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Abstract 

Dengue virus (DENV) causes repeated outbreaks of disease in endemic areas, with patterns of local transmission strongly influenced 
by seasonality, importation via human movement, immunity, and vector control efforts. An understanding of how each of these inter-
acts to enable endemic transmission (continual circulation of local virus strains) is largely unknown. There are times of the year when 
no cases are reported, often for extended periods of time, perhaps wrongly implying the successful eradication of a local strain from 
that area. Individuals who presented at a clinic or hospital in four communes in Nha Trang, Vietnam, were initially tested for DENV 
antigen presence. Enrolled positive individuals then had their corresponding household members invited to participate, and those who 
enrolled were tested for DENV. The presence of viral nucleic acid in all samples was confirmed using quantitative polymerase chain 
reaction, and positive samples were then whole-genome sequenced using an amplicon and target enrichment library preparation tech-
niques and Illumina MiSeq sequencing technology. Generated consensus genome sequences were then analysed using phylogenetic 
tree reconstruction to categorise sequences into clades with a common ancestor, enabling investigations of both viral clade persistence 
and introductions. Hypothetical introduction dates were additionally assessed using a molecular clock model that calculated the time 
to the most recent common ancestor (TMRCA). We obtained 511 DENV whole-genome sequences covering four serotypes and more 
than ten distinct viral clades. For five of these clades, we had sufficient data to show that the same viral lineage persisted for at least 
several months. We noted that some clades persisted longer than others during the sampling time, and by comparison with other pub-
lished sequences from elsewhere in Vietnam and around the world, we saw that at least two different viral lineages were introduced 
into the population during the study period (April 2017–2019). Next, by inferring the TMRCA from the construction of molecular clock 
phylogenies, we predicted that two of the viral lineages had been present in the study population for over a decade. We observed five 
viral lineages co-circulating in Nha Trang from three DENV serotypes, with two likely to have remained as uninterrupted transmission 
chains for a decade. This suggests clade cryptic persistence in the area, even during periods of low reported incidence.
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Introduction
Dengue virus (DENV) is one of the most important arthropod-
borne viral infections in the world today, with roughly 2.5 billion 
people at risk of infection (Guzman et al. 2010), mainly in south-
east Asia, South America, and the Caribbean. Globally, there are 
estimated to be 100–400 million new infections each year and 
around 40,000 deaths (Bhatt et al. 2013; Zeng et al. 2021). The 

number of confirmed infections reported to the World Health 

Organization has increased every year since 1990, primarily due to 

improvements in testing infrastructure and increased numbers of 

outbreaks, peaking in 2019 with 5.2 million cases and 4,032 deaths 

(World Health Organization [WHO] 2022).
DENV is an arthropod-borne virus of the Flaviviridae family 

that includes four genetically related yet antigenically distinct 
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serotypes (D1, D2, D3, and D4). The virus is spread by the bite 
of Aedes mosquitoes, primarily A. aegypti (Cardoso et al. 2015), 
which are distributed in most tropical and subtropical areas of the 
world. Households have been proposed as the primary location for 
the insect vector (Stoddard et al. 2013), particularly those within 
areas of critical population density and without access to piped 
drinking water (Schmidt et al. 2011), with lower insect abundances 
associated with non-residential districts (Morrison et al. 2006). 
Vector control through prevention of biting, breeding site removal, 
and insecticide is currently the principal method of controlling 
DENV in endemic populations (Buhler et al. 2019). There are also 
new vector control measures, which are attempting to reduce or 
remove the vector population through the release of sterilised 
male mosquitoes (Alphey et al. 2010), as well as strategies that 
reduce the ability of mosquitoes to transmit the virus by intro-
ducing those infected with the Wolbachia bacteria (Utarini et al. 
2021) that have had promising success in reducing reported DENV 
disease (Caragata et al. 2021). A vaccine for all DENV serotypes 
was developed in 2015 (Flasche et al. 2016) although a require-
ment for pretesting before use has limited its widespread adoption 
(Fongwen et al. 2021). There is also the possibility for antiviral 
treatment in the near future (Kaptein et al. 2021) that might have 
the potential for prophylactic intervention in outbreaks (Brady et 
al. 2021).

The persistence of DENV in a population is dependent upon 
several factors that involve the interplay between the human host 
and insect vector (Rico-Hesse 2010). The primary human factors 
are, therefore, population density and how many susceptible indi-
viduals remain or are added to a population as the virus spreads 
through it. This is particularly challenging to measure with DENV 
due to the complex cross-reactive role of antibodies between 
the four serotypes, associated with both immune protection and 
enhancement of infection (Nikin-Beers and Ciupe 2015; Screaton 
et al. 2015; Dejnirattisai et al. 2016). Mosquito vectors and the 
impact of the environment on their lifecycle are the primary rea-
sons why DENV displays a seasonal pattern that is often closely 
related to rainfall and temperature, conditions vital for the devel-
opment of the larval stages of their lifecycle (Yuan et al. 2020). 
Epidemiological data can indicate breaks in transmission during 
periods in which environmental conditions are unfavourable to 
mosquito breeding (Kyle and Harris 2008); yet because a high per-
centage of cases are asymptomatic and/or unreported, the virus 
could persist at levels below the threshold for detection (Ten Bosch 
et al. 2018; Biggs et al. 2021).

