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Abstract

Rift Valley fever virus (RVFV), a member of the family Bunyaviridae, genus Phlebovirus, is the
causative agent of Rift Valley fever (RVF), a mosquito-borne disease of ruminant animals and
humans. The generation of a large sequence database has facilitated studies of the evolution and
spread of the virus. Bayesian analyses indicate that currently circulating strains of RVFV are
descended from an ancestral species that emerged from a natural reservoir in Africa when large-
scale cattle and sheep farming were introduced during the 19th century. Viruses descended from
multiple lineages persist in that region, through infection of reservoir animals and vertical
transmission in mosquitoes, emerging in years of heavy rainfall to cause epizootics and epidemics.
On a number of occasions, viruses from these lineages have been transported outside the enzootic
region through the movement of infected animals or mosquitoes, triggering outbreaks in countries
such as Egypt, Saudi Arabia, Mauritania and Madagascar, where RVF had not previously been
seen. Such viruses could potentially become established in their new environments through
infection of wild and domestic ruminants and other animals and vertical transmission in local
mosquito species. Despite their extensive geographic dispersion, all strains of RVFV remain
closely related at the nucleotide and amino acid level. The high degree of conservation of genes
encoding the virion surface glycoproteins suggests that a single vaccine should protect against all
currently circulating RVFV strains. Similarly, preservation of the sequence of the RNA-dependent
RNA polymerase across viral lineages implies that antiviral drugs targeting the enzyme should be
effective against all strains. Researchers should be encouraged to collect additional RVFV isolates
and perform whole-genome sequencing and phylogenetic analysis, so as to enhance our
understanding of the continuing evolution of this important virus. This review forms part of a
series of invited papers in Antiviral Research on the genetic diversity of emerging viruses.

Keywords
Rift Valley fever virus; Bunyavirus; Phlebovirus; Genetic diversity; Phylogenetics

1. Introduction

Rift Valley fever virus (RVFV) is a member of the genus Phlebovirus, one of five genera in
the family Bunyaviridae. It was first identified in 1930, during an investigation of an
epizootic of abortion of pregnant ewes and death of newborn lambs on a farm in the Rift
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Valley of Kenya, accompanied by cases of febrile illness in humans (Daubney and Hudson,
1931). Since then, numerous outbreaks of RVF have been reported in many regions of
Africa (Figs. 1 and 2). The largest epidemic occurred in Egypt in 1977-1978, when there
were an estimated 200,000 human infections, with some 18,000 cases of illness and 600
deaths. In 2000, an outbreak occurred in Saudi Arabia and Yemen, the first detected outside
of Africa, raising concern that the disease could spread further into Asia or Europe, or even
to the Western Hemisphere (Ahmed et al., 2009).

RVFV is classified as a Category A pathogen and an overlap select agent by the US Centers
for Disease Control and Prevention and the Department of Agriculture. There is no
commercially available vaccine for human or animal use outside endemic countries,
including the US and Europe, and effective antiviral drugs have not been identified. There is
therefore an urgent need to develop countermeasures against an accidental or deliberate
introduction of RVFV into the US or other non-endemic countries. A thorough
understanding of the genetic diversity of the virus is needed to develop reliable diagnostic
methods, to support the development of antivirals and vaccines and to identify the source of
new outbreaks. In this paper, we first present a concise summary of the epidemiology,
clinical features, animal models and molecular biology of RVF. We then review the large
amount of information that has been obtained during the past two decades on the genetic
diversity of RVFV, including phylogenetic analysis of isolates from its “ancestral
homeland” in Africa and from epidemics in regions outside the traditional enzootic area. We
conclude with an assessment of the impact of RVFV genetic diversity on the development of
vaccines, antiviral drugs and rapid diagnostic methods.

2. Rift Valley fever: basic features

2.1. Natural reservoirs and transmission cycles

In its enzootic region in Kenya, Zimbabwe and other countries of central Africa, RVFV
persists in the environment through vertical transmission in mosquitoes and horizontal
transmission by mosquitoes among animals (presumably native ungulates and rodents, but
the principal hosts have not been identified) (Olive et al., 2012). Infected eggs of floodwater
Aedes mosquitoes are a principal source of infection, maintaining the virus during dry
conditions (Bird et al., 2009; Linthicum et al., 1985). Heavy rainfall increases the hatching
of eggs of floodwater Aedes mosquitoes and permanent fresh-water species such as Culex
pipiens, the latter act as amplifying vectors, by feeding on viremic ruminants and humans
(Pepin et al., 2010). In addition to mosquito transmission, humans become infected through
contact with the blood or body fluids of infected animals (Chambers and Swanepoel, 1980;
Pepin et al., 2010).

In addition to recurrent disease outbreaks within the traditional RVF enzootic area, the past
few decades have seen the spread of RVFV to a number of other countries within and
outside of Africa, including Egypt, Madagascar, Mauritania and Saudi Arabia, apparently as
the result of the commercial transport of infected animals and/or the windborne movement
of infected mosquitoes. Such outbreaks outside the traditional enzootic area might occur in
two ways. In the first, imported virus could be introduced directly to cattle, sheep and other
livestock, followed by rapid amplification and mosquito-borne spread among animals and
humans, causing an epizootic closely followed by an epidemic. If the virus is also
introduced to wild reservoir animals and becomes established through vertical transmission
among local mosquitoes, it could persist in the environment once the epizootic/epidemic has
ended; to date, there is no evidence that this has occurred outside of Africa. Alternatively,
the newly introduced virus might first infect local reservoir animals and mosquitoes, persist
at low level in the environment, then emerge at later times to cause outbreaks among
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livestock and humans when heavy rainfall expands the mosquito population (Grobbelaar et
al., 2011).

At this point, it is not entirely clear to what extent RVFV has become established in
countries outside its “ancestral” enzootic area in Africa. Repeated outbreaks have occurred
in Egypt, fortunately on a much smaller scale than the massive 1977 epidemic, suggesting
that RVFV is now enzootic in that country, with the extent of disease being limited through
livestock vaccination and mosquito control (Ahmed Kamal, 2011). In contrast, a number of
outbreaks have also been registered in Madagascar, but evidence to date indicates that they
have resulted from repeated introductions of virus from mainland Africa, rather than from
the persistence of RVFV in the local environment (Carroll et al., 2011).

2.2. Disease in sheep and cattle

Outbreaks of RVF are often recognized initially as an “abortion storm” in herds of pregnant
ruminants (Daubney and Hudson, 1931). Sheep are the most susceptible species, while
cattle, goats, and camels are variably susceptible (Findlay, 1931). Forty to 100% of pregnant
ewes abort, and the fetus often manifests malformations (Swanepoel and Coetzer, 2004).
Newborn lambs suffer peracute disease, characterized by necrotic hepatitis with 95-100%
mortality. Some breeds of adult sheep also exhibit hemorrhagic signs, similar to those seen
in humans (Olaleye et al., 1996). In cattle, RVFV infection varies greatly in severity. While
silent infection can occur, pregnant cattle frequently abort, and the overall mortality rate
ranges from 10% to 30% (Swanepoel and Coetzer, 2004).

2.3. Disease in humans

After an incubation period of 4-6 days, RVF typically begins acutely, with chills and fever,
malaise, dizziness, weakness, nausea and severe headache and muscle pains. Patients are
viremic during the febrile period. Although the initial symptoms may resolve in 3—4 days,
they often recur, and complete recovery may take weeks. Neutralizing antibodies sometimes
appear as early as the fourth day after the onset of symptoms. A small percentage of patients
develop a hemorrhagic fever syndrome, characterized by a macular rash, ecchymoses,
bleeding from the gums and melena. Those with hemorrhagic disease often develop
diarrhea, low blood pressure, jaundice and/or hepatosplenomegaly, and may die 3-6 days
after the onset of symptoms (Ikegami and Makino, 2011). Some patients develop
neurological disorders, including hemiparesis, neck rigidity, confusion, visual
hallucinations, stupor and coma, beginning weeks to months after the onset of illness.
Histopathologically, fatal cases show parenchymal necrosis in the central nervous system
(van Velden et al., 1977). Some 1-10% of patients also suffer from partial or complete
vision loss, which may begin immediately after the onset of symptoms or up to several
months later. Despite chorioretinal scarring, some recovery of vision can occur (Ikegami and
Makino, 2011).

