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Zika virus (ZIKV) causes microcephaly in congenital infection, neurological disorders, and poor pregnancy out-
come and no vaccine is available for use in humans or approved. Although ZIKV was first discovered in 1947,
the exact mechanism of virus replication and pathogenesis remains unknown. Recent outbreaks of Zika virus
in the Americas clearly suggest a human-mosquito cycle or urban cycle of transmission. Understanding the con-
served and adaptive features in the evolution of ZIKV genome will provide a hint on the mechanism of ZIKV ad-
aptation to a new cycle of transmission. Here, we show comprehensive analysis of protein evolution of ZIKV
strains including the current 2015–16 outbreak. To identify the constraints on ZIKV evolution, selection pressure
at individual codons, immune epitopes and co-evolving sites were analyzed. Phylogenetic trees show that the
ZIKV strains of the Asian genotype form distinct cluster and share a common ancestor with African genotype.
The TMRCA (Time to the Most Recent Common Ancestor) for the Asian lineage and the subsequently evolved
Asian human strains was calculated at 88 and 34 years ago, respectively. The proteome of current 2015/16 epi-
demic ZIKV strains of Asian genotypewas found to be genetically conserved due to genome-wide negative selec-
tion, with limited positive selection.We identified a total of 16 amino acid substitutions in the epidemic and pre-
epidemic strains from human, mosquito, and monkey hosts. Negatively selected amino acid sites of Envelope
protein (E-protein) (positions 69, 166, and 174) and NS5 (292, 345, and 587) were located in central dimeriza-
tion domains and C-terminal RNA-directed RNA polymerase regions, respectively. The predicted 137 (92 CD4
TCEs; 45 CD8 TCEs) immunogenic peptide chains comprising negatively selected amino acid sites can be consid-
ered as suitable target for sub-unit vaccine development, as these sites are less likely to generate immune-escape
variants due to strong functional constrains operating on them. The targeted changes at the amino acid levelmay
contribute to better adaptation of ZIKV strains to human-mosquito cycle or urban cycle of transmission.
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1. Introduction

Zika virus (ZIKV) is an emerging disease strongly linked to poor
pregnancy outcomes and birth defects, specifically microcephaly
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d States.
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ters for Disease Control and
(Oehler et al., 2014; Mlakar et al., 2016; Brasil et al., 2016; Victora et
al., 2016). Zika virus is transmitted to humans primarily through the
bite of an infected Aedes species mosquito, including both Ae. aegypti
and Ae. albopictus and, sexual contact (Marchette et al., 1969; Foy et
al., 2011; Musso et al., 2014). Zika viral particle contains a positive
sense, single-stranded RNA genome of about 10.7 kb (Kuno and
Chang, 2007). The genome is organized as 5′UTR-C-prM-E-NS1-NS2A-
NS2B-NS3-NS4A-2K-NS4B-NS5-3′UTR, with untranslated regions
(UTR) flanking a protein-coding region (Nandy et al., 2016). The latter
encodes a single polyprotein (3423 amino acids) that is co- and post-
translationally cleaved by cellular and viral proteases into multiple
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structural and non-structural proteins (Kuno and Chang, 2007;Wang et
al., 2016). 5′ and 3′UTR stem loop RNA structures have been shown to
be critical for the initiation of viral genome translation and replication
in other Flaviviruses (Villordo et al., 2016).
Fig. 1. Phylogenetic relationships of Zika viral strains of African and Asian lineages. (a)ML (b) NJ
valuesN60% are shown in thenodes. TheAfrican (18 strains) andAsian (28 strains) lineages are c
group. A total of 20 ZIKV strains responsible for current 2015/16 outbreaks were clustered toget
African strains in the African clade. The calculated average of genetic distance within the stra
reconstructed under best GTR+G+I substitution model. Both trees show similar topology.
under GTR+G+I model in MrBayes 3.2.1., which was viewed in FigTree. (For interpretation
of this article.)
ZIKV was originally isolated from a sentinel rhesus monkey in
the Zika forest of Uganda in 1947 and the first human case based
on serological evidence was reported in 1952 (Dick et al., 1952).
Detailed history of ZIKV outbreaks and phylogeny are described
bootstrap consensus treeswere reconstructedwith 1000 bootstrap replications. Bootstrap
olored in red andblue, respectively. The Spondweni virus (NC_029055)wasused as anout
herwithin the Asian lineage.Whereas, theWest African strains were segregated from East
ins from the three clusters and an overall mean are shown near the clades. ML tree was
(c) Bayesian consensus phylogenetic tree was reconstructed using the MCMC method
of the references to colour in this figure legend, the reader is referred to the web version
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(Hayes, 2009; Faye et al., 2014; Lanciotti et al., 2016). Currently, the
ZIKV strains are classified into two major lineages or genotypes,
namely African and Asian. The African lineage comprises two clus-
ters, namely West African (Nigerian cluster) and East African
(MR766 prototype cluster) (Faye et al., 2014; Lanciotti et al.,
2016). For the first time in 2007, a ZIKV outbreak was reported in
the Pacific region in the Yap Island in the Federated States of Micro-
nesia (Lanciotti et al., 2008). Subsequent epidemics have occurred
in French Polynesia in 2013 and the Americas in 2015, including
Brazil, Colombia, Guatemala and Puerto Rico (Musso et al., 2014;
Baronti et al., 2014; Lazear et al., 2016). Genetic analysis revealed
that the Asian genotype of ZIKV is responsible for the Pacific Island
outbreaks and the Americas (Haddow et al., 2012; Faye et al., 2014;
Baronti et al., 2014; Lanciotti et al., 2016; Enfissi et al., 2016; Zhu et
al., 2016).

