
JOURNAL OF VIROLOGY, Dec. 1996, p. 8972–8976 Vol. 70, No. 12
0022-538X/96/$04.0010
Copyright q 1996, American Society for Microbiology

Analysis of La Crosse Virus S-Segment RNA and Its Positive-
Sense Transcripts in Persistently Infected Mosquito Tissues
LAURA J. CHANDLER,† LEONARD P. WASIELOSKI,‡ CAROL D. BLAIR, AND BARRY J. BEATY*

Arthropod-Borne and Infectious Diseases Laboratory, Department of Microbiology, Colorado State University,
Fort Collins, Colorado 80523

Received 13 May 1996/Accepted 28 August 1996

La Crosse (LAC) virus is an important cause of pediatric arboviral encephalitis in the United States. LAC
virus is biologically transmitted by the mosquito Aedes triseriatus, and, like other arthropod-borne viruses, it
establishes a persistent, nonpathogenic infection in its vector following oral infection. To investigate LAC virus
persistent infection of mosquitoes, a reverse transcription-PCR assay was developed for the amplification of
LAC virus negative-sense small (S) genome RNA segment, its full-length complement, and its mRNA transcript
for qualitative analysis of transcription and replication in persistently infected mosquito tissues. RNAs were
assayed from midguts removed at predetermined times after infection with a LAC virus-containing blood meal.
LAC virus genome was detected almost uniformly in midguts at days 3 to 28 postinfection (p.i.) and, as the time
p.i. progressed, in more of the samples than either mRNA or viral cRNA (vcRNA). Thus, persistent LAC virus
infection of A. triseriatus midguts was correlated with a reduction in detectable viral mRNA and vcRNA. The
assay was also used for analysis of virus-specified RNA in both quiescent and biosynthetically active mosquito
ovaries. Viral replication decreased, as indicated by the absence of viral mRNA and vcRNA, in the ovaries of
mosquitoes that did not receive further blood meals after their original oral infection. Viral replication
increased in ovaries of mosquitoes that took an additional blood meal 30 days p.i. and was continuous in
mosquitoes that took multiple meals to stimulate oogenesis. Thus, virus replication in persistently infected
mosquito ovaries was dependent on host cell biosynthetic status.

La Crosse (LAC) virus is a member of the Bunyavirus genus
in the family Bunyaviridae (4). The genome of bunyaviruses
consists of three segments of negative-sense RNA. During
replication, each bunyavirus genome segment serves as a tem-
plate for transcription of truncated mRNA, which uses host
cell mRNA primers, and for transcription of full-length viral
cRNA (vcRNA). The LAC virus small (S) segment encodes
the nucleocapsid (N) protein and a small nonstructural protein
(11, 18).
LAC virus is a mosquito-borne arbovirus and the causative

agent of an important form of pediatric encephalitis in the
United States (6). The virus is biologically transmitted among
susceptible vertebrate hosts by the mosquito Aedes triseriatus
(3, 4). Following mosquito ingestion of a virus-containing
blood meal, the midgut is the first tissue infected. After repli-
cation in the midgut, the virus is disseminated to infect other
tissues, including the salivary glands and ovaries (4). Ovarian
infection can result in transovarial transmission of the virus
(23), which permits overwintering of the virus in the mosquito
eggs (5, 12, 24). In contrast to potentially pathogenic infections
in vertebrates, mosquito tissues become persistently infected
with LAC virus for life without apparent untoward effects. The
molecular events involved in establishment and maintenance
of persistent, noncytopathic infections in mosquitoes and mos-
quito cell culture (10, 17) are poorly understood. Previous
studies revealed that the percentage of mosquito progeny in-

fected by transovarial transmission correlated with the titer of
virus in the ovaries. Female mosquitoes with the highest ovar-
ian titers produced the highest proportion of infected progeny;
virus titer in the ovaries was increased 6- to 12-fold by ingestion
of uninfected blood meals (7). Total RNA synthesis in mos-
quito ovaries increases after ingestion of blood, reaching peak
levels 36 to 48 h after the blood meal (2). In non-blood-
stimulated ovaries, RNA levels are comparatively reduced (9).
The requirement of bunyaviruses for capped 59 ends of host
mRNAs to prime viral mRNA synthesis (14) suggests a possi-
ble connection between increase of host RNA synthesis fol-
lowing a blood meal and stimulation of viral replication in
mosquito ovaries.
Arbovirus-vector interactions have traditionally been stud-

