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MP-12 and Recombinant MP-12 Strains

Nandadeva Lokugamage,® Alexander N. Freiberg,>~? John C. Morrill,>¥ and Tetsuro Ikegami

a,c,d

Department of Pathology® and Microbiology and Immunology,” Sealy Center for Vaccine Development,© and Center for Biodefense and Emerging Infectious Diseases,”

University of Texas Medical Branch, Galveston, Texas, USA

Rift Valley fever virus strain MP-12 was generated by serial plaque passages of parental strain ZH548 12 times in MRC-5 cells in
the presence of a chemical mutagen, 5-fluorouracil. As a result, MP-12 encoded 4, 9, and 10 mutations in the S, M, and L seg-
ments, respectively. Among them, mutations in the M and L segments were responsible for attenuation, while the MP-12 S seg-
ment still encoded a virulent phenotype. We performed high-throughput sequencing of MP-12 vaccine, ZH548, and recombi-
nant MP-12 (rMP-12) viruses. We found that rMP-12 contains very low numbers of viral subpopulations, while MP-12 and
ZH548 contain 2 to 4 times more viral genetic subpopulations than rMP-12. MP-12 genetic subpopulations did not encode the
ZH548 sequence at the 23 MP-12 consensus mutations. On the other hand, 4 and 2 mutations in M and L segments of MP-12
were found in ZH548 subpopulations. Thus, those 6 mutations were no longer MP-12-specific mutations. ZH548 encoded sev-
eral unique mutations compared to other Egyptian strains, i.e., strains ZH501, ZH1776, and ZS6365. ZH548 subpopulations
shared nucleotides at the mutation site common with those in the Egyptian strains, while MP-12 subpopulations did not share
those nucleotides. Thus, MP-12 retains unique genetic subpopulations and has no evidence of reversion to the ZH548 sequence
in the subpopulations. This study provides the first information regarding the genetic subpopulations of RVFV and shows the
genetic stability of the MP-12 vaccine manufactured in MRC-5 cells.

ift Valley fever (RVF) is endemic to sub-Saharan Africa and

has spread into Egypt, Madagascar, Saudi Arabia, and Yemen
(5, 29). RVF is characterized by high rates of abortion and fetal
malformation in pregnant ruminants, acute lethal hepatitis in
newborn ruminants, and febrile illness in humans (8, 32, 33). Less
than 1% of RVF patients develop lethal hemorrhagic fever or neu-
rological disorder with a poor prognosis, while 1 to 10% of pa-
tients develop partial or complete blindness due to retinal damage
(11). The causative agent, Rift Valley fever virus (RVFV), belongs
to the family Bunyaviridae, genus Phlebovirus, and is transmitted
by mosquitoes (32). Floodwater Aedes species play a primary role
in the maintenance of the virus in the environment by transovarial
transmission, whereas other mosquito species belonging to the
genus Culex or Anopheles have been identified as potential ampli-
fication vectors (21, 29). RVFV is classified as a category A high-
priority pathogen by the National Institute of Allergy and Infec-
tious Diseases (NIAID) and an overlap select agent by the U.S.
Department of Health and Human Services (HHS) and the U.S.
Department of Agriculture (USDA) in the United States, and han-
dling of the virus requires a high- and maximum-containment
facility, such as a biosafety level 3 enhanced (BSL-3E) or BSL-4
laboratory (22, 23).

The RVFV genome is comprised of a tripartite negative-
stranded RNA genome, i.e., small (S), medium (M), and large (L)
segments (32). The S segment encodes nucleocapsid (N) and non-
structural (NSs) genes in an ambisense manner. The M segment
encodes a single M mRNA, which serves as a template for the
78-kDa protein, the nonstructural protein NSm, and two viral
envelope proteins (Gn and Gc). The L segment encodes the RNA-
dependent RNA polymerase (L protein). Two nonstructural pro-
teins, i.e., NSs and NSm, are not essential for viral replication,
while those proteins have biological functions in RVFV-infected
cells. N'Ss is a major virulence factor of RVFV, which inhibits host
general transcription, including that of the beta interferon
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gene, and promotes the degradation of double-stranded RNA
(dsRNA)-dependent protein kinase (PKR) (13, 19, 20). The 78-
kDa and NSm proteins are involved with apoptosis in cultured
mammalian cells (35), while NSm interacts with the cleavage and
polyadenylation specificity factor subunit 2 (Cpsf2), the peptidyl-
prolyl cis-trans-isomerase (cyclophilin)-like 2 protein (Ppil2), and
the synaptosome-associated protein of 25 kDa (SNAP-25) (9). It
was also indicated that NSm is involved with dissemination in
mosquito vectors (7).

