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Abstract.

During the past two decades, Dengue virus-3 (DENV-3) has re-emerged in the Western Hemisphere causing

significant epidemics of dengue fever (DF) and dengue hemorrhagic fever (DHF). In an effort to understand the molecu-
lar evolution of DENV-3 and their relationships to other DENV-3 circulating in the western hemisphere, we conducted
a phylogenetic study on DENV-3 isolates made between 2002 and 2007 in the metropolitan area of Medellin, Colombia.
An unexpected co-circulation of two different variants of DENV-3 subtype III during at least 5 years in Medellin was
found. In addition, a more complete analysis of DENV-3 viruses isolated in other South American regions revealed the
existence of three different subtype I1I lineages, all derived from independent introductions. This study documents signifi-
cant genetic diversity of circulating viruses within the same subtype and an unusual capacity of the population of this city
to support continuous circulation of multiple variants of dengue virus.

INTRODUCTION

Dengue viruses (DENV) (genus Flavivirirus, family
Flaviviridae) include four serotypes (DENV-1 to DENV-4)
that cause the most important arthropod-borne viral infec-
tion of humans with about 100 million cases and 25,000 deaths
annually.!? The DENV cause classic dengue (“break-bone”)
fever (DF) and more severe and sometimes fatal dengue hem-
orrhagic fever (DHF)/dengue shock syndrome (DSS). In trop-
ical and subtropical regions of the Western Hemisphere, DF
and DHF are considered two of the most serious public health
problems.*

The pathogenesis of DHF is incompletely understood.
Several factors including age and previous exposure can
increase the risk for DHFE.!® Recent studies also suggest that
more virulent strains, and in particular the Asian subtypes (or
genotypes), might also play an important role in the increase
of DHF in American countries. Rico-Hesse and others®
showed that introduction of a DENV-2 subtype arriving from
Southeast Asia produced an increase in proportion of DHF/
DSS cases. Lanciotti and others’ and Messer and others,® have
postulated that a genetic shift between two subtype III lin-
eages of DENV-3, which occurred in 1989, may be responsible
for the increase in severity in Sri Lanka.

Of particular interest is the reemergence of DENV-3 in the
Western Hemisphere. In 1994, after an absence of 17 years,
DENV-3 was detected in Nicaragua and Panama.”'® Soon
thereafter, the virus was isolated in Mexico and other Central
American countries causing DF and DHF*'""** From 1998 to
2003, the virus spread across the Caribbean islands.®'*'¢ In
1999 and 2000, DENV-3 was detected in Ecuador, Venezuela,
and Brazil and later in other South American countries.'” "

The molecular evolution of DENV-3 has been studied in
numerous American countries,including Nicaragua,Venezuela,
Mexico, Brazil, Paraguay, Cuba, Peru, and Argentina.!®-1820-24
All of these studies point to subtype III as the only DENV-3
circulating in the Western Hemisphere. However, recent
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works by three independent groups reported the presence
of DENV-3 isolates in Brazil and Colombia that belong to a
branch of subtype I, also designated as subtype V.27

In Colombia, DENV-3 was reported to cause an epidemic
in 1975-1977 but disappeared soon after.”® The DENV-3 was
isolated again in 2001 in the eastern province of Santander.”
It then spread to other provinces in the following years, includ-
ing Antioquia and its capital, Medellin, where DENV has been
regularly diagnosed since 1992 with peak incidence in 1998,
2003, and 2007 (Figure 1). Most cases detected have been of
DF, but since 1995, DHF cases have occurred. Between 2002
and 2007, 14,539 cases of DF and 182 cases of DHF were
reported. Until 2001, only DENV-1, -2, and -4 were isolated.
Although DENV-3 was first detected in Medellin in 2002, it
was not the predominant serotype until 2005, while DENV-1,
-2, and -4 continued circulating.** DENV-3 is highly prevalent
now in Medellin and in other parts of Colombia and other
South American countries.®

In an effort to understand the origin and evolution of
DENV-3 circulating in Medellin and any possible relation to
the severity or epidemic behavior of the disease, a phyloge-
netic analysis was conducted of DENV-3 isolated from clin-
ical cases between 2002 and 2007 in the area. This analysis
was further expanded using DENV-3 isolated in other South
American countries to determine potential circulation pat-
terns and origin of viruses found in the Medellin area.

