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Abstract In order to gain insight into the genetic vari-
ability of dengue virus type 3 (DENV-3) genotype III
isolated in the Latin American region, phylogenetic anal-
ysis were carried out using envelope (E) gene sequences
from 57 DENV-3 genotype III strains isolated in 11 Latin
American countries. At least six different genotype III
clades were observed. Amino acids substitutions were
found in domain III E protein neutralization epitopes and in
surface-exposed domain II and III E protein amino acid
sequences.

Nucleotide sequence data reported are available in the EMBL
database under accessions numbers FM246466 through FM246471
and FM246473.
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Dengue virus (DENV) is a member of the genus Flavivirus
of the family Flaviviridae. DENVs are mosquito-borne
flaviviruses with a single-stranded, nonsegmented, posi-
tive-sense RNA genome of approximately 11 kb in length
[34]. Dengue viruses are comprised of four distinct sero-
types (DENV1 through DENV4), which are transmitted to
humans through the bites of two mosquito species: Aedes
aegypti and Aedes albopictus [7].

DENYV causes a wide range of diseases in humans, from
the acute febrile illness dengue fever (DF) to life-threat-
ening dengue hemorrhagic fever/dengue shock syndrome
(DHF/DSS). DENV has become endemic to many Latin
American countries in the last 25 years [40]. Just in Brazil,
a total of 4,243,049 dengue cases have been reported
between 1981 and 2006, including 5,817 cases of DHF/
DSS [29].

Based on sequences of the complete envelope (E) gene,
and using a cut-off of 6% divergence, each DENV serotype
can be divided in different genotypes [35]. In the case of
DENV-3, this serotype has been divided into four geno-
types (I-1V) [16, 21, 25], sometimes including a genotype
V [8].

The emergence of DHF in Sri Lanka in 1989 coin-
cided with the appearance there of a new DENV-3
genotype III variant, which spread from the Indian sub-
continent into Africa and Latin America [25]. In 1998/
1999, DENV-3 genotype III was introduced into Carib-
bean countries such as Puerto Rico, Barbados, Jamaica,
and Martinique, and finally in 2000, into South America
[2-4, 25, 30-33, 42].

Despite that the Sri Lankan DENV-3 genotype III and
associated American isolates have been linked to severe
disease epidemics [38], little is known about the degree of
genetic variability among DENV-3 genotype III isolates
circulating in the South American region.

@ Springer


http://dx.doi.org/10.1007/s00705-009-0343-7

700

D. de Mora et al.

In order to gain insights into these matters, we first
obtained serum samples from 23 Ecuadorian patients pre-
senting dengue-like syndromes from Instituto Nacional de
Higiene y Medicina Tropical “Leopoldo Izquieta Perez” at
Guayaquil, Ecuador. All samples from these patients were
found to be positive for dengue infection by the presence of
immunoglobulin M (IgM), elevation of specific IgG, or
both, using an “in-house” dengue virus-specific enzyme-
linked immunosorbent assay (ELISA IgM Capture). In
order to assign each Ecuadorian DENV strain to an
appropriate serotype, serum samples from patients who
tested positive in the serology assays underwent reverse
transcription-PCR (RT-PCR), using a multiplex PCR
method according to Harris et al. [14]. By these means, it
was possible for us to assign 9 of the 23 Ecuadorian strains
to the DENV-3 serotype (not shown). Then, serum samples
from patients assigned to DENV-3 underwent RT-PCR
according to Aquino et al. [2] in order to obtain amplicons
containing the full-length sequences from the DENV
envelope (E) gene. To avoid false positive results, the
recommendations of Kwok and Higuchi [20] were strictly
adhered to. Amplicons were purified using a QIAquick
PCR Purification Kit from QIAGEN, according to
instructions from the manufacturers. The sequence reaction
was carried out using the Big Dye DNA sequencing
kit (Perkin—Elmer) on a 373 DNA sequencer apparatus
(Perkin—Elmer). Both strands of the PCR product were
sequenced in order to avoid discrepancies. Envelope (E)
gene nucleotide sequences from the DENV-3 Ecuadorian
strains, corresponding to position 1014 through 2413 of the
DENYV genome (relative to the sequence of DENV-3 strain
NCO001475) were obtained. These sequences were depos-
ited in the EMBL database under accession numbers
FM246466 through FM246473, (see also Supplementary
Material Table 1).

