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ABSTRACT Mosquitoescollected in theAmazonBasin,near Iquitos,Peru,wereevaluated for their
susceptibility to epizootic (IAB and IC) and enzootic (ID and IE) strains of Venezuelan equine
encephalomyelitis (VEE) virus. After feeding on hamsters with a viremia of '108 plaque-forming
units of virus per milliliter, Culex (Melanoconion) gnomatus Sallum, Huchings, & Ferreira, Culex
(Melanoconion) vomerifer Komp, and Aedes fulvus (Wiedemann) were highly susceptible to infec-
tion with all four subtypes of VEE virus (infection rates $87%). Likewise, Psorophora albigenu
(Peryassu) and a combination of Mansonia indubitans Dyar & Shannon and Mansonia titillans
(Walker) were moderately susceptible to all four strains of VEE virus (infection rates $50%).
Although Psorophora cingulata (Fabricius) and Coquillettidia venezuelensis (Theobald) were sus-
ceptible to infection with each of the VEE strains, these two species were not efÞcient transmitters
of any of the VEE strains, even after intrathoracic inoculation, indicating the presence of a salivary
gland barrier in these species. In contrast to the other species tested, both Culex (Melanoconion)
pedroi Sirivanakarn & Belkin and Culex (Culex) coronator Dyar & Knab were nearly refractory to
each of the strains of VEE virus tested. Although many of the mosquito species found in this region
were competent laboratory vectors of VEE virus, additional studies on biting behavior, mosquito
population densities, and vertebrate reservoir hosts of VEE virus are needed to incriminate the
principal vector species.

KEY WORDS Venezuelan equine encephalomyelitis virus, transmission, mosquitoes, vector com-
petence, Peru

VENEZUELAN EQUINE ENCEPHALOMYELITIS (VEE) virus is
responsible for sporadic epizootics of severedisease in
Central and South America (Walton and Grayson
1989), extending from central South America to as far
north as Texas. Disease caused by infection with VEE
virus continues to be a problem in Central and South
America as indicated by the recent epidemic in Co-
lombia and Venezuela in 1995 (Weaver et al. 1996,
Rivas et al. 1997) that resulted in 75,000Ð100,000 hu-
mancases and at least 300 fatalities. Identifyinghuman
illness associated with VEE virus infections near

Iquitos, Peru (Watts et al. 1998), led to the initiation
of laboratory studies to evaluate Peruvian mosquitoes
for their ability to transmit this virus.

Various studies (Kramer and Scherer 1976; Scherer
et al. 1982, 1986; Weaver et al. 1984) indicated that
certain mosquito species may be signiÞcantly more
susceptible to one subtype of VEE virus than to an-
other. For example, Culex (Melanoconion) taeniopus
Dyar & Knab is highly susceptible to the enzootic IE
subtype, but nearly refractory to the epizootic IAB
subtype (Scherer et al. 1982, 1986). In contrast, Aedes
taeniorhynchus (Wiedemann) is more susceptible to
the IAB than to the IE subtype (Kramer and Scherer
1976). Therefore, it is necessary to evaluate the vector
competence of speciÞc mosquito species for several
serotypes of VEE virus to understand the epidemiol-
ogy of these diseases.

We evaluated the vector competence of several
Peruvian mosquito species from areas where VEE is
endemic for epizootic IAB and IC as well as enzootic
ID and IE strains of VEE virus. Field-collected mos-
quitoes were allowed to feed on VEE virus-infected
hamsters and rates of infection, dissemination, and
transmission were determined for each species.

In conducting the research described in this report, the investiga-
tors adhered to the “Guide for the Care and Use of Laboratory
Animals,” as promulgated by the Committee on Care and Use of
Laboratory Animals of the Institute of Laboratory Animal Resources,
National Research Council. The facilities are fully accredited by the
Association for Assessment and Accreditation of Laboratory Animal
Care, International.
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Materials and Methods

