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Abstract

Complex interactions between environmental and biological factors influence the susceptibility of
Culex pipiens quinquefasciatus to St. Louis encephalitis virus and could affect the epidemiology of
virus transmission. Similar interactions could have epidemiologic implications for other vector-virus
systems. We conducted an experiment to examine four such factors in combination: mosquito age,
extrinsic incubation temperature (EIT), virus dose, and colony. The proportion of mosquitoes with
body infections or disseminated infections varied between colonies, and was dependant on age, EIT,
and dose. We also show that the probability of a body or leg infection interacted in complex ways
between colonies, ages, EITs, and doses. The complex interactive effects of environmental and
biological factors must be taken into account for studies of vector competence and epidemiology,
especially when laboratory studies are used to generalize to natural transmission dynamics where
the extent of variation is largely unknown.

Introduction

Mosquito biology and the environment can play important roles in mosquito vector
competence. The effect of environmental factors such as extrinsic incubation temperature (EIT)
and virus dose on vector competence for arboviruses is widely appreciated and has been studied
and reviewed for a number of insect-virus systems. 16 However, although environmental
factors influence mosquito vector competence for arboviruses, there has been little work to
determine how various environmental and biological factors may interact with one another.
For example, several studies generally show a positive relationship between EIT and vector
competence in mosquitoes. 1:2 Higher virus doses overcame barriers to dissemination for
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Culex tarsalis infected with Western equine encephalitis virus (WEEV),3:4 Cx. pipiens
pipiens and Cx. p. quinquefasciatus with St. Louis encephalitis virus (SLEV),% and Cx.
nigripalpus and Cx. p. quinquefasciatus with West Nile virus (WNV).8

Biological factors such as mosquito age and mosquito strain, as well as environmental factors
such as EIT and dose may have indirect effects on arbovirus infection and transmission insofar
as vectors must survive long enough to blood feed on an infectious host, complete the extrinsic
incubation period (EIP) required for virus dissemination, oviposit, and subsequently feed on
another host. The importance of mosquito age on arbovirus transmission was shown by the
observation that young Aedes aegypti have a higher survival probability compared with older
mosquitoes, and would thereby be more likely to complete the EIP required for virus
transmission.” However, there may also be a direct effect of vector age on viral infection and
dissemination rates. Decreased abdomen infection rates were found in Cx. tritaeniorhynchus
fed WNV at 12 days post-emergence, compared with mosquitoes fed at four and eight days
post-emergence.8 However, there were no differences in transmission of Japanese encephalitis
virus by Cx. tritaeniorhynchus that were infected at 10 or 24 days post-emergence.®

A positive relationship was observed between EIT and dose with WNV infection and
dissemination rates in Cx. p. quinquefasciatus.19 However, the relationship between infection
and dissemination changed depending on the EIT, but not the dose. This inconsistency and
also the limited information on the impact of mosquito age on vector competence was the basis
for the current investigation. Most laboratory studies have focused on the effects of single
environmental factors with little attention to how different factors may interact with each other
and how such interactions may change because of biological factors such as mosquito age or
mosquito strain.

St. Louis encephalitis virus (family Flaviviridae, genus Flavivirus) is maintained in an enzootic
cycle involving ornithophilic mosquitoes and susceptible birds. This virus threatens humans
whenever large numbers of infectious mosquitoes exhibiting opportunistic feeding coincide
with amplification hosts and human populations. 11713 The range of SLEV extends from
southern Canada to Argentina; however, most human cases have occurred in the central and
eastern portion of the United States.1415 The primary vectors of SLEV in North America have
been identified as Cx. tarsalis, Cx. p. pipiens, Cx. p. quinquefasciatus, and Cx. nigripalpus.
16-18 Cylex p. quinquefasciatus feeds on avian and mammalian hosts,19=21 is a competent
vector of SLEV in the laboratory,22:23 and has been found in nature infected with SLEV.18:24

Vector competence in the present study was characterized using four epidemiologically
important phenotypes: susceptibility to infection, disseminated infection, virus body titer, and
leg titer. These phenotypes are aspects of vector competence because viruses must cause midgut
infections and overcome barriers to dissemination. Female mosquitoes that have no body
infection show a midgut infection barrier (MIB), and females having an infected body with no
dissemination to the legs show a midgut escape barrier (MEB).2° Basic knowledge of
individual properties of the MIB and MEB under different conditions, as well as the relationship
between the MIB and MEB is needed to develop mechanistic hypotheses and design further
studies of vector competence. We use virus titers in the body and leg as a quantitative measure
of the ability of the viruses to replicate in mosquito tissues. Although other investigators have
shown a positive relationship between disseminated infection and transmission for Cx. p.
pipiens and WNV,26:27 further studies are needed to directly address the relationship between
dissemination out of the midgut and salivary gland infection with regard to actual vector
transmission under varying environmental and biological conditions.