Currently, no licensed RVF vaccines are available for humans
or animals outside areas of endemicity, and the development of
highly safe and efficacious veterinary and human vaccines for RVF
is important for minimizing the impact of RVF in areas of both
endemicity and nonendemicity (12); e.g., after identification of
ruminants infected with RVFV, vaccination should be done for
uninfected ruminants as well as workers who handle infected ru-
minants (e.g., viremic ruminants, aborted fetuses, or other ani-
mals with suspected RFV) during an outbreak. Currently, TSI-
GSD-200 (formalin-inactivated vaccine for RVF derived from the
Entebbe strain) is available as an Investigational New Drug vac-
cine for humans. Although the TSI-GSD-200 vaccine is safe, pro-
duction is limited due to the need for the use of a high-contain-
ment facility, and three doses of vaccinations are recommended
for protection from wild-type (wt) RVFV (16, 30). A live-attenu-
ated vaccine is ideal for the rapid immunization of large groups of
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FIG 1 Schematics of the three viral genome segments of the MP-12 vaccine
strain. The 23 mutations in the MP-12 vaccine strain are shown. The S, M, and
L segments encode 4, 9, and 10 mutations, respectively, in comparison with the
sequence of parental strain ZH548. Amino acid substitutions are shown in red.

ruminants with a single-dose vaccination. Since an outbreak of
RVF is unpredictable outside areas of endemicity, preparation of
such a vaccine stock is important to prevent unnecessary panic in
an emergency.

The MP-12 strain is the only RVFV strain used outside high-
containment laboratories and can be handled at BSL-2 facilities. It
is exempt from the select agent rule, is highly attenuated, and
induces high levels of neutralizing antibodies in ruminants (25—
28). The MP-12 strain has been developed by serial plaque pas-
sages of the Egyptian ZH548 strain 12 times in the presence of a
chemical mutagen, 5-fluorouracil (6). As a result, MP-12 encodes
a total of 23 mutations (9 amino acid substitutions) (Fig. 1). Al-
though a previous study suggested that all S, M, and L segments of
MP-12 are attenuated (31), a recent study using reverse genetics
suggested that MP-12 is attenuated by M- and L-segment muta-
tions, while the S segment encodes the virulent phenotype and the
MP-12 NSs is functional (3). Therefore, MP-12 is attenuated by
either of the following mutations: 5 amino acid changes or 4 silent
mutations in the M segment or 3 amino acid changes or 7 silent
mutations in the L segment. To better understand the stability of

TABLE 1 Passage history of MP-12 vaccine

RVFV Subpopulations

the potential attenuation mutations, we performed a high-
throughput sequencing analysis of viral subpopulations of the
MP-12 vaccine candidate. Furthermore, we also characterized
subpopulations of the parental ZH548 strain and recombinant
MP-12 (rMP-12) virus to compare the genetic subpopulations. As
aresult, we found that the MP-12 vaccine does not include detect-
able subpopulations encoding the ZH548 sequence at the 19 po-
tential attenuation mutation sites in the M and L segments. On the
other hand, 6 out of 19 mutations in the M and L segments were
found in ZH548 subpopulations, suggesting that those mutations
are no longer MP-12-specific mutations. We also found that
MP-12 has genetic subpopulations distinct from those of ZH548,
while recombinant MP-12, generated by reverse genetics, contains
much smaller numbers of subpopulations than those of the
MP-12 vaccine strain. This study provides the first information
regarding viral subpopulations of RVFV. These results will be im-
portant to evaluate the risk of reversion to virulence and the at-
tenuation mechanism of MP-12, as well as the genetic subpopu-
lations of recombinant RVFV.

MATERIALS AND METHODS

Media, cells, and viruses. BHK/T7-9 cells that express T7 RNA polymer-
ase (15) were grown in minimal essential medium alpha containing 10%
fetal bovine serum (Invitrogen). Penicillin (100 U/ml) and streptomycin
(100 pg/ml) were added to the medium. BHK/T7-9 cells were selected in
medium containing 600 pg/ml hygromycin B. RVFV strain ZH548 was
isolated from human plasma/serum samples derived from a febrile patient
during the 1977-1978 outbreak in Egyptian stock and passaged twice in
suckling mouse brain, once in fetal rhesus lung (FRhL-1) cells, and once in
VeroE6 cells (ZH548 reference collection vial at the University of Texas
Medical Branch [UTMB]). In this study, ZH548 was amplified once in
MRC-5 cell from an original ZH548 reference collection vial at UTMB.
The MP-12 vaccine (Investigational New Drug status, TSI-GSD-223) was
derived from the passage of strain ZH548 in FRhL-1 cells and subjected to
12 mutagenesis passages in MRC-5 cells for 12 rounds (1 round was 45 to
65 h of culture at a multiplicity of infection [MOI] of 0.1 with 5-fluorou-
racil, plaque purification, and amplification in MRC-5 cells without 5-flu-
orouracil) (6). Master seed was produced from the original MP-12 virus
using certified MRC-5 cells in the Salk Institute, Government Service
Division GMP facility, and subsequently, production seed was produced
from the master seed in certified MRC-5 cells (Table 1). From the pro-
duction seed, vaccine lot 7 was produced in certified MRC-5 cells, and lot