ied by virus isolation from and/or antigen detection in the
vector, but these techniques do not distinguish between virus
replication and the presence of stable, nonreplicating virions.
Hybridization assays and other techniques used to detect nu-
cleic acids have been used as alternatives to virus isolation and
immunoassay for characterizing virus infection (13, 19); how-
ever, hybridization assays are relatively insensitive and have
limited practicality for studying virus transcription and repli-
cation in samples containing minute amounts of viral RNA,
such as tissues from individual vectors (22).
We report here the use of reverse transcription (RT)-PCR

for studying LAC viral persistence and replication in mosquito
tissues. The LAC virus RT-PCR provided strand-specific am-
plification of LAC virus S-segment viral RNA (vRNA),
mRNA, and vcRNA. This technique was used to test the hy-
potheses that persistent LAC virus infection of A. triseriatus
midguts is regulated at the level of RNA synthesis and that
viral replication in persistently infected ovaries is influenced by
the biosynthetic and/or reproductive state of the organ.
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MATERIALS AND METHODS

Virus. Prototype LAC virus was obtained from the World Health Organization
Arbovirus Reference Center at the Yale Arbovirus Research Unit, New Haven,
Conn. This virus was originally isolated in 1965 from the brain of a patient with
LAC virus encephalitis (20) and had been passaged eight times in mice and
vertebrate cell culture. Stock virus was prepared in BHK-21 cell cultures.

A. triseriatus mosquito colony. A. triseriatus (Bluff strain) mosquitoes were
originally collected as eggs from breeding sites near La Crosse, Wis., in August
1992. Mosquitoes were maintained in an insectary at 20 to 238C and 80% relative
humidity, with a daily cycle of 16 h of light–8 h of darkness. Larvae were fed
Tetra-Min fish food. Adult mosquitoes were provided sugar cubes, raisins, and
distilled H2O. As a source of blood for egg development, an adult mouse was
offered to the mosquitoes once a week. Each generation was maintained sepa-
rately, and laboratory generations F6 and F7 were used in these studies.
Mosquito infection and processing. (i) Positive-control mosquitoes. Positive-

control mosquitoes were infected by intrathoracic inoculation of 10 to 50 50%
BHK cell infective doses of LAC virus and held for 14 days; they were then cold
anesthetized, and their severed heads were squashed on slides and examined by
fluorescent-antibody staining (5). Fluorescent-antibody-positive mosquitoes
were frozen at 2708C prior to RNA extraction.
(ii) Oral infection of mosquitoes with LAC virus. Experimental mosquitoes

were orally infected with LAC virus in a blood meal. Blood meals were prepared
by mixing equal volumes of infected cell culture medium containing 107.5 PFU of
LAC virus per ml and a suspension of washed sheep erythrocytes in fetal bovine
serum containing 10% sucrose; the mixture was offered to mosquitoes in droplets
placed onto the netting of their cartons for 1 h. Fully engorged mosquitoes were
selected for use in the studies. On selected days postinfection (p.i.), midguts or
ovaries were removed from mosquitoes, rinsed in phosphate-buffered saline, and
stored at 2708C prior to RNA extraction. All mosquitoes were monitored for
disseminated virus infections by fluorescent-antibody staining of LAC virus an-
tigen in their heads (5); only mosquitoes with disseminated infections were used
in the ovary analyses.
RNA extraction from mosquitoes. RNA was extracted from individual mos-

quitoes or mosquito organs by using the acid guanidinium thiocyanate-phenol-
chloroform method (8), modified for whole mosquitoes (22), and RNA was
purified with an RNaid kit (Bio 101, Inc., La Jolla, Calif.). Samples were stored
at 2708C prior to RT-PCR. Each sample was analyzed for the presence of all
three RNA species.
RT and PCR primers. Primers for specific RT of LAC virus S-segment vRNA,

