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Abstract. During 2010 and 2011, the Loreto region of Peru experienced a dengue outbreak of unprecedented
magnitude and severity for the region. This outbreak coincided with the reappearance of dengue virus-2 (DENV-2) in
Loreto after almost 8 years. Whole-genome sequence indicated that DENV-2 from the outbreak belonged to lineage II
of the southeast Asian/American genotype and was most closely related to viruses circulating in Brazil during 2007 and
2008, whereas DENV-2 previously circulating in Loreto grouped with lineage I (DENV-2 strains circulating in South
America since 1990). One amino acid substitution (NS5 A811V) in the 2010 and 2011 isolates resulted from positive
selection. However, the 2010 and 2011 DENV-2 did not replicate to higher titers in monocyte-derived dendritic cells and
did not infect or disseminate in a higher proportion ofAedes aegypti than DENV-2 isolates previously circulating in Loreto.
These results suggest that factors other than enhanced viral replication played a role in the severity of this outbreak.

INTRODUCTION

Dengue fever (DF) is caused by four antigenically distinct
but related dengue virus serotypes (DENV-1, -2, -3, and -4),
each of which includes multiple genotypes that differ by at
least 6% in nucleotide identity.1 DENV is transmitted by
Aedes mosquitoes, primarily Ae. aegypti, in more than 100
countries and infects an estimated 390 million people annu-
ally.2 The clinical spectrum of dengue disease is broad. Most
DENV infections are asymptomatic or present as a debilitat-
ing but self-limiting undifferentiated febrile illness; however,
a small percentage of cases progress to the more severe forms
of the disease: dengue hemorrhagic fever (DHF) and dengue
shock syndrome (DSS).3 Worldwide, the burden of dengue
disease is substantial, ranging from 150 to 1,300 disability-
adjusted life years per million depending on the spatiotemporal
attributes of epidemics.4–9 In many resource-poor countries,
the costs associated with a DENV infection significantly
exceed the average monthly income of the patient.5,9–18 His-
torically, southeast Asia has borne the brunt of severe dengue
disease, but severe disease has also been on the rise in the
Americas, where the number of DHF cases has increased
more than eightfold over the last 30 years from 13,398 during
the 1980s to 111,724 between 2000 and 2007.19

The increase in dengue disease severity in the Americas has
been attributed to a shift from single-serotype endemism
to hyperendemicity (cocirculation of multiple serotypes) of
DENV coupled with the introduction of new genotypes with
relatively high pathogenicity.20–22 After the eradication efforts
of the Pan American Health Organization (PAHO) during the

1950s, DENV-2 was the only serotype detected in the
Americas until the 1960s, and by the 1980s, all four serotypes
of DENV were present.23,24 The circulation of multiple sero-
types, which includes sequential novel serotype introduction
into the same geographic area, results in the exposure of indi-
viduals to different serotypes over their lifetime, and secondary
infection with a heterologous DENV serotype is a known risk
factor for severe disease.25–27 Additionally, different genotypes
within a given serotype and different lineages within a given
genotype have been shown to vary in tendency to cause severe
disease.28–30 For example, the DENV-2 viruses circulating in
the Americas were of the American genotype until 1981, when
DENV-2 viruses of the southeast Asian/American genotype
were detected in the region.26 Infection with DENV-2 of the
American genotype had limited association with severe disease
in the Americas, although recent analyses indicate that out-
breaks of this American genotype in the 1970s in Puerto Rico,
Tahiti, New Caledonia, and Niue included severe dengue dis-
ease.30–34 Nonetheless, the invasion of the southeast Asian/
American genotype DENV-2 resulted in the first major DHF
epidemic in the Americas.35 Experimental studies revealed
that the American genotype DENV-2 had lower replication
capacity in cultured human cells and reduced infectivity for
Ae. aegypti compared with DENV-2 of the southeast Asian/
American genotype.1,22,36–38 Not surprisingly, given its higher
fitness in both host and vector systems, southeast Asian/Amer-
ican DENV-2 has displaced American DENV-2 in many
regions in the Americas.36,39

Since 2000, the US Naval Medical Research Unit No. 6
(NAMRU-6) in conjunction with the Ministry of Health of
Peru has conducted surveillance for the etiologies of febrile
illness in several regions of Peru.40 In October of 2010, this
surveillance network detected the circulation of DENV-2 in
Iquitos, Loreto, Peru. This finding was noteworthy, because
DENV-2 had not been detected in this region since 2002.
Furthermore, initial sequence analysis from the capsid/
premembrane region indicated that the DENV-2 circulating
was of a southeast Asian/American lineage that had never
been identified in Loreto before. The months that followed
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the introduction of this DENV-2 were remarkable for both
the absolute number and severity of dengue cases. In 2011,
over 25,000 cases of dengue in the region of Loreto were
reported to the Ministry of Health.41 This number was more
than three times the highest number of cases that had been
reported in any year over the last 8 years. Additionally, one of
the largest hospitals in Iquitos experienced a vastly greater
amount of dengue-related hospitalizations (654 in January of
2011) during this outbreak than for the outbreaks that
occurred in 2008 (90 hospitalizations) and 2009 (40 hospitali-
zations) combined.42

