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ABSTRACT: The extrinsic incubation period is a critical component in the assessment of arboviral transmission potential. It defines the time it takes
for a mosquito to become infectious following exposure to an arbovirus. Since this is a temporal process, the lifespan of a mosquito is intimately tied to
the extrinsic incubation period and thus transmission potential of these viruses. Temperature is a known effector of both vector competence (the ability of
a vector to transmit a pathogen) and mosquito mortality, but the interaction among temperature, vector competence, and mosquito mortality is not well
characterized. Herein, we investigate this interaction for dengue virus, serotype 2, and its primary vector Aedes aegypri where we found that at 30 °C, infec-

tion and/or dissemination shortened the average lifespan of the mosquito and that when considering only mosquitoes with a disseminated infection, those

incubated at 26 °C lived significantly longer.
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Introduction

Global expansion of dengue virus (DENV) has lead to ende-
micity in several regions, including Central and South Amer-
ica.’? Each year, returning travelers from these and other
locations introduce the virus into a largely naive population in
the United States.®> With the exception of self-limited chains
of local transmission in Florida, there has yet to be a sustained
outbreak in the US.*® However, the threat remains as global
travel, trade, and transport increase.! To establish local trans-
mission when virus is introduced, competent mosquito vectors
need to be present. The primary vector, Aedes aegypti, is present
year-round throughout the southern US, including seasonally
in subtropical and more temperate areas.’

Vector competence is the ability of a mosquito popu-
lation to become infected with and ultimately transmit an
arbovirus. The vector competence of DENV in 4. aegypti
is known to be affected by both intrinsic and extrinsic
factors, such as viral strain and temperature/humidity,
respectively.l%1% The influence of temperature on vector
competence is multifaceted and influences the rate of dis-
semination through the mosquito to the salivary glands, as
well as the lifespan of the mosquito.!*

The extrinsic incubation period (EIP) is an important
epidemiological measure and is defined as the time it takes for
a virus to disseminate through a mosquito from the midgut

where virus enters the mosquito after blood feeding to the
salivary glands where it is then expectorated upon subse-
quent feeding. The EIP, while often reported as an average,
discrete value, is a continuous process and is therefore tied to
the mortality rate of a mosquito. If, for example, a specific
strain of virus takes seven days (on average) to disseminate
through a mosquito vector, the lifespan of that mosquito will
determine how many days of infectiousness results from expo-
sure (Fig. 1). In a mosquito that is known to have multiple
blood meals per gonotrophic cycle, such as A. aegypti, this
is especially relevant as it results in a much higher potential
for transmission through an increased rate of human con-
tact. Temperature, as a driver of vector competence, EIP, and
mortality, is a critical environmental factor when considering
transmission dynamics of arboviruses. In addition, previous
studies have observed altered protein expression in salivary
glands of mosquitoes with disseminated DENV2 infections,
including metabolic proteins,'® which may indicate that there
is some alteration in fitness to mosquitoes with a disseminated
infection. To that end, we explored the interaction among
temperature, infection/dissemination status, and mosquito
mortality. Specifically, we investigated whether mosquitoes
had different likelihoods of survival depending on their infec-
tion and/or dissemination status and the temperature to which

they were exposed during the EIP.
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Figure 1. Schematic demonstration of the impact of mosquito mortality
on the cumulative transmission potential of an arbovirus.

Materials and Methods

A. aegypti mosquitoes (Rockefeller strain) from the Louisiana
State University (LSU) colony were reared at a constant tem-
perature of 28 °C with approximately 85% humidity and a
16:8 light/dark cycle.l® Pupae were separated into batches
of 100 per carton and allowed to emerge. Three to five days
postemergence, cartons of adult mosquitoes were exposed to
a blood meal containing a 1:2 mixture of either uninfected
cell culture supernatant and blood or infected cell culture and
blood. Titers of virus were matched prior to feeding (10° pfu/
mL). The virus used was DENV2, strain 1232 was originally
isolated from a patient in Indonesia.”

For each experimental group, an environmental chamber
was programmed to a constant extrinsic incubation tempera-
ture (EIT) of 26 °C, 28 °C, or 30 °C with all other param-
eters as above. Six cartons each of unexposed mosquitoes and
DENV?2 exposed mosquitoes were placed in an environmental
chamber and incubated at constant temperature for the dura-
tion of the EIP until the study concluded at 22 days postexpo-
sure. Total sample sizes per group are listed in Table 1.

