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Abstract

Few data on dengue epidemiology are available for Lao PDR. Here, we provide information
on the complexity of dengue epidemiology in the country, demonstrating dynamic circulation
that varies over space and time, according to serotype. We recruited 1,912 consenting
patients presenting with WHO dengue criteria at Mahosot Hospital, Vientiane (central Laos),
between 2006 and 2010. Between 2008 and 2010, 1,413 patients with undifferentiated fever
were also recruited at Luang Namtha (LNT) Provincial Hospital (northern Laos) and 555 at
Salavan (SV) Provincial Hospital (southern Laos). We report significant variations in Dengue
virus (DENV) circulation between the three sites. Peaks of DENV infection were observed in
the rainy seasons, although 11% of confirmed cases in the provinces and 4.6% in the capital
were detected during the dry and cool seasons (between December and February). Four
DENV serotypes were detected among the 867 RT-PCR positive patients: 76.9% DENV-1,
9.6% DENV-2, 7.7% DENV-4 and 5.3% DENV-3. DENV-1 was the predominant serotype
throughout the study except in LNT in 2008 and 2009 when it was DENV-2. Before July
2009, DENV-2 was not detected in SV and only rarely detected in Vientiane. DENV-3 and
DENV-4 were commonly detected in Vientiane, before 2008 for DENV-4 and after 2009 for
DENV-3. The phylogenetic analyses of DENV envelope sequences suggest concurrent
multiple introductions of new strains as well as active DENV circulation throughout Laos and
with neighboring countries. It is therefore of great importance to develop and strengthen a
year-round nation-wide surveillance network in order to collect data that would allow antici-
pation of public health issues caused by the occurrence of large dengue outbreaks.
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Author summary

Dengue is a mosquito-borne disease that can be caused by 4 viruses. It is a flu-like disease
but can sometime be more severe and cause hemorrhage or death. An estimated 390 mil-
lion people are infected every year, mainly in the Western Pacific and in South-East Asia.
In Laos, where our study was conducted from 2006 to 2010, little was known on the circu-
lation of the different dengue viruses. A total of 1,912 patients were recruited at Mahosot
Hospital, Vientiane (central Laos), 1,413 patients at Luang Namtha Provincial Hospital
(northern Laos) and 555 at Salavan Provincial Hospital (southern Laos). Although most
Dengue virus infections were detected during rainy seasons (where mosquitoes are the
most active) in all three provinces, some patients were also infected during the dryer
months. All 4 dengue viruses were detected with different distributions: mostly type 1 in
the capital and in the South, and type 1 and 2 in equal proportion in the north. Type 3 and
4 were not detected in Luang Namtha and rarely in Salavan. Comparison of Dengue virus
sequences from Laos with sequences collected worldwide showed an active year-round
circulation of dengue within Laos and with neighboring countries. It is hence of great
importance to develop and strengthen a year-round nation-wide surveillance network in
order to collect data that would allow anticipation of public health issues caused by the
occurrence of large dengue outbreaks.

Introduction

Dengue is an arboviral disease transmitted to humans by Aedes mosquitoes. Infections are
caused by single-stranded positive-sense RNA Dengue virus (DENV) from the Flavivirus
genus, Flaviviridae family. Any of the four virus serotypes (DENV-1 to DENV-4) can cause
dengue fever, dengue hemorrhagic fever and dengue shock syndrome [1]; now regrouped
under dengue with or without warning signs and severe dengue [2]. Infection by one of the 4
DENYV serotypes confers lifelong immunity to that serotype only, as each is antigenically dis-
tinct [3]. Several factors such as prior immunity, viral load and infecting genotype or strain are
believed to contribute to the severity of DENV infections [4,5]. The risk of severe dengue
occurrence also has to be viewed through spatial and temporal distribution of concurrent or
sequential circulation of DENV serotypes [6].

DENV is widespread in tropical and subtropical areas and is endemic in more than 100
countries [7]. There are an estimated 390 million DENV infections per year, with only 96 mil-
lion being symptomatic [7]. According to WHO latest estimates, 500,000 people are requiring
hospitalization every year, with a ~2.5% mortality [8]. Also worrying is that dengue’s apparent
global burden has increased four-fold in the past 30 years [9]. Now, 3.9 billion people are con-
sidered at risk of contracting dengue, 70% of those live in the Western Pacific and in South-
East Asia [8].

Lao PDR (Laos) is a low-middle income country of ~6.5 million people [10] bordered by
China, Vietnam, Cambodia, Thailand and Myanmar. In Laos, DENV infection is a major
cause of morbidity with a rising fatality rate [11], and approximately 3.9 million people are
thought to be at risk of contracting a DENV infection [12]. Although hospitalized dengue
cases have been reported since 1979 and recorded in a national database since 2008 [13,14],
very few have been laboratory-confirmed [11]. Because only a limited number of studies have
been conducted so far [12,14-22], little is known about the epidemiology of dengue or the
DENV serotypes circulating within the country.
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Here, we present DENV molecular epidemiological data from patients at 3 different hospi-
tals in Laos: the provincial hospital of Luang Namtha in the north and the provincial hospital
of Salavan in the south for 2008 to 2010, and Mahosot Hospital in the capital city of Vientiane
(central Laos) for 2006 to 2010.

