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Abstract

In Appalachia, La Crosse virus (LACV) is a leading pediatric arbovirus and public health con-
cern for children under 16 years. LACYV is transmitted via the bite of an infected Aedes mos-
quito. Thus, it is imperative to understand the dynamics of the local vector population in
order to assess risk and transmission. Using entomological data collected from Knox
County, Tennessee in 2013, we formulate an environmentally-driven system of ordinary dif-
ferential equations to model mosquito population dynamics over a single season. Further,
we include infected compartments to represent LACV transmission within the mosquito pop-
ulation. Findings suggest that the model, with dependence on degree days and accumu-
lated precipitation, can closely describe field data. This model confirms the need to include
these environmental variables when planning control strategies.

Introduction

La Crosse encephalitis (LACE) is the leading pediatric arboviral disease in the continental
United States [1]. LACE typically affects children younger than 16 years, with the strongest
prevalence in male children between the ages of 5-9 [1, 2]. Children diagnosed with LACE are
infected with La Crosse virus (LACV), which generates symptoms such as headache, fever,
behavioral changes, and seizures [3]. This wide variety of symptoms can cause LACE to go
undiagnosed. When symptoms present severely enough for hospitalization, 12% of cases are
discharged with neurological deficits that may cause behavioral changes over time [4].
Although originally found in the upper Midwest, LACE is primarily diagnosed in southern
Appalachia [3, 5].

LACYV is transmitted via the bite of an infected Aedes mosquito. In eastern Tennessee,
Aedes triseriatus is the primary vector, while Ae. albopictus and Ae. japonicus are identified as
accessory vectors [6-9]. LACV is maintained in nature through a zoonotic cycle between the
vectors and amplifying-reservoir (e.g., scurrids) populations [10]; however, transovarial
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transmission (when a female mosquito oviposits infected eggs) [8], transstadial transmission
(when an infected immature remains infected through adulthood), and venereal transmission
(from male to female through mating) [11] also occur.

One of the first to work on LACV was DeFoliart [12], who focused on Ae. triseriatus as the
primary vector in the upper Midwest, prior to the introduction of Ae. albopictus. Bewick et al.
[13] used mathematical modeling (with a system of ordinary differential equations) to suggest
that Ae. albopictus was not responsible for the LACE outbreak in southern Appalachia and
that other environmental scenarios must be responsible. These studies helped lay the ground-
work for others in the field. Vector-borne diseases are often heterogeneous across space and
time, and this heterogeneity can be explained with data-driven modeling. It is known that
data-driven models help develop surveillance programs for mosquito-borne diseases. (e.g.,
[14-16], West Nile virus ([17-20]), and even Zika virus ([21-24]).

Models strongly connected to La Crosse data are just beginning to be developed. Previously,
Nance et al. [25] built a system of ordinary differential equations to model the fluctuations of
the Ae. albopictus populations in a single East Tennessee season. This model used transition
rates dependent on precipitation, temperature, and the rate of change of temperature. Their
work involved data from the most abundant species, Ae. albopictus, and used some parameters
described in Tran et al. [26] for the immature class (larvae and pupae). Ghatak et al. [27] then
developed a model that incorporated temperature and accumulated precipitation to explain
the dynamics of all three LACV vectors over a single season. The oviposition rate and transi-
tion rates from eggs to the immature class and then to the host-seeking class were estimated as
functions of temperature and accumulated precipitation [27]. While both models were useful,
these two models did not involve mosquitoes infected with LACV. Therefore, the goal of this
project is to incorporate LACV infection with data-driven modeling to investigate Aedes mos-
quitoes and relate population dynamics to local environmental variables. We build on previous
work by using entomological data from Urquhart et al. [28], with the temperature and precipi-
tation data, as well as using temperature to find rates explicitly dependent on degree days for
the stage transitions of the mosquitoes.

Using our mosquito and environmental data, we build a system of ordinary differential
equations to represent a mosquito population with appropriate life-stage transitions connected
to our data and biological mechanisms. After that, disease status features coupled with the life-
stage mechanisms are incorporated into the model with the presence of LACV in the mosqui-
toes. After finding particular functional forms for the transition rates (depending on environ-
mental data) and estimating appropriate model parameters by fitting to mosquito data, our
corresponding simulation results can suggest possible management actions.

Materials and methods
Mosquito-data collection

This paper uses the collection data previously presented in Urquhart et al. [28]. Eight proper-
ties within Knox County, Tennessee were monitored weekly, of which five were previous
LACV-positive case houses (doctor-diagnosed patient in 2011-2012), and three had no known
previous incidence of LACV, but were within 5 km of the previously positive residencies
(sites). This is currently the only dataset with weekly trap data with LACV results from Knox
County.

Starting on 25 June and ending on 15 October 2013, trapping for adult mosquitoes included
three host-seeking traps, a gravid trap, and a resting trap. Some results of trap collections by
species and week are presented in Urquhart et al. [28]. When traps were retrieved, collecting
equipment was removed and stored in coolers lined with ice packs to keep specimens alive for

PLOS ONE | https://doi.org/10.1371/journal.pone.0249811  April 16, 2021 2/16


https://doi.org/10.1371/journal.pone.0249811

PLOS ONE

La Crosse virus spread within the mosquito population in Knox County, TN

mosquito identification and to preserve viral RNA. In the laboratory, adults were aspirated
from the collecting equipment, transferred to cups, and provided a 10% sugar-water source
until exposed to triethylamine for identification. The triethylamine-exposed (now-paralyzed)
mosquitoes were then identified to species and sex [29]. Identified mosquitoes were organized
into pools of 25 or less specimens (one pool had 33 specimens), and separated by species, sex,
and life stage. All samples were stored at -80 degrees Celsius to preserve viral RNA.