Each day, mosquitoes that had died within the previous
24 hours were removed from the carton and the day postexpo-
sure was recorded. Each mosquito was processed for the detec-
tion of DENV2 RNA in the bodies and legs, as infected legs
are an indication of a disseminated infection and has previously
been used as a proxy for vector competence.®1? Mosquitoes
were grouped as follows: unexposed referring to mosquitoes
receiving a blood meal with no virus present; infected referring
to mosquitoes that were exposed to DENV2 and developed an
infection in the abdomens at the time of death; and disseminated
referring to mosquitoes that were exposed and developed a
disseminated infection in the legs.!® At the end of the study
(22 days postexposure), mosquitoes that were still alive were
killed via flash freezing and processed as described in Ref. 20.
For the purposes of the survival analysis, these mosquitoes were
coded in the dataset as right-censored observations, as they did
not experience the event (death) during the study period.

Table 1. Number of mosquitoes in each group (either unexposed
or exposed to DENV2), and incubated at each temperature 26 °C,
28 °C, 30 °C.

GROUP TEMPERATURE (°C) TOTAL # MOSQUITOES
Unexposed 26 144
Unexposed 28 190
Unexposed 30 124
Exposed 26 159
Exposed 28 108
Exposed 30 123

A Kaplan—Meier nonparametric survival analysis was per-
formed using PROC LIFETEST in SAS (version 9.4) to deter-
mine whether time to death among groups was significantly
different. These survival analyses determine the significance
among the entirety of the survival function. We set the type I
error rate at o= 0.05 for pairwise comparisons,and applied a Bonfer-
roni adjustment to the type I error rate to account for multiple com-
parisons wherever appropriate. We first analyzed only the unexposed
group to determine whether there was a significant effect of temper-
ature on mosquito survival in the absence of infection. This required
a Bonferroni adjustment to the significance level of 0/3 =0.0167 to
account for three pairwise comparisons across three temperatures.
Next, we performed pairwise comparisons of unexposed mosquitoes
to infected mosquitoes at each temperature, followed by pairwise
comparisons of unexposed mosquitoes to mosquitoes that devel-
oped a disseminated infection at each temperature. Finally, we com-
pared survival of infected mosquitoes at each temperature and that
of disseminated mosquitoes at each temperature. These two tests also
required the same Bonferroni adjustment to the significance level as
described above.

Results

There was no significant effect of temperature when we
compared mortality among mosquitoes in the unexposed
group (P < 0.05). Survival curves are depicted in Figure 2,
and the average times to death for this and the other groups
are given in Table 2. There was also no significant difference
when time to death was compared between unexposed mos-
quitoes and either (1) infected mosquitoes or (2) dissemi-
nated mosquitoes at 26 °C and 28 °C. At 30 °C, there was
a significant difference between the survival of unexposed
mosquitoes and infected mosquitoes, with average times to
death of 15.09 and 8.60 days (post exposure), respectively
(Fig. 3A). When we then compared unexposed mosquitoes
to mosquitoes that had developed a disseminated infection,
we also observed a shorter lifespan in those mosquitoes with
disseminated DENV2 infections at 30 °C by about half a
day (Fig. 3B). Though these differences are small for both
infected and disseminated comparisons with unexposed
mosquitoes, they are significant (P-values = 0.0078 and
0.0219, respectively).
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Figure 2. Survival curve of mosquitoes that were blood fed but not exposed to any virus and then kept at three difference temperatures (26 °C — red,
28 °C — green, 30 °C — blue) during the period correlating with the EIP of the treatment groups.

We then compared differences in survival for infected
individuals only across the three temperatures and found
a significant difference among the three (P-value = 0.002,
adjusted or= 0.0167). Interestingly, the difference was observed
between those kept at 26 °C and 30 °C (pairwise comparison
P-value = 0.0004, adjusted o = 0.0167), but no difference was
observed between the 28 °C and 30 °C or 26 °C and 28 °C
(Fig. 4A). The same pattern was observed when we analyzed
the survival of mosquitoes with disseminated infections across
the three temperatures (P-value = 0.0029, adjusted az=0.0167),
with significance only between the 26 °C and 30 °C temperatures
(pairwise P-value = 0.0014, adjusted or=0.0167; Fig. 4B).

Discussion

Vector competence is an important factor in the emergence,
expansion, and persistence of arboviruses, but this static quan-
tity does not often capture the whole picture.!® Quantification

Table 2. Estimates of the average time for unexposed mosquitoes,
infected mosquitoes, and mosquitoes with a disseminated infection
at each temperature.

TEMP  GROUP TIME TO DEATH  STD. ERR OF MEAN

26 Unexposed 15.30 0.63
26 Infected 15.73 1.71
26 Disseminated  18.60 0.076
28 Unexposed 15.83 0.44
28 Infected 11.64 1.86
28 Disseminated  16.39 0.7
30 Unexposed 15.09 0.41
30 Infected 8.60 1.94
30 Disseminated  14.51 0.51

and assessment of relative differences in vector competence is
incomplete without accounting for variation in temporality,
which is in turn affected by factors such as temperature.?! As
the global temperature trends toward warming, there will
likely be two (very general) impacts on tropical mosquito
vectors. First, indigenous species may experience prolonged
exposure to higher temperatures as well as exposure to more
extreme temperatures. Second, the geographical range of
these vectors will expand into more temperate regions, albeit
only seasonally in some areas.??

