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Rift Valley fever (RVF) virus is a mosquito-borne virus associated with large-scale epizootics/epidemics
throughout Africa and the Arabian peninsula. Virus infection can result in economically disastrous “abortion
storms” and high newborn mortality in livestock. Human infections result in a flu-like illness, with 1 to 2% of
patients developing severe complications, including encephalitis or hemorrhagic fever with high fatality rates.
There is a critical need for a highly sensitive and specific molecular diagnostic assay capable of detecting the
natural genetic spectrum of RVF viruses. We report here the establishment of a pan-RVF virus quantitative
real-time reverse transcription-PCR assay with high analytical sensitivity (~5 RNA copies of in vitro-tran-
scribed RNA/reaction or ~0.1 PFU of infectious virus/reaction) and efficiency (standard curve slope = —3.66).
Based on the alignments of the complete genome sequences of 40 ecologically and biologically diverse virus
isolates collected over 56 years (1944 to 2000), the primer and probe annealing sites targeted in this assay are
known to be located in highly conserved genomic regions. The performance of this assay relative to serologic
assays is illustrated by testing of known RVF case materials obtained during the Saudi Arabia outbreak in
2000. Furthermore, analysis of acute-phase blood samples collected from human patients (25 nonfatal, 8 fatal)
during that outbreak revealed that patient viremia at time of presentation at hospital may be a useful
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prognostic tool in determining patient outcome.

Rift Valley fever (RVF) virus, family Bunyaviridae, genus Phlebo-
virus, is a mosquito-borne pathogen capable of causing explo-
sive outbreaks of severe human and livestock disease through-
out Africa and more recently in 2000 on the Arabian peninsula.
RVF virus infections in humans are characterized by a mild
self-limiting febrile illness that can in a small percentage (ca. 1
to 2%) of patients progress to more severe complications in-
cluding hepatitis, delayed onset neurologic disease, retinitis, or
a hemorrhagic syndrome with high mortality (10, 11). Econom-
ically disastrous livestock epizootics often precede the detec-
tion of human illness and have been recorded since the early
1900s (6, 8). Livestock epizootics usually manifest as sweeping
“abortion storms” and high newborn mortality approaching
100% among sheep, goats, and cattle (3, 5).

Although low-level RVF activity most likely occurs throughout
enzootic regions each year, the emergence of RVF virus in large
epidemic and/or epizootic cycles is typically associated with un-
usually heavy rainfall and the emergence of the natural reservoir
host, which is thought to be primarily transovarially infected
Aedes spp., floodwater mosquitoes (9). During large epidemics
and epizootics the high numbers of infected individuals can
greatly strain the capacity of the public health and veterinary
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infrastructure to provide rapid real-time diagnostic testing and
basic medical care for infected individuals or animals.

The ability of RVF virus to cross international and natural
boundaries is well documented. In 1979 RVF virus was iden-
tified for the first time outside of continental Africa on the
island of Madagascar (13). In addition, on at least two separate
occasions the virus has caused “virgin soil” outbreaks in pre-
viously unaffected countries. In 1977 RVF virus was recorded
for the first time north of the Sahara desert in Egypt and
resulted in a massive epizootic/epidemic during which greater
than 200,000 people were estimated to have been infected (12).
Later in 2000, the virus was isolated for the first time outside of
Africa across the Red Sea in Saudi Arabia and Yemen (1). The
potential of further introductions of RVF virus into previously
unaffected countries via infected livestock importation, mos-
quito translocation, or human travel or through intentional
release illustrate the need for safe and effective veterinary and
human vaccines and broadly based pan-RVF virus real-time
molecular diagnostic assays.

