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ARTICLE INFO ABSTRACT

Keywords: Rift Valley fever virus (RVFV) is an important mosquito-borne pathogen with devastating impacts on agriculture
Serology and public health. With outbreaks being reported beyond the continent of Africa to the Middle East, there is
Arbovirus ) great concern that RVFV will continue to spread to non-endemic areas such as the Americas and Europe. There is
Vector-borne disease a need for safe and high throughput serological assays for rapid detection of RVFV during outbreaks and for
DIVA test . . . . . .

Seroconversion surveillance. We evaluated a multiplexing fluorescence microsphere immunoassay (FMIA) for the detection of

1gG and IgM antibodies in ruminant sera against the RVFV nucleocapsid Np, glycoprotein Gn, and non-structural
protein NSs. Sheep and cattle sera from a region in Kenya with previous outbreaks were tested by FMIA and two
commercially available competitive ELISAs (BDSL and IDvet). Our results revealed strong detection of RVFV
antibodies against the Np, Gn and NSs antigen targets. Additionally, testing of samples with FMIA Np and Gn had
100% agreement with the IDvet ELISA. The targets developed in the FMIA assay provided a basis for a larger

ruminant disease panel that can simultaneously screen several abortive and zoonotic pathogens.

1. Introduction

Rift Valley fever virus (RVFV) is a zoonotic, vector-borne pathogen
identified in the 1930s in Kenya’s Rift Valley region (Daubney et al.,
1931; Davies et al., 2003; Findlay, 1932). The virus causes Rift Valley
fever (RVF) which is considered an emerging infectious disease that has
been reported over most of sub-Saharan Africa, with introduction into
the Arabian Peninsula. However, there are competent vectors in other
regions, and therefore the concern that the virus has the potential to
spread further into Europe and other parts of the world (Chevalier et al.,
2010; Moutailler et al., 2008; Turell et al., 2008, 2002).

The virus is known to infect several animal hosts including livestock
and wildlife. Animals become primarily infected by mosquito bites, but
there is potential for animal-to-animal transmission (Mansfield et al.,
2015; Wilson et al., 2018). Infected livestock may lead to abortion
storms and high neonatal mortality due to hemorrhages and necrotic
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hepatitis (Elliott, 1997; Pepin et al., 2010). Humans can get infected by
mosquito bites but more commonly by direct contact with infected
animal tissues and body fluids (Anyangu et al., 2010). Other less likely
transmission routes include vertical transmission (Adam and Karsany,
2008), transmission from mother to child through breastmilk (Nicholas
et al., 2014), and aerosols (Hartman et al., 2014). In humans, the dis-
ease is usually self-limiting with mild, flu-like symptoms. The disease
can progress to hepatic and renal dysfunction as well as disseminated
intravascular coagulation (Madani et al., 2003) with as many as 47% of
cases becoming fatal (Mohamed et al., 2010).

RVFV can be transmitted by mosquitoes from at least 6 genera
(Linthicum et al., 1985; Logan et al., 1991; Pepin et al., 2010; Walter
and Barr, 2011). Epidemics have been occurring at 7-10 years intervals
in East Africa mostly after extreme weather events, such as excessive
rainfall during the El Nifio-Southern Oscillation (ENSO) (Métras et al.,
2011; Tourre et al., 2009). Heavy rain and flooding results in

Received 12 February 2019; Received in revised form 7 April 2019; Accepted 7 April 2019

Available online 08 April 2019
0166-0934/ © 2019 Published by Elsevier B.V.



J.F. Lindahl, et al.

emergence of infected Aedes mosquito eggs, which leads to virus
transmission to nearby livestock. Additionally, countries such as Kenya
are intensifying efforts to utilize irrigation in its expansive arid and
semi-arid land (ASAL) regions to mitigate food insecurity and the vul-
nerability to droughts. Consequently, this brings humans and animals
closer to the vectors and increases risk of transmission. As irrigation and
agricultural practices continue to expand, the risk of vectors existing
even in the dry season also increases. Inter-epidemic seroconversions
have recently been observed (Bett et al., 2015, 2017; Mbotha et al.,
2017; Sang et al., 2016).

