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ABSTRACT

We generated a recombinant Akabane virus (AKAV) expressing enhanced green fluorescence protein (eGFP-AKAV) by using
reverse genetics. We artificially constructed an ambisense AKAV S genome encoding N/NSs on the negative-sense strand, and
eGFP on the positive-sense strand with an intergenic region (IGR) derived from the Rift Valley fever virus (RVFV) S genome. The
recombinant virus exhibited eGFP fluorescence and had a cytopathic effect in cell cultures, even after several passages. These
results indicate that the gene encoding eGFP in the ambisense RNA could be stably maintained. Transcription of N/NSs and
eGFP mRNAs of eGFP-AKAV was terminated within the IGR. The mechanism responsible for this appears to be different from
that in RVFV, where the termination sites for N and NSs are determined by a defined signal sequence. We inoculated suckling
mice intraperitoneally with eGFP-AKAV, which resulted in neurological signs and lethality equivalent to those seen for the par-
ent AKAYV. Fluorescence from eGFP in frozen brain slices from the eGFP-AKAV-infected mice was localized to the cerebellum,
pons, and medulla oblongata. Our approach to producing a fluorescent virus, using an ambisense genome, helped obtain eGFP-
AKAV, a fluorescent bunyavirus whose viral genes are intact and which can be easily visualized.

IMPORTANCE

AKAV is the etiological agent of arthrogryposis-hydranencephaly syndrome in ruminants, which causes considerable economic
loss to the livestock industry. We successfully generated a recombinant enhanced green fluorescent protein-tagged AKAV con-
taining an artificial ambisense S genome. This virus could become a useful tool for analyzing AKAV pathogenesis in host ani-
mals. In addition, our approach of using an ambisense genome to generate an orthobunyavirus stably expressing a foreign gene

could contribute to establishing alternative vaccine strategies, such as bivalent vaccine virus constructs, for veterinary use

against infectious diseases.

kabane virus (AKAV) is an Orthobunyavirus within the family
Bunyaviridae and the etiological agent of arthrogryposis-hy-
dranencephaly syndrome in cattle, sheep, and goats. Arthrogry-
posis-hydranencephaly syndrome is characterized by abortion,
stillbirth, premature birth, and congenital deformities and is re-
sponsible for considerable economic losses to the cattle industry
(1). The virus is transmitted primarily by biting midges of the
genus Culicoides and is widely distributed throughout Australia,
Southeast Asia, East Asia, the Middle East, and Africa. AKAV is
genetically related to Schmallenberg virus, a recently isolated or-
thobunyavirus that causes arthrogryposis-hydranencephaly syn-
drome in ruminants across large areas of Europe (2).
Bunyaviruses are characterized by a tripartite negative-sense
RNA genome with large (L), medium (M), and small (S) seg-
ments. The L segment encodes the large protein, which acts as the
RNA-dependent RNA polymerase (RdRp) in the ribonucleopro-
tein complex. The M segment encodes two envelope glycopro-
teins, Gn and Gc, and the nonstructural protein NSm. The glyco-
proteins are responsible for attachment to cell receptors, while the
function of NSm remains unknown. The Gc protein is a major
virus-neutralizing antigen. The S segment encodes a nucleopro-
tein, N, and a nonstructural protein, NSs. N shares antigenic de-
terminants with some other virus species in the genus. NSs acts as
a type I interferon antagonist and contributes to the regulation of
host protein synthesis (3). Orthobunyavirus N and NSs proteins
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are encoded by overlapping open reading frames (ORFs) on a
single mRNA (4-7). However, phleboviruses, such as Rift Valley
fever virus (RVFV), utilize an ambisense strand strategy to express
N and NSs (8). The N ORF is on the negative-sense strand, while
the NSs ORF is on the positive-sense strand. These two ORFs are
separated by a cytosine-rich intergenic region (IGR) (Fig. 1A).
Our understanding of AKAV pathogenesis in ruminants is lim-
ited because studying the virus requires biosafety level 2 biocon-
tainment facilities that can handle large virus-infected animals. As
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FIG 1 (A) Schematic depiction of negative-sense (AKAV) and ambisense (RVFV) gene expression strategies. AKAV, with a negative-sense strand-coding
strategy, possesses an S RNA segment that contains a single transcriptional unit flanked by UTRs. The corresponding positive-sense antigenome is assumed to be
transcriptionally silent. The transcriptional unit comprises overlapping ORFs accessed by alternative initiation codons. The gray bar in the N/NSs mRNA
represents the NSs ORF region. RVFV, with an ambisense coding strategy, is able to transcribe mRNAs from genomic and antigenomic S RNA strands, with
transcription termination signals positioned in a central IGR. A black square indicates a 5" cap structure on mRNAs. (B) The S-eGFP plasmid was generated using
RVFV and an ambisense strategy and was then used to generate eGFP-AKAV. (C) CPE and green fluorescent expression in cells infected with eGFP-AKAV or
AKAV-RG or in mock-infected cells. Bright-field (top) and fluorescence (bottom) images are shown. (D) HmLu-1 cells were infected with recombinant or
parental virus and analyzed using RT-PCR and electrophoresis to detect S segment RNA. The pair of primers (T7riboSM2-SF and -SR2) used for RT-PCR is
indicated in panels A and B. (E) Genetic stability of eGFP-AKAV. HmLu-1 cells were infected with various dilutions of eGFP-AKAYV at passages 1, 5, 8, and 10.
At 3 days p.i., the number of eGFP-positive plaques was determined. The results are presented as the means = standard deviations (SD) (error bars) from 4 or

