
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Virus Research 141 (2009) 105–109

Contents lists available at ScienceDirect

Virus Research

journa l homepage: www.e lsev ier .com/ locate /v i rusres

Short communication

Modeling gene sequence changes over time in type 3 dengue viruses from
Ecuador

Alvaro Fajardoa, Ricardo Recareya, Domenica de Morab, Lucía D’ Andreaa, Macarena Alvareza,
Mary Regatob, Rodney Colinaa, Baldip Khanc, Juan Cristinaa,∗

a Laboratorio de Virología Molecular, Centro de Investigaciones Nucleares, Facultad de Ciencias, Igua 4225, 11400 Montevideo, Uruguay
b Instituto Nacional de Higiene y Medicina Tropical “Leopoldo Inquieta Perez”, Julian Coronel 905 y Esmeraldas, Guayaquil, Ecuador
c Division of Human Health. International Atomic Energy Agency. Wagramerstrasse 5, 1400 Vienna, Austria

a r t i c l e i n f o

Article history:
Received 23 October 2008
Received in revised form
29 December 2008
Accepted 8 January 2009
Available online 29 January 2009

Keywords:
Dengue virus
Bayesian inference
Evolution
Ecuador

a b s t r a c t

Dengue virus (DENV) is a member of the genus Flavivirus of the family Flaviviridae. DENV-3 re-emerged in
Central America in 1994, and continues to expand into the South American region. Little is known about
the evolutionary rates, viral spread and population dynamics of this genotype in the Latin American
region. In order to gain insight into these matters, we used a Bayesian Markov chain Monte Carlo (MCMC)
approach, to analyze envelope (E) gene sequences of the DENV-3 genotype III of strains included in a
monophyletic cluster composed by Ecuadorian as well as strains from Cuba, Puerto Rico and Peru. The
results of these studies revealed that the expansion population growth model was the best fit to the data.
The most common recent ancestor (MRCA) was placed around 1989, in agreement with the first reports
of the emergence of this new DENV-3 type. A mean rate 1.033 × 10−3 nucleotide substitution per site per
year was obtained. This rate is comparatively higher than the ones obtained for DENV-2 and DENV-4 in
the same region. Faster population growth and greater population dispersal may have contributed to the
vigorous initial transmission dynamics of this genotype in the Latin American region.

© 2009 Elsevier B.V. All rights reserved.

Dengue virus (DENV) is a member of the genus Flavivirus of the
family Flaviviridae.

DENV are mosquito-borne flaviviruses with a single-stranded,
nonsegmented, positive-sense RNA genome of approximately 11 kb
in length (Rice, 1996). Dengue viruses are comprised of four dis-
tinct serotypes (DENV1 through DENV4), which are transmitted to
humans through the bites of two mosquito species: Aedes aegypti
and Aedes albopictus (Clyde et al., 2006).

DENV causes a wide range of diseases in humans, from the
acute febrile illness dengue fever (DF) to life-threatening dengue
hemorrhagic fever/dengue shock syndrome (DHF/DSS). Dengue has
spread throughout tropical and subtropical regions worldwide over
the past several decades, with an estimated 100 million infections
and tens of millions of cases occurring annually (Thomas et al.,
2003). DHF/DSS is one of the leading causes of pediatric hospital-
ization in Southeast Asia, and has become endemic to many Latin
American countries over the last 25 years (Thomas et al., 2003).
During 2001, more than 600,000 cases of dengue infection were
reported in the Americas, including 15,000 cases of DHF/DSS (WHO,
2002). Just in Brazil, a total of 4,243,049 dengue cases have been
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reported between 1981 and 2006, including 5817 cases of DHF/DSS
(Nogueira et al., 2007).

Based on sequence analysis of the E/NS1 region, and using a cut-
off of 6% divergence, each DENV serotype can be divided in different
genotypes (DENV-1–4) (Rico-Hesse, 1990). In the case of DENV-3,
this serotype has been divided into four genotypes (I–IV) (Holmes
and Twiddy, 2003; Lanciotti et al., 1994; Messer et al., 2003), some-
times including a genotype V (Diaz et al., 2006).

