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Chikungunya fever swept across many South and South-east Asian countries, following
extensive outbreaks in the Indian Ocean Islands in 2005. However, molecular epidemiological
data to explain the recent spread and evolution of Chikungunya virus (CHIKV) in the Asian
region are still limited. This study describes the genetic Characteristics and evolutionary
relationships of CHIKV strains that emerged in Sri Lanka and Singapore during 2006—-2008.
The viruses isolated in Singapore also included those imported from the Maldives (n=1), India
(n=2) and Malaysia (n=381). All analysed strains belonged to the East, Central and South
African (ECSA) lineage and were evolutionarily more related to Indian than to Indian Ocean
Islands strains. Unique genetic characteristics revealed five genetically distinct subpopulations
of CHIKV in Sri Lanka and Singapore, which were likely to have emerged through multiple,
independent introductions. The evolutionary network based on E7 gene sequences indicated
the acquisition of an alanine to valine 226 substitution (E1-A226V) by virus strains of the Indian
sublineage as a key evolutionary event that contributed to the transmission and spatial
distribution of CHIKV in the region. The E1-A226V substitution was found in 95.7 % (133/139)
of analysed isolates in 2008, highlighting the widespread establishment of mutated CHIKV
strains in Sri Lanka, Singapore and Malaysia. As the E1-A226V substitution is known to
enhance the transmissibility of CHIKV by Aedes albopictus mosquitoes, this observation has
important implications for the design of vector control strategies to fight the virus in regions at
risk of chikungunya fever.

characterized by high fever, severe arthralgia, polyarthritis

Chikungunya fever is an acute illness caused by
Chikungunya virus (CHIKV), an alphavirus of the family
Togaviridae. CHIKV is transmitted to humans by mosqui-
toes of the genus Aedes, particularly Aedes aegypti and
Aedes albopictus. Though generally a non-fatal condition

The GenBank/EMBL/DDBJ accession numbers for the sequences
reported in this paper are GUO13528-GU013530 and FJ513628-
FJ513679.

Four supplementary tables and a supplementary figure are available with
the online version of this paper.

and skin rash, CHIKV infections may rarely be associated
with complications such as encephalopathy and hepatic
failure (Schuffenecker et al, 2006). The clinical illness is
often associated with prolonged morbidity, which can
impose enormous social and economic disadvantages on
affected communities (Enserink, 2007).

The first notable emergence of CHIKV attributable to the
recent wave of outbreaks occurred in Kenya in 2004
(Enserink, 2007). In 2005, CHIKV emerged in Comoros
(Sergon et al., 2007) followed by Reunion Island, the
Seychelles, Mauritius and Mayotte. In Reunion Island
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alone, more than a third of the total population (267 000
individuals) was debilitated (Schuffenecker et al., 2006). By
late 2005, massive outbreaks of CHIKV erupted in India,
affecting approximately 1.3 million individuals (Ravi,
2006). The re-emergence of CHIKV in Sri Lanka was
confirmed in November 2006 (Hapuarachchi et al., 2008),
after four decades of absence (Munasinghe et al., 1966).
The estimated figures indicate that approximately 40000
individuals in Sri Lanka were affected during 20062007
and a similar number in 2008. Singapore reported the first
indigenous chikungunya fever outbreak in January 2008
(Leo et al., 2009; Ng et al., 2009), and subsequent outbreaks
have so far resulted in approximately 1000 infections.
Similarly, epidemics of chikungunya fever have also been
reported from Malaysia since 2006 (AbuBakar et al., 2007;
Noridah et al., 2007), causing approximately 7000 cases in
2008 (Sam et al., 2009). In the Maldives, approximately
12000 suspected chikungunya fever cases were reported
during the 2006-2007 outbreak (Yoosuf et al, 2009).
Similarly, CHIKV outbreaks were also reported from
Gabon (Peyrefitte et al, 2008), Cameroon (Peyrefitte
et al., 2007) and Thailand (Theamboonlers et al., 2009).
Moreover, the first indigenous CHIKV outbreak in Europe
was reported from Italy in 2007 (Rezza et al., 2007). Several
other European countries (Hochedez et al., 2006; Parola
et al., 2006; Veber et al., 2007) and the USA (Lanciotti et al.,
2007) have also reported imported infections, raising
serious concerns about the potential burden of CHIKV
infections.

