). Although a virus isolate has not yet
been obtained from Alberta, detection of this sequence in a number of Canadian
collections ofCulexspecies suggests that CLBOV may have a wide geographic
range. Field studies in California also indicate that CLBOV is pres&.itarsalis
andCx. pipiengpopulations there (Tyler et al., 2010).

Our data suggest that CXFV and CLBOV are prevale@ixinarsalisandCx.
pipiensthroughout the northeastern Colorado plains. In 2006, CXFV RNA was
detected in April and in every month from June through October (Table 3.1). In 2007,
CXFV was detected in both species from June through September. In Texas, Kim et
al. (2009) recorded CXFV positive mosquito pools during February and March, but
continued surveillance from April to August resulted in only negative pools. In lowa,
CXFV RNA was detected from July through October, but not in May or June,
possibly because of low numberstilexcollected early in the season (Blitvich et

al., 2009).

71



Our study yielded very high infection rates for CXF\Ox. pipiens Other
studies have reported variable infection rates for CXFV, with minimum infection
rates (MIR) per 1,00C€x. quinquefasciatusaanging from 4.7 in Guatemgsiorales-
Betoulle et al., 2008) to 20.8 in Mexico (Farfan-Ale et al., 2009), and overall MIRs in
lowa ranging from 1.2 i©x. tarsalisto 10.3 forCx. pipiengBlitvich et al., 2009).

Both our study (Table 3.2) and the lowa study recorded substantial site-specific
variability for CXFV infection rates in a given species. Furtherareseis needed to
determine the mechanisms resulting in spatial and temporal variabilityfi C
infection rates.

We present the first data regarding seasonality of CLBOV, which was
recorded in April 2006 and then in every month from June - September in 2006 and
2007 (Table 3.1). Infection rates with CLBOV for months when at leas€C%00
tarsalisor Cx. pipiensvere examined ranged from 2.15 to 36.79. As a crude
comparison, in Alberta, Canada, CLBOV was detected in 67 of 140 (43 %)
tarsalismosquito pools tested from 2003-2005 (Pabbaraju et al., 2009, Tyler et al.,
2010).

Comparison of seasonal infection rates for CXFV, CLBOV and WNV.
Sample sizes foCulexmosquitoes in 2007 were adequate to compare the seasonal
(monthly) patterns for infection rates with CXFV, CLBOV and WNV from June-
September (Fig. 3.2). This produced some unexpected and intriguing results. For
instance, the infection rates@x. tarsalisfor WNV and CXFV followed similar
patterns, gradually increasing throughout the study period (Fig. 3.2A-3.2B),thdnile

CLBOV infection rate showed an opposite, slightly decreasing trend from June
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through September (Fig. 3.2C). The infection rategSxnpipiensvith WNV, CXFV,
and CLBOV followed the same general decreasing trend from June tonbepte
(Fig. 3.2D-3.2F), but the infection rates observed for CXFV were much higher
compared to WNV and CLBOV.

Natural maintenance of CXFV and CLBOV. Culexflavivirus and CLBOV
were detected in both male and female mosquito pools in our studies. Other studies
investigating insect-specific flaviviruses have reported simihatirigs (Hoshino et
al., 2007, Hoshino et al., 2009, Cook et al., 2006). Presence of insect-specific
flaviviruses in mosquitoes of both sexes suggests vertical transmission as a
mechanism of viral maintenance in nature (Cook et al., 2006). Evidence supporting
vertical transmission for Kamiti River virus (KRV) include that: (1) tinst fisolates
came from adulfe. macintoshmosquitoes that were collected as larvae and pupae
from flooded dambogSang et al., 2003) and (2) fema&le. aegyptiinfected with
KRV by oral exposure, transmitted the virus to their offspring (Lutomiah et al.,
2007). In order to investigate how insect-specific flaviviruses are masdtain
mosquito populations, quantitative RT-PCR was performed on specimens from our
laboratory colony o€x. pipienghat was established from egg rafts collected in Fort
Collins in 2005 and later found to be naturally and persistently infected with CXFV.
Total RNA was extracted from individual egg rafts, single larvae, agesadults
with high proportions of all stages testing positive for CXFV. These resultdprovi
more evidence supporting vertical transmission as a means of viral maintanance

natural populations.
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If CXFV and CLBOV are indeed maintained in nature exclusively by vértica
transmission, one might expect very high infection rates throughout the stady ar
This, however, was not observed by us or in other studies on CXFV. An important
consideration is the sensitivity of the surveillance testing, which involved celumn
based RNA extractions, followed by standard RT-PCR assays. Initialstuidnethe
CXFV-infected laboratory colony followed these methods, resulting infegry
CXFV-positive specimens. In order to increase sensitivity, RNA etibras were
performed using Trizol (Invitrogen), followed by quantitative RT-PCR on individual
mosquitoes from the colony. These methods revealed a much higher infection rate,
with variable titers among individuals, in the naturally infected colony.& hes
observations suggest that viral titers of insect-specific flaviviruses inatigtur
infected mosquitoes may sometimes be below the threshold of sensitivity fon cert
testing methods.

Insect-specific flaviviruses are now being discovered and detected athever
world in various mosquito species. These viruses appear to replicate only in mosquito
cells, so they do not pose a direct health risk to humans. However, the common
occurrence of these viruses in nat@alexpopulations raises questions regarding
possible interactions with other flaviviruses that do cause disease in humans, such as
WNV (Crabtree et al., 200Fjuture studies are needed to determine how insect-
specific flaviviruses may interact with arboviruses in a co-infected masaict

potentially impact vector competence.
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CHAPTER 4

CHARACTERIZATION OFCULEXFLAVIVIRUS IN A NATURALLY

INFECTEDCULEX PIPIENSLABORATORY COLONY AND EFFECTS ON

VECTOR COMPETENCE FOR WEST NILE
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Introduction