5 wells.

an alternative, rodents are used for the in vivo study of AKAV.
Mice are often experimentally infected with AKAV via the subcu-
taneous or intraperitoneal route to assess its pathogenesis (9, 10).
Pregnant hamsters can be used as a transplacental-infection
model (11), and embryonated chicken eggs can be used as a tera-
togenic model (12).

Fluorescent viruses are useful in studying viral pathogenesis, as
the movement of viral particles can be easily traced and monitored
in vivo. In a previous study, the orthobunyavirus Bunyamwera
virus (BUNV) was used to generate a recombinant virus carrying
the enhanced green fluorescent protein (eGFP) fused with a trun-
cated Gc protein (13). The deleted region of the Gc protein was
not essential for replication in cell culture (14). However, the in-
serted eGFP gene was not genetically stable when the virus was
subjected to several passages in cell culture.

In the current study, we inserted the eGFP gene and IGR se-
quence of RVFV downstream of the N/NSs genes in the AKAV S
genome using an ambisense strategy to generate an eGFP-tagged
AKAV. The resulting recombinant virus, eGFP-AKAYV, replicated
efficiently in cell culture, stably expressed eGFP, and displayed
neurovirulence similar to that of the parental wild-type virus in
mice. In addition, we were able to identify viral infection in sub-
regions of the mouse brain easily using fluorescence imaging.
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MATERIALS AND METHODS

Cells and viruses. Baby hamster kidney cells stably expressing T7 RNA
polymerase (BHK/T7-9 cells) (15) were kindly provided by Naoto Ito
(Gifu University, Japan) and cultured at 37°C in Eagle’s minimum essen-
tial medium (MEM) supplemented with 5% fetal calf serum (FCS) and
10% tryptose phosphate broth. Hamster lung (HmLu-1) cells were cul-
tured at 37°C in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 5% FCS. We used the neurovirulent Iriki strain of AKAV
(16) in this study to derive a recombinant virus. Viruses were propagated
in HmLu-1 cells cultured in serum-free medium.

