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Abstract

Temperatureis astrong driver of vector-borne disease transmission. Y et, for emerging
arboviruses we lack fundamental knowledge on the relationship between transmission and
temperature. Current models rely on the untested assumption that Zika virus responds similarly
to dengue virus, potentially limiting our ability to accurately predict the spread of Zika. We
conducted experiments to estimate the thermal performance of Zikavirus (ZIKV) in field-
derived Aedes aegypti across eight constant temperatures. We observed strong, unimodal effects
of temperature on vector competence, extrinsic incubation period, and mosquito survival. We
used thermal responses of these traits to update an existing temperature-dependent model to infer

temperature effects on ZIKV transmission. ZIKV transmission was optimized at 29°C, and had a

thermal range of 22.7°C - 34.7°C. Thus, as temperatures move toward the predicted thermal
optimum (29°C) due to climate change, urbanization, or seasonally, Zika could expand north and
into longer seasons. In contrast, areas that are near the thermal optimum were predicted to
experience a decrease in overall environmental suitability. We also demonstrate that the
predicted thermal minimum for Zika transmission is 5°C warmer than that of dengue, and current
global estimates on the environmental suitability for Zika are greatly over-predicting its possible

range.
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I ntroduction

M osquito-borne viruses are an emerging threat impacting human health and well-being.
Epidemics of dengue (DENV), chikungunya, and Zika (ZIKV) have spilled out of Africato
spread explosively throughout the world creating public health crises. Worldwide, an estimated
3.9 billion people living within 120 countries are at risk [1]. In 2015-2016, ZIKV spread
throughout the Americas including the continental U.S., resulting in over 360,000 suspected
cases, with likely many more undetected [2]. With the rise of neurological disorders and birth
defects, such as Guillain-Barré and congenital Zika virus syndrome[3, 4], ZIKV became widely
feared and was declared a “public health emergency of international concern” by the World
Health Organization in 2016 [5]. In spite of growing research efforts to develop new
therapeutics, vaccines, and innovative mosquito control technologies, mitigating arbovirus
disease spread still depends on conventional mosquito control methods and public education.
Thus, substantial efforts have been made to predict who ZIKV will spread seasonally,
geographically, and with the effects of climate change [e.g. 6, 7-9].

There are several key gaps that potentially affect our ability to predict, and ultimately,
mitigate the factors that influence transmission risk and arbovirus emergence globally. First,
current models predicting mosquito distributions or virus transmission are often limited by a
relatively poor understanding of the relationships among mosquito vectors, pathogens, and the
environment. Thereis substantial evidence that temperature variability is akey driver of disease
transmission across diverse vector-borne pathogen systems [8, 10-15]. Mosguitoes are small
ectothermic animals and their physiology [16-18], life history [8, 19], and vectorial capacity [10,
20-22] exhibit unimodal responses to changes in temperature. Transmission dependsin large part

on the ability of mosquitoes to survive the extrinsic incubation period (EIP), become infectious,
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and bite new hosts, so differential (unimodal) impacts of temperature on survival, vector
competence, and EIP have highly nonlinear effects on transmission. Warmer temperatures do not
necessarily tranglate into more infectious mosquitoes [8, 20, 23]. Second, current models often
ignore the low quality and quantity of existing data. Even in systems that are fairly well-studied
(e.g. Plasmodium falciparum and DENV), key parameters are often estimated from only afew
studies. Finally, current transmission models often assume, with little justification, that the
relationship between temperature and EIP is monotonic [24], or that the relationships between
temperature, EIP, and vector competence of less-studied arboviruses (e.g. chikungunya and
ZIKV) aresimilar to DENV [8, 9, 25].

To advance our fundamental scientific understanding of the relationship between
temperature and ZIKV transmission, we conducted a series of experimentsto estimate the
thermal performance of ZIKV (vector competence, the extrinsic incubation rate, and the daily
per capita mosquito mortality rate) in field-derived Ae. aegypti across eight different constant
temperatures ranging from 16 - 38°C. We fit a series of nonlinear functionsto estimate the
thermal responses of the above traits. These thermal responses were incorporated into a
temperature dependent basic reproductive number (R;) mode developed for Ae. aegypti and

DENYV [14] to infer how temperature variation will impact ZIKV transmission.

