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ABSTRACT Zika virus is a mosquito-borne flavivirus known to cause severe birth
defects and neuroimmunological disorders. We have previously demonstrated that
mosquito transmission of Zika virus decreases with temperature. While transmission
was optimized at 29°C, it was limited at cool temperatures (,22°C) due to poor virus
establishment in the mosquitoes. Temperature is one of the strongest drivers of vec-
tor-borne disease transmission due to its profound effect on ectothermic mosquito
vectors, viruses, and their interaction. Although there is substantial evidence of tem-
perature effects on arbovirus replication and dissemination inside mosquitoes, little
is known about whether temperature affects virus replication directly or indirectly
through mosquito physiology. In order to determine the mechanisms behind tem-
perature-induced changes in Zika virus transmission potential, we investigated differ-
ent steps of the virus replication cycle in mosquito cells (C6/36) at optimal (28°C)
and cool (20°C) temperatures. We found that the cool temperature did not alter Zika
virus entry or translation, but it affected genome replication and reduced the
amount of double-stranded RNA replication intermediates. If replication complexes
were first formed at 28°C and the cells were subsequently shifted to 20°C, the late
steps in the virus replication cycle were efficiently completed. These data suggest
that cool temperature decreases the efficiency of Zika virus genome replication in
mosquito cells. This phenotype was observed in the Asian lineage of Zika virus, while
the African lineage Zika virus was less restricted at 20°C.

IMPORTANCE With half of the human population at risk, arboviral diseases represent
a substantial global health burden. Zika virus, previously known to cause sporadic
infections in humans, emerged in the Americas in 2015 and quickly spread world-
wide. There was an urgent need to better understand the disease pathogenesis and
develop therapeutics and vaccines, as well as to understand, predict, and control vi-
rus transmission. In order to efficiently predict the seasonality and geography for
Zika virus transmission, we need a deeper understanding of the host-pathogen inter-
actions and how they can be altered by environmental factors such as temperature.
Identifying the step in the virus replication cycle that is inhibited under cool condi-
tions can have implications in modeling the temperature suitability for arbovirus
transmission as global environmental patterns change. Understanding the link between
pathogen replication and environmental conditions can potentially be exploited to de-
velop new vector control strategies in the future.

KEYWORDS RNA replication, Zika virus, temperature

Diseases such as Zika, dengue, and chikungunya, once considered tropical and sub-
tropical diseases, have spread explosively throughout the world due to climate

change, globalization, and increased urbanization. With half of the human population
at risk, arboviral diseases represent a substantial global health burden (1). Zika virus
(ZIKV) is a mosquito-borne flavivirus known to cause sporadic and mild infections in
humans. In 2015, ZIKV emerged in the Americas and within a year quickly spread to
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approximately 65 countries worldwide, resulting in over 360,000 suspected cases
(https://www.paho.org/). Shortly after it was linked to birth defects (2) and neuroimmu-
nological disorders (Guillain-Barré syndrome) (3), ZIKV was declared a “public health
emergency of international concern” (4). With no therapeutics or vaccines to mitigate
disease, ZIKV was quickly put at the forefront of research interest to fulfill the urgent
need to better understand disease transmission, pathogenesis, and prevention.

Temperature is one of the strongest drivers of vector-borne disease transmission
due to its profound impact on ectothermic mosquito vectors, pathogens, and their
interactions (5). Numerous studies have investigated the effects of temperature on
mosquito infection, the extrinsic incubation period (EIP), and overall transmission
potential in a diversity of vector-borne disease systems (6–10). However, the exact
mechanisms of how temperature shapes arboviral transmission are rarely elucidated.
Temperature can affect virus replication directly or indirectly by altering mosquito
physiology (11), immunity (12, 13), and cellular processes (14). Even though arboviruses
evolved to replicate across a wide range of temperatures, from within invertebrate vec-
tors to febrile mammalian and avian hosts, temperature can also modify virus replica-
tion. Studies have shown that temperature can alter virus structure (15, 16), induce the
fluctuation of viral surface proteins required for entry in the host cell (17, 18), or affect
genome replication (19, 20). Although a few studies have investigated ZIKV structure
and thermal stability (21–23), no studies have investigated how temperature affects
the ZIKV replication cycle.

In our previous work, we demonstrated that ZIKV transmission in Aedes aegypti
mosquitoes was optimized at 29°C and had a thermal range of 22.7°C to 34.7°C.
Although warm temperatures facilitated rapid virus replication, warm conditions
(.36°C) also increased mosquito mortality and led to an overall decrease in transmis-
sion potential. However, cool conditions (,22°C) prevented the mosquitoes from
becoming infectious due to poor midgut infection and escape (24). In order to under-
stand the mechanisms of reduced ZIKV transmission potential at suboptimal tempera-
tures, we investigated ZIKV replication in vitro using a mosquito cell line incubated
across a range of temperatures. Here, we show that ZIKV replication in cell culture
closely mirrors the findings in mosquitoes. ZIKV replication occurs faster as the temper-
ature increases, until the temperature starts to induce cell death, while cool tempera-
tures significantly decrease the replication kinetics. We formulated the following two,
not mutually exclusive, hypotheses to address our observations. (i) The stress from
cool temperatures alters the cellular environment, either limiting host factors necessary
for viral replication or overproducing an inhibitory factor not produced at permissive
temperatures. (ii) The suboptimal temperatures prevent a viral function required to
complete the viral replication cycle and produce progeny virus. We found that reduced
ZIKV replication at suboptimal temperature is not a result of acute cellular stress. In
addition, maintaining cells at 20°C did not appear to affect early and late steps in the
viral replication cycle; however, it did affect genome replication. While American iso-
lates of ZIKV were restricted, African isolates were able to replicate more efficiently at
20°C.

RESULTS
ZIKV, dengue virus (DENV), and chikungunya virus (CHIKV) replication curves

at different temperatures. To characterize the effect of temperature on ZIKV replica-
tion in mosquito cells, we infected C6/36 cells with ZIKV and incubated them at six
temperatures ranging from 16°C to 36°C (Fig. 1A). To mirror our experiment in mosqui-
toes (24), six independent plates were infected at 28°C for 2 h, inoculum was removed,
and the plates were then moved to the indicated temperatures, where they were main-
tained for the remainder of the experiment. Initial ZIKV replication and peak titers
occurred more quickly as the temperature increased. Incubation at 16°C resulted in
almost complete inhibition of virus production in C6/36 cells, while incubation at 20°C
resulted in delayed particle release and more than a 5-log reduction in peak titers.
While ZIKV replication started robustly at 36°C, virus replication was drastically reduced
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over time. This phenotype is a result of temperature-related cellular stress and was not
observed in ZIKV-infected mammalian cells that optimally produce virus at 37°C (Fig.
1B). While virus replication peaked at 2.67 � 109 tissue culture infective doses (TCID50)/
mL at 28°C in mosquito cells, the peak titer was 3.5-log lower at 28°C in Vero cells. In
comparison, Vero cells infected at 37°C produced the highest titers of virus throughout
the experiment, yet titers in C6/36 cells at 36°C peaked low and early and then fell over
the course of the experiment. This suggests that peak virus replication is determined
by both intracellular components and optimal environmental conditions.

