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ABSTRACT Aedes triseriatus(Say) (Diptera: Culicidae), the major vector of La Crosse (LAC) virus,
efÞciently transmits LAC virus both horizontally and transovarially. We compared the vector com-
petence and transovarial transmission ability of Ae. triseriatus, Aedes albopictus Skuse, and Aedes
aegypti (L.) for LAC virus.Ae. triseriatus andAe. albopictuswere signiÞcantly more susceptible to oral
infection with LAC virus than Ae. aegypti. The three species also differed in oral and disseminated
infection rates (DIRs). Transovarial transmission (TOT) rates and Þlial infection rates (FIRs) were
greater forAe. triseriatus than eitherAe. albopictus orAe. aegypti. These measures were integrated into
a single numerical score, the transmission ampliÞcation potential (TAP) for each species. Differences
in TAP scores were due mainly to the differences in DIRs and FIRs among these mosquitoes. Although
the TAP score for Ae. albopictuswas lower than that of Ae. triseriatus, it was 10-fold greater than that
for Ae. aegypti.
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La Crosse (LAC) virus (family Bunyaviridae, genus
Orthobunyavirus, LACV) emerged as a signiÞcant hu-
man pathogen in the 1960s (Thompson et al. 1965) and
has remained a signiÞcant cause of encephalitis and
therefore an important public health problem in the
Unites States (Rust et al. 1999, McJunkin et al. 2001).
The incidence of LAC encephalitis in endemic areas
exceeds that of bacterial meningitis (McJunkin et al.
2001). Historically, most cases of LAC encephalitis
have occurred in upper midwestern states. More re-
cently, however, cases have been identiÞed in North
Carolina, West Virginia, and Tennessee (Jones et al.
1999). Aedes triseriatus (Say) is the major vector of
LACV and efÞciently transmits LACV both horizon-
tally and transovarially (Watts et al. 1973). Recent
isolation of LACV from Þeld-collected larvae and male
Aedes albopictus Skuse (Diptera: Culicidae) and as-
sociation of this vector with human cases in Tennessee
are causes for public health concern (Gerhardt et al.
2001, Erwin et al. 2002). Ae. albopictus is displacing
Aedes aegypti (L.) from peridomestic breeding sites in
many areas in the southern United States, and labo-
ratory studies have demonstrated that Ae. albopictus
from Hawaii are competent vectors of LACV (Tesh
and Gubler 1975). If U.S. strains of Ae. albopictus are
more permissive to LACV infection, transmission, and
maintenance than Ae. aegypti, there could be serious
epidemiological consequences in this region. Studies
were conducted to test the hypothesis that Ae. albo-

pictus is a more competent vector of LACV than
Ae. aegypti. These two species as well as Ae. triseriatus
were compared in their susceptibility to oral infection
with LACV and the subsequent ability to transmit the
virus transovarially to their progeny.

Materials and Methods

CellCulture andVirus Stocks.Baby hamster kidney
epithelial (BHK-21) cells were grown in DulbeccoÕs
modiÞed EagleÕs medium (Invitrogen, Carlsbad, CA)
in 5% CO2 at 37�C. African green monkey kidney
epithelial (Vero) cells were maintained in Liebovitz
(L-15)mediumcontaining10%fetal calf serumat37�C
(no CO2).

A working stock of LACV (Human/78) was pre-
pared by infecting conßuent BHK-21 cultures in
150-cm 2 ßasks at a multiplicity of infection of 0.001.
After �72 h, when cytopathic effects (CPEs) reached
100%, virus titers were quantiÞed by 50% tissue culture
infectious dose (TCID50) endpoint titration on Vero
cells. Titers were determined in replicates of four
dilutions by the Kärber method (Kärber 1931). Ali-
quots of the stock virus preparations were used in all
infection experiments.
Maintenance of Mosquito Species. Ae. albopictus

(Lake Charles; Louisiana strain) and Ae. aegypti
(RexD; Puerto Rico strain) were maintained at 26.5�C
and 80% RH under a photoperiod of 12:12 (L:D) h.
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Ae. triseriatus mosquitoes (AIDL; La Crosse, WI,
strain) were maintained at 24�C and 70% RH under a
photoperiod of 16:8 (L:D) h. Adult mosquitoes were
provided sugar cubes and water ad libitum. Forty-
eight hours before artiÞcial membrane feeding, sugar
cubes were removed, and mosquitoes were allowed
only water.
Infection of Mosquitoes by Artificial Bloodmeal.