This outbreak was associated with the reappearance of
DENV-2 after an absence of almost 8 years. Before 2010, a
few DENV-2 cases were identified in 2002 during the initial
wave of a major DENV-3 epidemic, but the last period of
significant DENV-2 transmission in Loreto ended in 1996.39,43

Analysis of the sequence of the envelope/non-structural
region 1 region of eight DENV-2 isolates circulating during
the 2010 and 2011 outbreak indicated that the DENV-2 strain
responsible for the outbreak belonged to a lineage of DENV-
2 that had not been detected in the region before.44 To better
understand the viral factors that may have affected the sever-
ity of the 2010 and 2011 Loreto outbreak, we compared
whole-genome sequences and phenotypic characteristics of
DENV-2 isolates collected during the outbreak with isolates
collected previously in Peru.

MATERIALS AND METHODS

Ethics statement. Study protocols NMRCD.2010.0010 and
NMRCD.2007.0007 were approved by the NAMRU-6 Institu-
tional Review Board (IRB) and study protocol NMRCD.
2000.0006 was approved by the Naval Medical Research Center
IRB in compliance with all US Federal Regulations governing
the protection of human subjects. In addition, these study pro-
tocols were reviewed and approved by the Peruvian Ministry
of Health. For study protocols NMRCD.2007.0007 and
NMRCD.2000.0006, subjects 18 years or older provided writ-
ten informed consent. For subjects under 18 years old, a par-
ent or legal guardian provided written informed consent;
children 8–17 years old also provided written assent. Study
protocol NMRCD.2010.0010 involved no more than minimal
risk of harm to subjects, and the following IRB-approved ver-
bal consent process was used. On the identification of a subject
that met the case definition, the contents of an information
sheet were explained, and verbal consent was obtained from
subjects 18 years or older; for subjects less than 18 years old, a
parent or legal guardian provided verbal consent, and children
from 8 to 17 years old also provided verbal assent. The date of
verbal consent and/or assent with the subject’s study identifica-
tion number was maintained in a database.
Study protocol UTMB-IRB#13-149 was reviewed by the

University of Texas Medical Branch IRB and used for blood
collections from dengue-naive, healthy volunteers for the gen-
eration of the monocyte-derived dendritic cells (mo-DCs).
Written consent to participate in the study was obtained from
each subject enrolled in this study, and all data were handled
anonymously and confidentially.
Study subjects. Subjects for this study were identified by

both passive and active surveillance. Passive surveillance was
conducted as previously described.40 Briefly, patients 5 years
of age or older who sought medical care at a participating
outpatient clinic or hospital with an undifferentiated febrile

illness (> 38°C for 5 days or less) were offered enrollment in
the study. A standard questionnaire was used to obtain demo-
graphic and clinical information, and acute and convalescent
blood samples were collected. Active surveillance was con-
ducted as previously described.43,45 Two cohorts of individ-
uals 3 years of age or older totaling over 13,000 individuals
and covering 54 city blocks distributed between 10 different
Ministry of Health zones were monitored three times a week
for febrile illness. One of the cohorts has been previously
described and included 38 blocks distributed over two zones,
whereas the second cohort included eight zones, with two
blocks per zone.46,47 If a participant was found to have a
febrile illness, a standard questionnaire was used to obtain
demographic and clinical information, and acute and conva-
lescent blood samples were collected.
Viral isolation. Viral isolation was performed from acute-

phase serum using both mosquito (C6/36) and African green
monkey kidney (Vero) cells as previously described.40 Briefly,
serum was first diluted 1:10 in Eagle’s minimal essential
medium (Quality Biological Inc., Gaithersburg, MD) supple-
mented with 2% heat-inactivated fetal bovine serum (FBS;
Sigma Aldrich, St. Louis, MO), 200 U/mL penicillin, and
200 mg streptomycin (Sigma Aldrich, St. Louis, MO). For C6/
36 cell inoculations, 0.1 mL diluted serum was inoculated into
duplicate wells of a 24-well plate. For Vero cell inoculations,
0.2 mL diluted serum was used to inoculate a 12.5-cm2 flask.
On evidence of cytopathic effect or 10 days post-inoculation,
cultures were harvested. A portion of the harvested culture
was processed for an immunofluorescence assay, and the
remainder was stored at −80°C. For immunofluorescence
assays, cells were first stained using a pool of antiflavivirus
hyperimmune ascitic fluid (HMAF) that included anti-
DENV, anti-yellow fever virus, and anti-St. Louis encephalitis
virus HMAFs. Positive samples were then stained individually
with monoclonal antibodies specific for each serotype of
DENV, yellow fever virus, and St. Louis encephalitis virus.
Genome sequencing. All virus sequences were obtained