Kenya has experienced multiple outbreaks in the past leading to
huge agricultural loss and public health crisis. The heavy rains in 1997
was followed by an outbreak of RVFV with as many as 27,000 humans
infected. Farmers reported losing up to 70% of their sheep and goats,
and 95% of young lambs (Woods et al., 2002). The next major outbreak
was 2006 in Kenya and 2007 in Tanzania (Mohamed et al., 2010). After
the 2006-2007 outbreak in Kenya, pastoralists ranked RVFV as the
disease with the highest impact on livestock-derived livelihoods (Jost
et al., 2010). The losses were estimated to have been more than 30
million USD for the region, but since livestock production is crucial for
many individual pastoralists and farmers, the devastating effects for
individuals are hard to estimate (Anyamba et al., 2001; Rich and
Wanyoike, 2010). Diagnostic assays are valuable tools for surveillance
and rapid testing during RVFV outbreaks, but with increasing use of
vaccines there are increasing needs to be able to differentiate between
the vaccinated and the infected animals. Vaccines like Clonel3 are
available for use in endemic countries; however, there is no routine
vaccination program yet in these countries to use as a control strategy
against RVFV.

Diagnostic testing is important for serological screening and mole-
cular detection of RVFV within animal and human populations.
Molecular techniques like PCR can offer rapid detection of RVFV during
the viremic stages but require specialized equipment and expertise that
may not be available in developing countries. Serological assays are of
great value to demonstrate freedom of disease and for epidemiological
surveys, but there is still need of new tests that are able to differentiate
infected from vaccinated animals (DIVA). Two commonly used ser-
ological assays for RVFV surveillance and detection during outbreaks
are the virus neutralization tests (VNT) and enzyme-linked im-
munoassays (ELISAs). Virus neutralization tests are highly specific and
are the current gold standard for serological testing of RVFV (OIE,
2014). However, the assays must be performed in biocontainment and
are time consuming to perform. Enzyme-linked immunoassays offer a
rapid and safe method to detect antibodies against RVFV in animals and
humans. A major limitation to ELISA use during a RVFV outbreak is the
detection of a single analyte at a time, therefore requiring a second test
using a different analyte to confirm sample results. Therefore, a high-
throughput multiplexing immunoassay that screens and confirms in one
test by testing multiple analytes simultaneously is needed for RVFV
detection.

Understanding the structural organization of RVFV aids in the de-
velopment of diagnostic assays that target important viral components
and epitopes. The viral genome is tripartite consisting of large (L), small
(S) and medium (M) segments. The L segment encodes for the RNA-
dependent RNA polymerase. The S segment is an ambi-sense segment
that encodes for the nucleocapsid protein (Np) and the nonstructural
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protein NSs. Np is considered to be highly immunogenic (Fafetine et al.,
2007) and has been frequently used in indirect RVFV ELISAs for IgG
antibody detection (Jeong et al., 2011; Kim et al., 2012; Paweska et al.,
2008, 2007). Therefore, this protein is an ideal target for serological
diagnostic development. The NSs protein is a major virulence factor and
has been targeted for attenuating the virus (Bird et al., 2008; Nishiyama
et al., 2016). An indirect ELISA using recombinant Np and NSs has been
developed to be compatible with NSs-deleted vaccine candidates
(McElroy et al., 2009). However, there is a variable antibody response
to NSs among individuals (Fernandez et al., 2012). Additional evalua-
tion of antibody response to this protein target is warranted in natural
infections and from vaccination. Lastly, the M segment encodes for two
glycoproteins (Gn, Ge) and two minor proteins, a 78-kDa nonstructural
protein and the 14-kDa nonstructural protein (NSm). The glycoproteins
elicit the production of neutralizing antibodies and are a correlate of
protective immunity (Besselaar and Blackburn, 1991). These proteins
have been valuable targets in serological assays to monitor immune
protection after vaccination and during natural infections (Faburay
et al., 2013; Jickel et al., 2013). Like Np, NSs and the glycoproteins
have been shown to be immunogenetic and offer a means of multiplex
detection of RVFV antibodies.

