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Abstract

RNA viruses have short generation times and high mutation rates, allowing them to undergo rapid
molecular evolution during epidemics. However, the extent of RNA virus phenotypic evolution within
epidemics and the resulting effects on fitness and virulence remain mostly unknown. Here, we screened
the 2015-2016 Zika epidemic in the Americas for lineage-specific fithess differences. We engineered a
library of recombinant viruses representing twelve major Zika virus lineages and used them to measure
replicative fitness within disease-relevant human primary cells and live mosquitoes. We found that two of
these lineages conferred significant in vitro replicative fithess changes among human primary cells, but
we did not find fitness changes in Aedes aegypti mosquitoes. Additionally, we found evidence for elevated
levels of positive selection among five amino acid sites that define major Zika virus lineages. While our
work suggests that Zika virus may have acquired several phenotypic changes during a short time scale,
these changes were relatively moderate and do not appear to have enhanced virulence or transmission
during the epidemic.

Introduction

Zika virus is a mosquito-borne flavivirus that was introduced into the Western Hemisphere in
2014 ', where it infected an estimated 100 million people 2. Its genome is translated into a ~3,420-amino
acid polyprotein that is processed to yield three structural genes (C, prM, E) and seven non-structural
genes (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5). Previously thought to cause mild, self-limiting
disease, recent discoveries have implicated Zika virus in long-term persistence and pathology in adults
%5 One study demonstrated that seven percent of newborns exposed to Zika virus during pregnancies
lead to microcephaly and an additional six percent suffer neurological or ocular defects ®. Because these
pathologies had not been documented prior to 2015, it has been hypothesized that the virus acquired
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mutations that enhanced virulence "-°. Additionally, it is possible that the virus adapted to mosquitoes or
humans, which may have facilitated its explosive spread across the Americas "®. These phenomena raise
the question of whether Zika virus evolved phenotypically to facilitate spread and/or virulence throughout
the Americas.

Several studies have identified putative changes in transmissibility or virulence by studying
nonsynonymous mutations that define major Zika virus phylogenetic branches (clades or lineages). For
example, Liu et al. found that the NS1-A188V amino acid substitution resulted in higher infectivity of
Aedes aegypti mosquitoes '°, and Shan et al. identified an amino acid substitution, E-V473M, that
appears to increase Zika virus virulence and fitness in mice ™. Moreover, Yuan et al. showed the
prM-S17N amino acid substitution enhanced neurovirulence in mice and replicative fitness in human
neural progenitor cells 2. They speculated that this mutation may have resulted in an increase in
microcephaly incidence '2. However, more recent studies have not corroborated this increase in fitness
and neurovirulence "3,

Phenotypic evolution during other RNA virus epidemics further supports the hypothesis that Zika
virus may have evolved functional changes during the 2015-2016 epidemic. For example, a chikungunya
virus mutation in the envelope gene, E1-A226V, was found to enhance vector competence in Aedes
albopictus mosquitoes '*. Researchers also associated the Ebola virus A82V glycoprotein amino acid
substitution with enhanced infection of human cells ¢, and they hypothesized that A82V may have led
to increased transmissibility of the virus during the 2015-2016 epidemic in West Africa '>'¢. More recently,
it has been shown that variants of SARS-CoV-2, such as Alpha and Delta, confer higher transmissibility
and rapidly displaced other variants across the world -'°. Despite these examples of phenotypic
evolution, there has yet to be a genome-wide, systematic screen for phenotypic virus evolution during an
epidemic.

To investigate whether Zika virus evolved altered virulence or transmissibility, we screened for
fitness differences among lineages that emerged during the 2015-2016 Zika epidemic. We found that the
nonsynonymous mutations that define two lineages conferred increased replicative fitness in human
primary cells, but we did not find clear differences in lineage-specific fitness in Ae. aegypti mosquitoes.
We also found evidence for elevated positive selection among major lineage-defining amino acid sites.
However, none of our Zika virus lineages with enhanced replicative fithess displaced ancestral lineages
during the epidemic, as has previously occurred during epidemics caused by other viral pathogens '*2°.
Taken together, our findings suggest that while Zika virus likely acquired phenotypic changes during the
2015-2016 epidemic as it evolved in response to novel environments in the Americas, it is unlikely these
changes had a significant impact on the course of the epidemic.

Results
Thirteen major Zika clades defined by lineage-specific mutations

To screen for phenotypic evolution among Zika virus lineages during the 2015-2016 epidemic, we
identified candidate lineages that may have arose due to adaptive evolution. The candidate lineages were
identified using two main criteria: First, because nonsynonymous mutations are more likely to confer
phenotypic effects 2!, we required candidate clades to be defined by at least one nonsynonymous
mutation. Second, because phenotypic changes that are adaptive are more likely to proliferate and seed
maijor lineages, we focused on the largest branches within the Zika virus phylogeny. Using these criteria,
we selected thirteen major clades that were defined by at least one nonsynonymous mutation.

Specifically, we downloaded 517 unique Zika virus genomes with >90% coverage from Genbank
2 that were collected from 2013 to 2019 across Asia and the Americas. Next, we used these sequences
to build a time-resolved maximum likelihood phylogenetic tree 2-% and we applied our criteria to identify
candidate lineages. We identified lineages that were defined by at least one amino acid site and that had
a Shannon entropy % of greater than 0.2, which we used as a measure of diversity. Our screen resulted in
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thirteen clades, each defined by one to four nonsynonymous mutations for a total of 17 unique mutations
(Fig. 1a; Extended Data Table 1). We named the clades derived during the 2015-2016 epidemic in the
Americas clades A-J and the clades that preceded American lineages as pre-American (PA) 1-3 (Fig. 1a).