The intra-population and inter-population variability in interactions between environmental
and biological factors is virtually unknown. These interactions must be characterized and the
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responsible mechanisms ultimately elucidated to understand the impact of vector competence
on the epidemiology of arbovirus cycles. Results from the current study are expected to inform
mechanistic studies of vector competence by elucidating some of the factors and complexity
between factors and the effect on vector competence. We explore the complexity of
environmental and biological effects on vector competence for arboviruses using Cx. p.
quinquefasciatus and SLEV.

Materials and Methods

Mosquitoes

Sample size

Culex p. quinquefasciatus from two colonies were used for experiments. The first colony was
established in 1995 from a collection from Alachua County in north central Florida (generation
> F40) and will be referred to as the 1995 colony. The second colony was established in 2007
from a collection of 32 egg rafts from Indian River County in east central Florida (generation
F3) and will be referred to as the 2007 colony. Mosquitoes were reared at 28°C and maintained
under a 14:10 (light:dark) cycle. Rearing conditions were stan dardized to generate similar
sized individuals. For each colony, three egg rafts were placed in each of approximately 15
enameled pans (24 cm x 36 cm x 5 cm) containing approximately 700 mL water. Larvae were
fed daily with a slurry (20 mg/mL) of Brewer's yeast and liver powder. Pupae were transferred
to 500 mL plastic cups containing approximately 250 mL of water, and male and female adults
were allowed to emerge and mate in square cages (33 cm3) and provided 20% sucrose ad
libitum. Plastic cups containing pupae were removed from adult emergence cages
approximately 24 hours after the first respective adult female emergence so that females did
not differ in age by more than one day. Twenty four hours prior to experiments, sucrose was
removed, adult females were transferred to one-liter cardboard cages with mesh screening, and
water was provided ad libitum.

Large sample sizes are often needed to differentiate between treatment groups in vector
competence tests.28 Consequently, we conducted a priori power analyses to determine sample
sizes needed to detect significant differences in mosquito infection and dissemination rates
among treatments (GPower, http://www.psycho.uni-duesseldorf.de/aap/projects/gpower/).2?
Our power analyses were based on chi-square contingency analyses that compared infection
and dissemination rates between treatment groups. A priori analyses use Cohen's effect size
w, a measure of the size of the difference between the null (groups were different) and
alternative (groups were not different) hypotheses.3? Cohen's w is often characterized as small
(w=0.1), medium (w = 0.3), and large (w = 0.5), and we calculated the sample sizes necessary
to detect different levels of effect size with 99% power. To detect a small to medium (w =0.2)
effect of age, EIT, dose, and colony (P = 0.05, degrees of freedom [df] = 3), a total sample size
of at least 589 mosquitoes would be required to test infection, and a total of 262 mosquitoes
would be required if only a medium (w = 0.3) effect size was expected. Assuming good feeding
success and survival, our planned sample sizes of 50-100 mosquitoes per group (1,200- 2,400
total/colony) would thus enable detection of small to medium effect sizes in infection rates.
Sample sizes (and therefore power to detect small differences between groups) for
dissemination rates were expected to be lower because we did not expect 100% infection rates.

Blood meal preparation

Previous results showed that fresh preparation of low-titered SLEV is an effective method for
infecting mosquitoes by artificial feeding systems.31 Consequently, a T-75 cm? flask of
confluent African green monkey (Vero) cells was inoculated with 0.15 mL of SLEV stock
previously determined by plaque assay to have 6.0 logs plaque-forming units (PFU)/mL. Then,
12 mL of Medium 199 (with Earle's salts, 10% fetal bovine serum, penicillin/streptomycin,
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and mycostatin) was added to the flask and incubated at 35°C in an atmosphere of 5% CO».
At 72 hours post-inoculation, the supernatant was mixed with citrated bovine blood to create
blood meals of low and high dose. Because of a lower feeding success rate of the 2007 colony,
a second set of flasks was inoculated with SLEV 24 hours after the first flask so that another
feeding could be attempted the day after the initial feeding. Two 0.1-mL samples of the blood
meal were each added to separate tubes containing 0.9 mL BA-1 diluent32 and stored at —80°
C until tested to determine blood meal titer.