Mosquitoes. Adult female mosquitoes were col-
lected in dry ice-baited CDC miniature light traps or
as they landed on humans in a forested area in the
Amazon Basin near Iquitos, Peru (38 079 S, 738 39 W),
from April 1996 through August 1998. Mosquitoes
were transported to a Biological Safety Level three
(with HEPA-Þltered exhaust air, treated sewage, and
a 100% clothing change) laboratory at the United
States Army Medical Research Institute of Infectious
Diseases, Fort Detrick, MD, provided apple slices as a
carbohydrate source, and held at 268C for 1Ð3 d until
exposed to VEE virus. In addition to wild-caught mos-
quitoes, F1 progeny of some species also were evalu-
ated. Species studied included Aedes fulvus (Wiede-
mann), Aedes serratus (Theobald), Psorophora
albigenu (Peryassu), Culex (Melanoconion) vomerifer
Komp, Culex (Melanoconion) gnomatus Sallum, Huch-
ings, & Ferreira, Culex (Melanoconion) pedroi
Sirivanakarn & Belkin, Culex (Culex) coronator Dyar
& Knab, Mansonia indubitans Dyar & Shannon, and
Mansonia titillans (Walker). Of the 247 Mansonia spp.
tested (all were either Ma. indubitans or Ma. titillans),
85 (34%) were identiÞed to species, and 86% of these
were Ma. indubitans. No effort was made to differen-
tiate Cx. gnomatus from Cx. vomerifer in this study;
however, inourÞeld studyconductedat the same time
of year and in the same location, we collected 9,052
specimens of these two species, and 59% were Cx.
gnomatus. All specimens of these two species are re-
ferred to as Cx. gnomatus/vomerifer. Voucher speci-
mens were placed in the collection at the National
Museum of Natural History, Smithsonian Institution,
Washington, DC.

Virus and Virus Assay. We exposed mosquitoes to
epizootic (IABand IC)aswell as enzootic (IDand IE)
strains of VEE virus (Table 1). In addition to the
unselected Trinidad donkey strain, we used an infec-
tious clone (V3000)of the epizooticVEE subtype 1AB
Trinidad donkey strain (Davis et al. 1989) in some of
the experiments. This clone is biologically similar to
the parent Trinidad donkey strain and has similar
pathogenicity for mice, hamsters, and guinea pigs
(Davis et al. 1991).

Serial 10-fold dilutions of specimens were tested for
infectious virus by plaque assay on Vero cell mono-
layers as described by Gargan et al. (1983) except that
the neutral red stainwas added 2, rather than 4, d after
applying the initial agar overlay.

Determination ofVectorCompetence.An anesthe-
tized, adult female Syrian hamster previously inocu-
lated intraperitoneally 1 or 2 d earlier with 0.2 ml of a
suspension containing '104 plaque-forming units
(PFU) of one of the strains of VEE virus was placed
on top of a cage containing 100Ð300 Þeld-collected or
F1progenymosquitoes.Therewere32mosquito-feed-
ing trials using 9, 4, 12, and 7 hamsters inoculated with
the IAB, IC, ID, and IE strains of VEE virus, respec-
tively. Immediately after mosquito feeding, a 0.2-ml
sample of blood was obtained from the hamster by
cardiac puncture and added to 1.8 ml of diluent (10%
fetal bovine serum in medium 199 with EarleÕs salts
andantibiotics).Theblood suspensionswere frozenat
2708C until assayed on Vero cell monolayers to de-
termine the viremia levels at the time of mosquito
feeding. After exposure to the viremic hamsters, en-
gorged mosquitoes were transferred to 3.8-liter card-
board cages and the unengorged mosquitoes were
destroyed. In addition, some mosquitoes were inocu-
lated intrathoracically (Rosen and Gubler 1974) with
virus to determine transmission rates for individuals
with a disseminated viral infection. An apple slice or
a 10% sucrose solutionwas provided as a carbohydrate
source, and mosquitoes were held at 268C and a pho-
toperiod of 16:8 (L:D) h for 12Ð16 d. To determine if
the mosquitoes could transmit virus by bite, mosqui-
toes were allowed to feed on susceptible hamsters
either individually or in small groups of two to Þve
mosquitoes. Immediately after each transmission trial,
mosquitoes were killed by freezing at 2208C for 2Ð5
min, identiÞed to species, and their legs and bodies
triturated separately in 1 ml of diluent. These suspen-
sions then were frozen at 2708C until tested for virus.
Ifmore thanonemosquito inapoolhadadisseminated
infection and fed, then transmission data from that
pool was not used to determine a transmission rate.