Instances of adaptive virus evolution are often followed by more fit viral lineages proliferating and
displacing ancestral lineages '*'82°, To investigate potential signs of preferential expansion of Zika virus
lineages during the 2015-2016 epidemic, we analyzed the temporal and spatial distribution of Zika virus
lineages across the Americas, as well as in North and South America individually (Fig. 1b-e). We found
the overall frequency of clade E rose 50 and 20 percentage points in the Americas (Fig. 1c) and North
America (Fig. 1d), respectively. However, we observed that most lineages did not exceed a total
frequency of 70% at any point during the epidemic (Fig. 1c-e). The exception to this is Clade B, which
rose to 100% frequency in South America (Fig. 1e); however, this result is based on a single sample
sequenced from 2017 or later, suggesting the observed fixation of Clade B is almost certainly due to
sampling bias. These findings suggest that while clade E appears to have increased in frequency during
the 2015-2016 epidemic, none of these lineages were dominant enough to reach fixation.

In vitro replicative fitness assays in human cells reveal phenotypic differences among Zika virus
lineages

To approximate phenotypic evolution during the 2015-2016 epidemic, we investigated the fitness
effects of the mutations that define our candidate lineages. We generated Zika virus growth curves by
infecting continuous and human primary cells with a library of recombinant Zika viruses that represent 12
Zika virus lineages, and we identified two lineages (clades B and E) that consistently enhanced in vitro
replicative fithess in human primary cells.

We first used site-directed mutagenesis to introduce the 17 clade-defining mutations into
infectious clones that represent our 13 Zika virus lineages (Fig. 1a). We made these mutations on the
background of an infectious cDNA clone ¥ developed from the Paraiba_01 Brazilian Zika virus isolate %,
which has been shown to produce viral stocks without introducing additional mutations ?’. To mitigate
potential effects of culture-specific mutations, we transfected each clone into five independent cultures.
We successfully rescued infectious clones for 12 of 13 clades (clade J failed to produce infectious virus),
leading to a library of 60 viral stocks.

We then used our 60 viral stocks to infect continuous cell lines and human primary cells
previously shown to be susceptible to infection 2°3*. We infected primary human dermal fibroblasts
(HDFs), to approximate Zika virus replication at the site of mosquito transmission 2°, human villous
mesenchymal fibroblasts (HVMFs) to recapitulate the ability for Zika virus to disseminate into placental
tissue, and human neural progenitor cells (NPCs) to approximate the ability for Zika virus to damage fetal
neural tissue. We also infected retinal pigment epithelial (RPE) cells to investigate conjunctivitis 5302, To
determine whether any phenotype changes were consistent among certain cell types, we also infected
continuous cell lines that were similar to our human primary cells (Extended Data Table 2). For all cell
types, we generated viral growth curves using plaque assays to measure viral titers across all timepoints
(Fig. 2a-h).

We found that the recombinant virus that represents clade E had the highest and second highest
growth over time among all four human primary cells, Vero cells, and MRC-5 cells, and that this clone
displayed a significantly higher titer in at least one time point in all of these cell types tested except for
HDFs (Fig. 2a-h). Clade E is defined by three amino acid substitutions (NS1-G100A, NS3-M572N, and
NS5-R525C; Extended Data Table 1) and spans most of Central America (Fig. 1b). We also found that
the clade B recombinant virus had the second highest titers at most timepoints among RPE, NPC and
HVMF primary cells (Fig. 2e-2g) and the highest growth curve among HDF primary cells (Fig. 2h). We
found the growth curves for the infectious clones that represent clades C and D were similar to clade B
within RPE, NPC, and HVMF primary cells (Fig. 2e-2g). Clade B arose in Brazil early in the epidemic and
is defined by a single amino acid substitution, NS1-M349V. Clades C and D both descended from clade B
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(Fig. 1a and 1b) and have other substitutions (NS5-D878E, NS5-T808I) in addition to NS1-M349V (Fig.
1a). We found the replicative fithess curves for clades B, C, and D were clustered in primary cells (Fig.
1a; Extended Data Fig. 1), which suggests that their replicative fitness increases are caused by their
shared substitution, NS1-M349V.

We validated the increased replicative fitness of the infectious clones representing clades E and
B by performing competitive fitness assays against clade A, the ancestral lineage in the Americas. Each
competition was conducted in triplicate at three percentages, 90%, 50%, and 10% for a total of nine
competitions per condition. Next, we used deep sequencing to assess lineage frequencies five days
post-infection. We infected HVMF and RPE primary cells with these mixed virus populations. Among
RPEs, we found that clades E and B increased in frequency in 9/9 and 6/8 mixtures, respectively. Within
HVMFs, clade E rose in frequency among 6/9 mixtures but clade B fell in frequency among six of eight
mixtures (Fig. 2i-l). To further investigate the high replicative fithess of clade E, we competed it with the
lowest performing clade G in Vero cells. Similar to our results with clade A, we found that clade E
outcompeted G in 8/9 mixtures (Fig. 2m). These results show that the nonsynonymous mutations that
define clades E (NS1-G100A, NS3-M572N, and NS5-R525C), and B (NS1-M349V) confer higher in vitro
replicative fithess in human primary cells.

In vitro competitive fitness assays using viral isolates confirm replicative fitness differences of
recombinant Zika viruses

Above, we used genetically engineered clones to identify lineages with enhanced replicative
fithess in human primary cells. To further demonstrate that the clade-defining nonsynonymous mutations
specific to clade E and B have high in vitro replicative fithess, we investigated if patient-derived Zika virus
isolates with these lineage-defining mutations outcompeted isolates with low replicative fitness.
Corroborating the fitness results from the engineered infectious clones, we found that virus isolates
belonging to clades E and B had enhanced fithess in human primary cells.