Recent findings have demonstrated the emergence and global
spread of DENV-3 genotype III (Messer et al., 2003). The emergence
of DHF in Sri Lanka in 1989 coincided with the appearance that of
a new DENV-3, genotype III variant, which spreads from the Indian
subcontinent into Africa and Latin America (Messer et al., 2003).
Recent studies have revealed a close genetic relation among DENV-
3 strains recently isolated in Ecuador and DENV-3 isolated in the
Caribbean region (Regato et al., 2008). Sri Lankan DENV-3 geno-
type III and associated American isolates have been linked to severe
disease epidemics (Silva et al., 2008).

Despite the importance of these epidemics, little is known about
the evolutionary rates, viral spread and population dynamics of
DENV-3 genotype III in the South American region.

In order to gain insights into these matters, sera samples from
23 Ecuadorian patients presenting dengue-like syndromes were
obtained at Instituto Nacional de Higiene y Medicina Tropical
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“Leopoldo Izquieta Perez” at Guayaquil, Ecuador. All samples from
these patients were found to be positive for dengue infection by
the presence of immunoglobulin M (IgM), elevation of specific IgG,
or both, using an “in house” dengue virus-specific enzyme-linked
immunosorbent assay (ELISA).

In order to assign each Ecuadorian DENV strain to an appro-
priate serotype, serum samples from patients tested positive in
the serology assays underwent reverse transcription-PCR (RT-PCR),
using a multiplex PCR method according to Harris et al. (1998). By
these means, it was possible for us to assign 8 of the 23 Ecuado-
rian strains to DENV-3 serotype (not shown). Then, serum samples
from patients assigned to DENV-3 underwent RT-PCR according
to Aquino et al. (2006) in order to obtain amplicons containing
the full-length sequences from the DENV envelope (E) gen. To
avoid false positive results, the recommendations of Kwok and
Higuchi (1989) were strictly adhered to. Amplicons were purified
using QIAquick PCR Purification Kit from QIAGEN, according to
instructions from the manufacturers. The sequence reaction was
carried out using the Big Dye DNA sequencing kit (PerkinElmer)
on a 373 DNA sequencer apparatus (PerkinElmer). Both strands
of the PCR product were sequenced in order to avoid discrepan-
cies. Envelope (E) gene nucleotide sequences from the DENV-3
Ecuadorian strains, corresponding to position 1014 through 2413
of the DENV genome (relative to the sequence of DENV-3 strain
NC001475) were obtained. These sequences were deposited in
the EMBL Database under accession numbers FM246466 through
FM246473, (see also Table 1). To study the degree of genetic vari-
ability of the DENV strains isolated in Ecuador, the DENV-3 E code
sequences obtained from Ecuadorian patients were aligned with
18 comparable sequences of DENV-3 genotype III strains isolated in
the Latin American region for whom their genotype was previously

Table 1
Origins of the DENV strains.

Name Year of Isolation Country of
Isolation

Accession number

D3BR/BV4/02 2002 Brazil DQ118865
D3BR/CU6/02 2002 Brazil DQ118866
D3BRD3BR/GO5/03 2003 Brazil DQ118867
D3BR/IG10/03 2003 Brazil DQ118868
D3PY/AS9/03 2003 Brazil DQ118885
D3BR/BR8/04 2004 Brazil DQ118864
D3BR/PP15/04 2004 Brazil DQ118878
Cuba116/00 2000 Cuba AY702032
Cuba580/01 2001 Cuba AY702030
Cuba21/02 2002 Cuba AY702031
EC8241 2000 Ecuador FM246468
EC5080 2001 Ecuador FM246467
EC9110 2003 Ecuador FM246470
EC8801 2004 Ecuador FM246469
EC15082 2004 Ecuador FM246472
EC9266 2005 Ecuador FM246473
EC9233 2005 Ecuador FM246471
EC4860 2008 Ecuador FM246466
D3PY/AS12/02 2002 Paraguay DQ118884
D3PY/FM11/03 2003 Paraguay DQ118886
BID V1075 1998 Puerto Rico EU482563
BID V1090 1998 Puerto Rico EU529703
BID V1077 2000 Puerto Rico EU529697
BID V1091 2004 Puerto Rico EU529704
BID V1415 2007 Puerto Rico EU596492
OBT412/Tumbes 2000 Peru DQ177903
FSP581/Piura 2001 Peru DQ177890
FSL706/Loreto 2002 Peru DQ177889
IQD1728/Iquitos 2002 Peru DQ177895
IQD5132/Iquitos 2003 Peru DQ177896
FST289/Tumbes 2004 Peru DQ177892
FSL1212/Yurimaguas 2004 Peru DQ177888
ThD3 0012 90 1990 Thailand AY676361
ThD3 0472 93 1993 Thailand AY676381
ThD3 0396 94 1994 Thailand AY676382

