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Abstract

Background

In 2008—2010, Malaysia experienced a nationwide chikungunya virus (CHIKV) outbreak
caused by the Indian Ocean lineage E1-226V (valine) variant, adapted to Aedes albopictus.
In 2017—2022, transition to an E1-226A (alanine) variant occurred. Ae. albopictus prevails in
rural areas, where most cases occurred during the E1-226V outbreak, while Ae. aegypti
dominates urban areas. The shift in circulating CHIKV variants from E1-226V to E1-226A
(2009-2022) was hypothesized to result in a transition from rural to urban CHIKV distribu-
tion, driven by differences in Ae. aegyptivector competence for the two variants. This study
aimed to: (1) map the spatiotemporal spread of CHIKV cases in Malaysia between 2009—
2022; and (2) compare replication of E1-226A and E1-226V variants in the midguts and
head/thoraxes of Ae. aegypti.

Methodology/Principal findings

Spatiotemporal analysis of national notified CHIKV case addresses was performed.
Between 2009-2022, 12,446 CHIKV cases were reported, with peaks in 2009 and 2020,
and a significant shift from predominantly rural cases in 2009—-2011 (85.1% rural), to urban
areas in 2017-2022 (86.1% urban; p<0.0001). Two Ae. aegypti strains, field-collected MC1
and laboratory Kuala Lumpur (KL) strains, were fed infectious blood containing constructed
CHIKYV clones, pCMV-p2020A (E1-226A) and pCMV-p2020V (E1-226V) to measure CHIKV
replication by real-time PCR and/or virus titration. The pCMV-p2020A clone replicated better
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in Ae. aegypticell line Aag2 and showed higher replication, infection and dissemination effi-
ciency in both Ae. aegypti strains, compared to pCMV-p2020V.

Conclusions/Significance

This study revealed that a change in circulating CHIKV variants can be associated with
changes in vector competence and outbreak epidemiology. Continued genomic surveillance
of arboviruses is important.

Author summary

Chikungunya virus (CHIKV) causes fever, rash and joint pain in humans. CHIKV is
spread by bites of infected Aedes (Ae.) aegypti and Ae. albopictus mosquitoes. In 2008-
2010, CHIKV with an E1-226V mutation became highly adapted to Ae. albopictus and
caused global outbreaks. In Malaysia, these major outbreaks occurred mainly in rural
areas where this mosquito is most common. We found that a resurgence of CHIKV in
2017-2022 was associated with a different variant with an E1-226A mutation, which had a
greater ability to replicate in the Ae. aegypti mosquito than the previous E1-226V variant.
This mosquito is found mainly in urban areas, and by looking at geographical locations of
reported CHIKYV cases, we found that the case distribution had also shifted from rural to
predominantly urban areas in 2017-2022. Genetic surveillance of CHIKV and other mos-
quito-borne viruses is important to identify genetic changes that may affect virus ability to
infect different vectors, and disease numbers and distribution.

Introduction

Chikungunya virus (CHIKV) is an alphavirus which causes epidemics of fever, rash and pro-
longed joint pain, and is mainly transmitted by two mosquito vectors, Aedes aegypti and Ae.
albopictus. Historically, CHIKV outbreaks have been primarily reported in urban locales, facil-
itated by the urban mosquito vector, Ae. aegypti [1]. In 2004, an Indian Ocean lineage (IOL)
emerged from the East/Central and South African (ECSA) lineage of CHIKV; within this IOL,
a CHIKV variant with an alanine to valine substitution in the E1 surface glycoprotein (E1-
226V) emerged in La Reunion [2]. While the wild-type variant E1-226A appears better adapted
to Ae. aegypti [3], the E1-226V variant showed increased adaptation to Ae. albopictus, playing
a pivotal role in ensuing global epidemics of the IOL lineage over the following years, particu-
larly in Asia [4].

The epidemic IOL E1-226V variant also showed greater adaptation to Ae. albopictus than
the Asian lineage previously endemic in Malaysia [5]. Coupled with the widespread distribu-
tion of Ae. albopictus in rural areas, this led to an unprecedented nationwide outbreak of E1-
226V variants in Malaysia between 2008-2010 which affected over 15,000 individuals mainly
in rural regions and replaced the Asian lineage [6,7]. Our recent phylogenetic analysis of
CHIKY variants from Malaysia and Asia between 2017 to 2021 revealed a shift back towards
IOL variants with E1-226A from the previously predominant E1-226V variants. We hypothe-
sised that this shift in virus variant resulted in a shift in the spatiotemporal distribution of
CHIKYV cases from rural to urban areas, where Ae. aegypti predominates.

To address this, we used geographical information system (GIS) analysis to map the distri-
bution of CHIKV cases notified to the Ministry of Health, Malaysia (MOH) from 2009 to
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2022. We then used mosquito infection to show that the current circulating CHIKV E1-226A
variant has greater adaptation to Ae. aegypti than a corresponding E1-226V variant obtained
by selective mutagenesis. The change in circulating variant to CHIKV E1-226A was associated
with both an overall increase in reported CHIKV cases and a shift to an urban preponderance
of the disease.

Methodology
Ethics statement

The study was approved by the Ministry of Health National Medical Research Register and
Medical Research & Ethics Committee (protocol number NMRR ID-22-01234-GIY).