Next, we compared ZIKV replication across six temperatures to another flavivirus
(DENV) and to an alphavirus (CHIKV). DENV had replication dynamics similar to ZIKV,
yet DENV was less restricted at cool temperatures, reaching 1.45 � 103 TCID50/mL at
16°C and 3.74 � 106 TCID50/mL at 20°C (Fig. 1C). CHIKV replication kinetics and its
response to temperature greatly differed relative to both flaviviruses (Fig. 1D). In order
to compare how the temperature differentially affects the three viruses, we compared
how much virus was produced across the temperature range early (Fig. 1E) and late

FIG 1 Temperature effects on ZIKV, DENV, and CHIKV replication. (A to D) Replication rates for ZIKV in C6/36
cells and titers on day 6 (A), ZIKV in Vero cells and titers on day 7 (B), DENV in C6/36 cells and titers on day 7
(C), and CHIKV in C6/36 cells and titers on day 2 (D). (E and F) Percent maximum titer on day 2 (E) and day 8
(F). C6/36 cells were incubated with ZIKV (MOI, 0.1), DENV (MOI, 0.1), or CHIKV (MOI, 0.005) for 2 h at 28°C,
when infectious medium was removed and replaced with fresh medium. The cells were kept at 16°C, 20°C,
24°C, 28°C, 32°C, or 36°C for 10 days. Vero cells were infected with ZIKV (MOI, 0.1) for 1 h at 37°C. The cells
were incubated at 28°C, 32°C, 37°C, 39°C, 40°C, or 41°C for 7 days. Supernatants were collected every 24 h and
titrated on Vero cells. Titers are given in TCID50 units/mL. Dashed lines represent the limit of detection. Data
shown are means 6 SEM from three independent replicates for each virus. Bar graphs represent viral titers on
the day peak titers were reached at optimal temperature (28°C for C6/36, 37°C for Vero). Statistical differences
were determined with a one-way ANOVA on log-transformed data for each experiment. Dunnett’s test was
used for multiple comparisons, where the optimal temperature (28°C or 37°C) was compared to all other
temperatures. *, P , 0.05; ***, P , 0.001; ****, P , 0.0001.
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(Fig. 1F) during the infection. While CHIKV replication proceeded at a higher rate with
both cool and warm temperatures inhibiting optimal viral yields early in the infection,
ZIKV and DENV were observed to produce higher titers as the temperature increased
(Fig. 1E). However, both ZIKV and DENV titers were low at 36°C late in infection, sug-
gesting that prolonged high-temperature treatment may enhance early replication but
eventually caused cell death (Fig. 1F). Interestingly, CHIKV peak TCID50 values were sim-
ilar at 28°C and 20°C, simply delayed under cool conditions, suggesting that C6/36 cells
are capable of producing virus particles at 20°C; however, low temperatures might
affect ZIKV and CHIKV replication differently.

Temperature and virus effects on cell physiology. Temperature profoundly affects
cell physiology and metabolism; therefore, it can alter cell proliferation, viability, and pro-
tein production. We monitored uninfected as well as ZIKV-, DENV-, and CHIKV-infected
C6/36 cell proliferation and viability at temperatures ranging from 16°C to 36°C. The
number of cell generations over a 4-day period increased proportionally with tempera-
ture except for cells incubated at 36°C, where cell proliferation decreased (Fig. 2A). While
DENV infection did not alter cell proliferation at any temperature, ZIKV infection reduced
the number of generations at 32°C and CHIKV decreased cell proliferation at all

FIG 2 Temperature and virus effects on cell proliferation, viability, and protein production. (A) Cell proliferation
of uninfected or infected C6/36 cells at different temperatures (16°C to 36°C). Dyed cells were infected with
ZIKV, DENV, or CHIKV as described in the legend to Fig. 1 and were incubated at one of the six temperatures
for 4 days. Intracellular fluorescence was normalized to that of uninfected cells on day 0. Data are presented as
the mean 6 SEM from three independent experiments. (B) Cell viability of uninfected or infected C6/36 cells
incubated at six temperatures (16°C to 36°C) for 6 days. Cell viability was normalized to that of uninfected cells
maintained at 28°C, and data are presented as the mean 6 SEM from three independent experiments.
Statistical differences for cell proliferation and viability were assessed by a two-way ANOVA with Dunnett’s
correction for multiple comparisons. For each temperature, uninfected cells were compared to those infected
with each virus. (C) Cell viability of uninfected or ZIKV-infected Vero cells incubated at six temperatures (28°C
to 41°C) for 4 days. Cell viability was normalized to that of uninfected cells maintained at 37°C, and data are
presented as the mean 6 SEM from three independent experiments. Statistical differences were determined by
a two-way ANOVA, followed by Bonferroni’s test for multiple comparisons. (D) Protein production at each
temperature (16°C to 36°C) on days 1 and 3 was assessed after transfection of C6/36 cells with Ac5-STABLE2-
neo plasmid. The data shown, expressed as mean GFP fluorescence, are means 6 SEM from three replicates.
Statistically significant mean fluorescence was assessed by using a two-way ANOVA on log-transformed data,
followed by Dunnett’s test for multiple comparisons. For days 1 and 3, 28°C was compared to all other
temperatures. The color of the significance symbol corresponds to the color for each day. (E) Total protein
lysate was prepared for uninfected C6/36 cells incubated at six temperatures (16°C to 36°C) for 4 days. Seventy-
five micrograms of total protein was denatured and run on a TGX Stain-Free gel (Bio-Rad). The gel was
activated with UV light and imaged with a ChemiDoc XRS digital imaging system (Bio-Rad). *, P , 0.05; **,
P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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temperatures. Low and high temperatures also affected cell viability, represented by
lower ATP levels, after cells were maintained at the indicated temperature for 6 days
(Fig. 2B). CHIKV was more cytopathic than ZIKV and DENV, while ZIKV affected cell viabil-
ity only at warm temperatures. DENV-infected cells showed little to no reduction in ATP
levels in comparison to uninfected cells. We also checked cell viability in uninfected and
ZIKV-infected Vero cells at temperatures ranging from 28°C to 41°C (Fig. 2C). As
expected, suboptimal and extreme temperatures (28°C, 40°C, 41°C) decreased cell viabil-
ity. ZIKV infection was more cytopathic in mammalian than in mosquito cells, resulting
in significantly reduced ATP levels at all temperatures except 28°C.

In order to investigate the effects of temperature on protein production, we trans-
fected C6/36 cells with an insect expression plasmid that encodes green fluorescent
protein (GFP) (pAc5-GFP) at 28°C and 6 h later moved the cells to the indicated temper-
ature (Fig. 2D). One day after transfection, cells produced less GFP at suboptimal (16°C,
20°C, 24°C) and hot (36°C) temperatures. Decreased protein production suggests that
cells are slightly less metabolically active early after transfection at those temperatures.
Three days after transfection, cells incubated at 28°C and 32°C were less fluorescent,
likely due to faster cell proliferation. Slower proliferation at other temperatures resulted
in higher mean GFP fluorescence as there were more GFP-positive cells. Therefore, while
C6/36 cells do not proliferate as efficiently at low temperatures, they are still able to pro-
duce proteins. That was further verified by monitoring the endogenous protein levels
across all six temperatures (Fig. 2E). Protein production was rather stable after 4 days
under various temperature conditions with subtle decreases at cool temperatures (16°C
and 20°C) and obvious differences when maintained at 36°C.