The genus$lavivirus (family Flaviviridae) comprises over 70 single-stranded,
positive-sense RNA viruses. Flaviviruses have a genome of about 11 kb that contains a
single open reading frame encoding a polyprotein that is co- and post-tranBiationa
processed to produce three structural proteins [the capsid (C) protein, the mgivrane
protein, and the envelope (E) protein] and seven nonstructural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5). The nonstructural proteins have proteolytic and
replicative functions (Lindenbach and Rice, 2003) and also play a role in maturation
(Mukhopadhyay et al., 2005). The virion is 40-60 nm in diameter including its lipid
bilayer envelope. Most flaviviruses are arthropod-borne and are considered mhporta
human and veterinary pathogens, causing considerable morbidity and mortality
associated with febrile illness, hemorrhagic fevers, and encephalitaias. &xamples of
flaviviruses causing human disease are West Nile virus (WNV), dengueaialis
Japanese encephalitis virus. The flaviviruses have been classified into thmee ma
ecological groups: mosquito-borne, tick-borne, and no-known-vector (Heinz 20@0).
The mosquito-borne viruses have been further subdivided based on the main vector
genus, with th€ulexborne viruses often associated with encephalitic disease in humans,
and theAedesborne viruses more correlated with hemorrhagic disease (Gaunt et al.,
2001). Another group, termed insect-specific flaviviruses, has been tentativelg plac
this genus, consisting of viruses that replicate only in invertebrasearellare
antigenically unrelated to other flaviviruses (Gritsun and Gould, 2006). Recenbis®lat
of insect-specific flaviviruses in numerous mosquito species, suggest thatithess

are widespread in nature.
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Cell fusing agent virus (CFAV) was the first insect-specifieifliaus
characterized (Stollar and Thomas, 1975). It was isolated frohe@des aegypti
mosquito cell culture line and has recently been isolated from field-caugquitoes in
Puerto Rico (Cook et al., 2006). Other viruses tentatively placed in the insectespecifi
flavivirus group include Kamiti River virus (KRV) (Crabtree et al., 2003; Sanb,et a
2003),Culexflavivirus (CXFV) (Hoshino et al., 2007), Quang Binh virus (Crabtree et al.,
2009),Aededlavivirus (Hoshino et al., 2009), Nounané virus (Junglen et al., 2009),
Lammi virus (Huhtamo et al., 2009), and Nakiwogo virus (Cook et al., 2009). These
viruses only replicate in invertebrate cells, in contrast to many other flas@grthat are
capable of replicating in both vertebrate and invertebrate cells (Cook and H2006%

Culexflavivirus and a novel insect-specific flavivirus, Calbertado virus were
isolated fromCulexspecies mosquitoes collected during field studies conducted in
northern Colorado, from 2006 to 2007. Viral RNA sequences were detected in male and
female mosquito pools. After the detection of two insect-specific flavi\graseulating
in local mosquitoes, all laboratory mosquito colonies at AIDL (Arthropod-borne and
Infectious Diseases Laboratory, Colorado State University) weaesltesth universal
flavivirus primers cFD2/MAMD (Scaramozzino et al., 2001) by standard RT-PCR. A
Culex pipiendaboratory colony established from egg raft collections in Fort Collins
during the summer months of 2005, was found to be persistently infecteGulath
flavivirus. In order to investigate transmission dynamics of CXFV in the alBtur
infected laboratory colony, egg rafts, individual larvae and individual adultstesgtssl
for CXFV by qRT-PCR. Experiments were also initiated to identify other siotle

transmission, including larval horizontal transmission, and adult transmission, both
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venereal and casual contact. The colonies used for these experiments Weteptheens
colony established from Fort Collins, CO collections (CPCO), persisteftigted with
CXFV, and aCx. pipienscolony established from mosquitoes collected in lowa in 2002
(CPIA), which are not infected with CXFV.

The circulation of insect viruses in nature raises questions regardingl@ossi
interactions between these viruses and other flaviviruses in vector populatiabsd€r
et al., 2003). To begin exploring the dynamics of co-infection with an insect-specifi
flavivirus and a heterologous flavivirus, in vitro studies were conducted in C6/36 cells
infected with CXFV and WNV. To further investigate potential interactionspvect
competence experiments were performed to determine the effects aiepeisiection

with CXFV on infection, dissemination, and transmission rates for WNSkimpipiens.

Materials and Methods

Mosquitoes.The ColoraddCx. pipiendaboratory colony (CPCO) was
established in 2005 by collecting egg rafts along lake margins at DixonvBiesad
Riverbend Ponds Natural Area in Fort Collins, Colorado. Egg rafts were hatched in
individual pans and larvae were reared to fourth instar for species identification.
Approximately thirty-five egg rafts were used to begin@xe pipiendaboratory colony.
After the adults emerged into the cage, 20 individuals were removed and pooted by s
Total RNA was extracted and stored at -80°C for WNV testing by standaRICRT
After it was determined that two insect-specific flaviviruses wenilzting in local
mosquito species from 2006-2007 collections,Giepipienscolony was tested using

universal flavivirus primers, and tested positive. The RNA originally isolatdteadaime
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of colony establishment was tested using CXFV-specific primers (Hoshalg 2007),
resulting in a positive PCR product. A subset was removed from the CPCO colony in
2008 and triturated as previously described. The mosquito suspensions were filtered
through a 0.45 um filter and the filtrate placed on C6/36 cells to attempt virusosolati
Four blind passages were completed and cell culture medium was harvesteachfter e
passage. Total RNA was extracted from these cell culture mediumesanghg a
QIAamp Viral RNA Minikit (Qiagen) and tested by standard RT-PCR using\GX
specific primers. Supernatants were positive for CXFV after all four gasseonfirming
a virus isolate from the COx. pipienscolony. The lowaCx. pipienscolony (CPIA) was
established from egg rafts sent from a laboratory colony at lowa Stater&ltyvn 2002.
Adult mosquitoes from the lowa colony have consistently tested negativefprasence
of CXFV by standard RT-PCR. ACulexcolonies are maintained at 27°C, 75% relative

humidity, with a photoperiod of 16:8 (L:D).

RNA extractions. Total RNA was extracted from different life stages (individual
egg rafts, larvae, and adults) using Trizol Reagent (Invitrogen). Briedliidual
specimens were homogenized in 500 ul of Trizol Reagent using a motorized pestle a
microcentrifuge tube. RNA was extracted following the manufacturer' s@uband
eluted in 20 ul of nuclease-free water (Ambion). Samples were stored at -80°C until

guantified by a real-time one-step RT-PCR assay.

Real-time reverse transcription (RT)-PCR.Primers were designed to target a

168nt region of the NS5 gene for CXFV detection (CXFV-Forward 5'-
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CTACGCTCTCAACACCGTGA-3', CXFV-Reverse 5'-
GTTGCCACAACCACATCATC-3’). Primers used to quantify WNV targeted a 70nt
portion of the envelope gene (WNENV-Forward 5-TCAGCGATCTCTCCACCAAAG-
3, WNENV-Reverse 5-GGGTCAGCACGTTTGTCATTG-3’) (Lanciotti at 2000).
Standards were prepared by cloning the PCR products into the pCR 2.1 plasmid with the
TA cloning kit (Invitrogen). DNA plasmids were purified by the QlAprep Spin Migypr