Plasmid generation. We previously established a T7 RNA polymer-
ase-driven reverse-genetics system for AKAV (A. Takenaka-Uema, K. Su-
giura, N. Bangphoomi, C. Shioda, K. Uchida, K. Kato, T. Haga, S. Mu-
rakami, H. Akashi, and T. Horimoto, submitted for publication). We
generated three plasmids expressing viral RNAs, which were designated
pT7riboSM2/IL, pT7riboSM2/IM, and pT7riboSM2/IS, in which cDNAs
from the L, M, or S segments, respectively, of the Iriki strain were cloned.
The pT7riboSM2/IS plasmid was used to generate pT7riboSM2/S-eGFP,
where the eGFP gene was inserted in the opposite orientation to the N
gene. The coding region for eGFP was amplified from pEGFP-N1 (Clon-
tech). A 30-bp sequence of the 5’ untranslated region (UTR) from the S
segment was added as a flanking sequence upstream of the eGFP ORF by
PCR, using primers IrikiS-3'NCR+GFP-F (5'-GAA GCA AGG AAA
CTG GAG AAT CAG CAA AGA ATG GTG AGC AAG GGC GAG GAG-
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3’) and Mlul+GFP-R (5'-AAA ACG CGT TTA CTT GTA CAG CTC
GTC CAT-3"). The full-length 5" UTR (135 bp) of the S segment was
amplified using primers IrikiS-3'"NCR-F (5'-TCT TTG CTG ATT CTC
CAG TT-3') and T7riboSM2-SR2 (5'-AAT CGT CTC CAC CCA GTA
GTG TTC T-3"). These two overlapping fragments, eGFP plus the partial
5" UTR and the entire 5" UTR of the S segment, were used as PCR tem-
plates, with primers T7riboSM2-SR2 and Mlul+ GFP-R added to reaction
mixtures. The resulting amplified fragment contained the eGFP ORF and
the entire 5" UTR of the S fragment. A 55-bp sequence from the 5’ end of
the RVFV strain ZH548 (GenBank accession no. DQ380151) IGR was
added downstream of this fragment in a stepwise manner by using prim-
ers T7riboSM2-SR2 and GFP+IGR-R1 (5'-GGG GGG TGG GGG GTG
GGG CAG CCT TAA CCT TTA CTT GTA CAG CTC GTC CAT-3") and
then primers T7riboSM2-SR2 and GFP+IGR-R2 (5'-GGG AGT TGG
GGT TAC GGT CGG GAT TGG GGG GTG GGG GGT GGG GCA G-3').
The 3’ end of the IGR (57 bp) was added downstream of the N/NSs ORF
by extension using primers T7riboSM2-SF (5'-AAT CGT CTC CTA TAG
AGT AGT GAA CT-3") and IrikiS+IGR-R (5'-CCC CCA ATC CCG ACC
GTA ACC CCA ACT CCC CTT CCC CCC AAC CCC CTG GGC AGC
CACTTA GAT CTG AAT ACCAAATTG AG-3’). Two IGR-overlapping
fragments, the 3" end of the IGR with the N/NSs ORF and the 5" end of the
IGR with the eGFP ORF, were used as PCR templates with the primers
T7robpSM2-SF and T7riboSM2-SR2. This produced an ambisense S seg-
ment, designated S-eGFP, which contained the N/NSs gene, IGR se-
quence, and eGFP gene. We inserted S-eGFP into the pT7riboSM2 vector
(17) at the Esp3I restriction site, yielding pT7riboSM2/S-eGFP.

Generation of recombinant viruses. We used pT7riboSM2/IL,
pT7riboSM2/IM, and pT7riboSM2/IS for reverse genetics to efficiently
produce a recombinant form of wild-type AKAV (AKAV-RG), which we
used as a control virus. To generate eGFP-AKAYV, subconfluent BHK/
T7-9 cells grown in 6-well plates were transfected with 1.2 pg each of
pT7riboSM2/IL and pT7riboSM2/S-eGFP and 0.6 pg of pT7riboSM2/IM
by using 9 pl of TransIt-LT1 transfection reagent (Mirus) in 200 wl of
Opti-MEM (GIBCO). At 3 days posttransfection, the culture superna-
tants of transfected cells were harvested and added to HmLu-1 cells. Vi-
ruses were plaque purified three times from HmLu-1 cells and stored until
required. The presence of recombinant virus was confirmed by the ap-
pearance of cytopathic effects (CPE) and expression of eGFP, which was
monitored using a Nikon Eclipse TS100 fluorescence microscope (Nikon,
Japan). Titers of recombinant viruses were determined using plaque as-
says as previously described (18).

Reverse transcription (RT)-PCR analysis. Viral RNA was extracted
from the supernatants of infected cell cultures by using a QIAamp viral
RNA minikit (Qiagen) according to the manufacturer’s instructions. To
synthesize cDNAs, we used SuperScript III reverse transcriptase (Invitro-
gen) and primers T7riboSM2-SF, T7riboSM2-MF, and T7riboSM2-LF
for the 3’ ends of the S, M, and L segments, respectively. The three seg-
ments of the recombinant virus were amplified by PCR using LA Tagq
polymerase (TaKaRa Bio). Primers T7riboSM2-SF and T7riboSM2-SR2
were used for the S RNA segment, T7riboSM2-MF (5'-AAT CGT CTC
CTA TAG AGT AGT GAA CTA CCA CAA CAA AAT G-3') and
T7riboSM2-MR (5'-AAT CGT CTC CAC CCA GTA GTG TTC TAC
CAC AAC AAA TAA TTA T-3') for the M RNA segment, and
T7riboSM2-LF (5'-AAT CGT CTC CTA TAG AGT AGT GTA CCC CTA
AAT ACA ACATACA-3") and T7riboSM2-LR (5'-AAT CGT CTC CAC
CCA GTA GTG TGC CCC TAA ATG CAA TAA TAT-3'") for the L RNA
segment. The resulting amplicons were analyzed by agarose gel electro-
phoresis, and DNA bands of the correct sizes were recovered and purified
using a NucleoSpin Gel and PCR cleanup kit (TaKaRa Bio). The purified
DNA products were digested with the appropriate restriction enzyme, and
S-eGFP was sequenced using standard protocols and a 3130x] genetic
analyzer (Applied Biosystems).

