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Abstract: The Indian Ocean Lineage (IOL) of the chikungunya virus (CHIKV) East/Central /South
African (ECSA) genotype, which originated in Kenya, spread to the Indian ocean and the Indian
subcontinent, and then expanded through Southeast Asia in the previous decade. It carried an
adaptive mutation E1-A226V, which enhances CHIKV replication in Aedes albopictus. However,
the JIOL CHIKYV of the most recent outbreaks during 20162020 in India, Pakistan, Bangladesh,
the Maldives, Myanmar, Thailand, and Kenya lacked E1-A226V but carried E1-K211E and E2-
V264A. Recent CHIKV genome sequences of the Maldives and Thailand were determined, and
their phylogenetic relationships were further investigated together with IOL sequences reported in
2004-2020 in the database. The results showed that the ancestral IOLs diverged to a sub-lineage
E1-K211E/E2-V264A, probably in India around 2008, and caused sporadic outbreaks in India during
2010-2015 and in Kenya in 2016. The massive expansion of this new sub-lineage occurred after the
acquisition of E1-I317V in other neighboring and remote regions in 2014-2020. Additionally, the
phylogenetic tree indicated that independent clades formed according to the geographical regions
and introduction timing. The present results using all available partial or full sequences of the recent
CHIKVs emphasized the dynamics of the IOL sub-lineages in the Indian subcontinent, Southeast
Asia, and Eastern Africa.

Keywords: chikungunya virus; East/Central /South African (ECSA) genotype; Indian Ocean Lineage;
outbreak; molecular clock analysis; mutation; mosquito
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1. Introduction

Chikungunya virus (CHIKV) is a member of the genus Alphavirus, family Togaviridae,
and causes fever, arthralgia, and rash in humans. The viral genome is a single positive-
stranded RNA of 11-12 kb in length consisting of 5" and 3’ untranslated regions (UTRs)
and two open reading frames (ORFs) of nonstructural proteins nsP1-4 and structural
polyproteins capsid, E3, E2, 6K, and E1. The first CHIKV was isolated during an outbreak
in Tanzania in 1953. Nowadays, CHIKYV is phylogenetically classified into three major
genotypes: East/Central/South/African (ECSA), West African (WA), and Asian, named
after the location where these genotypes were first recognized [1]. Asian CHIKV that had
diverged from ECSA once emerged in South Asia in the 1960s and subsequently spread
to Asia [1]. In 2005, CHIKYV re-emerged in these regions as the ECSA genotype that was
later referred to as the Indian Ocean Lineage (IOL). The IOL CHIKV caused epidemics
and consequent outbreaks during the last decade. On the other hand, in 2013, an Asian
CHIKYV emerged in the Americas, starting from St. Martin in the Caribbean, and spread
through the South and Central Americas. Previously, CHIKV was transmitted mainly
through Aedes aegypti [2]. However, an alanine-to-valine mutation at position 226 within
the E1 glycoprotein (E1-A226V) in IOL CHIKV was shown to increase viral replication
in Aedes albopictus [3]. For this reason, IOL CHIKV might widely spread to where this
mosquito is abundant, particularly Thailand, Singapore, and Malaysia in Asia, and even in
temperate climate countries such as Italy and France in Europe.

However, IOL CHIKYV of the most recent outbreaks during 2016-2017 in India, Pak-
istan, and Bangladesh lacked E1-A226V. Instead, they carried two novel mutations, a lysine-
to-glutamic acid mutation at position 211 within the E1 glycoprotein (E1-K211E) and a
valine-to-alanine mutation at position 264 within the E2 glycoprotein (E2-V264A) [4-6]. We
previously reported that the IOL with these mutations clustered to a novel sub-lineage [6].
IOL sub-lineage E1-K211E/E2-V264A shortly spread from Bangladesh to Thailand in 2017,
resulting in outbreaks with tens of thousands of CHIKV-suspected cases. Besides the
above-mentioned countries, IOLs carrying E1-K211E and E2-V264A was reported in Italy
in 2016-2017 [7], Myanmar, and China in 2019 [8], and even in Eastern Africa, including
Kenya, Sudan, and Djibouti in 2014-2019 [9-12].

To understand the diversity and evolution of the current IOL sub-lineage E1-K211E/E2-
V264A, IOL sequences with these mutations were collected in the Virus Pathogen Resource
(ViPR; https:/ /www.viprbrc.org) (accessed on 1 August 2021) [13]. In addition, nearly
whole genome sequences of Maldives CHIKV collected during the outbreak in 2019 [14] and
those of Bangkok CHIKYV in 2020 were determined, and then phylogenetic and molecular
clock analyses were performed. In this paper, it is shown that IOL sub-lineage E1-K211E/E2-
V264A emerged around 2008, likely in India, and caused sporadic outbreaks in India in
2010 and Kenya in 2016. After this, the IOL sub-lineage acquired an additional mutation
of an isoleucine-to-valine mutation within E1 (E1-I1317V), and it spread widely to several
regions, including the Indian subcontinent, Eastern Africa, and Southeast Asia during
2014-2020.

2. Materials and Methods
2.1. CHIKV Samples

Sixteen existing, previously published CHIKYV real-time RT-PCR-positive sera were
obtained from Indira Gandhi Memorial Hospital, the Maldives in 2019 [14,15] and 10 newly
collected, also CHIKYV real-time RT-PCR-positive sera in the Bangkok Hospital for Tropical
Diseases in 2020 were used. The study was conducted according to the Declaration of
Helsinki, and ethical approval was obtained from the National Health Research Committee
in the Maldives. The Ethics Committee of the Faculty of Tropical Medicine, Mahidol
University, approved the protocol (Certificate of Ethical Approval No. MUTM 2020-009-01
and 2020-010-01).
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2.2. CHIKV Genome Sequencing

Twenty-five uL. of CHIKV positive sera with low viral load (ct above 16) were used
to isolate virus strains in C6/36 cells in order to increase the number of the virus using
the previously described protocol [6]. For genome sequencing, total RNA was extracted
either from cell culture supernatant or directly from the original sera with high viral titers
(ct less than 15) using the QIAamp viral RNA mini kit (Qiagen, Hilden, Germany) and
then subjected to PCR amplification [6]. The library was prepared using an Illumina
Nextera XT kit (Illumina, San Diego, CA, USA), and the paired-end of the 2 x 250 bp
sequencing reaction was conducted using the Miseq platform (Illumina, San Diego, CA,
USA). The forward and reverse short reads were aligned to the reference strain (MF773566
Bangladesh 2017) using the map to reference command in CLC Genomics Workbench soft-
ware version 20 (Qiagen, Aarhus, Denmark). The consensus sequences were extracted and
deposited in the DNA Data Bank of Japan (DDBJ, http:/ /www.ddbj.nig.ac.jp) (accessed on
13 December 2021) with the access number LC664141-LC664166 (Table 1). Newly generated
CHIKV sequences were trimmed at 5UTR and 3'UTR to obtain the ORFs region with the
untranslated junction region (complete coding sequence; CDS; 11,237 bp). The identities
of nucleotides and amino acids of the CHIKV ORFs and the corresponding nonstructural
and structural protein sequences, respectively, were determined using compute distance in
Mega version 11 [16]. The sequence similarity to CHIKV in the database was examined
in the NCBI Blastn suite [17]. To determine genotypes of our newly obtained CHIKYV, the
maximum likelihood (ML) tree of our sequences, the reference sequences of WA, Asian,
ECSA, IOL, and the related sequences from Blast results, were constructed in IQ-TREE [18]
(Supplementary Figure S1).

Table 1. List of CHIKV sequences in the present study.