ZIKV, DENV, and CHIKV replication in 20°C-adapted C6/36 cells. When the repli-
cation curves shown in Fig. 1 were determined, cells normally maintained at 28°C were
infected and transferred to the different temperature treatments. Therefore, cells were
subjected to temperature change during the initial infection time, which may have
triggered acute cellular responses that would not be present if cells were maintained
at the various temperature treatments prior to infection. To determine if virus replica-
tion was inhibited at 20°C due to acute cellular stress responses, we adapted C6/36
cells to grow at 20°C. After maintaining C6/36 cells at 20°C for several months, we com-
pared the adapted cell morphology to the morphology of normal cells and observed
no changes. We also demonstrated that 20°C-adapted cells proliferated faster at 20°C
than the cells that were shifted from 28°C to 20°C (Fig. 3A and B). We then investigated
ZIKV, DENV, and CHIKV replication in 20°C-adapted cells and found there was no differ-
ence in virus yields between adapted and nonadapted cells at 20°C (Fig. 3C to E). This
suggests that the reduced ZIKV replication was not likely a result of acute cellular stress
brought on by the sudden temperature shift.

Effects of suboptimal temperature on ZIKV spread.We next sought to determine
which part of the virus replication cycle is affected by cool temperatures. We first
examined if cells with established ZIKV infection are capable of producing infectious vi-
rus particles at 20°C (Fig. 4A). Persistently infected C6/36 cells were distributed into
two dishes, one of which was transferred to 20°C, while the other was kept at 28°C.
Interestingly, the amounts of infectious virus produced every 24 h for 5 days were simi-
lar at 20°C and 28°C. We observed a slight decrease in virus yields, which was likely due
to decreased cellular metabolism at 20°C. Overall, this suggests that later steps in virus
replication are not inhibited at cool temperatures.

Next, we infected C6/36 cells with a low multiplicity of infection (MOI, 0.1) and incu-
bated them at 28°C for 36 h, during which ZIKV infection was established in a small
proportion of cells (Fig. 4B). The cells were then split and incubated at 20°C or 28°C for
five additional days. While virus titers increased up to 3 logs at 28°C, the titers pla-
teaued in C6/36 cells maintained at 20°C. This plateau could be the result of inhibited
viral spread from the previously infected cells to naive cells or an overall reduction in
virus production in both cells with established infection and newly infected cells.

To determine if the plateau in virus titers was due to inhibition of virus spread, we
quantified the number of infected cells over time. We infected cells with a low MOI
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and incubated them at 28°C for either 2 h, to mimic the original replication curves (Fig.
4C), or 36 h, to mimic the later experiment (Fig. 4D). The cells were then maintained at
20°C or 28°C, stained for ZIKV antigen, and analyzed using flow cytometry. We saw that
cultures maintained at 20°C displayed low levels of ZIKV-positive cells, suggesting that
the virus was unable to spread and replicate in naive cells (Fig. 4C). When the cells
were maintained at 28°C for 36 h before shifting, more ZIKV-positive cells were
detected at 20°C; however, 28°C enhanced the production of ZIKV antigens. Taken to-
gether, these data suggest that the cells with an established infection are capable of
producing infectious particles but that the virus produced is not able to efficiently
spread and establish infection in uninfected cells at 20°C.

ZIKV entry kinetics. In order to elucidate the kinetics of ZIKV internalization and
fusion in C6/36 cells, infected cells were treated with chlorpromazine (CPZ) and ammo-
nium chloride (NH4Cl). CPZ inhibits clathrin-mediated endocytosis, an entry pathway
used by ZIKV in mammalian cells (25, 26). NH4Cl is a weak base that increases the endo-
somal pH and prevents the low-pH-dependent conformational changes in the E pro-
tein required for fusion (27–29). To ensure that these compounds inhibit ZIKV entry in
C6/36 cells, we first confirmed that both drugs reduced viral titers while remaining
noncytotoxic (Fig. 5A and B). We then performed a time-of-addition assay with NH4Cl
to establish the dynamics of internalization and fusion steps in C6/36 cells (Fig. 5C). We
treated the cells with NH4Cl at the indicated time points to determine when ZIKV com-
pletes fusion and entry in cells maintained at 28°C. If NH4Cl was added 1 h after infec-
tion, it blocked 65% of the virus produced in the mock control, while only 25% of the
virus was inhibited if added at 2 h. This suggests that most ZIKV particles enter C6/36
cells within the first 2 h of infection at 28°C.

Effects of suboptimal temperature on ZIKV entry. Next, we wanted to determine
when the cool temperature most affects ZIKV replication. We evaluated the effect of

FIG 3 ZIKV, DENV, and CHIKV replication in 20°C-adapted C6/36 cells. (A and B) Cell proliferation of 20°C-
adapted C6/36 cells in comparison to standard cells at 20°C. Both cell types were stained and maintained at
20°C for 10 days. Fluorescence was measured every 2 days and normalized to either 20°C-adapted or standard
cells on day 0. Pictures of the cells were taken on days 0 and 6, and representative images are shown in panel
B. The data shown are means 6 SEM from three replicates. Statistical differences were determined by using a
two-way ANOVA with Bonferroni’s correction, where adapted cells were compared to standard cells at each
time point. (C to E) Replication rates of ZIKV (C), DENV (D), and CHIKV (E) in 20°C-adapted cells were compared
to those of standard cells at 20°C and 28°C. 20°C-adapted cells were infected and kept at 20°C, while standard
cells were infected at 28°C and kept at 20°C or 28°C. Supernatants were collected every 48 h and titrated.
Dashed lines represent the limit of detection. Data shown are means 6 SEM of results from three independent
experiments for each virus. *, P , 0.05; **, P , 0.01.
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transferring infected cells between suboptimal (20°C) and optimal (28°C) environments
on viral titers. If the cells were infected and maintained at 20°C for 2 or 6 h before
being shifted to 28°C, the virus titers were similar to that of cells maintained at 28°C for
the entire time period (Fig. 6A). Based on the previously established entry dynamics,

FIG 5 ZIKV entry dynamics in C6/36 cells. (A) Drug inhibition assay. CPZ (50 mM) and NH4Cl (25 mM)
were added 2 h prior to ZIKV infection (MOI, 0.1) and were kept during infection. After 2 h of
incubation at 28°C, the infectious medium with the drug or vehicle was removed and replaced with
fresh medium. Supernatants were collected at 48 h p.i. and titrated. The dashed line represents the
limit of detection. (B) Cell viability. The cells were treated with the same concentrations of the drug
or the same amount of vehicle for 4 h, and ATP levels were measured after 2 days. Data are
presented as the mean 6 SEM from three independent experiments for each drug. Statistical
differences were assessed by using a two-way ANOVA, followed by Bonferroni’s test for multiple
comparisons. (C) Time of addition. NH4Cl (25 mM) was added to the ZIKV-infected cells at 0, 15, 30,
60, 120, and 240 min p.i. and kept for 4 h. Supernatants were collected at 48 h p.i. and titrated. Cell
titers were normalized to mock infection, and data are presented as the mean 6 SEM from three
independent experiments. Statistical significance was determined by using a one-way ANOVA on log-
transformed data with Dunnett’s correction, where mock infection was compared to the time of drug
addition. *, P , 0.05.

