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Molecular Epidemiology of Rift
Valley Fever Virus

Antoinette A. Grobbelaar, Jacqueline Weyer, Patricia A. Leman, Alan Kemp, Janusz T. Paweska,
and Robert Swanepoel

Phylogenetic relationships were examined for 198 Rift
Valley fever virus isolates and 5 derived strains obtained
from various sources in Saudi Arabia and 16 countries in
Africa during a 67-year period (1944-2010). A maximum-
likelihood tree prepared with sequence data for a 490-nt
section of the Gn glycoprotein gene showed that 95 unique
sequences sorted into 15 lineages. A 2010 isolate from a
patient in South Africa potentially exposed to co-infection
with live animal vaccine and wild virus was a reassortant.
The potential influence of large-scale use of live animal
vaccine on evolution of Rift Valley fever virus is discussed.

ift Valley fever (RVF) is an acute disease of domestic
minants in Africa and the Arabian Peninsula. This
disease is caused by a mosquito-borne virus of the family
Bunyaviridae and genus Phlebovirus. Large outbreaks
occur at irregular intervals when heavy rains favor breeding
of mosquito vectors of the virus and are characterized by
deaths of newborn animals and abortion in pregnant sheep,
goats, and cattle. Humans become infected by contact with
tissues of infected animals or from mosquito bites and
usually show development of mildly to moderately severe
febrile illness. However, severe complications, including
ocular sequelae, encephalitis, and fatal hemorrhagic
disease, occur in some patients (1).
Rift Valley fever virus (RVFV) has a negative-sense,
single-stranded RNA genome comprising large (L), medium
(M), and small (S) segments. The L segment encodes
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viral RNA polymerase. The M segment encodes envelope
glycoproteins Ge and Gn, a nonstructural protein, and a
78-kDa fusion protein of nonstructural and Gn proteins.
The S segment shows an ambisense strategy and encodes
nucleocapsid protein N and a nonstructural protein (2).
Early genetic analysis involved nucleotide sequencing
of M segment RNA fragments encoding glycoprotein
that induced neutralizing antibody response in 22 isolates
obtained over 34 years in 6 countries (3). This analysis
showed remarkable stability of sections of the genome
expected to be under greatest immune selection pressure.
The diversity observed in isolates from Zimbabwe indicated
that outbreaks do not invariably involve a single genotype
of virus but can result from intensified transmission of
multiple strains already circulating in RVF-endemic areas.
Nevertheless, neutralization of isolates with monoclonal
antibodies confirmed that a single vaccine should suffice
to control the disease (3). Slightly greater variability
was observed among isolates when nonstructural protein
sequence data were analyzed (4). Partial sequences
determined for all 3 RNA segments of the genome of
20 isolates sorted into 3 geographically linked lineages
associated with western Africa, Egypt, and eastcentral
Africa and showed evidence of reassortment of genome
segments between some sub-Saharan isolates (5).
High-throughput technology facilitated whole-
genome sequence analysis of 33 isolates and resulted in
confirmation of low genetic diversity of the virus and
separation of the isolates into 7 lineages. There was no
mutually exclusive correlation between genotype and
geographic origin; representatives of geographic areas
tended to cluster, but isolates from distant locations
occurred in each lineage, indicating continuous widespread
dispersal of virus (6). The remarkable congruence of
phylogenetic trees for the 3 genome segments suggested
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that reassortment was not common, but convergence
of some lineages within genome segments implied that
reassortment had played an evolutionary role in the history
of RVFV. Bayesian analysis suggested that the time of
divergence of RVFV isolates from a most recent common
ancestor dated to 18801890, the colonial period when the
introduction of large concentrations of susceptible sheep
and cattle would have facilitated exploitation of a new
niche by an unknown progenitor virus. The evolutionary
rate of the virus was similar to that of other RNA viruses.
Thus, low nucleotide diversity probably relates to recent
derivation from a common ancestor rather than stability
of the genome.

