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ABSTRACT

Bunyavirus genomes comprise a small (S), a medium (M), and a large (L) RNA segment of negative polarity. Although the un-
translated regions have been shown to comprise signals required for transcription, replication, and encapsidation, the mecha-
nisms that drive the packaging of at least one S, M, and L segment into a single virion to generate infectious virus are largely un-
known. One of the most important members of the Bunyaviridae family that causes devastating disease in ruminants and
occasionally humans is the Rift Valley fever virus (RVFV). We studied the flexibility of RVFV genome packaging by splitting the
glycoprotein precursor gene, encoding the (NSm)GnGc polyprotein, into two individual genes encoding either (NSm)Gn or Gc.
Using reverse genetics, six viruses with a segmented glycoprotein precursor gene were rescued, varying from a virus comprising
two S-type segments in the absence of an M-type segment to a virus consisting of four segments (RVFV-4s), of which three are
M-type. Despite that all virus variants were able to grow in mammalian cell lines, they were unable to spread efficiently in cells of
mosquito origin. Moreover, in vivo studies demonstrated that RVFV-4s is unable to cause disseminated infection and disease in
mice, even in the presence of the main virulence factor NSs, but induced a protective immune response against a lethal challenge
with wild-type virus. In summary, splitting bunyavirus glycoprotein precursor genes provides new opportunities to study bun-
yavirus genome packaging and offers new methods to develop next-generation live-attenuated bunyavirus vaccines.

IMPORTANCE

Rift Valley fever virus (RVFV) causes devastating disease in ruminants and occasionally humans. Virions capable of productive
infection comprise at least one copy of the small (S), medium (M), and large (L) RNA genome segments. The M segment encodes
a glycoprotein precursor (GPC) protein that is cotranslationally cleaved into Gn and Gc, which are required for virus entry and
fusion. We studied the flexibility of RVFV genome packaging and developed experimental live-attenuated vaccines by applying a
unique strategy based on the splitting of the GnGc open reading frame. Several RVFV variants, varying from viruses comprising
two S-type segments to viruses consisting of four segments (RVFV-4s), of which three are M-type, could be rescued and were
shown to induce a rapid protective immune response. Altogether, the segmentation of bunyavirus GPCs provides a new method
for studying bunyavirus genome packaging and facilitates the development of novel live-attenuated bunyavirus vaccines.

An important member of the Bunyaviridae family, belonging to
the Phlebovirus genus and causing devastating disease in ru-

minants and occasionally humans, is the Rift Valley fever virus
(RVFV). RVFV is endemic to the African continent, Madagascar,
the Comoros Islands, Mayotte and the Arabian Peninsula and is
transmitted among livestock by Aedine and Culicine mosquitoes
(1). RVFV epizootics are characterized by near simultaneous
abortions, particularly among sheep, and high mortality among
young animals below the age of 2 weeks. Humans can be infected
via mosquito bite, but more commonly via contact with bodily
fluids released during slaughtering of viremic animals. The major-
ity of infected humans display a transient febrile illness, whereas a
small percentage of individuals develop complications such as ret-
inal lesions, hepatic disease with hemorrhagic fever or delayed-
onset encephalitis.

RVFV comprises, like all bunyaviruses, a trisegmented single-
stranded RNA genome of negative polarity (2). The small (S) ge-
nome segment encodes the nucleocapsid (N) protein in genomic-
sense orientation and a nonstructural protein, named NSs, in
antigenomic-sense orientation. The N protein encapsidates the
viral RNA to form ribonucleoprotein complexes (RNPs) and the
NSs protein functions as an antagonist of host innate immune
responses and is considered the major virulence factor (3–7). The

medium-size (M) segment encodes the viral structural glycopro-
teins Gn and Gc, and a nonstructural protein referred to as NSm.
NSm is described to have an antiapoptotic function (8, 9) and to
be involved in virus dissemination from the mosquito midgut
(10). In addition, the M segment encodes a 78-kDa protein of
unknown function that is incorporated in virions of virus repli-
cating in the mosquito vector (11). The proteins encoded by the
M-segment are produced from a glycoprotein precursor (GPC)
which is cotranslationally cleaved by as-yet-unknown host pro-
teases (12–14). The large (L) genome segment encodes the viral
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RNA-dependent RNA polymerase responsible for transcription
and genome replication.

