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Abstract

The epidemic potential of Chikungunya virus (CHIKV) was recently made evident by its intro-
duction and rapid expansion in the Caribbean and the Americas. We sought to gain a detailed
understanding of the dynamics of the epidemic in Mexico, the country with the highest number
of confirmed CHIKV cases in the Americas, and to characterise viral evolution at the population
and intra-host level. Analysis of the spatiotemporal distribution of 2,739 diagnosed cases in
Mexico from December 2014 to December 2015 showed a rapid nationwide expansion of the
epidemic with focalisation in the South West of the country. We sequenced the envelope glyco-
protein 1 gene (E1) from 25 patients using the lllumina MiSeq platform and report synonymous
and non-synonymous consensus mutations. Bayesian phylogenetic analysis using 249 Asian
lineage E1 sequences gave updated estimates of nucleotide substitution rates for E1 and time
to most recent common ancestor of major lineages. The analysis indicates phylogenetically-
related emergent Latin American clusters in South Western Mexico, Nicaragua and Honduras
and transmission of American strains in the Pacific islands. Detailed analysis showed that intra-
host changes in E1 mainly occurred in two variable regions (E1:189-220 and E1:349-358) in
domains Il and Ill, respectively, in residues involved in inter and intra-envelope spike interac-
tions. At the population level, this study sheds light on the introduction and evolutionary dynam-
ics of CHIKV in the Americas. At the intra-host level, this study identifies mutational hotspots of
the E1 protein with implications for understanding the relationship between the CHIKV quasis-
pecies, viral fithess and pathogenesis.
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Introduction

Chikungunya fever is an infectious disease caused by the Chikungunya virus (CHIKV), an
arbovirus of the Togaviridae family with a widespread and expanding global distribution. First
identified in Tanzania in 1952, CHIKYV is principally transmitted, in urban transmission
cycles, by Aedes aegypti mosquitoes that mainly inhabit tropical and subtropical regions[1,2].
CHIKYV has a 11.8kb positive sense RNA genome that encodes four non-structural proteins
(nsP1-4) and three main structural proteins (capsid and the spike forming envelope glycopro-
teins [E1&2])[3]. Though rarely fatal, CHIKV has a high attack rate and infection can lead to
high fever, headache, rash and characteristic severe debilitating arthralgia which can persist.
To date, no specific prophylactic or therapeutic interventions exist.

Phylogenetic analyses of CHIKV have identified three main lineages: the West African, East
Central South African (ECSA) and Asian linage[4]. In 2004, an epidemic of the ECSA lineage
re-emerged in Africa and the Indian Ocean and evolved into a novel Indian Ocean Lineage
(IOL)[5,6]. Adaptive mutations (e.g. E1:A226V[7] & E2: L210Q[8]) facilitating transmission
by Ae. albopictus emerged in IOL strains and significant outbreaks occurred in India, South
East Asia and Italy. The first autochthonous cases of CHIKV in the Western Hemisphere were
reported in Martinique in December 2013; rapid epidemic expansion followed throughout the
Caribbean and Latin America leading to over 30,000 laboratory confirmed cases by April 2015
[9]. The epidemic in the Americas is derived from the re-emergent Asian lineage[10-12],
(though ECSA lineage infections lacking E1:A226V have been identified in Brazil[11]); a novel
Caribbean genotype has been described in isolates from across the Americas containing a
transmission-facilitating 3’ untranslated region duplication[13].

The first autochthonous CHIKV case in Mexico was reported in October 2014 in the southern
border state of Chiapas[12]. By November, cases had been confirmed in nine states and the Mexi-
can Institute of Social Security (IMSS, “Instituto Mexicano del Seguro Social”), which provides
health care to ~60% of the population[14], implemented a confirmatory diagnosis algorithm for
CHIKY following guidelines set by the National Institute of Diagnosis and Reference (InDRE,
“Instituto de Diagnostico y Referencia Epidemioldgicos”). Here we analyse the cumulative con-
firmed cases reported within the IMSS by state from December 2014 to December 2015. We also
characterized temporally and geographically representative E1 gene sequences and present an up-
to-date phylogenetic analysis of CHIKV lineages, with a focus on the Asian lineage epidemic in
the Americas and the Caribbean. Finally, we explore the differing degrees of E1 protein diversity
in the viral quasispecies within patients and identify hotspots of intra-patient mutation.

Results
Cumulative cases of CHIKYV in Mexico

Out of 5,266 patient serum samples received by the LCE between December 2014 and Decem-
ber 2015, 2,739 samples (52.0%) were CHIKV positive. Univariate analysis indicated that age
and geographical region, but not gender, was associated with CHIKV infection. 18-29 years
made up the largest age category with positive cases (22.3%) and Mexican states in the south of
the country reported most cases (78.4%; S1 Table).