The tripartite negative-sense single-stranded RNA genome
of RVF virus contains the small ambisense segment (S seg-
ment) encoding the nucleoprotein and the nonstructural pro-
teins, the medium segment (M segment) encoding the poly-
glycoprotein precursors, and the large segment (L segment)
containing the virus RNA-dependent RNA polymerase (14).
Recent complete genome sequencing of multiple isolates of RVF
virus revealed that the overall virus genomic diversity is low
(~5%) at the nucleotide level (2). This previous work involved
the complete genomic characterization of the S, M, and L seg-
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ments of 33 wild-type virus isolates collected from throughout
Africa and Saudi Arabia spanning 56 years (1944 to 2000).

Although prior examples of real-time reverse transcription-
PCR (RT-PCR) assays for RVF virus exist (4, 7), these have
potentially problematic nucleotide mismatches in the anneal-
ing sites of their respective primer and probe regions. Nucle-
otide alignments of the primer and probe regions of these two
assays revealed mismatches with 14 (4) or 27 (7) of the recently
completed RVF virus genomes, respectively. In addition, a
critical mismatch at the exact 3’ terminus of the reverse primer
utilized in reference 7 was identified with two separate RVF
virus lineages. Taken together, these nucleotide differences
may interfere with the overall efficiency of virus detection. In
an effort to improve upon existing assays and exploit the recent
large increase in genomic data available for RVF virus strains,
we began work on developing broadly based real-time RT-
PCR molecular diagnostic assays capable of detecting the en-
tire known genomic spectrum of RVF virus with a minimal
number of nucleotide mismatches in either the primer or
probe regions.

We report here the development of a real-time quantitative
RT-PCR (Q-RT-PCR) assay with high nucleotide conserva-
tion of both primer and probe regions among the 33 virus
strains included in our previous work and 7 additional strains
completed since the time of that publication for a total of 40
strains that, when coupled with high-throughput 96-well RNA
extraction methods, allows for the rapid identification of in-
fected patients and animals. This assay has demonstrated its
capability for the highly sensitive and efficient detection of
RVF virus from human clinical materials utilizing archived
patient samples collected in Saudi Arabia during an outbreak
of RVF during the year 2000. The rapid and high-throughput
detection of human or livestock infection with RVF virus is a
critical first step in the identification and eventual control of
this significant pathogen during outbreak situations.

MATERIALS AND METHODS

RVF virus biosafety and high-throughput RNA extraction. All manipulations
that involved live RVF virus were performed within a biosafety level 4 contain-
ment laboratory. Virus RNA was extracted from RVF virus-infected Vero E6
cell supernatant utilizing either Tripure reagent (Roche) added at a ratio of 6:1
and extracted according to the manufacturer’s recommended protocols or using
a high-throughput 96-well format ABI 6100 nucleic acid workstation (Applied Bio-
systems) according to an optimized virucidal RNA extraction protocol (16). After
transfer into chaotropic virucidal lysis buffer, tubes or plates containing RVF virus
supernatants were surface decontaminated and transferred into a biosafety level 2
laboratory for RNA extraction. Utilization of this high-throughput extraction pro-
tocol allows for the completion of a Q-RT-PCR run of 96 samples of clinical material
in approximately 4.5 to 5 h under field working conditions.