Previous studies have shown that locally circulating genotypes 
and strains from previous seasons are capable of contributing to 
seasonal spikes in case numbers and even outbreaks (Schreiber 
et al. 2009; Galarion et al. 2019; Takemura et al. 2022). However, the 
amount of time DENV serotypes and strains remain in an endemic 
population despite increasing immunity, control measures, and 
periods of very low circulation remains poorly studied. Addition-
ally, the role of introduced strains in seasonal outbreaks against 
a background of highly endemic strains has not been extensively 
investigated.

The phylogenetic analysis of viral genomes enables the identi-
fication of closely related viruses in an infected population, with 
similar viral genetic identity being indicative of a recent transmis-
sion event between sampled cases (Campbell et al. 2018). This 
approach allows the determination of epidemiological linkage 
between observed infections without the reporting biases inher-
ent to traditional contact tracing methods (Grubaugh et al. 2018b). 
DENV is a good candidate for this type of analysis, as it typically 

only infects a host for a very short amount of time (between 4 and 
7 days in humans and up to the 1-month lifespan of the mosquito 
(Guzman et al. 2016)) before being transmitted to a new host, 
ensuring that the evolution dynamics, that is the evolutionary 
rate of the virus, are on a scale that closely correlates with trans-
mission (Holmes 2004, 2009; Pybus, Fraser, and Rambaut 2013). 
Using these analyses, the transmission characteristics of DENV 
from an international scale can be inferred, thereby determining 
the likely origins of viral import that can have implications for 
control measures (Pollett et al. 2018).

Classifying viruses based on their genetic similarity using phy-
logenetic information gives us the most reliable metric of viral 
persistence in a population. Phylogenetic information coupled 
with molecular clock inference can additionally be used to deter-
mine the timing of epidemiological events along a phylogeny, such 
as the time to the most recent common ancestor (TMRCA) of a 
viral clade, which can be utilised to estimate a time of introduc-
tion of a particular strain or clade to a country or how long it has 
been in circulation in the area.

Methods
Study population
The study was conducted at the Nha Trang population-based 
cohort study site in central Vietnam. Enrolment of the study 
cohort was conducted in the communes of Vinh Hai, Vinh Phuoc, 
Vinh Tho, and Vinh Hoa in Nha Trang City, Vietnam, after 
local ethical review and approval from the National Institute 
of Hygiene and Epidemiology—Vietnam (study approval number 
IRB-VN01057). Individuals of all ages who resided in the selected 
communes and who visited either a local polyclinic (between 
October 2016 and May 2019) or the city’s Tropical Medicine Hos-
pital (between December 2016 and April 2019) with suspected 
dengue were deemed eligible. In the polyclinic, those who pre-
sented with suspected dengue fever were approached, and those 
who consented to be enrolled in the study were subsequently 
tested for dengue with an NS1 rapid test (DENGUE NS1 AG STRIP, 
#70700, BioRad). In the hospital, only those who were diagnosed 
with dengue fever on the basis of an NS1 rapid test were enrolled 
in the study.

Study teams then visited the index case’s home addresses, 
where additional consenting members of the household were 
also enrolled and had blood samples taken. After consent was 
obtained, a questionnaire was completed by all enrolled individ-
uals in order to gather information on clinical and demographic 
information relevant to this study, such as age, time of fever onset, 
home coordinates (using a Global Positioning System (GPS)), and 
typical daytime location.

Historical DENV case numbers were acquired from the Nha 
Trang Preventive Medicine Center, Khanh Hoa Center for Disease 
Control (CDC), and Tropical Diseases Hospital and were based on 
clinical signs and symptoms.

DENV ribonucleic acid (RNA) detection
NS1-positive serum samples were processed using Qiagen viral 
RNA extraction kit and tested by real-time reverse-transcription 
quantitative polymerase chain reaction (RT-qPCR). Viral RNA 
detection and blood viral load quantification were determined 
using LightMix® Dengue Virus EC kit (Cat.-No. 58-0700-96, TIB 
MolBiol, Berlin, Germany), which can identify all four DENV 
serotypes, with Luna® Universal Probe One-Step RT-qPCR Kit 
(New England Biolabs, USA). RT-qPCR assay was then performed 
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in Applied Biosystems® 7500 Fast Dx Real-Time PCR instrument 
(Thermo Fisher Scientific, USA) following cycling conditions in the 
manufacturer’s protocol.

The CDC real-time RT-qPCR assay was used to determine the 
serotype of DENV in the infected individuals. The protocol used 
was based on Santiago et al. (2013) with minor adjustments. The 
Ultraplex 1-Step Tough Mix qPCR kit (Quantabio) was substituted 
for the recommended kit with the manufacturer’s instructions 
followed.

Sequence generation
RNA extracted from DENV quantitative polymerase chain reac-
tion (qPCR)–positive patient sera was processed for whole-genome 
sequencing on the Illumina MiSeq platform. Two library prepa-
ration techniques were used; for samples that were positive by 
serotyping assay (to serotypes 1 or 2), an amplicon sequenc-
ing approach was used based on the protocol developed by Josh 
Quick for Zika virus (Quick et al. 2017). Briefly, multiple 400 
basepairs amplicons were designed using the primal scheme soft-
ware (available at http://primal.zibraproject.org/), which is based 
on primal3. Ten whole-genome sequences from temporally and 
spatially close outbreaks were used to design the sequencing
primers.