Whole-genome sequencing and Bayesian analysis of
31 isolates associated with the 2006-2007 outbreak of RVF
in Kenya showed that 2 sublineages of virus had evolved
separately before or during a large outbreak during 1997—
1998, with continued expansion of 1 sublineage dating from
24 years before 2006, confirming that outbreaks in disease-
endemic areas might be associated with multiple lineages
of virus, and that virus activity and evolution can occur
below the threshold of detection by public health or animal
authorities during interepidemic periods (7). Other genetic
studies have been more limited in scope and concerned
with either locating and investigating mechanisms of
pathogenicity or determining phylogenetic relationships of
isolates involved in particular outbreaks (8-14).

Analysis of partial M segment sequence data for a large
collection of isolates and derived strains obtained from
various sources in Saudi Arabia and 16 countries in Africa
during 1944-2010 showed phylogenetic relationships not
apparent in studies involving a smaller range of isolates.
A 2010 isolate from a patient in South Africa potentially
exposed to co-infection with live animal vaccine and wild
virus from a needle injury while vaccinating sheep plus
selected other isolates were subjected to limited sequencing
of all 3 segments of the genome to obtain evidence of
reassortment. We present and discuss the epidemiologic
implications of these findings.

Materials and Methods

Viruses

Sequence data for 33 viruses were obtained from
GenBank. The remaining 170 viruses for which we
determined partial nucleotide sequences were obtained
from the various institutions (online Appendix Table,
wwwnc.cdc.gov/ElD/article/17/12/11-1035-TA1.htm).

RNA Extraction

Viral RNA was extracted directly from 140 pL of
infected human or livestock serum, clarified 10% organ
suspensions, reconstituted freeze-dried mouse brain

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 17, No. 12, December 2011

Molecular Epidemiology of Rift Valley Fever Virus

suspensions, or Vero cell culture supernatant fluids.
Extraction was performed by using a QlAamp Viral RNA
Kit (QIAGEN, Valencia, CA, USA) according to the
manufacturer’s instructions.

Reverse Transcription PCR and
Nucleotide Sequencing of PCR Products

A 10-uL RNA aliquot was analyzed by using reverse
transcription PCR with the Titan One Tube RT-PCR
Kit (Roche Diagnostics, Penzburg, Germany) in a final
volume of 50 pL as described (15). The forward primer
FD1  (771/5-CCAAATGACTACCAGTCAGC-3'/790)
(3) and the reverse primer RVF E (1342/5-CCTGAC
CCATTAGCATG-3'/1326) were selected to amplify a
portion of the Gn glycoprotein gene of the virus; the primer
positions correspond to the viral complementary DNA
sequence of the M segment of the ZH501 human RVF virus
isolate (16).

Amplicons were purified by using the Wizard PCR
Preps DNA Purification System (Promega, Madison,
WI, USA) according to the manufacturer’s instructions.
Nucleotide sequences of PCR products were determined
by using BigDye version 3.1 Terminator Cycle Sequencing
Ready Reaction Kits (Applied Biosystems, Warrington,
UK) according to the manufacturer’s instructions. For
confirmatory purposes, sequences were obtained for
both strands of PCR products by using primers FD1 and
RVF E. Products were purified by using CentriSep spin
columns (Princeton Separations Inc., Adelphia, NJ, USA)
and analyzed by using a 377 GenAmp Sequencer and a
3130xl Genetic Analyzer (Applied Biosystems, Foster
City, CA, USA).

On the basis of findings for M segment data, partial
sequences were determined for S and L RNA segments
of isolate SA184/10 from a patient potentially co-
infected with live animal vaccine and wild virus; isolate
SAS54/10 from another patient in the same area; the batch
of vaccine used (Smithburn neurotropic strain [SNS]
105/2010); SNS vaccine master seed virus; 95EG vaccine;
and historical isolates 95EG Cow-2509, H1739, and
H1825 (online Appendix Table) to test for reassortment
by using specifically designed primers. Primers F1
(1/5'-ACACAAAGACCCCCTAGTGC-3'/20) and R4
(1690/5'-ACACAAAGCTCCCTAGAGATAC-3'/1669)
were used to amplify the S segment and the N gene
(735 nt). Primers RVFL10 (4237/5'-GGTGTTGTGTCA
TCATTG-3'/4254)andL2(4730/5-GTGTGAGCTAGAGT
TGCTTC-3'/4711) were used to amplify a 494-nt region of
the L segment.

