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Abstract.

The four serotypes of dengue virus (DENV-1, -2, -3, and -4) have had a rapidly expanding geographic range

and are now endemic in over 100 tropical and subtropical countries. Sri Lanka has experienced periodic dengue out-
breaks since the 1960s, but since 1989 epidemics have become progressively larger and associated with more severe
disease. The dominant virus in the 2012 epidemic was DENV-1, but DENV-4 infections were also commonly observed.
DENV-4 transmission was first documented in Sri Lanka when it was isolated from a traveler in 1978, but has been
comparatively uncommon since dengue surveillance began in the early 1980s. To better understand the molecular
epidemiology of DENV-4 infections in Sri Lanka, we conducted whole-genome sequencing on dengue patient samples
from two different geographic locations. Phylogenetic analysis indicates that all sequenced DENV-4 strains belong to
genotype 1 and are most closely related to DENV-4 viruses previously found in Sri Lanka and those recently found to be

circulating in India and Pakistan.

INTRODUCTION

Dengue is the most important arboviral disease afflicting
humans in the tropical and subtropical regions of the world."2
Over the past 40 years, dengue virus (DENV) 1-4 have dra-
matically increased their geographic distribution; indeed,
much of the tropical and subtropical world is now hyperen-
demic with multiple serotypes in co-circulation at any given
time.® Currently, an estimated 3.6 billion people live in areas of
risk, with an estimated 390 million new infections annually, of
which 96 million are symptomatic dengue fever (DF) and 2
million are severe dengue hemorrhagic fever (DHF)/dengue
shock syndrome.* In addition to the substantial public health
burden associated with the disease, dengue also has a pro-
foundly negative economic impact on afflicted countries
through reductions in worker productivity and tourism.>®
Furthermore, with increasing global population growth, ur-
banization and international transportation of people and
goods, dengue incidence is likely to continue its explosive
growth for the foreseeable future.”

The first serologically confirmed DF case in Sri Lanka was
reported in 1962 and the island-country experienced small,
periodic DF epidemics thereafter with evidence of all four DENV
serotypes in circulation.®® In 1989, Sri Lanka experienced its
first epidemic of DHF, driven primarily by DENV-3.8'%"" Since
then, the number of DF and DHF cases have increased more
than 10-fold,'? contributing to the major socioeconomic bur-
den that dengue now poses in Sri Lanka.'® In the epidemics of
the 1990s and early 2000s, DENV-1, -2, and -3 were isolated
and DENV-3 was considered to be the dominant serotype.™
The most recent epidemic in 2009 was driven primarily by a
new genotype of DENV-1 with 35,508 cases and 346 deaths
reported.'® An average of roughly 40,000 dengue cases have
since been reported annually, with an incidence rate of
175/100,000 population.’®"'” Beginning in 2012, enhanced
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surveillance identified an increase in DENV-4 infections.'®
Full-genome sequencing of DENV-4 strains from two geo-
graphically distinct sites in Sri Lanka was conducted to better
understand the molecular epidemiology of this emergent
serotype.

METHODS

Clinical cohorts. Samples were selected from two study
cohorts in Sri Lanka; one study was based out of Colombo,
and the other study was based out of Galle (Table 1). Thir-
teen samples were selected from the Colombo study,
where researchers reported acute dengue in 43.6% and
DHF in 11% of their cases.'® DENV-4 was found in 15% of
their cases and DENV-1 in 85%.'® Ten samples were se-
lected from the Galle study, where researchers reported
acute dengue in 39.8%."'® DENV-4 was found in 7.1% of
their cases, DENV-1in91.2% and DENV-2in 1.7%."° Ethics
review and approval was obtained from the participating
institutions.

Full-genome sequencing. Samples for full-genome se-
quencing were selected to evenly cover a temporal range
from May 2012 to March 2013. DENV RNA was extracted
primarily from acute sera, but also from culture supernatant
when the primary sample was depleted, using the QlAamp®
Viral RNA Mini Kit (Qiagen™, Valencia, CA). Complementary
DNA synthesis was performed using SuperScript™ ||
First-Strand Synthesis System for reverse transcription-
polymerase chain reaction (PCR) (Invitrogen™, Carlsbad,
CA). The DENV full genome was divided into five over-
lapping amplicons (see Supplemental Figure 1) and se-
guenced according to the methods previously described.?°
PCR cycling parameters for the five amplicons can be
found in Supplemental Table 1. PCR products were sepa-
rated on a 1% agarose TAE gel and amplicons purified
using a Qiagen QIAquick® PCR Purification Kit. Purified
amplicons were sequenced by Sanger sequencing.?! A
complete list of sequencing primers can be found in Sup-
plemental Table 2.
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TaBLE 1
Characteristics of samples