The noncoding or untranslated regions (UTRs) of bunyavirus
genome segments contain signals required for the initiation and
termination of transcription, replication, encapsidation, and
packaging (15–22). The 3= and 5= termini of each segment contain
genus-, virus-, and segment-specific nucleotides and the inverted
complementarity of these regions facilitates the formation of pan-
handle structures (2, 16). To generate infectious virus, at least one
S, M, and L segment should be packaged into a single virion. The
polymerase and the N protein are proposed to interact with the
cytosolic tail of the Gn protein, thereby ensuring incorporation of
RNPs into budding virions (22). Whether the different genome
segments (S, M, and L) are selectively or randomly packaged into
virions is not known. It was previously proposed that the M seg-
ment plays a pivotal role in the copackaging of the L and S seg-
ments (20). However, we and others have demonstrated that the
M segment is not required for the packaging of L and S genome
segments into RVFV replicon particles (23, 24), and a two-seg-
mented RVFV that expresses the Gn and Gc genes from the NSs
location of the S segment was shown to be viable without an M-
type genome segment (25). Altogether, these studies have pro-
vided important new insights into bunyavirus packaging; how-
ever, they also made clear that many questions on this topic
remain to be answered.

To expand our knowledge on bunyavirus packaging, we stud-
ied the flexibility in RVFV genome packaging using a novel strat-
egy that is based on the splitting of the GPC gene into two indi-
vidual genes encoding either (NSm)Gn or Gc. The results of our
study show that RVFV is able to stably maintain four, instead of
three genome segments.

MATERIALS AND METHODS
Ethics statement. The animal experiment was conducted in accordance
with the Dutch Law on Animal Experiments (Wod, ID number
BWBR0003081) and approved by the Animal Ethics Committee of the
Central Veterinary Institute (permit 2013050).

Cells and viruses. BHK, BHK-Rep2 (23), BSR-T7/5 (26), and C6/36
cells were maintained as described previously (23). All RVFV variants
described in the present study contain the RVFV strain 35/74 genetic
backbone (23, 27). Virus titers are expressed as 50% tissue culture infec-
tive doses (TCID50)/ml and were determined using the Spearman-Kärber
algorithm.

Plasmids. To transiently express genes of interest, pCAGGS plasmids
were used. Genome segments were transcribed from pUC57 plasmids
from a minimal T7 promoter. All plasmids were constructed using stan-
dard cloning techniques with the additional help of gene synthesis (Gen-
Script Corp., NJ). Detailed information about the plasmids is summarized
in Table S1 in the supplemental material and can be provided on request.
Plasmids containing half of the GPC gene, either encoding (NSm)Gn or
Gc, were segmented at the tyrosine (Y)-675 codon of NSmGnGc (Fig. 1A),
without any nucleotide overlap. (Y)-675 is predicted to be the first amino
acid of the signal sequence of Gc (13, 14).

Production of RVFV replicon particles. BHK-Rep2 cells were seeded
in six-well plates and after overnight incubation transfected with a total of
3 �g of pCAGGS expression plasmid using JetPEI transfection reagents
(Polyplus-Transfection SA, Illkirch, France) according to the manufac-
turer’s instructions. At 1 day posttransfection, the supernatants were har-
vested and titrated on BHK cells.

Rescue experiments. BSR-T7/5 cells were seeded in six-well plates
(500.000 cells/well) and after overnight incubation infected for 2 h with
fowlpox T7 (FP-T7) (28). Subsequently, medium was refreshed and cells
were transfected with a total of 3 �g of pUC57 transcription plasmids per
well using JetPEI transfection reagents according to the manufacturer’s
instructions. At 3 to 5 days posttransfection, the supernatants were col-

FIG 1 Effect of GPC segmentation on NSR production. (A) Schematic presentation of M-segment-encoded proteins and protein processing. The dashed line
and the red arrow indicate the position where the Gn and Gc coding sequences were separated. (B) BHK-Rep2 cells, stably maintaining replicating RVFV L and
SeGFP genome segments were transfected with pCAGGS expression plasmids encoding Gn, NSmGn, Gc, or NSmGnGc. One day posttransfection, the levels of
NSR progeny in the supernatant were determined by titration on BHK-21 cells. The bars represent means and standard errors of three experiments.
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lected and used to infect freshly seeded BSR-T7/5 cells. Viral rescue was
visualized using immunofluorescence assays (IFAs).

Immunofluorescence. IFAs were performed as previously described
with some modifications (29). Briefly, infected cell monolayers were fixed
with 4% (wt/vol) paraformaldehyde (15 min) and permeabilized with
cold methanol (5 min). Blocking (30 min) and antibody incubations (1 h
at 37°C) were subsequently performed in phosphate-buffered saline
(PBS) supplemented with 5% horse serum. To detect Gn expression,
monoclonal antibody 4-39-cc was used (30) in combination with a Texas
Red-conjugated secondary antibody (Abcam, Cambridge, United King-
dom), and to detect Gc expression, a polyclonal rabbit antibody was used
(31) in combination with an Alexa Fluor 350-conjugated secondary anti-
body (Life Technologies, Bleiswijk, The Netherlands). Between antibody
incubations, the cells were washed three times with washing buffer (PBS,
0.05% [vol/vol] Tween 20). Antibody binding was visualized using an
AMG EVOS-FL fluorescence microscope.