Analysis of the cumulative positive cases in Mexico indicated an initial appearance of the
disease in the states of Chiapas and Veracruz from December 2014 to January 2015, followed
by cases in states on the Pacific coast including Guerrero, Oaxaca, Colima and the northern
state of Sonora (Fig 1). By mid-2015, infections were detected in central and northern states
and in the Yucatan peninsula (Fig 1) and by December 2015, IMSS clinical sites from all states
in Mexico reported confirmed cases.
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Fig 1. Accumulation of confirmed CHIKYV cases per state over time. Political maps of Mexico with state borders
shown. Confirmed cases through molecular diagnosis were from patients who attended any of the 35 IMSS clinical
centres nationwide. Grey indicates that no cases were reported.

https://doi.org/10.1371/journal.pone.0209292.9001

Specimens from 500 patients sampled from January-November 2014 who met the defini-
tion for suspected DENV infection but who were found to be DENV-negative, were analysed
to assess CHIKV infection. No CHIKV-positive samples were identified prior to December
2014.

Novel nonsynonymous mutation in a CHIKV E1 consensus sequence

To characterise the CHIKV strains circulating in Mexico during the epidemic, we determined
the consensus sequence of the E1 glycoprotein-encoding gene from 25 CHIKV-infected
patients (S2 Table) from five Mexican states (five from each state) in the Central/southern
region which had most confirmed CHIKV cases by August 2015. Two partial amplicons from
the E1 gene were generated (COF1 and CIF2) and deep sequenced. The most abundant
sequences from each were overlapped and used to reconstruct a 1044bp region from the E1
gene (E1:270-1314).

Amongst all patient-derived consensus sequences, we observed a total of nine nucleotide
substitutions resulting in two nonsynonymous mutations (Table 1). Most of the observed
nucleotide substitutions occurred in separate specimens except for A741G and G855A muta-
tions which were observed in six and two specimens, respectively. The nonsynonymous
T207M and V2911 mutations were observed in specimens from patients from the Pacific states
of Colima and Guerrero, respectively.

Evolution of the major CHIKYV lineages

To assess the evolutionary relationship between the 25 Mexican strains and CHIKV strains
sampled globally, and to provide an updated evaluation of evolution within the Asian lineage
using all available E1 sequences, we aligned our sequences with 395 CHIKYV strains. Our initial
maximum likelihood analysis did not resolve the ECSA lineage as being monophyletic, as has
been shown in analyses using whole genomes [15]. However, the use of a starting tree resulted
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Table 1. Mutations in partial CHIKV E1 consensus sequences from Mexican patients.

Nucleotide change Codon position AA Genomic position* Sample
change
C384T 3 Syn>S 10,377 Chiapas_8
T516A 3 Syn>P 10,509 Veracruz_1
C620T 2 T207M 10,613 Colima_13
A741G 3 Syn>R 10,738 Guerrero_3, Guerrero_9, Guerrero_15, Guerrero_16, Guerrero_18 & Colima_23
G855A 3 Syn>A 10,848 Guerrero_9 & Guerrero_15
G871A 1 V2911 10,864 Guerrero_15
T1054C 1 Syn>L 11,047 Guerrero_15
A1200G 3 Syn>Q 11,193 Colima_2
T1248C 3 Syn>G 11,241 Veracruz_20

*$27 genome; AA, amino acid; Syn, synonymous

https://doi.org/10.1371/journal.pone.0209292.t001

in a maximum likelihood phylogeny that resolved the three major CHIKV lineages (Asian,
ECSA and WAf) with good branch support for all lineages including the IOL and American
and Caribbean epidemic sublineage (Fig 2). As expected, the 25 Mexican sequences all clus-
tered with the epidemic Asian lineage strains from the Americas.

Next, we analysed the major CHIKV lineages shown in Fig 2 separately using a Bayesian
coalescence approach to estimate the evolutionary rate and the time to the most recent com-
mon ancestor (tMRCA) of each lineage. We initially assessed the evolutionary signal of the
alignments using root-to-tip regression estimates (S1 Fig). We then analysed the Asian all,
Asian old, non-IOL ECSA, IOL and WAf datasets, which had strong evolutionary signals (R®
>0.63 for all datasets); the Asian sequences sampled post 1995 had a poor evolutionary signal
(R? = 0.15) and were not analysed (S1 Fig).

The evolutionary rate of the entire Asian lineage was similar to the rate of the Asian old
dataset (6.71E-4 [95% HPD: 4.92E-4, 8.51E-4] vs 6.52E-4 [95% HPD: 3.01E-4, 9.91E-4] nucleo-
tide substitutions/site/year), indicating that the recent epidemics strains evolve at a similar rate
to older Asian lineage strains (Table 2). The highest evolutionary rate estimate was for the IOL
lineage (15.44E-4 [95% HPD: 11.17E-4, 20.28E-4] substitutions/site/year) which was over two-
fold higher than the non-IOL ECSA lineage (6.04E-4 [95% HPD: 3.17E-4, 9.40E-4] substitu-
tions/site/year). The lowest mean evolutionary rate estimate was observed for the WAf lineage
(4.93E-4 [95% HPD 1.93E-4, 9.38E-4] substitutions/site/year).

