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ABSTRACT OF DISSERTATION 

INVESTIGATIONS OF THE EVOLUTIONARY, EPIDEMIC, AND 

MAINTENANCE POTENTIAL OF LA CROSSE VIRUS 

Arthropod-borne viruses (arboviruses) are resurging and emerging worldwide, 

and La Crosse virus (LACV) is a prototypical emergent virus in the United States. In this 

dissertation, the evolutionary, epidemic, and maintenance potential of LACV is 

investigated. In laboratory and field studies, LACV has shown significant evolutionary 

and epidemic potential through point mutations and segment reassortment. Through the 

use of sensitive molecular epidemiological techniques, significant genetic variation was 

observed in LACV RNA amplified from field-infected Aedes triseriatus mosquitoes, 

suggesting the potential for frequent segment reassortment of LACV in nature. Maximum 

parsimony phylogenetic analysis and linkage disequilibrium analysis revealed that 25-

38.6% of the mosquito samples contained reassortant viruses. The geographical, 

environmental and temporal factors that condition the genetic structure of LACV were 

also investigated. The analysis revealed that there are no physical barriers to viral gene 

flow in the study site, indicating that the more or less virulent LACV strains could traffic 

and be transmitted throughout the entire 15,360 km study range (southeastern 

Wisconsin, southwestern Minnesota and northeastern Iowa). Although there were no 

barriers to viral gene flow and no isolation by distance, a significant temporal association 

with viral genotype was revealed. 

The maintenance of LACV in nature is not well understood. Mathematical models 

have revealed that field infection rates are well below those required to maintain the virus 

in nature. However, the mathematical models have not considered the possibilities of 
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stably-infected Ae. triseriatus mosquitoes or a LACV induced mating advantage for 

infected females. Super-infected Ae. triseriatus mosquitoes in nature were identified in 

southeastern Wisconsin and southwestern Minnesota in these studies (0.011% prevalence 

rate) suggesting that LACV could be maintained in nature through a stabilized infection 

in a small number of females. 

LACV maintenance in nature may also be assisted by a mating advantage for Ae. 

triseriatus females infected with LACV. In this study, LACV transovarially-infected 

female mosquitoes become inseminated faster than uninfected mosquitoes, and this could 

increase the chance for transovarial transmission as well as venereal transmission of the 

virus. The evolutionary and maintenance potential of LACV was investigated in this 

dissertation and the results provide insight into the determinants of arbovirus emergence 

and epidemic potential in nature. 

Sara M. Reese 
Microbiology, Immunology and Pathology Department 

Colorado State University 
Fort Collins, CO 80523 

Spring 2008 
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I. LITERATURE REVIEW 



A. INTRODUCTION 

Diseases caused by arthropod-borne viruses (arboviruses) are resurgent 

worldwide and the reasons for this are multi-factorial. Examples of these factors and 

resurgent diseases will be reviewed. La Crosse virus is a prototypical emerged arbovirus. 

In this dissertation, factors that condition the evolutionary, epidemic and maintenance 

potential of this arbovirus are investigated and provide insight into the determinants of 

arbovirus emergence and epidemic potential. 

1. The global resurgence of arbovirus diseases 

The resurgence of arboviruses and resultant diseases is a significant public health 

threat, as demonstrated by the dramatic increase in emerging or remerging diseases 

worldwide. The majority of the newly recognized viral diseases of humans are zoonoses 

that have other animal reservoirs and which, due to focal and/or global environmental, 

societal, and demographic changes, were able to jump species to infect humans (Gubler, 

2002). The epidemic resurgence of many well-known arboviruses that were thought to be 

under control or insignificant, such as dengue virus, West Nile virus (WNV), Japanese 

encephalitis, yellow fever, Rift Valley fever, Venezuelan equine encephalitis and Ross 

River, has affected both animals and humans worldwide (Gubler, 2002). In the United 

States the emergence of WNV and the apparent expansion of La Crosse virus (LACV) 

into the southern United States and transmission by a new mosquito vector, Aedes 

albopictus, are of public health concern. 

In the past twenty years, epidemic arboviral activity has increased globally due to 

a variety of reasons, including urbanization, increased population, transportation, lack of 

mosquito control, increased geographic distribution of vectors, and evolution of 
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arboviruses through genetic drift and genetic shift (Gubler, 2002). Viruses that are 

introduced into new geographic areas may be able to take advantage of susceptible 

vertebrate and arthropod hosts, resulting in major epidemics/epizootics, such as that 

observed following the introduction of WNV into the United States (Gubler, 2002). Many 

arboviruses have also expanded their geographic distribution regionally, which can also 

result in major epidemics, e.g. Rift Valley fever, Ross River, Japanese encephalitis, and 

Venezuelan equine encephalitis (Gubler, 2002). Increased distribution of some mosquito 

vectors, for example Aedes albopictus, may result in a global expansion of viruses, such 

as dengue virus (Gubler, 2002, Tatem et al., 2006). Humans have increasingly inhabited 

wooded areas thereby impinging upon the vector-host transmission cycles and resulting 

in viral infections such as with LACV (Rust et al., 1999). Humans are typically dead end 

hosts for these viruses, but if the viruses adapt to human hosts there is the potential for 

the emergence of new cycles, causing epidemics. Viruses with segmented genomes, such 

as those in the Bunyaviridae family, have the potential of evolving through segment 

reassortment and intramolecular changes and thus possess significant epidemic potential. 

The decline in public health infrastructure in many countries in the past twenty 

years is also contributing to the resurgence of arboviruses. There is a lack of funding for 

the development of effective prevention and control programs for vector-borne diseases. 

There is also a need to change public health policy to place more emphasis on preventing 

epidemics rather than on emergency response (Gubler, 1998). 
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2. Emergence and resurgence of selected arboviruses 

a. La Crosse virus - La Crosse encephalitis 

In the 1970s, LACV (Family: Bunyaviridae, Genus: Orthobunyavirus, California 

serogroup) emerged as a significant human pathogen in the upper Midwest of the United 

States possibly due to increased interaction with humans in forested areas (Beaty et al., 

2000). LACV was first isolated from the brain of a four year-old girl who acquired an 

infection in Minnesota and died in La Crosse, WI, in 1960 (Thompson et al., 1965). 

LACV is the most significant virus in the California serogroup because it is the primary 

cause of pediatric encephalitis and aseptic meningitis in the United States (Beaty et al., 

2000, Rust et al., 1999). The incidence rate of LACV infections is five to ten cases per 

100,000 persons in endemic areas, with typically 80 cases reported per year (Beaty et al., 

2000, Borucki et al., 2002, Tsai, 1991). Estimates of the ratio of mild or subclinical 

LACV infection to encephalitic LACV cases range from 2:1 to 1500:1, depending upon 

age, and therefore, as many as 300,000 mild LACV infections might occur each year in 

the United States (Grimstad et al., 1984, Kappus et al., 1982, Monath et al., 1970). Most 

LACV infections are probably ascribed to "flu" or "summer colds". Neuroinvasive 

LACV disease is primarily observed in children, where fatalities are rare and persistent 

cognitive impairment and seizures are possible sequelae (McJunkin et al., 2001). 

LACV infection has become an emerging disease in the southeastern portion of 

the United States (North Carolina, Tennessee, West Virginia, Kentucky) in the last ten 

years (Gerhardt et al., 2001, Jones et al., 1999). From 1963 to 1996, nine cases of LACV 

encephalitis were reported in TN and three in NC. From 1997 to 1999, 26 pediatric 

LACV encephalitis cases were reported in eastern TN and southeastern KY (Jones et al., 
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1999) and 25 cases in NC (Kappus et al., 1982). The recent introduction oiAedes 

albopictus is thought to be a possible reason for the increase in LACV cases in the 

southeastern United States. LACV was isolated from naturally infected Ae. albopictus 

mosquitoes and epidemiological studies have demonstrated that the presence of Ae. 

albopicutus mosquitoes is a major risk factor for infection. Ae. albopictus is an 

aggressive daytime feeding mosquito that feeds on a number of hosts including humans, 

domestic and wild animals, and birds (Gratz, 2004). These feeding habits could 

potentially increase the number of human cases in endemic foci or expand the range of 

the disease. 

b. Dengue virus - Epidemic dengue and dengue hemorrhagic fever 

The incidence of dengue infections has increased significantly over the past 

decades. Dengue has been recognized in over 100 countries, placing nearly 2.5 billion 

people at risk for infection. Every year there are an estimated 50-100 million cases of 

dengue fever and about 250,000 - 500,000 cases of dengue hemorrhagic fever (DHF) 

worldwide (Calisher, 2005, WHO, 1999). Most cases of DHF and dengue shock 

syndrome (DSS) are of sufficient severity to require hospitalization, and case fatality 

rates can be as high as 5% (WHO, 2002). 

Multiple factors are thought to contribute to the recent emergence of epidemic 

dengue and DHF/DSS in the Americas, including both demographic and societal 

changes. The increasing human population, especially in developing countries, is 

resulting in more susceptible individuals, overpopulation, and overcrowding in the cities, 

leading to poor environmental sanitation and living conditions (Gubler, 2004). Poor 

housing, sewer and waste management systems, and lack of a reliable water source make 
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it necessary to collect and store water, thus creating ideal places and prime conditions for 

breeding of the anthropophilic Ae. aegypti mosquito (vector of dengue virus) (Gubler, 

2004). The geographic distribution of Ae. aegypti mosquitoes has increased due to 

urbanization, which has also resulted in more breeding sites (Gubler, 2004). Increased air 

travel enables the introduction, transport and exchange of dengue viruses into and 

between population centers of the tropics (Gubler, 1998). 

c. West Nile virus - West Nile fever and encephalitis 

The mid-1990s saw a change in the epidemiology of West Nile virus (WNV) 

(family: Flaviviridae, genus :flavivirus). Epizootics and epidemics of severe neurologic 

disease in horses, birds and humans began to occur in many parts of the world (Hubalek 

& Halouzka, 1999, Marfin & Gubler, 2001). Apparently a new virulent WNV strain with 

greater epidemic potential emerged in Europe, Africa, and the Middle East and spread to 

new geographic areas including the United States in the late 1990s (Marfin & Gubler, 

2001). The WNV strain introduced into the United States in 1999 is thought to have 

originated in the Middle East. Genetic sequence studies revealed that the United States 

WNV strain is most similar to the virus strain that caused an epizootic in Israel in 1998 

(Lanciotti et al., 1999). There are multiple theories about how WNV was introduced into 

the United States. One theory is that illegal trafficking of exotic birds may have 

introduced the virus. Other possibilities are that an infected mosquito may have been on 

an airplane from the Middle East, the virus could have been introduced on purpose, or an 

infected migrating bird from Africa may have become disoriented and ended up in New 

York City (Gubler, 2002). The introduction of WNV into the Western Hemisphere has 

had a great public health and economic impact in the United States in terms of human 

6 



infections. Between 1999 and 2005. there were 18,700 human cases of WNV infection in 

the United States (Sejvar, 2006) as the virus swept through a susceptible population. 

Fever and other syndromes occurred in 10,724 cases and neuroinvasive disease was 

observed in 7,874 cases (Sejvar, 2006). The introduction and spread of WNV to the 

Western Hemisphere is an example of how important emerging and reemerging vector-

borne diseases have become in today's society. 

d. Other arboviruses of public health emergence concern in the United States 

Other arboviruses such as Eastern Equine encephalitis virus (EEE, Family: 

Togaviridae, Genus: Alphavirus), Western Equine encephalitis virus (WEE, Family: 

Togaviridae, Genus: Alphavirus) and St. Louis encephalitis virus (SLE, Family: 

Flaviridae, Genus: Flavivirus) continue to be of public health concern in the United 

States. EEE, WEE, and SLE have caused significant human illness (Karabatsos, 1985. 

2001 update). WEE and EEE have caused epizootics since the 1930s (Meyer et al., 1931, 

Ten Broeck & Merrill, 1933). SLE was recognized as a cause of human encephalitis 

during an outbreak in Paris, IL in 1932 (Monath, 1990). Since 1964, SLE has been 

responsible for at least 4,600 cases of severe illnesses and many mild or subclinical 

infections (Chamberlain, 1980, Reisen, 2003). 

B. ARTHROPOD-BORNE VIRUSES 

1. Arthropod-borne (Arbo) virus transmission cycles 

Arboviruses are naturally maintained in cycles by hematophagous arthropod 

vectors that biologically transmit virus between vertebrate hosts. Vectors can become 

infected by a variety of mechanisms, depending on the system, including ingestion of 

viremic blood from a vertebrate host, transovarial transmission, venereal transmission 
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during mating and even vertical transmission of the virus to embryos during oviposition 

(Higgs & Beaty, 2005). Arboviruses must be capable of infection and replication in two 

phylogenetically different systems, the invertebrate vector and the vertebrate host. 

2. Vector competence 

Vector competence is the intrinsic ability of a vector to biologically transmit a 

disease agent (Higgs & Beaty, 2005). This includes susceptibility to infection, 

permissiveness for pathogen reproduction/development, duration of the extrinsic 

incubation period (EIP: the period from ingestion of the infectious blood meal to 

transmission capability), and transmission efficiency (Mitchell, 1983). A competent 

vector species has a low infection threshold, is permissive for viral multiplication, and 

should sustain little or no reduction in fitness from viral infection. The shorter the EIP, 

the more competent the vector will be because of the potential to encounter more hosts 

after becoming infected. 

Vector competence could be reduced by multiple barriers to infection in the 

midgut, salivary glands and ovaries (Hardy, 1988, Mitchell, 1983). The first barrier a 

virus may encounter is the midgut infection barrier. A midgut escape barrier occurs when 

the midgut is infected but the virus cannot successfully disseminate to infect other organs. 

There are a variety of hypotheses about the existence of barriers to midgut 

infection (Higgs & Beaty, 2005). It has been suggested that the formation of the 

peritrophic matrix may prevent the virus from contacting and infecting the midgut cells 

(Devenport & Jacobs-Lorena, 2005). It is also possible that refractory arthropods possess 

specific defensive mechanisms to protect against viral infections. Mucopolysaccharides 

or other antiviral agents could be secreted in the midgut. RNA interference (RNAi) also 

8 



gives vectors the ability to defend against a viral infection (Sanchez-Vargas et al, 2004). 

Viral inactivation or inappropriate processing of viral surface glycoproteins by midgut 

enzymes is another potential explanation for the midgut infection barrier. An additional 

hypothesis is that refractory arthropods do not have the specific receptors on midgut 

epithelial cells for viral attachment (Higgs & Beaty, 2005). 

Salivary gland infection and escape barriers and ovarian infection barriers also 

may occur. The salivary glands either do not become infected or can become infected but 

the virus is not transmitted to a vertebrate host. Little is known about the molecular bases 

of ovarian infection barriers. When developing follicles do become infected, the virus 

must replicate and persist through embryogenesis, larval development, and 

metamorphosis for the adults of the successive generation to be infected (Higgs & Beaty, 

2005). 

3. Vectorial capacity 

Vectorial capacity is the overall ability of a vector species in a given location at a 

specific time to transmit a pathogen (MacDonald, 1957). Quantitatively, vectorial 

capacity can be defined as the number of infectious bites a person (or vertebrate host) 

receives daily. The vector population size, vector longevity, length and number of 

gonadotrophic cycles, feeding behavior, and diel activity are all factors that affect the 

vectorial capacity in a population. The vectorial capacity includes the vector interactions 

with the pathogen and the vertebrate host and vector characteristics not directly related to 

either the pathogen or vertebrate host. 
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4. Mechanical, horizontal and vertical transmission of arboviruses 

Vectors may transmit infectious agents biologically or mechanically 

(Chamberlain & Sudia, 1961). For biological transmission, the pathogens reproduce or 

develop in the arthropod vector before being transmitted to the next vertebrate host. In 

mechanical transmission, the pathogen does not reproduce or develop in the vector; the 

pathogen is simply physically transmitted from one vertebrate host to another 

(Chamberlain & Sudia, 1961). Typically the mosquito's mouthparts become 

contaminated with pathogens that are then inoculated into another vertebrate host during 

the next feeding attempt. 

Arboviruses are biologically transmitted by vectors through both horizontal 

transmission (transmission between vectors and vertebrate hosts or venereal transmission 

between vectors during mating) and vertical transmission (transmission from an 

arthropod to the progeny) (Chamberlain & Sudia, 1961, Higgs & Beaty, 2005). 

Arboviruses must infect and replicate in the vector to be horizontally transmitted 

to a new vertebrate host. During the EIP, the virus infects and replicates in the midgut 

epithelial cells and then disseminates to secondary target organs, possibly through the 

hemocoel. Virions then disperse in circulating hemolymph. Once the salivary glands 

become infected and shed virus into the salivary ducts, the virus can be transmitted to 

vertebrates during blood feeding. The length of the EIP depends on the temperature, 

specific vectors and viruses. A typical EIP is 10-14 days for a bunyavirus and 6-7 days 

for an alphavirus (Higgs, 2004). Once a vector is infected with a virus, it remains infected 

throughout its lifespan, and the vector can potentially infect hosts each time it feeds. For 

the transmission cycle to remain intact, arboviruses must cause a high-titered viremia in 
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the natural vertebrate host. High-titered viremias of long duration maximize the 

opportunity for vector infection and for transmission of the virus. 

Arboviruses are vertically transmitted when the arthropod vector passes the 

pathogen to its progeny. Most often, a female arthropod infects her progeny through a 

transovarial or transovum route. California serogroup viruses of the Bunyaviridae family 

are efficiently transmitted transovarially and the follicles are permissive to virus 

replication (Watts et al., 1973). Flaviviruses can be vertically transmitted during 

oviposition when the virus is transferred into the egg through the micropyle as the egg 

passes through the oviduct (Aitken et al., 1979). Males can vertically infect progeny 

through the seminal fluids and can venereally transmit arboviruses during copulation. 

5. Virus adaptation in an arthropod host 

Arboviruses acquire many adaptations that are beneficial to their own survival 

and dispersal (Black & Salman, 2005). These include adaptations that promote optimum 

transmission of the arbovirus. Once the arbovirus gains access to the arthropod vector, it 

is faced with the problem of invading the arthropod gut, disseminating to various organs, 

and eventually ending up in an organ of transmission without affecting the overall host 

fitness. Most arboviruses target the host salivary glands, but another option for 

transmission is the male or female reproductive system. The vector-arbovirus relationship 

is commonly referred to as cospeciation, which implies that arbovirus phylogenies 

parallel host phylogenies because they have coevolved (Brooks & Leman, 1993). 

Most arboviruses evolved to infect, replicate, and be transmitted without being 

detected or by having a very small impact on the host survival. A competent vector is 

permissive to an arbovirus for replication, survival and transmission and does not mount 
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an effective immune response against the arbovirus. Evasion of the innate immune 

system of the arthropod is imperative. Plasticity in vector competence is consistent with a 

general genetic model in which multiple factors must be present in the arthropod for 

successful transmission of an arbovirus. 

Part of the definition of an arbovirus is no causation of untoward effects on the 

natural vector. However, mortality has been shown to be higher in mosquito eggs 

transovarially infected with LACV than in uninfected eggs when the eggs overwinter and 

emerge from diapause (McGaw et al., 1998). Recent studies have also demonstrated 

cytopathology of alphaviruses and WNV on the natural mosquito vector (Girard et al., 

2005, Girard et al, 2007, Scott & Lorenz, 1998, Scott & Weaver, 1989, Weaver et al., 

1988). 

It has also been documented that arboviruses affect arthropod behavior. There is 

an affect on both longevity and spontaneous flight of Culex tarsalis infected with WEE 

virus (Lee et al., 2000). Mosquitoes infected with WEE had flight activity scores that 

were 27.5% lower than uninfected mosquitoes. Another study documented the effects of 

dengue virus infection on feeding behavior (Piatt et al., 1997). The mean total time 

required for feeding by infected mosquitoes was significantly longer than the time 

required by uninfected mosquitoes. Similarly, the mean time spent probing was 

significantly longer for infected mosquitoes than for uninfected mosquitoes, which could 

promote transmission. 

LACV infection causes changes in behavior in Ae. triseriatus mosquitoes 

(Grimstad et al., 1980). Infected females tend to probe more and engorge less than 

uninfected females. For example, 21% of infected females took a partial bloodmeal with 
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one probe compared to 52% of uninfected females that were fully engorged with one 

probe. Seventy-nine percent of the infected females made multiple probes to obtain a 

partial bloodmeal compared to 48% of the uninfected females making multiple probes to 

feed. This study provides evidence that LACV may have a deleterious effect in Ae. 

triseriatus mosquitoes but enhances virus transmission. 

C. BUNYAVIRIDAE 

1. Bunyaviridae family overview 

La Crosse virus (LACV) is a member of the Bunyaviridae family, which is the 

largest family of arboviruses with >250 named viruses (Beaty & Calisher, 1991). The 

family is comprised of a diverse group of RNA viruses made up of five genera, 

Orthobunyavirus, Hantavirus, Phlebovirus, Nairovirus, and Tospovirus. The genera are 

distinguished by antigenic, serological, molecular, and structural differences (Calisher, 

1994). Members of the Bunyaviridae family are found worldwide and are significant 

pathogens of humans, domestic and wild animals {Orthobunyavirus, Hantavirus, 

Phlebovirus, and Nairovirus) and plants {Tospovirus). Most of these viruses are 

transmitted between an arthropod vector (mosquitoes, sand flies, and ticks) and a 

vertebrate host. Hantaviruses, however, do not infect arthropods and are maintained in 

nature through a rodent-rodent cycle with persistent infection of a rodent host. Non-

vectored transmission has also been observed for some Nairoviruses (Crimean Congo 

hemorrhagic fever) and Phleboviruses (Rift Valley fever). These viruses can be spread to 

humans by exposure to infected animal tissues or body fluids (Soldan & Gonzalez-

Scarano, 2005). 
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2. Orthobunyavirus genus 

Orthobunyavirus, the largest genus of the Bunyaviridae family, is comprised of 

172 individual viruses classified within 18 serogroups based on serological and molecular 

relationships (Soldan & Gonzalez-Scarano, 2005). Most members of the genus are 

transmitted by mosquitoes and many have been associated with human and animal 

infections. The California serogroup has been the most studied because of some 

important members such as LACV (Soldan & Gonzalez-Scarano, 2005). Other viruses in 

this family include California encephalitis, Jamestown Canyon, Snowshoe hare, and 

Inkoo. California serogroup viruses are found in a wide range of climates from tropic 

(Melao and Serra do Navio) to temperate (LACV) to artic (Inkoo and Snowshoe Hare 

virus) (Beaty & Calisher, 1991, LeDuc, 1979). 

3. Molecular biology and gene structure-function relationships of Bunyaviruses 

The Bunyavirus genome is negative sense and tripartite. The three RNA segments 

designated large (L), medium (M) and small (S) encode a variety of proteins. The coding 

strategy differs somewhat between the genera within the family (Elliott, 1990). The L 

segment, ranging in size from 6.4 kb (Phleboviruses) to 12.2 kb (Nairoviruses), encodes 

the RNA-dependent RNA polymerase (Endres et al., 1989). The M segment, ranging 

from 3.6 kb in Hantaviruses to 4.9 kb in Nairoviruses, encodes a precursor polypeptide 

that is post-translationally cleaved to generate the Gl and G2 glycoproteins (Elliott, 1985, 

Fuller & Bishop, 1982, Gentsch & Bishop, 1979). The S segment, varying from ~1 kb 

{Orthobunyaviruses) to 3 kb (Tospoviruses), encodes the nucleocapsid protein 

(Cabradilla et al., 1983, Fuller & Bishop, 1982). Nonstructural proteins are encoded in 

the M segment of Phleboviruses and Orthobunyaviruses and in the S segment of 
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Orthobunyaviruses (Elliott, 1985, Fuller & Bishop, 1982). The termini of the 3' and 5' 

non-coding regions of each segment are complementary and highly conserved, forming a 

helical nucleocapsid (Obijeski et al., 1980). 

Neuroinvasiveness and mosquito infectivity of California serogroup viruses are 

found to be associated with the M segment (Gonzalez-Scarano et al., 1988, Gonzalez-

Scarano et al., 1992, Janssen et al., 1986). Genome structure-function studies using 

reassortant viruses containing segments from both a virulent California serogroup virus 

(LACV) and an avirulent virus (Tahyna) revealed the viral genetic determinants of 

neuroinvasiveness. Viruses containing the M segment from LACV were significantly 

more neuroinvasive than viruses containing the M segment from the Tahyna virus. 

Comparison of four different biological markers (neuroinvasiveness and neurovirulence 

in mice; oral and intrathoracic infectivity in mosquitoes) were used to determine which 

segment is most important in virulence and infectivity (Beaty et al., 1983, Beaty et al., 

1981, Beaty et al, 1982, Bishop, 1979, Bishop et al, 1980, Gonzalez-Scarano, 1985, 

Gonzalez-Scarano et al., 1987, Shope et al., 1981). These gene structure-function studies 

revealed that the M segment is a major determinant of mouse virulence and mosquito 

infectivity and that the Gl glycoprotein influences virulence tropisms and may be its 

major determinant. The four biological markers can vary independently, which suggests 

that there may be multiple sites within the M segment RNA or contributions from other 

segments that can influence virulence (Gonzalez-Scarano et al., 1988). The S and L 

segments may, on certain genetic backgrounds, modulate the dominant effect of the M 

segment (Janssen et al., 1986). Reassortants with avirulent Tahyna vims M RNA 

segments and virulent LACV S and L segments were about ten-fold more virulent than 
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the parent Tahyna virus. These results reveal that virulence is usually under polygenic 

control (Janssen et al., 1986). 

LACV infects both vertebrate and mosquito cells through an interaction between 

the Gl and G2 glycoproteins and the cell surface. Gl covers G2 on the virion surface. Gl 

is the ligand for cellular receptors on vertebrate cells and is the immunodominant target 

for most neutralizing monoclonal antibodies (Gonzalez-Scarano et al., 1982). G2 is the 

ligand for an unknown receptor on the cell of the mosquito midgut (Ludwig et al., 1991). 

Ingested virus can bind to the midgut after mosquito proteases cleave the Gl protein, thus 

exposing G2 and allowing virus to attach to specific receptor proteins or fuse to cells 

(Ludwig et al., 1989, Ludwig et al., 1991). The virus may then enter the cells through 

endocytosis or by fusion with the plasma membrane releasing the genome into the cell. 

Acidification in the lysosome follows resulting in a conformational change in Gl and/or 

G2 that facilitates fusion of the viral and cellular membranes (Schmaljohn & Hooper, 

2001). Once the viral genome is uncoated, primary transcription of the negative sense 

genome begins by the virion-associated polymerase using the three RNA templates, 

where only ribonucleocapsid can serve as transcription templates (Schmaljohn & Hooper, 

2001). The viral polymerase contains a methylated cap-dependent endonuclease activity 

that presumably cleaves 10-18 capped nucleotides from the 5' termini of cellular mRNA. 

These caps are used as primers for the viral mRNA (Kolakofsky, 1991). There is a switch 

from making truncated positive sense mRNA to making full length positive RNA for 

replication following an accumulation of the N protein for binding of newly synthesized 

genome segments. The mRNAs of the S and L segments are processed on free ribosomes, 

whereas the mRNAs of the M segment are processed on membrane-bound ribosomes 
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(Schmaljohn & Hooper, 2001). Virions are formed intracellularly by a budding process at 

smooth surface vesicles in the Golgi and then transported to the cell surface within 

vesicles analogous to the secretory pathway (Schmaljohn & Hooper, 2001). 

D. LA CROSSE VIRUS 

1. La Crosse virus epidemiology and clinical manifestations 

LACV is found primarily in the upper Midwestern United States notably in 

Wisconsin, Minnesota, Ohio, Illinois, Indiana and Iowa. Most cases of LACV infection 

occur between July and September (94%), when Aedes triseriatus mosquitoes are most 

active (Rust et al., 1999). More than 95% of LACV cases in Wisconsin, Ohio, and 

Minnesota occur in children (between 0.1 and 17 years) (Gunderson & Brown, 1983). 

Children aged between 5 and 10 account for 45%-62% of the cases, adults account for 

3% and children aged 0.1 to 1 year account for less than 2% of cases (Gunderson & 

Brown, 1983, Kappus et al., 1983). The age-related factors that condition disease severity 

remain unknown. 

There are multiple risk factors for LACV infection. Most children who develop 

LACV encephalitis live on farms or in forested areas (Rust et al., 1999). Proximity to 

oviposition sites for Aedes triseriatus appears to be an important risk factor as well as the 

number of hours spent outdoors during daylight (Erwin et al., 2002, Woodruff et al., 

1992). Boys are more likely to become infected with LACV due to increased time spent 

outside playing near woods, climbing trees, or building tree houses (Chun et al., 1968, 

Gunderson & Brown, 1983). 

Children with LACV encephalitis or aseptic meningitis typically have malaise, 

restlessness, and irritability for one to three days before the onset of fever. Fever and 
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headache occur in most cases along with sensory disturbance, ranging from confusion to 

coma. Single seizures occur in about 42%-60% of the cases and recurring seizures occur 

in 10-15% of cases (case fatality rate in these patients is one percent)(Balfour et al., 1973, 

Beaty et al., 2000, Gunderson & Brown, 1983). There are lasting sequelae for some 

cases. Epilepsy is the most serious consequence of LACV infection, developing in 13-

28% of cases (Rust et al., 1999). Migraine headaches, learning difficulties, and 

behavioral disturbances are also known to result (Chun et al., 1968). Children who 

recover from severe LACV encephalitis may have a significantly lower IQ than average 

and a high prevalence (60% of those tested) of attention-deficit-hyperactivity disorder 

(McJunkin et al., 2001). 

2. La Crosse virus transmission cycle 

LACV is maintained in nature in a cycle between Aedes (Ochlerotatus) triseriatus 

mosquitoes and chipmunks or tree squirrels (Rust et al., 1999). Ae. triseriatus is a 

treehole mosquito that thrives in forested areas with deciduous oak and hickory 

hardwoods, a habitat frequently found in the upper Midwest, Ohio, southern Indiana, and 

West Virginia. The combination of both fhe^e. triseriatus mosquito and the vertebrate 

hosts, chipmunks and tree squirrels, in the forested habitat, determines the viral 

distribution (Rust et al., 1999). 

Summer amplification of LACV is a significant process in maintaining the 

transmission cycle. Several common species of forest mammals, particularly the eastern 

grey squirrel (Sciurus carolenensis), western fox squirrel {Sciurus niger) and chipmunk 

{lamias striatus) are considered important vertebrate hosts. Anti-LACV antibody 

prevalence rates have been reported as high as 100% in adult and spring-born juveniles of 
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these species by September (Gauld et al,, 1974). Serological evidence for natural LACV 

infection has also been demonstrated in 58% of free ranging foxes (Vulpes fulva), 57% of 

gray foxes (Urocyon cinereoargenteus) and 25% of raccoons (Procyon lotor) (Amundson 

& Yuill, 1981). Viremia titers for chipmunks vary between 3.9-5.7 logioSMICLDso/lml 

with the average duration of viremia about 2.4 days (Pantuwatana et al., 1972, Patrican et 

al., 1985). Chipmunks develop a high enough viremia to transmit LACV to a susceptible 

mosquito. Studies have indicated a continual recruitment of susceptible chipmunks 

throughout the summer. Spring juveniles are born between mid-April and mid-May and 

the summer juveniles are born between mid-July and late August. Summer juveniles do 

not come above ground until September and have a protective passive maternal antibody 

when they do come above ground, and become susceptible adults the following year. 

This ensures continuous transmission of LACV. Clearly small mammals are important 

reservoir hosts that contribute to the transmission cycle of LACV in nature. 

3. La Crosse virus pathogenesis in vertebrate hosts 

The pathogenesis of LACV infection in either a chipmunk/tree squirrel or a 

human child begins similarly. The host becomes infected through the bite of an infected 

mosquito (Watts et al., 1972). The mosquito injects the virus from its salivary glands into 

the host's skin. The virus infects the skeletal muscle where it begins its initial replication. 

