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A B S T R A C T

Zika virus (ZIKV) has been intensively studied in South America and across the globe since 2015–2016 epi-
demics. However, in Brazil - the largest and the most affected country in terms of human infection by this virus,
most of the viral molecular information is restricted to metropolitan centers distributed along the Brazilian coast
and almost no information is known about the virus spread in most difficult access areas such as the Midwest
region of the country. Here, we report two ZIKV complete genomes from samples obtained during arboviral
surveillance at the Sinop city, southern border of the Amazonian forest, Midwest Brazil in 2015. Our results show
that the virus was introduced in this region through two independent introductions: one occurred at the end of
2014, around the period that the virus was already distributed in other regions of the country and abroad, and a
second at the end of 2015. Moreover, these genomes were clustered with other viral strains sampled at distant
Brazilian states in line with other findings about the rapid spread of the virus throughout the country.

1. Introduction

Zika virus (ZIKV) is an arthropod-borne virus with a positive-sense
single-stranded RNA genome. This virus belongs to the Flaviviridae fa-
mily, Flavivirus genus, and has recently emerged as one of the most
serious global public health threats (Baud et al., 2017; Musso and
Gubler, 2016). Symptoms are usually mild and up to 80% of ZIKV in-
fections in humans can be asymptomatic (Haby et al., 2018). However,
ZIKV has been associated to neurological complications such as con-
genital Zika syndrome in newborns, Guillain-Barre syndrome and other
neurological complications in adults (Depoux et al., 2018; Krauer et al.,
2017; Miner and Diamond, 2017). The spread of ZIKV represents an
additional challenge for public health systems, particularly because it
can be transmitted by species from Aedes (Ae. aegypti and Ae. albopictus)
(Wikan and Smith, 2016) and Culex (Cx. quinquefasciatus) (Guedes
et al., 2017; Smartt et al., 2018) genera, which are abundant
throughout tropical and subtropical regions (Guo et al., 2016;
Kindhauser et al., 2016).

ZIKV was serendipitously discovered during a Yellow Fever sur-
veillance project in Uganda in 1947 (Dick et al., 1952). Very few human
infection cases were reported until a large outbreak occurred in the
Micronesia and Pacific Yep Island (Duffy et al., 2009). Such outbreak

was followed by its spread to other Pacific islands like French Polynesia,
New Caledonia and Vanuatu in 2013–2014 and Eastern Island in early
2014 (Tognarelli et al., 2016). A recent study pointed that French
Polynesia was the most probable source location of the ZIKV entering
Americas, from where its spread through two simultaneous introduc-
tions to Americas and to other Pacific and Eastern islands (Delatorre
et al., 2018). The virus then spread to the Americas entering through
Central or South America (Campos et al., 2018) reaching the northeast
of Brazil which was the epicenter of the Zika epidemics (Faria et al.,
2017; Faria et al., 2016a; Thézé et al., 2018). Furthermore, Angola and
Cape Verde have reported Zika outbreaks, which were associated with
an increase in the microcephaly reported cases nationally (Kraemer
et al., 2017; Lourenço et al., 2018). In Angola, it was later confirmed to
be caused by the emergence of the ZIKV Asian lineage (Hill et al.,
2019).

ZIKV has been intensively studied since the 2015 epidemics in South
America (Campos et al., 2018; Faria et al., 2017; Lowe et al., 2018) but
up to now there is a lack of available molecular genomic data from
regions of difficult access in Brazil (Faria et al., 2017). Such data could
shed light on the virus spread to other highly affected areas. Currently,
there are several complete or draft genomes of ZIKV from three out of
five Brazilian regions (North, Northeast and Southeast) with a higher
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concentration of data from the Northeast (the Zika epidemics epicenter)
followed by the Southeast region (the largest populated and richest
region of the country) while almost no information exists from the
Midwest and South regions (https://www.viprbrc.org/ accessed 10
June 2019).

The study of full-length viral genomic sequences of clinical isolates
during epidemic and inter epidemic situations can be used to improve
our understanding of molecular epidemiology and virus evolution since
it provides wealthy information about the virus variability and enough
evolutionary markers that allows more robust evolutionary inferences
than viral fragments normally used in arboviruses evolutionary studies
(Gardy and Loman, 2018; Ladner et al., 2019). We report here a
genomic investigation and phylogenetic study based on complete ZIKV
genomes from patients living in Sinop, a city located in the southern
border of the Amazonian forest, in the state of Mato Grosso, Midwest
region of Brazil.