Northern blotting. Northern blotting was performed using a DIG
Northern starter kit (Roche, Woerden, The Netherlands) in combination
with the Northern-Max-Gly kit (Ambion, Austin, TX) as previously de-
scribed (23). Primers used for the generation of the RNA probes are listed
in Table S2 in the supplemental material. Viral RNA was isolated using
TRIzol LS (Sigma-Aldrich, MO) in combination with the Direct-Zol RNA
miniprep kit (Zymo Research, CA) according to the manufacturer’s in-
structions.

Western blotting. Infected BSR cells in six-well plates were washed
with PBS and subsequently lysed in 500 �l of lysis buffer (100 mM Tris-
HCl [pH 6.8], 4% sodium dodecyl sulfate, 20% glycerol, 200 mM dithio-
threitol, 0.2% bromophenol blue, and 25 U/ml Benzonase [Novagen]).
After separation in 4 to 12% NuPAGE Bis-Tris gels (Invitrogen), proteins
were blotted onto nitrocellulose membranes. Western blot analysis was
performed with a rabbit �-Gn peptide antiserum (32), a rabbit �-Gc
peptide antiserum (32), and a monoclonal antibody against N (F1D11)
(33). Horseradish peroxidase-conjugated secondary antibodies were used
according the manufacturer’s instructions (Dako). The membrane was
blocked with PBS containing 0.05% Tween 20 (vol/vol) and 5% (wt/vol)
Elk (Campina). Binding was visualized using ECL substrate (GE Health-
care).

Animal experiments. (i) In vivo dissemination of RVFV-LMMSNSs.
Nine-week-old female BALB/cAnCrl mice (Charles River Laboratories)
were divided in two groups of 16 mice and one group of 10 mice, kept in
type III filter top cages under BSL-3 conditions, and allowed to acclimatize
for 6 days. At day 0, the two groups of 16 mice were infected intraperito-
neally (0.1 ml) with either a low (103.8 TCID50) or a high (105.8 TCID50)
dose of RVFV-LMMSNSs. As a positive control, a group of 10 mice was
infected with a low (102.8 TCID50) dose of authentic RVFV strain 35/74.
Mice were observed daily, and at days 1, 4, 8, and 11 postinfection four
mice were euthanized from the groups infected with RVFV-LMMSNSs.
Viral dissemination in the livers and brains was evaluated by quantitative
reverse transcription-PCR (qRT-PCR) as described previously (34).

(ii) Vaccination-challenge experiment. Six-week-old female BALB/
cAnCrl mice (Charles River Laboratories) were divided into four groups
of 10 mice, kept in type III filter top cages under BSL-3 conditions, and
allowed to acclimatize for 6 days. At day 0, mice were vaccinated intra-
muscularly (thigh muscle) with either medium (Mock), NSR-Gn (29)
(105.8 TCID50), RVFV-LMMSeGFP (105.8 TCID50), or RVFV-LMMSdelNSs

(105.8 TCID50) in 50 �l. Mice were observed daily, and at 3 weeks post-
vaccination mice were challenged intraperitoneally with 102.8 TCID50 of
RVFV strain 35/74 in 0.1 ml of medium. One day prior to challenge,
RVFV-specific neutralization titers in sera were determined as described
previously (23) using RVFV-LMMSeGFP as the antigen. Virus dissemina-
tion to livers and brains was evaluated by qRT-PCR as described previ-
ously (34).

Statistical analysis. Data were analyzed and visualized using Graph-
Pad 5.0 software.

RESULTS
Splitting of the RVFV GPC gene does not abrogate the function-
ality of Gn and Gc. Bunyavirus M segments encode GPCs that are
proteolytically cleaved into proteins that function in receptor
binding and fusion. To evaluate whether proteolytic processing of
the RVFV GPC is a prerequisite for the functionality of Gn and Gc,
we constructed expression plasmids encoding either (NSm)Gn or
Gc and evaluated their ability to facilitate production of RVFV
replicon particles (also referred to as nonspreading RVFV [NSR]
[23]). The GPC was split at the tyrosine (Y)-675 codon, which is
predicted to be the first amino acid of the signal sequence of Gc
(Fig. 1A) (13, 14). Briefly, BHK cells stably maintaining replicating
L and SeGFP genome segments (BHK-Rep2) were cotransfected
with pCAGGS-(NSm)Gn and pCAGGS-Gc, and 1 day later the
supernatants were collected and titrated (Fig. 1B). As a positive
control, BHK-Rep2 cells were transfected with pCAGGS-M,
which encodes wild-type NSmGnGc (23). Cotransfection of
pCAGGS-Gn and pCAGGS-Gc resulted in average NSR particles
of 104 TCID50/ml, whereas cotransfection of pCAGGS-NSmGn
and pCAGGS-Gc resulted in an average NSR particle production
of 106 TCID50/ml, nearly reaching the level generally obtained
after transfection with pCAGGS-M. These results show that split-
ting of the GPC gene does not abrogate Gn and Gc functionality.

