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ABSTRACT Rift Valley fever (RVF), which has been designated a priority disease by
the World Health Organization (WHO), is one of the most pathogenic zoonotic dis-
eases endemic to Africa and the Arabian Peninsula. Human vaccine preparation
requires the use of appropriate cell substrates to support the efficient production
of a seed vaccine with minimum concerns of tumorigenicity, oncogenicity, or ad-
ventitious agents. Vero cells, which were derived from the African green monkey
kidney, represent one of the few mammalian cell lines that are used for vaccine
manufacturing. This study demonstrates the rescue of RVF virus (RVFV) MP-12 in-
fectious clones in Vero cells using plasmids encoding the Macaca mulatta RNA po-
lymerase I promoter. Although Vero cells demonstrated an ;20% transfection effi-
ciency, only 0.5% of transfected cells showed the replication of viral genomic RNA,
supported by the coexpression of RVFV N and L helper proteins. RVFV infectious
clones were detectable in the culture supernatants at approximately 4 to 9 days
posttransfection, reaching maximum titers during the following 5 days. The ream-
plification of rescued recombinant MP-12 (rMP-12) in Vero cells led to an increase
in the genetic subpopulations, affecting the viral phenotype via amino acid substi-
tutions in the NSs gene, whereas rMP-12 reamplified in human diploid MRC-5 cells
did not increase viral subpopulations with NSs gene mutations. The strategy in
which RVFV infectious clones are rescued in Vero cells and then subsequently
amplified in MRC-5 cells will support the vaccine seed lot systems of live-attenu-
ated recombinant RVFV vaccines for human use.

IMPORTANCE RVF is a mosquito-transmitted, viral, zoonotic disease endemic to
Africa and the Arabian Peninsula, and its spread outside the area of endemicity will
potentially cause devastating economic damage and serious public health prob-
lems. Different from classical live-attenuated vaccines, live-attenuated recombinant
vaccines allow rational improvement of vaccine production efficiency, protective ef-
ficacy, and vaccine safety via genetic engineering. This study demonstrated the
generation of infectious Rift Valley fever (RVF) virus from cloned cDNA using Vero
cells, which are one of a few mammalian cell lines used for vaccine manufacturing.
Subsequent reamplification of virus clones in Vero cells unexpectedly increased vi-
ral subpopulations encoding unfavorable mutations, whereas viral reamplification
in human diploid MRC-5 cells could minimize the emergence of such mutants.
Rescue of recombinant RVFV from Vero cells and reamplification in MRC-5 cells will
support the vaccine seed lot systems of live-attenuated recombinant RVFV vaccines
for human use.
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Outbreaks of emerging or reemerging viruses pose significant threats to global
health. The World Health Organization (WHO) has designated several priority dis-

eases that pose the most significant potential public health risks due to a lack of or
insufficient countermeasures, including coronavirus disease 2019 (COVID-19), Crimean-
Congo hemorrhagic fever, Ebola virus disease, Marburg virus disease, Lassa fever, Middle
East respiratory syndrome (MERS), severe acute respiratory syndrome (SARS), Nipah- and
henipaviral diseases, Zika virus disease, and Rift Valley fever (RVF). In addition to the devel-
opment of rapid and accurate diagnostic measures, effective vaccines are essential for the
long-term control of these diseases (1).

RVF is a mosquito-borne zoonotic viral disease affecting humans and ruminants.
RVF virus (RVFV) causes a self-limiting biphasic febrile illness, while,8% of patients de-
velop hemorrhagic fever, encephalitis, or retinitis with a 0.5 to 1.0% mortality rate
(2–4). Sheep, goats, and cattle are highly susceptible to RVFV, which manifests as dis-
eases characterized by high rates of spontaneous abortion and fetal malformation in
sheep, cattle, and goats and lethal hepatitis in newborn lambs and goat kids (5). RVFV
is a risk group 3 pathogen and classified as a category A priority pathogen by the
NIAID/NIH in the United States and an overlap select agent by the U.S. Department of
Health and Human Services (HHS) and the U.S. Department of Agriculture (USDA). RVF
in animals is also listed as a disease that must be reported to the World Organization for
Animal Health (OIE). RVFV belongs to the genus Phlebovirus of the family Phenuiviridae.
The tripartite RNA genome is comprised of the large (L), medium (M), and small (S) seg-
ments. The L segment encodes the RNA-dependent RNA polymerase (L protein), while the
M segment generates two glycoprotein precursors from the 1st or 2nd start codon, which
can be cleaved into (i) the NSm, Gn, and Gc proteins or (ii) the 78-kDa proteins, respec-
tively (6, 7). The RVFV virions incorporate the 78-kDa proteins in mosquito cells but not
Vero cells (8). The 78-kDa protein plays a role in viral dissemination in vector mosquitoes
(7, 9), while the nonstructural NSm protein inhibits apoptosis in infected mammalian cells
(10, 11). The S segment encodes N and NSs in an ambisense manner. The nonstructural
NSs protein is a major virulence factor for RVFV that promotes the posttranslational degra-
dation of the cellular double-stranded RNA (dsRNA)-dependent protein kinase R (PKR) and
the transcription factor (TF) IIH subunit p62 proteins (12–15). The NSs protein can thus
cause the cessation of general transcription, including type I interferon (IFN) genes (16, 17).

RVFV consists of a single serotype, and the disease can be prevented by vaccination,
as the virus is highly susceptible to neutralizing antibodies. Since the 1950s, a live-atte-
nuated Smithburn vaccine has been widely used in Africa and the Arabian Peninsula
for veterinary purposes, while another live-attenuated veterinary vaccine, clone 13, has
been available in several African countries since 2010 (18, 19). Due to the sporadic na-
ture of RVF outbreaks, many countries in areas of endemicity have not implemented
the regular immunization of susceptible animals (19). Although no RVF vaccines are
currently licensed for use in humans, a formalin-inactivated RVFV Entebbe strain (TSI-
GSD-200, an investigational new drug in the United States) has been used for the vac-
cination of personnel at high risk of RVFV infection (e.g., laboratory or military workers)
since 1986 (20). However, this candidate vaccine has been characterized as having poor
immunogenicity, requiring a minimum of three doses to maintain a neutralizing antibody
titer of 1:40 (21). Alternatively, a live-attenuated MP-12 candidate vaccine (TSI-GSD-223, an
investigational new drug in the United States) has been developed using the MP-12 strain
of RVFV, which was generated by chemical mutagenesis of the wild-type, pathogenic
ZH548 strain and has been tested for safety and immunogenicity (22, 23). The MP-12 can-
didate vaccine was able to induce long-term protective immunity in human volunteers
through a single intramuscular vaccination during phase 2 clinical trials (e.g., producing a
neutralizing antibody titer of ;1:500 or higher lasting for at least 1 year) (24). More
recently, the Coalition for Epidemic Preparedness Innovations (CEPI) approved the evalua-
tion of two novel RVF candidate vaccines to accelerate the development of an appropriate
vaccine for human use. Notably, both of these new RVF candidate vaccines (25, 26) were
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live-attenuated, recombinant RVFV strains that were generated via reverse genetics
systems.