We obtained Zika virus isolates from Nicaragua (Nica-6547) and Honduras (R103451) that have
shared lineage-defining mutations with clade E, which had the highest replicative fithess in human
primary cells (Fig. 2a-h). We also obtained an isolate from Colombia (FLR) and four isolates from
Panama (PA259359, PA259634, PAN259249, and PAN259364), that contain the lineage-defining
mutations specific to clade G, our lowest-performing clade (Fig. 2a-h). Finally, we included an isolate from
Brazil (Paraiba_01) to represent clade B and an isolate from Puerto Rico (PRVABC59) to represent clade
I, which we found had a moderate fitness relative to other clones (Fig. 2a-h). We used these isolates to
infect HYMF and RPE cells in triplicate to generate in vitro replicative fitness curves. In HVMF cells, we
found the isolates from Brazil (clade B), Honduras (clade E), and Puerto Rico (clade I) had the highest
fitness (Fig. 3a). However, in RPE cells, we found the isolates that represent putative high-fitness clades
were clustered with isolates representing clade G and did not demonstrate enhanced fitness (Fig. 3b).

To further investigate fitness effects of our Zika virus isolates, we conducted competitive fitness
assays in HVMFs and RPE cells. We competed our clade B isolate (Paraiba_01), and two clade E
isolates (Nica-6547 and R103451) against three clade G isolates G (PA259359, PA259634, and
PAN259249). Each competition was conducted at three percentages, 90%, 50%, and 10% of each
lineage, which led to a total of 27 competitions for each cell type. Finally, we used deep sequencing to
assess lineage frequencies five days post infection.

We found that in RPE cells, the Paraiba (clade B), Nicaragua (clade E), and Honduras (clade E)
isolates outcompeted clade G isolates (Fig. 3c-e). On average, the increase in frequency rose 21% for
Paraiba (clade B), 18% for Honduras (clade E), and 15% for Nicaragua (clade E). In HVMF cells, we
found that 24/27 of the competitions resulted in Paraiba (clade B), Nicaragua (clade E), and Honduras
(clade E) isolates increasing in frequency (Fig. 3f-h). On average, we found the increase in allele
frequencies rose 10% for Paraiba (clade B), 7% for Honduras (clade E), and 5% for Nicaragua (clade E).
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We found the HVMF replicative fitness and competitive fitness data suggest enhanced fitness for
clades B and E isolates. While we found the RPE competitive fitness data also support enhanced fitness
for clades B and E, the isolates that represent these clades did not have elevated replicative fitness
curves compared to clade G. Collectively, these findings using Zika virus isolates corroborate the results
from our infectious clones demonstrating that clade B and E have elevated replicative fithess in primary
human cells.

Ae. aegypti transmission rates are similar across Zika virus lineages

Zika virus is maintained in a natural transmission cycle between human hosts and mosquito
vectors *°. To investigate replicative fitness and transmission by mosquitoes, we infected mosquito cells
and live mosquitoes with our library of recombinant viruses representing the 12 Zika virus lineages. To
inform the selection of mosquito species used for in vivo infections, we selected three mosquito cell lines,
Ae. aegypti Aag2 cells, Ae. albopictus U4.4 cells, and Culex quinquefasciatus Hsu cells, to represent
mosquito species that have been implicated as vectors for Zika virus *-%¢. We found that both Aag2 and
U4.4 sustained Zika virus infection for all clones tested (Fig. 4a and 4b), whereas Zika virus titers rapidly
declined in Hsu cells (Fig. 4c), supporting other reports that Cx. quinquefasciatus are not competent
vectors for Zika virus 4%, Given that Ae. aegypti is considered the main vector for Zika virus, and that we
observed the highest variation in replicative fitness between clades in these mosquitoes (Fig. 4a), we
chose a colony of Ae. aegypti from Poza Rica, Mexico *' for in vivo fitness evaluations.

To evaluate vector competence of Ae. aegypti mosquitoes for each of the 12 clades, we fed
groups of female mosquitoes with infectious blood meals containing one of our 12 Zika virus recombinant
clones. After 14 days of incubation at 26°C, we dissected mosquitoes and determined the percentage of
Zika virus-positive bodies (infection), legs/wings (dissemination), and saliva (transmission) out of the total
number of exposed females, via cell culture infectivity assays. We ran pairwise comparisons of infection
rates between all clades, and we found a significantly higher infection rate for clade PA3 (Fisher’s exact
test with FDR correction, P = 0.001) as compared to clade A (Fig. 4d). Furthermore, when running
pairwise comparisons of dissemination rates between all clades, we found significantly higher
dissemination for clades PA3, B, and F (Fisher’s exact test with FDR correction, P = 0.008, 0.03, and
0.008, respectively), as compared to clade A (Fig. 4e). However, we found the subclades nested within
clade B (C and D), and clade F (G) do not have elevated dissemination rates (Fig. 4e), which suggests
these dissemination differences may not be due to the lineage-defining mutations in question. Lastly, we
did not find any significant differences in transmission between the clades (Fisher’s exact test, P = 0.28;
Fig. 4f). We were not able to detect Zika virus within the saliva of many of our mosquitoes, which likely led
to loss of power in our analyses. This may be explained by the relatively low input titer in the blood meal,
which was limited by the clade with the lowest titer, to ensure equal titers across all clades.

To further evaluate vector competence, we determined replicative fithess by performing plaque
assays on bodies of mosquitoes with and without disseminated infections (i.e., presence/absence of Zika
virus in legs and wings). First, we verified Zika virus titers for engorged female mosquitoes that were
immediately frozen after feeding. Overall, we found that Zika virus titers were mostly less than 1,000
PFU/mL for all clades, except clade B, which had significantly higher titers than clades A, D, E, G, and |
(Dunn’s test with FDR correction, P < 0.03; Extended Data Fig. 3a). After 14 days of incubation, we did
not detect any significant differences in Zika virus titers for mosquitoes with a disseminated infection when
comparing all 12 lineages with each other (Dunn’s test with FDR correction, P > 0.05 for all pairwise
comparisons; Extended Data Fig. 3b). Thus, although we found that clades PA3, B, and F initially had
higher dissemination as compared to clade A, we did not find any differences in replicative fitness
associated with the tested lineage-defining nonsynonymous mutations.