2.4. Infection of laboratory animals

When RVFV was first isolated, researchers tested its host range by inoculating a variety of
species, and found that a number of non-ruminant animals, such as horses, pigs, rabbits and
birds were resistant to infection, while mice and hamsters were highly susceptible (Findlay,
1931). However, RVFV has not been isolated from wild mice or rats in enzootic/endemic
areas, suggesting that they are not involved in maintaining the virus in nature (Swanepoel et
al., 1978). After experimental inoculation, mice develop acute necrotic hepatitis, which is
often fatal; those that survive usually develop encephalitis 1-2 weeks postinfection (Smith et
al., 2010). Laboratory rats show a range of susceptibility to RVF. Wistar-Furth (WF) and
brown Norway strains usually die within 4 after challenge, whereas Lewis and other strains
are resistant to infection (Peters and Anderson, 1981; Peters and Slone, 1982). However, the
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resistance phenotype varied with the source of animals, suggesting that host factors affect
susceptibility (Ritter et al., 2000). Gerbils display an age-dependent susceptibility to RVFV,
developing encephalitis with minimal liver injury (Anderson et al., 1988). They have
therefore been used as a model of RVF encephalitis.

RVFV also causes disease in certain species of nonhuman primates. Approximately 20% of
rhesus macaques develop hemorrhagic fever following intravenous inoculation, while the
remainder shows milder illness or subclinical infection (Morrill et al., 1990; Peters et al.,
1988). Marmosets are more susceptible, displaying hemorrhagic manifestations with severe
liver necrosis and disseminated intravascular coagulation after intravenous or subcutaneous
exposure; encephalitis is also observed (Smith et al., 2011).

3. Virion structure, genome, structural and nonstructural proteins

The following sections provide current information on RVFV genetics, with a special
emphasis on genetic motifs, structures and functions that are useful for understanding
genetic variation among RVFV strains.

3.1. The virion

RVF virions are spherical, consisting of an envelope and a ribonucleocapsid (RNP) (Fig.
3A-D). Virions measure 80-120 nm in diameter. The viral envelope is covered by 122
capsomers, consisting of heterodimers of the Gn and Gc glycoproteins on an icosahedral
lattice with 7= 12 quasisymmetry. The surface capsomers form 110 cylinder-shaped
hexamers and 12 pentamers (Freiberg et al., 2008; Huiskonen et al., 2009; Sherman et al.,
2009). Envelope surface projections 9 nm long form distinctive spikes that cover the surface
and are embedded in a 7 nm lipid bilayer. The envelope surrounds three RNPs
corresponding to the S, M and L genome segments.

The RNP of bunyaviruses is filamentous, with a length of 200-3000 nm and a width of 10—
12 nm. It is reported to be a string-like structure, distinct from the RNPs of other negative-
sense RNA viruses that exhibit helical symmetry (Raymond et al., 2010). The
ribonucleocapsid is thought to have a pan-handle-like structure, due to complementary
sequences at the genome termini (Nichol et al., 2005). The N proteins form ring-like
hexamers with an external diameter of 100 A, and the viral RNA is believed to bind to its
cavity (Ferron et al., 2011; Raymond et al., 2010).

3.2. Genome segments and encoded proteins

The RVFV genome consists of three single-stranded RNA segments of negative or
ambisense polarity:

» the S segment (prototype strain ZH501: 1690 nucleotides (nt));
e the M segment (3885 nt);
» and the L segment (6404 nt) (Fig. 4) (Schmaljohn and Nichol, 2007).

Because of the lack of a cap-structure at the 5" ends, no viral proteins are synthesized from
viral genomic RNA. All genome segments share identical termini (3"-UGUGUUUC or
GAAACACA-5"), and this sequence is largely conserved among viruses in the Phlebovirus
genus. The conserved genomic termini form panhandle structures and serve as promoters for
genomic RNA synthesis, as well as N encapsidation signals (Schmaljohn and Nichol, 2007).
Both N and L are required for the synthesis of viral genomic RNA and mRNA.

As of 2011, the Virus Pathogen Database Resource (ViPR: accessed on April 19, 2012 at
http://www.viprbrc.org/brc/home.do?decorator=vipr) lists 158, 106 and 95 full-length
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sequences of S, M and L segments. The complete genomic sequences of at least 88 strains
are currently available. The length of the S segment varies somewhat among the 158 strains;
variation occurs by an insertion or deletion at the intergenic region. The 3’-UTR, 5"-UTR
and the N and NSs open reading frames (ORFs) do not differ in length, except for the NSs
OREF of the C13 strain, in which a large deletion has occurred (Bird et al., 2007c).

The transcription of bunyaviral mRNA utilizes a cap-snatching strategy, by which capped
mRNAs of the host are cleaved and the capped 5 fragments with 10-15 nt are used as
primers to synthesize viral mMRNA. The resulting viral mRNAs therefore have heterogeneous
5" end sequences (Lopez et al., 1995; Schmaljohn and Nichol, 2007). The N and L proteins
that accumulate during primary transcription initiate subsequent viral RNA replication. A
study has suggested that the level of viral RNA accumulation in infected cells isS>M > L
(Gauliard et al., 2006). Accumulated viral genomic RNA allows the further amplification of
viral mMRNA (secondary transcription).

3.2.1. The S segment—The S-segment encodes the ORFs of the N protein (738 nt, 245
amino acids, 25 kDa for prototype strain ZH501) and NSs protein (798 nt, 265 amino acids,
34 kDa) in an ambisense manner (Collett et al., 1985; Struthers et al., 1984). Between the N
and NSs ORFs lies an intergenic sequence of 82 nt (Giorgi et al., 1991), which consists of
unique poly-C (viral sense) or poly-G (antiviral sense) tracts. The S-segment intergenic
region is much more variable among RVFV strains (11%) than the N and NSs ORFs (4%),
while the NSs ORF is slightly more variable (4.5%) than the N ORF (3.5%) (Bird et al.,
2007c).

The N mRNA is transcribed from the viral-sense portion of the S segment, while NSs
mMRNA is transcribed from the antiviral-sense portion. The N or NSs mRNA syntheses are
terminated at nt 841 or nt 789, respectively, by using 3'-CGUCG-5" (N mRNA: nt 846-850,
NSs mRNA: nt 780-784), in combination with the upstream poly-C or poly-G tracts,
respectively (Albarino et al., 2007; Ikegami et al., 2007; Lara et al., 2011). Thus, the
overlapped 30-60 nt of 3" termini of N and NSs mRNA are complementary with the poly-C
or poly-G tract sequences.

The N protein encapsidates the viral RNA to form the ribonucleocapsid. Encapsidation is
required for transcription and RNA replication (Ikegami et al., 2005a; Lopez et al., 1995).
The ribonucleocapsid facilitates the production of virus-like particles (VLP) (Piper et al.,
2011), suggesting the role of N proteins in the assembly process.

