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Rift Valley fever (RVF) is a mosquito-borne zoonotic disease caused by a phlebovirus of the family Bunya-
viridae, which affects humans and ruminants in Africa and the Middle East. RFV virus (RVFV) possesses a
single-stranded tripartite RNA genome of negative/ambisense polarity. The S segment utilizes the ambisense
strategy and codes for two proteins, the N nucleoprotein and the nonstructural NSs protein, in opposite
orientations. The two open reading frames (ORFs) are separated by an intergenic region (IGR) highly
conserved among strains and containing a motif, 5'-GCUGC-3’, present on the genome and antigenome, which
was shown previously to play a role in transcription termination (C. G. Albarino, B. H. Bird, and S. T. Nichol,
J. Virol. 81:5246-5256, 2007; T. Ikegami, S. Won, C. J. Peters, and S. Makino, J. Virol. 81:8421-8438, 2007).
Here, we created recombinant RVFVs with mutations or deletions in the IGR and showed that the substitution
of the motif sequence by a series of five A’s inactivated transcription termination at the wild-type site but
allowed the transcriptase to recognize another site with the consensus sequence present in the opposite ORF.
Similar situations were observed for mutants in which the motif was still present in the IGR but located close
to the stop codon of the translated ORF, supporting a model in which transcription is coupled to translation
and translocating ribosomes abrogate transcription termination. Our data also showed that the signal toler-
ated some sequence variations, since mutation into 5'-GCAGC-3’ was functional, and 5'-GUAGC-3’ is likely
the signal for the termination of the 3’ end of the L mRNA.

Rift Valley fever (RVF) is a mosquito-borne zoonotic viral
disease affecting livestock and humans (34). The causative
agent, RVF virus (RVFV), was first isolated in the 1930s dur-
ing a severe outbreak affecting sheep and causing deaths and
abortions (11). Initially confined to sub-Saharan regions of
Africa, where periodic epidemics and epizootics have oc-
curred, RVF spread to Egypt in 1977 and to the Middle East
in 2000, representing a high risk to other regions (reviewed in
references 23, 26, and 29). Following unusual climatic condi-
tions, outbreaks have occurred between 2006 and 2008 in Ke-
nya, Tanzania, and Sudan as well as in Madagascar and May-
otte, resulting in numerous human and animal deaths (2, 3, 24,
27, 33). In 2010, serious outbreaks occurred in South Africa
and in Mauritania. RVFV is responsible for high fatality rates
in sheep and cattle, and during outbreaks, various symptoms in
humans, from mild febrile illness to fatal hemorrhagic fever,
have been observed (for recent reviews, see references 9
and 29).

RVFYV belongs to the genus Phlebovirus of the family Bun-
yaviridae (28). Like all the members of the family, RVFV
possesses a single-stranded tripartite RNA genome of nega-
tive/ambisense polarity. The L and M segments code for the L
protein and the precursor to the glycoproteins Gn and Gec,
respectively, which generates two nonstructural proteins of 78
kDa and 14 kDa, respectively, after cleavage. The S segment
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utilizes an ambisense strategy and codes for two proteins of
opposite polarities, the nucleoprotein N and the nonstructural
NSs protein (15). The two open reading frames (ORFs) en-
coded by the S segment are separated by an intergenic region
(IGR) highly conserved in sequence and composed of 81 to 85
nucleotides (nt) for most of the strains studied so far (8).
The virus replicates in many cell types, and after uncoating,
the L, M, and S RNAs associated with the nucleoprotein
and the polymerase in the form of RNPs are the templates for
the synthesis of two types of cRNA molecules, the antigenomes
and the mRNAs. The antigenomes serve as templates for the
replication, leading to the amplification of the genome,
whereas the mRNAs are translated into viral proteins. For the
ambisense S segment, the S antigenome also serves as a tem-
plate for the synthesis of the NSs mRNA. mRNAs have a
5'-capped terminal sequence of cellular origin acquired
through a cap-snatching mechanism mediated by the L RNA
polymerase, which possesses an endonuclease domain in its
N-terminal region (31). In contrast, antigenomes have a 5’
triphosphate ribonucleotide end, which triggers the interferon
response through the RIG-I activator (17). Antigenomes and
mRNAs also differ at their 3" ends: the antigenome represents
the exact full-length copy of the genome, whereas mRNAs are
incomplete transcripts terminating before the end of the tem-
plate. Moreover, with the exception of the Sin Nombre hanta-
virus mRNA (18), bunyavirus mRNAs are not polyadenylated
at their 3’ ends (28). These data suggest that the transcriptase
recognizes a signal of transcription termination during mRNA
synthesis but not during genome and antigenome syntheses.
The signals for transcription termination were identified
only recently in bunyavirus genomes. In the case of Bunyam-

12134



Vor. 85, 2011

wera orthobunyavirus, a specific sequence, 5'-GCUGU-3’,
within the 5" untranslated region of the S segment is the signal
for the termination of the bicistronic N/NSs mRNA, and such
a sequence is present in the L segment. For orthobunyaviruses
like Inkoo, La Crosse, Germiston, and snowshoe hare viruses,
the motif exhibits a single-nucleotide deviation (5'-GCUGC-
3") (5). In the case of phleboviruses, the 3’ end of the M
mRNA of RVFV was mapped by a nuclease protection assay
and was found to terminate some 112 nucleotides before the 5’
end of the template (10). More recently, Albarino et al. (1) and
Ikegami et al. (20) identified a signal of 6 to 8 nucleotides,
5'-(G/A)CUGC, _5-3', containing the core sequence 5'-
GCUGC-3’, which is conserved in the M and S segments of
RVFV strains and several sandfly fever viruses. With regard to
the termination in the L segment of RVFV, those two reports
noted the absence of a consensus motif sequence in the 5’ non-
coding region of this genome segment but did not agree on the
identification of the mRNA termination signal. Albarino et al.
showed that the L mRNA terminates like the antigenome as a
runoff transcript, while Ikegami et al. found that the L mRNA
terminates some 20 to 40 nucleotides before the 5’ end of the
template in the vicinity of a stable stem structure formed by two
complementary 13-nt sequences in the 5’ noncoding region.

