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Background. The dengue virus serotype 3 (DENV-3) Indian subcontinent strain emerged in Puerto Rico in
1998 after a 21-year absence. The rapid expansion of DENV-3 on the island correlated with the withdrawal of the
other serotypes for 7 years. The DENV-3 prevalence declined in 2008 and remains undetected.

Methods. We sequenced complete genomes of 92 DENV-3 clinical isolates to characterize the molecular evo-
lution and phylogeography throughout 10 years of continued sampling (1998–2007).

Results. We documented 8 distinct lineages that emerged simultaneously and evolved independently. Two of
the 8 lineages were highly associated with transient introductions of foreign viruses, and 2 of the 3 endemic
lineages covered the entire study period. We found evidence of temporal-geographical clustering only within the
3 endemic lineages. The phylogeography analysis combined with serotype-specific incidence data showed that
transmission of a DENV serotype in a given location and time is usually correlated with the absence of the other
serotype.

Conclusions. Our study shows the cotransmission of DENV-3 lineages through a complex dissemination
pattern dissimilar to the evolutionary dynamics of the other serotypes in the island. High virus genetic diversity
and a large naive population were underlying factors in the expansion and collapse of DENV-3 in Puerto Rico.

The global spread of dengue virus (DENV) has dra-
matically increased in recent decades, with >2.5 billion
people now at risk of infection by DENV [1]. In-
creased urban expansion and population growth,
travel, and climatic changes have contributed to the
expansion of the ecological niche favorable for the
propagation of DENV vectors, Aedes species mosqui-
toes, resulting in intensification of DENV epidemics [2].
The Americas have experienced increased incidence of
DENV throughout the last 30 years concomitant with
establishment of the 4 DENV serotypes (DENV-1–4)
in most countries. Although sociological and

environmental factors have undoubtedly influenced
transmission of DENV in the region, 2 major intro-
ductions of DENV strains seem to have contributed to
increased endemicity and the potential to cause out-
breaks: introduction of South East Asian DENV-2 in
the 1980s and introduction of Indian subcontinent
(subtype 3) DENV-3 in the mid-1990s. In the Ameri-
cas, the Indian DENV-3 genotype was initially detect-
ed in Nicaragua and rapidly disseminated throughout
Central America, the Caribbean basin, and South
America [3, 4]; this serotype had been rarely reported
during the previous 15 years. It appears that the ex-
pansion of the Indian subcontinent genotype of
DENV-3 could have been favored by limited competi-
tion from the American genotype, including an im-
munological gap in the human population.

Puerto Rico, a Caribbean island of 9104 square kilo-
meters and a population of 3.9 million, is densely pop-
ulated and has experienced continued high rates of
transmission of DENV for several decades [5–7].
Dengue virus serotype 3 reemerged in Puerto Rico in
1998 during an epidemic season in which DENV-1
and DENV-4 predominated [8]. This introduction
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resulted in shifts in serotype distribution among DENV cases
over the next 6 years, with DENV-1 and DENV-4 no longer
being detected, only a low proportion of cases being DENV-2,
and DENV-3 being the predominant serotype [7, 9]. Similar
patterns of DENV-3 introduction and predominance have
also been reported in other South American countries [10].
Despite this ability to penetrate and disseminate, DENV-3 de-
clined in 2008 and remained undetected by the island-wide
DENV surveillance system, even during the 2010 epidemic, in
which there were >24 000 reported cases of DENV (Centers
for Disease Control and Prevention [CDC] unpublished data).

Phylogenetic or phylogeographic studies of DENV-3 in the
Caribbean and Americas are limited; therefore little is known
about its dynamics in DENV-endemic countries. This study ex-
amines the genetic complexity of DENV-3 in Puerto Rico by se-
quencing the complete genomes of 92 isolates obtained from
human sera collected between 1998 and 2007. Our findings
improve our understanding of the rapid propagation, persistence,
and possibly the sudden decline of DENV-3 in Puerto Rico.