Sequence Analysis

Nucleotide and amino acid sequence alignments were
generated by using Clustal W Multiple Alignment analysis
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software as implemented in BioEdit version 7.0.5.3 (17).
Unique sequences generated in the study were submitted to
GenBank and assigned accession numbers indicated in the
online Appendix Table. Preliminary phylogenetic analysis
was performed by using a neighbor-joining distance
method in MEGA4 that applied a Jukes-Cantor model
under 1,000 bootstrap iterations (18). Sequence divergence
was determined by using MEGA4 to calculate mean
pairwise distances within groups. A phylogenetic tree was
constructed for 95 isolates exhibiting unique sequences
and for 16 isolates that exhibited duplicate sequences but
that were isolated in different years or countries, by using
the maximum-likelihood method in PAUP* version 4.0b2
(Sinauer Associates, Inc., Sunderland, MA, USA).

Further analysis of partial M segment sequence data
was performed by using the Bayesian software package,
which included BEAST, BEAUTI, Tracer, TreeAnnotator,
and FigTree (19), by using a Markov Chain Monte Carlo
chain length of 3.0 x 107, a 3.0 x 10° burn in, a generalized
time reversible plus gamma plus invariant nucleotide
substitution model, a relaxed uncorrelated logarithmic
normal molecular clock, and sampling every 1,000 states.

To check for recombination events within the RVFV
alignment, the alignment was examined by using a set of
6 detection methods implemented in RDP3 (20). Partial
nucleotide sequence data for S, M, and L RNA segments of
33 isolates for which whole-genome sequences have been
reported (6) (all included in the online Appendix Table)
were obtained from GenBank and used with sequences
determined in the present study for 5 isolates plus the 3
animal vaccine viruses to perform analyses as described
above to test whether genetic reassortment had occurred.

Results

Diversity of partial M segment sequences was
low; pairwise differences ranged from 0% to 5.4% for
nucleotides and from 0% to 2.8% for deduced amino acids.
These values are similar to those identified for 33 whole-
genome sequences (6). Neighbor-joining, maximum-
likelihood, and Bayesian phylogenies were similar.
Bayesian analysis indicated that divergence of isolates
included in the study from a most recent common ancestor
dated to 1892, which is similar to the estimate of 1880—
1890 deduced earlier from 33 whole-genome sequences.
However, posterior support values for the tree nodes were
weak because a small nucleotide segment was analyzed.
Despite low genetic diversity, the 5 derived strains and
198 isolates of RVFV circulating over the past 67 years
produced 95 unique sequences that resolved into 15 lineages
(A—O) (online Appendix Figure, wwwnc.cdc.gov/EID/
article/17/12/11-1035-FA1.htm; online Appendix Table)
with mean pairwise distances <0.017 within lineages and
bootstrap values >70% (21).
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Five lineages (B, D, F, J, and O) contained single
isolates, and lineage I contained 2 isolates from South
Africa. Six other lineages (A, C, E, G, H and N) contained
clusters of isolates associated with outbreaks in individual
countries or regions, but each also included isolates from
distant locations or separate outbreaks. Thus, lineage A
comprised isolates from outbreaks in Zimbabwe in 1978,
Madagascar in 1979, and Egyptin 1977-1978 and 1993 and
a 1974 isolate from an interepidemic period in Zimbabwe
(online Appendix Figure; online Appendix Table).