Bead-based multiplexing assays are a versatile, rapid method to si-
multaneously detect multiple analytes in suspension. The significantly-
reduced time and small sample volume needed makes the assay ad-
vantageous over traditional serological testing methods during an
outbreak (Christopher-Hennings et al., 2013). The most well-known
and widely used multiplexing technology, Luminex’, uses dual-colored
magnetic polystyrene beads that are covalently coupled to antigen to
detect analytes. Because of the multiplexing capability, the bead-based
immunoassay has been used to differentiate infected from vaccinated
animals for high-consequence viral pathogens such as foot and mouth
disease, West Nile virus, and avian influenza (Balasuriya et al., 2006;
Clavijo et al., 2006; Watson et al., 2009). A RVFV bead-based suspen-
sion assay has been recently validated with experimentally-infected
samples for the detection of antibodies and has shown to be DIVA
compatible with a candidate RVFV Gn/Gc glycoprotein vaccine (Ragan
et al., 2018). This assay included the nucleocapsid Np and the glyco-
protein Gn as targets for antibody detection. An evaluation of the
fluorescence microsphere immunoassay (FMIA) using field samples is
needed to determine the value of the assay in endemic countries.

This study evaluates the FMIA for the detection of RVFV antibodies
against Np, Gn, NSm and NSs target antigens with ruminant sera col-
lected in Kenya. The assay was compared to the results from one of two
ELISA tests (BDSL and IDvet). The ability of the FMIA to detect IgG and
IgM antibodies in sheep and cattle samples is demonstrated. Future
applications of the FMIA include developing additional targets to si-
multaneously detect several ruminant diseases.

2. Methods
2.1. Serum samples

Cattle and sheep serum samples from an area with both previous
outbreaks of RVFV as well as documented inter-epidemic transmission
(Mbotha et al., 2017) were used for this evaluation (Table 1). These
samples were collected under a project where ethical approval was

Table 1

ELISA tested samples included in the FMIA testing.
Study Species Negative Positive Test Reference
Cross-sectional Bovine 183 13 BDSL ELISA (Bett et al., 2017; Lindahl et al., 2016)
Cross-sectional Ovine 181 26 BDSL ELISA (Bett et al., 2017; Lindahl et al., 2016)
Longitudinal Ovine 19 17" IDvet ELISA (Mbotha et al., 2017)

* Including borderline results.
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Fig. 1. Comparison of RVFV ELISAs to FMIA. Sheep and cattle samples were tested by FMIA and by either BDSL or IDvet ELISA. Detection of antibodies against three
of the RVFV FMIA targets are displayed in MFI on y-axis; Np, Gn, and NSs. Detection of antibodies by ELISA are displayed on x-axis; BDSL test in percent inhibition
(cutoff > 30 = positive), IDvet test in percent competition (Sample/Negative * 100%) (cutoff < 40 = positive, 40 < S/N<50 = inconclusive, > 50 = negative).
The FMIA test detected either IgM or IgG. The ELISA tests detected both IgM and IgG.

provided by the Ethics and Scientific Review Committee (ESRC) of the
Africa Medical and Research Foundation (AMREF) (REF: AMREF-ESRC
P65/2013). A portion of samples had been collected during a cross-
sectional survey and tested with the BDSL RVF ELISA (BDSL, National
Institute for Communicable Diseases, Centre for Emerging and Zoonotic
Diseases, Johannesburg, South Africa) as described previously (Bett
et al., 2017; Lindahl et al., 2016). Another set of samples had been
collected during a longitudinal sampling and tested with the IDvet RVF
ELISA (ID Screen® Rift Valley Fever Competition Multispecies ELISA,
IDvet, Grabels, France), as described previously (Mbotha et al., 2017).
Neither ELISA used can differentiate IgM and IgG antibodies, and both
tests were concluded to be sensitive and specific in a European ring-trial
(Kortekaas et al., 2013).

