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Abstract: Dengue virus (DENV) is a leading mosquito-borne virus with a wide geographical spread
and a major public health concern. DENV serotype 1 (DENV-1) and serotype 2 (DENV-2) were first
reported in Africa in 1964 in Ibadan, Nigeria. Although the burden of dengue is unknown in many
African countries, DENV-2 is responsible for major epidemics. In this study, we investigated the
activities of DENV-2 to determine the circulating strains and to appraise the changing dynamics in
the epidemiology of the virus in Nigeria. Nineteen DENV-2 sequences from 1966–2019 in Nigeria
were retrieved from the GenBank of the National Center of Biotechnology Information (NCBI).
A DENV genotyping tool was used to identify the specific genotypes. The evolutionary history
procedure was performed on 54 DENV-2 sequences using MEGA 7. There is a deviation from Sylvatic
DENV-2 to other genotypes in Nigeria. In 2019, the Asian I genotype of DENV-2 was predominant
in southern Edo State, located in the tropical rainforest region, with the first report of the DENV-2
Cosmopolitan strain. We confirmed the circulation of other non-assigned genotypes of DENV-2 in
Nigeria. Collectively, this shows that DENV-2 dynamics have changed from Sylvatic transmission
reported in the 1960s with the identification of the Cosmopolitan strain and Asian lineages. Sustained
surveillance, including vectorial studies, is required to fully establish the trend and determine the
role of these vectors.

Keywords: dengue virus; ecotypes; sylvatic; Asian I; cosmopolitan strain; Nigeria

1. Introduction

Dengue is one of the most prevalent mosquito-borne viral infections and has emerged
as a global public health problem [1,2]. Over 3.5 billion people in tropical and subtropical
regions of more than 100 countries are at risk of dengue [3–5]. The disease is caused by any
one of four closely related dengue virus (DENV) serotypes, DENV-1, DENV-2, DENV-3, and
DENV-4, which belong to the family Flaviviridae, genus Flavivirus. Recent reports indicate
that there is a fifth serotype [6], with each of the serotypes further subdivided into genotypes
based on phylogenetic analysis. DENV is a positive-stranded ribonucleic acid (RNA) virus
with a lipid envelope. The genome size is about 11 kb, with just one open reading frame
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(ORF) that is flanked by untranslated sequences at the 5′ and 3′ regions [7]. The ORF
encodes one polyprotein that is divided into three structural (Capsid: C, Membrane: M, and
Envelope: E) and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5). There are eight genotypes, namely Ia, Ib, II, III, IV, V, Recombinant, and Laboratory
strains for DENV-1 and DENV-2. The latter is further subdivided into American, Asian-
America, Asia I, Asia II, Cosmopolitan, Sylvatic, Recombinant, and unknown genotypes.
DENV-3 has seven genotypes: I, II, III, IV, V, Recombinant, and unknown, while DENV-
4 has six genotypes I, IIa, IIb, III, Sylvatic, and Recombinant [7]. The envelope protein
facilitates infection through receptors as the virus interacts with the host cell. The E gene
has shown high mutation rates, which can prevent neutralizing antibody activity [8].

The 1997 WHO case definition for dengue emphasized that clinical manifestations
ranged from asymptomatic infection or mild dengue fever to dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS) [9]. This case definition was revised in 2009
to dengue and severe dengue [10]. About 390 million people in 100 countries are esti-
mated to be infected with dengue annually [3]. DHF causes over 30,000 deaths, especially
in the Asian-Pacific and American-Caribbean regions [11,12]. In recent times, DHF has
been reported to be emerging on the West African front [13]. Aedes species are the vectors
for dengue in Africa. Aedes aegypti is the primary vector, while Ae. Albopictus causes
milder infections [14,15]. Both vectors are abundant in the tropical rainforest region of
West Africa [16]. They spread as a result of human activity, such as international trade in
used tires and mosquito-breeding in water collected in tree holes, plant leaf axils, bamboo
stumps, rock pools, tins, cans, water storage containers, coconut shells, broken earthen
and hollow ceramics, as well as water basins near peri-domestic habitation [17]. Aedes
species are expanding their geographic space and appear unabated by several vector control
programs in many parts of Africa [10]. Due to increased rural-urban migration, unplanned
urbanization, population growth, and pesticide resistance of these vectors, dengue contin-
ues to spread without effective antivirals. The diversity of DENV genotypes and serotypes
hampers the development of effective tetravalent vaccines. Additionally, intra-serotype
genetic diversity in DENV results from recombination [18].