Geospatial analysis of CHIKV cases

CHIKYV became a notifiable disease in Malaysia from 2009 onwards under the administrative
order of the Director-General of Health. Details of notified CHIKV cases from 2009 to 2022
were obtained from MOH, including residential addresses and date of onset of illness. Cases
were defined by clinical symptoms and signs and epidemiological links to an outbreak area

[8], and not all received laboratory confirmation. The geographic coordinates of the residential
addresses were generated using the Geocode by Awesome Table plugin in Google Sheets using
the World Geodetic System 1984 format, cross-checked with Google Maps, and visualised
with QGIS v.3.28 [9] and ArcMap 10.7.1 (Earth Science Resource Institute, USA). The geo-
coded addresses were categorized into urban and rural settings by the Department of Statistics,
Malaysia, based on established criteria such as population density and economic activities

[10]. National and state population numbers were taken from the 2010 and 2020 censuses
[10,11]. SaTScan v.10.1.2 (https://www.satscan.org/) was used to identify significant CHIKV
clusters by space-time scan analysis [12]. The optimum maximum spatial cluster size was
determined through Gini coefficient calculation in R Statistical Software v.4.3.1 [13] and set at
5% of the total population size.

Phylogenetic analysis

A total of 153 complete CHIKV genome sequences excluding vaccine and cloning vector
strains, available as of March 2023, were retrieved from GenBank. These included eight recent
IOL isolates detected in Malaysia from 2017 to 2021 and previously sequenced in our labora-
tory (S1 Table). Sequences of 11,218 nucleotides were trimmed and aligned using Geneious
Prime 2023.1.2 (Biomatters, New Zealand). The general time-reversible substitution model
with gamma distribution and invariant sites (GTR + G + I) was chosen using ModelFinder
[14]. A phylogenetic tree was constructed with BEAST v2.7.5 [15] using an optimised relaxed
molecular clock and Bayesian skyline coalescent tree prior, and run with 100 million chain
length to achieve effective sample sizes >200 for all parameters. The resulting tree was visual-
ized using FigTree version 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

Mosquito collection

Vector competence of two Ae. aegypti strains was examined. An Ae. aegypti laboratory colony
(Kuala Lumpur [KL] strain) was sourced from the Institute of Medical Research, originating
from Kuala Lumpur in the 1970s. Field Ae. aegypti mosquitoes (MC1 strain) were collected in
2021 and 2022 from Petaling Jaya in Selangor state. Kuala Lumpur and Petaling Jaya are part
of the greater Klang Valley metropolitan area. The MC1 field strain was collected from one of
the 39 sites around Malaysia where Wolbachia-infected (wAIbB strain) Ae. aegypti has been
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released as a biocontrol measure to curb transmission of dengue virus [16,17]. Oviposition
traps using hay infusion to attract mosquitoes for egg-laying were placed in moist and dark
areas both outdoors and indoors. Collected eggs were transported to the insectarium and
reared through the stages of larvae, pupae and eventually adult mosquitoes within a week. Ae.
aegypti was identified based on morphology [18]. Female mosquitoes were provided with a
blood meal and separated into individual containers secured with a net. Eggs were hatched
and colonised under controlled conditions at 28 + 1°C, 80 + 10% humidity and 12 hours: 12
hours light-dark cycle. Using PCR [19], we confirmed the presence of wAlbB in the MC1 line
and its absence in the KL line before infection work.

Cell culture

Baby hamster kidney (BHK-21; ATCC no. CCL-10) and Ae. aegypti Aag2 cell lines (a kind gift
from the Roslin Institute, University of Edinburgh, UK) were utilized for in vitro infection.
BHK-21 cells were cultured in Glasgow’s minimal essential medium (Gibco, USA) supple-
mented with 5% fetal bovine serum (FBS; Bovogen, Australia), 100 U/ml penicillin and

100 pg/ml streptomycin (Gibco), 2 mM L-Glutamine (Gibco), 20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (Gibco) and 10% tryptose phosphate broth (TPB; Sigma,
USA). The cells were incubated at 37°C in a humidified incubator with 5% CO,. Aag2 cells
were grown in Leibovitz’s L-15 medium (Sigma) supplemented with 10% FBS, 100 U/ml peni-
cillin and 100 pg/ml streptomycin and 1% TPB, and incubated at 28°C.

Construction of CHIKYV infectious clones

The CHIKYV strain MY/2020/3092435 (IOL lineage, GenBank accession MW557661) was orig-
inally isolated from a human CHIKYV case in Kuala Lumpur in 2020 and carries E1-226A. The
entire genome was amplified and substituted into the infectious clone ICRES1 with a CMV-
promoter-driven vector system (IOL lineage, based on KT449801, isolated in La Reunion in
2006) [20]. The CHIKV whole genome was divided into five fragments and amplified with spe-
cific primers (S2 Table). Each fragment was then inserted into a vector using CloneJET PCR
Cloning Kit (Thermo Scientific, USA). The CHIKV fragments (S1 Fig) were inserted into dif-
ferent vectors based on their restriction enzyme (RE) sites, with blunt end fragments 1, 4 and 5
inserted into the pJET cloning vector, while sticky end fragments 2 and 3 were inserted into a
pSK vector (generously provided by Andres Merits, University of Tartu). To introduce a point
mutation leading to an amino acid change from A to V at position 226 of the E1 glycoprotein,
site-directed mutagenesis using conventional PCR was employed on fragment 5 using the for-
ward primer 5-(GCACGTGTACCGTACCC)-3’ and reverse primer 5-(ACAGCCGGTCTCT
GCAGT)-3".