Phylogeny of the Asian lineage

To assess the evolution of the Asian lineage in detail, we analysed the MCC tree of all Asian
lineage sequences (Fig 3A). Our analysis largely recapitulates the evolutionary relationships
observed in studies using whole genomes sequences[4,15,16]: i) emergence of the Asian lineage
in the late 1950s (07/1957 [95% HPD 01/1955-07/1958]; Table 2); ii) early evolution of Thai
and Indian clades and probable extinction of the India clade; iii) introduction of a Thai lineage
into Indonesia and the Philippines in the early 1980s (01/1980 [95%HPD: 11/1976-09/1982]);
and iv) endemic transmission prior to the emergence of epidemic lineages from South East
Asia and Oceania which derived from a common ancestor in the early 2000s (03/2000 [95%
HPD: 04/2004-08/1995]).

Studies using whole genomes have additionally identified two major recent monophyletic
epidemic clades[15,17]. Our phylogeny did not resolve the monophyly of clade I (Fig 3A).
However, clade II was estimated to have originated late in 2010 (09/2010 [95% HPD: 06/2009-
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Fig 2. Maximum likelihood phylogenetic analysis of partial CHIKV E1 gene sequences. A phylogeny of 420 CHIKV
strains with an O’nyong-nyong strain used as an outgroup (not shown) built using the General Time Reversible substitution
model with a gamma distributed rate variation among sites. Statistical support for major tree nodes is shown as aLRT scores.
Epidemic linages are shown in grey and a statistically supported cluster of 6 Mexican strains is marked with an asterisk. The
scale bar represents nucleotide substitutions per site. ECSA, East-Central-South Africa; IOL, Indian Ocean Lineage; WAf,

West African.

https://doi.org/10.1371/journal.pone.0209292.9g002

10/2011]) in South East Asia where it spread to Pacific Island nations such as Micronesia,
Tonga and American Samoa. These sequences are the most closely related to the epidemic sub-
lineage in the Caribbean and Americas, which arose at the start of 2013 (03/2013 [95% HPD:
09/2012-07/2013]; Fig 3B). Within this sublineage, a well-supported (posterior probability
[PP] > 0.9) Mexican cluster (all five specimens form the state of Guerrero and one from

Table 2. Rate of nucleotide substitutions and tMRCAs of mayor CHIKYV lineages.

Dataset Evolutionary rate tMRCA
Mean nucleotide substitutions/site/year (root height 95% HPD interval)
(95% HPD interval)

Asian all 6.71E-4 (4.92E-4-8.51E-4) 07/1957 (01/1955-07/1958)
Asian old 6.52E-4 (3.01E-4-9.91E-4) 08/1957 (12/1954-07/1958)
ECSA 6.04E-4 (3.17E-4-9.40E-4) 11/1947 (04/1937-02/1953)
IOL 15.44E-4 (11.17E-4-20.28E-4) 11/2003 (09/2002-07/2004)
WAf 4.93E-4 (1.93E-4-9.38E-4) 05/1961 (06/1954-07/1964)

https://doi.org/10.1371/journal.pone.0209292.t002
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Fig 3. Bayesian phylogenetic analysis of partial CHIKV E1 gene sequences. (A) Bayesian MCC tree of 249 Asian
lineage strains calibrated to the sampling date and built using the HKY+G nucleotide substitution model, a lognormal
relaxed clock and a Bayesian Skygrid coalescent model. Nodes with posterior probabilities (clade-credibility values)
>0.9 have 95% HPD intervals for node heights shown. The two main epidemic Asian lineage clades (CL) are also
shown. (B) A subtree of the American and Caribbean sublineage showing posterior probabilities and calibrated
tMRCA and 95% HPD intervals for statistically supported monophyletic groups. For clarity, node bars with 95% HPD
intervals are not shown, only relevant strains are labelled, and the colour code is as in section a).

https://doi.org/10.1371/journal.pone.0209292.g003

Colima [Colima_23]) and two Nicaraguan (accession numbers: KT192722, KT192727,
KT192735 and KT192740; and KT192718, KT192724, KT192732, KT192733, KT192736) clus-
ters were found, emerging in late 2014 (11/2014 [95% HPD: 09/2014-01/2015], 11/2014 [95%
HPD: 09/2014-11/2014] and 09/2014 [95% HPD: 08/2014-11/2014], respectively; Fig 3B).
Sequences forming dyad clusters were also detected from Mexico (Guerrero_9 and Guer-
rero_15), Nicaragua/Honduras (KT192731 and KR559488) Colombia/Unknown origin
(KR559491 and KR559497) and French Polynesia (KM985619 and KR559473). Interestingly,
the former dyad (PP = 0.75) and a third sequence from French Polynesia (KJ939333) suggests
possible local transmission of the American and Caribbean sublineage in the Pacific islands.
By contrast, the two sequences from Italy (KP252141 and KP252142) and one from Thailand
(KT192719), are likely indicative of traveller-associated infection.