M ethods

Experimental mosquito infections and for ced salivations
For details on virus culture and mosquito rearing, see supplementary information (Text

S1). For each biological replicate, we separated 8,000 1 to 3-day-old females (field derived Ae.
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91  aegypti, F4 generation) prior to ZIKV infection (Fig S1). Mosquitoes were kept in 64 oz. paper

92  cupsand provided with water, which was withdrawn 12 hours before feeding. We offered them

93  either an infectious blood meal containing ZIKV at afinal concentration of 10° PFU/mL or an

94  uninfected, control blood meal. The blood meal was prepared by washing human blood three

95 timesin RPMI medium and the pelleted red blood cells (50%) were resuspended in 33% DMEM,

96 20% FBS, 1% sucrose, and 5 mmol/L ATP. For the infectious blood meal, we mixed the blood

97  mixturewith ZIKV diluted in DMEM (2* 10° PFU/mL) at a 1:1 ratio. M osquitoes were blood-fed

98  through awater-jacketed membrane feeder for 30 min, after which we randomly distributed

99 2,000 ZIKV-exposed engorged mosquitoes and 2,000 unexposed blood-fed control mosquitoes
100 into mesh-covered paper cups (250 mosquitoes per cup). We then placed one ZIKV -exposed and
101  onecontrol cup at each temperature treatment (Percival Scientific): 16°C, 20°C, 24°C, 28°C,
102  32°C, 34°C, 36°C, and 38°C £ 0.5°C. Chambers were set to 80% + 5% relative humidity and a
103  12:12light:dark cycle, and mosquitoes were maintained on 10% sucrose for the duration of the
104  experiment. Mosquito mortality was monitored and recorded daily.
105 Every three days (up to day 21) we force-salivated 20 ZIKV -exposed mosquitoes per
106  treatment group by immobilizing mosquitoes on ice, removing their legs and wings, and placing
107  the proboscis of each mosquito into a pipet tip (containing 35 uL FBS with 3 mmol/L ATP) for
108 30 minon a35°C warming plate. After salivation, we collected mosquito saliva, heads and legs,
109 and bodiesinto 700 uL of DMEM with 1x antibiotic/antimycotic. Each tissue was homogenized
110 inaQIAGEN TissuelLyzer at 30 cycles/second for 30 seconds, and centrifuged at 17,000xg for 5
111  minutesat 4°C. To measure the proportion of mosquitoes that became infected, disseminated

112  infection, and became infectious at each temperature, we tested for the presence/absence of
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113  ZIKV in mosquito bodies, legs and heads, and saliva, respectively, using plague assays on Vero
114  cellsasdescribed above. Two full biological replicates were performed (Fig S1).

115

116  Statistical analysis

117 The effects of temperature was assessed on four different metrics of ZIKV infection. We
118  used the numbers of mosquitoes becoming infected (ZIKV positive bodies), disseminated (ZIKV
119 positive legs/ heads), and infectious (ZIKV positive saliva) out of total numbers of mosguitoes
120  exposed to assess the effect of temperature on the likelihood of ZIKV infection, dissemination,
121  and infectiousness at the population level. We also used the numbers of mosquitoes that became
122  infectious out of those successfully infected (positive bodies) as a measure of ZIKV

123  dissemination efficiency. For each response variable, we used generalized linear mixed models
124  (IBM® SPSS® Statistics 1.0.0.407), normal distribution and identity link function, to estimate the
125  effects of temperature (16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, 38°C), days post infection
126  (dpi 3,6, 9, 12, 15, 18, 21), and the interaction between temperature and dpi (fixed factors).

127  Mosquito batch nested within experimental replicate was included in all models as arandom

128  factor. We determined the best model fit and distributions based on Akaike Information Criterion
129  (AIC), the dispersion parameter, and by plotting model residuals. Sequential Bonferroni tests
130  were used to assess the significance of pairwise comparisons within a significant main effect or
131  interaction, and p-values greater than 0.05 were considered non-significant. Finally, to estimate
132  theeffects of temperature, ZIKV exposure and the interaction between temperature and ZIKV
133  exposure on the daily probability of mosquito survival, we used the same framework in a Cox

134  proportional hazards model (SAS® Studio, 3.6 Basic Edition) with temperature, infection status
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135 (ZIKV-exposed or control) and the interaction as fixed factors, with mosquito batch nested

136  within experimental replicate as a random factor.