kit (Qiagen) and concentrations were measured spectrophotometricallyid3lagsre

diluted to 16° copies/ul and 10-fold serial dilutions were used to construct standard
curves, ranging from 10 to 1@8opies. RNA samples were quantified using the Quantitect
SYBR Green RT-PCR kit (Qiagen) on a Bio-Rad iCycler iQ5 real-time &&&ction
system (Bio-Rad). Duplicate reactions were set up for each sample, cantednul of
Quantitect SYBR Green RT-PCR Master Mix, 0.2 pl Quantitect RT Mix,eaph of
forward and reverse primers (10 uM), 3.8 ul of nuclease-free water (Ambion), and 100
ng of template RNA. No template and uninfected mosquito RNA controls were included
for each run. The thermal profile consisted of reverse transcription at 50°C for 30 min,
RT inactivation at 95°C for 15min, and 40 cycles of polymerase chain reaction at 94°C
for 15 sec, 60°C for 30 sec, and 72°C for 30sec. Dissociation analysis was conducted to
detect non-specific amplicons and primer dimers. To avoid the incorporation of non-
specific fluorescence into quantitative measurements, the tempettuigish

fluorescence detection was acquired were adjusted to quantify specific prodiyct
Fluorescence profiles from the standard curves were used to estimateopyia

numbers of viral genomes in the RNA samples.
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In order to correlate qRT-PCR quantification with infectious virus assagisbset
of WNV samples were tested by plague assay in Vero cells. A suliSetexfflavivirus
samples were also compared by testing with gRT-PCR and in cell cultwety Bor the
CXFYV infectivity assaytwelve-well plates of confluent C6/36 cells were inoculated with
a 10-fold dilution series of CXFV virus suspension. Plates were incubated far2B9Ca
and then 2ml of medium were added to each well and plates were returne@8tCGhe
incubator. At 7dpi, medium was removed from plates and cells were washed tthice w
PBS. Cells were scraped from wells into fresh PBS and total RNA wastexgitizsing
Trizol Reagent. Standard RT-PCR was performed using CXFV-specifiersriamd the
last dilution to produce a positive PCR product was used to estimate the infectious virus

titer.

Transmission studiesVertical transmissionEgg rafts, 4 instar larvae, and
adults were removed from the CPCO colony and tested individually for the peesen
CXFV. Male and female adult mosquitoes were tested at 5, 10, 20, and 30 days post
emergence. Bloodfed females, varying in age, were removed from thg 2dldmn post
bloodmeal for testingCulexflavivirus titers per individual were estimated as genome
equivalents using gRT-PCR.

Larval horizontal transmissiorkifteen first instar larvae from the CPCO colony
were combined with 15 first instar larvae from the CPIA colony into one plastial |
pan (15 x 25 x 15 cm), containing approximately 500 ml of tap water. This was
conducted in triplicate. Larvae were fad libitumwith a mixture of fish food and rabbit

food. Mosquitoes were reared t8 ihstar larvae and then removed from the larval pan
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and placed in ethanol at -80°C. Larvae were processed individually to detect CXFV
infection by gRT-PCR. Additionally, water samples (1 ml) were collectad CPCO
larval pans containing approximately 100 larvae per pan. Total RNA wastesltresing
Trizol Reagent (Invitrogen) and tested for the presence of CXFV RNA byR{EH -

Venereal transmissioMosquitoes from the CPCO and CPIA colonies were
sexed and separated as pupae. After the adults emerged and sex determinaions wer
confirmed, CPCO females (n = 39) were placed in a 30 x 30 x 30 cm cage with CPIA
males (n = 38). In a separate cage, CPCO males (n = 40) were combined with CPIA
females (n = 42). Mosquitoes were combined into cages at 1-2 days old with access t
water via a soaked cotton wick protruding from a glass bottle and sugar cabes as
nutritional source. After 20 days mosquitoes were removed from the cages aresfemal
were dissected to determine insemination rates. Females were considensidated if
spermatozoa were observed in the spermathecae. Mosquitoes were tested ilydigrdual
CXFV RNA by qRT-PCR using CXFV-specific primers.

Contact transmissiarMosquitoes from the CPCO and CPIA colonies were sexed
and separated as pupae. After the adults emerged and sex determinati@unfirened,
CPCO females (n = 41) were placed in a 30 x 30 x 30 cm cage with CPIA females (n
29). In a separate cage, CPCO males (n = 44) were combined with CPIA males (n = 40).
Mosquitoes were combined into cages at 1-2 days old with access to watevaka s
cotton wick protruding from a glass bottle and sugar cubes as a nutritional souece. Aft
20 days mosquitoes were removed from the cages and stored at -80°C. Mosquitoes were

tested individually for CXFV RNA by gRT-PCR using CXFV-specific primers.
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Vector CompetenceViral interference in cell cultureAedes albopictu€C6/36)
cells were maintained at 28°C with L-15 medium supplemented with 7% FBS,
penicillin/streptomycin, L-glutamine, and nonessential amino acids. The \&date
used for the experiment was isolated from a po@wéx tarsalismosquitoes collected
in Fort Collins, CO in 2004. It was passaged 5 times in Vero cells with a ferabtil.O
x 10’ pfu/ml, as determined by plaque assay in Vero cells. The CXFV isolate used for the
experiment was obtained fro8x. pipienamosquitoes in the CPCO laboratory colony,
and was passaged 4 times in C6/36 cells, with a titer of 8.79geh®me equivalents
per ml, as determined by qRT-PCR. Twelve-well plates of confluent C6/36veazks
inoculated with CXFV at an MOI of 0.1 genome equivalents and placed on a rocker for 1
hr at room temperature. Two ml of medium were added to each well and plates were
placed in &8°C incubator. At 48 hr post infection, all medium was removed and cells
were challenged with WNV at MOls of 0.1 and 0.01. Briefly, medium was removéd, wit
1 ml aliquots taken for the 48 hr timepoint and then cells were inoculated with WNV at
two different MOls. After rocking at room temperature for 1 hr, inocula werevec
and cells were washed with PBS. Fresh medium was added to each well and an aliquot
for the 48 hr timepoint was taken. Aliquots were removed every 12 hr for an additional 5
days. Titers for CXFV were determined as genome equivalents by qRT-PCReesd tit
for WNV were determined by plaque assay in Vero cells.