Here, we have revisited the transcription termination in the
RVFV L and S segments. For the L mRNA, we carried out 3’
rapid amplification of cDNA ends (RACE) analysis, cloned
the PCR products, and sequenced individual clones, and for
the S segment, we created recombinant RVFVs bearing mu-
tations in their IGRs by reverse genetics and analyzed the 3’
ends of the viral mRNAs by 3" RACE. Interestingly, we found
that in cells infected with RVFV mutants altered within the
transcription termination signal present in the IGR, the trans-
criptase continued to transcribe the template until it reached
an upstream motif contained in the ORF with the opposite
polarity. We observed a similar situation with mutant viruses in
which the motif was present but close to the stop codon of the
OREF contained in the transcribed mRNA. The failure of the
transcriptase to recognize the wild-type (wt) motif allowed us
to propose a model taking into account that transcription is
coupled to translation in RVFV- and other bunyavirus-in-
fected cells (4, 6, 21, 36). In addition, we found that although
the conserved motif 5'-GCUGC-3’ plays a major role in tran-
scription termination, in some circumstances induced by mu-
tations in the IGR or naturally found in the L segment, a
slightly variant sequence can also be recognized as a transcrip-
tion termination signal.

MATERIALS AND METHODS

Cells and viruses. Subconfluent monolayers of Vero E6 cells were infected
with RVFV ZH,,s or recombinant viruses at a multiplicity of infection (MOI) of
0.01 in Dulbecco’s maintenance medium (Gibco-BRL) supplemented with 2%
fetal calf serum and antibiotics. The medium was collected when a cytopathic
effect was observed, at approximately 72 h postinfection (p.i.), and stored at
—80°C after clarification. Virus was titrated by plaque assay by infecting mono-
layers of Vero E6 cells with serial dilutions (10™! to 10~7) of virus suspensions.
Cells were incubated under an agarose layer for 4 to 5 days at 37°C, and plaques
were counted after staining with crystal violet. All the manipulations involving
RVFV were performed in a biosafety level 3 (BSL-3) containment laboratory.

Baby hamster kidney cells stably expressing T7 RNA polymerase (BHK/T7-9
cells), kindly provided by Naoto Ito (Gifu, Japan) (22), were grown in minimal
essential medium (MEM; Gibco-BRL) supplemented with 5% fetal calf serum, 1X
tryptose phosphate broth, 10 IU of penicillin, and 10 wg of streptomycin per ml.
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Plasmid construction. For the construction of plasmids with mutated IGRs,
pPoll-S, 14545 Was used as a template for the PCR amplification of two fragments
overlapping in the IGR and representing the 5" or the 3’ half of the genome. The
primers annealing in the IGR contained the expected mutation(s). The two PCR
products were hybridized with each other, elongated, and amplified into the
full-length S segment by PCR using the 5'- and 3'-terminal primers PollmSag5’
and PollmSag3’, as described previously (7).

Plasmids pPoll-S;545-IGR0ag and pPoll-Sy545-IGR,5ag, in which the IGR in
the S segment possesses only the first 20 and 25 nt of the IGR in the genomic sense,
respectively, were constructed by PCR with primers IR20/25zh-g/PollmSag5’ and
PollmSag3'/IR20/25zh-ag. Plasmid pPoll-S_ys45-IGRpenta51-55, in which the 5'-
GCUGC-3" motif was duplicated at positions 51 to 55, was constructed with
primer set PollmSag5'/5'heptalRzhg3’ and PollmSag3'/3'heptalRzhg5’. Primers
PollmSag3’/pentaN:U-g and PollmSag5'/pentaN:U-ag were used to construct plas-
mid pPoll-S,;545PUs_3ag, in which the 5'-GCUGC-3" motif at positions 9 to 13 of
the IGR was mutated into 5 uridine residues. Similarly, primers PollmSag3'/pentaN:
A-2g and PollmSag5'/pentaN:A-2ag were used to construct plasmid pPoll-S,ys45-
IGR-PAy_j3ag, in which the 5'-GCUGC-3’ motif was replaced by a stretch of 5
adenine residues. Primers PollmSag3’/5SPentalRgmuT3 and PollmSag5’/
3PentalRgmuT5 allowed the construction of plasmid pPolI-Sys545-IGR-PU:A | jag,
in which the U at position 11 of the IGR was mutated into A. All plasmids were
sequenced to verify that they had the expected mutations.

Virus rescue. Recombinant ZHs,g viruses carrying mutations in the IGR
sequence were rescued by cotransfecting subconfluent monolayers of BHK/T7-9
cells with 0.5 ug of pPTM1-Ny;p5, 0.5 pg of pTM1-Ly;p, 1 g of pPoll-L 54,
1 g of pPoll-My 548, and 1 pg of pPoll-S,jys545- Or pPoOII-S,y54¢-derived plas-
mids by use of Fugene 6 transfecting agent (Roche) as described previously (7).
After 4 to 5 days posttransfection, the culture supernatants were collected,
clarified, and titrated. Viral stocks were produced by the infection of Vero E6
cells at a low MOI (0.01).

RNA extraction. Vero E6 cells were infected with ZHs,g or recombinant virus
at an MOI of 3 to 5 and incubated for 6 h at 37°C, and total cellular RNAs were
extracted with TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. The aqueous phase was precipitated with propan-2-ol. The precip-
itate was centrifuged for 30 min at 17,000 X g, and after washing with 70%
ethanol and drying, the pellet was dissolved in 30 pl of RNase-free distilled
water.

