Inferring the Rate and Time-Scale of Dengue Virus Evolution
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Dengue is often referred to as an emerging disease because of the rapid increases in incidence and prevalence that have
been observed in recent decades. To understand the rate at which genetic diversification occurs in dengue virus and to
infer the time-scale of its evolution, we employed a maximum likelihood method that uses information about times of
virus sampling to estimate the rate of molecular evolution in a large number of viral envelope (E) gene sequences and to
place bounds around the dates of appearance of all serotypes and specific genotypes. Our analysis reveals that dengue
virus generally evolves according to a molecular clock, although some serotype-specific and genotype-specific rate
differences were observed, and that its origin is more recent than previously suggested, with the virus appearing
approximately 1000 years ago. Furthermore, we estimate that the zoonotic transfer of dengue from sylvatic (monkey) to
sustained human transmission occurred between 125 and 320 years ago, that the current global genetic diversity in the
four serotypes of dengue virus only appeared during the past century, and that the recent rise in genetic diversity can be
loosely correlated both to human activities such as population growth, urbanization, and mass transport and to the
emergence of dengue hemorrhagic fever as a major disease problem.

Introduction

Dengue is the most common vector-borne viral
disease of humans, infecting in excess of 50 million
people in tropical and subtropical regions each year
(World Health Organization, 1999). Where infection
results in overt disease, the most common form is an
acute febrile disease similar to influenza (classical dengue
fever [DF]). However, in a minority of cases, this disease
progresses to spontaneous hemorrhaging (dengue hemor-
rhagic fever [DHF]) and, most seriously, to dengue shock
syndrome (DSS), characterized by a lack of detectable
blood pressure and/or pulse. Case-fatality rates for the
latter syndromes can be as high as 5% (World Health
Organization, 2001).

The agent of these diseases, dengue virus, is an RNA
virus with a positive-sense genome of approximately 11
kb, belonging to the genus Flavivirus and existing as four
genetically distinct serotypes (DEN-1 to DEN-4). There
are two distinct transmission cycles for dengue. The first
generally involves transmission to human hosts in urban
areas by the “domesticated” mosquito, Aedes aegypti,
while the second, the sylvatic, or jungle, transmission
cycle involves nonhuman primates as the major vertebrate
hosts (although humans living or working in the forest or
its fringes are occasionally infected), with the main vectors
being canopy-dwelling Aedes mosquitoes (Rudnick 1986).

The prevalence of all four dengue serotypes has risen
dramatically in recent years, accompanied by an increase
in genetic diversity within each serotype. This diversity
was previously demonstrated in an analysis of the
branching structure of dengue phylogenies, which revealed
a simultaneous increase in the number of viral lineages in
all serotypes over the past 200 years (Zanotto et al. 1996).
Clearly, such a rise in genetic diversity may also have
important phenotypic implications, such as the emergence
of viruses with altered antigenicity, virulence, or tissue
tropism. Therefore, information about the rates of
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nucleotide substitution in dengue virus not only provides
information about its epidemiological history but also is
crucial to our understanding of the processes controlling
viral evolution and, consequently, to predicting responses
to drug treatments or vaccination programs (Holmes and
Burch 2000).

Previous studies of the rate and time frame of dengue
evolution have employed several different methods.
Zanotto et al. (1996) compared phylogenetically indepen-
dent pairs of dated sequences with an outgroup sequence,
determining the rate for each pair of sequences by dividing
the divergence that has occurred between their sampling
by the difference in isolation times. In this manner, a rate
estimate for nonsynonymous substitutions in the dengue
envelope (E) gene of mosquito-borne flaviviruses (most of
which were dengue) of 7.5 X 107> subs/site/year was
obtained. With this rate in hand, the origin of the four
serotypes was placed at around 1500 to 2000 years ago,
with the rapid increase in genetic diversity taking place
within the past 200 years, coincident with the increased
size and mobility of the human host population over this
period. Lanciotti, Gubler, and Trent (1997) employed
linear regression to a scatter plot of genetic distance from
tree root to tip against date of isolation to estimate an
overall substitution rate (i.e., combining both synonymous
and nonsynonymous rates) in the E gene of DEN-4
of 8.3 X 10~ * subs/site/year. More recently, Wang et al.
(2000) used both these methods to estimate substitution
rates in DEN-2, producing an overall rate estimate of
approximately 6 X 10~ * subs/site/year. This rate was ex-
trapolated to serotypes 1 and 4, placing the divergence
between sylvatic and human strains of DEN-1 at 200 =
100 years before the present, with those of DEN-2 and
DEN-4 at 1000 %= 500 years ago and 600 *= 300 years
ago, respectively.