The pCMV-ICRES] plasmid was used as a backbone for inserting the plasmids containing
fragments 1 to 5. Synthesized stuffer sequences, designed to include recognition sites for RE,
were ligated with the pCMV-ICRES1 backbone, facilitating the subsequent insertion of frag-
ments. For optimal plasmid yield required for downstream work, the ligation mixtures of
pCMV-p2020A (E1-226A) and pCMV-p2020V (E1-226V) were transformed into XL-10 Gold
(Agilent, Australia).

Both infectious clones were introduced into BHK-21 cells using the Gene Pulser Xcell elec-
troporation system (Bio-Rad, USA). Following an incubation period of 48 hours, PO rescued
viruses were harvested. The virus titer was determined using the tissue culture infectious dose
50 assay (TCIDsg). To generate P1 virus stock, PO rescued viruses were used to infect BHK-21
cells at a multiplicity of infection (MOI) of 0.1.
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CHIKY replication in Aag2 cells

The replication kinetics of pPCMV-p2020A and pCMV-p2020V viruses were compared in
Aag2 cells. Cell monolayers were exposed to the viruses at MOI of 0.1. Virus supernatant was
collected from individual wells at 0, 24, 48, 72 and 96 hours post-infection (hpi) and the virus
titers were determined using the TCID5, assay. Two biological replicates were performed for
each of two independent experimental series.

CHIKY replication kinetics in Ae. aegypti

Infection work was conducted in an arthropod containment level 2 facility. The KL (laboratory
strain) and MC1 (ninth generation) strain of Ae. aegypti mosquitoes, aged 3 to 5 days, were fed
via a Hemotek feeding system (Discovery Workshop, UK) with blood from volunteers.
Engorged mosquitoes were kept in the same controlled conditions, and unfed mosquitoes
were discarded. The appropriate oral infectious doses (OID) for E1-226A and E1-226V viruses
were determined, considering their potentially different vector competence. Virus stocks were
diluted and mixed with blood at a ratio of 1:10 into final concentrations of 2 log;o TCIDs0/ml,
4log;o TCIDso/ml and 6 log;o TCIDso/ml. For each oral infectious dose, 20 whole mosquitoes
were collected and homogenized at 0 and 7 days post-infection (dpi). Virus isolation and con-
ventional PCR using CHIKV-F (5-(CAGCAAGAAAGGCAAGTGTGC)-3’) and CHIKV-R
(5-(TGACTATGTGGTCCTTCGGAGG)-3’) primers [5] were employed to detect CHIKV in
whole mosquitoes. The infection rate was defined as the proportion of whole mosquitoes har-
bouring PCR-detectable or culturable virus (at 7 dpi) divided by the total number of tested
engorged mosquitoes successfully fed a blood meal. Virus culture has the advantage of con-
firming infectious virus, while PCR has greater sensitivity.

Probit analysis was used to assess differences between the OID for each virus variant. For
subsequent experiments, both groups of mosquitoes were fed with OIDs determined for each
virus to ensure >60% infection of mosquitoes. At each timepoint of 0, 3, 5, 7, 10 and 14 dpi, 20
female mosquitoes were harvested. The midgut and the combined head and thorax (head/tho-
rax) were dissected to measure virus titers using TCIDs assays and identify the presence of
virus using qPCR. The midgut infection rate was defined as the number of mosquitoes in
which CHIKV was detectable in the midguts divided by the total number of tested engorged
mosquitoes successfully fed a blood meal. The dissemination efficiency was calculated as the
number of mosquitoes with detectable CHIKV in heads/thoraxes divided by the total number
of engorged mosquitoes tested [21]. Dissecting needles were immersed in 70% ethanol and
then in 10% bleach between mosquitoes to eliminate potential carry-over of RNA and virus.
Negative control mosquitoes received a clean blood meal devoid of any viruses. Twenty mos-
quitoes from the negative control group were collected at each timepoint for dissection.
Organs were individually homogenized in 1.5 ml zirconjium beads tubes (Benchmark Scien-
tific, USA), pre-filled with 500 pl of MEM supplemented and 2% amphotericin B. Viral RNA
was extracted using the IndiSpin Pathogen Kit (QIAGEN, Germany). The extracted samples
and homogenates were stored in -80°C for further analysis. A summary of the recommended
data standard for vector competence experiments [22] is shown in S3 Table.

Real-time PCR assay of E1 gene

Real-time PCR assay was utilized to determine the presence of viral RNA. In vitro transcribed
RNA controls were synthesised using the clinical isolate MY/08/065 (GenBank accession num-
ber FN295485) to generate a standard curve for the E1 gene.

RNA was serially diluted in 10-fold increments ranging from 10-10° copies/uL using nucle-
ase-free water. The RT-qPCR reaction comprised 4.0 pl of 5X RT-qPCR reaction mix (Roche,
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Switzerland), 400 uM of CHIKV E1-F (5-(AAGCTYCGCGTCCTTTACCAAG)-3’) and
CHIKYV E1-R (5-(CCAAATTGTCCYGGTCTTCCT)-3’) primers, 250 uM E1-probe (5’-
(CCAATGTCYTCMGCCTGGACACCTTT)-3) [23], 1 ul of RNA template, 0.1 pl of 200X
RT-Enzyme solution and nuclease-free water into a final reaction volume of 15 pl. A no tem-
plate control was included. Amplification was performed using the StepOne Plus real-time
PCR system (Applied Biosystems, USA), with reverse transcription at 50°C for 10 minutes,
then denaturation at 95°C for 30 seconds. This was followed by 40 cycles of denaturation at
95°C for 5 seconds and annealing/extension at 60°C for 30 seconds. The detection limit of the
assay was 100 copies of RNA per reaction, corresponding to a cycle threshold value of 36. The
CHIKYV El expression in all samples was determined.