Reverse genetics is a technique used to manipulate the viral genome via cloned
cDNA, which has previously been used as an effective tool for the rational design of
attenuated virus strains for vaccine application (27). To rescue the infectious clones of
negative-stranded RNA viruses (e.g., bunyaviruses, influenza viruses, arenaviruses,
orthomyxoviruses, paramyxoviruses, rhabdoviruses, and bornaviruses), viral genomic
RNA and helper N and L proteins must be expressed together in susceptible cells
because viral genomic RNA cannot be used as a template for viral N or L protein syn-
thesis due to the lack of cap structure at the 59 end of complementary-sense (positive-
sense) RNA. The N and L proteins are expressed in trans and play crucial roles in the ini-
tiation of viral genomic RNA replication in transfected cells. Interestingly, it was
reported that infectious clones of several bunyaviruses, including Bunyamwera virus,
La Crosse virus, Schmallenberg virus, Oropouche virus, and RVFV, could be rescued
without the helper plasmids expressing N and L proteins, which was presumably
explained by the low levels of expression of N and L proteins from plasmids encoding
the complementary-sense genomic RNA (28–32). A few distinct systems have been
reported to rescue RVFV infectious clones: (i) the T7 RNA polymerase-dependent reverse
genetics system, using rodent cell lines such as BHK/T7-9 or BSR T7/5, which stably express
T7 RNA polymerase (33, 34); (ii) the mouse RNA polymerase I-dependent reverse genetics
system, which uses BHK/T7-9 cells (28); and (iii) the human RNA polymerase I-dependent
reverse genetics system, using a coculture of 293T cells and BHK-21 cells (35). Although all
of these reported systems have efficiently rescued recombinant RVFV, the resulting viruses
were not readily applicable to human vaccine production due to the use of less character-
ized continuous cell lines from animal origins as the cell substrates (e.g., BHK-21 cells, BHK/
T7-9 cells, or BSR T7/5 cells).

The continuous Vero cell line, which was derived from the kidney tissue of an adult
African green monkey, was established in Japan in 1962 and subsequently transferred
to the NIH, ATCC, and WHO (36). The WHO reference cell bank Vero 10-87 was estab-
lished in 1990 after its extensive safety validation, including tumorigenicity and adven-
titious agents, which became available to manufacturers for vaccine production (37,
38). The direct recovery of recombinant RVFV from Vero cells will have significant
advantages for human RVF vaccine development by reducing the time required for the
safety qualification of uncharacterized cell substrates. Human RNA polymerase I-de-
pendent reverse genetics systems have previously been used to recover influenza A vi-
rus infectious clones (39) and arenavirus (lymphocytic choriomeningitis virus and Junin
virus Candid#1 strain) clones from Vero cells (40, 41), whereas the human T7 RNA poly-
merase-dependent reverse genetics system was used to rescue an Ebola virus infec-
tious clone from Vero cells (42). Due to the species-specific nature of RNA polymerase
I, the rRNA gene promoter sequence derived from Vero cells was also used to rescue
an influenza A virus infectious clone (43). A common obstacle encountered when using
Vero cells is low transfection efficiency, which might affect the success rate of virus res-
cue. The present study reports the development of an RNA polymerase I-driven reverse
genetics system, using the rRNA gene promoter derived from Macaca mulatta, for the
first successful rescue of an RVFV recombinant MP-12 (rMP-12) strain infectious clone
directly from Vero cells. Moreover, this study also showed genetic changes in rMP-12
infectious clones during reamplification in Vero or MRC-5 cells. This technical advance-
ment will facilitate the development of novel RVF candidate vaccines for human use.

RESULTS
Rational design of a promoter and terminator for an RVFV reverse genetics

system using Vero cells. The ribosomal DNA (rDNA), which consists of the 59 external
transcribed spacer (ETS), 18S rRNA, internal transcribed spacer 1 (ITS1), 5.8S rRNA, ITS2,
28S rRNA, and 39 ETS (Fig. 1A), is mapped onto human chromosomes 13, 14, 15, 21,
and 22 (44). Each rDNA operon is flanked by the intergenic spacer (IGS). The precursor
rRNA promoter is located immediately upstream of the 59-ETS rDNA operon, which
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encodes two important functional elements: (i) the upstream control element (UCE)
(positions 2156 to 2107 relative to the transcription start site at position 11) and (ii)
the core control element (CCE) (positions 245 to 118). The CCE is essential for the ba-
sal promoter activity of RNA polymerase I and determines the species specificity of the
rRNA promoter (45, 46), whereas the presence of the UCE upstream of the CCE sup-
ports the maximum level of transcription. The far-upstream region (positions 2234 to
2167) can also strengthen transcription (47). A sequence alignment of the precursor
rRNA promoter (positions 2234 to 21) among Homo sapiens, Macaca mulatta, and
Vero cells is shown in Fig. 1B. Between Homo sapiens and Macaca mulatta, 23 nucleo-
tide (nt) differences were identified within the entire 234-nt region, 4 of which were
located within the CCE. Between Macaca mulatta and Vero cells, only 4 nt differences
were identified within the entire 234-nt region, 1 of which was located within the CCE.
Based on the similarity between the rRNA promoter CCE sequences of Macaca mulatta
and Vero cells, we constructed reverse genetics plasmids for RVFV using the precursor
rRNA promoter (positions 2234 to 21) of Macaca mulatta combined with a well-char-
acterized murine RNA polymerase I terminator sequence (Fig. 1C).