Because we found low transmission rates after feeding Ae. aegypti females with an infectious
blood meal, we wanted to further investigate potential changes in replicative fithess inside mosquitoes.
We intrathoracically injected groups of Ae. aegypti females with each of our 12 Zika virus clones and
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determined the percentage of positive saliva (transmission) after seven days incubation. We verified that
all injected female mosquitoes, for each clade (Extended Data Fig. 4a), were positive for Zika virus. We
compared transmission rates between mosquitos infected with different clones and again found no
significant differences between any of the clades (Fisher’s exact test with FDR correction, P > 0.05 for all
pairwise comparisons; Extended Data Fig. 4b). Taken together, our experiments do not clearly identify
lineage-specific fitness differences in live Ae. aegypti mosquitoes.

Clade-specific amino acid sites are under heightened positive selection

Selection pressures among the protein-coding portion of a genome can be analyzed by
comparing the rate of nonsynonymous mutations with the rate of synonymous mutations (dN/dS) *2. To
further evaluate phenotypic evolution during the 2015-2016 epidemic, we calculated dN/dS values *3
across all amino acid sites in the Zika virus genome and found 25 amino acid sites that show evidence of
positive selection.

Specifically, we applied renaissance counting *® selection analysis to our 517 sequences to
calculate site-specific dN/dS values across the protein-coding region of the Zika virus genome “3. Among
the ~3,420 amino acid sites in the Zika virus genome, we identified 25 sites that had 90% of their
posterior dN/dS distributions greater than one (Fig. 5a and 5b). Five of 17 lineage-defining mutations
were among the 25 putative sites under positive selection (clades B; NS1-M349V, C; NS5-1322V, G;
NS5-T833A, H; C-180T, and PA2; NS3-Y584H), with average posterior dN/dS ratios ranging from 1.2-1.9
(Fig. 5a and 5b). Throughout the Zika virus genome, 20 amino acid sites that did not define major clades
had dN/dS values greater than one, and two of these sites were within two codons from a clade-defining
mutation (clades E and PA2). Notably, the NS1-M349V mutation, which defines clade B, was one of two
lineage-defining mutations that we found to have a high replicative fithess in human primary cells.

To investigate whether dN/dS values were significantly higher among lineage-defining mutations
as a whole, we compared the dN/dS distributions at lineage-defining amino acids with all nonsynonymous
mutations that are not lineage defining. We used ancestral state reconstruction * to identify all mutations
throughout our phylogeny and identified 3,633 synonymous mutations across 1,742 amino acid sites, 825
nonsynonymous mutations across 384 amino acid sites, and 89 nonsynonymous mutations that define
our clades across 17 amino acid sites. The average dN/dS values for synonymous only, nonsynonymous,
and clade-defining sites were .07, .53, and .76, respectively. Next, we compared the clade-defining amino
acid sites with all other nonsynonymous, amino acid-specific dN/dS values, and we found that the
clade-defining values were significantly higher (Mann-Whitney U test, p = .04; Fig. 5d and 5e). This shows
that lineage-defining amino acid sites tend to have higher dN/dS ratios than non-lineage-defining sites,
suggesting that our sites are either under increased positive selection or relaxed purifying selection.

Discussion

The sudden rise of Zika virus transmission and disease during the 2015-2016 epidemic in the
Americas raised the question of whether the virus evolved to become more transmissible or virulent ”°. In
this study, we addressed this question by using engineered recombinant viruses representing specific
Zika virus lineages to infect human primary cells and live mosquitoes. We found evidence of two lineages
with replicative fithess changes in human tissues, but none in Ae. aegypti mosquitoes. Using selection
analysis, we found elevated signals for adaptive evolution among five lineages that arose during this time.
However, these changes did not result in the displacement of less fit lineages by fitter ones, and the
overall phenotypic effects of these lineage-defining mutations warrant further investigation. The ongoing
COVID-19 pandemic has demonstrated the ability for a virus to evolve towards higher transmissibility or
immune escape during short timescales. This highlights the importance of identifying instances of
phenotypic evolution during an outbreak *. Here, we present a systematic approach to identify
lineage-specific fitness increases during an epidemic.
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We found that the amino acid substitutions specific to clade E (NS1-G100A, NS3-M572N, and
NS5-R525C) and clade B (NS1-M349V) confer replicative fithess increases in human primary cells and
continuous cells lines. Consistent with our finding that clade E leads to higher Zika virus replicative
fitness, Kuo et al. previously demonstrated that the NS1-G100A substitution leads to increased fitness in
type-l interferon receptor knockout (A129) mice *’. NS1-G100A is one of the three amino acid
substitutions that define clade E, and it is plausible this substitution confers some, or all, of the fitness
advantage in the human primary cells we tested. While further work will be required to decipher which of
these three mutations leads to higher replicative fithess in human cells, our and Kuo et al.’s analysis are
suggestive that clade E confers a fitness advantage in mammalian hosts.

The lack of microcephaly observed before Zika virus spread to Oceania and the Americas raised
the possibility that Zika may have evolved towards increased virulence. Yuan et al. '2 found the prM-S17N
substitution increased fithess in neural progenitor cells and conferred shorter survival when injected
intracranially into one-day-old mice. They hypothesized that this substitution enhanced microcephaly
incidence or severity. However, consistent with Jaeger et al.'s and Shan et al.’s analysis, we did not find
evidence to support this theory. Specifically, Shan et al. demonstrated that prM-17N and prM-17S have
nearly identical survival curves when intracranially infecting one-day-old mice, suggesting the prM-17N
does not confer enhanced disease. Additionally, Jaeger et al. did not identify fithess or neurovirulence
differences when infecting these prM-17 mutants in one-day-old mice. In our analysis, the prM-S17N
substitution occurs between lineages PA2 and clade A, and in contrast to Yuan et al. 2, we did not identify
any fitness changes between these lineages in neural progenitor cells. However, our experiments also
included the NS3-Y584H mutation, which co-defines the PA2 lineage, so we were not able to measure the
effect of the prM-S17N substitution independently.