The highmutation rate in RNA viruses (Mahy, 2010) suggests that
highly conserved features of the ZIKV genome may reflect elements
critical for viral fitness. In contrast, genetic variations in the ZIKV ge-
nome may reveal how viruses have adapted to new environments,
such as urban cycle. Sylvatic cycle comprising non-human primates
and Aedes mosquitos with occasional involvement of human or
urban cycle was the original mode of transmission (Dick et al.,
1952; Baronti et al., 2014). Subsequent molecular adaptation of
ZIKV to naïve population of humans with the circulating Aedes mos-
quito vectors (Weaver, 2017), is suspected to be responsible for in-
creased incidence of microcephaly observed during the current
outbreaks. Previous studies have shown patterns of selection pres-
sure, recombination, and glycosylation events in pre-epidemic ZIKV
strains sampled from 1947 to 2007 (Faye et al., 2014). Recent studies
on the epidemic strains have mainly focused on the phylogeography
of ZIKV isolates (Lanciotti et al., 2008; Haddow et al., 2012; Lanciotti
et al., 2016). However, detailed analysis on the molecular evolution
of epidemic ZIKV strains is still lacking.

In this study, we performed a comprehensive analysis on the
protein evolution of 46 ZIKV strains isolated from 1947 to 2016, in-
cluding 20 strains responsible for the current 2015–16 outbreak.
We defined the strains isolated during the current 2015/16
Fig. 2. Schematic representation of dN-dS test statistics for 3423 codons of Zika viral strains. The
axis. The positive values indicate an excess of non-synonymous substitutions (red bars) in the co
substitutions (black bars). Bars were arbitrarily trimmed at 5 to save space. (A) A total of 46 stra
ZIKVgenome is aligned on the top of the graph. dN-dS scores are presented in Y-axis. The stacke
and with no polymorphisms (green). Selected codons in each gene, for each Zika viral strain, b
statistic graphs of codons for 11 genomic segments (C, Pr/M, E, NS1, NS2A, NS2B, NS3, NS4A, K
shown, along with codons with no polymorphisms (zero as a score). The X-axis shows the resp
references to colour in this figure legend, the reader is referred to the web version of this artic
outbreak as ‘epidemic strains’ and the remaining as ‘pre-epidemic
strains’. We demonstrate how evolutionary forces and constraints
have shaped the genome of current epidemic ZIKV strains, includ-
ing genome-wide negative selection on amino acid substitutions,
immune epitopes, as well as the co-evolving sites in the proteome
in host adaptation and virus replication. We further discuss the im-
plications of our results in the broader context of vaccine design to
prevent emergence or re-emergence of pathogenic RNA viruses.