Materials and methods
Patients and study sites

Vientiane capital. The study was conducted at Mahosot Hospital in the capital city of
Vientiane (central Laos) from January 2006 to December 2010. Mahosot is a 365-bed primary-
tertiary hospital, (17° 58’ N 102° 36’ E, at 174m above mean sea level), with approximately
2,000 admissions/month. The capital is bordered by the Mekong River with Thailand on the
other bank (Fig 1) and has a population of ~820,000 (Population and Housing Census 2015,
Lao Statistics Bureau). Hospital-admitted patients were included in this study if they gave
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Fig 1. Map of the Lao PDR with Vientiane, Luang Namtha and Salavan study sites. Fig 1 is adapted from [23].
https://doi.org/10.1371/journal.pntd.0006203.g001
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written informed consent and if their responsible physician suspected dengue based on the
1997 WHO guidelines and requested laboratory tests.

Luang Namtha province. Luang Namtha (LNT) province, a mountainous region, is
located in the far north-west of the country, bordering China and Myanmar (Fig 1). Its provin-
cial hospital (21° 00’ N 101° 24’ E, at 570m above mean sea level), has 60 beds and serves a pop-
ulation of ~145,000 people. Patients were recruited from May 2008 until December 2010 [19].
In- and outpatients aged 5-49 years were enrolled if they had fever for less than 8 days without
obvious causes, had admission tympanic temperature of > = 38°C and gave written informed
consent.

Salavan province. Salavan (SV) Province, in southern Laos is bordered by Vietnam to the
east and Thailand to the west (Fig 1). The provincial hospital (15° 43’ N 106° 25’ E, at 184m
above mean sea level) has 70 beds and serves a population of ~332,000. Recruitment ranged
from September 2008 until December 2010 with the same recruitment criteria as in LNT [19].

Ethics statement

Written informed consent was obtained from all recruited patients or responsible guardians.
Ethics approval was obtained from the Lao National Ethics Committee for Health Research
and the Oxford Tropical Research Ethics Committee.

Clinical samples

Venous blood was collected on admission from all patients and during convalescence when
possible. Venous blood non-anticoagulated specimens were transported to Vientiane at ambi-
ent temperature within 48h such as described [19]. Serum samples were centrifuged at Maho-
sot Hospital upon reception and then stored at -80°C until use.

ELISA assay

The following Panbio Ltd. (now Alere Inc, Waltham, Massachusetts, USA) ELISA kits were
used to investigate DENV infections according to manufacturer’s instructions and as described
[19,23]: Dengue Early ELISA (Cat no. E-DENO1P), Japanese encephalitis-dengue IgM Combo
ELISA (Cat no. E-JED01C) and Dengue IgG capture ELISA (Cat no. E-DEN02G).

RNA extractions

All admission sera from SV and LNT patients and admission sera from dengue ELISA positive
patients from Mahosot were extracted with the QIAamp Viral RNA Mini kit (Qiagen, AG,
Hombrechtikon, Switzerland) according to manufacturer’s instructions. The starting volume
was 140puL while the final elution volume was 80pL. Internal phage control was added to all
samples in order to monitor the extraction process and to check for PCR inhibitors [24].

Real-time RT-PCR assay

The detection of serotypes 1-4 DENV RNA was performed in a single step TagMan real-time
reverse transcription PCR with the SuperScript III Platinum One-Step qRT-PCR kit (Thermo-
Fisher Scientific, Waltham, Massachusetts, USA). Primers and probes followed Leparc-Goffart
et al. [25] and 5uL of RNA extract was used as a template in a 25pL reaction volume. Positive
samples were further characterised by using serotype-specific primers and probes [25].
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Results interpretation

Results were classified according to the USA CDC’s definition [26]. Confirmed dengue
patients were those either with positive RT-PCR, positive NS1 ELISA or when a negative
admission serum was paired with a convalescent serum positive for anti-dengue IgM or IgG.
Presumptive dengue patients were those with anti-dengue antibody detection alone and no
seroconversion.

Patients with confirmed and/or presumptive dengue were classified as dengue patients.

Virus isolation

Isolation of dengue viruses were performed in a biosafety level 3 laboratory at the Infectious
Disease Centre in Mahosot Hospital, from dengue patient sera as described [23]. Following
one passage in a 25cm” flask, RNA was extracted from 140uL of cell culture supernatant with
the QIAamp Viral RNA kit according to manufacturer’s instruction (Qiagen, AG, Hombrech-
tikon, Switzerland). DENV RT-PCR was then performed as described above.

Dengue virus genome sequencing

Specific amplifications of DENV genomes were performed from RNA extracted from cell cul-
ture or, when culture was not available, from patient serum samples. Amplicons were then
sequenced by next-generation sequencing using Ion Torrent Personal Genome Machine
(ThermoFisher Scientific, Waltham, Massachusetts, USA) as described by Baronti et al. [27] in
Marseille, France, at the Faculty of Medicine, Emerging Viruses Unit.

Sequences analysis

Data sets. DENYV sequences were extracted from a database of all Flavivirus genus com-
plete coding DNA sequences (CDS) available on GenBank at the end of the year 2013. The
DENV complete CDS data sets included 1,373 sequences for DENV-1, 998 sequences for
DENV-2, 670 sequences for DENV-3 and 123 sequences for DENV-4. All envelope sequences
available on the European Molecular Biology Laboratory (EMBL) Nucleotide Sequence
Database in April 2014 were recovered in order to build envelope datasets for each serotype.
Unsuitable sequences (length <1,000 bases, number of N>50) were removed. Final datasets
for envelope sequences included 3,108 sequences for DENV-1, 3,067 sequences for DENV-2,
1,817 sequences for DENV-3, 859 sequences for DENV-4.