Strain Collection Date Location Sample Type Passage History Accession No.
MLD19-01 30 March 2019 Maldives isolate C6/36 LC664141
MLD19-06 31 March 2019 Maldives isolate C6/36 LC664142
MLD19-09 30 March 2019 Maldives isolate C6/36 LC664143
MLD19-20 24 April 2019 Maldives isolate C6/36 LC664144
MLD19-22 1 April 2019 Maldives isolate C6/36 LC664145
MLD19-27 3 April 2019 Maldives isolate C6/36 LC664146
MLD19-37 7 April 2019 Maldives serum no passage LCo664147
MLD19-39 4 April 2019 Maldives isolate C6/36 LC664148
MLD19-40 April 2019 Maldives isolate C6/36 LC664149
MLD19-47 10 April 2019 Maldives isolate C6/36 LC664150
MLD19-53 14 April 2019 Maldives isolate C6/36 LC664151
MLD19-68 19 May 2019 Maldives isolate C6/36 LC664152
MLD19-70 May 2019 Maldives isolate C6/36 LC664153
MLD19-71 May 2019 Maldives isolate C6/36 LC664154
MLD19-72 18 June 2019 Maldives isolate C6/36 LC664155
MLD19-77 2 August 2019 Maldives serum no passage LC664156

BHTD20-WMO05 29 June 2020 Bangkok, Thailand isolate C6/36 LC664157
BHTD20-WM14 21 July 2020 Bangkok, Thailand isolate C6/36 LC664158
BHTD20-WM19 4 August 2020 Bangkok, Thailand isolate C6/36 LC664159
BHTD20-WM27 19 August 2020 Bangkok, Thailand serum no passage LC664160
BHTD20-WM?29 20 August 2020 Bangkok, Thailand isolate C6/36 LC664161
BHTD20-WM34 26 August 2020 Bangkok, Thailand isolate C6/36 LC664162
BHTD20-WM37 28 August 2020 Bangkok, Thailand serum no passage LC664163
BHTD20-WM40 8 September 2020  Bangkok, Thailand serum no passage LC664164
BHTD20-WM44 13 September 2020  Bangkok, Thailand serum no passage LC664165
BHTD20-WM48 25 September 2020  Bangkok, Thailand serum no passage LC664166

2.3. Data Collection and Phylogenetics

The CHIKYV sequences were collected using the ViPR database by filtering the geog-
raphy and time option as the retrieval date of August 2021 [13]. Genbank was also used
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to trace the publication of the sequences and the PopSet data of the studies. To analyze
the presence or absence of the mutations at E1-211, E1-226, and E2-264, 765 IOL CHIKV
nucleotide sequences (Supplementary Table S1) covering at least the E2 to E1 region were
aligned and translated to amino acids using AliView v1.26 [19]. In order to mitigate possi-
ble temporal inference localization errors in the spatiotemporal analyses using a Bayesian
phylogenetic methodology, the sequences retrieved from the ViPR database were curated
by the following criteria: (1) IOL sequence with E1-K211E and E2-V264A representing
multiple geographical regions collected from 2010 to present or the earliest IOL strains
in 2004-2005 [1] and their descendant strains collected from 2004 to 2010; (2) sequences
covering at least 10,000 bp of CDS region; (3) sequences after removal of the laboratory
strains, those with ambiguous nucleotides, or duplicated ones detected by the ML tree
analysis and TempEst v1.5.3; (4) sequences after removal of the recombinant screened using
GARD [20]. After the curation, the dataset of 271 IOL CHIKV CDS sequences (26 of these
were generated in the present study, and the others were collected from the public database,
Supplementary Table S3) was finally prepared, and the initial ML tree was constructed
using IQ-TREE [18]. The evolutionary temporal signal of the dataset was further inspected
in TempEst v1.5.3 prior to the molecular clock analysis (Supplementary Figure S2). The
time-scaled tree for the IOL CHIKYV sequences was reconstructed using a Bayesian Markov
chain Monte Carlo (MCMC) method provided in the BEAST package v1.10.4 under GTR
+ F + I + G4 with an uncorrelated lognormal clock and Bayesian Skygrid, as described in
the previous study [6]. The grid point was set at 16. Four independent runs of MCMC
were carried out for 50,000,000 generations each, with sampling every 5000 generations,
and they were checked for convergence and the effective sample sizes in Tracer v1.7.1. All
runs were combined in LogCombiner v1.10.4. Time of the most recent common ancestor
(tMRCA) and its 95% highest probability density 215 (95% HPD) were expressed as a year
and parts per 100 of the year, which was subsequently converted to a respective month.
The maximum clade credibility (MCC) tree was generated using TreeAnnotator v1.10.4 and
visualized in FigTree v1.4.4. The nonsynonymous mutations specific to lineage or clade
were investigated in the alignment of amino acid translation prepared in AliView v1.26. To
investigate the evolution in the E1 region, another ML tree of 962 sequences of E1 retrieved
from the ViPR database was constructed using IQ-TREE (Supplementary Figure S3).

2.4. Selection Analysis

The dataset of 271 CDS sequences of IOL CHIKV was trimmed to two datasets of
the nonstructural polyprotein ORF (7473 bp) and structural polyprotein ORF (3744 bp).
These datasets were used for selection pressure analysis implemented in HyPhy using
four methods: a mixed-effects model of evolution (MEME), fast, unconstrained Bayesian
approximation (FUBAR), single-likelihood ancestor counting (SLAC), and fixed-effect
likelihood (FEL) for the site-specific selection.

3. Results
3.1. CHIKV Obtained in the Present Study

A total of 26 CHIKYV sequences of nearly the whole genome, including 16 Maldives
strains from the 2019 outbreak and 10 Thailand strains from the 2020 outbreak, were
generated (Table 1). CHIKV genomes shared a high degree of similarity since the nucleotide
and amino acid identities among Maldives strains were 99.93-99.99% and 99.84-100%,
respectively, while those among Thailand strains were 99.68-99.97% and 99.72-100%,
respectively (Supplementary Table S2). To identify the most similar strain to the newly
obtained virus in the database, each sequence was used in the NCBI Blastn suite. All
Maldives strains showed the highest similarity to an Indian CHIKV collected in June
2019 in Kerala, the southern state (MW042255.1), with 99.85-99.88% nucleotide identities.
On the other hand, the Bangkok strains BHTD20-WMO05, 14, and 19 were most closely
related to the 2019 strains from Bangkok and its neighboring city Samut Sakhon (LC802269
and MT495608, respectively) with 99.85-99.95% nucleotide identities; BHTD20-WM34
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and 37 were most closely related to a Southern Thailand strain 2018 (MK468801) with
99.88-99.93% nucleotide identities. Interestingly, the remaining Bangkok strains BHTD20-
WM27, 29, 40, 44, and 48 showed the highest nucleotide identities (99.89-99.91%) to
the Chinese CHIKYV returned from Myanmar in 2019 (MT668625). All newly obtained
CHIKYV sequences were genotyped as ECSA and belonged to IOL with the related strains
from neighboring areas (Supplementary Figure S1). In addition, the obtained CHIKV
sequences from the Maldives and Thailand carried the mutations E1-K211E and E2-V264A
(Supplementary Table S1).

3.2. Distribution of Indian Ocean Lineage Carrying E1-K211E and E2-V264A of CHIKV ECSA

To determine the distribution of novel mutations of E1-K211E and E2-V264A, CHIKV
nucleotide sequences available in the ViPR database retrieved on 1 August 2021 were
investigated. Seven hundred and sixty-five IOL CHIKV sequences covering at least the
E2 to E1 region were analyzed. Among them, 427 showed the presence of E1-K211E and
E2-V264A (Supplementary Table S1). In Table 2, the earliest detection of E1-K211E and
E2-V264A mutation was observed in November 2009-January 2010 in Singapore and India.
Initially, the detection of this variant was limited within these two countries during the
period of 2009-2013. Although the Singapore strain MH647212 was the earliest strain with
E1-K211E and E2-V264A, the majority of Singapore strains in 2010-2012 were sporadic
and imported cases [21]. On the other hand, the Indian strains were reportedly associated
with local outbreaks, particularly those in the northern part, with the highest number of
sequences recorded in 2010 [22]. Later, IOL sub-lineage E1-K211E/E2-V264A was first
detected in the new region, particularly Kenya, in 20142015 and continually observed until
2018. In 2016, the number of reported IOL sub-lineage E1-K211E/E2-V264A sequences
increased substantially in India and was subsequently found in neighboring countries
such as Pakistan in 20162017 and Bangladesh in 2017, where massive outbreaks were
reported in those years. The distribution of the IOL carrying E1-K211E and E2-V264A
became remarkable in 2018-2019 when this IOL was widely reported in multiple regions
and countries, including the south of the Indian subcontinent (Maldives), Africa (Sudan,
Djibouti), Southeast Asia (Myanmar, Thailand, and Malaysia), and East Asia (China and
Taiwan). Consequently, local transmission occurred in many of these regions. Additionally,
the coincidence of this IOL new sub-lineage in non-endemic countries was frequently
reported during the peak of sequence detection in epidemic countries (Table 2).

3.3. Evolutionary Dynamics of the Indian Ocean Lineage of CHIKV ECSA

To investigate the evolution of IOL ECSA of CHIKV in 2004-2020, a dataset of nearly
full length 271 CDS was constructed, which consisted of sequences from the earliest IOL
strains detected in coastal Kenya and Comoros in 2004 [23] to the recent outbreak in 2020,
covering all the geographic regions of IOL CHIKYV epidemics including Africa, the Indian
subcontinent, Southeast Asia, East Asia (Myanmar and Thailand border of China), and
Europe (Italy and France). The dataset exhibited a strong positive correlation between
genetic divergence and sampling time (R? = 0.91) (Supplementary Figure S2). The time-
scaled MCC tree inferred in BEAST showed the evolutionary dynamics of IOL sub-lineages
of CHIKV ECSA across the countries surrounding the Indian ocean over time (Figure 1).
The tree topology showed two major spreads of the IOL. The tMRCA for the first spread
was November 2002 (2002.88) with an interval of December 2001-February 2004 (95%
HPD of 2001.98-2004.10). The long tMRCA interval reflected the small number of genome
sequences collected at this period. The earliest IOL originated from coastal Africa (Kenya
HQ456254 and HQ456255) and was separately introduced to the Indian Ocean and Indian
subcontinent. IOL strains that circulated in the Indian subcontinent descended to several
clades, such as Southeast Asian and Italian clades. On the other hand, the second major
spread of the IOL was associated with E1-K211E/E2-V264A, forming a monophyletic clade
distinct from the previously spread IOL. This new IOL sub-lineage emerged in December
2007 (2007.97) with an interval of April 2007-September 2008 (95% HPD: 2007.26-2008.74)
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by the basal sequence of the sub-lineage observed in India and was re-introduced not
only to the same regions, as in the previous spread in Southeast Asia, but also to Eastern
Africa. Furthermore, IOL sub-lineage E1-K211E/E2-V264A later diverged into two distinct
clades in February 2012 (2012.12) with an interval of April 2011-January 2013 (95% HPD:
2011.32-2013.04), with a posterior probability (pp) support at 1.

