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ABSTRACT

Although fetal death is now understood to be a severe outcome of congenital Zika syndrome,
the role of viral genetics is still unclear. We sequenced Zika virus (ZIKV) from a rhesus
macaque fetus that died after inoculation and identified a single intra-host mutation, M1404l, in
the ZIKV polyprotein, located in NS2B. Targeted sequencing flanking position 1404 in 9
additional macaque mothers and their fetuses identified M1404I at sub-consensus frequency in
the majority (5 of 9, 56%) of animals and some of their fetuses. Despite its repeated presence in
pregnant macaques, M1404l occurs rarely in humans since 2015. Since the primary ZIKV
transmission cycle is human-mosquito-human, mutations in one host must be retained in the
alternate host to be perpetuated. We hypothesized that ZIKV 11404 increases fitness in non-
pregnant macaques and pregnant mice but is less efficiently transmitted by vectors, explaining
its low frequency in humans during outbreaks. By examining competitive fitness relative to
M1404, we observed that 11404 produced lower viremias in non-pregnant macaques and was a
weaker competitor in tissues. In pregnant wildtype mice ZIKV 11404 increased the magnitude
and rate of placental infection and conferred fetal infection, contrasting with M1404, which was
not detected in fetuses. Although infection and dissemination rates were not different, Ae.
aegypti transmitted ZIKV 11404 more poorly than M1404. Our data highlight the complexity of
arbovirus mutation-fitness dynamics, and suggest that intrahost ZIKV mutations capable of
augmenting fitness in pregnant vertebrates may not necessarily spread efficiently via

mosquitoes during epidemics.

IMPORTANCE

Although Zika virus infection of pregnant women can result in congenital Zika syndrome,
the factors that cause the syndrome in some but not all infected mothers are still unclear. We
identified a mutation that was present in some ZIKV genomes in experimentally inoculated
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pregnant rhesus macaques and their fetuses. Although we did not find an association between
the presence of the mutation and fetal death, we performed additional studies with it in non-
pregnant macaques, pregnant mice, and mosquitoes. We observed that the mutation increased
the ability of the virus to infect mouse fetuses but decreased its capacity to produce high levels
of virus in the blood of non-pregnant macaques and to be transmitted by mosquitoes. This study
shows that mutations in mosquito-borne viruses like ZIKV that increase fithess in pregnant
vertebrates may not spread in outbreaks when they compromise transmission via mosquitoes

and fitness in non-pregnant hosts.

INTRODUCTION

Congenital Zika syndrome (CZS) caused by Zika virus (ZIKV) produces a disease
spectrum that sometimes results in microcephaly or death in fetuses from mothers infected
during pregnancy. In American outbreaks since 2015, about 15% of fetuses from ZIKV infected
mothers displayed reduced growth, sensory disorders, and central nervous system
malformations (1-6), manifestations of CZS (7-9). CZS abnormalities associate with detection
of ZIKV RNA or infectious virus in amniotic fluid (AF) and fetal tissues, including brain (4-6, 10—
14). Viral and host factors that affect the severity of CZS are still not well understood, including
why some fetuses die or develop microcephaly while others do not.

Mutations in ZIKV that arise and spread in humans during outbreaks may contribute to
CZS or modify transmission by mosquitoes. However, identifying mutations that could influence
ZIKV phenotype is complicated as consensus (average nucleotide) genomes from febrile
human cases in recent outbreaks differ by hundreds of nonsynonymous mutations compared to
ancestral genomes (15). Any of these mutations alone or in combination could modify incidence,
transmissibility, or pathogenesis. Furthermore, the consensus genomes from 1 miscarriage and
7 microcephaly cases are interleaved with febrile genomes in phylogenies and share no
common amino acid differences compared to febrile cases from patients living in the same
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81 areas suggesting that no single mutation or group of mutations associate with the most severe
82  CZS outcomes (16). Phylogenetic inference identified prM protein (prM-S139N) coding mutation
83 that increases microcephaly in mice (17), although this finding was not reproducible in repeated
84  studies (18). Another mutation identified via phylogenetic analysis, E-V473M, increased
85 viremias in non-pregnant cynomolgus macaques and neurovirulence in 1l-day old mice
86 inoculated intracranially, but did modify ZIKV RNA levels in Ae. aegypti (19). Since prM-S139N
87 and E-V473M are present in most genomes from American outbreaks since 2015, including in
88 febrile women whose babies did not develop CZS, they are likely not major determinants of CZS
89  outcome in pregnant women.
90 ZIKV evolution intrahost has been less studied than evolution across patients but may
91 also affect disease outcome. Defining intrahost evolution over time necessitates repeated
92 sampling. For pregnant women, sequencing ZIKV from even a single time is often unsuccessful,
93 since viremia is frequently missed in the clinical setting (14, 20), and AF is rarely available given
94  that amniocentesis can lead to iatrogenic infection (21) or ZIKV transmission to the fetus from
95 an infected mother. Due to these limitations, the role of intrahost viral genetics in CZS remains
96 unclear. To circumvent limited human sample availability or testing hundreds of mutations
97 identified via phylogenetics as potential determinants of CZS, we used an experimental model
98 to identify intrahost ZIKV mutations in infected pregnant rhesus macaques with known CZS
99  outcomes.

100 Macaques have rapidly become an important model for understanding ZIKV infection

101 and disease (22, 23, 32—-34, 24-31) due to similar placentation, immunology, fetal

102  organogenesis, and neurologic development with humans. Studies using rhesus macaques,

103 including our own work (24, 35), have demonstrated fetal central nervous system lesions

104  consistent with abnormal brain development observed in CZS. As in humans, not all rhesus

105 macaque fetuses from mothers inoculated with the same ZIKV stock at similar gestational

106  windows develop CZS. While host determinants certainly play a role, viral mutations developed
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107 intrahost may also influence different CZS outcomes. Sub-consensus mutants in genetically

108 heterogeneous populations of many other RNA viruses (36, 37, 46-51, 38—-45) have been

109 associated with modified transmissibility or disease outcomes. A wild type 2015 ZIKV strain

110 from a febrile patient in Brazil showed augmented replicative success in human placental and
111  neural cells compared to its genetically homogenous infectious clone derivative (16). This

112  highlights that ZIKV mutants intrahost play a role in infection kinetics, even in cell monocultures.
113  However, sub-consensus ZIKV mutations in an individual host are unrecognized without deep
114  sequencing that characterizes the entire population of viral RNA genomes instead of solely the
115 consensus. Intrahost ZIKV populations from 11 pregnant rhesus macaques revealed no de novo
116  mutations in one study (51), although sequencing from maternal serum and AF was from just
117  one time point post-inoculation.

118 In this study, we performed intrahost ZIKV sequencing in a rhesus macaque mother and
119 her deceased fetus, and identified a single sub-consensus mutation, M14041 in the NS2B
120 coding region. We then focused sequencing at position 1404 in 9 additional pregnant rhesus
121  macaques and their fetuses where we found that it was present at a minority frequency in 5
122  additional animals but not detectable or at ~1% frequency in the inoculum. Given its rise in
123  frequency, we hypothesized that the mutant confers increased fitness in rhesus macaques and,
124 by extension, other vertebrates. We therefore performed parallel infections of M1404 and 11404
125 in non-pregnant rhesus macaques and pregnant mice as well as mixed infections of non-
126  pregnant rhesus macaques. Since ZIKV is primarily mosquito-borne, viral genomes that evolve
127 in vertebrates must be maintained in mosquitoes to persist in alternating vertebrate-mosquito-
128  vertebrate cycling. To test this concept and to better understand why 11404 was detected at low
129 frequency in humans during outbreaks despite increasing in frequency intrahost in pregnant
130 rhesus macaques, we compared transmissibility of M1404 and 11404 by parallel infections of
131  Aedes aegypti vectors.