Lineage C was most widely distributed and contained
isolates from major outbreaks in Zimbabwe in 1978,
Madagascar in 1991, eastern Africa (Kenya, Tanzania,
and Somalia) during 1997-1998, Saudi Arabia during
2000-2001, Kenya in 2007, and South Africa during
2008-2009 and lesser outbreaks and interepidemic periods
in the same countries and Mauritania during 1976-2009.
It was also associated with an isolated fatal infection in
Angola in 1985 in a visitor from South Africa ostensibly
exposed to mosquito bites (22). Lineage E, which was
found in the Central African Republic and Zimbabwe
during 1973-1978, was isolated from 2 patients referred
to South Africa for treatment in 1985 after a relative had
died of a similar disease in Zambia during an outbreak of
RVF in livestock confirmed serologically (22,23). Lineage
G contained isolates from the Central African Republic,
Zimbabwe, Guinea, and Senegal during 1969-1986, and
lineage H contained isolates from the 2009-2010 outbreak
in South Africa and an apparent antecedent from Namibia
in 2004. Lineage N, originally designated West African
(5), contained isolates from Senegal, Burkina Faso, and
Mauritania during 1975-1993.

Lineages K, L, and M with a common root node
contained the SNS neurotropic and the KCS hepatotropic
strains derived from the same mosquito isolate (24) and
isolates from Kenya, Zimbabwe, South Africa, and Egypt
during 1951-2010, countries that used the SNS animal
vaccine on a large scale during major outbreaks of RVF.
Isolate KEN57 Rintoul, obtained from a cow in Kenya in
1951, when the first batch of SNS vaccine was sent from
South Africa to Kenya, had a partial M segment sequence
identical to that of the vaccine virus. The SNS 105/2010
batch of vaccine and Egyptian 95EG vaccine also had
the same sequence as the SNS vaccine master seed stock
produced in 1987 (online Appendix Table).

Isolate SA184/10, from a patient potentially exposed
to wild virus and SNS 105/2010 animal vaccine, grouped
with the parent vaccine strain in lineage K, albeit with a
divergence of 11 (2.2%) of 490 nt (2 aa), and distantly from
46 other human isolates from the 2008-2010 outbreaks in
South Africa. Moreover, isolate 95EG Cow-2509 from
the fetus of a cow that aborted after the administration
of 95EG vaccine in Egypt grouped in lineage L distantly
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from all other isolates from Egypt in lineage A (12) (online
Appendix Figure; online Appendix Table). Isolates H1739
and H1825, which also grouped in lineage L, came from the
first human deaths caused by RVF during a major outbreak
in South Africa during 1974-1976 during which animal
vaccine was used on an unprecedented scale (25; National
Institute for Communicable Diseases [NICD], unpub data)
(Figure 1). These 5 isolates were investigated for genetic
reassortment.

Partial nucleotide sequence data for S, M, and L
RNA segments derived from whole-genome sequences
of 33 isolates produced phylogenetic trees with the same
topologies as those published for the complete sequences
(6). Isolate SA184/10 from the patient who sustained a
needle injury while vaccinating sheep sorted with SNS
vaccine virus in the M segment tree but with isolate SA54/10
in the other segments, and was clearly a reassortant. SNS
105/2010 and 95EG batches of vaccine corresponded
with the SNS master seed stock for all 3 segments of the
genome. Analysis of isolates H1739 and H1825 obtained
from the first recorded human deaths caused by RVF in
1975 and isolate 95EG Cow-2509 from Egypt did not show
clear-cut evidence of reassortment but fell into a group that
manifested convergence of lineages D and E in the M RNA
segment tree in the 33 whole-genome study, corresponding
to lineages L plus K, the vaccine lineage, in the present
study. This phenomenon was interpreted as evidence of
historical reassortment (6). Isolate SA75 also ostensibly
came from a human infected in South Aftrica in 1975 (6),
but we could not relate the designation to records at NICD.
Analysis of partial M segment sequence data did not show
evidence of recombination.

Discussion

Historical developments in RVF include spread
beyond sub-Saharan Africa during 1977-2007 and fatal
human infections during a large outbreak in South Africa
during 1974-1976. Since that time, large outbreaks of the
disease in livestock have invariably been associated with
human deaths (1). Mechanisms for dispersal of RVFV fall
beyond the scope of this report. However, refinements to
phylogenetics, such as Bayesian-based and population-
based genetic analysis, have shown that translocated virus
does not necessarily arrive in receptive circumstances to
trigger epidemics, but can initiate smoldering infection
or seeding of the ground, which remains undetected until
suitable climatic conditions precipitate outbreaks, as
occurred ahead of the 2000-2001 and 2006-2007 outbreaks
in the Arabian Peninsula and Kenya (6,7).