2. Material and methods

2.1. Sample collection

Serum samples were collected from 63 patients presenting clinical
symptoms of dengue-like infection, during an arboviral surveillance
from December 2015 to February 2016, in Sinop, State of Mato Grosso,
Brazil. Samples collection and research use was approved by the Ethics
Committee from Júlio Müller University Hospital – UFMT (288.172/
2013). At the time of blood collection, patients filled out and signed an
informed consent document.

2.2. Laboratory testing

Total RNA was extracted from 140 μL of patients' sera using QIAmp
viral RNA kit, followed by a reverse transcription using random primer,
and multiplex-nested RT-PCR for flaviviruses (dengue virus (DENV)
1–4, and ZIKV) and alphaviruses (mayaro virus, chikungunya virus
(CHIKV), Eastern equine encephalitis virus, Venezuelan equine en-
cephalitis virus, Western equine encephalitis virus and Aura virus)
using specific primers targeting NS5 and nsP1 regions, respectively (de
Morais Bronzoni et al., 2005). Briefly, we designed a new primer for
ZIKV (CACTGGCCTCCTAGGCCCGTCCAT) and add it to the multiplex-
nested RT-PCR for flaviviruses, along with DENV 1–4. We add CHIKV
primer (TAGAGCAGGAAATTGATCCC) previously designed (Hasebe
et al., 2002) to the multiplex-nested RT-PCR for alphaviruses. To con-
firm our results, ZIKV PCR-positive samples, were also amplified by
quantitative RT PCR (RT-qPCR) using primers, probes, and cycling
conditions for ZIKV detection as recommended by the Centers for Dis-
ease Control and Prevention (Lanciotti et al., 2008).

2.3. Genome sequencing

We used primers designed by the ZIBRA project (Faria et al., 2016b)
following as described (Guedes et al., 2017) on the cDNA generated
from the total RNA extracted directly from each sample. MiSeq (Illu-
mina, San Diego, CA, USA) sequencing libraries were prepared with a
Nextera XT Library Prep Kit (Illumina) using 2 ng of input cDNA de-
rived from the ZIKV multiplex PCR, following manufacturer's instruc-
tions. Two samples were selected on the basis of DNA concentration
after clean-up. MiSeq Reagent Kit V3 of 150 cycles (Illumina) was used
in a paired-end strategy, resulting in 75 bp reads separated by ~350bp.
Samples were sequenced on the MiSeq (Illumina) platform at the
Technological Platform Core at the Aggeu Magalhães Institute (IAM).

Trimming of primers sequences and quality filtering of reads were
performed with Trimmomatic v 0.36 (Bolger et al., 2014) and quality
checked with FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/ accessed 10 June 2019). These were subsequently
mapped against the ZIKV BRPE243/2015 reference genome

(KX197192) (Donald et al., 2016) using Bowtie 2 with default para-
meters (Langmead and Salzberg, 2012). Consensus sequences were
obtained through the Integrated Genome Viewer software (Robinson
et al., 2011) and the sequences have been deposited in GenBank with
the accession number: MH513598 and MH513599 and the raw NGS
reads in the European Nucleotide Archive under the project
PRJEB30828.

2.4. Phylogenetic analyses

Multiple sequence alignment was performed using MAFFT version 7
(Katoh et al., 2017) through the MAFFT online server http://mafft.cbrc.
jp/alignment/software/ (accessed 10 June 2019); maximum-likelihood
analysis (ML) was performed using PhyML version 3.0 (Guindon et al.,
2010) through the web site at http://www.atgc-montpellier.fr/phyml/
(accessed 10 June 2019). Coding regions corresponding to the complete
genomes from Sinop were aligned with all published and available
near-complete Zika virus genomes (> 9000 nucleotides), belonging to
the African and Asian genotype, totalizing 408 genomes, collected from
ViPR (Pickett et al., 2012) http://www.viprbrc.org/ (accessed 10 June
2019) (accession number of all genomes used in the analysis may be
seen in Supplementary Table 1). Considering that ZIKV in the Americas
belongs to the Asian genotype (Faria et al., 2016a), we have also per-
formed phylogenetic analysis using only genomes belonging to Asian
genotype. The ML phylogenies was reconstructed by using the best-fit
general time-reversible (GTR) model with 4 gamma substitution rate
categories (+ G) and invariant sites (+ I) (GTR+G+ I) suggested by
the Smart Model Selection implemented in PhyML online (Lefort et al.,
2017); nucleotide substitution models were also accessed with jMo-
delTest2 (Darriba et al., 2012) and the same (GTR+G+ I) model was
obtained for all alignment tested; for the tree search operation, we used
SPR and statistical support for phylogenetic nodes were assessed by
using aLRT SH-like metric. FigTree v1.4.2 (Rambaut, 2014) was used
for visualization and figure generation.