Virus replication increases the titer of the virus and after a period of time the virus enters 

the blood, either directly or through the lymph system. This enables the virus to gain 

access to a variety of tissues including muscle, connective tissue, liver and spleen to 

continue replication. Viral replication increases the titer of the virus and after a period of 

time the virus enters the blood causing the secondary viremia. The titer of the virus in the 
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blood during the secondary viremia is sufficient to infect biting mosquitoes (Janssen et 

al., 1984, Johnson, 1983, Parsonson & McPhee, 1985). In small mammals, there is 

minimal fitness cost to the reservoir host and the immune response enables clearing of the 

virus from the reservoir host with minimal pathogenesis (Higgs & Beaty, 2005, Seymour 

e ta l , 1983). 

In a susceptible child, the secondary viremia allows the virus to infect the target 

organ, the brain. LACV causes encephalitis in children after crossing the blood brain 

barrier, and infecting the neurons and causing necrosis and apoptosis. The presence of the 

virus in the brain triggers an inflammatory response that results in infiltration of 

lymphocytes into the brain (Kalfayan, 1983). The human is a dead end host because 

viremia titers are not sufficient to infect susceptible mosquitoes. 

4. Aedes triseriatus-LACV interactions 

Aedes triseriatus mosquitoes become infected following ingesting of an infectious 

bloodmeal from a viremic vertebrate host. In the mosquito, the virus infects epithelial cell 

layer of the midgut (Beaty et al., 1981, Sundin et al., 1987). Replication results in the 

dissemination of the virus across the basal lamina and into the hemocoel, which allows 

the virus to travel to and replicate in other tissues, such as the heart, neural ganglia, fat 

body, ovaries and salivary glands. The salivary glands are the last organ infected at 7-14 

days post-infection (Beaty & Calisher, 1991, Schmaljohn, 1996). Once the virus is in the 

salivary glands, it replicates to high titer and is transmitted to the vertebrate host in the 

mosquito saliva. LACV analyte was detected in the ovaries two days after infection 

suggesting that LACV can infect the ovaries before dissemination of the virus from the 

midgut (Chandler et al., 1998). Infection of the ovaries results in transmission of LACV 
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to the progeny. LACV accumulates in all tissues of the ovaries and maintains a persistent 

infection that allows efficient transovarial transmission (TOT) of the virus. The eggs in 

the first ovarian cycle are not infected (Miller et al, 1979). By the time the virus infects 

the follicular epithelium of the ovaries, it is too late to infect the first cycle of eggs, 

although a few eggs may be infected by early virus infection of the tissues such as calyx 

(Chandler et al., 1998). Eggs in subsequent ovarian cycles are efficiently infected with 

LACV. 

Aedes triseriatus overwinters solely as diapausing eggs in the northern part of the 

United States (Pantuwatana et al., 1974, Watts et al., 1974). Diapause is induced when 

the fully formed embryo within the eggshell is exposed to a short day length (Shroyer & 

Craig, 1980). Diapause could protect infected embryos when ambient temperatures would 

otherwise permit host metabolic activity and virus replication (Borucki et al., 2002). 

Watts et al. were the first to find that mosquitoes were infected with LACV 

without a prior infectious bloodmeal (Watts et al., 1974). This was the first conclusive 

evidence for the role of TOT of an arbovirus in an overwintering mosquito. TOT is an 

extraordinary method of amplification of the virus since each female mosquito produces 

many eggs. Several years of dormancy can elapse before conditions are favorable for 

hatching diapaused eggs, which assures maintenance of the virus in nature over many 

years (Rust et al., 1999). 

Newly hatched females are then capable of transmitting the virus upon 

emergence. The TOT rate (percentage of infected females that transmit virus to their 

progeny) and filial infection rate (the percentage of infected larvae from a single LACV-

infected female) in laboratory conditions can each exceed 70% (Beaty & Bishop, 1988). 

21 



Different geographic strains of Ae. triseriatus vary in their ability to vertically transmit 

LACV (Miller et al., 1982). Eggs from different states (Wisconsin, Florida and 

Connecticut) have significantly different filial infection rates - 50%, 30% and 20%, 

respectively - which could have a significant epidemiological relevance in terms of 

LACV endemicity (Miller et al., 1982, Woodring et al., 1998). 

There is evidence for a negative fitness effect of TOT on the overwintering 

success of Ae. triseriatus mosquitoes. Embryos from LACV TOT+ and TOT- Ae. 

triseriatus colonies were induced into diapause and shipped to Wisconsin in 1993 for 

overwintering (McGaw et al., 1998). A comparison of mortality rates, diapause status, 

and infection rates revealed that LACV infection does affect survival. A greater 

proportion of uninfected eggs successfully overwintered than the infected eggs. The 

mortality in LACV-infected eggs occurred after emergence of embryos from diapause in 

the spring (McGaw et al., 1998). There was no difference between infected and 

uninfected mosquitoes in survivability of embryos in diapause. This suggests that the 

diapause condition attenuated deleterious virus effects on embryos and that diapause 

intensity and duration could condition the efficiency of both vector and virus 

overwintering. 

LACV can also be transmitted venereally between an infected male and a 

susceptible female during copulation (Beaty & Calisher, 1991, Thompson & Beaty, 1977, 

Thompson & Beaty, 1978).The virus has been observed in the bursa copulatrix of 53% of 

female Ae. triseriatus mosquitoes within 24 hours after mating, but in only 3.4% of 

females 3-21 days post-mating (Thompson, 1979, Thompson & Beaty, 1978). 

Disseminated infection of female Ae. triseriatus mosquitoes occurred more frequently 
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when they were inseminated by infected males after the females had a bloodmeal (49%) 

than when mating took place before engorgement (4%)(Thompson, 1979). The 

mechanism for enhanced dissemination is unknown. Venereal transmission is not nearly 

as efficient as TOT, but since TOT is not 100% efficient, other forms of transmission are 

necessary to maintain the virus. 

E. QUASISPECIES - A MODEL FOR ARBOVIRUS TRANSMISSION CYCLES 

The quasispecies model is an excellent way to explain the ability of arboviruses to 

pass rapidly and continuously between vectors and vertebrate hosts. Passage of 

arboviruses in laboratory systems rapidly selects for specific virus subpopulations that are 

more fit in the respective systems (Barrett et al, 1990, de la Torre et al., 1988, Novella et 

al., 1995). The quasispecies model hypothesizes that virus populations exist as dynamic 

distributions of nonidentical but related replicons (Bardos, 1965, Danielova, 1974, Eigen, 

1996, Feuer et al., 1999, Mumford, 2007). A large number of different viral particles 

produced during an infection of a host represent a balance between the expansive 

influence of mutation and the conservative forces of selection (Holland et al., 1982). For 

a given RNA virus population, the genome sequences are similar, but virtually each 

genome can be unique. If random mutations have a selective advantage in terms of viral 

fitness (ability to replicate within the host and transmit and spread in a population) or 

avoidance of immune response (ability to avoid neutralization by antibody generated by 

earlier related strains) then these mutations may be fixed in the population (Boni et al., 

2006). For example, viruses with greater infectivity have a selective advantage as they 

are more frequently transmitted. Viruses with altered antigenic sites, particularly those 

involved in virus-cell attachment, may be capable of avoiding neutralizing antibody 
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present in a vertebrate host resulting from a previous infection. A quasispecies that is the 

most fit in a vertebrate host may not be as fit in a vector, resulting in selection for new 

mutants. 

There are a variety of stages in mosquito infection and transmission where a 

possible bottleneck or quasispecies could occur. When female mosquitoes take an 

infectious bloodmeal from a vertebrate host, only a small number of virions are ingested 

and infect midgut cells resulting in a bottleneck. Once the virus is in the midgut, a 

quasispecies may result from virus replication in the epithelial cells. A bottleneck will 

then occur during dissemination from the midgut since selection will likely allow only 

the most fit viruses to disseminate and infect target organs. When the virus initially 

infects the ovaries or salivary glands, a bottleneck will occur again. However, infection 

and replication in vector ovaries and salivary glands, especially long term replication in 

ovaries, will likely generate new quasispecies. Only the fittest viruses are then 

transmitted to the vertebrate host or the progeny. 

F. EVOLUTIONARY POTENTIAL OF THE BUNYAVIRIDAE FAMILY 

1. Mechanism for the generation of genetic diversity 

The evolutionary success of the Bunyaviridae family is attributed in part to its 

ability to adapt to different conditions through genetic drift (intramolecular genetic 

changes) and genetic shift (segment reassortment) (Beaty & Calisher, 1991, Beaty et al., 

2000). Continuous evolution of the virus is occurring by the accumulation of point 

mutations and could be due to the struggle between host and virus to overcome the 

defense mechanism of the opponent (Weber & Elliot, 2002). RNA viruses are known to 

exhibit a high base substitution error frequency (10" ) due to the poor fidelity of RNA 
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polymerase and the lack of proofreading enzymes (Holland et al., 1982). Key factors 

affecting the selection of variants relate to the virus, the vector, the host immune 

response, and the population size and structure (Mumford, 2007). The vector innate 

immune response contributes to selection of RNA variants. RNA interference (RNAi) is a 

vital immune pathway targeting double stranded RNA leading to the degradation of viral 

RNA (Hammond, 2005). RNAi reduces the consensus viral population and creates an 

environment where sequence diversity is beneficial. The viral variants that can evade the 

RNAi response will proceed to infect neighboring cells. RNA viruses also encounter the 

innate and adaptive immune response vertebrate host. Interferons are an important part of 

the innate immune response, whereas antibodies are the key to adaptive immunity. The 

interaction with the immune responses of both the vertebrate and invertebrate hosts leads 

to selective pressures and evolution. 

Segment reassortment is an important method of evolution that can occur if the 

host is dually infected with two different viruses. The importance of segment 

reassortment has been observed with the constantly changing epidemiology of influenza 

virus. Influenza virus can acquire a gene for a completely new hemagglutinin or 

neuraminidase, giving rise to a novel subtype that spreads rapidly around the world as 

most or all humans are susceptible (Laver et al., 1984, Palese & Young, 1982). 

2. Evolutionary potential of La Crosse virus 

a. Genetic drift 

There has been clear evidence that LACV evolves through genetic drift in nature. 

As evidenced by RNA oligonucleotide fingerprinting, no two isolates recovered in nature 

have identical genome sequences (Clerx-van-Haaster et al., 1982, El Said et al., 1979, 
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Klimas et al., 1981). This applies to both viruses isolated from the same place but at 

different times and at the same time but different places. Genotypic varieties of LACV 

were isolated from different geographic regions of the continental United States (Klimas 

et al., 1981). There were three genotypes observed through RNA oligonucleotide 

fingerprints; two isolated from the upper Midwest and one recovered from eastern Ohio, 

New York, Texas, Georgia, and North Carolina. Most of the LACV isolates have been 

shown to be closely related to each other, although they are also distinguishable (Bishop 

& Beaty, 1988). This is evidence for the continuous evolution of the virus by the 

accumulation of point mutations. 

Arbovirus transmission cycles provide multiple opportunities for evolution of 

Bunyaviruses, through both genetic drift and genetic shift. Arboviruses can replicate in a 

vector throughout the vector's lifespan, providing ample opportunities for intramolecular 

changes in the viral genome, such as point mutations, sequence deletions, and inversions 

(Beaty & Calisher, 1991). In the case of TOT, the viruses may persist through 

generations of mosquitoes without being transmitted to a vertebrate, providing ample 

opportunity for evolution through genetic drift. 

LACV genetic changes were monitored in the Gl, G2 and N open reading frames 

(ORFs) after oral infection, dissemination, and TOT of the virus using three different 

LACV strains (Borucki et al., 2001). Genome sequence analyses of LACV in ovaries, 

salivary glands, and midgut determined that selection was occurring during virus passage 

in the vector. Most of the variation was observed in the Gl ORF and quasispecies were 

observed in the midgut (13 genotypes), followed by the ovaries (11 genotypes) with the 

least variation found in the salivary glands (9 genotypes) in a single mosquito (Borucki et 
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al., 2001). Genotypic and phenotypic changes in LACV are epidemiologically significant 

only if mutant viruses are transmitted to the vertebrate host and/or to the progeny 

(Boruckietal.,2001). 

b. Segment reassortment (genetic shift) of La Crosse virus 

Evidence clearly demonstrates that bunyavirus segment reassortment can occur 

naturally through dual infection of the vector (or reservoir host in the case of 

hantaviruses). New viral genotypes can be transmitted to progeny through bloodmeal 

and/or TOT. There is a real possibility that a new reassortant virus could be generated in 

nature, transmitted, and established in the original niche or a new niche in the 

environment (Beaty et al., 1985). 

The ability of Ae. triseriatus mosquitoes to become dually infected increases the 

possibility of LACV evolution through segment reassortment. The ovaries are an 

important site of replication and therefore a possible site for segment reassortment. In a 

laboratory setting, high frequency (80%) of segment reassortment occurs between two 

heterogeneous but closely related bunyaviruses, LACV and Snowshoe hare virus (SSH) 

(Chandler et al., 1990). Reassortants were detected in both the body remnants and ovaries 

of dually infected mosquitoes, indicating a disseminated infection. The mosquitoes 

transovarially transmitted the reassorted viruses to their progeny with a filial infection 

rate of 14.2%. The infected progeny were then able to horizontally transmit the 

reassortant virus to mice. 

Segment reassortment can occur in mosquitoes that have become dually infected 

by ingesting two different viruses simultaneously or by ingesting the second virus within 

two days of the first virus during interrupted feeding (Beaty et al., 1985). Twenty-five 
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percent of Ae. triseriatus dually infected with two different strains of LACV contain 

reassortants, and these new viruses can be transmitted by bite to vertebrates. 

Segment reassortment has also been demonstrated in LACV TO-infected 

mosquitoes that subsequently ingest an infectious bloodmeal and become dually infected 

(Borucki et al., 1999). Approximately 20% of mosquitoes TO-infected with either a 

temperature sensitive LACV or wild type LACV became super-infected by ingesting 

blood meals containing wild type LACV or SSH virus. Reassortant viruses were detected 

in the super-infected mosquitoes (2.1%). Since TOT is a major maintenance and 

amplification mechanism for LACV in nature (Beaty & Thompson, 1975, Watts et al., 

1974), the ability of even a small percentage of TO-infected mosquitoes to become super-

infected and to generate reassortant viruses may play a role in LACV evolution (Borucki 

etal , 1999). 

In nature, segment reassortment could occur either in the vertebrate host or in the 

arthropod vector (Borucki et al., 2002). However, despite high frequency of reassortment 

of LACV and SSH virus in vertebrate cells in vitro, reassortment between these viruses 

has not been detected in mice in laboratory studies (Beaty & Bishop, 1988). This is 

presumably due to the ephemeral nature of the infection in most vertebrate hosts due to 

production of antibodies and the lack of dual infection of cells (Borucki et al., 2002). 

LACV reassortment has been found to occur in nature. Klimas et al was the first 

to find evidence of segment reassortment of LACV in nature (Klimas et al., 1981). The 

authors identified distinct genotypic varieties of the virus isolated in different areas of the 

United States and showed evidence of reassortment between genotypes. The genomes of 

23 isolates of LACV were analyzed by oligonucleotide fingerprinting and categorized in 

28 



terms of the degree of their RNA sequence relatedness. One genotype (denoted as type 

A) was isolated from mosquitoes from Wisconsin, Minnesota, Indiana, and Ohio, and a 

second genotype (denoted as type B) was isolated from mosquitoes from Minnesota, 

Wisconsin, and Illinois. A reassorted LACV isolated in Rochester, MN, contained the S 

segment of the B genotype, and the M and L segments of the A genotype. The genotypes 

A and B are sympatric, which could contribute to the opportunity for viral evolution 

through segment reassortment (Klimas et al., 1981). 

3. Segment reassortment of other Bunyaviruses 

a. Segment reassortment potential of California and Bunyamwera serogroup viruses 

The reassortment potential was investigated for other viruses in the California 

serogroup and Bunyamwera serogroup (Gentsch et al., 1980). SSH, LACV, Tahyna 

(TAH), Trivitattus (TVT), and Guaroa (GRO) viruses were studied. Reassortment 

occurred between the California serogroup viruses, SSH, LACV, TAH and TVT, but not 

with the virus from the Bunyamwera serogroup, GRO. Segment reassortment is 

apparently restricted to the serogroup. Although GRO is a possible distant relative of the 

California serogroup, it is not similar enough to result in segment reassortment (Gentsch 

etal., 1980). 

b. Group C viruses 

Molecular studies of the group C serogroup {Bunyaviridae, Orthobunyavirus) 

found the first evidence of segment reassortment in the field in the serogroup (Nunes et 

al., 2005, Shope, 1985). Serologic relationships of Group C viruses were determined by 

hemagglutination test or by complement fixation test of seven Group C viruses isolated 

from arthropods and vertebrates. The viruses segregated into three groups by HI tests, 
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which assay gene products of the M segment. However, the viruses segregated into three 

alternate groups by complement fixation tests, which assays principally the gene products 

of the S segment, suggesting reassortment of the RNA segments (Shope, 1985). 

Phylogenetic analysis of Group C viruses also found segment reassortment in nature 

(Nunes et al., 2005). Analysis of the nucleocapsid gene revealed that Group C members 

were distributed into three major clades. Analysis of a Caraparu viral strain (BeH 5536) 

revealed that it had an S segment sequence nearly identical to that of Oriboca virus, but 

an M segment sequence similar to Caraparu virus and is therefore a natural reassortant. 

c. Ngari virus 

Gerrard et al. isolated a virus from the genus Orthobunyavirus that was a genetic 

reassortant based on sequence analysis of the three genomic RNA segments (Gerrard et 

al., 2004). The S and L segments were derived from Bunyamwera virus but the M 

segment was from an unidentified virus of the genus Orthobunyavirus. Sequence analysis 

of the unknown M segment revealed that it was identical to the Ngari virus. The S and L 

segments showed high sequence identity with those of the Bunyamwera virus, so this 

isolate was a reassortment with the genotype of S, Bunyamwera; M, Ngari virus; and L, 

Bunyamwera virus (Gerrard et al., 2004). Further analysis revealed that the M segment 

from the recently identified Ngari virus has 89-95% sequence identity to Batai virus, an 

Orthobunyavirus that has not been isolated from humans (Briese et al., 2006, Yanase et 

al., 2006). This reassorted virus caused hemorrhagic fever outbreaks throughout sub-

Saharan Africa (Briese et al., 2006, Yanase et al., 2006). 
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d. Crimean Congo hemorrhagic fever virus 

Recent evidence of segment reassortment has been observed with Crimean Congo 

hemorrhagic fever virus (CCHF) (Bunyaviridae, Nairovirus), Analysis of the S and M 

segments revealed that the phylogenetic grouping of some strains differ between the two 

segments (Hewson et al., 2004). This analysis also suggested a possible geographical 

correlation between the relationships of S and L segment, but not between the M 

segments. Further epidemiological studies supported these results and found that closely 

related S and L segments must co-segregate in order to produce viable virus, restricting 

reassortment opportunities (Chamberlain et al., 2005). The S and L segment of CCHF 

have evolved together. 

e. Hantavirus 

Evidence of Hantavirus reassortment in rodents (Peromyscus maniculatus) was 

observed with two genetically similar hantavirus isolates (Li et al., 1995b). The M and L 

segments differed from one another by only 1%, but the S segments differed by 13%. 

These results are very atypical for Hantaviruses. Nucleotide sequence homologies are 

generally very close for the S and M segments of any two viruses of the same serotype, 

typically differing by no more than 2%. This data suggests that there was more than one 

genotype present in the P. maniculatus population in the collection region of California 

and that segment reassortment occurred. 
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G. MOLECULAR EPIDEMIOLOGY: DEFINING ARBOVIRUS 

DETERMINANTS OF EMERGENCE AND RESURGENCE 

1. The basis of molecular epidemiology 

Molecular epidemiology and phylogenetic analysis has been used to identify 

different viral genotypes and to understand the evolutionary history, geographic spread 

and epidemic potential of many viruses. Molecular epidemiology is the use of molecular 

genetic and biochemical markers to detect and identify pathogen species and to 

genetically characterize individual pathogen isolates and strains (Black & Salman, 2005). 

Molecular epidemiology has been used to determine the genetic variability and 

transmission patterns of viruses such as SLE, dengue virus and LACV (El Said et al., 

1979, Klimas et al, 1981, Rico-Hesse, 1990, Trent et al., 1981). 

2. St. Louis encephalitis (SLE) virus 

The genetic diversity of 57 SLE virus strains isolated between 1933 and 1980 

from various sources and localities throughout North America was elucidated through the 

use of RNase Tl oligonucleotide fingerprints (Trent et al., 1981). These methods allowed 

the determination of the variability that exists within SLE virus isolates during epidemics 

and over broad geographic areas. The correlation of virulence markers and 

oligonucleotide fingerprint patterns, and the stability of the SLE genome with respect to 

time were also determined. The analysis indicated that based on similarity of 

oligonucleotide fingerprints, SLE isolates could be divided into genotypes representing 

different geographic regions in North America. The geographic varieties represented 

isolates from (1) Central/Atlantic states, (2) Florida, and (3) the Western United States. 
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3. Dengue virus 

Molecular techniques revealed the geographic distribution and route of spread of 

the dengue (DEN) viruses in nature (Rico-Hesse, 1990). It was determined that a 

Southeast Asian genotype of dengue virus may have been imported into the Americas 

and the cause of severe dengue outbreaks in the early 1980s. Three DEN-2 Jamaican 

strains isolated in 1981 and 1982 were closely related to dengue isolated from Vietnam in 

1987. This was interesting because from 1977 to 1980, Vietnam experienced severe 

dengue epidemics yearly and during same period the Cuban military personnel were 

present in Vietnam. The Cuban dengue epidemic was first detected in May 1981 which 

raises the possibility that a viremic human may have transported a Southeast Asian strain 

of dengue virus from Vietnam to Cuba. Since there was very little reported DEN-2 

activity in Jamaica in 1981, the close relationship between the Jamaican strains and 

Vietnamese strain suggests the Asian genotype may have been imported from Cuba. 

As molecular techniques advanced, more information was revealed about the 

dengue activity in the Americas (Rico-Hesse, 1990), Analysis of DEN-2 from four 

American countries (Venezuela, Brazil, Colombia, and Mexico) revealed that the 

imported genotype from Southeast Asia displaced the "native" American genotype, 

which had been associated with only a less severe disease. It is thought that the Southeast 

Asian genotype has supplanted the "native" American genotypes in Central and South 

America. 

The threat of American/Asian genotype viruses has increased the molecular 

surveillance of dengue viruses in various Central and South American countries. Diaz et 

al. reported the circulation of two DEN-2 virus genotypes in the Yucatan; the American 
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genotype and the Sri Lanka genotype (Cosmopolitan genotype) (Diaz et al., 2002). DEN-

2 viruses of the American-Asian genotype have also been introduced into the Yucatan 

(Lorono-Pino et al., 2004). DEN-2 viruses that were isolated in 2002 from the Yucatan 

State were most similar to the American-Asian genotype isolated in Venezuela in 1998 

and Martinique in 1988. The detection of this genotype in the Yucatan State is a major 

concern to public health authorities since the DEN-2 virus from the American-Asian 

genotype is associated with more severe clinical outcomes. 

A phylogenetic analysis of all four DEN serotypes in Mexico was performed with 

isolates from the two different epidemics in the late 1990s and early 2000s (Diaz et al., 

2006). An epidemic of DHF occurred in Mexico in 1996 and 1997 and DENV-3 was the 

predominant serotype with other serotypes present. A second epidemic followed in 2002 

and more than 1000 cases per year have been reported since. The isolates were selected 

from locations in Mexico to represent most years and regions with dengue activity and 

were collected between 1980 and 2002. The analyses of DEN-1 and DEN-4 isolates 

suggested there was a single introduction into the Americas in recent decades. A new 

DEN-3 Asian genotype was introduced into Central America in 1994 that was different 

from the strain associated with DHF outbreaks. Molecular epidemiological techniques are 

essential for understanding epidemic potential, trafficking, and evolutionary history of 

DEN virus. 

4. Molecular epidemiology of Bunyaviruses 

a. Crimean Congo hemorrhagic fever virus 

Phylogenetic analysis of 13 geographically and temporally diverse Crimean 

Congo hemorrhagic fever (CCHF) virus strains (Nairovints) revealed highly significant 
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variability among the viruses (Deyde et al., 2006). Distinct geographic lineages exist, but 

with multiple exceptions indicative of long-distance virus movement. The analysis 

revealed that viruses segregated into distinct genotypes: group I, West Africa 1; II, 

Democratic of Congo; III, South Africa and West Africa 2; IV, Asia and the Middle East; 

V, Russia and Turkey; and VI, Greece. These groupings demonstrate that specific CCHF 

lineages move over large geographic distances. 

b. Rift Valley Fever virus 

A phylogenetic analysis of Rift Valley Fever virus (RVF, Genus: Phlebovirus) 

provided insight into the evolution and ecology of the virus (Bird et al., 2007). A 

complete genome sequence analysis of 33 ecologically and biologically diverse RVF 

strains demonstrated widespread virus movement, which suggests that the viral ecology 

of RVF is dynamic. Multiple introductions of virus genotypes may have occurred as these 

viruses have evolved from their most recent common ancestor. 

c. Akabane virus 

The S segment of the Akabane virus (Orthobunyavirus, Simbu serogroup) was 

characterized to define the genetic heterogeneity and molecular epidemiology of the virus 

(Yamakawa et al., 2006). The nucleotide and amino acid sequences were highly 

conserved among the isolates irrespective of the year of isolation and geographic origin. 

d. Inkoo and Tahyna viruses 

An analysis using the S segment of the Inkoo and Tahyna viruses 

(Orthobunyavirus, California serogroup) revealed that Inkoo virus is closely related to 

Jamestown Canyon virus, isolated in the United States, and Tahyna virus is genetically 

closest to Lumbo virus, isolated in Mozambique (Vapalahti et al., 1996). The data 
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suggested that genetic variation within the California serogroup is less related to 

geographic distance than to similarity in ecological niches. 

e. Jamestown Canyon virus 

The phylogenetic relationships of 56 Jamestown Canyon viruses (JCV, 

Orthobunyavirus, California serogroup) isolated from mosquitoes in Connecticut were 

determined for a 40-year period to evaluate the evolutionary pattern and genetic diversity 

of the viruses (Armstrong & Andreadis, 2007). Two major lineages were identified in 

Connecticut and viruses representing each lineage infected a diverse group of mosquito 

species over multiple years of sampling. The distribution of the lineages overlapped 

geographically in the collection area suggesting that the lineages are cocirculating in the 

same collection sites. There was a slight geographical structure along an east-west axis 

divided by the Connecticut River. The lineages identified in Connecticut were distinct 

from reference strains of JCV, Jerry Slough virus, South River virus, and Inkoo virus 

isolated from Colorado, California, New Jersey and Finland respectively, suggesting that 

there is genotypic variation observed within the collection region and amongst a broader 

geographic region (Armstrong & Andreadis, 2007). 

f. La Crosse virus 

LACV exhibits considerable evolutionary potential in nature. There are distinct 

geographic genotypes of the virus in different areas of the United States and there is some 

indication that disease severity may be conditioned by certain LACV genotypes 

(Armstrong & Andreadis, 2006, Huang et al., 1995, Huang et al., 1997, Klimas et al., 

1981). 
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The genetic structure of LAC V has been explored chronologically, ecologically, 

and geographically (El Said et al., 1979, Klimas et al., 1981). The genotypic variation of 

LACV isolated from different ecological niches and geographic regions of the United 

States was examined through the comparison of oligonucleotide fingerprints (Klimas et 

al., 1981). Viruses were isolated from the Midwest region of the United States 

(Wisconsin, Minnesota, Illinois, Indiana, and Ohio) and the eastern and southern portion 

of the United States (Texas, New York, Georgia, and North Carolina). Three haplotypes 

were observed: type A (Wisconsin, Minnesota, Indiana and Ohio) type B (Minnesota, 

Wisconsin and Illinois), and type C (eastern and southern region of the United States). An 

additional study compared LACV obtained from various ecological niches (i.e. a variety 

of mosquito species) in the northern United States and compared to the prototype LACV 

isolated from the first fatal case in 1960 (El Said et al., 1979, Thompson et al., 1965). 

Both studies found that no two viruses yielded identical fingerprints, suggesting there has 

been considerable evolution of the virus in nature. There is strong evidence that genetic 

drift occurring in nature is a factor in the genotypic variation of LACV isolates. 

LACV isolates from mosquitoes and humans have also been analyzed using more 

sensitive techniques of sequencing and phylogenetic analysis to investigate genetic 

variation over time and distance (Huang et al., 1995, Huang et al., 1997). The M segment 

of LACV isolates from the brains of two children autopsied 18 years apart in Wisconsin 

were compared (Huang et al., 1995). There was an overall similarity of 99.6% in the 

nucleotide sequence. An additional phylogenetic study of LACV included an isolate 

recovered from a fatal case of encephalitis that occurred in Missouri in 1993, along with 

the two isolates from human fatalities in Wisconsin and multiple mosquito LACV 
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isolates (Huang et al., 1997). This allowed an opportunity to obtain sequence data from 

viruses that were separated spatially (upper Midwest and Missouri) and chronologically 

(33 years). The comparison of the M RNAs of these viruses showed human isolates had 

highly conserved nucleotide and deduced amino acid sequences. The high degree of 

conservation over time and space led to the hypothesis that human infections with this 

genotype of LACV is most likely to result in severe disease and a fatal outcome. 

Alternatively LACV passage in and isolation from the central nervous system of humans 

could select for specific virus genotypes, rendering false the hypothesis that fatal human 

infections are associated with a narrow range of genotypes. It is noteworthy in this regard 

that the M RNA segment sequence of virus isolated from mosquitoes was similar to that 

of the viruses recovered from humans suggesting that the genotype associated with 

human fatalities also circulates in mosquitoes (Huang et al., 1997). 

An additional phylogenetic analysis of LACV M segment revealed three different 

lineages (Armstrong & Andreadis, 2006). One lineage consists of viruses isolated from 

the upper Midwest, one lineage is of viruses isolated from the eastern and southern region 

of the United States, and the third is a new lineage with a virus isolated from Connecticut. 

These studies support the previous observations found by Klimas et al. that there is 

considerable genetic diversity in LACV and that the viruses segregate into different 

lineages based upon a geographical distance (Klimas et al., 1981). 

H. RATIONALE AND OUTLINE OF DISSERTATION 

In this dissertation the evolutionary, epidemic and maintenance potentials of 

LACV in nature were investigated. Four specific studies addressed these issues. The first 

study investigated the evolutionary potential of LACV through genetic shift. Molecular 
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epidemiological techniques were used to determine the frequency of segment 

reassortment of LACV in mosquitoes collected from the field (Chapter 2). The second 

study investigated the evolutionary potential of LACV by characterizing the gene flow of 

the viruses in the study area. Genetic variation of LACV isolates in the study area was 

investigated in terms of geographic origin, environmental terrain of collection site, and 

collection year (Chapter 3). The third study investigated the hypothesis that stabilized 

infection of a very small percentage of mosquitoes maintains LACV in nature. Field 

collected mosquitoes were assayed for LACV infection, super-infected mosquitoes were 

identified, and their viruses were characterized by sequences of genome segments 

(Chapter 4). The fourth study investigated a potential mechanism to enhance the 

maintenance and transmission of LACV in nature. The potential for LACV infection to 

increase insemination rates of TOT-LAC V infected mosquitoes, thereby amplifying the 

number of infected progeny, was investigated (Chapter 5). The results of these studies 

provide insight to the evolutionary, epidemic, and maintenance potential of LACV. 
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II. POTENTIAL FOR SEGMENT 
REASSORTMENT OF LA CROSSE VIRUS 

IN NATURE 



A. INTRODUCTION 

In the 1970s, La Crosse virus (LACV family Bunyaviridae, genus 

Orthobunyavirus) emerged as a significant human pathogen in the upper Midwest, and is 

now the most common cause of pediatric arboviral encephalitis in the United States (Rust 

et al., 1999). LACV is primarily maintained in cycles between small mammals (usually 

chipmunks and tree squirrels) and Aedes {Ochlerotatus) triseriatus mosquitoes. Aedes 

triseriatus develop a life-long infection, and infected females can transovarially transmit 

(TOT) the virus to their progeny (Borucki et al, 2002, Watts et al, 1973). TOT is 

perhaps the most important mechanism for maintenance and amplification of LACV in 

nature (Beaty et al., 2000). 