described, and 3 DENV-3 genotype II comparable sequences from
strains isolated in Thailand (as an outgroup), using the CLUSTAL W
program (Thompson et al., 1994). All these sequences were obtained
by the use of the Flavitrack database (Misra and Schein, 2007; avail-
able at: http://carnot.utmb.edu/flavitrack/resultIndex.php).

For strain names, country and year of isolation, and accession
numbers see Table 1.

Once aligned, we first tested whether a recombination event
occurred on any of the sequences used in these studies. We used two
approaches implemented in the SimPlot Program (Lole et al., 1999):
(1) a sliding window analysis of distances and (2) the bootscanning
(Salminen et al., 1995). No recombinant strains were found in the
dataset (not shown).

The program Modelgenerator (Keane et al., 2006) was used
to identify the optimal evolutionary model (Akaike Informa-
tion Criteria and Hierarchical Likelihood Ratio Test indicated
that the GTR+� model fit the sequence data). Using this model,
maximum likelihood trees were constructed using software
from the PhyML program (Guindon et al., 2005, available at:
http://www.phylogeny.fr/phylo cgi/phyml).

As a measure of the robustness of each node, we employed
an approximate Likelihood Ratio Test (aLRT), which assesses that
the branch being studied provides a significant likelihood gain,
in comparison with the null hypothesis that involves collapsing
the branch but leaving the rest of the tree topology identical
(Anisimova and Gascuel, 2006). aLRT was calculated using three
different approaches: (a) by minimum of Chi2-based calculations;
(b) a Shimodaira-Hasegawa-like procedure (SH-like) (Shimodaira
and Hasegawa, 2001; Shimodaira, 2002), which is non-parametric,
and (c) a combination of both (SH-like and the minimum Chi2-
based calculations), which is the most conservative option for
these calculations. The results of these studies are shown in
Fig. 1.

All DENV strains cluster in the tree according to their geno-
type. Inside genotype III cluster of Latin American strains, different
genetic lineages can be observed. One lineage is composed mainly
by strains isolated in Brazil and Paraguay (see Fig. 1, top), while
another lineage includes all strains isolated in Ecuador and strains
isolated in Cuba, Puerto Rico and Peru (Fig. 1, middle). This is in
agreement with very recent analysis of DENV-3 genotype III cir-
culating in northern South America (Kochel et al., 2008). A third
cluster, exclusively composed of strains isolated in Puerto Rico, is
also observed (Fig. 1, bottom). All of these branches have very high
values of aLRT, and suggest a diversification of DENV-3 genotype III
in the Latin American region, in agreement with very recent results
(Kochel et al., 2008).

