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Abstract. The incidence of dengue is increasing in Guangdong, China, with the largest outbreak to date in 2014.
Widespread awareness of epidemiological and molecular characteristics of the dengue virus (DENV) is required. In 2014,
we isolated the virus from patients and sequenced its genome. The sequences of DENV isolated from Guangdong and
other countries screened since 2005 were studied to establish molecular evolutionary databases along with epidemio-
logical data to explore its epidemiological, phylogenetic, and molecular characteristics. Causes underlying the occur-
rence of the dengue epidemic included importation and localization of the virus. The number of indigenous cases
significantly exceeded that of imported cases. Dengue virus 1 is the most important serotype and caused the long-term
epidemic locally. Based on the data available since 2005, DENV1 was divided into three genotypes (I, IV, and V). Only
genotypes | and V were detected in 2014. In 2014, an epidemic involving old lineages of DENV1 genotype V occurred after
2 years of silence. The genotype was previously detected from 2009 to 2011. Genotype |, which caused recent epidemics,
demonstrated a continuation of new lineages, and a predictive pattern of molecular evolution since 2005 among the four
lineages was present. The DENV isolated from Guangdong was closely related to those causing large-scale epidemics in
neighboring countries, suggesting the possibility of its import from these countries. The lack of sufficient epidemiological
data and evidence on the local mosquito-borne DENV emphasizes the importance of studying the molecular evolutionary

features and establishing a well-established phylogenetic tree for dengue prevention and control in Guangdong.

INTRODUCTION

Dengue virus (DENV), a mosquito-borne flavivirus, is
transmitted primarily by Aedes aegypti and Aedes albopictus,
causing an acute infectious disease named dengue fever
(DF)," which gives rise to public health problems in tropical and
subtropical regions worldwide, such as China, Singapore, and
Brazil.2~* With the recent revision of the WHO dengue classi-
fication scheme, dengue patients are classified as having ei-
ther dengue or severe dengue. The former refers to patients
who recover without major complications, whereas the latter
points to those who have any of the following conditions:
plasma leakage resulting in shock, accumulation of serosal
fluid sufficient to cause respiratory distress, or both; severe
bleeding; and severe organ impairment.® Before 1970, only
nine countries had experienced severe dengue epidemics, but
the disease is now endemic in more than 100 countries.® In
recent decades, the spreading disease causes rapid upsurge
in morbidity. One recent estimate indicates 390 million dengue
infections per year, of which 96 million manifest clinically.”®
Hence, wasting a lot of health resources and causing the
growing global burden of disease, DF is regarded as the most
widely distributed vector-borne disease with the highest
morbidity and great harm.®

The genome of DENV is a single-stranded, positive-sense
RNA, and its single open reading frame encodes a polyprotein
consisting of three structural proteins, which are as follows:
the capsid, membrane-associated, and envelope (E) proteins.
In addition, seven nonstructural proteins, NS1, NS2A, NS2B,
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NS3, NS4A, NS4B, and NS5, are also present in its structure.®
Four distinct DENV serotypes (DENV1, DENV2, DENV3, and
DENV4) have been identified, and the extensive diversity
within DENV1 enables it to recognize different genotypes,
such as genotype | (Southeast Asia and East Africa), genotype
Il (Thailand), genotype Ill (Malaysia), genotype IV (South Pa-
cific), and genotype V (America/Africa).'® Dengue genotypes
are phylogenetically distinct clusters of viruses, often asso-
ciated with specific geographical regions, that are linked to
epidemics of varying intensities and disease severity.!"'?
Phylogeny is a science that makes use of a set of relationships
among groups of genes or organisms and reflects their evo-
lutionary history. The maximum likelihood method is used to
describe and analyze biological sequences.'® Alignment of
the nucleic acid sequences of the DENV followed by its phy-
logenetic analysis and subsequent generation of phylogenetic
trees revealed information regarding its genetic evolution and
epidemiology of the disease worldwide.'*'® The E protein of
the DENV is responsible for its tropism and virulence.'” The
gene encoding the E protein has demonstrated its usefulness
for decades for the phylogenetic reconstruction of the DENV.
Thus, complete analysis of the coding region can help assign
the correct DENV genotype and infer the relationships within
genotypes and lineages accurately.'® Therefore, the E protein
provides adequate resolution to characterize genetic re-
lationship and evolution of the DENV.®