Rescue of RVFV with a segmented GPC gene. After demon-
strating that RVFV L and S genome segments can efficiently be
packaged into infectious replicon particles using the NSmGn and
Gc expression plasmids, we investigated, by reverse genetics,
whether virus expressing NSmGn and Gc from separate genome
segments is viable. The transcription plasmids pUC57-L, pUC57-
M-Gc, and pUC57-S-NSmGn were used for the rescue of viruses
that express NSmGn from the NSs location of the S segment, and
transcriptionplasmidspUC57-L,pUC57-M-NSmGn,andpUC57-
S-Gc were used for the rescue of viruses that express Gc from the
NSs location. We have thus far not been able to rescue viruses that
express NSmGn from the NSs location of the S segment and Gc
from the M segment. However, a virus that expresses Gc from the
S segment and NSmGn from the M segment could be rescued, as
evidenced by immunofluorescence assay (IFA) and Northern
blotting (Fig. 2 and 3). The virus, hereafter referred to as RVFV-
LMS-split, was able to grow to 106 TCID50/ml in BSR cells (Fig. 4)
and induced an RVFV-specific cytopathic effect (CPE) about 1
day later than wild-type virus. The successful rescue of the LMS-
split virus demonstrates that Gn and Gc are fully functional when
expressed from separate genome segments.

RVFV is able to maintain two S-type genome segments. The
finding that Gn and Gc do not require processing as a GPC protein
to produce progeny virus provided new opportunities to study the
dynamics of RVFV genome packaging. In a first experiment, we
investigated whether RVFV is able to package two S-type genome
segments in the absence of an M-type genome segment. Rescue
experiments were performed with transcription plasmids
pUC57-L, pUC57-S-Gc, and pUC57-S-NSmGn. In this situation,
both NSmGn and Gc are expressed from the NSs gene location of
an S segment. In several attempts, the presence of infectious dou-
ble S-segment virus, as evidenced by IFA and Northern blotting,
could be confirmed (Fig. 2 and 3). The virus, hereafter referred to
as RVFV-LSS, is able to grow up to titers of 105 TCID50/ml in BSR
cells (Fig. 4), which is �10 times lower than what was observed
with RVFV-LMS-split. Compared to wild-type virus, CPE result-
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FIG 2 Rescue of RVFV variants with segmented GPC genes. (A) Schematic presentation of RVFV, RVFV-LMS-split, RVFV-LSS, RVFV-LMMSNSs, RVFV-
LMMSeGFP, RVFV-LMMSdelNSs, and RVFV-LMMM genomes. The (NSm)GnGc gene was split at the first amino acid of the predicted signal sequence of Gc. (B)
Plaque phenotypes of RVFV variants with segmented GPC genes were visualized by IFA. BSR cells were infected with an MOI of 0.01 to 0.001, fixed at 48 h
postinfection, and evaluated for the presence of Gn antigen using monoclonal antibody 4-39-cc. For each virus a representative picture was taken.
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ing from RVFV-LSS infection was less pronounced and delayed.
The ability to rescue RVFV-LSS confirms that RVFV is able to
package more than one S segment into a single virion (35).

RVFV is able to maintain four genome segments. To further
investigate RVFV genome packaging, we evaluated whether vi-
ruses could be constructed that maintain four instead of three
genome segments (RVFV-4s); one L-, one S-, and two M-type
segments. Rescue experiments were performed with transcription
plasmids pUC57-L, pUC57-S-eGFP, pUC57-M-NSmGn, and
pUC57-M-Gc. In this situation, the virus contains an authentic L
segment, an S segment that encodes N and enhanced green fluo-
rescent protein (eGFP), and two M-type segments that encode
either NSmGn or Gc. In several attempts, again evidenced by IFA
and Northern blotting (Fig. 2 and 3), the rescue of infectious four-
segment RVFV was successful. The RVFV-4s eGFP variant, here-
after referred to as RVFV-LMMSeGFP, is able to grow up to 107

TCID50/ml in BSR cells (Fig. 4).
In addition to RVFV-LMMSeGFP, we tried to rescue RVFV-4s

variants with S segments expressing N and NSs or solely N. Rescue
experiments were performed as described for RVFV-LMMSeGFP,
but instead of pUC57-S-eGFP, pUC57-S (encoding N and NSs)
and pUC57-S-delNSs (encoding N) were used. Both viruses, here
referred to as RVFV-LMMSNSs and RVFV-LMMSdelNSs, were via-
ble and able to grow up to 106 and 107 TCID50/ml in BSR cells,
respectively (Fig. 2, 3, and 4). Like the other variants with a seg-
mented GPC, RVFV-4s induced clear CPE about 1 day later than
wild-type virus.