Viral interference in mosquitoeMosquitoes from the CPCO and CPIA
laboratory colonies were transferred to a BSL-3 environmental chamber asgmapa
maintained at 28°C with 75% relative humidity. At approximately 3-5 days old,

mosquitoes were offered a bloodmeal containing WNV-infected cell cultedéeum,
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with a titer of 1 x 10pfu/ml, mixed 1:1 with defibrinated sheep blood (Colorado Serum
Co., Boulder, CO) and supplemented to 1 mM ATP. Mosquitoes were allowed 2 hr to
feed and then all males and unengorged females were discarded. Bloodfed fearal
returned to the environmental chamber and had access to sugar and water. This
experiment was done in duplicate. For the first experiment, 24 females fchroaany

were processed for infection rates at 14 days post infection. For the seconoherperi
approximately 30 females were removed from each colony at 7 days post infection f
processing, and 24 females from each colony were processed at 14 days post infection.
Each specimen was assayed to determine WNV infection (body-thorax and abdomen),
dissemination (head, legs, and wings), and transmission (saliva). Females were
immobilized by cold, wings and legs were removed, and the proboscis was inserted into a
capillary tube containing 5 pl of immersion oil (Type B) for saliva cabbectAfter 30

min of salivation, females were removed from the capillary tubes and heagls wer
separated and placed in a microcentrifuge tube containing legs and wings. Bargies w
placed in separate tubes. Immersion oil was expelled from the capillaryintd260 i

MEM, containing 2% FBS, and mixed by vortexing for 30 sec. Saliva samples were the
centrifuged at 12000 rpm for 10 min at 4°C to allow separation of the immersion oil from
the mixture. The medium, containing the saliva, was removed by pipetting and stored at
80°C. Total RNA was extracted from each sample using Trizol reagent, as follows.
Saliva samples were mixed 1:1 with Trizol reagent. Bodies (thorax and abdomen) and
legs (with heads and wings) were triturated in 500 pl of Trizol reagent. Atllsawere
tested for WNV RNA by gRT-PCR and all CPCO mosquito samples were additionall

tested for CXFV RNA by qRT-PCR.
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Results

Real-time reverse transcription (RT)-PCR.Comparison of WNV titers using
gRT-PCR and Vero plaque assays resulted in a 4 log difference betweenvatsaye
gRT-PCR assay being more sensitive and detecting higher titers. Theasavas
difference between gRT-PCR results for CXFV and the endpoint dilution assé&iBié C

cells, with approximately a 5 log higher titer detected by gRT-PCR.

Transmission studiesVertical transmission. Culeffavivirus RNA was detected
in eggq rafts, larvae, adult males, and adult females from the CPCO mosquitp colon
Viral titers, determined as RNA copies, were variable within and amongfdifes (Fig.
4.1). There was a distinct pattern with many of the specimens containing low trateode
titers and a few from each group with very high titers.

Larval horizontal transmissiorThree pans of mosquito larvae, containing 45 1
instar larvae from the CPCO colony and f5itstar larvae from the CPIA colony, were
reared to % instar and then tested for the presence of CXFV RNA by qRT-PCR. In pan
1, 11 individual larvae were CXFV-positive, in pan 2, 12 larvae were CXFV-positive,
and in pan 3, 15 larvae were CXFV-positive. Based on this experiment, performed in
triplicate, combining CXFV-infected and uninfected larvae, did not result in
transmission. To further investigate the possibility of CXFV transmissitarval pans,
water was collected from CPCO colony pans containing approximately 1/0@ laer

pan. RNA was extracted from 1 ml aliquots of water from six larval pans amedtzitlt
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Figure 4.1.Culex flavivirus titers, shown as logo RNA copies per individual, for
Culex pipiens (Colorado colony, naturally infected with CXFV) at different life
stages.
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negative for CXFV RNA by gRT-PCR. These data further suggest that larvabiaiiz
transmission is unlikely contributing to the maintenance of CXFV in natural populations
Venereal transmissiol©PCO male mosquitoes (n = 40) were combined with
CPIA female mosquitoes (n = 42) in one cage. After 20 days, mosquitoes were removed
and all females were found to be inseminated. Mosquitoes were tested individually f
CXFV RNA by qRT-PCR and one CPIA female (2.4%) was found to be infected. The
reverse experiment was also set up with CPCO female mosquitoes (n = 39) combined
with CPIA males (n = 38) in one cage. Again, all females were found to be insedninat
after 20 days. Mosquitoes were processed individually for CXFV RNA by gRR &d
2 CPIA males (5.3%) tested positive. Based on these observations, it appears that
venereal transmission may play a role in CXFV maintenance.
Contact transmissiarMale mosquitoes from the CPCO (n = 44) and CPIA (n =
40) colonies were combined into one cage for 20 days. Female mosquitoes from the
CPCO (n=41) and CPIA (n = 29) colonies were also combined into one cage for 20
days. RNA was extracted from individual mosquitoes and tested by gRT-PCR with
CXFV primers. Twenty-eight males tested positive for CXFV RNA from thie ma
contact transmission cage and 28 females tested positive for CXFV RNAhedentale
contact transmission cage. The number of CXFV-positive mosquitoes per cage did not
exceed the number of CPCO colony mosquitoes added, so these infection rates indicate
that contact transmission did not take place between adults of the same sex, based on our

detection methods.
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Vector competenceViral interference in cell culture. Aedes albopic{@5/36)
cells were infected with CXFV at an MOI of 0.1 genome equivalents and then chdllenge
with WNV at two different MOls: 0.1 and 0.0Culexflavivirus and WNV growth
curves were determined by qRT-PCR and plague assay in Vero cellstivetpdaculex
flavivirus growth curves (Fig. 4.2) in cells co-infected with WNV, were sintib the
CXFV growth curve in cells not co-infected with WNV. When the cells weaienged
at 48 hours with WNV, all growth medium was removed, causing the dip seen at the 48b
timepoint in the growth curve€ulexflaviviviral titers, estimated as genome equivalents,
appeared to plateau around 7 logs at 84 hr post infection. West Nile virus growth curves
in C6/36 cells co-infected with CXFV (Fig. 4.3), were similar to the WN\Winocurves
in cells not co-infected with CXFV until 84 hr post-infection, but by 108 hr pi, WNV
titers in co-infected cultures were ~1 log lower than cultures infectédMINV only.
However, by 168 hr post-infection, when the experiment was terminated, WNMniters
co-infected and solely-infected cultures were equivalent. All growtlresuvere
analyzed using linear regression (Stata, Stata Statistical Saffeelease 10, College
Station, TX), controlling for time, to compare co-infection growth ratesrtes\growth
rates in cultures that were not co-infected. Overall, WNV growth ratedl icutteires co-
infected with CXFV, were significantly lower compared to cultures infeati¢id WNV
alone (WNV MOI 0.01, p <0.001 and WNV MOI 0.1, p = 0.042).

Viral interference in mosquitoe¥/est Nile virus infection rates were compared
between twdCx. pipiendaboratory colonies, CPCO (Colorado), which is persistently
infected with CXFV, and CPIA (lowa), which is not infected with CXFV. For trst f

experiment, a WNV infectious bloodmeal was administered to mosquitoes and after
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Figure 4.2.Culex flavivirus growth curves in C6/36 cells challenged with West Nile
virus at 48h post infection.
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Culexflavivirus infections were at an MOI of 0.1. West Nile virus infections wierse

at MOls of 0.1 and 0.01. Growth curves for CXFV were estimated using gRT-PCR to
detect RNA with CXFV-specific primer€ulexflavivirus growth curves in cells
challenged with WNV, were compared to those in cells infected with CXévealising
linear regression, and were not significantly different.