To study the degree of genetic variability of DENV-3
genotype III strains isolated in the Latin American region,
the DENV-3 E gene sequences obtained from the
Ecuadorian strains were aligned with 48 comparable
sequences of DENV-3 from strains isolated in 11 different
Latin American countries, the genotypes of which have
been described previously, as well as with 20 sequences
from all DENV-3 genotypes isolated elsewhere, using the
CLUSTAL W program [41]. For sequence names, country
of isolation, dates and accession numbers, see Supple-
mentary Material Table 1. All these sequences were
obtained by the use of the Flavitrack database [26]
(available at: http://carnot.utmb.edu/flavitrack/resultIndex.
php).

Once aligned, software from the Datamonkey Web-
server [19] (available at: http://www.datamonkey.org) was
used to identify the optimal evolutionary model for the
sequence dataset. Akaike Information Criteria and the
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Ln-likelihood indicated that the GTR model best fit the
sequence data. Using this model, maximum-likelihood
trees were constructed using software from the PhyML
program [13] (available at: http://www.phylogeny.fr/
phylo_cgi/phyml).

As a measure of the robustness of each node, we
employed an approximate Likelihood Ratio Test (aLRT),
which assesses whether the branch being studied provides a
significant likelihood gain in comparison with the null
hypothesis, which involves collapsing that branch but
leaving the rest of the tree topology identical [1]. aLRT
calculations were done using three different approaches:
(a) by using the minimum of f—based calculations; (b) by a
Shimodaira-Hasegawa-like procedure (SH-like), which is
non-parametric, and (c) by a combination of both (SH-like
and the minimum Xz—based calculations), which is the most
conservative option for these calculations [1]. We have also
used the bootstrap method (100 replications), as imple-
mented in the PhyML program [13]. No significant
differences were observed in the results found using these
four different approaches. The results of these studies are
shown in Fig. 1.

All strains in the tree cluster according to their genotype.
Genotype III strains cluster together, strains belonging to
the other DENV-3 genotypes cluster separately. These
clusters are supported by very high alLRT values, (see
Fig. 1).

Inside the genotype III cluster of strains isolated in
Latin America, different genetic clades can be observed.
Four clades, composed of strains isolated in Argentina,
Venezuela and Puerto Rico, can be observed. Most of
these clusters are supported by very high alLRT values
(Fig. 1, bottom). Besides these clades, strains circulating
in Latin American countries appear to group in two dis-
tinct genetic groups: one exclusively composed of all
Ecuadorian and Peruvian strains and strains isolated in
Cuba and Puerto Rico (see Fig. 1, top), and another
exclusively composed of all strains isolated in Bolivia,
Brazil and Paraguay (see Fig. 1, middle). In order to gain
insight into these matters, the same phylogenetic studies
were repeated using all strains isolated in those countries,
using strain L11427 (genotype I) as an outgroup. The
results of these studies are shown in Supplementary
Material Fig. 3. Two distinct genetic groups are clearly
observed, in agreement of very recent reports [18]. The
results of these studies show that at least six different
genotype III genetic clades have been circulating in Latin
America.

In order to gain insight into the diversification of
DENV-3 genotype III in the Latin American region,
envelope (E) gene sequences from strains representative of
different genotype III clades, as well as DENV-3 sequences
from strains belonging to different genotypes and isolated
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Fig. 1 Maximum-likelihood
phylogenetic tree analysis of
DENV-3 strains isolated in
Latin America. Strains in the
trees are shown by their
accession number for previously
described strains, followed by
their geographic location and
year of isolation in parentheses.
Ecuadorian strains are shown by
name, in italics, and indicated
by an arrow. The strain’s
genotype is indicated on the
right side of figure or in
parentheses. For strain names
and year of isolation, see
Supplementary Material

Table 1. Numbers at the
branches show aLRT values,
calculated using a Shimodaira-
Hasegawa-like procedure
(SH-like). For results found
using the minimum of y*-based
calculations, a combination of
both methods (SH-like and the
minimum xz—based
calculations), or by using the
bootstrap method, see
Supplementary Material Fig. 2.
The bar at the bottom of the
figure denotes distance. Clades
found in genotype III strains
circulating in the Latin
American region are highlighted
in gray
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elsewhere, were aligned with corresponding sequences
from DENV-3 strain CH53489 (accession No. M86733),
for which the structure of the E protein (residues 1-393) has
been determined by X-ray crystallography [27] (Protein
Data Bank accession code: 1uzg), using the CLUSTAL W
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94! !
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)

program [41]. This strain belongs to DENV-3 genotype II
(see Supplementary Material Fig. 1). Once aligned, using
the MEGA 3 program [20], sequences were translated into
amino acids. The results of these studies are shown in
Fig. 2.