MATERIALS AND METHODS

Geographic location. The Medellin metropolitan area is a
conurbation of 10 municipalities in the province of Antioquia,
northwestern Colombia. It is located at latitude: 6°09’52"N,
longitude: 75°25"23"W, in a valley 1,500-1,600 meters above
the sea level (Figure 2). The mean temperature is 24°C. The
total population is about three million people.

Viruses. All the DENV-3 isolates sequenced in this study
were obtained from the virus collection of the Laboratorio
Departamental de Salud Publica (LDSP, Table 1), during the
6-year period from 2002 to 2007. Eighteen viruses obtained
from DF or DHF cases occurring in Medellin and surrounding
municipalities were selected to represent all the years in the
period. These cases were classified according to the World
Health Organization (WHO) criteria for DHF3! All viruses
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Figure 1. Dengue fever (DF) and dengue hemorrhagic fever
(DHF) cases reported in Medellin metropolitan area during 1998—
2007. Both events are plotted in different scales. Horizontal bars in the
bottom shows the serotypes isolated each year in the same time scale.

had been isolated in Aedes albopictus C6/36 cells and stored
at —70°C until testing. Only primary isolates or first passage
viruses were used in this study.

Molecular procedures. Viral RNA (vRNA) was extracted
from cell culture supernatant using a commercial silica-based
method (QIAamp viral RNA, Qiagen, Valencia, CA). The
vRNAs were copied into complementary DNAs (cDNAs)
using random hexamers and RAV-2 reverse transcriptase
(Amersham, Piscataway NJ). A c¢cDNA segment of 1,806
nucleotides encompassing the M and E genes was amplified
by polymerase chain reaction (PCR). The PCR mix included
1.75 mM MgCl, 025 mM dNTPs, 0.5 uM primers, and
0.05 U/uL Tag DNApol (Promega, Madison WI). Amplification
was performed in 40 cycles of 94°C for 15 seconds, 55°C for
30 seconds, and 72°C for 2 minutes. Products were verified
by 0.8% agarose gel electrophoresis and then purified using
the QIAquick PCR purification kit (Qiagen). Both strands
of the amplicons were sequenced using appropriate primers
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and the Big Dye Terminator Cycle Sequencing System (ABI,
Foster City, CA) following the protocols recommended by the
manufacturer. The sequences of the primers used in the PCR
and sequencing are available from the authors upon request.
Sequences obtained in this study were deposited in GenBank
(accession nos. FJ389906 to FJ389916 and HMO030549 to
HMO030556).

Sequence datasets. The sequences of the complete M and E
genes (1,704 nucleotides) of viruses isolated in this study were
manually aligned with other DENV-3 sequences obtained
in other studies”®16182223 and available in GenBank. These
included three other Colombian sequences of viruses isolated
in the province of Santander. Sequences were selected to
maximize the representation by country, year, and subtype.
Sequences of viruses isolated in the Western Hemisphere
since 1994 were included in higher number than those of
Asia and Africa. We did not include the subtype IV Puerto
Rican sequences of the 1960-70s, because they are thought to
be recombinants.’> We also excluded sequences of subtype V
other than the prototype strain H87/Philippines/56, because all
of them are very similar and probably derived from the same
prototype virus that has been maintained in many laboratories
in the world for reference and control purposes.