Mosquito infection

The TBH28 strain of SLEV (passaged three times in Vero cells) was isolated from a human in
Florida in 1962. More than 200 female mosquitoes were offered a blood meal for each colony,
age group, dose, and EIT to achieve a minimum of 50 mosquitoes per treatment that fed and
survived the EIP. Mosquitoes from the 1995 colony at four (young), seven (middle age), and
ten (old) days post-emergence were allowed to feed for 30 minutes on membrane feeders33
containing infectious citrated bovine blood (Hemostat, Dixon, CA) warmed (35°C) for 10
minutes. Mosquitoes from the 2007 colony at three, seven, and eleven days post-emergence
were allowed to feed on cotton pledgets containing infectious citrated bovine blood with a final
concentration of 5.0% sucrose, warmed (35°C) for 10 minutes. Because of the low feeding rate
of the 2007 colony, for which reason pledgets were used, a second feeding was provided 24
hours later at four, eight, and twelve days post-emergence. Thus, mosquitoes ages three to four,
seven to eight, and eleven to twelve days post-emergence will respectively be referred to as
young, middle age, and old. We observed an approximately 50% and 85% feeding rate in the
pledget-fed 2007 colony and membrane-fed 1995 colony, respectively.

Subsequent to feeding, mosquitoes were immobilized with cold, and five freshly fed fully
engorged mosquitoes from each treatment group were frozen at —80°C until tested to determine
the quantity of virus actually imbibed. The remaining fully engorged specimens were
transferred to one-liter cardboard cages with mesh screening and maintained in incubators for
13 days post-infection at either 25°C (low EIT) or 28°C (high EIT) and provided 20% sucrose
ad libitum. These EITs were chosen based on temperatures observed in Florida during
estimated SLEV amplification (25°C) and early transmission (28°C) phases.10:34

Blood meal and mosquito processing

We used an EIP of 13 days as the time interval for Cx. p. quinquefasciatus to become infected
and disseminated after a blood meal at either 25°C or 28°C. This EIP was determined to be
adequate for observing variation in vector susceptibility between groups based on prior reports
of vector competence in Culex species.35:3¢ Surviving mosquitoes were removed from each
cage after 13 days, killed by freezing, and their legs were removed with forceps. To prevent
contamination, separate forceps were used in handling bodies and legs, and forceps were
soaked in 70% ethanol and flamed between processing of each mosquito. Mosquito bodies and
legs were triturated separately in 0.9 mL BA-1 diluent and stored at —80°C until two 4.5-mm
zinc-plated beads (BB-caliber air gun shot) were added to each sample, which was
homogenized at 25 Hz for 3 minutes (TissueLyser; Qiagen, Valencia, CA) and centrifuged at
4°C and 3,148 x g for 4 minutes.

Virus assays

Viral RNA was extracted from 0.25 mL of homogenate and eluted in 0.05 mL of buffer with
the MagNA Pure LC System and Total Nucleic Acid Isolation Kit (Roche, Mannheim,
Germany). The amount of viral RNA in each sample was determined using a LightCycler®
480 system (Roche) and Superscript 111 One-Step Quantitative reverse transcription—
polymerase chain reaction (RT-PCR) kit (Invitrogen, Carlsbad, CA) for quantitative real-time
TagMan RT-PCR32:37 using methods described elsewhere.10 Standard curves38 were based
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on 10-fold serial dilutions of known SLEYV titers determined by plaque assay, except that the
second overlay containing neutral red was added 120 hours after the first overlay.3?

Virus found in the body but not in the legs represented a non-disseminated infection limited
to the midgut. Virus in the body and legs was considered a disseminated infection.*0

Statistical analysis

Box plots were used to test viral titers for normality. The lack of normality was verified with
Kolmogorov-Smirnov tests.41 Viral titers in freshly fed mosquitoes, as well as body and leg
titers at the end of the EIP were log-transformed [log (x + 1)] prior to analysis of variance
(ANOVA) with the generalized linear model (GLM) procedure in SAS.#1 An ANOVA was
carried out to examine virus titers from whole bodies of freshly fed mosquitoes for all possible
fixed effects (i.e., age, dose, colony) and interactions. The EIT was not included in this analysis
of freshly fed mosquitoes because samples were acquired immediately after feeding. Separate
ANOVA tests were conducted for body and leg titers of virus-positive mosquitoes at the end
of the EIP and included all possible fixed effects (i.e., age, dose, EIT, colony) and interactions.
Individual mosquitoes were treated as experimental units in these analyses. If significance

(P < 0.05) was observed in an ANOVA, then a Duncan multiple comparison procedure*! was
used to determine which means were significantly different. Because means comparisons in
SAS cannot be conducted for interactions, each treatment group was coded differently with a
dummy variable. A single-factor ANOVA with means comparisons was conducted on the
dummy variable for each body part separately. This produces identical results for the overall
model and enables identification of treatment means that differ.

We conducted two separate analyses of the probability of different body parts (i.e., bodies and
legs) becoming infected with SLEV. For ease of comparison with other studies, we analyzed
the infection and dissemination rates with respect to mosquito age only in different colony,
EIT, and dose treatments. Pearson chi-square tests were used to evaluate independence in
contingency table analyses and determine significant differences (P < 0.05) in rates of infection
or dissemination between mosquito age groups*! within each colony. The infection rate was
the percentage of all mosquitoes tested having infected bodies. The dissemination rate was the
percentage of mosquitoes with infected bodies that also had infected legs. Our null hypothesis
was that infection and dissemination rates were equal for different mosquito ages.