However, none of these methods can be considered
statistically rigorous. For pairwise comparison methods,
the number of suitable pairs of sequences in any data set is
usually limited. Furthermore, due to the stochastic nature
of the substitution process, sequences sampled earlier may
exhibit more divergence from the outgroup than those
sampled later, resulting in a negative rate estimate (Suzuki
et al. 1999). Such cases cannot be easily included in the
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Fic. 1.—Maximum likelihood (ML) phylogenies for the dengue
virus data sets used in this study, aligned according to age of their
MRCA. Horizontal branch lengths are proportional to time.

analysis, but excluding them will bias the rate estimate
upwards. In the case of fitting a regression line to a scatter
plot, the data points cannot be considered to be in-
dependent, as any phylogenetic structure present in the
data is ignored. Finally, both methods assume a constant
rate of evolution across the entire data set but are unable to
test this assumption.

The aim of our study was to use the dengue virus
sequence data available on GenBank to estimate sub-
stitution rates and divergence dates, with appropriate
confidence intervals, for all four serotypes of dengue and
for the genotypes within each serotype where they were
readily identifiable. To achieve this, we employed a max-
imum likelihood (ML) method (Rambaut 2000), which
incorporates phylogenetic relationships and inform-
ation about sampling times among sequences isolated
over a range of up to 60 years, thereby allowing calibration
of the long-term evolutionary history of dengue virus. The
advantages of this ML approach are that it (1) allows
assumptions of the model (in this case, that of a single
substitution rate) to be tested directly using the likelihood
ratio test (LRT), (2) uses all the sequences within the data
set and takes into account phylogenetic relationships
among them to produce appropriate confidence intervals
around estimates of substitution rate and divergence time
(more specifically, the age of the most recent common
ancestor [MRCA]), and (3) allows the use of complex
models of nucleotide substitution, including those in-
corporating rate heterogeneity among sites, which can bias
the estimate of divergence times if ignored.
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Materials and Methods

A primary data set was compiled consisting of an
alignment of all available E gene sequences on GenBank.
This was further divided into four subsets comprising the
serotypes. Where sylvatic (monkey or jungle mosquito)
strains were available (DEN-1, DEN-2, and DEN-4 only),
the data set for each serotype was analysed with and
without the sylvatic strains. This enabled us to obtain
estimates for the age of the MRCAs of the human strains
of dengue, as well as the divergence time of the human and
sylvatic strains, thereby giving an upper bound on the date
of emergence of DEN as a human disease. In addition,
where sufficient dated sequences were available, the dis-
tinct genotypes previously identified in DEN-2, DEN-3,
and DEN-4 were analyzed separately.

The following criteria were used when compiling the
data sets: (1) all sequences had a known date of isolation;
(2) only a single sequence was taken from any one patient;
(3) all known recombinant sequences (identified in
Holmes, Worobey, and Rambaut 1999; Worobey, Ram-
baut, and Holmes 1999; Toulou et al. 2001) were excluded;
(4) where data sets were very large (>50 sequences), all
strains that were >99% similar to any other strain in the
data set were removed from the analysis. Full details of the
sequences used in the analysis are available as supplemen-
tary information at http://www.molbiolevol.org.

The PAUP* program (Swofford 2001) was used to
infer ML trees for each data set. The model of nucleotide
substitution used was the general time-reversible (GTR)
model with a different substitution rate for each codon
position. This model generally provided a better fit to the
data than those using the gamma distribution to model
among-site rate heterogeneity. The relative rates for the
codon positions and the GTR substitution matrix were
coestimated with the ML tree, while the frequencies of the
four nucleotides were estimated empirically from the data.
In all subsequent analyses, the same model of substitution
was used with the relevant parameters reestimated on each
occasion. All parameter values are available from the
authors on request.