The NSs protein is indispensable for lethal infection in mice and is considered a major
virulence factor of RVFV (Bouloy et al., 2001; Vialat et al., 2000). NSs forms filamentous
structure in the nucleus of infected cells (Swanepoel and Blackburn, 1977; Yadani et al.,
1999). Alignment of NSs protein sequences indicates that cysteine residues at aa 39, 40,
150, 179 and 195 were highly conserved, suggesting that they are important for three-
dimensional structure and filamentous structure formation (Sall et al., 1997). NSs
specifically interacts with the p44 subunit protein of TFIIH, which is an essential
transcription factor for cellular RNA polymerase | and 11, probably interrupting the assembly
of the TFIIH complex, resulting in a general transcriptional shutoff (Le May et al., 2004).
Although RVFV infection activates transcription factors such as IRF-3, AP-1 and NF-kB,
the transcription of IFN-P and other IFN-related genes is not up-regulated (Billecocq et al.,
2004). By interacting with Sin3A-associated protein (SAP30), NSs forms a multiprotein
complex containing YY1/SAP30/NCoR/Sin3A/HDAC-3 on the IFN-B promoter region,
preventing its activation (Le May et al., 2008). NSs also promotes the degradation of two
host proteins, double-stranded RNA-dependent protein kinase (PKR) (Habjan et al., 2009;
Ikegami et al., 2009) and TFIIH p62 (Kalveram et al., 2011). Degradation probably occurs
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through the proteasome pathway, although no evidence of ubiquitination of PKR or p62 has
been demonstrated.

A recent study showed that 15 or 10 serial passages of RVFV in baby hamster kidney
(BHK) 21 cells or Aag2 (Ae. aegypti) cells results in large deletions of the NSs gene, while
30 serial alternating passages between BHK?21 cells and Aag2 cells did not result in the
deletion of NSs, suggesting that alternating replication in different cell types promotes
stability of the NSs gene (Moutailler et al., 2011). It is likely that minor viral populations
lacking NSs might adapt to specific cells, and replicate faster than the major population
encoding NSs.

3.2.2. The M segment—The M mRNA is synthesized from the negative-sense M
segment, and is terminated at nt 3774 by using 3'-CGUCGUCG-5" in combination with the
upstream poly-G tract (Albarino et al., 2007; Ikegami et al., 2007). A precursor polyprotein
is co-translationally cleaved into five proteins:

e Gn (nt 480-2090, 537 amino acids, mature form: 56 kDa),

e Gc (nt 2091-3614, 507 amino acids, mature form: 65 kDa),
e NSm (nt 135-479, 115 amino acids, 14 kDa),

e the 78-kDa protein (nt 21-2090, 690 amino acids, 78 kDa)

e and NSm-Gn (nt 135-2090),

presumably by signal peptidase (Collett et al., 1985; Gerrard et al., 2007; Gerrard and
Nichol, 2007; Won et al., 2006). Synthesis of those proteins involves leaky scanning of the
ribosome in five initiation codons (nt 21, 135, 174, 411 and 426, with the 5" end of the
initiation codon in the antiviral-sense) located upstream of the Gn coding region. The 78-
kDa protein is synthesized from the first AUG and NSm from the second, while the
synthesis of Gn most probably occurs from the second, third or fourth AUG (Gerrard and
Nichol, 2007; Suzich et al., 1990). Interestingly, all the in-frame AUGs at the upstream of
Gn are conserved among 33 RVFV strains, suggesting the functional requirement of those
AUGs or NSm (Bird et al., 2007c). The mechanism of Gc synthesis is still largely unknown;
two or more precursor proteins might be involved in the process.

The putative signal peptides are located downstream of the first and fifth AUG (Gerrard and
Nichol, 2007). Although the synthesis of NSm occurs from the second AUG and the signal
peptide is encoded only downstream of the 5th AUG, the precursor protein consisting of the
polypeptide ranging from NSm to Gn can enter the secretory pathway, suggesting that the
use of a signal peptide downstream of the fifth AUG is functional (Gerrard and Nichol,
2007). The C-terminus of Gn (nt 1776-1919) encodes a Golgi localization signal (Gerrard
and Nichol, 2002). When Gc is expressed individually, it localizes to the endoplasmic
reticulum, but when co-expressed with Gn, it localizes to the Golgi through the signal
sequence (Gerrard and Nichol, 2002). Such co-localization of Gn and Gc in the Golgi should
be required for efficient viral assembly and maturation. It is suggested that N-terminus (first
30 amino acids) or the C-terminus (the last 40 amino acids) of a presumable 70-amino-acid-
long Gn cytoplasmic tail is required for N or L protein recruitment, respectively (Piper et al.,
2011). A coordinated packaging mechanism of S-, M- and L-segment RNA, in which the co-
packaging of S- and M-segment can support an efficient co-packaging of L-segment, has
been demonstrated (Terasaki et al., 2011). The S-, M- and L-segments encoding the terminal
25 nt of the 5"-UTR were equally competent for genome packaging into VLP, suggesting
that the terminal 25 nt encodes a packaging signal (Murakami et al., 2012).
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NSm localizes predominantly to the Golgi with some reticular staining, while the 78-kDa
proteins localize to the Golgi (Wasmoen et al., 1988). However, a lack of both NSm and 78-
kDa protein expression does not alter the localization pattern of Gn and Gc, suggesting that
both proteins are dispensable for Gn/Gc synthesis, processing, modification or Golgi
retention (Wasmoen et al., 1988). Indeed, recombinant RVFV lacking both 78-kDa and
NSm was recovered, and it showed similar replication kinetics to the parental virus,
indicating that they are dispensable for replication (Gerrard et al., 2007; Won et al., 2006).
However, NSm is probably important for pathogenesis (Bird et al., 2007a). WF rats infected
with wild-type RVFV ZH501 strain, which lacks the 78-kDa and NSm proteins, developed
neurologic disease, rather than hepatitis (Bird et al., 2007a). Cells infected with RVFV
lacking NSm were shown to be more susceptible to apoptosis, suggesting that the protein
has an anti-apoptotic function (Won et al., 2007).

Contrary to the expectation that the envelope proteins should be more variable than other
RFVF proteins, Gn and Gc are well conserved. No variation in their length has been
detected, and all N-linked glycosylation sites are completely conserved among 33 RVFV
isolates (Bird et al., 2007c). Antigenic domains in Gn and Gc are well conserved among
RVFV strains. However, although mabs raised against a South African virus neutralized
strains from other parts of Africa, different binding patters were noted for the attenuated
Onderstepoort and the Smithburn neurotropic vaccine viruses, suggesting changes in the
ternary structure of their antigenic domains (Besselaar et al., 1991). Similarly, the antigenic
differences of neutralizing epitopes Il and 1V (Keegan and Collett, 1986) of 22 RVFV
strains were analyzed by using mabs (Battles and Dalrymple, 1988). Lunyo and 90060 strain
(a plaque isolate of ZH501) resisted neutralization by an epitope I1-specific mab, while the
Smithburn strain showed reduced neutralization by an antibody that recognized epitope 1V.
On the other hand, none of the strains resisted neutralization by mabs recognizing epitope |
and I1, suggesting that neutralizing antibodies that react to several different epitopes on Gn
and Gc confer protection against most wild-type RVFV strains.

3.2.3. The L segment—The L-segment encodes an RNA-dependent RNA polymerase (L
protein: nt 19-6297, 2087 amino acids), which synthesizes both viral MRNA and genomic
RNA (Muller et al., 1994). The synthesis of L mRNA is terminated between nt 6364 and
6384 (nt location at antiviral-sense L-segment) by using the stem—loop structure formed
around the termination sequence (Ikegami et al., 2007), while it is also proposed that L-
segment mRNA synthesis is not terminated and the 3" end of L mRNA is identical to anti-
viral-sense L-segment RNA (Albarino et al., 2007). A more recent study suggested that the
L mRNA is terminated at nt 6377, with a presumable role of 5"-CGAUG-3" for termination
(Laraetal., 2011). RVFV L proteins form oligomers by interacting at thir N- and C-termini
(Zamoto-Niikura et al., 2009). L is packaged into virus particles (Piper et al., 2011), and
synthesizes primary transcripts in infected cells (Ikegami et al., 2005b).

