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Dengue virus is an arbovirus that replicates alternately in the mosquito vector and human host. We
investigated sequences of dengue type 3 virus in naturally infected Aedes aegypti mosquitoes and in eight
patients from the same outbreak and reported that the extent of sequence variation seen with the mosquitoes
was generally lower than that seen with the patients (mean diversity, 0.21 versus 0.38% and 0.09 versus 0.23%
for the envelope [E] and capsid [C] genes, respectively). This was further verified with five experimentally
infected mosquitoes (mean diversity, 0.09 and 0.10% for the E and C genes, respectively). Examination of the
quasispecies structures of the E sequences of the mosquitoes and of the patients revealed that the sequences
of the major variants were the same, suggesting that the major variant was transmitted. These findings support
our hypothesis that mosquitoes contribute to the evolutionary conservation of dengue virus by maintaining a
more homogenous viral population and a dominant variant during transmission.
Dengue viruses are members of the genus Flavivirus of the
family Flaviviridae. There are four serotypes of dengue viruses,
DEN-1, DEN-2, DEN-3, and DEN-4. Over the past 20 years,
epidemics caused by the four dengue viruses have emerged as
one of the major public health problems in tropical and subtropical regions (4, 6, 18, 30). Dengue virus contains a positivesense single-stranded RNA genome. Flanked by two nontranslated regions, there are three structural genes, the capsid (C),
precursor membrane (PrM), and envelope (E), at the 5⬘ onefourth and seven nonstructural genes at the 3⬘ three-fourths (4,
14).
Dengue virus is transmitted to human by the bite of an
infected mosquito. Aedes aegypti is the principle vector involved in the urban transmission cycle (4, 10, 22). After a
female mosquito ingests a blood meal from a patient infected
with dengue virus, viral replication is initially found in the
posterior midgut of the mosquito and then in the proventriculus and in other organ systems. Dengue virus appears in the
salivary gland after an extrinsic incubation period of 8 to 12
days, when the mosquito becomes capable of transmitting it to
another human host (10, 20, 22). Following an incubation
period of 3 to 14 days, the infected individuals may be asymptomatic or present a mild and self-limited illness, dengue fever
(DF), or a severe and potentially life-threatening disease, dengue hemorrhage fever-dengue shock syndrome (DHF-DSS) (4,
30).
The genetic stability of arboviruses that replicate alternately
in the vertebrate and arthropod hosts has been well docu* Corresponding author. Mailing address: Institute of Microbiology,
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mented previously (13, 27, 28). In the case of DEN-3 virus, it
has been reported that the amino acid similarity of the PrM/E
proteins was more than 95% over a 36-year period (13). Previously, it was reported that dengue virus, like other RNA
viruses, is present as a population of closely related sequences,
the quasispecies, in the human host (2, 3, 8, 16, 24, 25). The
extent of sequence variation of dengue virus in the mosquito
vector and how the quasispecies structure changes during
transmission between human and mosquitoes remain unknown. We hypothesized that mosquitoes may contribute to
the genetic stability of dengue virus by maintaining a more
homogenous viral population and/or selecting a dominant variant. In this study, we investigated dengue virus sequences derived from field-captured A. aegypti mosquitoes in comparison
with those obtained from eight patients during a DEN-3 outbreak in southern Taiwan in 1998 (9). We analyzed sequence
variation of both the E and C genes as well as the quasispecies
structures in the mosquitoes and patients. Moreover, sequence
variation in five experimentally infected mosquitoes was also
examined.
During the outbreak, attempts were made to capture mosquitoes in pools from different districts for virus isolation. Each
pool of mosquitoes was macerated in 100 l of minimal essential medium (Invitrogen, San Diego, Calif.), triturated on ice,
centrifuged, and filtered through a 0.22-m-pore-size filter,
and an aliquot of the filtrate was inoculated into C6/36 cells
and monitored by an indirect immunofluorescent assay for 7 to
10 days. One pool, which was derived from 22 female A. aegypti
mosquitoes captured at the central district of Tainan City, the
major area of the outbreak, yielded DEN-3 virus. To study
dengue viral sequences in the naturally infected mosquito, the
remaining filtrate was subjected to viral RNA isolation and
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FIG. 1. Schematic diagram of the dengue virus genome and the C
and E regions examined in this study. The relative positions of the
PCR primers are shown. The sequences of the primers were as described previously (25, 26). NTR, nontranslated region; C, capsid;
PrM, precursor membrane; E, envelope; NS, nonstructural.