Guangdong Province is located in the southern mainland of
China and experiences tropical and subtropical monsoon
climates with a hot and rainy environment that supports
breeding of mosquitos, leading to epidemics and very high
incidences of DF.2%2" The first outbreak of dengue in the
Foshan city of Guangdong Province occurred in 1978, after
which periodic infections and transmission of all four sero-
types of dengue have occurred in the past 30 years.?? The
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DENYV found in these areas may have different origins. There
were two DENV?2 outbreaks in Foshan in 1993 and 1998, re-
spectively. Phylogenetic analysis revealed that isolates from
the 1998 epidemic and DENV4 from the 1978 epidemic and
the 1990 epidemic were closely related to those from the 1993
epidemic in Thailand, 1973 epidemic in Indonesia, and the
1984 epidemic in the Philippines, respectively. Since 1990,
however, DENV1 has been mainly isolated from the infected
cases, and its continued existence in Guangdong Province
indicated that endemic infectious agents of dengue may be
circulating locally. Sequence analysis of the viruses causing
the epidemics at different time points revealed that the isolates
were closely related to each other, implying that DENV1 had
probably circulated locally and caused the epidemics.2® Since
2009, all four serotypes were derived from autonomous pa-
tients from different outbreak localities in Guangdong Prov-
ince.2* In 2014, a total of 45,236 cases of dengue were
reported, which exceeded the total number of cases reported
over the previous 10 years. Although three serotypes of the
DENV (DENV1, DENV2, and DENV3) were identified, DENV1
was found to be the major causative agent responsible for
98.72% of all 21,928 laboratory-confirmed cases diagnosed
during this outbreak.?® A recent study revealed that the de-
tected sequences belonged to viruses of multiple origins, but
the strain isolated in 2014 possibly originated from the isolates
of 2013.2 It can be reasonably speculated that the infectious
agents of DENV1 from the endemic, which were circulating
locally, played a crucial role in causing the dengue epidemic in
Guangdong Province. However, the data mentioned pre-
viously are from the studies based on the outbreaks of the
particular year and have the limitation of space and time. As a
result, comprehensive evaluation of the epidemiological sit-
uation and molecular evolution of the viral agents is of signif-
icance to warn against their risks and establish preventive and
control measures for DF.

Based on DENV1 isolated from the outbreak in 2014, we
systematically collected the E protein gene from 2005 to 2018
from GenBank. With the epidemiological data since 2005
supplied by the Guangdong Provincial CDC, we studied
phylogenetics, molecular characteristics, and epidemiology
to strengthen the foundational research of DENV1 for the
prevention of large-scale dengue epidemics, providing pre-
ventive and control measures of DF with important evidence.

MATERIALS AND METHODS

Ethics statement. As this research involved human blood,
the aims of our study were explained to all the dengue patients
involved (all were adults) and all provided written informed
consent. The collection methods of clinical samples and epi-
demiological data were reviewed and approved by the Insti-
tutional Ethics Review Board of Southern Medical University
and were carried out in accordance with the approved
guidelines. Samples were selected randomly based on the
laboratory diagnosis and clinical signs.

Sample collection and epidemiological data. Dengue
virus RNA samples (n = 29) were obtained from the Guang-
dong Provincial Maternal and Child Care Service. All samples
were extracted from patients suspected of dengue and were
confirmed by reverse transcription-polymerase chain reaction
(RT-PCR) using specific primers. The steps included an initial
denaturation (94°C, 2 minutes); 35 cycles of denaturation

(94°C, 30 seconds), annealing (60°C, 30 seconds), and ex-
tension (72°C, 1 minute); and a final extension (72°C, 10
minutes) (Table 1). Positive samples were stored at —80°C.
Another two serum samples from individuals suspected of
having dengue were provided by the Health Care Center of
Guangdong International Travel. Twenty-five DENV strains
were isolated by the Guangdong CDC on C6/36 cells. The
strains obtained were amplified on C6/36 cells maintained in
RPMI-1640 supplemented with 2% fetal bovine serum at37°C
in an atmosphere of 5% CO,. After complete cytopathic ef-
fects were observed, the culture supernatants were collected.

Epidemiological data on all samples were collected from the
supplier. The information included collection dates, collection
regions, clinical manifestations, and travel histories. Epide-
miological data on DF since 2005 were supplied by the
Guangdong Provincial CDC, including the number of cases
(corresponding with each city), the distribution of imported
cases and indigenous cases, DENV serotype data confirmed
by laboratory, and other information. We carried out statistical
analysis. The picture of the administrative divisions of
Guangdong Province used for the heat map was obtained
from the Wikimedia Commons open-source map site (https://
commons.wikimedia.org/wiki/File:Heyuan_map2005.jpg) with
free use of the information permitted.

Viral genome amplification and sequencing. Viral RNA
was extracted from 140 pL of serum sample or culture su-
pernatant using the QIAamp® Viral RNA Mini Kit (Qiagen,
Hilden, Germany). A PrimeScript™ Il First Strand cDNA Syn-
thesis Kit (TaKaRa Bio, Shiga, Japan) was used for the tran-
scription of DENV RNA. Type-specific primers (Table 1) were
used to confirm the serotype through RT-PCR using the
LightCycler480® instrument (Roche Diagnostics, Roche In-
strument Center AG, Rotkreuz, Switzerland). Targeted frag-
ments of approximately 856 bp and 1,028 bp were used to
amplify E gene cDNA using two pairs of primers (Table 1). After
DNA sequencing, two targeted fragments with overlapping
sequences were spliced into a complete E gene sequence.
The amplification process for the E gene involved an initial
denaturation (94°C, 2 minutes); 40 cycles of denaturation
(94°C, 30 seconds), annealing (58°C, 30 seconds), and ex-
tension (72°C, 1 minute); and a final extension (72°C, 10
minutes). After sequencing performed by Sangon Biotech
(Shanghai, China), data were uploaded to the GenBank
database.