2.5. Molecular clock analysis

We evaluated the clock signal with TempEst 1.5 (Rambaut et al.,
2016) using as input the ML tree from a smaller set of ZIKV genomes
(73 ZIKV genomes - Supplementary Table 1 and Supplementary Fig. 1).
Bayesian molecular clock phylogenetic analysis was performed with
BEAST 1.10.4 (Suchard et al., 2018) in three independent runs of 100
million MCMC steps and sampling parameter every 1000 steps. Ten
percent of the sampled trees was removed to generate the final bayesian
trees dataset. We used a Bayesian Skyline tree prior and a relaxed log-
normal clock model. Molecular clock and demographic model were
selected based on the best likelihood combination found with Path
Sampling/Stepping-stone sampling comparing strict and uncorrelated
lognormal clock models associated with three demographic models:
Constant, Exponential Grown and Bayesian Skyline priors (Supple-
mentary Table 2). Runs convergence was evaluated with Tracer 1.7.1
(Rambaut et al., 2018) and the final combined dataset showed an
ESS > 200 for all parameters sampled. In order to evaluate if re-
combination took place between the analyzed genomes we performed
the Pairwise Homoplasy Index (PHI) using the SplitsTree 4.10 (Bruen
et al., 2006) with default parameters and the full set of tests im-
plemented in the Recombination Detection Program - RDP v4.97
(Martin et al., 2015).

2.6. Spatial analysis

The data collected from ViPR (http://www.viprbrc.org/ accessed 10
June 2019) was integrated into an open source Geographic Information
System (QGIS v2.18.24) software (http://www.qgis.org accessed 10
June 2019). The map showing the geographic distribution of ZIKV in
Brazil and the virus possible route was developed at the state level.
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3. Results

We investigated 63 serum samples from which six samples were
positive for ZIKV by Nested-PCR and RT-qPCR. The cycle thresholds
(CTs) from ZIKV positive samples ranged from 25 to 36, and two of
them were sequenced (Table 1). One sample (BR/Sinop/H355/2015)
belonged to a 41-year-old female patient presenting petechial rash,
back pain, arthralgia, normal leukocyte (4530/mm3) and 314,000/mm3

of platelet count. The other sample (BR/Sinop/H366/2015) was from a
30-year-old pregnant patient presenting fever, petechial rash, itch,

diffuse myalgia, arthralgia, normal leukocyte (6390/mm3) and
140,000/mm3 of platelet count. Both patients did not report any recent
history of travel and had their samples collected at the third day of
symptoms, in December 2015. It is important to emphasize that the first
evidence of human infection in the State of Mato Grosso occurred in
November 2015 and, since then, autochthonous transmission of the
virus was confirmed, with no imported cases reported (Ministério da
Saúde, 2019).

The entire ZIKV genomes from these two samples were obtained
with average coverage depth ranging from 280 to 9282× (Table 1).

Table 1
Sequencing data of two Zika viruses obtained from patients living in Sinop, MT, 2015.

Isolate ID Collection date ZIKV qRT-
PCR Cta

Genbank accession
code

No. total readsb No. mapped reads
(%)b

Depth of
coverageb

Genome length
(nt)b

Amino acid mutations and
protein locationc

H355 09/12/2015 34.00 MH513598 676,945 40,478 (5.98%) 280.92 10,640 M1143 V NS1 I1398V NS2B
T2068M NS3
S2456 L NS4B

H366 11/12/2015 26.84 MH513599 1,454,943 1,337,597
(91.93%)

9282.85 10,658 M1143 V NS1

Depth of coverage=Number of mapped reads × 75 (read length)/reference genome length (10,807).
a Ct, cycle threshold; qRT-PCR, quantitative reverse transcription PCR.
b Genomic sequencing statistics (%) were calculated using KX197192 (10,807 nt long) as reference genome.
c Positions considering the reference genome polyprotein.