FIG 4 ZIKV production and spread at suboptimal temperature. (A) C6/36 cells with established ZIKV
infection were split and incubated at 20°C or 28°C for 5 days. (B) C6/36 cells infected at an MOI of 0.1
were split at 36 h postinfection (p.i.) and incubated at 20°C and 28°C for 5 days. Supernatants were
collected and replaced daily, and virus titers were determined. Data shown for persistent ZIKV infection
are means 6 SEM of results from two biological replicates, each consisting of three technical replicates
(n = 6). Data shown for an MOI of 0.1 are means 6 SEM of results from three independent experiments.
Dashed lines represent when the cells were split. (C and D) The percentage of ZIKV-positive cells was
assessed using flow cytometry. (C) Cells were infected with ZIKV (MOI 0.1) for 2 h at 28°C and then split
and incubated at 20°C or 28°C. (D) Cells infected with ZIKV were kept at 28°C for 36 h and then split and
incubated at 20°C or 28°C. ZIKV-positive cells were measured after splitting (2 or 36 h p.i.) and 2, 4, and 6
days p.i. Data shown are means 6 SEM of results from seven independent experiments. Statistical
differences were assessed by a two-way ANOVA with Bonferroni’s correction, where cells at 20°C were
compared to cells at 28°C at every time point. **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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this suggests that ZIKV entry was not inhibited at the suboptimal temperature.
However, if cells were infected at 20°C and maintained at the cool temperature for
12 h before being shifted to 28°C, fewer particles were produced. When infected cells
were shifted from warm (28°C) to cool (20°C) environments, we found that consider-
ably fewer particles were produced if the shift occurred at any point within the first
12 h after infection (Fig. 6B). This suggests that ZIKV requires more than 12 h at 28°C to
establish a productive infection. In combination with our previous findings (Fig. 4 and
5), these data suggest that cool temperatures block efficient replication after fusion,
but late stages of the virus replication cycle in cells with established infection can pro-
ceed at cool temperatures.

Effects of suboptimal temperature on virus recovery, translation, replication,
and double-stranded RNA (dsRNA) production.Our data indicate that cooler tempera-
ture primarily inhibits ZIKV replication after the initial 2-h viral entry period. To further con-
firm the phenotype, we bypassed binding, internalization, fusion, and nucleocapsid disas-
sembly steps by transfecting full-length genomes into the cells and quantifying the
amount of infectious viral particles produced (Fig. 7A). If the cells were transfected and
maintained at 28°C, infectious ZIKV particles were readily detected after 2 days. However,
if the cells were transfected at 28°C and transferred to 20°C 1 h following transfection, no
infectious virus was produced. If 20°C-adapted cells were transfected and kept at 20°C, no
virus was produced, but if transferred to 28°C 1 h following transfection, virus was pro-
duced at levels similar to those of the cells maintained at 28°C.

Efficient translation is required for virus to be produced from the transfected
genomes. To directly measure translation efficiency, we designed a translation reporter

FIG 6 ZIKV entry at suboptimal temperature. (A) Cool-to-warm temperature switch. C6/36 cells (6 � 105 cells/mL) were
plated and incubated at 20°C 2 h prior to infection. Cells were then inoculated with ZIKV (MOI, 0.1) for 2 h and moved to
28°C at 2, 6, or 12 h p.i. As a control, one set of cells was maintained at 20°C while another was maintained at 28°C
throughout the experiment. Supernatants were collected at 48 h p.i. and titrated. (B) Warm-to-cool temperature switch.
C6/36 cells were plated at the same density as described for panel A and infected with ZIKV (MOI, 0.1) for 2 h. The cells
were transferred from 28°C to 20°C at 2, 6, or 12 h p.i. As a control, one set of cells was maintained at 28°C while another
was maintained at 20°C throughout the experiment. Supernatants were collected at 96 h p.i. and titrated. Dashed lines
represent the limit of detection. Experimental designs were created with BioRender.com. Data are presented as the mean 6
SEM from three replicates for each experiment. Statistical differences were determined by a one-way ANOVA on log-
transformed data, followed by Dunnett’s test for multiple comparisons, where each condition was compared to both 20°C
(purple significance symbol) and 28°C (orange significance symbol) controls. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****,
P , 0.0001.
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construct containing a luciferase coding region flanked by the 59 and 39 ZIKV untrans-
lated (UTR) regions and transfected the RNA into the cells (Fig. 7B). There was no differ-
ence in luciferase signal between the cells that were transfected and maintained at
28°C and the 20°C-adapted cells that were transfected and maintained at 20°C.
Interestingly, there was a slight increase in luciferase production in the cells that were
transfected at 28°C and incubated at 20°C for 8 h.

FIG 7 Virus recovery, translation, and replication at suboptimal temperature. (A) Virus recovery. Standard and 20°C-
adapted cells were transfected with ZIKV RNA at their respective temperatures for 1 h. After transfection, one plate
with standard cells was kept at 28°C and one was transferred to 20°C, and one plate with 20°C-adapted cells was
kept at 20°C and one was transferred to 28°C. Supernatants were collected and titrated at the indicated time
points. The dashed line represents the limit of detection. Data are presented as the mean 6 SEM from at least
three independent experiments. (B) Translation. Standard and 20°C-adapted C6/36 cells were transfected with a
translation reporter construct at their respective temperatures. One plate with standard cells was kept at 28°C and
one was switched to 20°C 1 h after transfection, while 20°C-adapted cells were kept at 20°C. At the indicated time
points, cells were lysed and luminescence was measured. Luminescence was normalized to the 28°C control at 1 h
after transfection. Data shown are means 6 SEM from three independent experiments, each performed in duplicate
wells. (C) Reverse transcription (RT)-qPCR. Standard and 20°C-adapted cells were infected with ZIKV (MOI, 0.1) at
their respective temperatures for 2 h. After the virus inoculum was removed, one plate with standard cells was kept
at 28°C and one was transferred to 20°C, and one plate with 20°C-adapted cells was kept at 20°C and one was
transferred to 28°C. At the indicated time points, cell lysates were collected, RNA was isolated and reversed
transcribed to cDNA, and genome copies were measured by using a qPCR. ZIKV copy numbers were compared to
RPL32 transcripts (22DDCT) and normalized to 2 h after infection. Data shown are means 6 SEM from three
independent experiments, and each qPCR was performed in duplicate wells. Statistical significance was assessed by
using a two-way ANOVA with Dunnett’s correction (data were first log transformed for panels A and C). For each
time point, standard cells kept at 28°C (28°C-28°C) were compared to all other conditions. (D and E) ZIKV replicon.
Standard and 20°C-adapted C6/36 cells were transfected with a CMV-driven ZIKV replicon or a control replicon
containing a GDD-AAA mutation in NS5. Two plates were kept at their respective temperatures, and two were
placed in the opposite-temperature incubators after transfection for 6 days. Luminescence was measured each day
from duplicate wells. Data shown are means 6 SEM from three or six independent experiments. Statistical
significance was determined by using a two-way ANOVA on log-transformed data, followed by Bonferroni’s test for
multiple comparisons. For each time point, wt replicon was compared to its control replicon. The color of the
significance symbol corresponds to the color for each condition. *, P , 0.05; **, P , 0.01; ****, P , 0.0001.
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Since translation was not inhibited by the cool temperature, we wanted to investi-
gate the effect of the cool temperature on genome replication. First, we infected the
cells with ZIKV and measured ZIKV genome copies relative to Aedes albopictus RPL32
transcripts by using the DDCT method (Fig. 7C). Cells maintained at 28°C rapidly pro-
duced ZIKV RNA; however, cells maintained at 20°C did not produce RNA at levels
above the incoming particles 2 h after infection. We then utilized a cytomegalovirus
(CMV)-driven ZIKV replicon containing nanoluciferase and a control replicon with an
NS5 mutation (GDD-AAA) that prevents ZIKV amplification (Fig. 7D and E). While plas-
mid transcription will induce nanoluciferase production, amplification of the replicon
by ZIKV replication machinery will be evident by an increase in signal by the replica-
tion-competent replicon compared to the replication-incompetent version. There was
no difference in nanoluciferase signal between the cells transfected with replication-
competent (wild-type [wt] replicon) and -incompetent (GDD-AAA replicon) plasmids at
20°C (Fig. 7D). Furthermore, there was no difference in the signals between the 20°C-
adapted cells transfected and maintained at 20°C and the standard cells transfected at
28°C and transferred to 20°C, indicating that there is no significant difference in trans-
fection efficiency at 20°C versus 28°C and no difference between the cells adapted to
20°C and standard cells moved to 20°C. In contrast, we detected an amplification of
the luciferase signal in cells transfected with replication-competent (wt replicon) plas-
mid if maintained at 28°C after transfection (Fig. 7E). In cells with replication-incompe-
tent (GDD-AAA) replicons, we detected only the baseline signal from the plasmid.