Northern blotting. Eight micrograms of total RNA was denatured in 10 mM
MOPS (morpholinepropanesulfonic acid) buffer with 1 M glyoxal (Merck) and
50% dimethyl sulfoxide (DMSO). MOPS buffer contained 20 mM 3-(N-morpho-
lino)propanesulfonic acid, 5 mM sodium acetate, and 1 mM EDTA at pH 7. The
RNA samples were separated by electrophoresis at 50 V in 1.5% agarose gels in
MOPS buffer. RNAs were transferred onto Hybond-N membranes (Amersham
Pharmacia Biotec). Blotting was performed as described previously (14). Briefly,
the N and NSs probes were synthesized in vitro from linearized plasmids using
either T7 or SP6 RNA polymerase in the presence of [a->*P]CTP (3,000 Ci/
mmol; Perkin-Elmer). After TRIzol extraction, the probes were purified by
filtration through Sephadex Quick Spin columns (Roche).

3" RACE. Five micrograms of total RNA extracted from infected cells were
used for polyadenylation in a 20-pl reaction mixture under the conditions of the
poly(A) polymerase tailing kit (Epicentre Biotechnologies). Polyadenylation was
carried out for 5 min at 37°C. RNA was purified and used for reverse transcrip-
tase PCR (RT-PCR) reactions designed to detect the 3" ends of the mRNAs.
Reverse transcription was carried out with the oligo(dT) primer 3'RACE-AP
(Invitrogen) and avian myeloblastosis virus (AMV) RT (Promega) and was
followed by PCR using LATaq (Takara); 3'RACE-AP and Lzh6060ag (5'-CTA
TGATTGCTCATCC-3'), PollSag5'/Nsca (5'-CCTTACCTCTAATCAAC-3'),
or Pol1Sag3'/NSsg619-638 (5'-CGTTCGGCTTCTGCAAGCAGC-3'), specific
for the L, N, or NSs mRNA, respectively.

The resulting RT-PCR products were purified by agarose electrophoresis. The
DNA bands with the correct sizes were harvested and purified with the QIAquick
purification kit (Qiagen). Purified DNA products were sequenced directly ac-
cording to standard protocols or cloned into the pCRII-Topo plasmid by using
the Topo-TA cloning kit (Invitrogen), and individual plasmids were sequenced.

RESULTS

Mutations in the 5'-GCUGC-3' motif of the S segment of the
IGR resulted in mRNA terminating at an alternate termina-
tion signal. Since reverse genetics is a powerful tool to deci-
pher functional roles of viral sequences, we made use of this
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FIG. 1. Mapping of the 3’ ends of RVFV N and NSs mRNAs of ZHs,s. Shown are data for 3’ RACE analysis of the N and NSs mRNAs of
ZHs,5 expressed in cells collected at 6 h p.i. The sequences of the genome or antigenome template and the N or NSs mRNA sequences are aligned.
The intergenic region (uppercase type) is identified from positions 1 to 82, and the motifs 5'-GCUGC-3" and 5'-GCAGC-3’ are underlined in black
and white, respectively. The N and NSs ORFs, including the stop codon, are represented by lowercase type. The arrows indicate the beginning of

the poly(A) added in vitro.

methodology to create recombinant viruses carrying mutated
IGR in the S segment using the ZHs,s-based plasmids de-
scribed previously (7). The IGR sequence contains the 5'-
GCUGC-3" motif and its reverse complementary sequence
5'-GCAGC-3’, located at positions 9 to 13 and 75 to 79, re-
spectively, on the genomic strand, with numbering of the IGR
from positions 1 to 82 on the genome (Fig. 1). Characterization
of the 3’ ends of the N and NSs mRNAs extracted from
ZH,,¢-infected Vero E6 cells was carried out by 3' RACE
after in vitro polyadenylation with poly(A) polymerase and
amplification of the 3’-terminal region of the mRNA by RT-
PCR using oligo(dT) and a primer specific for the viral se-
quence. The PCR products were then sequenced (Fig. 1). The
3’ end of the N mRNA was located 4 nucleotides upstream of
the 5'-GCUGC-3’ sequence situated at positions 9 to 13 in the
IGR of the genome template. The NSs mRNA terminated at
positions 70 to 71, again some 4 to 5 nucleotides upstream of
the 5'-GCUGC-3’ motif of the antigenome, which is the tem-
plate for the synthesis of this mRNA. These termination sites
correspond to the positions determined previously for the N
and NSs mRNAs of other RVFV strains (ZH501 and MP12)
(1, 20). In accordance with data described previously by Alba-
rino et al., we noted that the transcriptase terminated very
precisely at a major site visualized on the chromatogram as it
preceded the poly(A) tract added in vitro. To ascertain the role
of the 5'-GCUGC-3" motif in transcription termination, we
created a recombinant RVFV in which the 5'-GCUGC-3’ se-
quence in the IGR was mutated into a stretch of 5 A’s or U’s.
These viruses, called ZH-IGR-PA and ZH-IGR-PU, were res-
cued and produced small plaques (Fig. 2A), and their growth
kinetics were similarly affected compared to those of wt ZHs g
(Fig. 2B): the mutants grew to titers approximately 100-fold
lower than those of wt ZHs,s (2 X 10° to 3 X 10° PFU per ml
for each virus). Analysis of the mRNAs by Northern blotting
showed that for both viruses, the N mRNA migrated more
slowly than did the wt one (Fig. 2C, top). The larger size of the
mRNA was confirmed by 3" RACE, undertaken only for ZH-

IGR-PA, which demonstrated that during N mRNA synthesis,
the transcriptase traversed the IGR and continued transcribing
up to the next 5'-GCUGC-3" motif encountered within the NSs
OREF at positions 706 to 710 (Fig. 2D). As for the wt virus, the
termination occurred 3 to 4 nucleotides upstream of the signal.
Thus, the N mRNA of this recombinant RVFV has an exten-
sion of 136 nt at its 3’ end compared to the wt one (see the
schematic representation of the genomes, antigenomes, and
mRNAs of the different mutants in Fig. 6). Interestingly, this
sequence is encountered at several places in the genome and
antigenome of the S segment, precisely at one location in the
NSs OREF, and at several places in the N sequence (Table 1;
also summarized in Fig. 6).