132
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133 RESULTS

134 A ZIKV mutation arises de novo or increases in frequency in experimentally inoculated
135 pregnant rhesus macaques. Pregnant rhesus macaques were ZIKV-inoculated to study viral
136 infection dynamics and CZS. Outcomes from those experiments are detailed in Coffey et al. and
137  Van Rompay et al. (24, 34). The rhesus macaques in those studies were inoculated in their first
138 or second trimesters of pregnancy intravenously (IV) and intraamniotically (IA) with 1x10°
139 plaque forming units (PFU) of ZIKV WT (SPH2015, a Brazilian strain, KU321639) or
140  subcutaneously (SC) with 1x10° PFU of ZIKV Puerto Rico 2015 (KU501215) (Figure 1). Some
141  fetuses died pre-term while most survived to the end of the study, which was ~10 days pre-term.
142  To investigate intrahost dynamics we analyzed samples archived from those rhesus macaques
143 by deep sequencing. We first sequenced the complete ZIKV genome in amniotic fluid (AF) from
144  rhesus macaque #5388 whose fetus died 7 days post inoculation (dpi) and exhibited high ZIKV
145 RNA levels in multiple maternal and fetal tissues [23]. We identified no consensus (found in
146  >50% of RNA reads) mutations and only one sub-consensus (found in <50% of RNA reads)
147  mutation, G4315A, which occurred at 18% frequency. The G4315A mutation results in a non-
148  synonymous methionine (M) to isoleucine (l) substitution at amino acid position 1404 of the
149  ZIKV polyprotein (with reference to WT strain SPH2015, KU321639) and is located in the non-
150 structural protein 2B (NS2B), a co-factor for the flavivirus protease, NS3. Sequencing of the
151 inoculum by 2 different laboratories flanking the G4315A variant locus at 5,705 and 2,296-fold
152  revealed the mutant in 0.2% or 1.3% of the ZIKV RNA reads, respectively (Supplemental Table
153  2), at or below the reported error rates for short-read lllumina sequencing (52). We performed
154  additional sequencing to determine whether M14041 was also present in other maternal or fetal
155 tissues from rhesus macaque #5338 and also in 9 additional pregnant ZIKV-inoculated rhesus
156  macaques with different CZS outcomes using a targeted sequencing approach flanking 1404. In
157  addition to the AF where it was first detected, ZIKV M1404| was detected in the gestational sac,
158 amniotic membrane, placenta, and vagina of macaque #5388. ZIKV M14041 was also detected
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159 at minority frequency in 4 additional pregnant rhesus macaques inoculated IV and IA with the
160 WT Brazilian strain in multiple tissues including amniotic fluid, gestational sac, amniotic
161 membrane, placenta, maternal vagina, fetal seminal vesicle, and maternal urine. M1404| was
162  also detected in the spleen of one mother (#5731) inoculated SC with the isolate from Puerto
163  Rico. The Puerto Rican ZIKV inoculum lacked the 11404 variant in any RNA reads sequenced at
164 a coverage depth of 2,242-fold. The 11404 mutation was not detected in tissues from 4
165 additional pregnant rhesus macaques in the same studies (Supplemental Table 2). Although
166 the mutation was detected in 2 rhesus macaques whose fetuses died, it was also found in 4
167 rhesus macaques whose fetuses survived to near-term, indicating it was not associated with
168 fetal death. The de novo development of ZIKV M1404l and its increase in frequency from near-
169 absence in the inoculum to presence within multiple tissues intrahost in six pregnant rhesus
170  macaques inoculated by two routes with two different ZIKV strains suggested that M14041 may
171 be a rhesus macaque adaptive mutation. To study the mutation in isolation, we generated
172  infectious clone derived viruses that vary only at 1404 for comparative fithess experiments in
173  cells, non-pregnant rhesus macaques, pregnant mice, and mosquitoes.

174

175  Growth kinetics of ZIKV 11404 are superior to M1404 in vertebrate cells. We tested whether
176  expression of ZIKV 11404 in cell culture modifies ZIKV growth kinetics relative to M1404. We
177 generated two infectious clones identical in sequence except for position 1404. To do this, we
178 modified a ZIKV infectious clone made from a 2015 Brazilian ZIKV isolate, Paraiba_01/2015
179 (16), to match the amino acid sequence of the Brazilian strain SPH2015. Strain SPH2015,
180 hereafter termed ‘WT’, was isolated from a patient and passaged in cells before use in pregnant
181 rhesus macaque studies. The sequences of clone-derived ZIKV, termed ‘M1404’ and ‘11404’
182  based on the amino acid at polyprotein position 1404 were verified by Sanger sequencing (data
183  not shown) using primers flanking the ZIKV genome (Supplemental Table 1). The relative
184  growth kinetics measured as ZIKV RNA and infectious virus levels in supernatants of inoculated
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185  cultures over time were assessed in African green monkey kidney (Vero) or Ae. albopictus larval
186  (C6/36) cells (Supplemental Figure 1). ZIKV 11404 exhibited significantly higher ZIKV RNA
187 levels compared to M1404 from 24 to 96 hours post inoculation (hpi) in Vero cells at a MOI of
188 0.01 (p<0.001, repeated measures ANOVA) (Supplemental Figure 1A). ZIKV RNA levels for
189  both M1404 and 11404 were lower than for WT at all times studied, a pattern common to clone-
190 derived viruses compared to WT progenitor viruses [16]. Even though the increase in ZIKV RNA
191  kinetics was accelerated for 11404 compared to M1404, infectious ZIKV levels in Vero cells from
192  24-96 hpi by plague assay were not different between ZIKV M1404, 11404, and WT (p>0.05,
193 repeated measures ANOVA) (Supplemental Figure 1B). In C6/36 mosquito cells, ZIKV RNA
194  levels after inoculation at a MOI of 0.5 were not different across groups at any time from 24-96
195 hpi (p>0.05, repeated measures ANOVA) (Supplemental Figure 1C). These results indicate
196 thatin a standard vertebrate cell line, the 11404 mutation detected in pregnant rhesus macaques
197 increases ZIKV RNA levels and infection kinetics compared to the progenitor M1404, although it
198 does not change the levels of infectious virus.

199

200 ZIKV 11404 displays reduced fitness in non-pregnant rhesus macaques inoculated with
201 an equal mixture of M1404 and 11404. To directly compare the relative fithess of M1404
202  versus 11404, we performed a competition experiment wherein both viruses were inoculated
203 together at equal ratios into two non-pregnant rhesus macaques (Figure 2A). Rhesus
204  macaques were also inoculated with ZIKV WT or ZIKV 11404 alone for comparison. ZIKV
205 M1404 was not included since its coding amino acid sequence is identical to WT to reduce
206 macaque use. We defined fithess as the plasma viremia magnitude and kinetics and, for mixed
207 infections, the relative abundance of ZIKV RNA reads encoding M1404 or 11404 in plasma and
208  tissues. Rhesus macaques inoculated with ZIKV WT or the 1:1 mixture of M1404 and 11404
209  exhibited similar kinetics (p=0.474, unpaired t-test) with peak viremias at 5-7 dpi that reached
210  10°%10’ ZIKV genomes/ml plasma (Figure 2B) with no differences in the viremia area under the
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211  curve (AUC) (Figure 2C). By contrast, rhesus macaques inoculated with ZIKV 11404 developed
212  significantly lower peak viremias, 10 ZIKV genomes/mL plasma, that endured for a significantly
213  shorter period of time and showed lower AUC (p=0.03, AUC) compared to the other two groups.
214  Despite reduced magnitude and kinetics of viremia, most tissue ZIKV levels were not different in
215 animals infected with 11404, WT, or the 1:1 mixture (Figure 2D). The 11404 mutant did not
216  revert to M1404 in the spleen or mesenteric lymph node of either 11404-inoculated animal at
217 levels detectable by Sanger sequencing (data not shown). Targeted deep sequencing flanking
218 the 1404 locus in rhesus macaques inoculated with the 1:1 mixture detected ZIKV 11404 at a
219 significantly lower frequency than M1404 in plasma, spleen, ileum, mesenteric, and inguinal
220 lymph nodes (p<0.001, Chi-squared tests) (Figure 2E, Supplemental Table 3). Despite the
221  repeated detection of ZIKV 11404 in pregnant rhesus macaques, these experiments show that
222 11404 reduces viral fitness relative to M1404 in non-pregnant rhesus macaques. Given that
223  pregnant rhesus macaques studies are labor intensive and costly, we therefore explored
224  whether fitness advantages conferred by 11404 may be specific to pregnancy using pregnant
225  mice.