MATERIALS AND METHODS

Virus Isolates
The DENV-3 isolates in this study were obtained from cases
of DENV reported to the Puerto Rico Department of Health
and the CDC’s Passive Dengue Surveillance System. This
system records the number of confirmed cases in the 78 mu-
nicipalities of Puerto Rico, including serotype identification by
tissue culture and reverse transcription polymerase chain reac-
tion (RT-PCR). One hundred and fifty serum samples
(5 samples with positive DENV-3 diagnosis from the 3 munic-
ipalities with the highest DENV-3 reporting per year between
1998 and 2007) were originally selected (Figure 1C). All
samples were handled in accordance with the institutional
review boards of the CDC (protocol 4797) and the Broad In-
stitute. All isolates were obtained as previously described by
McElroy et al [9]. Briefly, serum was inoculated into C6/36
(Aedesalbopictus) cell culture maintained in Dulbecco’s
minimal essential medium [11] and incubated at 33°C for 5
days [12], and and the presence of DENV was confirmed by
indirect immunofluorescence assay. Isolates were then pas-
saged 1–2 times under the same conditions to generate stock
material for sequencing analysis.

Sequencing
We performed RNA extraction, amplification, and genome se-
quencing as previously described by McElroy et al [9]. Briefly,
viral RNA was extracted from tissue culture supernatant using
an M48 or Universal BioRobot system (QIAGEN). Comple-
mentary DNA (cDNA) was generated using the SensiScript
RT kit (QIAGEN) with random hexamers (Applied Biosys-
tems) and Pfu UltraII (Stratagene) or iTaq DNA (Bio-Rad)

polymerase-driven PCR confirmed the presence of cDNA. We
performed bidirectional Sanger sequencing on pooled cDNA
or PCR amplicons at the Broad Institute of MIT & Harvard
using an ABI 3730 automated sequencer. We trimmed the re-
sulting sequence at the ends to remove both low-quality and
primer sequence and assembled resulting reads using Broad
Institute’s AV454 assembly algorithm [13]. Consensus assem-
blies were annotated by the Broad Institute using an in-house
annotation algorithm. All sequences encompassing the com-
plete open reading frames (10173 nt) and parts of the 5′ and
3′ untranslated regions were deposited in GenBank (Supple-
mentary Table 1).

Sequence Analyses
We generated a multiple sequence alignment of 124 complete
coding sequences using the ClustalWmodule available in
MEGA 4 (http://www.megasoftware.net). Aligned sequences
included the 92 Puerto Rico isolates from this study, an addi-
tional 22 South/Central American strains sequenced as part of
the Broad Institute’s Genome Resources in Dengue Consor-
tium, and an additional 10 international strains obtained from
GenBank. We generated maximum-likelihood trees using
PAUP* [14] and MEGA 4 incorporating the GTR + I + Γ4
model of nucleotide substitution, as determined by MODELT-
EST version 3.07 [15]. Bootstrap analysis (repetitions = 1000)
was performed using the maximum composite likelihood
method in MEGA 4. We estimated mutation rates of substitu-
tion, effective population size, and maximum clade credibility
tree using a Bayesian Markov Chain Monte Carlo approach
as implemented in BEAST version 1.4.7 (http://mbe.
oxfordjournals.org/content/25/7/1459) [16]. For all BEAST
analyses, the year of sampling was utilized, and the model was
parameterized using the GTR + I + Γ4 model of nucleotide
substitution, a strict molecular clock, and a Bayesian Skyline
tree prior. All Markov Chain Monte Carlo chains were run for
sufficient length (60 M generations sampled every 10 000) to
ensure stationary parameters, with statistical error reflected in
values of the 95% highest probability density with 10%
removed as burn-in. Tree topology across the phylogenetic
methods and algorithms utilized were consistent. Selective
pressures on the complete coding sequence or individual
genes, indicated by nonsynonymous-to-synonymous nucleo-
tide substitution ratios and number of positively or negatively
selected sites, were evaluated by single likelihood ancestor
counting [17], random effects likelihood [17], and internal
fixed effects likelihood [18] methods using HYPHY accessed
through the data monkey server [19]. Geographical and
temporal clustering analysis was performed using SaTScan
software (http://www.satscan.org) and associated to phy-
logeny using Bayesian tip-association significance testing
(http://evolve.zoo.ox.ac.uk/evolve/BaTS.html) to infer any re-
lationship between sequence data and geographical source of
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the isolate with the posterior sample of trees calculated by
BEAST. For the parsimony score, association index, and mono-
phyletic clade size, we considered P < .05 to be significant.