A number of functional motifs have been identified in the RVFV L protein. Regions 1 (aa
60-185) and 2 (aa 650-788) are conserved among bunyaviruses and arenaviruses. Region 3
(aa 895-1206), the “polymerase module,” is conserved among both segmented and non-
segmented RNA viruses (Muller et al., 1994). It consists of premotif A and motifs A, B, C
and D; its amino acid sequence aligns with the corresponding region of the human
immunodeficiency virus (HIV) reverse transcriptase (Muller et al., 1994). All of the L
protein functional motifs are conserved among 33 different RVFV strains (Bird et al.,
2007c).

Antiviral Res. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

4. Genetic diversity of RVFV

A number of analyses of the genetic diversity of RVFV have been published over the past
25 years. Early studies made use of partial gene sequences from a relatively small number of
isolates, while more recent work has been based on complete genomic sequences of a much
larger number of viruses recovered from many geographic areas. As a consequence of the
expanding database, the number of identified viral lineages (distinct genetic groups sharing a
common ancestor) of RVFV has increased from 3 in an early analysis (Sall et al., 1997) to 7
in a 2007 study (Bird et al., 2007c) to 15 in the most recent report (mean pairwise distances
<0.017 within lineages and bootstrap values 270%) (Grobbelaar et al., 2011). The latter two
studies found that the genetic diversity of RVFV across all lineages is quite limited, with
maximum pairwise differences for the S segment and partial M segments of 4% and 5.4%
for the nucleotide sequence and 1% and 2.8% for the amino acid sequence. Such limited
diversity may in part reflect the evolutionary constraint imposed on arboviruses by their
alternating replication in mammalian and arthropod hosts (Coffey et al., 2008; Moutailler et
al., 2011). However, the diversity of RVFV is much narrower than that of some other
arthropod-borne bunyaviruses, such as Crimean-Congo hemorrhagic fever virus, suggesting
that the principal factor responsible for the close phylogenetic relationship among RVFV
isolates is the recent emergence of an ancestral virus in Africa and its expansion among
introduced sheep and cattle (see below).

4.1. Identification of genetic lineages of RVFV in Africa

In the first report to examine the evolutionary relationships of RVFV viruses, Sall et al.
aligned the NSs gene from 18 different strains collected over 38 years from diverse localities
in Africa (Sall et al., 1997). The authors chose the NSs gene because it is the most variable
among phleboviruses, and is therefore considered to be under weak evolutionary pressure to
maintain its sequence; it varied up to 9.6% at the nucleotide level and 9.5% at the amino
acid level. Phylogenetic analysis identified two major viral lineages. Cluster | (sub-Saharan)
was divided into cluster la and Ib, with the latter consisting of West African isolates, while
the former contained isolates from different regions in Africa. Cluster Il contained viruses
isolated in Egypt in 1977 and 1993, which were very similar, suggesting a common origin.
Unexpectedly, two distinct lineages corresponding to clusters la and Ib were recovered
during the Mauritanian outbreak in 1987, and isolates corresponding to clusters la and 1l
were identified in Madagascar, suggesting separate introductions of virus onto the island. To
further understand RVFV evolution, the authors constructed phylogenetic trees for the Gn
and L genes, which showed that viruses in cluster la were localized to East/Central Africa,
in cluster Ib to West Africa and in cluster 1l to Egypt (Sall et al., 1999).

The recent availability of high-throughput sequencing has markedly increased the amount of
data available for phylogenetic analysis. Bird et al. performed the first study of full-length
RVFV sequences, employing 33 viruses isolated from 1944 to 2000 in 10 different African
countries and in Saudi Arabia (Bird et al., 2007c). The maximum pairwise differences
among the S, M and L segments were 4%, 5% and 4% at the nucleotide level and 1%, 2%
and 1% at the amino acid level. The 33 viruses could be separated into seven lineages (Fig.
5):

e A (isolates from Zimbabwe in 1974, Egypt in 1977, 1978 and 1979, and
Madagascar in 1979);

« B (isolates from Kenya in 1983 and 1998, the Central African Republic (CAR) in
1973 and Saudi Arabia in 2000);

e C (isolates from Guinea in 1981 and 1984, the CAR in 1969, 1973 and 1974 and
Zimbabwe in 1978);
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» D (isolates from Kenya in 1965, Zimbabwe in 1970, South Africa in 1975, Burkina
Faso in 1983 and Mauritania in 1987);

» E (isolates from Uganda in 1944 and Zimbabwe in 1974);
* F (anisolate from Zimbabwe in 1974); and
* G (anisolate from South Africa in 1951).

The existence of strains from a number of countries within each of lineages A-D is
consistent with an epidemiologic picture in which multiple RVFV lineages circulate
continuously in central Africa, and individual strains are occasionally transported to regions
outside the enzootic zone. Thus, RVFV strains in lineages A, C, D, E and F are found in
Zimbabwe, but only viruses in lineage A have been isolated in Egypt, indicating that the
1977-1979 Egyptian outbreak resulted from the point-source introduction of a single
genotype from sub-Saharan Africa (Bird et al., 2007c). Limited evidence of differences in
virulence among viruses of various lineages is described in section VIII.

In the largest phylogenetic analysis to date, Grobbelaar et al. studied partial M segment
sequences from 203 viruses isolated in 16 African countries and Saudi Arabia from 1944 to
2010 (Grobbelaar et al., 2011). The maximum pairwise differences observed were 2.8% at
the nucleotide and 5.4% at the amino acid level. As shown in Fig. 6, analysis of the
sequences of a large number of viruses permitted the identification of 15 distinct lineages:

e A(isolates from Zimbabwe in 1974 and 1978, Egypt in 1977, 1978, 1979 and
1993, and Madagascar in 1979, suggesting that outbreaks in the latter two countries
resulted from importations from Zimbabwe);

« B (isolate from Kenya in 1972);

e C (isolates from Zimbabwe in 1976, 1978, 1979 and 1998, Kenya in 1977, 1983,
1997, 1998 and 2007, Saudi Arabia in 2000, Somalia in 1998, South Africa in
1999, 2008 and 2009, Madagascar in 1991 and 2008, and Mauritania in 2003,
suggesting that outbreaks in Saudi Arabia, South Africa, Madagascar and
Mauritania all resulted from importations from Zimbabwe or Kenya);

e D (isolate from the CAR in 1973);

e E (isolates from Zimbabwe in 1975 and 1978, the CAR in 1973 and 1974, and
Zambia in 1985);

e F (isolate from South Africa in 1981);

e G (isolates from the CAR in 1969 and 1985, Guinea in 1981 and 1984, Senegal in
1993 and Zimbabwe in 1978);

e H(isolates from South Africa in 2009 and 2010);
« I (isolates from South Africa in 1955 and 1956);
e J(isolate 2269/74 from Zimbabwe in 1974);

» K(isolates from Uganda in 1944, Kenya in 1951, 1962 and 1963, South Africa in
2010, and isolate 2373/74 from Zimbabwe in 1974, plus the Smithfield neurotropic
strain (SNS) and the 95EG live vaccine strains);

e L (isolates from Egypt in 1995, Kenya in 1963 and 1964, South Africa in 1971,
1974 and 1975 and Zimbabwe in 1969 and 1970);

e M (isolates from Uganda in 1955 and South Africa in 1955);

Antiviral Res. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 10

» N (isolates from Mauritania in 1987 and 1988, Senegal in 1975, 1983 and 1993 and
Burkina Faso in 1983); and (isolate from South Africa in 1951).

Compared to the previously cited report by Bird et al., the study created five new lineages
(B, F, H, I and M). In addition, lineages B and C were rearranged to create new lineages C,
D, E and F, and the former lineage D was rearranged to form lineages L and N. In this new
phylogenetic tree, viruses isolated in Zimbabwe were found in lineages A, C, E, G, J, K and
L and South African strains were found in lineages C, F, G, H, I, K, L and M. As discussed
below, the authors suggested that the increased genetic variability of strains from these two
countries could be attributed to use of the live Smithburn vaccine (Grobbelaar et al., 2011).