Time of
harvest ~ No. of 150-cm”
Component Source Source vol Production (hpi®) flasks” Yield
Original MP-12 strain®  Plaque purified clone after NA? MRC-5 cells, 1 passage at 48-72 NA NA
12th mutagenesis 37°C
Master seed Original MP-12 107> dilution, ~ MRC-5 cells, 1 passage at 51 40 >6.0 log,, PFU/ml
1 ml/flask 37°C (860 ml)
Production seed Master seed 102 dilution, MRC-5 cells, 1 passage at 50 60 >6.0 log,, PFU/ml
1 ml/flask 37°C (1,750 ml)
Vaccine lot 7 Production seed 10 % dilution, ~ MRC-5 cells, 1 passage at 62 1,239 58,120 ml
1 ml/flask 35°C
Vaccine lot 7-2-88 Vaccine lot 7 5.5 liters Filtration, 0.45-pm-pore-size 5 log,, PFU/ml, 9,360
filter vials (5.5 ml)

(freeze-dried)

“ hpi, hours postinfection.

b Fifty milliliters per flask.

¢ The production of original MP-12 was described by Caplen et al. (6).
9 NA, data not available.
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7-2-88 was produced by filtration and lyophilization of vaccine lot 7 (Ta-
ble 1). We used reconstituted MP-12 vaccine lot 7-2-88 for high-through-
put sequencing analysis without additional passages. rMP-12 was recov-
ered from BHK/T7-9 cells by using a series of plasmids encoding cloned
MP-12 S, M, and L segments as described previously (14) and passaged
once in VeroE6 cells. The consensus sequences of both MP-12 lot 7-2-88
and rMP-12 are identical to reported sequences of the S segment
(GenBank accession number DQ380154), M segment (GenBank acces-
sion number DQ380208), and L segment (GenBank accession number
DQ375404).

High-throughput sequencing. The MP-12 RVFV vaccine vial (1 X
10° PFU/ml, 300 wl), strain ZH548 with one passage in MRC-5 cells (5 X
10° PFU/ml, 300 wl), and recombinant MP-12 with one passage in VeroE6
cells (1 X 10° PFU/ml, 300 pl) were treated with 25 U of Benzonase
nuclease (Novagen) at 37°C for 30 min to digest contaminated nonvirus
RNAs. Viral RNA was then extracted by using TRIzol LS (Invitrogen)
according to the manufacturer’s instruction. The cDNA was synthesized
with Superscript II and random primers (Invitrogen, Carlsbad, CA). A
total of 26 PCR fragments covering the entire RVFV genome (S-1 to S-4,
M-1 to M-8, and L-1 to L-14) was amplified from RVFV ¢cDNA with
Phusion DNA polymerase (New England BioLabs) and genome-specific
primer pairs (Fig. 2A). The PCR was performed by use of the following
condition: 98°C for 2 min, followed by 35 cycles of 98°C for 10 s, 55°C for
30 s, and 72°C for 30 s and a final 10-min extension at 72°C. The PCR
product was cloned into the pSTBlue-1 Blunt vector using a Perfect Blunt
cloning kit (Novagen). NovaBlue Singles competent Escherichia coli cells
(Novagen) were transformed and plated on 10-cm agar plates with IPTG
(isopropyl-B-p-thiogalactopyranoside)-X-Gal ~ (5-bromo-4-chloro-3-
indolyl-B-p-galactopyranoside) solution (ChromoMax; Fisher Bio-
Reagents). Ninety-six white colonies were picked from each agar plate and
transferred into 96-well plates according to the company’s instructions
(Beckman Coulter Genomics). Thus, we generated 26 96-well plates per
virus. High-throughput sequencing was performed by Beckman Coulter
Genomics. This was standard Sanger sequencing using automated DNA
extraction and subsequent DNA sequencing with primer T7. Sequencing
alignment and identification of mutations were performed by using La-
sergene software (DNAStar, Inc.).