Primer and probe design and standard curve optimization. Full-length com-
plete genome sequence alignments of the S, M, and L RNA segments of 33
biologically and phylogenetically diverse RVF virus isolates identified previously
(2), plus 7 additional RVF virus strains, were analyzed. A highly conserved
genomic domain within the L segment spanning nucleotides 2800 to 3200 was
identified (all numbering is relative to the GenBank entry, i.e., the antigenomic
sense). Located within this region were several potential forward and reverse
primer and probe annealing sites that obeyed basic real-time RT-PCR optimi-
zation guidelines with a minimum of nucleotide mismatches. To determine which
of these potential primer-probe combinations were optimal for RVF virus ge-
nome detection, in vitro RNA transcripts of the L gene segment encompassing
the annealing sites of these primers and probes were amplified from a cDNA
plasmid containing the entire L segment of RVF virus strain ZH-501 described
previously (2) according to the manufacturer’s recommended protocols (T7
Riboprobe MAX kit; Promega). After in vitro transcription the cDNA plasmid
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template was digested twice with DNase I (RNase-free; New England Biolabs).
After digestion, the transcribed RNA was extracted by using an RNaid purifi-
cation kit (Qbiogene) twice, followed by RNA purification on RNeasy columns
(QIAGEN) according to the manufacturer’s recommended protocols to remove
any unincorporated nucleotides or small digested DNA fragments. After purifi-
cation, the RNA was quantitated by using an experimentally determined optical
density at 230 nm. The molar extinction coefficient based upon the exact nucle-
otide sequence of the L segment fragment in vitro transcript was calculated by
using an online tool (www.basic.northwestern.edu/biotools/oligocalc.html) to de-
termine the exact copy number of transcript molecules per microliter. This in
vitro-transcribed and purified RNA was then serially diluted 10-fold (107" to
1071°) in nuclease-free H,O to generate a standard curve for the relative com-
parisons of the sensitivities of various potential primer-probe combinations and
reaction conditions. Each serial dilution was run in replicates of eight for Q-RT-
PCR amplification according to the optimized protocol described below. The
following primer and probe set was determined to be optimal: RVFL-2912fwdGG
(5'-TGAAAATTCCTGAGACACATGG-3"), RVFL-2981revAC (5'-ACTTCCTT
GCATCATCTGATG-3'), and RVFL-probe-2950 (5'-CAATGTAAGGGGCCTG
TGTGGACTTGTG-3") labeled at the 5" end with the reporter dye FAM and at
the 3’ end with the quencher BHQI. Details of the primer location and a
nucleotide alignment of all 40 complete RVF virus L segments can be found in
(Fig. 1A) The RVFL-2912fwdGG primer has a single internal mismatch with
wild-type strain 2269/74 and the attenuated laboratory strain MP12. The RVFL-
2981revAC primer has a single internal mismatch with wild-type strain SAS51.
These mismatches have proven to not significantly impact the detection of these
RVF virus strains by this Q-RT-PCR assay (Fig. 1). A search of all sequences
available in GenBank revealed no significant sequence matches of these primers
and probe with any nontargeted RNA or DNA.

cDNA synthesis and Q-PCR conditions. Over multiple experiments we found
that the highest analytical sensitivity was attained by using a two-step protocol for
RVF virus RNA detection. The first step was comprised of total cDNA synthesis
using random priming, followed by a second step of RVF virus-specific Q-PCR.
Total cDNA synthesis was accomplished by using a high-capacity cDNA archive
kit (Applied Biosystems) according to the manufacturer’s recommended proto-
col. Briefly, 50 pl of extracted total RNA was added to 50 pl of a 2X cDNA
synthesis reaction mixture containing random primers (500 pmol). Samples were
then incubated at 25°C for 10 min, followed by 60 min at 37°C. After cDNA
synthesis, 10 pl of total cDNA was added into a Q-PCR mixture containing 1 .l
(1,000 pmol) of the forward primer RVFL-2912fwdGG, 1 pl (1,000 pmol) of the
reverse primer RVFL-2981revAC, 1 ul (100 pmol) of the fluorogenic probe
RVFL-probe-2950, 25 wl of the 2X Universal Master Mix (Applied Biosystems),
and nuclease-free H,O to a final volume of 50 pl. The Q-PCR was carried out
in an Applied Biosystems 7500 instrument with a heating profile of 50°C for 2
min and 95°C for 10 min, followed by 40 cycles of alternating temperature cycling
of 95°C for 15 s and 60°C for 1 min. The remaining 90 pl of total cDNA was
stored at —70°C for archival purposes for subsequent retesting or use in other
molecular diagnostic assays.

