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Abstract: Dengue (DEN) is the most important human arboviral disease worldwide. Sporadic
outbreaks of DEN have been reported since 1980 in urban communities located along the border in
southeast Texas and northern Mexico. Other than the Rio Grande Valley region of TX, autochthonous
transmission of DENV has not been reported from any other US border communities. As part of
a surveillance program for arthropod-borne viruses in Ciudad Juarez, Mexico, during November
2015, a blood sample was obtained from a female patient who experienced an undifferentiated fever
and arthralgia. The plasma of the sample was tested for virus in Vero-76 and C6/36 cells. DENV
serotype 1 (DENV-1) was isolated in the C6/36 cells, and nucleotide sequencing of the envelope
gene and full genome grouped the DENV-1 isolate in the Central America clade. The patient had
not traveled outside of Ciudad Juarez, Mexico, thus suggesting DENV-1 infection was acquired in
this community.

Keywords: dengue virus; Mexico; Central America clade

1. Introduction

Dengue is the most important mosquito-borne viral human disease in the tropical
and subtropical regions of the world. The dengue disease is caused by any of the four
(1–4) dengue virus (DENV) serotypes, which can range from a mild febrile illness to severe
hemorrhagic fever and/or fatal shock syndrome. DENV is transmitted by the Aedes aegypti
and Ae. albopictus mosquitoes, and the distribution of both species has increased in the last
30 years, mainly in the temperate regions of Europe and North America [1,2].

Dengue cases in the Americas have increased over time from 1980 to 2007, with Mexico
being the country with the third highest number of dengue cases [3]. Ae. aegypti is widely
distributed in Mexico, including the urban communities in the southern, western, and eastern
regions, extending along the Gulf Coast as far north as Matamoros, Mexico, as well as
the southern half of the United States (US) [2,4]. Along the US–Mexico border, DENV is
endemic only in the southern region of Texas, even though Ae. aegypti is found in almost
all urban border communities. More recently, data accumulated suggested that DENV is
endemic in Ciudad Juarez, Mexico, an urban community in the state of Chihuahua located in
Northwestern Mexico, which is the second-largest community located along the US–Mexico
border. The first reported evidence was the detection of DENV ribonucleic acid (RNA) in Ae.
aegypti mosquitoes in Ciudad Juarez [5]. Subsequently, serological evidence of DENV infection
in humans was also reported in the Anapra neighborhood of Ciudad Juarez, including
seroconversions to DENV infection in 10.4% (n = 5) of 48 individuals who were negative for
DENV antibody during the baseline survey [6]. The individuals who seroconverted did not
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report any travel outside of the community, thus suggesting that infection was acquired as a
result of local DENV transmission. Further evidence suggesting that DENV is endemic in the
Juarez community was supported by the observation reported in this study of the isolation of
DENV-1 in November 2015 from a febrile patient in the Felipe Angeles neighborhood located
adjacent to the Anapra community of Ciudad Juarez, Mexico.

2. Results

A Flavivirus was isolated from the patient’s plasma sample in the C6/36 cells accord-
ing to the detection of viral antigen by immunofluorescence assay (IFA) using polyclonal
Saint Louis encephalitis virus (SLEV) antibodies, which are cross-reactive to Flavivirus
(Figure 1C). The Flavivirus isolate was further identified as DENV-1 using DENV-1 mon-
oclonal antibody (Figure 1D) and by the sequencing of the generic Flavivirus RT-PCR
amplicon (data not shown). Positive controls (DENV-1-infected C6/36 cells) were also reac-
tive by IFA to SLEV polyclonal (Figure 1A) and DENV-1 monoclonal antibodies (Figure 1B).
The infectivity titer of the DENV-1 in the plasma of the patient was 5 × 102 PFU/mL at the
time the blood sample was drawn.
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Figure 1. Indirect immunofluorescent antibody assay in C6/36 cells (200× magnification). Cells were 
inoculated with DENV-1 (A,B), human plasma (C,D), and cell culture medium (E,F). Viral antigen 
was detected by using polyclonal antibodies to Saint Louis encephalitis virus (A,C,E) and 
monoclonal antibody (15F3) to DENV-1 (B,D,F). 