Genome and phylogenetic analysis. The sequences were
saved by DNASTAR (http://www.dnastar.com/)?” and
were identified by BLAST (http://blast.ncbi.nim.nih.gov/
Blast.cgi).?® The sequence alignment was conducted in Bio-
Edit (http://www.mbio.ncsu.edu/bioedit/bioedit.htmL)?® with
CLUSTALW?2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/).2°
Phylogenetic analysis was performed by using MEGA6.0
(http://www.megasoftware.net/)>° through the maximum-
likelihood method. The Tamura—Nei model and Gamma dis-
tribution with a bootstrap of 1,000 replications were used for
the maximum-likelihood method tree based on the analysis of
the best-fit model for each dataset, as provided by the
software.

Two phylogenetic trees for the E gene and one for the
complete genome of DENV1 were established. The main fo-
cus was the analysis of the molecular characterization during
the dengue outbreak in Guangdong, China, in 2014. For this,
contemporaneous E gene sequences in other countries were
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TaBLE 1

Primers used for identifying the serotype of dengue virus (DENV) strains and amplifying and sequencing the envelope (E) gene of DENV1 in this study

ID primer Primer sense F (5'-3') Primer antisense R (5'-3") Amplicon (bp)

Type-specific primers

DENVA TCAATATGCTGAAACGCGCGAGAAACCG CGTCTCAGTGATCCGGGGG 482
DENV2 TCAATATGCTGAAACGCGCGAGAAACCG CGCCACAAGGGCCATGAACAG 119
DENV3 TCAATATGCTGAAACGCGCGAGAAACCG TAACATCATCATGAGACAGAGC 290
DENV4 TCAATATGCTGAAACGCGCGAGAAACCG CTCTGTTGTCTTAAACAAGAGA 392

E gene

1 TAGCACATGCCATAGGAA CTGGGTCTCAGCCACTTC 1,028

2 ATGCAAAGAAGCAGGAAG AATTTGTATTGCTCTGTCCA 856

The GenBank accession number KM204119.1 was used for DENV1, whereas KM204118.1 was used for DENV2, KU050695.1 for DENV3, and AY947539.1 for DENV4.

added to make a comprehensive evaluation of the epidemio-
logical situation and molecular evolution in the large 2014
dengue outbreak in Guangdong. At the same time, E gene
sequences of DENV1 since 2005, comprising 187 sequences
from Guangdong and 1,886 from other countries, were
downloaded from GenBank. After excluding several se-
quences with uncertain epidemiological data, representative
epidemic strains in every lineage were screened using phy-
logenetic methods. Since then, a molecular evolution data-
base for the DENV1 E gene in Guangdong and other countries
has been established. Based on representative strains of the E
genein lineages of the 2014 outbreak, as well as the molecular
evolution database, we analyzed molecular characterization
and possibility of local circulation for DENV1 since 2005 in
Guangdong.

Three-dimensional (3D) structure prediction of DENV1
protein E and molecular docking with 78-kDa glucose-
regulated protein (GRP78). Amino acid (AA) sequences of
DENV1 protein E were translated by using DNASTAR.
Protein 3D structures were simulated by Discovery Studio
2.5 (DS2.5) (http://accelrys.com/products/collaborative-
science/biovia-discovery-studio/)®! through the homol-
ogy modeling method based on the MODELER program.
The optimal protein 3D model was selected by combining
the Probability density function and discrete optimized
protein energy, and the reliability of the model was eval-
uated using the Ramachandran plot and Profile-3D. The
optimal protein structure model was used to perform
protein docking calculations with the GRP78 protein (PDB
number: 3LDP) using the ZDOCK algorithm in DS2.5, and
RDOCK was used to further optimize the docking config-
uration to minimize energy. Finally, we analyzed AA sites in
the binding interface of the optimal docking model.

RESULTS

Epidemiological findings. Since 2005, epidemics of
dengue in Guangdong have been characterized by periodic
outbreaks, the coexistence of importation and localization,
and the significantly increased number of indigenous cases
compared with that of imported cases (Figure 1A and C).
The incidence peaked in 2006 and 2014. Especially, during
the large outbreakin 2014, atotal of 45,236 cases of dengue
were reported. In 2017, 1,650 cases were reported, with a
continuous rising trend in comparison to 544 cases in 2016
(Figure 1A). More seriously, as of November 4, 2018, a total
of 2,835 cases were reported, an increase of 107.1% over
the same period in 2017. Among them, 257 cases were
imported, which was 50.3% higher than those in the same

period in 2017; 2,578 cases were local cases, which was
115.2% higherthanthose in the same periodin2017. Based
on the map of Guangdong Province, we diagrammed the
distribution of the cumulative number of cases since 2005.
This showed that Guangzhou, Foshan, Zhongshan, and
Chaozhou were the main epidemic areas. The trends of the
epidemics were anastomotic, with periods of fluctuation in
Guangdong Province (Figure 2). After 2010, the epidemic
trend featured the gradual coexistence of various sero-
types, with up to four serotypes emerging in recent years.
Each DENV serotype was identified. Dengue virus 1 was the
major cause of the outbreak of 2014, and it continued to be
detected in Guangdong Province as the primary serotype,
except in 2015. It is worth noting that the proportion of
dengue 2 virus in the total cases also gradually increased
(Figure 1D).