Analytical sensitivity and specificity with stock RVF virus. After optimization
of primer and probe composition and reaction conditions with in vitro-tran-
scribed RNA, we sought to determine the analytical sensitivity and efficiency of
this assay by using RNA extracted from wild-type RVF virus strain ZH501
serially diluted in a variety of diluents, including cell culture medium commonly
used in the preparation of RVF virus stocks (Dulbecco modified Eagle medium
plus 10% fetal bovine serum [FBS]; Invitrogen), 100% FBS (Invitrogen), and
normal human control serum. Stock RVF virus strain ZH501, 1.7 X 10° PFU/ml,
was serially diluted 10-fold to establish a standard curve in each respective
diluent and then extracted in replicates of eight on a 6100 nucleic acid purifica-
tion platform (Applied Biosystems) as described elsewhere (16). The limit of
detection (LOD) was determined as the final dilution for which a cycling thresh-
old value (Cy) was determined. To ensure that phylogenetically distant RVF
virus strains were detectable by this assay, RNA extracted from 21 diverse RVF
virus strains collected over a period of 56 years from 1944 to 2000 representing
all known virus lineages were amplified by Q-RT-PCR according to the above
protocol. In addition to determine whether nonspecific annealing might yield
false-positive results in total cellular RNA extracted from potential host species,
the total RNA of tissue samples from bovine, ovine, human, rodent, and mos-
quito species were tested according to the Q-RT-PCR protocol described above.

Q-RT-PCR assay validation with human clinical materials. The human clinical
specimens used in the present study were collected during an outbreak of RVF virus
disease in Saudi Arabia in 2000. A total of 62 patient acute-phase blood samples
collected from a total of 33 patients (25 nonfatal and 8 fatal outcomes) were tested.
Of these, a total of 26 samples were single blood collections from 26 infected patients
(20 nonfatal and 6 fatal outcomes) with a known date of collection after onset of
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B.

Primer/Probe Sequence Annealing Temp
RVFL-2912fwdgg: 5’-TGAAAATTCCTGAGACACATGG-3’ 58
RVFL-2981revAC: 5’-ACTTCCTTGCATCATCTGATG-3’ 57
RVFL-2950-Probe:  5°-(FAM)-CAATGTAAGGGGCCTGTGTGGACTTGTG-(BHQ1)-3> 72

FIG. 1. (A) Alignment of nucleotides 2900 to 3001 of RVF virus L segments from 40 different virus strains. Nucleotide identities throughout
the alignment with wild-type strain 1260/78 are indicated by a dot (.) (GenBank accession numbers DQ375395 to DQ375434). The positions of
primers RVFL-2912ggfwd and RVFL-2981revAC and fluorogenic probe RVFL-probe-2950 are indicated in underlined red text. The 21 phylo-
genetically diverse strains tested by Q-RT-PCR amplification are indicated by a boldfaced strain name and an asterisk. All RVF virus strains tested
were positively detected by this assay. Note the high nucleotide conservation at the primer-probe annealing sites among these 40 RVF virus strains.
(B). Nucleotide sequence of the primer-probe combination of RVFL-2912ggfwd, RVFL-2981revAC, and RVFL-probe-2950 and their respective
calculated annealing temperatures using an online calculator (http://www.basic.northwestern.edu/biotools/oligocalc.html).

clinical symptoms. A subset of samples (36) contained serial blood collections from of variance and a post hoc Tukey’s test with an a-level set at 0.05. All statistical
a total of seven patients (five nonfatal and two fatal outcomes) that were obtained testing was completed with SPSS v.12.0 (LEAD Technologies).

on multiple days after the onset of clinical symptoms until either the patient’s

recovery or death due to RVF disease. For all specimens tested, the final patient

outcome and day after onset of symptoms at the time of sample collection were RESULTS
known. For validation purposes, the results from this pan-RVF virus Q-RT-PCR
were compared to earlier results of antigen capture, immunoglobulin M (IgM) and Primer and probe design. After analysis of the complete