Growth kinetics and plaque morphology. A subconfluent HmLu-1
cell monolayer was infected with eGFP-AKAV or AKAV-RG at a multi-
plicity of infection (MOI) of 0.01. After 1 h at 37°C, unbound virus was
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removed, the cells were washed with phosphate-buffered saline (PBS),
and serum-free medium was added. At different time points postinfection
(p-1.), supernatants were harvested and titrated using plaque assays with
HmLu-1 cells. Experiments were performed in triplicate. To examine dif-
ferences in plaque morphology between eGFP-AKAV and AKAV-RG,
HmLu-1 cells were seeded into 6-well plates. We added eGFP-AKAV or
AKAV-RG to cells and allowed them to incubate at 37°C for 1 h. Then, we
removed the virus suspension and covered the cells with DMEM contain-
ing 0.8% (wt/vol) agar and 2% FCS. After 4 days, the cells were stained
with neutral red.

Counting green fluorescent protein (GFP)-positive plaques. Plaque-
purified eGFP-AKAYV was serially passaged 10 times in HmLu-1 cells. The
HmLu-1 cells were grown in 4-well Lab-Tek chamber slides (Thermo)
and infected with diluted eGFP-AKAYV at various passages for 1 h at 37°C.
Unbound viruses were removed, and the cells were covered with DMEM
containing 0.8% methylcellulose and 2% FCS. At 3 days p.i., methylcellu-
lose-containing media were removed, and the cells were washed with PBS
three times. Live cells were observed using a Zeiss LSM 510 confocal mi-
croscope. The total number of plaques was determined, and the numbers
of fluorescent plaques at different virus passages were compared. Data
were collected from at least four wells for each sample of diluted eGFP-
AKAV.

Immunofluorescence assays. For immunofluorescence imaging of
eGFP-AKAYV, subconfluent monolayers of HmLu-1 cells grown in 4-well
Lab-Tek chamber slides were infected with eGFP-AKAV at an MOI of
0.01 for 1 h at 37°C. After removal of unbound virus, the cells were over-
laid with DMEM containing 0.8% methylcellulose and 2% FCS. At 2 days
p-i., methylcellulose-containing media were removed and the cells were
washed with PBS. Cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.3% Triton X-100 in PBS for 5 min. Following washes
with PBS and blocking for 30 min, the cells were incubated for 1 h with
rabbit antiserum against AKAV (19), followed by incubation with Alexa
546-conjugated anti-rabbit IgGs for 1 h. The cells were washed with PBS
and allowed to dry. Samples were mounted in fluorescent mounting me-
dium (Dako) and covered with coverslips. The slides were stored in the
dark at 4°C until they were analyzed. Fluorescence images were acquired
using a Zeiss LSM 510 confocal microscope.

3’ rapid amplification of cDNA ends (RACE). Total RNA was ex-
tracted from infected HmLu-1 cells and polyadenylated in vitro using an
A-Plus Poly(A) polymerase tailing kit (Epicenter Biotechnologies), ac-
cording to the manufacturer’s instructions. Samples were subsequently
purified using a QIAamp viral RNA minikit, following standard proto-
cols. Approximately 1 pg of polyadenylated RNA was used as the template
for reverse transcription with an oligo(dT)-containing primer (3" RACE-
AP; Invitrogen). After reverse transcription, cDNAs were subjected to
PCR amplification with LA Taq polymerase using primers homologous to
the adapter region of the amplification primer (AUAP; Invitrogen) and
S-0F, a primer specific for AKAV S (5'-CAT TTT CAA CGA TGT TCC
AC-3"), or GFP-FI, a primer specific for eGFP (5'-ATG GTG AGC AAG
GGC GAG GA-3'). Part of the amplified PCR products was used as the
template for seminested amplification. The AUAP primer and either
§459-478 (5'-GGG ATT TGC CCC TGG TGC TG-3") or GFP-363F (5'-
GAA CCG CAT CGA GCT GAA GG-3") were used for the second round
of AKAV S or eGFP amplification, respectively. The resulting PCR prod-
ucts were analyzed by agarose gel electrophoresis, and DNA bands of the
correct sizes were recovered and purified. The purified DNA products
were cloned into pCR2.1-TOPO (Invitrogen) and sequenced.

