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Abstract

Mosquito-mediated Zika virus, which causes microcephaly in infants of infected pregnant
women, has spread to Central America and Asia, and the number of infected individuals has
increased worldwide. Zika virus, which belongs to the Flavivirus genus, was first isolated from
a monkey in 1947 and then was found to infect humans, subsequently spreading to many
countries. Since there are no preventive vaccines or drugs against Zika virus, it is necessary to
analyze the phylogenetic characteristics of the virus over time and according to location using
genome sequencing analysis. In this study, we conducted phylogenetic analysis of the genome
sequence of Zika virus based on 10 genetic loci and analyzed gene functions based on
phylogeny according to continent and time. From these studies, we found that the envelope,
NS1, and NS5 genes had higher phylogenic accuracy than other genes and that the viral
sequences found in these 10 genes had evolved through variations.
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1. Introduction

Several reports have described Zika virus infection in many countries, and the risk of that has
been increasing worldwide. According to a report by the World Health Organization (WHO) in
September 2016, cases of Zika virus infection occurred in Brazil and several countries in
Southeast Asia, including Singapore, Philippines, Malaysia, and Vietnam [1][2].

Zika virus was first discovered in a rhesus monkey in the Zika forest in Uganda, Africa in
1947 [3]. Before 2007, Zika virus was regarded as a locally restricted virus occurring only
rarely in humans with relatively minor symptoms [4][9]. However, after the first outbreak of
Zika virus, which reported about 100 infected patients on Yap Island of the Federated States of
Micronesia in the Western Pacific Ocean, approximately 30,000 people were infected in French
Polynesia in the South Pacific Ocean in 2013; this was considered the beginning of the Zika
virus pandemic [5][6]. Thereafter, in 2014, Zika virus spread to South America, Central
America, and the Caribbean across the Pacific Ocean [4][7]. In particular, approximately 0.4
13million people were infected by Zika virus in Brazil in 2015 [8].Moreover, many infants born
to infected Brazilian mothers exhibited microcephaly [10].Due to these severe symptoms, the
WHO declared a state of emergency against Zika virus infection on February 1, 2016,
emphasizing the risk of Zika virus infection to the global population [11].
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The complete genome sequence of Zika virus is now publically available, and the genome
sequence of Zika virus is divided into three structural genes (C, prM, and E) and seven
nonstructural NS genes (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5), which are found in
the following orderin the genome: 5’-capsid(C)-premembrane(prM)-envelope(E)-NS1-NS2A-
NS2B-NS3-NS4A-NS4B-NS5-3°[12][13]. In this study, we aimed to investigate genetic
variations through sequence analysis of the 10 genes of Zika virus and evaluate the relationships
between genetic features and environmental factors through phylogenetic tree analysis.

2. Genetic and molecular characters of ten genome region in zika virus

The envelope (E) gene, which encodes most surface proteins of Zika virus, plays an
important role in viral cycle and receptor binding and fusion in membrane [14]. NS1, a
nonstructural protein known as an antigenic marker of Zika virus, plays an important role
in viral replication and infection [15]. In addition, NS1 protein binds toextracellular
innate and acquired immune response factors, facilitating the effects of the NS1 protein
on immune invasion and pathogenesis [16]. Most transmembrane domains are composed
of products of NS2A and NS2B genes, which encode small hydrophobic proteins [13].
NS2A is involved in processing of NS1 through cleavage by protease in the cytoplasm
[17]. In addition, a protease resulting from binding of NS2B with NS3 cleaves polyprotein
together with proteases in the host to facilitate viral replication [18]. Similar to the NS2A
and NS2B genes, the NS4A and NS4B genes encode small hydrophobic proteins with
multiple transmembrane domains [13]. The NS4 protein interacts with the NS3 and NS5
proteins to mediate membrane localization [17]. Moreover, with NS1 gene, the NS4 in the
Asian clade of epidemic Zika virus have recently been reported to have variations in
codon usage, suggesting that the NS1 and NS4 genes may have evolved to be compatible
with human hosts without major variations in protein sequences [19]. The NS5 gene is the
longest and most well-conserved gene among the 10 Zika virus genes [14]. NS5 functions
as an RNA polymerase in the cytoplasm and is critical for viral replication
[17].Additionally, the NS5 gene of Zika virus degrades the transcription factor, STAT2,
which is involved in the innate immune system in human hosts, thereby blocking signal
transduction for antiviral gene expression from the interferon to the nucleus [20].