Our results suggest that infection and dissemina-
tion may alter the long-term mortality rate of mosquitoes
infected with DENV2 at higher temperatures, though oth-
ers have shown — and our data do not dispute — that the
short-term mortality of mosquitoes was not affected by
infection and our result (Table 2).2> Our results indicate
that there is a fitness cost associated with infection and dis-
semination at higher temperatures. The additional finding
that, at a lower EIT, the lifespan of a mosquito is longer —
coupled by the fact that viral dissemination is slower at lower
temperatures — may also suggest a trade-off of viral effi-
ciency and potential fitness cost (ie, differential mortality)
for mosquitoes.

While temperature is a known effector of the rate of
arboviral dissemination, our study demonstrates the nonlin-
earity of the relationship between mortality and virus repli-
cation.'242¢ However, the differences observed in our study
still do not offer a clear interpretation of this interaction as
driven by changes in EIT. Thus, the interplay between these
two processes should be further characterized, as our data
suggest different likelihoods of survival depending on infec-
tion and/or dissemination of the vectors and the tempera-
ture to which they are exposed during EIT. This study offers
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Figure 3. Survival curves for comparisons of (A) unexposed to infected mosquitoes at 30 °C and (B) unexposed to mosquitoes with a disseminated

infection were significantly different.
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Figure 4. Survival curves for comparisons of (A) infected mosquitoes across all three temperatures and (B) mosquitoes with a disseminated infection
across all three temperatures. Significant differences were found only between 26 °C (red) and 30 °C (blue) in both cases.

122 l ENVIRONMENTAL HEALTH INSIGHTS 2016:10

Downloaded From: https://complete.bioone.org/journals/Environmental-Health-Insights on 18 Apr 2024

Terms of Use: https://complete.bioone.org/terms-of-use


http://www.la-press.com
http://www.la-press.com/journal-environmental-health-insights-j110

&

Dengue-Infected Aedes aegypti

Table 3. Infection and dissemination rates over the whole period
(22 days) from mosquitoes tested postmortem.

TEMP GROUP PERCENT
26 Infected 0.36
26 Disseminated 0.24
28 Infected 0.65
28 Disseminated 0.49
30 Infected 0.82
30 Disseminated 0.78

Note: Dissemination rates calculated as the number disseminated/total
tested, though may be misleading as mosquitoes were tested after death and
without consideration of EIP.

insight into the combined processes of mortality and infection
dynamics within the mosquito. Such information can not only
offer insights into altered transmission patterns due to climate
change and warming but also lead to more specific param-
eter development for mathematical models that look to predict
expansion or emergence of future public health threats, such
as dengue.

Author Contributions

Conceived and designed the experiments: RCC, CNM. Ana-
lyzed the data: RCC. Wrote the first draft of the manuscript:
RCC. Contributed to the writing of the manuscript: RCC,
CNM. Agree with manuscript results and conclusions: RCC,
CNM. Jointly developed the structure and arguments for the
paper: RCC, CNM. Made critical revisions and approved
final version: RCC. Both authors reviewed and approved of
the final manuscript.

REFERENCES

1. Stanaway JD, Shepard DS, Undurraga EA, et al. The global burden of dengue:
an analysis from the Global Burden of Disease Study 2013. Lancet Infect Dis.
2016;16(6):712-23.

2. Harrington LC, Fleisher A, Ruiz-Moreno D, et al. Heterogeneous feeding pat-
terns of the dengue vector, dedes aegypti, on individual human hosts in rural
Thailand. PLoS Negl Trop Dis. 2014,8(8):¢3048.

3. Anez G, Rios M. Dengue in the United States of America: a worsening scenario?
Biomed Res Int. 2013;2013:678645.

4. Teets FD, Ramgopal MN, Sweeney KD, Graham AS, Michael SF, Isern S. Ori-
gin of the dengue virus outbreak in Martin County, Florida, USA 2013. Viro/
Rep. 2014;1-2:2-8.

. Messenger AM, Barr KL, Weppelmann TA, et al. Serological evidence of ongo-

ing transmission of dengue virus in permanent residents of Key West, Florida.
Vector Borne Zoonotic Dis. 2014;14(11):783-7.

. ReyJR. Dengue in Florida (USA). Insects. 2014;5(4):991-1000.