For sequences with an unknown serotype but were positive 
for DENV RNA by the qPCR singleplex assay, a target enrichment 
approach was followed. Biotinylated probes with a length of 120 
nucleotides (nt) were designed by running the Compact Aggre-
gation of Targets for Comprehensive Hybridization programme 
(Metsky et al. 2019) on available DENV 1, 2, 3, 4 genomes from 
NCBI GenBank. The Agilent SureSelectXT HS Target Enrichment kit 
and protocol was followed with the revisions recommended for 
pathogen sequencing (Williams et al. 2019).

Sequences generated in this study have been uploaded to NCBI 
GenBank with accession numbers OQ426566–OQ427062.

Phylogenetic analysis
Consensus DENV full genomes of the target viruses were gener-
ated from the FASTQ files produced by Illumina MiSeq sequencing. 
Raw files were screened for quality and trimmed to remove primer 
sequence bias using Fastp (Chen et al. 2018). Cleaned FASTQ files 
were then aligned to a serotype-specific reference genome using 
the Burrows–Wheeler Alignment for short-reads (BWA-MEM) (Li 
2009) along with the SAMtools view and sort packages (Li et al. 
2009). Reference DENV genomes were extracted from GenBank: 
DENV1: JQ045626, DENV2: GU131898, and DENV4:NC_002640. 
Aligned reads were called using SAMtools mpileup and iVar con-
sensus (Grubaugh et al. 2018a) programs with a resulting con-
sensus genome sequence in FASTA format. The genotype and 
serotype of the sampled viral populations were confirmed from 
the generated consensus genomes, using the DENV typing tool 
available from the Genome Detective resource (Vilsker et al. 
2019), which uses phylogenetics and pairwise distance within and 
between groups to known references to assign a genotype to a
sequence.

Processed consensus genomes were aligned against all full-
length DENV genomes available in the NCBI Virus Varia-
tion Resource Database (Hatcher et al. 2017) (as of 1 March 
2022), per serotype, using MAFFT (Katoh and Standley 2013). 
The resulting alignments were visually checked and manu-
ally adjusted in AliView (Larsson 2014) to remove the 5’ and 3’ 
end untranslated regions (UTR), as these greatly differed in 
length between publicly available sequences and sequences 
that contained gaps where sequencing read depth (<200) was 

insufficient. Maximum-likelihood (ML) phylogenies were gen-
erated using IQTREE (Nguyen et al. 2015) under the best-
fitting model of nucleotide substitution (as determined by the 
model finding procedure implemented in IQTREE) and 1,000 
ultrafast bootstrap replicates for branch support assessment. 
The resulting trees were edited and mid-point rooted using
FigTree.

Time-scaled phylogenies and root-to-tip linear regressions 
were inferred for each serotype with TreeTime (Sagulenko, Puller, 
and Neher 2018) using the ML trees generated with IQTREE. Time 
trees were estimated using the TreeTime function, with up to 
500 interactions, taking into account covariation when estimat-
ing rates of nucleotide substitutions along the phylogeny and with 
automatic rerooting of the tree to maximise the clock-like signal. 
The ‘mugration’ model for ancestral state reconstruction imple-
mented in TreeTime was used to infer the most likely migration 
patterns of the sampled viruses along the phylogeny, using the 
sampling location of the genomes as discrete traits (see Supple-
mentary Table S1).

Selection analysis
We investigated positive evolutionary pressure across the geno-
mes of the two clades with the largest case numbers and 
which also spanned over the greatest time period (D1.I and D4.I) 
using the MEME (Murrell et al. 2012) and FUBAR (Murrell et al. 
2012) tools from datamonkey.org (Weaver et al. 2018) to inves-
tigate the potential presence of episodic and pervasive selec-
tion pressures, respectively. The dengue polyprotein amino acid 
sites that the models predicted were under significant posi-
tive pressure and were investigated for frequency both before 
and during the period of elevated case numbers (Supplementary
Table S3).

Results
Genetic diversity of DENV1–4 genomes isolated 
in Nha Trang, Vietnam, between 2016 and 2019
A total of 511 DENV full-length genomes were generated from the 
individuals sampled over the study period (2016–19). The break-
down of the serotype and genotype distribution of the sequences, 
as determined by the Genome Detective, is given in Fig. 1. Viruses 
from all four serotypes were observed, with a majority of D1 
(37.8 per cent) and D2 (41.9 per cent) and fewer D4 (18.8 per cent) 
detected. D3 was represented by a single genome (0.2 per cent) 
and was excluded from subsequent analyses. Only one genotype 
within serotypes D1, D3, and D4 was identified (Genotypes I, III, 
and I, respectively), whilst, with serotype D2, sequences were of 
two distinct genotypes, namely II and V.

ML phylogenies of the three studied serotypes combined with 
international full-length sequences available from GenBank con-
firmed the presence of multiple DENV lineages amongst the sam-
pled infections (Figs 2–4). Clades were identified as clusters of 
sequences with the same geographical origin according to the 
mugration modelling in TreeTime and here are labelled according 
to their serotype and then given a clade number (e.g. ‘Clade 1.I’ is 
the largest clade identified for D1). The majority of the Nha Trang 
D1 genomes formed three distinct clades: (1) a large main clus-
ter containing 173 local sequences (Clade 1.I in Fig. 2; 90 per cent 
of all Nha Trang D1 genomes) and 35 sequences from neigh-
bouring countries and other parts of Vietnam (branch support 
98.6 per cent), (2) a smaller cluster of thirteen sequences contain-
ing twelve local sequences and one from elsewhere in Vietnam 
(Clade 1.II in Fig. 2; support 100 per cent), and (3) a cluster mainly 
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Figure 1. A stacked bar chart of the number of full DENV genome sequences generated during the study and their breakdown by serotype and 
genotype.

made of sequences from southern Vietnam and neighbouring 
countries (n = 17) but also including seven sequences from Nha 
Trang (Clade 1.III in Fig. 2; branch support 100 per cent). These 
findings suggested multiple introductions of DENV D1 into Nha 
Trang prior to the commencement of the study and over the course 
of the 3 years of the sampling in our study.