Functional expression of RVFV genomic RNA and viral proteins in Vero cells.
The transfection efficiency of Vero cells was then evaluated by using 0.6mg of the
pCAGGSK-vN or 0.5mg of the pCAGGSK-vG plasmid. We adjusted the total plasmid

FIG 1 Use of the precursor rRNA promoter from Macaca mulatta in the reverse genetics system for Rift Valley fever virus. (A)
Schematic representation of the repetitive units of ribosomal DNA (rDNA). The rDNA operon consists of the 59 external transcribed
spacer (ETS), 18S rRNA, internal transcribed spacer 1 (ITS1), 5.8S rRNA, ITS2, 28S rRNA, and 39 ETS and is flanked by intergenic spacers
(IGS). (B) Precursor rRNA promoter sequence (positions 2234 to 21) alignment among Homo sapiens (chromosome 21; GenBank
accession number NC_000021.9; positions 8388797 to 8389034), Macaca mulatta (chromosome 20; GenBank accession number
NC_041773.1; positions 29808263 to 29808496), and Vero cells (GenBank accession number DI217998.1). The precursor rRNA
promoter encodes two functional elements: (i) an upstream control element (UCE) (positions 2156 to 2107 relative to the
transcription start site at position 11) and (ii) a core control element (CCE) (positions 245 to 118). (C) Schematic
representation of plasmids encoding full-length antiviral-sense L, M, or S segments of RVFV, flanked by the precursor rRNA
promoter (positions 2234 to 21) of Macaca mulatta and the murine RNA polymerase I terminator.
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quantity to 4mg using an empty plasmid and transfected 1� 106 cells per well in a 6-
well plate to maintain consistency throughout the reverse genetics experiment. As
shown in Fig. 2, RVFV N and Gc proteins were abundantly expressed in approximately
19% to 20% of Vero cells.

Next, the RNA replication of the S-GFP genome, in which the NSs gene of the S seg-
ment was replaced with the green fluorescent protein (GFP) gene, was evaluated in
transfected Vero cells. Although the S-GFP genome harbors the GFP gene, the GFP pro-
tein can be expressed only when GFP mRNA is transcribed from the S-GFP genome by
the viral N and L proteins. To evaluate the background transfection efficiency, Vero
cells were separately transfected with the EGFP-N1 plasmid, which can constitutively
express GFP proteins. GFP expression from the EGFP-N1 plasmid was detected in 19%
to 20% of cells, based on image analysis, whereas GFP expression from the S-GFP ge-
nome was detected much less frequently (Fig. 3A). Foci of GFP-positive cells were found;
however, the evaluation of the numbers of GFP-positive cells unevenly scattered in wells
was not realistic when performed by image analysis. Therefore, we resuspended trans-
fected Vero cells at 72h posttransfection (hpt) and evaluated the numbers of GFP- and
DAPI (49,6-diamidino-2-phenylindole)-positive cells using an automated cell counter. As
shown in Fig. 3B, 18.3%, 0.47%, and 0% of Vero cells expressed EGFP-N1; S-GFP with N, L,
and GnGc proteins; and S-GFP without N, L, and GnGc proteins, respectively, according to
the detection of GFP signals.

To evaluate L, M, and S segment RNA replication in transfected Vero cells, we next
performed Northern blot analysis of total RNA. Vero cells were mock transfected or
cotransfected with pProK-sPI-vS(1), pProK-sPI-vM(1), pProK-sPI-vL(1), pCAGGSK-vN,
pCAGGSK-vL, and pCAGGSK-vG (Fig. 3C). Without protein expression plasmids, only
the positive-sense S segment RNA could be visualized, whereas the positive-sense M
and L segments were too faint to be visualized. However, the accumulation of positive-
sense L segment RNA could be detected in the presence of N protein. The coexpres-
sion of the N and L proteins, with or without GnGc proteins, led to the accumulation of
negative-sense S and M segments, whereas the negative-sense L segment was still not
detectable in the analysis. These results indicated that S segment RNA could be repli-
cated more abundantly than M segment RNA in transfected Vero cells, whereas the
replication of L segment RNA in transfected Vero cells was below the detection limit of
the Northern blot analysis.

FIG 2 Expression of Rift Valley fever virus (RVFV) N or Gc proteins in transfected Vero cells. (A and B, left) Vero cells were
transfected using 12ml of TransIT-293 transfection reagent and 0.6mg of the pCAGGSK-vN plasmid (A) or 0.5mg of the
pCAGGSK-vG plasmid (B), together with the empty pCAGGSK plasmid to adjust the total plasmid amount to 4.0mg.
(Right) As negative controls, Vero cells were transfected with 4.0mg of the empty pCAGGSK plasmid. At 72 h
posttransfection, fixed cells were stained with anti-RVFV N (A) or anti-RVFV Gc (B) antibodies, followed by secondary
antibodies conjugated to Alexa Fluor 594. Nuclei were stained with DAPI (49,6-diamidino-2-phenylindole). (C) Actual
counts of Alexa Fluor 594 signal-positive cells and DAPI-positive cells and graph of the means 6 standard deviations of
the ratios between Alexa Fluor 594 signal-positive cells and DAPI-positive cells from three different images. Bars, 50.0mm.
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Rescue of the infectious recombinant MP-12 strain from cloned cDNA in Vero
cells. The recovery of rMP-12 infectious clones was performed using Vero cells. Six dif-
ferent wells (wells 1 to 6) were separately transfected with a series of plasmids, i.e.,
pProK-sPI-vS(1), pProK-sPI-vM(1), pProK-sPI-vL(1), pCAGGSK-vN, pCAGGSK-vL, and
pCAGGSK-vG. The virus titers in the culture supernatants and the appearance of a cyto-
pathic effect (CPE) of cell rounding or detachment in the culture monolayer were ana-
lyzed daily up to 16 days posttransfection (dpt). Because the 6-well plate became 100%
confluent by 72 hpt, the cells in each well were trypsinized and transferred to a 10-cm
dish at 72 hpt. By 7 dpt, all plates showed 10 to 15 small plaque-like foci on mono-
layers. All foci disappeared in the following days in wells 1 and 3, and no infectious
clones were detected at 16 dpt. In wells 2, 4, 5, and 6, a few foci increased in size,
which eventually led to widespread CPE, characterized by the rounding or detachment
of cells in the monolayer (Fig. 4A). In the culture supernatants, infectious rMP-12 could
be detected as early as 4 dpt (well 5), whereas well 4 did not contain detectable rMP-
12 by 9 dpt. Nevertheless, virus titers of rMP-12 reached 106 PFU/ml or higher at 12 dpt
in the wells with successful rescue.