reverse transcription-PCR (RT-PCR) to amplify a 430-nucleotide region covering the domain III of the E gene as described
previously (17, 21, 25) (Fig. 1). Each PCR product was cloned
to the TA cloning vector, PCRII-TOPO (Invitrogen), and 21
clones derived from two separate PCRs were completely sequenced, aligned, and analyzed as described previously (11,
25).
There were 17 nucleotide substitutions, of which 9 were
silent and 8 were nonsilent. The mean diversity, which is the
number of substitutions divided by the total number of nucleotides sequenced, was 0.21% (Table 1) (25, 32). The deduced
amino acid sequences of the 21 clones were also aligned.
Within the 131-amino-acid region analyzed, there were 13
clones with identical sequences and eight amino acid substitutions in other 8 clones (Fig. 2A). Pairwise comparison of amino
acid sequences of individual clones revealed that the pairwise
p-distance ranged from 0 to 1.53% (mean, 0.58%). We next
examined another gene, the C gene, through RT-PCR of a
360-nucleotide region covering the entire C gene (Fig. 1) (26).
Among the 21 clones examined, there were six nucleotide
substitutions out of 6,678 nucleotides sequenced, corresponding to a mean diversity of 0.09% (Table 1). Pairwise comparison of amino acid sequences revealed a mean p-distance of
0.27% (range, 0 to 2.83%). These findings indicated that

DEN-3 virus is present as quasispecies in the mosquitoes, albeit as a relative homogenous population.
To compare the extent of sequence variation in mosquitoes
with that in human hosts, dengue viral RNA derived from
acute plasma samples of eight confirmed DEN-3 patients (including four DF and four DHF cases according to the WHO
definition) (7, 12, 30), who live in the same district or in nearby
districts, was subjected to RT-PCR and clonal sequencing. For
the E gene, ten to fifteen clones from each patient were sequenced and analyzed. The mean diversity ranged from 0.15 to
0.59%, and the overall mean diversity was 0.38%, which was
higher than that determined for the mosquitoes (Table 1).
Pairwise comparison of amino acid sequences revealed a more
homogenous population in the mosquitoes than in the patients
(Fig. 3A and C). For the C gene, ten clones from each patient
were analyzed as reported previously (26). The mean diversity
ranged from 0.13 to 0.41%, and the overall mean diversity was
0.23%, which, in agreement with the results observed for the E
gene, was higher than that in the mosquitoes (Table 1). Taken
together, these findings indicated that the extent of sequence
variation in the naturally infected mosquitoes was generally
lower than that in dengue patients.
Since homogenates of 22 field-captured mosquitoes were
subjected to RNA extraction and sequence analysis, the mean
diversity observed may represent the average of the results for
two or more mosquitoes rather than the results for a single
infected mosquito. To examine the extent of sequence variation in a single mosquito, we infected A. aegypti with 0.17 l
(106 PFU/ml) of a DEN-3 isolate through intrathoracic inoculation, identified each infected mosquito by a direct immunofluorescent antibody test (1, 5, 23), and used the same protocols for sequence analysis. The DEN-3 virus was isolated
from plasma of patient ID23 by use of C6/36 cells, and the titer
was determined by a plaque assay of BHK-21 cells (1). The
results for five mosquitoes are summarized in Table 2. The
overall mean diversity of the E gene, 0.09% (range, 0.05 to

TABLE 1. Nucleotide sequence variation of envelope and capsid genes from naturally infected mosquitoes and dengue patients
Envelope gene

Capsid gene

Source

No. of
clones

No. of substitutions/total
no. of nucleotides

Meanc diversity
(%)

Mosquitoesa
Patientsb
ID7
ID8
ID9
ID15
ID18
ID20
ID23
ID24

21e

17/8,253

0.21

21

10
11
11e
10
15d
11d
10
10

6/3,930
17/4,323
20/4,323
17/3,930
21/5,895
15/4,323
11/3,930
23/3,930

0.15
0.39
0.46
0.43
0.36
0.35
0.28
0.59

88

130/34,584

0.38

Overall
a

No. of substitutions/total
no. of nucleotides

Meanc diversity
(%)