Sequences obtained for this study were aligned with those datasets using ClustalX 2.1 [28].

Recombination. Indication of molecular recombination was investigated for each align-
ment of complete CDS using the Recombination Detection Program (RDP) version 4 software
[29]. RDP, GENCONV and MAXCHI methods were used for primary screening and BOOT-
SCAN and SISCAN methods were used to check for recombination signals [29-33]. For opti-
mal recombination detection, the automask procedure was selected. Recombination events
with an average p-value with RDP lower than E-10 were selected for downstream phylogenetic
analyses. Neighbor-Joining trees using Mega 6.06 software with Kimura-2 model [34], boot-
strap resampling with 500 replicates, were built from the alignment used for RDP analysis.
Two trees were produced and compared for each recombination event: one using sequences
located between the putative recombination breakpoint positions and a second one which
excluded the putative recombinant region.

Phylogenetic analysis. The best maximum-likelihood (ML) method to be used for tree
building was determined for each serotype alignment using the MEGAG6 software. For each
serotype, two trees were subsequently built with either the complete CDS or the envelope
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alignment using the best ML method previously determined (General Time Reversible Model
with invariant sites and a gamma distribution of rates across sites for DENV-1 and DENV-4
alignments, General Time-Reversible Model with gamma distributed rates across sites for
DENV-2 alignment and Tamura-Nei model with gamma distributed rates across sites for
DENV-3 alignment) and bootstrap resampling with 500 replicates on RAXMLS8.0.0 software
[35].

Results
Dengue patients

Vientiane capital. A total of 1,912 patients with suspected dengue were recruited in Vien-
tiane between January 2006 and December 2010 (Table 1). Dengue was confirmed in 922
patients (48.2%) and a further 221 (11.6%) were classified as having a presumptive dengue
infection.

During patient recruitment, monthly mean temperature ranged from 21.4°Cto 31.1°C
(median 27.5°C) (http://en.tutiempo.net/climate/laos.html) in Vientiane. Clear peaks of rain-
fall occurred between April and September, corresponding to the rainy season (Fig 2). A
higher frequency of recruited and of dengue patients followed rain peaks (Fig 2). Forty-two
(42/922, 4.6%) confirmed dengue patients were however detected during the coldest months
of the study and outside the rainy season, from December to February.

A total of 724 samples gave positive results with the DENV real-time RT-PCR (Table 1). All
four serotypes were found: DENV-1 in 77.3% (560/724) of RT-PCR positive patients, DENV-2
in 7.6% (55/724), DENV-3 in 6.1% (44/724) and DENV-4 in 8.6% (62/724). DENV-1 was the
predominant serotype every year (Fig 3). DENV-4 was only detected in 2006 and 2007. Three
patients were found positive for two concurrent serotypes: DENV-1&4 in 2006 and DENV-
1&2 in 2008 and 2010. Those patients were not admitted to the hospital with symptoms of
severe illness.

Luang Namtha. In LNT, a total of 1,413 patients were recruited between May 2008 and
December 2010 (Table 1). Dengue was confirmed in 90 patients (6.4%) and a further 133
(9.4%) were classified as having a presumptive dengue infection.

During the period of this study, monthly mean temperatures ranged from 18°C to
28.8°C (median 25.8°C), significantly colder than in Vientiane (p<0.001 using Mann
Whitney U test) and Salavan (p<0.001 using Mann Whitney U test). As observed in Vien-
tiane, significant decreases in temperature were recorded between December and Febru-
ary with peaks of rainfall between April and September (Fig 2). As in the capital, more
patients recruited in the rainy season were diagnosed with dengue although 10/90 (11.1%)
confirmed dengue cases were detected during the coldest months of December to
February.

A total of 34 samples gave positive results with the DENV real-time RT-PCR (Table 1).
DENV-1 and DENV-2 were the only serotypes detected in LNT, in 55.9% (19/34) and 41.2%
(14/34), respectively, of all patients. DENV-2 was the predominant serotype in 2008 and 2009
(Fig 3). The year 2010 marked a change and DENV-1 then became significantly more frequent.
One patient was found positive for both DENV-1 and DENV-2 in 2008.

Salavan. A total of 555 patients were recruited in Salavan between September 2008 and
December 2010 (Table 1). Dengue was confirmed in 147 patients (26.4%) while a further 63
(11.3%) were classified as having a presumptive dengue infection.

During the study, monthly mean temperatures ranged from 23.7°C to 31.9°C (median
28.2°C). Rainfall peaks were observed from April to September, coinciding with rainy seasons
(Fig 2). More patients had dengue fever during the rainy seasons although no obvious peak
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Table 1. Dengue virusinfection and serotypes detected per site and per year.