Subsequently, additional virus rescue attempts were made (experiments i to vi) to
test the requirement of the pCAGGSK-vG plasmid (Fig. 4B). Vero cells were transfected
with pProK-sPI-vS(1), pProK-sPI-vM(1), pProK-sPI-vL(1), pCAGGSK-vN, and pCAGGSK-vL.

FIG 3 Analysis of RVFV S segment RNA replication in transfected Vero cells. (A) Vero cells in 6-well plates (1� 106 cells/well) were
transfected with 0.8mg of pEGFP-N1 or pProK-sPI-vS(1)-GFP, together with 0.6mg of pCAGGSK-vN, 0.5mg of pCAGGSK-vL, 0.5mg of
pCAGGSK-vG, and 1.6mg of pCAGGSK (empty) plasmids, using 12ml of the TransIT-293 transfection reagent. As a control (S-GFP only), Vero
cells were transfected with 0.8mg of pProK-sPI-vS(1)-GFP and 3.2mg of pCAGGSK (empty) plasmids. Images represent the expression of GFP
at 72 h posttransfection. Nuclei of live cells were stained with DAPI. Bars, 50.0mm. (B) The numbers of GFP- and DAPI-positive cells were
measured by an automated cell counter. The actual counts of GFP-positive cells and DAPI-positive cells and a graph of the means 6
standard deviations of the ratios between GFP-positive cells and DAPI-positive cells from three different wells are shown. (C) Vero cells were
mock transfected or transfected with the indicated combinations of plasmids. At 72 h posttransfection, total RNA was collected and analyzed
by Northern blotting using RNA probes to detect positive-sense L, M, and S segment RNAs (left) or negative-sense L, M, and S segment
RNAs (right).
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The total plasmid quantity was adjusted to 4mg using an empty plasmid. Without the
pCAGGSK-vG plasmid (set A), Vero cells did not show detectable foci or virus-induced CPE
for 20days, while the virus titers of the culture supernatants collected at 12 dpt were
below the detection limit (,2.5 PFU/ml). Along with this experiment, three additional

FIG 4 Rescue of rMP-12 infectious clones from Vero cells. The recovery of RVFV rMP-12 strain infectious clones was
performed using Vero cells. (A) Six different wells (wells 1 to 6) in the 6-well plate were separately transfected with
pProK-sPI-vS(1), pProK-sPI-vM(1), pProK-sPI-vL(1), pCAGGSK-vN, pCAGGSK-vL, and pCAGGSK-vG. Virus titers in the
culture supernatants and the appearance of the cytopathic effect (CPE) widespread in monolayers (asterisks) for
15 days posttransfection (dpt) are shown in a graph. Transfected cells were transferred to a 10-cm dish at 72 h
posttransfection. (B) Virus titers in the culture supernatants of transfected Vero cells at 12 dpt (set A, n= 6; set B,
n=3). Set A used the empty pCAGGSK plasmid instead of pCAGGSK-vG, while set B included all plasmids. Disruptions
of the monolayer (foci, detachment, or rounding) are also shown in the right panels. (C) Plaque phenotypes of rMP-12
infectious clones 2, 4, 5, and 6, which were collected at 7, 11, 7, and 8 dpt, respectively. Arrows indicate turbid
plaques. For comparison, the plaque phenotypes of rMP-12 collected from transfected BHK/T7-9 cells at 4 dpt and
MP-12 vaccine lot 7-2-88 are shown. (D and E) Viral replication kinetics of rMP-12 infectious clones 2, 4, 5, and 6
(passage 0 [P0]) at 35°C in Vero cells (D) and MRC-5 cells (E) (MOI of 0.01). Arithmetic means of log10 values were
analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s multiple-comparison test. Asterisks represent
statistical differences (*, P, 0.001 [versus clones 4, 5, and 6]).
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wells were tested with the full set of plasmids, including pCAGGSK-vG (set B). All three
wells showed multiple foci or cell detachment or rounding by 8 dpt, while the virus titers
in the culture supernatants were 1.4� 106 to 9.0� 106 PFU/ml at 12 dpt.

Next, the plaque phenotypes of rMP-12 virus rescued from Vero cells (wells 2, 4, 5,
and 6) were compared to those from BHK/T7-9 cells (4 dpt, with no additional pas-
sages) or an authentic MP-12 vaccine (lot 7-2-88, with no additional passages) (Fig. 4C).
rMP-12 collected from well 2 (7 dpt) and well 6 (8 dpt) contained turbid plaques in
61% and 9%, respectively, whereas rMP-12 collected from well 4 (11 dpt) or well 5 (7
dpt), rMP-12 collected at 4 dpt from BHK/T7-9 cells, or the reconstituted MP-12 vaccine
lot 7-2-88 did not show detectable turbid plaques.

The MP-12 strain lacking a functional NSs gene has previously been shown to form
turbid plaques in Vero cells (33). Since the NSs protein plays a major role in counteract-
ing host innate immune responses (48, 49), we next analyzed the replication kinetics of
rMP-12 infectious clones 2, 4, 5, and 6 (passage 0) in type I IFN-incompetent Vero cells
or type I IFN-competent MRC-5 cells (Fig. 4D and E). Since the RVFV MP-12 strain has a
weak temperature-sensitive phenotype (50, 51), viral amplification was performed at
35°C, except for virus adsorption for 1 h at 37°C. Although all clones replicated similarly
in Vero cells, clone 2 did not efficiently replicate in MRC-5 cells compared to clone 4, 5,
or 6. These results indicated that there are genetic variations among rMP-12 infectious
clones derived from Vero cells.