Two ovitraps also operated at each site because LACV is also transmitted transovarially [8].
Methods for ovitrapping were previously described in Urquhart et al. [28]. Ovitraps were
black plastic cups filled with approximately 250 mL of distilled water with a 1 and 5/8 inch
strip of egg paper (seed germination paper) attached to the inside of the cup. Weekly, egg
papers and water were replaced. Only egg papers were collected, properly labeled (site, trap,
date), then refrigerated for 1-2 weeks to allow the paper to dry and prevent any early hatchings;
water with potential larvae were discarded. Mosquito eggs were counted and egg papers were
stored at room temperature for 4-6 weeks until hatching. To hatch eggs, dried egg papers were
submerged in 300 mL oak infusion water, given approximately 0.5 grams of ground dog food
as a food source, and placed in an incubator at 31 degrees Celsius and 85 percent humidity on
a 16 hour light cycle. Mosquitoes were observed daily and given additional food as needed.
When adults emerged, they were treated as field-collected mosquitoes and stored at -80
degrees Celsius.

Pooled Aedes vectors of LACV were separated from other genera (i.e. Anopheles, Psoro-
phora, Mansonia, etc.) and shipped overnight with ice packs to the Tennessee Department of
Health Vector-borne Diseases laboratory (TNDOH). Mosquito pools were homogenized on a
Retsch MM300 shaker for 90 sec, centrifuged at 5000 rpm for 5 minutes, and stored at -80
degrees Celsius. After purification with the QlAamp Viral Isolation 96 well protocol on the
BioRobot 9604 or the QIAamp Viral RNA mini kit (Qiagen, Valencia, California), 5ul of
extract was used to screen for LACV using previously published protocols [30]. Minimum
infection rates (MIR) of LACV were calculated by dividing the number of positive pools by the
total specimens tested and multiplying by 1000.

Adult collections yielded 821 pools of Aedes LACV vectors of which eight (0.98 percent) of
the Aedes pools were LACV positive and consisted of seven Ae. triseriatus (0.85%) and one Ae.
albopictus (0.12%) pool. None of the 61 pools of Ae. japonicus tested positive. Additionally,
none of the 306 pools of reared Aedes (from the immature population) tested positive for
virus, but this may have been due to a freezer malfunction before these samples were screened.
All of the LACV positive pools were females and were collected at five of the eight sites consist-
ing of both previously LACV positive and unknown sites, from June through late September.
Minimum infection rates ranged from 0 to 46.512 throughout the collection period. The calcu-
lated MIR for each vector was 17.59 for Ae. triseriatus (398 specimens) and 0.29 for Ae. albopic-
tus (3486 specimens). Overall, the MIR for Knox county LACV vectors was 1.9985 (8 positives
/ 4003 LACv vectors x 1000); this was not significantly different from the 2012 Ae. triseriatus
MIR of 1.331 in Union county (X2 = 0.285; df = 1; P = 0.5937) [30], but both were greater than
the previous MIR of 0.26 in western North Carolina [2].

Environmental data

Precipitation and temperature usually have effects on mosquito populations in life stage transi-
tions and in oviposit rates [31, 32]. Mosquitoes lay their eggs in water, and those eggs hatch in
water, making the accumulated precipitation a factor in the oviposition rate of the mosquito
population. Also, for a mosquito to develop, it must spend a certain amount of time above a
temperature threshold. The level and the time above this threshold are combined in the
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definition of degree days. [33-35] Due to these environmental factors, we collected weather
data from sites that ranged across 7 zip codes in the Knox County area. In order to find the
average site’s degree day data, we first import the hourly temperature information for the sites
via the website Weather Underground [36]. Weather Underground [36] uses the temperatures
from the closest airport weather station to a location for its historical weather records. The two
airports we took data from were McGhee Tyson and Oak Ridge airport station. As two of the
sites were in the zip code for the Oak Ridge airport station, and six were in the zip code for the
McGhee Tyson airport station, we took an average of the data between the the two airports.
The temperature information is manually imported per hour per day from 15 May 2013 to 19
October 2013. The temperature for the average site is then averaged between the Oak Ridge
site and the McGhee Tyson site per hour. Using mosquito development results from [37-39]
involving temperatures and several types of mosquitoes, we chose 15° C as the minimal devel-
opment temperature for the threshold in degree days. The threshold is subtracted from the
hourly temperature, and if that difference is positive, the difference contributes to the degree
hours/day [40]. If the difference is negative, there is no contribution from that difference. For
each hour of the day, we sum the differences for the hourly temperature above the temperature
threshold,

i (Temperature, — Threshold) " (1hour)
i=1 24
The precipitation data is gathered in a similar way. We use Weather Underground [36] to
obtain the hourly precipitation data in centimeters for both of the referenced airport weather
stations. The precipitation is averaged between the sites as described earlier and accumulated
hourly to obtain the daily precipitation data that is used in the model.

Mosquito population model

We divide our population at time ¢ into four compartments: eggs E(¢), immature I(¢), host-
seeking H(t), and gravid G(f), where each compartment describes the size of that population at
time £. The immature compartment is composed of the larval and pupal stages; these two
stages were lumped together due to lack of data to distinguish between them. Adult female
mosquitoes enter a reproductive cycle of mating, blood-feeding, and ovipositing. We consider
mosquitoes who are mating and blood-feeding as host-seeking H, while mosquitoes who are
seeking to oviposit are gravid G. Thus, the H and G compartments only contain female mos-
quitoes. As temperature and precipitation have a significant effect on the mosquito population,
we will choose functional forms for some of the transfer and transition rates in our model to
accurately describe the dynamics of the mosquito population at an average trapping site in
Knox County, Tennessee for the summer of 2013.