Number of patients (percentage)
Total 2006 2007 2008 2009 2010
Vientiane
Recruited patients 1,912 309 786 170 150 497
Dengue* 1,143 (59.8) 157 (50.8) 384 (48.9) 50 (29.4) 122 (81.3) 430 (86.5)
Confirmed dengue 922 (48.2) 111 (35.9) 276 (35.1) 34 (20.0) 117 (78.0) 384 (77.0)
Presumptive dengue 221(11.6) 46 (14.9) 108 (13.7) 16 (9.4) 5(3.3) 46 (9.3)
RT-PCR positive 724 (37.9) 63 (20.4) 200 (25.4) 21 (12.4) 83 (55.3) 357 (71.8)
DENV-1 560 (77.3) 37 (58.7) 159 (79.5) 18 (85.7) 69 (83.1) 277 (77.6)
DENV-2 55(7.6) 0 2(1.0) 1(4.8) 14 (16.9) 38 (10.6)
DENV-3 44 (6.1) 0 2 (1.0) 1(4.8) 0 41 (11.5)
DENV-4 62 (8.6) 25 (39.7) 37 (18.5) 0 0 0
Co infection [types] 1[1&4] 2 [1&2] 1[1&4] 0 1[1&2] 0 1[1&2]
Luang Namtha
Recruited patients 1,413 NA NA 383 447 583
Dengue* 223 (15.8) 54 (14.1) 67 (15.0) 102 (17.5)
Confirmed dengue 90 (6.4) 15(3.9) 27 (6.0) 48 (8.2)
Presumptive dengue 133 (9.4) 39 (10.2) 40 (8.9) 54 (9.3)
RT-PCR positive 34 (2.4) 8(2.1) 10 (2.2) 16 (2.7)
DENV-1 19 (55.9) 1(12.5) 4 (40) 14 (87.5)
DENV-2 14 (41.2) 6 (75.0) 6 (60) 2 (12.5)
DENV-3 0 0 0 0
DENV-4 0 0 0 0
Co infection [types] 1[1&2] 1[1&2](0.3) 0 0
Salavan
Recruited patients 555 NA NA 77 276 202
Dengue* 210 (37.8) 25 (32.5) 104 (37.7) 81 (40.1)
Confirmed dengue 147 (26.5) 15 (19.5) 75 (27.2) 57 (28.2)
Presumptive dengue 63 (11.4) 10 (13.0) 29 (10.5) 24 (11.9)
RT-PCR positive 109 (19.6) 12 (15.6) 61 (22.1) 36 (17.8)
DENV-1 88 (80.7) 12 (100) 50 (82.0) 26 (72.2)
DENV-2 14 (12.8) 0 4(6.6) 10 (27.8)
DENV-3 2(1.8) 0 2(3.3) 0
DENV-4 5(4.6) 0 5(8.2) 0
Co infection [types] 0 0 0 0
Total
Recruited patients 3,880 309 786 630 873 1282
Dengue* 1,576 (40.6) 157 (50.8) 384 (48.9) 129 (20.5) 293 (33.6) 613 (47.8)
Confirmed dengue 1,159 (29.9) 111 (35.9) 276 (35.1) 64 (10.2) 219 (25.1) 489 (38.1)
Presumptive dengue 417 (10.7) 46 (14.9) 108 (13.7) 65 (10.3) 74 (8.5) 124 (9.7)
RT-PCR positive 867 (22.3) 62 (20.1) 200 (25.4) 41 (6.5) 154 (17.6) 409 (31.9)
DENV-1 667 (76.9) 36 (58.1) 159 (79.5) 31 (75.6) 123 (79.9) 317 (77.5)
DENV-2 83(9.6) 0 2 (1.0) 7 (17.1) 24 (15.6) 50 (12.2)
DENV-3 46 (5.3) 0 2 (1.0) 1(2.4) 2(1.3) 41 (10.0)
DENV-4 67 (7.7) 25 (40.3) 37 (18.5) 0 5(3.2) 0
Co infection [types] 1[1&4] 3 [1&2] 1 [1&4] 0 2 [1&2] (0.3) 1[1&2]

Dengue*: patients with confirmed and/or presumptive dengue. Confirmed dengue: positive either by dengue RT-PCR, NS1 ELISA or anti-dengue IgM or IgG

seroconversion. Presumptive dengue: antibody detection alone with no seroconversion. DENV: Dengue virus.

https://doi.org/10.1371/journal.pntd.0006203.t001
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Fig 2. Seasonality of recruited patients and confirmed dengue cases at the three sites. Total: recruited patients. Conf dengue: confirmed dengue
cases, Average Temp: monthly mean temperature.

https://doi.org/10.1371/journal.pntd.0006203.9002
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was observed. Sixteen (16/147, 10.9%) confirmed dengue cases were detected during the cooler
months of December to February.

A total of 109 patients had a positive result by DENV real-time RT-PCR (Table 1). All four
serotypes were detected: DENV-1 was found in 80.7% (88/109) of all cases, followed by
DENV-2 with 12.8% (14/109) of cases. DENV-1 serotype was the only serotype detected in
2008 (Fig 3) and was dominant in 2009 and 2010. DENV-2 was not detected before September
2009. DENV-3 and DENV-4 were only detected in July 2009 (4 DENV-4 patients) and August
2009 (2 DENV-3 and 1 DENV-4).

Sequences analysis

The genomes of 75 DENV strains were sequenced: 51 DENV-1 (20 from patients in Vientiane,
2 from LNT (one was from 2011) and 29 from SV), 15 DENV-2 (7 from Vientiane, 6 from
LNT and 2 from SV), 8 DENV-3 (all from Vientiane) and 1 DENV-4 (from SV in 2009) (S1
Table, S2 Table and S3 Table). Unfortunately, no samples from 2006 and 2007 were available
for sequencing. The dataset includes 43 additional Lao sequences previously published, 33
DENV-1, 3 DENV-2, and 7 DENV-3 [23,36-38] (S4 Table).