Oligomers used for PCR. For amplification of PCR fragments, the
following oligomers were used: for the S segment, S20F (nucleotides [nt]
1 to 20) and S522R (nt 501 to 522) for S-1 (nt 522 bp), S465F (nt 465 to
486) and S1058R (nt 1058 to 1077) for S-2 (613 bp), S910F (nt 885 to 910)
and S1343R (nt 1318 to 1343) for S-3 (459 bp), and S1279F (nt 1279 to
1305) and S1671R (nt 1671 to 1690) for S-4 (412 bp). For the M segment,
MI9F (nt1to 19) and M573R (nt 549 to 573) for M-1 (573 bp), M478F (nt
478 to 500) and M1041R (nt 1041 to 1060) for M-2 (583 bp), M999F
(nt 999 to 1021) and S1566R (nt 1543 to 1566) for M-3 (568 bp), M1509F
(nt 1509 to 1533) and M2047R (nt 2023 to 2047) for M-4 (539 bp),
M1983F (nt 1983 to 2010) and M2515R (nt 2490 to 2515) for M-5 (533
bp), M2459F (nt 2459 to 2479) and M2995R (nt 2967 to 2995) for M-6
(537 bp), M2920F (nt 2920 to 2945) and M3397R (nt 3377 to 3397) for
M-7 (478 bp), and M3356F (nt 3356 to 3376) and M3866R (nt 3866 to
3885) for M-8 (530 bp). For the L segment, L26F (nt 1 to 26) and L537R
(nt 515 to 537) for L-1 (537 bp), L488F (nt 488 to 511) and L1034R (nt
1034 to 1057) for L-2 (570 bp), L1001F (nt 1001 to 1026) and L1545R (nt
1519 to 1545) for L-3 (545 bp), L1463F (nt 1463 to 1490) and L2009R (nt
1985 to 2009) for L-4 (547 bp), L1945F (nt 1945 to 1969) and L2458R (nt
2434 to 2458) for L-5 (514 bp), L2389F (nt 2389 to 2415) and L2882R (nt
2861 to 2882) for L-6 (494 bp), L2833F (nt 2833 to 2856) and L3384R (nt
3360 to 3384) for L-7 (552 bp), L3318F (nt 3318 to 3342) and L3854R (nt
3828 to 3854) for L-8 (537 bp), L3781F (nt 3781 to 3807) and L4292R (nt
4263 to 4292) for L-9 (512 bp), L4228F (nt 4228 to 4256) and L4799R (nt
4772t04799) for L-10 (572 bp), L4726F (nt 4726 to 4750) and L5260R (nt
5236 t0 5260) for L-11 (535 bp), L5174F (nt 5174 to 5199) and L5700R (nt
5672 to 5700) for L-12 (527 bp), L5583F (nt 5583 to 5608) and L6102R (nt
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6078 to 6102) for L-13 (520 bp), and L6016F (nt 6016 to 6042) and
L6382R (nt 6382 to 6404) for L-14 (389 bp).

Alignment of RVFV sequences. For the alignment of RVFV se-
quences, we used the consensus full-genome sequences of the following
strains available at GenBank: 1260/78, 1853/78, 2250/74, 2269/74, 2373/
74, 73HB1230, 73HB1449, 74HB59, CAR R1622, Hv-B375, Zinga, ARD-
38388, OS-1, OS-3, 0S-8, OS-9, ANK-3837, ANK-6087, MgH824, SA-51,
ZH548, ZH501, MP-12, ZC-3349, ZH-1776, ZM-657, Z5-6365, Kenya 56
(IB8), Ken 57 (Rintoul), Ken 83 (21445), Kenya 98 (00523), Saudi-2000
(10911), Entebbe, and Smithburn. All the GenBank accession numbers
for these strains are available in reference 4.

Ethics statement. All the recombinant DNAs and RVFVs were created
upon the approval of the Notification of Use by the Institutional Biosafety
Committee at UTMB. The wt RVFV ZH548 strain was used at the Robert
E. Shope BSL-4 laboratory (UTMB) in accordance with NIH guidelines
and U.S. federal law.

RESULTS AND DISCUSSION

High-throughput sequencing analysis of MP-12, ZH548, and
rMP-12. We performed high-throughput sequencing analysis of
the MP-12 vaccine strain (no further passage from vaccine lot
7-2-88), strain ZH548 (one passage in MRC-5 cells from reference
stock), and rMP-12 (one passage in VeroE6 cells from recovered
stock). We removed RNA species susceptible to Benzonase nu-
clease. Thus, the remaining RNA species should be viral RNA
protected by the viral envelope. A total of 26 PCR fragments were
amplified using a high-fidelity polymerase from viral particle RNA
of each of the MP-12, ZH548, and rMP-12 viruses and ligated into
a blunt-end vector (Fig. 2A). After transformation, 96 bacterial
colonies were separately seeded into a 96-well plate, and subse-
quently, high-throughput sequencing was performed (Beckman
Coulter Genomics). In total, 26 X 96 sequences were obtained for
each virus, and we confirmed at least 70 successful reads per PCR
fragment (Fig. 2B). In this assay, we could detect 1.0% (1/96) to
1.4% (1/70) of minor subpopulations at a minimum. Using this
method, sequences of viral subpopulations derived from MP-12
vaccine (1 X 10° PFU) could be successfully obtained without
further viral amplification in cells, and more than 500 bp of se-
quence could be read per PCR fragment.