Seen in our diagram below, Fig 1, we assume that y is the rate at which gravid mosquitoes
are ovipositing at time ¢, hence yG is the rate of ovipositing eggs. We assume that when a
gravid mosquito oviposits, there are j eggs laid on average. Thus, jyG is on average the rate of
the number of eggs laid by a gravid mosquito per day. With the development rate of eggs, k,
and the immature development rate of immatures, g, we have that kE is the transition of eggs
into immature and g is the transition rate of immatures into adults. We assume that there is a
constant sex ratio in the population, where p is the proportion of females in the population.
Thus, pgl is the transition rate of female immatures to host-seeking H, as we are only consider-
ing female mosquitoes in the host-seeking and gravid compartments. Note that (1 — p)gI is the
rate of males leaving the I compartment, as the females transition to the H compartment. We
have ¢H as the rate at which host-seeking mosquitoes finish mating/blood-feeding and
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Fig 1. Flow diagram for mosquito population model.

https://doi.org/10.1371/journal.pone.0249811.9001

become gravid G. Also, yG is the rate that gravid mosquitoes finish resting/ovipositing and
become host-seeking H. We denote the death rates as Ag, A, Ay, and Ag for eggs, immature,
host-seeking, and gravid compartments, correspondingly.

We assume that the oviposition rate, j, of eggs depends on accumulated precipitation P,
since mosquitos need standing water to lay eggs and to have eggs hatch. The development rate
of eggs, k, depends on degree days DD, and the immature development rate, g, depends on
both accumulated precipitation, P, and degree days, DD. The structure of the functional forms
of j, k and y will be chosen from the corresponding biological mechanisms and our environ-
mental and mosquito data. Below is our system of differential equations for our population
model associated with our diagram, Fig 1.

dE
5 = J(P)76 — (b + k(DD))E
dI
7 = K(DD)E — (3, + g(DD. P))I
dH
= = P&(DD, P)I = (hy; + ¢)H +7G
dG
o = 9H - (e +7)G

La Crosse transmission model

Our next task was to account for the presence of LACV in the mosquito population. We now
add four compartments for the infected mosquitoes. We have 8 compartments: uninfected
eggs E, uninfected immature I, uninfected host-seeking H, uninfected gravid G, infected eggs
E,, infected immature I,, infected host-seeking H,, and infected gravid G,. We make the
assumption that the mosquito populations longevity and behavior is unaffected by the pres-
ence of LACV. Hence, we assume that the rates for oviposition j, egg and immature develop-
ment k and g respectively, host-seeking and gravid transition ¢ and y respectively, and natural
death Ag, A, Ay, and A4 remain the same for both uninfected and infected populations.

As LACV is transmitted through the mosquito population by means of maternal vertical
transmission, we assume that when a gravid mosquito is infected with LACV and oviposits, a
proportion of her eggs « is infected as well. Thus, at time , the rates of oviposition are ajyG,
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Fig 2. Flow diagram of La Crosse virus transmission model.

https://doi.org/10.1371/journal.pone.0249811.g002

for infected eggs and jyG, + (1 — &)jyG, for uninfected eggs. LACV is maintained in the zoo-
notic cycle and venereal transmission is present as well [3]. In both of these transmission
types, host-seeking mosquitoes have a chance of becoming infected through feeding on an
infected host or venereal transmission, and thus we suppose that the rate of host-seeking mos-
quitoes becoming infected gravid is hH. The rate is denoted by h(P)H due to the effect of accu-
mulated precipitation [26, 41]). The structure of h(P) and the value of & will be found through
parameter estimation using our data. Our model with transmission is below, and the corre-
sponding diagram, Fig 2.

‘jllf j(P)yG +j(P)y(1 — )G, — (A, + k(DD))E
g = k(DD)E — (2, + ¢(DD, P))I
‘iilj g(DD, P)pI — (A, + @)H +7G

dGg

— = (L= h(P))gH — (ks +7)G
d;;v = j(P)yG, — (% + k(DD))E,

‘Z k(DD)E, — (A, + g)I,
dH,

o =g¢(DD, P)pI, — (Ay + ¢)H, + 7G,
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dG
dt

= h(P)pH + ¢H, — (A; +7)G,

Results/discussion
Population model results and discussion

As seen in Table 1, using data fitting, we estimated all of the parameters in the population
model, except for p = 0.5, the assumed ratio of females in the population. To represent the
impact of accumulated precipitation and degree days on the mosquitoes in our population
model, we needed to find functional forms for j, k and g. To find those functional forms, we
tested many combinations of functional responses, using polynomials, logistic functions, and
convex combinations of functions. For each set of functional forms, we found the best fit
parameters. We estimated the parameters using fmincon for constrained optimization in
conjunction with MultiStart, which searches for multiple local minima. Our objective
function was set as the relative error. Our error function to be minimized is the relative sum of
squared residuals (difference between data and corresponding simulated values) of the
MATLAB simulations from the field data which includes egg and adult data. The initial goal
was to have the sum of the host-seeking and gravid compartments fit to the total adult data,
but due to the sparseness of gravid mosquito collection, we only fit the host-seeking simula-
tions to the host-seeking data. Egg simulations are fit to the egg data provided by the Trout
Fryxell lab. Our objective function was set as the relative error, and we then choose the func-
tional forms with the best fit over all our choices.