Fig. 1. Phylogenetic reconstruction and positioning of ZIKV genomes obtained in this study using maximum likelihood. A - Full phylogeny including all available
Asian genotype ZIKV complete and draft genomes>9 kb. B - Phylogenetic analysis of a subset of ZIKV sequences from the full ZIKV tree focusing on clades that the
two ZIKV genomes obtained in this study clustered. aLRT SH-like branch support of key clades are depicted with arrows in panels A and B.
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Fig. 2. Bayesian phylogenetic analysis using relaxed molecular clock and bayesian skyline demographic model. A) A subset of ZIKV genomes and the genomes
sequenced in this study (red tip names). Node bars represent the HPD 95% dating estimates for each ancestral and red and green node bars are the HPD95% estimates
for the clade ancestral in which the two genomes from Sinop clustered. B) Density distribution of the dating estimates for the same two tMRCAs depicted in red and
green node bars in panel A. Colors of the branches follow the same pattern as Fig. 1 panel B: dark blue is clade A and light blue is clade B. (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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Maximum likelihood phylogenetic reconstruction of the obtained gen-
omes and several available ZIKV genomes showed that strains infecting
Sinop patients clustered within the Asian lineage (Fig. 1, panel A and
Supplementary Fig. 2) along with several other draft ZIKV genomes
from the 2015–2016 epidemics. More specifically, the H355 genome
clustered in a clade along with genomes from the North and Southeast
Brazilian regions and from Central America (Fig. 1 panel B, clade A),
while the H366 genome clustered within another clade along with
samples from Northeast and Southeast Brazilian regions as well as
genomes from Central America (Fig. 1 panel B, clade B).

Using a relaxed molecular clock analysis we estimated the spread of
ZIKV in the Midwest region of Brazil. We used the same genomic da-
taset from Fig. 1 panel B except that we kept only French Polynesian
genomes as outgroup in order to compare with published estimates of
the Asian genotype causing the 2015–2016 epidemics. We found no
statistically significant signal of recombination in this dataset both with
SpliTree (p= .0985) and RPD softwares. Our estimates showed that the
dating of the most recent common ancestor (tMRCA) of the two

genomes sequenced in this study differed: I - the most well supported
branch leading to the Sinop genome from clade A was dated to October
2014 [95% highest posterior density (HPD) between June 2014 and
February 2015, reddish node bar and violin plot]; II - while the tMRCA
of the Sinop genome from clade B was dated to October 2015 [95%
HPD between July 2015 and December 2015, greenish node bar and
violin plot] (Fig. 2 panels A and B).

The two ZIKV genomes from Sinop were closely related ZIKV de-
tected in patients from the state of Tocantins (TO) and Paraíba (PB)
(Fig. 2) suggesting that two possible entry routes of ZIKV in Sinop, MT
(Fig. 3).

We also characterized a number of nonsynonymous nucleotide
mutations in the obtained genomes. We detected the previously re-
ported amino acid mutations in one structural and four of the non-
structural proteins, including the A983V mutation NS1, which has been
implicated in immune evasion and is conserved in all Asian strains
detected after the French Polynesia outbreak (Liu et al., 2017) and a
pre-M mutation (S139 N) which has been associated with microcephaly

Fig. 3. Geographic distribution of ZIKV in Brazil and the virus possible route. Distribution of the number of ZIKV genomes sequenced per state and colored edges
showing the possible route of ZIKV spread based on the most closely related ZIKV genome from the phylogenetic analysis shown on Fig. 1 panel B and Fig. 2 panel A.
State colors follows tip colors in Fig. 1, panel B.
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in mice (Yuan et al., 2017). In addition, we also found mutations spe-
cific for our samples: NS2B (I1398V), NS3 (T2068M) and NS4B mu-
tation (S2456 L) (Table 1).