Viral genetic subpopulations of MP-12, ZH548, and rMP-12.
We first analyzed the percentage of viral genetic subpopulations in
the MP-12 vaccine, ZH548, and rMP-12 viruses (Fig. 3A). At
most, 12.5% (9 of 72), 22.1% (19 of 86), and 23.3% (21 of 90) of
PCR fragments S-2, M-6, and L-5 had a sequence distinct from the
MP-12 consensus sequence of the S segment (GenBank accession
number DQ380154), M segment (GenBank accession number
DQ380208), and L segment (GenBank accession number
DQ375404), respectively. On the other hand, 87.5% (63 of 72),
77.9% (67 of 86), and 76.7% (69 of 90) were identical to the
MP-12 consensus sequence of the S, M, and L segments, respec-
tively. This suggests that MP-12 S, M, and L segments contain
distinct genetic populations in 12, 22, and 23% of those genetic
pools, respectively. On the other hand, 17.2% (15 0f87), 15.9%
(14 of 88), and 27.1% (19 of 70) of ZH548 PCR fragments S-4,
M-3, and L-14 had a sequence distinct from the ZH548
consensus sequence of the S segment (GenBank accession
number DQ380151), M segment (GenBank accession number
DQ380206), and L segment (GenBank accession number
DQ375403), respectively. Furthermore, 4.2% (4 0f 96), 5.3% (5
0f94),and 10.3% (9 of 87) of rMP-12 PCR fragments S-1, M-4,
and L-8 had a sequence distinct from the MP-12 consensus
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FIG 2 High-throughput sequencing analysis of RVFV. (A) After incubation with Benzonase nuclease, virion-protected viral RNA was extracted and first-strand
cDNA was synthesized. A total of 26 PCR fragments (S-1 to S-4, M-1 to M-8, and L-1 to L-14) were amplified and cloned into a blunt-end plasmid. Ninety-six
E. coli colonies transformed with plasmid were picked and transferred into a 96-well plate. A total of 26 96-well plates per virus were analyzed by high-throughput
sequencing (Beckman Coulter Genomics). (B) Coverage of sequencing per plate. At least 70 sequence (Seq) reads were obtained for each PCR fragment per

96-well plate.

sequence of the S, M, and L segments, respectively. Thus, the
number of genetic subpopulations was observed tobe L > M >
S in MP-12, ZH548, and rMP-12. It was obvious that rMP-12
generated by a reverse genetics system contains a much lower
number of genetic variations than the MP-12 or ZH548 strain.

Next, we analyzed the number of mutations per PCR fragment
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(Fig. 3A). In the S segment, 0% (0 of 87), 1.4% (1 of 72), 1.1% (1
of 89), and 1.1% (1 of 93) of MP-12 PCR fragments S-1, S-2, S-3,
and S-4, respectively, and 0% (0 of 75), 0% (0 of 85), 1.1% (1 of
89),and 2.3% (2 of 87) of ZH548 PCR fragments S-1, S-2, S-3, and
S-4, respectively, encoded more than 5 mutations per PCR frag-
ment, while none of the PCR fragments derived from the rMP-12
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FIG 3 Viral genetic subpopulations. (A) The percentages of PCR fragments encoding distinct patterns of mutations are shown for the S, M, and L segments of
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a stop codon(s) are shown for the S, M, and L segments, as indicated in the legend.

S segment encoded 2 or more mutations per PCR fragment. This
finding suggests that the NSs gene has more mutations than the N
gene in MP-12 and ZH548. In the M segment, MP-12 PCR frag-
ments M-1 (2.8%; 2 of 72), M-4 (1.1%; 1 of 90), M-5 (1.1%; 1 of
88), and M-8 (1.2%; 1 of 85) and ZH548 PCR fragments M-1
(1.1%; 1 of 89), M-2 (3.1%; 3 of 96), M-3 (5.7%; 5 of 88), M-4
(1%; 1 of 96), M-6 (1.1%; 1 of 91), M-7 (1.1%; 1 of 95), and M-8
(2.4%; 2 of 82) encoded more than 5 mutations per PCR frag-
ment, while none of the rMP-12 subpopulations encoded more
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than 5 mutations per PCR fragment. In the L segment, subpopu-
lations of MP-12 PCR fragments L-2 (1.2%; 1 of 82), L-5 (1.1%; 1
0f90),L-6 (1.2%; 1 0f 85), L-7 (1.2%; 1 0f 85), L-8 (1.1%; 1 0f 94),
L-9(3.5%; 3 0f 85), L-11 (1.2%; 1 0f 85), L-13 (1.2%; 1 of 83), and
L-14 (1.2%; 1 of 81) and ZH548 PCR fragments L-1 (4.5%; 4 of
88), L-2 (2.3%; 2 of 86), L-3 (4.3%; 4 of 92), L-4 (1.3%; 1 of 78),
L-5 (3.4%; 3 of 88), L-7 (1.1%; 1 of 90), L-8 (1.1%; 1 of 92), L-9
(2.5%; 2 of 79), L-11 (1.2%; 1 of 83), L-13 (4.4%; 4 of 91), and
L-14 (5.7%; 4 of 70) encoded more than 5 mutations per PCR
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FIG 4 Distribution of mutations in RVFV subpopulations. Locations of silent mutations (blue) or amino acid substitutions (red) are shown as lines on
schematics of the S, M, and L segments of ZH548, MP-12, and rMP-12. UTR, untranslated region; IGR, intergenic region; NAb-I/IV or NAb-II, neutralizing
antibody epitopes (17); TMD, transmembrane domain; Pre-A, A, B, C, and D, polymerase motifs of RNA-dependent RNA polymerase.