LACV has a tripartite, negative-sense RNA genome with the three segments 

designated large (L), medium (M), and small (S). The L segment encodes the RNA-

dependent RNA polymerase (Endres et al., 1989), the M segment encodes a precursor 

polypeptide that is post-translationally cleaved to generate the Gl and G2 glycoproteins 

and a nonstructural protein, NSm (Elliott, 1985, Fuller & Bishop, 1982, Gentsch & 

Bishop, 1979), and the S segment encodes the nucleocapsid protein and a small 

nonstructural protein, NSs, in overlapping reading frames (Fuller & Bishop, 1982). 

LACV exhibits considerable evolutionary potential in nature. There are distinct 

geographic genotypes of the virus in different areas of the United States (Armstrong & 

Andreadis, 2006, Huang et al., 1995, Huang et al., 1997, Klimas et al., 1981), and there is 

some indication that disease severity may be conditioned by certain LACV genotypes 

(Huang et al., 1997). The evolutionary success of the viruses in the family Bunyaviridae 
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is attributed in part to their ability to adapt to different conditions through genetic drift 

(intramolecular genetic changes) and genetic shift (segment reassortment). 

Genetic drift occurs during genome replication and can result in viral diversity 

and altered fitness. RNA virus replication yields multiple genetic variants, or 

quasispecies, which occur due to the lack of proofreading enzymes and poor fidelity of 

the RNA polymerases. The error-prone polymerase can provide an array of mutations 

which allows constant adaptation to and selection by changes in the vector and vertebrate 

host, although a quasispecies with a greater fitness in one generation may not have 

greater fitness in future generations (Black & Salman, 2005). 

Genetic shift (segment reassortment) can occur in mosquitoes that have become 

dually infected by ingesting viruses of two different LACV genotypes, either 

simultaneously or within two days of each other (Beaty et al., 1985). LACV reassortant 

viruses can be isolated from up to 25% of dually infected Ae. triseriatus mosquitoes, and 

the newly generated viruses can be transmitted (Beaty et al., 1985). The potential for 

segment reassortment increases when a transovarially-infected mosquito takes a blood 

meal from a viremic host (Borucki et al., 1999). These mosquitoes can be orally super-

infected, and these dually infected mosquitoes can transmit new reassortant viruses 

(Borucki et al., 1999). The new reassortant viruses might exhibit new characteristics such 

as altered host and vector ranges, new tropisms or virulence, and thus may be 

epidemiologically significant (Beaty & Calisher, 1991). Segment reassortment is 

apparently restricted to closely related bunyaviruses, typically in the same serogroup 

(Chandler et al., 1990, Chandler et al., 1991, Gentsch et al., 1977, Urquidi & Bishop, 

1992) 
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There is evidence for reassortment between LACV genotypes in nature. For 

example, the genomes of 23 isolates of LACV were analyzed by oligonucleotide 

fingerprinting and categorized in terms of the degree of their RNA sequence relatedness. 

One genotype (denoted type A) was isolated from mosquitoes from Wisconsin, 

Minnesota, Indiana, and Ohio and a second genotype (denoted type B) was isolated from 

mosquitoes from Minnesota, Wisconsin, and Illinois. A reassortant LACV isolated in 

Rochester, MN contained the S segment of the B genotype, and the M and L segments of 

the A genotype (Klimas et al., 1981). 

There is also evidence for genome reassortment among other Orthobunyaviruses. 

Ngari virus is a newly emerged reassortant virus associated with severe disease epidemics 

in Africa (Gerrard et al., 2004). Sequence analysis of the three genomic RNA segments 

revealed that the S and L segments were derived from Bunyamwera virus, but the M 

segment was derived from the Batai virus, an Orthobunyavirus that was first detected in 

Malaysia (Briese et al., 2006). Group C Orthobunyaviruses also reassort (Nunes et al., 

2005). Phylogenetic analysis revealed that Caraparu virus contains an S segment 

sequence that is nearly identical to that of the Oriboca virus and therefore is a natural 

reassortant virus. 

Reassortment of viruses in other Bunyaviridae genera has also been documented. 

Reassortant Sin Nombre viruses (Hantavirus) have been detected in rodents in nature (Li 

et al., 1995a) and reassortant Crimean Congo hemorrhagic fever viruses (Nairovirus) 

(Hewson et al., 2004) have also been detected. Clearly genome reassortment of viruses in 

the family Bunyaviridae is widespread in nature. The epidemiologic consequences of 

these evolutionary events are poorly understood. 
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Segment reassortment has been thought to occur frequently in the Bunyaviridae 

family. In this study through the use of sensitive molecular epidemiological techniques, 

the evolutionary and reassortment potential of LACV in field-infected mosquitoes from 

the upper Midwest of the United States was investigated. 

B. MATERIALS AND METHODS 

1. Egg collection 

Aedes triseriatus eggs were collected from five oviposition traps in each of 151 

sites in Minnesota (n = 37), Wisconsin (n = 108) and Iowa (n = 6) in areas where LACV 

encephalitis cases occurred or areas that contained clusters of people judged by the La 

Crosse County Public Health Department to be at risk for infection (e.g. wooded areas 

adjacent to houses with children, schools, or playgrounds). Mosquito eggs that had 

entered diapause in fall 2000 were collected in the spring of 2001. Mosquito eggs were 

also collected between mid-June and August of 2004. Eggs were collected in Crawford, 

La Crosse, Monroe, Vernon and Iowa counties in Wisconsin; Winona, Houston, and 

Grant counties in Minnesota; and Clayton and Allamakee counties in Iowa (Figure 2.1). 

The eggs were transported to the insectaries at the Arthropod-borne and Infectious 

Diseases Laboratory (AIDL) at Colorado State University (CSU), Fort Collins, CO. The 

eggs collected in 2001 and 2004 were immediately hatched, and progeny were reared. 

2. LACV analytes 

Previously isolated LACV strains were also used in the analysis (Table 2.1). A 

LACV isolate recovered in 1970 is genotype A and it was passed five times in suckling 

mouse brains (SMB), once in Ae. triseriatus mosquitoes and twice in baby hamster 

kidney (BHK-21) cell culture. A 1978 LACV (78V-8853) was isolated from 
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Figure 2.1: Mosquito collection sites in Minnesota, Wisconsin, and Iowa 
Circles represent all collections sites. Yellow circles are the sites where 
LACV positive mosquitoes were collected in 2000, red circles are the sites 
where LACV positive mosquitoes were collected in 2004, and black 
circles were the sites without positive mosquitoes. 
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an Ae. triseriatus mosquito from Rochester, MN and passed once in Vero cells and twice 

in SMB. A LACV isolate recovered in 1979 had been passed four times in BHK-21 cells. 

The passage history for the 1981 LACV isolate is unknown. 

l a b l e 2 . 1 : L A C V isolates analyzed in the s 

1970 
LAC 78V-8853 (1978) 
1979 

1981 

Ae. triseriatus Rochester, MN 

egment reassortant analysis 

Suckling mouse 5, Ae. triseratus 1, BHK-21 2 
Vero 1, Suckling mouse 2 
BHK-21 4 

unknown 

3. Immunofluorescence assay (IFA) 

To determine if mosquitoes were infected, mosquito heads were severed, 

squashed onto acid-washed microscope slides, and fixed in acetone. They were assayed 

for LACV antigen by direct immunofluorescence assay (IFA) using a LACV-specific 

polyclonal antibody (Beaty & Thompson, 1975). 

4. RNA purification amplification by reverse transcription-PCR 

The posterior half of each mosquito abdomen was individually homogenized in 

500ul of Trizol (Invitrogen), using a pellet pestle (Fisher Scientific), then total RNA was 

extracted according to manufacturer's instructions. The viruses from 1970, 1978, 1979, 

and 1981 were prepared as follows. The 1979 isolate was intrathoracically inoculated 

(~0.4ul each) into 10 mosquitoes. Fourteen days post-injection, the mosquitoes were 

tested for LACV antigen by IFA. Each positive mosquito was triturated in 500ul of 

Trizol and RNA was purified according to manufacturer's instructions. The RNA from 

the 1978, 1980 and 1981 isolates was extracted from C6 36 cell cultures infected at a 

multiplicity of infection (MOI) of 0.01. Three days post-infection, cells were scraped into 

the medium, centrifuged and the cell pellet was resuspended in 500ul of Trizol for RNA 

recovery according to manufacturer's instructions. 
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Portions of the LACV S, M, and L RNA segments were transcribed to cDNA 

using Superscript II reverse transcriptase (Invitrogen) and amplified by PCR using Ex 

Taq DNA polymerase (Takara) according to manufacturer's instructions. The primers 

specific for the S segment (forward: 5'-GCAAATGGATTTGATCCTGATGCAG-3', 

reverse: 5'-CTTAAGGCCTTCTTCAGG TATTGAG-3') amplified a 461 nucleotide 

region (nucleotides 144 to 605) of the nucleocapsid gene and the nonstructural protein 

that was selected because it was the most variable region of the published S sequences. 

The S segment is 984 nucleotides in length, so the amplified region encompasses almost 

half the entire segment. The primers specific for the M segment (forward: 5'-

CCAAAAGCAACA AAAGAAAGA-3', reverse: 5'- CTGAAGGCATGA TGCAAAG-

3') amplified a highly variable 410 nucleotide region in the 5' half of the Gl gene, 

(nucleotides 1585 to 1995) (Borucki et al., 2001). The primers specific for the L segment 

(forward: 5'-GCATGTGTAGCCA AGGATATCGATG-3', reverse: 5'-

CAGTCTTGCACCAGGGTG CTGTAAG-3') amplified a 486 nucleotide region 

(nucleotides 140 to 626). These primers also were selected to amplify the most variable 

region of the L segment. Primers specific for the^e. triseriatus ribosomal protein Rpl34 

mRNA were used as a positive control. PCR was performed as follows: 94°C for 5 

minutes, 35 cycles of [94°C for 1 minute, 55°C for 1 minute and 72°C for 1 minute] 

followed by a final extension at 72°C for 8 minutes. 

5. Amplicon cloning and sequencing 

PCR products were separated by electrophoresis in 1 % agarose gels with TAE 

buffer, stained with ethidium bromide, excised and extracted using a kit from Marligen 

Biosciences according to manufacturer's instructions. PCR products were inserted into 
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the pCR4-T0P0 cloning vector (Invitrogen) and resulting plasmids were used to 

transform competent TOP 10 E. coli cells (Invitrogen). Cells were grown on LB agar 

containing ampicillin (50|j,g/ml) and kanamycin (50)xg/ml). Colonies were screened for 

inserts by PCR amplification, using the original primers and positive products were 

purified using a QIAquick spin column (Qiagen). Three to five cDNA clones per segment 

from each mosquito were sequenced using the ABI PRISM dye terminator cycle 

sequencing kit (Applied Biosystems, CA) and the ABI 310 DNA automated sequencer at 

Macromolecular Resources, CSU. A 415 nucleotide region of the S segment (nucleotides 

190-604), a 358 nucleotide region of the M segment (nucleotides 1637-1994), and a 447 

nucleotide region of the L segment (nucleotides 179-625) were sequenced. 

6. Haplotype determination 

Genetic groups were established for each of the three segments through maximum 

parsimony analysis, sequence identity matrix, neighbor joining distance matrix, and ratio 

of synonymous to nonsynonymous substitutions. Two different grouping systems were 

utilized: (1) a system in which the haplotypes were determined by the original 

phylogenetic analysis and (2) a conservative grouping system. 

7. Statistical analyses 

a. Linkage Disequilibrium Analysis 

A linkage disequilibrium analysis was performed to determine if the segments 

assort randomly, thereby suggesting segment reassortment. Linkage disequilibrium 

describes a situation in which some combinations of segments occur together more or 

less frequently in a mosquito than would be predicted by their independent frequencies. 
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The first step is to determine the number of times segment, S,-,M/, and L* appear in the 

same mosquito, where for example, S, is a unique sequence of the segment. 

Ttjk = the number of times haplotypes /, j , and k occur in a mosquito. (1) 

Eijk is the number of times haplotypes i,j, and k are expected to occur in a mosquito. 

E ijk= (Pi X py X Tpk) X N, (2) 

where p, is the frequency of S,- in the mosquito population and N is the number of 

mosquitoes. 

Linkage disequilibrium (D//*) was then estimated. 

Dl7 = (N/N-l)*(T / y i t-E^)/N (3) 

A correlation coefficient R,y* was determined (Hill & Robertson, 1966). 

RiJk = Dy/((p i(l-p,-))(Py(l-Py))(pt(l-p*))1/2 (4) 

A chi-square statistic (x2Lmk) and the corresponding level of significance were calculated 

for each group of haplotypes to test the hypothesis that the individual haplotype 

combinations are in linkage equilibrium. 

^LinkOdirCNR^2) (5) 

An additional chi-square statistic for independence (x ind ) was calculated to determine if 

there was significant dependence for the interaction between the three segments overall. 

X Ind = (Tyjt - Eijk) /Ejjk (6) 

b. Maximum Parsimony analysis 

Maximum parsimony phylogenetic analysis was performed using the 

Phylogenetic Analysis Using Parsimony (PAUP) 4.0b 10 package (Swofford, 2003). The 

phylogenetic trees indicate the branches that appeared in the majority of the 1000 

bootstrap pseudo replications and the frequency with which these appear among 
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replications. A maximum parsimony phylogenetic tree was created for each of the three 

genome segments. 

C. RESULTS 

1. LACV infected mosquitoes analyzed 

We investigated the genetic diversity and segment reassortment potential of 

LACV in the upper Midwestern U.S. A total of 6,791 mosquitoes collected as eggs at 

study sites in Wisconsin, Minnesota, and Iowa (Figure 2.1) were reared and tested for 

LACV antigen by IFA. Of these, 309 (4.5%) were positive. Viral RNA was amplified 

from one to three mosquitoes from the selected sites listed in Table 2.2. Viral RNA from 

40 mosquitoes was analyzed, including 34 field collected mosquitoes from 2004 and six 

field collected mosquitoes from 2000. In addition, RNA from four virus isolates from 

1970, 1978, 1979, and 1981, was analyzed (Table 2.1). 

2. Sequence polymorphism and nucleotide substitution 

Genome sequence polymorphism (theta) in a population is the proportion of 

nucleotide sites that are expected to be polymorphic in any sample in a particular region 

of the genome. The value takes into account the number of nucleotide differences 

between each pair of sequences and the number of possible pairs (Kimura, 1969). 

Genome sequence polymorphism for the L, M, and S segment sequences were 0.00827, 

0.00985, and 0.00661, respectively. This can be seen graphically in Figure 2.2. The 

polymorphic sites of the L segment sequences can be observed between nucleotides 480 

and 600. The polymorphic sites of the M segment sequences are found between 

nucleotides 1600 and 1800, and nucleotides 1900 and 1985. There are not as many 
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Table 2.2: Field collected Ae. triseriatus mosquitoes from Minnesota and 
Wisconsin in 2004 and 2000 that were tested for LACV infection*. 

290* aamptoa 
BCA/Winona/2004 
BCBM/inona/2004 
BRS/Houston/2004 
BWL/Houston/2004 
CAL-B/Houston/2004 
CAL-D/Houston/2004 
CAL-GA/Houston/2004 
CAT/Monroe/2004 
DAK-90/Winona/2004 
ESOTVernon/2004 
GAY120/Crawford/2004 
GRL/La Crosse/2004 
HCS/Houston/2004 
HHS/Houston/2004 
HOA/ernon/2004 
INNSL/La Crosse/2004 
LAXCC/La Crosse/2004 
MCBB/La Crosse/2004 
MCPA/La Crosse/2004 
MCPB/La Crosse/2004 
NAT/Crawford/2004 
NFCS/Winona/2004 
OTS/La Crosse/2004 
RRA/Houston/2004 
RCS/Crawford/2004 
SHRA/ernon/2004 
SRS/La Crosse/2004 
SST/La Crosse/2004 
SVPA/ernon/2004 
TFP/Monroe/2004 
VSBA/ernon/2004 
WKCS/Crawford/2004 
WSB/La Crosse/2004 
WBF/Monroe/2004 

Winona. MN 
Winona, MN 
Houston. MN 
Houston, MN 
Houston, MN 
Houston, MN 
Houston, MN 
Monroe, Wl 

Winona, MN 
Vernon, Wl 

Crawford, Wl 
La Crosse, Wl 
Houston, MN 
Houston. MN 
Vernon, Wl 

La Crosse, Wl 
La Crosse. Wl 
La Crosse, Wl 
La Crosse, Wl 
La Crosse, Wl 
Crawford. Wl 
Winona. MN 
La Crosse, Wl 
Houston, MN 
Crawford, Wl 
Vernon, Wl 

La Crosse, Wl 
La Crosse, Wl 

Vernon, Wl 
Monroe, Wl 
Vernon, Wl 

Crawford. Wl 
La Crosse,WI 
Monroe. Wl 

6/18/2004 
6/18/2004 
6/29/2004 
6/28/2004 
7/20/2004 
7/20/2004 
7/20/2004 
7/19/2004 
6/18/2004 
7/22/2004 
7/22/2004 
7/19/2004 
8/2/2004 
7/2/2004 

6/21/2004 
6/28/2004 
6/28/2004 
7/8/2004 

6/17/2004 
6/17/2004 
7/12/2004 
7/19/2004 
7/19/2004 
7/12/2004 
6/21/2004 
6/21/2004 
7/19/2004 
7/19/04 
7/26/04 
7/19/04 
6/21/04 
6/21/04 
7/20/04 
7/19/04 

7 
7 

50 
38 
50 
50 
50 
50 
38 
50 
50 
50 
42 
50 
24 
20 
30 
50 
35 
35 
50 
50 
50 
50 
50 
50 
50 
50 
50 
41 
50 
27 
47 
50 

3 
3 
1 
2 
2 
5 
5 
1 
3 
4 
12 
1 
1 
1 
1 
3 
2 
2 
2 
2 
3 
1 
3 
3 
6 
1 
7 
2 
4 
17 
5 
3 
2 
8 

42.9% 
42.9% 
2.0% 
5.3% 
4.0% 
10.0% 
10.0% 
2.0% 
7.9% 
8.0% 
24.0% 
2.0% 
2.4% 
2.0% 
4.2% 
15.0% 
6.7% 
4.0% 
5.7% 
5.7% 
6.0% 
2.0% 
6.0% 
6.0% 
12.0% 
2.0% 
14.0% 
4.0% 
8.0% 

41.0% 
10.0% 
11.1% 
4.3% 
16.0% 

2000 Samples 
CAL-BA/Houston/2000 
CAL-BB/Houston/2000 
INNB/La Crosse/2000 
LRHE-A/La Crosse/2000 
LRHE-B/La Crosse/2000 
VSAA/ernon/2000 

Houston. MN 
Houston, MN 
La Crosse, Wl 
La Crosse. Wl 
La Crosse. Wl 

Vernon, Wl 

5/1/2001 
5/1/2001 
5/1/2001 
5/1/2001 
5/1/2001 
5/1/2001 

50 
50 
50 
50 
50 
50 

5 
5 
2 
2 
2 
1 

10.0% 
10.0% 
4.0% 
4.0% 
4.0% 
2.0% 

*Fifty mosquitoes were tested for LACV antigen from most sites. There were 13 sites with less 
than 50 adult mosquitoes. 
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Figure 2.2: Nucleotide polymorphism (theta) of the LACV L, M and S segment 
sequences amplified from field-infected mosquitoes 
Polymorphic regions are regions of 50 nucleotides with 5 or more polymorphisms and are 
represented by the asterisks. The polymorphic regions of the L segment sequences can be 
observed between nucleotides 480 and 600. The polymorphic regions of the M segment 
sequences are found between 1600 and 1800, and 1900 and 1985. The polymorphic 
regions observed in the S segment sequences are found between 300 and 350, and 
between 450 and 500. 
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polymorphic sites observed in the S segment sequences; they are found between 

nucleotides 300 and 350 and between nucleotides 450 and 500. 

All three segments had more nonsynonymous substitutions than synonymous, 

suggesting that the nonsynonymous mutations are maintained by positive selection. The 

M segment had four synonymous substitutions and ten nonsynonymous substitutions. 

The L segment had three synonymous substitutions and thirteen nonsynonymous 

substitutions. The S segment had three synonymous substitutions and nine 

nonsynonymous substitutions. The nonsynonymous substitutions that were found are 

shown in Table 2.3. 

3. Haplotype determination 

Two different haplotype grouping systems were developed: (1) a system in which 

the haplotypes were determined by the original phylogenetic analysis and (2) a 

conservative grouping system. The original system identified four S clades based on 

seven polymorphic sites, five of which were nonsynonymous mutations. The three clades 

identified in the M segment were based on ten polymorphic sites, five of which were 

nonsynonymous. For the L segment, four clades were identified based on six 

polymorphic sites, all of which were nonsynonymous substitutions (Figure 2.3). Because 

some of these clades differed by only a few nucleotides, the conservative grouping 

system was established, which reduced the number of clades to three S haplotypes, three 

M haplotypes and two L haplotypes (Figure 2.4). 
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Table 2.3: Nonsynonymous mutations found in sequences of 
LACV RNA amplified from field collected mosquitoes* 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

S 

S 

s 
s 
s 
s 
s 
s 
s 

252 

282 

313 

321 

374 

489 

490 

536 

547 

555 

561 

576 

608 

1663 

1749 

1754 

1782 

1815 

1826 

1898 

1913 

1961 

1964 

209 

273 

298 

340 

347 

400 

419 

445 

463 

C ^ A 

C-+A 

G ^ A 

T ^ C 

A ^ G 

A ^ G 

T ^ C 

A ^ G 

T - + G 

A ^ G 

T ^ C 

T ^ G 

G ^ A 

A - + G 

G ^ A 

T ^ C 

A ^ G 

T ^ C 

T ^ C 

T ^ C 

T ^ C 

A ^ G 

T ^ C 

T ^ C 

A ^ C 

A ^ G 

A ^ G 

A ^ G 

T ^ C 

A ^ T 

A ^ G 

G ^ A 

Pro -» His 

Pro -+ Glu 

Met -> lie 

Tyr ->• Ala 

Thr - • Ala 

Asp ->• Gly 

Arg -»Gly 

Asn ->Asp 

Phe -> Cys 

Lys —> Arg 

Ser —> Leu 

Phe -> Cys 

Ala -> Thr 

He -> Met 

Asn —> Ser 

Tyr -> His 

Asp - • Gly 

Val -> Ala 

Ser -> Pro 

Cys ->Arg 

Trp - • Arg 

Lys -> Glu 

Phe —> Leu 

Phe -»Ser 

Lys —• Asn 

lie -> Val 

Asn —• Asp 

Asp -> Gly 

Tyr —• His 

Glu — Val 

Thr -> Ala 

Ala -H. Thr 

* Sequence analysis revealed numerous nonsynonymous 
mutations for the three segments, L, M and S. There 
were thirteen nonsynonymous mutations observed in a 
447 nucleotide region of the L segment, ten 
nonsynonymous mutations in a 358 nucleotide region 
of the M segment, and nine nonsynonymous mutations 
in a 415 nucleotide region of the S segment. 
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5 segment 

Figure 2.3: LACV L, M, and S segment haplotype determination based on the 
original approach 
Phylogenetic analyses yielded four haplotypes for the L segment (A), three haplotypes 
for the M segment (B), and four haplotypes for the S segment (C). The genome position 
is provided above the genetic sequence. 
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Figure 2.4: LACV L, M, and S segment haplotype determination based on the 
conservative approach 
Conservative phylogenetic analyses yielded two haplotypes for the L segment (A), three 
haplotypes for the M segment (B), and three haplotypes for the S segment (C). The 
genome position is provided above the genetic sequence. 
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4. Phylogenetic analysis 

Comparison of the clades on the three maximum parsimony trees provides 

evidence for the occurrence of segment reassortment (Figures 2.5-2.7). If reassortment 

had not occurred, the clades in each of the three trees would be identical. A number of 

mosquitoes contain segments that clustered into different clades in each of the trees. For 

example, the sample MCBB/La Crosse/2004 is in the group #2 for the L segment and in 

the group #3 for the S segment. Another example is the mosquito collected from NFCS/ 

Winona/2004. It is in group #3 in the L segment, group #2 in the M segment and group 

#4 in the S segment. Patterns such as this strongly suggest that segment reassortment is 

occurring. 

5. Linkage disequilibrium 

Linkage disequilibrium is a gauge of whether reassortment has occurred. 

Segments that are randomly assorted are considered to be in a state of linkage equilibrium 

and segments not randomly assorted are considered to be in linkage disequilibrium. 

Linkage disequilibrium indicates that segments assort more or less often than 

expected by their independent frequencies and therefore segment reassortment has not 

occurred. This analysis was performed to determine if and how much segment 

reassortment was occurring in the field. Through the clades identified by phylogenetic 

analysis, it was determined that 17 of the 44 samples (38.6%) are in linkage equilibrium, 

suggesting that genetic variation occurring through segment reassortment is quite 

frequent in the field (Table 2.4). In the conservative analysis, 11 of the 44 samples 

(25.0%) were in linkage equilibrium, supporting the hypothesis that segment 
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Figure 2.5: Maximum parsimony phylogenetic analysis of the L segment of LACV 
RNA amplified from field collected mosquitoes 
Phylogenetic analysis of LACV sequence amplified from field-infected mosquitoes 
collected in 2000 and 2004 and from LACV virus isolates from 1970, 1978, 1979 and 
1981 for the L segment from nucleotides 140-626. Bootstrap values were assigned for 
100 replicates represented by the numbers on the branches. Colors represent genotypes 
determined for the L segment and are continued for the S and M segments. The two 
highlighted samples are examples of segment reassortment. 
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Figure 2.6: Maximum parsimony phylogenetic analysis of the M segment of LACV 
RNA amplified from field collected mosquitoes 
Phylogenetic analysis of LACV sequence amplified from field-infected mosquitoes 
collected in 2000 and 2004 from LACV virus isolates from 1970, 1978, 1979 and 1981 
for the M segment from nucleotides 1585-1995. Bootstrap values were assigned for 100 
replicates represented by the numbers on the branches. Colors represent genotypes 
determined for the L segment and are continued for the S and M segments. The two 
highlighted samples are examples of segment reassortment. 
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Figure 2.7: Maximum parsimony phylogenetic analysis of the S segment of LACV 
RNA amplified from field collected mosquitoes 
Phylogenetic analysis of LACV sequence amplified from field-infected mosquitoes 
collected in 2000 and 2004 from LACV virus isolates from 1970, 1978, 1979 and 1981 
for the S segment from nucleotides 144-605. Bootstrap values were assigned for 100 
replicates represented by the numbers on the branches. Colors represent genotypes 
determined for the L segment and are continued for the S and M segments. The two 
highlighted samples are examples of segment reassortment. 
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reassortment is a significant mechanism of evolution for LACV (Table 2.5). A Chi-

square test (x2Link) determines if the haplotypes combinations are in linkage 

disequilibrium. The null hypothesis is that the segments from each mosquito clustered 

independently. The haplotype combinations deemed significant through the x Link test are 

considered to be in linkage disequilibrium and therefore not segregating independently. 

In the analyses 25-38.6% of the samples yielded an insignificant p-value from the % Link 

test. These are therefore in linkage equilibrium and are possible reassortants (Tables 2.4 

and 2.5). 

An additional analysis was performed to determine which of the three segments 

were most likely to be randomly segregating. A two by two analysis was done comparing 

the possible haplotype combinations between S and M segments, the M and L segments 

and the S and L segments (Table 2.6). The S and M analysis revealed that 42 samples of 

the 44 (95.5%) are in linkage equilibrium using the % Link test. A similar analysis of the 

conservative clades revealed that 39 of the 44 samples (88.6%) are in equilibrium. In the 

M and L analysis, 29 samples of the 44 (65.9%) were revealed to be in a state of linkage 

equilibrium, and all the combinations were in linkage equilibrium in the conservative 

analysis. The S and L analysis yielded similar results where 36 of the 44 mosquito 

samples (81.8%) are in linkage equilibrium compared to all the combinations in the 

conservative approach (Table 2.7). 

The % hd test revealed significant relationships between the three segments, 

confirming that majority of the haplotype combinations are in linkage disequilibrium 

(Tables 2.4 and 2.5). The % ind test was also performed to compare ail possible haplotype 

combinations between two segments (S and M, M and L, and S and L), and the results 
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Table 2.4: LACV segment reassortment occurs in field 
collected mosquitoes as revealed by a linkage 
disequilibrium analysis* 

2 

2 
2 
2 
2 
2 

2 

2 

2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
4 

4 
4 
4 
4 
4 

X2«T«t 
D-value 

1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 

3 
1 
1 
1 
1 
2 
2 

2 

2 
3 
3 
3 
3 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
1 
1 
1 
1 
2 
2 
2 

2 
3 
3 
3 
3 

44.15369 

0.00055 

1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 

4 
1 

2 
3 
4 
1 
2 

3 
4 

1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 

4 
1 
2 
3 
4 

18 d.f. 

2 
2 
2 
1 
0 
0 
1 
0 
0 
1 
2 

1 
1 
3 
3 
0 
0 
1 

1 

0 

0 
2 
1 
0 
4 
0 
3 
0 
0 
2 
5 
0 
0 
0 
4 
0 
0 
0 
0 
0 
0 
0 
2 

0 
0 
0 
0 
0 
44 

-0.31122 

-0.13718 

0.23598 

-0.37123 

0.16690 

0.22154 

0.18487 

0.08373 

0.15736 

•0.06962 

-0.08807 

-0.49999 

-0.02539 

-0.37861 

0.02603 

0.13066 

0.16690 

-0.04923 

0.18487 

0.08373 

0.15736 

-0.34812 

0.15412 

0.07895 

-0.68177 

0.46970 

0.32064 

0.17753 

0.39821 

-0.18953 

-0.49534 

0.11377 

0.21381 

0.28380 

-0.33904 

0.10727 

0.09280 

0.12319 

0.23373 

0.04656 

005948 

0.07895 

-0.85713 

0.02984 

0.05607 

0.07443 

0.14122 

0.02813 

* 

* 

... 

* 

* 

... 
** 
* 

„ 

*. 

* 

... 

*The 48 possible haplotype combinations were analyzed for 
linkage disequilibrium with four S segments, three M segments 
and four L segments. The observed column is the number of that 
specific haplotype combination found in the population. The R^is 
the correlation coefficient for linkage disequilibrium. The 
highlighted samples are those haplotype combinations that are in 
linkage equilibrium that were observed in the population. 
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 
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Table 2.5: LACV segment reassortment occurs in field 
collected mosquitoes as revealed by a linkage 
disequilibrium analysis using the conservative analyses 

1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 

y?UTm* 
p-vatue 

1 
1 
2 
2 
3 
3 
1 
1 
2 
2 
3 
3 
1 
1 
2 
2 
3 
3 

12.6095 
0.0133 

1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 

4d.f. 

1 
1 
3 
0 
6 
1 
7 
0 
7 
0 
4 
0 
0 
0 
2 
0 
0 
0 
4 

-0.9274 
-0.2152 
1 6352 
0.1497 
-0.1412 
-0.3766 
0.5457 
0.1775 

-1.1799 
0.1137 
0.1549 
0.1072 
0.9777 
0.0465 

-1.7804 
0.0298 
0.5907 
0.0281 

** 

** 

* 
** 

** 

** 

** 

** 

*The 18 possible haplotype combinations were analyzed for linkage 
disequilibrium with three S segments, three M segments and two L 
segments. The observed column is the number of that specific 
haplotype combination found in the population. The R^is the 
correlation coefficient for linkage disequilibrium. The highlighted 
samples are those haplotype combinations that are in linkage 
equilibrium that were observed in the population. 
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001 
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Table 2.6: The S segment is the segment likely to reassort revealed by the linkage 
disequilibrium analysis of haplotype combinations of S*M, M*L, and S*L* 

1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 

1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 

2 
3 
5 
2 
1 
6 
5 
0 
4 
2 
12 
0 
0 
0 
2 
0 
44 

Chi-squ 
p-value 

-0.01298 
0.00000 
0.16207 
-0.36464 
0.12979 
-0.36178 
0.16207 
0.13674 
-0.14695 
0.27309 
-0.20726 
0.18579 
0.09712 
0.12892 
-0.20384 
0.04873 

13.40079 
0.14529 

** 

** 

9d.f. 