ML trees were rooted using well-supported outgroup
sequences. Where sylvatic sequences were available, these
were used to root the ML trees of individual dengue
serotypes, since a previous phylogenetic study revealed
that sylvatic sequences were basal within their respective
serotypes (Wang et al. 2000). For the human-only data
sets, outgroups consisting of two human strains of each of
the serotypes not under analysis were utilized, and for the
genotypes of DEN-2, which have previously been
demonstrated to form well-supported monophyletic groups
(Twiddy et al. 2002), outgroups comprised strains from the
genotypes not under analysis. Finally, for the phylogeny of
all four serotypes, the ML root was estimated because
there are no close outgroup sequences from other
flaviviruses with which the ML tree can be reliably
rooted. The ML trees obtained for each data set are shown
in figures 1 and 2.

Three phylogenetic models of sequence evolution
were used in this study. The first is that described by
Felsenstein (1981) and labeled the “different rate” (DR)



124 Twiddy et al.

model by Goldman (1993), as each branch has its own
rate. The second assumes that all branches have the same
rate of evolution (i.e., a molecular clock) and that all
sequences are contemporaneous. This is referred to as the
“single rate”” (SR) model. The third model is an extension
of the SR model that relaxes the assumption of
contemporaneous tips. This model, designated the “single
rate dated tip” (SRDT) model (Rambaut 2000), uses
information about the date of isolation of each sequence to
estimate the substitution rate for each data set and is at the
heart of our analysis.

An LRT was used to examine the fit of each model to
the data. The DR model is the most general, allowing
a different substitution rate for each branch of the unrooted
ML tree, so that for a tree of n taxa, this model has 2n—3
free parameters. The SR model is the most specific, with
a single rate for all the branches, giving n—1 free
parameters (one for each internal node in the rooted tree).
The SRDT model adds an additional free parameter to the
SR model (the substitution rate). A particular model can be
rejected in favor of a more general one if twice the
difference in the log likelihood between the models is
greater than the x> critical value, with df equal to the
difference in free parameters between the models. This is
the test of the molecular clock suggested by Felsenstein
(1981), based on a standard statistical result (Wilks 1938).
The y* critical value for the LRTs was corrected for
multiple tests using the Dunn-Siddk method (Ury 1976).
This correction was applied for sets of independent tests
such as the four serotypes or the genotypes within each
serotype.

The rate of nucleotide substitution was estimated for
each data set using the SRDT model. Confidence intervals
(CIs) were estimated by finding the hypothesized sub-
stitution rates above and below the ML rate that had log
likelihoods that were 1.92 less than that of the ML rate.
The value of 1.92 is the xz critical value (P = 0.05) with
1 df. All these analyses were undertaken using the program
TipDate, version 1.1 (Rambaut 2000).

The use of these models involves an assumption
about the topology of the ML tree for each data set: When
analyzing the data under the SR and SRDT models, we are
using the tree shape (branching order) that was estimated
using the DR model. This can be justified for the following
reasons: (1) the estimates of substitution rate under the
SRDT model have been shown in simulations to be robust
to errors in tree reconstruction (Rambaut 2000), (2) the
tree shape was estimated using a model (DR) that makes
fewer assumptions about the rate of substitution than either
the SR or the SRDT model, and (3) if there exists, for the
SR or SRDT model, a tree shape which has a higher
likelihood than that estimated under the DR model, then
the LRT will be liberal, being more likely to reject the
molecular clock.

Results
Tests of Fit for Models of Sequence Evolution

The likelihood ratio tests of fit for the SR and SRDT
models (compared with the DR model) in each data set are
given in table 1. In all cases, the SR model is strongly
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rejected as an adequate description of the evolution of
dengue virus, presumably because this model does not
accommodate for the different dates of sampling of the
isolates.

For both DEN-1 data sets, the SRDT model is not
significantly worse than the DR model, indicating that this
model adequately describes the substitution process. In
contrast, in both DEN-2 data sets, the DR model is
significantly favored over the SRDT model (P = 0.03 in
both cases). However, when the Dunn-Sidak correction for
multiple tests is applied, the clock cannot be rejected for
either DEN-2 data set. Removal of the sylvatic strains in
the analysis of the human-only DEN-2 data set makes very
little difference to either the fit of the model or the
estimated substitution rate (table 2).