Table 2. Number of CHIKV sequences with E1-K211E and E2-V264A by region/country and year
of collection.

Local Strain

Travel-Associated Strain

Year
Region Location Region Reported Country (Origin Country)
2009 Southeast Asia Singapore * 1 (1)
2010 Indian subcontinent India 20 (15) Europe France (India) 1 (0)
Europe France 1 (0) East Asia China (India) 4 (4)
Southeast Asia Singapore * 4 (4)
2011 Indian subcontinent India 8 (5)
Southeast Asia Singapore * 2 (2)
2012 Indian subcontinent India 16 (10)
Southeast Asia Singapore * 3 (3)
2013 Indian subcontinent India 6 (6)
Southeast Asia Singapore * 2 (2)
2014 Indian subcontinent India 4 (4)
Africa Kenya 2 (2)
2015 Indian subcontinent India 5 (5)
Southeast Asia Singapore * 1 (1)
Africa Kenya 1 (1)
2016 Indian subcontinent India 27 (27), Pakistan 8 (7) Pacific Australia (India) 1 (1)
Africa Kenya 15 (12) East Asia Hong Kong (India) 2 (2)
. . India 4 (4), Pakistan 5 (1), . . .
2017 Indian subcontinent Bangladesh 37 (37) East Asia  China (Pakistan) 1 (1), (Bangladesh) 2 (2)
Africa Kenya 5 (5) Pacific Australia (Bangladesh) 1 (1)
Europe Italy 10 (10)
Southeast Asia Singapore * 1 (1)
2018 Indian subcontinent India 2 (2) Europe Slovenia (Thailand) 1 (1)
Africa Kenya 19 (19), Sudan 80 (80)
Southeast Asia Thailand 15 (15)
2019 Indian subcontinent India 1 (1), Maldives 16 (16) Pacific Australia (Thailand) 1 (1)
China (Myanmar 10 (10), Thailand 1 (1))
Africa Djibouti 1 (1) East Asia Taiwan (Myanmar 7 (0), Thailand 4 (0),
Malaysia 1 (0))
Southeast Asia Thailand 29 (29) Europe Finland (Thailand) 2 (2)
East Asia China 7 (7), Taiwan 8 (0)
2020 Southeast Asia Thailand 21 (21)

The numbers in brackets indicate those with the whole genome sequences, * Asterisks indicate suspected travel-
associated strains.
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Figure 1. Evolution and geographic distribution of IOL. (A) A map showing the location of IOL
CHIKYV whole-genome sequences analyzed in the present study. The black triangles indicate countries
in which IOL sub-lineage E1-K211E/E2-V264A was circulating. Dotted arrows indicate probable
transmission routes. (B) The maximum clade credibility tree (MCC) for 271 Indian Ocean Lineage
(IOL) of CHIKYV open reading frame sequences constructed by BEAST under uncorrelated lognormal
clock and GTR + F + I + G4. The emergence of the IOL and IOL sub-lineage E1-K211E/E2-V264A
with the time of the most recent common ancestor (tMRCA) and its 95% highest probability density
(95% HPD) are indicated by red asterisks and arrows. The numbers of posterior probability (PP)
support are shown adjacent to the key nodes. The Indian subcontinent/Eastern African clade and
Indian subcontinent/Southeast Asian clade are indicated in the right bracket. Triangular clades
represent collapsed sequences indicated to the right. The branch color corresponds to the geographic
region indicated. The timescale in years is shown on the x-axis at the bottom. The amino acid
mutations specific to each lineage are shown on the right, and the color corresponds to the amino
acid indicated below.

3.3.1. The Emergence of IOL Sub-Lineage E1-K211E/E2-V264A

Our molecular clock analysis suggested that the IOL emerged in the Indian subconti-
nent in September 2004 (2004.73) with an interval of June 2004-February 2005 (95% HPD:
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2004.48-2005.10), then spread and circulated in India, Sri Lanka, and Bangladesh, subse-
quently descended to the new clades, and was distributed to wider geographic regions.
The tMRCA for the Southeast Asian clade, including sequences from Singapore, Malaysia,
Thailand, Laos, and Cambodia, was estimated to be July 2007 (2007.50) with an interval
of February—-November 2007 (95% HPD: 2007.16-2007.88), whereas that for the Italian
clade was July 2006 (2006.52) with an interval of February 2006-January 2007 (95% HPD:
2006.14-2007.0). During the first emergence of the IOL, the remarkable adaptive muta-
tion E1-A226V was identified as it enhanced IOL CHIKVs replication in Aedes albopictus.
Co-circulation of the IOL E1-A226V variant with E1-226A virus was primarily observed
in the Indian Ocean clade and the South Asian clade during 20052013 (Figure 2). The
circulation of the IOL E1-A226V variant was predominant in the Southeast Asian clade and
the Italian clade, whereas in India, a sporadic outbreak of the IOL E1-A226V variant and
E1-226A virus continued through 2006-2014. The investigation of CHIKV sequences in the
database showed that the sequence presenting E1-A226V was totally absent from India in
2014 (Supplementary Table S1).
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Figure 2. An enlarged view of the IOL MCC tree showing the root IOL and the early IOL sub-lineage
E1-K211E/E2-V264A corresponding to the dotted square region of the top-left inset of reduced
Figure 1B. Root and sub-lineage E1-K211E/E2-V264A of IOL with the most recent common ancestor
(tMRCA) and 95% highest probability density (95% HPD) are indicated by arrows. The numbers of
posterior probability (PP) support and amino acid substitutions are shown adjacent to the ancestral
key nodes. The IOL variants are indicated in brackets. The yellow circle indicates the key node of IOL
clades. The IOL clade, tMRCA, and 95% HPD are indicated in brackets. The branch color corresponds
to the geographic region indicated. The timescale in years is shown on the x-axis at the bottom. The
amino acid mutations specific to each lineage are shown on the right, and the color corresponds to
the amino acid indicated below.

Since 2010, the proportion of E1-K211E/E2-V264A in the background of E1-226A
has increased year by year (Table 2). As described above, E1-K211E/E2-V264A IOL was
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first detected in November 2009 in Singapore, but the majority of strains reported in
Singapore in 2009-2012 were either sporadic or imported strains [21]. In the same period,
E1-K211E/E2-V264A IOL was also detected in India in January 2010 [22]. Among E1
sequences, the mutation E1-K211E was initially observed in Puducherry, the southern
state of India, in 2006 [24]. Since there was an insufficient number of full sequences
but a sufficient number of E1 sequences from India before 2010, another phylogenetic
analysis was conducted using 962 E1 sequences to investigate the evolution of E1-K211E
(Supplementary Figure S3). The tree topology showed that not only nearly full-length
CHIKYV genomic sequences carrying E1-K211E/E2-V264A (Figure 1) but also CHIKV E1
sequences carrying E1-K211E in the background of E1-226A (Supplementary Figure S3)
formed a distinct clade as the new sub-lineage. As described above, the IOL sub-lineage
E1-K211E/E2-V264A emerged in December 2007 (2007.97) with an interval of April 2007-
September 2008 (95% HPD: 2007.26-2008.74). In the early period, the E1-K211E/E2-V264A
IOL evolved into two clades: the India-Kenya clades a (IK-a) and b (IK-b). IK-a consisted of
sequences from India in 2010-2013 that shared a tMRCA in October 2008 (2008.79) with an
interval of April 2008—June 2009 (95% HPD: 2008.30-2009.47, whereas IK-b was a cluster of
Kenyan strains in 2016 shared tMRCA in May 2015 (2015.37) with an interval of December
2014-November 2015 (95% HPD: 2014.96-2015.89). Although IK-b Kenya strains were
most closely related to the Indian strains 2014 (KX619422 and KX619423), they shared
E1-K211E and E2-V264A in common, the long branch between IK-b and New Delhi 2014
suggested possible missing sampling of circulating strains in this gap. In addition, there
were nonsynonymous mutations (nsP1-V1391, nsP2-V793I, E1-1344M, E3-T23S) specific to
the IK-b clade, indicating a unique evolution of the Kenya 2016 viruses [25].