Next-generation sequencing of rMP-12 infectious clones passaged in Vero or
MRC-5 cells. The emergence of undesirable genetic subpopulations in vaccine seeds
must be characterized. To explore a strategy designed to reduce genetic variations in
infectious clones, each clone was reamplified at 35°C in Vero or MRC-5 cells at a low
multiplicity of infection (MOI) (Fig. 5A). Although most clones were amplified to
$1� 106 PFU/ml in Vero or MRC-5 cells at 96 h postinfection (hpi), clone 2 failed to
efficiently amplify in MRC-5 cells. Clone 2 in MRC-5 cells was therefore collected at 168
hpi, after the replacement of the culture supernatant at 96 hpi. Subsequently, fresh
Vero or MRC-5 cells were infected with passage 1 viral stocks derived from Vero or
MRC-5 cells, respectively, for their reamplification at 35°C. Total RNA was collected
from infected Vero or MRC-5 cells at 48 hpi for viral transcriptome sequencing (RNA-
Seq) analysis. The RNA-Seq results showed that rMP-12 infectious clones 2, 4, 5, and 6
amplified in Vero cells revealed 6, 4, 4, and 8 mutation sites with $1% variant detec-
tion, respectively, whereas those amplified in MRC-5 cells had 3, 6, 4, and 16 mutation
sites with $1% variant detection, respectively. Figure 5B to D show the specific muta-
tions for each clone in the L, M, and S segments, respectively. No overlapping mutation
sites were observed among clones 2, 4, 5, and 6 except for a silent mutation in the M
segment (C1307U) in clones 2 and 4. Moreover, no overlapping mutation sites were
observed between clones amplified in Vero cells and the same clones amplified in MRC-5
cells except for L-P329S (C1003U) in clone 6, Gn-L600S (U1819C) in clone 5, and the N
open reading frame (ORF) silent mutation C555U in clone 6. These results indicated that
the overall pattern of genetic subpopulations was unique to each infectious clone. Amino
acid changes that occurred in $5% of the genetic subpopulation were found in clones
amplified in Vero cells, including the following: L155P in NSs (clone 2; 85%), S101T in the
NSm/78-kDa protein (clone 2; 25%), E49K in the NSm/78-kDa protein (clone 4; 11%), and
E393G in Gn (clone 5; 9%). None of the infectious clones amplified in MRC-5 cells showed
amino acid substitutions that affected $5% of the genetic subpopulation. These results
indicated that MRC-5 cells are more suitable than Vero cells for preventing the selection of
rMP-12 genetic variants featuring amino acid substitutions.

DISCUSSION

This study demonstrated the recovery of RVFV infectious clones from cloned cDNA
using Vero cells. The reverse genetics system for RVFV was developed in the 2000s,
using BHK cells expressing T7 RNA polymerase (e.g., BHK/T7-9 and BSR T7/5) (33, 34).
Later, the mouse RNA polymerase I-dependent reverse genetics system in BHK/T7-9
cells (28) and the human RNA polymerase I-dependent reverse genetics system in a
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FIG 5 RNA-Seq analysis of rMP-12 infectious clones. rMP-12 infectious clones 2, 3, 5, and 6 were amplified twice, in either Vero or MRC-5 cells, at 35°C.
Total RNA was analyzed by RNA-Seq. (A) Schematic representation of virus amplification methods in Vero or MRC-5 cells. (B to D) Graphs showing the
detection of genetic variants ($1%) in the L segment (B), the M segment (C), and the S segment (D) of infectious clones 2, 4, 5, and 6. The FASTQ reads
were aligned with the L, M, or S segment sequences of the RVFV MP-12 strain (GenBank accession numbers DQ375404.1, DQ380208.1, and DQ380154.1).

RVFV Infectious Clones from Vero Cells Journal of Virology

April 2021 Volume 95 Issue 7 e02004-20 jvi.asm.org 9

https://www.ncbi.nlm.nih.gov/nuccore/DQ375404.1
https://www.ncbi.nlm.nih.gov/nuccore/DQ380208.1
https://www.ncbi.nlm.nih.gov/nuccore/DQ380154.1
https://jvi.asm.org


coculture of 293T cells and BHK-21 cells (35) were reported. A potential pitfall of these
reverse genetics systems was that BHK cells have never been used as cell substrates for
live-attenuated vaccines intended for human use. Although most continuous cell lines
are useful for research experiments, extensive validations of the safety of the proposed
master and working cell banks will be required due to their inconsistent cellular condi-
tions in terms of the passage number, the presence of adventitious agents, or potential
tumorigenicity. Due to stringent safety requirements, only a limited number of mam-
malian cell substrates have been qualified for human vaccine production: (i) Wistar
Institute 38 (WI-38) cells (human fetal diploid lung cells), which are used for the rabies
virus vaccine, human adenovirus vaccine, and rubella virus vaccine; (ii) MRC-5 cells
(human fetal diploid lung fibroblast cells), which are used for the rubella virus vaccine
and varicella-zoster virus vaccine; (iii) FRhL-2 (fetal rhesus diploid lung) cells, which are
used for the rotavirus vaccine; and (iv) Vero cells (continuous nonhuman primate cell
line), which are used for the rotavirus vaccine, oral poliovirus vaccine, and smallpox
vaccine (52, 53). Diploid cells such as MRC-5, WI-38, and FRhL-2 cells can respond to
the stimulation of liposome-DNA complexes during DNA transfection, which may trig-
ger type I interferon (IFN) responses, whereas Vero cells, which harbor deletions in the
IFNA and IFNB genes on chromosome 15 (54), are less capable of inhibiting the expres-
sion or replication of viral RNA transcribed from the exogenous DNA templates and are
more suitable for the successful recovery of RVFV infectious clones. The use of Vero
cells in vaccine manufacturing is gaining acceptance from licensing authorities
through the demonstrated safety of master or working Vero cell banks derived from
the WHO Vero reference cell bank 10-87 (37). Validation of the removal of cellular DNA
(10 ng per single human dose) is, however, one of the major regulatory requirements
for viral vaccines derived from Vero cells (38). This study showed that infectious clones
derived from Vero cells might contain genetic subpopulations that encode mutations
in the 78-kDa/NSm genes, the NSs gene, or other structural genes. Therefore, the
genetic characterization of the seed vaccine will be necessary prior to further large-
scale viral amplification. Because the NSs mutants can efficiently replicate in type I IFN-
incompetent Vero cells, the use of type I IFN-competent MRC-5 cells should reduce the
replication of unfavorable NSs mutants in the vaccine stock. Viral propagation in MRC-
5 cells will thus support the genetic stability of the MP-12 strain carrying the NSs gene.