Recent outbreaks in South Africa showed an
analogous pattern. After heavy rains in 2008, lineage C
virus, which had been isolated during a limited disease
outbreak in Kruger National Park in 1999, was associated
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Figure 1. Annual sales of Smithburn neurotropic strain animal
vaccine produced in South Africa in relation to cumulative viral
lineages isolated and human deaths in major outbreaks of Rift
Valley fever (RVF) in Africa and Saudi Arabia, 1944—2010. Broken
arrows indicate RVF outbreaks without human deaths recorded,
and solid arrows indicate RVF outbreaks with human deaths.
RSA, Republic of South Africa; NAM, Namibia; ZIM, Zimbabwe;
MOZ, Mozambique; KEN, Kenya; EGY, Egypt; SUD, Sudan; ZAM,
Zambia; MAU, Mauritania; MAD, Madagascar; TAN, Tanzania;
SOM, Somalia; SAU, Saudi Arabia; YEM, Yemen.

with scattered outbreaks of RVF in adjacent parts of
northeastern South Africa. In the first half of 2009, the
same lineage caused limited outbreaks to the south in
KwaZulu-Natal Province. In the second half of 2009,
lineage H virus, which had been encountered in the
Caprivi Strip of Namibia in 2004, caused focal outbreaks
in Northern Cape Province and was progressively
identified in coalescing outbreaks over much of interior
South Africa in 2010 (Figure 2). Diversity of genotypes
observed among recent isolates of the 2 lineages (online
Appendix Figure), and results of our limited Bayesian
analysis imply that RVFV had progressively reinfiltrated
the interior plateau of South Africa during a period of
increasing rainfall, 3 decades after the major outbreak
of 1974-1976. There were 26 deaths among 244 persons
infected with lineage H virus, and while no deaths were
recorded in areas where lineage C virus was active, only
22 cases were diagnosed (NICD, unpub. data).
Reassortment between SNS vaccine virus and wild
virus has implications for the safety of the vaccine and its
possible role in evolution of RVFV. The SNS virus from
Uganda (online Appendix Table) was taken to mouse
intracranial passage 102 and embryonated chicken egg
passage 54 to produce avianized (decreased infectivity
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Figure 2. Recent outbreaks of Rift Valley fever in South Africa.
Lineage C virus (yellow areas), which caused a small outbreak
in Kruger National Park in 1999, was associated with scattered
outbreaks of disease in adjacent parts of northeastern South
Africa in 2008 and limited outbreaks to the south in KwaZulu-Natal
Province early in 2009. Lineage H virus (blue area), which was first
encountered in the Caprivi Strip of Namibia in 2004, caused focal
outbreaks in the Northern Cape Province late in 2009, and was
associated with coalescing outbreaks over much of interior South
Africa in 2010. Lines indicate province boundaries.

produced by repeated culture in chick embryo) animal
vaccine in South Africa in 1951. After several adjustments,
reversion was made in 1958 to SNS virus passed 103
times in mice only. Since 1971, the same virus has been
propagated in BHK21 cells for preparation of freeze-
dried vaccine (24,26-29). In Kenya, animal vaccine was
initially produced from avianized virus from South Africa,
but since 1960, SNS virus has been used at mouse passage
106 (30-32). SNS seed virus from South Africa was used
to produce vaccine in Egypt in 1994, and South Africa
and Egypt have used field isolates to produce inactivated
animal vaccine (12,27,29). SNS vaccine is only partially
attenuated, but accurate estimates for abortigenicity and
teratogenicity were never determined because conflicting
results were initially obtained in different sheep breeds
and because pathogenicity varies with stage of pregnancy
(26,33). However, there has been a tendency to regard risks
associated with vaccine as acceptable in the face of an
outbreak of RVF (34).