After many trials a variety of functional forms, we determined specific functional forms
and coefficient values for oviposition, egg development, and immature development that
yielded the best results. We utilized a Michaelis-Menten equation to describe the oviposition
rate, a Holling III to describe the egg development, and a convex combination of a degree-day
dependent Holling III function and an accumulated precipitation dependent Michaelis-Men-
ten equation to describe the immature development rate. Since accumulated precipitation was
significant in previous papers, it is logical to assume that it will take a little time for the rain to

Table 1. Best fit parameters for mosquito population model.

Parameter
p
Ag
M
ra
¢

8 & &R

o

https://doi.org/10.1371/journal.pone.0249811.t001

Value Unit Biological Meaning
0.5 unitless ratio of females in population
0.10 day ™! egg death rate
0.12 day ™! immature death rate
0.07 day™ adult death rate
0.50 day™ rate of Hto G
0.50 day™! rate of Gto H
65.16 eggs maximum oviposition rate
0.23 day™ maximum devevelopment rate
0.14 day’ maximum development rate
134.57 centimeters half saturation constant
65.36 (degree days)® half saturation constant
0.89 unitless weighting constant
127.06 (degree days)* half saturation constant
168.21 centimeters’ half saturation constant
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submerge the eggs and for them to hatch. Comparing the relative errors using accumulated
precipitation over 3, 5, 7, 12, 14, 20, 25, 28 days, we found that using precipitation accumulated
over 20 days resulted in the best approximation to the observed days. Below is the oviposition
rate, j, of eggs, which is precipitation dependent; the development rate of eggs, k, which is
degree day dependent; and the immature development rate, g, dependent on both accumulated
precipitation, P,y over 20 days, and degree days, DD.

. PPy
P,) =
J(Pay) a+ P,

DD?
K(DD) = d; {m}

¢(DD,P,) = d, {c(%) +(1—c¢) <%)}

Due to under sampling in the first week of the field data by the Trout-Fryxell lab [28], our
simulations begin in week 2 of collection. We take our initial conditions from the data, starting
with the 176™ day of the year:

E(176) = 228, H(176) = 13.

We assume that there were 110 immatures, roughly half of the egg population, and as there
were more host-seeking mosquitoes in our data than gravid, we assume there were 7 gravid
mosquitoes, giving

1(176) = 110, G(176) = 7.

The simulations for each compartment are shown in Fig 3. We plot the total number of indi-
viduals in each compartment versus time, which started in late June, going through early Octo-
ber. Also in Fig 4, we show the egg and adult data versus the output from our model. The error
we obtained for our model was 11.94%.

Infection model results and discussion

For our model describing infection, we used the estimated parameters from our mosquito
population model, with one new rate and one new functional form left to determine. We esti-
mated the parameters to minimize the relative error using fmincon for constrained optimi-
zation in conjunction with Multistart. We hypothesize that the proportion of host-
seeking mosquitoes becoming infected gravid is affected by the accumulated precipitation.
After testing multiple forms and considering how this interaction is affected by accumulated
precipitation, we decided on a linear functional form dependent on accumulated precipitation.
After observing the data, we noticed that spikes in infection corresponded to higher levels of
accumulated precipitation over a duration of 3 days compared to other days of accumulated
precipitation. Thus, we define a functional form, h(P;) = fPs, to describe the transmission of
LACV to host-seeking mosquitoes dependent on 3 days of accumulated precipitation. Note
that here we use 3 days of accumulation precipitation as our dependence whereas for the devel-
opment of the mosquitoes we use 20 days of accumulation. Using the data with Multistart
and fmincon, we estimated @, the ratio of infected eggs oviposited. See Table 2 for the values
of the 2 new parameters for this model.

We take the same initial conditions from the mosquito population model and assume there
are no individuals in any of the 4 infected compartments to start, as infection is not present in
the first collection week data. Our objective function is set equal to our relative error. Our
error to be minimized is the relative sum of squared residuals of the MATLAB simulations
from the field data which includes egg, uninfected adult, and infected adult data. Due to the
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Fig 3. Simulations of mosquito population at different life stages in Knoxville, TN.
https://doi.org/10.1371/journal.pone.0249811.9003

costs associated with testing individual mosquitoes and the likelihood of detecting LACV, the
mosquito populations were pooled, and we assume that if a pool had LACV present then half
of the mosquitoes in that sample were infected. We cannot assume all mosquitoes were LACV
positive; we chose 50% as the average between 1 and 100%. Over the course of the study, few
LACV-positive pools were noted, but their lack of detection does not indicate their absence
from the population. The simulations for each compartment are shown in Figs 5 and 6 We
plot the total number of individuals in each compartment versus time, which started in late
June, going through early October. Also, in Fig 7 we show the collected egg, uninfected host-
seeking adult, and infected adult data versus the output from our model. The error we
obtained for our model was 27%.

Conclusion

Building on two previous models using data in Knox County [25, 27], we developed a non-
autonomous system of ordinary differential equation to represent mosquito populations with
the transmission of LACV in Knox County, Tennessee. Our model goes beyond those two
mosquito population models to include the infected mosquito compartments and disease pro-
gression dynamics. The format of the dependence on temperature and precipitation and the
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rates in our model were driven by biological mechanisms and the data from Urquhart et al.
(28]

We started our model with the mosquito population at an average trapping site. By fitting
our model to field data collected by the Trout Fryxell laboratory, we were able to estimate
parameters with MATLAB and simulate a mosquito population with 11.94% error. Investigat-
ing many functional forms, we determined that a precipitation dependent oviposition rate, a
degree-day dependent egg development rate, and both a precipitation and degree day depen-
dent immature development rate led to the best fit. We found for the population that we were
considering, accumulated precipitation over a duration of 20 days yielded the least relative
error.