137

138  Mechanistic Ry model

139 In previous work, we assembled trait thermal response estimates from laboratory

140  experiments that manipulated temperature and measured each of the following traitsfor Ae.
141  aegypti and DENV: egg-to-adult development rate (MDR), survival probability (pea), fecundity
142  (EFD; eggs per female per day), biting rate (a), adult mosquito mortality rate (u), extrinsic

143  incubation rate (EIR), and vector competence (bc; equal to the proportion of exposed mosguitoes
144  that become infected times the proportion of infected mosqguitoes that become infectious, with
145  virusin their saliva). We then synthesized them into an estimate for the thermal response of Ry,
146  the expected number of new cases generated by a single infectious person or mosquito

147  introduced into afully susceptible population throughout the period within which the person or
148 mosquitoisinfectious[8]:

149

a(T)? be(T) exp(—u(T)/EIR(T)) EFD(T) pga(T) MDR(T)
foll) = T uCy?

150

151  wherer isthe human recovery rate, T is environmental temperature, and T attached to a

152  parameter indicates that the parameter is dependent on temperature. Here, we update three of
153  thesethermal response functions—average adult mosquito lifespan (If="1/x), extrinsc incubation

154 rate (EIR), and vector competence (bc) —using the new experimental data from Ae. aegypti
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155  mosquitoes exposed to ZIKV-infected blood meals across a range of constant temperatures (see
156  Text S1).

157

158 Mapping Seasonal Transmission Range

159 To illustrate predicted temperature suitability for Zikatransmission in the Americas, we
160 mapped the number of months for which Ry(T)>0 for the posterior median response, based on the
161 temperature-dependent model derived here and previoudly [8]. We calculated Ry(T) at 0.1°C
162 increments and projected it onto the landscape for monthly mean current temperatures from
163  WorldClim data at a 5-minute resolution (approximately 10km? at the equator). Climate data
164 layers were extracted for the geographic area and defined using the Global Administrative

165 Boundaries Databases[26]. All map calculations and manipulations were run in R using

166  packages ‘raster’ [27], ‘maptools [28], and ‘Rgdal’ [29]. Resulting GeoTiffs were rendered in
167 ArcGIS10.3.1[30], and mapped as figures. We then used the area represented by 6 months and
168 12 months of transmission suitability to calculate and display the difference between a previous
169 model parameterized on the Ae. aegypti-DENV system [8] and our current predictions,

170
171 Results

172 We found significant effects of temperature, days post-infection (dpi), and the interaction
173  onthe number of mosquitoes that became infected (ZIKV-positive bodies), that disseminated
174  infection (ZIKV-positive legs and heads), and that became infectious (ZIKV-positive saliva). We
175  also found significant effects of temperature, dpi, and the interaction on the overall transmission

176  efficiency of ZIKV. Finaly, these effects translated into significant effects of temperature on Ry,
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177  or predicted risk of transmission for ZIKV, which differed from previous estimates generated
178  from DENV specific models.

179

180 Theeffect of temperature on ZIKV infection and infection dynamics

181 We observed strong, unimodal effects of temperature on the number of mosguitoes

182  infected, with disseminated infections, and that became infectious (Table 1, Fig 1). While all
183  threeresponse variables dropped at both cool and warm temperatures, this decrease was more
184  pronounced astheinfection progressed (Fig 1). For example, the likelihood of becoming infected
185  wasthe most permissive to temperature variation, with the number of infected mosquitoes

186 minimized at 16°C (6%), maximized from 24°C-34°C (75% - 89%), and again minimized at
187  38°C (7%). Thelikelihood of viral dissemination was more constrained, with numbers of

188  mosquitoes with disseminated infections minimized at 16-20°C (4% - 3%), maximized at 28-
189  34°C (65% - 77%), and again minimized at 38°C (5%). Finally, the likelihood of mosquitoes
190  becoming infectious was the most sensitive to temperature, with the numbers of infectious