With regard to the NSs mRNA, the termination motif in
the IGR of the antigenome was not modified. As expected,
the Northern blot did not reveal any difference from wt
ZH,,s (Fig. 2C, bottom), and the 3’ end of the RNA mol-
ecule determined by 3" RACE was the same as that of the wt
virus (Fig. 2E).

Recombinant virus ZH-IGR20/25 expresses an N mRNA
terminating within the NSs ORF but not at the wild-type
motif. The above-described results pointed out the essential
role of the 5'-GCUGC-3" motif for transcription termination
but did not exclude that cis-acting sequences might also be
important. To address this question, we attempted to create
infectious RVFV with progressive deletions in the 3’-terminal
region of the IGR, conserving the N mRNA termination motif
at positions 9 to 13 preceded by the natural sequence (Fig. 3A).
The recombinant viruses ZH-IGR20 to ZH-IGR25, in which
the IGR possesses the first 20 to 25 bases with 1 nucleotide
increment per virus, were all viable. However, they formed
small plaques (only ZH-IGR20 and -IGR25 are shown in Fig.
3B) and were strongly attenuated in their growth throughout
the infection period at a high or low MOI (Fig. 3C), reaching
titers of 8.6 X 10° and 9.5 X 10° PFU per ml. mRNAs from
Vero cells infected with these mutants were analyzed by North-
ern blotting and 3’ RACE. The N mRNA synthesized by all the
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FIG. 2. The 5'-GCUGC-3" motif in the IGR at positions 9 to 13 is responsible for N mRNA termination. (A) Plaques in Vero E6 cells formed
by wild-type recombinant ZHs,g and mutated ZH-IGR-PA and ZH-IGR-PU. (B) Viral growth in Vero cells infected by wt and mutant ZH at an
MOI of 2. (C) N and NSs mRNAs from ZHs,s and recombinant viruses mutated in the intergenic region of the S segment analyzed by Northern
blotting. Total RNAs from Vero E6 cells uninfected or infected with recombinant viruses were harvested at 6 h p.i. and used for Northern blotting.
The probes detected the N (left) or NSs (right) mRNA. NI, not infected; g, genome; ag, antigenome. (D and E) 3" RACE analysis of the N (D) and
NSs (E) mRNAs from Vero E6 cells infected with RVFV ZH-IGR-PA. The N and NSs ORFs are indicated by lowercase type, and the intergenic
region is represented by uppercase type. The 3’ ends of the RNAs monitored by the beginning of the polyadenylation added in vitro are shown
by arrows. The 5'-GCUGC-3" motif and its complementary sequence are underlined in black and white, respectively. The mutations in the IGR
are highlighted.

TABLE 1. Positions of termination motifs in the

recombinant viruses migrated as a major band slightly more
slowly than did the N mRNA from ZH,,s (Fig. 3D, top).
Another minor and diffuse band migrating faster than the wt
one was also visible. The 3'-terminal sequence of the N mRNA
was determined for ZH-IGR20 and -IGR25. After the poly(A)
addition and amplification of the 3’ end of the N mRNA by
RT-PCR, the DNA product was found to migrate as a single
band. The chromatograms revealed the position of the poly(A)
addition upstream of the 5'-GCUGC-3" motif within the NSs
ORF (Fig. 3E), indicating that the transcriptase did not rec-
ognize the expected signal located at positions 9 to 13 but
continued transcribing up to the next 5-GCUGC-3" motif
encountered within the NSs ORF. The 3’ end of the mRNA
was thus extended by 136 nt compared to the wt one, as it was
for ZH-IGR-PA. The positions of the motifs recognized or
ignored and the termination of the mRNAs are illustrated in
Fig. 6. Again, the termination occurred 3 to 4 nucleotides
upstream of the signal. The same results were obtained for

RVFV ZHs,q S segment

Motif*

Positions or location in:

ZHs,g S segment

ORF/IGR

5'-GCUGC-3’

5'-GCAGC-3'

706-710
841-845
919-923
943-947
1045-1049
1058-1062

632-636

907-911

955-959
1072-1076
1130-1134
1327-1331
1615-1619

NSs
IGR

2222252 z22Z7Z
af

“ The positions refer to the locations in the genome orientation. Because the
two motifs are reverse complementary, 5'-GCAGC-3’ will be read as the con-
sensus motif on the complementary strand.
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FIG. 3. Rescue of recombinant ZH virus carrying a deleted IGR. (A) Schematic representation of the deletions in the S segment. NC,
noncoding region. (B) Plaques in Vero E6 cells formed by wild-type recombinant ZH, and mutant strains ZH-IGR25 and ZH-IGR20. (C) Viral
growth in Vero cells infected by wt and mutant ZH strains at an MOI of 2. (D) Expression of N and NSs mRNAs from the wild-type virus and
the recombinant virus carrying the deleted intergenic region. Total RNA from Vero E6 cells uninfected or infected with recombinant viruses
ZH-IGR25 to -IGR20 were harvested at 6 h p.i. and used for Northern blotting. The probes detected the N (top) or NSs (bottom) mRNA. (E and
F) 3' RACE analysis of the N (E) and NSs (F) mRNAs from Vero E6 cells infected with RVFV ZH-IGR25 (top) and ZH-IGR20 (bottom). The
N and NSs ORFs are indicated by lowercase type, and the intergenic region is represented by uppercase type. The 3’ ends of the RNAs monitored
by the beginning of the polyadenylation added in vitro are shown by arrows. The 5'-GCUGC-3" motif and its complementary sequence are
underlined in black and white, respectively.
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both ZH-IGR20 and -IGR25 (Fig. 6). Most likely, the se-
quence data obtained here correspond to the major molecule
visible in the Northern blot (Fig. 3D, top). However, it could be
that the wt termination signal was occasionally recognized,
leading to an mRNA with a shorter 3’ end, which was likely
detected as the additional molecule migrating faster in the
Northern blot. However, we were not able to amplify it by
RT-PCR, probably because the molecule was present in lim-
ited amounts.