Viral replication of the second passage of DENV-1 was compared in Vero and C6/36 
cells up to 10 days post infection (dpi). DENV-1 replication in C6/36 cells was 
approximately 3 logs higher in C6/36 cells than in Vero-76 cells from 2 to 10 dpi (p < 0.05), 
reaching the highest titer (2 × 106 PFU/mL) after 7 dpi (Figure 2). 

 

 

Figure 1. Indirect immunofluorescent antibody assay in C6/36 cells (200×magnification). Cells were
inoculated with DENV-1 (A,B), human plasma (C,D), and cell culture medium (E,F). Viral antigen
was detected by using polyclonal antibodies to Saint Louis encephalitis virus (A,C,E) and monoclonal
antibody (15F3) to DENV-1 (B,D,F).

Viral replication of the second passage of DENV-1 was compared in Vero and
C6/36 cells up to 10 days post infection (dpi). DENV-1 replication in C6/36 cells was
approximately 3 logs higher in C6/36 cells than in Vero-76 cells from 2 to 10 dpi (p < 0.05),
reaching the highest titer (2 × 106 PFU/mL) after 7 dpi (Figure 2).

Pathogens 2021, 10, x FOR PEER REVIEW 3 of 12 
 

 

 

 

Figure 2. Replication curves of the Ciudad Juarez DENV-1 isolate in Vero-76 and C6/36 cells. DENV-
1 isolate replicated at significant high titers (** p < 0.05) in C636 cells in comparison to Vero-76 cells. 

Phylogenetic analysis of the envelope gene indicated that the DENV-1 isolate 
clustered in genotype V and grouped with other Central American strains of DENV-1 
(Figure 3) and with other DENV-1 strains isolated in Mexico (Tamaulipas, Yucatan, and 
Morelos) and Texas (Brownsville). Furthermore, a full genome analysis showed that the 
DENV-1 isolate clustered with Central American DENV-1 strains (Figure 4). 

Figure 2. Replication curves of the Ciudad Juarez DENV-1 isolate in Vero-76 and C6/36 cells. DENV-1
isolate replicated at significant high titers (** p < 0.05) in C636 cells in comparison to Vero-76 cells.



Pathogens 2021, 10, 872 3 of 11

Phylogenetic analysis of the envelope gene indicated that the DENV-1 isolate clustered
in genotype V and grouped with other Central American strains of DENV-1 (Figure 3) and
with other DENV-1 strains isolated in Mexico (Tamaulipas, Yucatan, and Morelos) and
Texas (Brownsville). Furthermore, a full genome analysis showed that the DENV-1 isolate
clustered with Central American DENV-1 strains (Figure 4).
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Figure 3. Molecular phylogenetic analysis using maximum-likelihood method derived from
100 DENV-1 envelope glycoprotein gene sequences. DENV-1 genotypes (I–V) and isolates are shown
using brackets. The tree was rooted with prototype strains of DENV-3 (H87) and DENV-2 (NGC).
DENV-1, strain Ciudad Juarez, is highlighted in red. The tree with the highest log likelihood
(−12,372.1590) is shown.
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bold text). DENV-2 strain New Guinea was included to root the tree. In the cladogram, branch lengths are ignored, but
bootstrapping values ≥80 are represented as proportionately sized gray circles at the relevant nodes.
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The amino-acid diversity of the DENV-1 isolate was compared with other Mexican
DENV-1 strains. The DENV-1 isolate was unique amongst the other Mexican strains in
the amino-acid alignment due to five amino-acid changes in the NS1 (D139E), NS2 (L41F,
K218R), and NS3 (V332A, R338K) proteins (Table 1).

Table 1. Amino-acid changes in the Mexican DENV-1 strains in comparison to the DENV-1 Ciudad Juarez strain.