Data of 56 samples were used to analyze the overall
epidemiology. All patients who provided the samples had
mild dengue and had no travel history (Table 2). Generally,
the collection date distribution was concentrated in Sep-
tember and October (Figure 1B). The endemic areas were
primarily located in Guangzhou, followed by Zhongshan
and Chaozhou, accounting for 85.72% of all samples.
Heyuan, Huizhou, and Shanwei were included in the col-
lection areas (Figure 1E). Dengue virus 1 was the major
causative agent of this outbreak. The serotype detected
through type-specific primers (Table 1) was DENV1, which
is similar to the results from Guangdong CDC that of 323
DF casesinvolved, 303 cases were due to DENV1 infection
(Figure 1D, Table 2).

Phylogenetic analysis of DENV1 outbreak in 2014. All 56
E genes were sequenced to construct phylogenetic trees.
The dengue outbreak in 2014 involved Asian genotype |
and American/African genotype V. Phylogenetic analysis
showed that most of the sequences were clustered into a
unified clade whose distribution differed in each city.
Among them, 47 E gene sequences were identified as
genotype V with 98.9-100% similarity. They clustered into
the same clade, which was closely related to the DENV1
sequences in Malaysia, Singapore, and India and evolved
into a lineage of genotype V. During 2013-2014, this
lineage was involved in a co-epidemic in Guangdong
Province, Malaysia, and Pakistan, with a continuous
high-level local prevalence especially in Singapore. Sig-
nificantly, this lineage was detected in six cities in our
collection; 13 sequences from Shanwei, Chaozhou, and
Huizhou all belonged to genotype V. In addition, another
nine sequences of the E gene were identified as geno-
type |, with two different lineages. Lineage | involved eight
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Epidemiological data of dengue outbreaks in Guangdong since 2005 and sample information collected in 2014. (A) The number of

reported cases from Guangdong and the four major centers of epidemics as of November 4, 2018. (B) Time distribution of samples collected in 2014.
(C) Percentage of indigenous and imported cases reported annually. (D) Identification of dengue virus serotypes annually. (E) Regional distribution of

samples collected in 2014. This figure appears in color at www.ajtmh.org.

sequences in our collection and other sequences in Sin-
gapore and Thailand in recent years, with a 99.6-100%
similarity. Only one sequence in Guangzhou contributed
to Lineage Il, which had been involved in local epidemics
in Malaysia, Singapore, and Indonesia for many years
(Figure 3).

Phylogenetic analysis of Guangdong since 2005. We
downloaded E gene sequences since 2005, comprising
187 from Guangdong and 1886 from other countries.

Databases of E gene molecular evolution were cre-
ated via a screening process based on epidemiologic
and phylogenetic methods. Among them, 81 strains in
Guangdong constituted the local database, whereas
403 strains in other countries made up the imported
database.

Based on the evolutionary lineage of DENV1 detected in
2014 in Guangdong, seven sequences (P1023, P1078, P1258,
P1277, P1278, P1306, and P1344) were added to the local
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Ficure 2. Average annual number of dengue cases reported by
parish since 2005-2018 in Guangdong, China (data collected until
November 4, 2018). This figure appears in color at www.ajtmh.org.

database for phylogenetic evolution analysis. Distribution of
the collection date of DENV1 strains used for analysis was
highly consistent with the dengue epidemic, with a low prev-
alence in 2005, 2008, 2009, and 2011. Genotypes |, IV, and V
were detected since the 2005 dengue epidemic. Genotype |,
which had extensively circulated in Guangdong and was de-
tected in every year of an epidemic, was branched into four
molecular evolutionary lineages. During the outbreak in 2006,
three lineages were first formed as the basis of circulation.
Over the next decade, sequences in other prevalent years
were included into these branches in close relationship, with
2006-2008-2010 for Lineage |, 2006-2011-2012 for Lineage
Il, and 2006-2009-2013-2014-2015 for Lineage Ill. Se-
quences in 2007 formed a branch named Lineage IV for
2007-2010-2014-2015-2016, whose prevalent trend was
clearly on the rise. Outbreak sequences in Chaozhou in 2008
individually formed a clade between Lineages Il and Ill. In-
terestingly, concerning the recent severe DENV epidemic,
since 2006 or 2007 (the previous circulation), Lineages II-IV
had not spread continuously, but instead had circulated lo-
cally and consecutively every year after several years. It is
unclear whether the subsequent lineages originated from
strains in 2006 or 2007, or were imported from neighboring
countries in that year. In addition, genotype IV was detected
only in 2007 and 2010, whereas genotype V circulated from
2009 to 2011, and then, after a 2-year silence, reappeared in
2014 (Figure 4).