The NSs mRNA of recombinant ZH-IRG20/25 terminates
within the N ORF. We then exploited these mutant viruses to
investigate the transcription termination of the NSs mRNA,
since the wt termination motif was deleted. By Northern blot
analysis, the NSs mRNA appeared as a predominant RNA
molecule migrating more slowly than its wt counterpart (Fig.
3D, bottom). Other RNA molecules with a diffuse pattern
were also visible in the Northern blot. However, 3' RACE,
which was carried out for ZH-IGR20 and ZH-IGR?25, led to
the synthesis of only one PCR product, probably representing
the major band. Sequencing showed that for both mutated
viruses, the NSs mRNA terminated some 3 nucleotides up-
stream of a 5'-GCUGC-3" motif present at positions 1072 to
1076 on the antigenome template within the N ORF (Fig. 3F).
Interestingly, this is the second 5'-GCUGC-3" motif encoun-
tered by the L protein copying the N sequence on the anti-
genome, with the first one being located at positions 955 to 959
(Table 1 and see Fig. 6). Upon closer observation of the North-
ern blot (Fig. 3D, bottom), minor bands were visible, migrating
faster or slightly slower, suggesting that transcription termina-
tion occurred at other sites, in particular at the first consensus
sequence at positions 955 to 959 in the N ORF or even the one
at positions 1130 to 1134, which would lead to the longest 3’
end (Table 1). The 3" ends of these molecules could not be
amplified.

Similar to the data obtained with the N mRNA of ZH-IGR-
PA, the results upon the termination of the NSs mRNA
showed that when the natural transcription termination motif
is altered, the transcriptase transcribed until it encountered an
upstream termination motif present in the opposite ORF.
Thus, for these mutants, the transcriptase terminated before
the end of the genome template (for N mRNA synthesis) or
antigenome template (for NSs mRNA synthesis), recognizing a
transcription termination signal present in the opposite ORF,
which is normally nonfunctional, as it is never encountered by
the transcriptase (see Fig. 6). Interestingly, such sequences
exist in both ORFs, as if the signal for termination had to be
rescued if the normal termination is deficient (Table 1).

The 5'-GCAGC-3' motif is recognized as a termination sig-
nal in recombinant RVFV with a mutated IGR. The mutant
virus ZH-IGR-PA allowed us to ascertain that the 5'-
GCUGC-3" motif is the termination signal recognized in the
IGR of the genomic and antigenomic templates. However,
the data obtained with ZH-IGR20/25 upon the termination of
the N mRNA raised the question of why the motif was not
recognized by the transcriptase in the deleted IGR. In these
viruses, the stop codon of the N ORF was located at a short
distance (i.e., 7 or 12 nucleotides) from the transcription ter-
mination motif, compared to the wt situation, where the dis-
tance was 69 nucleotides. This strongly suggested to us that, as
described previously for Bunyamwera virus (4), with transcrip-
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tion being coupled to translation (4, 6, 21, 36), the presence of
ribosomes on the nascent mRNA interferes with transcription
termination, and a minimal distance between the stop codon
and the transcription termination signal might be required for
the transcriptase to recognize the termination motif and de-
tach from the template. For Bunyamwera virus, it was shown
that the translocation of the ribosomes on the nascent mRNA
abrogated transcription termination.

To address this issue, we created ZH-IGRpentaS1-55, in
which a second motif was introduced into the IGR upstream of
the wt one, by mutating the existing sequence at positions 51 to
55 into 5'-GCUGC-3’ (see the IGR sequence in Fig. 4 and the
schematic representation in Fig. 6). We chose this location
because the preceding sequence has a strong similarity with the
sequence preceding the wt motif. This upstream termination
motif is located 28 nucleotides from the stop codon of the N
OREF, compared to 69 nt in the wt virus.

The recombinant virus rZH-IGRpenta51-55 was rescued,
and its virus growth curve and titer reached at the plateau
(2.5 X 107 PFU per ml) were similar to those obtained with wt
ZH,, (Fig. 4B). The plaques were also similar to the wt ones
(Fig. 4A). When analyzed by Northern blotting, the N and NSs
mRNAs appeared to migrate like those expressed by the wt
virus (Fig. 4C). The 3’ end of the N mRNA was determined by
3’ RACE. The chromatogram shown in Fig. 4D (top) indicated
that the new motif was not recognized, and the N mRNA
terminated like the wt one, 3 to 4 nucleotides upstream of the
motif present at positions 9 to 13.

This mutation did not introduce a novel 5'-GCUGC-3" motif
in the antigenomic strand and therefore was not expected to
affect the expression of NSs. Unexpectedly, the chromatogram
of the NSs mRNA terminal sequence revealed that the 3’ end
was located near position 48 in the IGR (Fig. 4E, top), just
before the 5'-GCAGC-3’ sequence newly introduced into the
antigenomic strand of this mutated template and correspond-
ing to the sequence reverse complementary to the 5'-
GCUGC-3' motif introduced at positions 51 to 55 (see Fig. 6).
The transcriptase recognized this signal as it did for the wt
motif, stopping transcription 2 or 3 nucleotides before it en-
countered the motif.