191  mosguitoes minimized from 16-24°C (0%-4%), maximized between 28-34°C (23%-19%), and
192  again minimized from 36-38°C (5%-0.4%). We also observed a significant effect of temperature
193  ontheratethat virus disseminated through the mosquito and could be detected in saliva

194  (temperature x day, Table 1, Fig 2). In general (with the exception of 36°C and 38°C), we

195  observed increases in the numbers of mosquitoes with ZIKV positive bodies, legs and heads, and
196  salivawith time (Fig 2) suggesting that the time at which ZIKV was detected in these samples
197  decreased with increasing temperature. At 36°C and 38°C, we see declines in these response
198  variables over time due to high mosquito mortality.

199

10
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200 Theeffects of temperatureon ZIKV dissemination efficiency

201 We observed significant effects of temperature, dpi, and the interaction on the overall
202  dissemination efficiency of ZIKV. ZIKV dissemination efficiency was maximized from 28 —
203  34°C suggesting that ZIKV escape from the midgut and salivary gland invasion was most

204  efficient at these temperatures (Fig 3). In contrast, dissemination efficiency was minimized at
205  both cooler (16 - 20°C) and warmer temperatures (38°C). Interestingly, cooler temperatures had
206 amore dramatic effect on dissemination efficiency relative to warmer temperatures. For

207 example, although 60% of exposed mosquitoes became successfully infected at 20°C, we had
208  very low salivary gland invasion, with only one mosquito across both trials becoming infectious.
209 In contrast, at warm temperatures infection and dissemination efficiencies were very robust (Fig
210  S2), but the mortality associated with the warm temperatures resulted in low numbers of

211  mosquitoes that were capable of being infectious. Finally, of those successfully infected, we
212 observed successful salivary gland invasion to occur earlier in the infection process as

213 temperatures warmed (Fig 3).

214

215  Theeffect of temperature on mosquito survival

216 We observed significant effects of temperature and an interaction between temperature
217  and ZIKV exposure on the daily probability of mosquito survival (Fig S3, Table 3). Overall, the
218  daily probability of mosqguito survival was highest for mosguitoes housed at 24°C and 28°C

219 reativeto cooler (16 - 20°C) and warmer (32 - 38°C) temperatures. Mosquito survival was

220  lowest at the warmest temperature of 38°C, with no mosquitoes surviving past 3 dpi. ZIKV-

221  exposed mosquitoes experienced a higher daily probability of survival at 24°C and 28°C relative

222 tounexposed, control mosquitoes with greater than 90% survival at the optimal temperatures.

11
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223

224  Theeffect of temperatureon ZIKV transmission risk

225 Trait thermal responses for lifespan, vector competence, and extrinsic incubation rate
226  wereall unimodal (Fig 4, Table 1 SI, Fig $4). Mosquito lifespan and vector competence thermal
227  responses were symmetrical, peaking at 24.2°C (95% Cl: 21.9 — 25.9°C) and 30.6°C (95% ClI:
228  29.6 — 31.4°C), respectively, while the extrinsic incubation rate thermal response was

229  asymmetrical with apeak at 36.4°C (95% Cl: 33.6 — 39.1°C). Applying these new trait thermal
230  responses to the Ry(T) model [8], we found that Ry(T) peaked at 28.9°C (95% Cl: 28.1 — 29.5°C),
231 with lower and upper limits of 22.7°C (95% CI: 21.0 — 23.9°C) and 34.7°C (95% CI: 34.1 —
232 35.8°C), respectively (Fig 5). The seasonal transmission of ZIKV was predicted to be more

233 constricted in latitudinal range from this temperature —transmission relationship than what has
234 been predicted previously [8], primarily because the predicted thermal minimum for ZIKV was
235  5°C warmer than for DENV (S5 Fig). The estimated change in land area this representsin the
236  Americas for endemic (12 month, year-round suitability), and overall predicted range (1-12

237  months suitability) is 4.3 million km? and 6.03 million km?, respectively (Fig 6).