We could not directly compare infection and dissemination rates and the effect of the treatments
on the difference between them because of the lack of independence between the infection
phenotype of bodies and legs. To fully examine the effect of the environmental and biological
factors on the probability that a body or leg is infected, we used a generalized linear mixed
model (GLMM) (PROC GLIMMIX with the logit link function in SAS).4! Through iterative
model fitting, we used this analysis to determine significant differences (P < 0.05) in the
likelihood of virus occurrence in mosquito bodies or legs between age, EIT, dose, and colony
treatments. Here, individual mosquitoes were treated as experimental units and data were coded
for a binary distribution for presence or absence of virus infection. Body or leg samples having
no virus infection were coded as 0 and samples with virus infection were coded as 1.

Our large sample size enabled us to include both fixed (colony, age, EIT, dose) and random
(individual mosquito) effects in this mixed model. Infection by body part was the response
variable for each individual mosquito because each individual was measured twice. If there
was insufficient power to examine all possible interactions, interactions were dropped in a
hierarchical fashion: five-way, then four-way interactions. If some interactions at a given level
could be considered, but not all, we dropped those that were of less biological interest, retaining
those that previous studies suggested were of primary interest. Our null hypothesis was that
the occurrence of virus was equivalent for body part, mosquito age, EIT, dose, and colony.
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Mixed model population estimates of the logit (log of the odds ratio, i.e., probability of
infection/probability of no infection) were calculated using the LS-means statement in SAS
and estimates for some treatment effects on colonies and type of body part infection were
graphed for illustrative purposes.*! Higher logit estimates on graphs show a higher probability
of virus occurrence in one treatment group compared with other treatment groups under
consideration. Because the reverse was also true, lower logit estimates show a lower probability
of occurrence in one group versus another group.

Virus titer of blood meals and freshly fed mosquitoes

Mosquitoes were fed blood meals containing (mean + SE) 5.1 + 0.1 logs PFU of SLEV/mL
(high dose) or 4.5 + 0.03 logs PFU of SLEV/mL (low dose) and titers of five freshly fed fully
engorged specimens were determined (Table 1). There was a significant effect of age, dose,
and colony on the amount of virus imbibed by freshly fed mosquitoes (Table 2). The interaction
terms were all non-significant, indicating that the colonies and age groups responded similarly
to the initial dose (Table 2). However, our small sample sizes of five mosquitoes per group
may have limited the power of this analysis and thereby the ability to detect significant
interactions. The means comparisons (Table 1) indicate differences between treatment groups
for freshly fed mosquitoes. Although there were relatively few significant differences in the
means comparisons, we observed a tendency for young mosquitoes to have higher viral titers,
compared with middle age and old mosquitoes (Tables 1 and 2). We also found a pattern of
higher viral titers in mosquitoes fed the high dose compared with the low dose and in the 1995
colony compared with the 2007 colony (Tables 1 and 2). The highest titers were observed in
young mosquitoes in the 1995 colony fed the high dose and lowest titers were found in old
mosquitoes in the 2007 colony fed the low dose (Table 1).

Multi-factorial ANOVA for effects of environmental and biological factors on body and leg

titers

The means of body and leg titers for each treatment group, along with infection rate and
dissemination rate, are shown in Table 3 (25°C) and Table 4 (28°C). Results of ANOVA for
environmental and biological effects on body and leg titers for virus-positive mosquitoes are
shown in Table 5. All main effects were significant for body titer, indicating that age, dose,
EIT, and colony each influenced this phenotype. Most of the two-way and three-way
interactions were also significant, showing a large degree of complexity in the effects of the
environment on body titer. The means comparisons (Tables 3 and 4) indicate differences
between treatment groups, although the complexity of the interactions makes it difficult to
observe patterns. There were significant differences in body titer between different ages of
mosquitoes at 28°C, but not at 25°C, and the differences between ages were dependant on the
dose and colony. The significant differences in body titer at different EITs were dependant on
the dose and colony, with higher titers at 28°C more often in the 1995 colony and the low dose.
Between doses, the significant dose x colony interaction indicates that the colonies responded
differently to the two doses. This was apparent in the consistently higher titers after a high dose
in the 2007 colony, but not in the 1995 colony. The two-way interaction for age x dose was
not significant, but the three-way age x dose x colony interaction was significant. This finding
indicates that the colonies responded differently to the age x dose interaction, with the 1995
colony having more differences between age classes but the 2007 colony more differences
between doses. The single four-way interaction was non-significant, indicating that the colony-
age group treatments responded similarly to the environmental dose x EIT interaction.