In order to gain insight into the evolutionary rate and
mode of evolution of DENV-3 genotype III circulating the Latin
American region, we used a Bayesian Markov chain Monte
Carlo (MCMC) approach as implemented in the BEAST package
(Drummond and Rambaut, 2007; BEAST v1.4.8, available from
http://evolve.zoo.ox.ac.uk/beast), to analyze envelope (E) gene
sequences of DENV-3 genotype III of strains included in the clus-
ter composed by Ecuadorian as well as strains from Cuba, Puerto
Rico and Peru (see Fig. 1). Using the GTR+� model and 20 million
steps of MCMC, different population dynamic models were tested
(constant population size, exponential population growth, expan-
sion population growth, logistic population growth and Bayesian
skyline). Consistently, all the analyses revealed similar evolutionary
rates. Statistical uncertainty in the data is reflected by the 95% high-
est probability density (HPD) values. Results were examined using
the TRACER program from the BEAST package. Convergence was
assessed with ESS (Effective Sample Size) values, after a burning of
2 million steps. Comparison of the values obtained for likelihood as
well as ESS of these models revealed that the expansion population
growth model was the best fit to the data.
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Fig. 1. Maximum likelihood phylogenetic tree analysis DENV-3 isolated in Ecuador. Strains in the trees are shown by their accession number for strains previously described
followed by their year and geographic location of isolation between parentheses. Ecuadorian strains are shown by name in italics. Strains included in the Bayesian coalescent
inference studies are highlighted in grey. Numbers at the branches show aLRT values obtained using a combination of SH-like and minimum Chi2-based calculations according
to Anasimova and Gascuel (2006), as implemented in the PhyML program (Guindon et al., 2005). The scale bar indicates nucleotide substitutions per site. For results found
for aLRT using Chi2-based or SH-like calculations see Supplementary Material Fig. 1.

The results shown in Table 2 are the outcome of the analy-
sis for 20 million steps of the MCMC, using the GTR+� model, a
relaxed clock (Drummond et al., 2006) and the expansion popula-
tion growth model (Drummond et al., 2005).

As can be seen in Table 2, our results suggest that DENV-3 geno-
type III, which currently circulates in South America, evolved from
ancestors that existed around 1989. This is in agreement with the
first reports of the emergence of this new DENV-3 variant in Sri
Lanka in 1989, which spread to Africa and into the Latin American
region (Messer et al., 2003, see also Table 2). Despite large geo-
graphic distances and marine barriers, the results of these studies
show that these viruses can quickly spread throughout a region and
to expand to other regions of the world.

When the GTR+� model is used, a mean rate of 1.033 × 10−3

nucleotide substitution per site per year was obtained for the

DENV-3 genotype III cluster studied (Table 2). This rate is com-
paratively higher than those previously estimated for dengue virus
by Twiddy et al. (2003) using maximum likelihood method and
for mosquito-borne flaviviruses (Zanotto et al., 1996). Moreover,
this rate is higher than the ones obtained for DENV-2 genotype
III and DENV-4 genotype II (8.0 × 10−4 and 8.3 × 10−4 substitu-
tions/site/year, respectively), obtained in similar studies done in
DENV populations circulating in the Americas (Carrington et al.,
2005). Besides, the logistic model of population growth was the best
fit to the data for both DENV-2 and 4 serotypes in the same study
(Carrington et al., 2005). This is in contrast with the results found
in these studies for DENV-3 genotype III, in which the expansion
population growth model is the most appropriate.

Why DENV-3 genotype III might have a different population
dynamics in comparison with DENV-2 and DENV-4? One possible

Table 2
Bayesian coalescent inference of DENV3 genotype III sequences isolated in the Latin American region.

Groupa Parameter Valueb HPDc ESSd

DENV3 genotype III Log likelihood −1847.67 −1839.75 to −1856.06 6232.26
Prior 50.74 22.73 to 77.75 315.73
Posterior −1796.93 −1768.51 to −1825.90 322.57
Mean Ratee 1.03 × 10−3 3.18 × 10−4 to 1.77 × 10−3 2681.65
Expansion Growth Ratef 34.27 0.026 to 80.76 5799.08
Root age (yr) 11.81 5.46 to 22.27 1856.40
MRCAg 1989

a See Fig. 1 and Table 1 for strains included in this analysis.
b In all cases, the mean values are shown.
c HPD, high probability density values.
d ESS, effective sample size.
e Mean Rate is expressed in substitutions/site/year.
f Expansion Growth Rate is expressed in number of new infections/individual/year.
g MRCA, year of the most common recent ancestor.
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explanation is that the difference might not correspond to underly-
ing differences in rates of evolutionary change. DENV-2 and DENV-4
in the Americas seem to follow a similar demographic pattern: an
“invasion” phase, characterized by a rapid increase in the num-
ber of DENV lineages, followed by a “maintenance” phase, during
which relative genetic diversity remains approximately constant
(Carrington et al., 2005). It is probable that in the case of DENV-3
genotype III we are still observing the “invasion” phase.