Tree Name Collection Year Strain Name GenBank
Accession No. NS1 NS2A NS3

139 41 218 332 338

DENV1_Mexico_2006_BID_V3658 2006 BID_V3658 GU131958.1 D L K V R
DENV1_Mexico_2007_BID-V3673 2007 BID-V3673 GU131964.1 D L K V R
DENV1_Mexico_2007_BID-V3679 2007 BID-V3679 GU131966.1 D L K V R
DENV1_Mexico_2007_BID-V3709 2007 BID-V3709 GQ868513.1 D L K V R
DENV1_Mexico_2007_BID-V3727 2007 BID-V3727 GQ868521.1 D L K V R
DENV1_Mexico_2007_BID-V3739 2007 BID-V3739 GQ868527.1 D L K V R
DENV1_Mexico_2007_BID-V7572 2007 BID-V7572 KJ189317.1 D L K V R
DENV1_Mexico_2007_BID-V7589 2007 BID-V7589 KJ189323.1 D L K V R
DENV1_Mexico_2007_BID-V7590 2007 BID-V7590 KJ189324.1 D L K V R
DENV1_Mexico_2008_BID-V3758 2008 BID-V3758 GQ868537.1 D L K V R
DENV1_Mexico_2011_BID-V7298 2011 BID-V7298 KJ189306.1 D L K V R
DENV1_Mexico_2011_BID-V7624 2011 BID-V7624 KJ189348.1 D L K V R
DENV1_Mexico_2011_BID-V7625 2011 BID-V7625 KJ189349.1 D L K V R
DENV1_Mexico_2012_BID-V8195 2012 BID-V8195 KJ189368.1 D L K V R

DENV1_Mexico_2015_CiudadJuarez 2015 CiudadJuarez MZ343259 E F R A K

3. Discussion

The findings herein represent the first reported isolation of a DENV from a patient
in Ciudad Juarez, Mexico, where previous serological evidence of DENV infection was
reported among a human cohort [6]. The patient’s clinical data were consistent with a
febrile illness with a DENV-1 viremia level of 5 × 102 PFU/mL in the plasma and the
consequent isolation of DENV-1 in C6/36 cells, in addition to being consistent with clinical
criteria routinely used for DENV isolation from clinical samples [7].

Viral replication of the DENV-1 isolate was higher in C6/36 cells than in Vero cells
(Figure 2); even though in vitro testing was performed, the findings suggested the ability
of the DENV-1 isolate to replicate in its mosquito vector in nature. Furthermore, a limited
number of passages were performed, restricting the adaptation of the DENV-1 isolate in
the mosquito cell line.

Mexico has experienced several large outbreaks of dengue in the last two decades
(2000–2019) causing more than 520,000 human cases [8]. Furthermore, most of the dengue
cases in the last 10 years were reported from the northern states of Mexico, where DENV-1
and DENV-2 are the predominant serotypes. The DENV-1 isolate from this study clustered
with other Mexican and Central American strains of DENV-1 belonging to genotype V.
DENV-1 genotype V has been circulating in Mexico since the late 1970s and has experi-
enced several lineage replacements since its introduction, causing a high degree of genetic
variability [9]. Moreover, DENV-1 genotype V is widely distributed in the Americas, and
its clades are associated with distinct regions (South America, Caribbean, and Central
America) [10]. Furthermore, the presence of various country-specific DENV-1 founder
effects may have supported the geographical structure of DENV-1 genotype V in the
Americas [11].