Many studies conducted so far to understand the origin
and evolution of CHIKV have focused on full genome and
E1 gene sequences of the virus (Powers et al, 2000;
Schuffenecker et al.,, 2006; Arankalle et al., 2007; Kumar
et al., 2007). Phylogenetic analyses of the CHIKV genome
have shown three genetic lineages: Asian, West African, and
East, Central and South African (ECSA) (Powers et al.,
2000). It is now clear that the emergence of CHIKV in the
Indian Ocean Islands in early 2005 was due to a newer
strain of the ECSA lineage (Schuffenecker et al., 2006).
Current epidemiological evidence suggests that this strain
could have moved to the Indian Ocean Islands following
CHIKYV outbreaks in Kenya in 2004 (Kariuki Njenga et al.,
2008). Although the molecular epidemiology of CHIKV in
India has been thoroughly described (Yergolkar et al., 2006;
Arankalle et al, 2007), similar data to explain the
evolutionary relationships of CHIKV that spread in the
rest of the Asian region after 2005 are still limited.

In the present study, we sought to analyse the evolutionary
relationships of CHIKV in South and South-east Asian
regions after 2005, in order to understand the possible
routes of spread of the virus to Sri Lanka, Singapore,
Malaysia and the Maldives. Moreover, we present a
hypothetical evolutionary pathway for CHIKV strains that
emerged in the Indian Ocean Islands and Asian region after
2005. The implications of these findings with regard to the
control of chikungunya fever in affected regions are also
discussed.

RESULTS

Sri Lankan and Singapore CHIKV isolates evolved
from Indian isolates

The El-gene-based network (see Methods) revealed two
distinct evolutionary paths within the ECSA lineage,
indicating that strains from the Indian Ocean Islands were
most likely to have evolved separately from the Indian
isolates (Fig. 1). All Sri Lankan, Singapore, Malaysian and
Maldivian CHIKV strains clustered within the Indian
sublineage, reflecting their closer genetic relationship with
the Indian than the Indian Ocean Islands isolates. This
observation was corroborated by the full genome tree
topology, which showed two distinct sublineages consisting
of Indian Ocean Islands and Indian isolates within a large
monophyletic clade of the ECSA lineage (Fig. 2).
Comparative analysis of full genome sequences showed
that Sri Lankan and Singapore CHIKYV strains shared very
high nucleotide (99.2-99.9%) and amino acid (99.1-
100 %) similarities with both the Indian Ocean Islands and
Indian isolates. However, the Sri Lankan and Singapore
isolates possessed nsP1-T128K, nsP1-T376M, Capsid-P23S
and Capsid-V27] amino acid substitutions that were
previously thought to be unique to Indian isolates
(Arankalle et al, 2007). On the other hand, synonymous
mutations at nucleotide positions 2067 (T—C) and 2748
(T—C) in the structural polyprotein (Brisse et al., 2007)
and at positions 5172 (C—T) and 6471 (G—A) in the non-
structural polyprotein were uniquely found in the Indian
Ocean Islands isolates and were not observed in Sri Lankan
and Singapore isolates. These observations explained the
division observed between the Indian Ocean Islands and
Indian isolates in the phylogenetic analyses and confirmed
that the Sri Lankan and Singapore CHIKV strains,
including those imported from Malaysia and the
Maldives, were evolutionarily more related to the Indian
than to the Indian Ocean Islands strains.

Moreover, the tree topology indicated further division of the
study isolates into five genetically divergent groups with
robust bootstrap support (Fig. 2). There was one subclade
consisting of 2006—2007 Sri Lankan isolates (cluster A in Fig.
1). Two subclades were evident within the 2008 Sri Lankan
CHIKYV population and were designated 2008 group 1 and 2
(clusters B and C in Fig. 1). While group 1 isolates were
detected in both study areas, 95.8% (23/24) of group 2
isolates were confined to a single area (Eheliyagoda;
Supplementary Table S3). In a similar way, the Singapore
isolates belonged to three subclades: January 2008 (cluster A
in Fig. 1), May—August 2008 (cluster D in Fig. 1) and a single
isolate [SG(EHI)CHS394108] reported in early June 2008 of
Sri Lankan group 2 subclade (linked to cluster C in Fig. 1).