In addition, we investigated genome replication by staining cells with an antibody
that detects double-stranded RNA (dsRNA), an intermediate produced during genome
replication (Fig. 8A). When ZIKV-infected cells were transferred to 20°C 2 or 12 h after
transfection, we were unable to detect dsRNA intermediates at the cool temperature
after 48 h. In contrast, there was no significant difference in dsRNA intermediates
between CHIKV-infected cells that were transferred to 20°C 2 h after transfection or
those that were maintained at 28°C (Fig. 8B). Taken together, our data suggest that
ZIKV genome replication is inefficient at cool temperatures in mosquito cells.

Replication curves of different ZIKV strains at suboptimal temperature. Lastly,
we wanted to explore if limited virus replication in C6/36 cells at 20°C was common
among different ZIKV isolates or lineages. We compared replication curves of ZIKV Mex
1-44 to another Asian lineage, SPH (Fig. 9A), and to two African lineages, MR-766 and

FIG 8 dsRNA production at suboptimal temperature. (A) Accumulation of dsRNA intermediates. C6/36
cells were infected with a high MOI of ZIKV (MOI .10) and with CHIKV (MOI 1) at 28°C and were shifted
to 20°C at 2 or 12 h p.i. Cells were processed for immunofluorescence using a monoclonal antibody to
detect dsRNA at 48 h p.i. Uninfected cells were used as a control for specificity of the antibody against
dsRNA. Nuclei are shown in blue, and dsRNA intermediates are shown in red. (B) Quantification of dsRNA
fluorescence signal in ZIKV- and CHIKV-infected cells as described for panel A. Points represent individual
cells analyzed. Statistical significance for ZIKV was assessed by using a one-way ANOVA with Dunnett’s
correction, where cells infected and kept at 28°C were compared to each condition. Statistical
significance for CHIKV was determined by using an unpaired t test with Welch’s correction. AU, arbitrary
units. ****, P , 0.0001.
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IbH (Fig. 9B and C). As previously observed with Mex 1-44 (Fig. 1A), SPH replication was
reduced at 20°C; low levels of virus were detected on day 6 and only slightly increased
through day 10. In contrast, both African lineage strains replicated faster, with detecta-
ble replication occurring earlier at day 4 and viral production at both 20°C and 28°C
reaching similar values over the course of the experiment.

DISCUSSION

In order to be successfully transmitted, arboviruses need to adapt to distinct hosts
and persist within a wide temperature range. Environmental temperature plays a criti-
cal role in arboviral transmission since mosquito vectors are susceptible to changes in
temperature (8, 30–34). We have previously demonstrated that ZIKV transmission in A.
aegypti mosquitoes is optimized at 29°C with a thermal range of 22.7°C to 34.7°C (24).
Low ambient temperatures that are well within the range for survival of Aedes species
are known to inhibit arboviral replication and transmission (11, 35). However, the mo-
lecular mechanisms underlying the effects of temperature on virus replication effi-
ciency and vector competence remain unclear. Here, we present data that focus on
how temperature alters ZIKV replication in vitro in C6/36 cells to characterize this rela-
tionship in a minimal system that excludes systemic host responses. We hypothesized
that suboptimal temperatures alter the intracellular environment, which consequently
inhibits virus replication, and/or that temperature directly inhibits virus replication.
First, we showed that ZIKV replication is inhibited at suboptimal temperatures even
when cells are adapted to those temperatures, suggesting that the reduced replication
is not due to changes caused by acute temperature stress. We further clarified the
steps of the virus replication cycle that are most affected by cool temperatures, exam-
ining viral entry, translation, and genome replication. We found that cool temperatures
did not inhibit ZIKV entry or translation but affected genome replication and signifi-
cantly reduced the production of dsRNA replication intermediates (Fig. 10A and B).
However, if cells with an established infection were shifted to 20°C, all the subsequent
steps were efficiently completed, suggesting that cool temperatures decrease the effi-
ciency of early stages in genome replication (Fig. 10C).

Temperature is known to induce molecular changes that impact structures and
functions of proteins, lipids, and nucleic acids, which in turn can affect intracellular
processes, enzymatic activity, membrane fluctuations, cell metabolism, and viability
and induce temperature-shock responses. Therefore, temperature modifies virions and
their interactions with cellular components and is one of the most important factors
impacting infection dynamics during viral replication (36). Although arboviruses can
tolerate drastic temperature changes, replicating efficiently in both mammalian
(;37°C) and mosquito (;28°C) hosts, we found that exposing ZIKV-infected mosquito
cells to a range of temperatures affected virus yields over time. During early infection,
we observed slower replication kinetics at lower temperatures and faster replication at
higher temperatures (Fig. 1E). These higher replication rates of ZIKV at high temperatures

FIG 9 Replication of different ZIKV strains at suboptimal temperatures. Replication rates for SPH (A),
MR-766 (B), and IbH (C) at cool temperature. The cells were infected at an MOI of 0.1 for 2 h at 28°C
and incubated at either 20°C or 28°C for 10 days. Supernatants were collected every 48 h and titrated.
Dashed lines represent the limit of detection. Data shown are means 6 SEM of results from five
replicates for each virus.
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could be caused by increased cellular metabolism, enzymatic activity, and fluidity of cel-
lular membranes. Moreover, there is evidence that the heat shock response can facilitate
entry and replication of Zika, dengue, West Nile, and Japanese encephalitis viruses
(37–39). It has also been suggested that high temperatures have a direct influence on vi-
ral RNA structure and long-range RNA-RNA interactions (20, 40) as well as on the confor-
mation of RNA-dependent RNA polymerase (RdRp) (19), resulting in enhanced replica-
tion and higher titers. Later in infection, we observed decreased viral titers at cool and
high temperatures and increased titers around intermediate temperatures (Fig. 1F). The

FIG 10 Model of ZIKV replication cycle at 20°C and 28°C. (A) Replication of ZIKV efficiently occurs at 28°C, with all steps completed. (B)
When ZIKV infection is initiated at 20°C, infection is stalled after capsid disassembly but before dsRNA intermediates can be detected.
(C) Late stages in the ZIKV replication cycle can occur at 20°C if RNA replication steps occur at 28°C (C). Created in Biorender.com.
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drop in virus yields observed under high-temperature conditions was caused by a pro-
longed heat shock response that affected cell viability. Cool temperatures, on the other
hand, resulted in low virus yields at all time points. Although cold temperatures decrease
cellular metabolism, enzymatic activity, and membrane fluidity (41, 42), none of these
potential alterations in the intracellular environment inhibited DENV or CHIKV replication
in C6/36 cells at 20°C to the same extent that ZIKV replication was inhibited, suggesting
that ZIKV is more sensitive to temperature than the other viruses.