The D2 phylogeny also indicated at least two introductions of 
this serotype in the area (Fig. 3), with one large clade of 218 geno-
type V sequences, including 214 from this study in Nha Trang and 
4 from southern Vietnam, China, and Cambodia (Clade 2.I in Fig. 3; 
100 per cent branch support), and a second smaller clade (Clade 
2.II; branch support 100 per cent) of 7 genotype II genomes from 
Nha Trang.

All but one D4 genome formed one large clade of 101 sequences 
(Clade 4.I in Fig. 4; branch support 96 per cent) and included 
sequences from China, Cambodia, and elsewhere in Vietnam. The 
remaining D4 genome clustered distinctly with sequences isolated 
from Thailand (branch support 99 per cent).

At least one large clade of Nha Trang sequences (i.e. Clades 1.I, 
2.I, and 4.I) was observed in each of the phylogenies (Figs 2–4), 
suggesting that, for each serotype, a vast majority of the studied 
cases were sampled within local transmission chains. The average 
number of nucleotide substitutions per site within each clade is 
listed in Supplementary Table S1 and depicted in Supplementary 
Figure S1.

Isolated sequences (sequences with no close relative from the 
study and also in the phylogeny) were observed for serotypes 

D1 and D4, indicating independent introductions that either did 

not spread in the population or, more likely, were not sampled. 
Conversely, we observed that D1 and D2 sequences clustered 
very closely with other sequences isolated from Nha Trang and 
Vietnam, whilst there were far fewer D4 sequences available; con-
sequently, clustering was limited to a group of sequences imported 
into China.

Evidence for DENV persistence in the study area
The sampling time interval of the viral genomes within each local 
clade indicated that these chains of transmission persisted for 
between 121 days (Clade 2.II) and 878 days (Clade 1.I) during the 
sampling period in the area (Fig. 5). This provided a complex pic-
ture of serotype prevalence shifting over time, but with at least 
two distinct serotypes present every month of the sampling inter-
val from April 2017 onwards. Serotypes D1 and D4 were ubiquitous 
and remained in the population for at least 2 years despite peri-
ods of low incidence and even after the introduction of D2 (first 
sample: August 2018) and the resulting outbreak of 2018–19. Our 
sampling strategy did not change during the sampling period, sug-
gesting that it was the increase in reporting dengue cases during 
the outbreak that allowed more samples to be collected, which led 
to the consequent increased sensitivity to detect more clades dur-
ing this period. This absence of strain replacement and long-term 
persistence of multiple serotypes in the population in the local 
area suggest sufficient levels of susceptible hosts and ongoing 
transmission to maintain the lineage all year round, even between 
DENV outbreak periods, when incidence is low, and despite vector 
control in the affected areas.

Ancestral state reconstruction revealed that, of the six clades 
identified in Nha Trang across the three serotypes, four had an 
ancestral node inferred to be located in Nha Trang with a proba-
bility greater than 75 per cent: Clade 1.I, Clade 1.II, Clade 2.I, and 
Clade 4.I. These clades were considered to represent local trans-
mission chains and were further analysed. Inversely, the most 
likely place of origin of Clade 2.II was estimated to be China (Fig. 3; 
probability 91 per cent) and was excluded from the persistence 
time quantification.

The complete time of persistence of these local transmission 
clusters was estimated from dated phylogenies as the time span 
between the estimated time of introduction of a clade’s founder 
virus in the area and the time of sampling of the most recent 
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Figure 2. Midpoint-rooted maximum-likelihood trees of 2,446 publicly 
available full genome length DENV1 sequences (black terminal 
branches) with 193 DENV1 genomes generated in this study (red 
branches). The relevant region of the tree has been isolated as a separate 
tree. Branch supports, calculated as bootstrap scores from 1,000 
replicates, are indicated on relevant branches. The sampling location of 
the publicly available sequences in a Nha Trang cluster is indicated by a 
coloured dot (see legend). The most likely country of origin of relevant 
internal nodes is indicated by a coloured node, with probability values 
given in brackets.

isolate in that cluster (Fig. 6), using the sampling dates of the Nha 
Trang genomes to calibrate the molecular clock.

Calculating the TMRCA of the identified clades suggested that 
the first of the clades to be imported into Nha Trang was Clade 4.I, 
with a date of introduction as early as September 2008 (90 per cent 
CI: May 2007 to January 2010), followed by Clade 1.I. (March 2009; 
90 per cent CI: July 2006 to November 2011), Clade 2.I (June 2014; 
90 per cent CI: July 2012 to May 2015), Clade 1.II (June 2017; 
90 per cent CI: February 2017 to August 2017), and Clade 2.II (June 
2018; 90 per cent CI: March 2018 to September 2018) (Fig. 7 and 
Supplementary Table S2). Two of the clades showed evidence of at 
least one decade of local persistence, with intervals of 3,887 days 
(Clade 4.I) and 3,707 days (Clade 1.I) between the estimated time of 
introduction and the most recent sampling. We see introduction 
events of novel clades (Clades 1.II and 2.II) to the population dur-
ing a low case number season; these remained and were observed 
during the peak outbreak season in 2019. No introduction events 
were noted during or within the previous year of 2019.