RESULTS

Major epidemics of DENV occurred in Puerto Rico during
1986, 1992, 1994, 1998, 2007, and 2010 (Figure 1A). In order
to declare an epidemic, the historical average of reported cases
between 1986 and the present year is calculated, and the epi-
demic threshold, which includes the 75th percentile of the dis-
tribution of cases in the same years, must be exceeded. The
number of reported cases ranged from 2000 to approximately
24 000; however, most epidemics feature >8000 reported cases.
Major fluctuations in serotype circulation have been observed
during both epidemic and endemic periods of DENV trans-
mission (Figure 1B). Over the 20 year period for which there
are adequate data on the proportion of each DENV serotype
circulating among DENV cases each year, a number of pat-
terns are evident. From 1986 to 1998, DENV-1, DENV-2, and
DENV-4 cocirculated in the island, with DENV-2 accounting

for >50% of serotyped cases. Dengue virus serotype 3 emerged
in Puerto Rico in 1998, a period marked by high prevalence of
DENV-1 and DENV-4 and the sudden decline of DENV-2
[8]. By 1999, DENV-3 symptomatic cases expanded rapidly
across the island and displaced DENV-1 and DENV-4
(Figure 1B); however, DENV-2 cases persisted but were re-
stricted to the eastern part of the island between 2000 and
2002 [9]. The prevalence of DENV-3 cases transiently declined
during a DENV-2 resurgence, only to reassume dominance
during the 2007 epidemic (Figure 1B). Similar differences in
symptomatic transmission dynamics have been documented
elsewhere [20].

We investigated the population genetics of DENV-3 to elu-
cidate how the virus adapted and evolved in the island. The
genetic diversity of DENV-3 showed a steep increase that cor-
related with its emergence and expansion (Figure 2). This
increase reached a plateau by year 2000, which is when ap-
proximately 95% of all DENV cases were caused by DENV-3.
This diversity remained throughout the peak of the DENV-3
predominance of cases (2000–2002). However, the amplitude
of diversity, indicated by the 95% high probability density,

Figure 1. Historic overview of dengue virus transmission in Puerto Rico. Transmission of dengue virus (DENV) in Puerto Rico documented from 1986
to 2010 using data obtained from the Puerto Rico Department of Health and the Centers for Disease Control and Prevention Dengue Branch Passive
Dengue Surveillance System. A, Total number of reported cases, including all serotypes reported to the system since 1986. B, Proportion (percent) of
DENV isolates by serotype during the period 1986–2010: DENV-1 (gray), DENV-2 (black), DENV-3 (red), and DENV-4 (white). X-axis indicated years.
Numbers in parenthesis indicate the number of DENV-3 identifications per year. C, Number of isolates successfully sequenced by year in this study.
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increased immediately after the proportion of DENV-3 cases
began to decline, correlating with the onset of the 2007 island-
wide epidemic. Conversely, the genetic diversity of DENV-2
was considerably lower than DENV-3 during the study period,
and there was a steep decrease in diversity concomitant with
the peak of DENV-3 predominance among cases.

The mean evolutionary rate for each gene ranged 5.33 ×
10−4–1.30 × 10−4 nucleotide substitutions per site per year
(Table 1), which is comparative with the rates reported by
Twiddy and Araújo [21, 22]. Single likelihood ancestor count-
ing and internal fixed effects likelihood analyses showed that
no codons were under positive selective pressure based on
dN/dS ratios <0.1 with a P value <.05. No evidence of intra-
serotypic recombination events was detected.