(48a = 48hr timepoint, pre-WNV challenge and 48b = 48hr timepoint, post-WNV
challenge)

14dpi, 24 females from each colony were processed for infection rates. All 24 CPCO
females were WNV RNA positive and 22/24 of the CPIA females were WNV RNA
positive by gqRT-PCR (Table 4.1). The WNV titers of the positive mosquitoes,
determined as genome equivalents angylbgnsformed, were compared between the

two colonies and were not significantly different (Table 4.2) (p = 0.75, Student’s two-

tailed t-test). For the second experiment, mosquitoes from each colony aezegad at
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7 and 14dpi. Saliva from each female was tested to estimate transmission, aad bodie
(thorax and abdomen) and legs, heads and wings (together) were tested to determine
Figure 4.3. West Nile virus growth curves in C6/36 cells, co-infected witbulex

flavivirus.
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C6/36 cells were infected with CXFV at an MOI of 0.1 and 48hr post infection, were
challenged with WNV at MOls of 0.01 (A) and 0.1 (B). West Nile virus growth curves
were determined by plaque assay in Vero cells. West Nile virus growth coreelsico-
infected with CXFV were compared to growth curves in cells infected with Whiveal
using linear regression and were significantly different (WNV MOI 0.01, p < 0.001 and
WNV MOI 0.1, p = 0.042).

infection and dissemination rates, respectively. At 7dpi, the WNV disseomnnate for
CPIA was significantly higher (p = 0.04, Fisher’s Exact test) compar€®@O. The
infection rate for CPIA (97%) was also higher than the infection rate for GB&0),

but it was not significantly different (p = 0.18, Fisher’'s Exact test). Tmeasson rates

were the same (3%) for both colonies at 7dpi. At 14 dpi, there were no significant

differences detected between the two colonies for infection, dissemination, or
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Table 4.1 Infection, dissemination, and transmission rates for West Nile vir@ulax pipiensnosquitoes.

Experiment 1 Experiment 2
14dpi 7 dpi 14dpi
Infection Infection Dissemination| Transmission Infection Dissemiation | Transmission
CPCO | 100% (24/24)] 86% (25/29 72% (21/29) 3% (1/29 71%24y/| 67% (16/24) 21% (5/24)
CPIA 92% (22/24) 97% (32/33) 94% (31/33) 3% (1/33 79% (49/2 67% (16/24) 13% (3/24)
p-value 0.49 0.18 0.04* 1.00 0.74 1.00 0.70

CPCO C(Culex pipiensgColorado, naturally infected witGulexflavivirus) and CPIA Culex pipiendowa, not infected witlCulex
flavivirus) colonies were administered a West Nile virus infectious blood. iméattion (abdomen and thorax), dissemination (legs,

head, and wings), and transmission (saliva) rates for WNV were determig@ITbyCR and compared between the colonies by

Fisher's Exact test.
*Statistically significant at < 0.05

Table 2.West Nile virus titers (mean logogenome equivalents per mosquito + standard error) ilCulex pipiens mosquitoes.

Experiment 1 Experiment 2
14dpi 7 dpi 14dpi
Bodies Bodies Legs Saliva Bodies Legs Saliva
CPCO 6.58+ 0.43 6.72+ 0.28 2.29 £0.25 0.22 + 0.00* 7.18 + 0.54 5.24 £ 0.6p 2.9B 27
CPIA 6.77+ 0.30 5.94 +0.32 3.35+0.25 0.29 + 0.00f 6.20 £ 0.51 4.9256 2.53+0.17
p-value 0.75 0.08 0.01** n/a 0.19 0.40 0.29

CPCO Culex pipiensgColorado, naturally infected witGulexflavivirus) and CPIA Culex pipiendowa, not infected witlCulex
flavivirus) colonies were administered a West Nile virus infectious blood. iBedles (abdomen and thorax), legs (with head and

wings), and saliva samples were tested for WNV RNA and titers were cednipetiveen the colonies by the Student’s two-tailed t-

test.
*One saliva sample from each colony was WNV-positive, so these titersyatecempared. **Statistically significant at 0.05.
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Figure 4.4.Infection, dissemination, and transmission rates for West Nile virus
by Culex pipiens mosquitoes.
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CPCO (Culex pipiensColorado, naturally infected witGulexflavivirus) and CPIA

(Culex pipiendowa, not infected witlCulexflavivirus) colonies were administered a
West Nile virus infectious blood meal. Infection (abdomen and thorax), dissemination
(legs, head, and wings), and transmission (saliva) rates for WNV were reaimpa
between the colonies by Fisher’'s Exact test.

*Statistically significant att < 0.05

transmission rates. The infection rate for CPIA was slightly higher foh CP%)
compared to CPCO (71%). Dissemination rates for the two colonies weregyeiactl
same at 67% and the transmission rate for CPCO (21%) was higher than was seen f
CPIA (13%). West Nile virus genome titers for positive samples were gethpa
between colonies. At 7dpi, the average WNV titer for CPCO bodies (thorax and
abdomen) was 6.72 laggenome equivalents per mosquito, which was higher than

the average titer for CPIA with 5.920;0genome equivalents per mosquito. The

difference between CPIA and CPCO WNYV body titers was, however, not
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significantly different (p = 0.08, Student’s two-tailed t-test). The WN&fdifor

CPIA dissemination samples (legs, head, and wings) were significantly kigine
CPCO dissemination samples (p = 0.01, Student’s two-tailed t-test). The average
titers were 3.35 and 2.29 lpggenome equivalents per mosquito for CPIA and

CPCO, respectively. At 14dpi, overall, WNV titers were higher in CPCO mosquitoes
compared to CPIA mosquitoes, but these differences were not statigigalficant

(Table 4.2).

Discussion
It is important to understand the dynamics of vector-borne disease systems in
order to make efficient use of arbovirus surveillance and pest managdfodst e
The isolation and description of numerous insect-specific flaviviruses in rgsamnst
has prompted interest in how these viruses may interact with pathogenic adsvirus
(transmitted to vertebrates) in vector mosquitoes. Data are lacking on hatv inse
specific flaviviruses are maintained in nature and what effects they awayom
arbovirus transmission. The goals of this study were to investigat€htax
flavivirus is maintained in a naturally infect€xX. pipiendaboratory colony and
whether prior infection with CXFV alters vector competence for WNV.
Transmission studiesVertical transmissionWe detected CXFV in egg rafts,
larvae, adult males and adult females fro@xapipienscolony established from field
collections in Fort Collins, Colorado in 2005. Detection of insect-specific flages
in all life stages, including adult mosquitoes of both sexes, suggests vertical

transmission as a probable mechanism of viral maintenance in nature (Cook et al.,
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2006). Similarly, Kamiti River virus, an insect-specific flavivirus, wag fgelated
from Aedes macintosharvae and pupae collected from flooded dambos in Kenya
(Sang et al). Additional studies were conducted with laboratoryAsdds aegypti
mosquitoes, orally exposed to KRV, indicating that vertical transmission can occur
(Lutomiah et al 2007 Culexflavivirus, first isolated during a field survey of
mosquito-borne viruses in Japan, was detected in adult males and females (Hoshino et
al 2007).Aededlavivirus, another insect-specific flavivirus isolated by the same
researchers in Japan, was also found in both male and female adult mosquitoes
(Hoshino et al 2009). These data and our findings support the idea that vertical
transmission plays an important role in the maintenance of insect-spewifiatises
in nature.