Since the nineteenth century, there have been reports of dengue in 34 African coun-
tries, with the DENV-2 serotype being responsible for most epidemics [19]. The DENV-2
Cosmopolitan genotype is the most common in Africa. It is estimated that 16% of the
annual global burden is in sub-Saharan Africa, but the epidemiology is underreported in
Africa [20]. The endemicity on the continent can be attributed to the abundant presence of
the Aedes species, limited access to diagnostic facilities that can quickly identify ill patients,
lack of standard healthcare facilities and awareness of the inherent danger of this neglected
tropical disease, and lack of standard treatment [21]. In the past five decades, dengue
outbreaks or sporadic infections have been reported in many countries in sub-Saharan
Africa [10], including reports among travelers visiting West Africa [22].

In Africa, DENV was first isolated from humans at the Virus Research Laboratory
Ibadan (now Department of Virology, Ibadan) in 1964 [23]. These included DENV-2 isolates
belonging to the sylvatic lineage [24]. Dengue continues to be misclassified in many parts
of Africa because of similar clinical signs and symptoms with malaria and other arboviral
conditions. A study conducted in some urban parts of the rainforest region of Nigeria
reported a rate of 23.4% active dengue, with high rates in April and August indicating
efficient dengue transmission to humans [25], hence the need for effective dengue diagnosis.
However, routine screening is not carried out because of ill-equipped laboratories and
poor funding for surveillance. Recent dengue infections in Nigeria have identified DENV-2
as predominant [26]. Therefore, in the study, we investigated active dengue infection
transmission patterns and described the genotypes and ecotypes of the circulating DENV-2
strains in Nigeria.
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2. Materials and Methods
2.1. Data Sources

The FASTA format of DENV-2 sequences submitted from 1966–2019 in Nigeria
was retrieved from the GenBank of the National Center of Biotechnology Information
(www.ncbi.nlm.nih.gov) on 14 February 2023. They were all used in the phylogenetic and
computational analysis.

2.2. Evolutionary History of DENV-2 Serotypes

A phylogenetic tree was constructed by comparing 17 DENV-2 sequences from Nigeria
with 37 reference sequences deposited in the GenBank from Asia, Africa, Europe, and
Australia. These reference sequences were randomly selected from DENV-2 serotypes
after the BLAST search on the NCBI, representing each group of the submitted isolates.
The New Guinea C prototype reference strain for DENV-2 detected in 1944 was included
in the analysis. Multiple sequence alignment was performed with the retrieved DENV-2
sequences. The evolutionary history was inferred by using the maximum likelihood method
based on the Tamura 3-parameter model [27]. The tree with the highest log likelihood
(-17064.51) was shown. The percentage of trees in which the associated taxa clustered
was shown next to the branches. Initial tree(s) for the heuristic search were obtained
automatically by applying 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 superior log likelihood value. The tree was drawn to scale, with
branch lengths measured in the number of substitutions per site. The analysis involved
54 nucleotide sequences. Codon positions included were 1st + 2nd + 3rd + Noncoding.
There were a total of 2354 positions in the final dataset. Evolutionary analyses were
conducted in MEGA7 [28] and rooted with branch lengths in the same unit as those of the
evolutionary distances. A DENV genotyping tool was used to identify the specific serotype
and genotype available at https://www.genomedetective.com/app/typingtool/dengue/
(accessed on 13 February 2023).