Infection was determined by recovery of virus from
the mosquito body tissue suspension. If virus was re-
covered from its body, but not its legs, the mosquito
was considered to have a nondisseminated infection
limited to its midgut. Alternatively, if virus was recov-
ered both from body and leg suspensions, the mos-
quito was considered to have a disseminated infection
(Turell et al. 1984). Because VEE virus infection is
consistently fatal to hamsters, death of these animals
was used to indicate virus transmission. Transmission
was veriÞed by isolating virus from brain tissue. Any
hamster that survived 21 d after being fed on by a

Table 1. Strains of VEE virus used in this study

Subtype Strain Isolated from Passage history

IAB (epizootic) Trinidad donkey Donkey, Trinidad, 1943 GP (1), EE (14), BHK (2)
IAB (epizootic) V3000a Derived from Trinidad donkey BHK (2)
IC (epizootic) P676 Mosquito, Venezuela, 1963 Unknown
ID (enzootic) IQT-1015 Human, Peru, 1994 Vero (2)
ID (enzootic) PE-30609 Mosquito, Peru, 1996 Vero (2)
IE (enzootic) 68U201 Sentinel hamster, Guatemala, 1968 Unknown

GP, guinea pig; EE, embryonated eggs; BHK, baby hamster kidney cell; Vero, African green monkey kidney cells. Numbers in parentheses
indicate the number of passages.

a Cloned from the EE (14) passage of Trinidad donkey.
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mosquito with a disseminated infection was chal-
lenged with 104 PFU of the appropriate strain of VEE
virus to determine its immune status.

Because fewmosquitoes took twobloodmeals (e.g.,
an infectious meal on day 0 and a “transmission feed”
12Ð16 d later), it was difÞcult to calculate a transmis-
sion rate for most of the species. However, by includ-
ing the data from the inoculated mosquitoes and the
orally exposed mosquitoes with a disseminated infec-
tion, it was possible to calculate a transmission rate for
mosquitoes with a disseminated infection. To calcu-
late an estimated transmission rate for mosquitoes
orally exposed to VEE virus, we multiplied the per-
centage of mosquitoes that developed a disseminated
infection after oral exposure times the transmission
rate for mosquitoes with a disseminated infection. If
we did not observe transmission for a particular spe-
cies, then the estimated infection rate was deÞned as
less than the rate we would have observed if the next
mosquito tested had been a transmitter.

Results

Hamster viremias during the 32 infectious feedings
by mosquitoes ranged from 107.0 to 108.5 PFU/ml. For
hamsters infected with IAB, IC, ID, and IE strains
of VEE virus, these ranges were 107.0Ð8.3, 108.2Ð8.5,
107.1Ð8.3, and 107.4Ð8.3 PFU/ml, respectively. Mosqui-
toes ingesting the two strains of subtype IAB virus had
similar infection patterns as did mosquitoes ingesting
the two strains of the subtype ID virus (Fisher exact
test, P . 0.36). Therefore, data for each of these virus
subtypes were combined for further analysis. Most
mosquito species were similarly susceptible to all four
subtypes of VEE virus. These ranged from highly sus-
ceptible (e.g., Ae. fulvus and Cx. gnomatus/vomerifer)
to nearly refractory (e.g., Cx. coronator) (Table 2).
However, Ps. albigenu was signiÞcantly more suscep-
tible to the epizootic IAB strain than to either of the
two enzootic subtypes (x2 $ 5.5, df 5 1, P # 0.018).
In contrast, both Ae. serratus (x2 $ 4.0, df 5 1, P #
0.046) and Ps. ferox (Fisher exact test, P # 0.059) were

more susceptible to either the IABor ID subtypes than
to the IE subtype. We did not observe any signiÞcant
differences in infection or dissemination rates be-
tween Ma. indubitans and Ma. titillans for any of the
three subtypes of VEE virus tested for the 85 speci-
mens identiÞed to species (Fisher exact test,P $ 0.27).
Therefore, the data for all 247 specimens of these two
species were combined for further analysis (Table 2).
The Ma. indubitans/titillans were more susceptible to
the sympatric ID strain than to either the IAB or the
IE strains (x2 $ 7.3, df 5 1, P # 0.007).

Dissemination rates paralleled those for infection
rates. Again, Ae. fulvus was highly susceptible with
viral dissemination for all four VEE subtypes (Table
2). Cx. gnomatus/vomerifer, Ma. indubitans/titillans
and Ps. cingulata had moderate dissemination rates,
whereas Ae. serratus and Cx. coronator were nearly
refractory.

Transmission rates for mosquitoes with dissemi-
nated infections after oral exposure were similar to
those for inoculated mosquitoes for 11 of 12 compar-
isons (Fisher exact test, P $ 0.33) and borderline
signiÞcant in the 12th comparison, (Fisher exact test,
P 5 0.043). Based on these results, we combined re-
sults for orally exposed mosquitoes with a dissemi-
nated infection with those for inoculated mosquitoes
to determine transmission rates for mosquitoes with a
disseminated infection. As with infection and dissem-
ination rates, the subtype of VEE virus did not appear
to affect transmission rates for mosquitoes with a dis-
seminated infection for nearly all of the species tested
(Table 3). Again, the exception was Ps. albigenu. The
transmission rate for this species with a disseminated
infection with epizootic subtypes, 10 of 12 (83%), was
signiÞcantly greater (x2 5 4.83, df 5 1, P 5 0.028) than
that for those with enzootic subtypes, 12 of 30 (40%).