Intra-patient diversity of CHIKV

The use of next generation sequencing allowed us to analyse intra-patient variability in the
reconstructed E1 gene amplicons (COF1 and CIF2; sequencing yields shown in §3 Table).
After clustering the nucleotide sequences with a minimum 50 amplicons, we clustered the
translated products for each nucleotide cluster with 100% identity, obtaining 67 amino acid
sequence haplotypes for COF1 and 18 amino acid sequence haplotypes for CIF2. The relative
abundance of each haplotype is shown in Fig 4. A wide degree of heterogeneity in the intra-
patient diversity of viral haplotypes was seen, and the number of variants present in COF1 and
CIF2 correlated significantly amongst patients (S2 Fig). Variant number ranged from the
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presence of a single variant (COF1_1 in patient Veracruz_4, CIF2_1 in eight patients and
CIF2_13 in Guerrero_15;) to 56 COF1 and 17 CIF2 variants within a single patient
(Oaxaca_25) with diverse degrees of abundance (Fig 4). We also observed the same dominant
haplotypes in both amplicons (COF1_1 and CIF2_1) in all patients except for Colima_13 and
Guerrero_15 (Fig 4), where separate nonsynonymous mutations in the consensus sequence
were present at a frequency >50% (Table 1 and S4 Table). In COF1, six haplotypes (COF1_1-
6) were highly abundant in most patients, whereas in CIF2, patients either had nine or more
variant haplotypes (N = 12) or 1-4 variants (N = 13).

Analysis of the location of E1 amino acid mutations amongst the intra-patient quasispecies
indicated that most variation occurred within domains II and III (Fig 5). Low frequency
(0.3%) C96F mutations in the fusion loop were also observed in four patients (Fig 5A and S4
Table) and the dominant V2911 mutation in patient Guerrero_15 mapped to domain I (Fig
5A). Of note, variation was centred around two regions located between E1 residues 189-220
(hotspot one; 22/38 variation sites) and 349-358 (hotspot two; 8/38 variation sites; Fig 5A) in
domain IT and III, respectively. Nine and 13 mutations within hotspots one and two, respec-
tively, occurred in over a third of patients and at average frequencies >1% (S4 Table). These
two regions include residues involved in E1-E1 inter-spike interactions (191-194, 351, 353 and
355) and E2-E1 intra-spike interaction (196-199) as well as residues highly conserved amongst
alphaviruses: 193, 198, 202, 204 and 356[18].

Discussion

We sought to gain insights into CHIKV evolution by analysing the emergent epidemic in
Mexico, where over 11,000 confirmed cases were reported in 2015, the highest number in any
country that year [19]. As seen in other non-endemic countries, with the exception of Panama
[20], CHIKYV spread rapidly to tropical regions nationwide. The endemicity of the primary
vector Ae. aegytpi and an immunologically naive population were central facilitators of the epi-
demic; however specific factors leading to the focalisation of cases in the South of the country,
particularly along the Pacific Ocean, merit attention. Of note, viruses from this region har-
boured non-synonymous mutations and formed an emergent cluster, suggesting localised evo-
lution of CHIKYV in Mexico. Interestingly, the number of Zika virus (ZIKV) cases during the
2016 epidemic in Mexico was also highest in the Southern states of Guerrero, Veracruz and
Yucatan[21]. Striking similarities in transmission dynamics following CHIKV and ZIKV epi-
demics in the Americas have been observed[22]; our data suggest that these similarities are
also apparent within Mexico and this may have implications for future arboviral threats as
such as Yellow Fever, Mayaro and Oropuche viruses.

Local CHIKV transmission was first detected in Mexico in October 2014 amid reports
of cases in Guatemala and the United States[23]. Similarly to Brazil[11], our analysis sup-
ports the introduction of CHIKV shortly before the first autochthonous diagnosed cases,
as we found no evidence of CHIKV infection in 500 febrile DENV-negative patients sam-
pled from across the country between January and October 2014. In addition, the tMRCA
for the observed Mexican cluster was estimated for November 2014 (September 2014- Jan-
uary 2015 95% HPD). By contrast, ZIKV was reported to be present in Mexican patients
3-10 months prior to the first reports of imported cases[24] and to have circulated in Bra-
zil up to 12 months prior to its detection[25]. We suggest that knowledge of ongoing
CHIKYV transmission in the region and the high rate of symptomatic infections contrib-
uted to the early detection of the first cases in Mexico. Active surveillance of emergent
arboviral threats, particularly of those with high numbers of asymptomatic cases, is there-
fore critical for early containment efforts.
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Fig 4. Abundance of viral haplotypes in two E1 gene amplicons. Heat maps indicating the relative abundance (red
colour intensity) of distinct amino acid viral haplotypes following deep sequencing of two amplicons COF 1 (A) and
CIF 2 (B) that span the near full-length CHIKV E1 gene in 25 Mexican patients. Dendrograms represent clustering of
patients according to haplotype diversity.