3. Methods
In order to construct phylogenetic trees for the 10 genes of Zika virus, we collected 67
complete genome sequences of Zika from the NCBI

GenBank(www.ncbi.nlm.nih.gov/genbank/). Most sequence data were missing detailed locus
information for the 10 genes. Thus, the data from these 67 genome sequences were subjected to
multiple sequence alignments through Clustal X 2.1 [21], using the following parameters: gap
opening, 15; gap extension, 6.66; delay divergent sequences, 30%; and DNA transition weight,
0.5. Thereafter, the genetic locus of each sequence was determined based on locus information
of the 10 genes from NC012532.1, the reference genome. For splicing of the complete genome
sequences into each gene locus, a script written in JAVA language was used to extract the
capsid gene (128-440 bp), prM gene (774-998 bp), envelope gene (999-2510 bp), NS1 gene
(2511-3566 bp), NS2A gene (3567-4244 bp), NS2B gene (4245-4634 bp), NS3 gene (4635—
6485 bp), NS4A gene (6486-6866 bp), NS4B gene (6936-7689 bp), and NS5 gene (7690—
10398 bp) from the total of 10,830 bp. Polyprotein genes that were present between the capsid
gene and prM gene and between the NS4A gene and NS4B gene were not considered.
Phylogenetic trees of the 67-sequence data for each gene were constructed using MEGA 7 by
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applying the maximum likelihood (ML) method [22], the Tamura-Nei model as a substitution
model, and the standard genetic code. Gaps and missing data were treated by complete
deletion,and the nearest-neighbor-interchange (NNI) method was applied as a heuristic method
for ML. Initial phylogenetic trees were determined based on the NJ/BioNJ default values.
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Figure 1. ML tree using 10 genes of zika virus

4. Results and discussion

[Figure 1] show the phylogenetic trees of the 10 structural and nonstructural genes from the
67 Zika viral sequences. Phylogenetic trees were analyzed with classifications following five
geographical regions, including America (red), Asia (blue), Europe (yellow), Africa (green),
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and other areas (light blue), and five time points, including 1968 (1), 2007 (I1), 2010-2012 (111),
2013-2014 (1V), and 2015- 2016 (V).

The phylogenetic trees for the 10 genes commonly showed divergences from the Zika virus
sequence isolated from a Nigerian strain isolated in 1968 into outgroups. Thus, Zika virus
showed changes in gene sequences over time, which resulted in genetic differentiation from the
recent epidemic Zika virus. In contrast, sequences of Zika virus isolated from Micronesia in
2007 and the Pacific Ocean area of Polynesia in 2013 were mixed with other taxa without
diverging into outgroups. In other words, the Zika virus that was epidemic in 2007 and 2013
had genetic factors similar to those of recently isolated epidemic Zika viruses found worldwide.
In addition, NC012532.1, the reference genome, was isolated from viruses collected in Uganda,
Africa, which diverged into outgroups together with the Nigerian branch, resulting in these
viruses having positions close to each other. NC012532.1 was collected in 2016, whereas
HQ234500 and KU963574 of Nigeria were collected in 1968 and nevertheless diverged into a
local outgroup in Africa, suggesting that the sequences of the African clade retained specific
features, over time.