Statistical analysis

Statistical analyses were performed and graphs were constructed using GraphPad Prism ver-
sion 7.00 for Windows (GraphPad Software, USA). CHIKV infection and dissemination effi-
ciency rates were compared using Fisher’s exact test. Differences in virus titers between
mosquitoes were analysed with the Mann Whitney U test. Differences were considered statisti-
cally significant if the two-tailed P-value < 0.05.

Results
Evolutionary dynamics and emergence of CHIKV IOL variants in Malaysia

The phylogenetic tree revealed four distinct lineages of CHIKV: IOL, ECSA, Asian and West
African (Fig 1). The IOL with E1-226A and E1-226V variants emerged in 2006 from Reunion.
The predominant variants during subsequent global spread carried E1-226V, including out-
breaks in Malaysia in 2008-2009 and the Asian region. A notable shift in CHIKV dynamics
occurred in Asia around 2013-2014, when IOL E1-226A variants were increasingly detected,
and clearly became predominant in Asia by 2016. These include eight Malaysian sequences
obtained between 2017 and 2021, which are found in two separate clusters (one in 2017, and
one in 2020-2021) containing other sequences from Asia, with robust posterior probability.
These Malaysian E1-226A variants also clustered separately from the 2008-2009 Malaysian
E1-226V sequences.

Spatiotemporal shift of CHIKV from rural to urban areas

In total, 12,442 CHIKYV cases were notified to MOH between 2009-2022 (S2 Fig). The rural/
urban incidence rates of CHIKV cases for Malaysia are shown in Fig 2A. Malaysia experienced
a significant CHIKV nationwide outbreak in 2008-2010. However, data from 2008 is unavail-
able as CHIKV became formally notifiable only from 2009. The peak annual national inci-
dence was 20.1 per 100,000 in 2009 (43.4 per 100,000 rural and 9.9 per 100,000 urban
population). There was a drastic decline of reported CHIKV incidence to <0.4 per 100,000
between 2011 and 2016. Slight increases occurred in 2017 and 2018, before more substantial
outbreaks were observed from 2019, including the second-highest number of annual cases
during the study period in 2020 (2,503 cases). CHIKV incidence then rose sharply to a range
of 0.3-7.8 per 100,000 per year between 2017-2022.

Spatiotemporal mapping of cases indicated a shift from mainly rural areas all around
Malaysia in 2009-2010, particularly in East Malaysia, to mainly urban areas in the western
states of Peninsular Malaysia in recent years (S3 Fig). This was confirmed by higher rural inci-
dence of cases in 2009-2010 shifting to mainly urban incidence in recent years 2017-2022. A
possible confounder is the gradually increasing urbanisation of Malaysia between 2009-2022,
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Fig 1. Phylogenetic tree of 153 CHIKV whole genome sequences. Phylogenetic analysis reveals a shift in CHIKV IOL variants in Malaysia from
E1-226V (2008-2009) to E1-226A (2017-2021). The tree was constructed using the general time-reversible model with gamma distribution and
invariant sites (GTR + G + I). Sequences are represented in the format: accession number/strain name/country of origin/year of sample. The
estimated posterior probability values are shown at key nodes. Malaysian sequences are shown in red.

https://doi.org/10.1371/journal.pntd.0012632.9001

with overall rural populations decreasing from 30.5% to 24.2% (Fig 2B). Nevertheless, over the
same period, the rural proportion of CHIKV cases decreased much more drastically from
65.8% t0 3.7% (p<0.0001 for trend).

Space-time scan analysis identified 17 spatiotemporal clusters of CHIKV cases between
2009 and 2022 (Fig 3 and Table 1), comprising 6,643 (53%) of the total 12,442 cases. The initial
clusters were identified in December 2008 in Negeri Sembilan, Johor and Kelantan (clusters
1-3) across distinct regions of Peninsular Malaysia. In early 2009, there were clusters in
Selangor (cluster 4) and a large cluster of 625 cases in Kedah (cluster 5). The first cluster in
East Malaysia was detected in Sabah in June 2010 (cluster 6), followed by the largest CHIKV
cluster of 1,947 cases in Sarawak (cluster 7). Of the nine clusters occurring between 2008-
2010, seven involved a higher proportion of rural cases, ranging from 69.6-96.9%.

There were no clusters observed between 2011 to 2016. Nine clusters were detected between
2017 and 2022, all affecting predominantly urban populations in Peninsular (West) Malaysia.
There was a single small cluster in Kedah (cluster 9) between March to May 2017, with all sub-
sequent clusters occurring from 2019. Clusters 10-13 in Perak, Pulau Pinang and Kedah were
all located in the northern region of Peninsular Malaysia. CHIKV clusters spread southwards
from September 2020, and were detected in Johor, Melaka, Selangor and Negeri Sembilan
(clusters 14-17).