Genetic differences that define diverging groups
of Sri Lankan and Singapore CHIKV isolates

Among the Sri Lankan isolates, all four 2007 strains had the
wild-type amino acid residue (alanine) at position 226 of
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Fig. 1. Median-joining network of CHIKV E7 gene sequences. (a) Using sequences that included amino acid residue 226. (b)
Using sequences from which amino acid residue 226 has been removed. The median joining network was drawn using 1002 nt
of the E7 gene, spanning from amino acid residues 91 to 424. Circles represent either individual isolates or clusters. The
diameter of each circle is proportional to the number of isolates within each circle. The length of lines linking circles is not
proportional to the mutational distance between them. The red nodes represent hypothetical ancestral strains or strains present
in the population but not sampled. The sequences retrieved from GenBank are listed in Supplementary Table S2. A-D
represent clusters A-D described in the text. Cluster C includes a Singapore isolate [SG(EHI)CHS394108]. Cluster D also
includes isolates imported from Malaysia. The red arrows show the suggested evolutionary path of the £7 gene of CHIKV. A1,
ancestral strain of the newer ECSA lineage; A2, common ancestor of Indian and Indian Ocean Islands isolates; RU, Reunion;
SEY, Seychelles; M'tius, Mauritius; SG, Singapore; LK, Sri Lanka.

the E1 envelope protein (E1-A226). Of these four isolates,
three formed a distinct cluster, which included two viruses
isolated in Japan from travellers from Sri Lanka in 2006
(Fig. 2). The absence of nsP1-Q488R and nsP3-V331A
amino acid substitutions in this distinct cluster was
notable, as both of these substitutions were otherwise
present in the rest of the analysed isolates from Sri Lanka,
India and Indian Ocean Islands. All 2008 group 1 Sri
Lankan isolates (n=33) showed a unique signature of
nsP3-Y38H, nsP3-M3941 and E3-S18F substitutions. On
the other hand, group 2 isolates (n=24) uniformly showed
the presence of nsP3-T444M, E2-V2221 and EI1-K21IN
substitutions and the absence of the E1-M269V substi-
tution that was present in isolates of both Indian and
Indian Ocean Islands sublineages. Of the 2008 Sri Lankan

isolates, 98.3% (57/58) possessed the E1-A226V substi-
tution. The remaining 2008 Sri Lankan isolate
[LK(EH)CH18608] did not possess the E1-A226V substi-
tution, but it clustered with 2008 group 2 isolates that
possessed this substitution (Fig. 2).

As in the Sri Lankan virus population, one of the notable
genetic differences in Singapore isolates was the presence of
E1-A226V substitution in all isolates of the May—August
2008 group, but not in the January 2008 group. The two
main groups of viruses from Singapore had distinct
signatures. All strains of the January 2008 group showed
a combination of nsP1-T60A, nsP4-1563T and E2-R178H
substitutions. On the other hand, isolates of the May—
August 2008 group, which also included three cases
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Fig. 2. Phylogenetic analysis of CHIKV full genomes. The maximum-likelihood method was used to construct the phylogenetic
tree using 11580 nt consisting of complete coding regions of full genome sequences. The numbers shown on branches are
bootstrap values determined by using the NJ method under the ML criterion based on 1000 replicates. All sequences are
labelled with the country of origin, reported year and GenBank accession number. Sequences of Asian and West African

lineages were not included in the analysis.

imported from Malaysia, characteristically showed nsP2-
1L539S, nsP4-R82S and E2-K252Q substitutions (Table 1).
The only Singapore isolate [SG(EHI)CHS394108] that
clustered with Sri Lankan strains in the network (Fig. 1a)
showed the E1-N211N and E1-M269 amino acid com-
bination uniquely found in Sri Lankan group 2 isolates. All
of these substitutions except E1-K211N, E1-M269 and
nsP4-1563T were novel. As the above mutation profiles
were unique and present uniformly in isolates of each
group, they were defined as genetic signatures of the Sri
Lankan and Singapore CHIKYV isolates.