1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 

1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 

^ 
5 
8 
1 
0 
3 
9 
0 
0 
o 
I 

1 
44 

Chi-Squ 
p-value 

-0.46579 
0.02688 
0.32302 
-0.01016 
0.27255 
0.00000 
-0.25741 
0.13674 
0.25696 
-0.03101 
-0.10786 
-0.12892 

10.87789 
0.09222 

*** 

** 

* 

6d.f. 

1 
1 
1 
2 
2 
2 
3 
3 
3 
4 
4 
4 

1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 

7 
1 
4 
7 
2 
3 
7 
7 
4 
0 
2 
0 
44 

Chi-Squ 
p-value 

-0.13306 
0.26647 
-0.12059 
-0.13306 
0.14922 
0.00000 
0.15066 
-0.22207 
0.05462 
0.21336 
-0.36464 
0.12892 

9.54630 
0.14510 

** 

6d.f. 

*The possible haplotype combinations (12: S*M, 12: M*L, and 16: S*L) were analyzed for linkage 
disequilibrium with four S segments, three M segments and four L segments. The observed column is the 
number of that specific haplotype combination found in the population. The Ki]k is the correlation 
coefficient for linkage disequilibrium. 
* p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01 

Table 2.7: Minimal linkage disequilibrium was observed in the 2x2 linkage 
disequilibrium analysis of haplotype combinations of S*M, M*L, and S*L using the 
conservative clades.* 

1 
1 
1 
2 
2 
2 
3 
3 
3 

1 
2 
3 
1 
2 
3 
1 
2 
3 

14 
3 
7 
7 
7 
4 
0 
2 
0 
44 

Chi-Squ 
p-value 

-0.23802 
0.37181 
-0.10786 
0.15066 
-0.22207 
0.05462 
0.21336 
-0.36464 
0.12892 

9.22685 
0.05567 

** 

** 

4d.f. 

1 
1 
2 
2 
3 
3 

1 
2 
1 
2 
1 
2 

20 
1 
12 
0 
10 
1 
44 

Chi-Squ 
p-value 

0.01016 
-0.01016 
-0.13674 
0.13674 
0.12892 
-0.12892 

1.09751 
0.57767 

2d.f. 

1 
1 
2 
2 
3 
3 

* 
2 
1 
2 

2 

22 
2 
18 
0 
2 
0 
44 

Chi-Squ 
p-value 

0.20384 
-0.20384 
-0.18579 
0.18579 
-0.04873 
0.04873 

1.74603 
0.41769 

2d.f. 

*The possible haplotype combinations (9: S*M, 6: M*L, and 6: S*L) were analyzed for linkage 
disequilibrium with three S segments, three M segments and two L segments. The observed column is the 
number of that specific haplotype combination found in the population. The Kl]k is the correlation 
coefficient for linkage disequilibrium. 
* p-value < 0.10, ** p-value < 0.05, *** p-value < 0.01 
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support the evidence for reassortment, because none of the comparisons produced 

statistically significant results (Table 2.6 and 2.7). 

6. Occurrence of quasispecies 

There was also evidence of the existence of quasispecies in some of the 

mosquitoes analyzed. In these cases, alignment of sequences of three to five clones 

amplified from a single mosquito showed two or three different viral haplotypes for each 

segment (Figure 2.8). This occurred in 10/44 samples in the S segment, 25/44 samples in 

the M segment, and 18/44 samples in the L segment. In the remaining samples, there was 

a strong consensus sequence for a given segment with no variable sites. There was no 

variability in sequences from any of the three segments of the four virus isolates. 

Haplotype # 2 -

Haplotype #1 -< 

s-

#MormonCouleel3A 
_ #MormonCouleel3B 

#MormonCouleel3C 
#MormonCouleel3D 
#MormonCouleel3E 

M segment 

Clone 
Clone 
Clone 
Clone 
Clone 

1111111 
7789999 
3411679 
5957150 
GTTAACA 
A.C.GTC 
A.C.GTC 
AC.G... 
AC.G.T. 
AC.G... 

Figure 2.8: Evidence for multiple virus haplotypes in a single mosquito 
The viral sequence amplified from the mosquito collected from Mormon Coulee yielded both 
haplotypes 1 and 2 of the M segment. 
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D. DISCUSSION 

Segment reassortment occurred in 25-38.7% of mosquitoes as determined by both 

phylogenetic analyses and linkage disequilibrium analysis (Figure 2.5-2.7 and Tables 2.4 

and 2.5). The analyses for genome sequence polymorphism, nucleotide substitution, 

distance matrix, and sequence identity matrix revealed different haplotypes present in 

LACV-infected mosquitoes. The distribution of the sequences in the phylogenetic trees 

would be identical for all three segments if there were no reassortment. However, the 

phylogenetic trees are highly variable when comparing the S, M and L tree topologies 

(Figure 2.5-2.7). This analysis was performed without the use of a prototype LACV that 

is known to not have a reassorted genome, so therefore the samples that are or are not 

reassortants can not be determined through this analysis. 

The two by two analyses of the possible haplotype combinations of S and M, M 

and L, and S and L suggests that the S segment could be the segment more likely to 

cluster independently than the M and L segments (Tables 2.6 and 2.7). The M and L 

analysis revealed linkage disequilibrium in 15 of the 44 samples (34.1%) compared to 

4.5% (2/44) of the S and M haplotype combinations and 18.1% (8/44) of the S and L 

haplotype combinations. The x2ind test further supports this at a 90% confidence interval. 

Interestingly, the reassortant virus isolated by Klimas et al. contained an M and L 

segment of one genotype of LACV and an S segment of a different genotype (Klimas et 

al., 1981). One possible reason for this observation could be due to the virulence 

determinant properties of both the M and L segments. The M segment codes for the 

glycoproteins, Gl and G2, and conditions attachment and entry into cells, tropisms, and 

mosquito infectivity (Gonzalez-Scarano et al., 1992). The L segment codes for the RNA-
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dependent-RNA polymerase and conditions replication efficiency (Rust et al., 1999). 

Therefore these two segments may need to be in linkage disequilibrium to ensure 

infection of a host. 

There was evidence for the presence of quasispecies in LACV RNA isolated from 

mosquitoes (Figure 2.8). Quasispecies occur when multiple haplotypes are available for 

packaging. There may be a haplotype that has a greater fitness in one environment 

compared to another and this mechanism could allow LACV to have a successful 

transmission cycle. Quasispecies might have developed to allow LACV to adapt to the 

different landscapes in the host and the vector. Even though a mosquito may contain two 

or three haplotypes of the LACV RNA, only certain haplotypes may be packaged, 

resulting in infectious particles. The haplotype packaged depends on the environment and 

the replicative fitness. The presence of quasispecies in this analysis therefore 

demonstrates the evolutionary potential of LACV. 

Although the LACV RNA isolated from mosquitoes provides evidence for 

reassortment, the occurrence of quasispecies and natural sequence variation confounds 

this interpretation. The amount of reassortment detected in this study could possibly be 

the effect of analyzing pre-selection phase quasispecies RNA. In order to determine if 

infectious virus has genome segments demonstrating quasispecies-like sequence 

variability, viruses will need to be isolated from mosquitoes, preferably from saliva or 

ovaries, and plaque-purified clones will need to be sequenced. 

Results of the experiments described here suggest that segment reassortment in 

LACV occurs frequently in the field. One possible reason for this could be the ability of 

Ae. triseriatus mosquitoes to become dually infected; 100% of mosquitoes ingesting two 
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different LACV isolates simultaneously or within four hours become dually infected 

(Beaty et al., 1985). Even at 48 hours post-initial bloodmeal, 27% of mosquitoes 

ingesting a second virus still become dually infected before a barrier to superinfection 

develops. In addition, when TO-infected mosquitoes ingested a bloodmeal containing a 

heterologous LACV, 18.6% became dually infected (Borucki et al., 1999). These 

experiments suggest that dual infection can frequently occur through both oral and 

transovarial infection and therefore increase the possibility of segment reassortment of 

LACV in vectors. The newly evolved viruses are also efficiently transmitted (Beaty et al., 

1985). These experiments were performed in a controlled laboratory setting, but they 

demonstrate the potential for segment reassortment to occur frequently in nature. 

Because LACV is already the leading cause of pediatric encephalitis in the United 

States, there are important epidemiologic implications of reassortment in LACV-infected 

Ae. triseriatus mosquitoes in the field. If two viruses reassort and create a new virus, vital 

determinants of the pathogenesis and transmission cycle could be altered. New viral 

phenotypes could be capable of infecting new vector species or vertebrate hosts. New 

viruses could also be introduced into new arbovirus cycles with potentially significant 

epidemiological consequences (Beaty & Calisher, 1991). For example, the geographic 

distribution of LACV is currently determined by the distribution of Ae. triseriatus 

mosquitoes and chipmunks and tree squirrels. If a new viral phenotype infected birds, the 

geographic distribution could easily be increased by migratory patterns, similar to the 

observed geographic spread of West Nile virus (Family: Flaviviridae, Genus: Flavivirus) 

in the United States (Gubler, 2002). If a new virus established a new transmission cycle 

with a different mosquito that more aggressively feeds on humans, increased human 
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infection could occur, possibly becoming clinically significant in both adults and 

children. In addition, a new viral phenotype could be more virulent and exhibit different 

tropisms, perhaps causing humans to develop a high enough viremia titer to infect biting 

mosquitoes and/or to cross the blood-brain barrier more efficiently. The implications of 

reassortment in nature are poorly understood. Determination of the evolutionary potential 

of LAC V through genetic shift may permit prediction of the epidemiologic consequences 

of these events. 
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III. GENOTYPIC VARIABILITY OF LA 

CROSSE VIRUS: INVESTIGATIONS OF 

GEOGRAPHICAL (SPATIAL), 

ENVIRONMENTAL, AND TEMPORAL 

FACTORS THAT CONDITION THE 

GENETIC STRUCTURE OF THE VIRUS 

IN AN ENDEMIC AREA 



A. INTRODUCTION 

La Crosse virus (LACV) belongs to the California serogroup of the genus 

Orthobunyavirus in the family Bunyaviridae. It is the primary cause of pediatric arboviral 

encephalitis in the United States. The incidence of LACV is 5-10 cases per 100,000 in 

endemic areas. LACV encephalitis afflicts mainly children between the ages of 3 and 15 

with the majority of the cases reported in the Midwestern United States (Rust et al., 

1999). However, LACV has been isolated from 13 states in the eastern U.S. extending 

from Texas to Minnesota and from New York to Georgia (Calisher, 1994). Clinical cases 

of LACV have been reported in 28 states (CDC, 2005, Grayson & Calisher, 1983). 

The genotypic variation of LACV isolated from different geographic regions of 

the United States and different ecological niches has been examined through 

oligonucleotide fingerprints (El Said et al., 1979, Klimas et al., 1981). Viruses were 

isolated from the Midwestern (Wisconsin, Minnesota, Illinois, Indiana, and Ohio), 

Eastern (New York, Georgia and North Carolina) and Southern (Texas) portions of the 

United States. Comparison of oligonucleotide fingerprints revealed three haplotypes of 

the virus. Type A LACV was recovered from Wisconsin, Minnesota, Indiana and Ohio. 

Type B LACV was isolated from Minnesota, Wisconsin and Illinois. The A and B type 

viruses are sympatic in the upper Midwest. Type C was isolated from the eastern and 

southern regions of the United States. An additional study compared LACV isolated from 

a variety of mosquito species in the northern United States to the prototype LACV 

isolated from the first fatal case in 1960 (El Said et al., 1979, Thompson et al., 1965). 

Both studies found that no two viruses yielded identical fingerprints, suggesting there has 

been considerable evolution of LACV in nature. There was variation between the 
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different isolates within the type A and B haplotypes and within viruses from the 

different ecological niches. This probably resulted from genetic drift, which is a major 

contributor to the evolutionary potential of Bunyaviridae viruses (Beaty & Calisher, 

1991, Bishop & Beaty, 1988). 

LACV isolates from mosquitoes and humans have also been analyzed using more 

sensitive techniques such as sequencing and phylogenetic analysis to investigate genetic 

variation over time and distance (Huang et al., 1995, Huang et al., 1997). The M segment 

of LACV isolates from the brains of two children autopsied 18 years apart in Wisconsin 

were compared (Huang et al., 1995). There was an overall identity of 99.6% in the 

nucleotide sequence. An additional phylogenetic study included a LACV isolate 

recovered from a fatal case of encephalitis that occurred in Missouri in 1993 and multiple 

mosquito LACV isolates (Huang et al., 1997). This allowed an opportunity to compare 

sequence data from viruses that were separated spatially (upper Midwest and Missouri) 

and chronologically (33 years). Comparison of M segment genomic RNA from these 

viruses showed that the nucleotide and deduced amino acid sequences of the human 

isolates were highly conserved. The high degree of conservation over time and space led 

to the hypothesis that human infections of LACV are most likely related to a specific 

genotype that resulted in severe disease and a fatal outcome. Alternatively, LACV 

passage in and isolation from the central nervous system of humans could select for 

specific virus genotypes. Clearly, the hypothesis of fatal human infections being 

associated with a narrow range of genotypes needs to be investigated more rigorously. It 

is noteworthy that the M segment sequence isolated from mosquitoes was similar to that 
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of the viruses recovered from humans, suggesting that the genotype associated with 

human fatalities also circulates in mosquitoes (Huang et al., 1997). 

An additional phylogenetic analysis of the LACV M segment demonstrated three 

different lineages of the virus (Armstrong & Andreadis, 2006). One lineage consisted of 

viruses isolated from the Midwest (Wisconsin, Minnesota, Missouri, and Ohio) and 

Appalachian regions (Tennessee, North Carolina, and West Virginia). The substructure of 

this lineage revealed four homogeneous clusters of variants from (1) Minnesota, western 

Wisconsin and Missouri, (2) Wisconsin and western Ohio, (3) West Virginia, and (4) 

North Carolina and Tennessee. A second lineage consisted of viruses isolated from 

southeastern (Alabama and Georgia) and northeastern (New York) United States. A third 

lineage consisted solely of a new genetic variant of LACV isolated from Connecticut. 

These studies support the previous observations (Klimas et al., 1981) that the viruses 

loosely cluster into different lineages based upon a geographical distance. Overall, these 

analyses confirmed the evolutionary diversification among LACV in nature. The 

epidemiological significance of this genetic variability remains to be determined. 

The La Crosse, Wisconsin, region, including nearby areas in southeast Minnesota 

and northeast Iowa, is arguably one of the most intensely studied regions in terms of 

LACV molecular epidemiology, beginning with the studies by Klimas et al. (Klimas et 

al., 1981) covered in I. (F.2.A, F.2.B.). However much remains to be determined 

concerning the genetic structure of viruses in the area. The geographical, ecological and 

temporal determinants of genetic structure and gene flow in the virus population needs to 

be investigated. Previous studies have demonstrated that there are no barriers to gene 

flow in Ae. triseriatus mosquitoes in the collection area in the La Crosse, Wisconsin 
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region, southeast Minnesota and northeast Iowa (Beck et al., 2005). Analysis of the 

mitochondrial gene, NADH dehydrogenase subunit 4, found no evidence for genetic 

isolation by distance and Interstate 90 and the Mississippi River were not barriers to gene 

flow (Beck et al., 2005). Since Ae. triseriatus mosquitoes exist as a panmictic population 

it was important to determine if there were barriers to LACV viral gene flow in the same 

collection area. 

Many reports have demonstrated that viruses from the Bunyaviridae family are 

evolving geographically, ecologically and chronologically (Armstrong & Andreadis, 

2006, Avsic-Zupanc et al., 2007, Bird et al., 2007, Deyde et al, 2006, El Said et al., 1979, 

Huang et al, 1996, Klimas et al., 1981, Vapalahti et al., 1996, Yamakawa et al., 2006). 

Clearly, there is regional genetic isolation of LACV as determined by both 

oligonucleotide fingerprinting and more recently by sequence analysis (Armstrong & 

Andreadis, 2006, El Said et al, 1979, Huang et al., 1995, Huang et al., 1997, Klimas et 

al., 1981). However, the genetic variability of LACV on a smaller spatial scale needs to 

be investigated. 

In this study, the genetic variation of LACV was investigated in terms of 

geographic origin, environmental terrain of the collection site, and collection year in a 

study range of 15,360 km in western Wisconsin, southeastern Minnesota and 

northeastern Iowa. The principal goal of this study was to characterize the geographic 

(spatial) variability and viral gene flow of LACV in an endemic region using sensitive 

molecular epidemiological techniques. A phylogenetic analysis of LACV RNA isolated 

from field-infected Ae. triseriatus mosquitoes collected from Wisconsin and Minnesota 

was executed. The hypothesis for this study was that genetic variation of LACV is 
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associated with the geographic origin, and distinct geographic lineages will be discovered 

on a smaller spatial scale than previously studied. Possible physical barriers to viral gene 

flow that could prevent the exchange of viruses in the collection region were also 

investigated. The outcome of this study could have epidemiological implications. As 

previously mentioned, there may be a narrow range of genotypes correlated with severe 

disease and fatal outcomes (Huang et al., 1997). The presence and potential trafficking of 

such genotypes could pose major risks to humans and detection of such genotypes could 

lead to targeted control efforts. 

B. MATERIALS AND METHODS 

1. Egg collection 

Aedes triseriatus eggs were collected from five oviposition traps in each of 151 

sites in Minnesota (n = 37), Wisconsin (n = 108) and Iowa (n = 6) in areas where LACV 

encephalitis cases occurred or areas that contained clusters of people judged by the La 

Crosse County Health Department to be at risk for LACV infection (e.g. wooded areas 

adjacent to houses with children, schools, or playgrounds). Each trap consisted of a can 

(6.5 cm x 11 cm) painted black, half filled with tap water, with a seed germination paper 

lining the inside perimeter, placed slightly above ground level (Beck et al., 2005). Egg 

papers were collected from traps after 10 days and sent to the insectaries at the 

Arthropod-borne and Infectious Diseases Laboratory (AIDL) at Colorado State 

University (CSU), Fort Collins, CO. Mosquito eggs that had entered diapause in the fall 

of 2000 were collected in the spring of 2001. Mosquito eggs were also collected between 

mid-June and August of 2004 and 2005. Eggs were collected in Crawford, La Crosse, 

Monroe, Vernon, Lafayette and Iowa counties in Wisconsin, Winona and Houston 
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counties in Minnesota and Clayton County in Iowa (Figure 3.1). The eggs collected in 

2001, 2004 and 2005 were hatched immediately upon delivery and reared to adults. 

2. Immunofluorescence assay 

To determine infection status, mosquito heads were severed, squashed onto acid-

washed microscope slides, and fixed in acetone. They were assayed for LACV antigen by 

direct immunofluorescence assay (IFA) using a LACV-specific polyclonal antibody 

(Beaty & Thompson, 1975). 

3. RNA purification amplification by reverse transcription-PCR 

The posterior half of each mosquito abdomen was individually homogenized in 

500ul of Trizol (Invitrogen), using a pellet pestle (Fisher Scientific), then total RNA was 

extracted according to manufacturer's instructions. Portions of the LACV S and M RNA 

segments were transcribed to cDNA using Superscript II reverse transcriptase 

(Invitrogen) and amplified by PCR using Ex Taq DNA polymerase (Takara) according to 

manufacturer's instructions. The primers specific for the S segment (forward: 5'-GCAA 

ATGGATTTGATCCTGATGCAG-3', reverse: 5'-CTTAAGGCCTTCTTCAGGTAT 

TGAG-3') amplified a 461 nucleotide region (nucleotides 144 to 605) of the 

nucleocapsid gene that was selected because it was the most variable region of the 

published S segment sequences. The S segment is 984 nucleotides in length, so the 

amplified region encompasses almost half the entire segment. The primers specific for 

the M segment (forward: 5'-CCAAAAGCAACA AAAGAAAGA-3', reverse: 5'- CTGA 

AGGCATGATGCAAAG-3') amplified a highly variable 410 nucleotide region 

(nucleotides 1585 to 1995), in the 5' half of the Gl gene (Borucki et al., 2001). 
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Figure 3.1: Mosquito collection sites in Minnesota, Wisconsin and Iowa. 
Circles represent all collection sites. Yellow circles are the sites where LACV positive 
mosquitoes were collected in 2000, red circles are the sites where LACV positive 
mosquitoes were collected in 2004, blue circles are the sites where LACV positive 
mosquitoes were collected in 2005, and black circles were the sites without LACV 
positive mosquitoes. 
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Primers specific for the Ae. triseriatus ribosomal protein Rpl34 mRNA were used to 

amplify the positive control. PCR was performed as follows: 94°C for 5 minutes, 35 

cycles of [94°C for 1 minute, 55°C for 1 minute and 72°C for 1 minute] followed by a 

final extension at 72°C for 8 minutes. 

4. Amplicon cloning and sequencing 

PCR products were separated electrophoretically in 1 % agarose gels with TAE 

(Tris-Acetate-EDTA) buffer, stained with ethidium bromide, excised and extracted using 

a kit from Marligen Biosciences according to manufacturer's instructions. PCR products 

were inserted into the pCR4-TOPO cloning vector (Invitrogen) and resulting plasmids 

were used to transform competent TOP 10 E. coli cells (Invitrogen). Cells were grown on 

LB agar containing ampicillin (50|ig/ml) and kanamycin (50ug/ml). Colonies were 

screened for inserts by PCR amplification, using the original primers and positive 

products were purified using a QIAquick spin column (Qiagen). Three to five cDNA 

clones per segment from each mosquito were sequenced using the ABI PRISM dye 

terminator cycle sequencing kit (Applied Biosystems, CA, USA) and the ABI 310 DNA 

automated sequencer at Macromolecular Resources, CSU. A 415 nucleotide region of the 

S segment (nucleotides 190-604) and a 358 nucleotide region of the M segment 

(nucleotides 1637-1994) were sequenced and analyzed. 

5. AMOVA analysis 

The genetic structure of a population is investigated by an analysis of variance 

framework (Cockerham, 1969, Cockerham, 1973, Long, 1986, Weir & Cockerham, 

1984). The Analysis of Molecular Variance (AMOVA) approach used in Arlequin 

version 2.0 (University of Geneva, Geneva, Switzerland) is based on analyses of variance 
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of gene frequencies and accounts for the number of mutations between molecular 

haplotypes (Excoffier et al., 1992). Genetic structure is tested by defining groups of 

populations. A hierarchical analysis of variance partitions the total variance into 

covariance components due to intra-individual differences, inter-individual differences, 

and/or inter-population differences. 

Three fixation indices are calculated to determine the significance of the observed 

variation: 

0) 

r among mosquitoes in a collection 

(2) * among collections in each group 

(3) r among the groups 

Famong mosquitoes in a collection is a measure of the sequence variation observed within a 

collection site compared to the sequence variation observed in the entire population. 

Famong collections in each county measures the sequence variation observed between the collection 

sites within a group compared to the sequence variation observed in the entire population. 

Famong the counties measures the sequence variation observed between groups (Hartl & Clark, 

1997). The fixation indices range from 0 (indication of no difference between the overall 

population and its subpopulations) to 1 (indicating a completely heterogeneous 

subpopulation). The higher the value of F, the more significant variation observed. An 

AMOVA analysis was performed by grouping collection sites for four different 

associations, (1) by collection site county, (2) by quadrants as defined in Beck et al. 

(Beck et al., 2005), (3) by environment, and (4) by collection year. 
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6. Determination of land cover types 

Google Earth (http://earth.google.com/) was used to visualize and classify the 

mosquito sampling locations into four different general land covers. The specific latitude 

and longitude of each sampling point were entered into Google Earth and associated 

satellite images were viewed. A qualitative description of the land cover of each 

collection site was used to classify the sites into four distinct classes: (1) Patchy 

landscape (composed of agriculture) within 0.5 km distance of a small water source, (2) 

mixed forest within a 1 km distance of the Mississippi River, (3) residential/urban area, 

and (4) mixed forest not proximal to water sources. 

7. Distance Matrix and Phylogenetic Analysis 

A distance matrix was created using the Tamura-Nei distance. A genetic distance 

is measured among all nucleotides and results in associated assumptions of relatedness. 

Tamura-Nei considers the probability that any nucleotide will change to one specific 

nucleotide, subdivides transitions into purines and pyrimidines and considers the 

frequency of each nucleotide separately (Black & Salman, 2005). Maximum parsimony 

phylogenetic analysis was performed using the Phylogenetic Analysis Using Parsimony 

(PAUP) 4.0b 10 package (Swofford, 2003). The phylogenetic trees indicate the branches 

that appear in the majority of the 100 bootstrap replications and the frequency with which 

these appear among the replications. 

8. Haplotype distribution 

Sequence ID matrix, Tamura-Nei distance matrix, nucleotide substitution and 

maximum parsimony phylogenetic analysis were used to separate the sequences into 

different haplotypes for each segment. 
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C. RESULTS 

1. Study population 

Eighty-seven LACV-RNA positive field-infected mosquitoes were analyzed - 66 

females and 21 males. There were 13 sites with more than 1 positive mosquito and 10 

collection sites yielded positive mosquitoes in multiple years. Viral RNA was extracted 

from field-infected mosquitoes and the S and M segments were amplified by RT-PCR 

and analyzed through sequencing. In total 81 S segment and 69 M segment sequences 

were analyzed (Table 3.1). 

2. Haplotype determination 

The S segment clustered into 5 haplotypes based on 5 nonsynonymous mutations 

and the M segment clustered into 6 haplotypes based on 6 nonsynonymous mutations 

(Figure 3.2). 

3. AMOVA for determination of isolation by distance 

The data were analyzed by grouping collection sites by the counties in which they 

were located. The LACV haplotype frequencies were compared within collection sites, 

between collection sites in a county, and between the counties. This analysis was 

performed to determine if there is isolation by distance observed for the S and M 

segments in the 15,360 km study range. 

a. S segment 

76.25% of the variation was seen within the collection sites (p < 0.01) while 

17.40% of the variation was seen between collections within the counties (p > 0.05) and 

very little variation (6.35%) was seen between the counties (p > 0.05). These results 

indicate that there was no evidence of isolation by distance with the S segment of LACV 
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Table 3.1. LACV-infected field collected mosquitoes from Wisconsin, Minnesota, 
and Iowa collected in 2000,2004 and 2005* 

PP/Clavton/2005 

GAY120/Crawford/2005 

GAY120/Crawford/2004 

GAY724/Crawford/2005 

HWYBBS/Crawford/2005 

LRHE/Crawford/2005 

NAT/Crawford/2004 

PDC/Crawford/2004 

RCS/Crawford/2004 

RCS/Crawford/2004 

WKCS/Crawford/2004 

WKCS/Crawford/2004 

PLT/Granl/2005 

BRS/Houston/2005 

BRS/Houston/2004 

BWV/Houslon/2004 

CAL-B/Houston/2000 

CAL-B/Houston/2000 

CAL-B/Houston/2000 

Cal-B/Houston/2004 

CAL-D/Houston/2004 

CAL-GA/Houston/2005 

CAL-GA/Houston/2004 

HC/Houston/2004 

HCS/Houston/2004 

HHS/Houston/2005 

HHS/Houston/2004 

GRL/La Crosse/2004 

INNSB/La Crosse/2000 

INNSL/La Crosse/2004 

INNSL/La Crosse/2005 

LAXCC/La Crosse/2005 

LAXCC/La Crosse/2004 

MCBB/La Crosse/2004 

MCP/La Crosse/2004 

OTS/La Crosse/2004 

SRS/La Crosse/2004 

SST/La Crosse/2004 

WS4/La Croose/2005 

WSB/La Crosse/2004 

BEN/Layfayette/2005 

CAT/M on roe/2004 

MEL/Monroe/2005 

OAK/Monroe/2005 

TFP/Monroe/2004 

WBF/Monroe/2004 

ESO/Vemon/2004 

ESO/Vemon/2004 

GSO/Vemon/2004 

HOA/ernon/2004 

MVD/Vemon/2005 

SHR/Vernon/2004 

SVP/Vernon/2005 

SVP/Vernon/2004 

SVPA/ernon/2004 

VS/Vernon/2004 

VS/Vernon/2000 

VSA/ernon/2000 

BC/Winona/2004 

DAK-90/Winona/2004 

HID/Winon a/2005 

LHSAVinona/2005 

NFCS/Winona/2005 

NFCS/Winona/2004 

RRA/Winona/2004 

Clayton 

Crawford 

Crawford 

Crawford 

Crawford 

Crawford 

Crawford 

Crawford 

Crawford 

Crawford 

Crawford 

Crawford 

Grant 

Houston 

Houston 

Houston 

Houston 

Houston 

Houston 

Houston 

Houston 

Houston 

Houston 

Houston 

Houston 

Houston 

Houston 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

La Crosse 

Layfayette 

Monroe 

Monroe 

Monroe 

Monroe 

Monroe 

Vernon 

Vernon 

Vernon 

Vernon 

Vernon 

Vernon 

Vernon 

Vernon 

Vernon 

Vernon 

Vernon 

Vernon 

Winona 

Winona 

Winona 

Winona 

Winona 

Winona 

Winona 

IA 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

MN 

MN 

MN 

MN 

MN 

MN 

MN 

MN 

MN 

MN 

MN 

MN 

MN 

MN 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

Wl 

MN 

MN 

MN 

MN 

MN 

MN 

MN 

2005 

2005 

2004 

2005 

2005 

2000 

2004 

2004 

2004 

2004 

2004 

2004 

2005 

2005 

2004 

2004 

2000 

2000 

2000 

2004 

2004 

2005 

2004 

2004 

2004 

2005 

2004 

2004 

2000 

2004 

2005 

2005 

2004 

2004 

2004 

2004 

2004 

2004 

2005 

2004 

2005 

2004 

2005 

2005 

2004 

2004 

2004 

2004 

2004 

2004 

2005 

2004 

2005 

2004 

2004 

2004 

2000 

2000 

2004 

2004 

2005 

2005 

2005 

2004 

2004 

2 

4 

2 

5 

2 

3 

SW 

SE 

SE 

SE 

SE 

NE 

NE 

NE 

NE 

NE 

NE 

NE 

SE 

SW 

SW 

SW 

SE 

SE 

SE 

SW 

SW 

SW 

SW 

SW 

SW 

SW 

SW 

NE 

SE 

SE 

NE 

SE 

SE 

NE 

NE 

SE 

NE 

SE 

NE 

SE 

SE 

SE 

NE 

SE 

SE 

NE 

NE 

NE 

NE 

NE 

NE 

NE 

NE 

NE 

NE 

NE 

SE 

SE 

NW 

NW 

NW 

SW 

SW 

SW 

SW 

Flat land/Near Miss river 

Hills/streams 

Hills/streams 

Hills/streams 

Flat land/Near Miss river 

Flat land/Near Miss river 

Hills 

Flat land/near city 

Hills/streams 

Hills/streams 

Hills/streams 

Hills/streams 

Flat land/near city 

Flat land/Near Miss river 

Flat land/Near Miss river 

Flat land/Near Miss river 

Flat land 

Flat land 

Flat land 

Flat land 

Flat land 

Flat land 

Flat land 

Hills 

Flatland 

Flat land 

Flatland 

Hills 

Hills 

Hills 

Hills 

Hills 

Hills 

Hills 

Hills 

Flat land/near miss river 

Flats/near city 

Hills/streams 

Hills 

Flats/near city 

Flat land/near city 

Hills 

Hills/streams 

Flat land 

Flat land/near city 

Hills 

Hills/streams 

Hills/streams 

Wooded/Mississippi 

Hills/streams 

Hills 

Hills/streams 

Wooded/Mississippi 

Wooded/Mississippi 

Wooded/Mississippi 

Wooded/Mississippi 

Wooded/Mississippi 

Wooded/Mississippi 

Wooded/Mississippi 

Wooded/Mississippi 

Flats/near city 

Flats/near city 

Flat land/near city 

Flat land/near city 

Flat land/Near Miss river 

x 

" 
x 

x 

« 
x 

x 

x 

x 

" 

x 
x 

x 
x 

x 

x 

x 
x 

x 

x 

x 

x 

x 

x 

x 

x 

x 

x 
x 

x 

x 

x 
x 

x 

x 

x 

x 

x 

x 

x 
x 

x 

x 

x 

x 
x 
x 

x 

x 

x 

x 

X 

X 

X 

X 

X 

x 

x 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

x 

X 

x 

X 

x 
X 

x 
X 

X 

X 

x 

X 

x 

X 

X 

X 

X 

x 

X 

X 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

x 
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

x 

X 

x 
X 

X 

X 

x 

x 

X 

X 

X 

x 

X 

x 

x 

x 

X 

X 

X 

X 

X 

X 

x 

X 

X 

*Different environmental terrains were defined as follows: (1) Patchy landscape within 0.5 km 
distance of a small water source, (2) mixed forest within a 1 km distance of the Mississippi River, 
(3) residential/urban area, and (4) mixed forest without a water source. 
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S segment 

Haplotype 1 

Haplotype 2 

Haplotype 3 

Haplotype 4 

Haplotype 5 

2 2 2 2 3 4 44 

0 7 7 94 4 88 

9 3 9 8 0 5 0 9 

TAA AA A GT 

C 

. . G G . G .C 

C C . . G . . . 