4.2. Evidence of reassortment

Evidence of genome segment reassortment among RVF viruses was first detected by Sall et
al., who found that a virus isolated in 1987 in Mauritania derived its S segment from cluster
la and its M and L segments from a virus in cluster Ib (Sall et al., 1999). Similarly, a 1984
Senegal strain had an S segment from cluster 1l and M and L segments from cluster Ib,
while a virus isolated in Guinea in 1984 had an S segment from cluster Ib and M and L
segments from cluster la. Such combinations of genome segments from viruses with
different geographic origins clearly indicate the occurrence of reassortment during co-
infection of a single host by two virus strains.

In their examination of 33 different RVFV isolates, Bird et al. found no evidence of genetic
reassortment (Bird et al., 2007c). On the other hand, a subsequent analysis by the same
authors of an outbreak in Kenya in 2006-2007 identified a reassortment event (Bird et al.,
2008). The 31 viruses recovered during the epidemic were divided into three discrete
lineages (Kenya-1, Kenya-1a and Kenya-2) with up to 1.6% nucleotide divergence. One of
them had S and L segments of lineage Kenya-1a, but an M segment from Kenya-2 (Fig. 7).
Evidence detected by Grobbelaar et al. of reassortment between the Smithburn vaccine and a
wild virus in lineage H, which resulted from the accidental co-infection of a human with
both viruses, is discussed below.

4.3. Genetic analysis of viruses recovered during RVF outbreaks

Analysis of viruses isolated during epizootics and epidemics has revealed two patterns of
RVFV diversity. Outbreaks occurring in the “ancestral homeland” of the virus in east Africa
have been caused by viruses from a number of different lineages, indicating that those
lineages are maintained continuously in the region through enzootic circulation among
mammalian reservoirs by local mosquito species. In contrast, when epizootics/epidemics
have taken place in areas such as Egypt, Madagascar and Mauritania, where RVF had not
previously been observed, the recovered viruses have been closely related to a central
African strain, and have shown very limited genetic diversity. This close similarity indicates
that the novel outbreaks resulted from the introduction of a single virus strain from central
Africa, followed by mosquitoborne spread among susceptible animals and humans.

4.3.1. South Africa, 1951—After the first reported RVFV outbreak in 1930 in Kenya, the
next large epizootic/epidemic to occur was in South Africa in 1951. Because the disease had
not been recognized previously in that country, it appeared that the virus had been
introduced from other African countries such as East Africa (Daubney and Hudson, 1931) or
central Africa (Gear et al., 1951). However, recent phylogenetic analysis shows that the
South African SA51 strain, the only strain in lineage O, is quite distinct from other African
strains, in particular the earliest isolate from Entebbe, Uganda, which is in lineage K (Fig. 6)
(Grobbelaar et al., 2011). It is therefore possible that the SA51 virus is the only isolate to
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date of an indigenous RVFV strain that circulates at low level in South Africa, or that it
represents an as-yet unrecognized strain from within the east African enzootic area.

4.3.2. Zimbabwe, 1970s—Outbreaks of RVF were first reported in cattle and humans in
the area around Harare in Zimbabwe (the former Rhodesia) in 1957 (Shone, 1958), and
again from 1969 to 1970 (Christie, 1969). The persistence of enzootic activity during 1971-
1977 was confirmed by virus isolation and antigen detection (Swanepoel et al., 1979).
Another large epidemic occurred in the Harare area in 1978-1979, linked to heavy rainfall.
According to recent retrospective analyses, the Zimbabwean isolates belong to several
lineages, suggesting the cocirculation of multiple strains in the area around Harare (Bird et
al., 2007c; Grobbelaar et al., 2011). Viruses isolated in 1969 and 1970 clustered in lineage
L, and were also close to the Smithburn-related 95EG Cow-2509 strain. Among those
isolated in 1974, two were in lineage A, near to viruses recovered in Egypt in 1977-1979,
while another was close to the Smithburn vaccine strain in lineage K. Strain VRL2140A/75,
isolated from a cow in 1975, was in lineage E, related to viruses isolated in CAR and
Zambia, while strain VRL2051/76, recovered from a human case in 1976, is in lineage C,
close to a virus subsequently isolated in Kenya in 1983 (Grobbelaar et al., 2011). These
results show that multiple strains in lineages A, C, J, K and L were already circulating in the
Harare area at the time of the large 1978-1979 epidemic. As discussed below, some of these
lineages might be the source of outbreaks in Egypt, Madagascar and West Africa.

4.3.3. Egypt, 1977-1978—In July, 1977, an outbreak of RVF began in the Aswan
Governorate of southern Egypt, then spread up the Nile Valley, ultimately resulting in more
than 200,000 human infections and 600 deaths (Meegan, 1979). It is thought that the virus
was introduced into Egypt from Sudan, either by sheep imported to Aswan (Gad et al.,
1986) or by wind-borne mosquitoes (Sellers et al., 1982). In 1977, the prototype ZH548
virus was isolated from a 52-year-old man, and strain ZH501 was recovered from a 12-year-
old girl who died of a hemorrhagic fever-like illness in Shargiya (Meegan, 1979). Other
Egyptian viruses were isolated from a patient in Gharbiya in 1978, a cow in Asyut in 1978, a
sheep in Gharbiya in 1979, and from a mosquito in Shargiya in 1978 (Anderson and Peters,
1988; Atwa et al., 2011). The study by Bird et al. showed that the maximum pairwise
difference among these isolates was 0.33% at the nucleotide level, indicating that the
epidemic in Egypt resulted from a single point-source introduction (Bird et al., 2007c).

4.3.4. Egypt, 1993—-2003—Since the massive epizootic of 1977-1979, Egypt has made
use of livestock vaccination to prevent further outbreaks. Two types of vaccine have been
employed: an inactivated preparation of a virus (ZH501) isolated in 1977, and locally
produced versions of the live, attenuated Smithburn vaccine from South Africa. Despite
these efforts, outbreaks occurred in 1993, 1994, 1997, and 2003, but on a much smaller scale
than in 1977 (Arthur et al., 1993; Hanafi et al., 2011). Interestingly, no epizootic preceded
the occurrence of human cases in 2003, suggesting that livestock vaccination efforts were
effective in limiting the extent of disease.

Sequence analysis has shown that viruses recovered in Egypt in 1977-1979, 1993 and 1994
are all in clade A, and are very closely related. They differ significantly from the Smithburn
and Onderstepoort vaccines in clade K, indicating that those live vaccines could not have
been the source of the outbreaks (Botros et al., 2006; Grobbelaar et al., 2011). The
sequences of viruses isolated during the 2003 outbreak have apparently not been reported.
The recurrence of epidemics caused by viruses similar to the causative agent of the massive
1977 outbreak suggests that RVFV has become enzootic among local mammals and
mosquitoes in Egypt, from which it can re-emerge under appropriate conditions of rainfall
and the availability of susceptible hosts, with the size of such outbreaks being limited
through livestock vaccination and vector control. Alternatively, it has been proposed that the
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reappearance in of viruses closely related to the 1977 epidemic strain might be the result of
the repeated importation of infected animals from the same source outside of Egypt, or
might reflect the occasional failure of inactivation of the locally produced vaccine, which
employs a 1977 virus as the master seed (Ahmed Kamal, 2011; Atwa et al., 2011; Botros et
al., 2006). Continued careful surveillance of animals and humans, with sequence analysis of
additional isolates, will be required to obtain a better picture of the current epidemiology of
RVF in Egypt.