In summary, the phylogenetic and GIS analyses indicate that the shift of CHIKV cases from
mainly rural areas around the country (particularly in East Malaysia) to mainly urban areas in
the western states of Peninsular Malaysia was temporally associated with a change in the pre-
dominant circulating CHIKV variant from E1-226V to E1-226A.
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Fig 2. Urban/rural incidences of CHIKYV cases and overall urban/rural populations of Malaysia from 2009 to
2022. (A) Urban and rural incidences per 100,000 population of CHIKV cases; (B) rural proportions of CHIKV cases
and the overall Malaysian population. Statistical differences were assessed using chi-square tests; p-values shown are
p<0.05 (*), p<0.01 (**) and p<0.001(***).

https://doi.org/10.1371/journal.pntd.0012632.g002

The E1-226A variant has faster replication than the E1-226V variant in Ae.
aegypti (Aag2) cells

We next determined the fitness of the two variants in Ae. aegypti cell lines and mosquitoes.
The replication kinetics of pCMV-p2020A (E1-226A) and pCMV-p2020V (E1-226V) were
first evaluated in Aag2 cells (Fig 4). pPCMV-p2020A displayed more rapid growth within the
first 24 hpi, and both reached their maximum viral titers at 48 hpi (5.7-6.1 log TCID5,/ml)
and plateaued up to 96 hpi. There were significantly higher titers (p<0.05) of pCMV-p2020A
than pCMV-p2020V at 24 and 48 hpi.

Lower oral infectious doses required by E1-226A variants to infect Ae.

aegypti
Both strains of Ae. aegypti mosquitoes (MC1 and KL) were orally infected with either pCMV-
P2020A or pCMV-p2020V at three different doses (2, 4, and 6 log TCIDs,/ml) to determine
the optimal dose for infecting mosquitoes for subsequent experiments and to compare OID
(Fig 5). Whole mosquitoes were collected and homogenized at 7 dpi to determine infection
rates by PCR and virus isolation.

In MC1 mosquitoes fed infectious doses of 4 log TCIDsy/ml and 6 log TCIDso/ml, pCMV-
P2020A exhibited significantly higher infection rates at 7 dpi (Fig 5A). In KL mosquitoes,

0 190 380
L 1 1 1 |

760 Kilometers
|

1 1 1

Fig 3. Spatiotemporal cluster maps of CHIKV cases, encompassing 17 clusters across Malaysia, 2009 to 2022. (A) Peninsular (West)
Malaysia and (B) East Malaysia. Data was generated using SaTScan with the maximum spatial cluster size set at 5% of population size. Seventeen
distinctive clusters in nine states were identified, each denoted with a circle representing the best-encompassing radius. Blue clusters occurred
from 2008-2010 (E1-226V variant circulating); red clusters occurred from 2017-2022 (E1-226A variant circulating). The basemap of Malaysia
was obtained from the Database of Global Administrative Areas (https://gadm.org/download_country36.html) and is freely available for
academic use.

https://doi.org/10.1371/journal.pntd.0012632.g003
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Table 1. Spatiotemporal clustering of 6,643 CHIKYV cases in 17 clusters in Malaysia, 2009 to 2022.

Cluster (states, no. of districts involved) Cluster period | Center (radius) of | No. of cases % of all Log likelihood | Rural:urban
cluster clustered cases | ratio cases (%)

Cluster 1 (Negeri Sembilan, 3) 29/12/2008 to | 3.04°N, 102.11°E | 56 0.8 70 45:55
29/3/2009 (36.1 km)

Cluster 2 (Johor, 7) 29/12/2008 to | 1.52°N, 103.78°E | 94 1.4 145 80:20
12/4/2009 (93.9 km)

Cluster 3 (Kelantan, 6) 29/12/2008 to | 5.58°N, 101.82°E | 468 7 1,139 86:14
23/8/2009 (60.6 km)

Cluster 4 (Selangor, 1) 19/1/2009 to 2.83°N, 101.50°E | 159 2.4 581 97:3
15/3/2009 (0 km)

Cluster 5 (Kedah, 5) 20/4/2009 to 5.99°N, 100.85°E | 625 9.4 3,398 97:3
17/5/2009 (2.7 km)

Cluster 6 (Sabah, 4) 3/8/2009 to 4.67°N, 115.72°E | 97 1.5 284 87:13
22/11/2009 (73.3 km)

Cluster 7 (Sarawak, 19) 14/9/2009 to 1.82°N, 111.94°E | 1,947 29.3 7,525 70:30
31/1/2010 (153.1 km)

Cluster 8 (Sabah, 1) 14/6/2010t0 | 6.08'N, 116.33°E | 117 1.8 631 92:7
4/7/2010 (0 km)

Cluster 9 (Kedah, 1) 6/3/2017 to 5.70°N, 100.51°E | 97 1.5 217 2:98
28/5/2017 (0 km)

Cluster 10 (Perak, 4) 10/6/2019t0 | 4.83°N, 101.09°E | 1,210 18.2 2,602 3:97
20/9/2020 (53.2 km)

Cluster 11 (Perak, 1) 9/9/2019 to 4.03°N, 101.37°E | 298 4.5 1,139 40:60
19/1/2020 (0km)

Cluster 12 (Pulau Pinang, 2) 11/5/2020 to 5.36°N, 100.23°E | 898 13.5 3,364 7:93
30/8/2020 (8.3 km)

Cluster 13 (Pulau Pinang, 2; Kedah, 2; Perak, 1) 15/6/2020to | 5.21°N, 100.48°E | 119 1.8 101 3:97
17/1/2021 (28.3 km)