To ascertain the role of the 5'-GCAGC-3' motif as a tran-
scription termination signal, we created a recombinant ZH
strain in which the U of the termination motif at position 11 in
the IGR was changed into A. The ZH-IGR-U:A11 virus was
rescued, formed small plaques (Fig. 4A), and was severely
affected in its growth kinetics (Fig. 4B). RNAs from cells in-
fected with this virus were analyzed by Northern blotting and
were shown to migrate like the wt ones (Fig. 4C). The 3 end
of the N mRNA of this mutant virus ZH-IGR-U:A11 was
determined by 3" RACE, which showed that the termination
occurred as in the wt virus (Fig. 4D, bottom, and see also Fig.
6), indicating that the 5'-GCAGC-3" motif was recognized
exactly like the wt one.

Since the U-to-A mutation in the genome introduced a
new “bona fide” motif in the antigenome template, we ques-
tioned whether this new sequence is utilized as a termina-
tion motif for the NSs mRNA or whether it is too close to
the stop codon (9 nucleotides). The 3’ end of the NSs
mRNA of this mutant ZH strain was determined by 3’
RACE, which showed that the newly introduced 5'-
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FIG. 4. Presence of alternate termination motifs in the S segment. (A) Plaques in Vero E6 cells formed by wild-type recombinant ZHs,s and
the ZH-IGRpenta51-55 and -U:A11 mutants. (B) Viral growth in Vero cells infected by wt and mutant ZH strains at an MOI of 2. (C) N and NSs
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The 3’ ends of the RNAs monitored by the beginning of the polyadenylation added in vitro are shown by arrows. The 5'-GCUGC-3" motif and
its complementary sequence are underlined in black and white, respectively. The mutations are highlighted.

GCUGC-3" motif was not recognized but that transcription
terminated at the wt signal (Fig. 4E, bottom).

The variant motif 5'-GUAGC-3' is likely functional for the
termination of the L mRNA. The motif 5'-GCUGC-3’ is con-
served in the 3’ untranslated region of RVFV M and in the
IGR of the S genome and antigenome (1, 10, 20) but is absent
in the L segment. To clarify the mechanism of transcription
termination in the L segment, we tried to determine the 3’ end
of the L mRNA from ZH,,g-infected cells by using the 3’

RACE methodology. Since the L segment is less abundant in
infected cells, cells were harvested at 10 h p.i. in order to let the
mRNA accumulate. After in vitro polyadenylation, the 3'-ter-
minal region of the L antigenome/mRNA was amplified by
RT-PCR using oligo(dT) and a primer located within the L
sequence. When analyzed by agarose gel electrophoresis, the
amplified DNA migrated as a single band (not shown), which
was eluted from the gel and sequenced. The chromatogram of
the product clearly showed a sequence ending at the exact
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FIG. 5. Mapping of the 3’ end of the L mRNA. (A) 3’ RACE analysis of L mRNA from ZH;,s-infected cells collected at 10 h p.i. The 5’
noncoding sequence of the L segment is shown in the genomic sense from positions 1 to 90. The chromatogram of the RT-PCR product
corresponding to the 3’ ends of the L antigenome/mRNA is presented. The initial position of the internal in vitro polyadenylation sequence is
indicated by an arrow at position 28. (B) Sequence obtained from individual PCR products after cloning into pCRII-Topo plasmids. The sequences
of the antigenome were obtained from 37 plasmids. The poly(A) added in vitro is not shown. The sequences highlighted in red indicate possible
transcription termination motifs. (C) Alignment of the sequences surrounding the transcription termination site in the IGR of the genome (g),

antigenome (ag), N, NSs, M, and L ORFs.

3'-terminal 3’-UGUGUUULC... consensus sequence of the
template followed by an added poly(A) tract (Fig. SA). More-
over, one could also notice that another poly(A) sequence was
entangled with the first one, starting at positions 28 to 29 from
the 3’ end. This suggests the existence of two PCR products
that could not be separated, one corresponding to the full-
length L segment antigenome and the other one, 28 or 29
nucleotides shorter, representing the L mRNA. The termina-
tion occurred just one or two nucleotides upstream of a 5'-
GUAGC-3' sequence present on the L template, which exhib-
ited similarities with the consensus motif sequence. Identical
sequences were not found elsewhere in the genome, either in
the IGR of the S segment or in the 5’ noncoding region of the
M segment.

To ascertain the existence of two L RNA molecules with
different 3" extremities, we cloned the PCR amplification prod-
ucts obtained after in vitro polyadenylation into the pCRII-
Topo vector, and the individual sequences in the recombinant
plasmids were determined (Fig. 5B). Among 45 plasmids har-
boring the L viral sequence, 37 terminated exactly at the phle-
bovirus consensus sequence 3'-UGUGUUU... and thus rep-
resented the L antigenome. Among the remaining 8 plasmids,
6 terminated at positions 27 to 30 from the 3’ end just up-
stream of the sequence 5'-GUAGC-3'. Two additional clones
were also found to terminate at positions 71 and 94, upstream

of a sequence resembling the transcription termination motif
(Fig. 5B). These data confirmed the existence of the L mRNA
ending before the 3’ end of the genome template and high-
lighted possible variations in the sequence motif recognized by
the transcriptase.

DISCUSSION

Most of the cellular or viral mRNAs are polyadenylated at
their 3’ ends through posttranscriptional modifications that
contribute to nuclear export, translation initiation, and RNA
stability (12). Among the negative-stranded RNA viruses, only
the Arenaviridae and Bunyaviridae have no poly(A) at the 3’
ends of their mRNAs. For the bisegmented arenaviruses, tran-
scription termination is not dependent on a sequence motif,
but the viral transcriptase stops in the vicinity of a stem-loop
structure present in the IGR sequences (25, 30). A similar
mechanism seems to occur for the ambisense S segment of
tospoviruses, which contains a hairpin structure (35). In this
paper, we demonstrated that RVFV transcriptase recognizes a
sequence motif as a terminator of transcription.