Recombination. Six recombination events that had never been described before, were
detected using RDP and were confirmed by phylogenetic analysis (S5 Table): 1 within serotype
1, 3 within serotype 2 and 2 within serotype 3. No Lao sequence was involved in those recom-
bination events.

Phylogenetic analyses. Phylogenetic trees constructed with complete CDS sequences
showed that all DENV-1 Lao strains belong to the genotype I, all DENV-2 strains belong to the
Asian I genotype, all DENV-3 strains belong to the genotype II and the DENV-4 strain belongs
to genotype I (S1 Fig, S2 Fig, S3 Fig and S4 Fig).

Analysis of the envelope trees for each serotype enabled accurate study of strain circulation
(S5 Fig, S6 Fig, S7 Fig and S8 Fig). Subtrees with the different clusters that contain Lao strains
can be found in S9 Fig, S10 Fig, S11 Fig and S12 Fig.

Dengue virus 1

The strain from 1996 belongs to Genotype 1 Asia 2 clade and the 83 other DENV-1 Lao
strains are distributed in 10 clusters (sequences that group under a node with a bootstrap
>70) within the Asia 3 clade. Two strains could not be included in any clusters: 1 from SV
year 2008, closely related to a 2005 Cambodian strain, and 1 from Vientiane year 2007
(Fig 4).

The first 7 clusters were described by Dubot-Péreés et al. [23]. Most of the Lao strains are
found in cluster 1 and 7, with 28 and 30 strains in each cluster respectively (S9 Fig). The
clusters 5, 8, 9 and 10 contain only one Lao strain each (Vientiane 2008, SV 2008, Vientiane
2007, and LNT 2009 respectively). Some clusters contain strains from the same location,
cluster 6 from SV (2010), cluster 3 from Vientiane (2007, 2008), cluster 1 from SV (2008,
2009 and 2010 and 1 strain from LNT 2011), cluster 4 from Vientiane and neighboring
province (2008, 2009). On the other hand, combinations of strains from SV, LNT and Vien-
tiane are found in clusters 2 and 7 (2008 to 2010). Lao strains from clusters 1, 2, 3, 4 and 10
are closely related to strains from Thailand and those from cluster 7, to a strain that was
imported from Thailand to South Korea in 2007. Lao strains from clusters 5 and 6 are
related to Cambodian strains, and in cluster 8 and 9 to strains from various Asian countries
(Singapore, Sri Lanka, China, Thailand and Taiwan). This suggests Lao strains could origi-
nate from these nearby countries.

The clusters are displayed in Fig 5 by location of strain isolation over time. Strains from
cluster 3 were not detected in Vientiane after mid 2008. Whereas cluster 7 was the main cluster
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likelihood (ML) method (General Time Reversible Model with invariant sites and a gamma distribution of rates across sites) and
bootstrap resampling with 500 replicates. 81 Lao strains are dispersed in 10 clusters (bootstrap >70) shaded here in separate colors.
The bootstrap values are displayed on the tree only for those clusters. The list of the strains grouped in the different clusters is
provided in S6 Table. Two strains from this study do not belong to any of those clusters and are displayed in the tree. The Lao strain
from 1996 is not shown on the figure and belongs to Asia 2 clade.

https://doi.org/10.1371/journal.pntd.0006203.g004

in Vientiane in 2009 and 2010. Strains circulating in Salavan were mainly from cluster 1.
Strains from the other clusters were sporadically detected.

Dengue virus 2

Within the Asian I genotype, the 18 DENV-2 Lao strains are grouped in 3 clusters, indepen-
dently of location and year of isolation (S10 Fig). One strain from LNT 2009 and one strain
imported from Laos to Australia (2010) are however outside those clusters. As for DENV-1,
the DENV-2 Lao strains are closely related to strains from neighboring countries, mainly from
Thailand.

Dengue virus 3

The 8 strains isolated in this study were all from Vientiane 2010 and closely related. They
group in a cluster within genotype II (S11 Fig), as described by Lao et al. [22], containing
strains isolated in Laos and from the Chinese province of Yunnan during the 2012-2013 out-
break [22,38]. The Chinese outbreak has been shown to originate from Laos [38]. The strains
published by Lao et al. [22] were not included in our dataset since they were submitted to Gen-
bank in November 2014. The 58 genotype II strains are however closely related to our
sequences, with more than 99% identity in envelope sequence. Strains from Myanmar from
2005 to 2009 and one strain from Singapore from 2008 are also part of the cluster.

Collection date
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Fig 5. Temporal and geographical distribution of the strains from the ten DENV-1 clusters. 3,108 DENV-1 envelope sequences, obtained from the European
Molecular Biology Laboratory (EMBL) Nucleotide Sequence Database in April 2014, were aligned with the DENV-1 Lao sequences obtained in this study. A tree
was built (Fig 4) and ten clusters (bootstrap >70) containing the strains from this study were identified. In order to visualize the circulation of all the strains from
these different clusters, we plotted each strain according to time of collection and location. Each of the 10 clusters is displayed in a different color: yellow for the
strains from cluster # 1, light green for cluster #2, red for cluster #3, blue for cluster #4, dark green for cluster #5, medium green for cluster # 6, pink for cluster #7,
grey for cluster #8, light orange for cluster #9 and dark orange for cluster #10. The list of all the strains included in each cluster is provided as S6 Table.
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Dengue virus 4

Unfortunately, no sample was available for the 62 Vientiane DENV-4 patients for years
2007 and 2008. Only one strain, from a 2009 SV patient sample, was therefore isolated. This
strain groups together with strains from Thailand (2004 to 2010), Cambodia (2001 to 2013)
and Vietnam (2011) within genotype I (S§12 Fig).