1gG serological testing (10, 15). . .
Statistical testing. Patient data were grouped into fatal versus nonfatal cases genomes (S’ M, and L segments) of 40 biologically and eco

and groups were further defined by the day after the onset of clinical symptoms IOgically diverse RVF virus strains, a highly conserved region
(days 1 to 4,5 to 8, and 9 to 14). These were then analyzed by univariate analysis was identified on the virus L segment at approximately nucle-
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FIG. 2. Delta Rn (change in fluorescence) versus cycle number. The results of Q-RT-PCR amplification of RVF virus stock strain ZH501
diluted serially 10-fold (10~ " to 10~®) in serum are depicted in the main chart. The inset shows the results of a log transformation of the Cvalues
plotted versus log,, dilutions of extracted RNA of stock ZH501. The resulting equation of the standard curve wasy = —3.66x + 44.99. The LOD
of this assay with serially diluted stock virus in serum was approximately 0.1 PFU/rxn.

otide positions 2800 to 3200. Careful analysis of this region
identified multiple potential annealing sites of primer and
probe combinations that followed basic rules of real-time
PCR design. A total of six sets spanning this region were
designed and tested with the set (RVFL-2912fwdGG, RVFL-
2981revAC, and RVFL-probe-2950) demonstrating the great-
est analytical sensitivity, efficiency, and highest nucleotide con-
servation. A nucleotide alignment of the 40 RVF virus strains
and the location of this primer and probe set can be found in
Fig. 1.

Optimization of Q-RT-PCR assay analytical sensitivity. Us-
ing purified in vitro-transcribed RNA from the RVF virus L
segment as a template, we were able to optimize reaction
conditions and to determine the LOD of this assay. After
multiple experiments comparing single-step (RT and Q-PCR
in a single tube) or two-step (RT and Q-PCR in separate
tubes), it was found that the overall analytical sensitivity was
reduced after a single-step protocol (data not shown). Subse-
quently, all further assay optimization was carried out using a
two-step protocol with RT and Q-PCR occurring separately to

allow for optimal buffering conditions to be available for each
enzyme mixture. Multiple primer-probe sets were initially de-
signed centering on a region of high nucleotide identity found
on the RVF virus L segment among all 33 RVF virus complete
genomes published previously (2), plus 7 additional strains
more recently completed. Using in vitro-transcribed RNA as
an input template, it was determined that one set was signifi-
cantly more sensitive than the others in detecting RVF virus.
Using serial 10-fold dilutions of transcribed RNA to establish
a standard curve, it was experimentally determined that the
LOD of the optimized Q-RT-PCR assay was approximately 5
genome copies per reaction and that this set yielded a slope of
—3.58 when C; values were plotted versus log,, dilutions of
RNA (data not shown). After optimization using highly puri-
fied transcribed RNA, further analytical sensitivity and ampli-
fication efficiency testing was completed with RVF virus strain
ZH501 stock serially diluted 10-fold (10~" to 10~®) in repli-
cates of eight in either cell culture supernatant (Dulbecco
modified Eagle medium plus 10% FBS), 100% FBS, or normal
control human serum. After RNA extraction, these dilutions
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FIG. 3. RVF RNA load among patients with fatal and nonfatal outcomes. Results of Q-RT-PCR amplification of RVF virus-infected
patient sera collected during the epidemic/epizootic in Saudi Arabia in 2000. A total of 62 patient specimens are divided into groups
according to patient outcome (nonfatal or fatal) and by days after onset of clinical symptoms (days 1 to 4, 5 to 8, and 9 to 14). Significant
differences (P < 0.001) between the mean C; value of fatal and nonfatal groups at days 1 to 4 postinfection are indicated by a single asterisk
(*) and at days 5 to 8 by a double asterisk (**). At all time points the mean RVF RNA load of fatal cases was significantly higher (P < 0.001)
than nonfatal cases and is indicated by a “§” symbol. Note that the mean serum RVF RNA load of both fatal and nonfatal cases decrease
as the time after onset increases, presumably due to the development of anti-RVF virus-specific IgM and/or IgG antibody with the
subsequent clearance of virus from patient blood. Error bars indicate the mean value =2 standard errors of the mean. The LOD of the
Q-RT-PCR assay is indicated by an arrow and represents a C value of >40. The scale of the y-axis scale is demarcated every 3.66 C, values,
which corresponds to a 1.0 log;, PFU/ml change in virus RNA titer as calculated from titration of the stock RVF virus.