Phylogenetic and other analyses. Phylogenetic analyses
were conducted with Bayesian approaches using MrBayes
v3.1.2 and BEAST v1.4.8 software packages and related
utility programs.®® Model settings used in both programs were
the Hasegawa—Kishino—Yano substitution model, with gamma
distribution of among-site rate variation (HKY + T'). The
transition/transversion ratio and alpha shape parameter of the
gamma distribution were estimated separately for the third
codon position; this corresponds to the model suggested by
Shapiro and others,* which had a good fit for protein-coding
nucleotide data with relatively few parameters. By MrBayes,
two independent Markov chain Monte Carlo (MCMC)
analyses of four chains each were run simultaneously sampling
one in every 100 trees. The analyses were halted when they

Medellin Metropolitan Area

FiGure 2. Location of the Medellin metropolitan area in the province of Antioquia and in Colombia. The numbers correspond to the following
municipalities where the viruses were isolated: 1. Copacabana, 2. Bello, 3. Medellin, 4. Itagiii, 5. Envigado.
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TaBLE 1
DENV-3 isolates from Medellin metropolitan area included in this study

Isolate identification Clinical presentation® Patient age (years) Municipality Date of isolation GenBank accession no.
3419 DHF 58 MEDELLIN 2007 FJ389906
5292 DF ND+ MEDELLIN 2003 FJ389907

15859 DF 31 BELLO 2002 FJ389908
16407 DF ND MEDELLIN 2002 FJ389909
22379 DF 47 MEDELLIN 2004 FJ389910
11049 DF 25 MEDELLIN 2003 FJ389911
31233 DF 27 BELLO 2004 FJ389912
3453 DF 46 MEDELLIN 2007 FJ389914
3832 DF 22 MEDELLIN 2006 FJ389915
18206 DF 27 MEDELLIN 2005 FJ389916
2836 DF 9 ENVIGADO 2003 HM030549
2754 DF 59 ITAGUI 2007 HMO030550
28888 DF 15 COPACABANA 2006 HMO030551
5379 DF 57 ITAGUI 2003 HMO030552
5952 DF 40 BELLO 2003 HMO030553
6003 DF 69 COPACABANA 2007 HMO030554
7370 DF 9 MEDELLIN 2006 HMO030555
12363 DF 18 MEDELLIN 2005 HMO030556
*DF = dengue fever; DHF = dengue hemorrhagic fever.
¥ND = no data.

converged onto a stationary distribution as assessed by an
average standard deviation of split frequencies lower than
0.02. A 50% majority-rule consensus tree was computed
excluding the initial 20% of each run. To estimate the times
of the most recent common ancestors (7,,,.,) and other
evolutionary parameters, three independent analyses of 10
million generations each were performed using BEAST, and
then merged using Log Combiner v1.4.8. The evolutionary
model was the same used in MrBayes with an uncorrelated-
lognormal relaxed molecular clock and a Bayesian Skyline
coalescent prior. The TRACER v1.4 software package® was
used to visualize and verify the convergence of estimated
evolutionary parameters of both, MrBayes and BEAST
outputs. The FigTree v1.1.2 package was used to draw the
phylogenetic trees. To explore for selective forces, the Nei and
Gojobori (NG86) method was used for estimating the ratio
of nonsynonymous substitutions per nonsynonymous site to
synonymous substitutions per synonymous site (dN/dS) as
implemented in MEGA v3.1.%

RESULTS

In this study, M and E genes of 18 DENV-3 viruses isolated
between 2002 and 2007 in the Medellin area were sequenced,
aligned to other DENV-3 isolates, and analyzed phyloge-
netically. A preliminary analysis of 109 DENV sequences,
including the other three DENV serotypes as outgroup, was
performed to correctly locate the root of the tree. Sequences
in the outgroup and those that were identical or closely related
to others, were excluded from the final analysis for space rea-
sons. The final data set was composed of 90 sequences from
DENV-3 isolated in different countries and years. The phylo-
genetic analysis using MrBayes was run for 1,000,000 genera-
tions with a 20% burn-in, producing a consensus tree where
the previously described subtypes I, II, and IIT appeared as
monophyletic groups (Figure 3). The prototype strain H87/
Philippines/56 appeared in a separate branch, corresponding
to the subtype V described by Wittke and others.*® Most iso-
lates of Southeast Asia and Western Pacific islands grouped
in subtypes I and 11, as previously reported.”®* Isolates from

India, Sri Lanka, Africa, and the Americas, including all the
Colombian viruses sequenced in this study, clustered in sub-
type 111.