@ Springer



702

D. de Mora et al.

CH53489
AY038605
DQ118865
DQ118866
DQ118884
DQ118885v
DQ118886
DQ177886
DQ177887
DQ177888
DQ177889
DQ177890
EC4860
EC5080
EC8241
EC8801
EC9110
EC9233
EC9266

DO177898
EU596492
EU596493
EU596494
DQ367720
DQ371245

Brazil, III)
Brazil, III)
Brazil, III)
Paraguay, III)
Paraguay, III)
Paraguay, III)
Bolivia, III)
Bolivia, III)
Peru, III)
Peru, III)
Peru, III)
Ecuador, III)
Ecuador, III)
Ecuador, III)
Ecuador, III)
Ecuador, III)
Ecuador, III)
Ecuador, III

Ecuador, III

Puerto Rico, III)
Puerto Rico, III)
Puerto Rico, III)

Venezuela, III)
Venezuela, III

27

50

81 100

1
HGGCVTTMAKNKPTLDIELQKTEATQLATLRKLCIEGKITNITTDSRCPTQGEAILPEEQDQONYVCKHTYVDRGWGNGCG

DQ367721
DQ367722
L11435
L11431
L11436
AY099336
AF147460
AY145713
L11426
L11427
L11439

)
Venezuela, III)
Venezuela, III)
Samoa, III)

Sri Lanka, III)
Sri Lanka, III)
Sri Lanka, III)
Malaysia, II)
Thailand, II)
Indonesia, 1I)
Malaysia, I)

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

( )
DQ177899 (Ecuador, III)

( )

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(

(Tahiti, IV)

Fig. 2 Alignment of DENV-3 E protein amino acid sequences.
Previously described strains are listed by accession number for strains
on the left side of the figure, followed by their geographic location of
isolation and genotype in parentheses. Ecuadorian strains are listed by
name. Identity to the CH53489 strain amino acid sequence is
indicated by a dash. Amino acids positions (relative to strain

DENV-3 E protein resembles its homolog of DENV-2 in
its dimeric structure and in the details of its protein folding
[28]. Each monomer consists of three domains: domain I,
an eight-stranded f-barrel, which organizes the structure;
domain II, which contains 12 ff-strands and two o-helices;
and domain III, which is an IgC-like domain, with 10
f-strands. In solution and in the crystals, two monomers of
E assemble head to tail to form a dimer [27].

As it can be seen in Fig. 2, different amino acid changes
shared by all genotype III strains can be observed in all E
protein domains. Interestingly, amino acid changes in
position 329 are only observed in strains of genotype III
isolated in Peru, Ecuador and Venezuela. This is also
shared with a genotype II strain (see Fig. 2). This alanine
(A)-to-valine (V) substitution implies a change of a
hydrophobic amino acid by another hydrophobic but ali-
phatic amino acid. Regarding the putative effect of this
change on the structure, V has an additional property that
might be considered: while most of the amino acids contain
only one non-hydrogen substituent attached to their C-beta
carbon, V contains two. This means that there is a lot more
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CHS53489) are shown by numbers at the top of the alignment.
Sequences corresponding to E protein domains I, IT and III are shown
in bold, underlining and italics, respectively. Surface-exposed
sequences previously identified on the dimeric DENV-3 E protein
are shown in gray [9]. Potential ELK/KLE-type and KELK/KLEK-
type motifs are shown in italics, bold and underlined [9]

bulkiness near the protein backbone. Whether this may
relate to escape of immune recognition or neutralization
remains to be established.

Amino acids substitutions shared by all genotype III
strains can also be observed at positions 301 and 383.
These changes are non-conservative, since substitution at
position 301 involves a change of leucine (L) (a hydro-
phobic aliphatic non-polar amino acid) to threonine (T) (a
polar amino acid), while substitution at position 383
involves a change of lysine (K) (a positive charged polar
amino acid) to asparagine (N) (an uncharged polar amino
acid) (see Fig. 2). Moreover, amino acids substitutions at
these positions have been previously reported to be
involved in neutralization epitopes [15, 17].

An asparagine (N) at position 388 was found in all
strains included in these studies (see Fig. 2). Previous
studies have shown that an asparagine at this position
appears to cause increased incidences of hemorrhagic fever
[22].

In order to map the amino acids substitutions on the
DENV-3 E protein structure, and to study the differences



Dengue virus type 3 genotype III in South America

703

CH53489
AY038605
DQ118865
DQ118866
DQ118884
DQ118885
DQ118886
DQ177886
DQ177887
DQ177888
DQ177889
DQ177890
EC4860
EC5080
EC8241
EC8801
EC9110
EC9233
EC9266E
DQ177899
DQ177898
EU596492
EU596493
EU596494
DQ367720
DQ371245
DQ367721
DQ367722
L11435
111431
L11436
AY099336
AF147460
AY145713
L11426
L11427
L11439

Fig. 2 continued
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Fig. 2 continued

found among DENV-3 genotype IIl E proteins and the
E protein structure of CHS53489 strain, we employed
An Interactive Server-side Molecule Image Generator
(AISMIG) [6]. The results of these studies are shown in
Fig. 3.