Culexflavivirus titers in mosquitoes from a naturally infected colony,
estimated as RNA copies, were variable across life stages (Fig. 4dijgrénom 1
to 9 logs per individual. All egg rafts (n = 13) tested were positive for CXFV RNA,
but 3 out of 18 larvae and 11 out of 76 adults tested were negative for CXFV RNA. It
is unclear if virus was absent in these individuals, or if the titers were bedow t
threshold of detectiorCulexflavivirus titers in individual CPCO colony mosquitoes
revealed an interesting pattern (Fig. 4.1), with the majority of genome equivale
titers falling between 2-4 logs and several individuals within each life seaching
as high as 9 logs. Similarly, a small proportion of field-colleétedes triseriatus
females were described as being super-infected with La Crosse virusnge
individuals contained infectious virus and large amounts of viral antigen and RNA,

compared to other LAC-infected females (Reese et al., 2010). The presence of
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individuals with higher titers may represent a mechanism of viral maintemance
nature.

Larval horizontal transmissiorf.ransmission experiments were conducted to
investigate viral maintenance mechanisms other than vertical traremisarval
horizontal transmission experiments were conducted by combining first enstae |
from CPCO (CXFV-positive) and CPIA (CXFV-negative) colonies and reacid t
instar larvae in a shared pan. Larvae were tested individually for CXFA/3/N
RT-PCR. There was no evidence of CXFV transmission between infected and
uninfected larvae. Additionally, CXFV RNA was not detected in water samples fr
CPCO colony pans containing approximately 100 larvae each. These findingstsugg
that although we have detected CXFV positive larvae from the CPCO colony, larva
horizontal transmission does not play a role in viral maintenance. This was not
unexpected, as flaviviruses are unlikely to be stable in water.

Venereal and contact transmissigkdult mosquitoes from CPCO and CPIA
colonies were combined in order to investigate venereal transmission. One out of 42
(2.4%) CPIA females tested positive for CXFV RNA by gRT-PCR after istpari
cage and mating with CPCO males. Venereal transmission of flavivirosesnale
to female mosquitoes has been documented (Nayar et al., 1986, Shroyer 1990a), but
occurs at a low frequency. Surprisingly, 2 out of 38 (5.3%) CPIA males were positive
for CXFV after sharing a cage and mating with CPCO females. Résedacking
on venereal transmission of flaviviruses from female to male mosquitoes. Studies
with dengue virus iledes albopictugRosen 1987) showed that experimentally

infected females did not transmit their infection sexually to males. It slpeshat
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the CPIA males from our experiments became infected with CXFV by oth@ssmea
than sexual transmission, such as sharing food sources with CXFV-positivedema
To test this theory, we also initiated contact transmission studies, where G&IED
were combined with CPIA males and CPCO females were combined with CPIA
females. Based on these experiments, CXFV transmission did not occurrbetwee
same-sex mosquitoes while sharing cage space and food sources. These data support
our findings of venereal transmission occurring from CXFV-positive females t
uninfected males. Further studies are warranted to confirm these observations
Vector competenceViral interference in cell culturé?ossible interactions
between CXFV and WNV during co-infection were investigated with cell audad
adult mosquito experiments. Overall, WNV growth curves in C6/36 cells co-infected
with CXFV, were significantly lower than WNV growth curves in singlyeeted
cells (Fig. 4.3). Differences were seen between 84 and 156 hr post infectioln, whi
may represent possible interference between CXFV and WNV during this time
period. At 168 hr post infection, all WNV titers reached approximately 8,5 log
pfu/ml, regardless of co-infection status. The differences seen at éarépoints
may not be important, as titers were the same at168 hr post infection. piodetiea
to a mosquito-borne disease system though, this difference could represent an
increase in the extrinsic incubation period for WNV in vectors co-infected with
CXFV. Similar experiments in C6/36 cells with CXFV (Izabal strainjites in
lower titers in a WNV growth curve in CXFV-positive cells compared to WNwvia|

but the difference was not statistically significant (Kent et al., 2010). idddit
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experiments are warranted to further explore possible interactions betWe®ha@d
WNV in cell cultures.

Within-host interaction among viruses varies depending on the biological
system of interest (Pepin et al., 2008). Some systems demonstrate supeaninfecti
exclusion, where a cell infected with one virus cannot be productively infected with
the same or closely-related virus. For exampiales albopictusells persistently
infected with Sindbis virus were refractory to infection with homologous strains of
Sindbis and other heterologous alphaviruses (Eaton 1979, Karpf et al., 1997).
Competitive suppression has been documented between dengue virus serotypes
(DENV2 and DENV4), where replication of both viruses was suppressed in
superinfection of C6/36 cells (Pepin et al., 2008). Information about dual infections in
vector host populations with heterologous flaviviruses is lacking. It would be
beneficial to perform future studies with CXFV iiCalexcell line, as opposed to
C6/36 Qedes albopictyscells, as the virus appears to be exclusively associated with
Culexspecies mosquitoes in nature (Hoshino et al., 2007, Morales-Betoulle et al.,
2008, Farfan-Ale et al., 2009, Kim et al., 2009, Blitvich et al., 2009, Cook et al.,
20009).