were used to establish a standard curve as described above to
determine the LOD in control serum of (~0.1 PFU/reaction
[rxn]) and amplification efficiency (slope = —3.66) of the Q-
RT-PCR assay (Fig. 2). To determine the robustness of this
technique in the detection of a diverse array of RVF virus
strains, a total of 21 RVF virus isolates were tested to ensure
detection. Using total RNA extracted from infected cell cul-
ture supernatants, all 21 phylogenetically diverse strains were
detected (Fig. 1). To ensure that no false-positive or “off-
target” results could be generated due to nonspecific annealing
with the total RNA of several potential host species, the total
RNA of bovine, ovine, mouse, rat, mosquito, and human tis-
sues were tested. As expected, in all cases, the total RNAs were
negative and equivalent to no-template controls (data not
shown).

Validation with human RVF clinical materials. A total of 62
RNA samples extracted from previously diagnosed patient
sera representing a total of 33 patients (25 nonfatal and 8 fatal)
were used to validate and compare the utility of the proposed
Q-RT-PCR assay with standard serological assays (antigen
capture, IgM antibody, and IgG antibody) used for RVF diag-
nosis. A significant difference was found between patient RVF
virus RNA load, as reflected by mean Q-RT-PCR C; values,
between fatal and nonfatal cases at days 1 to 4 (mean C;,
values: fatal = 19.4, nonfatal = 31.2; P < 0.001), days 5 to 8
(mean C; values: fatal = 24.5, nonfatal = 35.8; P < 0.001), and

days 9 to 14 (mean C; value: nonfatal = 35.9; P < 0.001) after
the onset of clinical symptoms (Fig. 3.) Among nonfatal cases
significant decreases in patient RVF RNA load were detected
between days 1 to 4 and between days 5 to 8 (P < 0.05).
Interestingly, in nonfatal cases, samples collected at days 5 to
14 after onset of symptoms were often positive only for the
presence of RVF specific antibody or demonstrated very low
levels of RVF virus-specific RNA, presumably reflecting the
clearance of virus from patient blood to levels below the Q-
RT-PCR detection threshold (Fig. 3 and data not shown).
To investigate the dynamics of the Q-RT-PCR and serologic
assay results relative to time after onset of illness, serial bleeds
from multiple patients (five nonfatal and two fatal) were ana-
lyzed. The results for four representative patients (two nonfa-
tal and two fatal) are illustrated in Fig. 4. As expected, and in
concordance with the serologic assays, the Q-RT-PCR assay
correctly identified the acutely infected patient specimens.
Among the serially sampled nonfatal cases, IgM and IgG
SUMgp, (adjusted optical density) values were found to in-
crease over time, while a corresponding decrease was observed
in both RVF antigen capture SUM, and RVF virus RNA
load, as measured by Q-RT-PCR C;- values. In these nonfatal
cases, RVF antigen capture values decreased to negative levels
at least 5 days prior to the loss of detectable Q-RT-PCR
signals. In all nonfatal cases both RVF antigen capture and
Q-RT-PCR RVF RNA load began to decrease (days 1 to 4)
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FIG. 4. Results of Q-RT-PCR and RVF virus-specific antigen capture, IgM, and IgG ELISAs of a representative subset of four human patients
from whom multiple blood samples were obtained. Patients 2 and 4 represent nonfatal outcomes of RVF. Patients 7 and 23 represent fatal
outcomes of RVF. IgM, solid square and solid line; IgG, open square and dashed line; antigen capture, open circle and dashed line; Q-RT-PCR
C values, closed circle and solid line. All serological data are expressed as the adjusted SUMgy, of four sample dilutions of 1:4, 1:16, 1:64, and
1:256 for the anti-RVF antigen capture assay and dilutions of 1:100, 1:400, 1:1,600, and 1:6,400 for the anti-RVF specific IgM and IgG assays. The
LOD of the Q-RT-PCR assay is indicated by an arrow and represents a C; value of >40. The scale of the right-hand y-axis scale is demarcated
every 3.66 U, which corresponds to a 1.0 log,, PFU/ml change in virus RNA titer as calculated from titration of stock RVF virus.