Cluster 14 (Johor, 2; Melaka, 2; Negeri Sembilan, 1) 28/9/2020 to 2.27°N, 102.64°E | 160 2.4 127 16:84
27/6/2021 (43.1 km)

Cluster 15 (Selangor, 1) 25/1/2021 to 3.03°N, 101.38°E | 43 0.6 96 0:100
14/2/2021 (0 km)

Cluster 16 (Selangor, 1) 9/8/2021to | 3.28°N, 101.65°E | 175 2.6 301 1:99
26/12/2021 (0 km)

Cluster 17 (Negeri Sembilan, 2) 20/12/2021to | 2.75°N, 101.92°E | 56 0.8 70 0:100
6/3/2022 (24.3 km)

Data was generated using SaTScan with the maximum spatial cluster size set at 5% of population size. The radius value corresponds to the inter-centroid separation

between two or more districts, and a radius of 0 km signifies the presence of a solitary district within the cluster. All clusters shown are statistically significant (p<

0.0001).

https://doi.org/10.1371/journal.pntd.0012632.t001

pCMV-p2020A showed higher infection rates at 7 dpi at all three infectious doses, but the only
statistically significant difference was between the rates measured by virus isolation at the 2 log
TCIDso/ml dose (Fig 5B). At the lowest infectious dose of 2 log TCIDso/ml, there was detect-
able replication of both variants in KL mosquitoes at 7 dpi (Fig 5B), but not in MC1 mosqui-
toes (Fig 5A).

Probit analysis was used to determine the minimum oral viral dose required to infect a spe-
cific proportion of the mosquito population. The OIDs were consistently lower for pPCMV-
P2020A than pCMV-p2020V in both mosquitoes (Table 2), and this achieved statistical signifi-
cance for OIDs, and OID;5 in MC1 mosquitoes, and OID;5 for KL mosquitoes. For further
infection experiments, in MC1 mosquitoes, we selected doses of 4 log TCIDsy/ml for pCMV-
P2020A and 6 log TCIDso/ml for pPCMV-p2020V. In KL mosquitoes, a dose of 2 log TCIDs,/
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Fig 4. Replication kinetics of pCMV-p2020A and pCMV-p2020V in Aag2 cell line. Virus titers of pCMV-p2020A
(E1-226A) and pCMV-p2020V (E1-226V) are shown up to 4 dpi. Statistical comparisons were performed using two-
way ANOVA with the Bonferroni post-hoc test. Bars represent means and 95% confidence intervals. The p-values
shown are: p<0.05 (*) and p<0.001(***).

https://doi.org/10.1371/journal.pntd.0012632.g004

ml was utilized for pPCMV-p2020A, and 4 log TCIDs,/ml for pPCMV-p2020V. These OIDs cor-
related to OIDg, to OID;3, and ensured high infection rates. Overall, the lower OIDs of
pCMV-p2020A showed that the E1-226A variant had greater ability to orally infect Ae. aegypti
compared to the E1-226V variant, with the effect being more pronounced in the MC1 field
strain.

E1-226A variants show greater infectivity, replication and dissemination in
both MC1 and KL mosquitoes

We next determined the replication of the CHIKV variants in midguts (demonstrating infec-
tion) and heads/thoraxes (demonstrating dissemination) of MC1 and KL mosquitoes up to 14
dpi.

In MC1 mosquitoes, despite the lower oral infecting dose, pPCMV-p2020A showed higher
infection rates (7 and 10 dpi) and higher virus titers (7 dpi) in midguts (Fig 6A). In heads/tho-
raxes at 3 dpi, the dissemination efficiency of pCMV-p2020A was significantly higher at 35%
compared to 5% for pPCMV-p2020V. Out of 20 head/thorax samples from MC1 mosquitoes
with pCMV-p2020A, seven samples (35%) exhibited virus titers ranging from 2.5 to 3.5 log
TCIDs, per thorax/head, whereas only one sample (5%) showed detectable virus for pPCMV-
p2020V, although these differences did not reach statistical significance. These observations
indicate that pPCMV-p2020A demonstrates better replication fitness than pCMV-p2020V in
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Fig 5. Infection rates of pCMV-p2020A and pCMV-p2020V in Ae. aegypti at 7 dpi, using different oral infectious doses. pCMV-p2020A and
pCMV-p2020V were orally administered to MC1 mosquitoes at 2, 4, and 6 log TCIDso/ml, and the infection rates were assessed by PCR detection and
virus isolation at 7 dpi (A). Infection rates for KL mosquitoes were also determined using PCR detection and virus isolation (B). Virus detections were
also carried out at day 0 and confirmed the presence of virus/infectious virus in ingested blood meals. Infection rates were compared with Fisher’s exact
test. Numbers of infected mosquitoes are shown in brackets, out of a total of 20 mosquitoes tested at each timepoint. The p-values shown are: p<0.05 (*)
and p<0.01 (**).

https://doi.org/10.1371/journal.pntd.0012632.g005

Table 2. Oral infectious doses of CHIKV to infect Ae. aegypti mosquitoes.

