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Abstract

Outbreaks of dengue hemorrhagic fever have coincided with the introduction of the Southeast
(SE) Asian genotype of dengue type 2 virus in the Western Hemisphere. This introduced genotype
appears to be rapidly displacing the indigenous, American genotype of dengue 2 virus throughout
the region. These field observations raise the possibility that the SE Asian genotype of dengue 2 is
better adapted for vector transmission than its American counterpart. To evaluate this hypothesis,
we compared the ability of viral strains of the SE Asian and American genotypes to infect,
replicate, and disseminate within vector mosquitoes (Aedes aegypti). Viral strains of the SE Asian
genotype tended to infect and disseminate more efficiently in mosquitoes than did variants of the
American genotype. These differences, however, were observed solely in field-derived
mosquitoes, whereas viral infection rates were virtually identical in the laboratory-adapted
Rockefeller colony of Ae. aegypti. Our findings could provide a physiological basis for the
contrasting patterns of dengue virus genotype transmission and spread. Such an understanding of
functional differences between viral strains and genotypes may ultimately improve surveillance
and intervention strategies.
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INTRODUCTION

Dengue is among the most common vector-borne diseases worldwide and accounts for an
estimated 50-100 million human cases each year (Halstead, 1992). The disease results from
infection by one of four antigenically distinct RNA viruses, designated as dengue serotypes
1-4. All four serotypes are transmitted by the yellow fever mosquito (Aedes aegypti) which
serves as the main vector species in human populations. Infection may be subclinical or
cause illness ranging from a flu-like syndrome with rash, to a life-threatening disease with
internal bleeding—dengue hemorrhagic fever (DHF).

Both host-immune factors and viral determinants appear to contribute to DHF pathogenesis.
Primary dengue infection confers life-long immunity against that infecting serotype, while
increasing the susceptibility to DHF by a second heterologous serotype (Halstead et al.
1970). The pathological mechanisms underlying this phenomenon may be due to antibody-
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dependent enhancement of viral infection and/or cross reactive T-cell responses (Kliks et al.
1989, Rothman et al. 1996). In addition to the immune status of the host, viral serotypes may
differ in their potential to cause severe disease. In Thailand, for example, secondary
infection with serotype 2 contributes disproportionately to DHF cases versus other serotypes
of dengue virus (Sangkawibha et al. 1984, Vaughn et al., 1997, 2000). Although secondary
infection contributes to the pathogenesis of DHF, the sequence of infection by particular
serotypes may also affect disease outcome.

Field observations in the Americas suggest that dengue variants within serotypes, or
genotypes, differ in their potential to cause DHF. Prior to 1981, dengue outbreaks were not
accompanied by DHF in this region, despite simultaneous or sequential transmission of
more than one serotype (Pan American Health Organization, 1994). During the 1960s and
1970s dengue outbreaks in Puerto Rico, Colombia, the Dominican Republic, and Jamaica
involved dengue serotype 2 and at least one other serotype, yet none were associated with
epidemic DHF (Halstead 1980). The virtual absence of DHF in the Americas, however,
abruptly ended with the Cuban outbreak of dengue serotype 2 in 1981. Subsequent DHF
outbreaks became evident in Brazil, Venezuela, Colombia, and French Guiana and in each
of these instances, dengue type 2 was the predominant serotype (Gubler 1997). Phylogenetic
analyses indicated that two distinct viral lineages of dengue type 2 are maintained in the
Western Hemisphere (Rico-Hesse 1990, Rico-Hesse et al. 1997, Leitmeyer et al. 1999). The
American genotype has been detected in the region since the 1950s and, thus far, associated
solely with dengue fever. The Southeast (SE) Asian genotype, in contrast, was introduced
into the region more recently and is associated with DHF outbreaks (Rico-Hesse et al. 1997,
Gubler and Meltzer, 1999). Other evidence comes from epidemiological studies in Peru;
despite high rates of secondary infection with the American genotype of dengue 2, no cases
of DHF have been detected (Watts et al. 1999).

The expanding distribution of DHF may stem, in part, from the rapid spread of the SE Asian
genotype of dengue virus type 2. During the years that followed the Cuban outbreak of
DHF, the SE Asian genotype has largely supplanted the American genotype in the Western
Hemisphere (Rico-Hesse et al. 1997). Refugia of the American variants, however, continue
to persist in the northern part of Mexico and in Peru (Watts et al. 1999, Rico-Hesse,
unpublished observations). These observations suggest that transmission of the SE Asian
genotype is more robust than that of the American genotype. It may be that the SE Asian
genotype is better adapted to vector transmission than its American counterpart. To evaluate
this hypothesis, we compared the ability of viral strains of either genotype to infect,
replicate, and disseminate in laboratory-adapted and field-derived colonies of Ae. aegypti.