3.3.2. The Expansion of IOL Sub-Lineage E1-K211E/E2-V264A

The expansion of the IOL sub-lineage E1-K211E/E2-V264A was observed in recent
outbreaks after 2015. This new IOL sub-lineage India and Pakistan strains circulating in
2016 spread rapidly to Bangladesh in 2017 and from Bangladesh to Myanmar, Thailand,
and China in 2018-2020. Moreover, this IOL sub-lineage also spread from India to the
Maldives and Kenya, Sudan, and Djibouti in 2014-2019. In Figure 3, the phylogenetic
analyses show that those sequences were clustered to a monophyletic clade at a poste-
rior probability support of 1 and shared the tMRCA at 2012.12, with a substitution rate of
1.22 x 1073 substitutions/site/ year (s/s/y). Besides the mutations E1-K211E/E2-V264A,
this clade shared an additional amino acid substitution of E1-I317V specific to the recent
IOL 2014-2020. The phylogenetic tree in Figure 3 show that IOL sub-lineage E1-K211E/E2-
V264A with E1-I1317V independently evolved into two major phylogenetic clades corre-
sponding to different geographical regions, including the Indian subcontinent/Eastern
African clade (IE clade) and the Indian subcontinent/Southeast Asia clade (IS clade), which
were arbitrarily named according to the virus-circulating regions.

The Indian subcontinent/Eastern Africa clade (IE clade) contained viruses from India
20162019, Kenya 2014-2018, Sudan 2018, Djibouti 2019, and Maldives 2019. The tMRCA of
this clade was estimated at January 2013 (2013.04) with an interval of June 2012-July 2013 (95%
HPD: 2012.47-2013.58), with a substitution rate of 1.88 x 1072 (2.86 x 1073-4.51 x 107%) s/s/y.
The IE viruses had C-N79S and E2-A76T as the common amino acid substitutions among
the clade. In addition, there were two distinct subclades within this clade with different
geographic regions of their sampling site: (1) Eastern Africa subclade or (IE-a) and (2)
Maldives subclade (IE-b) that originated in September 2013 (2013.74) with an interval of
July 2013-January 2014 (95% HPD: 2013.52-2014.0) and May 2018 (2018.39) with an interval
of January—October 2018 (95% HPD: 2018.06-2018.77), respectively. The IE-a subclade
contained Kenyan isolates 2014-2018 together with viruses from neighboring countries,
including Sudan in 2018 and Djibouti in 2019. IE-a viruses shared the mutation of E2-M741.
On the other hand, the IE-b subclade was limited to viruses only from the Maldives collected
in 2019. The most related strain to IE-b was India strain 2019 (MW042255), suggesting that
the new sub-lineage had spread from India to the Maldives, circulating widely to the south
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of the Indian subcontinent. Those sequences shared the unique amino acid mutation of
nsP4-L.500S.
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Figure 3. An enlarged view of the IOL MCC tree showing IOL sub-lineage E1-K211E/E2-V264A
and E1-I317V of the IOL MCC tree corresponding to the dotted square region of the top-left inset
of reduced Figure 1B. The Indian subcontinent/Eastern African (IE) clade and Indian subconti-
nent/Southeast Asian (IS) clade with the most recent common ancestor (tMRCA) and 95% highest
probability density (95% HPD) are indicated by arrows and the pink- and light blue-shaded boxes,
respectively. The number of posterior probability (PP) support and amino acid substitutions are
shown adjacent to the ancestral key nodes. IOL clades, tMRCA, and 95% HPD are shown in brackets.
The branch color corresponds to the geographic region indicated. The timescale in years is shown on
the x-axis at the bottom. The amino acid mutations specific to each lineage are shown on the right,
and the color corresponds to the amino acid indicated below.
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The Indian subcontinent/Southeast Asia clade (IS clade) was a large monophyletic
clade comprising isolates from India, Pakistan, and Bangladesh in 20162017, and Thai-
land, Myanmar, and China (adjacent cities to Myanmar) in 2018-2020. The tMRCA was
estimated at January 2015 (2015.02) with an interval of January 2014-July 2015 (95% HPD:
2014.08-2015.52) with a substitution rate of 6.04 x 107# (3.11 x 107%-9.51 x 10~*)s/s/y.
The analysis suggested an expansion route of IOL sub-lineage -E1-K211E/E2-V264A with
E1-1317V virus that reached the adjacent regions including Pakistan and Bangladesh in the
2016-2017 epidemic from India, especially northern India, particularly Delhi and Maha-
rashtra, located in the south of Delhi. The phylogenetic tree indicated that the IS-a subclade
arose in Pakistan around June 2015 (2015.44) with an interval of February—October 2015
(95% HPD: 2015.15-2015.78) and that the IS-b subclade emerged in Bangladesh in December
2015 (2015.97) with an interval of September 2015-March 2016 (95% HPD: 2015.74-2016.24).
The IS-c subclade was composed of Italian viruses that arose in July 2016 (2016.56) with
an interval of April-October 2016 (95% HPD: 2016.31-2016.83). Additionally, the IS-b
subclade consisted of the descending strains circulating during 2018-2020 in Southeast
Asia, including Thailand, Myanmar, and China (cities adjacent to Myanmar), forming a
clade IS-d separate from the Bangladesh strains. The re-introduction of the IOL to these
regions occurred around May 2017 (2017.34) with an interval of January—August 2017 (95%
HPD: 2017.07-2017.63). Moreover, local transmission in China was observed in the 1S-e
subclade. In addition, the IS clade was defined by amino acid mutations of nsP2-E145D
and nsP4-S55N, whereas the IS-d subclade was defined by nsP2-N495S and C-K73R.

3.4. Selection Analyses

The dataset of 271 IOL CHIKYV sequences was screened for positive selection using
different individual site models. Seven codon sites were identified under positive selec-
tion by at least two methods (Table 3). Of these, two sites were within nonstructural
polyproteins, codon 171 in nsP1 and codon 665 in nsP2, which corresponded to R171Q and
H130Y. Notably, nsP2-H130Y was observed in viruses of IE and IS clades collected during
2014-2020. Furthermore, five codons were within structural polyproteins in C, E2, 6K, and
E1 (Table 3). In particular, codon 471 with Q146R substitution at E2 showed significant
values by all four methods.

Table 3. Evidence of positive selection on the IOL CHIKV ORFs inferred using individual site models.

Codon
Site

MEME
p<0.1

FUBAR FEL SLAC Amino Acid
pp > 0.9 p<o0.1 p<0.1 Substitution

Sequences with Derived Amino Acid State

Nonstructural proteins

171

0.00

0.999 0.002 0.006 nsP1-R171Q

Comoros 2005: HQ456252
Italy 2007: MK120202, KX262993
Sri Lanka 2006: AB455493
India 2016: MW321606, MG137428;
2017: MK286893
Kenya 2016: MH423803; 2017: MT380161

665

0.12

0.946 0.095 0.131 nsP2-H130Y

Singapore 2009: MH647212; 2010: MH647214
2012: MH647182, MH647184; 2013: MH647187
India 2014: MW042254; 2015: MK370031
IE clade virus *, IS clade virus *

Structural proteins

24

0.09

0.893 0.069 0.296 C-T24A

Laos 2013: MF076569
Djibouti 2019: MT023791
Thailand 2019: LC580269; 2020:
BHTD20-WM14, BHTD20-WM19
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Table 3. Cont.

Codon
Site

MEME
p<0.1

FUBAR FEL SLAC Amino Acid
pp > 0.9 p<0.1 p<0.1 Substitution

Sequences with Derived Amino Acid State

471

546

795

0.03

0.12

0.07

0.965 0.097 0.237 E2-K221R

Seychelles 2005: AM258991
Bangladesh 2017: MG912993

0.995 0.022 0.079 E2-Q146R Kenya 2018: MT526797

Thailand 2019: MN075150; 2020:
BHTD20-WMO05
India 2012: MW581867
Bangladesh 2017: LC580241, LC580244
Thailand 2019: MN075150; 2020:
BHTD20-WM27

6K-A47V India 2016: MK473625

0.902 0.061 0.296 Pakistan 2016: MF774613

6K-A47G Singapore 2013: MH647192; 2014: MH647202

813

0.12

India 2007: EU372006; 2008: GQ428215; 2009:
KT336777
2015: KX619425, KX619424
2016: MK518340, MK551552, MK551553,

0.946 0.093 0.198 E1-V4A MK473628

Bangladesh 2008: FJ807898; 2011: KU365371
Singapore 2013: MH647192; 2014: MH647202
Thailand 2020: BHTD20-WM44,
BHTD20-WM27, BHTD20-WM48

Positive selection site is highlighted in boldface, p = p-value, pp = posterior probability, * Virus clades correspond
to those in Figure 3.