4.3.5. Madagascar, 1979-2009—RVFV was first isolated from mosquitoes and from an
accidentally infected laboratory worker in Madagascar in 1979, but no disease in animals or
other infections of humans were detected at that time (Swanepoel and Coetzer, 2004). The
viruses were closely related to strains isolated during the 1977-1978 Egyptian epidemic
(Carroll et al., 2011; Grobbelaar et al., 2011). The first recognized RVF outbreak in humans
and livestock occurred in 1991 (Morvan et al., 1991a,b), and epidemics took place again in
2008-2009, during two successive rainy seasons (Andriamandimby et al., 2010). Strains
isolated from 1979 to 2008 were closely related to viruses isolated in Zimbabwe in the
1970s (Fig. 8) (Carroll et al., 2011). Phylogenetic analysis of partial S-segment sequences of
viruses recovered in Madagascar in 2008 found a maximum nucleotide divergence of 0.96.
The 12 sequences all lie within the same clade as viruses isolated in Kenya in 2007,
belonging to the Kenya-1 and Kenya-1a lineages (Andriamandimby et al., 2010; Bird et al.,
2008). Based on these close similarities, Carroll et al. concluded that all outbreaks in
Madagascar have resulted from repeated importations from mainland Africa, rather than
from low-level enzootic maintenance (Carroll et al., 2011).

4.3.6. Saudi Arabia and Yemen, 2000—-2001—The RVF outbreak in Saudi Arabia and
Yemen in 2000-2001 was the first appearance of the disease outside of Africa. Its route of
introduction is not known, but it is thought that infected mosquitoes or livestock were
transported to the Arabian Peninsula from East Africa (Miller et al., 2002). There is no
evidence of viral persistence among mosquito populations in the area. Analysis of the S, M
and L segments of viruses recovered from patients and from a pool of mosquitoes showed
them to be almost identical to viruses in cluster la (East/Central Africa), especially those
isolated in Madagascar in 1991 and in Kenya in 1997 (Miller et al., 2002; Shoemaker et al.,
2002).

4.3.7. Chad, 2001—1In the summer of 2001, an outbreak of febrile illness occurred among
French soldiers based in Chad. Genetic analysis of virus recovered from blood samples
showed that the troops were infected with a strain of RVFV closely related to cluster la from
East/Central Africa, which also contains viruses isolated in Kenya, Madagascar and Saudi
Arabia (Durand et al., 2003). The authors suggested that the virus was not indigenous to
Chad, but had been introduced from outside the country, probably from Kenya.

4.3.8. Mauritania, 2003—The construction of a dam on the Senegal River in Mauritania
the late 1980s was soon followed by an outbreak of RVF, and another epidemic occurred in
2003. Analysis of partial S, M and L segments of viruses isolated in 1989 showed that they
formed a discrete West African lineage, while strains recovered in 2003 fall within the East/
Central African lineage (Faye et al., 2007). In the more recent study by Grobbelaar et al., the
2003 Mauritanian viruses were clustered into lineage C, together with strains isolated in
Kenya in 2007, South Africa in 2008 and 2009 and Madagascar in 2008 (Grobbelaar et al.,
2011). Lineage C also includes strains isolated in Zimbabwe in 1976-1979 and 1998,
suggesting that viruses originating in Zimbabwe might be responsible for outbreaks in
Mauritania, Kenya, South Africa and Madagascar (Bird et al., 2007c; Carroll et al., 2011).
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4.3.9. Kenya, 2006—2007—Several large epizootics and epidemics of RVF have been
reported in Kenya since the first outbreak was recognized in 1930. The virus is maintained
through vertical transmission in local Aedes mosquitoes (Linthicum et al., 1985). According
to the most recent analysis, Kenyan viruses fall within lineages B, C, K and L, with the
majority in lineage C, indicating that multiple lineages circulate in parallel among local
reservoir species (Grobbelaar et al., 2011). Little sequence divergence is observed over time:
viruses isolated from a cow in 1977 and from Aedes mcintoshiin 1983 are closely related to
the strains that were responsible for outbreaks in 1997-1998 and 2006-2007 (Bird et al.,
2008; Grobbelaar et al., 2011).

In addition to the indigenous RVFV strains, several viruses isolated in Kenya have clustered
within lineage K, suggesting that they originated from the live, mouse-passaged Smithburn
vaccine strain (Grobbelaar et al., 2011). These include the Rintoul virus, isolated from a
sheep in 1951, and strains B314 and B674, recovered from cattle in 1962 and 1963. In
contrast, viruses Ken56/B2653/1B8 and Kitale 1840, isolated from cattle in 1963 and 1964,
are in lineage L, close to the Egyptian isolate 95EG Cow-2509. Considering that the
Smithburn vaccine was introduced into Kenya in 1951, it seems likely that naturally
occurring viruses in lineages K and L are descended from the vaccine (see below)
(Grobbelaar et al., 2011).

5. Consequences of the use of live and inactivated livestock vaccines

The widespread use of livestock vaccines derived from wild-type RVFV may add additional
diversity to the pool of circulating viruses. When a live, attenuated vaccine is used in the
setting of an outbreak, there is the possibility that a viremic animal will be inoculated,
providing opportunities for reassortment between wild and vaccine viruses. As noted above,
the occurrence of such an event was identified by Grobbelaar et al. in a reassortant virus
(SA184/10) recovered from a person who suffered a needle injury while vaccinating sheep
with Smithburn vaccine (Grobbelaar et al., 2011). The M segment of the virus localized to
lineage K, close to the vaccine sequence, but its S and L segments were clustered with
SA54/10 in lineage H, indicating that the individual was infected with the wild-type virus at
the time he was accidentally inoculated with the vaccine.

An additional factor complicating the situation is that the multiply mouse-brain-passaged
Smithburn vaccine virus retains a certain degree of virulence, and can cause abortions in
pregnant females and illness in young calves and lambs. This was demonstrated in an
experiment in Egypt in 1995, when European cattle and native buffalo were vaccinated with
a locally produced Smithburn vaccine (Botros et al., 2006). Within 72 days post-vaccination,
28 cattle aborted, but no abortion occurred among native buffalo. Interestingly, virus 95EG
Cow-2509, isolated from an aborted fetus, had S and L segments corresponding to the
Smithburn vaccine sequence in lineage K, but its M segment sequence was closer to viruses
in lineage L (Grobbelaar et al., 2011). Because the genetic population of the vaccine has not
been characterized, it remains unclear whether the variant occurred through selection of a
pre-existing subpopulation or as the result of acquired mutations. This problem could be
minimized by employing live, attenuated vaccines that do not produce viremia.

The use of inactivated vaccines also has the potential to increase the diversity of circulating
RVFV, if failure to completely inactivate some vaccine batches leads to the re-introduction
of live virus to livestock. This possibility is discussed by Ahmed Kamal in a recent review
of RVF in Egypt (Ahmed Kamal, 2011). Therefore, it will be important to evaluate the
virulence of candidate vaccines and the potential reassortant strains made between the
vaccine strain and wt RVFV strain(s).
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6. Emergence and evolution of RVFV

Bayesian analyses have indicated that all currently circulating RVFV strains are descended
from viruses that emerged in the late 19th century, when European breeds of sheep and
cattle were introduced into the Rift VValley region of East Africa on a large scale. The study
by Bird et al. indicated that the most recent ancestor of the 33 RVFV strains analyzed
existed sometime in the 1880s (Bird et al., 2007c), while the more recent study of partial M-
segments of 203 strains dated a most recent common ancestor to 1892 (Grobbelaar et al.,
2011). On the other hand, recent study suggests that codon-based substitution model
estimates the most common recent ancestor older than that calculated by nucleotide-based
substitution model (Wertheim and Kosakovsky Pond, 2011). Therefore, it might also be
possible that the most common ancestor could be present earlier than 19th century. Based on
the Bayesian analysis by Bird et al., the mean molecular evolutionary rates of the S-, M- and
L-segments of RVFV were estimated to be 2.35 x 1074, 2.42 x 1074, and 2.78 x 1074
nucleotide substitution per site per year, respectively, similar to rates that have been
calculated for other negative-stranded RNA viruses (Bird et al., 2007c). However, it seems
clear that the rate of RVFV evolution may be accelerated when the virus spreads from an
area of low-level enzootic maintenance to produce epizootics and epidemics in new
geographic regions, vastly increasing the number of mammalian hosts and the turnover of
virus. Diversity may also be increased through reassortment among circulating viruses and
between wild viruses and live vaccine strains.