GenBank accession no. Country City Sex Age Days of fever Time
KX059015 Sri Lanka Colombo F 12 2 2012.641
KX059016 Sri Lanka Colombo F 9 2 2012.375
KX059017 Sri Lanka Colombo M 8 1 2012.773
KX059018 Sri Lanka Colombo F 51 1 2012.381
KX059019 Sri Lanka Colombo M 11 4 2012.603
KX059020 Sri Lanka Colombo M 65 4 2012.822
KX059021 Sri Lanka Colombo F 25 5 2012.868
KX059022 Sri Lanka Colombo F 46 5 2012.89
KX059023 Sri Lanka Colombo M 46 2 2012.975
KX059024 Sri Lanka Colombo F 42 4 2013.041
KX059025 Sri Lanka Colombo M 20 3 2013.101
KX059026 Sri Lanka Colombo M 4 3 2013.142
KX059027 Sri Lanka Colombo M 23 5 2013.211
KX059028 Sri Lanka Galle M 34 5 2012.567
KX059029 Sri Lanka Galle M 49 5 2012.627
KX059030 Sri Lanka Galle M 43 3 2012.622
KX059031 Sri Lanka Galle M 20 5 2012.663
KX059032 Sri Lanka Galle M 23 3 2012.679
KX059033 Sri Lanka Galle M 26 2 2012.753
KX059034 Sri Lanka Galle F 16 1 2012.764
KX059035 Sri Lanka Galle M 28 3 2012.786
KX059036 Sri Lanka Galle M 31 3 2012.879
KX059037 Sri Lanka Galle M 24 2 2012.921

F = female; M = male.

Phylogenetic analyses and molecular dating. For phy- were downloaded from GenBank (http://www.ncbi.nlm.nih.
logenetic reconstruction using E-genes, a total of 1,062 full gov/genbank/). Because of the large number of sequences,
E-gene sequences of DENV-4 with collection date information a neighbor-joining tree was constructed first and similar
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Ficure 1. Selection of temporally structured maximum clade credibility phylogenetic tree for dengue virus-4. For selected major nodes, boot-

strap values as percentages and time 95% highest posterior density intervals in brackets are shown. Highlighted in gray are strains from Sri Lanka,
where blue color represents viruses from Colombo and red from Galle. Condensed region, as noted, include additional sequences from Thailand,
Vietnam, Myanmar, Cambodia, and Singapore.
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sequences with same years of isolation were removed so that
a total of 558 unique sequences were combined with the
23 newly sequenced isolates from Sri Lanka. All sequences
were confirmed as nonrecombinant by using RDP, GENE-
CONV, and BootScan methods in RDP3.%? Nucleotide se-
quences were aligned using MUSCLE and a nonbootstrapped
maximum likelihood (ML) phylogenetic reconstruction was
made with PhyML 3.0.2%2* The best-fit model, the GTR+I+T,
was selected in jModelTest 2.1.7.252® We used Path-O-Gen
(http://tree.bio.ed.ac.uk/software/pathogen/) to evaluate
the possibility of having temporal structure on the ML
tree. Given the apparent clock-likeness signal on the tree
(R? = 0.4541), a Bayesian approach implemented in the
BEAST v1.8.2 was then used to date the time to most recent
common ancestor.?” Analysis was carried out with an un-
correlated lognormal distribution (UCLD) relaxed clock
model, using a Bayesian skyline plot coalescent tree
prior. For UCLD-relaxed clock analysis, we used a GTR+I+I"
substitution model. A total of 400 million Markov chain
Monte Carlo states, and used Tracer v1.5 (http://tree.bio.
ed.ac.uk/software/tracer/) to ensure a convergence of pa-
rameters was reached (i.e., effective sample sizes > 200).
After removal of 10% of the states as burn-in, a maximum
clade credibility tree was generated using TreeAnnotator
implemented in BEAST software package. The phyloge-
netic tree was visualized and edited using FigTree v.1.4.2
(http://tree.bio.ed.ac.uk/software/figtree/).

For phylogenetic reconstruction using full genomes, all
complete DENV-4 sequences with collection date information
were downloaded from GenBank (160 sequences) and
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combined with our current 23 sequenced samples, for a total
of 183 sequences.