Viral interference in mosquitoe¥ector competence experiments were
conducted using tw@Xx. pipiendaboratory colonies: CPC@K. pipiensColorado,
CXFV-positive) and CPIACx. pipienslowa, CXFV-negative). Mosquitoes were
administered a WNYV infectious bloodmeal and infection, dissemination, and
transmission rates were compared at 7 and 14dpi (Table 4.1, Fig. 4.4). The only

significant difference detected between the two colonies was the WNahdisgtion
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rate at 7dpi. The WNV dissemination rate for CPIA (94%) was significanthehig
than was seen for CPCO (72%) (p = 0.04). West Nile virus titers were also edmpar
(Table 4.2), and once again, the only significant difference between the twaesoloni
was seen at 7dpi, with mean titers for CPIA (3.33dggnome equivalents per
mosquito) being higher than for CPCO (2.29 }agenome equivalents per mosquito)
(p = 0.01). To further examine possible interactions between CXFV and WQA¥. in
pipiens CXFV and WNV titers (logy genome equivalents per mosquito) were
analyzed by correlation analysis (data not shown), with no evidence of a linear
relationship. Kent et al (2010) investigated vector competence for WiKDdlek
guinquefasciatusnosquitoes inoculated with CXFV (Izabal strain) 7 days prior to
receiving a WNYV infectious blood meal, with no significant differences dmtect
between CXFV-positive and CXFV-negative mosquitoes at 14dpi. The significant
differences we detected in dissemination rates were seen at 7dpi andffeeseces
disappeared at 14dpi, as seen with the CXFV (Izabal strain) study. The fesult
our vector competence study suggest a competitive interaction between GXFV a
WNV at 7dpi, as WNV in CPCO (CXFV-positive) mosquitoes had significantly
lower dissemination rates and leg titers, compared to WNV in CPIA (CXFV-
negative) mosquitoes. Infection rates were also higher for WNV in CPIA at 7dpi
compared to CPCO, but the difference was not significant (p = 0.18). It should be
noted that th€x. pipienscolonies used for these experiments are from different
geographic locations (Colorado and lowa), so differences detected in vector
competence for WNV could be due to factors other than co-infection with CXFV.

Vector competence studies for dengue virus conductaddes aegyptnoquitoes
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collected from different geographic regions in Mexico revealed infecttes ra
ranging from 24% to 83%, perhaps resulting from genetic differencesdretwe
populations (Bennett et al., 2002).

The significant differences seen in our study could indicate that CXFV is
somehow suppressing WNV replication in mosquitoes at 7dpi. Experiments with
C6/36 cells persistently infected wiftedes albopictudensovirus, suggested that
viral suppression was occurring, as DENV2 infections were significantly liowe
superinfected cell cultures, compared to naive cell cultures (Burivong@24j). 2n
contrastAe. triseriatusmosquitoes transovarially infected with LaCrosse (LAC)
virus were susceptible to superinfection with a second LAC virus (Borucki et al.,
1999). It is questionable whether the differences seen in our study at 7dpi are
biologically relevant. For within-host competition among viruses to occur, thety mus
infect the same cells in the host (Pepin et al., 2008). It is unclear abtaig/kich
mosquito tissues are targeted by insect-specific flaviviruses. Futtidezsare
warranted to examine tissue tropisms of CXFV in naturally infected mosgtti
determine if WNV interactions are even possible. With numerous insectispecif
flaviviruses apparently causing persistent infections in natural populatiorcnace|
it will be important to investigate and determine mechanisms of intemadtetween

these viruses and other viruses, particularly arboviruses transmissiblestor atexs.
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CHAPTER 5

SUMMARY
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Vector-borne diseases remain a major public health concern as new diseases ar
emerging and previously controlled diseases are now resurging (Beaty 1@D¥)
factors contribute to the spatial and temporal dynamics of disease outbred&s. Vec
borne disease systems are especially complex, as there are numerous ctatipaine
affect the interactions between vector, vertebrate host, and pathogen (Moore 2008),
including environmental variables, human behavior, and the genetics of particutar vect
and pathogen species. Vaccines are not available for many vector-bornesgseassv
strategies are needed to predict risk in order to reduce vector populations and prevent
vector-host interactions (Eisen et al., 2009). Field surveillance programs emgat$er
understanding vector-borne disease transmission patterns. Knowledge gained through
surveillance programs can be used to determine important factors for predistiage

risk.

Studies described in this dissertation developed from mosquito collections
initiated in northern Colorado to investigate the distribution and abundance of primary
WNYV vector species. Seasonal patterns for entomological measures of egkdsure
to Culexvectors and West Nile virus (WNV) were examined in relation to human WNV
disease cases. Mosquito collections in 2006 showed that the seasonal actodtysperi
shorter and the peak abundanceGar tarsalisfemales occurs later in the summer above
1,600 m compared to plains areas below 1,600 m. Possible reasons for these differences
are that the temperatures are lower at higher elevations and this caseelee
developmental rates of the mosquitoes as well as viral replication in the toesqui
Also, the land use patterns above 1,600 m are very different compared to the plains

region, one main difference being the lack of irrigated agricultural fieldsghito
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collections conducted in 2007 in the plains of northeastern Colorado showed that
seasonal patterns of abundanceGar tarsalisandCx. pipiendemales were different in
thatCx. tarsalisabundance peaked in early July whereas the pe#&kxfquipiens

occurred in late August. The numberdd. pipienscollected were markedly lower
compared to th€x. tarsaliscounts for several reasons. First, the collection sites were
located along riparian corridors a@a. pipiensare more associated with urban-
peridomestic sites. Also, the use of CDC light traps alone, without gravid trapisedras
shown to underestimate the abundand@&xfpipiengTsai et al., 1988). Future field
studies should include gravid traps and also collection sites in urban areas to further
characterize the role @x. pipiendn WNV transmission cycles in northern Colorado.
During June-September in 2007, WNV-infectexl tarsalisfemales were collected from
16 of 18 sites in the plains, with no WNV detections at higher elevation sitestimglica
that WNV activity was widespread throughout the study area below 1,600 m. Wéest Ni
virus infection rates ilCx. tarsalisfemales increased gradually from late June to peak in

mid-August.

Linear regression analysis revealed that abundanCe.aérsalisfemales and the
Vector Index (V1) for infected females were strongly associatéd weekly numbers of
WNYV disease cases with onset 4-7 weeks later (female abundance) or at2rni ).

These data support the notion that ongoing field surveillance projects can bdarseful
predicting human WNV disease risk. The VI combines information about vector species
presence, density, and infection rate, producing a comprehensive estimate oflibe num

of infectious vectors in the surveillance area (Nasci et al., 2005). Our studies ttateons
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that VI can be used by public health departments and vector control agencies to set

thresholds for WNV epidemic risk.

Culexmosquitoes collected in Colorado during 2006-2007 were tested with
universal flavivirus primers by standard RT-PCR. This led to the detection and
subsequent isolation of two insect-specific flavivirusasiexflavivirus (CXFV), which
was first described from Japan, and a novel insect flavivirus, uniquely designated
Calbertado virus (CLBOV) to represent geographic regions where initeadtoets were
made (Cafornia, Alberta, Canada, and ColorgddVe recorded both viruses @x.
tarsalisandCx. pipiendrom Colorado. In 2006, there was a strong species-specific
pattern with CXFV being detected almost exclusivelZin pipiensand all records of
CLBOV coming fromCx. tarsalis.In 2007, far greater numbers©filexmosquitoes
were identified and processed, and both insect-specific flaviviruses weceedateCx.
tarsalisas well a<Cx. pipiens These findings suggest that CXFV and CLBOV circulate
in both species of mosquitoes in northern Colorado, although we cannot entirely rule out
the possibility that a body part from one species sometimes was accideotaliined
with a pool from the other species.

