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Simposio XIV

Determining the patterns and processes of den
gue virus (DENV) evolution is central to un-

derstanding both its emergence and potential im-
pact on human populations. I will begin by
reviewing our current understanding of the origin
and spread of DENV, as well as its current genetic
diversity. I will then explore the evolutionary pro-
cesses that have shaped the observed phylogene-
tic patterns in DENV. In particular, I will show that
complex immunological interactions among sero-
types may also influence aspects of intra-serotype
genetic diversity, particularly patterns of lineage
extinction and replacement. Moreover, I will show
that DENV, like other arboviruses, is subject to
strong purifying selection because of the inherent
difficulties in replicating in hosts as divergent as
mammals and mosquitoes. As such, dengue and
other arboviruses may be less be to jump species
boundaries than previously imagined. However,
despite such purifying selection, I will suggest that
the intense transmission dynamics of DENV in
some locations, particularly in South-East Asia,
may facilitate the sustained transmission of defec-
tive viral strains through complementation.

The Epidemiology of DENV

Dengue is the most common vector-borne viral
disease of humans, with over 50 million cases doc-
umented in tropical and subtropical regions each
year, and with many more infections likely to be
asymptomatic (Burke et al. 1988). Where infection
does result in disease, the most common manifes-
tation is an acute febrile illness, designated den-
gue fever (DF). Further, in a minority of cases,
infection with dengue virus can result in a more
serious disease manifestations, usually referred to
as dengue hemorrhagic fever (DHF) and dengue
shock syndrome (DSS) [although the distinction

between them is often complex], the latter of which
is characterised by circulatory failure particularly
in infants. There are perhaps 500,000 cases of DHF/
DSS of sufficient severity each year to require hos-
pitalization, with case fatality rates as high as 5%
depending on the availability of appropriate clini-
cal treatment. Given the increasing size and mo-
bility of the human population, and the lack of an
effective vaccine, it is likely that dengue will con-
tinue represent an important public health prob-
lem for the foreseeable future.

Dengue virus (DENV) is a single-stranded, pos-
itive-sense, RNA virus (genus Flavivirus, family Fla-
viviridae) with a genome of approximately 11 kb that
is translated as a single polyprotein and then cleaved
into ten protein components. The virus is particu-
larly notable in that it exists as four antigenically
distinct serotypes (denoted DENV-1 to DENV-4 and
which diverge at ~30% across their polyprotein),
within which there is considerable genetic variation
in the guise of phylogenetically defined “subtypes”
or “genotypes” (see below; Fig. 1). Humans are the
major mammalian host of DENV, with Aedes mos-
quitoes the principal vectors, particularly the peri-
domestic species Aedes aegypti. DENV has attracted
particular interest because of increases in its inci-
dence and geographic range, largely due to the in-
troduction of A. aegypti to non-endemic regions of
the world.

DENV also exists in a little studied sylvatic (or
“jungle”) transmission cycle, in which forest-dwell-
ing mosquitoes transmit the virus between non-
human primates, which (it is commonly thought)
experience asymptomatic infections (Peiris et al.
1993; Rodhain 1991; Rudnick 1984; Wang et al.
2000). The most notable evolutionary observation
relating to sylvatic DENV is that, in the case of
DENV-2 and DENV-4, the sylvatic strains fall as
sister groups to human DENV strains within their

The Evolution and Epidemiology of Dengue Virus

Edward C. Holmes

Estrategias de control de las enfermedades transmitidas por vector



E297salud pública de méxico / vol. 49, edición especial, XII congreso de investigación en salud pública

Simposio XIV

respective serotype on phylogenetic trees (this may
also be true of DENV-1, although there is little phy-
logenetic resolution; Wang et al. 2000; Fig. 1). This
pattern strongly suggests that dengue was origi-
nally a monkey virus that crossed to humans inde-
pendently in all four serotypes.

One of the most remarkable features of DENV
is that it exists as four distinct serotypes, as diver-
gent as some other species of flavivirus, that exhibit
complex immunological and epidemiological pat-
terns. One example of this complexity is that the
pattern of DHF/DSS incidence within endemic pop-
ulations such as Thailand exhibits complex wave-
like dynamics; waves of DHF spread from Bangkok
to outlying areas in Thailand, with the four viral
serotypes co-circulating in a single population but
with the dominant serotype changing on an 8-10
year cycle (Cummings et al. 2004). Similarly, com-
plex oscillations in serotype frequency are observed
within individual populations, most likely stem-
ming from different levels of cross-protection among
the antigenically distinct serotypes. This is again best
documented in Bangkok, Thailand where DENV-1,
DENV-2, DENV-3 appear to be cycling in-phase with
each other (i.e. they are on the same epidemic cy-
cle), while DENV-4 is consistently out-of-phase with
the other serotypes (Adams et al. 2006; Zhang et al.
2005; Fig. 2). However, the precise mechanistic ba-
sis for this complex dynamical behavior remains
unclear and constitutes a major goal in studies of
dengue epidemiology.