2. Materials and methods

2.1. Phylogenetic analysis of ZIKV strains

A total of 46 existing ZIKV genomic sequences including 20 strains
(2015/16 isolates) that are responsible for the current epidemic out-
breakwere retrieved fromGenBank (dated 10-Mar-2016). The evaluat-
ed ZIKV strains were isolated from human, monkey, and different
species of mosquito from 1947 to 2016. Additionally, genome sequence
of single Spondweni virus (NC_029055) from the Flavivirus family was
included in our study as an out group species for phylogenetic tree re-
construction. The strain name, accession number, host, year of isolation,
country, and strain lineage information of the 46 strains studied are
listed in the Supplementary Table 1. Multiple sequence alignments for
47 viral genomes were performed using MUSCLE (Edgar, 2004), subse-
quently the phylogenetic trees were reconstructed using Maximum
Likelihood (ML), Neighbor Joining (NJ), and Bayesian approaches. The
NJ tree was reconstructed under Tajima-Nei model (Tamura and Nei,
1993) with 1000 bootstrap supports, and the GTR+G+Iwas identified
as the best model by the Model Test program for reconstructing the ML
tree in MEGA6 with 1000 bootstrap supports (Tamura et al., 2013).
Bayesian consensus tree was constructed using MCMC method under
GTR+G+I model in MrBayes 3.2.1. (Ronquist et al., 2012) and the
tree was viewed in FigTree. A total of 40,000 MCMC generations were
used to obtain a robust consensus Bayesian tree. The sequence align-
ment matrices were deposited in a TreeBASE (Sanderson et al., 1994)
repository and the accession number was 19,900. The genetic distance
(GD) between the strains in each clade and between the clades (East
dN-dS value for each of the 3423 codons are indicated as a bar, either above or below the X-
dons,whereas, negative values below thehorizontal line indicate an excess of synonymous
ins are shown in the graph, including 12West African and 28 Asian viruses. A schematic of
d bar diagrams (right side) show thenumber of codonswith dNb dS (black), dN N dS (red),
elong to West African cluster and Asian lineage. (B) Autonomous deep view of dN-dS test
i, NS4B, NS5) of 28 Asian ZIKV genomes. Codons with excess of dN or dS substitutions are
ective number of codons and their range in the genes/segments. (For interpretation of the
le.)
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African cluster, West African cluster, and Asian lineage) were calculated in
MEGA6 using the NJ algorithm under Tajima-Nei model (Tamura and Nei,
1993; Tamura et al., 2013) (Supplementary Text 1). The time at which
the most recent common ancestor (TMRCA) of ZIKV lived was estimated
in DAMBE software package using Tip-Dating method (Xia, 2013).

2.2. Estimating dN-dS score and dN/dS ratio

The ML computations of dN and dS were conducted using HyPhy
software package (Pond et al., 2005) implemented in MEGA6 (Tamura
et al., 2013). The dN-dS score and dN/dS ratiowere estimated for detect-
ing ZIKV codons that have undergone positive or negative selection.
Here dS is the number of synonymous substitutions per site (s/S) and
dN is the number of non-synonymous substitutions per site (n/N).

2.3. Detection of site-specific selection pressure on epidemic human Zika vi-
ral genomes

The selection pressure operating on each codon/amino acid site of
epidemic 2015/16 ZIKV strains was detected by computing the dN/dS
(ω) ratio. The following multiple statistical methods from Datamonkey
(Delport et al., 2010) were used for the selection analyses: SLAC, FEL
(Pond and Frost, 2005), IFEL (Pond et al., 2006), FUBAR (Murrell et al.,
2013), and MEME (Pond et al., 2011). These methods are described in
detail elsewhere (Pond and Frost, 2005; Pond et al., 2006; Pond et al.,
2011; Murrell et al., 2013; Arunachalam, 2013; Arunachalam, 2014;
Ramaiah and Arumugaswami, 2016).

2.4. Analysis of co-evolving sites

Amino acid sequences of coding region (from site 1 to 3294) are
aligned by MUSCLE. The sequences are separated into the African line-
age (17 sequences) and the Asian lineage (28 sequences) to preserve
phylogenetic homogeneity. The gaps are filled by amino acid of the con-
sensus sequence of each lineage. The alignment is then transformed into
a matrix of binary variables. For each site, if the amino acid is the same
as the consensus sequence, it is represented by 0; otherwise, it is repre-
sented by 1. The analysis of correlation matrix is restricted to polymor-
phic sites, whichwe define as positionswhere at least 2 sequences have
non-consensus amino acids.

The effect of phylogeny to the correlationmatrix is cleaned up by re-
moving the contributions of the largest two eigenvalues (African line-
age) or the largest eigenvalue (Asian lineage) (Dahirel et al., 2011;
Quadeer et al., 2014). The cleaned correlation matrix is reconstructed
by the remaining eigenvalues. To compare the uncleaned and cleaned
correlation matrix (Supplementary Figs. 3,4), the sites are assigned
into sectors by the loadings of eigenvectors. The correlation between
two sites is considered significant if the following criterions are met:
1) in the cleaned correlation matrix, the magnitude of the correlation is
among the top 5%; 2) in the un-cleaned correlation matrix, the magnitude
of correlation is larger than 0.5 to ensure that the Z score is larger than 2.
The Z score for the correlation between two sites is estimated by 1000 ran-
dompermutations at each columnof the sequence alignment. The analyses
are performed by customMATLAB scripts. The network of siteswith signif-
icant correlation is visualized by Cytoscape (Shannon et al., 2003).