Diverging evolutionary pathways of Asian, Indian
Ocean Islands and African CHIKV strains

The network analysis indicated two diverging pathways
arising from the hypothetical ancestor Al, which repre-
sented the progenitor of the ECSA sublineage that emerged

recently in Africa and Asia (Fig. 1). One path included the
Yawat strain (IND-00-MH4, EF027139.1) and African
isolates reported from Uganda (1982, AF192907.1),
Congo (2000, AY549583.1) and Cameroon (2006,
EF051584.1). The other path led to a common ancestor
(A2) of Indian and Indian Ocean Islands isolates
attributable to 2005-2006 outbreaks. According to the
network, E1-D284E (D1093E in the structural polyprotein)
was the only non-synonymous mutation in the EI gene
observed between Al and A2 ancestors.

Further evolution within Asian isolates resulted in distinct
clusters that represented the five distinct subclades of
Asian isolates described above (Fig. la). All analysed
isolates of the Indian sublineage were genetically linked to
either cluster A or cluster B. One of the characteristic
differences between isolates of clusters A and B was the
presence of the E1-A226V substitution in cluster B
isolates. This was clearly evident when amino acid residue
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Table 1. Novel amino acid substitutions observed in Singapore and Sri Lankan CHIKV isolates

A dot denotes similarity to amino acids of the reference strain at the corresponding positions. The amino acid positions correspond to the

respective positions in the polyproteins and individual proteins. The coding sequence of the African prototype (GenBank accession no.

NC_004162) was used as the reference sequence. SG, Singapore; LK, Sri Lanka.

Protein Polypeptide Protein Ref. SG Jan SG May-Aug LK LK 2008 LK 2008
position position strain 2008 2008 2007 group 1 group 2
Non-structural polyprotein
nsP1 60 60 T A .
85 85 R §* .
230 230 G R*
251 251 S . N*
320 320 T M*
456 456 \\ C*
512 512 p R*
nspP2 714 179 I . T
888 353 G R*
1074 539 L S .
1237 702 A . S§*
nsP3 1371 38 Y H
1483 150 K . R*
1727 394 M I* I .
1777 444 T M
1782 449 M . T
nsP4 1945 82 R S .
2282 419 G . S§*
2426 563 I T
Structural polyprotein
E3 279 18 S F
E2 359 34 L I* .
362 37 I . L*
389 64 i . R*
503 178 R H .
523 198 R Q*
527 202 N D* .
547 222 \Y% I
558 233 K . E*
577 252 K Q .
587 262 A . \%
677 352 p L* .
691 366 M ™ .
El 919 110 K . R*
1029 220 A% I*

*Indicates mutations distributed randomly among analysed isolates. The remaining mutations were found in all isolates of respective groups.

226 was removed from the analysis, which collapsed
clusters A and B into a single cluster (Fig. 1b). All isolates
beyond cluster B possessed the E1-A226V substitution
and displayed a wide geographical distribution, indicating
that acquisition of the E1-A226V substitution by the
Indian sublineage could have played an important role in
the recent spread of CHIKV in Asia. The network further
indicated independent acquisition of the EI-A226V
substitution by Indian, Indian Ocean Islands and Afri-
can CHIKV populations, as they were not interlinked due
to their genetic differences (Fig. 1a).

The hypothetical evolutionary pathway presented in Fig. 3
was constructed based on the compilation of evidence
from network and full genome analyses. This was
performed mainly to overcome the limited resolution
possibly generated in the network due to the analysis of EI
gene alone. As shown in the pathway, it was likely that
three distinct groups of Sri Lankan isolates could have
evolved independently. Similarly, two main clusters of
Singapore isolates (Jan 2008 and May—Aug 2008) from two
separate outbreaks in 2008 were also distinct from each
other.

http.//virsgmjournals.org
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DISCUSSION