It is possible that the more rapid initial increase in DENV-3 geno-
type III lineages reflects a more rapid geographic dispersal within
the Latin American region and therefore a more rapid implemen-
tation of population structure during the invasion phase. Faster
population growth and greater population dispersal may have con-
tributed to the more vigorous initial transmission dynamics of
DENV-3 genotype III in the region.

Another possible explanation for the differences of population
dynamics among DENV-3 genotype III and other DENV serotypes
in our region might involve the possible differences in the level of
immunity within host populations (Carrington et al., 2005). After
an absence of 17 years from the Latin American region, DENV-3
re-emerged in Central America in 1994 (Usuku et al., 2001), and con-
tinue to expand into South America (Peyrefitte et al., 2003, 2005;
Messer et al., 2003; Uzcategui et al., 2003; Balmaseda et al., 1999;
Nogueira et al., 2001; Aquino et al., 2006; Barrero and Mistchenko,
2008; Usme-Ciro et al., 2008). It is possible that the transmission
dynamics of DENV-3 genotype III might also reflect the immuno-
logical landscape of host populations, after lack of exposure to this
DENV type for relative long periods, although cross-neutralization
between DENV serotypes has been observed (Kochel et al., 2002).

More studies on the evolution of DENV-3 genotype III in the
Latin America region will be needed to gain insight into the degree
of diversification, spread to other countries and the population
dynamics of DENV in this region. The results of this study sug-
gest that DENV-3 genotype III may continue to expand throughout
the South America region, and that more DENV-3 genotype III out-
breaks might take place in this region. This speaks of the importance
of more in-depth studies on DENV-3 genetic variability and evolu-
tion in the Latin American region.

Acknowledgements

This work was supported by the International Atomic Energy
Agency, through Project ARCAL LXXXII, (RLA/6/050). Authors would
like to thank PEDECIBA, Uruguay, for support. We would like to
thank Dr. Aracely Alava and Dr. Carlos Mosquera, from Instituto
Nacional de Higiene y Medicina Tropical “Leopoldo Izquieta Perez”,
Guayaquil, Ecuador, for invaluable help and support. We thank
anonymous reviewers for very useful comments to improve this
work.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.virusres.2009.01.003.

References

Anisimova, M., Gascuel, O., 2006. Approximate likelihood ratio test for branchs: A
fast, accurate and powerful alternative. Syst. Biol. 55, 539–552.

Aquino, V.H., Anatriello, E., Goncalvez, P.F., Da Silva, E., Vasconcelos, P.F.C., Vieira,
D., Batista, W.C., Bobadilla, M.L., Vazquez, C., Moran, M., Figueiredo, L.T.M.,
2006. Molecular epidemiology of dengue type 3 virus in Brazil and Paraguay
2002–2004. Am. J. Trop. Med. Hyg. 75, 710–715.

Balmaseda, A., Sandoval, E., Perez, L., Gutierrez, C.M., Harris, E., 1999. Application of
molecular typing techniques in the 1998 dengue epidemic in Nicaragua. Am. J.
Trop. Med. Hyg. 61, 893–897.

Barrero, P.R., Mistchenko, A.S., 2008. Genetic analysis of dengue virus type 3 isolated
in Buenos Aires Argentina. Virus Res. 135, 83–88.

Carrington, C.V.F., Foster, J.E., Pybus, O.G., Bennett, S.N., Holmes, E.C., 2005. Invasion
and maintenance of dengue virus type 2 and type 4 in the Americas. J. Virol. 79,
14680–14687.

Clyde, K., Kyle, J.L., Harris, E., 2006. Recent advances in deciphering viral and
host determinants of dengue virus replication and pathogenesis. J. Virol. 80,
11418–11431.

Diaz, F.J., Black, W.C., Farfan-Ale, J.A., Lorono-Pinto, M.A., Olson, K.E., Beaty, B.J., 2006.
Dengue virus circulation and evolution in Mexico: a phylogenetic perspective.
Arch. Med. Res. 37, 760–773.