https://doi.org/10.1371/journal.pone.0209292.9004

To assess the evolutionary dynamics of major CHIKV lineages in Mexico and worldwide,
we analysed E1 gene sequences. A comparison of phylogenetic trees inferred through ML anal-
yses using whole CHIKV genomes and E1 gene sequences, indicated that the former do not
adequately resolve the ECSA lineage[4]. However, the use of a starting tree in our ML analysis
enabled us to resolve all major lineages, including the ECSA lineage. In addition, separate
alignments of major lineages indicated robust phylogenetic signals for the datasets analysed.
Importantly, our approach captured diversity from Asian lineage viruses lacking whole
genome sequences. Our tMRCA estimates for the Asian, IOL and WAf lineages were similar
to studies analysing the whole CHIKV genome[4,15,26]. However, our estimates for the ECSA
lineage were 10 to 35 years more recent, reflecting the complex phylogenetic structure of these
sequences and the limitations of analyses focused on E1 gene sequences for this lineage[15]. In
accordance with a detailed phylogeographic study[17], we estimated, albeit with wider 95%
HPD values, that the American and Caribbean sublineage evolved around March 2013 from
closely related South Pacific strains. How CHIKV and ZIKV were initially introduced into the
Caribbean and Atlantic coast of America, respectively, from Oceania or South-East Asia with-
out apparent prior transmission to the Western coast of the Americas remains unclear. Identi-
fying the ongoing transmission routes of American lineage CHIKV to Pacific Islands, such as
French Polynesia, may provide clues, particularly as these cases appear to be forming

PLOS ONE | https://doi.org/10.1371/journal.pone.0209292 December 14,2018 8/18


https://doi.org/10.1371/journal.pone.0209292.g004
https://doi.org/10.1371/journal.pone.0209292

®PLOS | one

Chikungunya virus evolution in Mexico

a)

1 36 83 101 132 168 272 293 393
I FL I Il [ 1] i
T
3 g §a T
] =7 N o @
b)

Fig 5. Sites of intrapatient mutations in CHIKV El1 protein. (A)Linear diagram of CHIKV E1 protein (adapted from
Voss et al[18] indicating protein domains, amino acid positions (top) and the positions of amino acid mutations
(vertical bars) including two mutational hotspots (1 & 2) with the following mutations in order of location: 1 = Y189D,
PI91T/A/H/R/S, F192V/C/L/S/Y/1, G193D, A194E/G, A195R, R196S/G, P197Q/T, G198V, Q199H/K, F200V/1/C/L,
D202E, 1203S/T, Q204L/H/P, S205R/G, T207M, E209A, S210R, Y214X, Q218P/H, L219R, V220G; and 2 = N349K,
S350A, L352W, Q353K/P, 1354S/L/T, S355A/P, F356C/L/S, T358P). Red bars indicate mutations with frequencies
>0.01 and that were present in >50% of patients or mutations present in the consensus sequence of a single patient.
FL, fusion loop. (B) Structural model of native CHIKV E1 protein indicating the locations of intrapatient point
mutations (red).

https://doi.org/10.1371/journal.pone.0209292.9005

epidemiologically linked clusters. By contrast, likely imported cases to Italy and Thailand,
seem unrelated to recently reported outbreaks[27]. Our result also suggest the presence of
emerging clusters in Mexico and Nicaragua and epidemiologically-related transmission
between Nicaragua and Honduras which, with other emerging clusters in the region, warrant
surveillance, in particular when assessing sylvatic transmission emergence in the Americas
[28].

Our evolutionary rate estimates amongst Asian datasets (Table 1) were similar to what was
reported for E1 by Sahadeo et al[17] (6.0 E-4 [95% HPD: 4.0-8.0 E-4] nucleotide substitution/
site/year) and higher than what has been reported for whole genomes[4,11,15]. In accordance
with Chen et al[15], the evolutionary rate of the IOL lineage was over twice that of the ECSA
and other lineages -with non-overlapping 95% HPD values- though our estimates were an
order of magnitude higher than this report, which was based on the whole genome. The con-
vergent evolution of the adaptive E1:A226V mutation in different IOL clusters[7] likely con-
tributed to the increased the rate of evolution in E1. More generally, the high evolutionary rate
estimates of the IOL lineage may result from frequent sampling during the epidemic and inclu-
sion of variants not purged by purifying selection[29], though this effect seems to be less
marked in the American and Caribbean sublineage in our study but not others[17].

As expected for an arbovirus where evolution is constrained due to replication in dual hosts
[30], variation in the consensus sequences of the E1 gene from 25 patients was limited. We
found an undescribed T207M mutation in a single individual that maps to domain II and lies
adjacent to an arginine residue involved in E1-E1 inter-spike contacts[18]. The replacement of
a polar amino acid with a hydrophobic residue indicates possible structural changes that
should be characterised functionally. We also observed a V2911 mutation that was seen in five
patients in an outbreak of the IOL lineage in Kerala, India between 2009 and 2013[31] and in
one patient from Nicaragua sampled in December 2014[32]. V291I maps to domain I and the
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outer surface of a E1 trimer were it has been suggested to have a limited role in modulating
infectivity[31].