Because results with each of the four subtypes of
VEE were similar in nearly all of the mosquito species
tested, data from all four subtypes were combined to
determine the overall ability of each mosquito species
to transmit VEE virus (Table 4). Although highly sus-
ceptible, Ae. fulvus was an inefÞcient vector because

Table 2. Susceptibility of Peruvian mosquitoes to selected strains of VEE virus after feeding on hamsters with viremias of 107.7 6 0.8

plaque-forming units/ml of blood

Species

Virus

IAB IC ID IE

n
Inf.
(%)

Dis.
(%)

n
Inf.
(%)

Dis.
(%)

n
Inf.
(%)

Dis.
(%)

n
Inf.
(%)

Dis.
(%)

Ae. fulvus 43 93 93 12 100 100 19 100 100 29 97 97
Ae. serratus 91 23 11 35 17 6 114 34 15 64 9 8
Cx. coronator 24 17 13 32 0 0 60 3 3 27 0 0
Cx. pedroi 24 17 13 6 50 33 6 50 50 4 0 0
Cx. gnomatus/vomerifer 28 89 61 12 83 50 39 97 77 31 87 58
Cq. venezuelensis 29 38 28 NT 9 89 67 8 13 0
Ma. indubitans/titillans 97 57 32 NT 51 80 41 99 57 19
Ps. albigenu 42 98 95 2 100 100 20 75 65 57 74 42
Ps. cingulata 16 63 56 5 100 100 15 73 53 4 50 50
Ps. ferox 25 48 28 16 69 44 17 59 41 6 0 0
Tr. digitatum NT 1 100 0 1 100 0 NT

Inf., percentage of mosquitoes containing virus; Dis, percentage of mosquitoes with a disseminated infection (i.e., with virus in their legs);
NT, not tested.
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of its inability to transmit virus by bite. In contrast, Cx.
gnomatus/vomerifer was an efÞcient vector for all four
subtypes tested. Ps. albigenu was the only species in
which there was a major difference in the ability to
transmit epizootic (IAB and IC) and enzootic (ID and
IE) strains of VEE virus.

Discussion

Eight mosquito species, representing at least Þve
genera, were highly susceptible to infection with the
various subtypes ofVEEvirus tested. This is consistent
with earlier studies that indicated many species of
mosquitoes were highly susceptible to infection with
VEE virus (Walton and Grayson 1989). However, de-
spite their susceptibility to infection, some of these

species appeared to have a salivary gland barrier
(Hardy 1988), because they did not transmit VEE
virus by bite. In our study, Ae. fulvus and Ps. cingulata
were highly susceptible to infection and virus dissem-
ination with all four serotypes of VEE virus. However,
neither of these species was an efÞcient vector be-
cause of very low transmission rates, even for those
females with a disseminated infection. Because of the
large number of species that are susceptible to oral
infectionwithVEEvirus and theexistenceof a salivary
gland barrier in many species, it is critical to evaluate
transmission during the incrimination of vectors of
VEE virus.

Althoughprevious studies (Scherer et al. 1982, 1986;
Weaver et al. 1984) indicated that Cx. (Melanoconion)
spp.were signiÞcantlymore susceptible to enzootic as
compared with epizootic strains of VEE, we found
little differences in the relative susceptibilities to the
four subtypes of VEE virus for most of the mosquito
species tested, including the Cx. (Melanoconion) spp.
Similarly,Cx. (Mel.) ocossaDyar&Knab fromPanama
was essentially equally susceptible to the IAB and IE
subtypes of VEE virus (Turell et al. 1999). However,
not only was Ps. albigenu signiÞcantly more suscepti-
ble toepizootic (IABand IC) than toenzootic (IDand
IE) strains, but they transmitted the epizootic strains
moreefÞciently, evenafter adjusting fordifferences in
dissemination rates (Table 4).

The viremias to which mosquitoes were exposed in
our study, 107.0 to 108.5 PFU/ml of blood, were con-
sistent with those observed in burros (Gochenour et
al. 1962) or horses (Kissling et al. 1956, Sudia et al.
1971) inoculated with an epizootic (IAB) strain or in
bats inoculated with the enzootic IE strain of VEE
virus (Seymour et al. 1978). Therefore, the rates ob-
served in our study should reßect those that would
occur in nature.