We evaluated ZIKV entry, which includes virus-cell attachment, internalization, and
envelope-cell membrane fusion, at 20°C. ZIKV enters the cells through clathrin-medi-
ated endocytosis and requires low pH for fusion (25). By adding ammonium chloride at
different times after ZIKV infection, we established that most ZIKV virions enter C6/36
cells within 2 h at 28°C. Since cells were infected at 28°C for 2 h before being shifted to
other temperatures in the majority of the experiments, we suggest that the tempera-
ture inhibition was preventing a step in the replication cycle following membrane
fusion. Moreover, transfecting the cells with viral RNA, thereby bypassing entry and nu-
cleocapsid disassembly steps, resulted in an inhibition of virus production similar to
infecting the cells at 20°C (Fig. 7A). However, while transfecting viral RNA into cells
maintained at 20°C prevented virus production, transfecting a translation reporter con-
struct (with untypical type-0 cap) or a nanoluciferase replicon (with typical type-1 cap)
demonstrated that translation is not dramatically affected by cool temperature (Fig. 7B
and D). When we specifically measured and investigated genome replication by quan-
titative PCR (RT-qPCR) and a ZIKV replicon, we could not detect any amplification of
the ZIKV genome or the nanoluciferase signal by ZIKV replication machinery at 20°C,
respectively. Furthermore, we could not readily observe ZIKV dsRNA replication inter-
mediates at cool temperature. Late steps in the virus replication cycle, such as bud-
ding, maturation, and viral egress, are not likely disrupted by cool temperature, since
the cells with an established infection can produce similar numbers of infectious par-
ticles at 20°C and 28°C (Fig. 4A). While our study used C6/36 cells, these findings should
be validated in other cell lines and in mosquitoes.

There are several steps viruses undergo after entry and before genome replication
that could be sensitive to cooler temperatures. After translation and polyprotein proc-
essing, ZIKV must induce extensive ultrastructural changes and rearrangement of the
intracellular membranes to provide the platforms required for the formation of replica-
tion complexes (43, 44). Replication inside membrane compartments concentrates the
molecules necessary for replication and particle assembly but also helps evade host
antiviral defense mechanisms (45, 46). The endoplasmic reticulum (ER) is the primary
site for flavivirus replication, and DENV is known to perturb lipid homeostasis in mos-
quito cells (47) and to reprogram the ER protein synthesis and processing environment
to promote viral replication (48). DENV utilizes fatty acid biosynthesis resulting in lipid
enrichment that has the capacity to destabilize and change the curvature and perme-
abilization of membranes (47), and the NS3 protein has been identified as redistribut-
ing fatty acid synthase (FAS) to the site of viral replication (49). It is well known that
cool temperatures can affect membrane fluidity, but it remains unclear how tempera-
ture could alter the ability of viral nonstructural proteins to interact with cellular factors
and disturb membrane rearrangement.

RNA cyclization, another posttranslational step in the virus replication cycle, is
known to be temperature dependent, and it is a prerequisite for the initiation of flavivi-
rus replication. Studies have shown that cultivation temperature decisively determines
the replication efficiency of West Nile virus (WNV) and ZIKV RNA in mammalian and
mosquito cells (20, 40). WNV long-range RNA-RNA interactions in vitro are enhanced at
high temperatures (37°C), while at low temperatures (28°C), genome cyclization is less
efficient and therefore replication starts at later time points. It has been suggested that
this “RNA thermometer” activity could be involved in modulating the replication effi-
ciency during host switching (20). A study by Li et al. has shown that a single-nucleo-
tide mutation in the DAR (downstream of AUG region) is sufficient to abolish long-
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range RNA-RNA interactions and de novo RNA synthesis of ZIKV at 28°C but not at
37°C. A more restricted DAR complementarity for viral replication at lower tempera-
tures is additional evidence that temperature is a critical determinant of replication
kinetics (40). Another study suggested that the active site of the DENV RdRp exists in
two conformational states, a more rigid conformation at lower temperatures and a
more mobile conformation at higher temperatures, and that temperature determines
how the enzyme recognizes the conformation of the template RNA and affects RNA
synthesis (19).

Interestingly, we found that low temperature affected Asian lineage ZIKV isolates (Mex
1-44 and SPH) and African lineage ZIKV isolates (MR-766 and IbH) differently (Fig. 9).
While Mex 1-44 and SPH replicated at a lower rate and had lower virus titers at 20°C, MR-
766 and IbH replicated faster, and titers peaked at similar levels at 20°C and 28°C. African
and Asian lineages were previously shown to have different phenotypes in cell culture
and A. aegypti mosquitoes (50). While African isolates have higher replication rates in C6/
36 cells than Asian lineage isolates, they seem to be less infectious to A. aegypti mosqui-
toes (50). Moreover, ZIKV isolates from Asian and African lineages displayed different repli-
cation kinetics, cytopathic effects, and impacts on human neural progenitor cell function
(51, 52), as well as the ability to infect human placental trophoblast (53), cause severe
brain damage (54), and cause disease progression in mice (55). Comparative analysis of vi-
ral entry showed that divergent ZIKV strains enter cells in a highly conserved manner (29),
suggesting that genetic variation between ZIKV isolates affects some other aspect of ZIKV
replication cycle with consequences for infection kinetics and pathogenesis.

We have shown that temperature affects flavivirus and alphavirus replication
kinetics differently. ZIKV and DENV responded similarly to temperatures; however, the
extent to which temperature affected virus yields differed. DENV replication was more
efficient and DENV reached higher titers at cool temperatures than ZIKV, which is con-
sistent with our in vivo study showing that the predicted thermal minimum for DENV is
5°C lower than that of ZIKV in A. aegypti mosquitoes (24) and even lower in A. albopic-
tus mosquitoes (10). While flavivirus titers increased with the increase in temperature
early during infection, CHIKV titers were the highest at intermediate temperatures and
lower at both low and high temperatures. Previous work suggests that CHIKV replica-
tion kinetics, rather than high titers, are more important for midgut escape and trans-
mission (56), since slowly replicating variants are less able to overcome the midgut
escape barrier. This could also explain the block in transmission of ZIKV at 20°C (24).

After exposing A. albopictus-derived C6/36 cells infected with ZIKV to the same tem-
peratures that we used previously for ZIKV-infected A. aegypti mosquitoes (24), we
observed similar qualitative trends. High temperatures caused a higher replication rate
in vitro, as well as a higher proportion of infected mosquitoes and a shorter EIP in vivo,
while affecting cell viability and mosquito survival. Low temperatures caused a signifi-
cant reduction in viral titers in vitro and a low proportion of infected mosquitoes, lon-
ger EIP, and impaired transmission in vivo. We have also investigated the transcriptome
profile of ZIKV-infected mosquitoes at low and high temperatures and showed that
temperature dramatically shapes mosquito gene expression (57). Although tempera-
ture causes systemic changes in mosquitoes that can alter virus replication, the direct
effect of temperature on ZIKV replication was still visible at the cellular level. While the
effects of temperature on ZIKV transmission and vector competence have been well
documented (6, 24, 58–60), Murrieta et al. recently demonstrated that temperature
also impacts virus evolution. They showed that temperature significantly modifies the
selective environment within mosquitoes and that fluctuating temperatures cause
strong purifying selection mostly in ZIKV NS5 (61). Future experiments should thus
characterize the phenotypes at suboptimal temperatures and investigate potential ev-
olutionary patterns associated with ZIKV replication at cool temperatures.

Understanding transmission dynamics and epidemiology of infectious diseases is
crucial for successfully controlling current outbreaks and preventing future ones.
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Characterizing the link between pathogen replication and environmental conditions is
important to better understand how environmental factors shape transmission.

MATERIALS ANDMETHODS
Cell lines. C6/36 mosquito cells (ATCC CRL-1660) from A. albopictus were maintained in Leibovitz’s

L-15 medium supplemented with 10% fetal bovine serum (FBS) at 28°C. Some C6/36 cells were adapted
to grow at 20°C. To adapt the cells, they were initially maintained in L-15 medium with a higher FBS con-
tent (20%). After the cells were maintained at 20°C for several weeks, the FBS content was gradually
reduced to 10% over several months. Vero (African green monkey kidney) cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) with 5% FBS at 37°C, 5% CO2.