7. Quasispecies

No information is currently available on the presence of quasispecies in animals or humans
naturally infected with RVFV. However, the isolation of Smithburn strain from vaccinated
cattle suggests the presence of viral subpopulations affecting the outcome of disease (Botros
et al., 2006). Another study suggested the presence of quasispecies in strains used for
laboratory experiments. Thus, when the M segment of ZH501 strain was first sequenced, the
nucleotide at position 847 was G (Collett et al., 1985), but it was later identified as A
(Battles and Dalrymple, 1988). Morrill et al. demonstrated that strain ZH501 contains two
major populations, with either A or G at nt 847 (Morrill et al., 2010). The G-containing
recombinant virus is moderately attenuated, causing delayed death in mice, rather than
acute, lethal hepatitis (Morrill et al., 2010). It is unknown whether this population was
present in the original viral population sampled from a fatal human case, or emerged during
repeated passages in suckling mouse brain, fetal rhesus lung and Vero E6 cells (Bird et al.,
2007¢). A minor variant present in a natural RVFV isolate could have become the major
population during replication in the laboratory.

It is now feasible to characterize the entire genetic population of a circulating RVFV strain
by performing deep sequencing of individual PCR amplicons. Such information will help to
identify genetic markers in specific lineages, so as to understand viral adaptation to specific
hosts. In addition, it might be possible to use deep sequencing to identify differences in the
genetic signatures of laboratory-derived and wild strains, helping to establish the origin of
naturally occurring or deliberately-induced outbreaks.

8. Variation in virulence

Several studies in the 1980s identified major differences in the virulence of RVFV isolates
for laboratory rodents. Battles et al. studied 22 different viruses and found that their LDsgq
values for outbred mice ranged from 2 to more than 10% PFU, and the range was even
greater for C57BL6 mice (Battles and Dalrymple, 1988). Anderson and Peters evaluated the
virulence of various RVFV isolates, and found that viruses from Egypt were more virulent
for WF rats than sub-Saharan viruses, and were less susceptible /n vitro to treatment with rat
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interferon (Anderson and Peters, 1988). More recent analysis of the same data showed that
viruses virulent for WF rats are in lineage A, while the less virulent strains belong to
lineages C, D and E (Fig. 5) (Bird et al., 2007c). The authors identify a number of amino
acid differences in the Gn and Gc proteins that might be responsible for those differences in
virulence.

9. Sequence-based detection of RVFV

Detection of RVFV RNA is important for early diagnosis, when infected humans or animals
are viremic. Quantitative, sensitive and specific detection of viral genomic RNA is also ideal
for testing the effects of antiviral compounds or vaccines. The following sections discuss the
advantages and disadvantages of current technologies for sequence-based diagnostics.

9.1. Reverse transcriptase-polymerase chain reaction (RT-PCR)

In the first published study of the use of RT-PCR to detect RVFV, Ibrahim et al. used a Gn-
specific primer set to detect RNA in Egyptian Cx. pipiens mosquitoes experimentally
infected with strain ZH501 (Ibrahim et al., 1997). The first RT-PCR could detect 50 pfu of
virus, while nested RT-PCR could detect 0.5 pfu. The assay could detect RVFV RNA from
a single infected mosquito. Jupp et al. also selected the Gn region to amplify RVFV
sequences from Ae. aegyptiand Eretmapodites quinquevittatus mosquitoes infected with the
845/78 Zimbabwe strain (Jupp et al., 2000). The assay’s sensitivity was superior to infection
of Vero cells, but similar to suckling mouse brain inoculation.

RT-PCR was further established as a diagnostic tool to detect NSs sequence in human and
animal sera (Sall et al., 2001). The assay was specific and did not amplify other phlebovirus
RNAs; its detection limit in human sera was 50 pfu by single and 0.5 pfu by nested RT-
PCR. Single RT-PCR was sufficient to detect viremia in infected sheep, while nested RT-
PCR was needed to detect viremia in experimentally infected mice. Single RT-PCR also
successfully also detected RVFV RNA in samples from patients in Mauritania; a subsequent
study showed that the sensitivity was 70.6% and the specificity 97.1%, compared to virus
isolation (Sall et al., 2002). The findings suggested that RT-PCR worked better for samples
collected early in infection, before IgM was present (Sall et al., 2002).

A generic RT-nested-PCR, designed to detect any phlebovirus, was able to detect RVF,
Toscana, sandfly fever, Aguacate, and Punta Toro viruses (Sanchez-Seco et al., 2003).

More recently, a multiplex RT-PCR was developed to detect RVFV, bluetongue virus,
rinderpest virus and Peste des petits ruminants virus (Yeh et al., 2011). The assay employs
dual-priming oligonucleotides (DPO), which contain two separate priming regions joined by
a polydeoxyinosine linker. The assay was highly specific and sensitive, and could detect as
little as 1011 TCID5o/ml of RVFV in a blood sample. The primers used for the RT-PCR are
shown in Table 1.

9.2. Real-time RT-PCR

A number of real-time RT-PCR assays have been developed since 2001 for the detection
and quantitation of RVFV. The first employed primers and probe specific to the NSs gene,
and was able to amplify RVFV strains from all regions of Africa (Garcia et al., 2001). It
could detect less than TCIDgg/ml of MP-12 virus in the supernatant of infected Vero E6
cells. The authors employed the system to demonstrate a reduction in RVFV copy number in
cells treated with several antiviral compounds. Another assay, reported by Drosten et al.,
employed multiple probes to diagnose 8 different types of viral hemorrhagic fever (Drosten
et al., 2002). For RVFV, the detection limit was 2.8 x 102 genome equivalents per ml of
plasma (8.6-16 RNA copies per reaction).
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More recently, a highly sensitive and broadly reactive real-time RT-PCR assay for RVFV
has been developed, targeting the L segment (Bird et al., 2007b). To address potential
mismatches of previously published primers and probes to different RVFV strains, the
authors designed primers and probes specific to highly conserved regions among 40
different RVFV strains. The assay successfully detected viral RNA from 21 distinct strains
representing all lineage; its limit of detection was 5 RNA copies per reaction (0.1 pfu of
virus ZH501) (Bird et al., 2007b). The assay could detect viral RNA in serum samples at an
early stage of infection (days 1-4). The authors found that viral RNA decreased as IgM
appeared in serum, and that fatal cases have persistently high levels of circulating RNA.

Another broadly reactive real-time RT-PCR, based on the S segment, with a reported
detection limit of 102 RNA copies per reaction, has also been described (Weidmann et al.,
2008). The assay can detect 37 different RVFV strains. An inexpensive SYBR Green real-
time RT-PCR assay for RVFV has also been developed, with a detection limit of
approximately 300 RNA copies (Naslund et al., 2008). A large multiplex PCR assay (“Bio
T” RNA assay) has been developed for detecting RVFV and other emerging RNA viruses
(He et al., 2009). Its limit of detection is 1.5 x 103 RNA copies per reaction for RVFV. The
primers and probes used for the real-time PCR are shown in Table 1.

9.3. Loop-Mediated Isothermal Amplification (LAMP)

Reverse-transcription Loop-Mediated Isothermal Amplification (LAMP) has also been used
to detect RVFV (Table 2) (Le Roux et al., 2009; Peyrefitte et al., 2008). The assay uses a set
of 6 primers, and is performed at a constant temperature of 60-65 °C without cyclic
denaturation of template DNA. Primers bind to the single stranded loop, formed by the
unique primer design, which is complementary to the downstream sequence of the primer
(Notomi et al., 2000). The reaction is sensitive, specific, and does not require a thermal
cycler, which is useful for field diagnostics of pathogens.