We endeavored to clarify the relationship between Guang-
dong and other countries concerning DENV outbreaks. For
this, we illustrated the origin of molecular evolution lineages
and the potential of in situ evolution. Representative strains
from each lineage were added to the imported database for
phylogenetic evolution analysis. In our collection, the molec-
ular evolutionary lineage of the imported database proved to
be highly consistent with the local database. The only dis-
tinctions were that the evolution time of Lineages | and Il
changed in genotype |, and DENV1 in Guangzhou, 2011,
formed a clade alone, named clade A (Figure 5A). Genotype |,
which has extensively circulated in Guangdong and has been
detected in each year of the epidemics, displayed some dif-
ferences with epidemic countries surrounding China. After

2010, Lineage | was not found in Guangdong. Lineage | was
very homologous with lineages in Singapore, Thailand, and Sri
Lanka in the same epidemic years. However, Lineage | spread
in neighboring countries, such as Malaysia, Myanmar, and
New Guinea, which contributed to cyclic epidemics
(Figure 5B). Lineage Il in Guangdong presented a more com-
plicated epidemic situation in countries around China: for
example, Lineage Il extensively circulated in Vietnam, Singa-
pore, Thailand, Malaysia, and Cambodia, with Vietnam and
Cambodia being hot spots. Clade A only formed a cluster with
DENV1 in Vietnam (Figure 5B). Recently, Lineage Il in
Guangdong showed a complicated epidemic situation in
surrounding countries as well. lts sequence was related to
sequences in Thailand, Laos, Singapore, Malaysia, and else-
where. In addition, it was related to the co-epidemic in Aus-
tralia that occurred in 2013 and 2014 (Figure 5B). There were
few countries with Lineage IV whose epidemic originated from
the sequences in 2007. Only Malaysia, Singapore, and espe-
cially Indonesia shared clustering in DENV1 with long-term
cyclic epidemics (Figure 5B). In addition, the occurrence of
genotypes IV and V was inconsistent in different years. Ge-
notype IV sequences in 2007 shared extensive homology with
those in Indonesia, whereasthe strains in 2010 were related to
those in the Philippines with long-term cyclic epidemics
(Figure 5C). Genotype V was related to the strains in India and
Maldives and was divided into clade 2009 and 2014 and clade
2010 and 2011; the sequences shared long-term co-
epidemics with India and Singapore, respectively (Figure 5D).

Protein conformational changes caused by mutation of
E protein-specific AAs between DENV1 genotypesland V.
A total of eight uniform AA substitutions in the ectodomain of
the E protein were mainly concentrated in domains | (five
substitutions) (DI) and Il (two substitutions) (DIIl) between
genotypes | and V, whereas domain Il (DIl) has only one.
Among them, two substitutions caused the protein’s sec-
ondary structure to change from B-sheet to coil, E114 (| - L) in
DllandE171 (T — S)in DI, whereas only E37 (D — N), E155 (S -
T),E161 (T > I),and E171 (T - S) of DI were observed on the 3D
conformation surface of the protein (Figure 6A and B, Table 3).
Meanwhile, E161 (T —» l)and E171 (T — S) of Dl were also found
in the binding interface between the E protein of genotypes |
and GRP78, and other substitutions were not observed in ei-
ther serotypes (Figure 6E). In the docking model with the
GRP78 protein, all three domains of genotype | were involved,
whereas genotype V had only DI and DIIl. We found three
identical docking sites of DIl in the binding interface of the
two genotypes: 331A-332P, 359T-360D, and 362E-363K
(Figure 6C and D).