RVFV is able to maintain four genome segments, three of
which are M-type segments. The results thus far strongly suggest

that RVFV genome packaging is relatively flexible. To further eval-
uate this flexibility, we tried to rescue a four-segment virus with
three instead of two M-type genome segments. In this situation,
NSmGn, Gc, and also N are all encoded by genome segments with
M-type UTRs. Rescue experiments were performed with tran-
scription plasmids pUC57-L, pUC57-M-NSmGn, pUC57-M-Gc,
and pUC57-M-N. In several attempts, successful rescue of RVFV-
LMMM could be confirmed by IFA and Northern blot analysis
(Fig. 2 and 3), and the virus was able to grow up to 106 TCID50/ml
in BSR cells (Fig. 4). The ability to rescue RVFV-LMMM virus
emphasizes that RVFV genome packaging, at least in mammalian
cells, can be highly flexible.

Variations in intracellular protein expression after infection
with RVFV variants containing segmented GPC genes. To eval-
uate whether the rescued RVFV variants express altered levels of
Gn, Gc, or N compared to wild-type virus, we performed Western
blot analysis of lysates of infected BSR cells (Fig. 5). The results
show that expression of Gn and Gc from antigenomic-sense RNA
is generally lower than expression from genomic-sense RNA. For
example, Gc expression in RVFV-LMS-split and Gn and Gc ex-
pression in RVFV-LSS infected cells is lower than the levels ob-
served after infection with wild-type virus. The high expression of
N in RVFV-LSS-infected cells can be explained by the presence of
two copies of N in, respectively, the S-(N�NSmGn) and
S-(N�Gc) segments. In contrast, the lower N expression in the
RVFV-4s variants suggests that the presence of an additional M
segment results in reduced transcription and translation of the S
segment. Likely, the viral polymerase has higher affinity for M-
type segments compared to S-type segments. Remarkably, despite
reduced N expression, cells infected with four-segment viruses
display increased expression of Gn. Since UTR sequences are sim-
ilar for the M-NSmGn and M-Gc segments, we hypothesize that
signals are present within the NSmGn-coding region that enhance
transcription and/or replication by the polymerase. The reduced
expression of Gc in RVFV-LMMM-infected cells compared to
RVFV-LMMS-infected cells can be explained by an extra level of
competition for polymerase proteins. The smaller size of the M
segment encoding the N protein and the increased affinity of the
polymerase for the M-UTR in combination with the NSmGn-

FIG 3 Confirmation of genotypes of RVFV variants with segmented GPC genes.
(A and B) Northern blot analysis of RVFV, RVFV-LMS-split, and RVFV-LSS (A)
and of RVFV-LMMSNSs, RVFV-LMMSeGFP, RVFV-LMMSdelNSs, and RVFV-
LMMM (B). Viral RNA was isolated of passage 3 viral stocks using TRIzol-LS and
RNA was separated in 1% agarose gels. After transfer of the RNA to nitrocellulose
membranes, hybridizations were performed with probes recognizing the poly-
merase (Pol.), Gn, Gc, N, or NSs gene (see Table S2 in the supplemental material).
The used probes are indicated at the right of each image. Superscripts: �, recog-
nizes genomic-sense orientation; �, recognizes antigenomic-sense orientation in
wild-type virus.

FIG 4 Growth curve of RVFV variants with segmented GPC genes. BSR cells
were infected with RVFV variants at an MOI of 0.01. Titers were determined at
the indicated time points by serial dilution of the supernatants on BSR cells,
followed by IFA 48 h postinfection. The data represent the means of three
experiments.

Rift Valley Fever Viruses with Four-Segmented Genomes

September 2014 Volume 88 Number 18 jvi.asm.org 10887

http://jvi.asm.org


coding region probably have negative effects on the replication
and the expression of the M-type segment encoding Gc. Alto-
gether, these results indicate that RVFV is able to cope with less
balanced protein expression but suggests that a balanced expres-
sion is highly preferred.

Evidence for packaging of four genome segments into a sin-
gle virion. To produce progeny virions, RVFV-4s must deliver all
four genome segments into a single host cell. Theoretically, this
can be achieved by infection with a single virion containing all
four segments or, alternatively, by coinfection of complementing
replicon particles, lacking at least one of the genome segments. To
evaluate which of the two mechanisms is used by the RVFV-4s
virus, we infected BSR cells with RVFV-LMMSeGFP and evaluated
eGFP, Gn, and Gc expression at 16 h postinfection using IFA.
Authentic RVFV expressing eGFP from the NSs location
(RVFVeGFP) was used as a reference. As expected, the vast majority
(�90%) of RVFVeGFP virions contain at least one L, one M, and
one S segment, as evidenced by the high percentage of infected
cells that expressed eGFP, Gn, and Gc (Fig. 6). Infrequently, cells
were observed that expressed eGFP in the absence of Gn and Gc.
These cells were most likely infected by naturally occurring repli-
con particles lacking the M segment.