226

227  ZIKV 11404 confers fetal infection in pregnant CD-1 mice. To assess whether 11404 provides
228  afitness benefit in pregnancy, we inoculated pregnant CD-1 mice intraperitoneally, similar to an
229 established model (53), with ZIKV WT, M1404, 11404, or diluent, and compared ZIKV RNA
230 levels in maternal and fetal tissues and fetal weights and resorption rates (Supplemental
231  Figure 2). Dams were euthanized on gestation day 13 (E13, where full term in mice is E21) in
232  experiment 1 and on E13 or E19 in experiment 2 (Figure 3A). Back titration of residual inocula
233  (Figure 3B) showed that mice were administered similar RNA levels of ZIKV M1404 and 11404
234  for both experiments. The WT inoculum (experiment 1 only) was lower. No statistically
235 significant differences in rates of fetal resorption or fetal weight were observed in either
236  experiment or at either gestation day (p>0.05, Fishers’ exact tests for resorption rates, p>0.05
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237  for mean weights compared with ANOVA multiple comparisons) (Supplemental Figure 2A-D).
238 On E13, mean maternal spleen ZIKV RNA levels for WT were significantly higher than for
239  M1404-inoculated mice (p=0.02, two-way ANOVA) (Figure 3C) but no significant differences in
240 rates of ZIKV detection or mean RNA levels in placentas were observed across the 3 ZIKV
241  inoculated groups (p>0.05, two-way ANOVA) (Figure 3D). Despite similar ZIKV RNA levels in
242  placentas, ZIKV RNA was only detected in fetuses in the ZIKV 14041 group (14041 : 9/43 [20%)]
243  versus 1404M : 0/43 [0%], p=0.003, Fisher’s exact test) (Figure 3E). These fetuses were from 7
244  different mothers. Sanger sequencing from 3 ZIKV RNA positive fetuses from different mothers
245 in the 11404-inoculated group at E13 showed retention of 11404 in 1 fetus and reversion to
246  M1404 in the other 2; for one mother/fetus pair the reversion was detected only in the fetus and
247  not in the maternal spleen or placenta (Figure 3F). At E19, the magnitude of mean ZIKV RNA
248 levels in spleens and the rates and magnitude of mean ZIKV RNA levels in placentas were
249  significantly higher in mice infected with 11404 than M1404 (levels: p<0.01 for spleen, p<0.001
250 for placenta, one-way ANOVA, placenta infection rates: 11404: 10/20 [50%] versus M1404: 2/20
251 [10%], p=0.01, Fisher's exact test) (Figure 3G-H). Only 1 E19 fetus head but no fetal bodies in
252  the 11404 group tested ZIKV RNA positive (Figure 3 I-J) (rates not significantly different,
253  Fisher's exact test). Depending on the time of tissue collection, these data show that 11404
254  confers a fithess advantage in pregnancy by increasing the magnitude and rate of feto-placental
255 infection during murine gestation.

256

257  ZIKV 11404 mutant is more poorly transmitted than M1404 by Aedes aegypti. Given that
258 fitness modifying mutations evolved by arboviruses in one host must necessarily be maintained
259 in the alternate host for the virus to persist via arthropod-borne cycling in nature, we next
260 considered whether ZIKV 11404 affects transmission by the primary vector, Ae. aegypti.
261  Mosquitoes were presented to viremic Ifnar-/- mice infected with ZIKV M1404 or 11404 (Figure
262  4A). Engorged mosquitoes were held for 7 days after ingesting blood from mice that had
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263 matched ZIKV RNA levels (Figure 4B) and then dissected and assayed to measure rates and
264  levels of ZIKV RNA in bodies (for infection), legs and wings (disseminated infection), and saliva
265  (a proxy for transmission). The 7-day incubation period was chosen since it represents the time
266 at which ZIKV exposed mosquitoes exhibit maximal infection rates (54). All Ae. aegypti that
267  ingested viremic mouse blood became infected and mean ZIKV RNA levels between groups of
268 mosquito bodies were not different (not significant, p>0.05, unpaired t-test) (Figure 4C).
269  Although all mosquitoes also developed disseminated infections in legs and wings, the mean
270  ZIKV RNA level was significantly higher for the 11404 cohort compared to M1404 cohort
271  (p<0.007, unpaired t-test) (Figure 4D). Despite higher dissemination titers, Ae. aegypti
272  transmitted ZIKV 11404 more poorly than M1404 (14041: 3/20 [15%] versus M1404: 13/20 [65%],
273 p=0.003, Fisher's exact test) (Figure 4E). Sanger sequencing of three ZIKV saliva samples
274  from mosquitoes in each group showed retention of the amino acid at 1404 (data not shown).
275  This mosquito data revealed that ZIKV 11404 is less transmissible than M1404 in the primary
276  vector.

277

278 DISCUSSION

279 Understanding factors that influence disease and transmissibility can lead to approaches
280 to control ZIKV. We identified a ZIKV mutation, M1404l, that arose de novo or increased in
281 frequency in experimentally inoculated pregnant rhesus macaques. Repeated detection of the
282  mutation in tissues of multiple pregnant rhesus macaques at higher frequency than in the
283  inoculum suggests it confers a selective advantage intrahost in pregnancy. Our experiments in
284  mice confirm that 11404 increases ZIKV fithess in pregnancy by augmenting the magnitude and
285 rate of placental infection and by conferring fetal infection in pregnant CD-1 mice inoculated
286 intraperitoneally in the first trimester. By contrast, our studies in non-pregnant rhesus macaques
287  show that 11404 is less fit than M1404, producing significantly lower viremias and decreased
288 frequency in tissues starting from an equal ratio via mixed inoculation. The observation of

12


https://doi.org/10.1101/2020.08.11.247411
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.11.247411; this version posted August 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

289 inferior fitness of 11404 compared to M1404 in non-pregnant rhesus macaques parallels its low
290 frequency in non-pregnant humans where only 5 of 543 (<1%) of publicly available ZIKV
291 consensus genomes as of August 2020 (https://nextstrain.org/zika?c=gt-NS2B_32) possess the
292 11404 allele (1 of the 5 was from a microcephalic fetus). We also observed that ZIKV 11404 is
293 not as efficiently transmitted by Ae. aegypti, which may further explain its low frequency in
294  recent ZIKV outbreaks where the most common transmission route was human-mosquito-
295  human.

296 The kinetics of and mechanisms by which 11404 increases ZIKV infection of placental
297 and fetal tissues in murine pregnancy merit further study. Although 11404 enhanced feto-
298 placental infection, reversion to wild type M1404 in some infected fetuses on at gestation day
299 E13 suggests that M is the preferred amino acid in some tissues. Detection of ZIKV RNA in 20%
300 of 11404 fetuses at E13 but only 5% of fetal heads and no fetal bodies on E19 also raises new
301 questions. The disparity in fetal infection rate between E13 and E19 is likely not related to the
302 pregnant mice deriving from different cohorts since the same rates were observed across the
303 E13 fetuses from both experiments where the cohorts of mothers were different. Clearance or
304  reduction in fetal infection below the limit of detection of our gRT-PCR assays between E13 and
305 E19is a possibility, and may reflect a difference in timing of maximum ZIKV levels, where fetal
306 infection may peak earlier than placental infection. Defining the kinetics of fetal or placental
307 ZIKV RNA levels over time is difficult to assess experimentally since evaluating infection
308 involves destroying the fetus or placenta. It is also possible that since ZIKV 11404 infects fetuses
309 at low rates, with the variable rate from experiment 1 to 2 representing a stochastic effect. ZIKV
310 infects many placental cell types including trophoblasts, endothelial cells, fibroblasts, and fetal
311 macrophages (55, 56), as well as multiple additional fetal cell types (24, 56-59). ZIKV 11404
312  may also confer infection of certain of these cell targets or augment escape from their antiviral

313  responses in ways that M1404 cannot.
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314 The 1404 locus is in the NS2B coding region, which encodes a 130 amino acid protein
315 that acts as a co-factor for NS3, the protease. Relative to other flaviviral proteins, the function(s)
316 of NS2B are poorly understood. NS2B consists of 3 transmembrane domains (TMD) (60, 61).
317  Mutations in the NS2B TMD decrease yellow fever virus replication (62) and can modify virus
318 assembly of Japanese encephalitis virus (60). The 1404 mutant identified in this study is located
319 within NS2B TMD pass 2. Nuclear magnetic resonance of dengue virus NS2B indicates that
320 TMD-TMD interactions might promote membrane fluidity or facilitate interactions with other
321 flavivirus proteins (61). Future studies could focus on sub-cellular changes in virus-virus or
322  virus-cell interactions mediated by M1404| that might impact cell tropism, infectivity, and
323  immune responses.