7. Munoz-Jordan JL, Santiago GA, Margolis H, Stark L. Genetic relatedness

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

of dengue viruses in Key West, Florida, USA, 2009-2010. Emerg Infect Dis.
2013;19(4):652—4.

. Radke EG, Gregory CJ, Kintziger KW, et al. Dengue outbreak in Key West,

Florida, USA, 2009. Emerg Infect Dis. 2012;18(1):135-7.

. Fredericks AC, Fernandez-Sesma A. The burden of dengue and chikungunya

worldwide: implications for the southern United States and California. Ann Glob
Health. 2014,80(6):466-75.

Bara J, Rapti Z, Caceres CE, Muturi EJ. Effect of larval competition on extrin-
sic incubation period and vectorial capacity of Aedes albopictus for dengue virus.
PLoS One. 2015;10(5):¢0126703.

Chepkorir E, Lutomiah J, Mutisya ], et al. Vector competence of Aedes aegypti
populations from Kilifi and Nairobi for dengue 2 virus and the influence of tem-
perature. Parasit Vectors. 2014;7:435.

da Moura AJ, de Melo Santos MA, Oliveira CM, et al. Vector competence of the
Aedes aegypti population from Santiago Island, Cape Verde, to different serotypes
of dengue virus. Parasit Vectors. 2015;8:114.

Poole-Smith BK, Hemme RR, Delorey M, et al. Comparison of vector compe-
tence of Aedes mediovittatus and Aedes aegypti for dengue virus: implications for
dengue control in the Caribbean. PLoS Negl Trop Dis. 2015;9(2):¢0003462.
Couret J, Dotson E, Benedict MQ. Temperature, larval diet, and density effects
on development rate and survival of Aedes aegypti (Diptera: Culicidae). PLoS One.
2014;9(2):e87468.

Chisenhall DM, Londono BL, Christofferson RC, McCracken MK, Mores CN.
Effect of dengue-2 virus infection on protein expression in the salivary glands of
Aedes aegypti mosquitoes. Am | Trop Med Hyg. 2014;90(3):431-7.

Christofferson RC, Mores CN. Estimating the magnitude and direction of altered
arbovirus transmission due to viral phenotype. PLoS One. 2011;6(1):¢16298.
Christofferson RC, McCracken MK, Johnson AM, Chisenhall DM, Mores CN.
Development of a transmission model for dengue virus. Viro/ J. 2013;10:127.
Alto BW, Reiskind MH, Lounibos LP. Size alters susceptibility of vectors to dengue
virus infection and dissemination. 4m J Trop Med Hyg. 2008;79(5):688-95.
Richardson J, Molina-Cruz A, Salazar MI, Black WT. Quantitative analysis of
dengue-2 virus RNA during the extrinsic incubation period in individual Aedes
aegypti. Am J Trop Med Hyg. 2006;74(1):132-41.

de Araujo Lobo JM, Christofferson RC, Mores CN. Investigations of koutango
virus infectivity and dissemination dynamics in Aedes aegypti mosquitoes.
Environ Health Insights. 2014;8(suppl 2):9-13.

Christofferson RC, Chisenhall DM, Wearing HJ, Mores CN. Chikungunya
viral fitness measures within the vector and subsequent transmission potential.
PLoS One. 2014;9(10):¢110538.

Campbell LP, Luther C, Moo-Llanes D, Ramsey JM, Danis-Lozano R,
Peterson AT. Climate change influences on global distributions of dengue and
chikungunya virus vectors. Philos Trans R Soc Lond B Biol Sci. 1665;2015:370.
Carrington LB, Nguyen HL, Nguyen NM, et al. Naturally-acquired dengue
virus infections do not reduce short-term survival of infected Aedes aegypti from
Ho Chi Minh City, Vietnam. 4m J Trop Med Hyg. 2015;92(3):492—6.

Danforth ME, Reisen WK, Barker CM. The impact of cycling temperature on
the transmission of west Nile virus. J Med Entomol. 2016.[In Press].

Zouache K, Fontaine A, Vega-Rua A, et al. Three-way interactions between
mosquito population, viral strain and temperature underlying chikungunya virus
transmission potential. Proc Biol Sci. 1792;2014:281.

Carrington LB, Armijos MV, Lambrechts L, Scott TW. Fluctuations at a low
mean temperature accelerate dengue virus transmission by Aedes aegypti. PLoS
Negl Trop Dis. 2013;7(4):¢2190.

ENVIRONMENTAL HEALTH INSIGHTS 2016:10 l 123

Downloaded From: https://complete.bioone.org/journals/Environmental-Health-Insights on 18 Apr 2024
Terms of Use: https://complete.bioone.org/terms-of-use


http://www.la-press.com
http://www.la-press.com/journal-environmental-health-insights-j110