Oral infectious dose

OID, log;o TCID5o/ml (95% confidence intervals)

MC1 mosquitoes

KL mosquitoes

pCMV-p2020A

pCMV-p2020V

pCMV-p2020A

pCMV-p2020V

50 2.3* 5.0 0.4 2.4
(0.6,3.3) (4.0, 6.3) (-3.1,1.8) (0.7,3.3)
75 4.2% 6.9% 2.3% 4.1%
(3.1,5.5) (5.7,9.3) (0.4, 3.5) (3.2,5.4)
90 59 8.6 4.0 5.6
(4.7,8.1) (7.0,12.2) (2.7,5.8) (4.6,8.1)
99 8.8 11.5 6.9 8.3
(7.0,13.1) (9.1,17.4) (5.2,11.3) (6.5,13.2)

Differences between pCMV-p2020A and pCMV-p2020V at a particular OID were compared; p<0.05 (*).

https://doi.org/10.1371/journal.pntd.0012632.t002
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Fig 6. The replication kinetics of pPCMV-p2020A and pCMV-p2020V in midguts and heads/thoraxes of Ae. aegypti. Infection rate in midguts
(determined by virus titration) and dissemination efficiency in heads/thoraxes (virus titers), measured in MC1 mosquitoes (A) and KL mosquitoes (B).
Virus detections were also carried out at day 0 and confirmed the presence of virus/infectious virus in ingested blood meals. Rates were compared with
Fisher’s exact test and median virus titers assessed using Mann Whitney U test. Twenty mosquitoes were tested at each time-point. The p-values shown
are: p<0.05 (*) and p<0.01 (**).

https://doi.org/10.1371/journal.pntd.0012632.g006

MC1 mosquitoes. No further dissemination to heads/thoraxes were observed for both viruses
from 5-14 dpi.

In KL mosquitoes, infection rates were significantly higher for pPCMV-p2020A compared to
pCMV-p2020V at 3 and 7 dpi in midguts (Fig 6B). Both viruses showed increasing midgut and
head/thorax titers up to 14 dpi, reaching maximum titers of around 8 log TCID5y/ml (Fig 6B).
Despite starting off with a 2 log lower oral infectious dose, pPCMV-p2020A reached similar lev-
els to pPCMV-p2020V, and even achieved significantly higher virus titers in 7 dpi in heads/tho-
raxes, demonstrating better ability of pPCMV-p2020A to establish and sustain infection in KL
mosquitoes. Taken together, these findings indicate that the presence of E1-226A in CHIKV
enhances viral replication or adaptation in both strains of Ae. aegypti.

Discussion

The first laboratory-confirmed outbreaks of CHIKV in Malaysia occurred in 1999 and 2006,
and were caused by the Asian lineage endemic in Asia [24,25]. A large nationwide outbreak
occurred between 2008-2010, predominantly in rural areas, caused by epidemic IOL E1-226V
viruses [7]. After several years of very low incidence, a CHIKV resurgence started in 2017,
with the reemergence of the E1-226A variant associated with a shift in cases from rural to
urban areas. We showed that the pPCMV-p2020A (E1-226A) variant exhibited significantly
higher infection, replication and dissemination in Ae. aegypti than pPCMV-p2020V (E1-226V).
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Global travel contributes to CHIKV emergence, as travellers from endemic areas introduce
the virus to new regions, with CHIKV showing the ability to adapt to local Aedes vectors [26].
The initial epidemic IOL lineage in 2004 carried E1-226A [2], before the E1-226V mutation
arose by convergent evolution [27]. E1-226V variants show greater adaptation to Ae. albopictus
[4], aided by second step mutations in E2 (such as E2-K252Q and E2-1210Q) which confer
further adaptation [28]. This has driven extensive epidemics of IOL viruses in rural and subur-
ban areas of Asia since 2005. An epistatic interaction between E1-226 and E1-98T residues
likely constrained endemic Asian CHIKV viruses from acquiring E1-226V-associated adapta-
tion to Ae. albopictus, allowing IOL E1-226V variants to predominate within this niche [3].
However, in 2010, E1-226A viruses with specific adaptive mutations E1-K211E and E2-V264A
that enhance virus fitness and transmission in Ae. aegypti were first detected in India. These
viruses caused resurgent outbreaks in India (2016), Pakistan (2016), Bangladesh (2017), Thai-
land (2018) and Myanmar (2019) [29]. These E1-226A, E1-K211E and E2-V264A mutations
have also been identified in all Malaysian sequences reported since 2017. Thus, the recent
spike in Malaysian CHIKV E1-226A cases has mirrored the situations in other Asian coun-
tries. Meanwhile, different lineages dominate outside Asia; for example, the Americas have
experienced outbreaks of the Asian-American (until 2018) and ECSA-American lineages, the
latter being distinct from the IOL and becoming dominant in recent years [30].

The mechanisms by which the E1-226 residue impacts vector competence are not clearly
understood. During fusion with mammalian cells, CHIKV envelope proteins intricately inter-
act with specific host cell membrane lipid components, particularly cholesterol and sphingo-
myelin [31-33]. Specific amino acid variations, including E1-226V, enhance fusion interaction
with cholesterol-rich membranes [32]. pH levels influence the fusion process, with optimal
efficiency typically below 5.6 [31]. E1-226V mutants exhibit increased sensitivity to pH and
require a higher cholesterol level for fusion compared to the wild-type CHIKV with E1-226A
in Sf21 insect cells [34] and C6/36 cells [35], although this does not directly correlate with phe-
notype of Ae. albopictus adaptation [35]. Arboviral infection of mosquitoes involves overcom-
ing two key tissue barriers—-the midgut and salivary glands. In Ae. albopictus, selection of the
E1-226V variant over E1-226A appears to occur during midgut infection [36]. More research
on the mechanisms driving E1-226A enhanced adaptability to Ae. aegypti is required.