Animal infection and pathological analysis of brains. We intraperi-
toneally administered AKAV-RG or GFP-AKAV (5 X 10* PFU or 5 X 10°
PFU per 0.1-ml dose) to BALB/cCrSlc mice (3 days old; Japan SLC). The
mice were observed for mortality over 21 days. Animals that were mori-
bund during the observation period were sacrificed, and their brains were
collected. For fluorescence imaging, the brains were embedded in Tissue-
Tek O.C.T Compound (Sakura), frozen in liquid nitrogen, and stored at
—80°C until required. Consecutive 12-pum sections were cut coronally
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FIG 2 Plaque morphology and growth kinetics of recombinant viruses. (A) Comparison of plaque sizes between AKAV-RG and eGFP-AKAV. (B) Growth curves
for AKAV-RG and eGFP-AKAV in HmLu-1 cells. HmLu-1 cells were infected with eGFP-AKAV or AKAV-RG atan MOI of 0.01. The results are presented as the
means = SD (error bars) from three independent experiments. (C) Fluorescence microscopic analysis of cells infected with eGFP-AKAV. HmLu-1 cells were
infected with eGFP-AKAV or AKAV-RG at an MOI of 0.01. (Left) eGFP fluorescence in cells infected with eGFP-AKAV or AKAV-RG or in mock-infected cells.
(Middle) Infected cells that were incubated with an AKAV antiserum. (Right) Colocalization of AKAV antigens (red) and eGFP fluorescence (green).

with a CM3050 S cryostat (Leica) and placed onto silane-coated glass
slides. Sections were mounted in Vectashield mounting medium with
DAPI (4',6-diamidino-2-phenylindole) (Vector Laboratories), covered
with coverslips, and stored in the dark at 4°C until required. Images were
acquired using a Leica DMI 300B microscope. Animal experiments were
conducted with the approval of the University of Tokyo under the guide-
lines for animal and recombinant DNA experiments. For the detection of
AKAYV antigen, brains were fixed with 4% phosphate-buffered parafor-
maldehyde and processed for paraffin embedding. Serial sections
mounted on slides were subjected to immunostaining using the Envision
polymer method (Dako). Rabbit antiserum against the AKAV OBE-1
strain (20) (1:200 dilution) was used as the primary antibody (19). Immu-
noreactivity was visualized with 3,3’-diaminobenzidine. Virus titers in the
brains of sacrificed mice were determined by a plaque assay with HmLu-1
cells using a 20% homogenate of the organs in the medium.

RESULTS

Generation of eGFP-AKAV. Transcriptional termination of N
and NSs mRNAs of phlebovirus, such as RVFV, occurs at an IGR
between the N and NSs ORFs (Fig. 1A). Although orthobunyavi-
rus does not use an ambisense strategy to express N and NSs pro-
teins, the BUNV S RNA possesses potential ambisense transcrip-
tional promoters (21). We tested whether the ambisense strategy
works in AKAV S RNA by introducing the RVFV IGR into the 3’
flanking region of the N/NSs ORF and the coding sequence of
eGFP to generate S-eGFP (Fig. 1B). To produce eGFP-AKAV, we
cotransfected S-eGFP, along with the L and M RNA expression
plasmids, into BHK/T7-9 cells. At 3 days posttransfection, the
supernatants of transfected cells were collected and used to infect
fresh HmLu-1 cells. At 2 days p.i., we observed eGFP signals and
CPE in HmLu-1 cell cultures (Fig. 1C). To examine whether
eGFP-AKAV maintained the full-length S-eGFP RNA, we used
RT-PCR assays to confirm the presence of a 1.7-kb product, in-
dicative of S-eGFP (Fig. 1D). We confirmed that the nucleotide
sequence of S RNA in eGFP-AKAYV did not possess any unwanted
mutations or deletions. To evaluate the genetic stability of eGFP-
AKAYV, it was serially passaged 10 times in HmLu-1 cells. The
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number of eGFP-positive plaques at each passage was determined,
and ratios of eGFP-positive plaques to eGFP-AKAV plaques were
calculated. A decrease in these ratios was not observed (Fig. 1E).
Interestingly, some of the small eGFP-negative plaques were ob-
served to show fluorescence at later observation points when the
plaques became larger, suggesting delayed appearance of eGFP
signals. This observation was supported by sequence analysis of
viruses from eGFP-negative plaques, which showed that the eGFP
gene in the S segment had no mutation. Our data demonstrate
that we successfully generated a genetically stable eGFP-express-
ing ambisense AKAV.