mRNA, and vcRNA were selected from published sequences (1) with OLIGO
4.0 computer software (National Biosciences, Plymouth, Minn.) (21). The loca-
tions and sequences of primers and the sizes of products are given in Table 1.
LAC virus S-segment vcRNA transcripts were approximately 100 nucleotides
longer at the 39 end than S-segment mRNA transcripts. The LAC virus vcRNA
reverse primer (LVC) bound to the S-segment complement downstream from
the 39 end (nucleotide 886) of the S-segment mRNA; thus, it primed RT of
vcRNA but not mRNA. The LAC virus N-gene reverse primer (LNR) primed
RT of both mRNA and vcRNA.
LAC virus strand-specific RT-PCR. RNA was incubated at 708C for 10 min

with 15 pmol of the appropriate RT primer in a total volume of 10 ml. After
cooling to room temperature, the RNA was reverse transcribed with 67 U of
Superscript II (Gibco-BRL, Gaithersburg, Md.) in 13 first-strand buffer (10 mM
dithiothreitol, 10 mmol of deoxynucleoside triphosphates, and 40 U of RNasin)
in a 20-ml reaction mixture. Two microliters of cDNA was added to 48 ml of 13
PCR buffer (1.5 U of Taq DNA polymerase [Promega, Madison, Wis.], 1.5 mM
MgCl2, 50 mM KCl, 10 mM Tris-Cl [pH 9.0], 0.1% Triton X-100, 200 mM each
nucleotide, and 50 pmol of each primer), and the mixture was incubated at 948C
for 1 min, 588C for 1 min, and 708C for 2 min through 25 cycles; a final extension
was done at 728C for 7 min. PCR products were analyzed by electrophoresis in
1.5% agarose gels. Plasmids containing vRNA and mRNA cDNA inserts were
designated pLVC and pLNR, respectively (21). Runoff transcription from lin-
earized plasmid templates was used to produce vRNA, vcRNA, or mRNA, all of
which were used as positive controls for the RT-PCR.

Internal control for RT-PCR of mosquito RNA. An RT-PCR technique for
detection of mosquito b-actin mRNA was developed as an internal control for
RT reactions. The sequence of A. triseriatus actin is not known; however, primers
based on the Bombyx mori b-actin sequence were used to reverse transcribe and
amplify by PCR a 396-bp product from A. triseriatus actin mRNA. The forward
primer sequence was 59TCAGGTAGTCGGTCAGAT; the reverse primer se-
quence was 59TCCAGAGCAAGAGAGGTA. The positive-control template for
actin PCRs was part of the A. triseriatus b-actin gene cloned into the plasmid
vector pGEM and designated pA396 (21).

RESULTS

LAC virus strand-specific RT-PCR. The specificity of the
RT-PCR assay was verified with vRNA, mRNA, and vcRNA
transcribed from pLVC and pLNR. Products of the expected
sizes (Table 1) were obtained in each assay (data not shown).
The LAC virus S-segment vRNA and vcRNA RT-PCRs were
specific for vRNA and vcRNA, respectively. The mRNA RT-
PCR detected both mRNA and vcRNA. When mosquito RNA
was subjected to RT-PCR with primers specific for b-actin, a
396-bp product resulted. A second, minor band, approximately
550 bp in size, was occasionally obtained (data not shown).
Analysis of LAC virus RNA synthesis in A. triseriatus mid-

guts by strand-specific RT-PCR. The S-segment RT-PCR was
used for qualitative analysis of LAC virus RNA species in
individual midguts. Mosquitoes were orally infected with LAC
virus, and on days 1, 3, 6, 9, 14, and 21 p.i., midguts were
removed and each was assayed for LAC virus-specified RNAs.
LAC virus genomic RNA (vRNA) was detected in more of

the samples from persistently infected mosquitoes than either
mRNA or vcRNA; it was detected in a total of 84% (27 of 32)
of the midguts from days 3 to 28 (Table 2). LAC virus S-
segment mRNA was detectable at day 1 p.i. and in 33 to 70%
of the individual midguts on days 3 through 28 (Table 2). At
day 3 p.i. only 50% of the midguts contained detectable