4. Discussion

ZIKV was a relatively unknown virus until its spread to Asian and
Pacific islands and resulting epidemics after its arrival in the Americas
(World Health Organization, 2015). Since the virus spread to South
America, it was responsible for a large epidemic and several previously
unknown pathogenic effect on newborns and adults (Cordeiro et al.,
2016; Mlakar et al., 2016). Currently, the Asian lineage that entered
South America is still spreading to different countries around the globe
(Hill et al., 2019; Khongwichit et al., 2018; Woon et al., 2019; Yadav
et al., 2019). Although several efforts have been made to study the virus
biology, there are still knowledge gaps in several basic ZIKV research
fronts such as the extent of its spread in affected areas. In Brazil, the
large majority of the molecular genomic data about the ZIKV is re-
stricted to large cities located in the coastline of the country and almost
no information is available regarding the virus in the inner region of the
country such as in the states of Mato Grosso, Mato Grosso do Sul and
Goiás (Fig. 3). Here we report two ZIKV genomes from Sinop samples, a
Southern Amazon city from the state of Mato Grosso.

Until late 2016, ZIKV surveillance had been performed only with
ELISA assays and quantitative PCR, the gold standard for ZIKV mole-
cular diagnostic (Xavier et al., 2017). The largest incidence of Zika in
the Mato Grosso state occurred in 2016 (Ministério da Saúde, 2016).
Weekly epidemiological summaries of Zika cases from Sinop city,
published by the Secretary of Health of the State of Mato Grosso, shows
that the first ZIKV confirmed case occurred in December 2015 with an
incidence pick in February 2016 (363 cases) and the last reported case
in March 2018 (Fig. 4, http://www.saude.mt.gov.br/dengue/arquivos/
526/documentos accessed 10 June 2019). Molecular clock analysis
suggested that the first ZIKV lineage was circulating at Sinop region
around the end of 2014 and beginning of 2015 suggesting that human
cases likely remained undetected until December 2015 (Fig. 2). Since

neither patients traveled before reporting arbovirus-like symptoms,
they likely become infected locally, supporting that local ZIKV trans-
mission were occurring in the Sinop city before its first detection in
December 2015. At this time, the second lineage was circulating in this
region (tMRCA October 2015 - HPD95% July-December 2015 - Fig. 2)
suggesting that the steady increase of case numbers until February 2016
pick (Fig. 4) occurred due to human infections likely derived from ei-
ther strains. In addition, a recent study reported for the first time the
circulation of the Zika virus in the state of Mato Grosso in the muni-
cipality of Tapurah in August 2015 (Costa et al., 2019). This munici-
pality is located around 100 km distant from Sinop city. The detection
of the ZIKV circulation in August 2015 in this region is in line with
human cases infections derived from the either virus lineages se-
quenced in our study.

The tMRCA of the clade containing one strain from Sinop, three
strain from North region (BeH818995, BeH819966, ZBRX106) and two
strain from Northeast region (BeH815744, SSABR1) were dated around
October 2014 much earlier than the first ZIKV notification case in Brazil
which occurred between May and June 2015 (Kindhauser et al., 2016).
In addition, a second lineage entered the region latter around October
2015 at the time that ZIKV strains already spread to several other
Central and North America countries (Faria et al., 2017). The close
clustering with ZIKV sequences available from other Brazilian states
which are far apart from Mato Grosso state highlights the rapid ex-
pansion of these strain between distant Brazilian regions including the
Midwest region. Lastly, we found two ZIKV amino acid mutations that
were associated with the virus pathogenicity and conserved in all ZIKV
genomes obtained after 2014. Several other amino acid changes were
also found, but their role in the ZIKV evolution remains unknown.

In this study, we report for the first time the complete genome se-
quence of the Zika virus circulating in this region from two samples
collected at Sinop city in a similar time frame (December 2015). Our
data supports previous findings that the ZIKV circulating in this remote
region of Brazil belongs to the Asian genotype and more specifically to
two different clades found circulating in other Brazilian states.
Although the two samples were obtained during December 2015,

Fig. 4. Number of ZIKV confirmed cases at the Sinop municipality between 2015 and 2019 from the weekly epidemiological summaries of the Secretary of Health of
the state of Mato Grosso.
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phylogenetic analysis showed that two independent ZIKV lineages were
circulating at this region and molecular clock analysis showed that they
likely arrived at different time frames and from different regions of
Brazil.

5. Conclusions

Our results show that two lineages of the Asian ZIKV genotype was
circulating in the Midwest Brazil and that the last common ancestor of
the clades containing such lineages have different time estimates.
Hence, ZIKV was circulating in almost all Brazilian regions before its
first detection and notification in May–June 2015. Such findings
highlight the need of rapid and efficient deployment of molecular
surveillance in difficult access areas in order to obtain curated data
about the real extent of the epidemic in the human population.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.103974.
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