2.5. Analysis of 3-dimensional (3-D) protein structures of epidemic ZIKV

For protein structure modeling, we utilized an online SWISS-MODEL
program. We focused on envelope protein (E-protein) sequences of epi-
demic ZIKV from human host (KU527068), and pre-epidemic ZIKV from
bothmosquito (KF268948), andmonkey hosts (AY632535) for generating
3D-models. These three protein querieswerematched by the HiddenMar-
kov Model system (Biasini et al., 2014) to an envelope protein structure of
ZIKV strain H/PF/2013 (KJ776791) (PDB code 5IRE) in the Swiss-Model
template library. Subsequently, the models for three target sequences
were built based on the target and template (PDB code 5IRE) sequence
alignments using Promod-II (Guex and Peitsch, 1997) implemented in a
SWISS-MODEL workspace server (Arnold et al., 2006; Biasini et al., 2014).
The overall and per-residue model qualities were verified using the
QMEAN scoring function (Benkert et al., 2011). The region of four amino
acidsmissing in themonkey E-proteinwas remodeled using a fragment li-
brary. PyMOL was used to create all the figures.

2.6. Predictions of CD4 and CD8 T-cell epitopes

We have considered 6 proteins: C, E (domain), NS2A, NS3-serine
protease, NS4A, and NS5 from an epidemic human BeH819966 ZIKV
(KU365779), as representative proteins for all 20 genetically conserved
human 2015/16 ZIKV strains to predict all possible CD8 and CD4 T-cell
epitopes (TCEs) using MHC-I and MHC-II TCE prediction tools (Wang
et al., 2008) under default conditions implemented in the Immune Epi-
tope Database (IEDB) (Vita et al., 2014). The predicted peptide epitopes
were tested for their immunogenicity using an immunogenicity predic-
tion tool (Calis et al., 2013). Here, the peptide with higher immunoge-
nicity score indicates a greater probability of mounting an immune
response. Additionally, immunodominant epitopes carrying negatively
selected amino acid sites were shown in the 3-dimensional structures
of the E (PDB ID - 5IRE) and NS5 (PDB ID - 5TFR) proteins using PyMOL.

3. Results and discussion

3.1. Phylogenetic trees reveal that 2015/16 epidemic strains belong to the
Asian genotype

Identifying the origin and distribution of 2015/16 epidemic ZIKV strains
would be crucial for diagnostics, vaccine development, and disease man-
agement (Faye et al., 2014). Theevolutionary relationship of 46ZIKV strains
isolated from 1947 to 2016 showed one clade or lineagewas formed by 28
Asian strains, which included all twenty 2015/16 epidemic ZIKV strains,
while the other clade was formed by 18 African strains (Fig. 1), further
confirming previous findings (Nandy et al., 2016; Ye et al., 2016; Faria et
al., 2016; Zhu et al., 2016). Analysis also indicates that the causative agent
of current epidemic is part of the Asian lineage. The evolutionary pressures
exerted on Asian and African lineages were different. Interestingly, within
the African lineage, strains belonging to East African andWest African clus-
terswere clearly segregated. This observation confirms the previous results
of Faye et al. (2014) and Lanciotti et al. (2016). All three phylogenetic pro-
gramsML,NJ, andBayesian showsimilar topology, however the differences
in branching order were identified within the clusters (Fig. 1a–b) and/or
between African clusters (Fig. 1c). As the West and East African clusters
share a common ancestor, which is represented as a node in the phyloge-
netic tree (Fig. 1a; red dot) and this African ancestor share a common an-
cestor (black dot) with the Asian ancestor (blue dot). Overall data
indicate that the Asian lineage is not closely related to any of the two Afri-
can clusters, but share a common ancestor with them. The Asian strains
have evolved and spread to geographically distinct continents since ap-
proximately 1960 (Lanciotti et al., 2016). The polyprotein synthesized by
the coding region of 2015/16 ZIKV strains had 99.6–99.9% similarities,
which suggests genetic conservation among current viral strains. These cir-
culating strains had close genetic associationswithpre-epidemic humanH/
PF/2013 ZIKV (KJ776791) and differed in only 16 non-synonymous substi-
tutions (M166T, V313I, V346I, T769A, G894A, Y916H, H1857Y, M2074L,
I2295M, I2445M, A2611V, M2634V, K2694R, N2778D and R3045C), sug-
gesting that strain H/PF/2013 is likely the ancestor of currently circulating
ZIKV strains of Asian genotype. The TMRCA for all ZIKV lineages was com-
puted to have derived ~189 years ago and this common ancestor evolved
into two autonomous groups that include the African and Asian lineages.
The TMRCA of African and Asian lineages were estimated at 140 and
88 years ago, respectively. The TMRCA of Asian human strains and the cur-
rent epidemic strains were estimated at 34 and 5 years ago, respectively.
Our findings also indicate that the Asian lineage has dispersed to several