2.3. Computational Analysis

DENV-2 Asian and Cosmopolitan lineages with query coverage of 100% and 99–100%
identity were selected following a BLAST search in the GenBank, which included the
Mahidol PDK95 vaccine strain in the DENV-2 Asian lineage and DENV-2 New Guinea
C prototype. Sylvatic strains with query coverage of 100% and 82–100% identity were
selected. BioEdit Sequence Alignment Editor version 7.2.6.1 was used to assemble and
edit the DNA sequences [29]. Subtypes and genetic origins of the isolates were searched
in GenBank for related or identical reference sequences using BLAST (http://blast.ncbi.
nlm.nih.gov/Blast.cgi, accessed on 13 February 2023). The expasy tool from the Swiss
Bioinformatics Resource Portal was used to translate all nucleotides from the isolate and
reference sequences (https://www.expasy.org/, accessed on 13 February 2023). CLC Main
Workbench 8.1 (QIAGEN, Aarhus A/S) was used to establish multiple sequence alignments
of sequences from Nigeria and others received from GenBank. The software was further
used to identify the amino acid mutations in the isolates.

3. Results
3.1. Prevalence of Dengue Virus (DENV) and (DENV-2) Isolates Characterized in Nigeria

Nineteen DENV-2 isolates in Nigeria were deposited in the GenBank between 1966 to
2019 (Table 1). As far back as 1966, Sylvatic DENV-2 strains were identified in the human
population. In 2018, there was a shift, although the specific genotype could not be assigned
because the region of the virus that was identified was not sufficient for genotyping. In
2019, the first DENV-2 Cosmopolitan strain was reported in Saki West, Oyo State, where
dengue had not been previously documented. In 2019, a different twist was observed in
dengue epidemiology with the identification of the first Asian I genotype V in Edo State,
located in the southern part of Nigeria (Table 1). Figure 1 presents the global geographical
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distribution of the burden of DENV and DENV-2 serotypes in this study. Supplementary
File S1 contains a list of other DENV-2 serotypes from around the world.

Table 1. List of dengue virus serotype 2 obtained in Nigeria from 1966–2019.

SN Accession No. Genotype Strain Year Location Vegetation Source

1 EF105387.1 Genotype VI Sylvatic 1966 Ibadan, Nigeria Derived savannah Human
2 DQ341197.1 Genotype VI Sylvatic 1966 Ibadan, Nigeria Derived savannah Human
3 EF105388.1 Genotype VI Sylvatic 1966 Ibadan, Nigeria Derived savannah Human
4 EU003591.1 Genotype VI Sylvatic 1966 Ibadan, Nigeria Derived savannah Human

5 MK045282.1 * Unassigned Unassigned 2018 Lagos, Nigeria Mangrove, rainforest,
and freshwater swamp Human

6 MK045280.1 * Unassigned Unassigned 2018 Lagos, Nigeria Mangrove, rainforest,
and freshwater swamp Human

7 MT012480.1 Genotype II Cosmopolitan 2019 Saki West, Nigeria Derived savannah Human
8 MW341537.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
9 MW341538.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human

10 MW341539.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
11 MW341540.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
12 MW341541.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
13 MW341542.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
14 MW341543.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
15 MW341544.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
16 MW341545.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
17 MW341546.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
18 MW341547.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human
19 MW332260.1 Genotype V Asian I 2019 Benin, Nigeria Rainforest Human

* MK045282.1 and MK045280.1 could not be assigned to any genotype or strain; hence, they were not included in
the evolutionary analysis.
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3.2. Phylogenetics of DENV-2 Isolates in Nigeria and across the World

The evolutionary relationship of 54 DENV-2 isolates from different vegetation zones in
Nigeria and other geographical regions, such as India, Australia, Saudi Arabia, Cameroon,
Vietnam, Taiwan, Indonesia, Togo, Burkina Faso, Ghana, Senegal, Guinea, Cote D’Ivoire,
India, Tonga, Columbia, Venezuela, Mexico, Thailand, Jamaica, Papua New Guinea, and
China, are displayed in Figure 2. Nigerian strains identified in red are the four sylvatic
DENV isolates from humans during the dengue epidemic in 1966. They show a close
evolutionary relationship to sylvatic strains obtained from the Aedes species in Senegal in
1970 and 1974, in Cote d’Ivoire and Burkina Faso in 1980, and in Guinea in 1981. They also
show a close relationship with strains that caused dengue hemorrhagic fever in Venezuela
in 1991, in Mexico in 1995, and in Thailand in 1996. Further, they show a close association
with strains from Togo in 2019 and Cameroon in 2020 (both countries share land borders
with Nigeria). The DENV-2 Asian I genotype V strains in green detected in Nigeria are
closely related to strains identified in Thailand in 1974 and 1996. The DENV-2 Cosmopolitan
genotype VI identified in blue dots obtained from humans in Nigeria in 2019 is closely
related to similar strains reported in two people from Burkina Faso in 2016 and in Ghanaians
in 2017 (Figure 2).