fragment, while none of the rMP-12 PCR fragments encoded
more than 5 mutations per PCR fragment. We also noted that
8.0% (7 0f 88),10.2% (9 0f 88),8.9% (7 0f 79), and 12.9% (9 of 70)
of ZH548 PCR fragments M-3, L-1, L-9, and L-14 encoded 2 or
more mutations per PCR fragment, respectively, while at most
7.1% (L-7, 6 of 85) of the PCR fragments derived from MP-12 or
4.1% (L-9, 3 of 74) of the PCR fragments derived from rMP-12
encoded 2 or more mutations per PCR fragment. These findings
suggest that ZH548 has more frequent mutations in the subpopu-
lations than MP-12 or rMP-12.

We noted that approximately 1 to 2% of the MP-12, ZH548, or
rMP-12 PCR fragments encoding S, M, and L segments contained
a stop codon(s) in the open reading frame (ORF) (Fig. 3B). In
addition, 5.7% (4 of 70) of ZH548 PCR fragment L-14 sequences
had a stop codon in the L ORF. Since the genome encoded a stop
codon(s) in the Gn, Gc, or L ORF, which is essential for viral
replication, it is possible that viral subpopulations encoding a stop
codon(s) cause abortive infection.

To better understand the distribution of mutations, we plotted
each mutation found in each PCR fragment into the genome sche-
matics of the S, M, and L segments (Fig. 4). The mutation repre-
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sents the sequence different from the consensus sequence of
MP-12 or ZH548 (see Materials and Methods). We found that
the ZH548 M segment contained frequent mutations in the Gn
ectodomain region. Although the Gn ectodomain of ZH548 en-
codes mutations at a high frequency, each ZH548 subpopulation
encoded only a few amino acid substitutions in reported neutral-
izing epitope I, II, or IV (2, 17) (data not shown). On the other
hand, MP-12 lacked such frequent mutations in the Gn ectodo-
main region (Fig. 4; see Fig. S1 in the supplemental material).
These results suggest that ZH548 has viral subpopulations encod-
ing mutations in the Gn ectodomain due to the selection pressure
of host immune responses, while MP-12 lacks such populations
due to the history of serial plaque purification and passages in
MRC-5 cells. We also noted that both MP-12 and ZH548 con-
tained a number of mutations in the NSs ORF, whereas they had
low numbers of mutations in the N ORF (Fig. 4; see Fig. S1 in the
supplemental material). This result suggests that viral subpopula-
tions encoding mutations in the N gene were not favorably se-
lected during viral replication, while those encoding mutations in
the NSs gene could survive the selection. The rMP-12 genetic sub-
populations had a much smaller number of mutations than those
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TABLE 2 Subpopulation analysis of 23 MP-12 consensus mutations

MP-12 mutation

MP-12 mutation” Location at which Other ZH548 mutation observed
Nucleotide Nucleotide mutation was observed in MP-12 ZH548 Other wt
Segment  Location (antiviral) (viral) Amino acid ~ observed” population® population ~ RVFV
S Intergenic region ~ G829A C862U <MP4j - -
NSs Al1178G U513C V160A MP4 —
NSs A1288G U403C >MP8 - -
NSs A1483G U208C MP3 - -
M 78-kDa protein U46C A3840G 19T +4 -
78-kDa protein G69A C3817U V171 +4 -
Gn U795C A3091G Y259H H259L - -
Gn G857A C3029U - +/
Ge A2259U0 U1627A 17471 +¢ =
Ge A3564G U322C R1182G - -
5" UTR A3621G U265C + +£
5' UTR A3644G U242C +h
5" UTR A3660U U226A - —
L L C351U G6054A -
L Us507C A5898G >MP8 - -
L U533C A5872G V172A MP3 - -
L G2130A C4275U -
L G2925A C3480U - -
L G3104A C3301U R1029K - -
L A3198G U3207C -
L G3750A C2655U M12441 MP3 - -
L C4368U G2037A Y1450C + +i
L A5208G U1197C G1730A + -

“ Nucleotide mutations in antiviral and viral sense sequences and amino acid mutations in MP-12 sequence compared to parental strain ZH548 sequence.