Because we assessed replicative fitness differences from in vitro infections of human primary
cells and laboratory mosquitoes, it is difficult for us to determine if any lineage enhanced Zika virus fithess
in nature. In our experiments, we used NPCs, HVMFs, and RPEs to model disease and HDFs to model
transmission. While we selected these cell types because they have been shown to be susceptible to Zika
virus 523! they may not be the best models to approximate these phenotypes. For example, human
monocytes likely play a role in Zika virus transmission “°4¢ but we were unable to infect these cells at high
enough levels to generate growth curves. Nonetheless, we found a strong concordance of replicative
fitness differences among the human primary cells included in our analyses (Fig. 2a-h and Extended Data
Fig. 1), suggesting that the fithess differences we identify likely confer similar effects across a broad
range of human tissues.

To bolster our replicative fithess results in specific model systems, we investigated the selective
pressures across the Zika virus genome. We found evidence that five lineage-defining amino acid sites
may be under positive selection and that sites that define major lineages have significantly elevated
dN/dS values. Notably, we found evidence for positive selection at the NS1-M349V amino acid site that
defines clade B, which we also found to have high replicative fitness in human primary and continuous
cells. While our selection analysis is valuable in the context of our replicative fitness assays, these data
should be interpreted with caution. First, dN/dS analysis is prone to underestimate positive selection
during viral epidemics due to little time for purifying selection purge to deleterious mutations 2.
Additionally, this analysis assumes that synonymous mutations are mostly neutral, which is not always the
case for RNA viruses “¢. Therefore, we used our selection analysis as a screen to identify candidate sites
for positive selection and to support our replicative fitness findings.

Our selection analysis may also enable us to investigate functional differences across a full
transmission cycle. Because we evaluated Zika virus fitness in humans and mosquitoes separately, we
could not evaluate how replicative fitness changes in either organism would affect overall fitness in a
complete, natural transmission cycle. Our dN/dS analysis, however, incorporates the full evolutionary
history in mosquitoes and humans. Hence, it is possible that a subset of the five lineage-specific
mutations with high dN/dS values confer fitness advantages in a natural transmission cycle. Additionally,
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we note that the two lineages that appear to confer fithess advantages in human primary cells (clades B
and E) do not appear to be deleterious in live mosquitoes or the Aag2 mosquito cell line, suggesting that
these fitness increases could remain during a full transmission cycle.

While our study identifies multiple lineage-specific phenotypic changes during the course of the
Zika epidemic, these changes did not result in the fixation of their respective lineages, and therefore are
unlikely to have had major effects on the trajectory of the epidemic. It is possible that the lineages we
found to have enhanced fitness in human primary cells may have been tempered by low or moderate
fitness in mosquitoes. Moreover, consistent with a rapid decline in Zika cases after the 2015-2016
epidemic “°, none of our 13 major lineages were defined by mutations in the envelope gene. The
envelope protein is responsible for host-receptor binding, and the lack of lineages defined by amino acid
substitutions in this gene suggests immune escape variants were not able to proliferate to high
frequencies. Therefore, it is unlikely that antibody-specific immune evasion significantly impacted this
epidemic.

Here, we provide a framework to screen for fitness differences among lineages during an
epidemic. While the fitness changes we identified do not appear to have significant effects on the
2015-2016 Zika epidemic, our analysis suggests phenotypic evolution occurred several times during this
outbreak. Monitoring the phenotypic evolution during the course of an outbreak can help control spread
and mitigate disease “*. We believe this framework can be applied to study phenotypic evolution during
future epidemics caused by emerging RNA viruses.

Methods

Cell lines and viruses

Vero (ATCC:CCL-81), Huh-7, A549 (ATCC), SH-SY5Y, and MRC5 (ATCC) cell lines were maintained in
1X Dulbecco’s modified eagle medium (Gibco) supplemented with 10% heat-inactivated fetal bovine
serum, 1mM sodium pyruvate (Gibco), and 1x penicillin-streptomycin (Gibco), and were grown at 37°C
with 5% CO2. RPE, HDF, and HVMF human primary cells and respective media were purchased from
Sciencell and the manufacturer’s instructions were followed for culturing. NPC human primary cells and
supporting culture ingredients were purchased from STEMCELL technologies and the manufacturer’s
instructions were followed.

We used mosquito-derived cell lines from three mosquito species to investigate replicative fitness
of the twelve Zika virus mutants. We inoculated twelve Zika virus mutants on Ae. aegypti-derived Aag?2
cells, Ae. albopictus-derived U4.4 cells, and Cx. quinquefasciatus-derived Hsu cells (kindly provided by
Dr. Doug Brackney, Connecticut Agricultural Experiment Station). We maintained Aag2 cells in
Schneider’s Drosophila Medium supplemented with 8% heat-inactivated fetal bovine serum and 1%
antibiotic/antimycotic (100 U/mL penicillin, 100 ug/mL streptomycin, and 0.25 ug/mL amphotericin B) at
28°C without CO2. U4.4 cells were maintained in Mitsuhashi and Maramorosch insect medium
supplemented with 7% heat-inactivated fetal bovine serum, 1% antibiotic/antimycotic, 1% non-essential
amino acids, and 1% L-glutamine at 28°C with 5% CO2. We maintained Hsu cells in 1X minimum
essential Earle’s medium supplemented with 10% heat-inactivated fetal bovine serum, 1%
antibiotic/antimycotic, and 1% non-essential amino acids at 28°C with 5% CO2. For infectivity and plaque
assays, we used Vero E6 cells (African green monkey; kindly provided by Doug Brackney, Connecticut
Agricultural Experiment Station), which we maintained in 1X minimum essential Earle’s medium
supplemented with 10% heat-inactivated fetal bovine serum, 1% antibiotic/antimycotic, and 1%
non-essential amino acids at 37°C with 5% CO2.