Discussion
This study provides strong evidence of the persistence of locally 
circulating DENV strains throughout its almost 3-year duration, 

Figure 3. Midpoint-rooted maximum-likelihood trees of 1,891 publicly 
available full genome length sequences with the 221 full-length D2 
genomes generated in this study shown as red branches. The relevant 
regions of the tree have been isolated as separate trees, with the 
difference in genotypes of these sequences shown. The given country of 
isolation for the most genetically similar corresponding sequences is 
marked as a coloured dot at the end of the branch. Bootstrap support 
values over 70 and on relevant supporting branches have been shown 
except for genotype II, which is small enough to show all bootstrap 
supports.

determined using phylogenetic techniques. This is despite signifi-
cant fluctuations in case numbers and control measures imple-
mented by the Vietnam National Dengue control programme 
(World Health Organization 2017). In addition to the continued 
prevalence of the clades that were directly sampled, we also 
estimated that two of these circulating lineages had likely been 
present in the area for a decade. Introduction events of new viral 
lineages that were distinct from those in persistent circulation 
were also observed during the study period.

Categorising clades according to the phylogenetic similarity of 
the sampled viral sequences showed that Clades 1.I and 4.I per-
sisted for the longest time period, whilst the more recently intro-
duced Clade 2.I became the dominant clade sampled during the 
final year of our study. In the final year, an increase in case num-
bers compared to other years occurred that coincided with the 
rainy season in this area of Vietnam (Cuong et al. 2013) although 
interestingly all recent putative introduction events appeared to 
occur outside of these peak years. This was a pattern that was 
also reported across the whole of Vietnam and conforms to the 
cyclic nature of DENV infections that has been reported elsewhere, 
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Figure 4. Midpoint-rooted maximum-likelihood trees of 407 publicly 
available full genome length sequences with the 96 D4 genomes 
generated in this study shown as red branches. The given country of 
isolation for the most genetically similar corresponding sequences is 
marked as a coloured dot at the end of the branch. Bootstrap support 
values over 70 and on relevant supporting branches have been shown.

Figure 5. The number of sequences in each clade sampled each month 
from October 2016 to April 2019 with a total number of NS1-positive 
individuals recorded during the same time period.

with cases peaking roughly every 3 years (Cummings et al. 2004;
World Health Organization – Western Pacific Region 2019). Our 
results suggest that some of these recent increases in cases may 
have been related to the recent introduction of two new D2 clades 
into the population (Clades 2.I and 2.II) although further serol-
ogy work would be required to confirm this effect, and the effects 
of increased and improved sampling and diagnosis cannot be 
excluded.

The successful establishment of a new viral lineage has been 
suggested to be dependent on the historical exposure to dif-
ferent DENV serotypes of a population, potentially generating 
an immunological niche of more susceptible individuals to the 
new serotype, with previous studies showing that novel serotype 

introductions into a naive population are more likely to become 
established and cause greater case numbers than those for which 
there is already a serotype in long-term circulation (Sim and Hib-
berd 2016). For the establishment of viral lineages of a similar 
serotype to historical exposures, previous investigations have sug-
gested that positive selection for epidemic potential may have 
occurred, which could potentially explain the increase in case 
numbers. In our analysis of both pervasive and episodic changes 
in the genome, we detected a mixed picture (Supplementary 
Table S3), with Clade 1.1 showing some evidence of selection asso-
ciated with the later increase in numbers, while Clade 4.1 did not. 
Given that the numbers of all three main clades were observed to 
increase simultaneously during this later period, it seems likely 
that environmental factors, such as the number of mosquitoes, 
were more important than virological adaptation.

The low case numbers sampled at certain times of the year, 
with prolonged periods of weeks and even months where no clade 
members were sampled, could reflect successful control strate-
gies. However, phylogenetic inference has now enabled us to show 
the subsequent re-emergence of the same clade at later dates, 
with the expected low number of observed mutations accumu-
lated during the missing time period. The virus therefore contin-
ues to be cryptically transmitted in the population and is likely 
not detected due to a lack of sampling during this period. Sam-
pling is generally lower during periods that also coincide with 
unfavourable conditions for the vector (Lee et al. 2017). Such a 
period of low transmission, aggravated by a high prevalence of 
underlying asymptomatic and mildly symptomatic transmission 
(estimated to compromise up to 84 per cent of total DENV infec-
tions in a population (Ten Bosch et al. 2018)), is suggestive of 
unsampled subclinical infection as the most likely explanation for 
viral persistence of these clades.

Our data also provide evidence for viral persistence despite 
attempts of local control although continued reimportation of 
the same viral clade, probably from nearby areas, is also pos-
sible. We suspect this local reimportation may have happened 
with Clades 1.I and 4.I, where we see distant ancestral branches 
between subclades (Fig. 6). This implies missed sampling in the 
local area over the many years since the predicted TMRCA of these 
clades (Fig. 5). This highlights one of the limitations with this 
study where incomplete sampling of the total infected population 
will likely cause us to not fully capture the total viral diversity 
of each clade, which can cause an underestimation of the cal-
culated TMRCAs and in turn of the time of introduction of the 
observed lineages. In order to mitigate this lack of sampling, we 
included all available sequences from GenBank, which included 
previously collected samples from Nha Trang and elsewhere in 
Vietnam. However, this did not alter our findings, and we were still 
able to observe prolonged periods of persistence in the population.