238 While there is some evidence that mosquito longevity varies for virus-exposed versus
239  control mosquitoes, where unexposed mosquitoes had shorter lifespans at near-optimal

240 temperatures (24°C and 28°C; Fig 4 and S3), we did not include this difference in the Ry model
241  for two reasons. First, with limited data to parameterize the low temperature range for survival,
242 we are unable to characterize the differences in the lower end of the thermal response functions
243  indetal. Second, the standard Ry model does not incorporate differencesin survival for infected

244  versus uninfected mosquitoes because it assumes that the pathogen is rare and that all mosquitoes

12
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245  areuninfected. For thisreason, we fit a single thermal response function for lifespan to the full
246  dataset and used it in the Ry moddl.

247
248 Discussion

249 The dynamics and distribution of vector-borne diseases depend on the interplay between
250 the pathogen, the mosquito, and the environment [31]. Temperature is a strong driver of vector-
251  borne disease transmission, and characterizing the thermal range and optimum for transmission
252  isessentia for accurately predicting how arbovirus emergence and transmission will be affected
253 by seasondlity, geography, climate and land use change. Y et current models of recently emerging
254  arboviruses (e.g. CHIKV [25, 32] and ZIKV [e.g. 6, 7, 9]) are constrained by alack of data on
255 thethermal sensitivity of key pathogen traits. In this study, we experimentally estimated the

256  relationship between temperature and measures of ZIKV vector competence, extrinsic incubation
257  rate, and mosquito mortality. By incorporating these temperature-trait relationshipsinto an

258  existing mechanistic model, we demonstrate that like malaria [20, 33] and dengue virus [8],

259  ZIKV transmission also has a strong unimodal relationship with temperature.

260 The effect of temperature on ZIKV transmission is shaped by the complex interaction of
261 individual trait responses of the mosquito and the pathogen with temperature. As studies have
262  demonstrated in other arbovirus systems, temperature significantly affects vector competence[8,
263 21, 22, 34-39]. We show that temperature has a unimodal relationship with vector competence,
264  with an estimated optimum at 30.6°C and an estimated thermal minimum and maximum of

265  22.9°C and 38.4°C, respectively (based on posterior median estimates for Tp and Ty). ZIKV

266  infection was limited by different mechanisms at the thermal minimum and maximum. Cool

267  temperatures limited midgut escape and dissemination resulting in alower proportion of the

13
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268  mosguito population that was infectious. This could be due to temperature effects on mosquito
269  physiology [40], immunity [17, 41-44], and viral binding to specific receptors in the midgut,
270  secondary tissues, and salivary glands [45]. Warmer temperatures, on the other hand, were very
271  permissive for ZIKV infection, resulting in 95% and 100% infection among surviving

272 mosquitoes at 36°C and 38°C, respectively (Fig S2). However, high mosguito mortality resulted
273 inanoverall low proportion of the mosquito population becoming infected and infectious (Fig
274  S3). A similar nonlinear effect of cool and warm temperatures on vector competence was

275  observed with Ae. albopictus infected with DENV2 [39]. In contrast, Adelman et a. [18]

276  demonstrated that cooler temperatures resulted in increased susceptibility to chikungunya and
277  ydlow fever virus due to impairment of the RNAI pathway. However, we only exposed adult
278  mosquitoes to varying mean temperatures, while Adelman et al. [18] looked at the carry-over
279  effects of larval rearing temperature. Both larval and adult temperature variation will likely be
280 important in the field in determining temperature effects on mosquito and pathogen traits

281  comprising arbovirus transmission.

282 We also observed an asymmetrical unimodal relationship between temperature and the
283  extrinsicincubation rate of ZIKV, with the extring ¢ incubation rate optimized at 36.4°C and
284  minimized at 19.7°C and 42.5°C (based on posterior median estimates for Tp and Tr,). The effects
285  of temperature on the extrinsic incubation periods of arboviruses and other mosquito pathogens
286  have been extensively studied (dengue virus [ 39, 46, 47], yellow fever virus [22], West Nile
287  virus[21], chikungunya virus[48], and malaria[49, 50]). Consistent with previous studies, we
288  show that the extrinsic incubation rate of ZIKV increased with warming temperatures, with no

289 infectious mosquitoes observed at 16°C after 21 days post infection and the first infectious

290 mosquito detected at day 3 post infection at 38°C. The extrinsic incubation rate was ultimately

14
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291  constrained at the warmer temperatures due to high mosquito mortality. Thisis not surprisng as
292  metabolic reaction rates tend to increase exponentially to an optimal temperature, then decline
293  rapidly dueto protein degradation and other processes [51, 52].