Phylogenetic analyses and genetic characterization of
recent CHIKV isolates from Sri Lanka, Singapore,
Malaysia and the Maldives revealed that they were
genetically related to Indian isolates of the ECSA lineage.
Besides the close proximity to India and frequent travel
between India and these countries, the above observation
was further strengthened by previous extensive chikungu-
nya fever outbreaks in India since late 2005. Moreover, our
findings revealed further evolution within the Indian
sublineage that resulted in five distinct subclades of Sri
Lankan and Singapore CHIKV isolates. A genome-wide
analysis allowed us to redefine the previously reported EI-
gene-based genetic signatures of these subclades and
confirmed our earlier finding that the first three locally
acquired chikungunya fever episodes in Singapore were
most likely due to independent importations of CHIKV

strains from India, Malaysia and Sri Lanka (Ng et al,
2009). Based on this information, travel advisories were
issued to the public during the peak of the chikungunya
fever epidemic in Singapore in 2008. A similar approach
may be useful as a strategic tool to reduce the imported
case burden in other countries at risk of importing
multiple CHIKV infections.

Apart from the novel mutations reported in the present
study (Table 1), the distribution pattern of certain known
amino acid substitutions was also noteworthy. The nsP1-
Q488R and nsP3-V331A amino acid substitutions were
absent in three out of four 20062007 Sri Lankan isolates
(AB455493.1, AB455494.1 and FJ445427.2), although they
were present in all 2008 Sri Lankan, Indian and Indian
Ocean Islands isolates that emerged after 2005. The absence
of these two mutations resulted in a separate subclade with
robust bootstrap support (Fig. 2). However, the evolution

Q Ancestral strain of newer ECSA lineage (A1)

E1-D284E

Common ancestor (A2)

C5172T (nsP) + G6471A (nsP) + T2067C (sP) + T2748C (sP)

Indian Ocean
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Indian & Maldives
Cluster A (E1-A226)
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é)
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+ E3-518F

2008 Sri Lankan group 1
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2008 Sri Lankan group 2

nsP1-T128K + nsP1-T376M + Capsid-P23S + Capsid-v27|

nsP1-Q488 + nsP3-V1664
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\Q
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>
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Fig. 3. Schematic illustration of hypothetical evolutionary pathway of Asian and Indian Ocean Islands CHIKV strains. Clusters
A-D represent different clusters illustrated in Figs 1 and 2. The notable mutations involved in each step are shown on the
arrows. Synonymous mutations involved in the Indian Ocean Islands sublineage are shown in bold italics with nucleotide
position numbers. The numbers shown on all other steps are related to amino acid residues in the respective proteins. All
isolates in cluster A showed the E1-A226 (wild-type) residue, while isolates in clusters B-D showed the E1-A226V
substitution. Indian isolates with the E1-A226V substitution also grouped within the cluster B in the network. A1, ancestral strain
of the newer ECSA lineage; A2, common ancestor of Indian and Indian Ocean Islands isolates; M'sia, Malaysia; nsP, non-

structural polyprotein; sP, structural polyprotein.
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within this subclade to acquire these changes was unclear.
Similarly, the presence of E1-K211N and the absence of E1-
M269V substitutions in all Sri Lankan group 2 isolates were
notable. So far, the EI1-K211N substitution has been
reported only in two Indian isolates (IND-06-KA15,
EF027135.1, Arankalle et al, 2007; and IND_GJ51,
Cherian et al., 2009), yet the E1-M269V substitution has
been detected in all Indian and Indian Ocean Islands isolates
of the ECSA lineage. Hence, based on current sequence data,
the evolutionary linkage of Sri Lankan group 2 isolates to
existing CHIKV isolates from the region was unclear.
However, the close clustering of one Sri Lankan isolate
[LK(EH)CH18608, FJ513675] with group 2 isolates was
noteworthy (Fig. 2). This particular isolate lacked the E1-
M269V substitution that was characteristically absent in all
group 2 isolates and was found in the same area from where
group 2 isolates were almost exclusively found. Interestingly,
as in the 2006-2007 Sri Lankan isolates, this isolate also did
not possess the E1-A226V substitution, although this
substitution was found in all group 2 isolates. These
observations indicated a potential link between the pre-
viously existing strains and group 2 isolates in Sri Lanka and
permitted two important evolutionary inferences: (1) group
2 isolates could have evolved from an existing CHIKV
population circulated during early outbreaks in Sri Lanka;
and (2) group 2 isolates were likely to have acquired the E1-
A226V substitution in Sri Lanka. Furthermore, it was
recently shown that amino acid substitutions in the E2
envelope protein of CHIKV could play a critical role in
infection of A. aegypti and A. albopictus mosquitoes
(Tsetsarkin et al., 2009). Of two mutations (E2-G60D and
E2-1211T) described by Tsetsarkin and colleagues, we
observed only the E2-1211T substitution in all Sri Lankan
and Singapore CHIKV isolates. In addition, we detected
several novel amino acid substitutions in the E2 envelope
protein of our study isolates (Table 1). Among these, E2-
R178H, E2-K252Q and E2-V222I substitutions were prom-
inent as they were uniformly distributed in respective groups
of Sri Lankan and Singapore isolates (Table 1). Furthermore,
the nsP1-T60A, nsP2-1539S, nsP3-Y38H, nsP3-T444M,
nsP4-1563T and E3-S18F substitutions are likely to be
structurally important due to their hydrophobic to hydro-
philic amino acid replacements and vice versa. It will be of
interest to study the effect of these novel mutations and
combinations on the tertiary structure of the respective
proteins and their significance for the phenotypic character-
istics of the virus.