The massive parallel sequencing of samples also enabled us to analyse viral diversity in each
patient. To assess the entire haplotype of each E1 amplicon (i.e. mutations present in cis) we
only included overlapping paired end reads that reconstructed the amplicons and had a
sequencing depth of at least 50 overlapping reads. We used this approach to reduce the inclu-
sion of sequencing errors or artefacts, allowing us to explore a real representation of the diver-
sity for each patient. Strikingly, a marked heterogeneity in the level of haplotype diversity at
the amino acid level was seen in each patient, with levels consistent over both COF and CIF
amplicons. The diversity of viral quasispecies is a critical component of viral fitness[33], as
demonstrated by reduced fitness and pathogenicity of CHIKV replication fidelity variants
[34,35]. Whether intrahost diversity relates to the clinical outcome of CHIKV and other arbo-
viruses, such as dengue([36], is a key question. Although our study did not focus on clinical
outcomes, most of the primary symptoms reported by patients analysed by sequencing (fever,
arthralgia, myalgia and / or headache) were similar to those observed by authors in Mexico
and the Island of Reunion [37-38], though we observed a greater proportion of arthritis and
less haemorrhagic cases (S6 Table). In addition, a similar proportion of patients showed high
levels of haplotype diversity as those reported to have persistent clinical symptoms in the
Americas (~ 50%)[39]. Therefore, in accordance with the variation in clinical outcomes in
acute and persistent stages of infection, we agree with the conclusions of previous reports[40]
that the association between interpatient viral diversity and clinic outcome warrants further
detailed studies.

Of note, the number of non-synonymous intra-host variants observed within the E1 coding
sequence was higher than those reported previously in studies assessing the whole CHIKV
genome[13,17]. The reasons for this discrepancy may be due to the sequencing depth obtained
from analysing E1 sequences alone. We suggest that the inclusion of processing artefacts in
our analysis (e.g. PCR-generated mutations) is unlikely. For instance, the presence of the same
variant in numerous patients and the non-random distribution of variants in discrete muta-
tional hotspots suggest natural variation. Furthermore, we only report minority variants with
frequencies >0.1% that represent reads with >50 identical nucleotide sequences after cluster-
ing at nucleotide level. Individually, most variants occurred at frequencies <10%, suggesting
reduced fitness in comparison to the consensus sequence. Interestingly, similar frequencies of
minority variants were observed across patients, suggesting a possible evolutionary advantage
to their maintenance in the viral swarm([41]. Alternatively, similar pathways may be used by
CHIKYV quasispecies to explore sequence space. We also observed a low frequency (0.2%) stop
codon mutation (Y214X) in two patients, which may indicate the maintenance of partial or
defective genomes[42], with possible fitness effects. Stop codon mutations leading to deletions
have similarly been reported in the Venezuelan Equine Encephalitis virus 6K protein [43]. The
non-random distribution of intra-host mutations in E1 could be driven by several mecha-
nisms. Cis elements that alter template structure and reverse transcriptase fidelity in specific
regions of envelope proteins have been demonstrated for HIV[44]. Alternatively, these sites
may be under low selective constraints and be influenced by neutral or positive selection, pos-
sibly through immune-selection pressure. To our knowledge, no neutralizing antibodies elic-
ited against CHIKV have been shown to target residues between E1 189-220 and 349-358[45-
48].

To conclude, we report localised CHIKV transmission and evolution in South West Mexico
that gave rise to an emergent Mexican cluster which evolved shortly after the introduction of
the Asian lineage of CHIKYV into the country. Crucially, the characterisation of the intra-host
mutant swarms indicates high levels of E1 protein diversity centred in two previously
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undescribed mutational hotspots in domains II and III which is common to numerous
patients. Whether this variation has a role in determining viral fitness during infection should
be further explored mechanistically.

Methods
Ethics statement

Human serum specimens were an excess of samples collected during routine passive surveil-
lance activities of the Central Laboratory for Epidemiology (LCE, “Laboratorio Central de Epi-
demiologia”), Instituto Mexicano del Seguro Social in Mexico City. All specimens were de-
linked from any personal identifiers prior to the commencement of the study.