Characterization of eGFP-AKAYV in vitro. To examine the
effects of inserting the IGR and eGFP into the S RNA on eGFP-
AKAV growth in cell culture, we determined plaque phenotypes
and growth kinetics in HmLu-1 cells. Recombinant eGFP-AKAV
formed plaques significantly smaller than those of the control
AKAV-RG (Fig. 2A). In accordance with their plaque sizes, the
titers for eGFP-AKAV were 5-fold lower than those for AKAV-
RG. The maximum titers of AKAV-RG and eGFP-AKAV were
3.6 X 10° PFU/ml and 7.2 X 10° PFU/ml, respectively, at 48 h
postinfection (Fig. 2B). To test whether eGFP-AKAV-infected
cells expressed eGFP, we incubated infected cells with an antibody
against AKAV at 2 days p.i. An eGFP signal was absent in cells
infected with the control AKAV-RG (Fig. 2C). Although AKAV
proteins were detected in eGFP-negative cells, eGFP signals were
detected only in eGFP-AKAV-infected cells (Fig. 2C), suggesting
low levels of eGFP expression in infected cells. Notably, CPE was
followed by the appearance of green fluorescence, indicating de-
layed expression of eGFP in the infected cells. This could explain
the higher intensity of signals from AKAV proteins than those for
eGFP in eGFP-AKAV-infected cells (Fig. 2C).

Transcriptional termination of eGFP-AKAV N/NSs and
e¢GFP mRNAs. Termination of RVFV S segment mRNA tran-
scription occurs at a defined termination signal (3'-CGUCG-5")
in the IGR (22, 23). However, for S-eGFP in eGFP-AKAV,
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RNA and mRNA species of N/NSs and eGFP. (B) 3" RACE amplification of eGFP-AKAV N/NSs and eGFP mRNAs. (C) Mapping of the 3" location of
eGFP-AKAV N/NSs and eGFP. Sequences of viral RNA (VRNA) or viral cRNA (vcRNA) templates, RVFV N or NSs mRNA sequences, and eGFP-AKAV N/NSs
or eGFP mRNA sequences are aligned. Boldface indicates the positions of stop codons for RVFV N and NSs or eGFP-AKAV N/NSs and eGFP. The IGR of RVFV
strain ZH548 is at positions 1 to 82. The transcriptional termination signal (3'-CGUCG-5") of RVFV is underlined in black, with RVFV N and NSs mRNA species
terminating 4 nt prior to the motif. The 3'-CGACG-5" motif (underlined in white) represents the transcriptional termination signal for the corresponding
ambisense ORF. The 3" ends of eGFP-AKAV were determined by sequencing cloned 3" RACE products. The numbers in parentheses indicate how often an

identical sequence was identified.

whether this signal is functional for transcriptional termination is
unknown. We determined a transcriptional termination site in
S-eGFP using 3" RACE (Fig. 3A). Using a seminested PCR ap-
proach, we obtained 3’-terminal amplification products corre-
sponding to the N/NSs (~360-bp) and eGFP (~430-bp) mRNAs
(Fig. 3B). Sequencing analysis of these products indicated the
presence of several transcriptional termination sites (Fig. 3C).
Most of the transcriptional termination sites in N/NSs and eGFP
mRNAs were located further upstream than those for RVFV N
and NSs mRNAs. The eGFP-AKAV N/NSs mRNA ends were lo-
cated around nucleotides (nt) 14 to 33 of the IGR in 14 of 15
clones, with one clone in which it was at nucleotide 63. The RVFV
N mRNA ends are at nucleotide 65 of the IGR. For RVFV NSs
mRNAs, the ends are located at nucleotide 70 of the IGR. The
eGFP-AKAV eGFP mRNA ends were located at nucleotide 22 (3
clones) or 27 (2 clones) of the IGR (Fig. 3C). These data suggest
that N/NSs and GFP mRNAs of S-eGFP use transcriptional termi-
nation mechanisms different from those in RVFV.
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Characterization of eGFP-AKAYV in vivo. To assess the patho-
genesis of eGFP-AKAV or AKAV-RG in animals, mice were ex-
perimentally infected with 5 X 10* PFU of these viruses. The ma-
jority of mice infected with eGFP-AKAV or AKAV-RG exhibited
clinical signs of infection, which became apparent at 4 to 13 days
p.i. There was no discernible difference in disease progression be-
tween the two groups. Approximately half of the mice infected
with eGFP-AKAV or AKAV-RG exhibited neurological symp-
toms, such as hind limb paralysis, and subsequently died; the mor-
tality rate was 50 to 60% (Fig. 4A). Surviving mice also presented
with hind limb convulsion, diarrhea, ruffled fur, and a conjuncti-
vitis-like inflammatory response.