The Molecular Evolution of DENV.

The most basic task in studies of DENV molecular
evolution is to reconstruct the origin and spread of
this virus in human populations. The major insights
here have been achieved by phylogenetic analysis
(Fig. 1). As well as inferring evolutionary relation-
ships, a number of studies have estimated the rates
and dates of DENV evolution. These have produced
substitution rates of ~10-3 substitutions per site, per
site (subs/site/year) and hence similar to those seen
in other RNA viruses (Jenkins et al. 2002; Twiddy et
al. 2003; Zhang et al. 2005). Using these rates it can
be inferred that the origin of dengue virus (that is,
the deepest split in the divergence of the four sero-
types) occurred ~1000 years ago (Twiddy et al. 2003),
and thus corresponds roughly to the first reports of
dengue-like disease (Gubler 1998). Likewise, the
dates of the origin of each serotype, perhaps corre-

sponding to cross-species transmission events from
monkeys to humans or the acquisition of Aedes ae-
gypti as the principle vector for DENV transmission
in humans (Moncayo et al. 2004), only occurred be-
tween ~320 (DENV-2) to ~125 (DENV-1) years ago
(Twiddy et al. 2003). The evolutionary history of
dengue virus therefore appears to be a recent one,
such that up until a few hundred years ago dengue
was primarily a sylvatic disease, only causing spo-
radic outbreaks in humans and resembling the pat-
tern still shown by YFV today. It was not until the
rapid increase in human population size, initiated
by widespread urbanization and the development
of modern transportation methods in the last few
hundred years, that sufficient numbers of hosts were
available on a regular enough basis to enable sus-
tained transmission in humans (Holmes & Twiddy
2003; Zanotto et al. 1996).

Figure 1. The phylogenetic history of DENV. The
subtype designation is shown next to the rele-
vant groupings and estimates of the age of the
most recent common ancestor are shown for
key nodes (with confidence intervals in paren-
thesis).  Estimates of age are taken from Twiddy
et al. (2003).

Estrategias de control de las enfermedades transmitidas por vector



E298 salud pública de méxico / vol. 49, edición especial, XII congreso de investigación en salud pública

Simposio XIV

Another important aspect of molecular evolu-
tionary studies has been the dissection of the extent
and structure of genetic variation within serotypes.
Since the early 1990s the scope of genotyping stud-
ies has greatly expanded, particularly through the
use of complete E gene sequences (~1485 bp) as a
phylogenetic marker (Goncalvez et al. 2002; 2004;
Lewis et al. 1993; Lanciotti et al. 1994; Lanciotti et al.
1997; Rico-Hesse et al. 1997; Rico-Hesse et al. 1998;
Twiddy et al. 2002; Zhang et al. 2005). The most no-
table result stemming from these phylogenetic stud-
ies is that viral isolates form phylogenetically distinct
clusters of sequences – “subtypes” (or “genotypes”)
– within each serotype (Fig. 1). More importantly,
the subtypes often have differing spatial distribu-
tions, with some more widespread (“cosmopolitan”)
than others, indicating that both population subdi-
vision and gene flow are important in the structur-
ing genetic diversity in DENV. This is best
documented in DENV-2 where two subtypes are
apparently restricted to Southeast Asia and another

to the Americas (Twiddy et al. 2002). In contrast, a
Cosmopolitan subtype has been sampled from a
wider range of localities, although it is unknown
whether its wider distribution is due an enhanced
fitness or merely random sampling. Other conclu-
sions that can be drawn from the phylogenetic anal-
ysis of DENV: (i) that subtypes frequently
co-circulate within the same locality, (ii) that there
is a possible distinction between “endemic” sub-
types that have circulated within particular locali-
ties for extended periods of time and “epidemic”
subtypes that seem to spread rapidly through mul-
tiple populations, (iii) that Southeast Asia harbors
the greatest degree of genetic diversity, suggesting
that it acts as a “source” population, generating
strains that then ignite epidemics elsewhere, and (iv)
that there is a relatively high rate of clade (includ-
ing subtype) extinction and replacement, generat-
ing periodic fluctuations in genetic diversity which
can have a major impact on phylogenetic diversity
(Klungthong et al. 2004; Sittisombut et al. 1997; Wit-
tke et al. 2002).

The occurrence of clade extinction and replace-
ment is one the most intriguing aspects of DENV
molecular epidemiology, particularly its mechanis-
tic basis. For example, in Thailand a turnover of
DENV-2 strains was observed between 1980 and
1987 (Sittisombut et al. 1997) and of DENV-3 strains
in the 1990s (Wittke et al. 2002). Such discrete chang-
es in genetic space could be explained by either (a)
random population bottlenecks, for example
caused by large-scale declines in mosquito num-
bers during the annual dry season, or (b) because
the clades observed differ in fitness so that one is
able out-compete another. Choosing between these
two models is a key question in the evolutionary
genetics of DENV.