During 1951-1968, =1 million doses of SNS animal
vaccine were sold in South Africa; sales were similar in
Kenya (28,32). The vaccine was first used on a large scale
in 1969-1970 when 6 million doses were issued, mainly to
Zimbabwe, where a large outbreak occurred (29) (Figure
1). Sales decreased sharply by 1973 but increased to 22
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million doses during the major outbreak in South Africa
and Namibia during 1974-1976.

During the same period, 4.7 million doses of newly
developed inactivated RVF vaccine and =14 million
doses of Wesselsbron virus vaccine were sold (27,28,35).
Wesselsbron is a mosquito-borne flavivirus initially thought
to cause outbreaks analogous to RVF, and vaccine was
produced by similar empirical attenuation of virus by
intracranial passage in mice (33,35). Thus, >40 million
doses of either vaccine were administered over 3 years in
South Africa and Namibia, where the combined sheep,
cattle, and goat population was <60 million. However,
fewer than two thirds of the animals were in RVF-affected
areas. Approximately 4.2 million doses of SNS vaccine
were sold in 1977, much of it to South Africa, but also to
Israel and Egypt. Approximately 3 million doses were sold
in 1978-1979, mostly to Zimbabwe where an additional
large outbreak of RVF had occurred. Subsequently sales
remained <l million doses per year until 1986, after
which figures were no longer made public (28). However,
substantial quantities of vaccine, mainly from South Africa,
were used in eastern Africa and Saudi Arabia in recent years.
In all locations except Israel and the Sinai Peninsula, where
the threat of RVF was not proven, large numbers of animals
were vaccinated only after onset of outbreaks (28,29).

Livestock vaccines are sold in multidose vials and
commonly administered with automatic syringes and
intermittent changes of needles. Vaccine is likely to be
administered to some animals that are already infected.
Thus, in view of intense viremia that occurs in RVF, serial
transfer of wild virus by needle is a recognized hazard
of vaccinating livestock during outbreaks (29). This
vaccination likely resulted in co-infections with vaccine and
wild virus, or even different wild genotypes, on multiple
occasions over decades, particularly during 1969-1979,
with an implied potential for the generation of recombinant
and reassortant genotypes. Uptake and transmission of
virus by vectors would have increased co-infections and
potential for genetic interaction (36).

Although there is no corresponding evidence that
reassortment or recombination occurred on a large scale,
few isolates remain available from the 1969-1970 and
1974-1976 outbreaks in Zimbabwe and South Africa.
Nevertheless, multiple new lineages were encountered
during 1969-1981, particularly in Zimbabwe where
intensive monitoring was instituted during 1971-1979 and
where lineage A and C isolates were obtained (37) (online
Appendix Figure; Figure 1). Moreover, it can be deduced
from reported Bayesian analysis (6) that emergence of
new lineages and genotypes surged during this period.
An alternative interpretation is that reassortment and
recombination occur infrequently but that mutations result
from as yet inadequately explored interactions during

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 17, No. 12, December 2011



replication in co-infections or from the generation of
neutralizing antibody—escape mutants (38).

Thus, the partial M segment nucleotide sequence of
reassortant isolate SA184/10 differs from that of vaccine
virus, and that of isolate 95EG Cow-2509 from the aborted
fetus of a vaccinated cow differs even more markedly from
that of vaccine virus and from all other known isolates
from Egypt but has some relationship with isolates H1739
and H1825 in lineage L (online Appendix Figure), which
caused human deaths. The implication is that further
investigation of evolutionary relationships in lineages K, L,
and M are warranted, including whole-genome sequencing
of additional isolates identified in the present study. It could
be relevant that viruses attenuated through intracranial
passage in mice may acquire new tissue tropisms and
pathogenic properties (39,40).

New vaccines, some with natural or induced attenuating
deletions or mutations in all 3 segments of the genome, are
being developed (1). However, interactions of replication-
competent strains with wild virus should be investigated,
especially because some vaccines were deliberately
modeled on viruses considered to be particularly virulent.
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