Virus isolates and viral titer determination. All viral stocks were generated in Vero cells and tested
negative for Mycoplasma contamination by use of a MycoSensor PCR assay kit (Agilent). Detailed pas-
sage histories of the ZIKV isolates used in this study were previously described (50). ZIKV Mex 1-44 was
isolated from a field-caught A. aegypti mosquito in Chiapas, Mexico, in 2016 and was obtained from the
University of Texas Medical Branch (62). ZIKV SPH originated from a Brazilian clinical sample in 2015 and
was obtained from the Oswaldo Cruz Foundation (63). Two African lineage isolates, ZIKV MR-766 and
IbH, were purchased from the American Type Culture Collection (catalog no. VR-1838 and VR-1829,
respectively) (64). The DENV-2 isolate (PRS 225488) originated from human serum collected in Thailand
in 1974 and was obtained from the World Reference Center for Emerging Viruses and Arboviruses at the
University of Texas Medical Branch. An attenuated CHIKV strain (181/c25) was generated as previously
described (65). Viral RNA was produced by in vitro transcription of pSinRep5-181/25ic, a gift from
Terence Dermody (Addgene plasmid no. 60078) (66). Capped RNA was transfected into 293T cells, and
virus-containing supernatants were collected when cells showed signs of cytopathic effect. All viral titers
were determined by endpoint dilutions on Vero cells. The 50% tissue culture infectious dose (TCID50)
was determined using the Spearman-Karber method (67).

Virus replication curves. C6/36 cells were seeded in 12-well plates at a density of 4 � 105 cells/mL
several hours prior to infection. Cells were inoculated with ZIKV using a multiplicity of infection (MOI) of
0.1, with DENV at an MOI of 0.1, or with CHIKV at an MOI of 0.005 for 2 h. The cells and medium were
kept at the indicated constant temperatures for 10 days. Every 24 or 48 h, half of the supernatant was
collected and replaced with fresh medium equilibrated to each temperature. Similarly, Vero cells were
plated at a density of 2.5 � 105 cells/mL and inoculated with ZIKV (MOI, 0.1) for 1 h at 37°C. The cells
were incubated at different constant temperatures, and half of the cell supernatant was collected every
24 h for 7 days.

Cell proliferation. C6/36 cells were stained using the CellTrace violet cell proliferation kit (Invitrogen)
per the manufacturer’s instructions and plated at a density of 4 � 105 cells/mL in 24-well plates. The cells
were maintained at different constant temperatures, and intracellular fluorescence, which decreases with
every generation, was determined using flow cytometry at the indicated time points. The mean fluores-
cence intensities (MFI) were normalized to the MFI value determined at the time of staining to calculate
the number of divisions that occurred.

Cell viability. Cell viability was monitored using the CellTiter-Glo luminescent cell viability assay
(Promega) and a Glomax Explorer (Promega) plate reader per the manufacturer’s instructions. C6/36 cells
were plated at a density of 4 � 105 cells/mL in 24-well plates and treated with the virus, temperature, or
drug. Vero cells were plated at a density of 2.5 � 105 cells/mL in 24-well plates and infected with ZIKV or
left uninfected. At the indicated time points, cell viability was determined and compared to that of the
indicated controls.

pAc5-STABLE2-neo transfection. C6/36 cells were seeded in two T-25 flasks at a density of 6 � 106

cells per flask the night before transfection. One flask was transfected with Ac5-STABLE2-neo plasmid, a
gift from Rosa Barrio and James Sutherland (Addgene plasmid no. 32426) (68), using Lipofectamine 3000
transfection reagent (Invitrogen) per the manufacturer’s instructions. The plasmid encodes Flag-mCherry,
GFP, and Neor under the control of the insect Actin5C promoter. Six hours after transfection, both trans-
fected and control cells were lifted, plated in six 24-well plates, and transferred to the indicated constant-
temperature incubators. Cells were resuspended in phosphate-buffered saline (PBS), and GFP production
was measured using a flow cytometer (BD-LSRII) 24 and 72 h after temperature exposure.

Monitoring of endogenous protein levels. C6/36 cells were plated at a density of 8 � 105 cells per
well in 6-well plates and incubated at 28°C for 4 h to allow the cells time to adhere. The cells were then
distributed to incubators at the indicated temperatures and incubated for 4 days. Cells were gently
washed in PBS, scraped in a small volume, and lysed (50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM EDTA,
0.5% Triton X-100). Aliquots of each sample were diluted in PBS and quantified using a Bradford assay.
Equivalent amounts of protein were denatured/reduced (200 mM Tris [pH 6.8], 8 M urea, 5% SDS,
0.1 mM EDTA, 5 mM dithiothreitol, 0.03% bromophenol blue) and run on a 10% TGX Stain-Free gel. The
protein stain was activated with UV light and imaged per the manufacturer’s instructions (Bio-Rad).

ZIKV production during temperature shift experiments. Persistently infected ZIKV C6/36 cells
were produced by maintaining an infected culture in a T-75 flask at 28°C for several weeks. To monitor
viral production, 1 mL of cell supernatant was collected on two consecutive days. The cells were then
seeded in two 6-well plates at a density of 6 � 105 cells/mL. One plate was maintained at 28°C, and the
second was placed at 20°C. Every 24 h, the entire cell supernatant was collected and replaced to mea-
sure the daily virus production.

For the experiment with actively spreading infection, C6/36 cells were seeded in a T-25 flask at a
density of 6 � 105 cells/mL. The following day, the cells were infected with ZIKV (MOI, 0.1) for 2 h at
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28°C. After incubation, infectious medium was removed, and the cells were washed once before fresh
medium was added. Supernatant was collected at the indicated time points. After the 36-h time point
sample was collected, the cells were washed and seeded in two 6-well plates. Each plate was incubated
at either 20°C or 28°C for 5 days. Every 24 h, the entire cell supernatant was collected and replaced to
measure the daily virus production.

Detection of ZIKV-positive cells at optimal and suboptimal temperatures using flow cytometry.
C6/36 cells were plated in three T-25 flasks at a density of 2 � 106 cells/mL. Two flasks were infected with
ZIKV (MOI, 0.1) for 2 h at 28°C. Cells from one flask were split into two 6-well plates and transferred to 20°C
or 28°C at 2 h following infection. Infected and uninfected control cells from the other two flasks were kept
at 28°C and were split and transferred 36 h following infection. The cells were stained for intracellular ZIKV
protein NS1, and the percentage of ZIKV-positive cells was determined using a flow cytometer at the indi-
cated time points. Briefly, the cells were resuspended in fresh medium, fixed with 4% paraformaldehyde for
15 min, and permeabilized with 0.1% Triton X-100 in 1� PBS for 15 min. The cells were centrifuged at
300 � g for 10 min and resuspended in the primary antibody (anti-ZIKV NS1 mouse MAb; BioFront
Technologies) diluted in permeabilization buffer at a concentration of 1:500. After 45 min of incubation at
37°C, the cells were washed three times in permeabilization buffer by centrifugation for 5 min at 300 � g.
After the last spin, the cells were resuspended in the secondary antibody (Alexa Fluor 647-conjugated goat
anti-mouse Ab; Invitrogen) at a concentration of 1:1,000 and incubated for 30 min at 37°C. The cells were
washed three times and resuspended in 1� PBS. The percentage of infected cells for each treatment was
determined for 20,000 single cells.