Of the five genotypes of DEN-2, only four are
suitable for our rate analysis, having sufficient numbers of
taxa isolated over a range of dates: American, Asian 1,
American/Asian, and Cosmopolitan. Among these, in the
American, American/Asian, and Cosmopolitan genotypes,
the SRDT model is not significantly worse than the DR
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Table 1
Likelihood Ratio Tests for Different Models of Sequence Evolution in Dengue Virus
Number of LRT LRT Significant

Serotype Genotype Sequences (SR vs. DR)  df P(xz) (SRDT vs. DR)  df P(xz) (Clock Rejected)?
DEN-1 ... Al 10 28.29 8 423 x107* 9.28 7 9.28 No
DEN-2 ... Al 58 222.16 56 1.19 X 1072 77.30 55 0.03 Yes®
DEN-4 ... All 23 93.47 21 404 x 107" 36.76 20 0.01 Yes
DEN-1 ... All human 9 25.85 7 536 %X 107 3.10 6 0.80 No
DEN-2 ... All human 54 218.51 52 271 X 1072 72.29 51 0.03 Yes®
DEN-3 ... All human 21 134.06 19 248 X 107" 22.23 18 022 No
DEN-4 ... All human 20 103.40 18 526X 107" 33.83 17 001 Yes
DEN-2 ... Asian 1 31 82.43 29 5.07 X 1077 45.17 28 0.02 Yes®

American/Asian 29 153.97 27 972 X 1072 24.10 26 0.57 No

Cosmopolitan 25 57.45 23 885X 107° 26.53 22 0.23 No

American 10 66.36 8 2.60x 107" 7.76 7 0.35 No
DEN-3 ... 1 8 28.97 6 6.16x107° 6.92 5 023 No

3 8 47.77 6 132x1078 6.00 5 031 No
DEN4 ... 1 12 44.90 10 227 x10°° 17.69 9 0.04 Yes*

2 8 61.12 6 2.66x 107" 9.50 5 0.09 No
Al ...... 112 5094.71 110 0.00 166.91 110 3.03 x 1074 Yes

 Not significant (clock cannot be rejected) when Dunn-Sidék correction for multiple tests is applied to the > critical value.

model (P = 0.35, 0.57, and 0.28, respectively). However,
the LRT for the Asian 1 data set indicates that the
substitution rate within this genotype is probably not
constant, as the SRDT model is rejected in favor of the DR
model, although once again when the Dunn-Siddk
correction is applied, the likelihood difference between
the two models is no longer significant.

DEN-3 is the only serotype for which no sylvatic
strains are currently available, although DEN-3 antibodies
have been discovered in nonhuman primates in Malaysia,
suggesting that a sylvatic DEN-3 cycle also exists
(Rudnick 1986). Consequently, the single data set for
DEN-3 comprises strains isolated only from humans. In
these data, the SRDT model is not significantly worse than
the DR model, revealing an approximately constant rate of
substitution in this serotype. Four genotypes have been

identified in an E gene phylogeny of DEN-3 (Lanciotti
etal. 1994). In our analysis, there are insufficient sequences
from genotype 2 for analysis, and of the three sequences
making up genotype 4, two (Puerto Rico 1977 and Tahiti
1965) were excluded from the analysis as suspected
recombinants (Worobey, Rambaut, and Holmes 1999).
However, analysis of genotypes 1 and 3 reveals clocklike
evolution in both (P = 0.23 for genotype 1 and 0.31 for
genotype 3), with similar rates of substitution in each
genotype (table 2).

For both the human-only and sylvatic DEN-4 data
sets, the SRDT model is rejected in favor of the DR model,
with P = 0.01 in each case. Two genotypes of DEN-4
were identified in a previous study of DEN-4 (Lanciotti,
Gubler, and Trent 1997) and are also discernible in the ML
tree for this serotype. Separate analysis of these reveals