The Study was approved by the Ethics and the Research Committees of the National Com-
mittee of Scientific Research of the Instituto Mexicano del Seguro Social with the registration
number R-2015-785-096

Study design

From December 2014 to December 2015, serum samples from all suspect CHIKV cases
detected through passive surveillance in 35 IMSS medical centres nationwide (located in 32
Mexican states) were submitted for CHIKV confirmatory diagnosis to the Central Laboratory
for Epidemiology (LCE, “Laboratorio Central de Epidemiologia”), IMSS in Mexico City. In
accordance with national guidelines, suspect case definition included febrile illness with poly-
arthralgia or acute arthritis, plus living in or travelled to, within two weeks of fever onset, an
area endemic for Ae. aegypti or Ae. albopictus with confirmed CHIKV cases. Samples were
obtained within five days from fever onset. To investigate if CHIKV was present in Mexico
prior to October 2014, patients sampled between January and November 2014 principally
from Chiapas and surrounding states (Campeche, Oaxaca, Tabasco and Veracruz) who met
suspect case definition for dengue virus (DENV) infection (a patient with a non-specified
tever who lives or who recently travelled to a region with reported dengue transmission)[49]
but were negative for DENV infection, were submitted for CHIKV diagnosis. Molecular epide-
miological studies of CHIKV infection were carried out on 25 patient specimens. To have a
broad overview of viral diversity in areas of high transmission, specimens were included that
were sampled in Southern Mexico (the region with most confirmed CHIKYV cases during the
sampling period of the study) and that were sampled at time points spanning December 2014
and August 2015. In addition, inclusion criteria included sample availability for sequencing
and Ct values following RT-PCR diagnosis < 32.

Dengue diagnosis

Dengue diagnosis was done according to the algorithms and protocols issued by the InDRE
[50]. In brief, serological assays for Dengue-specific IgM and IgG (Panbio, Korea) and for
non-structural protein 1 (NS1; Bio-Rad, California) were done using capture ELISAs. Multi-
plex reverse-transcription quantitative PCR (qQRT-PCR) was done, as described by Chien et al
[51]) (primers in S5 Table), on NS1 positive samples.

CHIKYV diagnosis

CHIKYV diagnosis was done according to guidelines issued by the InDRE[49] and the Pan-
American Health Organization (PAHO)[52]. Viral RNA was extracted from 200uL of patient
serum using the QiAmp Viral RNA Extraction Kit (Qiagen, Hilden, Germany). Forward and
reverse primers (CHIKV 6856 and CHIKV 6981, respectively) and a Carboxyfluorescein
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(FAM)-labelled probe (CHIKV 6919-FAM) were used as described by Lanciotti et al[53] (S5
Table). The presence of CHIKV RNA was evaluated using the QuantiTect Probe RT-PCR kit
(Qiagen) in a 25pL reaction using 12.5uL of 2x reverse transcription master mix, 0.25uL of
QuantiTect RT mix, 0.25uL of each primer (1uM final concentration), probe 0.15uL (0.15uM
final concentration), 6.6uL of water and 5uL de RNA. Using the Applied Biosystems 7500 Fast
system (Applied Biosystems, Foster City, USA), reverse transcription was carried out at 50°C
for 30 mins followed by 95°C for 15 minutes and 45 cycles of 95°C for 15 seconds and 56°C
for 1 minute. As stated by the InDRE guidelines[49], Ct values < 38 in duplicate wells were
considered positive.

CHIKYV E1 sequencing and assembly

A 1044bp region of the CHIKV E1 gene was generated from extracted RNA (as described
above) using primers COF1 and COR2 (S5 Table) and the QuantiTect Probe RT-PCR kit
(Qiagen) with the conditions described above. For DNA sequencing, two overlapping ampli-
cons (550 base pairs [bp] and 568bp) were then generated using modified primers COF1/CIR1
and CIF2/COR?2 (S5 Table), that include adapter and barcode sequences for the Illumina
sequencing. (Illumina, California). Both amplicons obtained for each patient were sequenced
on the MiSeq platform (Illumina) with a 600 cycles V3 kit with a paired-end sequencing con-
figuration to obtain 300bp paired end overlapping reads, following the manufacturer’s instruc-
tions. For each patient, the paired end reads for each amplicon (COF1 and CIF2 amplicons)
were overlapped using FLASH v1.2.7[54] with default parameters and non-overlapping
sequences were discarded. After reconstructing COF1 and CIF2 amplicons, identical nucleo-
tide fragments were clustered, using CD-HIT v4.6.1[55] with -C 1. The output from the clus-
tering process (.clust file) was transformed to a tab-separated list using the clstr2txt.pl script
included in the CD-HIT suite and clusters with at least 50 amplicons, were considered. From
each nucleotide cluster, the number of identical sequence amplicons forming the cluster was
recorded. The COF1 and CIF2 amplicon sequences with the highest yield were also overlapped
(74bp overlap) and aligned to the genome of the African prototype S27 CHIKYV strain (acces-
sion number AF369024). Following a minimal sequence editing, the consensus sequence for
the partial open reading frame for CHIKV E1 gene was identified (1,044bp, genome positions
10,264-11,308). All raw sequencing data was submitted to NCBI Bioproject ID PRJNA495608.