Comparable to RVFVeGFP, almost all (�90%) eGFP-express-

ing cells showed expression of both Gn and Gc after infection with
RVFV-LMMSeGFP. Once again, only a limited number of eGFP-
positive cells were observed that did not express Gn and Gc (Fig.
6). As expected, there were also some eGFP-positive cells that
expressed Gn in the absence of Gc, or Gc in the absence of Gn,
indicative for the presence of three-segmented replicons. These
results, together with the observation that infection at a very low
multiplicity of infection (MOI) of �0.001 resulted in foci of in-
fection, suggest that RVFV-4s primarily produces progeny after
infection by virions containing four genome segments, rather
than by infection with complementing replicon particles.

Cellular localization of Gn and Gc in RVFV-4s-infected cells.
To compare the cellular localization of Gn and Gc in RVFV-4s-
infected cells to their localization in cells infected with wild-type
virus, we infected BSR cells with RVFV-LMMSeGFP or RVFVeGFP

and visualized Gn and Gc using IFA. Interestingly, Gn and Gc of
the four-segmented viruses seemed to colocalized to the Golgi
with equal efficiency as the corresponding proteins of the wild-
type virus (Fig. 7). These results suggest that Gn and Gc interact
efficiently, also when expressed from different genome segments.

Growth of RVFV with segmented GPC genes in insect cell
culture. In the experiments described thus far, viruses with seg-
mented GPC genes were grown in mammalian cells. Since RVFV
is able to grow efficiently in insect cells, we compared the growth
of wild-type and mutant viruses in Aedes albopictus C6/36 insect
cell culture. As a positive control, viruses were grown in BSR cells.
As expected, authentic RVFV was able to grow efficiently in the
C6/36 cells. In sharp contrast, none of the viruses with segmented
GPC genes was able to grow efficiently in C6/36 cell culture (Fig.
8). This result suggests that mechanisms of RVFV assembly and/or
replication differ between mammalian and insect cells.

RVFV-4s is avirulent in mice. Since RVFV-4s displays reduced
growth in mammalian cells and very limited spread in insect cells,
we hypothesized that RVFV-4s is less able to cause disease. To
study virulence, we evaluated whether RVFV-LMMSNSs is able to
cause disease in a mouse model. Mice were infected with either a
low (103.8 TCID50) or a high (105.8 TCID50) dose of RVFV-
LMMSNSs, and at 1, 4, 8, and 11 days postinfection mice were
sacrificed for the evaluation of virus dissemination to the organs.
As a positive control, one group of mice was infected with a low
dose (102.8 TCID50) of authentic RVFV. All mice infected with
authentic RVFV died within 4 days postinfection, whereas none of
the mice infected with RVFV-LMMSNSs died or showed clinical
symptoms, not even when inoculated with the 500-fold higher
dose (Fig. 9A). Evaluation of virus dissemination in the livers and
brains at several time points confirmed that RVFV-LMMSNSs was
unable to spread systemically (Fig. 9B). Altogether, these results
demonstrate that RVFV-4s is avirulent in mice.

RVFV-4s induces a protective immune response in mice.
Since RVFV-4s grows relatively well in cell culture and is avirulent
in mice, we consider this virus a promising vaccine candidate. To
investigate whether RVFV-4s is able to induce a protective im-
mune response in mice, we performed a vaccination-challenge
experiment. Mice were intramuscularly vaccinated with 105.8

TCID50 of RVFV-LMMSeGFP or RVFV-LMMSdelNSs. As a positive
control, mice were vaccinated with 105.8 TCID50 NSR-Gn (29). At 3
weeks postvaccination, mice were challenged with a lethal dose of
authentic RVFV. Within 4 days postchallenge all mock-vaccinated
control mice succumbed to the infection (Fig. 10A). In contrast, mice
vaccinated with RVFV-LMMSeGFP or RVFV-LMMSdelNSs remained

FIG 5 Viral protein expression in BSR cells infected with RVFV variants with
segmented GPC genes. (A) BSR cells were infected at an MOI of 1 with the
RVFV variants, and at 24 h postinfection the expression of Gn, Gc, and N was
evaluated in cell lysates by Western blotting. (B) Viral protein ratios were
determined by dividing band intensities. Intensities were determined using
ImageQuant software (GE Healthcare Life Sciences). *, Due to low protein
expression at 24 h postinfection, lysates of RVFV-LSS were taken 40 h postin-
fection.
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healthy during the entire experiment. Analysis of sera and organs of
vaccinated animals demonstrated the presence of a strong neutraliz-
ing antibody response (Fig. 10B) and the absence of systemic spread
of challenge virus (Fig. 10C and D). Collectively, these results suggest
that RVFV-4s is a vaccine candidate that optimally combines efficacy
and safety.