We also measured virus titers in the brains of the moribund
mice infected with 5 X 10° PFU of eGFP-AKAV or AKAV-RG.
There was no significant difference in the titers for the samples
from the two groups of virus-infected mice (3 each) (8.0 X 107,
6.3 X 107, and 4.3 X 10° PFU/g for eGFP-AKAV-infected mice
versus 2.8 X 10%,9.3 X 10° and 2.5 X 10° PFU/g for AKAV-RG-
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FIG 4 Experimental infection of mice with recombinant AKAVs. Mice were intraperitoneally infected with eGFP-AKAV or AKAV-RG and monitored for 21
days. (A) Survival curves of mice after injection with 5 X 10* PFU of virus. (B) Localization of virus in coronal brain sections. (C) Distribution of eGFP
fluorescence in frozen brain sections. (D) Paraffin sections of brain tissue from eGFP-AKAV-, AKAV-RG-, and mock-infected mice immunostained for AKAV
antigens. Lower (left)- and higher (right)-magnification images demonstrate localization of the virus as shown in panel C. Virus antigens were detected by

immunostaining with AKAV antibody.

infected mice). These data demonstrate that, in mice, eGFP-
AKAV possesses replication properties and virulence similar to
those of AKAV-RG.

To visualize eGFP signals at the lesion sites of mice infected
with eGFP-AKAV, moribund mice were euthanized and their
brains were collected. Microscopic examination revealed eGFP-
expressing foci in the cerebellum and brain stem throughout the
pons and medulla oblongata (Fig. 4C). Immunostaining also re-
vealed the presence of AKAV antigens in the cerebellum, pons,
and medulla oblongata of eGFP-AKAV-infected mice, similar to
that in AKAV-RG-infected mice (Fig. 4D).

DISCUSSION

We successfully generated a recombinant AKAV, which we desig-
nated eGFP-AKAYV, that stably expressed eGFP. Although eGFP-
AKAV was somewhat attenuated in cell culture, it exhibited
pathogenicity similar to that of wild-type AKAV in mice, with
eGFP expressed in infected tissues.

To generate eGFP-AKAV, we applied an artificial ambisense
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coding strategy to an orthobunyavirus with a modified S segment,
with the eGFP gene inserted into the strand with the opposite
sense to that in which the N/NSs gene was located. Although Barr
etal. (21) designed an ambisense BUNV that transcribed S mRNA
from the negative strand and GFP mRNA from the positive
strand, they did not generate a recombinant infectious virus. In
this earlier study, GFP was expressed in transfected cells, indicat-
ing that the GFP gene in the artificial S segment was transcribed,
although the segment was not packaged into BUNV particles.
During the course of preparation of our manuscript, van Knip-
penberg and Elliott successfully generated a recombinant BUNV
with an ambisense S RNA segment (24). They used a sensible
strategy with mutated 5'- and 3’-terminal nucleotide sequences
and altered promoter activity for this ambisense S segment. The
recombinant BUNV with NSs deleted that they created expressed
GFP. GFP expression in infected cells was detected but decreased
throughout passages, unlike our eGFP-AKAYV, whose eGFP ex-
pression was stably maintained even at 10 passages. We used a
different strategy in which our construct with an ambisense AKAV
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S genome contained a sequence encoding an IGR derived from the
RVEFV S segment between the N/NSs and eGFP genes and intact
terminal sequences. This resulted in the packaging of the artificial
S segment of eGFP-AKAV into viral particles, and the inserted
eGFP gene was stably retained after serial passages. Therefore, the
eGFP-AKAV generated here is the second functional fluorescent
orthobunyavirus generated using an ambisense coding strategy.
The stability of the inserted foreign gene highlights the techni-
cal superiority of this ambisense strategy for AKAV and could
facilitate the generation of other recombinant AKAVs express-
ing additional proteins. As an example, a bivalent AKAV vac-
cine expressing a protective antigen from other pathogens
could be constructed using the TS-C2 vaccine strain (25) and
this unique ambisense strategy.