Fig. 3.Network of co-evolving sites of ZIKVpolyprotein. (A) African lineage. (B) Asian lineage. The nodes are labeled by site number of Zika polyprotein (from1 to 3423). The edges indicate
significant positive (red solid lines) or negative correlations (blue dashed lines) between two sites. The table describes the position of correlating amino acids from different proteins. (C)
Interaction of coevolving sites in ZIKVNS3 helicase (PDB: 5JMT).Wehavehighlighted the threepredicted co-evolving sites in the alpha helix domain II ofNS3helicase (368N-370N-372I or
in the 1870–1872–1874 regions of the ZIKV polyprotein). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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countries across the Asian and American continents, whereas the dissemi-
nation of the African lineage was restricted to countries within the African
continent.

3.2. Proteome of the epidemic ZIKV strains genetically conserved due to ge-
nome-wide negative selection

Weevaluatedgenome-wideaminoacid substitutions tounderstand the
nature of selection pressure acting on each amino acid site. Higher rate of
synonymous (dS) substitutions than non-synonymous (dN) substitutions
is usually considered as the signature of negative selection, also known as
purifying selection. For the 46 ZIKV genomes isolated from 1947 to 2016,
70% of the 3423 codonswere found to be polymorphic, indicating substan-
tial evolution and viral-specific codon usage (van Hemert and Berkhout,
2016) in the viral proteome (Fig. 2a; Supplementary Table 2). Among the
three clusters of two lineages, we found that 46–115 codons (1.3–3.4%)
were identified with a higher rate of non-synonymous substitutions
(dN N dS), while 560–1664 codons (16.4–48.6%) had a higher rate of syn-
onymous substitutions (dN b dS). We identified 10 codons with dN N dS
in both the Asian genotype andWest African cluster, as well as 426 codons
with dN b dS in these clusters (Supplementary Fig. 1; Supplementary Table
3). These results suggest that the adaptive evolutionary strategies of viruses
from both Asian and African lineages were independent of each other as
they exploited only a small percentage of common codons with excess of
dN during the course of evolution. Notably, the codons with excess of dS
exploited by two lineages are greater than the codons that are unique to
the Asian lineage, further indicating that the fraction of patterns of synony-
mous changes that occurred in these two lineages are common. However,
the Asian strains have evolved with unique dS changes as fitness effects,
as they geographically spread in Asia and America continents.

We carried out statistical tests of dN-dS for codons from each of the 11
proteins of theAsiangenotypeandWestAfrican cluster. For example, in the
Asian lineage, 31 (26%) of 122 codons in the capsid (C) were polymorphic.
Among the polymorphic codons, a higher rate of non-synonymous
(dN N dS) and synonymous (dN b dS) substitutions was observed in 7
(6%) and 24 (20%) codons, respectively (Fig. 2, Supplementary Fig. 1a–c).
The selection profiles for all the other segments in the Asian lineage were
found to be qualitatively similar. We also observed an overall similar pat-
tern of dN and dS in theWest African cluster.

The nature of selection pressure exerted on each amino acid of different
ZIKV data sets can be measured by obtaining the ratio of dN and dS (Sup-
plementary Table 4a). Our analysis of 46 ZIKV strains (total of 3 clusters
from 2 lineages) provided a ‘ω’ ratio of 0.065, clearly indicating that these
strains evolved under strong purifying selection pressures. Overall results
of 2 lineages show that ‘ω’ score ranged from 0.065 to 0.076, suggesting
no momentous differences in the overall evolution of ZIKV strains that
belonged to different clusters. The mean of proportion of dN changes in
all three clusters are comparatively higher than that of dS. The ‘ω’ score of
both Asian genotype and West African cluster were much smaller than
one and the highest values were observed in the capsid (0.239) of the
Asian lineage and in the pre-membrane (0.118) of theWest African cluster
(Supplementary Table 4b). This result agrees with the findings of Zhu et al.
(2016). In summary, our results suggest that non-synonymous mutations
have a lower probability of being fixed than synonymous mutations, as
changes in the protein sequence are on average more likely to decrease
the replicativefitness of ZIKV. Thus, the proteomes of epidemic ZIKV strains
are genetically conserveddue to genome-widenegative selection on amino
acid substitutions.