using Illumina sequencing (Illumina, San Diego, CA). Viral
RNA (0.1–0.2 mg) was fragmented by incubation at 94°C for
8 minutes in 19.5 mL fragmentation buffer (15016648;
Illumina, San Diego, CA). First- and second-strand synthesis,
adapter ligation, and amplification of the library were per-
formed using the Illumina TruSeq RNA Sample Preparation
Kit according to the manufacturer’s instructions (Illumina,
San Diego, CA). Samples were tracked using the index tags
incorporated into the adapters as defined by the manufac-
turer. Cluster formation of the library DNA templates was
performed using the TruSeq PE Cluster Kit, version 3
(Illumina, San Diego, CA) and the Illumina cBot Workstation
(Illumina, San Diego, CA) using conditions recommended by
the manufacturer. Paired-end 50-base sequencing by synthesis
was performed using the TruSeq SBS Kit, version 3 (Illumina,
San Diego, CA) on an Illumina HiSeq 1000 (Illumina, San
Diego, CA) using protocols provided by the manufacturer.
Cluster density per lane was 645,000–980,000/mm2, and post-
filter reads ranged from 148 million to 178 million per lane.
Base call conversion to sequence reads was performed using
CASAVA-1.8.2. Virus sequences were edited and assembled
using the SeqMan and NextGen modules of the DNAStar
Lasergene 7 program (Bioinformatics Pioneer DNAStar,
Inc., Madison, WI). In certain cases, pre-filtering of reads to
remove host sequence enhanced the assembly process.
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Nucleotide sequence accession numbers. The genomic
sequences of the 24 newly obtained DENV-2 sequences
that were included in the phylogenetic analyses are
KC294200–KC294223.
Phylogenetic and selection pressure analysis. All available

complete genomes of DENV-2 virus were downloaded from
GenBank. These sequences, together with sequences from the
24 isolates sequenced in this study, were combined and aligned
manually using the Se-Al application based on amino acid
sequence alignments. A neighbor-joining tree was built based
on this alignment using PAUP* v4.0b Package (Sinauer Asso-
ciates, Sunderland, MA) as a guide tree. Overly sampled
sequences from a single location and year were deleted to
accelerate the analysis without sacrificing overall genetic diver-
sity, which led to a final dataset of 137 samples of complete
coding sequences (length = 10,173 nucleotides), including all
the Peruvian strains under analysis belonging to the southeast
Asian/American genotype. A maximum clade credibility
(MCC) tree along with evolutionary rate and the lineage diver-
gence times were inferred using BEAST package v1.6.2 based
on the GTR nucleotide substitution model, relaxed clock
model (uncorrelated lognormal), and Coalescent: GMRF
Bayesian Skyride tree prior model.48 Based on the resultant
MCC tree, we also traced the amino acid substitutions along
the branches by MacClade 4.08 OS X (Sinauer Associates,
Sunderland, MA). Finally, to determine the selective pressure
on southeast Asian/America genotype, the overall and sitewise
dN/dS values were estimated using the internal fixed effects
likelihood (IFEL) method in the HyPhy package.49

Viral replication kinetics. Comparative multistep replica-
tion curves of select DENV-2 strains were generated in tripli-
cate on human hepatoma (Huh-7) and C6/36 cells as
described previously.38,50 Huh-7 cells (clone JTC-39) were
obtained from the Japanese Health Sciences Foundation
(Osaka, Japan). Briefly, both cell lines were plated into 12-
well plates at 3.6 + 105 (Huh-7) and 7.5 + 105 (C6/36) cells per
well and infected at a multiplicity of infection (MOI) of 0.01
focus-forming units (FFUs) in triplicate. Infected dishes con-
taining Huh-7 cells were incubated at 37°C for 1 hour with
periodic gentle rocking to facilitate virus adsorption, whereas
dishes containing mosquito C6/36 cells were incubated at 28°C.
Viral inocula were removed, and cell monolayers were washed
three times with phosphate buffered saline (PBS) to remove
unadsorbed virus; 2 mL minimal essential medium (MEM) sup-
plemented with 5% FBS, 2 mM L-glutamine, 1% non-essential
amino acids, and 50 mg/mL penicillin/streptomycin were then
added, and dishes were incubated at 28°C or 37°C for the
mosquito or mammalian cell lines, respectively. Virus from
individual dishes was harvested daily through day 7 post-
inoculation, clarified by low-speed centrifugation, and assayed
in C6/36 cells to determine virus titer by focus-forming immuno-
assay. Virus yield at each time point was recorded as FFUs per
cell and represented as the ratio of the total amount of virus
present in the sample by the number of cells originally infected.
Isolation, stimulation of peripheral blood mononuclear