Despite the growing data base of DENV se-
quences there are critical and fundamental gaps in
our understanding of the epidemiological and evo-
lutionary dynamics of DENV. The most notable of
these is that there is a marked absence of longitu-
dinal sequence data from individual populations.
At present the best characterized data set comes
from the Queen Sirikit National Hospital for Chil-
dren (QSNICH) in Bangkok, Thailand. This data
set is remarkable in that sample collecting started
in 1973 and has continues to this day (Nisalak et al.
2003). These data therefore provide a unique
glimpse into both immunodynamics – the chang-
ing frequency of the four DENV serotypes – as well

Figure 2. Monthly confirmed cases of each
dengue serotype at Queen Sirikit National
Institute of Child Health, Bangkok, Thailand
1980 to 2000. (a) Incidence of each serotype
after adjusting as if the serotype was isolated
in 100% of cases every month. (b) Adjusted
data after removing the seasonal effect and
smoothing.  Red – DENV-1, blue – DENV-2,
green – DENV-3, black – DENV-4. Adapted
from Adams et al. 2006.
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as the incidence of DF and DHF/DSS, and have
been used to shed light on some fundamental as-
pects of DENV epidemiology. More recently, a
large-scale gene sequencing project has enabled the
generation of molecular data from this same pop-
ulation (Klungthong et al. 2004; Zhang et al. 2005;
Zhang et al. 2006). Analyses of these data have led
to some fundamental insights into the molecular
evolution of DENV virus, most notably a high fre-
quency of clade extinction and replacement and
how this relates to patterns of changing serotype
prevalence (Adams et al. 2006; Zhang et al. 2005).

Intra-Host Diversity and Evolution of
DENV

Populations of RNA viruses often exhibit extensive
genetic diversity, a product of large population siz-
es, rapid replication rates and extremely high rates
of mutation. However, most studies of viral genetic
diversity been conducted at the epidemiological lev-
el, in which a single, consensus, sequence is obtained
from each infected individual by direct sequencing.
This sequence describes the average diversity in the
intra-host viral population, thereby hiding a myri-
ad of variable mutant sequences. This is particular-
ly true of acute viruses such as DENV, where the
infection only lasts a few days. Hence, little is known
about the genetic diversity of DENV within indi-
vidual hosts, either humans or mosquitoes.

The studies of intra-host genetic diversity in
DENV undertaken to date have revealed extensive
variation, with intra-host variation in the realm of
1% (Aaskov et al. 2006; Craig et al. 2003; Lin et al. 2002;
Wang et al. 2002; Wittke et al. 2002). In most cases this
genetic diversity seems to comprise deleterious, and
hence transient, nonsynonymous mutations. This
conclusion can be drawn from three lines of evidence;
(i) that most nonsynonymous mutations occur only
one in the alignment as expected of transient muta-
tions, (ii) that the nucleotide sites that are variable
within hosts are usually conserved at the global pop-
ulation level, indicating that these transient polymor-
phisms have failed to spread in the population, and
(iii) dN/dS is higher within than among hosts, sug-
gesting that intra-host variation depicts the mutation-
al spectrum prior to the action of widespread
purifying selection (Holmes 2003).

However, this selective purging of transient
deleterious mutations does not occur in every case.
Most notably, longitudinal studies have revealed

that many of the single nucleotide polymorphisms
observed in populations of DENV-1 and DENV-2
have been maintained through multiple of cycles
of human-mosquito transmission (Aaskov et al.
2006; Craig et al. 2003). Several of these “stable”
polymorphisms in DENV-1 are especially notable
in that they are likely have severe detrimental ef-
fects on viral fitness; for example, the amino acid
change at residue E 121 (Cys - Arg ) will disrupt a
disulphide bridge critical for the conformation of
the E protein and a stop codon (Gln – stop) in the
middle of the E protein gene (position E248) pro-
duced a truncated, and hence defective, protein
species (Aaskov et al. 2006).

The most remarkable observation in this con-
text is that the stop codon mutation at E248 did not
seem to result in a fitness reduction for the individ-
ual viruses carrying them, so that they were trans-
mitted among individuals for a period of at least 18
months. Indeed, DENV-1 populations with the stop
codon at E248 have now been detected in Myan-
mar, New Caledonia and Singapore (J. Aaskov, un-
published observations). The failure to purge these
deleterious mutations is even more striking consid-
ering the repeated populations bottlenecks that are
likely to occur during every round of human-mos-
quito viral transmission and during every dry sea-
son (and it is intriguing that the spread of the stop
codon strain in Myanmar coincides with a reduc-
tion in the overall prevalence of this serotype). It
was therefore proposed that the defective viruses
are retained in these viral population through com-
plementation by co-infecting, functional viruses
(Aaskov et al. 2006). If so, it must also be the case
that the mixed infection of hosts (and cells) with
genetically different dengue viruses (serotypes, gen-
otypes, clades, isolates) is commonplace and hence
a major aspect of DENV evolutionary dynamics.

n
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