Table 2. Parameters used in La Crosse infection model simulations.

Parameter Value Unit Biological Meaning
o 0.01 unitless ratio of infected eggs laid
f 0.06 unitless infection constant

https://doi.org/10.1371/journal.pone.0249811.t1002
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After building our population model, we devised a mosquito population model that incor-
porated the transmission of LACV among the mosquito population. Using infective pool data
collected by the Trout Fryxell laboratory, we were able to estimate two more parameters to
simulate a mosquito population with LACV present with 27% error. Our simulations imply
that LACV is maintained in the mosquito population and that there are occasional spikes in
infection. The occasional spikes of infection are likely explained with the heterogeneity of the
environment such as environmental conditions (rainfall, temperature), abundance of oviposi-
tion sites, host availability, and prevalence of infected hosts at a site. Finding better ways to rep-
resent the infected pools in models is an important next step.

The results of our model can be used as a resource for pest management and public health
officials in decision making regarding several factors. The impact of accumulated precipitation
on both models is a signal that prevention of standing water and drainage improvement is of
the utmost importance in areas with a higher LACV threat. Our models show that the accumu-
lated precipitation not only plays a significant role in the mosquito life cycle, but also plays a
role in the transmission of LACV from infected mosquitoes. These models can also benefit
health officials and pest management professionals in determining what time of year and what
circumstance lead to increased mosquito population as well as when LACV is most prevalent
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https://doi.org/10.1371/journal.pone.0249811.g006

in the mosquito population. While mosquito prevention is typically done throughout the sum-
mer, and health officials always encourage protection against mosquitoes, these models pro-
vide information as to when alert the general population to high threats.

We assume that the virus has no effect on the longevity or fecundity of mosquitoes. In our
model, we have simplified the process by which LACV spreads throughout the mosquito pop-
ulation. We make the assumption that transovarial transmission can be described accurately
by a constant infected proportion of eggs laid by infective gravid. We also use an accumulated
precipitation dependent term, A, to describe the proportion of host-seeking mosquitoes which
will have contracted LACV by the time they become gravid.

We used environmental variables with available data in our model structure. Future models
could incorporate more local site-specific demographics/variables such as number of contain-
ers (with water, with larvae, with pupae, etc.). There is a lack of data available on transvenereal
transmission (dependent on the infected male population) and zoonotic transmission (depen-
dent on infected scurrid population). Future research should be conducted to understand
these additional transmission mechanisms.

Over the duration of the collection period, a large proportion of the infective pools occurred
at the beginning of collection. If collection began earlier, we could do more investigation into
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factors that contribute to the amplification of LACV in the scurrid population by observing

the initial spikes of infection. In the future, more information about prevalence of LACV in
the mosquito population may be needed in order to represent the corresponding percentage of
positive mosquitoes in a positive pool.

Supporting information

S1 Data.
(PDF)

Acknowledgments

We’d like to acknowledge the Trout Fryxell Lab for their tedious labor, collecting the data at
trapping sites.

Author Contributions
Conceptualization: Annastashia Blesi, Samantha Brozak, Hanna Reed.

Data curation: Annastashia Blesi, Samantha Brozak, Hanna Reed, Cassandra Urquhart, Abe-
lardo Moncayo, Rebecca Trout Fryxell.

Investigation: Cameron Cook, Annastashia Blesi, Suzanne Lenhart, Rebecca Trout Fryxell.

Methodology: Cameron Cook, Annastashia Blesi, Samantha Brozak, Suzanne Lenhart, Hanna
Reed, Rebecca Trout Fryxell.

PLOS ONE | https://doi.org/10.1371/journal.pone.0249811  April 16, 2021 13/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0249811.s001
https://doi.org/10.1371/journal.pone.0249811.g007
https://doi.org/10.1371/journal.pone.0249811

PLOS ONE

La Crosse virus spread within the mosquito population in Knox County, TN

Project administration: Suzanne Lenhart, Rebecca Trout Fryxell.

Supervision: Suzanne Lenhart, Rebecca Trout Fryxell.

Visualization: Annastashia Blesi, Samantha Brozak, Hanna Reed.

Writing - original draft: Cameron Cook, Annastashia Blesi, Samantha Brozak, Suzanne Len-

hart, Hanna Reed, Rebecca Trout Fryxell.

Writing - review & editing: Cameron Cook, Samantha Brozak, Suzanne Lenhart, Rebecca

Trout Fryxell.

References

1.

10.

11.

12

13.

14.

15.

16.

Tsai T. F. Arboviral infections in the United States. Infect Dis Clin North Am 5, 1 (1991), 73—-102. https:/
doi.org/10.1016/S0891-5520(20)30389-5 PMID: 1646839

Szumlas D. E., Apperson C. S., Powell E. E., Hartig P., Francy D. B., and Karabotsos N. 1996. Relative
Abundance and Species Composition of Mosquito Populations (Diptera: Culicidae) in a La Crosse
Virus- Endemic Area in Western North Carolina. J. Med. Entomol. 33: 598-607. https://doi.org/10.
1093/jmedent/33.4.598 PMID: 8699454

Erwin P. C., Jones T. F., Gerhardt R. R., Halford S. K., Smith A. B., Patterson L. E., et al. La Crosse
encephalitis in eastern Tennessee: clinical, environmental, and entomological characteristics from a
blinded cohort study. Am J Epidemiol 155, 11 (2002), 1060—1065. https://doi.org/10.1093/aje/155.11.
1060 PMID: 12034585

McJunkin J. E., de los Reyes E. C., Irazuzta J. E., Caceres M. J., Khan R. R., Minnich L. L., etal. La
Crosse encephalitis in children. N Engl J Med 344 (2001), 801-807. https://doi.org/10.1056/
NEJM200103153441103 PMID: 11248155

Gaensbauer J. T., Lindsey N. P., Messacar K., Staples J. E., and Fisher M. Neuroinvasive arboviral dis-
ease in the United States: 2003 to 2012. Pediatrics 134, 3 (2014), e642—e650. https://doi.org/10.1542/
peds.2014-0498 PMID: 25113294

Bevins S. Establishment and abundance of a recently introduced mosquito species Ochelro- tatus japo-
nicus (diptera: Culicidae) in the southern Appalachians, USA. J Am Mosq Control Assoc 44, 6 (2007),
945-952.