Our study showed that the Malaysian outbreaks in 2008-2010 mainly occurred in rural
areas. These rural outbreaks were particularly reported in regions with palm oil and rubber
plantations [37]. Ae. aegypti are highly domesticated vectors which favour artificial containers
and indoor settings, while Ae. albopictus prefers natural sites with vegetation. Numerous stud-
ies in Malaysia have found Ae. albopictus to be prevalent in rural areas, while both Ae. aegypti
(predominantly) and Ae. albopictus are found in urban and suburban regions [38-41]. This
aligns with the findings that rural outbreaks from 2008 to 2010 were mainly driven by CHIKV
E1-226V adapted to Ae. albopictus [42], while recent urban cases are likely linked to CHIKV
E1-226A adapted to Ae. aegypti. Recent outbreaks in Thailand in 2018-2019 were also caused
by E1-226A variant harbouring E1-K211E and E2-V264A, and largely occurred in urban areas
with Ae. aegypti [43]. In West Bengal, India, two variants of the IOL of CHIKV circulated con-
currently. The E1-226A variant was identified in Kolkata, a city with a high prevalence of Ae.
aegypti, in 2011 and 2012 [44]. Conversely, the CHIKV E1-226V variant was found in rural
areas in West Bengal between 2006 and 2012 [45]. Thus, the epidemiological distribution of
CHIKYV cases can be affected by the predominant Aedes vector (which can vary within an
area) and the vector-specific adaptation of the causative outbreak viral strain.

Apart from the emergence of highly Ae. aegypti-adapted E1-226A variants, another impor-
tant possible reason for the apparent shift of CHIKV to urban areas in this study could be the
pre-existing immunity in rural areas resulting from previous outbreaks, which may confer
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lifelong protection [46]. Although the peak reported CHIKV incidence in 2009 was only 20.1 per
100,000, under-reporting is likely, as a seroprevalence study conducted during the first outbreak
year in 2008 reported CHIKV seropositivity rates of up to 19.8% in rural areas in Negeri Sembilan
state [37]. In Brazil [47] and Thailand [48] which have experienced multiple outbreaks, newer
CHIKYV cases were more likely to occur in areas less affected by previous outbreaks, suggesting
spatial heterogeneity of CHIKV spread and variations in population immunity.

There was inter-strain variability in Ae. aegypti, with the MCI1 field strain showing more pro-
nounced differences in competence for pPCMV-p2020A, while the KL strain, a well-established
laboratory colony, appears highly susceptible to both CHIKV variants. As mentioned earlier,
the MC1 field strain is Wolbachia-infected (wAlbB strain), and was collected from one of the
release sites in the Wolbachia national program [16,17], while the KL strain is uninfected. Wol-
bachia is a maternally inherited endosymbiotic bacterium which inhibits replication of arbovi-
ruses like dengue virus, Zika virus, CHIKV and yellow fever virus in mosquitoes [49-51].
Infection with Wolbachia strain wMel can inhibit CHIKV in Ae. aegypti [51] and reduce
CHIKYV incidence in the field in Brazil [52]. However, there is limited research showing wAIbB
efficacy against CHIKYV, including an in vitro study in C6/36 (Ae. albopictus) cells [53] and
recent in vivo work from Singapore, where wAIbB-infected male Ae. aegypti have been released
to suppress mosquito populations [54]. Apart from differences in laboratory adaptation and
genetic background, the presence of wAlbB may contribute to inter-strain differences in vector
competence; notably, in our study, CHIKV was not detected in heads and thoraxes of MC1
mosquitoes beyond 3 dpi. Considering that virus inhibition by Wolbachia is dependent on both
virus and mosquito genetic backgrounds [54] and that pathogen enhancement has been occa-
sionally reported [55], it is important future work to formally assess the effectiveness of wAIbB-
infected Ae. aegypti from the field against different circulating CHIKV strains in Malaysia.

Several limitations must be acknowledged in this study. First, there is a scarcity of
sequenced Malaysian CHIKV variants, which may be due to undersampling, undetected circu-
lation, or a true low incidence. Nevertheless, the dominant Malaysian variants in 2008-2010
and then in 2017-2022 correlated with those reported in Asia during the same periods. There
are likely other factors, notably previous population immunity, which influenced cases during
these two time periods, which were beyond the remit of this study. For example, dengue inci-
dence notably declined sharply during the COVID-19 pandemic [56], yet Southeast Asia saw
increases in CHIKV infections, despite both viruses sharing the same mosquito vectors. Saliva
was not tested during mosquito infection work, although it is the best indicator of transmis-
sion. Future vector competence experiments should include saliva testing and the use of a
wider range of clinically relevant OIDs for finer differentiation of transmissibility risk.

In conclusion, the change in circulating CHIKV from the E1-226V to the E1-226A variant
in 2017 led to increased Ae. aegypti vector competence, and coincided with the transition of
CHIKYV cases from rural to urban settings where this vector predominates. The currently prev-
alent CHIKV variant in Malaysia, E1-226A, coupled with ongoing urbanization trends, raises
concerns for potential large urban outbreaks in the future. Ongoing arbovirus genomic sur-
veillance is crucial, given the dynamic nature of viral genetic changes that may influence vector
adaptation, thereby potentially impacting the incidence, location of diseases and effectiveness
of control measures.
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