294 The optimal temperature for mosquito fitness and viral dissemination need not be

295  equivalent, and the impacts of temperature on mosquito mortality relative to the extrinsic

296 incubation rate of arboviruses can have important implications for the total proportion of the
297  mosquito population that is alive and infectious [49, 53]. In our study, mosquito lifespan was
298  optimized at 24.2°C and minimized at 11.7°C and 37.2°C, respectively (based on posterior

299  median estimates for T and Ty,). The non-linear relationship between metrics of mosquito

300 mortality or lifespan and temperature has also been demonstrated for Ae. aegypti [8], Ae.

301 albopictus[8, 19] and various Anopheles spp. [20, 50]. Despite the fact that the extrinsic

302 incubation period was optimized at awarm temperature (36.4°C), the optimal temperature for
303 overal ZIKV transmission (Ry) was predicted to be cooler (28.9°C) because mosqguitoes have a
304  significantly shortened lifespan above 32°C. In contrast, even though mosquitoes are predicted to
305 haverelatively longer lifespans at cooler temperatures, the time required for mosquitoes to

306 becomeinfectious (>21 days at 16°C and 18 days at 20°C) may be longer than most mosquitoes
307 experienceinthefied. Asaresult, large vector populations may not be sufficient for

308 transmitting the virusif viral replication isinhibited or if the lifespan of the mosquito is shorter
309 thanthe extringic incubation period [54]. One surprising result was that mosquitoes exposed to
310 ZIKV were predicted to live significantly longer at temperatures that optimized mosguito

311  survival as compared to unexposed mosquitoes (37 vs. 87 days at 24°C; 45 vs. 54 days at 28°C).
312 Additionally, the temperature that optimizes mosquito lifespan might also vary between ZIKV

313  exposed mosquitoes (24°C) and their uninfected counterparts (28°C). If similar trends hold for

15
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314  other arbovirus systems, current modeling efforts may be underestimating virus transmission
315 potential under certain environmental scenarios. If a survival benefit of virus exposure regularly
316  occursat optimal temperatures across arbovirus systems, estimating mosquito mortality in the
317  field for mosquitoes of different infection statuses and the physiological underpinnings of this
318 response are important areas for future research.

319 After incorporating the relationships between temperature and vector competence, the
320 extrinsic incubation rate, and mosquito lifespan into a mechanistic model, we demonstrated that
321 ZIKV transmission isoptimized at a mean temperature of approximately 29°C, and has a thermal
322 rangeof 22.7°Cto 34.7°C. Because this relationship is nonlinear and unimodal, we can expect as
323  temperatures move toward the thermal optimum due to future climate change or increasing

324  urbanization [55], environmental suitability for ZIKV transmission should increase, potentially
325  resultingin expansion of ZIKV further north and into longer seasons. There is evidence that this
326 isaready occurring with warming at high elevations in the Ethiopian and Columbian highlands
327 leadingtoincreased incidence of malaria[15]. In contrast, in areas that are aready permissive
328 and near the thermal optimum for ZIKV transmission, future warming and urbanization may lead
329 todecreasesin overall environmental suitability [23]. Accurately estimating the optimal

330 temperature for transmission is thus paramount for predicting where climate warming will

331 expand, contract, or shift transmission potential.

332 By using a mechanistic model originally parameterized for DENV, we also explored a
333  common assumption made by multiple models that DENV transmission has a similar

334  relationship with temperature as ZIKV [6-9]. While the temperature optimum and maximum for
335 Ry changed very little from our previous DENV R, mode, the temperature minimum for

336 transmission increased by nearly five degreesin the updated model (Fig S5). Thisismainly due
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337 toahigher thermal minimum for both vector competence and the extrinsic incubation rate for
338 ZIKV ascompared to DENV (Fig S5 [8]). Differences in the thermal niche of ZIKV relative to
339 DENV or our field derived Ae. aegypti relative to those populations assessed in Mordecai et al.
340 [8] could explain this different. Thereis evidence in arange of invertebrate-pathogen systems
341  (spanning fruit flies, Daphnia pea aphids, and mosguitoes) that the effects of environmental
342  variation on disease transmission are often modified by the genetic background of the host and
343  infecting pathogen [38, 56-61]. Thus, more work is required to validate the generalizability of
344  these models.