We obtained the FLR, R103451, PAN259249, PAN259634, PAN259359, PAN259364 viral
isolates through BEI Resources, NIAID, NIH as part of the Human Microbiome Project. Nica-6457 was
isolated from a participant of the Pediatric Dengue Cohort Study in Managua, Nicaragua, and was kindly
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provided by Eva Harris (University of California, Berkeley), and Paraiba_01 isolate was kindly provided by
Thomas Rogers (Scripps Research, La Jolla).

Generating clade-defining infectious clones

We used the phylogeny and diversity data on Nextstrain *° to select major clades that are defined
by nonsynonymous mutations, where the amino acid site had a Shannon entropy of greater than 0.2 as of
February 2020. We used an in vitro assembly mutagenesis method to introduce clade-defining mutations
into a Zika virus infectious clone generated from the Brazilian isolate Paraiba_01 kindly provided by Dr.
Alexander Pletnev . Next, we sequenced these plasmids on an lllumina Miseq to confirm the addition of
all mutations and omit infectious clones with minor allele frequencies above 20% at unintended sites. We
then transfected 3 ug of these infectious clones into Vero cells at ~75% confluence in a T25 flask by using
lipofectamine 3000. The transfections were repeated five times for each infectious clone to control for
spurious effects arising during transfection and culture. We rescued virus stocks on day three and
partitioned into 24 100ul aliquots, where Hepes buffer was added to a final concentration of 1%. We used
triplicate plaque assays to measure the titer of each viral stock. The plaque assays were conducted in
96-well plates with Vero cells seeded to a ~80% confluency. The virus stocks were serially diluted from
100 to 100,000-fold. The diluted virus was incubated with Vero cells for 1.5 hours before the addition of a
2% methylcellulose/DMEM mixture. The infected Vero cells were then incubated at 37°C and 5% CO, for
five days.

Mosquitoes

We maintained Ae. aegypti mosquitoes (F24-26) originating from Poza Rica, Mexico in
bugdorm-1 screen mesh cages at 27°C, 60-70% relative humidity, and 12:12 light-dark cycle. Adult
mosquitoes were maintained on 10% sucrose solution and females were blood-fed with defibrinated
sheep blood. Eggs were transferred to rearing trays containing 500 mL of water and two drops of Liquifry
No. 1. Approximately 250 hatched L1 larvae were transferred to a tray with one L of water and two drops
of Liquifry No. 1. Larvae were fed with tetramin baby fish food. Females were transferred to 32 oz soup
cartons, screened with fine mesh for Zika virus infections in the BSL2 insectary. One day before infectious
blood meals were provided, sucrose solution was replaced with water.

Mosquito infections

To determine Zika virus fitness in vivo, we exposed groups of 7-12 day-old female Ae. aegypti
mosquitoes to each of the 12 Zika virus mutants in parallel, for a total of three independent biological
replicates. Zika virus was mixed with defibrinated sheep blood to a final titer of 7.5E5 PFU/mL and
provided through the Hemotek artificial membrane feeding system using a parafilm membrane. We
allowed female mosquitoes to feed for approximately one hour, and then immobilized them on ice to
select engorged females. We counted engorged females and placed them in a new carton closed with a
fine mesh and provided access to cotton wool soaked in 10% sucrose solution. After 14 days of
incubation at 26°C, we immobilized female mosquitoes on ice and removed legs and wings. We collected
legs and wings in a safe-lock tube with a steel bead and 200 pL of mosquito diluent. Mosquito diluent
consisted of 1X phosphate buffered saline with 20% fetal bovine serum, 50 pg/mL penicillin/streptomycin,
50 pg/mL gentamycin, and 2.5 yg/mL amphotericin B. We inserted the proboscis into a 200 pL pipette tip
containing five yL of a 1:1 solution of fetal bovine serum and 50% sucrose solution to collect saliva for
approximately one hour. After one hour, we transferred saliva to tubes containing 100 uL of mosquito
diluent, and we transferred mosquito bodies to a safe-lock tube with a steel bead and 200 pL of mosquito
diluent.

In addition to exposing female mosquitoes to the twelve Zika virus mutants via an infectious blood
meal, we also injected each of the mutants in the thorax. We used the nanoject two auto-nanoliter injector
to inject 69 nL of 1.5E6 PFU/mL in each female mosquito, for three independent biological replicates. We
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injected mosquitoes and waited for seven days, until saliva was collected as described above. We tested
both mosquito bodies and saliva for presence of Zika virus via infectivity assays.

Replicative Fitness assays

We used our library of 60 viral stocks to infect seven continuous cell lines and four human
primary cell types. A multiplicity of infection (MOI) of 0.5 was used to infect all primary lines and MRC5s
and an MOI of 0.1 was used to infect the remaining continuous cell lines. After dilution to MOI of 0.1 or
0.5, the inoculum was added to a 24-well plate well seeded with ~100,000 cells and incubated for one
hour. Next, the inoculum was removed, and the cells were washed once with assay media. Finally, 0.5
mls of assay medium was added and 50 ul was sampled every 24 hours with replacement of assay
media. We used triplicate plaque assays to measure viral titers at each time point.

Competitive Fitness Assays

For competitive fitness assays, we used PFU titers to mix two viral mutants at three ratios: 90:10,
50:50, and 10:90. We used these inocula to infect ~100,000 Vero cells in triplicate. We incubated the
inoculum in the 24-well plate for one hour and washed once with assay medium. After five days, 100ul
was set aside for sequencing and another 100ul was used to inoculate a fresh well of Vero cells. This
process was repeated for a total of three passages. The banked samples were deep sequenced using an
lllumina Miseq, and the allele frequencies for each mutant were measured using iVar 52, This process
was repeated for primary cells.