For comparison with other available Sri Lankan strains, all
Sri Lankan sequences and representative sequences from
genotypes | and Il were downloaded from GenBank and
combined with our current 23 sequenced samples, for a total
of 37 sequences. Because of the variable sequence lengths,
the largest overlapping region of 296 bp for positions
787-1,083 was used. Sequences were aligned using MAFFT
and identical sequences were removed (20 sequences),
leaving a total of 17 sequences for analysis.

RESULTS

Two major lineages of DENV-4 have been observed in Sri
Lanka since collection began, with the earliest examples from
1978 (AY550909 and U18437) (Supplemental Figure 2,
Figure 1). In comparison, all 23 DENV-4 from our current study
belong to genotype 1 and are most closely related to the 1978
Sri Lankan strain (U18437) and recent strains from India and
Pakistan (Figure 1). From the phylogenetic analysis with all
available DENV-4 sequences from Sri Lanka (Figure 2), we
observe that the viruses isolated in 2003-2004 also belong to
the same genotype as the 1978 and 2012-2013 isolates.

Unlike the results from our complete E-gene-only analysis,
which showed that all circulating DENV-4 strains were highly
related to one another (Figures 1 and 2), the higher resolution
full-genome analysis suggests that there are at least two
distinct clades of viruses circulating in the Colombo cohort
(Figure 3). One of these clades is closely related to all of the
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Ficure 2. Maximum likelihood tree of all available, nonredundant dengue virus-4 sequences from Sri Lanka along with selected sequences from
neighboring regions. The 296 base sequences common to all strains were used to conduct the analysis. Strains from the current study are in bold
with strains from Colombo depicted in blue and those from Galle depicted in yellow.
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Ficure 3.  Maximum likelihood tree of dengue virus-4, genotype | created using all available full genomes on National Center for Biotechnology
Information. Strains from the current study are in bold with strains from Colombo depicted in blue and those from Galle depicted in yellow. Clade “a”
indicates the clade found only in Colombo and clade “b” indicates the clade found in both Galle and Colombo.

isolates circulating in the monophyletic Galle cohort (Figure 3).
In comparison to other full-genome sequences in GenBank,
the data largely concur with the E-gene analysis in that the
strains from our current study are most closely related to
strains from India and Pakistan (Figure 3).

The 23 DENV-4 strains were then compared with the most
closely related full-genome strains from India (JQ922560) and
Pakistan (KF041260), as well as partial genomes of other Sri
Lankan DENV-4 strains available in National Center for

Biotechnology Information (AY550909, FJ225466, FJ225467,
FJ225468, FJ225469, FJ225470, and FJ225471) (Supple-
mental Figure 3). The comparison between the full-genome
sequences show nucleotide level differences in all parts of the
genome except for the 5’ end and the M gene. The greatest
number of amino acid changes between the current 23 Sri
Lankan strains and the Indian and Pakistani strain was located
in the E-gene with an average of 4.35 and 3.91 amino acid
changes, respectively.
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Ficure 4. Number of tourists traveling into Sri Lanka from 2006 to 2012 (Sri Lanka Tourism Development Authority).

To gain further insight into the relationship between virus
circulation in Sri Lanka and other countries around the world,
we conducted an analysis of travel information for Sri Lanka
between 2006 and 2012 using information from the Sri Lanka
Tourism Development Authority. Our analysis indicates that
since 2006, the largest number of visitors to Sri Lanka origi-
nated from India (Figure 4). The most predominant mode of
documented transportation from India to Sri Lanka is by air
travel with less than 1% of all documented travelers from India
arriving by sea (Figure 5). It should be noted, however, that
these figures do not include the undocumented travel
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between India and Sri Lanka during the 25-year period of
political unrest beginning in the 1980s.

DISCUSSION

The 2012-2013 dengue epidemic in Sri Lanka was driven
predominantly by DENV-1 with approximately 20% of dengue
cases caused by DENV-4."8 In this study, we have sequenced
the full genomes of 23 isolates of DENV-4 collected from two
cities in Sri Lanka, Colombo, and Galle, to better understand
the evolution of these viruses and how they relate to other
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Ficure 5. Number of tourists by mode of transportation into Sri Lanka in 2012 (Sri Lanka Tourism Development Authority).
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DENV-4 strains globally. Within the relatively small sampling of
our current cohorts, we have found the diversity of DENV-4 to
be higher in Colombo compared with Galle. Based on our
analysis, there is no clear genetic divergence of our newly
isolated viruses from the different locations within the country,
suggesting that the virus in circulation most likely originated as
a single introduction.