Gerhardt R. R., Gottfried K. L., Apperson C. S., Davis B. S., Erwin P. C., Smith A. B, et al. First isolation
of La Crosse virus from a naturally infected Aedes albopictus. Emerg Infect Dis 7, 5 (2001), 807-811.
https://doi.org/10.3201/eid0705.017506 PMID: 11747692

Watts D. M., Pantuwatana S., DeFoliart G. R., Yuill T. M., and Thompson W. H. 1973. Transovarial
Transmission of LaCrosse Virus (California Encephalitis Group) in the Mosquito, Aedes triseriatus. Sci-
ence (80-.). 182: 1140—1141. https://doi.org/10.1126/science.182.4117.1140 PMID: 4750609

Westby K., Fritzen C., Paulsen D., Poindexter S., and Moncayo A. La Crosse encephalitis virus infection
in field collected Aedes albopictus, Aedes japonicus, and Aedes triseriatus in Tennessee. J Am Mosq
Control Assoc 31, 3 (2015), 233—241. https://doi.org/10.2987/moco-31-03-233-241.1 PMID: 26375904

Calisher C. H. Medically important arboviruses of the United States and Canada. Clin Microbiol Rev 7,
1(1994), 89—116. https://doi.org/10.1128/cmr.7.1.89 PMID: 8118792

Thompson W. H., Kalfayan B., and Anslow R. O. (1965). Isolation of California Serogroup virus from a
fatal human iliness. American Journal of Epidemiology, 81: 245-53. https://doi.org/10.1093/
oxfordjournals.aje.a120512 PMID: 14261030

DeFoliart G. R. 1983. Aedes triseriatus: vector biology in relationship to the persistence of La Crosse
virus in endemic foci. Prog. Clin. Biol. Res. 123: 89—104. PMID: 6346342

Bewick S., Agusto F., Calabrese J. M., Muturi E. J., and Fagan W. F. 2016. Epidemiology of La Crosse
virus emergence, Appalachia region, United States. Emerg. Infect. Dis. 22: 1921-1929. https://doi.org/
10.3201/eid2211.160308 PMID: 27767009

Craig M. H., Snow R. W., and Sueur D. 1999. A climate-based distribution model of malaria transmis-
sion in sub-sahara Africa. Parastiology Today. 15: 105—111. https://doi.org/10.1016/S0169-4758(99)
01396-4

Koella J. C., and Antia R. 2003. Epidemiological models for the spread of anti-malarial resistance.
Malar. J. 2: 1-11. https://doi.org/10.1186/1475-2875-2-3 PMID: 12643812

Smith T., Killeen G. F., Maire N., Ross A., Molineaux L., Tediosi F., et al. 2006. Mathematical modeling
of the impact of malaria vaccines on the clinical epidemiology and natural history of Plasmodium

PLOS ONE | https://doi.org/10.1371/journal.pone.0249811  April 16, 2021 14/16


https://doi.org/10.1016/S0891-5520(20)30389-5
https://doi.org/10.1016/S0891-5520(20)30389-5
http://www.ncbi.nlm.nih.gov/pubmed/1646839
https://doi.org/10.1093/jmedent/33.4.598
https://doi.org/10.1093/jmedent/33.4.598
http://www.ncbi.nlm.nih.gov/pubmed/8699454
https://doi.org/10.1093/aje/155.11.1060
https://doi.org/10.1093/aje/155.11.1060
http://www.ncbi.nlm.nih.gov/pubmed/12034585
https://doi.org/10.1056/NEJM200103153441103
https://doi.org/10.1056/NEJM200103153441103
http://www.ncbi.nlm.nih.gov/pubmed/11248155
https://doi.org/10.1542/peds.2014-0498
https://doi.org/10.1542/peds.2014-0498
http://www.ncbi.nlm.nih.gov/pubmed/25113294
https://doi.org/10.3201/eid0705.017506
http://www.ncbi.nlm.nih.gov/pubmed/11747692
https://doi.org/10.1126/science.182.4117.1140
http://www.ncbi.nlm.nih.gov/pubmed/4750609
https://doi.org/10.2987/moco-31-03-233-241.1
http://www.ncbi.nlm.nih.gov/pubmed/26375904
https://doi.org/10.1128/cmr.7.1.89
http://www.ncbi.nlm.nih.gov/pubmed/8118792
https://doi.org/10.1093/oxfordjournals.aje.a120512
https://doi.org/10.1093/oxfordjournals.aje.a120512
http://www.ncbi.nlm.nih.gov/pubmed/14261030
http://www.ncbi.nlm.nih.gov/pubmed/6346342
https://doi.org/10.3201/eid2211.160308
https://doi.org/10.3201/eid2211.160308
http://www.ncbi.nlm.nih.gov/pubmed/27767009
https://doi.org/10.1016/S0169-4758(99)01396-4
https://doi.org/10.1016/S0169-4758(99)01396-4
https://doi.org/10.1186/1475-2875-2-3
http://www.ncbi.nlm.nih.gov/pubmed/12643812
https://doi.org/10.1371/journal.pone.0249811