4. Discussion

In the present study, IOL CHIKV sequences with time spanning from 2004 to the
present were analyzed to investigate the evolution of the IOL for a better understanding of
the current IOL genetic diversity. The first emergence of the IOL of CHIKV genotype ECSA
was in late 2002, consistent with the previous studies [1]. Based on the available deposited
sequences in the database, the earliest IOL that originated in coastal Kenya potentially
caused an impact on the spread and transmission over several countries in the Indian
Ocean, Indian subcontinent, and Southeast Asia. Notably, an adapted CHIKV variant
carrying A226V in E1 that enhances viral replication in Aedes albopictus was identified [3].
The IOL-E1-226V variants dominated successfully over other variants, especially where
Aedes albopictus was abundant, such as in Kerala in India in the 2007 outbreak [26]. Conse-
quently, the IOL-E1-226V CHIKV was introduced to Singapore, Thailand, and Malaysia in
2008, resulting in the subsequent outbreaks through 2008-2013. The present investigation
of IOL sequences carrying E1-226V showed that E1-226V was totally absent from India
after 2014 (Supplementary Table S2). Although both IOL E1-226A and E1-226V variants
were detected during the continuous outbreaks in India in 2007-2010, IOL E1-226A was the
major strain at that time [27-30].

After the initial major outbreaks, Indian IOL has retained E1-226A but gained ad-
ditional mutations of E1-K211E and E2-V264A. As described above, the earlier presence
of E1-K211E/E2-V264A IOL was reported in early 2010, particularly in Tamil Nadu, An-
dra Pradesh, and Delhi in India [22,29,31]. The present phylogenetic analysis showed
that E1-K211E/E2-V264A IOL formed a distinct monophyletic clade with high posterior
probability support around 2008, establishing the new sub-lineage of IOL consisting of
the descended clades of IOL 20102020 strains (Figures 1 and 2). Notably, the E1 and E2
glycoproteins mediated cell fusion and entry [32]. They formed an E1-E2 heterodimer
on the viral surface [33]. The combination of E1-K211E and E2-V264A mutations was
proposed as the viral adaptation to Aedes aegypti by increasing infectivity, dissemination,
and transmission in this mosquito species [5]. Aedes aegypti was present in several areas
over India instead of Aedes albopictus [34,35]. Evidently, the IOL transmission in India had
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expanded widely, from 13 states in the first emergence in 2005-2006 to 30 states/union
territories in 2019 [35].

In terms of the amino acid variation at 211 in E1 among CHIKV genotypes, an E1-
K211E was observed in the IOL variant in 2006 in Kerala and Puducherry, India [29]. On the
other hand, E1-211E was highly conserved among Asian genotypes in both the Asia lineage
that circulated since 1963 and the Caribbean lineage that emerged recently in 2013. E1-211E
conferred resistance against neutralization activity in human sera [36]. Unfortunately, the
exact beginning of the E2-V264A mutation is unclear since prior to 2010, only the E1 region
was commonly sequenced. However, the earliest E2-V264A appeared possibly in January
2010 in Tamil Nadu as a secondary mutation after the virus acquired E1-K211E since the
combination of the wild type E2-264V and E1-K211E was detected in December 2009 in
Hyderabad, Andhra Pradesh [29]. Vector competence and adaptation were driven where
Aedes aegypti and Aedes albopictus coexisted. The mutation E1-K211E with E2-V264A and
the E1-A226V with E2-1.210Q or E2-K252Q enhanced virus fitness in Aedes aegypti and
Aedes albopictus, respectively [5,37,38]. Accordingly, India is supposed to be the origin of the
IOL sub-lineage E1-K211E/E2-V264A. However, it should be noted here that the previous
CHIKYV outbreak in India led the national surveillance program, which might have resulted
in more perceptible database deposition of the viral sequences than in other countries,
potentially causing unrecognized influences in our tracing.

At first, the earliest E1-K211E/E2-V264A IOL strain sparsely circulated in Delhi,
Mumbai, and Kerala in India since 2010 [25]. Then, the wide expansion of IOL sub-lineage
E1-K211E/E2-V264A occurred after the virus acquired the mutation of E1-I317V associated
with the later outbreaks. The IOL with these three mutations clustered into the distinct
clade that shared a tMRCA in 2012, while the earliest detection of this clade virus was
around October 2014 in Kerala, the southern state of India [39]. However, the individual
branches, including Singaporean strains [21] and Indian strains [40] observed between
E1-K211E/E2-V264A and E1-K211E/E2-V264A /E1-I317V clusters indicated inadequate
sequence sampling, especially during the inter-epidemic (or inter-outbreak) period during
which IOL variants were possibly diverse.

Shortly after its emergence in 2012, E1-K211E/E2-V264A /E1-1317V IOL separated into
geographically associated clades. In 2013, this variant was introduced to coastal Kenya in
Kilifi and Mombasa in 2014 [41]. Interestingly, the re-emergence of CHIKV in Kenya during
20142018 was clearly independent of the Kenya 2016 cluster of IK-b clade in Mandera, the
northern city of Kenya where Aedes aegypti was predominant. Notably, the earliest Kenya
strain collected in 2014 was related to Indian 2016 isolates (MK473627-MK473628) and India
isolate 2014 (MWO042254). This IOL variant was also detected in the ongoing outbreaks
in nearby countries Sudan and Djibouti that occurred coincidently with the rise of the
suspected CHIKYV infections in other Eastern African countries such as Ethiopia [9-11,42].
Additionally, the genomes of Maldives CHIKV obtained in the present study were related
to Southern India (Kerala and Pune state) and Eastern African strains rather than Northern
Indian subcontinent strains defined by the lineage-specific mutations observed in the IE
clade. On the other hand, the circulation of E1-K211E/E2-V264A /E1-1317V IOL in the
northern parts of the Indian subcontinent was related to CHIKVs in Southeast Asia and
even East Asia, particularly China. The early circulation was detected in Delhi, India, and
Pakistan during 2016. The phylogenetics suggested that this IOL was disseminated to
adjacent countries from Bangladesh to Myanmar, Thailand, and China. Evidently, these IOL
variants were related to the outbreak in Myanmar in 2019, which subsequently contributed
to an outbreak in Yunnan, China [8,43].

Regarding travel-associated CHIKV transmission to remote regions in the non-endemic
area such as East Asia, imported cases were reported in Hong Kong returning from In-
dia in 2016 [44], in Shenzhen, China from Pakistan in 2017 [45], in Zhejiang, China from
Bangladesh, followed by a small cluster [46] in Europe from Thailand [47]. Interestingly, the
introduction of CHIKYV to the places with Aedes mosquitos resulted in an autochthonous
case or even a small outbreak [7]. However, it was probably limited by insufficient vector
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availability during the dry season. When ECSA CHIKYV invaded Brazil, the virus was
imported from Angola by the index case with a travel history that triggered its sustaining
circulation [48].

The functional role of the lineage-specific mutation E1-I317V is still less known. The
mutation was certainly detected in circulating IOL from 2014 to the present, but there
was no evidence of positive selection pressure on this mutation. The study of in vivo
pathogenesis among CHIKYV lineages showed that there was no difference in the swelling
of mouse footpads between the Indian IOL 2010 strain with E1-3171 and the Indian IOL
2016 strain with E1-317V [22]. Likewise, a vector competence study comparing Italy 2007
and Italy 2017 strains in Aedes albopictus, the localized vector in Italy, showed that both
had similar infection and transmission rates [49]. In addition, in the large-scale outbreak
of IOL sub-lineage E1-K211E/E2-V264A carrying E1-1317V in Thailand during 2018-2020,
Aedes aegypti was identified as the primary vector, and viral RNA was also found in
another mosquito species, Culex quinquefasciatus [50,51]. In Mombasa, Kenya, these two
mosquito species might have played a role in the outbreak of IOL sub-lineage E1-K211E/E2-
V264A/E1-1317V [41,52]. Whether this mutation has a functional role in viral adaptation to
Aedes aegypti or other mosquito species needs to be clarified by further studies in the future.