Another important genetic distinction noted was the
distribution pattern of E1-A226V substitution in Sri
Lankan and Singapore CHIKV isolates. The E1-A226V
substitution is an adaptation of CHIKV that is known to
enhance its transmissibility by A. albopictus (Tsetsarkin et
al., 2007; Vazeille et al., 2007). Epidemiological data with
regard to the spread of CHIKV in Singapore and Sri Lanka
also strengthened the above notion. In Singapore, the
mutant (E1-A226V) virus circulated in rural areas with
abundance of A. albopictus. In contrast, the wild-type (E1-

A226) virus was found in urban areas inhabited mainly by
A. aegypti (Ng et al., 2009). Likewise, spread of the mutant
virus in Sri Lanka in 2008 was largely in banana and rubber
plantation areas mainly inhabited by A. albopictus. In
contrast, CHIKV spread mainly in coastal towns and urban
areas in 2006 and 2007, during which period the presence
of wild-type virus was evident. A similar scenario has been
reported from India in 2007 (Kumar et al., 2008; Santhosh
et al., 2008). Considering the phylogenetic and epidemio-
logical evidence, we postulated that the acquisition of
E1-A226V substitution by Indian virus strains was one of
the important evolutionary events that contributed to
the transmission and spatial distribution of CHIKV in the
Asian region. Phylogenetic analysis also supported the
recent evidence that the E1-A226V substitution could have
appeared independently in the Indian Ocean Islands, India
and Africa (Cameroon and Gabon) (de Lamballerie et al.,
2008). Based on the molecular epidemiological data, we
suggest that Sri Lankan group 2 CHIKYV isolates could also
have acquired the E1-A226V substitution independently in
Sri Lanka. The availability of more sequences from affected
regions at different time points would provide more
evidence for this rare phenomenon of genetic convergence
in CHIKV (de Lamballerie et al., 2008).

The evolutionary pathway presented here (Fig. 3) supports
the assumption that Indian and Indian Ocean Islands
CHIKV isolates could have emerged from a common
ancestor descended from an ancestral strain of the ECSA
lineage (Brisse et al, 2007). Although a Uganda82-like
CHIKYV strain (AF192907.1) was recently implicated as the
progenitor of the newer ECSA clade (Cherian et al., 2009),
phylogenetic analyses described previously (de Lamballerie
et al., 2008) and presented in the current study indicated
that the Uganda-1982 strain was evolutionarily more
related to African strains of the newer ECSA lineage than
to the Indian and Indian Ocean Islands isolates (Fig. 1).
This observation was supported by the presence of three
non-synonymous mutations (E1-L219P, E1-A377T and
E1-V410E) in the EI gene alone that were present only in
Uganda-1982, Yawat-2000 (EF027139.1), Congo-2000
(AY549583.1) and Cameroon-2006 (EF051584.1) strains.
Considering the temporal distribution, the network
indicated an evolutionary direction from Uganda-1982 to
Yawat-2000 strains (Fig. 1), which was epidemiologically
supported by the coincidental circulation of Congo-2000
strains that were more closely related to Yawat-2000 than
to Uganda-1982 strains. Consequently, it was unclear
whether the forward evolutionary pathway bifurcated at
the hypothetical node closest to the Yawat-2000 strain and
led towards the Indian and Indian Ocean Islands isolates
(Fig. 1a). Thus, the current analysis could not completely
rule out the assumption made by Cherian et al. (2009).
Although we could not ascertain the evolutionary position
of 2004 Kenyan strains due to lack of their sequences in
current databases, we assume that they could fall either on
or after the hypothesized common ancestor of Indian and
Indian Ocean Islands isolates (A2 in Figs 1 and 3). This was
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because the Kenyan strains also possessed the E1-D284E
substitution (Kariuki Njenga et al., 2008). Even though the
mean evolutionary rate of the EI gene has been shown to
approximate that of the full genome of CHIKV (Cherian
et al., 2009), the availability of more full genome sequences
could better reflect the genome-wide variability and would
provide answers to current gaps of knowledge with regard
to the evolution of CHIKV.