In contrast to the reverse genetics systems in BHK cells, the efficiency of the rescue
of RVFV from Vero cells was not high. In these rescue experiments, only a few foci of
increasing size appeared after several days posttransfection, whereas many visible pla-
que-like foci disappeared from the monolayer within 1 week, likely because these pla-
que-like foci lacked the replication of L, M, or S segments. The transfection efficiency of
Vero cells was measured to be approximately 20%, whereas the replication of the S
segment was detected in 0.5% of the Vero cell monolayer. These results indicated that
approximately 5,000 to 10,000 cells per well could support the replication of S segment
RNA alone. Therefore, when all of the L, M, and S segments were combined, the num-
ber of cells able to support the replication of all three segments was likely even lower.
A similar rescue efficiency was reported for a reverse genetics system for arenavirus
using Vero cells, for which the viral genome is comprised of two RNA segments (41).
To improve this low rescue efficiency in Vero cells, eight RNA polymerase I transcrip-
tion cassettes were combined into a single plasmid to improve the efficiency of rescue
of influenza A virus infection clones (39). Further reductions in plasmid variations are
likely to support the more efficient rescue of RVFV infectious clones. It was also noted
that plaque-like foci were not formed when Vero cells were transfected with a set of
plasmids lacking pCAGGSK-vG. Northern blot analysis showed that the helper
pCAGGSK-vG plasmid was dispensable for viral RNA replication in transfected Vero
cells. It is possible that abundant expression of RVFV Gn and Gc proteins from the
pCAGGSK-vG plasmid could support the production of infectious virus-like particles
containing L, M, and/or S segments, which might facilitate the broad distribution of
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viral RNA segments in Vero cells that might not have a full set of viral genomic RNA
due to the poor transfection efficiency.

In this study, transfected Vero cells were transferred into 10-cm dishes at 72 hpt to
prevent overconfluent conditions in the 6-well plates. We separately performed the
same experiment twice (n=3 each) without transferring transfected Vero cells into 10-
cm dishes at 72 hpt. All wells showed plaque-like foci, which disappeared after 7 dpt.
In both experiments, one out of three transfected wells demonstrated foci that increased
in size, in which the rMP-12 virus titers of culture supernatants reached 4.5� 103 PFU/ml
and 1� 107 PFU/ml, respectively, at 11 and 16 dpt. These results indicated that the transfer
of transfected cells to a larger plate at 72 hpt is not essential for the rescue of rMP-12 infec-
tious clones, although the rescue efficiency might be affected due to overconfluence.

This study used the RNA polymerase I promoter from Macaca mulatta chromosome
20 to transcribe the full-length L, M, and S segments of RVFV in Vero cells. The CCE of
the promoter sequence determines the species specificity (45, 46), and the CCE
sequences found in Vero cells and Macaca mulatta were nearly identical. CCE sequen-
ces have been reported to be highly conserved among Pan troglodytes (chimpanzee),
Gorilla gorilla (gorilla), Pongo abelii (orangutan), Nomascus leucogenys (gibbon), and
Macaca mulatta (rhesus macaque) (55). The CCE sequence similarity for the RNA poly-
merase I promoters between Homo sapiens (chromosome 21; GenBank accession num-
ber NC_000021.9; positions 8388797 to 8389034) and Macaca mulatta (chromosome
20; GenBank accession number NC_041773.1; position 29808263 to 29808496) was
91.1%. The Homo sapiens RNA polymerase I promoter can support the functional tran-
scription of viral genomic RNA in Vero cells (39, 41), although the quantitative differen-
ces in promoter strength between simian and human RNA polymerase I promoters in
Vero cells remain unknown. The correct termination site for human and nonhuman pri-
mate RNA polymerase I transcription has also not been functionally characterized.
Transcription by murine RNA polymerase I can be terminated immediately upstream of
a long C tract located upstream of a conserved SalI box, 59-AGGTCGACCAG(T/A)(A/T)
NTCCG-39 (the SalI site is underlined) (56, 57). This murine RNA polymerase I terminator
sequence has been shown to be functional in Vero cells (40, 41, 43). Thus, this study
used the murine RNA polymerase I terminator sequence for the synthesis of viral
genomic RNA with correct 39 ends.

Despite the potential contribution to the virulence phenotype, the strong immuno-
genicity of the live-attenuated MP-12 candidate vaccine requires the NSs gene (58).
The MP-12 strain encodes 23 point mutations in the L, M, and S segments, among
which 2 amino acid substitutions in Gn (Y259H) and Gc (R1182G) in the M segment in-
dependently support attenuation (59), while 6 MP-12 mutations (78 kDa-I9T, 78 kDa-
V17I, Gc-I747L, M-59 UTR [untranslated region]-A3621G, L-G4368U, and L-5208G) were
found in the genetic subpopulations of the parental pathogenic ZH548 strain (60).
Amino acid substitutions in the L segment (L-V172A and L-M1244I) and the M segment
(Gn-Y259H and Gc-R1182G) restrict viral replication at higher temperatures (50). The
combination of several mutations in the MP-12 strain can thus contribute to the
attenuation phenotype. In vaccinated animals or humans, the MP-12 strain can induce
transient viremia below 103 PFU/ml (23). The original MP-12 vaccine has been exten-
sively characterized for immunogenicity and safety since the 1980s and underwent a
phase 2 clinical trial (20, 24). The NSs gene likely supports the low-level production of
infectious virus particles, which in turn stimulates the production of neutralizing anti-
bodies against RVFV via a single dose. Serial passage of MP-12 or the genetic variant in
Vero or MRC-5 cells revealed an increase of reversion to wild-type sequences in Gc-
R1182G, L-V172A, or L-M1244I at the subpopulation level (51). To further strengthen
the attenuation of the MP-12 strain without abolishing immunogenicity, we are cur-
rently studying next-generation MP-12-based vaccines by using infectious clones
obtained from Vero cells. Various live-attenuated candidate RVF vaccines, derived from
the reverse genetics systems using BHK-derived cells, are currently being studied for
human use by other laboratories, whereas little information is available regarding their
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genetic stability during propagation in cell substrates. The overall strategy of rescuing
RVFV infectious clones in Vero cells, followed by subsequent amplification in cell sub-
strates optimal for genetic stability and regulatory clearance, will support the fundamen-
tal development of a rationally designed, live-attenuated RVFV vaccine for human use.