DISCUSSION

Bunyaviruses express their surface proteins, which are essential
for host-cell attachment and fusion, as a GPC. The proteolytic
cleavage of the GPC by host proteases is an essential step in the
maturation process. Using this strategy, most bunyaviruses are
expected to maintain a constant ratio of 1:1 between their recep-
tor-binding and fusion proteins. In RVFV, the receptor-binding
protein Gn and the fusion protein Gc form heterodimers as build-
ing blocks for higher-order capsomers, which assemble into a
T	12 icosahedral lattice (36, 37). Transient expression studies
have demonstrated that expression of Gc in the absence of Gn
results in Gc accumulation in the endoplasmic reticulum, whereas
coexpression of Gn and Gc results in Golgi localization of both
proteins (38–40). Our results expand on these previous studies by
demonstrating that expression of Gn and Gc from two separate
viral genome segments does not compromise their colocalization
in the cell.

In wild-type virus, the Gc signal sequence (16 amino acids) is
expected to be retained in the mature Gn protein (13, 14). In the
present study, we segmented the GPC gene at the first amino acid
of the signal sequence of Gc, resulting in a full-length Gc protein
and a Gn protein with a truncated cytosolic tail that lacks the
C-terminal membrane anchor. This strategy was chosen to pre-
vent overlapping sequences that could theoretically facilitate a re-

combination event resulting in the formation of an intact GPC.
We found it remarkable that truncation of the cytosolic tail of Gn
does not prohibit particle assembly. However, we cannot exclude
the possibility that RNP binding to the truncated cytosolic tail of
Gn is somewhat compromised (22).

By analyzing Western blot data (Fig. 5), Northern blot re-
sults (Fig. 3), and the growth curves (Fig. 4), we obtained novel
insights into the requirements for efficient RVFV growth and
expanded our knowledge on RVFV genome packaging. For ex-
ample, efficient formation of infectious virions seems to re-
quire high levels of expression of all structural proteins. Vari-
ants that showed greatly reduced expression of one or more
viral proteins (like RVFV-LSS and RVFV-LMMM) were unable
to grow to high titers. Regarding packaging, it was interesting
to find that two four-segmented viruses (LMMSdelNSs and
LMMSeGFP) replicated more efficiently than a virus with a
three-segmented genome (LMS-split). The latter virus, which
expresses NSmGn from the M segment and Gc from the S
segment, was nonetheless readily rescued, whereas we did not
succeed in rescuing a similar three-segmented virus in which
the NSmGn and Gc genes are located in the opposite locations.
The latter finding makes clear that optimal configuration of a
reconfigured RVFV genome cannot easily be predicted and has
to be determined empirically.

In addition to the RVFV variants characterized in the present
study, we expect that several other variants, with rearranged cod-
ing and noncoding sequences can be created. Nevertheless, we
envisage that segment rearrangements will generally result in vi-
ruses with lower overall fitness. In accordance to this assumption,
rearrangements of coding and noncoding sequences were previ-
ously demonstrated to reduce the fitness of a member of the Or-

FIG 6 Gn and Gc expression in RVFVeGFP- and RVFV-LMMSeGFP-infected cells. BSR cells were infected at an MOI of 0.1 with RVFVeGFP or RVFV-LMMSeGFP,
and at 16 h postinfection the cells were fixed and evaluated for Gn (red) and Gc (blue) expression using IFA. Pictures were taken using the EVOS-FL microscope
with a 
10 objective lens.

Rift Valley Fever Viruses with Four-Segmented Genomes

September 2014 Volume 88 Number 18 jvi.asm.org 10889

http://jvi.asm.org


thobunyavirus genus. A Bunyamwera virus with M-type UTRs
flanking the polymerase gene showed reduced growth in cultured
cells and displayed reduced virulence in mice (41). In addition, a
previously created RVFV with a two-segmented genome, which

expresses the GPC gene from the NSs location of the S-segment,
was shown to grow less efficiently in both mammalian and insect
cell culture (25). In a very recent study the consequences of recon-
figuring the ambisense S genome segment by swapping the N and
NSs genes without changing the UTR sequences was investigated
(42). Although this “swap” virus, as well as the viruses created in
the present work, can be amplified efficiently in tissue culture,
efficient growth was found to depend more strongly than in wild-
type virus on cell type, MOI, and cell density.