Variation in the virus genome has been reported to be associated with virulence.
For example, amino-acid substitutions on the DENV E and NS3 proteins have resulted
in enhanced virulence in animal models and neurotoxicity, respectively [12,13]. Other
amino-acid substitutions on the DENV NS1, NS4B, and NS5 proteins have increased the
viral fitness in endemic regions [14]. Our study identified five amino-acid changes in
the DENV-1 isolate that were unique in comparison with other Mexican DENV isolates
(Table S1). Most of the changes involved amino acids with similar properties (e.g., NS1
(D139E), NS2 (K218R), and NS3(V332A, R338K)), which may not of have resulted in a viral
protein dysfunction. Furthermore, four amino-acid changes in the Ciudad Juarez strain
were also found in other DENV-1 strains, mainly from Asia. Briefly, NS1 139D was changed
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to N in strains from China (GIZ-11), French Polynesia (BID-V2939), Hawaii (Haw03663),
Japan (Mochizuki), Malaysia (P72-1244), and Thailand (606147 and ThD1-0081-82). NS2A
41L was changed to F in Brazil (SJRP-2271), China (GIZ-11), and India (715393) strains. NS3
332V was changed to A in Brazil (SJRP-2271), Gabon (Gabon2012), and Hawaii (Haw03663),
and changed to I in the Thailand (606147) strain. Lastly, NS3 338R was changed to K in the
French Polynesia (BID-V2939) strain [15].

The results suggested that the patient acquired DENV-1 infection in Ciudad Juarez
because no travel history was reported before the onset of illness. Moreover, that DENVs
are endemic in this urban community is supported by the observation that three individuals
seroconverted to DENV-1 infection during 2015 in Ciudad Juarez, and two of the three
were positive for dengue IgM antibody [6]. Furthermore, a total of 10 human DENV-1
infections were reported in Ciudad Juarez in 2015 [16], thus documenting that the DENV-1
is endemic in this Mexican border urban community, representing a possible source for
locally acquired DENV infections. A total of 12 dengue cases have been reported in Ciudad
Juarez during the last 5 years, with DENV-1 being the most frequent cause of cases (n = 11),
whereas a single case was caused by DENV-2 in 2019 [17–19].

An alternative explanation for our findings regarding the human cases of dengue
in Ciudad Juarez is the possibility of imported dengue cases resulting in secondary focal
and transient autochthonous transmission to cause one or more cases. The reported
occurrence of sporadic outbreaks of dengue attributed to autochthonous transmission from
1980 to 2013 in Brownsville, Texas, and surrounding communities was associated with
DENV-infected travelers returning from visits to the bordering Mexican city of Matamoros
during dengue epidemics in this community [20–22]. Thus, a low number of secondary
autochthonous cases may have been acquired from returning viremic travelers as a source of
infection, before going undetected, especially in areas without active surveillance programs;
furthermore, asymptomatic or silent DENV infections are more difficult to detect than
symptomatic cases [23,24].

Further longitudinal cohort studies in humans and mosquito surveillance are needed
to obtain a better understanding of the dynamics of DENV transmission in this Mexican
border community. Lastly, the vectorial capacity of Ae. aegypti mosquitoes from this
Mexican border region for DENV would help to provide information for predicting the
risk of DENV transmission.

4. Materials and Methods
4.1. Patient and Sample Collection and Processing

A 64 year old female housewife who resided in Felipe Angeles, Ciudad Juarez, Chi-
huahua (Mexico) experienced a febrile illness on November 2015, which was characterized
by an acute onset of chills, severe headache, fever, diarrhea, joint pain, bad taste in the
mouth, and decreased appetite. She sought medical attention, and medication was admin-
istered for symptomatic treatment. A venous blood sample was collected during the acute
phase of illness from the patient with a 6 mL vacutainer tube containing ethylenediaminete-
traacetic acid (EDTA) from the arm of the patient at her residence in the neighborhood
of Felipe Angeles, Ciudad Juarez, Chihuahua, Mexico (Figure 5). The blood sample was
centrifuged at 3000× g for 10 min, and the plasma was stored in aliquots of 0.5 mL at
−80 ◦C until tested for arboviruses in C6/36 and Vero-76 cells. A convalescent blood
sample was not available for antibody testing. In addition, the female patient did not report
any travel history prior to the onset of symptoms. The deidentified medical history and
deidentified blood sample were provided by one of the authors (A.M.C.) to another author
(D.M.W.) at the University of Texas at El Paso (UTEP), Texas, to test for arboviruses. The
patient was enrolled in accordance with the Ethics Committee at the Institute of Biomedical
Sciences of the Universidad Autonoma de Ciudad Juarez, Mexico, using a written informed
consent form and a questionnaire to obtain demographic and clinical information.
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4.2. Viral Isolation