MATERIALS ANDMETHODS
Media, cells, and viruses. Vero cells (kidney epithelial cells, Chlorocebus sp.; ATCC CCL-81) or MRC-5

cells (human lung diploid cells; ATCC CCL-171) were maintained in Dulbecco’s modified Eagle medium
(DMEM) (Gibco, Thermo Fisher Scientific Inc., Waltham MA), containing 10% fetal bovine serum (FBS)
(HyClone; GE Healthcare, Chicago, IL), penicillin (100 U/ml) (Gibco), and streptomycin (100mg/ml)
(Gibco), in a humidified cell culture incubator (5% CO2 at 37°C). Baby hamster kidney cells that stably
express T7 RNA polymerase (BHK/T7-9 cells) (61) were maintained in minimum essential medium alpha
containing 10% FBS, penicillin (100 U/ml), streptomycin (100mg/ml), and hygromycin B (600mg/ml) at
37°C with 5% CO2. The Vero, MRC-5, and BHK/T7-9 cells used in this study were verified to be myco-
plasma free at The University of Texas Medical Branch at Galveston (UTMB) Tissue Culture Core Facility,
and the identities of MRC-5 cells were authenticated by short tandem repeat analysis (UTMB Molecular
Genomics Core Facility). Infectious clones of the rMP-12 strain were generated from cloned cDNA in
Vero or BHK/T7-9 cells in this study. The MP-12 vaccine lot 7-2-88 was obtained from John C. Morrill
(UTMB). Replications of the RVFV MP-12 and rMP-12 strains are restricted at temperatures above 38°C
due to four temperature-sensitive mutations: Gn-Y259H (U795C), Gc-R1182G (A3564G), L-V172A
(U533C), and L-M1244I (G3750A) (50, 51). To minimize the influence of temperature-sensitive mutations
at 37°C (51), viral amplification was performed at 35°C, except for virus adsorption for 1 h at 37°C. The ti-
tration of the rMP-12 strain was performed at 37°C by a plaque assay using Vero cells with crystal violet
staining (59) because the measurement of the plaque number was not affected at 37°C. The rescue of
the rMP-12 strain from Vero cells was performed at 37°C to maintain physiologically optimal conditions
for Vero cells.

Plasmids. The complementary-sense (positive-sense) pProT7-avS(1), pProT7-avM(1), and pProT7-
avL(1) plasmids, which encode the full-length antiviral-sense S, M, and L segments of the RVFV MP-12
strain, respectively, immediately downstream of the T7 promoter, were described previously (59). For
further vaccine development, these plasmids were modified by replacing the T7 promoter with the pre-
cursor rRNA gene promoter (positions 2234 to 21) derived from Macaca mulatta chromosome 20
(GenBank accession number NC_041773.1; positions 29808263 to 29808496) and replacing the hepatitis
delta virus ribozyme and T7 terminator sequences with the precursor rRNA gene terminator derived
from Mus musculus (GenBank accession number X82564.1; positions 19042 to 19216). The gene frag-
ments were synthesized using the gBlocks gene fragment synthesis service (Integrated DNA
Technologies Inc., Coralville, IA). The ampicillin resistance gene was replaced with a kanamycin resist-
ance gene due to increasing restrictions on the use of beta-lactam antibiotics in manufacturing areas [e.
g., Article 21 CFR 211.42(d), 46(d), or 176 (65)]. The resulting plasmids were designated pProK-sPI-vS(1),
pProK-sPI-vM(1), and pProK-sPI-vL(1). Additionally, the NSs gene of the MP-12 S segment was replaced
with the green fluorescent protein (GFP) gene in the pProK-sPI-vS(1) plasmid, which was designated
pProK-sPI(1)-GFP. The open reading frames of N, L, and glycoprotein precursor genes from the RVFV
MP-12 strain were cloned downstream of the cytomegalovirus early enhancer and chicken b-actin pro-
moter in a modified pCAGGS plasmid (pCAGGSK plasmid), in which the ampicillin resistance gene was
replaced with a kanamycin resistance gene. The resulting plasmids were designated pCAGGSK-vN,
pCAGGSK-vL, and pCAGGSK-vG.

Transfection of Vero cells. Vero cells grown in 10-cm dishes were trypsinized, and the number of
cells was counted using a Countess II automated cell counter (Thermo Fisher Scientific). Next, 1� 106

cells were placed into each well of a 6-well plate and allowed to spread in an incubator (1.5ml medium
per well with 5% CO2 at 37°C under humidified conditions) for 40 to 50min before transfection.
Transfection was performed using a mixture containing 4mg of plasmids and 12ml of the TransIT-293
transfection reagent (Mirus Bio LLC, Madison, WI). Briefly, the transfection reagent was mixed with
150ml Opti-MEM reduced serum medium (Gibco) and incubated for 5min at room temperature. This
mixture was added dropwise to the plasmid DNA and then incubated for 20 to 25min at room tempera-
ture before being added to the 6-well culture. At 24 h posttransfection (hpt), the culture supernatant
was replaced with fresh DMEM supplemented with 10% FBS and antibiotics.

Indirect fluorescence assay. Vero cells in 6-well plates (1� 106 cells/well) were transfected with one
of the following combinations, using 12ml TransIT-293 transfection reagent: (i) 0.6mg of plasmid
pCAGGSK-vN and 3.4mg of pCAGGSK (empty), (ii) 0.5mg of pCAGGSK-vG and 3.5mg of pCAGGSK
(empty), or (iii) 4.0mg of pCAGGSK (empty). At 72 hpt, the cells were fixed with methanol for 20 min at
room temperature. Dried cells were hydrated with phosphate-buffered saline (PBS) and then blocked
with PBS containing 0.5% bovine serum albumin (BSA) at 37°C for 1 h. Cells were then incubated with a
1:800 dilution of anti-RVFV N rabbit polyclonal antibody (63) or a 1:400 dilution of anti-RVFV Gc mouse
monoclonal antibody (5G2), followed by 1:800 dilutions of either Alexa Fluor 594 goat anti-rabbit IgG
(H1L) or Alexa Fluor 594 goat anti-mouse IgG(H1L), respectively, for the detection of specific signals.
DNA was stained with 49,6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific Inc.). Stained cells
were then observed under an Olympus IX71 microscope with a DP71 camera (Olympus America, Center
Valley, PA). Indirect fluorescence assay (IFA) images were incorporated by using DP manager software.
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The numbers of DAPI- and Alexa Fluor 594 signal-positive cells were counted using the multipoint tool
in ImageJ software (NIH) using three different images (64).