Vector competence is only one aspect of vectorial
capacity.Mosquito density, biting behavior, longevity,
and seasonal activity all must be taken into account in
determining the potential importance of a vector. For
example, a mosquito could be an efÞcient laboratory

Table 3. Transmission rates for selected strains of VEE virus by Peruvian mosquitoes after feeding on hamsters with viremias of
107.7 6 0.8 plaque-forming units/ml of blood

Species

Virus

IAB IC ID IE

n
Dis.
(%)

Est.
(%)

n
Dis.
(%)

Est.
(%)

n
Dis.
(%)

Est.
(%)

n
Dis.
(%)

Est.
(%)

Ae. fulvus 21 10 9 9 0 ,10 13 0 ,8 2 0 ,29
Ae. serratus 21 0 ,1 NT 8 0 ,2 14 0 ,1
Cx. coronator 4 0 ,3 NT NT NT
Cx. pedroi 2 50 7 NT NT NT
Cx. gnomatus/vomerifer 8 88 54 2 100 50 5 80 62 1 0 ,29
Ma. indubitans/titillans 14 50 16 NT 15 40 16 13 31 6
Ps. albigenu 11 82 78 1 100 100 8 50 27 22 36 15
Ps. cingulata 13 15 8 3 0 ,25 13 15 8 6 0 ,7
Ps. ferox 15 27 8 3 33 15 14 7 3 5 20 ,3

n, number of mosquitoes with a disseminated infection (includes both inoculated mosquitoes and those with a disseminated infection after
oral exposure) that refed during transmission trials; Dis, percentage of mosquitoes with a disseminated infection that transmitted virus by bite;
Est, estimated transmission rate 5 percentage of that species that developed a disseminated infection after oral exposure 3 transmission rate
for mosquitoes with a disseminated infection.

Table 4. Vector competence of Peruvian mosquitoes for VEE
virus after feeding on hamsters with viremias of 107.7 6 0.8 plaque-
forming units/ml of blood

Species
No.

tested

Infection
ratea

(%)

Dissem.
rateb

(%)

Estimated
trans. ratec

(%)

Ae. fulvus 103 96 96 4
Ae. serratus 304 23 11 ,1
Cx. coronator 143 4 3 ,1
Cx. pedroi 40 25 20 10
Cx. gnomatus/vomerifer 110 91 65 53
Cq. venezuelensis 46 44 31 NT
Ma. indubitans/titillans 247 62 29 12
Ps. albigenu (IAB, IC)d 44 98 95 79
Ps. albigenu (ID, IE)d 77 74 48 19
Ps. cingulata 40 78 60 7
Ps. ferox 64 52 33 6
Tr. digitatum 2 100 0 NT

Combined results for mosquitoes exposed to IAB, IC, ID, and IE
virus.

a Percentage of mosquitoes containing virus.
b Percentage ofmosquitoeswith a disseminated infection (i.e., with

virus in their legs).
c Estimated transmission rate 5 percentage of that species that

developedadisseminated infectionafteroral exposure3 transmission
rate for mosquitoes with a disseminated infection.

d Results for Ps. albigenu exposed to epizootic or enzootic subtypes
of VEE virus.
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vector, yet not be an important vector because it is
either extremely rare or does not feed on an appro-
priate host. Although we did not conduct blood meal
identiÞcation studies, both Cx. gnomatus/vomerifer
andPs. albigenu readily fedonhumans,with collection
rates of 31 and 96 per day per person, respectively
(J.W.J., unpublished data). In addition, VEE virus
(subtype ID) was isolated from Cx. gnomatus/vomer-
ifer collected in this study area (M.J.T., unpublished
data). Therefore, becauseCx. gnomatus/vomerifer and
Ps. albigenu were efÞcient laboratory vectors of VEE
virus, among the abundant mosquitoes collected,
readily fed on humans, and were infected naturally,
they should be considered principle vectors of VEE
virus in this region of the Amazon. Other species such
as Ma. indubitans/titillans, Cx. pedroi, Ps. cingulata,
and Ps. ferox should be considered secondary vectors.
Despite our increasing knowledge about the natural
history of epizootic and enzootic strains of VEE virus,
the vertebrate reservoirs and maintenance vectors re-
main unknown for most of its distribution. Studies are
needed to clarify the hostÐvector relationships and to
deÞne the enzootic maintenance cycle. Additional
studies on mosquito bionomics including host feeding
patterns, time of day and season of biting activity, and
population density need to be conducted to better
understand the natural transmission cycle(s) of VEE
virus in the Amazon Basin.
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