Table 2
Maximum Likelihood Estimates of Substitution Rates and Divergence Times in Dengue Virus
ML Rate CIs MRCA CIs
Serotype Genotype (X10™* subs/site/year) (X10™* subs/site/year) (years) (MRCA-years)
DEN-1 ................ All 4.55 2.54-6.54 126.21 96.37-208.58
DEN-2 ................ All 6.07 5.08-7.09 320.90 280.15-378.00
DEN-4 ................ All 6.02 4.29-8.07 195.32 152.25-264.80
DEN-1 ..... ... ... .... All human 5.11 3.08-7.16 111.81 89.17-170.28
DEN-1 (Zanotto et al.)* . . . . . All human 170 140-200
DEN-2 ................ All human 6.16 5.15-7.19 121.78 110.10-138.75
DEN-2 (Zanotto et al.)* . . . . . All human 215 181-249
DEN-3 ................ All human 9.01 7.27-10.84 100.89 90.80-116.22
DEN-3 (Zanotto et al.)* . . . .. All human 178 147-209
DEN-4 ................ All human 6.89 5.09-9.00 76.32 64.26-95.56
DEN-4 (Zanotto et al.)* . . . .. All human 119 94-134
DEN-2 ................ Asian 1 5.42 3.43-7.47 51.76 46.31-65.33
American/Asian 10.05 7.82-12.59 35.12 31.79-40.35
Cosmopolitan 6.20 4.00-8.45 51.00 42.44-71.33
American 6.54 4.61-8.92 82.63 71.10-101.79
DEN-3 ................ 1 7.48 4.47-10.72 29.00 24.08-41.24
3 11.58 7.76-15.86 46.67 41.47-57.28
DEN-4 ................ 1 5.42 3.03-8.21 26.03 22.47-37.11
2 8.91 6.32-11.79 54.91 47.01-69.74
N | 6.48 n/a” 1114.80 n/a”

# Estimates provided by Zanotto et al. (1996).
® Not available.
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that while for genotype 1 the SRDT model is rejected (P =
0.04; however this rejection of the clock is lost
on application of the Dunn-Siddk correction), genotype
2 displays more clocklike behavior, and the SRDT model
is not significantly worse than the DR model (P = 0.09).
This genotype-specific difference may explain the failure
of the clock model in the data sets containing all strains,
although the substitution rates in the two genotypes are not
significantly different.

Our final data set consisted of strains from all four
viral serotypes. Here the SRDT model is strongly rejected
in favor of the DR model, indicating that we cannot
assume that the substitution rate is the same in the four
dengue serotypes.

Rates of Nucleotide Substitution in Dengue Viruses

Table 2 shows the estimated rate of nucleotide
substitution in each of the dengue data sets analyzed.
These rates range from 4.55 X 10~ * for the DEN-1 data set
including the sylvatic strains, to 11.58 X 10~ for genotype
3 of DEN-3. The CIs for the DEN-1, DEN-2, and DEN-4
data sets overlap considerably, indicating that rates of
substitution do not differ significantly among these
serotypes. However, while the CIs for DEN-3 overlap
with those for the DEN-4 data set, the lower CI for DEN-3
(7.27 X 10™%) is higher than the upper CI for both the
DEN-1 (7.09 X 10~ %) and DEN-2 (7.19 X 10~*) data sets.
This suggests that DEN-3 is evolving significantly faster
than both DEN-1 and DEN-2, but not DEN-4. Similarly,
the substitution rate in the American/Asian genotype is
significantly higher than that of the Asian 1 genotype, but
not the American or Cosmopolitan genotypes. A graphical
representation of these rate differences is shown in figure 3.

The Time-Scale of Dengue Virus Evolution

The estimated age of the MRCA of each dengue data
set, with appropriate confidence intervals, is shown in
table 2. The dates for the data sets that combine human and
sylvatic strains are approximately 320 years ago for DEN-
2, 200 years ago for DEN-4, and 125 years ago for DEN-1.
These dates constitute the earliest estimate for the date of
the zoonosis in each serotype (that is, the transfer of virus
from monkeys to humans) and predate those of human-
only data sets in all cases by approximately 15 to 200
years. The estimated ages of the human-only strains can be
taken as the latest dates for the zoonotic transmission of
the dengue serotypes to humans, and hence the earliest
dates for the beginning of the epidemic spread of the
viruses. For all four serotypes, these estimates place the
beginning of epidemic transmission of dengue in humans
near to the end of the nineteenth and the beginning of the
twentieth century (fig. 1). Finally, our estimate for the
MRCA of all four dengue serotypes is 1,115 years ago,
although it is not possible to estimate Cls in this case.

Discussion

Our analysis of rates of nucleotide substitution in
dengue virus reveals that the four serotypes, considered
separately, exhibit clocklike or near-clocklike behavior.