In conclusion, our findings showed that the E1-A226V
variant predominantly circulated in Sri Lanka, Singapore and
Malaysia in 2008. This indicates that the mutant CHIKV
variant is well established in the Asian region. As A. albopictus
is a common vector species in this region and is a rural and
outdoor mosquito, these observations have important
implications for the revision of current vector control
strategies in areas affected by CHIKV in the Asian region.
Moreover, as the global distribution of A. albopictus is greater
than that of A. aegypti, CHIKV, especially the E1-A226V
variant, will remain as a global threat in years to come.

METHODS

Study sites and source of viruses. All Sri Lankan CHIKV isolates
analysed in the present study were obtained from sera of infected
individuals presented to government hospitals in the Pallebedda (6°
55" 0" N, 81° 26’ 0" E) and Eheliyagoda (6° 51’ 0" N, 80° 16" 0" E)
areas in March and April 2008 respectively. In 2008, Pallebedda and
Eheliyagoda were among the worst chikungunya-affected areas in Sri
Lanka. Both are rural areas with abundant banana and rubber
plantations. Ten samples collected in 2007 from the Gampaha and
Matale districts in Sri Lanka were also included in the analyses. All
samples were taken after obtaining written informed consent from
each individual. While all EI gene sequences of Singapore isolates
have been published previously (Ng et al, 2009), CHIKV strains
obtained from chikungunya fever-suspected sera were used for full
genome sequencing. The ethical approval for this study was obtained
from the Ethics Committee, Faculty of Medicine, University of
Kelaniya, Sri Lanka, and the Bioethics Committee of the National
Environment Agency, Singapore.

Screening of serum samples for CHIKV. The methodology used to
screen serum samples for CHIKV is fully described elsewhere (Ng et
al., 2009). Briefly, viral RNA was extracted by using the QIAamp viral
RNA mini kit (Qiagen) according to the manufacturer’s instructions.
A 354 bp fragment of the non-structural protein 1 gene of CHIKV
was amplified by a real-time reverse-transcriptase polymerase chain
reaction (real-time RT-PCR) protocol as described previously
(Hasebe et al, 2002). The amplification was performed in a
LightCycler 2.0 system, using the LightCycler RNA Master SYBR
Green I kit (Roche Diagnostics) according to the manufacturer’s
instructions.

cDNA synthesis and sequencing. cDNA was synthesized from RNA
extracted from sera, using the SuperScript IIT First-Strand synthesis
system for RT-PCR (Invitrogen) according to the manufacturer’s
instructions. Thirteen overlapping fragments covering the full genome
sequence of CHIKV were amplified by using oligonucleotides
constructed based on full genome sequences of recent CHIKV strains
of the ECSA lineage, using Gene Runner 3.05 (Hastings Software) and
Primer Select 5.03 (DNASTAR) software (Supplementary Table S1).
The 50 pl reaction consisted of 250 uM dNTPs, 0.5 uM of each primer,
1 x PfuTurbo buffer and 2.5 units PfuTurbo DNA polymerase

(Stratagene). The amplification was performed in a GeneAmp 9700
thermal cycler (Applied Biosystems) using the following protocol:
initial denaturation at 94 °C for 1 min, followed by 40 cycles of 94 °C
for 30 s, 55 °C for 30 s and 75 °C for 2 min, with a final extension step
at 72 °C for 7 min. All templates were purified by using the QIAquick
PCR purification kit (Qiagen). The sequencing was performed by a
commercial laboratory according to the BigDye Terminator Cycle
Sequencing kit (Applied Biosystems) protocol.