PLOS ONE

La Crosse virus spread within the mosquito population in Knox County, TN

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

falciparum malaria: Overview. Am. J. Trop. Med. Hyg. 75: 1-10. https://doi.org/10.4269/ajtmh.2006.75.
2_suppl.0750001 PMID: 16931810

Andreadis T., Anderson J., Vossbrinck C., and Main A. 2004. Epidemiology of West Nile virus in Con-
necticut: a five-year analysis of mosquito data 1999-2003. Vector-Borne Zoonotic Dis. 4: 360-378.
https://doi.org/10.1089/vbz.2004.4.360 PMID: 15682518

Diuk-Wasser M. A., Brown H. E., Andreadis T. G., and Fish D. 2006. Modeling the spatial distribution of
mosquito vectors for West Nile virus in Connecticut, USA. Vector-Borne Zoonotic Dis. 6: 283—-295.
https://doi.org/10.1089/vbz.2006.6.283 PMID: 16989568

Kramer L. D., Styer L. M., and Ebel G. D. 2008. A global perspective on the epidemiology of West Nile
virus. Annu. Rev. Entomol. 53: 61-81. https://doi.org/10.1146/annurev.ento.53.103106.093258 PMID:
17645411

Peterson A. T., Andersen M. J., Bodbyl-Roels S., Hosner P., Nyari A., Oliveros C., and Papes M. 2009.
A prototype forecasting system for bird-borne disease spread in North America based on migratory bird
movements. Epidemics. 1:240-249. https://doi.org/10.1016/j.epidem.2009.11.003 PMID: 21352770

Cauchemez S., Besnard M., Bompard P., Dub T., Guillemette-Artur P., Eyrolle-Guignot D., et al. 2016.
Association between Zika virus and microcephaly in French Polynesia, 2013-15: a retrospective study.
Lancet. 387:2125-2132. https://doi.org/10.1016/S0140-6736(16)00651-6 PMID: 26993883

Kucharski A. J., Funk S., Eggo R. M., Mallet H. P., Edmunds W. J., and Nilles E. J. 2016. Transmission
dynamics of Zika virus in Island Populations: a modelling analysis of the 2013-14 French Polynesia out-
break. PLoS Negl. Trop. Dis. 10: 1-15. https://doi.org/10.1371/journal.pntd.0004726 PMID: 27186984

Miyaoka T. Y., Lenhart S, and Meyer J. FCA (2019). Optimal control of vaccination in a vector-borne
reaction—diffusion model applied to Zika virus, Journal of Mathematical Biology 79(3):1077—1104.
https://doi.org/10.1007/s00285-019-01390-z

Rocklov J., Quam M. B., Sudre B., German M., Kraemer M. U. G., Brady O., et al. 2016. Assessing sea-
sonal risks for the introduction and mosquito-borne spread of Zika Virus in Europe. EBioMedicine. 9:
250-256. https://doi.org/10.1016/j.ebiom.2016.06.009 PMID: 27344225

Nance J., Fryxell R. T., and Lenhart S. (2018). Modeling a single season of Aedes albopictus popula-
tions based on host-seeking data in response to temperature and precipitation in eastern Tennessee.
Journal of Vector Ecology, 43(1), 138—147. https://doi.org/10.1111/jvec.12293 PMID: 29757517

Annelise Tranet al. 2013. “A Rainfall- and Temperature-Driven Abundance Model for Aedes Albopictus
Populations.” International Journal of Environmental Research and Public Health 10(5): 1698-1719.
https://doi.org/10.3390/ijerph10051698

Ghatak M., Urcuyo J., Wise P., Trout-Fryxell R., and Lenhart S., (2019) Modeling the Average Popula-
tion of La Crosse Vectors in Knox County, Tennessee, Letters in Biomathematics, 6:1, 20-31.

Urquhart A. C., Paulsen D., Moncayo A., and Trout Fryxell R. T. 2016. Evaluating surveillance methods
for arboviral vectors of La Crosse virus and West Nile virus of southern Appalachia. J. Am. Mosq. Con-
trol Assoc. 32: 24-33. https://doi.org/10.2987/8756-971X-32.1.24 PMID: 27105213

Darsie R. F., and Ward R. A. 2005. Identification and Geographical Distribution of the Mosquitoes of
North America, North of Mexico Gainsville: Univ. University Press of Florida/State, Gainsville.

Lambert A. J., Nasci R. S., Cropp B. C., et al. 2005. Nucleic Acid Amplification Assays for Detection of
La Crosse Virus RNA. Public Health. 43: 1885-1889.

Delatte H.; Gimonneau G.; Triboire A.; Fontenille D. Influence of temperature on immature develop-
ment, survival, longevity, fecundity, and gonotrophic cycles of Aedes albopictus, vector of chikungunya
and dengue in the Indian Ocean. J. Med. Entomol. 2009, 46, 33—41. https://doi.org/10.1603/033.046.
0105 PMID: 19198515

Roiz D., Rosa R., Arnoldi D., Rizzoli A. Effects of temperature and rainfall on the activity and dynamics
of host-seeking Aedes albopictus females in northern Italy. Vector Borne Zoonotic. Dis. 2010, 10, 811—
816. https://doi.org/10.1089/vbz.2009.0098 PMID: 20059318

Carrington Lauren B, Armijos M Veronica, Lambrechts Louis, Barker Christopher M, and Scott Thomas
W. “Effects of Fluctuating Daily Temperatures at Critical Thermal Extremes on Aedes Aegypti Life-His-
tory Traits.” PloS one 8, no. 3 (2013): €58824-. https://doi.org/10.1371/journal.pone.0058824 PMID:
23520534