Mosquito infectivity assays

We used infectivity assays to determine whether mosquito parts and saliva were infected with
Zika virus. We seeded Vero E6 cells in 96-wells the day before inoculations. We blended mosquito body
parts in the Bullet blender storm 24 for two minutes at maximum speed (speed 10). We centrifuged all
samples (including mosquito saliva) for two minutes at 13,000 rpm. We removed medium from 96-well
plates and added 50 uL of sample to each well. After 2-3 hours incubation, we removed the supernatant
and added 100 pL of MEM supplemented with 10% fetal bovine serum, 1% antibiotic/antimycotic, 1%
non-essential amino acids, 50 ug/mL gentamicin, and 2.5 pg/mL amphotericin B to each well. We
incubated the plaque assay plates at 37°C with 5% CO2 and we screened for cytopathic effects after
seven days.

Evolutionary analysis

We downloaded the Zika virus consensus sequences from the ViPR database %, and omitted alll
sequences that spanned less than 90% of the Zika virus genome. We used MUSCLE % combined all
unique sequences with our previous Zika virus multiple sequence alignment reported in our previous
publications that resulted in an alignment of 517 unique Zika virus consensus sequences. We used
IQ-TREE % to generate a maximum likelihood tree (Fig. 1A) and treetime 2* to date ancestral nodes. For
temporal and spatial profiling of the American lineages, we generated a maximum likelihood tree as
described above, but we used 579 unique Zika virus consensus sequences.

To estimate dN/dS values across our Zika virus phylogeny, we used Renaissance counting 4354,
Specifically, we used the coding region of our 517 Zika virus sequence alignment to conduct this analysis.
We used an HKY nucleotide substitution model 5 with all three codon positions partitioned. We used an
uncorrelated relaxed log normal clock % that we determined to be the ideal clock rate for Zika virus
phylogeny in previous studies "*. We ran this analysis in BEAST for 250 million states while sampling
every 10,000 states. We discarded the initial 25 million states. To determine which of the 3423-amino acid
sites in the Zika virus genome contained synonymous only, and at least one nonsynonymous changes,
we used ancestral state reconstruction in TreeTime .
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Statistical analysis

To screen the mammalian Zika virus growth curves for fitness differences, we applied the
Mann-Whitney U test at individual time points, and we used FDR to correct for multiple comparisons 58°.
These analyses were conducted using the SciPy and Statsmodels package in Python %', To analyze the
mosquito experiments, we used Fisher’s exact tests to test for significant changes in infection,
dissemination, and transmission, with FDR correction to account for multiple comparisons. To test for
differences in virus titers, we used Kruskall-Wallis tests, and Dunn’s post-hoc test with FDR correction for
multiple comparisons 2. Statistical analyses were done in R version 3.6.1.

To allow comparisons of fitness values across cell types and mosquito models, we averaged the
day three and day four (day three for A549 cells) replicative fitness values and converted them to
Z-scores. The Z-scores for each model were clustered (agglomerative hierarchical clustering) using the
seaborn package in python % (Supplementary Fig. 4)°.
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Fig. 1 | 13 major Zika virus lineages defined by nonsynonymous mutations. (a) Zika phylogeny partitioned
into 13 lineages defined by nonsynonymous mutations. Large red and white star: location of the initial
infectious clone into which specific mutations were introduced. White boxes: nonsynonymous mutations
introduced into the initial infectious clone to model each lineage. Red arrows: lineage-defining
nonsynonymous mutations that were reverted to their ancestral states. (b) Proportions of clades
circulating in countries across the Americas and Asia. Pie sizes represent the number of sequences.
Temporal frequencies of sequenced ZIKV isolates across the Americas (c), North America (d), South
America (e) with 95% confidence intervals. Timepoint 2015- represents isolates collected during or before
2015. Timepoint 2017+ represents isolates collected during or after 2017.
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Fig. 2 | Fitness assays of clade-defining infectious clones in continuous and human primary cells.
Replicative fitness of 12 clade-defining recombinant Zika viruses in (a) Vero cells , (b-d) human
continuous cell lines, and (e-h) human primary cells. Growth curve points represent the average of the 5
biological replicates and error bars represent their range. Clade B and clade E viruses competed against
clade Ain (i, j) retinal pigment epithelial cells, (k-1) human villous mesenchymal cells, and (m) the clade E
virus competed with clade G in Vero cells. All competitive fithess assays were conducted in triplicate at
roughly 90%, 50%, and 10% clade-defining initial frequencies. Vero, African green monkey kidney cells;
MRC-5, human lung fibroblasts; A549, human adenocarcinoma alveolar basal epithelial cells; Huh7,
human hepatocyte-derived carcinoma cells; RPE, primary human retinal pigment epithelial cells; NPC,
human neural progenitor cells; HYMF, primary human villous mesenchymal fibroblasts; HDF, human
dermal fibroblasts.
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Fig. 3| Replicative and competitive fithness results of Zika virus isolates in human primary cells:
Infections of (a) HYMF and (b) RPE cells with nine Zika virus isolates representing clades B, E, G, and I.
Growth curve points represent the average of the 5 biological replicates and error bars represent their
range. Zika virus isolates from clades with high fitness (clades E and B) competed against a low fithess
clade (clade G) using (c-d) RPE cells and (f-h) HVMF cells. Competitive fitness assays conducted at
90%, 50%, and 10% mixtures and each in triplicate, with three separate isolates representing clade G.
RPE, human retinal pigment epithelial cells; HVYMF, human villous mesenchymal fibroblasts.
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Fig. 4 | Evaluation of Zika virus fitness in three mosquito cell lines and in Aedes aegypti
mosquitoes. Replicative fitness of 12 Zika virus clades among infected (a) Aag2 (Aedes aegypti), (b)
U4.4 (Aedes albopictus), and (c) Hsu (Culex quinquefasciatus) cells for 3-5 replicates at a multiplicity of
infection of 0.1. Squares represent mean titers with error bars depicting the range. In vivo fitness of the 12
Zika virus clades by feeding Aedes aegypti mosquitoes (Poza Rica, Mexico) with infectious blood meals.
(d) Infection (percent females with Zika virus-infected body out of the total number exposed females), (e)
dissemination (percent females with Zika-virus infected legs and wings out of the total number of exposed
females), and (f) transmission rates (percent females with Zika-virus infected saliva out of the total
number of exposed females). Dots represent the rates expressed as percentages and error bars depict
the 95% confidence intervals.
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Fig. 5 | Site-specific dN/dS values across the ZIKV polyprotein. (a) Zika virus site-specific dN/dS
analysis measured using 517 Zika virus isolates. Box plots: posterior probability distributions of dN/dS
values across the Zika virus genome. Red bars: clade-defining loci. (b) Posterior probability densities for
the five clade-defining amino acid loci that have dN/dS values greater than one. (¢) The number of
synonymous , nonsynonymous, and clade-defining mutations across the Zika virus genome.
Clade-specific amino acid sites have significantly higher dN/dS values (p=.0002; Mann-Whitney U test)
when compared to the remaining amino acid sites with nonsynonymous mutations.
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Supplementary data