The UTRs from each segment of the bunyavirus genome direct
the RdRp to perform two distinct RNA synthesis activities, ge-
nome transcription and replication. For the orthobunyavirus S
segment, negative-sense viral RNA acts as the template for tran-
scription and the first step of replication, while the antisense RNA
serves only as the template for the second step of replication (21,
26). Unlike orthobunyaviruses, the S segments of viruses in other
Bunyaviridae genera, such as phlebovirus and tospovirus, perform
ambisense transcription, with the genome and antigenome tran-
scriptionally active. Both ends of the UTRs of bunyavirus genome
segments have partial complementary sequences with a panhan-
dle structure, suggesting that the double-stranded region formed
by the two ends might function as a transcriptional promoter. In
this study, a cytoplasmic eGFP signal was observed after CPE was
apparent in eGFP-AKAV-infected cells. This could be due to weak
transcriptional promoter activity of the antigenomic promoter in
the AKAV S RNA. Introducing mutations into the 3" and 5 UTRs
to make them complementary sequences, as van Knippenberg and
Elliott did for generation of the recombinant BUNV containing an
ambisense S segment (24), could be effective in enhancing pro-
moter activity for transcription. Previous reports have shown that
these types of mutations have conferred robust transcriptional
promoter activity in the BUNV S segment (21, 27).

Recently, signals for mRNA transcriptional termination have
been identified in some bunyavirus genomes. In BUNV, the S
genome contains two transcriptional termination signals within
the 5" UTRs; they share a pentanucleotide motif (3'-UGUCG-5")
(28), although only the upstream signal mediates transcriptional
termination in the context of virus infection (29). This pen-
tanucleotide motif is conserved in the sequences of several other
orthobunyaviruses from the serogroups California (Lumboo vi-
rus) and Bunyamwera (Maguari virus, Northway virus, Batai vi-
rus, and Cache Valley virus) (28). For orthobunyaviruses, such as
the Inkoo, La Crosse, Germiston, and Snowshoe hare viruses, a
conserved motif exhibiting a single nucleotide deviation (3'-
CGUCG-5") could be the transcriptional termination signal. The
AKAV S segment also has the CGUCG pentanucleotide motif
within the 5" UTR, although whether it is a termination signal
remains to be determined. In RVFV, transcriptional termination
occurs at a 3'-CGUCG-5" motif present in the IGR (22, 23, 30).
The 3’ end of the RVFV N mRNA is located 4 nt upstream of the
3’-CGUCG-5" sequence, which is at nt 9 to 13 in the IGR of the
genome template. The RVFV NSs mRNA terminates at position
70, again 4 nt upstream of the 3'-CGUCG-5" motif in the antig-
enome template. For the ambisense AKAV S genome, transcrip-
tional termination of N/NSs and eGFP mRNAs occurs at locations
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different than those for RVFV N and NSs mRNAs, suggesting
different transcriptional termination mechanisms for intact and
artificial ambisense segments despite possessing identical IGR se-
quences. This instability in transcriptional termination possibly
reduces eGFP gene expression levels, thereby resulting in the de-
layed appearance of a cytoplasmic fluorescence signal in eGFP-
AKAV-infected cells.

The eGFP-AKAV we generated was pathogenic in mice. Mor-
tality rates were similar to those seen for AKAV-RG. Although
eGFP-AKAYV generated smaller plaques, and maximum virus ti-
ters were 5-fold lower than those for AKAV-RG, insertion of a
foreign gene did not dramatically affect the virus phenotype. Be-
cause of the ambisense strategy we employed, viral genes were
retained in their intact forms in the recombinant virus, although
this strategy does not guarantee the same expression levels of viral
proteins as those of the parent virus. In previous studies involving
the generation of recombinant RVFVs expressing foreign genes,
such as luciferase (31, 32) or eGFP (31, 33) genes, viral pathoge-
nicity was markedly attenuated in a rat model, possibly due to lack
of NSs (33). Fluorescence corresponding to eGFP expression was
detected in the brain slices of mice experimentally infected with
eGFP-AKAV. The fluorescent foci were consistent with virus rep-
lication sites as identified by immunostaining. The eGFP signals
were mainly localized to the cerebellum and brain stem in infected
mice, which were also target regions for AKAV-RG. This distribu-
tion of AKAV antigens is similar to that observed when mice were
intraperitoneally infected with the wild-type Iriki strain of AKAV;
viral antigens were detected in the cerebrum, cerebellum, and
brain stem (34).

In conclusion, a pathogenic phenotype of eGFP-AKAV will
allow us to visualize and trace the movement of the virus in in-
fected animals, facilitating further studies that could better eluci-
date the AKAV life cycle with respect to neurovirulence, transmis-
sion, and invasion of the central nervous system.
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