AC 

New 2005 haplotype 

Haplotype # 1 

Haplotype # 2 

5/8 nonsynonymous changes: 

Nt 209: Phenylalanine to Serine 
Nt 273: Lysine to Asparagine 
Nt 298: Isoleucine to Valine 
Nt 340: Asparagine to Aspartic acid 
Nt 445: Threonine to Alanine 

M segment 

urn m i m i 
66777 7889 9999 
67355 8291 2367 
49601 3798 4056 
AGAGT ATTA CATT 

. CT 

Haplotype # 3 

Haplotype # 4 

Haplotype # 5 

Haplotype # 6 

G A A A . G C . . T . . T 

. . A T . . T 

. . A . C G . . 

. . A . C . . . G . . . . 

New 2005 haplotypes 

7 nonsynonymous changes: 

Nt 1664: Isoleucine to Methionine 
Nt 1783: Aspartic acid to Glycine 
Nt 1827: Serine to Proline 
Nt 1899: Cysteine to Arginine 
N t 1918: Aspartic acid to Glycine 
Nt 1930: Glucine to Glycine 
Nt 1965: Phenyalanine to Leucine 

Figure 3.2: Haplotype distribution for the S and M segment sequences of LACV 
amplified from mosquitoes collected in 2000, 2004, and 2005 
The segment sequence variation of the S segment with 5 haplotypes (A) and the M 
segment with 6 haplotypes (B). The genome position is provided above the genetic 
sequence. 
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RNA (Table 3.2) and all the S segment haplotypes can be expected to circulate 

throughout the 15,360 km2 study range. 

b. M segment 

As with the S segment, most of the variation in virus sequences (73.63%) was 

seen within the collection sites (p < 0.01), while some sequence variation was detected 

among the collections within the counties (26.07%, p < 0.05) and very little variation 

between the counties (0.30%, p > 0.05) (Table 3.3). These results indicate that there was 

no evidence of isolation by distance with the M segment of LACV and all the M segment 

haplotypes can be expected to circulate throughout the 15,360 km study range. 

4. AMOVA for determination of physical barriers to viral gene flow 

The data were analyzed by grouping by the quadrants in which the mosquitoes 

were collected; northeast, northwest, southeast and southwest (Table 3.1). This analysis 

was performed to determine if the Mississippi River and/or Interstate 90 are physical 

barriers to viral gene flow. 

a. S segment 

The majority of the sequence variation was found within the collection sites 

(67.53%, p < 0.001) and among the collection sites (29.18%), p > 0.05) as compared to 

very little sequence variation observed among the quadrants (3.30%, p > 0.05) (Table 

3.4). These results indicate that 1-90 and the Mississippi River are not barriers to viral 

gene flow in this area and that all LACV S segment haplotypes can be expected to 

circulate effectively through the study area. 
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b. M segment 

Most of the observed sequence variation was detected within the collection sites 

(59.99%, p < 0.001) and between the collection sites (42.59%, p < 0.001). Little variation 

was observed between the quadrants (-2.57%), p > 0.05) (Table 3.5). These results 

indicate that 1-90 and the Mississippi River are not barriers to viral gene flow in this area 

and that all LACV M segment haplotypes can be expected to circulate effectively through 

the study area. 

5. AMOVA for determination of ecological determinants 

This analysis was performed to determine if the environmental terrain of the 

collection site is a determinant of the genetic sequence. The haplotype frequencies were 

partitioned using AMOVA within the collections, among the collections within a specific 

environmental terrain and among environmental terrains. The four distinct classes of land 

cover were: (1) Patchy landscape (composed of agriculture) within 0.5 km distance of a 

small water source, (2) mixed forest within a 1 km distance of the Mississippi River, (3) 

residential/urban area, and (4) mixed forest not proximal to water sources (Table 3.1). 

a. S segment 

There was significant sequence variation observed within the collection sites 

(68.65%), p < 0.001). Some variation was observed between the different land cover 

groups (11.28%, p < 0.01) and among the collection sites within different land cover 

groups (19.77%, p > 0.05) (Table 3.6). These results suggest that the S segment 

haplotypes may be determined by the environmental terrain of the collection site. 
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Table 3.2: Analysis of molecular variance of groups of S sequences isolated from 
mosquitoes collected from all nine counties 

Source of variation 

Between collections 
in the 9 counties 

Among collections 
in each county 

Among mosquitoes 
in a collection 

Total 

Fixation Indices: 

Degrees of 
freedom 

6 

32 

28 
66 

F 
A among counties 

Sum of squares 

3.910 

12.933 

8.217 
25.060 

= 

Variance 
components 

0.02443 

0.06695 

0.29345 
0.38483 

0.06348 

% variation 

6.35 

17.40 

76.25** 

ramong collections in each county U. I o J / / 

r* among mosquitoes in a collection — "'"J /^O 

*p < 0.05, ** p < 0.01, *** p <0.001 are indicative of significant sequence variation 

Table 3.3: Analysis of molecular variance of groups of M sequences isolated from 
mosquitoes collected from all nine counties 

Source of variation 

Between collections 
in the 9 counties 

Among collections 
in each county 

Among mosquitoes 
in a collection 

Total 

Degrees of 
freedom 

6 

29 

19 
54 

Sum of squares 

2.775 

12.139 

5.250 
20.164 

Variance 
components 

0.00113 

0.09785 

0.27632 
0.37530 

% variation 

0.30 

26.07* 

73.63** 

Fixation Indices: F. among counties — U.UU J\) I 

f among collections in each county U.ZOl DZ 

™ among mosquitoes in a collection U.ZO.J / 3 

*p < 0.05, ** p < 0.01, *** p O.001 are indicative of significant sequence variation 
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Table 3.4: Analysis of molecular variance of groups of S sequences isolated from 
mosquitoes collected from all four quadrants 

Degrees of 
Source of variation freedom Sum of squares 

Variance 
components % variation 

Between collections 
in the 4 quadrants 

Among collections 
in each quadrant 

Among mosquitoes 
in a collection 

Total 

3 

43 

36 
82 

2.158 

19.642 

9.417 
31.217 

0.01277 

0.11302 

0.26157 
0.38736 

3.30 

29.18 

67.53*** 

Fixation Indices: F. 0.03297 among counties 

* among collections in each county — U..5U 1 /I 
***F = fi 1747^ 

A among mosquitoes ra a collection U « J A T I *J 

Np < 0.05, ** p < 0.01, *** p <0.001 are indicative of significant sequence variation 

Table 3.5: Analysis of molecular variance of groups of M sequences isolated from 
mosquitoes collected from all four quadrants 

Source of variation 

Between collections 
in the 4 quadrants 

Among collections 
in each quadrant 

Among mosquitoes 
in a collection 

Total 

Degrees of 
freedom 

3 

38 

25 
66 

Sum of squares 

1.349 

19.084 

6.000 
26.433 

Variance 
components 

-0.01030 

0.17037 

0.24000 
0.40008 

% variation 

-2.57 

42.59*** 

59.99*** 

Fixation Indices: Famong coimties = -0.02574 
r1 among collections in each county ~ U . 4 1 3 1 / 
A among mosquitoes m a collection U . T V U 1 4 

*p < 0.05, ** p < 0.01, *** p <0.001 are indicative of significant sequence variation 
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b. M segment 

Significant sequence variation was observed within the collection sites (59.31%, 

p < 0.001) and between the collection sites within different land cover groups (39.45%, 

p < 0.001). There was minimal sequence variation observed between land cover groups 

(1.24%, p > 0.05) (Table 3.7). These results suggest that the environmental terrain is not a 

determinant of LACV M segment haplotype. 

6. AMOVA for determination of temporal effects of LACV haplorv pes 

This analysis was performed to determine if the year an infected mosquito was 

collected is a determinant of the LACV haplotype. The haplotype frequencies were 

partitioned using AMOVA within collections, betweencollections within a collection 

year, and between collection years. 

a. S segment 

There was significant sequence variation observed within the collection sites 

(36.75%, p < 0.001), between the collection sites within the same collection year 

(26.50%, p < 0.001) and between the years collected (36.75%, p < 0.001) (Table 3.8). 

These results suggest that the collection year may be a determinant of the S segment 

haplotype. 

b. M segment 

As with the S segment, all three of the observed sequence variations were 

significant. There was 31.63% of the variation observed within the collection sites (p < 

0.001), 43.93%) of the variation observed among the collection sites (p < 0.001), and 
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Table 3.6: Analysis of molecular variance of groups of S sequences isolated from 
mosquitoes collected from all four environmental terrain categories 

] 
Source of variation 

Between collections 
in the 4 environments 

Among collections 
in each environment 

Among mosquitoes 
in a collection 

Total 

Degrees of 
freedom 

5 

41 

37 
83 

Fixation Indices: **Famong land cover = 

Sum of squares 

5.245 

16.362 

9.917 
31.524 

0.11279 

Variance 
components 

0.04384 

0.07683 

0.26802 
0.38869 

% variation 

11.28** 

19.77 

68.95*** 

- among collections in each land cover" •• 0 .22280 

***v „ . = n 'xtnd.a 
A among mosquitoes m a collection U , J 1 U , U 

*p < 0.05, ** p < 0.01, *** p <0.001 are indicative of significant sequence variation 

Table 3.7 Analysis of molecular variance of groups of M sequences isolated from 
mosquitoes collected from all four environmental terrain categories 

Source of variation 
Degrees of 

freedom Sum of squares 
Variance 
components % variation 

Between collections 
in the 4 environments 

Among collections 
in each environment 

Among mosquitoes 
in a collection 

Total 

5 

36 

25 
66 

3.563 

16.869 

6.000 
26.433 

0.01492 

0.15066 

0.24000 
0.40558 

3.68 

37.15*** 

59.17*** 

Fixation Indices: Famong land covere 

**F 
among collections in each land cover 

among mosquitoes in a collection 

0.03679 
0.38566 
0.40826 

*p < 0.05, ** p < 0.01, *** p <0.001 are indicative of significant sequence variation 
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Table 3.8: Analysis of molecular variance of groups of S sequences isolated from 
mosquitoes collected from all three years 

Source of variation 

Between collections 
in the 3 years 

Among collections 
in each year 

Among mosquitoes 
in a collection 

Total 

Degrees of 
freedom 

2 

53 

27 
82 

Sum of squares 

8.709 

18.008 

4.500 
31.217 

Variance 
components 

0.16669 

0.12017 

0.16667 
0.45353 

% variation 

36.75*** 

26.50*** 

36.75*** 

Fixation Indices: ***F: among years 0.36754 
***F = 0 4180^ 

17 among collections in each year u . * * l 0 7 j 
* among mosquitoes in a collection U . O J Z J I 

*p < 0.05, ** p < 0.01, *** p <0.001 are indicative of significant sequence variation 

Table 3.9: Analysis of molecular variance of groups of M sequences isolated from 
mosquitoes collected from all three years 

Source of variation 

Between collections 
in the 3 years 

Among collections 
in each year 

Among mosquitoes 
in a collection 

Total 

Degrees of 
freedom 

2 

47 

17 
66 

Sum of squares 

5.246 

18.770 

2.417 
26.433 

Variance 
components 

0.10983 

0.19744 

0.14216 
0.44942 

% variation 

24.44*** 

43.93*** 

31.63*** 

Fixation Indices: ** *Famong counties
 = 0.24438 

* among collections in each county U . 5 O 1 J " 

* among mosquitoes in a collection — U«Oo.50" 

*p < 0.05, ** p < 0.01, *** p O.001 are indicative of significant sequence variation 
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24.44% of the variation observed among the years the samples were collected (p < 0.001) 

(Table 3.9). These results indicate that the collection year may be a determinant of the M 

segment haplotype. 

7. Chi-square test for independence of virus haplotype and collection year 

A chi-square test for independence was performed to further establish the 

relationship between the year the mosquito was collected and the genetic sequence. The 

null hypothesis was that there is no significant relationship between the collection year 

and the genetic sequence. The chi-square values for the S segment (x2 = 77.32, p < 

0.0001) and the M segment (x2 = 71.42, p < 0.0001) were extremely significant, 

suggesting a strong association between the genetic sequence and the collection year. The 

phylogenetic tree clearly demonstrates this distribution (Figure 3.3 and 3.4) and a 

graphical representation of these data can be found in Figure 3.5. 

8. Detection of quasispecies in LACV-infected mosquitoes 

There was also evidence of the existence of quasispecies in some of the 

mosquitoes analyzed. In these cases, alignment of sequences of 3 to 5 clones amplified 

from a single mosquito showed 2 or 3 different viral haplotypes for each segment 

(Figure 3.6). This occurred in 28/81 of the samples (34.6%) in the S segment and 22/69 

of the samples (31.9%) in the M segment (Table 3.10). In the remaining samples, there 

was a strong consensus sequence for a given segment with no variable sites. 
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Figure 3.3: S segment maximum parsimony tree reveals haplotypes segregating into 
clades by collection year. 
The three different collection years are distinguished by colors (blue is 2000, red is 2004, 
and green is 2005). Most of the LACV RNA amplified from mosquitoes collected in 
2000 clustered in haplotype #1, LACV RNA amplified from mosquitoes collected in 
2004 clustered in haplotypes 2-4, and many LACV RNA sequences amplified from 
mosquitoes collected from 2005 clustered into haplotype #5. 
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Figure 3.4: M segment maximum parsimony tree revealed haplotypes cluster into 
clades by collection year. 
The three different collection years are distinguished by colors (blue is 2000, red is 2004, 
and green is 2005). All of the LACV RNA amplified from mosquitoes collected in 2000 
clustered in haplotype #1, LACV RNA amplified from mosquitoes collected in 2004 
clustered in haplotypes 2 and 3, and all LACV RNA amplified from mosquitoes collected 
in 2005 clustered into haplotypes 4-6. 
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Figure 3.6: Evidence for multiple virus haplotypes in a single mosquito 
The viral RNA sequence amplified from the mosquito collected from Mormon Coulee 
had viral sequence from both haplotypes 1 and 2 of the M segment when 5 clones were 
sequenced. 

Table 3.10: Evidence for quasispecies in LACV S 
and M segments in all 3 years LACV RNA was 
analyzed. 

s 
s 
s 
M 

M 
M 

2000 

2004 

2005 

2000 

2004 

2005 

2 
14 
12 
0 

12 
10 

33.8 

31.8 

38.7 

0 

34.3 

34.5 
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D. DISCUSSION 

The studies suggest that there are no physical barriers to viral gene flow and no 

isolation by distance for LACV RNA sequences in the 15,360 km2 study range. AMOVA 

tests investigating viral gene flow (grouped by quadrants, Table 3.4 and 3.5) and isolation 

by distance (grouped by counties, Table 3.2 and 3.3) demonstrated no significant 

geographical (spatial) determinant conditioning genetic variation of LACV. It should be 

noted that the AMOVA tests typically are performed on sample sizes of >25 and the 

sample size of RNA sequences analyzed was between 1 and 5 per collection site for this 

analysis, thereby inflating the results due to small sample size. Thus, only very significant 

AMOVA (p < 0.001) results were considered. 

These results support previous data demonstrating significant genetic variation of 

LACV in the region (Klimas et al., 1981). Previous phylogeographic studies suggested 

that there is genetic variation of LACV in the U.S. with significant correlation between 

genotypes and geographic location. There are distinct lineages of LACV isolated in the 

upper Midwest, the southeast U.S. and the northeast U.S. (Armstrong & Andreadis, 2006, 

Klimas et al, 1981). 

Since there is no isolation by distance and there are no barriers to viral gene flow 

that could prevent virus trafficking, all the S and M haplotypes can be expected to 

circulate throughout the 15,360 km range of the study area. This could have 

epidemiological implications because there may be a narrow range of genotypes 

correlated with fatal outcomes (Huang et al., 1997). It is important to understand the 

potential movement of such genotypes. This indicates that more or less virulent LACV 

could traffic and be transmitted throughout the entire 15,360 km2 range of the study. 
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An additional analysis was performed exploring the effect of the environmental 

and ecological factors on the haplotype. The LACV haplotypes could be determined by 

environmental factors including land cover, primary vertebrate hosts, and water sources. 

The different terrains examined were patchy landscape within 0.5 km distance of a small 

water source, mixed forest within a 1 km distance of the Mississippi River, residential/ 

urban area, and mixed forest without a water source (Table 3.1). The AMOVA analysis 

for the M segment revealed no significant variation in haplotypes between the different 

environmental terrains (Table 3.7). There was significant variation for the S segment 

observed in haplotypes between the environmental groups (Table 3.6) (11.28%, p < 

0.01). Given that p was not < 0.001, this result was probably not significant and the 

results were inflated due to small sample sizes. 

The association of environmental factors with the S segment haplotypes but not 

the M segment haplotypes is difficult to explain. There may be contributing factors that 

could produce genetic variability in the S segment as a result of interaction with specific 

land cover and ecological factors however the primary role of NSs is still being 

elucidated. The NSs protein has been identified as a virulence factor necessary to 

suppress production of interferon in infected cells and in Rift Valley fever virus infected 

animals (Weber & Elliot, 2002). NSs is thought to play a role in evading the innate 

immune response of the vertebrate hosts (Bridgen et al., 2001, Kohl et al., 2003, Soldan 

et al., 2005, Streitenfeld et al., 2003, Weber et al., 2002). The interaction between 

different vertebrate hosts and NSs could result in selection and therefore genetic 

variation. This is highly speculative, especially since a similar observation was not seen 

with the M segment, which conditions virus attachment to host cells and virulence. 
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Because the analysis revealed no significant viral RNA variation attributable to 

spatial or environmental factors, temporal correlates of viral genotypes were investigated. 

The AMOVA test revealed that both the S (36.75%, p < 0.001) and M (24.44%, p < 

0.001) segment haplotypes clustered by collection year (Table 3.8 and 3.9). The data 

were then further analyzed with a Chi-square test for independence to determine the 

significance of this correlation. The S segment haplotypes (y2 = 77.32, p < 0.001) and M 

segment haplotypes (%2 = 71.41, p < 0.0001) were significantly correlated with the 

collection year (Figure 3.5). 

The observed correlation between collection year and LACV haplotype could be 

due to using different collection sites each year. There were only ten collection sites of 48 

total sites with mosquitoes analyzed in multiple years. However, the LACV haplotypes 

amplified from the mosquitoes collected from the ten collection sites used in multiple 

years strictly cluster with other haplotypes amplified from mosquitoes collected in the 

same year. For example, in the M segment phylogenetic analysis, BvilleRamsey2004 

clusters into haplotype #1 with other 2004 samples, whereas BvilleRamsey2005 clusters 

into haplotype #6 with other 2005 samples. Mosquitoes collected from different 

collection sites were analyzed each year to increase the geographic distribution. 

This correlation was surprising for a variety of reasons. Previous studies in the 

laboratory have suggested that LACV is genetically stable over time. RNA 

oligonucleotide fingerprinting analyses revealed that LACV genome remains stable 

during transovarial transmission (TOT) in the insect host and during transfer between the 

insect and vertebrate host (Baldridge et al., 1989). Furthermore, there were no nucleotide 

changes in the viral genome occurring during two generations of TOT in the mosquito 
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host. There was also no variation observed upon transmission to and replication in a 

vertebrate host by bite of a second generation transovarially infected mosquito. These 

results suggest that the virus does not appear to undergo rapid evolution during TOT in 

the mosquito host or during horizontal transmission from mosquito host to vertebrate host 

in laboratory conditions. 

The genome sequence of low passage LACV isolates from 1960 (LACV/human/ 

1960) and 1978 (LACV/mosquito/1978, LACV/human/1978) were analyzed for genetic 

variation over time (Bennett et al., 2007). The results indicated that circulating LACV are 

genetically stable over time and geographic distance with 97.8% to 100% amino acid 

identity for the N, NSs, M and L proteins. A phylogenetic analysis of a 1.6 kb portion of 

the M segment of LACV isolates from 1960-2005 revealed that the virus isolates from 

the upper Midwest of the U.S. between 1960 and 1981 were in the same phylogenetic 

clade (Armstrong & Andreadis, 2006). The isolates from Georgia, Missouri, New York, 

North Carolina, and Tennessee between 1974-1997 fell into a different clade, and the 

isolate from 2005 recovered in Connecticut fell into a third clade. This evidence clearly 

supports the hypothesis that LACV RNA is relatively stable over time and local 

geographic regions (Armstrong & Andreadis, 2006). 

The results obtained in the current study do not support previous laboratory 

studies suggesting stability of LACV over time (Baldridge et al., 1989). One possible 

explanation for the genomic stability seen in laboratory LACV isolates could be multiple 

passages in mammalian cell cultures, mouse brains, or C636 cell cultures (Aedes 

albopictus cells). Passages of LACV in vitro could result in selection for more fit viruses 

in laboratory systems. This eliminates the selection forces imposed on viruses in the field 
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where the viruses must interact with various tissues in both vertebrate and invertebrate 

hosts and their respective immune responses. The LACV RNA analyzed in this study was 

viral RNA directly extracted from field-infected mosquitoes. The high amount of 

variability observed in this RNA may better reflect LACV evolutionary potential in 

nature. 

The temporal variation observed within the M segment in the Gl glycoprotein 

gene suggests that diversifying selection due to immune factors, specifically neutralizing 

antibodies from the vertebrate host, possibly selects for new haplotypes each year (Figure 

3.4 and 3.5). Previous evidence has demonstrated that LACV genome is responsive to 

selective pressure (Gonzalez-Scarano et al., 1987, Sundin et al., 1987). Monoclonal 

antibody-selected variants exhibited decreased cell fusion ability, loss of 

neuroinvasiveness in mice, and decreased infectivity in mosquitoes. These phenotypes 

then reverted to wildtype following passage in an infected mosquito and serial passage in 

BHK-21 cells. 

The variation observed within the S segment by collection year (Figure 3.3 and 

3.5) is more difficult to explain, due to minimal exposure to selective immunological 

forces. One possible explanation involves linkage between gene products. In segmented 

viruses all segments contain sequences important for packaging in both the non-coding 

region and the open reading frame (Fujii et al., 2005, Fujii et al., 2003, Muramoto et al., 

2006, Watanabe et al., 2003). These sequences might serve as linking sites enhancing and 

facilitating the interaction with other vRNA segments. One segment can affect the 

incorporation of other segments, with the packaging efficiency being dependent on all 

segments present (Muramoto et al., 2006). The three LACV RNA segments complex 
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with the nucleoprotein and RNA polymerase and then these RNPs are packaged into 

progeny particles via an interaction between the nucleoprotein and the glycoproteins 

(Overby et al., 2007). The Gl and G2 glycoproteins line up on the membrane and N has 

to be recognized and packaged. The temporal determinants observed in the S segment 

sequences may be explained by linkage equilibrium due to the interaction between the 

nucleoprotein and the glycoproteins during packaging. 

There was evidence for the presence of quasispecies in LACV RNA isolated from 

mosquitoes (Figure 3.6). Quasispecies yield multiple haplotypes that are available for 

packaging which may have developed due to adaptive pressure in the mosquitoes. This 

allows LACV to adapt to changes in the host and the vector. Some haplotypes may have 

a greater fitness in one environment compared to a different environment and this could 

allow LACV to have a successful transmission cycle between vector and vertebrate host. 

Although each mosquito may contain two or three haplotypes of the LACV RNA, only 

certain haplotypes may result in infectious particles. The haplotype packaged depends on 

the environment and the replicative fitness. The presence of quasispecies may contribute 

to the variability observed in this analysis. In order to determine if infectious virus has 

genome segments demonstrating quasispecies-like sequence variability, viruses will need 

to be isolated from mosquitoes and plaque-purified clones will need to be sequenced. The 

viral sequence will confirm if the temporal association with genetic variation is indeed 

occurring in the field. However, passage in vitro may also reduce the observed 

variability. 

This study revealed a significant temporal association for the genetic sequence of 

the LACV S and M RNA segments (for the years 2000, 2004, and 2005). The variation 
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observed within the M segment could be associated with diversifying selection imposed 

by the vertebrate host. The variation seen in the S segment could be linked to selective 

pressures of the M segment. In this scenario, the S segment must change to retain the 

ability of the encoded nucleocapsid protein to interact with the Gl and G2 glycoproteins 

during packaging. Further studies are needed to determine if the variation observed 

within the LACV-infected mosquitoes reflects the epidemic potential of the virus. 
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IV. IDENTIFICATION AND 

CHARACTERIZATION OF LA CROSSE 

VIRUS ISOLATED FROM SUPER-

INFECTED AEDES TRISERATUS 

MOSQUITOES FROM THE FIELD 



A. INTRODUCTION 

La Crosse virus (LACV) is the leading cause of arboviral pediatric encephalitis in 

the United States (Rust et al., 1999). LACV is primarily distributed east of the 

Mississippi River with endemic areas in the upper Midwest and the southeastern United 

States. The distribution of LACV reflects the distribution of its primary vector, Aedes 

triseriatus, commonly known as the Eastern treehole mosquito. LACV is maintained in 

nature between Ae. triseriatus mosquitoes and chipmunks and tree squirrels. The 

transmission cycle of LACV is unique because the virus can be transovarially transmitted 

to the progeny (Watts et al., 1973). This is thought to be the overwintering mechanism of 

the virus since Ae. triseriatus mosquitoes overwinter as diapausing eggs (Pantuwatana et 

al., 1974, Watts etal., 1974). 

In nature, the transovarial transmission (TOT) and filial infection rates are much 

lower than those observed under laboratory conditions. The TOT rate (percentage of 

infected females that transmit virus to at least one of their progeny) observed in the 

laboratory can reach as high as 98% and filial infection rate (percentage of infected 

progeny from a single LACV-infected female) can be as high as 70% (Miller et al., 

1977). These rates suggest that LACV can persist four years or longer in the absence of 

horizontal transmission in vertebrate hosts (Miller et al., 1977). However, in one field 

study, LACV was found in only 10 of 1,698 larvae processed (field infection rate = 

0.06%) (Beaty & Thompson, 1975). In this study, larvae were collected from mesh 

covered tree holes, which ensured that all collected mosquitoes originated from 

overwintering eggs and only 0.0%-16.7% of the larvae were infected (Beaty & 

Thompson, 1975). In another study, the prevalence of LACV inAe. triseriatus larvae 
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(calculated as minimum field infection rate) from overwintered eggs in southwestern 

Wisconsin ranged from 0.003 to 0.006 (Lisitza et al., 1977). Clearly, there is a significant 

difference between the field (0.0%-16.0%) and laboratory LACV infection rates (70.0%). 

In this regard, there is evidence that TO infection of Ae. triseriatus mosquitoes 

has negative fitness effects on overwintering eggs. Embryos from TO-LACV-infected 

and uninfected Ae. triseriatus mosquitoes were induced into diapause and shipped to 

Wisconsin in 1993 to overwinter in natural conditions (McGaw et al., 1998). Samples 

were returned to AIDL monthly and assayed for mortality, diapause, and infection. A 

comparison of mortality rates, diapause status, and infection rates revealed that LACV 

infection does affect survival; a greater proportion of uninfected eggs (93.7%) 

successfully overwintered compared to LACV-infected eggs (83.3%). The mortality seen 

in LACV-infected eggs occurred after embryos broke diapause in the spring (McGaw et 

al., 1998). There was no difference between infected and uninfected mosquito 

survivability when embryos were still in diapause. This suggests that diapause attenuates 

deleterious virus effects on embryos and that diapause intensity and duration could 

condition the efficiency of both vector and virus overwintering. Although there was an 

increase in mortality of LACV-infected eggs, most embryos (83.3%) successfully 

overwintered, contributing to the population the following year (McGaw et al., 1998). 

Mathematical models have been used to investigate parameters that condition 

LACV persistence in nature. TOT is less than 100% efficient and horizontal transmission 

may be an inefficient mechanism to compensate for the erosion of LACV prevalence that 

occurs during vertical transmission in nature. Horizontally-infected females must produce 

enough infected eggs to compensate for the inefficiency of vertical transmission in order 
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to maintain a "stable virus" prevalence from year to year in the vector population 

(Defoliart, 1983). Four factors complicate horizontal amplification in nature (1) wasting 

of vector species bites on non-amplifier species of vertebrates, (2) wasting of otherwise 

infective vector bites on the immune vertebrates, (3) the low ratio of mosquitoes 

becoming orally infected per viremic vertebrate host and (4) the high mortality of orally-

infected vectors that occurs between the infectious bloodmeal and the second subsequent 

gonotrophic cycle (Defoliart, 1983). Herd immunity is especially critical in this regard. 

LACV antibody prevalence rates in forested areas can exceed 90%; thus most mosquito 

bites on chipmunks and tree squirrels would be wasted on dead end hosts (Gauld et al., 

1974). 

Modeling of LACV transmission using infection rates determined in field studies 

suggested that horizontal amplification produces only 2% of the number of infected eggs 

needed to maintain a stable virus prevalence in overwintering mosquitoes. The model 

considered variables such as mean survival to life events, number of bites delivered, 

number of bites on amplifiers, number of viremias produced, number of orally-infected 

mosquitoes and number of infected eggs. Although the rates were slanted as heavily as 

possible in favor of virus survival, the model suggested that LACV would not persist in 

nature (Defoliart, 1983). 

A model was also developed for a close relative of LACV, Keystone virus (KEY, 

Family: Bunyaviridae, Genus: Orthobunyavirus, Serogroup: California), (Fine & LeDuc, 

1978) that included variables such as the vertical transmission rate, the effect of the virus 

upon vector fertility and survival, vector densities and distributions, the proportion of 

susceptible hosts in the vertebrate population, the attractiveness of different vertebrates to 
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the vector and vector survival rates. Through the incorporation of rates observed in 

nature, the Fine and LeDuc model suggests that the maternal vertical transmission rate 

must be at least 0.1 in order for KEY to be maintained by a combination of vertical 

transmission and vertebrate mediated amplification. Although there are differences 

between the life cycle of LACV and KEY virus, this model also suggests that LACV 

cannot persist in nature. The infection rates detected in field collected larvae are less than 

0.1 (Beaty & Thompson, 1975, Lisitza et al, 1977, Watts et al., 1974), thus the Fine and 

LeDuc model confirmed the findings of the previous study (Defoliart, 1983). Both 

models used field relevant infection rates and both predicted that CAL viruses will not 

survive. It should be noted that modeling with filial infection rates obtained in laboratory 

studies also strongly suggests that arboviruses could not persist by TOT alone for more 

than a few generations (Fine, 1975). Obviously there must be some other mechanism(s) 

that conditions LACV persistence in its endemic foci. 