The results on positive and negative selection pressures acting on
each amino acid site of polyprotein encoded by 2015/16 ZIKV genomes
are shown in Supplementary Tables 5 and 6. A single positively selected
site (894; IFEL, p-value 0.08) was identified by a single method with no
statistical significance. Our data showed that a total of 11 of 24 negative-
ly selected amino acid sites were inferred with statistical significance.
The present result indicates that the 2015/16 epidemic ZIKV strains
had evolved through purifying selection pressures, which are predicted
to assist the viruses for better adaptation to the human cycle and to re-
duce the efficiency of active immunity. The results provided are consis-
tent with the recent findings of other RNA viruses, such as Filovirus
(Ramaiah and Arumugaswami, 2016) and influenza virus (Sant'Anna
et al., 2014; Arunachalam, 2014), but different from the current prevail-
ing hypothesis that genes encoding antigens can be highly variable to
evade host immunity (Farci et al., 2000; Kawashima et al., 2009;
Comas et al., 2010; Arunachalam, 2013). In our natural selection analy-
sis, the significance of one method alone is not sufficient to infer that a
given amino acid site underwent either positive or negative selection
pressure (Pond and Frost, 2005; Pond et al., 2006; Delport et al.,
2010). In the present study, no positively selected sites have been de-
tected bymore than onemethod,whereas, out of 11 statistically reliable
negatively selected sites from polyprotein, only 2 sites (360 and 3358)
were identified by more than one method (FEL: p-values 0.05, 0.02;
FUBAR: posterior probabilities 0.90, 0.98). Therefore, these 2 amino
acid sites are expected to be more reliable. Interestingly, we identified
a single amino acid site (894; IFEL, p-value 0.08) in the polyprotein,
which underwent positive Darwinian selection. Amino acid sites of
ZIKV polyprotein under negative selection pressureswere comparative-
ly higher. A single negatively selected site (position 3358) identified by
IFEL (p-value 0.07) was not statistically significant, but the same site
identified by FEL (0.02) and FUBAR (posterior probability 0.98)was sta-
tistically significant. Moreover, 22 of 24 sites were identified by FEL
without statistical significance. Therefore, only amino acid sites that have
beendetectedbymore thanonemethodarefinally consideredaspositively



Fig. 4. Comparison of ZIKV E-protein structure from human, mosquito, and monkey hosts. (a) The modeled 3-D structure of 16 amino acid residues that were different between human
(yellow),mosquito (blue), andmonkey (magenta) E-proteins are shown as sticks in the cartoon. E-protein amino acid substitutions among isolates from three different hosts are shown in
the table inset. (b) 3D-structures of the 10 crucial E-protein amino acid substitutions present between monkey (magenta) and human (yellow) isolates. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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ornegatively selected sites. It shouldbenoted that dN/dS tends to bebiased
towards one of the samples in the sequence samples that were analyzed.
This is because thepolymorphismobserved is not actually due tofixed sub-
stitutions, which are assumed, and generally true in the case of divergent
protein sequences. This bias is independent of sample size. Another concern
is the small sample size, especially for the “per site”estimationof dNanddS,
which isnot averagedover the codons in the sameprotein. This uncertainty
in dN and dS values makes it difficult to find sites under “significant” neg-
ative or positive selection. However, the actual sites under negative selec-
tion can be much more.
3.3. Coevolving amino acid sites in the African and Asian genotypes

To identify higher-order constraints on the evolution of ZIKV proteome,
we inferred potentially coevolving amino acid sites in the African andAsian
lineages by computing the amino acid variations at eachpair of codons (Fig.
3a,b). The effect of phylogeny on site linkage was cleaned by removing the
contribution of the largest eigenvalue(s) from the correlationmatrix (Sup-
plementary Figs. 3,4). Positive correlation between two sites implies that
the corresponding double mutants are observed more frequently than if
the mutations were to occur independently. In contrast, negative correla-
tion between two sites implies that the double mutants are observed less
frequently than if the individual mutations were to arise independently.
In both cases, the dependence of one site on another implies epistasis. For
example, the fitness effect of multiple mutations is considerably different
from the additive effect of single mutations.