? Data from Vialat et al. (34).

¢ Other amino acid substitution observed in the codon encoding the MP-12 mutation.
@ Mutations were located on the same PCR fragment.

¢ Sixty-three percent of the ZH548 subpopulations encoded this sequence.

/ Strain 1853/78.

£ Strains 2269/74 and 73HB1230.

" Strains Ken83, ARD-38388, and 2250/74.

! Strain 2373/74.

of MP-12 or ZH548 (Fig. 4; see Fig. S1 in the supplemental mate-
rial). This indicates that recombinant RVFV recovered from plas-
mids contains only a minimum number of viral subpopulations.
Although rMP-12 was amplified in VeroE6 cells once, it is not
likely that VeroE6 cells support the genetic stability of MP-12
better than MRC-5 cells. Considering that the MP-12 vaccine
strain has been passaged from the original MP-12 plaque 4 times
at a low MOI in MRC-5 cells (Table 1) and the genetic diversity
was comparable to that of ZH548, a lack of genetic diversity of
rMP-12 is probably due to just one passage in VeroE6 cells of
rMP-12 recovered from plasmid DNA.

MP-12 subpopulations do not contain ZH548 sequences at
23 consensus mutation sites. MP-12 encodes 23 mutations com-
pared to the sequence of the parental ZH548 strain: 4 in the S
segment (1 amino acid change), 9 in the M segment (5 amino acid
changes), and 10 in the L segment (3 amino acid changes). We
evaluated whether the MP-12 vaccine contains genetic subpopu-
lations encoding the ZH548 sequence at the 23 mutation sites. As
shown in Table 2, we did not find any genetic subpopulations
encoding ZH548 sequence at the 23 mutation sites. However, the
codons encoding U795C (Gn), C4368U (L), or A5208G (L) were
affected in some subpopulations, and these changes resulted in

13572 jviasm.org

amino acid substitutions. Although the significance of those
amino acid substitutions is unclear, the result suggests that MP-12
does not encode the ZH548 sequence in the consensus 23 muta-
tion sites. Thus, the MP-12 vaccine manufactured by using certi-
fied MRC-5 is genetically stable.

ZH548 subpopulations contain 6 of 23 MP-12 mutations.
The occurrence of mutations during the passage of ZH548 in
5-fluorouracil was analyzed by Vialat et al., and mutations intro-
duced at the later stage of passage were identified in the S and L
segments (34) (Table 2). We hypothesized that the ZH548 sub-
population shares some of the MP-12-specific mutations. Since
we know that the original plaque isolate of ZH548 has a virulent
phenotype, such mutations are not responsible for the attenuation
of MP-12 (6). We analyzed the subpopulations of strain ZH548 to
find any of the 23 MP-12 mutations. As a result, 2 amino acid
changes in the 78-kDa protein (I9T and V171I) on the same PCR
fragment of the ZH548 subpopulations were identified, while 1
amino acid change in Ge (1747L) was found in 63% of the ZH548
subpopulations (Table 2). In addition, 1 silent mutation in the 5’
untranslated region (UTR) of the M segment and 2 silent muta-
tions in the L-segment ORF were found in ZH548 subpopula-
tions. Caplen et al. showed that ZH548 was gradually attenuated
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TABLE 3 Comparison of ZH548 and MP-12 subpopulations with other Egyptian strains

Nucleotide
Nuclef) t,lde position Egyptian RVFV strains
at antiviral sense
Segment Location sequence ZH548 ZH501 ZH1776 756365 ZH548 subpopulation MP-12 subpopulation
S N 77 U — C — — —
N 369 U C C C C —
N 420 G (Ile)® — A (Val) — — —
N 461 G A A A A —
N 599 A G — G — —
N 716 C U — — U —
NSs 1208 U (Lys) — C (Arg) C — —
NSs 1570 G — A — — —
M Gn 715 U (Leu) A (GIn) A (GIn) A (Gln) A (Gln) (57%)
Gn 1439 C — U — — —
Gn 1717 A (Asp) — — G (Gly) — —
Gn 1824 A (Tle) G (Val) — — — —
Ge 2234 G — — A — —
Gce 2324 C — U U — —
Ge 2711 18] C — — — —
Gc 2981 C (Asp) U (Asp) — — — A (Glu)
Gce 3017 U —_ —_ C — —
Ge 3545 C — U — —
5" UTR 3655 U C — — — —
5" UTR 3678 A G — — — —
L L 822 A C C C — —
L 1057 C U U U — —
L 1173 C U — — — —
L 1427 G (Ser) A (Asn) A (Asn) A (Asn) A (Asn) —
L 1496 G (Arg) — — A (Lys) — —
L 1560 C — U — — —
L 2370 G — A — — —
L 3385 A (Ser) G (Gly) — — — —
L 3768 U C C C C —
L 4019 C (Thr) — U (Ile) — — —
L 4305 A — — G — —
L 4413 C U — — — —
L 5172 A (GIn) — — G (Gln) C (His) —
L 5238 A — G — — —
L 5286 G — — A — —
L 5406 G A A A — —
L 5495 C (Ser) — U (Leu) U (Leu) — —
L 5783 A (Lys) G (Arg) — — — —
L 6207 C — U — — —
L 6250 C — U U — —
5" UTR 6303 G A A A A —

@ —, sequence identical to that of ZH548.