Transcription termination occurs at a 5'-GCUGC-3' motif
present in the IGR or within the opposite ORF. Using recom-
binant viruses, we demonstrated that the transcription termi-
nation signal consists of a sequence, 5'-GCUGC-3’, which is
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recognized by the transcriptase at the end of the IGR in the S
genome and antigenome. We also found that in some mutants
in which the signal in the IGR is abrogated, the termination
occurred at a similar motif present in the opposite ORF. Sim-
ilar recombinant RVFVs were created previously by Albarino
et al. (1), but those authors reported that the N or NSs mRNAs
of recombinant viruses with a deletion of the transcription
termination signals in the IGR were runoff transcripts, which is
in contrast with our present data. It seems unlikely that the
difference could be due to the strains used, because the alter-
nate motifs are conserved. Instead, the conditions under which
RT-PCR for 3" RACE analysis was performed likely favored
the synthesis of the full-length molecule. Similarly, Ikegami et
al. (20) did not observe termination within the opposite ORF,
but they utilized minigenomes rather than rescued recombi-
nant viruses in their study. It is therefore worthwhile to report
our initial experiments based on the use of minigenomes. Al-
though the mRNAs expressed by a minigenome with a wt IGR
reproduced exactly the transcription termination that occurs in
RVFV-infected cells, the mRNAs expressed from mini-
genomes with a deleted IGR (S-CAT-IR 20/25) did not behave
like those expressed by ZH-IGR20/25 carrying the same dele-
tion. In this context, we found that the NSs mRNA terminated
as a runoff transcript (not shown), which retrospectively was
not surprising, since the chloramphenicol acetyl transferase
(CAT) OREF does not contain such a motif sequence. The same
applies to the minigenomes containing Renilla luciferase (20),
as the sequence is also deprived of the termination motif.

The 5'-GCAGC-3’' sequence is an alternate transcription
termination signal. The termination of the NSs mRNA in
ZH-IGRpenta51-55-infected cells revealed a novel motif, 5'-
GCAGC-3'. This was confirmed by creating ZH-IGR-U:A11
and showing that the sequence is recognized by the transcrip-
tase like the authentic one during the synthesis of the N
mRNA. There is indirect evidence for the use of the 5'-
GCAGC-3' termination motif in the Punta Toro virus S seg-
ment (13, 19): although the mapping of the 3" ends of the N
and NSs mRNAs was not precisely established, the two
mRNAs did not overlap, suggesting that the unique 5'-
GCUGC-3" motif in the genome (and 5'-GCAGC-3’ in the
antigenome) located just at the tip of the stem-loop in the IGR
is utilized as a terminator on the genome and antigenome
templates.

Most of the mutations in the IGR affected virus growth, as
most of the mutants produced small plaques and had reduced
yields, especially for ZH-IGR20/25, in which the deletion re-
duced virus production by almost 100-fold. How does the de-
letion affect virus growth? A schematic representation of the N
and NSs mRNAs as well as the genomes and antigenomes is
presented in Fig. 6. A striking feature is that in most of the
mutants, the 3’ noncoding region is extended compared to the
wt ones. For instance, while the 3’ ends of wt N and NSs
mRNAs overlap on 52 nucleotides, the overlap is increased to
185, 293, and 298 nucleotides in ZH-IGR-PA, ZH-IGR20, and
ZH-IGR25, respectively. While this allows annealing between
the two mRNAs and likely induces a higher level of stability,
the 3’ ends, including part of the ORF (the N ORF for ZH-
IGR20/25 or the NSs ORF for ZH-IGR-PA) are in a double-
stranded form, which may impede the translation of the pro-
tein. If N (and possibly NSs) is produced in limited amounts,
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this could impact the virus yield. However, factors other than
the overlap of the 3’ ends might be involved in attenuation,
because ZH-IGR-U:All has overlapping 3’ ends, like wt
ZHs,g, but is attenuated in its growth. Interestingly, in ZH-
IGRpenta51-55, the two mRNAs overlap only on 30 nucleo-
tides, and the virus is similar to the wt in its ability to replicate.
It should be noted that N and NSs mRNAs ending in the
opposite ORFs are not unusual for phleboviruses: they have
been reported previously for Uukuniemi and Toscana viruses
(16, 32).

In previous studies, the motif sequence was delineated to
5'-(G/A)CUGC,_5-3" (1) or 5'-GCUGC-3" (20). Here, we
compared and aligned the motifs and flanking sequences pres-
ent in the IGR or the opposite ORFs as well as in the L and M
noncoding regions (Fig. 5C). While the nucleotides surround-
ing the motif are variable, our data indicated that the pen-
tanucleotide 5'-GCUGC-3’ tolerates some variation at posi-
tion 3, with U being replaced by A (“A” version), and in the L
segment, the “A” version of the motif contains an additional
change at position 2, where C can be replaced by U. Similar
variations occur among other phleboviruses in which the 5'-
GCUGC-3' signal is not strictly conserved but could be 5'-
ACUGC-3" in Toscana virus or Uukuniemi virus (1). Alto-
gether, these data show that transcription termination is
conserved not only among phleboviruses but also among or-
thobunyaviruses, which utilize 5'-GCUGC-3" or some variants
as a transcription termination signal (5).

Coupling of transcription and translation affects transcrip-
tion termination. The transcription termination of the N
mRNAs of ZH-IGR20/25 indicated that the first termination
signal encountered in the IGR was not recognized. A logical
hypothesis could be that additional elements, such as the
stretches of C’s or G’s preceding the motif, are required for
termination, in addition to the consensus motif. However, our
data showed that termination could occur at motifs which are
not preceded by G’s or C’s: the recombinant viruses ZH-
IGR20 and -IGR25 terminated N or NSs mRNA synthesis
within the opposite ORFs, which are not G or C rich and have
no homology with each other. This strongly suggested to us
that the sequence preceding the signal is not crucial for the
transcriptase to terminate.