Maximum likelihood phylogenetic analysis of the complete
coding sequence of the Puerto Rican isolates and international
DENV-3 isolates showed 2 primary lineages in Puerto Rico,
defined as clade 1 and clade 2 (Figure 3). Estimation of the
time since the most recent common ancestor places the emer-
gence of clade 1 around 1998 and the emergence of clade
2 around 1999. Clade 1 consisted of two subclades—1A and
1B—both of which were closely related with the international
isolates. Clade 2 consisted of multiple subclades, all of which
emerged rapidly and almost simultaneously from the parent
population. In addition, several subclades—2A, 2E, and 2F—
exhibited rapid, sustained diversification. Most clade 2 viruses

were no longer detected by 2004, except for clade 2F, which
was found until DENV-3 was no longer detected among
Puerto Rican DENV cases. Among clade 2 strains, only clade
2A included isolates from international locations, and the
Puerto Rican sequences were basal to these strains, suggesting
common origins (Figure 3). The most recent common ances-
tor for both clade 1 and clade 2 found in GenBank was a Nic-
araguan strain (Figure 3). Further analyses of clade 2 suggest
that Puerto Rican viruses are basal in the phylogeny of
DENV-3 South American lineages and most closely related to
Mexican strains (Figure 3). International isolates were also
found in both clade 1 subclades (Figure 3), and the phyloge-
netic relationships of the Puerto Rican strains suggest they
emerged from an introduction event, became endemic, and
continued to evolve in situ in genetic diversity across the
island during the approximately 10-year period of DENV-3
presence.

Three amino acid differences exist between the 2 clades at
NS2A-195 (clade 1, alanine; clade 2, threonine), NS2B-59
(clade 1, isoleucine; clade 2, valine), and NS4A-39 (clade 1,
arginine; clade 2, lysine). Only 1 of these mutations, NS2A-
195, is nonconservative, and the functional significance of
these amino acid differences require further study.

We determined the relationship between phylogenetics and
the spatial–temporal distribution of DENV-3 cases throughout
Puerto Rico using SaTScan under a Poisson-based model that
included year of illness onset and place of residence
(Figure 4). Spatial–temporal clustering of phylogenetically
related viruses was observed with 4 clusters. There were 2 clus-
ters of clade 2 viruses that were closely related to the parental
strains: cluster 1 from subclade 2D occurred in 1998 around
the municipalities of San Juan and Canóvanas, and cluster 2
from subclade 2B in 1999 was restricted to a small area

Table 1. Estimated Mean Nucleotide Substitution Rates per
Site per Year for Dengue Virus Serotype 3 Genes Calculated from
the Complete Sequence Data of All Puerto Rican Isolates

Gene
Mean Substitution

Rate 95% HPD CIs Mean dN/dS

C 3.51 × 10−4 5.85 × 10−4–1.55 × 10−4 0.092
prM 3.28 × 10−4 4.78 × 10−4–1.94 × 10−4 0.038

E 2.28 × 10−4 3.38 × 10−4–1.12 × 10−4 0.052

NS1 3.23 × 10−4 4.66 × 10−4–1.89 × 10−4 0.120
NS2a 5.33 × 10−4 7.28 × 10−4–3.43 × 10−4 0.107

NS2b 4.34 × 10−4 6.42 × 10−4–2.43 × 10−4 0.063

NS3 2.10 × 10−4 2.92 × 10−4–1.22 × 10−4 0.036
NS4a 3.46 × 10−4 5.41 × 10−4–1.66 × 10−4 0.066

NS4b 2.59 × 10−4 3.84 × 10−4–1.41 × 10−4 0.014

NS5 1.30 × 10−4 7.25 × 10−5–1.90 × 10−4 0.058

Abbreviations: CI, confidence interval; HPD, high probability density.

Figure 2. Genetic diversity of dengue virus serotype 2 (DENV-2) and
serotype 3 (DENV-3) viral genomic sequences from Puerto Rico, 1998–
2007. Bayesian skyline plots showing changes in relative genetic diver-
sity through time (Neτ) and 95% highest probability density for DENV-3
(n = 92) and DENV-2 (n = 140). Neτ, product of the effective population
size and generation length in years (relative genetic diversity); black line,
median estimate; blue shadow, 95% highest probability density.
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surrounding the municipality of Corozal. Cluster 3 emerged
from subclade 2E during the year 2000 around Arecibo, and
cluster 4 emerged from subclade 2F between 2002 and 2005 in
the San Juan metropolitan area. Bayesian tip-association sig-
nificance testing analysis corroborated phylogenetic associa-
tion of isolates in each clade and those that formed clusters
(Table 2).