MATERIALS AND METHODS

Mosquitoes

Immature stages of Ae. aegypti were collected in McAllen, TX and Iquitos, Peru during the
fall of 1999 and winter of 2000, respectively. Each colony was derived from a minimum of
1,000 field-derived mosquitoes. F2 (Iquitos) and F3 (McAllen) generation females were
used in this study. In addition, viral infection was tested in the Rockefeller colony of Ae.
aegypti for the purposes of comparison. This colony has been maintained in the laboratory
for >100 generations.

Mosquitoes were maintained in an insectary at 28°C, 70-80% realtive humidity, and a 12:12
h light—dark cycle. Larvae were reared in pans at a density of 200-400 larvae/L of water and
fed a mixture of ground rabbit chow:liver powder:yeast (4:2:1). The resulting pupae were
transferred to screened cages, and adults emerged ~2—4 days thereafter. Adults were
maintained on a diet of sugar and water, and meals of rabbit blood were provided by means
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of a water-jacketed membrane feeder. Eggs were collected, kept moist for at least 24 hours,
and then air dried for storage. Mosquito colonies were cycled every 3-5 months.

Virus preparation

Six low-passage human isolates representing either the SE Asian or American genotypes of
dengue type 2 virus were used for vector infection studies (Table 1). Virus stocks were
amplified by passage in C6/36 (Aedes albopictus) cells. Cells were grown to confluency in
75-cm? flasks, overlaid with each virus diluted in 3 ml of maintenance medium [Minimal
Essential Media, 2% fetal bovine serum [FBS], 1% non-essential amino acids, 100 U/ml
penicillin, and 100 xg/ml streptomycin], and incubated for 1 h at 28°C in 5% CO». Flasks
were brought to a final volume of 15 ml with maintenance medium and maintained at 28°C
in 5% CO,. The percentage of infected cells was monitored daily by IFA technique (Tesh
1979), and cell supernatants were harvested when >90% of cells were infected, usually 7 or
8 days postinfection. Viral stocks were stored in 20% FBS in individual aliquots at —70°C.

Quantitative reverse transcription (RT)-polymerase chain reaction (PCR)

The concentration of viral RNA was estimated by real-time RT-PCR using the Tagman
system (PE Applied Biosystems). Briefly, this technique employs two external primers and
an internal probe labeled with both a quencher and reporter dye. When the probe is intact,
reporter fluorescence is suppressed by the proximity of the quencher dye linked to the
opposite end of the probe. Fluorescence is released when the probe hybridizes during each
extension cycle and is cleaved by the exonuclease activity of Amplitag polymerase. The
amount of fluorescence is directly proportional to the starting amount of viral RNA, which is
monitored during each extension cycle by an automated fluorometer.

RNA was extracted from viral stocks, in duplicate, using the Viral RNA kit (Qiagen). RNA
was eluted in a total volume of 140 ul of water, and 5 ul of this preparation was added to a
50-ul reaction using the TagMan Gold RT-PCR kit (PE Applied Biosystems). Each 50-ul
reaction contained a final concentration of 1x TagMan Buffer, 5.5 mM MgCl,, 300 uM
ATP, 300 uM CTP, 300 uM GTP, 300 uM UTP, 100 nM PA-1 (5'-
CAGATCTCTGATGAATAACCAACG-3'), 100 nM PA-4 (5'-
CATTCCAAGTGAGAATCTCTTTGTCA-3'), 100 nM PRB (TET-
ATGCTGAAACGCGAGAGAAACCGCTAMARA), 1.25 U of Amplitaq Gold DNA
polymerase, 12.5 U of Multiscribe reverse transcriptase, and 20 U of RNase inhibitor. PCR
primers and probes were designed to target regions of the capsid gene that are strictly
conserved among variants of the SE Asian and American genotypes (Table 2).
Amplification was performed using a ABI Prism 770 Sequence Detection Instrument (PE
Biosystems) as follows: 50°C for 2 min (1 cycle), 95°C for 10 min (1 cycle), followed by 40
cycles of 95°C for 15 s, and 64°C for 1 min. RNA copy number was estimated from a
standard curve generated by in vitro transcribed RNA standards. Viral RNA standards were
prepared by amplifying a 670-bp fragment of the dengue type 2 genome (NGC strain) with
primers D2/11V and D2/662 (Leitmeyer et al. 1999). The resulting PCR product was ligated
into PCR 2.1 using the TA cloning kit (Invitrogen). Plasmid DNA was linearized with
Hindlll and RNA transcripts were generating using the T7 promotor Megascript Kit
(Ambion) according to the manufacturer’s specifications. The concentration of transcribed
RNA was estimated by UV spectrophotometry.