Sequence and phylogenetic analyses. The contiguous sequences
of the full genome and EI gene for each isolate were assembled from
overlapping sequence data by using SeqMan II version 5.03
(DNASTAR). The resulting sequences were aligned using CLUSTAL W
software in the BioEdit Sequence Alignment Editor version 7.0.9.0
(Hall, 1999). The coding sequence of the African prototype (GenBank
accession no. NC_004162) was used as the reference sequence in
subsequent analyses.

Phylogenetic tree. Due to low bootstrap support obtained from the
analysis of the EI gene alone (Supplementary Fig. S1), a phylogenetic
tree (Fig. 2) was constructed based on 11 580 nt of Sri Lankan (n=17)
and Singapore (10 locally acquired and 3 imported from Malaysia)
CHIKYV full genomes, together with 22 sequences reported previously
from India (n=9), Indian Ocean Islands (n=10), Japan (imported
from Sri Lanka, n=2) and Tanzania (n=1). The full genome tree was
inferred by using the maximum-likelihood (ML) method implemen-
ted in PAUP* version 4.0b10 (Swofford, 1999). The Tamura—Nei
model with gamma distribution of rate variation among sites
(TrN+G) was chosen as the best-fit model of nucleotide substitu-
tions based on hierarchical likelihood ratio test in Modeltest 3.7
(Posada & Crandall, 1998). A neighbour-joining (NJ) tree was used as
the starting tree for tree bisection and reconnection (TBR) branch
swapping. Three iterative rounds of ML analysis were carried out and
the most likely tree obtained from each round was used as the starting
tree in the next round of tree searching. Bootstrapping to access the
robustness of the ML tree topology was performed using the NJ
method under the ML criterion based on 1000 replicates.

Evolutionary network. The median joining network (Fig. 1) was
constructed using the Network version 4.5.0.2 software (Bandelt et al.,
1999). The network presented was constructed using 1002 nt of the
EI gene, spanning from amino acid residues 91 to 424 of Sri Lankan
(n=60), Singapore (n=83), Indian, Indian Ocean Islands and African
(n=35, Supplementary Table S2) CHIKYV strains. Sri Lankan viruses
consisted of 14 isolates collected from the Pallebedda area and 44
isolates from the Eheliyagoda area in 2008 and 2 isolates collected
from the Matale and Ragama areas in 2007 (Supplementary Table S3).
Singapore isolates represented 49 locally acquired and 34 imported
strains detected from January 2007 to August 2008 (Supplementary
Table S4). The imported strains were obtained from patients with a
recent history of travel to Malaysia (n=31), the Maldives (n=1) and
India (n=2). Only EI gene sequences were selected for the network
analysis due to the limited number of full genome sequences available
in sequence databases. The sequences belonging to Asian and West
African lineages were not included in the network presented here due
to their wide divergence from the study sequences.

The network allows visualization of mutational paths based on single
nucleotide polymorphisms (SNPs) in analysed sequences. It clusters
similar sequences together and different clusters are then linked by
using the median joining algorithm to form an interconnecting
network. In the network diagram, circles represent either individual
isolates or clusters. The diameter of each circle is proportional to the
number of identical sequences. The software (Network version
4.5.0.2) predicts hypothetical ancestral genotypes (‘median vectors’)
if there are no candidates in the available set of sequences to represent
certain mutational steps. This may happen either because the
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particular genotype is extinct at present or simply because although
extant, it had not been sampled,. The network diagram is especially
helpful to determine the relationships between closely related
sequences, as it shows mutational differences between two evolu-
tionary steps. Sequences that are divergent even by a single mutation
are shown isolated from their parent clusters and the distance
between two linked isolates differs based on the number of different
mutations. The direction of the evolutionary path can be inferred
based on the temporal distribution of the respective sequences. When
sequences represent different geographical regions collected at known
time points, the network analysis can provide clues regarding possible
origins of circulating viruses in different regions.
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