Drug inhibition and time of addition. Chlorpromazine hydrochloride (Millipore Sigma) was dis-
solved in ethanol and ammonium chloride (Millipore Sigma) in 1� PBS (Millipore Sigma). C6/36 cells
were seeded at a density of 6 � 105 cells/mL in a 24-well plate and were treated in parallel with the in-
hibitor or the equivalent amount of vehicle. Cells were infected with ZIKV (MOI, 0.1), and inhibitors were
added at the indicated time points. Each treatment with CPZ or NH4Cl was for 4 h, after which time the
inhibitors were removed and fresh medium was added. The cells were kept at 28°C for 48 h, at which
time the supernatant was collected and titrated.

ZIKV RNA transfection. Infectious viral RNA was isolated from viral particles. Briefly, five 15-cm
dishes of Vero cells were inoculated with ZIKV (MOI, 0.01) for 6 days. Supernatant was clarified
(1,000 � g, 3 min) to remove the cell debris, and the virus was then pelleted through a 20% sucrose
cushion at 37,000 rpm in an F37L-8�100 rotor in a Sorvall WX ultracentrifuge. Viral particle pellets were
lysed in 500 mL TRIzol reagent (Thermo Fisher Scientific), and the RNA was extracted per the manufac-
turer’s instructions. Viral RNA was quantified using a Take3 microvolume plate and BioTek microplate
reader. Standard and 20°C-adapted C6/36 cells were plated at a density of 7 � 105 cells/mL in 48-well
plates the day before transfection. Infectious RNA (3 mg) was diluted in 100 mL of serum-free L-15 me-
dium and mixed with Lipofectamine 3000 (Invitrogen) transfection reagents in accordance with the
manufacturer’s instructions. The transfection mixture was equally distributed over three wells on three
plates. Each plate was incubated for 2 h at its respective temperatures. The medium was replaced, and
some plates were switched to different temperatures. Supernatant was collected at the indicated time
points, and viral titers were determined.

Translation quantification. A translation reporter construct, synthesized by Genewiz, that encodes
NanoLuc luciferase with the 59 and 39 UTRs of ZIKV was amplified based on a previously published pro-
tocol (69). The DNA was in vitro transcribed by using the HiScribe T7 ARCA mRNA kit (NEB), and capped
RNA was isolated by using an RNA Clean & Concentrator (Zymo Research) in accordance with the manu-
facturer’s instructions. Standard and 20°C-adapted C6/36 cells were plated at a density of 1 � 106 cells/
mL in 96-well plates and incubated at their respective temperatures for 3 h. Capped RNA (3 mg) was
mixed with Lipofectamine 3000 (Invitrogen) transfection reagents, in accordance with the manufac-
turer’s instructions, and used to transfect 12 wells on each of three 96-well plates. After 1 h of incubation
at the respective temperatures, one plate was shifted from 28°C to 20°C. At the indicated time points,
the medium was removed from duplicate wells, and the cells were lysed in lysis buffer and stored at 4°C.
Once cells from all time points were collected, the Nano-Glo substrate (Promega) was added, and the lu-
minescence was measured in a Glomax Explorer (Promega) plate reader.

qPCR. Standard and 20°C-adapted C6/36 cells were plated at a density of 1 � 106 cells/mL in 12-well
plates and were infected with ZIKV (MOI, 0.1) for 2 h at their respective temperatures. The virus was then
removed, cells were washed with medium, fresh medium was replaced, and the cells were moved to the
indicated temperatures. At the indicated time points, cells were lysed, and RNA was isolated by using a
Quick-RNA miniprep kit (Zymo Research) per the manufacturer’s instructions. One hundred nanograms
of RNA was reverse transcribed into cDNA by using a High-Capacity RNA-to-cDNA kit (Thermo Scientific).
qPCR was performed using the iQ SYBR green supermix with ZIKV NS5 primers (F, GACTGGGTTCCAAC
TGGGAG; R, CCACACTCTGTTCCACACCA) (70) and A. albopictus RPL32 control gene (F, TATGACAAGC
TTGCCCCCAA; R, AGGAACTTCTTGAATCCGTTGG) (71). The qPCR cycling protocol consisted of a denatura-
tion step at 95°C for 15 s, followed by 40 cycles of 59°C for 10 s and 72°C for 20 s. Each sample was ana-
lyzed in duplicate, and each assay contained no-template and no-primer controls. 22DDCT values were
calculated by comparing the change of ZIKV signal to that of RPL32 and normalizing ratios at 2 h follow-
ing infection.

ZIKV replicon. Standard and 20°C-adapted C6/36 cells were plated at a density of 1 � 106 cells/mL
in 96-well plates and were incubated at their respective temperatures overnight (2 plates of each cell
type). Cells were transfected with a plasmid, a gift from Andres Merits (University of Tartu), encoding a
CMV-driven ZIKV replicon in which the structural proteins were replaced by nanoluciferase (72) or a con-
trol replicon containing a GDD-AAA mutation in NS5 preventing ZIKV-induced amplification. Eight
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micrograms of plasmid was mixed with Lipofectamine 3000 per the manufacturer’s instructions and dis-
tributed to 14 wells on each plate (56 wells in total). The transfection was performed at the temperature
in which the cells were maintained for 2 h. The medium was then replaced, and two plates were placed
in the opposite-temperature incubators. At the indicated time points, duplicate wells from each plate
were lysed in Nano-Glo substrate (Promega), and the luminescence was measured in a Glomax Explorer
(Promega) plate reader.

Immunocytochemistry. C6/36 cells were plated at a density of 6 � 105 cells/mL in a 24-well plate
containing a glass coverslip and incubated with ZIKV (high MOI, .10) or CHIKV (MOI, 1). Plates were
shifted to the 20°C incubator at the indicated time points, and cells were harvested 48 h following infec-
tion. Cells were fixed with 4% paraformaldehyde overnight at 4°C. After fixation, all staining steps
occurred at 4°C. The cells were washed three times in 1� PBS, permeabilized with 0.1% Triton X-100 in
1� PBS for 5 min, and blocked with 0.1% Triton X-100 in 1� PBS–2% FBS for 15 min. Cells were incu-
bated with mouse monoclonal anti-dsRNA antibody (rJ2; catalog no. MABE1134, EMD Millipore) diluted
in a blocking solution (1:60) for 1 h, followed by three washes in a blocking solution. Alexa Fluor Plus
594-conjugated goat anti-mouse antibody (Invitrogen) was diluted in a blocking solution (1:100) and
incubated for 30 min while protected from the light. The secondary antibody was removed, and 0.1%
Hoechst dye in a blocking solution was incubated for 15 min in the dark. The cells were washed three
times with 1� PBS, and coverslips were mounted onto slides with ProLong gold antifade reagent
(Molecular Probes). Samples were visualized using a 60� oil immersion lens on a Nikon A1R confocal
microscope.

Statistical analysis. Statistical analyses were performed using Prism 9 for macOS (GraphPad
Software, Inc.). All data are presented as the mean 6 standard error of the mean (SEM), and the number
of biological replicates for each experiment is indicated in the figure legends. When significance was cal-
culated for viral titers, all data were first log transformed. All multiple comparisons were done using ei-
ther ordinary one-way or two-way analysis of variance (ANOVA) with application of Bonferroni’s correc-
tion or Dunnett’s correction for comparison to control or mock infection. A P value of less than 0.05 was
considered to be statistically significant, and statistical differences are indicated as follows: *, P , 0.05;
**, P, 0.01; ***, P, 0.001; ****, P, 0.0001.
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