Plaque assay

Plaque titrations were performed in six-well plates of confluent LLC-MKj cells as
previously described (Huang et al. 2000). Serial dilutions of each virus isolate were
absorbed onto cell monolayers for 1.5 h at 37°C, 5% CO,. Cell monolayers were then
overlaid with 4 ml of 1% SeaKem LE agarose (FMC Bioproducts) in nutrient medium
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(0.165% lactalbumin hydrolysate, 0.033% yeast extract, Earle’s balanced salt solution, 25
#g/ml gentamicin sulfate, 1.0 xg/ml amphotericin B, and 2% FBS). Monolayers were
incubated at 37°C 5% CO, for 7 days and then received a second 2-ml overlay containing
the addition of 80 x«g/ml neutral red stain (Gibco BRL). Cells were incubated for an
additional 2—6 days before plaques were counted.

Vector infection

Ae. aegypti females were transferred to mesh-covered cages 7-10 days after emergence and
then deprived access to sugar 24 hours prior to blood feeding. Each dengue strain was
diluted to a final concentration of 5 x 108 viral RNA copies/ml in EDTA-treated rabbit
blood and presented to mosquitoes via a water-jacketed membrane feeder. During each
experimental trial, one group of mosquitoes was fed a virus of the SE Asian genotype, while
a second group was simultaneously fed an American genotype virus. Engorged mosquitoes
were selected and maintained at 30°C on a diet of 4% sucrose. Mosquitoes were harvested at
various time intervals after infection and then tested for the presence of dengue antigen in
the head by IFA as previously described (Kuberski and Rosen 1977). In addition, some of
the mosquitoes were analyzed by quantitative PCR to compare the efficiency of viral
replication. The heads of these mosquitoes were reserved for IFA, while the abdomen and
thorax was stored in 0.5 ml of Trizol (Life Technologies). Total RNA was extracted
according to the manufacturer’s specifications except that 10 ug of glycogen was added as a
carrier during the precipitation step; 5 ul of this preparation was added to a 50 4l RT-PCR
mixture using the same primers and conditions described above.

Data analysis

We conducted two separate analyses to compare the proportion of mosquitoes becoming
infected by viruses of each dengue genotype. Initially, we pooled disseminated infection
frequencies for the strains making up each genotype and compared genotype frequencies
using Fisher’s exact tests for each time point. Because we observed significant variation
among individual strains within a genotype, we reanalyzed the data by analysis of
covariance (ANCOVA) to account for this extra source of variation. Infection frequencies
for each strain were transformed by the arcsine transformation for proportions as previously
described (Freeman and Tukey 1950) and were weighted for unequal sample sizes.
Regression lines were fitted over time for viral genotypes and were tested for differences in
slope and elevation by ANCOVA.

RESULTS

In preliminary experiments, we evaluated the sensitivity and reproducibility of our
quantitative RT-PCR assay. Tenfold dilutions of viral RNA standard were subjected to RT-
PCR amplification in triplicate. The assay consistently detected 1 x 108-1 x 102 copies of
RNA standard but failed to detect 10 copies in all three RT-PCR mixtures. Frozen stocks of
dengue virus (Ven2) were subsequently extracted in triplicate using Trizol reagent (Life
Technologies) or the viral RNA kit (Qiagen). RNA preparations were tested by quantitative
RT-PCR to estimate the extent of variation between replicate samples. The coefficient of
variance for triplicate extractions using the Qiagen kit was 13%, whereas that of the Trizol
method was 27%. Based on these results, we employed the Qiagen kit for estimating RNA
concentration of our viral stocks. Trizol reagent was used for preparing individual
mosquitoes because of cost considerations.

Viral stocks were titrated by means of plaque assay and quantitative RT-PCR (Table 1).
Viral RNA loads did not consistently correlate with the number of infectious plaques for
each viral strain. The number of plaque-forming units (pfu)/ml and RNA copies/ml deviated
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greatest for strain KO049, which yielded the highest concentration of viral RNA and the
lowest concentration of infectious plaques among the 6 strains tested. This finding is not
surprising given that low-passage strains of dengue virus may vary in their ability to form
infectious plaques (Mangada et al., 1998). Because plaque assay measures a restricted
phenotype, the ability to form plaques in LLC-MK; cells, virus loads were standardized on
the basis of viral RNA concentration.