6/6,678

0.09

10
10
10
10d,f
10
10
10
10

6/3,180
6/3,180
8/3,180
13/3,180
6/3,180
4/3,180
8/3,180
7/3,180

0.19
0.19
0.25
0.41
0.19
0.13
0.25
0.22

80

58/25,440

0.23

No. of
clones

The dengue virus sequences in mosquitoes were derived from homogenates of a pool of 22 female A. aegypti mosquitoes.
The patients included four DF (ID7, ID8, ID9, and ID15) and four DHF (ID18, ID20, ID23, and ID24) cases according to the World Health Organization definition
(30).
c
The mean diversity is the number of substitutions divided by the total number of nucleotides sequenced.
d
One clone contained a stop codon.
e
One clone contained a single-nucleotide deletion.
f
Two clones contained single-nucleotide deletions (one each).
b
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FIG. 2. Alignment of the deduced amino acid sequences of E proteins of multiple clones from the field-captured mosquitoes (A) and patient
ID18 (B). The positions of amino acid residues and the corresponding domains and regions within the E protein as determined on the basis of
the TBE virus model (21) are shown on top. A consensus sequence (CON) was generated for each sample. Dashes indicate sequence identity, an
asterisk indicates an in-frame stop codon, and an underline indicates a deletion at that position. Names and numbers of individual clones are shown
at the left, with the letters A and B indicating two separate PCRs. For simplicity, only one of the clones with identical sequences is shown.

FIG. 3. Amino acid sequence similarity of the E proteins from the
field-captured mosquitoes (A), experimentally infected mosquitoes
(B), and dengue patients (C). Amino acid sequences of multiple clones
from the mosquitoes and patients were subjected to pairwise comparison using the program MEGA (19), and the percentages of total
comparisons with a given similarity are presented as a histogram for
the field-captured (MOS) and experimentally infected (M1 to M5)
mosquitoes and for each patient (shown by patient ID number).

0.14%), was slightly lower than that seen with the patients
(Table 1 and Table 2). Pairwise comparison of amino acid
sequences revealed a more homogenous population in each
mosquito than in the patients (Fig. 3B and C). Similarly, the
overall mean diversity of the C gene, 0.10% (range, 0 to
0.19%), was slightly lower than that seen with the patients
(Table 1 and Table 2). Of note was that the sequence variation
observed could not be totally attributed to in vitro artifacts
introduced by RT or Taq polymerase. This is because the error
frequencies, ranging from 0.02 to 0.05%, introduced by the use
of Taq polymerase for 60 cycles of PCR and by the use of RT
are lower than the mean diversity observed with most of our
samples (25, 26). For two mosquitoes (M2 and M3), the mean
diversities for the C gene were 0 and 0.03% (Table 2), suggesting a very homogenous population.
A closer examination of the quasispecies structures of the E
sequences of the field-captured mosquitoes and the patients
revealed that the consensus sequences of 21 clones from the
mosquitoes and of multiple clones from each patient were the
same (Fig. 2 and data not shown). Moreover, the consensus
sequence corresponds to the sequences of the major variants of
the quasispecies (Fig. 2), suggesting that the major variant is
transmitted between mosquitoes and humans. To further verify
this, RNAs derived from the mosquitoes and four of the eight
patients were subjected to RT-PCR and direct sequencing, the
sequence derived from which is believed to represent the dominant sequence. The results revealed that the full-length E
sequences of the mosquitoes and of the four patients were the
same (data not shown), supporting the notion that dengue
viruses with an E sequence of the major variant were transmitted.
To our knowledge, this was the first study that directly examined dengue viral sequences from naturally infected mosquitoes. Based on the analysis of both the E and C genes, we
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TABLE 2. Nucleotide sequence variation of envelope and capsid genes from experimentally infected mosquitoes
Envelope gene
Source

Capsid gene
b

No. of
clones

No. of substitutions/total
no. of nucleotides

Mean diversity
(%)