 Amino acids in parentheses indicate the amino acid encoded by the corresponding codon.

during passages in MRC-5 cells (6). Thus, our results suggest that
the initial plaque purification picked the ZH548 subpopulation
containing those six mutations and that those mutations are not
responsible for the attenuation. In addition, we compared those
23 MP-12 mutations with other available full-genome sequences
available as of 2012. As a result, G857A in Gn, A3621G and
A3644G in the M-segment 5" UTR, and C4368U in the L-segment
ORF were found in other wt RVFV consensus sequences (Table 2).
Thus, it is possible that those mutations are not responsible for the
attenuation of MP-12. To identify the mutations responsible for
MP-12 attenuation, recombinant ZH501 encoding each MP-12
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Alack of amino acids in parentheses indicates no amino acid substitution.

mutation has been recovered, and a study to test the virulence of
each mutant in mice is currently in progress.

The MP-12 subpopulation is distinct from other Egyptian wt
RVEFYV strains. We also analyzed the nucleotide substitution pat-
tern among genetic subpopulations of MP-12, ZH548, and rMP-
12. The MP-12 subpopulations contain more A-to-G or U-to-G
mutations than G-to-A or C-to-U mutations in the S, M, and L
segments (data not shown). On the other hand, ZH548 encoded
more G-to-A or C-to-U mutations than A-to-G or U-to-G muta-
tions in the S, M, and L segments (data not shown). rMP-12 did
not show a consistent pattern of nucleotide substitutions in the S,
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M, and L segments (data not shown). These results indicate that
the MP-12 vaccine strain contains subpopulations with frequent
A-to-G or U-to-G mutations in all segments which are distinct
from ZH548 or rMP-12 subpopulations. Those A-to-G or U-to-C
substitutions might be increased during continuous passages of
MP-12 vaccine in MRC-5 cells. Adenosine deaminase acting on
RNA (ADAR) catalyzes the C-6 deamination of A to I in dsRNA
(1, 18). A-to-I editing results in an A-to-G mutation (or a U-to-C
mutation in the complementary sense RNA) by replacing I with G.
The nucleotide substitution pattern unique to MP-12 suggests
that MP-12 has genetic populations distinct from wt strain
ZH548.

RVFV wild-type strains ZH548, ZH501, and ZH1776 were iso-
lated from human RVF patients in Zagazig Hospital during the
1977-1978 RVFV outbreak in Egypt (24), while strain ZS6365 was
isolated from sheep during the same outbreak (10). The ZH548
strain encodes several mutations compared to the sequences of the
other Egyptian strains. To identify the differences in viral sub-
populations between MP-12 and ZH548, we compared the con-
sensus sequences among 4 Egyptian RVFV strains (ZH548,
ZH501, ZH1776, and ZS6365) and analyzed whether the sub-
populations of ZH548 or MP-12 encode the mutations shared by
those strains (Table 3). We found 8 mutations in the S segment, 12
mutations in the M segment, and 21 mutations in the L segment.
Among those mutations, 2 mutations (nt 369 and 461) in the S
segment, 1 mutation (nt 715) in the M segment, and 6 mutations
(nt 822, 1057, 1427, 3768, 5406, and 6303) in the L segment were
unique to ZH548. Interestingly, ZH548 subpopulations encoded
the mutations in the S segment at nt 369 and 461, the M segment
at nt 715, and the L segment at nt 1427, 3768, and 6303. Also,
ZH548 subpopulations encoded U at nt 716 in the S segment,
which is unique to ZH501. These results suggest that ZH548 is
derived from the same origin as ZH501, ZH1766, and ZS6365 and
several mutations became dominant in the viral populations. In-
terestingly, MP-12 subpopulations did not contain those muta-
tions, confirming that MP-12 is derived from a single plaque of a
ZH548 subpopulation, and the subpopulations were generated
during MRC-5 cell passages.

In summary, the MP-12 vaccine strain is genetically stable after
the manufacturing process in MRC-5 cells, whereas 6 of 23 muta-
tions in MP-12 were derived from parental ZH548 subpopula-
tions. Further modification of the MP-12 vaccine by using reverse
genetics may be required to incorporate a nonreversible attenua-
tion mutation(s) and a marker for differentiating infected from
vaccinated animals (DIVA). Information obtained in this study
will be useful for development of modified MP-12 vaccines in
MRC-5 cells or other cell substrates.
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