The mean leg titer of SLEV per infected mosquito was significantly different between doses
and between colonies, but leg titers did not differ between ages and between EITs (Table 5).
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All two-way interactions were non-significant, except for age x colony, showing that leg titer
in colonies responded similarly to changes in environmental factors of dose and EIT, but
responded differently to changes in the biological factor of age. Most treatment groups were
similar in leg titer, with no apparent pattern to the significant differences in the means
comparisons. Young mosquitoes from the 2007 colony fed the low dose and held at 28°C, and
middle age 1995 colony mosquitoes fed the high dose and held at 25°C showed significantly
higher leg titers than two treatment groups from the 2007 colony at 25°C (old, high dose and
young, low dose). For leg titer, all three-way and four-way interactions were not significant,
showing that colonies and ages respond similarly to environmental factors. The lower sample
sizes for leg titers resulted in reduced power, which may have affected our ability to detect
significant high order interactions.

Effects of mosquito age on infection and dissemination rates

The 1995 colony showed significantly different infection rates between ages at SLEV doses
and EITs, with highest rates generally in the young and middle age cohorts (25°C: low dose
¥2 = 74.11, df = 2, P < 0.0001; high dose ¥2 = 37.61, df = 2, P < 0.0001; 28°C: low dose 2 =
52.41, df = 2, P <0.0001; high dose: y= = 22.47, df = 2, P <0.0001) (Tables 3 and 4). The
dissemination rates for the 1995 colony at either dose of SLEV were also significantly different
between ages at 28°C, but not at 25°C (28°C: low dose x~ = 46.23, df = 2, P < 0.0001; high
dose x2 = 40.45, df = 2, P < 0.0001; 25°C: low dose 2 = 5.00, df = 2, P = 0.082; high dose
¥2=0.54, df =2, P =0.777) (Tables 3 and 4). At 28°C, infection and dissemination rates were
highest in the young mosquito cohorts.

In contrast to the 1995 colony, the SLEV infection or dissemination rates of the 2007 colony
mosquitoes did not differ between ages of mosquitoes, regardless of environmental conditions.
Infection rates for the 2007 colony mosquitoes exposed to either dose of SLEV were not
significantly different between ages at either EIT (25°C: low dose 2 = 2.71, df = 2, P = 0.258;
high dose 2 = 2.06, df = 2, P = 0.358; 28°C: low dose ¥? = 3.17, df = 2, P = 0.205; high dose:
¥2 =5.37,df = 2, P = 0.068) (Tables 3 and 4). Dissemination rates between mosquitoes of
different ages exposed to either dose of SLEV were also not significantly different at either
EIT (25°C: low dose ¥2 = 0.010, df = 2, P = 0.995; high dose y2 = 4.43, df = 2, P = 0.109; 28°
C: low dose y2 = 3.17, df = 2, P = 0.205; high dose y2 = 5.42, df = 2, P = 0.067) (Tables 3 and
4).

Multi-factorial GLMM for effects of environmental and biological factors on probability of

infection

A GLMM examining the effects of biological and environmental factors on the probability of
infection is shown in Table 6. Our sample size provided the power to examine single-factor
effects, as well as effects of two-way, three-way, and some four-way interactions. However,
even with large sample sizes, there was insufficient power to consider all possible interactions
between the five main effects. The five-way interaction was dropped from the model, and only
the age x dose x colony x EIT and age x dose x EIT x body part four-way interactions were
retained. The age x dose x colony x EIT interaction was left in the model because we were
interested in the relationship between all main effects, regardless of body part. The age x dose
x EIT x body part interaction was also chosen because we were interested if the body parts
differed in their response to age and environmental factors.

Mosquito age, dose, EIT, colony, and body part all show significant effects on the probability
of infection (Table 6). All two-way interactions were significant, except EIT x body part, which
indicated that the probability of a body or leg infection responds differently to changes in age,
dose, and colony (Table 6), but not to the two EITs. Figure 1 illustrates the interaction between
body part and age, which shows that the probability of both body and leg infection differs
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between mosquito ages, and that the shapes of the curves are different. This finding is more
apparent in the model-derived estimates than in the treatment group means, which demonstrate
how interactions in complex data sets may be difficult to identify or interpret. The three-way
interactions age x dose x colony and age x EIT x colony were significant, indicating that age
groups within the two colonies respond differently to both dose and EIT. Figure 2 gives an
example of these complex interactions, and shows that the slopes of the response to the two
doses varies more in the 1995 colony than the 2007 colony. The 2007 colony shows higher
infection rates corresponding to higher doses at each age (Figure 2), and the 1995 colony shows
a stronger effect of dose in the middle age mosquitoes, with less of an effect in young
mosquitoes and little or no effect in old mosquitoes (Figure 2). The remaining three-way or
four-way interactions included in the model were not significant, indicating that the probability
of infection in bodies and legs responded similarly to the combination of age and dose factors.