Two different LAMP assays targeting the L segment have been developed (Le Roux et al.,
2009; Peyrefitte et al., 2008). Both can detect low copy numbers of RVFV within 30 min,
much faster than real-time RT-PCR. The detection limit is approximately 10 RNA copies
per assay. LAMP assays were successful for a wide range of RVFV strains, but were
negative for other phleboviruses. In a test of 32 human sera that were positive by virus
isolation, all but one were positive by RT-LAMP and TagMan RT-PCR (Drosten et al.,
2002) (Le Roux et al., 2009). Monitoring the accumulation of magnesium pyrophosphate by
spectrophotometry allowed quantitative comparison among samples.

10. Conclusion

The strains of RVFV that have caused epizootics and epidemics since the early 20th century
appear to be derived from viruses that emerged from a local reservoir when large-scale
sheep and cattle farming were introduced into Africa. The comparatively short history of
dispersion, combined with the restriction of variation imposed on this arbovirus by its need
to replicate both in mammals and mosquitoes, has resulted in comparatively little sequence
variation among identified RVFV strains. As a consequence of the high degree of sequence
conservation of the M segment genes encoding the virion surface glycoproteins, a single
vaccine should be able to elicit protective immunity against all currently circulating viruses.
Similarly, the high degree of conservation of the L segment, including segments that encode
the functional motifs of the RNA-dependent RNA polymerase, suggests that an antiviral
drug targeting the enzyme will be equally effective against all viral strains. The presence of
highly conserved regions of the viral genome should also make it possible to develop
diagnostic probes that can detect all RVFV strains. At the same time, the existence of a large
sequence database will aid efforts to determine the geographic source of the virus in the

Antiviral Res. Author manuscript; available in PMC 2013 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ikegami

Page 17

event of new outbreaks. Continued collection and whole-genome analysis of viral isolates
should be actively encouraged, to enhance our understanding of how RVFV circulates
within its “ancestral homeland”, how it spreads outside that originally circulating region,
and how it is able to establish an enzootic presence in new areas.
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Fig. 1.

The spread of RVFV outside of sub-Saharan East Africa. Cases were recognized in South
Africa in the 1950s, and larger epizootics/epidemics occurred in Egypt in 1978-1979, in
Mauritania in the late 1980s, in Madagascar in the 1990s and in Yemen and Saudi Arabia in
2000-2001. Courtesy of Scott Weaver (Weaver and Reisen, 2010).
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Fig. 2.

Distribution of RVF as of 2011. Countries that have experienced substantial epizootics and
epidemics are shown in dark blue, while those with serologic evidence or virus isolation are
marked with light blue. Years of major outbreaks are shown. Based on (Bird et al., 2009;
Swanepoel and Coetzer, 2004).
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Fig. 3.

Morphology of RVFV particles. (A) Negative-stain transmission electron micrograph
(TEM) showing pleomorphic RVFV MP-12 particles. (B) Negative-stain TEM micrograph
showing spherical RVFV MP-12 particles with a distinct surface structure composed of
morphological units with a central cavity. Scale bar: 100 nm. (C) Histogram representing the
size distribution of negatively stained RVFV MP-12 particles, with an average diameter of
95 + 9 nm (n=84). (D) Surface-shaded representation of RVFV MP-12. Capsomers formed
by the surface glycoproteins, Gn and Gc, are indicated in dark brown, and ridges connecting
neighboring capsomers are shown in light brown. Figures A-C were adopted and modified
with permission from (Freiberg et al., 2008). Figure D was kindly provided by Alex Freiberg
(Sherman et al., 2009).
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Fig. 4.

The viral-sense (negative-sense) RNA genome of the prototype ZH501 strain of RVFV. The
S segment encodes the N and NSs proteins in an ambi-sense manner. The M segment
encodes the NSm, the 78-kDa protein and Gn and Gc, while the L segment encodes the L
protein. The 78-kDa and the NSm proteins are synthesized beginning from the first and
second AUG of the M mRNA in the preglycoprotein (pre-G) region, which contains five in-
frame AUGs.
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Genetic lineages of 33 RVFV isolates, based on complete sequences of the S segment (A),
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the M segment (B) and L segment (C) (Bird et al., 2007¢). Each taxon name indicates the

strain, country of origin, and date of isolation. Virulence in WF rats is indicated by + (an

L Dsq of approximately 1 PFU), + (LDsg approximately 2 x 103 PFU), or — (nonlethal).
Adopted and modified with permission (Bird et al., 2007c).
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Fig. 6.

Genetic lineages of 111 RVFV isolates, based on a 490-nt section of the Gn gene. The
names, countries of origin and date of isolation are indicated. CAR, Central African
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Evidence of RVFV reassortment in nature. The RVF virus S segment lineages Kenya |

(orange), Kenya-1a (blue), and Kenya-2 are extracted from the original figure (Bird et al.,
2008). A natural reassortant virus isolated in Kenya in 2007 is shown by arrows. Adopted
and modified with permission (Bird et al., 2008).
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isolates (D). Bayesian coalescent analyses of the S, M and L segments are shown. The
maximum clade credibility tree is shown with the year of the most recent common ancestor
(MRCA) in boldface at each node. Viruses from Madagascar and nodes containing
associated MRCA estimates are shown in red. Lineages from the 20062007 East African
outbreaks are designated Kenya | (KI) and Kenya Il (KII). Adopted and modified with

permission (Carroll et al., 2011).
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Table 2

The primers for Loop-Mediated Isothermal Amplification for RVFV.
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Primersfor LAMP (5" to 3")

L gene nucleotides”

References

F3-RVF (Fwd outer)
B3-RVF (Rev outer)

FIP-RVF (Fwd inner: Flc-
TTTT-F2)

BIP-RVF (Rev inner: Blc-
TTTT-B2)

LFP-RVF (Fwd loop)
BLP-RVF (Back loop)

F3 (Fwd outer)

B3 (Rev outer)
F1c-TTTT-F2 (Fwd inner)

B1c-TTTT-B2 (Rev inner)

LF (Fwd loop)
LB (Back loop)

TTT CTAAGA TGG GGAGAGC
AAA TCT AAG CCTGACTTT GC

TGT AGAGTT CTG AAG AGAACCTTT G
TTTT TAG GAA AGT TCT AGA GAC AGG

GAG ACC AGA AGA GAG CAT TAG GAT
TTTT TGG TCT TAGCCT AGCATG T

TCT TTG CTG GAG CAC CGA

ATC TGG AGT TAT ATG AGG AGACAG A
TGG GGA TCT AGG AAG AAGTT

GAG GCC ATG ACT TTACAAACT

AGC ACCTCTGGATTCTCATTT ATT
TTTT CAG AAATTG AGAGACCGTTT

AGA ACA GGC CCAGAAATATIGT
TTTT GAC AAT GAT GACACAACAC

GTTCAATCCAGT TCTCTGGTATGT T
CAT TGC AGA GAA AGT CCATAG CC

6119-6137
6307-6326

Flc: 6194-6218, F2: 6144—
6164

Blc: 6219-6242, B2: 6284—
6302

6165-6182
6248-6272
4081-4100
4269-4289

Flc: 4149-4172, F2: 4102—
4121

Blc: 4186-4207, B2: 4238-
4256

4123-4147
4212-4234

Peyrefitte et al. (2008)

Le Roux et al. (2009)

Bold TTTT represents the linker between oligoes of F1c and F2, or those of B1c and B2.

*
represents nucleotide positions at anti-viral-sense.

Antiviral Res. Author manuscript; available in PMC 2013 September 01.