Although caution must clearly be exercised when inferring
divergence times from rate estimates where the DR model
significantly outperforms the SRDT model, a previous
simulation study has shown that even these nonclock rates
should be reliable indicators of average substitution rate
providing that data sets are large, sequence length is >100
bp, and the inclusion of isolation dates into a single-rate
model improves its likelihood (Jenkins et al. 2002). This is
the case for all our data sets; even though six of 12 data
sets rejected the molecular clock, in all cases the likelihood
for the SRDT model was higher than that of the SR model.
Furthermore, in no case was the SRDT model rejected for
all comparisons within a serotype, and when the Dunn-
Sidak correction for multiple tests was applied, in six of
seven data sets in which the clock had initially been
rejected, the likelihood differences between DR and SRDT
models were no longer significant.

There are a number of reasons why some dengue data
sets might reject the molecular clock. Obviously, the rate
variation observed among lineages could be real, as ap-
pears to be the case in DEN-4, indicating that its mech-
anistic basis warrants further investigation. However, it is
also possible that the observed rate variation is artifi-
cial. One possible cause is recombination. Although all
known recombinants were removed from the analysis, the
possibility remains that some sequences have a recombi-
nant history that is too complex to be easily detected by
a simple phylogenetic survey (Worobey, Rambaut, and
Holmes 1999). Another possible cause is artificial
selection; to provide as wide a range of isolation dates
as possible, sequences isolated as long ago as 1944 were
included in the analysis. In some cases, these sequences
have been repeatedly passaged through several cell types,
which may have artificially accelerated the substitution
rate through in vitro adaptation (Wain-Hobson 1992;
Woelk et al. 2001). In this context, it is notable that in
a reanalysis of the DEN-2 Asian 1 genotype but excluding
two early and extensively passaged isolates (strains 16681
and Th-36), the DR model could no longer reject the
SRDT model (P = 0.24). However, the removal of these
sequences resulted in only a small difference in the
estimated substitution rates.

In general, our rate estimates are similar to those
previously reported for dengue virus (Lanciotti, Gubler,
and Trent 1997; Wang et al. 2000; Jenkins et al. 2002),
although the latter two studies used less statistically rig-
orous methods. Moreover, the mean substitution rates fall
within the range seen in other RNA viruses (Jenkins et al.
2002), indicating that rates of mutation and replication
must be similar among a diverse array of viruses that
replicate using RNA polymerase. Despite this pattern of
overall similarity, there was some localized rate variation,
with DEN-3 and the DEN-2 American/Asian genotype
both having significantly higher substitution rates than
some other dengue strains. Why this should be so is
unclear, particularly in the case of DEN-3, about which
relatively little is known. For the American/Asian
genotype of DEN-2, a possible explanation lies in this
genotype’s recent introduction into the Americas, where
there were large numbers of susceptible humans, providing
the necessary conditions for explosive viral transmission
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Fi6. 3.—Nucleotide substitution rates per site per year for the dengue virus data sets ranked in ascending order. Filled circles indicate clock
accepted; empty circles indicate clock rejected; grey circles indicate clock accepted when Dunn-Sidék correction is applied. DEN-1-ALL indicates
DEN-1 all isolates; DEN-1-HUMAN indicates DEN-1 human isolates only; DEN-2-ASIAN1 indicates DEN-2 Asian 1 genotype; DEN-4-G1 indicates
DEN-4 genotype 1; DEN-4-ALL indicates DEN-4 all isolates; DEN-2-ALL indicates DEN-2 all isolates; DEN-2-HUMAN indicate DEN-2 human
isolates only; DEN-2-COSMO indicates DEN-2 Cosmopolitan genotype; DEN-2-AMERICAN indicates DEN-2 American genotype; DEN-4-HUMAN
indicates DEN-4 human isolates only; DEN-3-G1 indicates DEN-3 genotype 1; DEN-4-G2 indicates DEN-4 genotype 2; DEN-3 indicates DEN-3 all
isolates; DEN-2-AM/AS indicates DEN-2 American/Asian genotype; DEN-3-G3 indicates DEN-3 genotype 3.

(Guzman et al. 19844, 1984b). Under epidemic conditions,
each infected individual is likely to transmit the virus to
multiple contacts, thus increasing the overall level of
diversity in the population. After a period of sustained
epidemic transmission, randomly sampled sequences are
therefore expected to show more diversity than would be
the case under endemic conditions, where transmission
rates are lower.