To determine whether dengue viruses of a particular genotype infect and disseminate in a
greater proportion of mosquitoes, we allowed mosquitoes to engorge on virus—-blood meals
and tested them for the presence of dengue antigen in head squashes. Mosquitoes of the
Rockefeller colony appeared to be about equally susceptible to infection by members of the
SE Asian and American genotypes (Table 3). In contrast, field-derived strains of Ae. aegypti
tended to be more susceptible to infection by variants of the SE Asian genotype. Mosquitoes
of the McAllen colony appeared to be more susceptible to infection by members of the SE
Asian genotype but these differences were not statistically significant except at day 10
(Fisher’s exact test, p < 0.03). The proportion of Iquitos mosquitoes infected by SE Asian
genotype viruses was significantly greater at days 6, 8, 10, and 14 (Fisher’s exact test, p <
0.005 at days 6, 8, and 14 and p < 0.02 at day 10). Dengue strains Mara3, 102954, IQT2913,
and 131 were responsible for the observed difference among genotypes, whereas virus
strains K0O049 (SE Asian) and Ven2 (American) did not conform to this pattern of
differential infection. We did not expect to find so much variation among virus strains
within a particular genotype. Accordingly, we reanalyzed the data presented in Table 3 by
ANCOVA to account for variation among individual viral strains and to adjust for different
time intervals. Vector infection rates were regressed over time to compare slopes and y-
intercepts for each genotype. In the Rockefeller colony, ANCOVA revealed no significant
differences in slope or elevation among the SE Asian and American genotype regression
lines (ANCOVA, slope p = 0.94, y-intercept p = 0.50). In the Iquitos colony, significant
differences in mosquito infection rates were detected between the two viral genotypes
(ANCOVA, slope p < 0.03, y-intercept p < 0.0001). Likewise, mosquitoes of the McAllen
colony tended to be more susceptible to infection by members of the SE Asian genotype and
these differences were also significant (ANCOVA, slope p < 0.02, y-intercept p < 0.0001).

Mosquitoes were subsequently infected with dengue viruses using an equivalent
concentration of pfu rather than viral RNA copies. Dengue strain KO049 was selected for
this analysis because of the observed difference between RNA copy number and pfu
concentration for this particular strain. When mosquitoes were infected with an equivalent
concentration of viral genome copies, strains K0049 and 131 were equally infectious to
mosquitoes of the McAllen colony (Fig. 1). When virus concentrations were standardized on
the basis of pfu/ml, strain K0049 infected a greater proportion of mosquitoes than strain 131.
These differences, however, were not significant except at day 14 (Fisher’s exact test, p <
0.02).

To determine whether viruses of a particular dengue genotype replicate faster within the
vector, we quantified viral RNA in the thorax and abdomen of orally infected mosquitoes by
quantitative RT-PCR. Six to 10 mosquitoes were analyzed at each time point for a total of
18 virus—vector pairs (three different mosquito colonies versus six different virus strains). In
all of the mosquito colonies, virus strains exhibited typical growth dynamics with viral RNA
loads peaking at about day 6 (Table 4). Replication rates for viruses of the American and SE
Asian genotypes appeared to be virtually identical, and no statistical difference was
observed when comparing standard error values.
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DISCUSSION

We found that dengue variants of the SE Asian genotype tended to infect mosquitoes more
efficiently than did viruses of the American genotype; however, we also observed variation
among viral strains within each genotype. Future studies will focus on increasing the
number of virus strains and mosquito populations to determine whether this trend will hold.
Genotype-dependent differences were most striking in field-derived colonies of Ae. aegypti,
whereas disseminated infection rates were virtually identical in the laboratory-adapted
Rockefeller colony. The Rockefeller colony has been maintained under laboratory
conditions since the 1940s and, therefore, vector competence traits may have been affected
by random genetic drift and selection over the course of many generations in the laboratory.
Our findings underscore the importance of using recently colonized mosquitoes, which are
more representative of original field populations.