Although we conducted full-genome sequencing for our
current isolates, most publicly available information for DENV-
4 covers only the sequences coding for one or more of the
structural genes. Unfortunately, this also includes the majority
of the DENV-4 sequences available from Sri Lanka; the two
samples from 1978 include nucleotides 1-2322 of the poly-
protein coding sequence, whereas the six samples from 1992,
2003, and 2004 include nucleotides 137-1074 of the poly-
protein coding sequence.? In an effort to fully use these dis-
parate data, we conducted three phylogenetic analyses in
parallel.

In accordance with previous findings, our E-gene analysis
shows that two major lineages of DENV-4 have been observed
in Sri Lanka since surveillance began, with data indicating that
the currently circulating strain is a descendent of the Sri Lanka
virus from 1978 (U18437)."2 Our analysis also suggest that this
virus spread to India and/or Pakistan before reemerging in Sri
Lankain 2009 (95% highest posterior density intervals 4.5-7.8
years ago). For increased resolution, we conducted a full-
genome phylogenetic analysis with available full DENV-4 ge-
nomes. Overall, the full-genome analysis largely concurred
with the E-gene analysis indicating that our study strains are
most closely related to recent strains from India and Pakistan.
However, due to the lack of additional full-genome sequences
from Sri Lanka, we are unable to further characterize the re-
lationship between the isolates in our current study to those
which have circulated in the past.

There have been fewer DENV-4 outbreaks globally com-
pared with the other three DENV serotypes and the cause of
the unusually high number of DENV-4 cases in the ongoing Sri
Lankan outbreak is unknown.2® One possibility is that the
current Sri Lankan DENV-4 strain may have recently acquired
mutations that have increased epidemic potential of the virus.
This is not without precedent; the South Pacific islands have
observed alternations of silent transmission and explosive
epidemic transmission from closely related American geno-
type | DENV-2 strains in the 1970s.2° Puerto Rico has also
observed genetic shifts in DENV-2 since the late 1980s that
correlate with increased epidemic potential.>° Interestingly,
recent studies have shown that sequences outside of the
E-gene in these Puerto Rican viruses can have a large impact
on pathogenicity and epidemic potential.>' We are limited in
exploring this at the time, however, due to the paucity of other
DENV-4 full-genome sequence from Sri Lanka. As such, we
would like to emphasize the importance of moving toward the
use of full-genome sequencing rather than just the E-gene so
that these other important regions can be examined as well.
Given the recent technologic improvements and rapidly falling
costs of sequencing, we feel this is an achievable goal.®?
Combined with good epidemiological data, this knowledge
has the potential to transform the current paradigm of retro-
spective study into one of active prediction and targeted,
preventative action.

Comparison at the amino acid level across the current 23
Sri Lankan strain with the most closely related Indian and

Pakistani strain showed minor differences. The 5’ end of all
strains showed no differences, suggesting the conservative
need of this region for viral survival not only in DENV-1, but
also in DENV-4.%® The greatest number of differences was
observed in the E-gene when compared with both the Indian
and Pakistani strains, a region highly studied as the structure
of the protein can affect the interaction of the virus with host
cells. Among the Sri Lankan strains, the greatest change in the
E-gene is observed when comparing the current strains with
oneisolated from 1978, whichillustrates the adaptive changes
that the virus has made over time. Unfortunately, the other
available Sri Lankan strains do not have a full coverage of the
E-gene to conduct an informative comparison of the Sri
Lankan strains temporally.

Given the large gaps in the surveillance data for the in-
tervening years between our current isolates and those from
previous three decades, we are unable to decisively determine
whether the virus from 1978 continued to circulate within Sri
Lanka until 2012 or disappeared and was reintroduced from
India and/or Pakistan, seeding the outbreak observed in our
current study. Further complicating matters, our travel data
analysis indicates robust movement of people between these
three countries and highlights the importance of better
understanding the virus exchange dynamics between these
neighboring countries. Surveillance efforts in Sri Lanka at
both the local and national levels have greatly improved in
recent years, and it is vital that these surveillance efforts
continue both for disease management as well as outbreak
characterization."5'834 Increased surveillance in Sri Lanka
andits neighbors, combined with sequence data will strengthen
our ability to characterize the evolution and circulation
patterns of the four dengue serotypes and it is important
that these efforts continue.
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