These findings have implications for future control strategies 
for DENV, as we have shown that there is continued, often unre-
ported DENV transmission year-round. Vector control could there-
fore be implemented all year, as well as during peak periods as is 
currently favoured (Nguyen-Tien, Probandari, and Ahmad 2019). 
The cyclic nature of DENV case numbers, with peak outbreak 
periods occurring approximately every 3 years in this population 
(Quyen et al. 2018), indicates a role for increased surveillance and 
control measures during outbreak years and potentially the use 
of vaccines or prophylaxis if available (Kaptein et al. 2021). The 
discovery of imported cases into the area from other regions of 
Vietnam as well as from abroad, one of which rapidly became 
the dominant circulating lineage, highlights a potential role of 
border sampling of international visitors, particularly from DENV 
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Figure 6. Dated phylogenies of five DENV clades sampled in Nha Trang between 2016 and 2019. Branch lengths correspond to time, with the year and 
month of the node shown in x-axis.

Figure 7. The timescale of sampled and predicted historical samples based on linear regression analysis of phylogenetic diversity overlayed on 
historical and recently reported DENV cases in Nha Trang. Sequences have been divided into serotypes and then coloured by clade according to 
genetic similarity and putative node origin. Fixed lines denote that a sequence has been sampled from at least a 2-month time period, whilst dotted 
lines are the hypothesised TMRCA denoted as an X with 90 per cent confidence intervals denoted by square brackets.

endemic regions with a high prevalence of unseen DENV serotypes 
(such as D3 of which very few cases were observed in this study 
period).

Conclusions
We have identified epidemiological and phylogenetic evidence 
of uninterrupted transmission chains that have lasted for the 
3 years of our sampling period, and through the use of TreeTime, 

we have inferred that some of these transmission chains may 
have persisted for more than 10 years. During this persistence, 
infected cases per year have increased and decreased, implying 
that environmental changes (which highly influence mosquito 
numbers) are more likely to be the cause of observed changes 
in human infections rather than the introduction of clades with 
specific viral adaptations. In addition, our data also imply that 
anti-dengue strategies had only limited success in preventing 
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transmissions, even in the low seasons or non-outbreak years, 
possibly due to the importance of unreported (potentially sub-
symptomatic) cases.

Data availability
Processed FASTA files used in this study are availble upon request 
and have been deposited at the National Center for Biotechnology 
Information (NCBI OQ426566–OQ427062).

Supplementary data
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Acknowledgements
We would like to thank those who participated in the study and 
the healthcare personnel who collected data from patients at 
the Pasteur Institute of Nha Trang and the Hanoi National Insti-
tute of Hygiene and Epidemiology for their work in collecting and 
managing data.

Funding
Financial support for this study was provided by the UK Medical 
Research Council (www.mrc.ac.uk) as well as Janssen (Johnson & 
Johnson, Project number: ITPMZG4810); support for the popula-
tion study site was provided by the Japan Program for Infectious 
Diseases Research and Infrastructure, Japan Agency for Medical 
Research and Development under Grant Number JP21wn0125006. 
O.J.B. was supported by a UK Medical Research Council Career 
Development Award (MR/V031112/1).

The funders had no role in the study design, data collec-
tion, and analysis; decision to publish; or preparation of the 
manuscript.

Conflict of interest M.V.L., G.H.-T., F.R. and L.V.W. are employees of 
Johnson & Johnson.

References
Alphey, L. et al. (2010) ‘Sterile-Insect Methods for Control of 

Mosquito-Borne Diseases: An Analysis’, Vector-Borne and Zoonotic 
Diseases, 10: 295–311.

Bhatt, S. et al. (2013) ‘The Global Distribution and Burden of Dengue’, 
Nature, 496: 504–7.

Biggs, J. R. et al. (2021) ‘Estimating the Annual Dengue Force of Infec-
tion from the Age of Reporting Primary Infections across Urban 
Centres in Endemic Countries’, BMC Medicine, 19: 1–14.

Brady, O. J. et al. (2021) ‘Case-Area Targeted Interventions (CATI) for 
Reactive Dengue Control: Modelling Effectiveness of Vector Con-
trol and Prophylactic Drugs in Singapore’, PLOS Neglected Tropical 
Diseases, 15: e0009562.

Buhler, C. et al. (2019) ‘Environmental Methods for Dengue Vector 
Control – A Systematic Review and Meta-Analysis’, PLOS Neglected 
Tropical Diseases, 13: e0007420.

Campbell, F. et al. (2018) ‘When Are Pathogen Genome Sequences 
Informative of Transmission Events?’, PLOS Pathogens, 14(2).

Caragata, E. P. et al. (2021) ‘Wolbachia as Translational Science: 
Controlling Mosquito-Borne Pathogens’, Trends in Parasitology, 37: 
1050–67.

Cardoso, C. W. et al. (2015) ‘Outbreak of Exanthematous Illness Asso-
ciated with Zika, Chikungunya, and Dengue Viruses, Salvador, 
Brazil’, Emerging Infectious Diseases, 21: 2274–6.

Chen, S. et al. (2018) ‘Fastp: An Ultra-Fast All-in-One FASTQ Prepro-
cessor’, Bioinformatics, 34: i884–90.

Cummings, D. A. T. et al. (2004) ‘Travelling Waves in the Occurrence 
of Dengue Haemorrhagic Fever in Thailand’, Nature, 427: 344–7.

Cuong, H. Q. et al. (2013) ‘Spatiotemporal Dynamics of Dengue 
Epidemics, Southern Vietnam’, Emerging Infectious Diseases, 19: 
945–53.