A possible mechanism for LACV maintenance in nature could be a stabilized 

infection of Ae. triseriatus. This was first observed with Sigma virus and Drosophila 

melanogaster (Seecof, 1968). When female D. melanogaster fruit flies were infected with 

Sigma virus by inoculation, they developed a systemic infection, and a small proportion 

of the developing oocytes became infected. The progeny derived from these eggs were 

transovarially infected. When the virus was transmitted to a small percentage of the 

progeny by infecting the developing oocytes directly, the virus was in a "nonstabilized" 

state (Fleuriet, 1988). However, if the germarium of a female became infected, she 

transmitted the virus to nearly 100% of her progeny, which was designated as a 

"stabilized" state. 
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Once stabilized infection occurs in a percentage of females in a natural 

population, the prevalence of viral infection will be maintained indefinitely at that level 

as long as certain conditions are met: (1) virus infection does not affect fertility, 

fecundity, development or survival of the host either positively or negatively, (2) 

additional mosquitoes are not added to the infected pool by horizontal transmission and 

(3) any detrimental effects are balanced by an increase in the infection rate due to 

horizontal infection (Turell et al., 1982). As discussed, one of the difficulties of accepting 

TOT as the sole mechanism for arbovirus maintenance in nature has been the fact that 

infection rates in field collected larvae are quite low (Tesh, 1980). The concept of 

stabilized infections increases the chance of viral survival persistence. The virus could be 

maintained in nature at a fairly constant level by a relatively small number of females 

with stabilized infections, while the virus infection rate in the total arthropod population 

would remain low (Tesh & Shroyer, 1980). 

Stabilized infection has been demonstrated with California encephalitis (CE) virus 

stndAedes dorsalis mosquitoes infected by intrathoracic inoculation (Turell et al., 1982). 

Three mosquito strains were selected for high rates of maternal vertical transmission. 

Females that were intrathoracically inoculated with CE virus transmitted the virus 

vertically to over 90% of their progeny after two generations of selection. Infected 

progeny in these subpopulations transmitted virus at similar rates through five 

generations. Thus, stabilized CE viral infections could occur in transovarially-infected 

progeny of a natural vector species. This supports the hypothesis that stabilized infections 

of Ae. triseriatus may play an important epidemiological role in the maintenance of 

LACV. 
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There has been very little work done with field-infected Ae. triseriatus 

mosquitoes to determine if stabilized LACV infections occur. In one previous study, 

0.03% of Ae. triseriatus mosquitoes were found to be super-infected with LACV 

collected as eggs from the field (Beck, 2007). The super-infected mosquitoes had 

between 103'62 and 10489 genome equivalents (GE) of LACV in their ovaries as compared 

to other LACV-infected mosquitoes, which had a mean ovarian GEofl01 5 4 .TheGE in 

the ovaries of the super-infected mosquitoes was actually similar to the 10 GE detected 

in the AIDL highly selected TOT-permissive laboratory strains. It is possible that these 

field collected mosquitoes would have filial infection rates of 50-70%, similar to the 

TOT-permissive laboratory strain. The super-infected mosquitoes may play an important 

role in persistence of LACV in nature through a stabilized infection mechanism. 

The goal of this study was to investigate the potential of LACV maintenance in 

nature through stabilized infection of Ae. triseriatus mosquitoes and to analyze the 

subsequent LACV isolates from super-infected mosquitoes. Mosquito eggs were 

collected in the field, returned to AIDL, hatched, and progeny were screened by an 

immunofluorescence assay (IFA) for LACV infection. Mosquitoes with large amount of 

LACV antigen were identified as super-infected. LACV was isolated from the super-

infected mosquitoes, the RNA was sequenced and characterized. A portion of each of the 

three RNA segments was amplified from the super-infected mosquitoes and normally-

infected mosquitoes and compared to determine if LACV obtained from super-infected 

mosquitoes was genetically different. 
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B. METHODS AND MATERIALS 

1. Egg collection 

Aedes triseriatus eggs were collected from five oviposition traps in each of 119 

sites in Minnesota (n = 30), Wisconsin (n = 83) and Iowa (n = 6) in areas where LACV 

encephalitis cases occurred or areas that contained clusters of people judged by the La 

Crosse County Public Health Department to be at risk for LACV infection (e.g. wooded 

areas adjacent to houses with children, schools, or playgrounds). Mosquito eggs were 

collected between mid-June and October of 2007 in Crawford (15 sites), La Crosse (37 

sites), Monroe (12 sites), Vernon (12 sites), Lafayette (2 sites), Pierce (1 site) and Iowa (4 

sites) counties in Wisconsin , Winona (13 sites) and Houston (17 sites) counties in 

Minnesota and Clayton county (6 sites) in Iowa (Figure 4.1). The eggs were transported 

to the insectaries at the Arthropod-borne and Infectious Diseases Laboratory (AIDL) at 

Colorado State University (CSU), Fort Collins, CO. Upon receipt, the eggs were 

immediately hatched and progeny were reared to adults. 

2. Immunofluorescence assay 

Mosquito legs were removed, squashed onto acid-washed microscope slides, and 

fixed in acetone. They were assayed for LACV antigen by direct immunofluorescence 

assay (IFA) using a LACV-specific polyclonal antibody (Beaty & Thompson, 1975). 

Super-infected Ae. triseriatus are quite evident by IFA when compared to uninfected and 

normally LACV-infected mosquitoes (Figure 4.2). The slides were scored on a scale of 0-

5, with 0: uninfected mosquitoes, 1-4: normally-infected (NI) mosquitoes and 5: super-

infected (SI) mosquitoes. 
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Figure 4.1: Mosquito collection sites in Minnesota, Wisconsin and Iowa. 
Circles represent all collection sites. Red circles are the sites where LACV super-infected 
mosquitoes were collected in 2006 and 2007, Site 1: BEN2, Site 2: NAT, Site 3: SVP, 
and Site 4: CAL-GA. 
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Figure 4.2: IFA images from LACV-infected field mosquitoes 
The legs were removed from field-collected mosquitoes and tested for the presence of 
LACV antigen. The slides were scored on a scale of 0-5, 0, which is an uninfected 
mosquito, 3: a "normally infected mosquito" and 5: a "super-infected" mosquito. 

113 



3. Virus isolation 

Si-mosquitoes, as identified by IF A, were triturated with a pellet pestle (Fisher 

Scientific) in a 1.5ml microcentrifuge tube containing 1ml of minimal essential medium 

(MEM) (Gibco), 2% fetal bovine serum, 200ug/ml penicillin/streptomycin, 200|^g/ml 

fungicide, 7.1mM sodium bicarbonate, and lx nonessential amino acids. The homogenate 

was centrifuged for 10 minutes at 500 x g to form a pellet. 

Cell monolayers of Vero cells were grown in six-well plates at 37°C in an 

atmosphere of 5% CO2. Supernatant from the centrifuged mosquito homogenate (0.2ml) 

was added to one well in a six-well plate, incubated at 37°C for one hour. Following the 

incubation, 5ml of medium (as described above) were added to each well. The presence 

of cytopathic effects (CPE) 5 days post-infection revealed the isolation of LACV 

(GerhardtetaL, 2001). 

4. TCID50 

The TCID50 of each Si-mosquito was determined by endpoint titration in Vero 

cells using microtiter plates (Scott et al., 1984). The mosquito homogenates were serially 

diluted 10"1 to 10"6 and 200ul of each dilution was added to one well of a 96 well plate. 

Five days post-infection, the endpoint was determined as the highest dilution with CPE. 

The virus titer was calculated by the Karber formula (Karber, 1931) and expressed as 

logio TCID50/ml. 

5. Plaque purification 

Monolayers of Vero cells in six-well plates were used for plaque purifying LACV 

isolates (Eckels et al., 1976). Virus isolates were serially diluted 10"1 to 10"6 and 200ul of 

each virus dilution was added to one well and incubated at 37°C for 1 hour. Following the 
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incubation, the virus inoculum was removed and 5ml of overlay (lg/100ml agar, lOx 

Medium 199, 10% fetal bovine serum, 7.1mM sodium bicarbonate, 0.2% 

diethylaminoethyl-dextran in Hank's BSS, lx Eagle basal medium vitamins, lx Eagle 

basal amino acids) were added to the well. The components of the overlay were 

combined at 44°C in the order listed to avoid solidification. After six days of incubation 

at 37°C in 5% CO2, 200)0,1 of the detection solution, methylthiazolyldiphenyl-tetrazolium 

bromide (MTT) (5mg/ml in PBS), was added to each well. The plates were incubated 

overnight and wells were examined for plaques. The plaques were individually picked 

and placed in 1ml of 0.2% MEM for lhr at 37°C. The eluted virus was added to one well 

of a six-well plate. The cells were incubated for five to seven days and the presence of 

virus was confirmed by CPE. 

6. RNA purification from virus isolates and amplification by reverse transcription-

PC R 

The supernatant and cells from the wells with plaque purified virus were removed 

and placed in a 15ml conical tube and centrifuged at 3000 rpm for 10 minutes. The 

supernatant was removed and the cell pellet was resuspended in 500ul of Trizol 

(Invitrogen). Total RNA was extracted according to manufacturer's instructions. The 

entire S, M, and L RNA segments were transcribed to cDNA using Superscript II reverse 

transcriptase (Invitrogen) and amplified by PCR using Ex Taq DNA polymerase (Takara) 

according to manufacturer's instructions. The entire S segment was amplified in two 

separate fragments, the M segment in three fragments, and the L in four fragments (Table 

4.1). The reverse primers in Table 4.1 were used to synthesize the cDNA used for PCR. 

PCR was performed as follows: 94°C for 5 minutes, 37 cycles of [94°C for 1 minute, 
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57°C for 1 minute and 72°C for 2.5 minutes] followed by a final extension at 72°C for 8 

minutes. 

Table 4.1: Primer sets for amplification of the three segments of LACV 

S-A 

S-B 

M-C 

M-D 

M-E 

L-F 

L-G 

L-H 

L-l 

SF1 
SR 

SF3 
SR1 

MF1 
MR10 

MF9 
MR5 

MF15 
MR1 

LF1 
LR20 

LF8A 
LR7 

LF8 
LR10 

LF10 
LR12 

AGTAGTGTACCCCACTTGAATAC 
CTTAAGGCCTTCTTCAGGTATTGAG 

CTTAAGGCCTTCTTCAGGTATTGAG 
AGTAGTGTGCCCCACTGAATAC 

AGTAGTGTACTACCAAGTATAGATGAACG 
GACTCCTTTCCTCTAGCAAGG 

CAGACAACATGGAGAGTGTAC 
GTCAAATCTGGGAACTCCATTGCC 

CAAGCTCATGGGGATGCGAAGAG 
AGTAGTGTGCTACCAAGTATA 

AGTAGTGTACCCCTATCTACAAAAC 
GTTTTCCCTCTGTTCGCACTC 

CAACTTGCCTACTATTCAAAC 
CCAATCCAACTGTACTAATCATTGAC 

GCTACCAGGGCAGTCAAATGACCC 
CCTCTGCAACGTTAACTACACATACTG 

CAGATATTGTCTGGTGGCCATAAAGCC 
AGTAGTGTGCCCCTATCTTC 

1-23 
549-572 

453-476 
963-984 

1-27 
2239-2258 

1798-1818 
3605-3628 

3249-3271 
4507-4527 

1-25 
2381-2401 

1899-1919 
4084-4108 

3987-4011 
5961-5986 

5288-5314 
6961-6980 

525 

486 

2211 

1786 

1235 

2955 

2164 

1949 

1646 
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7. LACV RNA purification and amplification by reverse transcription-PCR from 

infected mosquitoes 

A portion of the mosquito homogenate (500ul) was used to amplify LACV RNA 

directly from an infected mosquito. Trizol (500 ul) was added to the homogenate, and 

RNA was extracted according to manufacturer's instructions. Portions of the S, M and L 

segments were amplified as described in II. B.4. 

8. Sequencing 

PCR products were separated by electrophoresis in 1% agarose gels with TAE 

buffer, stained with ethidium bromide, excised and extracted using a kit from Marligen 

Biosciences according to manufacturer's instructions. The PCR products were sequenced 

using the ABI PRISM dye terminator cycle sequencing kit (Applied Biosystems, CA) and 

the ABI 310 DNA automated sequencer at Macromolecular Resources, CSU. 

9. Maximum parsimony analysis 

Maximum parsimony phylogenetic analysis was performed using the 

Phylogenetic Analysis Using Parsimony (PAUP) 4.0b 10 package (Swofford, 2003). The 

phylogenetic trees show the branches that appeared in the majority of the 1000 bootstrap 

pseudo replications and the frequency with which these appear among replications. 

Two different maximum parsimony analyses were performed. One analysis 

consisted of comparison of LACV isolated from the Sl-mosquitoes and previously 

published LACV sequences. LACV was isolated from five field-infected Ae. triseriatus 

mosquitoes and upon virus isolation RNA was extracted for RT-PCR to obtain sequence 

data. The entire S, M and L segments were sequenced and analyzed. For the remainder of 
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this chapter, these LACV sequences will be referred to as "virus isolates". The viruses 

used in this analysis can be found in Table 4.2. 

A second maximum parsimony analysis consisted of comparison of LACV 

sequence data obtained from amplified LACV RNA from all the Si-mosquitoes collected 

in 2006 and 2007 and LACV RNA amplified from field-infected mosquitoes collected in 

2000-2005 (Table 4.3). These sequences will be referred to as "LACV mosquito 

amplified sequences (MAS)" for the remainder of the chapter. 

10. Nucleotide sequence divergence between populations 

The virus isolates obtained from the Si-mosquitoes and the previously published 

sequences were divided into two different groups for the S, M and L segments; (1) virus 

isolates obtained from Si-mosquitoes and (2) previously published virus isolates. The 

nucleotide divergence was calculated between the populations as dxy. The dxy is defined 

as the average number of differences between one sequence randomly chosen from 

population X and another sequence randomly chosen from population Y. This analysis 

can locate nucleotides that are specific in each population and possibly contributing to the 

super infection. 

C. RESULTS 

1. LACV-super-infected mosquito prevalence in the field 

The prevalence of Si-mosquitoes was determined in field collections from 2006 

and 2007. In total, 19,471 mosquitoes collected in 2006 and 2007 were assayed by IF A. 

Of these, 740 (3.8%) were infected with LACV, but only 16 (0.02%) were SI. The LACV 

prevalence rate was 3.79% in 2006 compared to 3.81% in 2007 (Table 4.4). In 2006, 

0.03% (2/6,149) were Si-mosquitoes compared to 0.01% (14/13,322) in 2007. In 2006, 
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Table 4.2: Virus RNA sequences used in maximum parsimony analysis of virus 
isolates 

Minnesota/Human/1960 

Alabama/Mosquito/1963 

Ohio/Mosquito/1965 

New York/Mosquito/1974 

Wisconsin/Mosquito/1977 

Wisconsin/Human/1978-A 

Wisconsin/Human/1978-B 

Rochester, MN/Mosquito/1978 

DeSoto,WI/Human/1978 

Richland County, WI/Mosquito/1978 

North Carolina/Mosquito/1978-A 

North Carolina/Mosquito/1978-B 

Crawford County, WI/Mosquito/1979 

Washington County, WI/Mosquito/1981 

Georgia/Canine/1988 

Missouri/Human/1993 

West Virginia/Mosquito/1995 

North Carolina/Mosquito/1997 

Tennessee/Mosquito/2000 

Connecticut/Mosquito/2005 

SVP/Vernon, WI/Mosquito/2006 

NAT/Crawford, WI/Mosquito/2006 

NAT/Crawford, WI/Mosquito/2007 

BEN2/Lafayette, WI/Mosquito/2007 

CAL-GA/Houston, MN/Mosquito/2007 

C6/36 2 

Suckling mice 3 

Suckling mice 4, Vero cells 1 

Suckling mice 4, BHK 4 

unknown 

Mouse brain 1, BHK 2, Vero cells 1 

Mouse brain 1, BHK2 

unknown 

Suckling mice 2, BHK 2 

Suckling mice 2, BHK 1 

Mouse brain 1, Vero cells 3 

Suckling mice 1, Vero cells 2 

Suckling mice 2, BHK 1 

Suckling mice 2, BHK 1 

Vero cells 1, Suckling mice 1 

Vero cells 1 

Vero cells 1 

Vero cells 1 

Vero cells 1 

Vero cells 1 

Vero cells 2 

Vero cells 2 

Vero cells 2 

Vero cells 2 

Vero cells 2 

EF485030-EF485032 

DQ426682 

DQ426683 

D10370 

DQ196118-DQ196120 

EF485033-EF485035 

NC004108-NC004118 

DQ426680 

U18980 

U70206 

EF485036-EF485038 

DQ426681 

U70207 

U70208 

DQ426684 

U70205 

DQ426685 

DQ426686 

DQ426687 

DQ426688 

(Bennett etal . , 2007) 

(Armstrong & Andreadis, 2006) 

(Armstrong & Andreadis, 2006) 

(Grady etal . , 1987) 

(Bennettetal., 2007) 

(Bennettetal., 2007) 

(Armstrong & Andreadis, 2006) 

(Huang eta l . , 1995) 

(Huang eta l . , 1997) 

(Armstrong & Andreadis, 2006) 

(Armstrong & Andreadis, 2006) 

(Huang eta l . , 1997) 

(Huang eta l . , 1997) 

(Armstrong & Andreadis, 2006) 

(Huang eta l . , 1997) 

(Armstrong & Andreadis, 2006) 

(Armstrong & Andreadis, 2006) 

(Armstrong & Andreadis, 2006) 

(Armstrong & Andreadis, 2006) 

a All viruses isolated from mosquitoes were isolated from Ae. triseriatus except for 
AL/Mosquito/1963 (Ps. howardii) and TN/Mosquito/2000 (Ae. albopictus) 
b Previous submission by Hughes et al. 2002. 
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Table 4.3: MAS used in maximum parsimony analysis* 

LRH E-A/Crawford/2000 
VS/Vernon/2000 
BWC/Houston/2004 
CAL-GA/Houston/2004 
DAK-90/Winona/2004 
MCPA/La Crosse/2004 
MCPB/La Crosse/2004 
NAT/Crawford/2004 
NFCS/Winona/2004 
SVPA/ernon/2004 
BEN2/Lafayette/2005 
BEN 1/Lafayette/2005 
HHS/Houston/2005 
CAL-GA/Houston/2005 
HV/Winona/2005 
MVRA/ernon/2005 
NAT/Crawford/2006 
SVP/Vernon/2006 
BEN2/Lafayette/2007-C 
BEN2/Lafayette/2007-D 
BEN2/Lafayette/2007-E 
BEN2/Lafayette/2007-F 
CAL-GA/Houston/2007-G 
CAL-GA/Houston/2007-H 
CAL-GA/Houston/2007-l 
CAL-GA/Houston/2007-J 
CAL-GA/Houston/2007-K 
NAT/Crawford/2007-A 
NAT/Crawford/2007-B 

La Crosse, Wl 
Vernon, Wl 

Houston, MN 
Houston, MN 
Winona, MN 
La Crosse, Wl 
La Crosse, Wl 
Crawford, Wl 
Winona, MN 
Vernon, Wl 

Lafayette, Wl 
Lafayette, Wl 
Houston, MN 
Houston, MN 
Winona, MN 
Vernon, Wl 

Crawford, Wl 
Vernon, Wl 

Lafayette, Wl 
Lafayette, Wl 
Lafayette, Wl 
Lafayette, Wl 
Houston, MN 
Houston, MN 
Houston, MN 
Houston, MN 
Houston, MN 
Crawford, Wl 
Crawford, Wl 

2000 
2000 
2004 
2004 
2004 
2004 
2004 
2004 
2004 
2004 
2005 
2005 
2005 
2005 
2005 
2005 
2006 
2006 
2007 
2007 
2007 
2007 
2007 
2007 
2007 
2007 
2007 
2007 
2007 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

*The MAS were amplified from mosquitoes collected between 2000 and 2005. The MAS 
that are bolded were obtained from the Si-mosquitoes collected in 2006 and 2007. The S, 
M and L columns indicate sequences used in the analysis. 
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Si-mosquitoes were collected from Vernon County (SVP/Vernon, WI/Mosquito/2006) 

and Crawford County (NAT/Crawford, WI/Mosquito/2006). In 2007, Si-mosquitoes 

were collected from Crawford County (NAT/Crawford, WI/Mosquito/2007), Lafayette 

County (BEN2/Lafayette, WI/Mosquito/2007) and Houston County (CAL-GA/Houston, 

MN/Mosquito/2007) (Table 4.4). 

The amount of LACV antigen detected in leg tissue of mosquitoes collected as 

eggs, hatched and reared to adults varied significantly. SI Ae. triseriatus mosquitoes 

contained extraordinary amounts of LACV antigen as evidenced by IFA. Uninfected 

mosquitoes contained no viral antigen and Nl-mosquitoes contained very little LACV 

antigen (Figure 4.2). The majority (97.2%) of the LACV-infected mosquitoes were NI 

and scored 1-4; 2.76% of the LACV-infected mosquitoes were SI (Figure 4.3). 

To further investigate the prevalence of Si-mosquitoes, multiple egg liners were 

hatched from "hot spots" where >1 Si-mosquito had been found. This resulted in 

detection of multiple Si-mosquitoes from these sites. In the NAT/2007 site, 0.84% 

(4/475) of the mosquitoes were SI (Table 4.5). In the BEN2/2007 site, 1.82% (4/220) 

were SI, and in the CAL-GA/2007 site, 12.1% (7/58) were Si-mosquitoes. The LACV 

prevalence rates for each site were compared to the overall prevalence rate of 3.9% using 

a Fisher's exact test to determine if the prevalence rates were significantly different. 

Results can be found in Table 4.5. The prevalence of LACV-infected mosquitoes in 

NAT/2007 and CAL-GA/2007 was significantly different (p < 0.001) than the overall 

prevalence rate of LACV-infected mosquitoes. The prevalence rates observed in 

SVP/2006 and BEN2/2007 were also significantly different (p < 0.05) than the overall 

prevalence rate of 3.9%. The only site whose prevalence rate was not significantly 
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Figure 4.3: The distribution of LACV-infected mosquitoes collected in 2007. 
Mosquitoes were scored on a scale of 0-5 by the amount of detectable antigen by IFA. 
1-4: Nl-mosquitoes; 5: Si-mosquitoes. 
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different from the overall prevalence rate was NAT/2006, and this could be due to the 

small number of mosquitoes tested for LACV compared to the number of positive 

mosquitoes that were identified. Field collected mosquitoes were tested throughout the 

summer and interestingly, the Si-mosquitoes were only identified in each collection site 

once a year. The dates when the Si-mosquitoes were collected date is provided in Table 

4.5. 

Table 4.4: Prevalence and distribution of LACV normally-infected and LACV 
super-infected mosquitoes in the 2006 and 2007 collections 

Clayton, IA 
Crawford, Wl 
Iowa, Wl 
La Crosse, Wl 
Lafayette, Wl 
Monroe, Wl 
Vernon, Wl 
Houston, MN 
Winona, MN 

Total mosquitoes tested 
Total LACV+ or SI 
Overall prevalence 

N/A 
2.16% 
2.78% 
1.98% 
3.88% 
0.55% 
3.30% 
5.10% 
2.80% 

6149 
233 

3.79% 

1.50% 
4.40% 
2.12% 
4.10% 
6.90% 
4.20% 
2.54% 
3.68% 
3.81% 

13322 
507 

3.81% 

0 
0.180% 

0 
0 
0 
0 

0.089% 
0 
0 

6149 
2 

0.033% 

0 
0.025% 

0 
0 

1.100% 
0 
0 

0.053% 
0 

13322 
14 

0.011% 

Table 4.5: Prevalence of super-infected mosquitoes by collection site in 2006 and 
2007 

SVP/2006 
NAT/2006 
Nat/2007 
BEN2/2007 
CAL-GA/2007 

Vernon, Wl 
Crawford, Wl 
Crawford, Wl 
Lafayette, Wl 
Houston, MN 

8/31/2006 
2006 

7/17/2007 
9/10/2007 
8/27/2007 

84 
67 

475 
220 
58 

7 
5 

30 
15 
7 

8.30% 
7.46% 
6.30% 
6.82% 

12.10% 

* 

*** 
* 
... 

1 
1 
4 
4 
7 

1.20% 
1.50% 
0.84% 
1.82% 

12.10% 

p < 0.05, ** p < 0.01, *** p < 0.001 

2. LACV titer of super-infected mosquitoes 

The LACV titer of the abdomen of the Si-mosquitoes ranged from 2.70 to 4.70 

logioTCID5o/ml (Table 4.6). This is not significantly different from the average titer 
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observed in the TOT-permissive laboratory colonized mosquitoes (3.93 logioTCIDso/ml) 

(t-test:-1.96, p> 0.05). 

Table 4.6: LACV titer of super field-infected 
mosquitoes 

NAT/Crawford/2006 
SVP/Vernon/2006 
NAT/Crawford/2007-A 
NAT/Crawford/2007-B 
BEN2/Lafayette/2007-C 
BEN2/Lafayette/2007-D 
BEN2/Lafayette/2007-E 
BEN2/Lafayette/2007-F 
CAL-GA/Houston/2007-G 
CAL-GA/Houston/2007-J 
CAL-GA/Houston/2007-K 
TOT-permissive strain A 

3.03 
3.53 
3.03 
2.70 
4.70 
3.03 
3.53 
2.70 
3.53 
2.87 
3.03 
3.93 

3. Phylogenetic analysis of virus isolates from Si-mosquitoes 

Viruses were isolated from each of the Si-mosquitoes. Following elution from 

purified plaques, RNA was extracted, sequenced and analyzed. The virus isolates were 

passaged two times in Vero cells. One virus isolate was analyzed from each collection 

site (SVP/2006, NAT/2006, NAT/2007, CAL-GA/2007, and BEN2/2007). Maximum 

parsimony trees were created for the sequences of the entire S, M and L segments 

(Figures 4.4-4.6). 

The S segment maximum parsimony tree (Figure 4.4) produced four different 

clades; three clades containing virus isolates from Wisconsin and Minnesota and one 

clade containing the isolate from North Carolina and the isolates from NAT/2006 and 

NAT/2007. The other three LACV isolates from the Si-mosquitoes (CAL-GA/2007, 

BEN2/2007 and SVP/2006) are found in the clade with isolates from Wisconsin and 
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Minnesota/Human/1960 

Wisconsin/Mosquito/1977 

69 

SVP/Vernon, WI/AAosquito/2006 

CAL-GA/Houston, MN/Mosquito/2007 

BEN2/Lafayette, WI/AAosquito/2007 

84 

North Carolina/AAosquito/1978 

100 
NAT/Crawford, WI/AAosquito/2007 

NAT/Crawford, WI/AAosquito/2006 

Wisconsin/Human/1978-A 

Wisconsin/Human/1978-B 

Figure 4.4: Maximum parsimony phylogenetic analysis of the entire S segment of 
LACV isolates 
Phylogenetic analysis of the complete LACV S segment sequences from isolates obtained 
from Si-mosquitoes collected in 2006 and 2007 and previously published LACV S 
segment sequences. Bootstrap values were assigned for 1000 replicates and indicated by 
the numbers on the branches. Colors represent the collection sites of the Si-mosquitoes 
(Purple: SVP/2006, Red: BEN2/2007, Green: NAT/2006 and NAT/2007, and Blue: 
CAL-G A/2007). 
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Minnesota/HurmiV1960 

- Wisconsin/Mosquito/1977/ 

SVP/Vernon, WE/Atosquito/2006 a a d e m 

- CAL-SA/Houston, /^Mosquito/2007 

Rochester, MN/Mosquito/1978 

f Richland, WI/AAosquito/1978 

— Tennessee/Mosquito/1999 _ , .£_ 

100J North Card ino/Mosquito/1978-A 

' North Carolina/AAosquito/1978-B 

West Virginia/Mosquito/1995 

Washirgton, WI/Mosquito/1981 

100 

67 

98 

51 

100 

62 61 

93 

100 

99 

1001 NAT/Crxiwford, WI/A/tequito/2006 

L I ' NAT/Crawford, VVi/A^osquiW2007 
dadc#3 

100 
p Ohio/AAosquito/1965 

North Carol ira/Mosquito/1997 

99 
Connecticut/Mosquito/2005 

100 
— Alabama/Mosquito/1963 

1 C e- NewYork/Mosquito/1974 0 ode #4 

Lf Seorgia/Cani ne/1988 

10 

r B0NJ2Aafayette, WI/Mosquito/2007 

'— AAissouri/Human/1993 

Wisconsin/Human/1978-A 
65 

Wisconsin/Human/1978-B 

Desoto, Wisconsin/Mosquito/1978 

Crawford, VWsconsin/Mosquito/1979 

Clade#l 

Figure 4.5: Maximum parsimony phylogenetic analysis of the entire M segment of 
LACV isolates 
Phylogenetic analysis of the entire LACV M segment sequences from viruses isolated 
from Si-mosquitoes collected in 2006 and 2007, and previously published LACV M 
segment sequences. Bootstrap values were assigned for 1000 replicates and are indicated 
by the numbers on the branches. Colors represent the collection sites of the SI-
mosquitoes (Purple: SVP/2006, Red: BEN2/2007, Green: NAT/2006 and NAT/2007, and 
Blue: CAL-GA/2007). 
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Minnesota/Human/1960 

SVP/Vernon, WI/AAosquito/2006 

100 

North Carolina/Mosquito/1978 

100 

Wisconsin/Mosquito/1977 

NAT/Crawford, WI/Mosquito/2007 

100 

NAT/Crawford, WI/Mosquito/2006 

r Wisconsin/Human/1978-A 

100 

59 

10 

Wisconsin/Human/1978-B 

BEN2/Lafayette, WI/Human/2007 

CAL-SA/Houston, MN/Mosquito/2007 

Figure 4.6: Maximum parsimony phylogenetic analysis of the entire L segment of 
LACV isolates 
Phylogenetic analysis of the entire LACV L segment sequences from viruses isolated 
from Si-mosquitoes collected in 2006 and 2007, and previously published L segment 
sequences. Bootstrap values were assigned for 1000 replicates and are represented by the 
numbers on the branches. Colors represent the collection sites of the Si-mosquitoes 
(Purple: SVP/2006, Red: BEN2/2007, Green: NAT/2006 and NAT/2007, and Blue: 
CAL-GA/2007). 
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Minnesota. The phylogenetic analysis suggests that the M segment is more variable than 

the S segment (Figure 4.5). There are also more available published M segment 

sequences. The tree is distributed into four different clades associating somewhat with 

geographic distribution. Clade #2 contains virus isolates from Tennessee and North 

Carolina (1978), and clade #4 contains virus isolates from Connecticut, Alabama, New 

York, and Georgia. Clades #1 and #3 contain virus isolates recovered primarily from the 

Wisconsin and Minnesota region with the exception of West Virginia, Ohio, and North 

Carolina (clade #3) and Missouri (clade #1). As with the S segment, the virus isolates 

recovered from SVP/2006, BEN2/2007 and CAL-GA/2007 are found in the clade with 

most of the isolates recovered from Wisconsin and Minnesota. The isolates recovered 

from NAT/2006 and NAT/2007 are in the clade with the isolates recovered from North 

Carolina (1997), Ohio, and West Virginia and one isolate recovered from Washington 

County, WI. 

The L segment maximum parsimony tree does not contain as many viruses 

because of the small number of available published sequences (Figure 4.6). The tree 

morphology is similar to the S segment. One very interesting observation is the location 

of the isolate Wisconsin/Mosquito/1977. In the S segment analysis, it is in the clade with 

all the LACV isolates from Wisconsin and Minnesota, whereas in the L segment analysis 

the isolate is in the clade with the isolates from NAT/2006 and NAT/2007. This is 

possible evidence for segment reassortment. 