Site specific infection rates for insect-specific flavivirused NV were
examined to see if there were any obvious patterns of association, but none were
detected. Our study did reveal very high infection rates for CXFSkirpipiens,
compared to much lower infection rates seen for CLBO®xntarsalis.One reason for
this could be that smaller numbersGX. pipiensvere collected and analyzed, which can
result in overestimation of minimum infection rates. We did however, try to establi

CXFV-negative colony during the spring of 2009 and were unable to collect females
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negative for CXFV. This suggests that CXFV is perhaps more prevalent in local
mosquitoes than our field studies indicate. An important consideration is the sgnsitivi
the surveillance testing used for the field studies, which involved column-based RNA
extractions, followed by standard RT-PCR assays. Initial studies WiXF¥-infected
laboratory colony followed these methods, resulting in very few CXFV-positive
specimens. In order to increase sensitivity, RNA extractions were pedarang Trizol
(Invitrogen), followed by quantitative RT-PCR, which is more sensitive than standard
RT-PCR, on individual mosquitoes from the colony. These methods revealed a much
higher infection rate, with variable titers among individuals, in the naturdégted
colony. These observations suggest that viral titers of insect-speaiinrlises in
naturally infected mosquitoes may sometimes be below the threshold ofvegrisiti
certain testing methods.

Phylogenetic analyses were conducted to determine the relationshipsrbetwe
insect-specific flaviviruses detected@ulexspp. collected in Colorado with other
selected flaviviruses. The CXFV isolate from this study was most sitail@xXFV
isolates from Texas, and grouped with other CXFV isolates from lowa, JapaicpMex
and Guatemala. The Colorado CLBOV isolate shared closest phylogeredtansHips
with CLBOV sequences detected in mosquitoes in California and Alberta, Carnidda, w
blast results indicating 97% similarity. The Colorado CXFV and CLBOV ieslat
grouped with the other insect-specific flaviviruses associated@ulxspp. mosquitoes.

Insect-specific flaviviral RNA was detected in both male and female untosg.
Furthermore, quantitative RT-PCR revealed the presence of CXFV REA ipipiens

eggs, individual larvae, and individual adults from a CXFV naturally infected kalppra
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colony established in 2005. These findings suggest vertical transmissioreassaoh
viral maintenance in natur@lulexpopulations. Interestingly, the CXFV viral titers,
estimated as genome equivalents, were variable across and withiad#s,svith most
individuals having genome equivalent titers falling between 2-4 logs per indiaddal
several individuals within each life stage reaching as high as 9 logs. Thecgrese
individuals with higher titers may represent a mechanism of viral perststemature.

Transmission experiments were conducted to investigate larval horizontal
transmission and adult transmission, both venereal and casual contact. The colonies used
for these experiments were t@&. pipienscolony established from Fort Collins, CO
collections (CPCO), persistently infected with CXFV, ar@xapipienscolony
established from mosquitoes collected in lowa in 2002 (CPIA), which are ndethfec
with CXFV. Based on our studies, there was no evidence of larval transmission. There
was evidence of venereal transmission, from male to female, and femadetdhese
findings were unexpected as female to male transmission of flaviviruses Heesenot
documented. This may be a unique characteristic of insect-specific flesasirFurthur
studies are needed to confirm these observations, including examination of mosquito
tissue tropisms for insect-specific flaviviruses by immunofluorescasessys.

Numerous insect-specific flaviviruses have been recently isolated and
characterized raising questions about possible interactions with heterol@yotisises.
To explore these potential interactiomsyitro studies were conducted in C6/36 cells
infected with CXFV and WNV. West Nile virus growth curve titers in co-irdect
cultures were ~1 log lower than in cultures infected with WNV only and arthbyze

linear regression, the growth curves were significantly different. Wherxgegiments
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were terminated at 168 hr post-infection, however, the WNV titers in co-idfaotk
solely-infected cultures were the same. These findings indicate gosddractions
between CXFV and WNV in C6/36 cellSulexflavivirus is associated witGulexspp.
mosquitoes in nature and therefore experimental results from G&#8ég albopictys
cells may not be biologically relevant. It would be beneficial to conduct edditco-
infection experiments with @ulexcell line, exploring different MOls and lag times
between primary and secondary infections.

Vector competence experiments were also performed to determine tie effe
persistent infection with CXFV on infection, dissemination, and transmissies faat
WNV in Cx. pipiensThe only differences detected between the two colonies, after
receiving a WNYV infectious blood meal, were the dissemination rate and WY dt
7dpi, which were significantly higher for the CPIA colony mosquitoes. Thesedtiffes,
however, disappeared at 14dpi. It is important to consider the fact that thxtwipiens
colonies are from different geographic locations, so there could be factarshatheo-
infection with CXFV that affect vector competence for WNV, including geneti
differences. If the differences detected by our study represent caugpstippression of
WNYV by CXFV, this could be an important factor in determining the extrinsighiation
period (EIP), which is defined as the period of time from ingestion of an infectious blood
meal to the time of transmission capability (Black and Moore, 2005). It is pogsalble
prior infection with CXFV suppresses replication of WNWIR. pipienanosquitoes,
resulting in an increased EIP, and therefore decreased vectorial gapacit

The studies described in this dissertation underline the importance of combining

field surveillance activities with laboratory experiments to provide a cmrgrehensive
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understanding of the dynamics of vector-borne disease systems. In Chapter Il,
entomological field dataQx. tarsalisabundance and the vector index for infected
females) was found to be strongly associated with human WNV disease caséay wit
times of 4-7 wks and 1-2 wks, respectively. This information can be utilized by vector
control agencies to make informed decisions about when to initiate mosquito control
activities, such as adulticiding. Chapter Ill describes the detection sswhaéafection
rates for two insect-specific flaviviruses@ulexspp. mosquitoes in northern Colorado.
This is the first description of insect-specific flaviviruses in Colorado. Kedge of
heterologous flaviviruses co-circulating in primary vector species fov\igNaluable
information, as co-infections may alter vector competence. Laboratoryregpés
described in Chapter IV explored the transmission dynamics of CXFV in alhatur
infected colony and also the potential effects of CXFV infection on vector cengaet
for WNV. Vertical transmission appears to be the primary mechanism &br vir
persistence in the colony and results from vector competence experimecdaseindi
possible suppression of WNV replication by persistent CXFV infection. Thesadsdi
are important as insect-specific flavivirus transmission dynamics haweentdescribed
yet. Further studies are needed to more thoroughly investigate putatieetiotes
between insect-specific flaviviruses with arboviruses, like WNV. A betterrataaeling
of complex vector-borne disease systems will lead to better predictivesiod

epidemic risk to humans.
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