DISCUSSION

The distribution characteristic of DENV1 in Guangdong was
determined from its long-term epidemic history. Dengue virus
1 was first detected in Zhongshan, Guangdong Province.
Since then, DENV1 epidemics have occurred sporadically in
specific regions over 2-3 years.? Until 2006, DENV1 was the
leading serotype, which triggered massive outbreaks in
Guangzhou.*® Thereafter, DENV was circulated continuously
across multiple geographies in Guangdong, and the isolated
strains branched into several stable molecular evolutionary
clades.?*3® Since 2009, it has spread to different provinces of
Guangzhou, and imported cases were no longer primary. At
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TABLE 2
Epidemiological data of DENV-1 samples used in this study for partial (envelope gene; n = 51) and complete (n = 5) sequencing of the genome
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ID of strain Origin of strain Genes sequenced City of collection Collection date GenBank accession
P1003 Serum Envelope Guangzhou October 2, 2014 MG560209
P1005 Serum Envelope Guangzhou October 3, 2014 MG560210
P1007 Serum Envelope Guangzhou October 3, 2014 MG560211
P1023 Serum Envelope Guangzhou October 16, 2014 MG560212
P1025 Serum Envelope Guangzhou October 18, 2014 MG560213
P1027 Serum Envelope Guangzhou October 18,2014 MG560214
P1029 Serum Envelope Guangzhou October 26, 2014 MG560215
P1035 Serum Envelope Guangzhou October 26, 2014 MG560216
P1036 Serum Envelope Guangzhou October 8, 2014 MG560217
P1040 Serum Envelope Guangzhou October 8, 2014 MG560218
P1046 Serum Envelope Guangzhou October 28, 2014 MG560219
P1047 Serum Envelope Guangzhou September 2, 2014 MG560220
P1052 Serum Envelope Guangzhou September 6, 2014 MG560221
P1056 Serum Envelope Guangzhou September 12, 2014 MG560222
P1057 Serum Envelope Guangzhou September 12, 2014 MG560223
P1058 Serum Envelope Guangzhou September 3, 2014 MG560224
P1060 Serum Envelope Guangzhou September 15, 2014 MG560225
P1066 Serum Envelope Guangzhou September 16, 2014 MG560226
P1070 Serum Envelope Guangzhou September 20, 2014 MG560227
P1074 Serum Envelope Guangzhou September 13, 2014 MG560228
P1075 Serum Envelope Guangzhou September 25, 2014 MG560229
P1078 Serum Envelope Guangzhou September 25, 2014 MG560230
P1081 Serum Envelope Guangzhou September 29, 2014 MG560231
P1083 Serum Envelope Guangzhou September 29, 2014 MG560232
P1085 Serum Envelope Guangzhou September 20, 2014 MG560233
P1086 Serum Envelope Guangzhou September 27, 2014 MG560234
P1089 Serum Envelope Guangzhou November 1, 2014 MG560235
P1094 Serum Envelope Guangzhou November 2, 2014 MG560236
P1098 Serum Envelope Guangzhou November 5, 2014 MG560237
P1233 Isolated (C6/36) Envelope Chaozhou October 8, 2014 MG560239
P1251 Isolated (C6/36) Envelope Chaozhou October 16, 2014 MG560240
P1252 Isolated (C6/36) Envelope Chaozhou October 16, 2014 MG560241
P1253 Isolated (C6/36) Complete Chaozhou October 16, 2014 MG560269
P1254 Isolated (C6/36) Envelope Chaozhou October 17,2014 MG560243
P1257 Isolated (C6/36) Complete Chaozhou October 20, 2014 MG560268
P1258 Isolated (C6/36) Complete Chaozhou October 20, 2014 MG560267
P1260 Isolated (C6/36) Envelope Chaozhou October 26, 2014 MG560246
P1263 Isolated (C6/36) Envelope Zhongshan September 1, 2014 MG560247
P1264 Isolated (C6/36) Envelope Zhongshan September 1, 2014 MG560248
P1265 Isolated (C6/36) Envelope Zhongshan September 5, 2014 MG560249
P1275 Isolated (C6/36) Envelope Zhongshan September 10, 2014 MG560250
P1276 Isolated (C6/36) Envelope Zhongshan September 10, 2014 MG560251
P1277 Isolated (C6/36) Envelope Zhongshan September 11, 2014 MG560252
P1278 Isolated (C6/36) Complete Zhongshan September 11, 2014 MG560266
P1296 Isolated (C6/36) Envelope Zhongshan September 17, 2014 MG560254
P1297 Isolated (C6/36) Envelope Zhongshan September 17,2014 MG560255
P1301 Isolated (C6/36) Envelope Shanwei October 2, 2014 MG560256
P1306 Isolated (C6/36) Envelope Shanwei October 4, 2014 MG560257
P1307 Isolated (C6/36) Envelope Shanwei October 4, 2014 MG560258
P1340 Isolated (C6/36) Envelope Huizhou November 14, 2014 MG560259
P1341 Isolated (C6/36) Envelope Huizhou November 18, 2014 MG560260
P1344 Isolated (C6/36) Envelope Heyuan September 29, 2014 MG560261
P1346 Isolated (C6/36) Complete Heyuan October 1, 2014 MG560265
P1351 Isolated (C6/36) Envelope Heyuan October 8, 2014 MG560263
P120c-1 Serum Envelope Guangzhou October 6, 2014 MG560238
P240c-1 Serum Envelope Guangzhou September 28, 2014 MG560264

All patients had mild dengue and had no travel history.

present, imported and local cases are equally responsible for
the DENV outbreaks, which have occurred with a complex
pattern wherein all four serotypes have emerged, with DENV1
being the primary. Meizhou was the only city in Guangdong
Province in which no cases of DENV were detected since
2005, indicating the criticality of the occurrence of the DENV
epidemic in this region.*®3” Analyses of the epidemiological
trends suggest that the severity of DENV outbreaks has in-
creased since 2012. Therising number of cases and extension
of the pandemic to widely distributed areas characterized the

large outbreak in 2014, which marked the top of the periodical
DENYV infections and transmission. With an increase in the
number of cases reported between 2016 and 2018, it can be
speculated that, in 2019, the severity of the epidemic might
increase and require our attention.

The year 2014 witnessed the largest historical outbreak of
dengue with the maximum number of cases and the widest
distribution. Of 45,189 reported cases, 45,131 indigenous
ones accounted for 99.8%, reaching the trend that local
ones were dominant in recent years.*®° Previous studies
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Ficure 3. Phylogenetic analysis of DENV1 detected from the 2014 outbreak in Guangdong. Fifty-six envelope gene sequences were isolated in
our study. These and 19 reference sequences from GenBank were used to construct the phylogenetic tree. Asian genotype | and American/African
genotype V were involved in this outbreak. Forty-seven sequences identified as genotype V clustered into the same clade, whereas genotype | was
divided into Lineages | and Il. Thirteen sequences from Shanwei (blue circles), Chaozhou (green circles), and Huizhou (violet circles) all belonged to

genotype V. This figure appears in color at www.ajtmh.org.