Viral variants of particular genotype clearly varied in their ability to infect vector
mosquitoes. Strain K0049 tended to infect fewer vector mosquitoes than did other members
of the SE Asian genotype. It may be that mosquitoes were underinfected with infectious
virus when strain K0049 was administered on the basis of viral RNA concentration. The
discrepancy between PFU concentration and viral RNA concentration was greatest for strain
K0049. When mosquitoes were fed an equivalent concentration of pfu, strain KO049
infected a greater proportion of mosquitoes relative to its American counterpart, strain 131.
Dengue strain Ven2 infected more mosquitoes than did other members of the American
genotype. This strain had undergone five passages in mosquito cell culture, more passages
than any of the other viruses tested, and, therefore, phenotype could have changed as result
of its passage history. It may be that serial passage of virus in mosquito cell lines selects for
mosquito-adapted genotypes of virus. This possibility requires further study.

An array of techniques, including mosquito inoculation, plaque assay, and quantitative RT-
PCR, are available to estimate the concentration of dengue virus. Each technique presents a
different set of problems when attempting to compare titers between different virus strains.
Viral infectivity assays measure a restricted phenotype and, therefore, may not accurately
reflect the number of infectious particles if viral strains differ in their ability to form
infectious plaques or to establish infection in the mosquito by intrathoracic inoculation.
Moreover, results may be difficult to reproduce because of variation among lots of cell lines
or populations of colonized mosquitoes. Quantitative RT-PCR may circumvent many of
these limitations by directly measuring the concentration of viral RNA; however, it will also
measure viral RNA that is not fully transcribed or packaged while replication is occurring in
the cell. When preparing our viral stocks, we avoided this problem by estimating viral RNA
concentration in the cell supernatant fraction, reflective of fully-formed virions that escaped
the host cell. To compare viral replication rates in the vector mosquito, we extracted total
RNA from the whole mosquito, thus incorporating viral RNA intermediates into our
quantitative RT-PCR estimates. In this instance, estimate of viral RNA copy number serves
as a surrogate for the concentration of infectious virus. This is a valid assumption unless
dengue virus variants systematically differ in the ratio of infectious particles to viral RNA
templates.

The ability of a mosquito population to transmit a pathogen is determined by a series of
physiological and ecological variables. The relevant properties of the mosquito population
include: vector competence, vector density, human biting rate, extrinsic incubation period,
and vector longevity (Spielman and James 1990). Because both the American and SE Asian
genotypes share the same vector mosquito, we reasoned that the selective advantage of one
virus genotype over another may derive from their physiological interaction with the
mosquito host. Viral genetics may directly affect vector competence, which measures the
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proportion of mosquitoes that can acquire, maintain, and transmit a pathogen. Prior studies
indicate that vector strains and species may differ in their receptivity to midgut infection by
dengue virus, whereas the rate of transmission is similar once virus has disseminated out of
the midgut into the hemolymph (Gulber et al. 1979, Bosio et al. 1998). We, therefore,
focused on the ability of viral genotypes to infect and disseminate in the mosquito by testing
head squashes for the dengue antigen.

Any incremental decrease in vector competence could affect the capacity of dengue virus to
establish and maintain transmission in a given locale. The basic reproductive number (R,)
refers to the average number of new infections generated from each case of current infection
(Anderson and May 1991). The estimated R, for dengue virus ranged from 1.3 to 2.5 during
epidemics in Brazil and Mexico (Koopman et al. 1991 Marques et al. 1994). If R, falls
below 1.0, the virus will fail to perpetuate in a given host population. Because R, appears to
be relatively low for dengue virus, the threshold for epidemics will be sensitive to reductions
in vector competence. This assumes, however, that host-related factors are equivalent for the
two viral genotypes. It may be that human genetic traits and/or herd immunity select for one
viral genotype over another. Or perhaps, some viral strains replicate more efficiently and
sustain higher viremias within the human host, thereby infecting more mosquitoes. This last
hypothesis is currently being tested in an effort to define the epidemic potential of dengue
genotypes and strains.
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FIG. 1. Susceptibility of McAllen strain of Ae. aegypti to infection by dengue type 2 strains
K0049 and 131
A: Mosquitoes fed virus at a concentration of 1 x 10° pfu/ml. B: Mosquitoes fed virus at a

concentration of 5 x 108 viral RNA copies/ml. Error bars represent SD of means.
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Table 2
Nucleotide Alignment of Dengue Type 2 Virus Sequences Corresponding to PCR Primer—Probe Target Sites

PA-1 PRB PA-4

Map no. 87 139 182
NGC CAGAUCUCUGAUGAAUAACCAACG AUGCUGAAACGCGAGAGAAACCGC UGACAAAGAGAUUCUCACUUGGAAUG

o

;O

Map numbers correspond to the sequence of the NGC strain of dengue virus. Dashed lines indicate identical sequence.
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