345 Our mapped seasonal ranges underscore the impact of a more refined empirical

346  derivation of a pathogen-specific temperature dependent Ry, contrasted with the Aedes aegypiti
347  dengue prediction of previous studies[6-8]. The higher predicted thermal minimum for ZIKV
348 resulted in acontraction in the areas of the Americas where year-round, endemic transmission
349  suitability (12 months only) are predicted to occur. This area corresponds to a change of

350  approximately 4.3 million km?in land area (Fig 6). Additionally, this higher thermal minimum
351  contributesto areduction in the overall estimated suitability for ZIKV transmission (all 1-12
352  months of transmission) resulting in an estimated difference of 6.03 million km?. In particular, in
353  theFlorida peninsulawhere the primary focus of ZIKV cases within the U.S. occurred, our

354  updated model (the median model — 50" percentile posterior) now predicts only around six

355  months of temperature suitability during the year (Fig 6) vs. amost year-round as predicted by a
356  previous temperature-dependent Ro model parameterized on the Ae. aegypti-DENV system [8].
357 Thiscontrast in seasonal suitability where ZIKV established in the USA is striking, and

358 emphasizesthe value of increasing empirical data and reexamining these types of model, asthe

359  capacity to do so becomes possible, in the face of an emerging epidemic.
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360 Finally, athough we estimated the effects of mean constant temperatures on ZIKV

361 transmission. Yet mosguitoes and their pathogens live in a variable world where temperatures
362 fluctuate daily and seasonally, and temperature-trait relationships have been shown to differ in
363 fluctuating environments relative to constant temperature environments [23, 62-64]. While

364  characterizing trait responses to mean constant temperatures and incorporating these

365  relationshipsinto models of disease transmission is tractable, more effort is needed in validating
366  computational approachesto infer transmission in afluctuating environment (i.e. rate summeation
367 [8, 65]).

368 Accurately predicting arbovirus transmission will be influenced by variation in other
369  sources of abiotic (e.g. relative humidity, rainfall), biotic (e.g. availability and quality of

370  oviposition and resting habitats), and socioeconomic factors that influence human exposure to
371  biting mosquitoes. However, thisis afundamental first step for empirically defining and

372 validating current models on the environmental suitability for ZIKV transmission, in which

373  temperature will be a strong driver. Understanding the unimodal effect of temperature on

374  emerging arboviruses, like ZIKV, will contribute to accurate predictions about how future land
375 use and climate change could modify arbovirus emergence and transmission through shiftsin
376  mosguito microclimate. Ry models have been used as atool to guide vector-borne disease

377 interventions, and isacomprehensive metric of pathogen fitness. We anticipate, as with other
378  vector-borne diseases |8, 20, 33], that environmental suitability for ZIKV transmission could
379  expand northwards with future warming, but will be more constrained at |ow temperatures than
380 DENV. Wealso predict areas that are already at or near the thermal optimum of 29°C to

381 experience adecrease in environmental suitability for ZIKV transmission [20, 23]. Further, land

382  use change that modifies the microclimates mosquitoes experience could have immediate
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383 impactson ZIKV transmission [55], which might explain the explosive spread of ZIKV in urban
384  centersthroughout the Americas.
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Table 1. Results from generalized linear mixed effects models examining the effects of
temperature, day, and the interaction on the numbers (out of total exposed) of mosguitoes

infected, with disseminated infections, infectiousness, and a measure of dissemination efficiency.