Extended Data Table 1 | Lineage-defining nonsynonymous mutations

Clade Gene Gene locaticn Ancestral amine acid Mutant amino acid
Clade A NS1 349* M v
Clade B No changes needed, Paraiba 01 is this genotype
Clade C NS5 322 | v
NS5 878 D E
Clade D NS5 322 | v
NS5 808 T |
NS5 878 D E
Clade E NS1 349* M v
NS1 100 G A
NS3 572 M L
NS5 525 R C
Clade F NS1 349* M v
Capsid 107 D E
Clade G NS1 349* M v
Capsid 107 D E
NS1 324 R W
NS5 833 T A
Clade H C 80 I T
NS1 349* M v
Clade | Capsid 80 | T
NS1 349* M v
NS5 267 A A
Clade J NS1 349* M v
NS1 100 G A
NS3 572 M L
NS3 40 v |
NS5 525 R C
PA1 NS1 349* M v
NS5 114* M A
PAZ NS1 349* M Vv
pri 17 s N
NS3 584* Y H
NS5 114* M v
PA3 NS1 349+ M v
NS5 114* M v
pri 17 s N
NS3 584* Y H
NS1 194 v A

*Paraiba_01 infectious clone was reverted to its ancestral amine acid state.
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Extended Data Table 2 | Experimental Cell types

Cell type Organism Tissue type Description

Prior Zika virus studies

HDF Human Fibroblast Human Dermal fibroblasts Hamel et al.

HVMF  Human Fibroblast Human villous mesenchymal fibroblasts El Costa et al.

RPE Human Epithelial Retinal pigment epithelial cells Manangeeswaran et al.

NPC Human Neural Neural progenitor cells Lietal.

Vero African green monkey Epithelial Kidney epithelial cells Vicenti et al.

MRC5  Human Fibroblast  Fibroblasts derived from lung tissue Vicenti et al.

A549 Human Epithelial Adenocarcinomic alveolar basal epithelial cells Vicenti et al.

Huh?7 Human Epithelial Hepatocyte-derived carcinoma cell line Vicenti et al.

SHSY5Y* Human Nueral Neuroblast derived from bone-marrow cell line  Luplertlop et al.

Aag2 Ae. aegypti Mixed Derived from homogenised embryos Weger-Lucareli et al., Chouin-Carneiro et al
U4d.4 Ae. albopictus Unknown Derived from neonate larva Chouin-Carneiro et al

Hsu Cx. quinquefaciatus  Unknown Derived from ovarian tissue Guo et al., Weger-Lucareli et al.

*SHSYS5Y infections yielded detectable virus during only 1 timepoint and are not included in figure 2.

PA3  PAZ  PA1 A
A. aegyphi
HOF

Vero

HVMF

MRCS
RPE

NPT

s

AS49

Aag2
Huh7

SH3YS5Y

|

Rep. fitness Z-score
C ——
0.8 0.0 0.8 1.6 r4

Extended Data Fig. 1 | Hierarchical clustering of model-specific fitness values. To compare fitness values
across cell and mosquito models, we averaged the day three and day four (just day three for A549) replicative fithess
values and converted them to Z-scores. Then the Z-scores for each model were clustered (agglomerative hierarchical

clustering). Cell types are explained in (Extended Data Table 2).
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Extended Data Fig. 2 | Zika virus replicative fitness growth rates.

As a secondary endpoint to assess replicative fitness differences, we measured the growth rates of the replicative
fitness curves across all 12 clades by fitting a line to every curve for all time points under exponential growth # .
Using this method, we are able to control for any variation in the infectious dose of the initial inocula. While there
were no statistical differences found using this method, clades B, C, D, and E had the highest growth rates among
primary human cells. Cell types are explained in (Extended Data Table 2).
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Extended Data Fig. 3 | Zika virus titers in mosquito bodies after exposure via an infectious blood meal. We
determined titers of the 12 Zika virus clades in Aedes aegypti (Poza Rica, Mexico) mosquito bodies. We determined
Zika titers for (a) engorged mosquitoes at day O, as well as (b) fully disseminated and (c) infected (but not
disseminated) mosquitoes at day 14. Dots represent titers for individual mosquito bodies, and bars indicate the
median. Letters indicate significance tested with a Kruskal-Wallis test, followed by a post-hoc Dunn’s test adjusted
with false discovery rate (FDR) correction for multiple comparisons.
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Extended Data Fig. 4 | Evaluation of Zika virus fitness in Aedes aegypti mosquitoes infected by intrathoracic
injection. We injected Aedes aegypti (Poza Rica) females with one of the twelve clades. After seven days incubation,
(a) all females were confirmed to be infected (Zika virus-positive body), and (b) percentage of females with Zika
virus-positive saliva out of the total number of infected females per clade (transmission) were similar among clades.
Squares represent the rates expressed as percentages and error bars depict the 95% confidence intervals. We used
a Fisher’s exact test for independence to analyze the data, but no significant differences were found.
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