324 Here we employed experimental infection of non-pregnant macaques, pregnant mice,
325 and vector mosquitoes to study fitness of a ZIKV mutation we initially identified in pregnant
326 rhesus macaques (Figure 5). The data from this study support the idea that viruses do not
327 necessarily evolve to become more infectious or virulent, especially if those traits reduce
328 transmissibility. Despite increasing in frequency in preghant macaques and conferring infection
329  of fetal mice, our data show that the 11404 mutant identified in pregnant rhesus macaques is
330 less transmissible by vectors, as measured by lower ZIKV RNA transmission rates in saliva
331 capture assays, and also less capable of generating viremias in non-pregnant rhesus macaques
332 sufficient to infect feeding vectors. Although higher levels or longer periods of viremia in
333 pregnant macaques may result from feto-placental ‘spill-back’ to the mother, a pattern we
334  anecdotally observed in viremic pregnant rhesus macaques whose fetuses died and were
335 removed via fetectomy and then became aviremic several days later, fetal infection is generally
336 considered a transmission ‘dead-end’ for arboviruses. As such, arboviral mutations that
337 augment fetal infection also need to be neutral or fitness-enhancing in mosquitoes to persist in
338 human-mosquito-human cycling. Since we observed decreased fithess in vectors, the M1404I
339  mutation identified in this study is not likely to spread in human-mosquito-human transmission in
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340 ZIKV outbreaks. A unique feature of this study was use of two vertebrate models of ZIKV
341 disease as well as vector competence assays. The combined data from these three systems
342  underscores the importance of investigating consequences of arboviral mutation in both
343  vertebrates and invertebrates, to fully understand their roles in outbreak spread (63).

344

345 MATERIALS AND METHODS

346

347 Rhesus macaques

348 Details for the studies with pregnant rhesus macaques are described elsewhere (24, 34). For
349 non-pregnant animals, healthy male or female rhesus macaques (Macaca mulatta) were used in
350 this study. All rhesus macaques were born at the California National Primate Research Center
351 (CNPRC). Animals #5123, 5779, 5606, and 5730 received an HIV envelope protein as part of
352 another study, but were never challenged with HIV. Prior to ZIKV inoculation, animals were
353 housed indoors in stainless steel cages, and exposed to a 12h light/dark cycle, 18-23°C, and
354  30-70% room humidity. Rhesus macaques were provided with water ad libitum and received
355 commercial chow a high protein diet commercial chow and fresh fruit supplements. Macaques
356  were observed at least twice daily for clinical signs of disease including inappetence, stool
357 quality, dehydration, diarrhea, and lethargy, and were given supportive care (including
358 nutritional supplements) as needed. Clinical signs were rare and mild.

359

360 Mice

361 Timed pregnant CD-1 mice were purchased from Charles River Laboratories (Sacramento, CA).
362 Animals were housed in a BSL-3 facility at University of California, Davis, prior to any
363  procedure. A maximum of 4 dams were caged together at each time, with 12 hour light/dark

364  cycle, 18-23°C, 30-70% room humidity, social enhancers and access to mouse chow and water

15


https://doi.org/10.1101/2020.08.11.247411
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.11.247411; this version posted August 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

365 ad libitum. Non-pregnant 2 month old female Ifnarl (IFN-a/BR-/-; C57BL/6, B6.129S2-
366 Ifnarltml1Agt/Mmjax, The Jackson Laboratory) were used as bloodmeal sources for vector
367 competence studies. Mice were anesthetized prior to mosquito exposure with a mixture of
368 ketamine (VETone Zetamine CIll, 75 mg/kg), xylazine (AnaSed, 10 mg/kg), and acepromazine
369  (AceproJect, 1 mg/kg) solution administered intraperitoneally. Immediately after mosquito feeds,
370 mice were euthanized while still under anesthesia via exsanguination using cardiac puncture

371  followed by cervical dislocation.

372

373  Animal Use

374  The University of California, Davis is accredited by the Association for Assessment and
375  Accreditation Laboratory Animal Care International (AAALAC). Animal care was performed in
376  compliance with the 2011 Guide for the Care and Use of Laboratory Animals provided by the
377 Institute for Laboratory Animal Research and both rhesus macaque and mouse studies were
378 approved by the Institutional Animal Care and Use Committee (IACUC) of the University of
379  California, Davis. All mouse procedures were approved under protocol #19404. All rhesus
380 macaque procedures were approved under protocols #19211 and 19695.

381

382  Mosquitoes

383  The fourth generation of Aedes aegypti originally collected in 2015 in Puerto Rico were used in
384  this study. Mosquitoes were maintained in a colony in an insectary at the University of
385  California, Davis. Twenty four hours prior to exposure to a mouse, mosquitoes were transferred
386 into pint cartons and transported into to a BSL-3 facility to acclimate in a humidified chamber set
387 to a 12 hour light/dark cycle, 27°C, 80% humidity. After ingestion of blood from viremia ZIKV
388 infected mice, mosquitoes were presented with 10% sucrose ad libitum.

389
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390 Cell lines

391  African green monkey kidney cells (Vero; ATCC CCL-81) were cultured at 37°C in 5% CO,
392  cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Thermo Fisher Scientific)
393 supplemented with 2% fetal bovine serum FBS (Gibco, Thermo Fisher Scientific) and 1%
394  penicillin/streptomycin (Gibco, Thermo Fisher Scientific). Baby hamster kidney cells (BHK21;
395 ATCC CCL-10) were cultured in the same conditions as Vero cells but supplemented with 10%
396 FBS. Aedes albopictus cells (C6/36; ATCC CRL-1660) were cultured in Schneider’s insect

397 medium (Caisson Labs) supplemented with 20% FBS and 1% P/S at 28°C and atmospheric

398 CO..
399
400 Viruses

401  Wild type Zika virus stock

402  For growth curves and in vivo experiments in pregnant and non-pregnant rhesus macaque and
403 pregnant mice, the 2015 Brazilian ZIKV strain SPH2015 (Genbank accession number
404  KU321639) was used. This virus was originally isolated from a human transfusion recipient in
405 Sao Paulo, Brazil and then passaged 3 times in Vero cells. We refer to this strain as wildtype
406  (WT) throughout the paper. A 2015 Puerto Rico ZIKV strain PRVABC59 (Genbank accession
407 number KU501215.1, Vero passage 4) was also used in pregnant rhesus macaque that were
408 sequenced for this project. We refer to this strain as ‘ZIKV Puerto Rico 2015’ throughout the
409  paper.

410

411  Generation of Infectious clone derived M1404 and 11404 Zika viruses

412  To focus on the 1404 locus as a determinant of phenotype, we generated 2 infectious clones
413  that were identical in sequence except for at 1404. To start, we modified a ZIKV infectious clone
414  made from the sequence of a 2015 Brazilian ZIKV strain, Paraiba_01/2015 (16) to match the
415 amino acid sequence of WT (SPH2015), which encodes M1404. Six mutations were inserted
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416  into the Pariaba_01/2015 clone at positions V313l, Y916H, V1143M, H1857Y, 12295M and
417  12445M of the ZIKV polyprotein to generate the WT amino acid sequence of strain SPH2015.
418 We refer to this clone as ‘ZIKV M1404’'. Next the M1404 clone was mutated to change the
419 amino acid at 1404 from G>A (AUG [methionine] > AUA [isoleucine]) to generate the 11404
420 clone. The ZIKV 11404 clone is identical to the M1404 clone except at NS2B locus 1404. Each
421  of the mutagenized loci were verified by Sanger sequencing. Infectious viruses were rescued
422  from ZIKV M1404 and 11404 clones by electroporating plasmid DNA into BHK cells. 2.5ug of
423  plasmid DNA was electroporated at 110V, 1750uF capacitance, and no resistance using an
424  ECM 630 electro cell manipulator (BTX Harvard Apparatus) into =50% confluent T75 flasks of
425 BHK21 cells. Cells were then centrifuged for 5 minutes at 1500 revolutions per minute (RPM)
426  and resuspended in DMEM in T25 flasks for 3 days of incubation at 37°C with 5% CO,. After 3
427  days, the supernatant was collected, spun at 1500 RPM for 5 minutes to remove cell debris, and
428  stored at -80°C in 400uL aliquots. These recovered infectious clone derived viruses, termed
429  ZIKV M1404 and ZIKV 11404 were used in growth curves, mosquito, pregnant mouse and non-
430 pregnant rhesus macaque experiments. The genotypic integrity of both infectious clone derived
431  viruses was verified by whole-genome Sanger sequencing from the electroporation-harvested
432  stocks.