Fororal infectionof femalemosquitoes, 15mlofnewly
propagated (unfrozen) infected BHK-21 cell culture
supernatants containing 1.58Ð5.00 � 107 TCID50 of
LACV were mixed with an equal volume of mechan-
ically deÞbrinated sheep blood (Colorado Serum
Company, Denver, CO). The infectious bloodmeal
was then transferred to a 37�C water-jacketed mem-
brane feeder (Rutledge et al. 1978), and sugar-de-
prived mosquitoes were allowed to feed for 4 h. After
feeding, engorged females were separated and trans-
ferred to cartons containing an equal number of males
to promote mating. A total of three experiments were
performed. In each, the three mosquito species were
fed on the same infectious bloodmeal. TCID50 titers of
these bloodmeals were 5.0 � 107/ml, 1.6 � 107/ml, and
2.8 � 107/ml, respectively.
Oviposition and Larval Rearing. Individual blood-

fed mosquitoes were maintained in cartons containing
oviposition cups containing oak leafÐwater (for Ae.
triseriatus) or distilled H2O (dH2O) (for Ae. aegypti
and Ae. albopictus) and paper strips to enhance egg
laying. Ten days after the bloodmeal, oviposition (OP)
liners were collected, partially dried, and stored in
plastic bags at 24�C for 2 wk to allow embryonation. To
induce egg hatching, the OP liners were placed in �1
liter of water containing 0.1% brain heart infusion
broth. After larval hatching, progeny mosquitoes were
given adequate food (Purina Mouse Chow and Tet-
ramin Þsh food) and raised under conditions identical
to that of the parents until pupation. Mosquitoes were
then removed at the pupal stage, transferred to car-
tons, and adults were allowed to emerge.
Midgut Infection Rates. Mosquito infection rates

were determined by direct immunoßuorescence assay
(IFA) by using mouse anti-LACV antibodies conju-
gated with ßuorescein isothiocyanate to detect LACV
antigen in midgut tissues following standard protocol
with some modiÞcations (Beaty and Thompson 1975).
Brießy, engorged females were dissected at 3, 5, 7, and
10 d after a bloodmeal, and midguts were Þxed for 2 h
at room temperature in 4% paraformaldehyde. Tissues
were rinsed in phosphate-buffered saline (PBS) con-
taining 0.1% bovine serum albumin (BSA) and 0.2%
Triton X-100 and then washed for 1 h at room tem-
perature in PBS/BSA plus 0.2% Triton X-100. Midguts
were stained for 4 h at room temperature with the
anti-LACV antibodies (diluted 1:200 in PBS). Anti-
body was removed, and the midguts were washed
once in PBS/BSA � 0.1% Triton X-100 followed by
PBS. Stained midguts were then mounted on slides
with Vectashield mounting medium (Vector Labora-
tories, Burlingame, CA). The midgut infection rate
(MIR) was calculated as the percentage of females

with LACV antigen positive midguts in the total num-
ber of females engorged on the infectious bloodmeal.
Disseminated Infection, Transovarial Transmis-
sion, and Filial Infection Rates. To determine the
disseminated infection rate (DIR), transovarial trans-
mission rate (TOTR), and Þlial infection rate (FIR) of
LACV in each species, the remainder of the females
not used for MIR determination were provided two
additional noninfectious bloodmeals at 2-wk intervals
and allowed to mate and oviposit after each. For the
head tissue assays, heads were removed after the third
oviposition, squashed on acid-washed glass slides,
Þxed for 15 min in acetone at �20�C, and air-dried.
Tissues were then stained with the anti-LACV anti-
bodies (as described above) for 30 min at 37�C in a
humidiÞed chamber. Slides were washed for 10 min in
PBS, brießy washed in dH2O, and mounted in PBS/
glycerol (3:1). For both assays, tissues were examined
for LACV antigen using ßuorescent microscopy
(Olympus BH2, Olympus, Melville, NY). The dissem-
inated infection rate (DIR) was determined as the
percentage of mosquitoes with viral antigen detect-
able in head tissues in the total number of females that
engorged the infectiousbloodmeal.Fordetermination
of TOTR and FIR, progeny from the third oviposition
were hatched and tested for LACV infection by IFA
of head tissues. The TOTR was calculated as the per-
centage of females with a disseminated LACV infec-
tion that transmitted the infection to at least one
progeny. The FIR was determined as the percentage
of progeny in any one brood with LACV infection
from a female that had transovarially transmitted the
infection. The transmission ampliÞcation potential
(TAP)wascalculatedasTAP�DIR�TOTR�FIR�
100.