American DENV-3 viruses formed a highly supported
monophyletic group inside subtype III. Isolates from South
America were distributed in three different and well-supported
clades: the first was composed of viruses from Venezuela and
Colombia (2000-2008), including nine of our isolates and the
three from the province of Santander (Colombia). The sec-
ond clade is composed of viruses from Brazil, Paraguay, and
Bolivia (2000-2008), and some isolates from the Caribbean
(Martinique 2000-2001, Cuba 2000, and Puerto Rico 2003).
The third clade, which shares a common ancestor with the pre-
vious one, included all the viruses isolated in Ecuador and Peru
(2000-2005), the remainder of our Colombian isolates (2003—
2007), and two isolates from Cuba (2001-2002), and two from
Nicaragua (2008-2009). These three clades represent separate
introductions of DENV-3 into South America,'”?* and here
they will be named after the country in which they were first
detected as the Venezuelan, Brazilian, and Ecuadorian lin-
eages, respectively.

Thus, Colombian isolates from the same years and cit-
ies belong to two distinct lineages, the Venezuelan and the
Ecuadorian. Differences among Colombian isolates group-
ing in the same lineage were of 0 to 15 nucleotides (99.1% to
100.0% identity), and between isolates in different lineages,
differences were of 21 to 34 nucleotides (98.0% to 98.8% iden-
tity). Colombian viruses in the Venezuelan lineage grouped in
three separate subclades suggesting repeated importation of
viruses from Venezuela. Colombian viruses in the Ecuadorian
lineage grouped in a single clade but they are paraphyl-
etic, because two recent Nicaraguan isolates emerged from
the same clade, suggesting exportation of that lineage from
Colombia to Central America.

We estimated 7)., and mean evolutionary rates of the lin-
eages defined here using BEAST and dN/dS using the method
of Nei and Gojobori.”” The estimated T, for the Brazilian,
Ecuadorian, and Venezuelan lineages were between 1997
and 1999 (Table 2). The T, ., estimated for all the American
subtype III, and for viruses isolated in Medellin was 1991.
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FiGure 3. Majority-rule consensus tree of DENV-3 sequences resulting from the Bayesian phylogenetic analysis done with MrBayes v3.1.2.
Isolates sequenced in this study are bolded. Numbers close to nodes are posterior probabilities for the corresponding clade. The names of the sub-
types (or genotypes), defined according to Wittke and others,* are indicated below the corresponding branches. The lineages defined in this study
are pointed by arrows. See the text for details about the substitution model used and the placing of the root. The tree was drawn with the FigTree

v1.1.2 package.

Evolutionary rates estimated for the different lineages and
other groups were between 3.6 X 10~ and 8.6 x 10* substitu-
tions per site per year (s/s/y). These estimates were not signifi-
cantly different as revealed by the overlapping 95% highest
probability density (HPD) values. All dN/dS ratios were lower
than 0.1, indicating that purifying selection was the predomi-
nant type of selective force.

To determine the amino acid changes in the dataset, viral
sequences were translated, aligned, and the substitutions were
mapped to the branches in the phylogenetic tree using conven-
tional Fitch optimization. Changes were observed in two and
64 positions of the deduced sequences of M and E proteins,

respectively. Most of the substitutions mapped either to the
long basal branches connecting different subtypes or to the
terminal branches. There were only three amino acid substi-
tutions in the branches of the viruses sequenced in this study:
V — A in position E-81,A — V in E-329, and G —E in E-340.
The first one is unique to all the Colombian viruses in the
Ecuadorian lineage, whereas the last two appeared in most
Colombian viruses of Venezuelan lineage. The change in E-329
is also present in all viruses of the Brazilian lineage and Puerto
Rican viruses of 2005 and 2007, indicating parallel substitu-
tions. These positions are localized in loops of the structural
domain II (E-81) or III (E-329, E-340) of E-glycoprotein.®®
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TABLE 2