indicated that although three DENV serotypes (DENVT,
DENV2, and DENV3) were identified, DENV1 was the major
causative agent of this outbreak which had circulated con-
tinuously in multiple geographies.*’**? So far, the results
mentioned were consistent with those of our study. The term
“lineage” has been used to denote the viruses clustered in
clades at a taxonomic level beneath the genotype. The ap-
pearance, change, and reappearance of specific lineages are
closely linked to the transmission of those viruses.**™*° Here,
56 strains of viruses differing in their E genes were obtained, of
which nine and 47 strains belonged to genotypes | and V,
respectively. Unlike the strains of genotype | which were linked
to two lineages, each strain in genotype V branched into the
same clade, forming a stable lineage. However, several line-
ages from different origins were responsible for the DENV
outbreak in 2014. Moreover, strains belonging to genotype V
were detected in six areas evaluated in this study. All 13 strains
from Shanwei, Chaozhou, and Huizhou gathered together
also belonged to this genotype, illustrating that the same
lineage was prevalent in multiple regions. Coincidentally,
some epidemiological data indicate that DENV1 was re-
stricted only to the local epidemics since 1997,*' a phenom-
enon which was reported by Guo et al.?* Overall, the
aforementioned evidence strongly opposes the conventional
belief that DF in Guangdong was completely imported.

Lee et al. used the term “in situ evolution” to characterize
DENV in Singapore through phylogenetic analysis. Results of
the analysis explained the correlation between its genetic and

evolutionary aspects, suggesting that DENV had lurked locally
and reappeared after some time.*® Rajarethinam et al.*” de-
scribed that the dengue in Singapore from 2004 to 2016
demonstrated cyclic epidemic patterns dominated by sero-
types 1 and 2. However, this in situ evolution, demonstrated by
the step-ladder pattern of branching within each clade over
time, has not been observed in Guangdong since 2005. An-
other possible transmission and evolution pattern of DENV
broke out in parts (switch of the lineage), followed by silence
(change of the lineage), and was then prevalent on a large
scale (continuation of the lineage), achieving continuous
evolution of a new lineage and the silent circulation of old
lineages. In 2006, when DENV1 first became the leading se-
rotype, it was due to a “switch” from the lineages in genotypel,
which branched into Lineages I-lll at the beginning.*®“° From
2007 to 2012, it was observed that the prevalence of DENV
was low and it frequently interchanged between the three
lineages, leading to the occurrence of epidemics caused by
DENV1 belonging to each lineage.?*®' However, since 2012,
the severity of dengue is increasing because of a continued
epidemic caused by Lineage I11.%% In 2007, a switch in Lineage
IV, which was similar to the evolutionary process of Lineage lll,
was observed. The lineage of genotype IV was first formed in
2007, which reappeared in 2010, and was never detected in
recent years.?®®* It is reported that genotype V had circulated
continuously from 2009 to 2011, followed by an intermittent
silence and further reappearance in 2014. This type of mo-
lecular evolution was similar to the silent circulation prevalent
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Ficure 4. Phylogenetic tree of alocal molecular evolution database constructed by the envelope (E) gene in Guangdong since 2005. Genotypes|,
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TaBLE 3
Description of the differences in secondary and three-dimensional (3D) structure between genotypes | and V of DENV1 in Guangdong

P1278 (genotype I)

P1253 (genotype V)

Sl. No. AA position (protein) Domain (protein E) Surface in 3D (protein) AA Secondary structure AA Secondary structure
1 8 | No S Coll N Coll
2 37 | Yes D Coil N Coil
3 114 Il No | B-sheet L Coll
4 155 | Yes S Coll T Coll
5 161 | Yes T B-sheet | B-sheet
6 171 | Yes T B-sheet S Coll
7 324 1] No | B-sheet Vv B-sheet
8 369 11l No A B-sheet T B-sheet
9 439 Transmembrane No | B-sheet \Y B-sheet
10 461 Transmembrane No \ B-sheet T B-sheet
11 484 Transmembrane Yes L B-sheet M B-sheet

AA = amino acid; E = envelope; 3D = three-dimensional. The AA positions are in respect to NCBI reference sequence KM204119.1.

in Indonesia, Brazil, etc.,'"*58 indicating that the same might

happen in Guangdong. Castonguay-Vanier et al.°” also de-
scribed the active circulation of DENV in Laos and the con-
current multiple introductions of new strains from neighboring
countries, whereas Moore et al.%® claimed that the co-
circulation of DENV1-4 in PNG provides molecular evidence
of its endemic transmission. Meanwhile, compared with
DENV2, DENV3, and DENV4, DENV1, which is the leading
serotype in Guangdong, rarely caused severe DF.>®®" In ad-
dition, because Guangdong is the most densely populated
province in southern China, which is surrounded by a large
number of dengue-endemic countries and has a subtropical
climate providing optimal environmental, social, and bi-
ological conditions for mosquito breeding and reproduction, a
detailed evaluation of the current dengue epidemic is signifi-
cant. Nevertheless, there is still a lack of evidence on the local
mosquito vector regarding its harboring of DENV during epi-
demic and nonepidemic periods which can support the evi-
dences of its molecular evolution revealed by the phylogenetic
analysis.