cells, and DENV infections of mo-DCs. Approximately 1 U
blood (approximately 500 mL) was obtained from two dengue-
naı̈ve, healthy volunteers at different times. Peripheral blood
mononuclear cells were isolated from buffy coats by centrifu-
gation over an Accuprep gradient according to the manufac-
turer’s protocol (Accurate Chemical Corp., Westbury, NY).
CD14+ monocytes were positively selected using a magnetic

cell sorting (MACS) isolation column (Miltenyi Biotec,
Auburn, MA). Cells were counted and seeded in six-well plates
at a density of 1–2 + 106 cells/well in RPMI 1640 culture
medium supplemented with 10% heat-inactivated FBS, 100 U/
mL penicillin, 100 mg/mL streptomycin, and 2 mM L-glutamine
containing 1,000 U/mL recombinant human interleukin 4 (IL-
4; R&D Systems, Minneapolis, MN) and 1,400 U/mL granulo-
cyte–monocyte colony-stimulating factor (GM-CSF; Immunex,
Thousand Oaks, CA). On alternate days, one-half of the vol-
ume was removed and replaced with medium containing dou-
ble (2 +) the concentration of fresh cytokines. Cultures were
maintained under these conditions for a total of 6 days; then,
cells were collected with gentle pipetting and washed, and the
mo-DC phenotype (purity and maturation markers of mo-
DCs) was confirmed by flow cytometry analysis. Subsequently,
1 + 105 cells were infected with the selected DENV at an
MOI = 2 for 2 hours at 37°C. The virus inoculum was removed,
and the cells were washed three times with PBS to ensure
removal of unadsorbed virus. Cells were resuspended in 2 mL
RPMI 1640 culture medium supplemented with cytokines and
incubated at 37°C. Cell-free supernatant aliquots were
removed immediately before and after infection and on days 1
and 2 post-infection, and they were assayed on C6/36 cells to
obtain infection and progeny titers.
Flow cytometry. Human mo-DCs were stained for the con-

firmation of their immature phenotype with a panel of fluoro-
chrome-conjugated human monoclonal antibodies against
CD11c, CD83, CD86, and DC-SIGN (CD209; BD Biosciences,
San Jose, CA) and to assess viability using live-dead fixable
blue dye (Invitrogen, Carlsbad, CA). As controls, the appropri-
ate isotype and fluorescence intensity minus one (FMO) were
used. Cells were allowed to incubate on ice for 30 minutes with
the respective antibodies and 20 minutes with the viability dye
followed by washing two times with staining buffer (BD Bio-
sciences, San Jose, CA) to remove unbound antibody. Cells
were then fixed in buffered 2% paraformaldehyde (pH 9.5)
and analyzed using an LSRII Fortessa cytometer (BD Biosci-
ences, San Jose, CA) within 24 hours of staining. The data were
analyzed using FlowJo software (Tree Star, Ashland, OR).
Focus-forming assays and immunostaining. Tenfold serial

dilutions of virus in MEM supplemented with 2% FBS and
antibiotics (Invitrogen, Carlsbad, CA) were added in dupli-
cate to confluent C6/36 cell monolayers attached to 24-well
plates (Costar, Corning, NY) and incubated for 1 hour with
periodic gentle rocking to facilitate virus adsorption at 28°C.
Wells were then overlaid with 1 mL 0.8% methylcellulose
(Sigma-Aldrich, St. Louis, MO) diluted in warm Optimem
(Invitrogen, Carlsbad, CA) supplemented with 2% FBS, anti-
biotics, and 1% (wt/vol) L-glutamine and incubated undis-
turbed for 4 days at 28°C. Methylcellulose overlay was
aspirated, and cell monolayers were rinsed one time with
PBS (pH 7.4; Invitrogen, Carlsbad, CA), fixed with a mixture
of ice-cold acetone and methanol (1:1), and allowed to incu-
bate for 30 minutes at room temperature. Fixation solution
was aspirated, and plates were allowed to air dry. Plates were
washed three times with PBS supplemented with 3% FBS
followed by a 1-hour-long incubation with DENV-specific
HMAF. Plates were washed three times followed by a
1-hour-long incubation with a secondary antibody conjugated
to horseradish peroxidase (KPL, Gaithersburg, MD). Detec-
tion proceeded with the addition of aminoethylcarbazole sub-
strate (ENZO Life Sciences, Farmingdale, MA) prepared
according to the vendor’s instructions.
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Experimental infection of mosquitoes with DENV. Ae.