3.3. Identification of Mutations in the DENV-2 Isolates

A multiple sequence alignment (MSA) was performed with the NS1, E/NS1, and POLY
genes of DENV-2, as shown in Figure 3. Despite the close relationship of the NS1, E/NS1,
and Polyprotein with sequences from other countries, there were significant mutations, as
shown in the pink box.

The MSA of the amino acid sequences of the NS1 protein of DENV-2 Asian lineage
I sequence in Nigeria with others from the GenBank highlighted mutations in specific
positions (903, 949, 997, 1022, 1039, and 1040) where amino acid mutations occurred in the
NS1 proteins of Nigerian isolates and DENV vaccine protein (top panel, Figure 3A,B).

The MSA of the amino acid sequences of the E/NS1 protein of Cosmopolitan DENV-2
in Nigeria isolate indicated no highlighted positions in the sequences, meaning there was
no amino acid mutation among the sequences. The MSA amino acid sequences of the
POLY protein of Sylvatic DENV-2 sequences revealed significant mutations in specific
positions (188, 388, 1370, 1532, 1615, 1671, 1897, 2658, 2902, and 3254) where amino acid
mutations occurred in the POLY proteins of Nigerian isolates (bottom panel, Figure 3D,E).
All these substitutions appear to be peculiar to Nigerian DENV-2 only, probably owing to
local differentiation.
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4. Discussion

In this study, we identified human dengue infection resulting from the DENV-2
Cosmopolitan strain in Nigeria. There have been several reports of dengue in Africa, but
only in the early 1960s was DENV detected in humans in West Africa. It was originally
discovered in Ibadan, the southwestern part of Nigeria, in 1960 [23]. Humans, Aedes
albopictus, and Aedes aegypti are actively involved in the maintenance of DENV in urban
areas [30]. As shown in the study, in the early days of dengue reporting in Nigeria, sylvatic
strains were identified because monkeys and Aedes species from the heavily forested parts
of the old Oyo Empire participated in the maintenance of DENV in the sylvatic cycle [30].
Nigeria and Senegal are two countries where this transmission cycle has been reported
in febrile patients in West Africa [23,31]. In recent times, sylvatic dengue has not been
linked to dengue fever in Nigeria; however, there are continuous reports in Senegal [32,33].
Although only Sylvatic DENV-2 has been reported in Africa, all four DENV serotypes have
been reported to be transmitted in the sylvatic cycle in southeast Asia [34,35]. Even though
there have been sporadic reports of dengue outbreaks in Nigeria since 1960, it is likely that
many other dengue outbreaks are unnoticed, undiagnosed, and hence unreported [36]. It
has been shown that Ae. aegypti subsp. formosus, which is the ancestral progenitor of Ae.
aegypti subsp. aegypti, plays a limited role in the Sylvatic DENV-2 transmission cycle in the
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forests of West Africa [37,38]. Hence, it is resistant to infection with Sylvatic-DENV [37,38],
and this may be why it is not so much of an issue in Nigeria, since it was reported that Ae.
albopitcus is now more preponderant in the country [16].