Our analysis of divergence times has also provided
a more recent time-scale of dengue virus evolution. Using
a far smaller sample of sequences, Zanotto et al. (1996)
estimated the date for the beginning of rapid cladogenesis
in the four serotypes to be approximately 200 years ago,
which they suggested coincided with the beginning of
sustained human transmission. For comparative purposes,

the estimates of Zanotto et al. (1996) are also shown in
table 2. In each case, our estimated MRCAs for the
human-only data sets are more recent than those provided
by Zanotto et al. and significantly so in the case of DEN-2
and DEN-3 (i.e., with no overlap of CIs). In the case of
DEN-1 and DEN-4, there is a slight overlap in the
confidence limits, although our estimates still suggest
a substantially later MRCA for these serotypes. Our dates
further suggest that the explosion of dengue activity in
humans occurred within a short period of time in all four
serotypes. The estimated ages of the MRCAs of the human
strains from the four serotypes are within 50 years of each
other, whereas in the Zanotto et al. study, the range of
dates is almost twice as great. In this context, it is
important to note that the earliest reports of significant
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numbers of DHF cases are at the end of the nineteenth and
beginning of the twentieth centuries (Gubler 1997),
coinciding with our estimates for the start of widespread
human transmission. At this time, human population
growth rates were accelerating worldwide, world trade
was increasing rapidly, and industrialization and urbani-
zation were taking place on a global scale, creating large
populations of susceptible hosts and fertile habitats for
anthropophilic mosquito vectors. At the same time, the
transport revolution began the process of global dispersal
of both virus and vector (O’Brien 1999). Similarly, our
estimates of the age of the MRCA of the four genotypes
of DEN-2 analyzed ranged from 35 to 83 years ago,
averaging 55 years ago. These dates coincide with World
War II and its aftermath, in which mass population
movement, ecological destruction, and the urbanization of
Southeast Asia provided dengue virus with new opportu-
nities for infection, sustained transmission, and worldwide
dissemination. Indeed, the mass movement of people
during and immediately after World War II has been cited
as a reason for the large-scale emergence of DHF/DSS, the
risk of which is thought to increase if sequential infections
with heterologous serotypes occur (Halstead 1988).

Less attention has been directed toward determining
the time of the most recent zoonotic transfers of dengue
from monkeys to humans (i.e., the transfers giving rise to
the current diversity of dengue strains in humans and
monkeys). Wang et al. (2000) estimate that these events
occurred at approximately 200 = 100, 1000 = 500, and
600 = 300 years ago for DEN-1, DEN-2, and DEN-4,
respectively. These dates are roughly three times greater
than our estimates for DEN-2 and DEN-4 (320.90 and
195.32 years ago), although there is again some overlap in
the case of DEN-1 (126 years ago, CI = 96.37-208.58). Our
estimates for the age of the MRCAs of the sylvatic and
human strains also suggest that DEN-2 was the first
serotype to develop sustained transmission cycle in humans,
significantly earlier than either DEN-1 or DEN-4, although
this inference may be affected by small sample size.

Finally, we also provide a new estimate for the age of
MRCA of all four serotypes at 1115 years ago. Again,
there is some tentative epidemiological evidence to sup-
port this time-scale, with the first reported outbreak of
possible denguelike illness occurring in China in the year
992 (Gubler 1997). Although this is substantially earlier
than our estimates for the earliest human transmission
of dengue, such sporadic outbreaks could occur after
the introduction of a sylvatic strain of dengue into popu-
lations sufficiently large to transiently sustain viral trans-
mission. Such “spillover” strains would eventually go
extinct when the supply of susceptible hosts was exhausted
and hence would not be represented in a sample of more
recent dengue isolates. This is likely to have been the case
for most outbreaks of dengue before urbanization and
world travel became common, although a greater number
of samples, especially from sylvatic strains, is again
needed to confirm this hypothesis.

Overall, our study shows that the evolutionary history
of dengue, in particular as a pathogen with sustained
transmission in human populations, is more recent than
was previously supposed, with the majority of the genetic

diversity we see today having appeared only during the
past century, contemporaneous with its emergence as
a global disease problem. Although little is known about
the evolution of virulence in dengue virus, it is clear that
an understanding of the rate at which genetic diversity is
increasing must be beneficial in predicting possible
changes in virulence or cell tropism, as well as responses
to future vaccination programs. Additionally, by placing
the evolutionary history of dengue within an appropriate
time frame, we can better appreciate the factors contribut-
ing to its emergence, thereby providing a firm foundation
for the design of effective control programs.
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