The present study characterized the diversity of IOL lineages, especially the current
circulating strains. The limitations of this study are the availability of data and the difficulty
inferring the origin of sequences from the database. Since collection probably placed a
priority on outbreaks and symptomatic patients, fewer viral sequences were deposited
within the inter-epidemic/non-outbreak period. The different sampling strategies or
surveillances in each collection location would also generate biases. To better understand
the dynamics of the IOL, a sampling schema over a wide range of geography, time, and
transmission vectors diversity is important.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/microorganisms10020354/s1, Table S1. Amino acid residues at E1-211, E1-226, and E2-264 in
765 IOL CHIKVs analyzed in the present study. Table S2. Percent nucleotide or amino acid identity of
CHIKYV strains obtained in the present study. Table S3. Nearly full length 271 IOL CHIKV sequence
dataset in the present study. Figure S1. Genotype classification of CHIKVs was obtained in the present
study. The maximum-likelihood tree of open reading frames (ORFs) were constructed using GTR+F+I
with 1000 ultrafast bootstrap replications. The Maldives and Thailand sequences obtained in the
present study are labeled with green and blue, respectively. The CHIKV genotypes and a lineage,
East/Central /South/African (ECSA), West African (WA), Asian, and Indian Ocean Lineage (IOL) are
indicated to the right. Bootstrap support values exceeding 85% are shown adjacent to the branch.
Figure S2. Root-to-tip divergence analysis of the dataset of 271 IOL CHIKV CDS sequences. The
regression of root-to-tip divergence against date inferred in TempEst v1.5.3 is shown. The R? = 0.91
is shown adjacent to the regression line. The x-intercept (tMRCA) was 2003.82. The slope (rate)
was 5.59 x 1074, The date range was 16 years. The color marker represents the regions indicated
on the right. Figure S3. The Maximum Likelihood tree for 962 E1 sequences (1317 bp) of Indian
Ocean Lineage (IOL) of CHIKYV constructed by IQ-TREE under TNe+G4. The combinations of amino
acid variations in E1 K211/A226/1317, K211N/A226V /1317, K211/ A226V /1317, K211E/ A226 /1317,
and K211E/A226/1317V corresponding to the sequence color black, pink, red, green, and blue,
respectively. The number adjacent to the branch indicates the support score of ultrafast bootstrap.

Author Contributions: Conceptualization, J.P. and T.S.; methodology, ].P.; software, ].P.; validation,
J.P, EEN. and T.S,; formal analysis, J.P.,; investigation, ].P.; resources, H.A.L, PR., PL., WM. and W.P;
data curation, T.S.; writing—original draft preparation, J.P,; writing—reviewing and editing, T.S. and
E.E.N,; visualization, ].P.; supervision, WM., W.N. and T.S.; project administration, H.A.I. and T.S.;
funding acquisition, T.S. and E.E.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Japan Agency for Medical Research and Development
under grant numbers JP19fm0108003, 20wm0225010h0101, and 21wm0225010h0102, with support
from the Osaka University ASEAN campus project and the International Postdoctoral Fellowship
2021, Mahidol University through W.N. and H.A.I. The APC was funded by 21wm0225010h0102.


https://www.mdpi.com/article/10.3390/microorganisms10020354/s1
https://www.mdpi.com/article/10.3390/microorganisms10020354/s1

Microorganisms 2022, 10, 354 15 0f 17

Institutional Review Board Statement: Ethical approval was obtained from the National Health
Research Committee in the Maldives and the Ethics Committee of the Faculty of Tropical Medicine,
Mahidol University (Certificate of Ethical Approval No. MUTM 2020-009-01 and 2020-010-01).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The newly obtained sequences were deposited in the DNA Data Bank
of Japan (DDB]J, http:/ /www.ddbj.nig.ac.jp) (accessed on 13 December 2021) with the access number
LC664141-LC664166 and are available in DDBJ and GenBank. The viral sequences analyzed in the
present study were retrieved using ViPR and are shown in Tables S1 and S3.

Acknowledgments: The authors are sincerely grateful to the patients who participated in this project.
The authors also thank the staff at Indira Gandhi Memorial Hospital in Malé, Maldives, and the
staff at the Hospital for Tropical Diseases in Bangkok, Thailand. In addition, the authors are grateful
to Suthasinee Sreesai for her continuous support and encouragement, and Sajikapon Kludkleeb,
Punyisa Asawapaithulsert, Ahmed Mifthah Ibrahim, Aminath Azeema, Aminath Nazfa, Ahmed
Faisal, Milza Abubakru, Moosa Murad, Ahmed Ziyan, Ali Nazeem, Ali Abdul Latheef, Abdul
Azeez Yoosuf, Ibrahim Saleem, Nazla Rafeeq, Nishan Ibrahim, and Maimoona Aboobakuru for
their generous assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Volk, S.M.; Chen, R.; Tsetsarkin, K.A.; Adams, A.P; Garcia, T.I; Sall, A.A.; Nasar, F.; Schuh, A.J.; Holmes, E.C.; Higgs, S.; et al.
Genome-scale phylogenetic analyses of chikungunya virus reveal independent emergences of recent epidemics and various
evolutionary rates. J. Virol. 2010, 84, 6497-6504. [CrossRef]

Weaver, S5.C.; Chen, R;; Diallo, M. Chikungunya Virus: Role of Vectors in Emergence from Enzootic Cycles. Annu. Rev. Entomol.
2020, 65, 313-332. [CrossRef]

Tsetsarkin, K.A.; Vanlandingham, D.L.; McGee, C.E.; Higgs, S. A single mutation in chikungunya virus affects vector specificity
and epidemic potential. PLoS Pathog. 2007, 3, e201. [CrossRef]

Shi, J.; Su, Z.; Fan, Z.; Wang, J.; Liu, S.; Zhang, B.; Wei, H.; Jehan, S.; Jamil, N.; Shen, S.; et al. Extensive evolution analysis of the
global chikungunya virus strains revealed the origination of CHIKV epidemics in Pakistan in 2016. Virol. Sin. 2017, 32, 520-532.
[CrossRef]

Agarwal, A.; Sharma, A K.; Sukumaran, D.; Parida, M.; Dash, PK. Two novel epistatic mutations (E1:K211E and E2:V264A) in
structural proteins of Chikungunya virus enhance fitness in Aedes aegypti. Virology 2016, 497, 59-68. [CrossRef]
Phadungsombat, J.; Imad, H.; Rahman, M.; Nakayama, E.E.; Kludkleeb, S.; Ponam, T.; Rahim, R.; Hasan, A.; Poltep, K,;
Yamanaka, A.; et al. A Novel Sub-Lineage of Chikungunya Virus East/Central/South African Genotype Indian Ocean Lineage
Caused Sequential Outbreaks in Bangladesh and Thailand. Viruses 2020, 12, 1319. [CrossRef]

Venturi, G.; Di Luca, M.; Fortuna, C.; Remoli, M.E.; Riccardo, F.; Severini, F.; Toma, L.; Del Manso, M.; Benedetti, E.;
Caporali, M.G; et al. Detection of a chikungunya outbreak in Central Italy, August to September 2017. Eurosurveillance
2017, 22, 17-00646. [CrossRef]

Liu, L.B.; Li, M.; Gao, N.; Shen, ].Y.; Sheng, Z.Y.; Fan, D.Y.; Zhou, H.N.; Yin, X.X.; Mao, ].R,; Jiang, ].Y.; et al. Epidemiological and
Clinical Characteristics of the Chikungunya Outbreak in Ruili City, Yunnan Province, China. J. Med. Virol. 2021, 94, 499-506.
[CrossRef]

Fourie, T,; Dia, A.; Savreux, Q.; Pommier de Santi, V.; de Lamballerie, X.; Leparc-Goffart, I.; Simon, F. Emergence of Indian lineage
of ECSA chikungunya virus in Djibouti, 2019. Int. J. Infect. Dis. 2021, 108, 198-201. [CrossRef]

Bower, H.; El Karsany, M.; Adam, A; Idriss, M.L; Alzain, M.A.; Alfakiyousif, M.E.A.; Mohamed, R.; Mahmoud, I.; Albadri, O,;
Mahmoud, S.A.A.; et al. “Kankasha” in Kassala: A prospective observational cohort study of the clinical characteristics,
epidemiology, genetic origin, and chronic impact of the 2018 epidemic of Chikungunya virus infection in Kassala, Sudan. PLoS
Negl. Trop. Dis. 2021, 15, e0009387. [CrossRef]

Nyamwaya, D.K,; Otiende, M.; Omuoyo, D.O.; Githinji, G.; Karanja, H.K.; Gitonga, ].N.; Laurent, Z.R.d.; Otieno, ].R.; Sang, R,;
Kamau, E.; et al. Endemic chikungunya fever in Kenyan children: A prospective cohort study. BMC Infect. Dis. 2021, 21, 186.
[CrossRef] [PubMed]

Maljkovic Berry, I; Eyase, E,; Pollett, S.; Konongoi, S.L.; Joyce, M.G; Figueroa, K.; Ofula, V.; Koka, H.; Koskei, E.; Nyunja, A.; et al.
Global Outbreaks and Origins of a Chikungunya Virus Variant Carrying Mutations Which May Increase Fitness for Aedes aegypti:
Revelations from the 2016 Mandera, Kenya Outbreak. Am. J. Trop. Med. Hyg. 2019, 100, 1249-1257. [CrossRef] [PubMed]
Pickett, B.E.; Sadat, E.L.; Zhang, Y.; Noronha, ].M.; Squires, R.B.; Hunt, V.; Liu, M.; Kumar, S.; Zaremba, S.; Gu, Z.; et al. ViPR: An
open bioinformatics database and analysis resource for virology research. Nucleic Acids Res. 2012, 40, D593-D598. [CrossRef]


http://www.ddbj.nig.ac.jp
http://doi.org/10.1128/JVI.01603-09
http://doi.org/10.1146/annurev-ento-011019-025207
http://doi.org/10.1371/journal.ppat.0030201
http://doi.org/10.1007/s12250-017-4077-5
http://doi.org/10.1016/j.virol.2016.06.025
http://doi.org/10.3390/v12111319
http://doi.org/10.2807/1560-7917.ES.2017.22.39.17-00646
http://doi.org/10.1002/jmv.27302
http://doi.org/10.1016/j.ijid.2021.03.090
http://doi.org/10.1371/journal.pntd.0009387
http://doi.org/10.1186/s12879-021-05875-5
http://www.ncbi.nlm.nih.gov/pubmed/33602147
http://doi.org/10.4269/ajtmh.18-0980
http://www.ncbi.nlm.nih.gov/pubmed/30860010
http://doi.org/10.1093/nar/gkr859