Among the 80 polymorphic sites in the African lineage, seven groups of
sites showed significant pairwise correlation. The observed correlation be-
tween physical proximal sites, such as codon 1870–1872–1874 (Fig. 3a),
may reflect epistatic interactions within a protein, and in this case NS3
(Fig. 3c) (Jain et al., 2016; Tian et al., 2016). Correlation between sites of dif-
ferent proteins may suggest potential protein-protein interactions, which
can be further studied via mutagenesis and protein structures.
There are 32 polymorphic sites in the Asian lineage due to the limit-
ed genetic diversity (Fig. 3b). The similarity between the two networks
is that most of the pairwise interactions are positive. One well-known
example of positive interactions is compensatory mutations, where
the fixation of a secondmutation rescues the preceding deleteriousmu-
tation (Sanjuan et al., 2005). Interpreting coevolving site data requires
additional caveats which are discussed in Supplementary Text 2. It
would be surprising if there are significant differences between the
two lineages in protein structure or protein-protein interactions. The
differences in networks are probably due to limited divergence (i.e.
weak statistical power to predict anything) or due to the predictions
being false positives. The observed correlation can be further improved
by utilizing larger sample size of fully sequenced Zika viral genomes.
3.4. 3-D structure-based comparison of E-protein from epidemic and pre-
epidemic ZIKV strains

Sequence alignments confirmed insertions in the glycosylation
motif of E-protein of the Asian lineage, which is not the case for the Af-
rican lineage (Supplementary Fig. 2). The effect of amino acid changes in
tertiary structures of the ZIKV E-protein fromdifferent hosts would pro-
vide insight on host specific adaptation. The published cryo-EM struc-
ture (PDB code 5IRE) of ZIKV strain H/PF/2013 (KJ776791) isolated
during the 2013/14 French Polynesia epidemic (Sirohi et al., 2016)
was identified as an appropriate template that shared 100%, 97.62%
and 97.20% sequence identity with the target E-protein of the 2015/16
epidemic human ZIKV (KU527068), pre-epidemic mosquito ZIKV
(KF268948), and monkey ZIKV (AY632535), respectively. A total of 16
amino acid substitutions in the E-protein of ZIKV strains isolated from
mosquito, monkey, and human hosts led to the subtle structural chang-
es (Fig. 4), however the global folds are expected to be similar. Out of 16
amino acid substitutions, a total of 6 substitutionswere found in central
and dimerization domains (1−302), 4 in the immunoglobulin-like
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domain III (311–403), and 6 in the stem/anchor domain (408–504). Col-
lectively, our findings confirm the previous results that the overall E-
protein structure of ZIKV (Sirohi et al., 2016), DENV, (Kuhn et al.,
2002; Zhang et al., 2013) and WNV (Mukhopadhyay et al., 2003) are
similar. Subsequently, we compared the E-protein amino acid changes
among the ZIKV isolates of three different hosts. Interestingly, none of
three strains presented with unique amino acids at the given 16 posi-
tions, meaning that one of the residues is common in any two strains.
Out of 16 variable sites in 3 domains, the epidemic human strain shared
a total of 4 and 1 common amino acids with the mosquito and monkey
isolates, respectively (Implant table of Fig. 4).While in the African geno-
type monkey and mosquito ZIKV E-proteins, it is not surprising to note
that 11 residues are conserved. It suggests that during the course of ad-
aptation in mosquito cycle, the virus acquired only 5 amino acid substi-
tutions in the E-protein. However, the virus may have undergone more
changes to adapt in human cycle. These amino acid changes could be ex-
plained by the following possibilities, (i) ZIKV inter-species cycle of
transmission, (ii) ZIKV isolates of monkey, mosquito and human hosts
may belong to distinct lineages, and (iii) Host-specific immune selection
pressure exerted on the epitopes present in the E-protein fusion loop.
The differences in tertiary structures of ZIKV E-proteins reported in
our study and other flavivirusesmay influence adaptation to host, cellu-
lar response and disease outcome (Sirohi et al., 2016).