4. Phylogenetic analysis of MAS from Si-mosquitoes and Nl-mosquitoes 

Viral RNA was amplified directly from 11 Si-mosquitoes collected from 

SVP/2006, NAT/2006, NAT/2007, BEN2/2007, and CAL-GA/2007 for phylogenetic 
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NAT/Crawford/2007-A 

N AT/Crawf ord/2007- B 

64 
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CAL-GA/Houston/2007-J 

CAL-GA/Houston/2007-K 
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CAL-GA/Houston/2004 
Haplotype # 4 

Figure 4.7: Maximum parsimony phylogenetic analysis of a portion of the S segment 
RNA of MAS from normally-infected and super-infected field collected mosquitoes 
Phylogenetic analysis of MAS from field Si-mosquitoes collected in 2006 and 2007 and 
previously described MAS from mosquitoes collected in 2000-2005 for a portion of the S 
segment (nucleotides 144-605). Bootstrap values were assigned for 1000 replicates and 
are represented by the numbers on the branches. The previously described haplotypes are 
labeled. Colors represent the collection sites of the Si-mosquitoes (Purple: SVP/2006, 
Red: BEN2/2007, Green: NAT/2006 and NAT/2007, and Blue: CAL-GA/2007). The 
letters next to the MAS name distinguish different Si-mosquitoes collected from the same 
site. 
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Figure 4.8: Maximum parsimony phylogenetic analysis of a portion of the M 
segment RNA of MAS from normally-infected and super-infected field collected 
mosquitoes 
Phylogenetic analysis of MAS from field Si-mosquitoes collected in 2006 and 2007, and 
previously described MAS from mosquitoes collected in 2000-2005 for a portion of the 
M segment (nucleotides 1585-1995). Bootstrap values were assigned for 1000 replicates 
and are represented by the numbers on the branches. The previously described haplotypes 
are labeled. Colors represent the collection sites of the Si-mosquitoes (Purple: SVP/2006, 
Red: BEN2/2007, Green: NAT/2006 and NAT/2007, and Blue: CAL-GA/2007). The 
letters next to the MAS name distinguish different Si-mosquitoes collected from the same 
site. 
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Figure 4.9: Maximum parsimony phylogenetic analysis of a portion of the L 
segment RNA of MAS from normally-infected and super-infected field collected 
mosquitoes 
Phylogenetic analysis of MAS from field Si-mosquitoes collected in 2006 and 2007, and 
previously described MAS from mosquitoes collected in 2000-2005 for the L segment 
(nucleotide 140-626). Bootstrap values were assigned for 1000 replicates and are 
represented by the numbers on the branches. The previously described haplotypes are 
labeled. Colors represent the collection sites of the Si-mosquitoes (Purple: SVP/2006, 
Red: BEN2/2007, Green: NAT/2006 and NAT/2007, and Blue: CAL-GA/2007). The 
letters next to the MAS name distinguish different Si-mosquitoes collected from the same 
site. 
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analysis of the S, M and L segments, and MAS from mosquitoes collected in 2000-2005 

(Table 4.3 and Figures 4.7-4.9). Through phylogenetic analyses of MAS obtained from 

mosquitoes collected in 2000-2005, distinct haplotypes were defined for S, M and L: 5 S 

haplotypes, 6 M haplotypes, and 4 L haplotypes (II. C.3., III. C.2.) (Figures 4.7-4.9). 

The S segment maximum parsimony tree (Figure 4.7) has the distinct distribution 

of the defined haplotypes 1-5 (Table 4.3; II. C.3., III. C.2.). Interestingly, the MAS 

obtained from Sl-mosquitoes collected from BEN2/2007 and SVP/2006 both cluster with 

haplotype #2, whereas the MAS obtained from mosquitoes from NAT/2006, NAT/2007 

and CAL-GA/2007 form two new distinct clades. The tree morphology of the M segment 

(Figure 4.8) is quite different from the S segment. The defined haplotypes (Table 4.3; II., 

C.3., III., C.2.) form distinct clades; however the MAS obtained from the Sl-mosquitoes 

do not associate in any of these clades and form four new clades. 

The L segment maximum parsimony tree has similar tree topology observed in 

the M segment (Figure 4.9). The MAS from NAT/2006, NAT/2007, CAL-GA/2007 and 

SVP/2006 form new clades, whereas the MAS from BEN2/2007 cluster with haplotype 

#2. 

5. Sequence polymorphism, nucleotide substitution and nucleotide diversity 

Genome sequence polymorphism (theta) in a population is the proportion of 

nucleotide sites that are expected to be polymorphic in any sample in a particular region 

of the genome. The value of theta takes into account the number of nucleotide differences 

between each pair of sequences and the number of possible pairs (Kimura, 1969). The 

sequences of LACV isolates from the Sl-mosquitoes were compared to published LACV 

isolates (Table 4.2). Genome sequence polymorphism for the S, M, and L segment 
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Figure 4.10: Nucleotide polymorphism (theta) of the LACV 
S, M and L 
The asterisks represent the regions of significant nucleotide 
polymorphism. Polymorphic regions are regions of 100 
nucleotides with 10 or greater polymorphisms. 
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sequences was 0.01282, 0.03218, and 0.02567 respectively. This can be seen graphically 

in Figure 4.10. In the S segment variability was found in nucleotides 730-900, which is 

mostly in the non-coding region (coding region is nucleotides 82-789). Variability in the 

M segment occurred in nucleotides 725-875, 1050-1300, 1475-2000, 2300-2600, 2700-

3000, 3825-4000 and 4225-4475, which is mostly found in the coding region (coding 

region is nucleotides 62 - 4387). In the L segment, there were multiple regions of 

variability, nucleotides 1800-2000, 2300-2400, 3000-3200, and 4000-4250, which are all 

found in the coding region (nucleotides 62 - 6583). 

The S, M and L segments had more synonymous substitutions than 

nonsynonymous, suggesting that the mutations are maintained by purifying selection 

(data not shown). The entire S segment had 13 synonymous substitutions and 1 

nonsynonymous substitution. The entire M segment had 361 synonymous substitutions 

and 49 nonsynonymous substitutions. The entire L segment had 434 synonymous 

substitutions and 31 nonsynonymous substitutions. 

6. Nucleotide diversity 

The complete S, M and L sequences of the five virus isolates from the SI-

mosquitoes were compared to previously published LACV sequences (Table 4.7-4.9). 

The most diverse sequences for the S segment are found in the isolates from NAT/2006 

and NAT/2007 (NAT/Crawford, WI/Mosquito/2006 and NAT/Crawford, WI/Mosquito/ 

2007), with 97.9% similarity with the isolates from Minnesota/Human/1960, Wisconsin/ 

Mosquito/1977, Wisconsin/Human/1978-A, and Wisconsin/Human/1978-B (Table 4.7). 

The other isolates (BEN2/Lafayette, WI/Mosquito/2007, CAL-GA/Houston, MN/ 
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Mosquito/2007 and SVP/Vernon, WI/Mosquito/2006) are 99.3% similar to previously 

isolated viruses. 

Similar results are found with the M segment. The isolate, NAT/Crawford, 

WI/Mosquito/2007, is only 94.5% similar with the other SI isolates and previously 

isolated viruses (Table 4.8). The isolate, NAT/Crawford, WI/ Mosquito/2006 is not in the 

table due to incomplete sequence data. The isolates, SVP/Vernon, WI/ Mosquito/2006, 

CAL-GA/Houston, MN/Mosquito/2007 and BEN2/Lafayette, WI/Mosquito/2007, are 

about 99.3% similar to the previously published M segment sequences. 

The nucleotide diversity analysis of L segment yielded similar results as the S and 

M segments (Table 4.9). The isolates from NAT/2006 and NAT/2007 have the most 

sequence diversity compared to the previously published sequences with 97.0% 

similarity. The isolates from SVP/2006, CAL-GA/2007 and BEN2/2007 are 99.2% 

similar to the isolates from Wisconsin and Minnesota. Interestingly, the isolate 

Wisconsin/ Mosquito/1977 is most similar to the isolates from NAT/2006 and 

NAT/2007, 99.2%, in the L segment whereas they are most similar to the isolates, 

Minnesota/Human/1960, Wisconsin/Human 1978-A and Wisconsin/Human/1978-B in 

the S and M segment. This suggests a possible reassortment event as seen with the 

maximum parsimony trees. 

7. Nucleotide sequence divergence 

The nucleotide sequence divergence between the virus isolates obtained from the 

Si-mosquitoes and the previously published virus isolates was determined (Figure 4.11). 

This analysis located regions of significant divergence between the two populations (p < 

0.10). In the S segment, there are two regions of significant nucleotide divergence; 
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between nucleotides 1 and 25 and 959 and 984. Both of these regions are not in the 

coding regions of the nucleocapsid protein and the nonstructural protein. In the M 

segment, there are four regions of nucleotide divergence between the two populations; 

between nucleotides 900 and 925, nucleotides 1550 and 1700, nucleotides 2875 and 

2900, and nucleotides 3500 and 3550. The first region of divergence is within the G2 

glycoprotein and the other three are in the Gl glycoprotein. All of the polymorphisms in 

these regions are synonymous mutations. The L segment, there are four regions of 

divergence between the two populations; between nucleotides 1 and 25, nucleotides 2300 

and 2600, nucleotides 3500 and 3600 and nucleotides 5600 and 5800. The first region is 

in the non-coding region and the other three regions are in the coding region for the RNA 

dependent RNA polymerase. All the polymorphisms in these regions were synonymous 

mutations. 
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Table 4.7: Nucleotide diversity of the S segment comparing super-infected 
isolates and previously published sequences from the similar collection region 

S segment 

Minnesota/Human/-I960 

Wisconsin/Mosquito/1977 

Wisconsin/Human/1978-A 

Wisconsin/HUman/1978-B 

BEN2/Lafayette, WI/Mosquito/2007 

SVP/Vemon, WI/Mosquito/2006 

CAL-GA/Houston, MN/Mosquito/2007 

NAT/Crawford, WI/Mosquito/2006 

NAT/Crawford, WI/Mosquito/2007 

MN/Human/ 
1960 

0 

Wl/Mosquito/ 
1977 

1.00 

0 

Wl/Human/ 
1978-A 

0.997 

0.997 

0 

Wl/Human/ 
1978-B 

0.995 

0.995 

0.997 

0 

BEN2/Lafayette, 
Wl/Mosquito/ 

2007 

0.993 

0.993 

0.991 

0.993 

0 

SVP/Vemon, 
Wl/Mosquito/ 

2006 

0.994 

0.994 

0.992 

0.994 

0.996 

0 

CAL-GA/Houston, 
MN/Mosquito/2007 

0.988 

0.988 

0.986 

0.988 

0.990 

0.991 

0 

NAT/Crawford, 
Wl/Mosquito/ 2006 

0.979 

0.979 

0.977 

0.979 

0.983 

0.982 

0.980 

0 

NAT/Crawford, 
Wl/Mosquito/ 

2007 

0.979 

0.979 

0.977 

0.979 

0.983 

0.982 

0.980 

1.00 

0 

Table 4.8: Nucleotide diversity of the M segment comparing super-infected isolates 
and previously published sequences from the similar collection region 

M segment 

Minnesota/Human/1960 

Wisconsin/Mosquito/1977 

Wisconsin/Human/1978-A 

Wisconsin/HUman/1978-B 

BEN2/Lafayette, WI/Mosquito/2007 

SVP/Vernon, WI/Mosquito/2006 

CAL-GA/Houston, MN/Mosquito/2007 

NAT/Crawford, WI/Mosquito/2007 

MN/Human/ 

1960 

0 

Wl/Mosquito/ 
1977 

0.998 

0 

Wl/Human/ 
1978-A 

0.996 

0.995 

0 

Wl/Human/ 

1978-B 

0.995 

0.994 

0.999 

0 

BEN2/Lafayette, 
Wl/Mosquito/ 

2007 

0.993 

0.992 

0.994 

0.994 

0 

SVP/Vernon, 
Wl/Mosquito/ 

2006 

0.994 

0.993 

0.995 

0.994 

0.993 

0 

CAL-GA/Houston, 
MN/Mosquito/2007 

0.993 

0.992 

0.993 

0.993 

0.991 

0.992 

0 

NAT/Crawford, 
Wl/Mosquito/ 

2007 

0.946 

0.945 

0.944 

0.944 

0.943 

0.943 

0.943 

0 

Table 4.9: Nucleotide diversity of the L segment comparing super-infected isolates 
and previously published sequences from the similar collection region 

L segment 

Minnesota/Human/1960 

Wisconsin/Mosquito/1977 

Wsconsin/Human/1978-A 

Wisoonsin/HUman/1978-B 

BEN2/Lafayette, WI/Mosquito/2007 

SVP/Vemon, WI/Mosquito/2006 

CAL-GA/Houston, MN/Mosqurto/2007 

NAT/Crawford, WI/Mosquito/2006 

NAT/Crawford, WI/Mosquto/2007 

MN/Human/ 
1960 

0 

Wl/Mosquito/ 
1977 

0.971 

0 

Wl/Human/ 
1978-A 

0.994 

0.969 

0 

Wl/Human/ 
1978-B 

0.993 

0.968 

0.999 

0 

BEN2/Lafayette, 
Wl/Mosquito/ 

2007 

0.994 

0.970 

0.992 

0.992 

0 

SVP/Vernon, 
Wl/Mosquito/ 

2006 

0.993 

0.969 

0.991 

0.991 

0.991 

0 

CAL-GA/Houston, 
MN/Mosquito/2007 

0.993 

0.968 

0.991 

0.991 

0.992 

0.991 

0 

NAT/Crawford, 
Wl/Mosquito/ 2006 

0.946 

0.967 

0.944 

0.945 

0.945 

0.945 
0.944 

0 

NAT/Crawford, 
Wl/Mosquito/ 

2007 

0.971 

0.992 

0.969 

0.969 

0.970 

0.970 

0.969 

0.972 

0 

The entire S, M and L segment sequences isolated from the Si-mosquitoes were aligned with the published 
virus sequences obtained from LACV isolates recovered from Wisconsin and Minnesota. The M segment 
sequence from NAT/Crawford, WI/Mosquito/2006 was not included in this analysis because the entire segment 
was not sequenced. 
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Figure 4.11: Nucleotide sequence divergence (Dxy) of the 
LACV S, M and L 
The asterisks represent the regions of significant nucleotide 
divergence between the two populations. Significant 
nucleotide divergence regions are regions of 25 nucleotides 
consisting of polymorphisms in one population but not the 
other. 
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D. DISCUSSION 

The identification of super-infected LACV mosquitoes in the field suggests that 

LACV could be maintained in the population through a stabilized infection. This is an 

exciting possibility because it could explain how LACV can persist in nature with low 

field infection rates. These Si-mosquitoes were detected in the population at a low level 

(0.08%) (Table 4.2). However they were widely distributed in the collection area (Figure 

4.1), which suggests that this is not a localized phenomenon within one collection site. 

Si-mosquitoes were collected from SVP/2006 (Vernon County, WI), CAL-GA/2007 

(Houston County, MN) and BEN2/2007 (Lafayette County, WI) and NAT/2006 and 

NAT/2007 (Crawford County, WI) (Figure 4.1). The identification of a Si-mosquito in 

the same site in two different years suggests this genotype of LACV is stabilized in 

mosquitoes in this collection site. The prevalence of Si-mosquitoes ranged from 0.84% 

(NAT/2007) to 12.0% (CAL-GA/2007) (Table 4.5). If these Si-mosquitoes transmit 

LACV to all or most of their progeny, it is conceivable that the virus could be maintained 

in nature at a fairly constant level by a relatively small number of stabilized females 

(Tesh & Shroyer, 1980). 

Phylogenetic studies were then conducted to characterize the viruses isolated from 

Si-mosquitoes and to investigate the genetic relatedness of the LACV isolated from SI-

mosquitoes to previously isolated viruses (Table 4.2). A maximum parsimony tree was 

created using the entire sequence of the S, M and L segments (Figures 4.4-4.6). 

The maximum parsimony analyses of the S and L segments contain previously 

published LACV sequences and sequences from the viruses isolated from the SI-

mosquitoes (Table 4.3) (Figures 4.4 and 4.6), In the S and L trees, the virus isolates from 
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the Si-mosquitoes collected from NAT/2006 and NAT/2007 form their own clade. 

Interestingly this clade also contains the isolate North Carolina/Mosquito/1977 with 

strong bootstrap support. This is suggestive of a diverse LACV lineage. Previous 

evidence has suggested that there is isolation by distance regionally. There are lineages 

containing viruses from WI and MN and lineages containing viruses from other regions 

of the United States and they do not typically cluster together (Armstrong & Andreadis, 

2006, Klimas et al., 1981). However, this phylogenetic analysis yielded different results 

that suggest there is no isolation by distance regionally. This was further emphasized in 

the M segment maximum parsimony analysis because more sequences were available 

(Table 4.2, Figure 4.5) The M segment sequences clearly distributed into four different 

clades. Clade #2 contained viruses recovered from Tennessee and North Carolina and 

clade #4 contained the viruses recovered from New York, Alabama, Connecticut and 

Georgia. Clades #1 and #3 contained most of the isolates from WI and MN. However, the 

isolate from Missouri clustered into clade #1 and the isolates from West Virginia, Ohio 

and North Carolina clustered into clade #3 with the isolates from NAT/2006 and 

NAT/2007 and one isolate from Wisconsin. These results differ from previous findings 

suggesting isolation by distance on a regional scale. These results suggest that while there 

is significant variation observed between all of the isolates, isolates from different 

regions of the country do cluster together. The reasons for this are unknown. A wide 

scale analysis with multiple isolates from multiple regions of the country needs to be 

performed to truly understand the genetic determinants of geographic distance on a 

regional scale. 
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The possibility of segment reassortment was also observed in the phylogenetic 

analyses (Figures 4.4 and 4.6). The isolate Wisconsin/Mosquito/1977 clustered with 

Minnesota/Human/1960, Wisconsin/Human/ 1978-A, Wisconsin/Human/ 1978-B, 

Wisconsin/Mosquito/1977 and the isolates from BEN/2007, SVP/2006, and CAL-

GA/2007 in the S segment tree. However, in the L segment tree, Wisconsin/Mosquito/ 

1977 clustered with the isolates from NAT/2006 and NAT/2007, which suggests possible 

segment reassortment. This was also observed in the nucleotide diversity analysis (Table 

4.7-4.9). In the S segment nucleotide diversity analysis, Wisconsin/Mosquito/1977 is 

most similar (99.7-100% similarity) to the isolates: Minnesota/Human/1960, 

Wisconsin/Human/1978-A, Wisconsin/Human/ 1978-B, Wisconsin/Mosquito/1977 and 

the isolates from BEN2/2007, SVP/2006, and CAL-GA/2007. The L segment nucleotide 

diversity analysis revealed that Wisconsin /Mosquito/1977 is 99.2% similar to the isolates 

from NAT/2006 and NAT/2007 and only 97% similar to the other isolates, suggesting 

possible reassortment. As discussed in H.C.5., there is significant genetic variation of 

LACV due to segment reassortment. This further supports the hypothesis that LACV is 

highly variable in nature and is constantly evolving through both genetic drift and 

segment reassortment. 

It is provocative that in the M segment phylogenetic analysis a virus isolate from 

a Si-mosquito and an isolate from a known human fatality clustered together. The 

BEN2/Lafayette, WI/ Mosquito/2007 and Missouri/Human/1993 isolates are genetically 

similar as evidenced by the location on the tree (Figure 4.5). Perhaps the viruses causing 

super infections in mosquitoes may cause severe clinical outcomes in humans. This could 

be due to dose of inoculum in the saliva since the average titer of the Sl-mosquitoes is 
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extremely high (Table 4.6) or to linkage of virus replication and persistence in 

mosquitoes and efficiency with human replication. 

In the S, M, and L segment maximum parsimony analysis, isolates from the SI-

mosquitoes collected from NAT/2006 and NAT/2007 (NAT/Crawford, WI/Mosquito 

2006, NAT/Crawford, WI/ Mosquito/2007) did not cluster with other isolates from the 

Si-virus mosquitoes (Figure 4.5). The isolates from NAT/2006 and NAT/2007 are clearly 

a different genotype than the other viruses isolated from Si-mosquitoes. 

It is also noteworthy that the viruses isolated from Si-mosquitoes collected from 

NAT in 2006 and 2007 (NAT/Crawford, WI/Mosquito 2006, NAT/Crawford, WI/ 

Mosquito/2007) have similar S, M and L segment sequences (Figures 4.4-4.6). This 

conflicts with previous data presented in III. (C.6. and C.7.), suggesting that the 

haplotypes may evolve each year. One possible reason for this could a stabilized 

infection. The NAT/2006 and NAT/2007 isolates may reflect a local mosquito lineage. 

The stabilized viral haplotype could be maintained in the population each year possibly 

through purifying or stabilizing selection in which the genetic diversity decreases as the 

virus stabilizes in the population. 

A maximum parsimony analysis was also performed for the S, M and L segments 

with MAS obtained from the Si-mosquitoes (instead of virus isolates) and with MAS 

obtained from mosquitoes collected in 2000-2005 (Figure 4.7-4.9) (previously described 

in II.C.3. Figure 2.2-2.4 and III. C.2., Figure 3.2). The maximum parsimony analyses of 

the S, M and L segments of the MAS yielded similar results found in II.C.4, and H.C.5., 

suggesting evolution through segment reassortment or genetic drift. In the L segment 

maximum parsimony analysis (Figure 4.9), the MAS obtained from the Sl-mosquitoes 
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collected from NAT/2006, NAT/2007, SVP/2006 and CAL-GA/2007, all form new 

clades, whereas the MAS from Si-mosquitoes from BEN2/2007 cluster in clade #2. The 

M segment maximum parsimony analysis reveals all four MAS from Si-mosquitoes 

cluster into separate, genetically diverse clades (Figure 4.8). In the S segment analysis, 

the MAS from Si-mosquitoes from SVP/2006 cluster into haplotype #2 (Figure 4.7) and 

cluster into previously undefined clades in the M and L segment analyses (Figures 4.8 

and 4.9). The MAS obtained from Si-mosquitoes collected from BEN2/2007 cluster with 

haplotype #2 (Figure 4.7) and forms a new clade in the M segment tree (Figure 4.8). In 

all the S, M and L trees, the MAS obtained from mosquitoes collected from NAT/2006, 

NAT/2007 and CAL-GA/2007 cluster into individual, diverse clades (Figures 4.7-4.9). 

The genetic diversity observed with the Si-mosquitoes in the MAS phylogenetic analyses 

could be due to a few factors. As demonstrated in III.C.6.a., III.C.6.b., and III.C.7., there 

is a significant association with collection year and LACV sequence. The variability 

could be due to different collection years. It could also be due to viral determinants of 

super infection. The variability observed between the S, M and L segment trees could 

also be indicative of genetic drift or segment reassortment, resulting in the establishment 

of anew clade. 

The three maximum parsimony tree analyses reveal that the MAS obtained from 

the Si-mosquitoes do not cluster together with MAS obtained from other mosquitoes in 

the same collection sites. For example, in the S segment tree (Figure 4.7), the MAS from 

BEN2 in 2007 is found in haplotype #2, whereas the MAS obtained from BEN2 in 2005, 

is found in haplotype #5. This suggests that either there are multiple genotypes present in 
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one collection site or the haplotypes are evolving each year as observed in III.C.6.a., 

III.C.6.b., and III.C.7. 

The nucleotide divergence analysis of the S, M and L segments reveals possible 

regions responsible for super infection. The S segment contained two regions of 

nucleotide divergence (Figure 4.11), which are both in the non-coding region. It remains 

unknown whether these regions contribute to infection, however they may condition 

replication and transmission efficiency. The M segment had four regions of significant 

divergence, one region in the G2 glycoprotein and three regions in the Gl glycoprotein. 

The polymorphisms contributing to nucleotide divergence were synonymous mutations, 

which indicate they may not influence super infection. The L segment also had four 

regions of nucleotide divergence, three of which were in the coding region for the RNA 

dependent RNA polymerase. As with the M segment, all the polymorphisms were 

synonymous. This particular analysis did not indicate any regions of significant 

nucleotide divergence resulting in nonsynonymous mutations. However, the sample size 

was small and therefore some regions may be contributing to super infection, but the 

analysis was not sensitive enough to detect them. Further analyses need to determine if 

there are genetic determinants of LACV contributing to super infection. 

The S segment phylogenetic analyses of both the virus isolates and the MAS 

could suggest a possible role in super infection (Figures 4.4 and 4.7). In both these 

phylogenetic trees, the isolates and MAS from the Si-mosquitoes cluster into the same 

lineage. In the M and the L phylogenetic analyses, the isolates and MAS cluster into 

different lineages. This could be indicative of a possible role the S segment may play in 

super infection. 
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In order to truly understand the genetic determinants of super infection, the 

LACV isolated from the Si-mosquitoes needs to be further analyzed. The M and L 

segments play the primary role in virulence and replication and are possibly contributing 

to super infection. The M segment, which codes for two glycoproteins, Gl and G2 and a 

nonstructural protein, is responsible for virulence, host range, tissue tropism, 

transmissibility, neutralization, hemagglutination, and membrane fusion (Beaty et al., 

1982, Gonzalez-Scarano et al., 1988). The L segment codes for the RNA dependent RNA 

polymerase and is the major determinant of replication efficiency (Endres et al, 1989). 

Studies have also suggested that virulence of LACV is under polygenic control (Janssen 

et al., 1986). The M segment is the major determinant of mouse virulence and mosquito 

infectivity, but the S and L segments could modulate the dominant effect of the M 

segment of a nonneuroinvasive California serogroup virus. Determination of conserved 

regions in the S, M and L segments of the SI virus isolates that differ from viruses 

isolated from Nl-mosquitoes could reveal possible viral genetic determinants of super 

infection, which could be manipulated and analyzed through the use of a reverse genetics 

system (Blakqori & Weber, 2005). 

In this study, isolation of LACV from Nl-mosquitoes was not successful. This 

could be due to a variety of reasons. Eggs were collected in the field and stored in a hot 

warehouse until shipped, over the course of a few days to Colorado. As soon as the eggs 

reached AIDL, they were placed in the insectary, hatched and reared. Environmental 

factors in the collection and shipping process could contribute to loss of virus titer. The 

titer of the Si-mosquitoes (Table 4.6) is approximately 3.78 logioTCID5o/ml. This would 

be lower in Nl-mosquitoes. An additional complication could have been the assay. In 
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previous studies, virus was isolated by inoculation of samples into suckling mouse brains. 

Cell culture assays are likely not as sensitive. Low virus titer, titer loss during processing, 

and insensitive assays, undoubtedly contributed to the inability to isolate virus NI-

mosquitoes. Future studies need to process the mosquito eggs quickly and use cold chain 

in order to assure virus isolation from Nl-mosquitoes. 

Additionally, LACV mating studies with the newly discovered Si-mosquitoes 

need to be performed to determine the filial infection rates. If the Si-mosquitoes transmit 

LACV to most or all of their progeny, they may represent a stabilized infection. This, 

however, will be difficult to accomplish due to a variety of factors. The low percentage of 

the Si-mosquitoes present in the field is problematic. Once the Si-mosquitoes are 

identified, they are difficult to maintain and colonize in a laboratory setting and mating 

success is low. Field collected mosquitoes do not mate or feed on artificial blood meals as 

well as laboratory colonized females (Mather & Defoliart, 1984). However, such studies 

are crucial to determine if Si-mosquitoes and their progeny have a filial infection rate that 

can maintain LACV through a stabilized infection. 

Stabilized infection was first observed with Sigma virus and Drosophila 

melanogaster (Seecof, 1968). When the virus was vertically transmitted to a small 

percentage of the progeny by infecting the developing oocytes directly, the virus was in a 

"nonstabilized" state (Fleuriet, 1988). However, if the germarium of a female became 

infected, she transmitted the virus to nearly 100% of her progeny, which was designated 

as a "stabilized" state. It would be provocative if this was occurring with ̂ 4e. triseriatus 

and leading to super infection. Additional experiments are needed to determine if the 

germarium is indeed infected, resulting in majority of the progeny infected. 
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Mathematical models of LAC V and KEY have strongly suggested that LACV 

cannot persist in nature (Defoliart, 1983, Fine & LeDuc, 1978) due to low field and filial 

infection rates (Beaty & Thompson, 1975, Lisitza et al., 1977, Watts et al., 1974). 

However, these models have not considered such factors as stabilized infection or mating 

advantages (discussed in V.). These two factors may help maintain stable LACV 

prevalence from year to year in the vector population. 

This study suggests that LACV could be maintained in nature through stabilized 

infection in a small number of females. It is not known whether the super infection is due 

to the mosquito genetics, viral genetics or possibly the interaction between the mosquito 

and virus. Further studies are needed to begin to understand this unique relationship. 

Specific mosquito genes, metabolic pathways, or immune pathways could also condition 

for LACV super infection. Other experiments such as comparison of gene expression 

using microarrays, genetic crossing experiments, mating experiments to determine filial 

infection rates and the pathogenesis of LACV in super-infected mosquitoes also need to 

be performed. Further studies are needed to elucidate the viral and vector genetic 

determinants of super infection and to determine the potential epidemiological 

significance of this phenomenon. 
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V. COMPARISON OF INSEMINATION 

RATES OF LA CROSSE VIRUS 

TRANSOVARIALLY INFECTED AND 

UNINFECTED AEDES TRISERIATUS 

MOSQUITOES 



A. INTRODUCTION 

La Crosse virus (LACV) is maintained in a cycle between Aedes triseriatus 

mosquitoes (Eastern tree hole mosquito) and chipmunks and tree squirrels (Calisher, 

1994, Watts et al., 1972). The virus can also be transmitted between mosquitoes 

horizontally (venereally) and vertically (transovarially), thereby enabling LACV to 

overwinter in the eggs of an infected mosquito (Thompson & Beaty, 1978, Watts et al., 

1973, Watts et al., 1974) Transovarial transmission (TOT) is an extraordinary method of 

amplification since an infected female will produce many infected progeny in a lifetime. 

The newly hatched, infected females are capable of transmitting LACV upon emergence. 

Infection through TOT could have a significant effect on viral amplification and 

maintenance because any behavioral or physiological changes due to LACV infection 

will be evident as soon as the mosquito emerges. Mosquito behavior modification 

resulting from LACV infection could influence viral transmission and possibly amplify 

the viral prevalence in the environment. 

There is strong evidence of behavioral changes in mosquitoes due to viral 

infection. Pathogens may induce many mosquito adaptations that are beneficial for 

survival and dispersal. For example, LACV-infected Ae. triseriatus females probe more 

and engorge less than uninfected mosquitoes (Grimstad et al., 1980). In one study, 21% 

of infected females probed once to obtain a partial bloodmeal and 79% probed multiple 

times to obtain a partial bloodmeal. In the uninfected females, 52% were fully engorged 

following one probe and 48% were fully engorged following multiple probes (Grimstad 

et al., 1980). Increased probing and partial engorgement could result in increased viral 

transmission and amplification. 
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A similar association was found with dengue-infected Ae. aegypti mosquitoes 

(Piatt et al., 1997). The total time required for feeding and the mean time spent probing 

are both significantly longer in infected mosquitoes than in uninfected ones. This 

increased time required by infected mosquitoes to acquire a bloodmeal may contribute to 

the efficiency of Ae. aegypti as a vector of dengue virus. In addition, longer feeding 

periods are more likely to be interrupted by the host, which increases the chance that an 

infected mosquito will probe or feed on additional hosts (Piatt et al, 1997). 

The flight activity of mosquitoes has also been altered through infection with 

pathogens. Ae. aegypti mosquitoes infected with Dirofilaria immitis have an altered flight 

activity compared to uninfected mosquitoes (Berry et al., 1987). Mosquitoes infected 

with more than four larvae become more active than uninfected mosquitoes eight days 

after infection possibly due to irritation related to the activity of the larvae. Flight activity 

of mosquitoes infected with more than four larvae is suppressed on days 10 and 14 post­

infection, corresponding to times of greatest disruption of the Malpighian tubules by the 

developing larvae. Decreased flight activity also occurs in Culex tarsalis when infected 

with Western Equine encephalitis virus (Lee et al., 2000). 

LACV infection of Ae. triseriatus mosquitoes also produces behavioral changes 

that could promote virus amplification and maintenance in nature. An increased 

insemination rate was observed in female Ae. triseriatus mosquitoes that were orally 

infected with LACV in the laboratory (Gabitzsch et al., 2006). Mosquitoes were given an 

infectious bloodmeal followed by a non-infectious bloodmeal 14 days later and then 

allowed to mate. Of the mosquitoes ingesting the second bloodmeal, 91.9% and 78.0% 

(trials 1 and 2) of LACV-infected mosquitoes were inseminated compared to 71.7% and 
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30.0% (trials 1 and 2) of uninfected mosquitoes. Similar results were observed for the 

mosquitoes that did not ingest the second bloodmeal; 91.7% and 56.8% (trials 1 and 2) of 

the LACV-infected mosquitoes were inseminated compared to 50.0% and 27.3% (trials 1 

and 2) insemination rates for the uninfected mosquitoes. 