Estimated time of the most recent common ancestor (7,,.,) and
other evolutionary parameters estimated for lineages or groups of

viruses in the dataset used in this study

Mean evolutionary rate in

Lineage or group Tyren ( s/slyt (95% HPDs) dN/dS%

American Subtype IIT 1991 (1989-1992) 7.4 (5.4-9.1)x 10  0.044

95% HPDs*)

Venezuelan 1999 (1997-2000) 4.7 (1.4-7.9)x 10  0.053
Ecuadorian 1997 (1996-1999) 8.6 (5.7-11.5) x 10 0.052
Brazilian 1997 (1996-1998) 7.2 (2.1-11.8) x 10  0.099

Medellin viruses 1991 (1989-1993) 3.6 (1.7-7.7) x 10*  0.033

*95% HPDs: 95% highest probability density.

+s/sly: substitutions per site per year.

$dN/dS: average ratio of nonsynonymous substitutions per nonsynonymous site to synony-
mous substitutions per synonymous site.

In summary, there were 0-2 amino acid differences within and
1-3 between lineages.

DISCUSSION

The primary purpose of this study was to describe the origin
and evolution of DENV-3 circulating in Medellin, Colombia.
We found that the viruses isolated in this city during 2002-
2007 were polyphyletic in origin and belonged to two different
lineages, Venezuelan and Ecuadorian, derived from sepa-
rate introductions of DENV-3 into South America. The most
unusual finding is that these two lineages have remained co-
circulating in the same city for at least 5 years (2003-2007).

Although co-circulation of different serotypes in a sin-
gle place, referred to as hyperendemicity, has been reported
from multiple countries, simultaneous circulation of different
lineages of the same serotype is usually a short-lived event.
Previous works have shown that the introduction of a second
DENYV variant of the same serotype in a region is soon fol-
lowed by the disappearance of one of them.*3%% In the most
complete phylogenetic work to date on DENV-3, Araujo and
others concluded that “co-circulation of different DENV-3 in
a single location is a rare event.” After exhaustively reviewing
the phylogenetic literature on DENV we found only one case
similar to what we describe here: the co-circulation of two lin-
eages (B and C) of DENV-1 between 1998 and 2002 in Yangon,
Myanmar, which replaced the previously circulating lineage
A.* However, it is possible that other cases of co-circulation
could have passed unnoticed because of limited sampling.

The paucity of co-circulation of different variants in a single
place seems to be the result of stochastic events occurring dur-
ing interepidemic periods.’** Dengue has been diagnosed in
the Medellin area every single month since 2002, as reported
in the laboratory-based surveillance system of this illness car-
ried out in LDSP (Ospina MC, personal observation, data not
shown). In this way the homogenizing effect of population
bottlenecks could have been minimized and different lineages
could have co-existed in a large and previously non-immune
population. We are currently monitoring DENV-3, and other
DENYV serotypes, to study the long-term outcome of this viral
co-circulation in Medellin.

The clinical and epidemiological significance of the co-exis-
tence of these two lineages described here is still not clear.
At the continental level there have been severe cases asso-
ciated with viruses in all three lineages.!*!®# In our sample
of isolates there was only one DHF case that grouped in the
Venezuelan lineage but this is not statistically significant. We
did not detect any major difference in evolutionary rates or in

overall dN/dS ratios that could point to differences in adaptive
processes among lineages. The consequences of the described
amino acid substitutions are also uncertain. More research is
needed to explore potential differences in virulence or in fit-
ness among the three lineages of DENV-III that circulates in
South America, including full genome sequencing and pheno-
typic studies.