TABLE 1. Primers for RT-PCR of LAC virus S-segment RNA

RT primer name Sequence (59339) Location relative to LAC S
RNA genome segmenta

Paired primer
for PCR Template Product

size (bp)

LNF (LAC virus N-gene
forward primer)

TCAAGAGTGTGATGTCGGATTTGG Complement of nt 71–94 LVC vRNA 860

LNR (LAC virus N-gene
reverse primer)

GGAAGCCTGATGCCAAATTTCTG Nt 741–763 LNF mRNA, vcRNA 715

LVC (LAC virus vcRNA
reverse primer)

TTTTGCTGTCCCCTACCACC Nt 892–911 LNF vcRNA 860

a Nt, nucleotides.

TABLE 2. LAC virus S-segment-specific RNA in infected
mosquito midguts

Day p.i.

Detection rate [no. positive for RNA/no. infected with
LAC (% positive)] for:

vRNAa mRNAb vcRNAc

1 0/1 (0) 1/1 (100) 0/1 (0)
3 6/10 (60) 7/10 (70) 5/10 (50)
6 5/5 (100) 3/5 (60) 2/5 (40)
9 4/5 (80) 3/5 (60) 3/5 (60)
14 6/6 (100) 4/6 (67) 2/6 (33)
21 3/3 (100) 1/3 (33) 1/3 (33)
28 3/3 (100) 2/3 (67) 0/3 (0)

a x2 5 2.8; P 5 0.83.
b x2 5 4.8; P 5 1.0.
c x2 5 13.1; P 5 0.04.
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vcRNA, and the proportion containing detectable replicative
template declined during days 14 to 28. Chi-square analysis
revealed that there was not a significant decline in mRNA (P.
0.05). In contrast, the decline in vcRNA was statistically sig-
nificant (P , 0.05). These results suggest that a persistent
infection of the midgut of mosquitoes orally infected with LAC
virus was characterized by stable maintenance of vRNA, a
possible reduction in mRNA, and a reduction in detectable
vcRNA.
LAC virus RNA synthesis in inactive ovaries. To examine

replication and persistence of LAC virus in the ovaries, two
experiments were performed. In the first experiment, mosqui-
toes were blood fed LAC virus on day 0 and then follicular
resting, or quiescence, was induced by deprivation of addi-
tional blood meals. LAC virus RNA in the ovaries was moni-

tored by RT-PCR every 3 to 5 days from 14 to 30 days p.i. As
in persistently infected midguts, viral replication decreased
over time (Fig. 1). Genomic RNA was detectable in 100% of
the mosquito ovaries through day 28 and in 7 of 10 mosquitoes
on day 30 (Table 3). Fewer mosquitoes had detectable mRNA
and vcRNA, and the proportion declined over time. At days 14
and 18, two of three mosquitoes did not have detectable viral
mRNA in the ovaries but did have vcRNA. At day 21 p.i., no
viral mRNA or vcRNA was detectable in the three mosquitoes
examined. By day 30, only 10% of mosquitoes had mRNA and
vcRNA detectable in the ovaries (Table 3). These results con-
firmed the hypothesis that when ovaries were inactive, virus
replication was concomitantly down-regulated. Chi-square
analysis revealed that the reduction of mRNA and vcRNA,

FIG. 1. RT-PCR analysis of LAC virus replication in mosquito ovaries at days 8, 18, and 28 p.i. Mosquitoes were orally infected with LAC virus on day 0 and sampled
on day 8, 18, or 28 p.i. One-fifth of the total RNA obtained from a pair of individual mosquito ovaries was subjected to RT-PCR for detection of vRNA (v), viral mRNA
(m), or vcRNA (vc). V1, virus-infected; V2, uninfected. Numbers on the left are molecular sizes, in base pairs.
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indicative of reduced virus replication, was statistically signif-
icant (P , 0.05) (Table 3).
LAC virus RNA synthesis in active ovaries. A second exper-