To further describe the spatial–temporal factors that may be
associated with clustering of virus lineages in specific regions
of the island, we determined the proportion of all DENV sero-
types detected by RT-PCR during the season and geographical
region of each DENV-3 cluster (Figure 5). These proportions
were also supported by considerable high incidence of DENV-
3 over the other serotypes in each cluster. During 1999–2006,
Puerto Rico experienced an overall high proportion and

incidence of DENV-3 cases, which peaked during the 2001–
2002 DENV season (Figure 5A). Formation of cluster 1 and 3
was associated with a significant increase in DENV-3 cases
preceding the peak of island-wide prevalence. Cluster 4
formed during the switch from DENV-3 to DENV-2. No sus-
tained transmission of DENV-3 cases was found in the
eastern region of the island during the years 2000–2002,
which coincided with the refuge of DENV-2, as previously re-
ported [9].

DISCUSSION

This is the first comprehensive analysis of DENV-3 molecular
evolution and phylodynamics in Puerto Rico and the Carib-
bean using complete genome sequences with detailed

Figure 3. Phylogeny of dengue virus serotype 3 (DENV-3) in Puerto Rico. A Maximum likelihood phylogeny of Puerto Rican (n = 92) and international
(n = 32) DENV-3 full genome sequences. The phylogenetic tree was rooted with isolates from Sri Lanka and Mozambique (black), which are basal to
genotype 3 (Indian subcontinent). The Nicaragua 1994 and 1998 isolates (black) root the American lineage. Clade 1 (purple) consists of subclades1A
and 1B. Clade 2consists of 6 subclades: 2A (orange), 2B (light purple), 2C (brown), 2D (red), 2E (green), and 2F (dark blue). Isolates associated with the
parental strain are light blue. Nomenclature for each isolate consists of a 2-letter country code followed by a 2-digit collection year and GenBank
accession number. For Puerto Rico (PR) isolates, a 2-digit number indicates the residence of the case (municipality). B, Maximum likelihood phylogeny
of DENV-3 in star configuration. Subclade colors are the same as in A. See Supplementary Table 1 for more details.
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epidemiological data. Dengue virus serotype 3 reemerged in
Puerto Rico in 1998 shortly after the introduction of the
Indian subcontinent genotype in the Americas and during
one of the largest DENV epidemics recorded on the island.
After a year, DENV-3 expanded across the island, displacing
the other serotypes, with the exception of DENV-2, whose
transmission was limited to a “refuge region” in the east of the
island [9]. Transient serotype cross-protection may have a role
in DENV transmission dynamics, influencing cluster forma-
tion and serotype exclusion. Cross-protection between
serotypes and specific DENV-2 genotypes was recently report-
ed in Nicaragua [23]. It seems plausible to hypothesize that

the 21-year absence of DENV-3 rendered the population sus-
ceptible to infection by this serotype and that cross-reactive
DENV-3 antibodies temporarily blocked transmission of other
serotypes, creating a favorable condition for expansion. The
reemergence of DENV-2 correlated with a reduction in
DENV-3 symptomatic cases and possible loss of cross-
protection even after DENV-3's attempt to reemerge during
the 2007 epidemic. Symptomatic transmission of DENV-3
was interrupted by 2009. This study is limited to the analysis
of symptomatic cases; viruses causing subclinical transmission
must be addressed in order to fully understand DENV trans-
mission and evolution. Additional studies incorporating the
complete genome sequences from isolates of all 4 serotypes
will be necessary to fully understand the evolutionary dynam-
ics at work between the serotypes that drive their coexistence
as well as displacement.

We expected to detect an increase in genetic diversity during
the first few years of DENV-3 expansion; however, this increase
in DENV-3 genetic diversity was concomitant with a decrease
of DENV-2 genetic diversity. This inverse relationship suggests
an antagonistic interaction between these serotypes, which
hinders cotransmission. However, we do not know the contri-
bution of DENV genetic diversity to various determinants of
infection in a population, such as mosquito replication fitness
or protection by heterotypic DENV antibodies.