Amino acid substitution at position 329 of domain III,
found in E proteins from strains isolated in Ecuador, Peru
and Venezuela, is situated in previously identified surface-
exposed amino acids in the DENV-3 E glycoprotein [27,
28] (see Fig. 3).

The amino acid substitution at position 132 of domain II
observed in DENV-3 genotype III E protein sequences is
also situated in surface-exposed amino acids of the DENV-
3 E protein (see Fig. 3) [9].

Recent and older studies have shown that escape
mutants that map to serotype-specific residues are not
evenly distributed throughout the E protein structure;
instead, they lie exclusively in domain III [5, 11, 12, 23, 24,
217, 39].

Very recent studies have shown that domain III of the
E protein is recognized by monoclonal antibodies raised
against nonstructural-1 (NS1) DENV-2 protein [9]. This
may have important consequences for the pathogenesis
caused by DENV, since human immunoglobulin G (IgG)
polyclonal antibodies (PAbs) generated against DENV
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NS1 protein is detected only during the convalescent
phase in primary DENV infections but it is strongly
identified during the acute phase of secondary DENV
infections [37], indicating that they may play a role in
DHEF/DSS. During DENV infection, human PAb respon-
ses are generated to multiple acidic (E or D), aliphatic/
aromatic (G, A, I, L or V/F, W, or Y), or basic (K or R)
amino acids or ELK- or KELK-type motifs present in
either orientation on the DENV NSI protein, and these
responses are higher in DSS patients than in patients with
mid disease [10]. The location of these epitopes on the
DENV-3 E protein may help to explain their pathogenic
capacities through increased antibody-enhancement repli-
cation of DENV [9].

The localization of all these mutations in domain III is
significant, because domain III have been proposed to bind
to cell-surface receptor [27]. The most likely mechanism of
neutralization by antibodies recognizing epitopes on
domain III is inhibition of cellular attachment. Neverthe-
less, studies have suggested that inhibition of viral
attachment by these antibodies is relatively low and that
other factors may contribute to neutralization [36].

The results of these studies revealed the presence of at
least six different genetic clades of DENV-3 genotype III
circulating in the Latin American region (Fig. 1). Although
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EC9233 (Ecuador, III) =  —————mm o Necm e
EC9266 (Ecuador, III) =  ————————m e E-———— P
DQ177899 (Ecuador, III) = ———m—mmm oo~ Neommm e
DQ177898 (Ecuador, III) =  ——————— e R
EU596492 (Puerto Rico, III) ——————m—m o Ne e e
EU596493 (Puerto Rico, III) ——————————m—m e A
EU596494 (Puerto Rico, III) —————————m—mm o .
DQ367720 (Venezuela, III)  ———————————mm e~ P
DQ371245 (Venezuela, III)  ——————————-—mm e~ Nemm e
DQ367721 (Venezuela, III)  ————————m o Necmm e
DQ367722 (Venezuela, III)  ——————————— e N
L11435 (Samoa, III) = =  ——————m e~ T —Ne—m—mmmmmm e
L11431 (Sri Lanka, III)  ———————— e I
L11436 (Sri Lanka, III)  —————————m e A
AY099336 (Sri Lanka, III)  —————————m—m e R
AF147460 (Malaysia, II) =  —————————m————m T--Ke——m—mmmmmmmmm
AY145713 (Thailand, II) —ommmmmmmmmmmo
L11426 (Indonesia, I) = ————mmmm e
L11427 (Malaysia, I) = —— oo
111439  (Tahiti, IV) —————mmmmmmmmmm e Tommem R e e e

Fig. 2 continued

Fig. 3 Structure of the protein E dimer of DENV-3. Residues
changes found in DENV-3 genotype III are shown in a space-filling
representation in black, magenta and blue for changes in domains I, II
and III, respectively, and their amino acids sequence positions are
shown by numbers

a high degree of genetic variation has been observed, the E
protein of these strains is relatively well conserved among
all clades (Fig. 2). Nevertheless, changes in specific amino

acids positions, particularly in protein E domain III or in
surface-exposed amino acids may have accounted for these
strains escaping neutralization and may help to explain, at
least in part, their particular phenotype characteristics (see
Figs. 2, 3).

More studies will be needed to characterize DENV-3
genotype III strains circulating in all regions of the world.
This will permit to design the more appropriate anti-viral
strategies against this important pathogen.
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