The plasma sample was diluted 1:10 in cell culture maintenance medium (Minimum
Essential Medium (MEM) supplemented with 2% fetal bovine serum (FBS), 1% penicillin–
streptomycin, and 1% non-essential amino acids). Two hundred microliters of the diluted
plasma sample was inoculated onto confluent monolayers of Vero-76 and C6/36 cells
propagated in a T-25 cm2 flask and incubated for 1 h at 37 ◦C and 28 ◦C in the presence
of 5% CO2, respectively. Then, 5 mL of the maintenance medium was added to each
culture, and the cells and inoculum were incubated for 7 days at 37 ◦C and 28 ◦C in 5%
CO2. Confluent monolayers of Vero-76 and C6/36 cells were inoculated with maintenance
medium to serve as controls. The cells were observed for evidence of viral cytopathic
effect (CPE) once daily through an inverted microscope. Then, 7 days post inoculation,
the Vero and C6/36 cells were scraped off the flasks and the suspensions were clarified
by centrifugation at 3000× g for 10 min at 4 ◦C. The clarified cells and supernatants were
stored at −80 ◦C and labeled as passage 1 (p-1). The cell pellets were resuspended in
phosphate-buffered saline (PBS) 1×, and aliquots of 20 µL were spotted onto the ringed
areas of slides and dried and fixed in cold acetone at −20 ◦C for 10 min, before storing
at −20 ◦C for subsequent testing of the cell pellets for selected arboviruses using an
immunofluorescence assay.

4.3. Immunofluorescence Assay (IFA)

The IFA was performed on the cell pellet fixed to the ringed area of the slides using
polyclonal antibodies for West Nile, Saint Louis encephalitis, DENV serotypes 1 and 2
(DENV-1, DENV-2), Chikungunya, Western equine encephalitis, and La Crosse. Further-
more, DENV-1 monoclonal antibody (15F3) ascites were included in the test. Briefly, 10 µL
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of polyclonal or monoclonal antibodies were added to the cell pellets of the slide and
incubated at 37 ◦C for 1 h. Then, the slides were washed twice in PBS 1× and dried,
before adding 10 µL of goat anti-mouse IgG antibody conjugated with fluorescein isothio-
cyanate (1:100 diluted in PBS 1×) and incubating at 37 ◦C for 1 h. DAPI (4′,6-diamidino-2-
phenylindole) was used as a counterstain (1:1000 dilution). The slides were washed twice
in PBS 1× and dried, before adding a drop of a glycerol solution (nine parts glycerol + one
part PBS) onto the ringed area of the slides. Slides were examined for fluorescence using a
20× objective on a fluorescent microscope (Nikon, Ti-S). Slide controls containing known
infected cells with each of the test viruses and/or uninfected cells were subjected to the
same procedure. A Flavivirus was detected by IFA using Flavivirus polyclonal antibodies
and shown to be DENV-1 using DENV-1 monoclonal antibody.

4.4. Viremia Levels

Tenfold dilutions of the patient’s plasma sample were prepared in maintenance
medium, and 50 µL of each dilution was inoculated into a suspension of baby hamster
kidney cells (BHK-21 clone 15) propagated in 24-well plates. A plaque assay was then
performed to determine the titer of the DENV-1 isolate as described previously [25].

4.5. Molecular Identification

RNA was extracted from the Vero-76 and C6/36 cells infected with DENV-1 (p-1)
using the QIAamp viral RNA kit (Qiagen, Valencia, CA, USA), following the manufac-
turer’s protocol. A generic reverse-transcription polymerase chain reaction (RT-PCR)
assay was performed to detect nucleic acid from Flaviviruses, as previously described [26].
The amplicons obtained were purified and sequenced using the BigDye® Terminator 3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA), with the sequencer
3730xl DNA analyzer (Applied Biosystems). Sequences were edited with the Sequencher
4.6 software (Gene Codes Corporation, Ann Arbor, MI, USA) and compared to other viral
sequences deposited in the GenBank database using the BLASTn analysis.