. temperature day temperature x day
response variables
F d.f. p-value F d.f. p-value F d.f. p-value
number infected 86.159 7 <0.0001 1.349 6 0.251 8.374 42 <0.0001
number disseminated 139.085 7 <0.0001 14742 6 <0.0001 12.477 42 <0.0001
number infectious 34.012 7 <0.0001 8.876 6 <0.0001 4846 42 <0.0001
dissemination efficiency  15.308 7 <0.0001 7.699 6 <0.0001 4431 42 <0.0001

Table 2. The time (days post infection, dpi) required for first detection and to reach the plateau

of numbers of mosquitoes infected, with disseminated infections, and infectious.

temperature 16°C 20°C 24°C 28°C 32°C 34°C 36°C 38°C

time (dpi) to first detection of:

infection 12 6 3 3 3 3 3 3
dissemination 12 15 6 3 3 3 3 3
infectiousness 21 15 9 6 6 6

time (dpi) to reach plateau of:

infection 18 12 6 3 9 3 3 3
dissemination 18 21 15 15 9 6 6
infectiousness 21 18 15 12 9 6 3

Table 3. Results from Cox mixed-effects model examining the effects of temperature (16°C,
20°C, 24°C, 28°C, 32°C, 34°C, 36°C, 38°C), infection status (exposed or not exposed) and the

interaction on the daily probability of mosquito survival.

effect Chi-Square d.f. p-value
temperature 1138.226 7 <0.0001
infection 0.227 1 0.6338

temperature X infection 25.871 7 0.0005
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611 Figures

612 Fig 1. Temperature effect on the proportion of mosquitoesinfected, with disseminated

613 infections, and infectious. The effect of eight different constant temperatures (16°C, 20°C,

614 24°C, 28°C, 32°C, 34°C, 36°C, 38°C) on the proportion of mosquitoes infected (ZIKV positive
615  bodies compared to total number of exposed), with disseminated infections (ZIKV positive heads
616 compared to total number exposed), and infectious (ZIKV positive saliva compared to total

617  number exposed). Results with no common letters were significantly different (p < 0.05).

618

619 Fig 2. Days post-infection and the proportion of mosquitoes infected, with disseminated
620 infections, and infectious. The relationship between days post-infection (3, 6, 9, 12, 15, 18, 21)
621  and the proportion of mosguitoes infected (A, ZIKV positive bodies), with disseminated

622 infections (B, ZIKV positive legs and heads), and infectious (C, ZIKV positive saliva) out of the
623  total mosguitoes exposed to ZIKV at eight different constant temperatures (16°C, 20°C, 24°C,
624  28°C, 32°C, 34°C, 36°C, 38°C).

625

626  Fig 3. Temperature effect on the dissemination efficiency (A) The effect of eight different
627  constant temperatures (16°C, 20°C, 24°C, 28°C, 32°C, 34°C, 36°C, 38°C) and (B) days post-
628 infection (3, 6, 9, 12, 15, 18, 21) on the dissemination efficiency (proportion of ZIKV positive
629 salivareative to positive bodies). Results with no common letters were significantly different (p
630 <0.05).

631

632  Fig4. Effect of temperature and estimated vector competence, extrinsic incubation rate

633 and mosquito lifespan. Trait thermal responses, fit from laboratory experimental data. Vector

30


https://doi.org/10.1101/259531

bioRxiv preprint doi: https://doi.org/10.1101/259531; this version posted April 27, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

634  competence (left), isthe maximum proportion of virus-exposed mosquitoes with virusin their
635 saliva, across temperatures and replicates. Extrinsic incubation rate (middle) is the inverse of the
636  timerequired to reach half of the maximum proportion infectious (days™) for each temperature
637 and replicate. Lifespan isthe average lifespan of mosquitoes in each temperature and replicate
638 (days), shown in filled (virus-exposed) and open (sham-inoculated) points. Solid lines represent
639  posterior means; dashed lines represent 95% credible intervals.

640

641 Fig5. Effect of temperatureon Ry. Effect of temperature on Ry (top). Solid line isthe mean
642  and dashed lines are the 95% credible intervals.

643

644  Fig 6. Monthsof transmission suitability in the Americas. The number of months of

645  transmission suitability (Ry>0) for a. ZIKV derived in this study, and b. Mordecai et a 2017,
646  Aedesaegypti only, for median (posterior 50" percentile) models, and c. overlaid all (1-12

647  months) and year-round (12 months) transmission suitability from a. (light blue, light purple) and
648 Db. (dark blue, dark purple), respectively.

649

650

651

652

653
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