Discussion

A total of 3,880 patients were recruited in this study and 1,159 (29.9%) were laboratory con-
firmed as having dengue.

Most of the dengue patients were recruited each year from June to November. This reflects
typical infection peaks seen during rainy seasons. Of all confirmed dengue cases, 4.6% in Vien-
tiane and 11% in SV and LNT were however detected between December and February. This
is in line with previous findings of active DENV circulation during dry seasons [22,23]. Num-
bers for Vientiane are however likely to be underestimated since dengue testing was not sys-
tematically done during these drier season periods. Interestingly, the number of dengue
patients admitted at Mahosot Hospital was significantly higher in 2007 and 2010, in the con-
text of a regional epidemic in 2010 [11,21,39]. The proportion of dengue cases, among
recruited patients, was higher in Vientiane (59.8%) than in the other sites (15.8% in Luang
Namtha and 37.8% in Salavan). This may be explained by differences in recruitment criteria or
physician suspicions, by potentially sub-optimal transport conditions from SV or LNT, but
also by environmental criteria since the incidence of DENV is influenced by climate and
weather patterns (high temperature and relative humidity have been associated with increased
dengue occurrence [40]). The situation in the colder and mountainous Luang Namtha region
(northern Laos) is particularly reminiscent of that of the Chinese Yunnan region (adjacent to
Laos) where dengue has low frequency [41-43].

DENV-1 and DENV-2 were first reported in 1943 and 1944, respectively, DENV-1 in Japan
[44], DENV-2 in Papua New Guinea [45]. DENV-3 and DENV-4 were reported simulta-
neously in 1956 in the Philippines [46]. DENV-1 has been the most frequently reported sero-
type in the world since its isolation, followed by DENV-2, DENV-3 and DENV-4. By the end
of the 60s, the four DENV serotypes were co-circulating in South-East Asia, where DENV is
now hyperendemic in most constituent countries.

In Laos, due to the limited dengue data available, little is known about the dynamics of sero-
types circulation. The first serological evidence of the four DENV serotypes circulating in Laos
were reported in 1987 [14]. All four serotypes were then detected by RT-PCR among patients
in Vientiane in 2004 and 2005 [15]. The National Center for Laboratory and Epidemiology
recently reported the results of the Lao National dengue surveillance between 2006 and 2012
[11]. A total of 361 RT-PCR confirmed dengue cases were reported between 2007 and 2012.
The four serotypes were detected with DENV-1 as the main serotype until 2011, replaced by
DENV-3 in 2012, but it was not stated which provinces the samples came from. Then, in 2013,
a large epidemic of DENV-3 was reported in Vientiane [22].

In our study, all four serotypes were detected: DENV-1 from genotype I Asia 3 clade, the
predominant clade, DENV-2 from genotype Asian I, DENV-3 from genotype I and DENV-4
from genotype L. Differing dynamics of serotype circulation over time were however observed
at the three sites.

DENV-1 was the main serotype detected, in 667 over the 867 DENV RT-PCR positive
patients (76.9%). DENV-1 was predominant in Vientiane and SV over the study period,
whereas it was rarely detected in LNT before 2010. In contrast, DENV-2 was the main serotype
in LNT in 2008 and 2009 whereas it was rarely detected in Vientiane and Salavan before July
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2009. Interestingly, similar profile to Vientiane and SV was observed in Thailand with pre-
dominant DENV1 and an increase of DENV2 after 2009 [47]. DENV-3 was only detected in
five patients before May 2010 (three in Vientiane and two in SV) and was afterwards detected
in 41 patients in Vientiane. Large DENV-3 epidemics were then reported in Vientiane in 2012
and 2013 [22]. The eight DENV-3 strains isolated in our study, from Vientiane in 2010, are
closely related to the Lao 2012-2013 epidemic strains. This shows there was a local circulation
of DENV-3 at least 3 years before the 2013 outbreak. Lao et al suggested that this genotype was
introduced in Laos in 2011 or before [22]. Our results therefore confirm that the introduction
happened prior to 2010. That we did not find any DENV-3 genotype III also supports the sug-
gestion by Lao et al [22] that this genotype was only recently introduced into Laos. DENV-4
was not detected in LNT and was limited to five patients in SV although it was the second
most common serotype circulating in Vientiane in 2006 (39.7%) and in 2007 (18.5%), then
was not detected in the following years in Laos. DENV-4 probably came from Thailand where
peaks of cases were reported in 2005 and 2006. DENV-4 infections have rarely been detected
in the surrounding countries [48,49], perhaps due to the serotype being less prevalent or the
infections being subclinical and less severe.