Intra-patient variability analysis of CHIKV E1

For each nucleotide cluster, the representative sequence was translated using the program
Transeq from the EMBOSS suite[56]. The translated representative sequences were also clus-
tered at 100% of amino acid identity using CD-HIT (using -C 1 option). The sequence clusters
represented an amino acid haplotype. Using the number of sequences in each nucleotide clus-
ter that was previously recorded, the abundance for each amino acid cluster was calculated and
normalized using the sequencing yield from the patient with the lowest yield as the normaliza-
tion factor. A matrix with the normalized abundance of each haplotype and patient names was
generated and visualized using the program Cluster v3.0 and Java TreeView v1.1.6r4, respec-
tively. To calculate individual amino acid mutation frequencies, the number of reads forming
all amino acid clusters containing a particular mutation was divided by the total number of
reads forming all amino acid clusters in the patient.

Phylogenetic analysis

To build the dataset used for the analysis, all available whole CHIKV genomes (334 genomes)
plus all available E1 sequences that spanned the 1,044bp consensus fragment under study (384
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sequences) were obtained from the NIAID Virus Pathogen Database and Analysis Resource
[57] (ViPR; http://www.viprbrc.org/) and aligned together in ClustalW[56] with the 25
sequences generated in this study. An initial tree was built in PhyML version 3.0[58] under the
General Time Reversible substitution model with a gamma distributed rate variation among
sites (GTR+G), as suggested by the Smart Model Selection (SMS) online execution tool (http://
www.atgc-montpellier.fr/sms/), with branch support estimated by the Approximate Likeli-
hood Ratio Test (aLRT)-Shimodaira-Hasegawa-like (SH) procedure[59]. Due to our focus on
evolution in the Asian lineage, we built our final dataset using E1 sequences from partial
genomes only if they belonged to the Asian lineage (101 strains), as determined by the initial
tree (aLRT = 1 for the monophyletic Asian lineage node). Sequences from all other lineages
were from whole genomes. In addition, the following strains were removed due to suggestions
of laboratory contamination, assembly error or high passage as suggested by the initial tree
and previous studies[4,15]: Angola/M2022/1962, India/MH4/2000, India/ALSA-1/1986,
India/STMWGO01/2011, India/STMWG02/2011, Ross and S27. Finally, strains with missing
information on sampling year were removed. The final dataset consisted of 420 strains: 12
West African, 17 non-epidemic ECSA, 142 IOL and 249 Asian strains.

The maximum liklihood (ML) phylogeny of the final dataset was made in PhyML using a
starting tree generated in MEGA version 7.0.14[60]) with an O’nyong‘yong virus E1 sequence
(strain IBH10964) inlcluded as an outgroup. Both starting tree and the PhyML analysis were
done using the GTR+G evolutionary model described above and branch support in PhyML
was estimated by the aLRT-SH procedure. For Bayesian Markov Chain Monte Carlo (MCMC)
phylogenies, CHIKV lineages were analysed seperately in BEAST version 1.8.3[61]. Strains
with missing sampling day were assigned the 15™ day of the month; missing sampling months
and days were assigned as July 2", The temporal signal of the alignments was evaulated in
TempEst v1.5[62] using ML trees generated in MEGA version 7.0.14 using the methods
described above. BEAST analysis was done under the GTR+G nucleotide substitution model
or under the Hasegawa-Kishino-Yano nucleotide substitution model with gamma distributed
rate variation among sites (HKY+G), a lognormal relaxed clock and a Bayesian Skygrid coales-
cent model. Effective sample size scores of traces were evaluated in Tracer v1.6. Due to low
ESS values under GTR+G (likely because of overparameterisation of the model) all subsequent
analyses were done using the HKY+G substitution model. LogCombiner v1.8.3 was used to
combine runs of fifty million MCMC states until convergence was reached and a maximum
clade credibility (MCC) tree was determined in TreeAnnotator v1.8.3 from the sampling pos-
terior after discarding 10% of states as burn-in. Nodes with posterior probabilities >0.9 were
considered significant and evolutionary rates were considered significantly different if the 95%
highest posterior density (HPD) intervals did not overlap. MCC trees were edited in FigTree
v1.4.2.

Supporting information

S1 Fig. Root-to-tip divergence of CHIKYV lineage phylogenies. Linear regression of the root-
to-tip genetic distances (y axis) against sampling time (x axis) of five dataset alignments with a
‘best fit’ root position. Estimates of the rate of nucleotide substitution (the slope or gradient of
the regression), point estimates of the time to most recent common ancestor (TMRCA) and
the correlation coefficient (R?), are shown. ECSA, East Central Southern Africa lineage; IOL,
Indian Ocean lineage; WAf, West African lineage.

(PDF)

S2 Fig. Correlation between the number of haplotype variants in two E1 amplicons. Pear-
son’s correlation analysis between the number of variant haplotypes in each patient in
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S2 Table. Characteristics of 25 CHIKYV infected patients from 5 Mexican states.
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S3 Table. The sequencing yield of paired-end reads and the percentage of overlapped reads
for E1 amplicons.
(PDF)

$4 Table. Frequency of intrapatient amino acid mutations in two E1 amplicons and the
viral haplotypes in which they occur.
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