Microorganisms 2022, 10, 354 16 of 17

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Imad, H.A.; Phadungsombat, J.; Nakayama, E.E.; Suzuki, K.; Ibrahim, A.M.; Afaa, A.; Azeema, A.; Nazfa, A.; Yazfa, A,;
Ahmed, A; et al. Clinical Features of Acute Chikungunya Virus Infection in Children and Adults during an Outbreak in the
Maldives. Am. J. Trop. Med. Hyg. 2021, 105, 946. [CrossRef]

Imad, H.A.; Matsee, W.; Kludkleeb, S.; Asawapaithulsert, P.; Phadungsombeat, J.; Nakayama, E.E.; Suzuki, K.; Leaungwutiwong, ;
Piyaphanee, W.; Phumratanaprapin, W.; et al. Post-Chikungunya Virus Infection Musculoskeletal Disorders: Syndromic Sequelae
after an Outbreak. Trop. Med. Infect. Dis. 2021, 6, 52. [CrossRef] [PubMed]

Stecher, G.; Tamura, K.; Kumar, S. Molecular Evolutionary Genetics Analysis (MEGA) for macOS. Mol. Biol. Evol. 2020, 37,
1237-1239. [CrossRef]

Zhang, Z.; Schwartz, S.; Wagner, L.; Miller, W. A greedy algorithm for aligning DNA sequences. J. Comput. Biol. 2000, 7, 203-214.
[CrossRef]

Trifinopoulos, J.; Nguyen, L.T.; von Haeseler, A.; Minh, B.Q. W-IQ-TREE: A fast online phylogenetic tool for maximum likelihood
analysis. Nucleic Acids Res. 2016, 44, W232-W235. [CrossRef]

Larsson, A. AliView: A fast and lightweight alignment viewer and editor for large datasets. Bioinformatics 2014, 30, 3276-3278.
[CrossRef]

Kosakovsky Pond, S.L.; Posada, D.; Gravenor, M.B.; Woelk, C.H.; Frost, S.D. Automated phylogenetic detection of recombination
using a genetic algorithm. Mol. Biol. Evol. 2006, 23, 1891-1901. [CrossRef]

Hapuarachchi, H.C.; Wong, W.Y.; Koo, C.; Tien, W.P; Yeo, G.; Rajarethinam, J.; Tan, E.; Chiang, S.; Chong, C.S.; Tan, C.H.; et al.
Transient transmission of Chikungunya virus in Singapore exemplifies successful mitigation of severe epidemics in a vulnerable
population. Int. J. Infect. Dis. 2021, 110, 417-425. [CrossRef] [PubMed]

Jain, J.; Kaur, N.; Haller, S.L.; Kumar, A.; Rossi, S.L.; Narayanan, V.; Kumar, D.; Gaind, R.; Weaver, S.C.; Auguste, A.J.; et al.
Chikungunya Outbreaks in India: A Prospective Study Comparing Neutralization and Sequelae during Two Outbreaks in 2010
and 2016. Am. |. Trop. Med. Hyg. 2020, 102, 857-868. [CrossRef] [PubMed]

Kariuki Njenga, M.; Nderitu, L.; Ledermann, J.P.; Ndirangu, A.; Logue, C.H.; Kelly, C.H.L,; Sang, R.; Sergon, K.; Breiman, R,;
Powers, A.M. Tracking epidemic Chikungunya virus into the Indian Ocean from East Africa. ]. Gen. Virol. 2008, 89, 2754-2760.
[CrossRef] [PubMed]

Kumar, N.; Mitha, M.; Krishnamoorthy, N.; Kamaraj, T.; Joseph, R.; Jambulingam, P. Genotyping of virus involved in the 2006
chikungunya outbreak in South India (Kerala and Puducherry). Curr. Sci. 2007, 93, 1412-1416.

Khan, N.; Bhat, R; Jain, V.; Raghavendhar, B.S.; Patel, A.K.; Nayak, K.; Chandele, A.; Murali-Krishna, K.; Ray, P. Epidemiology
and molecular characterization of chikungunya virus from human cases in North India, 2016. Microbiol. Immunol. 2021, 65,
290-301. [CrossRef] [PubMed]

Kumar, N.P; Joseph, R.; Kamaraj, T.; Jambulingam, P. A226V mutation in virus during the 2007 chikungunya outbreak in Kerala,
India. J. Gen. Virol. 2008, 89, 1945-1948. [CrossRef]

Arankalle, V.A,; Shrivastava, S.; Cherian, S.; Gunjikar, R.S.; Walimbe, A.M.; Jadhav, S.M.; Sudeep, A.B.; Mishra, A.C. Genetic
divergence of Chikungunya viruses in India (1963-2006) with special reference to the 2005-2006 explosive epidemic. ]. Gen. Virol.
2007, 88, 1967-1976. [CrossRef]

Cherian, S.S.; Walimbe, A.M.; Jadhav, S.M.; Gandhe, S.S.; Hundekar, S.L.; Mishra, A.C.; Arankalle, V.A. Evolutionary rates and
timescale comparison of Chikungunya viruses inferred from the whole genome/E1 gene with special reference to the 2005-07
outbreak in the Indian subcontinent. Infect. Genet. Evol. 2009, 9, 16-23. [CrossRef]

Sumathy, K.; Ella, K.M. Genetic diversity of Chikungunya virus, India 2006-2010: Evolutionary dynamics and serotype analyses.
J. Med. Virol. 2012, 84, 462-470. [CrossRef]

Naresh Kumar, C.V.; Sivaprasad, Y.; Sai Gopal, D.V. Genetic diversity of 2006-2009 Chikungunya virus outbreaks in Andhra
Pradesh, India, reveals complete absence of E1:A226V mutation. Acta Virol. 2016, 60, 114-117. [CrossRef]

Shrinet, J.; Jain, S.; Sharma, A.; Singh, S.S.; Mathur, K.; Rana, V.; Bhatnagar, R.K.; Gupta, B.; Gaind, R.; Deb, M.; et al. Genetic
characterization of Chikungunya virus from New Delhi reveal emergence of a new molecular signature in Indian isolates. Virol. ].
2012, 9, 100. [CrossRef] [PubMed]

Singh, A.; Kumar, A.; Uversky, V.N.; Giri, R. Understanding the interactability of chikungunya virus proteins via molecular
recognition feature analysis. RSC Adv. 2018, 8, 27293-27303. [CrossRef]

Voss, J.E.; Vaney, M.C.; Duquerroy, S.; Vonrhein, C.; Girard-Blanc, C.; Crublet, E.; Thompson, A.; Bricogne, G.; Rey, FA.
Glycoprotein organization of Chikungunya virus particles revealed by X-ray crystallography. Nature 2010, 468, 709-712. [CrossRef]
[PubMed]

Dutta, P; Khan, S.; Phukan, A.; Hazarika, S.; Hazarika, N.; Chetry, S.; Khan, A.; Kaur, H. Surveillance of Chikungunya virus
activity in some North-eastern states of India. Asian Pac. J. Trop. Med. 2019, 12, 19-25. [CrossRef]

Translational Research Consortia for Chikungunya Virus in India. Current Status of Chikungunya in India. Front. Microbiol. 2021,
12, 695173. [CrossRef] [PubMed]

Chua, C.L.; Sam, I.C.; Merits, A.; Chan, Y.F. Antigenic Variation of East/Central/South African and Asian Chikungunya Virus
Genotypes in Neutralization by Immune Sera. PLoS Negl. Trop. Dis. 2016, 10, e0004960. [CrossRef]