Results

Midgut Infection Rates. All three mosquito species
became infected after ingestion of an infectious
bloodmeal, albeit at different rates (Fig. 1A). The
midgut infection rates were 94% (n� 70 females) for
Ae. triseriatus, 77% (n� 61) forAe. albopictus, and 26%
(n� 53) forAe. aegypti.The MIRs ofAe. triseriatus and
Ae. albopictusdiffered statistically(P� 0.01, �2 �8.17)
(Georgetown Linguistics Web �2 calculator, http://
www.georgetown.edu/faculty/ballc/webtools/web_
chi_tut.html). The MIRs of Ae. triseriatus and Ae. ae-
gypti and of Ae. albopictus and Ae. aegypti also dif-
fered statistically (P � 0.001, �2 � 23.84 and 29.23,
respectively). Midgut infection rates for the three
species were ordered as follows Ae. triseriatusMIR �
Ae. albopictus MIR � Ae. aegypti MIR.
Disseminated Infection Rates. Female mosquitoes

of each species were assayed for disseminated in-
fection by IFA of head tissues after oral infection
and subsequent oviposition (Fig. 1B). The DIR for
Ae. triseriatus was 86% (n � 130), for Ae. albopictus
41% (n� 196), and forAe. aegypti 10% (n� 544). The
DIRs ofAe. triseriatus andAe. albopictus, Ae. triseriatus
and Ae. aegypti, and Ae. albopictus and Ae. aegypti all
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differed statistically (P� 0.001, �2 � 65.03, 358.35, and
107.61, respectively).
Transovarial Transmission and Filial Infection
Rates. The TOTR was calculated to be 71% (n � 62)
for Ae. triseriatus, 52% (n� 52) for Ae. albopictus, and
44% (n� 50) forAe. aegypti (Fig. 1C). The differences
between the TOTRs of Ae. triseriatus and Ae. albo-
pictus (P � 0.05, �2 � 4.37) and Ae. triseriatus and
Ae. aegypti (P � 0.01, �2 � 8.32) were signiÞcant,
whereas that the difference between Ae. albopictus
and Ae. aegypti (P � 1, �2 � 0.64) was not signiÞ-
cant. Calculated FIRs for progeny mosquitoes were
46% (n � 2083) in Ae. triseriatus, 18% (n � 594) in

Ae. albopictus, and 8.8% (n � 1202) in Ae. aegypti
(Fig. 1D). The FIRs differed signiÞcantly between
Ae. triseriatus and Ae. albopictus, Ae. triseriatus and
Ae. aegypti, and Ae. albopictus and Ae. aegypti (P �
0.001, �2 � 150.59, 488.01, and 34.27, respectively).
Transmission Amplification Potential. As an over-

all measure of vertical transmission potential of the
respective mosquito species, the MIR, DIR, TOTR,
and FIR scores were used to generate the TAP. Cal-
culated TAP values were 28.5% forAe. triseriatus, 4.1%
for Ae. albopictus, and 0.4% for Ae. aegypti (Fig. 2).
Thus, there are major differences in the vertical trans-
mission potential of the three species.

Fig. 1. (A) MIRs of the three mosquito species. In total, 70 Ae. triseriatus, 61 Ae. albopictus, and 53 Ae. aegypti were
examined. (B) DIRs of the three mosquito species. In total, 130 Ae. triseriatus, 196 Ae. albopictus, and 544 Ae. aegypti females
were examined. (C) TOTRs of the three mosquito species. In total, 62 Ae. triseriatus, 52 Ae. albopictus, and 50 Ae. aegypti
LACV antigen-positive females were examined. (D) FIRs of the three mosquito species. In total, 2,083 Ae. triseriatus, 594
Ae. albopictus, and 1,202Ae. aegyptiprogeny were examined. All experiments were performed in triplicate. Graphing and error
bar calculation of the data were performed using GraphPad Prizm (Graphpad Software Inc., San Diego, CA).
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Discussion