Our results suggest that the RVFV-4s population mainly com-
prises virus particles that contain four genome segments, rather
than replicon particles that depend on coinfection for the produc-
tion of progeny virions. Nevertheless, this evidence is not conclu-
sive. We are currently optimizing single-molecule pulldown
(SiMPull) experiments combined with fluorescence in situ hy-
bridization (FISH) to determine the genome composition of
RVFV-4s virions. This approach was successfully used to demon-
strate that influenza virus uses a highly selective genome packag-
ing strategy (43).

After animal experiments demonstrated that RVFV-4s is com-
pletely avirulent and highly protective in the mouse model, the use
of the RVFV-4s as a live-attenuated vaccine was considered. For
this application, genetic stability upon passage of the virus in tis-

FIG 7 Gn and Gc distribution in RVFVeGFP- and RVFV-LMMSeGFP-infected cells. BSR cells, grown on coverslips, were infected with an MOI of 0.5 with
RVFVeGFP or RVFV-LMMSeGFP. At 16 h postinfection the cells were fixed and evaluated for the presence of Gn (red) and Gc (blue) expression using IFA. Pictures
were taken using the EVOS-FL microscope with a 
100 oil objective lens.

FIG 8 Growth of RVFV variants in insect cells. C6/36 cells and BSR cells were
infected with the indicated RVFV variants at an MOI of 0.01. Supernatants
were collected at 4 days postinfection and titrated on BSR cells. Bars represent
means and standard errors of three experiments.
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sue culture is essential. To address this question, RVFV-
LMMSeGFP and RVFV-LMMSdelNSs were passaged 10 times in BSR
cells and analyzed by Northern blotting. The results show that the
S-type genome segment and both M-type genome segments (M-
NSmGn and M-Gc) are stable maintained (see Fig. S1 in the sup-
plemental material). In contrast, the L segment appeared to be less

stable, as evidenced by the presence of truncated RNAs. Most
likely, multiply passage of RVFV-4s in BSR cells results in the
accumulation of defective RNAs. The accumulation of defective
RNAs of the L segment upon sequential passaging is commonly
observed in bunyavirus research (44–46). Fortunately, we found
that passage of the same viruses in Vero-E6 cells did not result in

FIG 9 Virulence of RVFV-4s. (A) Survival curve of mice challenged with a high (105.8 TCID50) or a low (103.8 TCID50) dose of RVFV-LMMSNSs. Control mice
were challenged with a low (102.8 TCID50) dose of authentic RVFV. (B) Virus dissemination in the livers and brains of mice euthanized at various times
postinfection was determined by qRT-PCR. dpi, days postinfection.

FIG 10 Vaccination-challenge experiment with RVFV-4s. (A) Survival curve of mice that were mock, NSR-Gn, RVFV-LMMSeGFP, or RVFV-LMMSdelNSs

vaccinated. At 3 weeks postvaccination, mice were challenged with a lethal RVFV challenge dose. (B) RVFV neutralization titers present in sera the day before
challenge. Virus dissemination to livers (C) and brains (D) was determined by qRT-PCR.
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detectable levels of defective RNAs, and we have therefore selected
these cells for future vaccine production.

The ability to construct bunyaviruses with segmented GPC
genes may have significant implications for the development of
next-generation vaccines based on live-attenuated viruses. The
RVFV-4s viruses, for example, combine good in vitro growth with
high in vivo efficacy and safety. Titers of up to 107 TCID50/ml
could be reached in mammalian cell culture, and mice could be
fully protected by a single vaccination. It is important to note that
the RVFV-4s virus is unique in being completely avirulent in the
mouse model, even when containing all authentic genes from a
highly virulent RVFV. However, because NSs does not contribute
to vaccine efficacy and its absence further adds to the safety profile,
we will make use of RVFV-4s viruses lacking the NSs gene for
further vaccine safety and efficacy studies in the natural target
species.

As said, the results of the present work, as well as those of earlier
studies, demonstrate a certain level of plasticity in RVFV packag-
ing. Altogether, we expect that RVFV does not exclusively use a
selective or random genome packaging strategy. The ability to
package two or even three genome segments with identical UTRs
in a single virion suggests a more random packaging mechanism,
whereas the reduced growth and reduced virulence of the
RVFV-4s viruses suggests a preference for selective packaging. We
hypothesize that the flexibility observed in RVFV genome pack-
aging might be a feature of other bunyaviruses as well and could
explain the ability of these viruses to package antigenomic RNA
into virions (35, 42). Notably, the differences in growth of the
RVFV variants with segmented GPC genes in mammalian versus
mosquito cells points to mechanistic differences in glycoprotein
processing and/or to a more selective genome packaging in mos-
quito cells. The latter may explain the increased infectivity of mos-
quito cell-derived RVFV compared to mammalian cell-derived
virus (47).

Collectively, splitting of the RVFV GPC gene has provided a
novel and very helpful approach for studying bunyavirus genome
packaging and offers new possibilities for the development of
next-generation live-attenuated bunyavirus vaccines.
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