Tsetsarkin, K.A.; Chen, R.; Yun, R;; Rossi, S.L.; Plante, K.S.; Guerbois, M.; Forrester, N.; Perng, G.C.; Sreekumar, E.; Leal, G.; et al.
Multi-peaked adaptive landscape for chikungunya virus evolution predicts continued fitness optimization in Aedes albopictus
mosquitoes. Nat. Commun. 2014, 5, 4084. [CrossRef]


http://doi.org/10.4269/ajtmh.21-0189
http://doi.org/10.3390/tropicalmed6020052
http://www.ncbi.nlm.nih.gov/pubmed/33921055
http://doi.org/10.1093/molbev/msz312
http://doi.org/10.1089/10665270050081478
http://doi.org/10.1093/nar/gkw256
http://doi.org/10.1093/bioinformatics/btu531
http://doi.org/10.1093/molbev/msl051
http://doi.org/10.1016/j.ijid.2021.08.007
http://www.ncbi.nlm.nih.gov/pubmed/34380087
http://doi.org/10.4269/ajtmh.19-0481
http://www.ncbi.nlm.nih.gov/pubmed/32067624
http://doi.org/10.1099/vir.0.2008/005413-0
http://www.ncbi.nlm.nih.gov/pubmed/18931072
http://doi.org/10.1111/1348-0421.12869
http://www.ncbi.nlm.nih.gov/pubmed/33347650
http://doi.org/10.1099/vir.0.83628-0
http://doi.org/10.1099/vir.0.82714-0
http://doi.org/10.1016/j.meegid.2008.09.004
http://doi.org/10.1002/jmv.23187
http://doi.org/10.4149/av_2016_01_114
http://doi.org/10.1186/1743-422X-9-100
http://www.ncbi.nlm.nih.gov/pubmed/22632412
http://doi.org/10.1039/C8RA04760J
http://doi.org/10.1038/nature09555
http://www.ncbi.nlm.nih.gov/pubmed/21124458
http://doi.org/10.4103/1995-7645.250340
http://doi.org/10.3389/fmicb.2021.695173
http://www.ncbi.nlm.nih.gov/pubmed/34262552
http://doi.org/10.1371/journal.pntd.0004960
http://doi.org/10.1038/ncomms5084

Microorganisms 2022, 10, 354 17 of 17

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Tsetsarkin, K.A.; Weaver, S.C. Sequential adaptive mutations enhance efficient vector switching by Chikungunya virus and its
epidemic emergence. PLoS Pathog. 2011, 7, €1002412. [CrossRef]

Anukumar, B.; Asia Devi, T.; Koshy, J.; Nikhil, N.T.; Sugunan, A.P. Molecular characterization of chikungunya virus isolates from
two localized outbreaks during 2014-2019 in Kerala, India. Arch. Virol. 2021, 166, 2895-2899. [CrossRef]

Newase, P; More, A ; Patil, ].; Patil, P,; Jadhav, S.; Alagarasu, K.; Shah, P.; Parashar, D.; Cherian, S.S. Chikungunya phylogeography
reveals persistent global transmissions of the Indian Ocean Lineage from India in association with mutational fitness. Infect.
Genet. Evol. 2020, 82, 104289. [CrossRef]

Eyase, E; Langat, S.; Berry, LM.; Mulwa, F; Nyunja, A.; Mutisya, J.; Owaka, S.; Limbaso, S.; Ofula, V.; Koka, H.; et al. Emergence
of a novel chikungunya virus strain bearing the E1:V80A substitution, out of the Mombasa, Kenya 2017-2018 outbreak. PLoS
ONE 2020, 15, €0241754. [CrossRef]

Ferede, G.; Tiruneh, M.; Abate, E.; Wondimeneh, Y.; Gadisa, E.; Howe, R.; Aseffa, A.; Tessema, B. Evidence of chikungunya virus
infection among febrile patients in northwest Ethiopia. Int. J. Infect. Dis. 2021, 104, 183-188. [CrossRef]

Yin, X.; Hu, T.S.; Zhang, H.; Liu, Y.; Zhou, Z,; Liu, L.; Li, P; Wang, Y.; Yang, Z.; Yu, J.; et al. Emergent chikungunya fever and
vertical transmission in Yunnan Province, China, 2019. Arch. Virol. 2021, 166, 1455-1462. [CrossRef]

Ho, D.T.W.,; Chan, D.P.C; Lam, C.Y,; Liang, D.C.; Lee, S.S.; Kam, ]. K.M. At the advancing front of Chikungunya fever in Asia:
Two imported cases in Hong Kong with novel amino acid changes. J. Microbiol. Immunol. Infect. 2018, 51, 419-421. [CrossRef]
Yang, Y.; Xu, Z.; Zheng, H.; Song, J.; Wu, Y; Tong, Z.; Yuan, J.; Wong, G.; Liu, WJ; Bi, Y.; et al. Genetic and Phylogenetic
Characterization of a Chikungunya Virus Imported into Shenzhen, China. Virol. Sin. 2020, 35, 115-119. [CrossRef]

Pan, J.; Fang, C; Yan, J.; Yan, H.; Zhan, B.; Sun, Y.; Liu, Y.; Mao, H.; Cao, G.; Ly, L,; et al. Chikungunya Fever Outbreak, Zhejiang
Province, China, 2017. Emerg. Infect. Dis. 2019, 25, 1589-1591. [CrossRef]

Javelle, E.; Florescu, S.A.; Asgeirsson, H.; Jmor, S.; Eperon, G.; Leshem, E.; Blum, J.; Molina, I.; Field, V.; Pietroski, N.; et al.
Increased risk of chikungunya infection in travellers to Thailand during ongoing outbreak in tourist areas: Cases imported to
Europe and the Middle East, early 2019. Eurosurveillance 2019, 24, 1900146. [CrossRef]

Nunes, M.R; Faria, N.R.; de Vasconcelos, ] M.; Golding, N.; Kraemer, M.U.; de Oliveira, L.F.; Azevedo Rdo, S.; da Silva, D.E,;
da Silva, E.V.; da Silva, S.P; et al. Emergence and potential for spread of Chikungunya virus in Brazil. BMC Med. 2015, 13, 102.
[CrossRef]

Fortuna, C.; Toma, L.; Remoli, M.E.; Amendola, A.; Severini, E.; Boccolini, D.; Romi, R.; Venturi, G.; Rezza, G.; Di Luca, M. Vector
competence of Aedes albopictus for the Indian Ocean lineage (IOL) chikungunya viruses of the 2007 and 2017 outbreaks in Italy:
A comparison between strains with and without the E1:A226V mutation. Eurosurveillance 2018, 23, 1800246. [CrossRef]

Intayot, P.; Phumee, A.; Boonserm, R.; Sor-Suwan, S.; Buathong, R.; Wacharapluesadee, S.; Brownell, N.; Poovorawan, Y.;
Siriyasatien, P. Genetic Characterization of Chikungunya Virus in Field-Caught Aedes aegypti Mosquitoes Collected during the
Recent Outbreaks in 2019, Thailand. Pathogens 2019, 8, 121. [CrossRef]

Phumee, A.; Intayot, P.; Sor-Suwan, S.; Jittmittraphap, A.; Siriyasatien, P. Molecular detection of Indian Ocean Lineage Chikun-
gunya virus RNA in field collected Culex quinquefasciatus Say from Bangkok, Thailand but no evidence of virus replication.
PLoS ONE 2021, 16, €0246026. [CrossRef]

Lutomiah, J.; Mulwa, E; Mutisya, J.; Koskei, E.; Langat, S.; Nyunja, A.; Koka, H.; Konongoi, S.; Chepkorir, E.; Ofula, V.; et al.
Probable contribution of Culex quinquefasciatus mosquitoes to the circulation of chikungunya virus during an outbreak in
Mombasa County, Kenya, 2017-2018. Parasites Vectors 2021, 14, 138. [CrossRef]


http://doi.org/10.1371/journal.ppat.1002412
http://doi.org/10.1007/s00705-021-05186-9
http://doi.org/10.1016/j.meegid.2020.104289
http://doi.org/10.1371/journal.pone.0241754
http://doi.org/10.1016/j.ijid.2020.12.057
http://doi.org/10.1007/s00705-021-05005-1
http://doi.org/10.1016/j.jmii.2017.08.006
http://doi.org/10.1007/s12250-019-00166-5
http://doi.org/10.3201/eid2508.181212
http://doi.org/10.2807/1560-7917.ES.2019.24.10.1900146
http://doi.org/10.1186/s12916-015-0348-x
http://doi.org/10.2807/1560-7917.ES.2018.23.22.1800246
http://doi.org/10.3390/pathogens8030121
http://doi.org/10.1371/journal.pone.0246026
http://doi.org/10.1186/s13071-021-04632-6

	Introduction 
	Materials and Methods 
	CHIKV Samples 
	CHIKV Genome Sequencing 
	Data Collection and Phylogenetics 
	Selection Analysis 

	Results 
	CHIKV Obtained in the Present Study 
	Distribution of Indian Ocean Lineage Carrying E1-K211E and E2-V264A of CHIKV ECSA 
	Evolutionary Dynamics of the Indian Ocean Lineage of CHIKV ECSA 
	The Emergence of IOL Sub-Lineage E1-K211E/E2-V264A 
	The Expansion of IOL Sub-Lineage E1-K211E/E2-V264A 

	Selection Analyses 

	Discussion 
	References