aegypti of the National Institutes of Health colony strain were
fed for 20 minutes on blood meals composed of 2 mL washed
rabbit red blood cells (Hemostat, Dixon, CA) in 10% sucrose
combined with 1 mL virus offered in water-jacketed mem-
brane feeders (Lillie Glass, Smyrna, GA) covered with a
parafilm seal.51 Virus titer in the blood meals ranged from
5.48 to 6.48 log10 FFUs/mL. Engorged mosquitoes were sepa-
rated, incubated at 28°C and 80% relative humidity on a
12-hour:12-hour light:dark cycle with ad lib access to 10%
sucrose solution for 14 days, and then, frozen at −20°C over-
night. To assess infection and dissemination, bodies, heads,
and legs were separated, and the former two parts were
homogenized using mortar and pestle in 250 mL Hanks Bal-
anced Salt Solution (Life Technologies, Grand Island, NY)
supplemented with 10% FBS, 250 mg/mL amphotericin B
(Life Technologies, Grand Island, NY), 1% ciprofloxacin,
and 150 mg/mL clindamycin and stored at −80°C until assayed.
Samples were centrifuged for 10 minutes at 5,000 rpm, and
100 mL each sample supernatant was inoculated into 96-well
plates containing C6/36 cells. Cultures were maintained with
100 mL media (DMEM hi-glucose supplemented with 10%
FBS, 250 mg/mL amphotericin B, 1% ciprofloxacin, and
150 mg/mL clindamycin) at 28 °C and 5% CO2 for 4 days,
and then, they were fixed with a mixture of ice-cold acetone
and methanol (1:1) solution and immunostained essentially as
described above.
Statistical analysis. The replication kinetics in Huh-7 and

C6/36 cells of the two lineages and the individual viruses were
compared in separate repeated measures analysis of variance
(rmANOVA) using JMP (SAS Institute Inc., Cary, NC).
Replication kinetics of the two lineages in mo-DCs were
compared with an rmANOVA. All percentile data for mos-
quito infection and dissemination were arcsin-square root-
transformed to render them normal; all such transformations
were successful. The association between blood meal titer and

transformed infection values was assessed using a parametric
correlation; blood meal titers and transformed infection and
dissemination were compared between lineages using a Stu-
dent’s t test.

RESULTS

Phylogenetic analysis. To understand how the DENV-2
that circulated during the 2010 and 2011 outbreak differed
genetically from the DENV-2 that had previously circulated
in Peru, whole-genome sequencing was conducted on 20 early
passage 2010 and 2011 isolates that were collected at time
points throughout the outbreak period and four isolates that
circulated in Peru before 2010 (Table 1). Although the overall
outbreak was noted for its severity (13% of the reported cases
were classified as dengue with warning signs), sufficient infor-
mation to classify dengue disease category in accordance with
the World Health Organization (WHO) criteria for each
isolate was not available.41,42,52,53 All of the isolates sequenced
grouped within the southeast Asian/American genotype
(Figure 1). However, within the southeast Asian/American
genotype, the strains from the 2010 and 2011 outbreak formed
a different lineage from the four strains sampled in Peru from
2002 to 2009. Specifically, the 2010 and 2011 outbreak strains
formed a single lineage, which is closely related with strains
sampled in Brazil from 2007 to 2008 that were initially intro-
duced from the Caribbean and Central American region. We
refer to this group of viruses as lineage II. In contrast, the older
Peruvian strains, termed lineage I, were similar to strains that
have circulated within South America since 1990. The esti-
mated time to the most recent common ancestor (tMRCA)
of 2010 and 2011 outbreak strains was 2009 and 2010 (95%
highest posterior density), immediately preceding the out-
break. DENV-2 lineage I seems to have been introduced from
Brazil as a result of a recent reintroduction of DENV-2 in
South America from the Caribbean, a phenomenon described