before significant increases in RVF specific IgM and IgG were
detected, a result likely due to the lack of circulating free
anti-RVF IgM or IgG available for detection early in the
course of infection. In contrast, the two serially sampled fatal
cases had extremely high RVF antigen capture and low Q-RT-
PCR C; values by days 3 to 5 after onset of illness, with no
significant levels of anti-RVF specific IgM or IgG antibody.
Importantly, the level of patient virus load among these fatal
cases (as measured by RVF antigen capture and Q-RT-PCR)
did not appear to decrease significantly during the follow-up
period.

DISCUSSION

The central feature of real-time PCR-based diagnostic tech-
niques is the high analytical sensitivity and specificity afforded
by unique primer and probe sites located on genomic nucleic

acid templates. Unfortunately, many important human and
veterinary pathogens have significant genome nucleotide vari-
ation across their known strain diversity that renders the design
of broadly reactive and highly sensitive primers and probes
problematic. Recent analysis of the complete genome se-
quence of 40 biologically and ecologically diverse RVF virus
strains demonstrated that the overall nucleotide diversity of
RVF virus is low as the result of recent common ancestry (2).
This data set laid the foundation for the successful establish-
ment of a rapid and high-throughput technique for the real-
time Q-RT-PCR detection of the entire known genomic diver-
sity of RVF virus.

Using a single primer and probe set annealing in a highly
conserved domain located on the virus L segment, we success-
fully developed an assay with excellent analytical sensitivity
(~5 genome copies/rxn or ~0.1 PFU/rxn) that performed well
in the detection of RVF virus in vitro-transcribed and whole
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stock virus extracted RNA template, respectively (Fig. 2). The
highly sensitive and quantitative nature of this assay should be
of great benefit in experimental settings as a research tool
useful in monitoring virus loads in animal models of RVF virus
disease. In addition, the successful detection of 21 phylogeneti-
cally diverse RVF virus strains representative of all known
virus lineages (Fig. 1) confirmed the highly conserved nature of
the primer and probe annealing sites. The utility of the assay
relative to standard serologic assays was validated using human
patient sera collected during the year 2000 outbreak of RVF
virus in Saudi Arabia (10, 15). A total of 62 samples from 33
patients (25 nonfatal and 8 fatal cases) were identified for
which prior laboratory testing results were available and suffi-
cient volumes remained to allow RNA extraction and Q-RT-
PCR testing. Unfortunately, no other individually or serially
collected specimens with a known patient outcome were avail-
able. As expected, the mean overall patient RVF virus RNA
load was found to be significantly lower in nonfatal patients
than in those with fatal outcomes. Interestingly, even though
the RVF virus RNA load was high initially among some non-
fatal cases, we found significant decreases in mean RNA load
between days 1 to 4 and days 5 to 8 after the onset of symptoms
(Fig. 3). The combination of these data with the rapid de-
creases in RNA load observed among serially sampled nonfatal
cases (Fig. 4) suggests that testing of serial patient specimens
collected 24 to 48 h apart may have prognostic utility in deter-
mining the progression of RVF virus disease and ultimately
patient outcome. Overall, the dynamics of RVF virus infection
in the nonfatal cases examined here revealed that the duration
of detectable patient viremia or RNAemia (virus RNA per
milliliter of blood) (as detected by either antigen capture en-
zyme-linked immunosorbent assay [ELISA] or Q-RT-PCR, re-
spectively), was relatively brief, and their decrease coincided
with detectable increases in RVF specific IgM and IgG anti-
body levels (Fig. 4).