Figure 4. Spatial–temporal distribution and clustering of dengue virus serotype 3 (DENV-3) dengue cases in Puerto Rico. Dates of illness onset and
residence for each DENV-3 dengue case were analyzed using SatScan software package. Four clusters were identified (P < .05; white circles). Phyloge-
netic relationships for each cluster were analyzed using Bayesian tip-association significance testing. Yellow arches represent cases with phylogenetic
descendants from a parent cluster in a new geographical location. Red pins indicate the cluster center, and white pins indicate the cluster radius.
Numbers in parenthesis indicate year in which cluster was statistically significant P < .05. Isolates from subclade 2D generated cluster 1 (1998) = San
Juan—Canóvanas region; subclade 2B generated cluster 2 (1999) = Corozal region; subclade 2E generated cluster 3 (2000) = Arecibo region; subclade 2F
generated cluster 4 (2002–2005) = San Juan metro area.

Table 2. Bayesian Tip-Association Significance Testing (BaTS)
Analysis on Each Clade/Subclade Independently

Group
No. of
Isolates

Estimated BaTS
(95% HPD CIs)a P Value

Subclade 2B/C/D 14 1.6 (1.0–2.1) .01
Subclade 2E 15 2.2 (1.2–3.3) .01

Subclade 2F 26 1.4 (1.0–2.0) .01

Subclade 2A 18 1.6 (1.0–3.0) .01
Clade 2 16 1.6 (1.0–3.0) .01

Abbreviations: CI, confidence interval; HPD, high probability density.
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Further studies on the genetic diversity of the Puerto Rican
DENV-3 lineage has shown an evolutionary rate faster than
those reported by others [21, 24]. This accelerated mutation rate
could benefit the virus’s ability to establish stable transmission
even over nonpermissive hosts protected with heterotypic anti-
bodies. The high proportion of conservative relative to noncon-
servative mutations and the low dN/dS ratios suggest that the
expansion of DENV-3 in Puerto Rico is driven by stochastic
events and strong purifying selection similar to the endemic
DENV-2 [25]. Holmes and Twiddy suggest that positive selection
may be acting on DENV-3 subject to immune pressures, a result
in contrast with our observations; however, their conclusions
were based on partial genome sequence and limited sample size,
which could impact the detection of positive selection [26].

The evolutionary history depicted in this study is limited to
the availability of clinical isolates and published genomic se-
quences; however, the short genetic distance between the
Puerto Rican DENV-3 lineage and the Nicaragua 1994 isolate

(Figure 3) could suggest an earlier, though undetected, presence
of DENV-3 in Puerto Rico [27]. The maximum likelihood anal-
ysis shows an evolutionary divergence dissimilar to the linear
evolution model followed by the other serotypes in the island.
Soon after DENV-3 was detected, between 1998 and 1999, the
virus diverged simultaneously into 2 main clades. Clade 2
viruses do not represent an organized population structure, but
rather an array of multiple lineages scattered across the island.
It seems that each clade 2 lineage evolved independently in ex-
clusive regions of the island; however, all subclades but 2F are
short lived and became extinct before the reemergence of
DENV-2 in 2004–2005. Transmission of clade 1 and subclade
2F viruses persisted until 2007 among DENV cases. However,
subclade 2F was the only endemic group that maintained trans-
mission and was possibly the etiology on the 2007 DENV-3 ep-
idemic. Clade 1 managed to persist on the island despite a high
influence of foreign viruses, suggesting frequent importation–
exportation events. This contrasts with DENV-2 evolution, in