Table 1

Demographic information for the sequenced DENV-2 virus isolates

Code Collection date Age (years) Sex Hospitalization City Region

FSL0699 02/06/2002 19 F No Iquitos Loreto
NFI0052 03/22/2002 50 M No Iquitos Loreto
FMD1337 03/28/2007 28 M No Puerto Maldonado Madre De Dios
FMD2303 02/13/2009 51 M No Puerto Maldonado Madre De Dios
NFI1159 10/19/2010 37 F No Iquitos Loreto
IQA1995 10/21/2010 13 M No Iquitos Loreto
IQA2042 11/04/2010 52 F Yes Iquitos Loreto
IQA2080 11/16/2010 23 M No Iquitos Loreto
FSL4862 11/22/2010 36 F Yes Yurimaguas Loreto
FPI00073 12/13/2010 19 M No Iquitos Loreto
FPY00016 12/22/2010 26 F No Yurimaguas Loreto
FPI00154 12/29/2010 34 M Yes Iquitos Loreto
FPI00174 01/03/2011 28 F Yes Iquitos Loreto
FPI00492 01/18/2011 17 F Yes Iquitos Loreto
IDA1081 01/24/2011 14 M − Iquitos Loreto
FPI01049 02/07/2011 19 F Yes Iquitos Loreto
FPI01202 02/11/2011 19 M Yes Iquitos Loreto
FPI01345 02/23/2011 22 M Yes Iquitos Loreto
FPI01399 03/01/2011 43 F Yes Iquitos Loreto
FPI01617 03/23/2011 53 F Yes Iquitos Loreto
FPI01695 04/04/2011 12 M − Iquitos Loreto
FPI01777 04/24/2011 24 M No Iquitos Loreto
FPI01851 04/29/2011 20 M Yes Iquitos Loreto
FPI01915 05/11/2011 14 M No Iquitos Loreto

F = female; M = male.
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previously with DENV-2, but the paucity of full-length
DENV-2 sequences from South America makes it difficult to
determine the exact location of this introduction.54 Within this
lineage, the two samples from 2002 and those from 2009 are
estimated to have diverged between 1990 and 1995, indicating
that they may have been introduced to Peru independently.
Furthermore, the observation that both lineage II and the 2002
strains in lineage I are closely related with strains from Brazil
in a slightly earlier year indicates that Brazil may have been a
regular source for Loreto DENV-2 (Figure 1).
Selection pressure analysis. The overall and site-specific dN/

dS values for the southeast Asian/American genotype were
estimated through HyPhy package using the internal fixed
effect likelihood (IFEL) method. IFEL calculates the dN/dS
value based on internal branches only, therefore reducing the
bias caused by transient mutations that will not be fixed in the
viral population. The overall dN/dS value for the DENV-2
southeast Asian/American genotype is estimated to be 0.054
(95% confidence interval = 0.051–0.056), suggesting that
these viruses were under strong purifying selection; 102 posi-
tive selected sites were detected throughout the coding

region, with 67 found to be highly positive (dN/dS > 1 + 1010)
(Table 2). The sites under selection located within the capsid
(C) and NS2A genes showed elevated dN/dS values (0.151 and
0.109, respectively) compared with other genes (0.044–0.074).
Amino acid substitutions have been observed along the
evolution of both Peruvian lineages. Two amino acid substi-
tutions in the NS5 gene, NS5 I277V and NS5 A811V,
occurred during the introduction of lineage II from Brazil.
Only the NS5 A811V was the result of positive selection by
dN/dS analyses.
Replication kinetics. To determine whether the DENV-2

viruses that had circulated in Peru before 2010 (lineage I)
and the viruses that circulated during the 2010 and 2011 out-
break in Loreto (lineage II) replicated at different rates in
mammalian or mosquito cells, replication of four lineage I
isolates and seven lineage II isolates was monitored daily in
human hepatoma (Huh-7) orAe. albopictus (C6/36) cells for 7
days post-infection. Lineages I and II viruses in both Huh-7
and C6/36 cells showed, as expected, a significant increase in
titer over the sampling period (rmANOVA, degrees of free-
dom [df] = 6, 4; P < 0.0001 in both cell lines). The two lineages