Drummond, A.J., Rambaut, A., 2007. BEAST: Bayesian evolutionary analysis by sam-
pling trees. BMC Evol. Biol. 7, 214.

Drummond, A.J., Ho, S.Y.W., Phillips, M.J., Rambaut, A., 2006. Relaxed phylogenetics
and dating with confidence. PLoS Biol. 4, e88.

Drummond, A.J., Rambaut, A., Shapiro, B., Pybus, O.G., 2005. Bayesian coalescent
inference of past population dynamics from molecular sequences. Mol. Biol. Evol.
22, 1185–1192.

Guindon, S., Lethiec, F., Duroux, P., Gascuel, O., 2005. PHYML Online – a web server
for fast maximum likelihood-based phylogenetic inference. Nucleic Acids Res.
33 (Web Server Issue), W557–W559.

Harris, E., Roberts, T.G., Smith, L., Selle, J., Kramer, L.D., Valle, S., Sandoval, E.,
Balmaseda, A., 1998. Typing of dengue viruses in clinical specimens and
mosquitoes by single-tube multiplex reverse transcriptase PCR. J. Clin. Microbiol.
36, 2634–2639.

Holmes, E.C., Twiddy, S.S., 2003. The origin, emergence and evolutionary genetics of
dengue virus. Infect. Genet. Evol. 3, 19–28.

Kochel, T., Aguilar, P., Felices, V., Comach, G., Cruz, C., Alava, A., Vargas, J., Olson, J.,
Blair, P., 2008. Molecular epidemiology of dengue virus type 3 in Northern South
America: 2000–2005. Infect. Genet. Evol. 8, 682–688.

Kochel, T., Watts, D.M., Halstead, S.B., Hayes, C.G., Espinoza, A., Felices, V., Caceda,
R., Bautista, C.T., Montoya, Y., Douglas, S., Russell, K.L., 2002. Effect of dengue-
1 antibodies on American dengue-2 viral infection and dengue haemorrhagic
fever. Lancet 360, 310–312.

Keane, T.M., Creevey, C.J., Pentony, M.M., Naughton, T.J., McInerney, J.O., 2006. Assess-
ment of methods of amino acid matrix selection and their use on empirical data
shows that ad hoc assumptions for choice of matrix are not justified. BMC Evol.
Biol. 6, 29.

Kwok, S., Higuchi, R., 1989. Avoiding false positives with PCR. Nature 339, 237–
238.

Lanciotti, R.S., Lewis, J.G., Gubler, D.J., Trent, D.W., 1994. Molecular evolution and
epidemiology of dengue-3 viruses. J. Gen. Virol. 75, 65–75.

Lole, K.S., Bollinger, R.C., Parnjape, R.S., Gadkari, D., Kulkarni, S.S., 1999. Full-length
human immunodeficiency virus type I genomes from subtype C-infected sero-
converters in India, with evidence of intersubtype recombination. J. Virol. 73,
152–160.

Messer, W.B., Gubler, D.J., Harris, E., Sivananthan, K., de Silva, A.M., 2003. Emergence
and global spread of a dengue serotype 3, subtype III virus. Emerg. Infect. Dis. 9,
800–809.

Misra, M., Schein, C.H., 2007. Flavitrack: an annotated database of flavivirus
sequences. Bioinformatics 23, 2645–2647.

Nogueira, R.M., de Araujo, J.M., Schatzmayr, H.G., 2007. Dengue viruses in Brazil
1986–2006. Rev. Panam. Salud Publica 22, 358–363.

Nogueira, R.M.R., Miagostovich, M.P., Filippis, A.M.B., Pereira, M.A.S., Schatzmayr,
H.G., 2001. Dengue virus type 3 in Rio de Janeiro. Brazil Mem. Inst. Oswaldo Cruz
96, 925–926.

Peyrefitte, C.N., Pastorino, B.A.M., Bessaud, M., Gravier, P., Tock, F., Couissinier-Paris,
P., Martial, J., Huc-Anais, P., Cesaire, R., 2005. Dengue type 3 virus, Saint Martin
2003–2004. Emerg. Infect. Dis. 11, 757–761.