4.6. Envelope Gene Sequencing

The pre-membrane (preM) and envelope (E) genes of the DENV-1 isolate (p1) were am-
plified by RT-PCR [27,28]. Phylogenetic analysis of the E gene of DENV-1 was performed
using neighbor joining and maximum probability analysis implemented in MEGA7 [29].
The best-fit model (GTR+ I + G) was determined by the Mr. Model test software. Clades
were evaluated by bootstrap analyses with 1000 replicates for maximum probability anal-
yses. Initial trees for the heuristic search were obtained automatically by applying the
Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the
maximum composite likelihood (MCL) approach and then selecting the topology with the
superior log-likelihood value.

4.7. Viral Whole-Genome Sequencing

DENV-1 RNA was prepared using the NEBNext Ultra II RNA Library Prep Kit (New
England BioLabs, Ipswich, MA). Finished libraries were quality-checked on an Agilent
Bioanalyzer (Agilent, Santa Clara, CA, USA) and quantified by real-time PCR. Libraries
were pooled and sequenced on a NextSeq 550 (Illumina, San Diego, CA, USA) using the
High-output kit (Illumina, San Diego, CA, USA) and a paired-end 75 base read protocol.
Raw reads were filtered to remove low-quality reads and adapter sequences using the
Trimmomatic package [30]. The read assembly program ABySS was used to assemble the
filtered reads into longer de novo contigs to assemble the genome. The genome sequence
of DENV-1 was submitted to GenBank with the accession number MZ3432597.

Sixty-eight DENV-1 sequences, as well as DENV-2 New Guinea C to root the tree, were
downloaded from GenBank (Table S1). The resulting set of 69 strains from GenBank plus the
2015 isolate from Ciudad Juarez, Mexico, were aligned using Clustal Omega in MegAlign
Pro version 17.0.0 (DNASTAR Inc., Madison, WI, USA) and trimmed to remove the 5′ and



Pathogens 2021, 10, 872 9 of 11

3′ UTRs. Maximum-likelihood analysis was performed using the phangorn package [31]
in R version 3.5.3 (R Core Team 2017). The GTR + G + I model of nucleotide substitution
was selected from the 24 options analyzed as part of the model test analysis in phangorn
on the basis of minimizing the AIC score. A maximum likelihood tree was generated
using a rooted UPGMA tree as a starting point, and bootstrapping was performed with
1000 iterations. The resulting tree was visualized using iTOL version 5.7 [32].

4.8. Replication Curve

The infectivity replication curve of the DENV-1 isolate was determined in Vero-76 and
C6/36 cells by plaque assay in BHK-21 clone 15 cells [6]. The C6/36 cells were grown in a
T-75 cm2 flask and inoculated with the DENV-1 isolate (p-1 from C6/36 cells supernatant)
at a multiplicity of infection (MOI) of 0.01. Cells were harvested once CPE became evident
at 7 days post infection (dpi), and aliquots of the clarified supernatant (p-2) were stored
at −80 ◦C until used to determine the virus infectivity replication curves. Briefly, Vero-76
and C6/36 cells were inoculated in triplicate with the DENV-1 suspension (p-2) at an MOI
of 0.01 and incubated at 37 ◦C and 28 ◦C, respectively, for 1 h. Then, the inoculum was
removed, and the cells were washed three times with sterile PBS 1× pH 7.4. Five milliliters
of maintenance medium was added to cells of each flask, and a 0.5 mL aliquot was collected
immediately (time point 0) and replaced with 0.5 mL of new medium. Cells were incubated
as mentioned above, and aliquots were collected and replaced with new medium every
day until 10 dpi. Timepoint aliquots were tested to determine virus infectivity titers by
plaque assays on BHK-21 clone 15 cells. Statistical differences in the viral replication titers
were determined using Student’s t-test.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10070872/s1: Table S1. DENV strains for phylogenetic analysis. Strain names,
accession numbers, and country and year of collection are included.
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