Multiple factors may contribute to the increased rate of insemination. Differences 

in viral titers present within a mosquito can affect transmission and possibly behavior 

(Watts et al., 1972). Virus infection could also affect the pheromones of the infected 

female mosquitoes. Differences in certain pheromones between females lead to 

differences in mating efficiency (Anthony & Jallon, 1982, Ferveur et al., 1996, Jallon, 

1984). Additionally, the female accessory gland could contribute to increased mating 

efficiency. The single accessory gland is a globular structure situated dorsolaterally to the 

rectum and posterior to the spermathecae. Its duct runs to the spermathecal vestibule, 

where it opens into the upper vagina at a point just above the orifice of the spermathecal 

ducts (Clements, 1992). The accessory gland is composed of secretory cells, each of 

which surrounds a large extracellular space filled with secretion. The extracellular space 

is connected to the accessory gland duct by a cuticular canal. The role of the accessory 

gland in mating is currently unknown, but if the gland becomes infected during a 

disseminated infection, it may somehow condition increased mating efficiency. 

Based on previous evidence demonstrating increased insemination rates in 

mosquitoes orally-infected with LACV (Gabitzsch et al., 2006), further studies were 

conducted to test the hypothesis that transovarial infection by LACV is associated with 

increased mating efficiency in Ae. triseriatus females. This could amplify LACV in 

nature; i.e. progeny of LACV-infected mosquitoes would have a selective advantage over 
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those of uninfected females. Possible determinants for this association were also 

investigated. 

B. METHODS AND MATERIALS 

1. Laboratory mosquitoes 

Aedes triseriatus mosquitoes (AIDL colony) were originally collected as eggs 

near La Crosse, WI in 1981 and have been continuously maintained in the Arthropod-

borne and Infectious Diseases Laboratory at Colorado State University (Fort Collins, 

CO). Mosquitoes that have been selected for increased rates of LACV TOT and have a 

TOT rate of approximately 50% (L+T+ AIDL colony mosquitoes) were also used in 

these experiments (Graham et al., 1999). All eggs were hatched and larvae were fed a 1:1 

mixture of ground fish food:mouse food. Pupae were separated by sex and allowed to 

emerge in 3.8 liter containers. Adults were maintained on sugar cubes and water at 20-

23°C, 80% relative humidity and a photoperiod of 16:8 (L:D) hours. 

2. Field mosquitoes 

Ae. triseriatus eggs were collected from oviposition traps at various collection 

sites in Wisconsin and Minnesota in the summer of 2006 (III. B.I., Figure 3.1). The eggs 

were transported to the insectaries at AIDL and promptly hatched and reared. Female 

pupae were allowed to emerge in 3.8 liter containers. Male mosquitoes were not used in 

these experiments. 

3. Immunofluorescence assay 

Mosquito legs were removed, squashed onto microscope slides, fixed in acetone 

and assayed for LACV antigen by direct immunofluorescence assay (IFA) using a 

LACV-specific polyclonal antibody at a dilution of 1:100 (Beaty & Thompson, 1975). 
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4. Bloodmeals 

In triplicate trials, the AIDL and L+T+ mosquitoes were separately given a 

bloodmeal containing defibrinated sheep blood via a membrane feeder (Rutledge et al., 

1964). The mosquitoes were allowed to feed for 1.5h, after which the unengorged 

females were removed. The field collected mosquitoes were given a bloodmeal and the 

engorged females were then tested for LACV antigen by IF A of leg tissue. 

5. Mosquito mating 

Females from eight different groups [(1) AIDL, no bloodmeal, (2) L+T+, no 

bloodmeal, (3) AIDL, bloodmeal, (4) L+T+, bloodmeal, (5) Field LACV-, no bloodmeal, 

(6) Field LACV+, no bloodmeal, (7) Field LACV-, bloodmeal, and (8) Field LACV+, 

bloodmeal] (Table 5.1) were placed separately into 0.27-m3 cages. Laboratory colonized 

male mosquitoes were added to each cage of laboratory colonized and field collected 

female mosquitoes at a 2:1 (malerfemale) ratio, which is optimal for insemination 

(Mather & Defoliart, 1984). Laboratory female mosquitoes were removed from the cage 

every 24 hours beginning at one day post-mixing. The field collected females were 

removed seven days post-mixing to determine insemination rates. The spermathecae of 

all females were examined microscopically for the presence of motile sperm to determine 

if insemination had occurred (Gabitzsch et al., 2006, Mather & Defoliart, 1984). The 

experiments were carried out for seven days. 
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Table 5.1: Mosquitoes and conditions used 
for insemination and cuticular hydrocarbon 
experiments 

AIDL colony LAC-
AIDL colony LAC-

L+T+ LAC + 
L + T+ LAC + 

Field-collected LAC-
Field-collected LAC-
Field-collected LAC + 
Field-collected LAC + 

No 
Yes 
No 

Yes 
No 

Yes 
No 

Yes 

6. Determination of genome equivalents through quantitative reverse transcription 

PCR (qRT-PCR) 

a. RNA isolation and cDNA synthesis 

Mosquito carcasses were triturated in 500ul of Trizol (Invitrogen) using a pellet 

pestle (Fisher Scientific) and placed at -70°C for >1 hour. Samples were thawed to room 

temperature and RNA was extracted according to manufacturer's instructions. 

Approximately lOOng of total RNA was mixed with a reverse transcription primer 

specific for the LACV S segment (5'-TCA AGA GTG TGA TGT CGG ATT TGG-3') 

(Kempf et al., 2006). The primer binds to nucleotides 71-95 of LACV S segment mRNA. 

Superscript II (Invitrogen) was used to produce a cDNA containing the reverse transcript, 

which has the sequence of LACV genomic RNA. In brief, RNA, lOuM dNTPs and 

50uM primer were incubated at 65°C for 10 minutes. Superscript II, 5x first-strand 

buffer, and ImM DTT were added and incubated at 42°C for 50 minutes. The reaction 

was deactivated at 70°C for 15 minutes. 

b. Q-PCR analysis 

One-fourth of the cDNA prepared from each reverse transcription reaction was 

used for Q-PCR analysis. The forward primer was SF (5'-GGT TAG CCT TCC TCT 
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CTG GCT TA-3') which binds to nucleotides 246-268 of the LACV S mRNA. The 

reverse primer, SR (5'- OCT TGC TGC AGT TAG GAT CTT CTT-3') binds to 

nucleotides 186-209 of the LACV S mRNA (Kempf et al, 2006). Q-PCR primers and 

probes were purchased from Qiagen and Q-PCR reagents were obtained from Stratagene 

(Brilliant Q-PCR reagents with SureStart Taq DNA polymerase) and used according to 

manufacturer's instructions (with the exception of using 20(0.1 reactions instead of 50ul 

reactions). Serial 10-fold dilutions of known copy number control plasmid (1 x 101 to 1 x 

10 ) were amplified simultaneously to generate standard curves. 

7. Cuticular hydrocarbon analysis 

The cuticular hydrocarbon (CHC) profiles were compared for four different 

groups: (1) non-bloodfed AIDL colony mosquitoes, (2) non-bloodfed L+T+ mosquitoes, 

(3) bloodfed AIDL colony mosquitoes and (4) bloodfed L+T+ mosquitoes (Table 5.1). 

CHCs from pools of 10 mosquitoes were analyzed at various time points either post-

bloodmeal or post-eclosion (0, 24, 48 and 72 hours). The methods used were adapted 

from Polerstock et al. (Polerstock et al., 2002). CHCs were extracted in 200ul of hexane 

for 5 minutes in 15-ml conical glass tubes. This was repeated twice. The extract was 

filtered in glass wool to remove contaminants and then concentrated under a stream of 

nitrogen. Immediately before their injection into the gas chromatography and mass 

spectrophotometer (GC/MS), the concentrated extracts were reconstituted in 15ul of 

hexane. All samples were analyzed within 1 hour of extraction. One ul was analyzed in a 

Trace GC 2000 gas chromatograph (Finnigan-Thermoquest, San Jose, CA) fitted with a 

DB-5 column (10mx0.18 mm, Agilent Technologies, Palo Alto, CA) linked to a Polaris 

Mass Detector (Finnigan-Thermoquest). Analytical runs were programmed at an initial 
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temperature of 80°C, held for 1 minute, which was first raised to 130°C at a rate of 30°C 

per minute followed by at a rate of 10°C per minute to a final temperature of 280°C and 

held for 10 min. 

8. Female accessory sex gland dissection and staining 

Female Ae. triseriatus mosquitoes were administered an infectious bloodmeal (7.0 

logioTCID5o/ml). Fourteen days post-bloodmeal the females were anesthetized and the 

female accessory sex gland was removed (Figure 5.1). The presence of LACV antigen in 

the accessory sex gland was determined through immunofluorescence assay (described 

above). 

Figure 5.1: Female accessory sex gland ofAe. 
Triseriatus (lOOx) 

9. Statistics 

A student's t-test was used to compare the mean LACV genome equivalents in 

field collected inseminated and non-inseminated mosquitoes. This test is typically used to 

determine if the means of two normally distributed populations differ significantly. The 

Wilcoxon signed rank test was used to determine if there was a significant difference in 

genome equivalents between the L+T+ inseminated and non-inseminated mosquitoes. A 
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Wilcoxon test is used when the population is not normally distributed and this is the non-

parametric alternative to the Student's t-test (Wilcoxon, 1945). 

C. RESULTS 

1. Comparison of insemination rates of laboratory colonized non-bloodfed LACV-

and LACV+ mosquitoes 

In the non-bloodfed mosquitoes, the LACV-TOT+ laboratory colonized females 

were inseminated more rapidly than the uninfected mosquitoes. Motile sperm was 

infrequently detected in the spermathecae of uninfected and infected mosquitoes on days 

1 and 2 (data not shown). 

There was a significant difference in insemination rate between LACV- and 

LACV+ by day 4 when the LACV+ mosquitoes had an insemination rate of 49.5% (n = 

200) compared to 33.9% (n = 280) for the uninfected mosquitoes (yl = 11.75, p < 0.001) 

(Microsoft Excel) (Figure 5.2). By day 7, the rate of insemination was similar for both the 

LACV+ (83.2%, n = 191) and LACV- (80.6%, n = 268) mosquitoes (yl - 0.523, p = 

0.469). 

2. Comparison of insemination rates of laboratory colonized bloodfed LACV- and 

LACV+ mosquitoes 

In bloodfed mosquitoes, the LACV+ females were inseminated more rapidly than 

LACV- females. The rate of insemination was minimal in the first day post-mixing (data 

not shown). There was a significant difference in insemination rates observed on day 3 

(Figure 5.3), when LACV+ mosquitoes had an insemination rate of 68.2% (n = 170) 

compared to 39.6% of LACV- (n = 192) (yl = 29.7, p = <0.001). By day 6, the 
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insemination rates for both the infected and uninfected groups had equalized to 85.3% (n 

= 199) and 88.4% (n = 258), respectively {y2 = 0.977, p = 0.323) (Figure 5.3). 

3. Comparison of insemination rates of non-bloodfed LACV- and LACV+ field 

collected mosquitoes 

In the non-bloodfed field collected mosquitoes, the LACV+ females were 

inseminated more often then the LACV- females. These field collected mosquitoes were 

allowed to mate for seven days because insemination rates are much lower compared to 

the laboratory colony mosquitoes. The LACV+ mosquitoes had an insemination rate of 

Figure 5.2: LACV-TOT+ laboratory colonized females were inseminated more 
rapidly compared to uninfected mosquitoes without a bloodmeal 
The experiments were performed in triplicate and the results were averaged. There was 
a difference in insemination rates by day 4 (LACV+: n = 200, LACV-: n = 280) and by 
day 7, the insemination rates were similar for both LACV+ (n = 191) and LACV- (n = 
268). 
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Figure 5.3: LACV-TOT+ laboratory colonized females were inseminated more 
rapidly than the uninfected mosquitoes following a bloodmeal on day 3. 
The experiments were performed in triplicate and the results were averaged. The females 
were removed on days 3 and 6. By day 6, the insemination rate was the same for both 
LACV+ (n = 199) and LACV- (n = 258) mosquitoes. 
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33.3% (n = 24) compared to 15.7% (n = 115) for the LACV- mosquitoes (y2 = 4.08, p = 

0.043) (Figure 5.4). 

4. Comparison of insemination rates of LACV- and LACV+ field-collected and 

bloodfed mosquitoes 

The field collected mosquitoes were given a bloodmeal and then allowed to mate 

for seven days. The results in this experiment were similar to those seen with the field 

collected mosquitoes that did not ingest a bloodmeal. However, the differences did not 

differ statistically perhaps due to small sample size. The LACV+ mosquito insemination 

rate was 18.2% (n = 33) compared to 15.5% (n = 58) for the LACV- mosquitoes (%2 = 

0.108, p = 0.742) (Figure 5.4). 

5. Association of genome equivalents and insemination 

A portion of the infected female mosquitoes from the previous experiments were 

assayed by qRT-PCR to measure LACV genome equivalents and establish whether there 

was a relationship between LACV genome equivalents and insemination. Total RNA was 

extracted from the mosquitoes when the largest difference of insemination rate was 

observed (day 4: L+T+, non-bloodfed group, day 3: L+T+ bloodfed group, day 7: field 

collected bloodfed and non-bloodfed). Genome equivalents did not differ between 

inseminated and non-inseminated L+T+ colony mosquitoes in either the bloodfed or non-

bloodfed groups. Field collected mosquitoes also showed no significant difference in 

LACV genome equivalents between inseminated and non-inseminated mosquitoes that 

were bloodfed or non-bloodfed. This suggests that the more rapid insemination is not a 

virus dose dependent mechanism (Table 5.2 and Figure 5.5). 
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Figure 5.4: Insemination rates were greater for LACV TOT+ field collected 
mosquitoes than for noninfected mosquitoes without and with a bloodmeal. 
The experiments were performed in triplicate and the results were averaged. The females 
were removed on day 7. The rate of insemination was higher for the LACV+ field 
collected mosquitoes without (LACV-: n = 115, LACV+: n = 24) and with a bloodmeal 
(LACV-: 58, LACV+: 33). 
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Table 5.2: There is no association between genome equivalents and insemination 

Mosquito strain 
L+T+ strain 
L+T+ strain 
Field-collected 

Field-collected 

Bloodfed 
X 

X 

Average of the log of genome 
equivalents 

Inseminated 
7.22 (n = 29) 
6.85 (n = 54) 
2.29 (n = 4) 
2.41 (n = 6) 

Not inseminated 
7.03 (n = 34) 
7.00 (n = 25) 
2.36 (n = 14) 

2.33 (n = 18) 

Field-infected mosquitoes 

! 

2.8 

2.6 
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2.0 

2.0 

Bloodmeal No Bloodmeal 

I Inseminated 

I Not inseminated 
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Figure 5.5: LACV titer is not correlated with insemination efficiency 
qRT-PCR was used to determine if there was a significant correlation 
between genome equivalents and insemination rate for both field-
infected mosquitoes and the L+T+ colony mosquitoes. 
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6. Cuticular Hydrocarbon Analysis 

CHC profiles were analyzed for both infected and uninfected mosquitoes. Each 

experiment was performed in triplicate. Nine CHCs were compared in LACV+ and 

uninfected mosquitoes. The main analytes were long chained saturated hydrocarbons 

with between 16 and 30 carbons (Figure 5.6 and Table 5.3). The primary CHCs extracted 

were hexadecane (C16H34), squalane (C30H62), heptadecane (C17H36), and 1-octadecanol 

(C18H38O). The CHC profiles of the infected and uninfected mosquitoes were similar 

(Figure 5.6); no new peaks or peaks with altered intensities were observed. 
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Figure 5.6: Chromatogram of Aedes triseriatus mosquitoes one day post-bloodmeal 
The major compounds extracted were hexadecane (Ci6H34) detected at 19.6 and 22.56 
minutes, squalane (C30H62) detected at 25.26 minutes, heptadecane (C17H36) detected at 
25.68 minutes, and 1 -octadecanol (C18H38O) detected at 28.19 minutes. There was no 
difference in CHC profile between LACV+ and LACV-. 

Table 5.3: CHCs of adult female Aedes triseriatus 
mosquitoes 

1 
2 

3 
4 
5 

6 

7 

8 

9 

11.01 
18.07 

19.66 
22.56 
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25.68 

27.01 
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7. Female accessory sex gland 

Fourteen days post-infection, the female accessory sex gland was infected with 

LACV (Figure 5.7). 

LACV uninfected LACV-infected 

Figure 5.7: LACV infection of the female accessory sex gland (lOOx) 

165 



D. DISCUSSION 

These experiments clearly demonstrated that LACV infection promotes more 

rapid insemination of laboratory colonized transovarially-infected Ae. triseriatus 

mosquitoes (Figures 5.2-5.3). The results expanded upon the previous results 

demonstrating that oral LACV infection increases insemination rates in Ae. triseriatus 

mosquitoes (Gabitzsch et al., 2006). Gabitzsch et al. observed increased insemination 

rates for LACV+ mosquitoes, whereas this study observed more rapid insemination rates 

for the laboratory colonized LACV+ mosquitoes. The insemination rates for both infected 

and uninfected mosquitoes were equal by day seven (Figures 5.2-5.3). The field-infected 

mosquitoes had an increase in insemination rates compared to uninfected mosquitoes by 

day seven (Figure 5.4). These experiments demonstrated a significant association with 

insemination rates and LACV infection. 

The mating advantage of LAC V+ females observed in field-infected mosquitoes 

(Figure 5.4) could be very important in nature. Increasing insemination rates in infected 

females would increase the opportunity for TOT as well as venereal transmission of the 

virus, promoting virus amplification and maintenance in nature by multiple mechanisms. 

(Beaty et al., 2000, Gabitzsch et al., 2006). This could also compensate for the deleterious 

effects of LACV infection onAe. triseriatus overwintering survival in natural conditions 

(McGawetal., 1998). 

LACV+ females could have a selective advantage in the field that would result in 

amplification of the virus, resulting in more infected progeny. If these offspring are 

transovarially-infected then the prevalence of LACV will increase in the environment. 

This could be very important for several reasons. In nature, more than 50% of mosquitoes 
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seeking a bloodmeal have not been inseminated (Porter & Defoliart, 1985, Scholl et al., 

1979). Laboratory studies have shown that bloodfed females are more receptive to 

insemination and at an earlier time point than unfed females (Mather & Defoliart, 1984). 

Females given a bloodmeal had mean insemination rates of 68.2%, compared to only 

49.5% of non-bloodfed mosquitoes by day four post-mixing with males (Figures 5.2 and 

5.3). Perhaps in the field the LACV+ bloodfed females may be more rapidly inseminated. 

The more rapid insemination of LACV+ mosquitoes seen in laboratory cage studies 

would likely be amplified in importance in forested natural areas where mate seeking 

would be much more complex. 

The insemination rates between infected and uninfected bloodfed field-collected 

mosquitoes did not differ statistically, although the infected were inseminated (18.2%) 

more often than the uninfected (15.5%) (Figure 5.4). This particular experiment was 

complicated by the small sample size of field-infected mosquitoes. Only 3-5% of 

collected mosquitoes are infected with LACV (II. CI, IV. CI), which made it difficult to 

obtain a large sample size. The small sample size was also due to the small number of 

females that were mated. The small numbers of LACV+ females in the cage for each trial 

(5-8) and infrequent mating made it difficult to observe a significant effect. A greater 

sample size could have provided statistically significant results. 

LACV infection probably promotes mating efficiency through either a physical or 

behavioral mechanism. In this study, three possible mechanisms that could explain the 

more rapid insemination were investigated. They involved individual mosquito virus 

titers, CHC profiles, and accessory sex gland infection. Differences in individual 

mosquito virus titers could have a significant effect on transmission and behavior and 
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therefore was investigated through qRT-PCR (Watts et al., 1972). A dose dependency of 

infection has been observed with Sigma virus and Drosophila melanogaster (Seecof, 

1966). Flies transmitting Sigma virus to relatively few offspring can contain higher virus 

titers than flies transmitting the infection to nearly all their progeny. High virus titers are 

associated with deaths among a particular strain of Drosophila melanogaster (Seecof, 

1964). However qRT-PCR analyses determined that the more rapid insemination was not 

a dose-dependent mechanism (Table 5.2 and Figure 5.5). 

The female accessory gland could possibly play a role in the observed mating 

advantage. The accessory gland is located behind the spermathecal openings. In some 

insects, the accessory gland secretes a cement for attaching the eggs to a support or a 

material to form an egg covering (Snodgrass, 1959). It has also been demonstrated that 

in Musca domestica the sperm are either "activated" or the permeability of the egg 

membrane is altered by the secretion of the accessory sex glands before fertilization 

occurs (Leopold & Degrugillier, 1973). The role of the female accessory gland in the 

mating rituals of mosquitoes is not understood, but it is intriguing that the accessory 

glands of LACV+ Ae. triseriatus mosquitoes are infected (Figure 5.7). The accessory 

glands could play a role in pheromone production resulting in a more attractive female. 

The accessory glands could change or increase the production of the sex pheromones and 

therefore influencing the mating efficiency. 

Stimulatory pheromones have an important role during the mating ritual of the 

order Diptera (Ferveur et al., 1996, Ferveur et al., 1997, Greenspan & Ferveur, 2000, 

Jallon, 1984). They are volatile and would be detected at a distance of less than a few 

centimeters before the first physical contact (Greenspan & Ferveur, 2000). Many 
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dipterans use sex pheromones with CHC components for recognition and these 

substances often are altered with physiological state and age (Pomonis, 1989, Trabalon et 

al., 1988). Recent evidence has suggested that mating alters the CHC profile of female 

Anopheles gambiae and Ae. aegypti (Polerstock et al., 2002). In A. gambiae, the 

proportions of two CHC components, n-heneicosane and w-tricosene, were significantly 

reduced as the female aged and mated. Female Ae. aegypti showed significant changes in 

the proportions of n-heptadecane, n-pentacosane, and n-hexacosane in their cuticles after 

mating again suggesting the importance of CHCs in chemical communication during 

mosquito courtship (Polerstock et al., 2002). 

The CHCs of LACV+ Ae. triseriatus females were investigated to determine if 

LACV alters the CHC profiles, potentially resulting in infected females becoming more 

attractive than uninfected ones and promoting more rapid insemination. Ovarian-

produced ecdysteroids control the modification of CHCs making them more attractive to 

males. It is possible that LACV infection of the ovaries could speed up this process. 

Although it is an attractive hypothesis that CHCs could be involved in more rapid 

insemination of LACV+ females, the analysis showed no difference in the CHC profiles 

between LACV+ and uninfected females. This could be because of technical issues. The 

CHC analysis should have been completed with a known internal standard to better 

confirm changes in CHC profiles. Since this analysis was not complete, it is still possible 

that a change in CHC profile could contribute to the more rapid insemination observed 

with LACV+ mosquitoes. This experiment should be repeated using an internal standard 

to detect CHC changes in the different mosquito groups and more accurately determine if 
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changes in CHC profiles really are associated with more rapid insemination of LACV+ 

females. 

Numerous additional factors could be affected by LACV infection resulting in 

faster insemination. The female mosquito must endure physiological changes to become 

prepared for mating, including alteration in wing beat and CHC production. Female 

mosquitoes control the refractory period allowing neither the physical coupling nor the 

cues that are necessary for male ejaculation (Klowden & Zwiebel, 2005). A post-eclosion 

production of juvenile hormone (JH) appears to cause the development of mating 

competence. It is possible that the release of JH in a LACV+ mosquito could occur earlier 

than in an uninfected mosquito allowing the LACV+ females to be receptive to mating 

faster than uninfected females. There are a number of factors influencing mating of 

mosquitoes including acoustics, chemical cues and behavior. Any one of these factors or 

a combination of these factors could be affected by a LACV infection. It is provocative to 

hypothesize that LACV infection may alter the female mosquitoes to become either more 

attractive or receptive to mating more quickly than uninfected mosquitoes. Future studies 

will need to be done to explore the association between LACV infection and 

insemination. 

The observation that insemination is occurring more rapidly in infected females 

compared to uninfected females could have major epidemiological implications. 

Transovarially infected females that emerge and immediately mate will then produce 

infected progeny to continue the cycle. Over an entire summer, if LACV+ females are 

mating more rapidly than uninfected, even if the overall rate of insemination is the same 

between the two groups, the number and percentage of infected mosquitoes will increase. 

170 



As previously discussed in Chapter IV, mathematical models of LACV have suggested 

that field infection rates are too low for LACV to persist in nature. These models have 

not taken into account the consideration of a possible mating advantage associated with 

LACV infection. The mating advantage could contribute to LACV persistence in nature 

and promote virus amplification and maintenance. 
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VI. Summary and Discussion 



I. SUMMARY AND DISCUSSION 

Arthropod-borne viruses (arbovirus) are emerging and resurging worldwide. 

There are many factors contributing to the resurgence and emergence of arboviruses. 

These factors include evolution of arboviruses through genetic drift and segment 

reassortment and increased air travel, urbanization, and population. La Crosse virus 

(LACV) is a prototypical emerged arbovirus. In this dissertation the evolutionary, 

epidemic and maintenance potential of LACV in nature were investigated. 

There has been ample evidence of evolution of viruses in the Bunyaviridae family 

in nature through both genetic drift (mutation) and genetic shift (segment reassortment). 

LACV has demonstrated significant evolutionary potential through segment reassortment 

in both field and laboratory studies. Aedes triseriatus mosquitoes are capable of dual 

infection resulting in segment reassortment, which has been demonstrated in many 

laboratory studies. The evolutionary potential of LACV was explored and significant 

genetic variation was observed in LACV RNA amplified from field collected mosquitoes 

suggesting frequent segment reassortment of LACV in nature. A maximum parsimony 

phylogenetic analysis and a linkage disequilibrium analysis revealed 25-38.6% of the 

samples were reassortants. There was also evidence of quasispecies in some of the 

mosquitoes analyzed, which may confound the results but demonstrates the evolutionary 

potential of LACV. Further studies need to be performed to determine if infectious virus 

has genome segments demonstrating quasispecies-like sequence variability. Viruses will 

need to be isolated from mosquitoes and plaque-purified clones will need to be sequenced 

to determine if this variability is indeed occurring in nature. 
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There are epidemiological implications of segment reassortment in LACV+ Ae. 

triseriatus mosquitoes in the field. If a new virus is created, important determinants of its 

pathogenesis and transmission cycle could be altered. New viral phenotypes could be 

capable of infecting new vector species or vertebrate hosts, and new viruses could be 

introduced into new arbovirus cycles. This could potentially have significant 

epidemiological consequences. If a new viral genotype established a new transmission 

cycle with a different mosquito that is more aggressively anthropophilic, increased 

human infection could occur, possibly becoming clinically significant in both adults and 

children. In addition, a new viral phenotype could become more virulent and exhibit 

different tropisms perhaps causing humans to develop a high enough viremia to infect 

biting mosquitoes. Determination of the evolutionary potential of LAC V through 

segment reassortment may permit prediction of the epidemiologic consequences of those 

events. 

The geographical, environmental and temporal factors that condition the genetic 

structure of LACV were also investigated. Analysis of LACV amplified from field-

infected mosquitoes collected in 2000, 2004, and 2005, revealed that there were no 

barriers to viral gene flow in the study area, no isolation by distance and therefore, all the 

LACV S and M segments can be expected to circulate effectively throughout the study 

area. This has epidemiological implications as well. Previous studies have suggested that 

there may be a narrow range of genotypes correlated with fatal outcomes. The presence 

and potential trafficking of such genotypes could pose major risks to humans, hi this 

study, all the LACV strains, regardless of virulence, could traffic and be transmitted 

throughout the entire 15,360 km2 study range. 
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Although there were no barriers to viral gene flow or isolation by distance, a very 

significant temporal association was revealed. Defined haplotypes for the S (5 

haplotypes) and M (6 haplotypes) segments were identified and the haplotypes clustered 

by collection year. The variation observed in the M segment is highly suggestive of 

diversifying selection due to immune factors, specifically neutralizing antibodies from 

the vertebrate host possibly selecting for new haplotypes each year. The variation in the S 

segment could involve linkage between gene products. In segmented viruses, all 

segments contain sequences important for packaging and the temporal determinants may 

be explained by linkage equilibrium due to the interaction between the nucleoprotein and 

the glycoprotein during packaging. The variability observed in this analysis may, once 

again, be a result of quasispecies. In order to determine if the temporal association with 

genetic variation is indeed occurring in the field, virus isolation, plaque purification and 

sequencing needs to be performed. However, passage in vitro may also reduce the 

observed variability. If the temporal association is occurring in the field, control by 

vaccination may be difficult. For example, with influenza virus, a new vaccine is 

developed each year to counter the temporal variability. 

The maintenance of LACV in nature is not well understood. Mathematical models 

have revealed that field infection rates are well below the rates needed to maintain the 

virus in nature. However, the mathematical models have not considered the possibility of 

stably-infected Ae. triseriatus mosquitoes. High-titered, super-infected field collected 

mosquitoes were discovered in collections 2006 and 2007 at a low rate. In total, 0.06% of 

(16/19,471) of all mosquitoes assayed for LACV were super-infected. The identification 

of super-infected mosquitoes suggests that LACV could be maintained in nature through 
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a stabilized infection in a small number of females. If the super-infected mosquitoes 

transmit LACV to all of most of their progeny, it is conceivable that the virus could be 

maintained in nature at a fairly constant level by a relatively small number of stably 

infected females. Further studies need to determine is the super infection is due to 

mosquito genetics, viral genetics or possible both. Analyses would include determination 

of TOT potential of super-infected mosquitoes, comparison of gene expression of super-

infected to normally-infected mosquitoes, microarray analyses, genetic crossing 

experiments, and mosquito pathogenesis. The potential effect of super-infected 

mosquitoes on LACV maintenance in nature needs to be elucidated. 

Multiple phylogenetic analyses with five virus isolates isolated from the super-

infected mosquitoes and previously published LACV sequences revealed that three of the 

isolates from three different collection sites were genetically similar, with few 

polymorphisms. Two isolates from super-infected mosquitoes were from the same 

collection site, collected in 2006 and 2007, were genetically similar to each other but 

differed from other viruses isolated from super-infected mosquitoes suggesting purifying 

selection within a collection site. In the M segment phylogenetic analysis, one virus 

isolated from a super-infected mosquito clustered with a virus isolate from a known 

human fatality. This clustering could suggest a possible association with super-infected 

mosquitoes and human fatality. Perhaps the virus causing super infections in mosquitoes 

may cause severe clinical outcomes in humans. This could be due to dose inoculum of the 

saliva, since the average titer of the super-infected mosquitoes is extremely high or to 

linkage of virus replication and persistence in mosquitoes and efficiency with human 
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replication. Future studies need to be performed with the LACV isolates obtained from 

super-infected mosquitoes in order to determine genetic determinants of super infection. 

LACV maintenance in nature may also be assisted by a mating advantage 

confirmed by LACV infection in female Ae. triseriatus mosquitoes. This is an additional 

factor that mathematical models have not considered. LACV transovarially-infected 

female mosquitoes become inseminated more rapidly than uninfected mosquitoes. The 

mating advantage associated with LACV infection observed in field-infected female 

mosquitoes could be very important in nature. Increasing insemination rates in infected 

females would increase the chance for transovarial transmission as well as venereal 

transmission of the virus. This would promote virus amplification and maintenance in 

nature by multiple mechanisms. The mechanism of the mating advantage has yet to be 

determined. There are a number of factors influencing mating of mosquitoes and any one 

of the factors or a combination of these factors could be affected by a LACV infection. It 

is provocative to think that LACV infection possibly alters the female mosquitoes to 

become either more attractive or receptive to mating more quickly than uninfected 

mosquitoes and thus promotes virus amplification and maintenance in nature. 

The evolutionary potential of LACV has major epidemiological implications and 

consistently needs to be examined. These studies have shown that LACV is constantly 

evolving either through genetic drift or more importantly, segment reassortment. The 

constant evolution is especially important since on a small spatial scale there are no 

barriers to viral flow and no isolation by distance. 

Persistence of LACV in nature has not been well understood, however, stabilized 

infection and mating advantage for infected mosquitoes may certainly contribute to 
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LACV maintenance in nature. These investigations of the evolutionary and maintenance 

potential of LACV can provide insight into the determinants of arbovirus emergence and 

epidemic potential. 
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