An insertion of 4–5 residues (positions 153–156/157) found in the E-
protein of the Asian ZIKV relative to DENV, WNV, and JEV (Japanese en-
cephalitis virus) reflects a rapidly evolving region. Previous studies showed
that a loop region surrounding the glycosylation site (144–166) (Sirohi et
al., 2016) may be linked to neurotropism (Beasley et al., 2005) in WNV.
Three amino acid substitutions were found in the glycosylation site of the
2015/16 epidemic human strain as compared to the pre-epidemic strain
isolated from the mosquito vector (mosquito cycle). These results suggest
that the conformation of glycosylation surrounding sites varies among
ZIKV strains and may enhance attachment and entry of the virus into
human cells, further contributing to neurotropism, virion transmission,
and pathogenesis (Sirohi et al., 2016). Further experiments are required
to understand the effect of this structural change on ZIKV pathogenesis.
3.5. Identification of human immunogenic CD4 and CD8 TCEs of epidemic
ZIKV strains

We then examined the potential selection pressure applied by the im-
mune system on viral epitopes. We identified 106 CD4 TCEs and 5 CD8
TCEs that had higher probability to induce an immune response
(Table1). Among the106highly immunogenic CD4TCEs, 10peptide chains
contained negatively selected amino acid sites. This observation indicates
that immuneescapevariants canbe strongly selected against becauseoffit-
ness cost. The detailed description of immunodominant epitope screening
for vaccine design is provided in Supplementary Text 3. Furthermore, we
evaluated the 11 amino acids that were under purifying selection pressure
in the context of TCEs (Table1). These aminoacid sites are less likely to gen-
erate immune-escape variants, due to strong functional constraints operat-
ing on them. Totally 11% (n= 163) of 1481 CD4 TCEs and 7% (n= 99) of
1517CD8TCEs comprise these 11negatively selected amino acids (Table 1;
Supplementary Tables 7a, 7b). For instance, a total of 32 (21 CD4; 11 CD8)
and 48 (30 CD4; 18 CD8) immunodominant and/or highly
immunodominant TCEs of E and NS5 proteins, respectively, contained the
5 out of 6 negatively selected sites (Fig. 5). Interestingly, negatively selected
amino acid sites in E-protein (positions 69, 166, and 174) and NS5 (292,
345, and 587) were in central and dimerization domains, and in the C-ter-
minal RNA-directed RNA polymerase region, respectively. Any substitution
at these amino acid residues is likely to be lethal or intolerable for viral rep-
lication (Suzuki, 2004; Smith et al., 2004; Arunachalam, 2014). The highly
immunogenic TCEs (n = 111) and an additional 137 (92 CD4 TCEs; 45
CD8 TCEs) immunogenic peptide chains (comprising negatively selected
amino acid sites) can be used for sub-unit vaccine development.



Fig. 5. Modeling amino acid sites under purifying selection pressure and predicted immunodominant (IMD) epitopes in E-protein and NS5 domains of epidemic ZIKV strains. The 3-D
structures (PDB code: 5IRE) of E-protein show three negatively selected amino acid sites (Ala 69, Lys 166, and Pro 174; in red spheres). A total of (a) 21 CD4 IMD epitopes positioned
from 152 to 188 (green sticks) and (b) 11 CD8 IMD epitopes positioned from 158 to 182 (green sticks) are presented in central and dimerization domains. Interestingly, none of the
IMD epitopes contained the negatively selected site 69. NS5 structure (PDB code: 5TFR) also shows 3 negatively selected sites (Ile 292, Ser 345, and Ile 587, in red spheres), a total of
(c) 30 CD4 IMD epitopes positioned from 278 to 306 (green) and from 573 to 601 (blue), carrying negatively selected amino acid sites (i.e. 292 and 587), and (d) 18 CD8 IMD
epitopes positioned from 284 to 300 (green), 337 to 348 (magenta) and 579 to 592 (blue), carrying negatively selected sites. Notably, no CD4 IMD epitopes are predicted within site
345 (refer Table 1; Supplementary Tables 7a, 7b). In NS5, these epitopes are localized in the C-terminal RNA-directed RNA polymerase region.
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Our detailed bioinformatic analyses of various Zika virus isolates deter-
mined that the Asian genotype is genetically conserved due to genome-
wide negative selection, and identified specific amino acid residue changes,
which may impact ZIKV virulence and host tropism. Reverse genetics ap-
proach by engineering point mutations and inter and intra-genotype chi-
meric viruses, would further address the biological significance of these
observed changes. Deep sequencing analysis of the viral quasi-species pres-
ent in various human organs, including fetal brain, placenta, blood, and
bodilyfluids can further improveourunderstandingof: 1) intra-host genet-
ic diversity of virus; 2) the relationbetween intra-host genetic diversity and
pathogenicity; 3) transmission bottleneck; 4) Zika tissue tropism in
humans (adult vs. congenital infections); and 5) mutations in structural
and non-structural proteins and their impact on viral quasi-species
evolution.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2017.03.012.

(For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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