iment was performed to compare viral replication in active
(egg-producing) ovaries with that in quiescent ovaries. Mos-
quitoes were blood fed with LAC virus on day 0 and then
divided into two groups: (i) mosquitoes that blood fed on an
uninfected mouse three or four times over the course of 30
days and (ii) mosquitoes that received one uninfected blood
meal 30 days later. Mosquitoes that were exposed to but did
not blood feed on the adult mouse at day 30 were used as
non-blood-fed controls.
(i) LAC viral replication in the ovaries of mosquitoes blood

fed at weekly intervals. Among a total of 46 mosquitoes with
disseminated infections that had blood fed three or four times,
100% had vRNA, mRNA, and vcRNA detectable in their
ovaries 35 days p.i. (data not shown). In the mosquitoes that
were exposed once to the blood source but did not engorge,
viral replication in the ovaries was decreased: 80% (8 of 10) of
these mosquitoes had detectable vRNA, whereas only 30%
had detectable mRNA and 50% had detectable vcRNA (data
not shown). This experiment confirmed the hypothesis that
when ovary activity is maintained by blood feeding, virus rep-
lication is ongoing.
(ii) LAC viral replication in the ovaries of mosquitoes blood

fed again on day 30.One group of mosquitoes blood fed on day
0 was held for 29 days with no further blood meals, to allow
follicular quiescence to occur. They were blood fed a second
time on day 30 and assayed 24, 48, 72, or 96 h after the second
feeding to determine if stimulation of ovary activity would
reactivate viral replication. Viral replication in the ovaries was
increased after the mosquitoes received the second blood meal

(Table 4). Viral mRNA and vcRNA were detectable in 100%
of the ovaries up to 96 h postfeeding. However, the differences
in detectable mRNA and vcRNA between the refed mosqui-
toes and the non-refed controls were not statistically significant
(for mRNA, x2 5 4.45; for vcRNA, x2 5 2.27; in both cases,
P . 0.05). Of the 11 control mosquitoes, assayed on day 30
without refeeding, 4 had mRNA detectable in the ovaries and
6 had vcRNA detectable in the ovaries (Table 4). It is note-
worthy that these control mosquitoes had been exposed to the
vertebrate host at day 30 but did not ingest detectable blood.
The prevalence of vcRNA and mRNA was greater than in
mosquitoes that had not been exposed to the mouse again on
day 30 (Table 3). This suggests that vertebrate host exposure
itself may stimulate ovarian activity. Nonetheless, the results of
this experiment suggest that virus replication can be activated
when ovaries are stimulated by a blood meal.

DISCUSSION

Although the ability of LAC virus to persist in mosquitoes is
well known, the molecular events underlying establishment
and maintenance of persistent infections are not understood.
Traditional studies of the vector-virus interaction, using virus
isolation or detection of viral antigen, have not distinguished
between active viral replication and the presence of stable,
nonreplicating virions in mosquito tissues. We have developed
and used an RT-PCR assay to specifically identify LAC virus
vRNA, mRNA, and vcRNA in tissues of individual mosqui-
toes. We have assumed that S-segment vcRNA and mRNA are
markers for genome replication and gene expression, respec-
tively, and that their detection in biologically relevant mos-
quito tissues indicates active viral replication. The assay has

TABLE 3. LAC virus S-segment-specific RNA in the ovaries of mosquitoes that were not refed after the initial infection (experiment 1)

Day p.i. Virus antigen in heads
(no. positive/total no.)a

RT-PCR detection rate [no. positive/total no. (% positive)]

vRNAb mRNAc vcRNAd b-Actin mRNAe

14 3/3 3/3 (100) 1/3 (33) 3/3 (100) 3/3
18 3/3 3/3 (100) 1/3 (33) 3/3 (100) 3/3
21 3/3 3/3 (100) 0/3 (0) 0/3 (0) 3/3
25 5/5 5/5 (100) 1/5 (20) 2/5 (40) 5/5
28 10/10 10/10 (100) 1/10 (10) 3/10 (30) 9/9
30 10/10 7/10 (70) 1/10 (10) 1/10 (10) 10/10

a P 5 0.9625.
b P 5 0.9702.
c P 5 0.0014.
d P 5 0.0032.
e P 5 0.9625.