Peyrefitte, C.N., Coussinier-Paris, P., Mercier-Perennec, V., Bessaud, M., Martial, J.,
Kenane, N., Durand, J.P., Tolou, H.J., 2003. Genetic characterization of newly
reintroduced dengue virus type 3 in Martinique (French West Indies). J. Clin.
Microbiol. 41, 5195–5198.

Regato, M., Recarey, R., Moratorio, G., de Mora, D., Garcia-Aguirre, L., Gonzalez, M.,
Mosquera, C., Alava, A., Fajardo, A., Alvarez, M., Dı̌Andrea, L., Dubra, A., Martinez,
M., Khan, B., Cristina, J., 2008. Phylogenetic analysis of the NS5 gene of dengue
viruses isolated in Ecuador. Virus Res. 132, 197–200.

Rice, C.M., 1996. Flaviviridae: the viruses and their replication. In: Fields, B.N., Knipe,
D.M., Howley, P.M., Chanock, R.M., Melnick, J.L., Monath, T.P. (Eds.), Virology.
Lippincott-Raven, Philadelphia, pp. 931–1034.

Rico-Hesse, R., 1990. Molecular evolution and distribution of dengue viruses type 1
and 2 in nature. Virology 174, 479–493.

Salminen, M.O., Carr, J.K., Burke, D.S., McCutchan, F.E., 1995. Identification of break-
points in intergenotypic recombinants of HIV type I by bootscanning. AIDS Res.
Hum. Retroviruses 11, 1423–1425.

Shimodaira, H., 2002. An approximately unbiased test of phylogenetic tree selection.
Syst. Biol. 51, 492–508.

Shimodaira, H., Hasegawa, M., 2001. CONSEL: for assessing the confidence of phylo-
genetic tree selection. Bioinformatics 17, 1246–1247.

Silva, R.L., de Silva, A.M., Harris, E., MacDonald, G.H., 2008. Genetic analysis of
dengue 3 virus subtype III 5′ and 3′ non-coding regions. Virus Res. 135, 320–
325.

Thomas, S.J., Strickman, D., Vaughn, D.W., 2003. Dengue epidemiology: virus epi-
demiology, ecology and emergence. Adv. Virus Res. 61, 235–289.

Thompson, J.D., Higgins, D.G., Gibson, T.J., 1994. CLUSTAL W: improving the sensi-
tivity of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acid Res. 22,
4673–4680.



Author's personal copy

A. Fajardo et al. / Virus Research 141 (2009) 105–109 109

Twiddy, S.S., Holmes, E.C., Rambaut, A., 2003. Inferring the rate and time-scale of
dengue virus evolution. Mol. Biol. Evol. 20, 122–129.

Uzcategui, N.Y., Comach, G., Camacho, D., Salcedo, M., Quintana, M.C., Jimenez, M.,
Sierra, G., Uzcategui, R.C., James, W.S., Turner, S., Holmes, E.C., Gould, E.A., 2003.
Molecular epidemiology of dengue virus type 3 in Venezuela. J. Gen. Virol. 84,
1569–1575.

Usme-Ciro, J.A., Mendez, J.A., Tenorio, A., Rey, G.J., Domingo, C., Gallego-Gomez,
J.C., 2008. Simultaneous circulation of genotypes I and III of dengue virus 3 in
Colombia. Virology J. 5, 101.

Usuku, S., Castillo, L., Sugimoto, C., Noguchi, Y., Yogo, Y., Kobayashi, N., 2001. Phylo-
genetic analysis of dengue-3 viruses prevalent in Guatemala during 1996–1998.
Arch. Virol. 146, 1381–1390.

World Health Organization, 2002. Dengue and dengue haemorrhagic fever. Fact
sheet no. 117. http://www.who.int/mediacentre/factsheets/fs117/en/. World
Health Organization, Geneva, Switzerland.

Zanotto, P.M., Gould, E.A., Gao, G.F., Harvey, P.H., Holmes, E.C., 1996. Population
dynamics of flaviviruses revealed by molecular phylogenies. Proc. Natl. Acad.
Sci. U.S.A. 93, 548–553.