S segment reporter assay. To evaluate the transfection efficiency of Vero cells and the frequency of
RVFV S segment RNA replication in transfected cells, Vero cells in 6-well plates (1� 106 cells/well) were
transfected with 0.8mg of either plasmid pProK-sPI-vS(1)-GFP or pEGFP-N1 (TaKaRa Bio USA Inc.,
Mountain View, CA), 0.6mg of pCAGGSK-vN, 0.5mg of pCAGGSK-vL, 0.5mg of pCAGGSK-vG, and 1.6mg
of pCAGGSK (empty), using 12ml of the TransIT-293 transfection reagent. The negative-control wells
were transfected with 0.8mg of plasmid pProK-sPI-vS(1)-GFP and 3.2mg of pCAGGSK (empty), using
12ml of the TransIT-293 transfection reagent. At 72 hpt, the cells were stained with 10mg/ml DAPI. Cells
were then trypsinized and resuspended in 500ml medium. The numbers of total cells, GFP-positive cells,
and DAPI-positive cells were measured using a Countess II FL automated cell counter with an Evos light-
emitting diode (LED) cube for DAPI and GFP. The ratios of GFP-positive to DAPI-positive cells were com-
pared between Vero cells expressing the RVFV S-GFP RNA segment [via pProK-sPI-vS(1)] and those
expressing GFP mRNA (via pEGFP-N1).

Northern blot analysis. TRIzol reagent (Thermo Fisher Scientific Inc.) was used to extract RNA from
Vero cells that were either mock transfected or transfected with plasmids. Denatured RNA was separated
using 1% denaturing agarose-formaldehyde gels via electrophoresis. As described previously (62),
Northern blots were performed using a mixture of RNA probes to detect positive- or negative-sense S,
M, or L RNA segments. The pSPT18-N plasmid harbors the reverse-complementary-sense full-length N
ORF (nt 39 to 776) flanked by the 59 sequence encoding the SP6 promoter and the Hind III site and the
3' sequence encoding the Acc65I site and the T7 promoter. To generate RNA probes to detect the nega-
tive- or positive-sense S RNA segment, the pSPT18-N plasmid was linearized with HindIII or Acc65I, followed
by in vitro transcription using T7 or SP6 RNA polymerase (digoxigenin [DIG] RNA SP6/T7 labeling kit;
Millipore Sigma, St. Louis, MO), respectively. Similarly, pSPT18-M (the reverse-complementary-sense partial
Gn ORF at nt 1297 to 2102 inserted between HindIII and Acc65I) or pSPT18-L (the reverse-complementary-
sense partial L ORF at nt 19 to 756 inserted between HindIII and Acc65I) was used for an RNA probe detect-
ing M or L RNA segments, respectively.

Rescue of recombinant RVFV MP-12 strain infectious clones. Vero cells in 6-well plates (1� 106

cells/well) were transfected with 0.8mg of pProK-sPI-vS(1), 0.8mg of pProK-sPI-vM(1), 0.8mg of pProK-
sPI-vL(1), 0.6mg of pCAGGSK-vN, 0.5mg of pCAGGSK-vL, and 0.5mg of pCAGGSK-vG using 12ml of the
TransIT-293 transfection reagent. Cells were incubated under humidified conditions with 5% CO2 at 37°C.
At 24 hpt, the culture supernatant was replaced with fresh medium. At 72 hpt, cells were trypsinized, and all
cells were transferred to a 10-cm culture dish for further incubation at 37°C. To monitor the rescue of RVFV
MP-12 strain infectious clones, 1ml of the culture supernatant was collected daily from each 10-cm dish and
replaced with 1ml of fresh medium in six different wells. For the rescue of the rMP-12 strain from BHK/T7-9
cells, a subconfluent monolayer of BHK/T7-9 cells in a 6-cm dish was transfected with 2.0mg of pProT7-vS
(1), 2.0mg of pProT7-vM(1), 2.0mg of pProT7-vL(1), 2.0mg of pCAGGS-vN, 1.0mg of pCAGGS-vL, and
1.0mg of pCAGGS-vG using 30ml of the TransIT-293 transfection reagent. The culture supernatant was
replaced with fresh medium at 24 hpt and collected at 96 hpt.

rRNA promoter sequence alignment. The precursor repetitive units of ribosomal DNA (rDNA) pro-
moter sequences of Homo sapiens (chromosome 21; GenBank accession number NC_000021.9; positions
8388797 to 8389034), Macaca mulatta (chromosome 20; GenBank accession number NC_041773.1; posi-
tions 29808263 to 29808496), and Vero cells (GenBank accession number DI217998.1) were aligned by
using CLC Genomics Workbench 7.5.5 (Qiagen Inc. USA, Germantown, MD) with the following parame-
ters: gap open cost of 10, gap extension cost of 1, and free end gap cost.

RNA sequencing of rMP-12 stocks. Vero or MRC-5 cells were infected with Vero or MRC-5 cell pas-
sage 1 stocks with rMP-12 at a multiplicity of infection (MOI) of 0.01. Total RNA was extracted at 48 h
postinfection (hpi) using RNeasy (Qiagen). Next-generation sequencing (NGS) of total RNA was per-
formed at the Next Generation Sequencing Core Facility at UTMB. The RNA-Seq library of whole tran-
scripts was constructed from total RNA (1.0mg). Paired-end (75-bp) library sequencing was performed
on the NextSeq 550 sequencing platform (Illumina Inc., San Diego, CA). The FASTQ files of sequence
reads were quality filtered by removing reads shorter than 50 bp and adapter sequences by using CLC
Genomics Workbench 7.5.5. The FASTQ reads were aligned with L, M, or S segment sequences for the
RVFV MP-12 strain (GenBank accession numbers DQ375404.1, DQ380208.1, and DQ380154.1), with a sim-
ilarity fraction of 0.8, a mismatch cost of 2, an insertion cost of 3, and a deletion cost of 3. Subsequently,
genetic variants ($0.5%) were screened using the Basic Variant Detection tool in the CLC Genomics
Workbench program, with a neighborhood radius of 5, a minimum central quality of 20, a minimum
neighborhood quality of 15, and an active read direction filter. Variants ($1%) that met the criteria of a
forward/reverse balance between 0.25 and 0.75, $10 independent counts, and an average quality value
of$20 were then listed.

Statistical analysis. Statistical analyses were performed using GraphPad Prism 8.4.3 (GraphPad
Software Inc., San Diego, CA). For comparisons among groups of GFP-expressing cells, differences were
analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s multiple-comparison test. For
comparisons among groups of viral titers, arithmetic means of log10 values were analyzed by one-way
ANOVA, followed by Tukey’s multiple-comparison test.

Ethics statement. All experiments using recombinant DNA and the RVFV MP-12 strain were per-
formed with the approval of the Institutional Biosafety Committee at UTMB.

Data availability. The raw RNA-Seq data are available via the Sequence Read Archive (SRA) database
(BioProject accession number PRJNA674398).
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