Active DENV circulation is indeed likely to occur between Laos and neighboring countries,
probably more intensively with Thailand. This country has important commercial ties with
Laos, facilitated by a long border with multiple ports of entry and similarities in language,
which all allow multiple concurrent introductions of new strains. This is supported by our
phylogenic analyses showing a distribution of Lao strains from the same periods in different
clusters. In addition, DENV circulation throughout Laos may also be important. Indeed, we
observed some DENV-1 and DENV-2 strains grouping in clusters independently of locations
and years of isolation. The 83 available Lao envelope sequences for DENV-1 (when excluding
the 1996 strain from Asia 2 clade) suggest that some strains are maintained over long periods
of time after their introduction, whereas others are only sporadically detected. DENV-1 strains
were distributed in 10 clusters, with 2 additional strains not fitting in any clusters. Clusters 1
and 7 were predominant since they were maintained in SV and in Vientiane for several years.
Cluster 3 seems to have been predominant in Vientiane before the establishment of Cluster 7.
Results from remaining clusters suggest frequent introduction events from neighboring coun-
tries (Fig 5), with no sustainable maintenance over time or with a “silent” circulation inducing
undetected mild or asymptomatic infections. Further investigation of clinical data would
prove very useful in understanding differences in possible strain-associated pathogenicity or to
confirm the hypothesis that propagation of more virulent strains are more visible to public
health surveillance [50]. The study of asymptomatic infections would provide evidence as to
whether there are specific populations of strains that are actively circulating “silently”.

Our study provides a picture of the complexity of dengue epidemiology in Laos, with circu-
lation dynamics varying over time according to the serotype and location. Indeed, important
variations were observed between the capital of Vientiane, located on the Thai border and con-
nected by flights and road to an increasing number of countries, and the remoter rural areas of
Salavan and Luang Namtha. Dengue epidemiology will become more complex with time as
tourism and commercial traffic with neighboring countries increase. It therefore is of great
importance to develop and strengthen a year-round nation-wide surveillance network, partic-
ularly because DENV circulation during inter-epidemic periods plays a crucial part in the
onset and the course of the subsequent epidemics. Long term studies are needed in order to
determine if periodic multi-annual cycles of dengue epidemic exist in Laos such as observed in
Vietnam and Thailand [48,51]. Switches in phylogenetic lineages within one serotype could
have important implications as it is often associated with changes in disease severity and inci-
dence. Obtaining more epidemiological as well as virological data will also be crucial for the

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006203  January 29, 2018 14/21


https://doi.org/10.1371/journal.pntd.0006203

Dengue molecular epidemiology in Lao PDR

country for when dengue vaccines becomes available; funding for such a vaccine would need
to be justified [52]. This prove to be challenging in developing countries such as Laos, because
laboratory facilities capable of confirming dengue cases only exist in the capital city. Innova-
tion to improve simple field collection techniques, such as filter paper or Rapid Diagnosis
Tests, to enable surveillance in remote rural Asia is hence needed [53-59].
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method (General Time Reversible Model with invariant sites and a gamma distribution of
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S2 Fig. Phylogenetic trees built with complete DENV-2 CDS sequences. 998 DENV-2 com-
plete CDS downloaded from the EMBL database in April 2014 were aligned with the DENV-2
sequences from this study. The tree was built using a maximum-likelihood (ML) method
(General Time-Reversible Model with gamma distributed rates across sites) and bootstrap
resampling with 500 replicates on the RAXML8.0.0 software. Bootstrap values are only dis-
played for the genotype nodes. Genotypes (Sylvatic, American, Cosmopolitan, Asian I and II,
Asian/American) distribution is illustrated by color-shaded boxes. Red crosses indicate the
location of the strains sequenced in this study.

(TIFF)

S3 Fig. Phylogenetic trees built with complete DENV-3 CDS sequences. 670 DENV-3 com-
plete CDS downloaded from the EMBL database in April 2014 were aligned with the DENV-3
sequences from this study. The tree was built using a maximum-likelihood (ML) method
(Tamura-Nei model with gamma distributed rates across sites) and bootstrap resampling with
500 replicates on the RAXMLS.0.0 software. Bootstrap values are only displayed for the geno-
type nodes. Genotypes distribution is illustrated color-shaded boxes. Red crosses indicate the
location of the strains sequenced in this study.

(TIFF)

S4 Fig. Phylogenetic trees built with complete DENV-4 CDS sequences. 123 DENV-4 com-
plete CDS downloaded from the EMBL database in April 2014 were aligned with the DENV-4
sequences from this study. The tree was built using a maximum-likelihood (ML) method
(General Time Reversible Model with invariant sites and a gamma distribution of rates across
sites) and bootstrap resampling with 500 replicates on the RAXMLS8.0.0 software. Bootstrap
values are only displayed for the genotype nodes. Genotypes distribution is illustrated by
color-shaded boxes. Red crosses indicate the location of the strains sequenced in this study.
(TIFF)

S5 Fig. Phylogenetic tree built with DENV-1 envelop sequences. 3,108 DENV-1 envelope
sequences downloaded from the EMBL database in April 2014 were aligned with the DENV-1
sequences from this study. The tree was built using a maximum-likelihood (ML) method
(General Time Reversible Model with invariant sites and a gamma distribution of rates across
sites) and bootstrap resampling with 500 replicates on the RAXMLS8.0.0 software. Bootstrap
values are only displayed for the genotype nodes. Genotypes distribution and clades Asia 1 to 4
within Genotype I are illustrated by color-shaded boxes. Six subtrees containing Lao strains
were extracted from this tree and displayed in more details in S9 Fig. The orange circle indi-
cates the location of the 1996 Lao strain.