433

434  Zikavirus titrations using plaque assays

435 Infectious ZIKV from electroporation-rescued stocks of infectious clone-derived viruses, inocula,
436  growth curves, mosquito saliva, and RT-gPCR positive mouse fetuses were titrated using
437  plagque assays. Plaque assays were performed in confluent 6-well plates of Vero cells that were
438 inoculated with 250uL of ten-fold dilutions of virus stock or sample resuspended in 2% FBS
439 DMEM. Cells were incubated for 1 hour at 37°C and 5% CO, and plates were rocked every 15
440 minutes to prevent cell death due to desiccation. After 1 hour, 3 mL of 0.5% agarose mixed with
441 2% FBS/DMEM was added to each well to generate a solid agar plug. The cells were then
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442  incubated for 7 days at 37°C and 5% CO,, After 7 days, the cells were fixed with 4% formalin for
443 30 minutes, the agar plugs were removed, and the cells were stained with 0.025% crystal violet
444  in 20% ethanol in order to visualize and quantify plaques. Samples were tested in duplicate and
445  the average titer is reported as the number of plaques visible against a white background. The
446  limit of detection was 40 plaque-forming units (PFU).

447

448  Zika virus RNA isolation

449  ZIKV RNA was isolated using MagMax (Thermo Fisher) or Qiazol (Qiagen). The MagMax
450 system was used to extract ZIKV RNA from growth curve supernatants, rhesus macaque
451  plasma, and homogenized mosquito bodies, legs and wings, and saliva. The MagMax Viral
452 RNA Extraction Kit was used according to manufacturer's recommendations. For cell
453  supernatant and mosquito homogenates, a total of 100 yL of sample was extracted and for
454  rhesus macaque plasma the volume extracted was 300 uL. Maternal spleens, placentas and
455  fetuses from the mouse experiments and solid tissues from rhesus macaque were extracted
456  using Qiazol. Tissues stored in RNAlater were first removed from that solution prior to RNA
457  extraction. Using clean forceps and scissors, tissues were removed from RNAlater, and a
458  portion between 20-50 mg was cut and placed in a pre-weighed tube containing a 0.5 mm glass
459  ball bearing (Fisher). Tubes were then re-weighed and 900 uL of Qiazol solution was added
460 before trituration in a TissueLyzer (Retsch) machine. Tissues were homogenized for 2 m at 30
461  shakes/second (s). If liquefaction of tissues was incomplete, samples were homogenized for an
462  additional 2 m at 30 shakes/s. The homogenate was centrifuged for 2 m at 14,000 g to clarify
463  the supernatant, which was tested. Viral RNA from homogenates were extracted following the
464  manufacturer's kit instructions. The Qiazol protocol was modified for the E19 fetuses since they
465 were large. E19 fetus samples were homogenized in 1 mL of DMEM and 200 upL of the

466 homogenate was added to 900 pL of lysis reagent, after which the protocol followed the
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467  manufacturer's instructions. All RNA extracts were eluted in 60uL of Qiagen elution buffer and
468  archived at -80°C until further analysis.

469

470  Zikavirus RNA guantification by gRT-PCR

471  ZIKV RNA samples were each measured in triplicate on an Applied Biosystems ViiA 7 machine
472  using a Tagman Fast Virus 1-Step MasterMix (Thermo Fisher) with primers ZIKV 1087 forward
473 (CCGCTGCCCAACACAAG), ZIKV 1163c reverse (CCACTAACGTTCTTTTGCAGACAT), and
474  ZIKV 1108-FAM probe (AGCCTACCTTGACAAGCAGTCAGACACTCAA) according to the
475  protocol in Lanciotti et al. (64). The protocol was modified by increasing the initial volume of
476  sample tested to 9.6 UL to increase sensitivity. Samples were only considered positive if all
477  three replicates yielded at detectable cycle threshold (Ct) value of less than the cutoff of the
478  assay, 40. For each 96-well plate where samples were tested, a standard curve was generated
479  from serial dilutions of a synthetic DNA of known concentration corresponding to the gqRT-PCR
480 target region. The reported limit of detection (LOD) on each graph shows the mean of all
481 samples with a detectable Ct that are included in the graph. Where means are reported for a
482  group of measurements, samples with no detectable ZIKV RNA were included in measurements
483  where their values were reported at the LOD.

484

485  In vitro Zika virus growth assays

486  Vero and C6/36 cells were inoculated in triplicate with ZIKV M1404, 11404 or WT at a multiplicity
487  of infection (MOI) of 0.01 (Vero only) or 0.5. Cells in one well in the plate were counted
488 immediately prior to infection and the MOI was adjusted according to the cell count. The cells
489  were inoculated by overlaying 150 uL of virus for 1 hour at 37°C in 5% CO, for Vero and 28°C in
490 ambient CO, for C6/36 with gentle rocking every 15 minutes. After 1 hour, the cells were
491  washed three times with phosphate buffered saline (PBS) to remove residual unbound viruses,
492 and 2 mL/well of DMEM was added. At time points 0, 12, 24, 48, 72, and, for Vero, 96 hpi
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493  (hours post inoculation) 160 uL/well was collected and archived at -80°C until it was tested in
494  triplicate to determine ZIKV RNA levels by gqRT-PCR. Data shown are the percent of the mean 0
495  hpi residual input ZIKV RNA in genomes/ml. Each data point shows the mean measurement
496  from 3 wells that were each measured in triplicate by gRT-PCR.

497

498 Experimental inoculation of non-pregnant rhesus macaques with Zika virus

499  Studies with pregnant rhesus macaques were described elsewhere [23,33]. Non-pregnant
500 female and male rhesus macaques were inoculated subcutaneously or intravenously with 1 mL
501 of ZIKV WT at 1X10* PFU, a 1:1 mixture of ZIKV M1404 and 11404, where 1X10% PFU of each
502 virus was in the inoculum, or 2X10°® PFU of ZIKV 11404. All inocula were back-titrated
503 immediately after inoculation without freezing using plaque assays to verify the administered
504 doses. All inocula were re-sequenced to verify identity at the 1404 locus. The mixed inoculum
505 was also checked prior to inoculation by next generation sequencing flanking the 1404 locus
506 and was verified to contain 49% M1404 and 51% 11404. Urine and blood were collected from
507 rhesus macaques daily for 7 days and then every other day until 14 dpi. Macaques were
508 anesthetized with ketamine hydrochloride (10 mg/kg) and samples were processed according to
509 previously described methodologies (34). At 14 dpi, rhesus macaques were euthanized and
510 necropsied. During necropsies, tissues were grossly evaluated in situ, and then excised using
511 forceps and then dissected with disposable razor blades to minimize cross-contamination.
512  Tissues were either snap frozen by immersion in liquid nitrogen or stored in RNAlater solution.
513 RNAlater samples were held at 4°C for 24 hours then transferred to -80°C for further analysis.
514

515 Experimental inoculation of preghant mice with Zika virus

516 Two ZIKV experiments were performed with pregnant mice. Numbers of mice are shown in
517  figures. For both experiments, mice were sedated with isoflurane and inoculated
518 intraperitoneally with 100 pL of 1x10° PFU of ZIKV WT, M1404, 11404, or DMEM on gestation
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519 day 6 (E6). Inocula doses were verified by qRT-PCR. All mice in experiment 1 and some in
520 experiment two were euthanized on E13, where full term is 21 days. Some mice in experiment
521  two were euthanized later, at E19. After inoculation, mice were monitored twice daily by visual
522 observation. On E13 or E19, mice were sedated with isoflurane and euthanized by cervical
523 dislocation. Uterine horns were exposed and visually observed for viable or aborted/resorbed
524  fetuses. The maternal spleen was excised and cut in half. Half was placed in a 2 mL tube
525  containing 1 mL of RNAlater and the other half was stored in a 2 mL tube with 1 mL of DMEM.
526  Placentas were collected in 2 mL tubes containing 1 mL of DMEM. Fetuses were weighed and
527 their length was measured, and then they were collected in a 2 mL tube containing 1 mL of
528 DMEM. Between each dam, forceps and scissors were immersed in 10% bleach and then 70%
529 ethanol solution to minimize cross-contamination across animals. Samples in DMEM were
530 immediately stored at -80°C. Samples in RNAlater were stored at 4°C for 24h and then
531 transferred to -80°C until further analysis.