Weidong Gu, and Novak Robert J. “Statistical Estimation of Degree Days of Mosquito Development
Under Fluctuating Temperatures in the Field.” Journal of Vector Ecology 31, no. 1 (2006): 107-112
https://doi.org/10.3376/1081-1710(2006)31%5B107:SEODDO%5D2.0.CO;2 PMID: 16859097

Healy Kristen B, Dugas Emily, and Fonseca Dina M. “Development of a Degree-Day Model to Predict
Egg Hatch of Aedes Albopictus.” Journal of the American Mosquito Control Association 35, no. 4
(December 2019): 249-257. https://doi.org/10.2987/19-6841.1 PMID: 31922937

https://www.wunderground.com/history

PLOS ONE | https://doi.org/10.1371/journal.pone.0249811  April 16, 2021 15/16


https://doi.org/10.4269/ajtmh.2006.75.2_suppl.0750001
https://doi.org/10.4269/ajtmh.2006.75.2_suppl.0750001
http://www.ncbi.nlm.nih.gov/pubmed/16931810
https://doi.org/10.1089/vbz.2004.4.360
http://www.ncbi.nlm.nih.gov/pubmed/15682518
https://doi.org/10.1089/vbz.2006.6.283
http://www.ncbi.nlm.nih.gov/pubmed/16989568
https://doi.org/10.1146/annurev.ento.53.103106.093258
http://www.ncbi.nlm.nih.gov/pubmed/17645411
https://doi.org/10.1016/j.epidem.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/21352770
https://doi.org/10.1016/S0140-6736(16)00651-6
http://www.ncbi.nlm.nih.gov/pubmed/26993883
https://doi.org/10.1371/journal.pntd.0004726
http://www.ncbi.nlm.nih.gov/pubmed/27186984
https://doi.org/10.1007/s00285-019-01390-z
https://doi.org/10.1016/j.ebiom.2016.06.009
http://www.ncbi.nlm.nih.gov/pubmed/27344225
https://doi.org/10.1111/jvec.12293
http://www.ncbi.nlm.nih.gov/pubmed/29757517
https://doi.org/10.3390/ijerph10051698
https://doi.org/10.2987/8756-971X-32.1.24
http://www.ncbi.nlm.nih.gov/pubmed/27105213
https://doi.org/10.1603/033.046.0105
https://doi.org/10.1603/033.046.0105
http://www.ncbi.nlm.nih.gov/pubmed/19198515
https://doi.org/10.1089/vbz.2009.0098
http://www.ncbi.nlm.nih.gov/pubmed/20059318
https://doi.org/10.1371/journal.pone.0058824
http://www.ncbi.nlm.nih.gov/pubmed/23520534
https://doi.org/10.3376/1081-1710(2006)31%5B107:SEODDO%5D2.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/16859097
https://doi.org/10.2987/19-6841.1
http://www.ncbi.nlm.nih.gov/pubmed/31922937
https://www.wunderground.com/history
https://doi.org/10.1371/journal.pone.0249811

PLOS ONE

La Crosse virus spread within the mosquito population in Knox County, TN

37.

38.

39.

40.

41.

Brady O.J., Johansson M.A., Guerra C.A. et al. Modelling adult Aedes aegypti and Aedes albopictus
survival at different temperatures in laboratory and field settings. Parasites Vectors 6, 351 (2013).
https://doi.org/10.1186/1756-3305-6-351 PMID: 24330720

Kamimura K, Matsuse IT, Takahashi H, Komukai J, Fukuda T, Suzuki K, et al. Effect of temperature on
the development of Aedes aegypti and Aedes albopictus. Medical Entomology and Zoology. 2002; 53:
53-58. https://doi.org/10.7601/mez.53.53_1

Teng H.-J., and Apperson C. S. Development and survival of immature Aedes albopictus and Aedes tri-
seriatus (Diptera: Culicidae) in the laboratory: effects of density, food, and competition on response to
temperature. J Med Entomol 37, 1 (2000), 40-52. https://doi.org/10.1603/0022-2585-37.1.40 PMID:
15218906

Wang X., Tang S., and Cheke R. A. (2016). A stage structured mosquito model incorporating effects of
precipitation and daily temperature fluctuations. Journal of Theoretical Biology, 411: 27-36 https://doi.
org/10.1016/}.jtbi.2016.09.015 PMID: 27693525

Joceline Lega, Brown Heidi E., and Barrera Roberto. 2017. “Aedes Aegypti (Diptera: Culicidae) Abun-
dance Model Improved with Relative Humidity and Precipitation-Driven Egg Hatching.” Journal of Medi-
cal Entomology 54(5): 1375-84. https://doi.org/10.1093/jme/tjx077 PMID: 28402546

PLOS ONE | https://doi.org/10.1371/journal.pone.0249811  April 16, 2021 16/16


https://doi.org/10.1186/1756-3305-6-351
http://www.ncbi.nlm.nih.gov/pubmed/24330720
https://doi.org/10.7601/mez.53.53_1
https://doi.org/10.1603/0022-2585-37.1.40
http://www.ncbi.nlm.nih.gov/pubmed/15218906
https://doi.org/10.1016/j.jtbi.2016.09.015
https://doi.org/10.1016/j.jtbi.2016.09.015
http://www.ncbi.nlm.nih.gov/pubmed/27693525
https://doi.org/10.1093/jme/tjx077
http://www.ncbi.nlm.nih.gov/pubmed/28402546
https://doi.org/10.1371/journal.pone.0249811