Dejnirattisai, W. et al. (2016) ‘Dengue Virus Sero-Cross-Reactivity 
Drives Antibody-Dependent Enhancement of Infection with Zika 
Virus’, Nature Publishing Group, 17: 1102–8.

Flasche, S. et al. (2016) ‘The Long-Term Safety, Public Health Impact, 
and Cost-Effectiveness of Routine Vaccination with a Recom-
binant, Live-Attenuated Dengue Vaccine (Dengvaxia): A Model 
Comparison Study’, PLOS Medicine, 13.

Fongwen, N. et al. (2021) ‘Implementation Strategies for the First 
Licensed Dengue Vaccine: A Meeting Report’, Vaccine, 39: 4759–65.

Galarion, M. J. et al. (2019) ‘Genotypic Persistence of Dengue Virus in 
the Philippines’, Infection, Genetics and Evolution, 69: 134–41.

Grubaugh, N. D. et al. (2018a) ‘An Amplicon-Based Sequencing Frame-
work for Accurately Measuring Intrahost Virus Diversity Using 
PrimalSeq and iVar’, bioRxiv 383513.

Grubaugh, N. D. et al. (2018b) ‘Tracking Virus Outbreaks in the Twenty-
First Century’, Nature Microbiology, 4: 10–9.

Guzman, M. G. et al. (2010) ‘Dengue: A Continuing Global Threat’, 
Nature Reviews. Microbiology, 8: S7–16.

Guzman, M. G. et al. (2016) ‘Dengue Infection’, Nature Reviews Disease 
Primers, 2: 1–25.

Hatcher, E. L. et al. (2017) ‘Virus Variation Resource – Improved 
Response to Emergent Viral Outbreaks’, Nucleic Acids Research, 45: 
D482–90.

Holmes, E. C. (2004) ‘The Phylogeography of Human Viruses’, Molecular 
Ecology, 13: 745–56.

——— (2009) ‘RNA Virus Genomics: A World of Possibilities’, Journal of 
Clinical Investigation, 119: 2488–95.

Kaptein, S. J. F. et al. (2021) ‘A Pan-Serotype Dengue Virus Inhibitor 
Targeting the NS3–NS4B Interaction’, Nature, 598: 504–9.

Katoh, K., and Standley, D. M. (2013) ‘MAFFT Multiple Sequence 
Alignment Software Version 7: Improvements in Performance and 
Usability’, Molecular Biology and Evolution, 30: 772–80.

Kyle, J. L., and Harris, E. (2008) ‘Global Spread and Persistence of 
Dengue’, Annual Review of Microbiology, 62: 71–92.

Larsson, A. (2014) ‘AliView: A Fast and Lightweight Alignment Viewer 
and Editor for Large Datasets’, Bioinformatics, 30: 3276–8.

Lee, H. S. et al. (2017) ‘Seasonal Patterns of Dengue Fever and Associ-
ated Climate Factors in 4 Provinces in Vietnam from 1994 to 2013’, 
BMC Infectious Diseases, 17: 218.

——— et al. (2009) ‘The Sequence Alignment/Map Format and SAM-
tools’, Bioinformatics, 25: 2078–9.

Li, H. and Durbin R. (2009) ‘Fast and accurate short read alignment 
with Burrows-Wheeler transform’, Bioinformatics, 25: 1754–60.

Metsky, H. C. et al. (2019) ‘Capturing Sequence Diversity in 
Metagenomes with Comprehensive and Scalable Probe Design’, 
Nature Biotechnology, 37: 160–8.

Morrison, A. C. et al. (2006) ‘Aedes aegypti (Diptera: Culicidae) Produc-
tion from Non-Residential Sites in the Amazonian City of Iquitos, 
Peru’, Annals of Tropical Medicine and Parasitology, 100.

Murrell, B. et al. (2012) ‘Detecting Individual Sites Subject to Episodic 
Diversifying Selection’, PLoS Genetics, 8: e1002764.

Nguyen, L.-T. et al. (2015) ‘IQ-TREE: A Fast and Effective Stochas-
tic Algorithm for Estimating Maximum-Likelihood Phylogenies’, 
Molecular Biology and Evolution, 32: 268–74.

https://academic.oup.com/ve/article-lookup/doi/10.1093/ve/vead012#supplementary-data
https://www.mrc.ac.uk


J. Ashall et al.  9

Nguyen-Tien, T., Probandari, A., and Ahmad, R. A. (2019) ‘Barriers to 
Engaging Communities in a Dengue Vector Control Program: An 
Implementation Research in an Urban Area in Hanoi City,Viet-
nam’, The American Journal of Tropical Medicine and Hygiene, 100: 
964–73.

Nikin-Beers, R., and Ciupe, S. M. (2015) ‘The Role of Antibody in 
Enhancing Dengue Virus Infection’, Mathematical Biosciences, 263: 
83–92.

Pollett, S. et al. (2018) ‘Understanding Dengue Virus Evolution to Sup-
port Epidemic Surveillance and Counter-Measure Development’, 
Infection, Genetics and Evolution, 62: 279–95.

Pybus, O. G., Fraser, C., and Rambaut, A. (2013) ‘Evolutionary Epi-
demiology: Preparing for an Age of Genomic Plenty’, Philosophical 
Transactions of the Royal Society B: Biological Sciences, 368.