532

533 Experimental vector competence of Zika virus in Aedes aegypti

534 Ifnarl-/- C57BL/6 mice were intraperitoneally inoculated with 1x10° PFU of ZIKV WT, M1404 or
535 11404 two days prior to presentation to female Ae. aegypti mosquitoes. Mice were anesthetized
536  prior to mosquito presentation with a ketamine (75 mg/kg), xylazine (10 mg/kg) and
537 acepromazine (1 mg/kg) solution administered intraperitoneally. Viremic mice were presented to
538 sugar deprived mosquitoes for 1 hour. After 1 hour, mouse blood was collected to measure
539 ZIKV RNA levels immediately after mosquito feeding. Mice were then euthanized by cervical
540 dislocation. Engorged female mosquitoes were sorted from non-fed individuals by visual
541 examination and then held for 7 days. On day 7, mosquitoes were cold anesthetized for 3-5
542  minutes at -20°C and then their legs and wings were removed with forceps while immobilized on
543 ice. Saliva was collected by inserting the proboscis into a glass capillary tube containing FBS for
544 30 minutes. Mosquito bodies, legs and wings, and saliva including the capillary were placed into
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545 2 mL tubes containing 250 uL of DMEM and a glass bead (Fisher). Samples were immediately
546  archived at -80°C for further analysis. After thawing, mosquito samples were homogenized for 2
547 m at 30 shakes/second (s) in a TissueLyzer. The homogenate was centrifuged for 2 m at 14,000
548 g to clarify the supernatant, which was tested

549

550 Zikavirus sequencing and sequence analyses

551 Plasmid sequences of infectious clones and identities of virus stocks as well as selected
552  samples from mice and mosquitoes were verified by Sanger sequenced using primers flanking
553 the entire genome or 1404 (Supplemental Table 1). Extracted RNA samples were amplified
554  using a Qiagen One-Step RT-PCR kit and forward primer: AGCTGTTGGCCTGATATGCG with
555 reverse primer: AGCTGCAAAGGGTATGGCTA. The cycling conditions were as follows: 50°C
556  for 30 min, 95°C for 15 min, 40 cycles of 94°C for 1 min, 57°C for 1 min, 72°C for 1 min,
557 followed by 72°C for 10 min and 4°C hold. Samples were sequenced at the University of
558 California, Davis Sequencing core facility. Chromatograms were visualized and sequences were
559 called using Sequencher (GeneCodes). The complete ZIKV genome from the inoculum and
560 samples from pregnant rhesus macaques 5338 whose fetus died 7 dpi was sequenced at both
561 the University of California, San Francisco using an established protocol (65) and Lawrence
562 Livermore National Laboratories using a different established protocol (66). All other rhesus
563 macaques and other samples in this study were sequenced using a different next generation
564  sequencing protocol that was previously described (67, 68) and adapted here to flank 1404.
565  After viral RNA isolation using Qiazol and RNA quantification by gRT-PCR, at least 1000
566 genome copies/sample were used to generate libraries for sequencing. 5 uL of ZIKV RNA was
567 used in a cDNA synthesis reaction with a SuperScript IV kit (Invitrogen) in addition to 6 uL of
568 nuclease free water, 1 uL of 10mM dNTP mix and 1 pL of random hexamers. The mixture was
569 heated to 70°C for 7 minutes and placed immediately on ice. A new mixture containing 4 uL of
570  5x SSIV (SuperScript IV) buffer with 1 yL of 100 mM DTT, 1 pL of RNAse inhibitor and 1 pL of
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571  SSIV reverse transcriptase was added and the cDNA synthesis occurred at thermocycler
572 conditions of 23°C for 10 min, 50°C for 45 min, 55°C for 15 min, 80°C for 10 min and 4°C until
573  further use. Position 1404 was amplified using 1 pyL each of 10 pM of forward primer:
574 CCCTAGCGAAGTACTCACAGCT, reverse primer:. TACACTCCATCTGTGGTCTCCC, 2.5 uL of
575 cDNA, 15 pL of nuclease-free water, 0.5 pL of Q5 High Fidelity DNA Polymerase (New England
576  Biolabs), 1 yL of 10mM dNTPs and 5 pL of 5x Q5 reaction buffer followed by 98°C for 30 s,
577  95°C for 15 s, 65°C for 5 min, then repetition of steps 2 and 3 for 34 additional cycles and then
578 a hold at 4°C until further use. PCR products were purified using Agencourt Ampure XP
579 magnetic beads (Beckman Coulter) at a 1.8:1 ratio of beads to sample. Sequencing libraries
580 were next generated using a Kapa Hyper prep kit (Roche). Specifically, ends were repaired by
581 mixing 1.75 pL of end-repair and A-tailing buffer, 0.75 pL of end-repair A-tailing enzyme mix,
582 and 12.5 pL of amplified DNA followed by incubation at 20°C for 30 m, then 65°C for 30 min.
583  For adaptor ligations, 2.5 pL of 250 nM of NEXTflex Dual-Index DNA barcodes (Bioo Scientific)
584  were used with 15 pL of end-repair reaction product, 2.5 uL of DNA ligase and 7.5 pL of ligation
585  Dbuffer incubated at 20°C for 15 min. This procedure was followed by a post-ligation cleanup
586 using Agencourt Ampure XP magnetic beads at a ratio of 0.8:1 beads to sample. The
587  sequencing library was then amplified using 17 pL of 2X KAPA HiFi HotStart ReadyMix (Roche),
588 2 uL of lllumina primer mix and 15 yL of adaptor-ligated library followed by 98°C for 45 s, 98°C
589 for 15 s, 60°C for 30 s, 72°C for 30 s, and then a repetition of steps 2-4 for 8 cycles, followed by
590 72°C for 1 m and 4°C until further use. Amplified samples were then cleaned using Agencourt
591 Ampure XP magnetic beads in a ratio of 0.8:1 beads to sample. DNA library sizes were then
592  analyzed using a BioAnalyzer DNA 1000 kit (Agilent) and the DNA concentration was quantified
593  using Qubit High Sensitivity DNA kit (Thermo Fisher) ILibraries were diluted to 2 nM in 10 mM of
594  TE and samples were sequenced with MiSeq (lllumina) using a paired-end approach. We used
595 a previously described workflow [64] to determine M14041 allele frequencies. Briefly, sequence
596 reads were trimmed to remove primer sequences and low quality base calls before they were
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597 aligned to the Zika Paraiba 01 reference genome using BWA-mem (69). Mutants over a 3%
598 minor allele frequency were called using SAMtools mpileup (70)and were filtered according to
599 frequency and strand biases. After sequencing, the ratios of G (encoding M1404) versus A
600 (encoding 11404) were calculated and are represented as a percent of total sequencing depth at
601 the locus.

602

603  Statistical analyses

604  Statistical analyses were performed using GraphPad Prism 7 (GraphPad Software). Tests used
605 are indicated in results and figure legends. Statistical significance is denoted by P values of less
606 than 0.05.