All three mosquito species tested in this study
were susceptible to LACV infection, but they differed
signiÞcantly in several important aspects of vector
competence. In terms of oral infection of the vectors,
Ae. triseriatus was most permissive to both midgut
infection and dissemination of LACV. Ae. albopictus
was permissive to midgut infection as well and ex-
hibited a MIR (77%) near to that of Ae. triseriatus
(94%). However, the DIR for Ae. albopictus was less
than half that of Ae. triseriatus, implying these mos-
quitoes have a signiÞcant midgut escape barrier to
LACV infection (Bennett et al. 2005). The molecular
basis of this barrier remains to be determined. In
contrast, Ae. aegypti was signiÞcantly less permis-
sive to both midgut and disseminated infection than
either Ae. triseriatus or Ae. albopictus (Fig. 1A and B).
The DIR is a major determinant of vector competence
for the vectors of Orthobunyaviruses (Paulson et al.
1989). Not surprisingly, DIR is typically greatest in
homologous OrthobunyavirusÐvector challenge sys-
tems. Oral challenge with heterologous bunyaviruses
or reassortant viruses with heterologous M segments
results in the restriction of virus replication to the
midgut (Beaty et al. 1982). Similarly, as shown here,
challenge of nonpreferred vectors with LACV re-
sulted in restriction of the virus to the midgut. The
DIR inAe. aegyptiwas approximately half the value of
the MIR, and therefore greatly affected the vector
competence for LACV.

In terms of vertical transmission, Ae. triseriatus
mosquitoes had the highest TOTR. Nearly three-quar-
ters of female mosquitoes having disseminated LACV
infections transmitted the virus vertically to at least a
portion of their progeny. Interestingly, the TOTR of
both Ae. albopictus and Ae. aegypti approached or

exceeded 50%. The major difference between the spe-
cies, however, was in the FIR, which was greatest in
Ae. triseriatus, intermediate inAe. albopictus, and low-
est in Ae. aegypti. SigniÞcantly, Ae. aegypti vertically
transmitted the virus to �10% of the progeny.

TAP is representative of the overall permissiveness
of the respective vector for midgut infection, dissem-
ination, transovarial transmission, and for Þlial infec-
tion efÞciency, all of which are important aspects
contributing to the overall vector competence for
LACV. Ae. triseriatus exhibited the greatest TAP
(Fig. 2). Ae. albopictus was nearly as permissive to
LACV oral infection as Ae. triseriatus (Fig. 1A), but
the disseminated infection rate was much lower.
Midgut escape is therefore a major determinant in
the calculated intermediate TAP score for Ae. albo-
pictus. Ae. aegypti was signiÞcantly less susceptible to
both midgut and disseminated infection than either
Ae. triseriatus or Ae. albopictus. Both midgut infection
and escape were major determinants of the low
TAP inAe. aegypti. The overall TAP ofAe. aegyptiwas
�10-fold less than that of Ae. albopictus. Thus,
Ae. albopictus is a more competent vector of LACV
than Ae. aegypti in the United States and may provide
more of a public health threat for transmission to
humans.
Ae. triseriatus can be found as far north as Quebec

andOntario toas far southasFloridaandeasternTexas
(Walker 1992). Southern strains of Ae. triseriatus,
however, seem to be less competent vectors for LACV
because of a signiÞcantly lower FIRs (Woodring et al.
1998). Since its introduction into the United States in
1985, Ae. albopictus has spread from Texas to Florida
and is found as far north as New Jersey and Illinois
(Moore 1999). Because of its catholic feeding behav-
ior, it seems unlikely that Ae. albopictuswill become a
vector in a typical arbovirus cycle with one or a few
preferred vertebrate hosts, such as the well charac-
terized Ae. triseriatusÐchipmunk and tree squirrel cy-
cle (Beaty and Calisher 1991). Nonetheless, if some
local strains ofAe. albopictus exhibit even greater TAP
than that demonstrated here, LACV has the potential
to be ampliÞed and maintained in nature in this vector
species, posing a potential risk for human infection.
Indeed,Ae. albopictus are more aggressively anthropo-
phagic thanAe. triseriatus and certainly could prove to
be a more efÞcient vector of LACV to humans. It must
be noted that these studies were conducted with long-
colonized laboratory strains of the vectors. Additional
studies using newly colonized strains and more geo-
graphically representative Ae. albopictus will need to
be conducted to conÞrm these results. More Þeld
studies and epidemiological studies of LACV trans-
mission in the southern states are warranted. Indeed,
the potential for transmission of LACV by this vector
could dramatically change the epidemiology of LAC
encephalitis in the American south.
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Fig. 2. TAP for the respective mosquito species. TAP
scores were calculated from the relative values of DIR,
TOTR, and FIR of the individual species as noted in Materials
and Methods.
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