Discussion

Several general conclusions can be made for Cx. p. quinquefasciatus vector competence for
SLEV, based on the current study. First, mosquito age can affect Cx. p. quinquefasciatus vector
competence for SLEV. Second, the effects of mosquito age, however, are influenced and can
be dependent on the strain of mosquito, initial virus dose, and EIT in complex interactive ways.
Third, in some mosquito strains, infection in the body and in legs (a measure of virus
dissemination out of the midgut to other tissues) responds differently to environmental and
biological factors. Fourth, an EIT difference of only 3°C had a significant effect on SLEV
vector competence. There were differences in infection and dissemination for biological factors
of age and colony, and differences for environmental factors of dose and EIT. The significant
and complex interactions between the effects of these environmental and biological factors
show that caution is necessary for studies of vector competence and epidemiology. The ability
to generalize observations to other populations in nature, under environmental and biological
conditions in the field, is problematic and difficult.

The membrane and cotton pledget methods used to feed the 1995 and 2007 colony females,
respectively, may have resulted in some of the differences between the two colonies in the
amount of virus actually imbibed. However, the differences in virus intake may have resulted
from genetic differences between the colonies and cannot be fully attributed to feeding method
although others have reported lower volumes of blood meals imbibed by pledget-feed versus
membrane-fed insects.2 The lack of a significant colony x dose interaction in freshly fed
mosquitoes indicates that mosquitoes from the two colonies responded similarly to the two
doses in the amount of virus imbibed. Similarly, the lack of a significant age x colony
interaction indicates that the age classes had similar patterns of virus ingestion between the
two colonies. Thus, although mosquitoes from the two colonies may have imbibed different
amounts of virus, this is not likely to have strongly influenced the effects of age, dose, and EIT
on infection and dissemination. Our major observation of complex interactions between
different environmental and biological factors was observed for each colony, regardless of the
differences in titers imbibed.

The colonies in our study showed several differences in their SLEV susceptibility,
demonstrating the well known effect of mosquito strain variation on vector competence that
could be caused by geographic differences and/or colonization effects.3%:43 This phenomenon
has been explored in several vector-virus systems, e.g., Ae. aegypti and yellow fever virus,3
Culex pipiens and Rift Valley fever virus,3? with trends showing increased infection rates with
generation in colony for Ae. aegypti and decreased infection rates with generation in colony
for Cx. pipiens. No studies have been conducted for Cx. p. quinquefasciatus and SLEV.
However, our findings that the two colonies used respond to environmental and biological
factors differently with different complex interactions in their effects on vector competence
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show the difficulty in interpreting observations using any mosquito population, be it natural
or colony.

Mosquito age is clearly an important factor that can influence vector competence. Not only
may the age of mosquitoes play a role in infection and dissemination, the influence of age
changes depending on dose, EIT, and strain of mosquito. For example, in the 1995 colony,
young mosquitoes had higher infection rates than old mosquitoes at both doses and both EITs,
although young mosquitoes showed higher dissemination rates only at the higher EIT. Age
was not a factor influencing infection and dissemination in the 2007 colony. Our results show
that mosquito age can be a significant factor with influence on vector competence in only some
populations. Mosquito age has dynamic properties in the field, indicating that vector
competence of field populations likely also changes.

At every age and dose, mosquitoes from the 1995 colony held at 25°C had higher infection
rates than the 2007 colony. This finding suggests that the 1995 colony was the more susceptible
colony to infection at 25°C. However, with only a 3°C difference, the colonies showed similar
infection rates at the high dose and 28°C, suggesting that under the most permissive conditions
used, the colonies have a similar MIB. In our studies, the presence of an infection in the body
indicates the virus overcame the MIB, and infection in the legs (dissemination out of the
midgut) indicates the virus overcame the MEB. Overcoming the MIB and MEB, as well as the
salivary infection and escape barriers, are necessary for transmission. Differences in the MIB
or MEB phenotypes depending on environmental (here, EIT or dose) or biological (here, colony
or age) factors are critical components of the vector competence of a mosquito population and
the risk of virus transmission. The colonies were different in dissemination at low dose and
high EIT where the 1995 colony showed higher dissemination rates, showing that the
dissemination (MEB) phenotype in this colony responds differently to the environment than
the infection (MIB) phenotype. The observations that the MEB can change depending on the
mosquito strain and conditions, shows that virus dissemination to other tissues outside of the
midgut is population-specific and condition-specific. Therefore, the same response to the
environment cannot be assumed for every population.