Figure 5. Proportion of dengue virus (DENV) cases as a key factor in cluster formation. The proportion of each DENV serotype detected by reverse
transcription polymerase chain reaction (RT-PCR) was determined every season of transmission from 1998 to 2007. Proportions were calculated based
on the frequency of positive cases per serotype over the total number of RT-PCR cases in each specific region and time period. A, Proportion of DENV
cases across the island. B, Proportion of dengue cases in San Juan—Canóvanas region. Dashed rectangle indicates year of cluster 1 formation (1998–
1999). C, Proportion of dengue cases in Arecibo region. Dashed rectangle indicates year of cluster 3 formation (2000). D, Proportion of dengue cases in
San Juan metropolitan region. Dashed rectangle indicates year of cluster 4 formation (2002–2005).
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which the frequency of foreign viruses is much lower and tran-
sient [9]. Several South American sequences obtained from
GenBank associated with subclade 2A and the isolation dates of
these isolates suggest that this Puerto Rican lineage functioned
as the springboard for the colonization of South America by
DENV-3 [28].

Integration of phylogeny with spatial–temporal data identi-
fied clusters of virus microevolution from which fast virus mi-
gration occurred across the island, especially to regions of with
a low proportion of DENV-2 cases. The factors that induced
the formation of these clusters in specific geographical regions
of the island remain unclear; however, this study identified
disease incidence as a potential contributing element. The in-
cidence and proportion of DENV-3 cases significantly exceed-
ed the rate of all the other serotypes during cluster formation;
therefore the area covered by the cluster may represent a per-
missive environment for DENV-3 to evolve. The regions adja-
cent to the cluster radius might have been protected by herd
immunity to DENV-3 or cross-protection from other sero-
types limiting cluster expansion. Two clusters in northern
Puerto Rico showed elevated rates of DENV-3 cases in consec-
utive seasons but preceded the peak of prevalence and trans-
mission of DENV-3 in the rest of the island. We could then
speculate that the expansion of DENV-3 occurred through a
transmission corridor that originated from the north of the
island. The presence of a highly transited highway connecting
major cities across northern Puerto Rico and the physical sep-
aration between northern and southern cities by a large
mountain range could represent potential factors influencing
the migration trajectory that our phylogeographic analysis
suggests. Similar observations have been documented in Asia,
where virus migrations follow human movement and urbani-
zation [29]. We should also consider that cluster regions could
be more susceptible to virus transmission facilitated by a
higher density of Aedes aegypti pupae per person. Spatial and
temporal patterns in the distribution of A. aegypti have been
suggested to contribute to the focal nature of DENV transmis-
sion and clustering of DENV cases [30, 31].

The collapse of DENV-3 transmission could have been in-
fluenced by the reemergence of DENV-2; however, we should
also consider that the eruptive expansion of DENV-3 might
have resulted as a self-limiting factor, rendering the population
immune and rapidly eliminating susceptible hosts. Our previ-
ous study [9] and these observations show that geographical
partitioning of lineages may correlate with serotype incidence.
The virus then appears to localize within subsets of the popu-
lation with low levels of homologous and heterologous immu-
nological protection through time. Our data support that
some of the lineages that emerged in Puerto Rico may have
more epidemic potential than others, a theory concurrent with
others [32]. Elucidating the factors that induced cluster forma-
tion will require further investigation.

The multiple lineage divergence pattern documented in this
study differed significantly from the single lineage, low diver-
gence, linear evolution of DENV-3 previously reported by
others in South America [20, 26]. The large effective population
size, the high proportion of foreign strains, and the coexistence
of 8 simultaneous, independent lineages evidence the great
genetic diversity of DENV-3. Although we did not detect any
furrows in genetic diversity of the general virus population, it is
possible that extinction of most lineages might have generated
population bottlenecks, which have been shown to impact
DENV evolutionary dynamics through genetic drift [33]. The
high mutation rates and rapid replication of DENV-3 might
have produced a highly heterogeneous population structure at
each lineage; however, these transient populations appeared to
have suffered from reduced genetic plasticity and adaptability.
We can then suggest that the endemic strain failed to establish
a reservoir of variants with a phenotype adapted to the environ-
mental changes and consequently drove toward its own col-
lapse. This type of virus emergence, expansion, and subsequent
collapse represents a concept that must be further defined in
population dynamics. Our study confirms the utility of
genomic sequencing in large-scale surveillance and provides a
novel approach to determine molecular evolution and popula-
tion dynamics.
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