(TIFF)

S6 Fig. Phylogenetic tree built with DENV-2 envelop sequences. 3,067 DENV-2 envelop
sequences downloaded from the EMBL database in April 2014 were aligned with the DENV-2
sequences from this study. The tree was built using a maximum-likelihood (ML) method
(General Time-Reversible Model with gamma distributed rates across sites) and bootstrap
resampling with 500 replicates on the RAXML8.0.0 software. Bootstrap values are only dis-
played for the genotype nodes. Genotypes (Sylvatic, American, Cosmopolitan, Asian I and II,
Asian/American) distribution is illustrated by color-shaded boxes. A subtree containing Lao
strains was extracted from this tree and displayed in details in S10 Fig.
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S7 Fig. Phylogenetic tree built with DENV-3 envelop sequences. 1,817 DENV-3 envelop
sequences downloaded from the EMBL database in April 2014 were aligned with the DENV-3
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sequences from this study. The tree was built using a maximum-likelihood (ML) method
(Tamura-Nei model with gamma distributed rates across sites) and bootstrap resampling with
500 replicates on the RAXML8.0.0 software. Bootstrap values are only displayed for the geno-
type nodes. Genotypes distribution is illustrated by color-shaded boxes. A subtree containing
Lao strains was extracted from this tree and displayed in details in S11 Fig.

(TIFF)

S8 Fig. Phylogenetic tree built with DENV-4 envelop sequences. 859 DENV-4 envelop
sequences downloaded from the EMBL database in April 2014 were aligned with the DENV-4
sequences from this study. The tree was built using a maximum-likelihood (ML) method
(General Time Reversible Model with invariant sites and a gamma distribution of rates across
sites) and bootstrap resampling with 500 replicates on the RAXML8.0.0 software. Bootstrap
values are only displayed for the genotype nodes. Genotypes distribution is illustrated by
color-shaded boxes. A subtree containing Lao strains was extracted from this tree and dis-
played in details in S12 Fig.

(TIFF)

S9 Fig. Subtrees from phylogenic tree built with DENV-1 envelope sequences. Six subtrees
containing Lao strains were extracted from the tree built with the complete data set of DENV-
1 envelop sequences displayed in S5 Fig. Only bootstrap values over 70 are reported on the fig-
ure. The Lao strains are dispersed in ten clusters (bootstrat>70): clusters 1, 2 and 3 in subtree
1 (A); cluster 4 and 5 in subtrees 2 and 3 respectively (B); clusters 6 and 10 in subtrees 4 and 5
respectively (C); clusters 7, 8 and 9 in subtree 6 (D). Strains from Vientiane are indicated by
diamonds, strains from LNT by squares and strains from SV by triangles. Strains isolated in
2007 are in yellow, 2008 in orange, 2009 in blue, 2010 in green, and 2011 in pink. Other Lao
strains are indicated by brown circles. Lao strains from imported cases are indicated by black
circles. Strains are indicated by Genbank accession number followed by country (ISO code)
and year of isolation. For the nodes that have been collapsed for simplification purposes
(shown by triangles), descendant strains are only described by country and years. The province
of origin is indicated for the strains from this study (VTE: Vientiane, SV: Salavan, LNT: Luang
Namtha).

(TIF)

$10 Fig. Subtree from phylogenic tree built with DENV-2 envelope sequences. A subtree
containing Lao strains was extracted from the tree built with the complete data set of DENV-2
envelop sequences displayed in S6 Fig. Only bootstrap values over 70 are reported on the fig-
ure. The Lao strains are dispersed in three clusters (bootstrat>70). Strains from Vientiane are
indicated by diamonds, strains from LNT by squares and strains from SV by triangles. Strains
isolated in 2008 are in orange, 2009 in blue, and 2010 in green. Lao strains from imported
cases are shown by black circles. Genbank accession numbers followed by country (ISO code)
and year of isolation are provided for each strain. For the nodes that have been collapsed for
simplification purposes (shown by triangles), descendant strains are only described by country
and years. The province of origin is indicated for the strains from this study (VTE: Vientiane,
SV: Salavan, LNT: Luang Namtha).

(TIFF)

S11 Fig. Subtree from phylogenic tree built with DENV-3 envelope sequences. A subtree
containing Lao strains was extracted from the tree built with the complete data set of DENV-3
envelop sequences displayed in S7 Fig. Only bootstrap values over 70 are reported on the fig-
ure. The Lao strains are grouped in one cluster (bootstrat = 99). All the strains from this study
were from 2010 and from Vientiane. They are displayed by green diamonds. Other Lao strains
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are shown by brown circles. Lao strains from imported cases are indicated by black circles.
Genbank accession numbers, followed by country (ISO code) and year of isolation are pro-
vided for each strain. For the nodes that have been collapsed for simplification purposes
(shown by triangles), descendant strains are only described by country and years. The province
of origin is indicated for the strains from this study (VTE: Vientiane).

(TIFF)

S12 Fig. Subtree from phylogenic tree built with DENV-4 envelope sequences. A subtree
containing the Lao strain was extracted from the tree built with the complete data set of
DENV-4 envelope sequences displayed in S8 Fig. The Lao strain from this study was from Sal-
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