It has been known for a long time that the efficient tran-
scription of bunyaviruses must be coupled to translation (4, 6,
21, 36). Although the molecular basis of the mechanism re-
mains unknown, early work on the in vitro transcription of
Germiston virus showed that the viral transcriptase produced
runoff transcripts in the presence of ribosomes and edeine, an
inhibitor of protein synthesis which prevents ribosomal com-
plex formation but allows the scanning of the 40S subunit until
the 3’ end of the mRNA (36). These data strongly suggested
that the presence of 40S ribosomal subunits prevents transcrip-
tion termination and, reciprocally, that the transcription ter-
mination signal is recognized only in regions depleted of ribo-
somes. This would explain why the transcription termination
sequences present in the ORFs (Table 1) are normally not
functional and that only incomplete transcripts terminating at
spurious sites are synthesized in the presence of inhibitors of
translation such as cycloheximide or puromycin (21; E. Lara
and M. Bouloy, unpublished data).

More recently, Barr proposed that the movement of ribo-
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FIG. 6. Schematic representation of the S segment of wild-type and mutated ZH viruses and their N and NSs mRNAs. The genome,
antigenome, N, and NSs mRNAs of ZH;,s and mutant RVFVs are represented. The 5’ cap structure of the viral mRNAs is indicated. The
5'-GCUGC-3’ and 5'-GCAGC-3’" motifs are located on the genome and antigenome, shown by black and white boxes. The distance between the
transcription termination signal and the codon stop is shown. The overlapping sequences at the 3’ ends of N and NSs mRNAs are also indicated.

somes disrupts RNA-RNA interactions between the nascent
strand and the template and prevents the transcription termi-
nation signals from functioning (4). The signaling ability of the
motif was affected both by the presence of an in-frame stop
codon and by the distance between the termination signal and
the stop codon, with a too-short distance leading to inefficient
transcription termination. In accordance with this hypothesis,
the 3’ ends of all the mRNAs in phlebovirus-infected cells are
relatively long, varying from 55 to 56 nt for Toscana virus M
and NSs mRNAs to approximately 220 nt for Punta Toro virus
N mRNA.

Mechanistically, two nonexclusive models can be elaborated.
It could be that close interactions exist between ribosomes and
transcriptase. Therefore, the termination motifs encountered
within the ORFs or too close to the stop codon were ignored

because of the synergetic effect of the ribosome pushing the
polymerase. Under normal conditions, the constraint existing
between the ribosomes and the transcriptase downstream of
the stop codon is alleviated, since the ribosomes have been
downloaded. However, a minimal distance between the stop
codon and the transcription termination signal might be re-
quired for the transcriptase to slow down and for ribosomes to
detach from their mRNAs. According to the second model,
similar to the one proposed by Barr (4), the RNA interactions
between the nascent strand and the template (usually dis-
rupted by the scanning ribosomes in the ORF) must be stable
enough to prevent the polymerase from moving further; the
longer the distance between the stop codon and the signal, the
more stable the interaction. Figure 6 represents the location of
the 3" ends of the N and NSs mRNAs and the consensus motifs
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(“U or A version”) encountered and recognized or ignored on
the genome or antigenome template. Clearly, a distance of 9, 7,
or 12 nucleotides between the first motif encountered (and not
recognized) and the stop codon of the ZH-IGR-U:A11 NSs
mRNA or the ZH-IGR20 or ZH-IGR25 N mRNA, respec-
tively, did not allow the termination of the NSs mRNA (motif
in the “A” version) or the N mRNA (motif in the “U” version).
Similarly, the alternate motif 5'-GCAGC-3’ seems also to
function only when it is away from the stop codon of the
translated ORF and the termination signal. As examples, the
5'-GCAGC-3' sequences encountered at positions 75 to 79 on
the genome template during N mRNA synthesis, located 3
nucleotides from the N stop codon or encountered at positions
9 to 13 on the antigenome during NSs mRNA synthesis, are
not recognized naturally. It is difficult to determine what
should be the minimal distance between the stop codon and
the termination motif because the context of the sequence
upstream of the motif may have an effect on the rate of the
polymerase or the stability of the RNA interactions. It may be
shorter when termination occurs in the IGR, where the C’s or
G’s may slow down the polymerase or induce more stable
interactions, than those with termination occurring in the N or
NSs ORF. In wt ZHs,,, the distances for wt N and NSs
mRNAs are 69 and 75 nucleotides, respectively, between the
stop codon and the signal in the IGR. For the mutants, the
shortest distance that is functional with a version “A” termi-
nation motif in the IGR is 51 nucleotides for the NSs mRNA
of ZH-IGRpenta51-55. In contrast, the version “U” motif lo-
cated in the N ORF at positions 955 to 959 and 60 or 65
nucleotides distant from the stop codon of the NSs mRNA of
ZH-IGR20 or ZH-IGR?2S, respectively, was not recognized,
but termination occurred at positions 1072 to 1076, which are
177 or 182 nt away from the NSs stop codon, respectively. The
version “A” motif was encountered, but not recognized, at four
positions by the transcriptase transiting within the N ORF
during the synthesis of the NSs mRNA of ZH-IGR20/25 (Fig.
6). The distance between the stop codon is, however, compa-
rable to what was observed with the wt motif 5'-GCUGC-3’,
suggesting that the 5’-GCAGC-3’ motif may not be as efficient
as the consensus one.

An intriguing question is how the transcriptase senses this
upstream motif and stops elongation before it is transcribed. It
could be that the polymerase, being oligomeric (37), occupies
arather large volume and that the downstream signal sequence
is recognized by the closest monomer or the oligomer, leading
to its release from the template. The exact molecular mecha-
nism and the mode of recognition of the motif by the trans-
criptase remain undetermined and could be a subject for fur-
ther work.
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