Similarly, rapid migration and a high mutation rate within genotypes of DENV-2
render it prone to constant evolutionary changes, with the possibility of the emergence
of new lineages [18]. In this study, we highlighted the first human dengue infection
resulting from the DENV-2 Cosmopolitan strain in Nigeria, and the detection of the Asian
I lineage in Benin–Edo State for the first time provided evidence of changing dynamics
in dengue epidemiology. The phylogenetic analysis revealed that they span different
geographic ranges, thereby supporting the theory that vegetation and climate play a
significant role in mosquito-population dynamics, which affects arboviral diseases in
Nigeria [2] and many parts of sub-Saharan Africa. The changes in the genotype landscape
from previously identified sylvatic strains in Ibadan, Oyo State, Nigeria, underpins the
silent infection of the DENV-2 Cosmopolitan strain in Saki, Oyo State, given that the
strain has not been reported either within the country or in the neighboring Republic
of Benin, with which it shares a land border. The particular patient had not traveled
outside the locality within two months prior to the infection, giving us grounds to suspect
that the infection was possibly an autochthonous transmission. It is plausible that active
infection by the DENV-2 Cosmopolitan strain is ongoing because it is the predominant
serotype/genotype in Africa [39].

The DENV-2 isolate detected in this study is the first Cosmopolitan strain in Nigeria
and represents the fourth DENV-2 serotype isolated in the country, highlighting a shift
from sylvatic lineage, or the addition of a new strain. This is an exciting finding because
it indicates that DENV-2 has adapted to humans and is possibly maintained in human–
mosquito–human transmission cycles, which no longer depends on animal reservoirs.
One reason for this occurrence is the changing agricultural patterns. In the early 1960s,
vegetation cover was thick in many parts of Oyo State, and most of the cases were detected
among visiting outpatients attending the University College Hospital from all over the state.
It is a different scenario from what was obtained in the Saki West area, where the present
Cosmopolitan strain was detected. Saki West is not an urban center, and deforestation
has led to increased agricultural activities, changing the virus–host–vector dynamics. It
had been previously observed that the separation of forest and human transmission cycles
reflected exclusive adaptation to their hosts (or vectors) [40], which may be at play in this
instance. In November 2016, two travelers returning from Ouagadougou in Burkina Faso,
West Africa, were diagnosed with non-complicated dengue fever in Marseille, France: a
25-year-old woman and a 28-year-old woman [41]. One of the four sequences (KY627763)
showed close relatedness to the isolate from Saki West in Nigeria, while another isolate
(GU131843), showing close homology to our isolate in this study, was isolated from a
patient in Burkina Faso in 1986. This finding implies that DENV-2 Cosmopolitan strain is
circulating in West Africa. In East Africa, DENV-2 Cosmopolitan genotypes were identified
in 2014 and 2015 in Kilifi, Kenya; in the Taita–Taveta county, Kenya, in 2016; and in Malindi,
Kenya in 2017, indicating sustained circulation of the Cosmopolitan strain in Kenya [42–44].
DENV-2 has not been reported in many West African countries, such as the Republic
of Benin, which borders Nigeria to the east (and is closely located near Saki), and Togo.
However, in 2017 two DENV-2 Cosmopolitan strains were identified from febrile patients in
Ghana [45], which clustered closely to the Cosmopolitan strain in this study. It is unknown
if the infected individuals in this study had a history of traveling to Ghana or outside
Nigeria. However, given the location of Saki West in the hinterland and the semi-rural
nature of the location, we are inclined to believe that there is a local transmission of DENV-
2 Cosmopolitan strain in Saki, West Nigeria. This is because there have not been recent
reports of sylvatic strains in Ibadan, given its proximity to Saki. The role of mosquitoes
in the transmission of dengue in Saki West should be investigated, as DENV serotypes
have been reported in eight ecological zones in Nigeria [46], and recent studies identified
DENV-3 in Aedes species in Benue State, North Central Nigeria [47].
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Several Asian I lineages were identified from different people in the same location in
2019. This is unprecedented; however, it is not clear if the source of transmission is local or
imported, as the strain was hitherto largely confined to southeast Asia and parts of Latin
America. Given the number of people from whom it was detected, there is sufficient reason
to believe that the DENV-2 Asian I lineage is circulating in the Edo State, located in the
tropical rainforest with heavy vegetation cover with intense breeding of Aedes species. More
surveillance activities should be instituted in the area. Mutations in DENV-2 sequences
in Nigeria show that evolutionary changes are taking place, and these must be monitored
wholly along the entire length of the genome. Full-length sequencing of isolates should
be considered in the future to fully elucidate the evolutionary changes and how they
affect antigenicity, virulence, and phenotypic manifestations. A sublevel cluster analysis of
sylvatic strains confirmed the presence of two lineages within the sylvatic genotype. All
the sylvatic strains isolated from African countries (such as Senegal, Burkina Faso, Cote
d’Ivoire, and Nigeria) formed a single cluster called S1 lineage.