607

608 DATA AVAILABILITY

609 Sequencing data are available in the NCBI SRA at accession number PRINA556052.
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Figure 1. A ZIKV mutant arose or increased in frequency in six pregnant rhesus
macaques inoculated with two different ZIKV strains via two routes. Experimental design
for inoculation of pregnant rhesus macaques with 1x10° ZIKV WT (KU321639.1, a 2015
Brazilian strain) both intravenously (V) and intraamniotically (IA), blue circle, or 1x10° of ZIKV
Puerto Rico 2015 (KU501215.1) delivered subcutaneously (SC), blue circle with thick black
border, on days indicated by syringes. For more details on study design, see Coffey et al. [23]
and Van Rompay et al. [33]. Both inocula contained mostly M1404 where 11404 was absent or
present at the limit of detection, ~1%. The green line shows the duration of each rhesus

macaque pregnancy divided into 3 ~55 day trimesters where full-term is 165 days. The orange
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dotted lines represent 165 days of gestation and the black solid lines show the period of
infection and experiment end for each dam and their fetus. Fetal death is shown as a red X.
Fetuses that survived to the study endpoint, gestation day 155, are indicated with green
squares. The golden star represents the first detection of 11404, full genome sequencing of this
specimen showed no other genome-wide mutations. The pie charts represent the relative
abundance of the amino acid at position 1404. The 11404 mutation was not detected in 4
additional pregnant macaques in the same study (not shown here but included in Supplemental
Table 2). Supplemental Table 2 shows the depth of sequencing coverage for the data

represented in pie charts. Tissues listed are maternal unless otherwise indicated.
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661 Figure 2. A ZIKV mutant, 11404, generates lower viremias and is less abundant than
662 M1404 in tissues of non-pregnant rhesus macaques after mixed inoculation. (A)
663  Experimental design for subcutaneous (SC) ZIKV inoculation of male and non-pregnant female
664  rhesus macaques with ZIKV WT (left), a 1:1 mixture of infectious clone derived ZIKV 11404 and
665 M1404 (middle) or infectious clone derived ZIKV 11404 (right) at indicated doses. The 1:1
666  mixture was verified by sequencing the inoculum prior to administration to macaques. Blood
667  was collected daily from 1 to 8, 10 and 12, and at either 14 or 15 dpi, at which point animals
668 were euthanized for tissue collection. (B) Plasma viremia kinetics for individual rhesus
669 macaques inoculated with ZIKV WT (grey), the 1:1 mixture (blue) or ZIKV 11404 (red). The

670 dotted line shows the limit of detection, 1.4x10* genome copies/mL plasma. Error bars show
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standard deviations for triplicate measurements. (C) The area under the curve (AUC) for rhesus
macaques infected with 11404 compared to WT or the 1:1 mix. AUC statistics were performed
on log-transformed viremia measurements (one-way ANOVA). (D) ZIKV RNA levels in tissues of
rhesus macaques. LN is lymph node. * p=0.04; ns is not significantly different at p=0.05 (one-
way ANOVA). The dotted line represents the mean limit of detection, 1.9x10* ZIKV genome
copies/gram tissue or mL. (E) Targeted quantitative sequencing flanking ZIKV 1404 showing the
relative abundance of M1404 (blue) or 11404 (red) in indicated tissues from male rhesus
macaques inoculated with the 1:1 mixture (*** p<0.01, ns is not significantly different at p=0.05,
chi-squared tests). Supplemental Table 3 shows the depth of sequencing coverage for the
data represented here. Each dot in panels B,C and D shows the mean of triplicate gRT-PCR

ZIKV RNA measurements.
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684  Figure 3. ZIKV 11404 produces higher spleen and placental ZIKV RNA titers and confers
685 fetal infection in infected pregnant mice. (A) Experimental design showing intraperitoneal
686 inoculation of pregnant CD-1 mice with ZIKV M1404 (blue), 11404 (red), WT (grey), or mock
687 (DMEM, black) on embryonic day 6 (E6) of pregnancy, where full term in mice is E21. Two
688 experiments were performed. In experiment 1 (triangles), dams were euthanized on E13. In
689 experiment 2 (squares), dams were euthanized on E13 or E19. (B) Back titration of residual
690 inocula. ZIKV RNA levels in maternal spleens (C), placentas (D) and (E) fetuses at E13.
691 Different patterns of shading for triangles and squares in E show different dams (N=7) from
692  which infected fetuses were detected. (F) Sanger sequencing of maternal tissues or fetuses
693  shows 11404 reverts to M1404 in some animals. An ‘X’ indicates no fetuses had detectable ZIKV

694  RNA so could not be sequenced. An empty field indicates sequencing was not attempted from
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that sample. ZIKV RNA levels in (G) maternal spleens (H) placentas, (I) fetus heads, and (J)
fetus bodies at E19. Each dot represents one tissue sample and is reported as the mean of 3
ZIKV RNA gRT-PCR replicates. Group means are shown as black lines, and include samples
with no detectable ZIKV RNA, which were reported at the limit of detection (LOD). Only samples
with 3/3 gRT-PCR replicates with detectable ZIKV RNA are reported above the LOD. The dotted
line denotes the LOD, which was a mean of 1.8x10* ZIKV RNA copies/gram tissue for all panels
except G, where the LOD was 3.3x10° ZIKV RNA copies/gram tissue. Statistical analyses
comparing means used ANOVA multiple comparisons. Rates of ZIKV RNA positive samples in

each group were compared with Fisher's exact statistics.
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708 Figure 4. Aedes aegypti transmit ZIKV 11404 less efficiently than M1404. (A) Experimental
709  design showing intraperitoneal inoculation of 1X10° PFU per Ifnar-/- mouse with ZIKV M1404
710  (blue) or 11404 (red), two days prior to mosquito feeding, followed by presentation of viremic
711  mice to mosquitoes, a seven day incubation period and harvesting of mosquito bodies, legs and
712  wings, and saliva to assess infection, dissemination, and transmission rates and magnitudes of
713  ZIKV RNA, which were quantified by gRT-PCR. (B) Mouse viremias immediately post-feed
714  show that mosquitoes in both groups were exposed to similar quantities of virus in ingested
715 blood. (C) ZIKV 11404 infects Ae. aegypti bodies and (D) disseminates into legs and wings at
716  similar rates and significantly higher mean ZIKV RNA levels than M1404 but (E) is significantly
717 less transmissible in saliva although transmitted doses are not different. Each dot represents
718 mean ZIKV genomes measured in mouse blood or individual Ae. aegypti tissue or saliva sample
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719 7 days post feed. Only samples with 3/3 replicates with a detectable gRT-PCR value are
720  reported above the limit of detection. The dotted line represents the limit of detection, 2x10?
721  ZIKV genome copies/mosquito sample or blood. P values comparing mean genome levels are
722  from unpaired t-tests. Rates were compared with Fisher’'s exact statistics.
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Figure 5: Fitness dynamics for mutant ZIKV. Visual representation of ZIKV M1404 (blue) and
11404 (red) fitness dynamics in the experimental systems used in this study. The bottom panel
shows a maodel for possible transmission dynamics of the mutant in human-mosquito-human

cycling, where human infection dynamics are predicted from observations in rhesus macaques.
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Supplemental Figure 1. Growth kinetics of ZIKV M1404, 11404, and WT in African green
monkey kidney (Vero) and Aedes albopictus (C6/36) cells. (A) ZIKV 11404 exhibits superior
ZIKV RNA growth kinetics compared to M1404 from 24 to 96 hpi in Vero cells at a MOI of 0.01.
Asterisks denote p<0.001 across all groups. (B) Infectious ZIKV levels in Vero cells from 24-96
hpi are not different between ZIKV M1404, 11404, and WT (p>0.05). (C) ZIKV RNA levels in

C6/36 cells at a MOI of 0.5 are not different across groups (p>0.05). Each dot represents the

mean of 3 replicate supernatant samples, where each supernatant was measured in 3 qRT-
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PCR replicates. RNA and PFU measurements for A and B were from the same supernatants.

Statistical tests used were repeated measures 2-way ANOVA. Error bars show standard

deviations. MOI is multiplicity of infection.
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Supplemental Figure 2. Relative to M1404 or WT, the ZIKV mutant 11404 does not

augment fetal death or decrease fetal weight in ZIKV infected pregnant CD-1 mice. Mice

were inoculated as shown in Figure 3A. No significant differences in rates of fetal resorption

(A,C) or weight (B,D) on gestation day of harvest, E13 or E19, were detected across groups of

pregnant mice infected with ZIKV M1404, 11404, WT, or that

were mock-inoculated. The lines in

the middle of each box for panels B and D show the mean and error bars show standard
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752  deviations. Resorption rates were compared with chi-squared statistics. Mean weights were
753  compared with ANOVA multiple comparisons statistics.

754
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757  Supplemental Table 1. Primers used for Sanger sequencing ZIKV in this study.