The origin and dispersion of DENV-3 subtype III in the
Western Hemisphere has been studied in other works.516-18.22.2¢
Although its origin, either Asiatic or African remains obscure,
it is now clear that the virus could have been introduced in the
late 1980s or early 1990s, several years before its first detec-
tion in Nicaragua and Panama in 1994. Our estimate of the
most recent common ancestor (7,,.,) suggests that subtype
III could have been introduced between 1989 and 1993, which
is close to previous estimates.?* The South American isolates
segregated in three separated branches (Figure 3), which were
previously identified by Kochel and others'” and Araujo and
others.* These branches are here designated as Venezuelan,
Brazilian, and Ecuadorian lineages, according to their more
likely site of entrance into the continent. All these lineages
probably originated between 1996 and 1999 according to their
estimated 7)., (Table 2). The Brazilian lineage includes
isolates from Cuba 2000, Martinique 2000-2001, and Puerto
Rico 2003, which suggest a Caribbean origin for this lineage.?
Araujo and others suggested Mexico as the most likely ori-
gin of the Venezuelan lineage, but we show here that they are
more closely related to viruses from Puerto Rico 1999-2007,
which also points to the Caribbean as its possible source. The
origin of the Ecuadorian lineage is more obscure. Cuban iso-
lates of 2001 and 2002 are included in it. Because DENV-3
has been circulating in Ecuador since 1999," a viral exporta-
tion event from South America to Cuba for this lineage looks
more likely, as proposed by Araujo and others.* However, the
existence of a common ancestor for Ecuadorian and Brazilian
lineages that we dated around 1996 could indicate that the
Ecuadorian lineage also originated in the Caribbean. A con-
clusive inference of the origin of these three variants must wait
until more isolates from Central America and the Caribbean
from the late nineties are available for analysis.

The dispersion of the three lineages into South America
has already been described by Araujo and others.** By using
a balanced sample of isolates from different countries, our
analysis also provided a comprehensive view of the disper-
sion of DENV-3 in South America (Figure 3). The Brazilian
lineage, first detected in 2000 near Rio de Janeiro, seems to
have reached a wide dispersion in that country, as shown
by the Aquino and others? study. That variant then passed
to Paraguay (2002), eastern Bolivia (2003), and Argentina
(2007).1722 The Venezuelan lineage, also detected in 2000,'
passed to Colombia where it was detected in 2001 in the
eastern province of Santander but does not seems to have
extended to other countries.”? The Ecuadorian lineage, first
detected in 1999 in that country, was isolated in Peru in 2000
and in Colombia in the southern province of Putumayo in
2002.7 Although other studies did not find overlaps in the
areas of dispersion of the three lineages, we show here that
two of them have met in Medellin, at least since 2003. It is
foreseeable that in the next years, other places could report
similar findings.

Excluding the old Puerto Rican isolates of the sixties and
seventies (not included in our analysis), all other American
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DENV-3 isolates analyzed belong to subtype III, as previ-
ously reported.®*16-1822 This subtype exhibited a virulent phe-
notype in Sri Lanka and Mozambique in the 1980s.7* We did
not detect circulation of a branch of subtype I (or subtype V
in the classification of Wittke and others*®) as it was recently
reported.?? Our findings are in disagreement with those of
the study of Usme-Ciro and others,” who supposedly isolated
two DENV-3 subtype Iin 2005 in Medellin and Bello, the same
area studied by us. On the basis of our limited sampling, we
cannot rule out that subtype I and III had co-circulated there
and that they were segregated in the two studies by chance.
However, this possibility looks unlikely. Future studies could
shed some light on this intriguing point.

In summary, Colombia seems to be the first South American
country maintaining simultaneous transmission of two distinct
DENV-3 subtype III lineages. The prolonged co-circulation of
these two lineages in the Medellin metropolitan area exem-
plifies the potential for DENV lineages to persist in a single
place when the environmental conditions are appropriate.
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