On the other hand, the other isolates from other parts of the world belong to the S2
lineage. An earlier study reported the genetically distinct nature of the sylvatic strains from
Malaysia and Africa [48]. Apart from the difference in the geographic origin, the strains
from S1 and S2 lineages were observed to have distinct hosts. The strains of S1 lineage
were isolated from either the mosquito or human host, whereas the S2 isolate was isolated
from a monkey-like host; hence, this genetic diversity within the sylvatic genotype could
be attributed to geographic origin and the host environment [7].

The mutations S903L, K949R, N997S, L1022F, I1039T, and T1040A found in all the
DENV-2 of Asian lineage I isolates for the NS1 protein and DEN vaccine protein indicate a
unique use of DENV-2 Asian lineage I as a vaccine candidate in Nigeria when compared
with other strains. This was in contrast to a study where the E protein was used for subunit
vaccines for DENV serotypes 1 to 4 [49]. Further, non-synonymous mutations I188V,
A388V, I1370T, F1532L, F1615L, T1671K, T1897I, I2658T, E2902K, and S3254N observed
in the DENV-2 of Sylvatic lineage for POLY protein appeared to be peculiar to Nigerian
DENV-2 only, owing to local differentiation. Further research is necessary to determine
the potential impact of these substitutions. The absence of notifiable changes seen in the
amino acid of E/NS1 protein in all the DENV-2 of the Cosmopolitan lineage indicates no
mutation of this strain. This strain serves as a useful reference for the development of
regional diagnostics and research projects aiming at comprehending DENV evolution and
transmission in Nigeria.

We acknowledge the following limitations in this study. Only 17 of the 19 sequences
from Nigeria retrieved from the GenBank and VIPR were used for the phylogenetic analysis;
2 sequences from Lagos, Nigeria, in 2018 could not be included in the analysis as they
were unassigned using the genotyping tool. There is a likelihood that other genotypes and
strains could be identified with enhanced testing and detection strategies in autochthonous
transmission cycles. Additionally, the sequences analyzed from Nigeria were based on
publicly available sequences from 1966, 2018, and 2019. Complete genome sequence data
are available for DENV-2 strains across many parts of the world, but this is lacking in
Nigeria and is another limitation observed in this study.

5. Conclusions

In summary, this study identified human dengue infection resulting from the DENV-2
Cosmopolitan strain in Nigeria that necessitated sustained molecular surveillance in Nige-
ria to fully understand the dynamics of dengue epidemiology. Serotypic and genomic
surveillance of dengue is important for early detection, identification of new introductions
of genotypes associated with severity or higher transmissibility, or monitoring the emer-
gence of sylvatic strains and genotypes. It is important for patient management because
some clinicians are not aware of the high incidence of dengue; hence, it is not listed as a
major cause of fever among patients in many parts. With the lack of currently available
therapeutics for the treatment of dengue, this study also reinforces the need for vector
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control as an effective prevention strategy. The study reinforces the One Health approach
to effectively identify dengue, both in hospital settings and at the animal–human–vector
interphase, and to efficiently reduce the Aedes species population to control the spread
of DENV. Additionally, there is a need to establish and maintain a national monitoring
system for DENV and other arboviruses and to retrain healthcare professionals to diagnose
dengue promptly. There is also an urgent need to provide better funding for research
activities on DENV for comprehensive interventions that will lead to sequencing efforts
and for improved phylogenetic analysis that will inform discussions on host interaction
and transmission cycles. The outcomes will enhance understanding of the global DENV 2
genotype landscape and indicate the strains to be used in vaccine research, as vaccine
development should take into account sylvatic strains from Nigeria and parts of West
Africa where they were historically reported and continue to reemerge.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/vaccines11030547/s1, File S1: Dengue virus 2 isolates from across
the different continents of the world.
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