Mechanisms affecting the MEB and mechanisms affecting viral growth in mosquito tissues
have been reported for Cx. tarsalis and WEEV, and there are likely effects caused by the virus
dose that the mosquito imbibes.3# The EIT also affects the ability of a virus to traverse the
MEB for Cx. tarsalis infected with WNV, SLEV, and WEEV and for Cx. pipiens infected with
WNV.44-46 |n the current study, SLEV body and leg titers in each colony differed in their
responses to the environment. At the low dose, body and leg titers were generally higher in
1995 colony females at all ages and EITs, compared with the 2007 colony. However at the
high dose, the pattern differed by EIT. At 25°C, the 2007 colony females had higher body titers
but lower leg titers than the 1995 colony females for all age classes. At 28°C and high dose,
the 1995 colony generally had higher titers. This finding demonstrates that SLEV replication
in the midgut was more permissive in the 2007 colony only at 25°C, but replication in other
tissues was generally more permissive in the 1995 colony. Mosquito age influenced body titer
in females only from the 1995 colony. In the 1995 colony, EIT was more important than dose
because at 28°C and after the EIP, the young females had higher body titer than middle age or
old females, regardless of initial virus dose. The differences between the two colonies are likely
caused by differences in midgut barriers under the conditions used in our tests. Although
mosquito age did not have a significant effect on leg titer, the significant age x colony
interaction showed that leg titer in colonies responded differently to age. For each colony, the
lack of a significant effect of age or EIT and the few significant differences between treatment
means on leg titer suggests an upper limit to SLEV replication in leg tissues. This finding
indicates a limit to virus replication in mosquito tissues once the virus surpasses the MEB for
this virus-insect system under the conditions of our tests.#10
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Our large sample sizes provided sufficient power to analyze the data with a generalized linear
mixed model for binary data with fixed effects and two-way and three-way interactions.41
47 A random effect was also included to take into account the repeated measurements on one
individual 4147 The probability of infection in different body parts of the same mosquito was
examined in conjunction with age, dose, EIT, and colony. The environmental and biological
factors we tested affected the probability of infection in mosquito bodies and legs. Mosquito
age, dose, and colony showed significant interactions with body part, indicating that the
probability of a body or leg infection was influenced by these factors in complex ways such
that the difference in the probability of infection between the body (overcoming the MIB) and
leg (overcoming the MEB) was not the same between ages, doses, and colonies. The
observation of no interaction between EIT and body part is also interesting because this
observation shows that there was a more consistent and predictable relationship between body
and leg infection at the EITs we used that is not affected by our dose, age, or colony treatments.
Such a consistency with no interactions under diverse environmental and biological conditions
suggests a common mechanism for the effect of EIT on the MIB and MEB for SLEV.
Conversely, the MIB and MEB could react to the environment in similar ways even under
different control mechanisms.

It is not possible to differentiate between these hypotheses with these data, and the details of
the mechanisms controlling the MIB and MEB will be needed to address these alternatives. If
such a relationship proves common in other populations, then infection rate (MIB) could
potentially be used to predict dissemination rate (MEB) across different EITs. However, the
significant interactions between body part and other treatment effects indicate that
environmental and biological factors may affect the relationship between infection and
dissemination rates. Because we have shown that there are biological factors in the form of
mosquito strain/population effects resulting in different responses caused by environmental
conditions, itis difficultto generalize these predictions beyond our two colonies. Again, caution
is warranted and future work would be needed to assess the responses of other populations.

Other studies have emphasized the importance of large sample sizes to increase the ability to
assess treatment group variation.10:28 Infection rate sample sizes for experiments using
mosquitoes of different ages, EITs, and fed different SLEV doses (h = 650 for the 1995 colony
and n = 398 for the 2007 colony) were within the sample size estimations from a priori power
analyses for detecting small to medium effect sizes with 99% power. Because of low
dissemination rates, these sample sizes (n = 183 for the 1995 colony and n = 135 for the 2007
colony) could detect a medium effect size (w = 0.3) with 99% power. It is possible that the
larger sample sizes in the 1995 colony compared with 2007 colony provided greater precision
to determine statistical significance. However, as indicated earlier, the power analyses indicate
that our tests were appropriate for detection of small to medium effect sizes. Large sample
sizes also enabled investigation of interactions between factors in the ANOVA and GLMM
analyses, although we were still limited in our ability to consider four-way and five-way
interactions. The potential for such complex interactions should be considered during
experimental design and will require large sample sizes to adequately address.