In [Figure 1], (A) shows the phylogenetic tree of the capsid gene encoding the protein coat
for the Zika virus genome. The branch lengths at the roots of the capsid phylogenetic tree were
as short at 0.04 and 0.03, indicating relatively low variation; this could be explained by the
observation that most Zika viruses have coat proteins with similar structures. (B)shows the
phylogenetic tree of the prM gene, which exhibited highly disperse temporal and geographical
distributions because the sequence of the prM gene is conserved among viruses. (C), which
shows the tree of the envelope gene, the American and the Asian clade were distinctly diverged,
indicating that the distribution of the host human genes differed depending on the region,
leading to differences in the sequences of genes encoding components of the viral membrane
important for binding to the host. (D)shows the phylogenetic tree of the NS1 gene. This gene
was found to show increased divergence depending on the region and time compared to that in
other genes, indicating that the NS1 gene had similar sequence distributions depending on
region and had evolved to adapt to environments through gradual variations. As shown in (E),
the tree of the NS2A gene, unlike those of the other nine genes, showed a scale as high as 0.02.
In other words, the NS2A gene had a higher frequency of variations than the other genes, as
supported by the mixed positions of the NS2A gene on the phylogenetic tree without forming
regional clades. (F) and (G) show the phylogenetic trees of the NS2B and NS3 genes. Owing to
the roles of these two proteins as proteases in the host cytoplasm, they were conserved without
forming clades by time or region. For the two phylogenetic trees of NS4 genes shown in (H)
and (1), the tree of the NS4B gene (I) was more distinctively separated by region and
chronologically better ordered than that of the NS4A gene (H). Thus, because NS4A functions
in localization to the viral membrane, regional and temporal sequence variations were relatively
small, whereas the NS4B gene underwent gradual variations, playing a role in viral evolution.
The NS5 gene, shown in (J), exhibited the most distinct temporal distribution on the
phylogenetic tree among the 10 genes and formed clades based on the country of origin. These
data suggested that NS5, which blocks cellular immune signaling required for viral replication
in the host cells, underwent evolution to improve host compatibility.

Notably, the 10 phylogenetic trees showed that the sequences of KU744693 (China,
20160206) were distinct from those from the other Asian areas. In most phylogenetic trees,
genes of KU744693 showed protruding nodes or they were localized among sequences found in
American regions. Based on these results, we speculated that KU744693 sequences were
isolated from patients who were infected by Zika virus in the American regions, or from
patients who had characteristics different from those in the other Asian regions.
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5. Conclusions

Through sequence analysis of the 10 genetic loci, we investigated variations in the 10 genes
and performed phylogenetic analysis of the characteristics of these genes. Based on the genetic
loci of the reference genome sequence isolated in Uganda in 2016, 10 genetic loci were
extracted from the aligned sequences using a JAVA script, and phylogenetic analysis was then
performed for each locus.

We found that the envelope, NS1, and NS5 genes, which were often used as genetic markers
of Zika virus, tended to form better regional clades than other genetic loci. Thus, these three
genes should be appropriate for representing the environmental distributions of the hosts and
explaining viral evolutionary processes. Of the 10 structural and nonstructural genes, the C,
prM, NS2B, NS3, and NS4A genes had conserved features and they were not affected by the
environment. These genes had mixed distributions on the phylogenetic trees, regardless of the
time or region, thereby affecting viral replication in the host. In contrast, the E, NS1, NS2A,
NS4B, and NS5 genes exhibited variations that may have been acquired during evolution of
host compatibility. These genes showed more distinct distributions according to region and
chronology. In addition, most gene sequences became distinct from previous sequences with
time, resulting in new sequence features.

Within the 7-month period after March 2016, 14 patients with Zika virus were reported
in South Korea [23]. All of these patients were infected after travel to countries with Zika
virus epidemics. Ten patients were confirmed to have traveled to Southeast Asian
countries, including the Philippines, Vietnam, and Thailand [23]. Moreover, the pandemic
area of Zika virus has recently been shown to have moved from Central America to
Southeast Asia; because South Korea is geographically close to Southeast Asia, it is
important to identify the genetic characteristics of these viruses and perform phylogenetic
analysis of Zika viruses isolated from different continents. Such data are expected to
reveal significant genetic and phylogenetic factors that can potentially affect the spread of
foreign-borne Zika virus in South Korea. In addition, the outcomes will facilitate the
selection of major gene targets for the development of vaccines and drugs against Zika
virus, which may contribute to preventing the spread of Zika virus worldwide.
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