TABLE 4. LAC virus S-segment-specific RNA in the ovaries of mosquitoes blood fed on day 30 after the initial infection (experiment 2)

Time of assay (h)a Virus antigen in heads
(no. positive/total no.)b

RT-PCR detection rate [no. positive/total (% positive)]

vRNAc mRNAd vcRNAe b-Actin mRNAf

24 10/10 10/10 (100) 10/10 (100) 10/10 (100) 10/10
48 10/10 10/10 (100) 10/10 (100) 10/10 (100) 10/10
72 10/10 10/10 (100) 10/10 (100) 10/10 (100) 10/10
96 12/12 12/12 (100) 12/12 (100) 12/12 (100) 12/12

Controls (not refed) 11/11 10/11 (91) 4/11 (36) 6/11 (55) 11/11

a Hours after second blood feeding.
b P 5 0.9987.
c P 5 0.9990.
d P 5 0.3485.
e P 5 0.6862.
f P 5 0.9987.
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been used to examine midguts, the initial site of viral amplifi-
cation after oral infection, and both quiescent and biosyntheti-
cally active ovaries of individual mosquitoes.
Our results suggest that persistent LAC virus infection of A.

triseriatus midguts is regulated at the level of RNA synthesis
(Table 2). A decrease in the proportion of mosquitoes with
detectable LAC virus vcRNA in the midgut began shortly after
infection and was followed by a decrease in detectable LAC
virus mRNA, while vRNA was detectable in 100% of the
mosquitoes even 28 days p.i. In addition, although the RT-
PCR assays used to investigate viral persistence were not quan-
titative, the results (Fig. 1) also suggest that virus transcription
was reduced in many samples with time p.i. These observations
are consistent with the report that the rate of synthesis of LAC
virus RNAs declines in persistently infected mosquito cell cul-
tures (17) and suggest that a reduction in active LAC virus
replication occurs in the midguts of persistently infected mos-
quitoes, although stable virions remain in these tissues for long
periods, perhaps for the life of the mosquito.
Our studies confirmed the hypothesis that reduced viral rep-

lication was correlated with reduced host ovarian biosynthetic
activity. The persistent virus infection in quiescent ovaries was
characterized by reduced numbers of mosquitoes with detect-
able S-segment vcRNA and mRNA, with uniform maintenance
of vRNA (Table 3). In contrast, mosquitoes fed repeated blood
meals maintained vcRNA and mRNA in the ovaries through-
out the course of the study, and among mosquitoes that were
held to establish a persistent viral infection in the ovaries and
were then refed, the proportion with mRNA and vcRNA, as
well as vRNA, in ovaries increased immediately following the
blood meal (Table 4). Previous studies have shown a correla-
tion between repeated blood feeding and high virus titers in
ovaries (7); this suggests a possible connection between in-
creased ovarian RNA synthesis due to stimulation by a blood
meal (2) and enhanced viral replication. Conversely, the re-
duction in biosynthetic activity that occurs in quiescent ovaries
(9) may affect viral replication by limiting availability of needed
host cell mRNAs. Our results support the hypothesis that the
ovaries of mosquitoes actively developing eggs are more per-
missive to virus replication. Virus replication can thus be re-
activated when oogenesis is stimulated, which may also result
in more efficient transovarial transmission.
These studies did not address the mechanisms for reduction

or increase of viral replicative RNAs. During ovarian quies-
cence, RNA and protein synthesis are reduced (2); thus, host
mRNA 59 oligonucleotide primers, which are required for viral
mRNA transcription (14), may be greatly reduced. Bunyavirus
transcription has been reported to require ongoing protein
synthesis in vertebrate cells (15); however, in invertebrate cells,
this requirement apparently does not exist (16). Alternatively,
the decreased proportion of mosquitoes with viral mRNA and
vcRNA may have been due to degradation, whereas vRNA in
virions would be more stable. Virus replication in active ova-
ries may be increased because large amounts of mRNA and
rRNA are being synthesized by the nurse cells (2). In addition,
other host cell macromolecules necessary for viral replication
may be more available in active ovaries. Because these exper-
iments were designed to detect steady-state levels of RNA, it
was not possible to measure the rate of transcription of new
mRNA and vcRNA in the ovaries. Nonetheless, the results
suggest that host and virus transcription are coregulated during
persistent infections.
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