These results suggest that the “window of opportunity” for
detection by RVF specific antigen capture ELISA may be
limited to be approximately 1 to 7 days after the onset of
clinical symptoms in human patients. Due to its higher detec-
tion capability, Q-RT-PCR may remain of diagnostic value up
to at least day 10 after the onset of symptoms. However, it is
apparent from this data set that the diagnostic value of Q-RT-
PCR decreases significantly past day 10 after the onset of
symptoms. These findings taken together highlight the com-
plementary nature of molecular detection assays and serologic
tests and the importance of using a combination of assays for
reliable diagnosis of virus infection. Epidemiologic investiga-
tions of outbreaks occurring in regions with endemic RVF
virus activity are often complicated by the fact that a percent-
age of individuals will have had prior exposure to RVF virus.
Use of both antibody and virus detection assays can provide
insights into disease status by, for example, differentiating be-
tween an enzootic versus epizootic region or between an acute-
versus convalescent-phase individual. For instance, the pres-
ence of RVF virus-specific IgG alone without virus-specific
IgM antibody or evidence of acute viremia (antigen capture or
Q-RT-PCR) is highly suggestive that the infection occurred at
some time previously and is not the result of recent virus
exposure. In addition, during outbreak investigations, informa-
tion regarding such things as the time after the onset of illness
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are often not available to the testing laboratory or do not
accompany specimens. The absence of this information and of
antibody testing may result in false-negative reporting of late
acute-stage and convalescent individuals or animals.

Comparison of the fatal and nonfatal cases revealed a
striking difference in the levels of virus detected in the
blood. Mean virus RNA levels were elevated up to 10 C,
values (~3 log,, PFU equivalents/ml) upon initial sampling
of fatal cases relative to those that went on to survive. In
addition, little decrease in virus RNA or virus antigen levels
was observed prior to the death of these patients, presum-
ably due to the high replication of the virus in the virtual
absence of detectable anti-RVF virus IgM or IgG antibody
(Fig. 3 and 4). Further studies will be necessary, but these
findings based on a relatively limited number of patients
suggest that measurement of initial patient virus loads may
help identify high-risk patients, especially if follow-up sam-
ples can be obtained. Currently, the host specific risk factors
for RVF virus mortality are not understood, and early indi-
cators such as viral load may shed light on this important
topic. Given that outbreaks frequently occur in rural areas
of Africa, affecting very large numbers of individuals (for
instance the Egyptian outbreak in 1977 to 1978 was esti-
mated to have involved >200,000 human infections), the
rapid identification of high-risk patients can have practical
implications for patient management in these resource-lim-
ited settings.

High-throughput real-time molecular detection assays are
critical for the rapid identification of acutely infected individ-
uals or animals during potentially explosive RVF virus epizoot-
ics or epidemics. Here we establish a rapid, highly sensitive,
and robust method of Q-RT-PCR capable of detecting the
entire known genomic sequence diversity of RVF virus. Re-
cently, the utility of this assay was illustrated further when it
was successfully used under field conditions in the diagnostic
testing of more than 1,000 specimens from acutely infected
livestock herds during the recent large RVF epidemic/
epizootic that occurred in eastern Africa (Kenya, Somalia, and
Tanzania) during late 2006 and early 2007 (unpublished data).
This validated and field-tested assay should have great utility in
the diagnosis of acute cases during outbreaks of infection
among humans and animals during naturally occurring out-
breaks or after intentional release into previously unaffected
areas.
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