Three genotypes (I, IV, and V) in DENV1 from a variety of
origins were identified. Data obtained from the characteriza-
tion of local or imported viruses with similarity in lineages
found in Guangdong demonstrated that these viruses, which
were identified based on their molecular evolutionary analysis,
were also present in many other countries, particularly those
neighboring China. Continuous occurrences of the epidemic
in Indonesia, Malaysia, and Singapore were consistent with
the outbreaks in our country. The epidemiological data dem-
onstrated that the early imported cases in Guangdong had
high correlation with those found in the neighboring countries,
which indicated that these countries might be the source for
the migration of DENV1 to Guangdong.®2%® However, specific
switches in different genotypes were observed, which are as
follows: Myanmar, Thailand, Vietnam, and Laos for genotype |;
the Philippines for genotype IV; and India and Maldives for
genotype V. The outbreaks of severe epidemics over the years
in the neighboring countries and frequent mobility of their
populations to China may be able to explain the pandemic
pattern of the spread of DENV, which began with its spread to
Guangdong Province and then broke out in other parts of the
country. A similar conclusion was presented in the study
conducted by Sun et al.®* regarding the epidemiological
characteristics and genetic diversity of DENV in Guangdongin
2014. Nevertheless, since 2012, with an extremely high

incidence of cases, DENV spread more rapidly and affected a
wider range of populations. The co-epidemic between other
countries and Guangdong and the dissemination of different
genotypes and serotypes in multiple regions might not align
totally with the theory that only the imported cases caused the
epidemic. Lee et al.*® reported a theory which stated that
multiple factors are involved in addition to the ones described
in in situ evolution that can explain this phenomenon. How-
ever, we still need more evidence to prove the applicability of
this hypothesis to the epidemic outbreaks in Guangdong
Province.

A prediction of the algorithm of the secondary structure of
proteins suggests that it is closely related to the distribution of
protein epitopes. The high chemical bond energy of the a-helix
and B-sheet enables folding of the protein, making it difficult to
bind to the antibody, whereas the B-turn and coil, because of
their loose structure, are easily displayed on the surface as
antigenic epitopes, facilitating binding of the antibody.®%%"
Only two substitutions causing changes in the secondary
structure from the 3-sheet to coil were observed in our study,
suggesting that its antigenicity was enhanced. However, E171
(T — S) located on the surface is more likely to be associated
with protein function than E114 (I — L), which was located
inside the protein. Although DI, the structure found in the
central region of the E protein, was not significantly related to
the protein function, in our study, majority of the AA substi-
tutions were observed (5/8), and most of them were located on
the surface of its 3D structure. Even E161 (T — l)and E171 (T -
S) were found in the binding interface between genotype | and
GRP78 but not genotype V, further suggesting that the sub-
stitution of E171 (T — S) may be playing a key role in the
binding of the E protein of genotypes | and V to the receptor.
Moraes et al.®8 found that, with changes in the pH, the specific
interaction between DI and DIl of the DENV E protein is
destroyed, resulting in its conformational change during entry
into the cell, whereas Nayak et al.®® also observed the pres-
ence of a bundle structure consisting of four polar AA residues
at the interface between DI and DIll, of which HIS-282 and
HIS317 were unique to DENV1, implying that the change of DI
conformation will also affect the realization of DIl function.
Domain Il has an immunoglobulin-like structure and a func-
tional region where DENV binds to a cellular receptor. Dru-
mond et al.”® predicted the structure of the DENV1 E protein in
Brazil and observed that the substitution of E306 (S — F) can
reduce its interaction with several residues (SER305, LYS307,
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LYS325, VAL380, VAL324, ILE335, TYR326, and GLY381),
resulting in a change in the folding of the area, whereas ge-
notypes | and V of DENV1 in Guangdong have a unified mu-
tation in E324 (I — V). The residue QHG at position E314-E316
of the E protein of DENV2 and 3 is highly conserved, and
docking by the ZDOCK method showed that it possibly in-
teracts with the membrane receptor protein TIM-17", although
we found the same region conserved at E316-E318. Mean-
while, three conserved regions (331A-332P, 359T-360D, and
362E-363K) were concurrently marked in the binding interface
of the two genotypes found in Guangdong. Chen et al.”? lo-
calized the neutralizing determinants of the inhibitory mAbs
demonstrating strong effects to a sequence-unique epitope
on DIl of the DENV1 E protein, centered near residues T346
and D360 (346TQNGRLITANPIVTD360) which were highly
conserved among different genotypes of DENV1 but different
from those of the DENV2, DENV3, and DENV4 serotypes and
other flaviviruses.

CONCLUSION

Currently, we believe that vaccination and vector control are
the fundamental measures to control DF. However, research
on vaccines and mosquito-control measures have not made
significant breakthroughs. We need additional information to
understand the epidemic situation of DF and evolution of its
virus in Guangdong to develop effective preventive and con-
trol measures. Epidemiological analysis reveals information
on the cities and months during which DF was substantially
prevalent and helps to develop mosquito-surveillance and
killing strategies. The phylogenetic tree revealed that DENV1,
which is the main serotype of the virus, has been prevalent in
Guangdong since a long time. The strains isolated from epi-
demic cases occurring during the same period are homolo-
gous, and genotype | has formed a stable evolutionary lineage
in recent years. These results suggested that DENV1 may be
lurking and circulating in Guangdong, although it cannot be
stated with certainty. However, it is highly recommended that
we detect the DENV in local mosquito vectors urgently. At the
same time, the phylogenetic tree of the input source suggests
the possible countries and regions from which importation of
DF in Guangdong can occur. This information is of great sig-
nificance for the development of a plan to monitor the de-
parture and entry of populations from regions with a high
incidence of dengue.
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