Figure 1. MCC tree of DENV-2 southeast Asian/American genotype. The 95% highest posterior density (HPD) values of divergence time are
shown by the node bar. Divergence events that led to the Peruvian lineages are specifically labeled with numbers of amino acid substitutions
(above the branches) and 95% HPD of divergence year (below branches). BZ = Belize; JM = Jamaica; KH = Cambodia; KN = Saint Kitts and
Nevis; MX = Mexico; NI = Nicaragua; PR = Puerto Rico; TH = Thailand; VI = Virgin Islands; VN = Vietnam.
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showed similar patterns of increase over time in C6/36 cells
(lineage + sampling day interaction: df = 6, 4; F = 2.83, P =
0.17; lineage: df = 1, 9; F = 0.2, P = 0.65) (Figure 2A). In Huh-7
cells, in contrast, there was a significant interaction between
lineage and sampling day (F = 21.0, P = 0.006) (Figure 2B),
and lineage II reached a significantly higher titer than lineage
I (F = 60.8, P < 0.0001), indicating that both pattern and

magnitude of replication differed. Comparison of individual
viruses (rmANOVA, df = 10, 60) revealed a significant inter-
action between virus and sampling day in both C6/36 and
Huh-7 cells (P < 0.0001 for all comparisons) (Figure 2C and
D) but no overall effect of virus (P > 0.99 for all comparisons).
To assess viral replication kinetics in a cell model that more

closely reflects replication in vivo, we also monitored the

Table 2

Positively and negatively selected sites of the Loreto outbreak DENV-2 viruses

Gene Length dN/dS (95% confidence interval)

Number of positively selected sites

Number of negatively selected sitesStrong positive (dN/dS) > 1 + 1010 Slightly positive (dN/dS) < 10

Total 3,391 0.066 (0.061–0.072) 67 35 1,920
C* 114 0.151 (0.102–0.214) 2 3 42 (37%)
prM 166 0.074 (0.051–0.101) 2 3 93 (56%)
Envelope 495 0.066 (0.053–0.082) 8 7 274 (55%)
NS1 352 0.074 (0.057–0.095) 5 2 201 (57%)
NS2a* 218 0.109 (0.086–0.135) 7 1 136 (62%)
NS2b 130 0.061 (0.039–0.090) 7 0 67 (52%)
NS3 618 0.040 (0.031–0.051) 10 4 366 (59%)
NS4a 149 0.074 (0.051–0.102) 2 4 90 (60%)
NS4b 249 0.044 (0.031–0.061) 6 0 143 (57%)
NS5 900 0.068 (0.058–0.080) 18 11 508 (56%)

*Elevated dN/dS values.

Figure 2. Comparative replication curves of lineages I and II DENV-2 strains in vitro. (A and B) Mean virus output of lineage I (triangles) and
lineage II (squares) DENV-2 strains in mosquito epithelial (C6/36) and human hepatoma (Huh-7) cell lines; means ± SEs derived from four
lineage I (FMD2303, NFI52, FSL699, and FMD1337) and seven lineage II (NFI1159, IQA2042, FPI00154, FPI00174, FPY00016, FSL4862, and
IDA1081) DENV-2 strains are shown. (C and D) Daily virus output from days 0–6 after infection at an MOI of 0.01 by lineage I (FMD2303,
NFI52, FSL699, and FMD1337) and lineage II (NFI1159, IQA2042, FPI00154, FPI00174, FPY00016, FSL4862, and IDA1081) DENV-2 strains in
C6/36 and Huh-7 cell lines.

616 WILLIAMS AND OTHERS



replication of the two lineages daily over 2 days in primary
human mo-DCs, which are considered primary targets for
DENV infection in humans.55–57 Because two different donors
contributed mo-DCs, we initially tested for an effect of donor
on viral replication, but we detected neither an interaction
between donor and lineage (rmANOVA, df = 1, 18; P = 0.69)
nor an overall effect of donor (rmANOVA, df = 1, 18;P = 0.98)

on viral replication kinetics at 48 hours post-infection (Figure
3A and B). We, therefore, combined data from both donors.
As expected, virus titers from both lineages increased with time
(rmANOVA, df = 1, 19; P < 0.0001), but there was no interac-
tion between lineage and time (rmANOVA, df = 1, 19; P =
0.53) and no overall effect of lineage on viral replication kinet-
ics (rmANOVA, df = 1, 20; P = 0.43) (Figure 3C).

Figure 3. Comparative replication curves of lineages I and II DENV-2 strains ex vivo. (A and B) Mean virus output of lineage I (black
columns) and lineage II (white columns) DENV-2 strains in mo-DCs from two healthy human donors at 48 hours post-infection; means ± SEs
derived from four lineage I and seven lineage II DENV-2 strains are shown. (C) Combined mean virus output of lineage I (solid columns) and
lineage II (open columns) DENV-2 strains in mo-DCs from both donors (data from two individual experiments pooled together) at 48 hours post-
infection. The limit of detection of the assay is 0.9 log10 FFUs/mL (solid line). Although the statistical analysis of viral replication in these cells
included days 0–2 post-infection, to allow clear visualization of both donors and all virus isolates, only titers on day 2 post-infection are shown.
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Mosquito infection. To assess potential differences in trans-
mission between the two lineages, Ae. aegypti were fed blood
meals containing one of three different isolates from each of
the two lineages. There was no difference in mean blood meal
titer between the two lineages (Student’s t test, df = 4; t = 0.26,
P = 0.40) and no correlation between blood meal titer (which
only varied by 1 log10 FFU/mL across all virus isolates) and
infection (pairwise correlations, df = 4; P = 0.18). The two
lineages did not differ in infection, total dissemination, or
dissemination from infected midguts (Student’s t test, df = 4;
P > 0.30 for all comparisons) (Table 3).