No. of
clones

No. of substitutions/total
no. of nucleotides

Meanb
diversity

Mosquitoesa
M1
M2
M3
M4
M5

11
10
10c
9
10

3/4,323
4/3,930
2/3,930
5/3,537
4/3,930

0.07
0.10
0.05
0.14
0.10

NDd
10
10
10
10

ND
1/3,180
0/3,180
6/3,180
6/3,180

ND
0.03
0
0.19
0.19

Overall

50

18/19,650

0.09

40

13/12,720

0.10

a

Dengue virus sequences were derived from each A. aegypti mosquito after intrathoracic injection of dengue virus and confirmation by an immunofluorescent
antibody test (1, 23).
b
The mean diversity is the number of substitutions divided by the total number of nucleotides sequenced.
c
One clone contained a single-nucleotide deletion.
d
ND, not done.

reported that the extent of sequence variation was generally
lower in the naturally infected mosquitoes than in the human
hosts. This was further verified with each of the five experimentally infected mosquitoes. A low extent of sequence variation of the nonstructural genes is expected to be seen in the
mosquitoes, since a previous study had shown a similar extent
of intrahost sequence variation of the structural gene (C) and
the nonstructural gene (NS2B) (26). Dengue virus is known to
cause a productive and cytolytic infection in the mammalian
host and a persistent and noncytolytic infection in the arthropod vector (4, 14). A recent study of eastern equine encephalitis virus, which is an arbovirus, showed that persistent infection in the mosquito cell line was associated with a lower rate
of genetic change (28). It is conceivable that persistent infection of dengue virus in mosquitoes would contribute to a lower
extent of sequence variation in the mosquitoes than in the
patients observed in our study.
This is also the first report showing that the major variant of
the dengue viral quasispecies is transmitted between the mosquito and its human hosts. This is different from what had been
reported in the transmission study of human immunodeficiency virus type 1; in both reports, a minor variant was demonstrated to be transmitted and a mechanism of selective
transmission or selective amplification was proposed (29, 32).
Although the infection rate of mosquitoes varies with the titers
of the viremia in dengue patients, it has been reported that an
amount equal to as much as 104 mosquito 50% infectious doses
of virus was transmitted (10, 22, 23). Such an amount would
allow the dominant variant to be transmitted. Skin Langerhans
cells were recently shown to be the initial targets of dengue
virus infection after a bite by a mosquito (31). Our findings
suggest that selective transmission or amplification of a minor
variant is unlikely to have occurred before dengue virus enters
the circulation.
A study of the structural proteins of several serological subgroups of flaviviruses has shown a high degree of sequence
conservation within each subgroup that includes dengue viruses (15). Continuous adaptation of dengue virus between
mosquitoes and humans has been suggested to account for the
sequence conservation (13). By examining the quasispecies
structures, we demonstrated in this study that only the major
variant was transmitted between the mosquito and patients.

Moreover, after transmission to the mosquito, which thereafter
has a life-long infection, dengue virus tends to maintain a more
homogenous population. These facts would contribute to the
evolutionary conservation of dengue virus.
It has also been suggested that the genetic stringency imposed on dengue virus and other arthropod-borne viruses that
replicate in both vertebrate and arthropod hosts would contribute to the sequence conservation (13, 27, 28). We have used
the program MEGA (19) to calculate the differences in the
number of synonymous nucleotide substitutions per site (dS)
and the differences in the number of nonsynonymous nucleotide substitutions per site (dN). The ratio of dS to dN (dS/dN)
was thus determined. In the mosquitoes, the mean dS/dN of
the E gene was 3.92, a result which was higher than 1, suggesting the presence of negative (purifying) selection pressure.
Similarly, the mean dS/dN of the E gene was higher than 1 in
seven out of the eight dengue patients (range, 1.13 to 4.79),
suggesting negative selection in human hosts as well. The negative selection probably results from certain structural or functional constraints on the virus, though the nature of the constraints remains to be determined.
Nucleotide sequence accession numbers. The sequences
have been submitted to GenBank; the accession numbers are
AY053396, AY053397, AY053399, AY082898, AY082899,
AY082901, AY082904, AY082905, AF495893 to AF495896,
AF495899, AF495901, AF495904, and AF495905.
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