The findings of the present study indicate that differences in vector susceptibility to infection
may result from spatiotemporally variable environmental and biological factors. Because
arbovirus transmission cycles are sustained by vector populations, knowledge of how these
factors interact has public health relevance. The current study shows that virus dose, EIT,
mosquito age, and colony are all important factors influencing the vector competence of Cx.
p. quinquefasciatus and that the effects of each factor are influenced by the other factors in
complex ways. Thus, it is not surprising that there have been mixed reports of the effects of
each factor when tested one at a time in different species, in different populations, and with
different viruses. The complex interactions observed here caused by environmental and
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biological factors highlight the importance of studies that address both intrinsic and extrinsic
factors influencing differential vector competence between different populations of a mosquito
species. Such studies need to examine not only multiple factors in combination, but several
levels of each factor with large sample sizes. Multiple experiments may be required to examine
multiple factors because these large-scale studies can be logistically challenging. Knowledge
of these interactions is important for determining how environmental and biological factors
drive epidemiologic cycles.
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Figure 1.

Logit estimates from generalized linear mixed model showing the relationship between the
occurrence of body or leg infection between different ages of mosquitoes (age x body part;
F =5.36, degrees of freedom = 2, 3367, P =0.005). The estimated mean probability of infection
(model-based estimate, see text for details) and the mean probability of infection (calculated
from the data for the appropriate treatment groups combined) are plotted for different body
parts (circle = body; triangle = leg). The probability of body infection differs between ages,
but leg infections are more consistent between ages.
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Logit estimates from generalized linear mixed model showing the relationship between the
occurrence of body and leg infection between different ages, doses, and colonies (age x dose
x colony; F = 3.83, degrees of freedom = 2, 3367, P = 0.022). The probability of infection and
the estimated mean probability of infection are plotted for different colonies (circle = 1995
colony; triangle = 2007 colony). Colonies show different infection responses caused by age
and dose. Means and estimated means are as in Figure 1.
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Table 1

Mean + SE titers (log plaque-forming units of SLEV/mL) of whole bodies of freshly fed Culex pipiens
quinquefasciatus fed blood meals containing a low or high dose of SLEV at different ages”

Dose'
Mosquito age No. tested Low High
1995 Colony
Young 5 3.6 + 0.18bc 3.8+0.12
Middle age 5 3.4 +0.1bcd 3.7 £0.04%
old 5 3.3+0.10dk 3.5£0.10¢
2007 Colony
Young 5 3.3+0.100 3.6+ 0.1%¢
Middle age 5 32+£0.1% 3.6 £ 0.12b¢
old 5 3.1+0.2¢ 3.5+0.1%

SLEV = St. Louis encephalitis virus.

TTreatment groups with the same letter are not significantly different by means comparisons.
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Page 17

Analysis of variance of effects of age, dose, and colony on SLEV body titers of freshly fed Culex pipiens

quinquefasciatus”

Effect F Degrees of freedom, P
numerator, denominator
Age 3.75 2,48 0.031
Dose 37.02 1,48 <0.0001
Colony 12.45 1,48 0.0009
Age x dose 0.07 2,48 0.932
Dose x colony 1.70 1,48 0.199
Age x colony 1.17 2,48 0.318
Age x dose x colony 0.21 2,48 0.811

*
SLEV = St. Louis encephalitis virus.
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Table 6

Results of generalized linear mixed model for the effects of age, dose, EIT, and colony on presence or absence
of SLEV body or leg infection in Culex pipiens quinquefasciatus after a 13-day extrinsic incubation period™

Type I tests of fixed effects

Degrees of freedom,

Effect F numerator, denominator P
Age 26.80 2, 3367 <0.0001
Dose 135.38 1, 3367 <0.0001
EIT 124.58 1, 3367 <0.0001
Colony 49.69 1, 3367 <0.0001
Body part 373.70 1, 3367 <0.0001
Age x dose 14.19 2, 3367 < 0.0001
Age x EIT 8.67 2, 3367 0.0002
Age x colony 32.88 2, 3367 <0.0001
Age x body part 5.36 2, 3367 0.005
Dose x EIT 13.07 1, 3367 0.0003
Dose x colony 35.22 1, 3367 < 0.0001
Dose x body part 4.39 1, 3367 0.036
EIT x colony 11.46 1, 3367 0.001
EIT x body part 0.61 1, 3367 0.435
Colony x body part 20.13 1, 3367 <0.0001
Colony x dose x EIT 3.71 1, 3367 0.054
Age x dose x EIT 0.94 2, 3367 0.389
Age x dose x colony 3.83 2, 3367 0.022
Age x dose x body part 1.52 2, 3367 0.218
Age x EIT x colony 7.63 2, 3367 0.001
Age x EIT x body part 1.29 2, 3367 0.274
Age x colony x body part 1.80 2, 3367 0.165
Dose x EIT x body part 0.02 1, 3367 0.879
Dose x colony x body part 0.93 1, 3367 0.335
EIT x colony x body part 0.31 1, 3367 0.576
Age x dose x EIT x colony 0.99 2, 3367 0.371
Ag(te x dose x EIT x body 0.47 2, 3367 0.623
par

*
SLEV = St. Louis encephalitis virus.
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