DISCUSSION

Using whole-genome sequences, we have shown that the
DENV-2 responsible for a severe DF outbreak in Loreto,
Peru during 2010 and 2011 belongs to the southeast Asian/
American lineage II and was genetically different from
DENV-2 southeast Asian/American lineage I, which had pre-
viously circulated in the region. Two amino acid substitutions
occurred during the emergence of the 2010 and 2011 outbreak
lineage, but only one (NS5 A81V) was the result of positive
selection. Because continuous substitutions and adaptations
were observed along the branches of this lineage, it is not
clear what role these particular substitutions played in the
emergence of the 2010 and 2011 DENV-2 outbreak. We
detected a replication advantage for lineage II over lineage I
viruses in Huh-7 mammalian cells but not in mo-DCs or C6/36
mosquito cells. While acknowledging the many limitations of
cell culture as a model for replication in vivo, these results
suggest that southeast Asian/American DENV-2 lineage II
viruses do not differ from lineage I viruses with respect to
their replication kinetics in human mo-DCs or mosquito cells.
Additionally, we did not detect a difference in infection or
dissemination rates between the two lineages when Ae.

aegypti mosquitoes were infected with these viruses.
Our results suggest that the emergence of lineage II during

the severe 2010 and 2011 Loreto outbreak was not attribut-
able to an advantage in replication in humans or mosquitoes.
This finding contrasts with other studies of DENV lineage
invasions that showed such an advantage.36,51,58 Notably,
although other lineage/genotype replacement events associ-
ated with increased disease severity involved a period of line-
age/genotype cocirculation, the southeast Asian/American
lineage II viruses from our study were introduced into Loreto
in the absence of any DENV-2 competitors.59,60

It is clear that both host and viral factors can play a role in
determining dengue disease severity. Our results indicate that

the large number of severe dengue cases observed during the
2010 and 2011 Loreto outbreak was not associated with
increased viral replication in human mo-DCs or dissemination
in mosquitoes. Instead, the severity of the 2010 and 2011
Loreto outbreak may have been caused by the introduction
of southeast Asian/American lineage II DENV-2 at just the
right (or wrong, depending on perspective) time in the con-
text of the population’s pre-existing immunity to other
DENVs. It has previously been shown that particular
sequences of dengue infection can affect disease severity.27,61

Even more specifically, it has been shown that disease sever-
ity in the context of a given immunological background can be
affected by the genotype/clade of the DENV-2 infecting
virus.59,62 In Iquitos, a single DENV serotype typically domi-
nates, and historically, the introduction of new DENV sero-
types has resulted in epidemics of DF. These epidemics in
Iquitos have been well-documented and were marked by the
introduction of American DENV-2 in 1995, DENV-3 in 2001,
and DENV-4 in 2008. Additional studies addressing the role
that pre-existing immunity played in this outbreak will pro-
vide valuable insights about this outbreak and determinants
of dengue severity in general.
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Table 3

Infection and dissemination of Peruvian lineages I and II DENV-2 in the vector Ae. aegypti

Lineage/strain
Blood meal titer
(log10 FFUs/mL)

Number infected/
number engorged Infected* (%)

Number disseminated/
number engorged

Total
dissemination† (%)

Number disseminated/
number infected

Disseminated from
infected midgut‡ (%)

I
FSL699 6.48 15/28 54 7/28 25 7/15 47
NFI52 6.38 17/32 53 10/32 31 10/17 59
FMD2303 5.78 22/46 48 2/46 4 2/22 9

II
FPI01617 6.60 8/27 30 2/27 7 2/8 25
FPI00154 6.25 13/30 43 2/30 7 2/13 15
NFI1159 5.48 19/30 63 4/30 13 4/19 21

*No significant difference between lineages I and II, Student’s t test on arcsin-square root-transformed percentage values (df = 4; P = 0.55).
†No significant difference between lineages I and II, Student’s t test on arcsin-square root-transformed percentage values (df = 4; P = 0.33).
‡No significant difference between lineages I and II, Student’s t test on arcsin-square root-transformed percentage values (df = 4; P = 0.37).
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