ZIKV Primer Name Primer Sequence (5’ to 3’)
28p CGACAGTTCGAGTTTGAAGCG
430p CCAGTGTCGGAATTGTTGGC
563n CCCCAGTGTGGTTGGAAAAG
904p GGCTTTTGGGAAGCTCAACG
1048n ACAACATCAACCCAGGTCCC
1200p CCAACACAAGGTGAAGCCTAC
1489n GGCGTTATCTCAACCTTCGC
1618p ACAAGGAGTGGTTCCATGACA
1776n TGTGAACGGCTCCTTCTTGAC
1970p GTATGCAGGGACAGATGGACC
2204n TTTTCCGATGGTGCTGCCAC
2301p GGCAAGGGCATCCATCAAAT
2537n ACCGCATCTCGTTTCCTTCTT
2749p CGGTCGTTGTGGGATCTGTAA
2979n GAAATACCCCGAACCCGTGA
3246p CACCACAACACCAGAGAGGG
3393n TGGTTGATCTCAGGGACGGT
3711p AAGCTTGCAATTCTGATGGGTG
3894n CAGTTTGCAGAAGGCACGAG
4144p CCTTGGGACTAACCGCTGTG
4299n TATCTGCTTTGGCGAACCCTC
4634p GCCTGCTCCCAAGGAAGTAAA
4809n CAAGTCTCCCTTCACCGCTC
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5197p ATCCTGGAGCTGGGAAAACC
5342n GTAACGCACTGGAAGCCCT
5814p CAAGAGTGGGACTTCGTCGTA
5924n GCCATCAAGTATGACCGGCT
6379p TGCTCAAACCGAGGTGGATG
6516n TCATGTGTCCTGGCAGTGTT
6878p CATGGTAGCAGTGGGTCTTCT
7063n ATGAGAGTTGTCAGAGCGGC
7451p CATCTCCAGTGCCGTTCTGC
7573n GCTGTGGAGGAGTTCCAGTAT
7925p CTGGAGTTACTACGCCGCC
8075n CGCCATGTGAAAGACGTCCA
8510p CGTTGAGAGGATCCGCAGTG
8649n GCCTGACAACCCCGTTTATG
9059p GGAATTTGGAAAGGCCAAGGG
9206n TAATCCCAGCCCTTCAACACC
9614p GCAGAGCAACGGATGGGATA
9763n GAGGGTTTCCACTCCTGTGT
10220p TCTTATAGGGCACAGACCACG
10365n GTGTGGACCCTTCTTCACCC
10803n CCATGGATTTCCCCACACCG

758

759

760

40


https://doi.org/10.1101/2020.08.11.247411
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.11.247411; this version posted August 13, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

761 Supplemental Table 2. Deep sequencing data showing the percentage of reads that encode
762  ZIKV 11404 in inocula and experimentally infected pregnant rhesus macaques. For most
763  samples, a targeted sequencing approach flanking ZIKV polyprotein amino acid 1404 was used.

is The Scripps Research Institute, ® is

a

764 2" and © show data from different laboratories.
765  University of California San Francisco, and © is Lawrence Livermore National Laboratories. PR
766 is Puerto Rico, WT is SPH2015, a Brazilian strain, KU321639, N/A is not applicable, DPI is day

767  postinoculation, IV is intravenous, A is intraamniotic, SC is subcutaneous.

ANIMAL STUDY % 11404
ori | SOTERACE | Wi
INOCULUM (OP1)

Inoculum PR 2015 SC N/A N/A N/A N/A 2242 0%*
Inoculum WT IV +IA N/A N/A N/A N/A 5705 0.2%"
Inoculum WT IV +I1A N/A N/A N/A N/A 2296 1.3%*
5731 PR 2015 SC Near term 125 Maternal Spleen 125 15 14%°*
5388 WT IV + 1A Death 7 Amniotic fluid 2 1175 25%"
5388 WT IV +1A Death 7 Amniotic fluid 7 2564 17%°
5388 WT IV +IA Death 7 Gestational Sac 7 8020 14%°
5388 WT IV +IA Death 7 Amniotic membrane 7 309 25%°
5388 WT IV +IA Death 7 Amniotic membrane 7 4492 28%?
5388 WT IV +I1A Death 7 Placenta full thickness 7 5477 5%*
5388 WT IV +IA Death 7 Vagina 7 77 19%°
5388 WT IV +I1A Death 7 Spleen 7 6235 0%*?
5388 WT IV +I1A Death 7 Inguinal Lymph node 7 4332 0.1%*
5388 WT IV +I1A Death 7 Fetal Lung 7 6236 0%*?
5388 WT IV +IA Death 7 Fetal Intestine 7 21444 0%*?
5388 WT IV +I1A Death 7 Fetal Brain 7 4581 0.2%*
5592 WT IV +I1A Death 14 Amniotic fluid 14 13 8%°
5592 WT IV + 1A Death 14 Inguinal Lymph node 14 2389 0%*°
5592 WT IV +I1A Death 14 Amniotic membrane 14 7695 0%*
5592 WT IV +I1A Death 14 Fetal intestine 14 9362 0.1%*
5592 WT IV +IA Death 14 Fetal kidney 14 6812 0.1%*
5592 WT IV +I1A Death 14 Fetal brain 14 2849 0.1%*
4817 WT IV +I1A Near term 105 Amniotic fluid 2 8000 0%°
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4817 WT IV +I1A Near term 105 Amniotic fluid 14 438486 4%°
4817 WT IV +IA Near term 105 Amniotic fluid 21 2560 5%
4817 WT IV + 1A Near term 105 Vagina 105 1232 9%°
5846 WT IV +I1A Near term 87 Amniotic fluid 7 15869 13% °
5846 WT IV + 1A Near term 87 Amniotic fluid 14 5439 12% °
5846 WT IV +IA Near term 87 Amniotic fluid 21 10045 35%°
5846 WT IV +1A Near term 87 Amniotic fluid 28 333 2%°
5846 WT IV +IA Near term 87 Amniotic membrane 87 217 7%°
5846 wT IV +IA Near term 87 Fetal seminal vesicle 87 557 3%°
5846 WT IV +I1A Near term 87 Urine 40 1929 11%°
5846 WT IV +IA Near term 87 Urine 7 1725 37%°
5846 WT IV + 1A Near term 87 Placenta 87 2991 0%°
5846 WT IV +IA Near term 87 Fetal brain 87 2800 0%°
5846 WT IV + 1A Near term 87 Amniotic fluid 2 7842 0.3%*
5207 WT IV +IA Near term 65 Amniotic fluid 2 8797 14%°
5207 WT IV +I1A Near term 65 Placenta 65 5130 4%°
5462 WT + PR 2015 IV +IA Death 73 Amniotic fluid 7 6151 0%*?
5462 WT IV + 1A Death 73 Amniotic fluid 14 6686 0.4%*
5462 WT IV +IA Death 73 Fetal Lung 70 5016 0%*?
5507 PR 2015 SC Death 30 Amniotic membrane 30 5052 0%*
5512 PR 2015 SC Near term 121 Amniotic membrane 121 5318 0%?
5803 WT + PR 2015 IV + 1A Death 42 Fetal lung 42 14467 0%*?
5803 WT+ PR 2015 IV + 1A Death 42 Fetal ileum 42 7137 0%*°
5803 WT+ PR 2015 IV + 1A Death 42 Fetal kidney 42 12886 0%*°
5803 WT + PR 2015 IV +I1A Death 42 Fetal brain — parietal lobe 42 5491 0.1%°?
5803 WT + PR 2015 IV +I1A Death 42 Placenta full thickness 42 11923 0%*
5803 WT + PR 2015 IV +I1A Death 42 Amniotic membrane 42 4935 0%*
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773  Supplemental Table 3. Deep sequencing data showing the percentage of reads at ZIKV 1404
774 in non-pregnant rhesus macaques. ‘1:1 Mix’ denotes an equal mixture of ZIKV M1404 and
775 11404. LN is lymph node. DPI is days post-inoculation. SC is subcutaneous. These same data

776  are shown graphically in Figure 2E.

777

ANIMAL
NUCLEOTIDE

IDENTIFIER ZIKV STRAIN INOCULATION TISSUE DPI COVERAGE AT % 11404
or ROUTE 1404 MUTANT
INOCULUM
INOCULUM | 1:1 Mix N/A N/A N/A 1013 51%
5123 1:1 Mix SC Plasma 3 7920 18%
5123 1:1 Mix SC Plasma 5 7 14%
5123 1:1 Mix SC Inguinal LN 15 1607 32%
5123 1:1 Mix SC Mesenteric LN | 15 881 22%
5123 1:1 Mix SC Spleen 15 170 25%
5779 1:1 Mix SC Plasma 3 7922 27%
5779 1:1 Mix SC Plasma 5 7888 21%
5779 1:1 Mix SC lleum 15 384 9%
5779 1:1 Mix SC Inguinal LN 15 412 50%
5779 1:1 Mix SC Mesenteric LN | 15 126 45%
5779 1:1 Mix SC Spleen 15 496 31%
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