Quick, J. et al. (2017) ‘Multiplex PCR Method for MinION and Illu-
mina Sequencing of Zika and Other Virus Genomes Directly from 
Clinical Samples’, bioRxiv 098913.

Quyen, D. L. et al. (2018) ‘Epidemiological, Serological, and Virologi-
cal Features of Dengue in Nha Trang City, Vietnam’, The American 
Journal of Tropical Medicine and Hygiene, 98: 402–9.

——— (2010) ‘Dengue Virus Virulence and Transmission Determi-
nants Rothman Alan’, in Dengue Virus, Springer, Berlin, Heidelberg: 
Nature Publishing Group 338: pp. 45–55.

Sagulenko, P., Puller, V., and Neher, R. A. (2018) ‘TreeTime: Maximum-
Likelihood Phylodynamic Analysis’, Virus Evolution, 4.

Santiago, G. A. et al. (2013) ‘Analytical and Clinical Performance of the 
CDC Real Time RT-PCR Assay for Detection and Typing of Dengue 
Virus’, PLoS Neglected Tropical Diseases, 7: e2311.

Schmidt, W.-P. et al. (2011) ‘Population Density, Water Supply, and 
the Risk of Dengue Fever in Vietnam: Cohort Study and Spatial 
Analysis’, Sciences, 8: e1001082.

Schreiber, M. J. et al. (2009) ‘Genomic Epidemiology of a Dengue Virus 
Epidemic in Urban Singapore’, Journal of Virology, 83: 4163–73.

Screaton, G. et al. (2015) ‘New Insights into the Immunopathology 
and Control of Dengue Virus Infection’, Nature Reviews. Immunol-
ogy, 15: 745–59.

Sim, S., and Hibberd, M. L. (2016) ‘Genomic Approaches for Under-
standing Dengue: Insights from the Virus, Vector, and Host’, 
Genome Biology, 17: 38.

Stoddard, S. T. et al. (2013) ‘House-to-House Human Move-
ment Drives Dengue Virus Transmission’, Proceedings of the 
National Academy of Sciences of the United States of America, 110:
994–9.

Takemura, T. et al. (2022) ‘The 2017 Dengue Virus 1 Outbreak in 
Northern Vietnam Was Caused by a Locally Circulating Virus 
Group’, Tropical Medicine and Health, 50: 3.

Ten Bosch, Q. A. et al. (2018) ‘Contributions from the Silent Major-
ity Dominate Dengue Virus Transmission’, PLOS Pathogens, 14: 
e1006965.

Utarini, A. et al. (2021) ‘Efficacy of Wolbachia-Infected Mosquito 
Deployments for the Control of Dengue’, The New England Journal 
of Medicine, 384: 2177–86.

Vilsker, M. et al. (2019) ‘Genome Detective: An Automated System 
for Virus Identification from High-Throughput Sequencing Data’, 
Bioinformatics, 35: 871–3.

Weaver, S. et al. (2018) ‘Datamonkey 2.0: A Modern Web Application 
for Characterizing Selective and Other Evolutionary Processes’, 
Molecular Biology and Evolution, 35: 773–7.

Williams, R. J. et al. (2019) Utilization of Agilent SureSelect Tar-
get Enrichment for Whole Genome Sequencing of Viruses and Bacte-
ria <https://www.agilent.com/cs/library/applications/infectious_
APP5994-0909EN.pdf>.

World Health Organization. (2017) Western Pacific Regional Action Plan 
for Dengue Prevention and Control (2016) <https://iris.wpro.who.int/
handle/10665.1/13599>.

World Health Organization – Western Pacific Region. (2019) Dengue 
Situation Update Number 584 [WWW Document] <https://iris.wpro.
who.int/bitstream/handle/10665.1/14329/Dengue-20191219.pdf> 
Accessed 12 Aug 2021.

World Health Organization [WHO]. (2022) Dengue and Severe Dengue 
[WWW Document]. <https://www.who.int/news-room/fact-sheets/
detail/dengue-and-severe-dengue> Accessed 1 Nov 2022.

Yuan, H. Y. et al. (2020) ‘The Effects of Seasonal Climate Variability 
on Dengue Annual Incidence in Hong Kong: A Modelling Study’, 
Scientific Reports, 10: 1–10.

Zeng, Z. et al. (2021) ‘Global, Regional, and National Dengue Burden 
from 1990 to 2017: A Systematic Analysis Based on the Global 
Burden of Disease Study 2017’, EClinicalMedicine, 32.

https://www.agilent.com/cs/library/applications/infectious_APP5994-0909EN.pdf
https://www.agilent.com/cs/library/applications/infectious_APP5994-0909EN.pdf
https://iris.wpro.who.int/handle/10665.1/13599
https://iris.wpro.who.int/handle/10665.1/13599
https://iris.wpro.who.int/bitstream/handle/10665.1/14329/Dengue-20191219.pdf
https://iris.wpro.who.int/bitstream/handle/10665.1/14329/Dengue-20191219.pdf
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue
https://www.who.int/news-room/fact-sheets/detail/dengue-and-severe-dengue

	A phylogenetic study of dengue virus in urban Vietnam shows long-term persistence of endemic strains
	 Introduction
	 Methods
	 Study population
	 DENV ribonucleic acid (RNA) detection
	 Sequence generation
	 Phylogenetic analysis
	 Selection analysis

	 Results
	 Genetic diversity of DENV1–4 genomes isolated in Nha Trang, Vietnam, between 2016 and 2019
	 Evidence for DENV persistence in the study area

	 Discussion
	 Conclusions
	 Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest
	References