2.2. Coupling of recombinant proteins to microspheres

Recombinant RVFV proteins were produced as previously described
(Ragan et al., 2018). Target analytes included RVFV nucleocapsid Np,
glycoprotein Gn, and non-structural proteins NSs and NSm. In addition,
non-RVFV proteins, porcine circovirus 2 (PCV2) and green-fluorescent
protein (GFP), were used as negative control beads to account for non-
specific binding of antibodies to the recombinant proteins. A blank bead
set with no coupled antigen was used to account for non-specific
binding to the beads.

2.3. Luminex assay

Assays were prepared as previously described (Ragan et al., 2018).
For antibody detection in sheep sera, samples were diluted 1:400 in
assay buffer (1% fish gelatin in PBS with 0.05% Tween-20 and 0.05%
sodium azide, pH 7.4). IgG antibodies were detected using secondary
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rabbit anti-sheep biotinylated IgG (Jackson Immunoresearch Labora-
tories, West Grove, PA) diluted to 1 ug/mL followed by a fluorescent
conjugate streptavidin-phycoerythrin (SAPE) (Moss, Inc, Pasadena,
MD) diluted to 1 ug/mL. IgM antibodies were detected with secondary
rabbit anti-sheep biotinylated IgM (MyBioSource, San Diego, CA) di-
luted to 1 pg/mL followed by the fluorescent conjugate diluted to 2 pug/
mL.

For antibody detection in cattle sera, samples were diluted 1:200 in
assay buffer. IgG antibodies were detected using secondary goat anti-
bovine biotinylated IgG (Jackson Immunoresearch Laboratories, West
Grove, PA) diluted to 1pg/mL followed by the fluorescent conjugate
diluted to 1 pg/mL. All samples were tested in duplicate.

Plates were analyzed on the Luminex MAGPIX® System using
xPONENT version 4.2 software (Luminex Corporation, Austin, TX). The
analysis of fluorescence was set to measure 100 beads per bead set per
sample. All results were recorded as median fluorescence intensity
(MFI). Background signal detected from the blank well containing only
beads and assay buffer was subtracted from each sample well. The
average MFI was calculated for each duplicate sample and then the
mean MFI of the negative control bead set was subtracted. Assay MFI
cutoffs for sheep samples were: 2500 for Np target, 6200 for Gn target.
For cattle samples: 2900 for Np target, 9400 for Gn target.

2.4. Statistical analysis

Comparisons between previous ELISA results and the results by
FMIA were done descriptively. Analysis was done using Graph Pad
Prism software (Version 7.0) (Graphpad Software, Inc, La Jolla, CA).
Pearson’s correlation coefficient was calculated to compare ELISA re-
sults to the FMIA antigen targets. A t-test was used to analyze signal
differences between the FMIA targets.
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3. Results

Four RVFV antigen targets on the FMIA (Np, Gn, NSs, NSm) were
used to detect antibodies in ruminant sera. Antigen targets Np and NSs
showed strong MFI signal on the FMIA for positive sera (Fig. 1). The Gn
target also showed good MFI signal although not as strong as Np and
NSs (p-value < 0.05). NSm had high background signal (data not shown)
and was excluded from further analysis. When detected IgG antibodies
by FMIA were compared to samples tested by the BDSL ELISA (Fig. 1A),
there was low MFI signal for the NSs and Gn but high signal for Np for
samples below the ELISA cutoff (negative samples). Interestingly,
samples above the BDSL ELISA cutoff (positive samples) had a trend
towards a lower MFI for the Np target. When the FMIA was compared to
the IDvet ELISA, the MFI signal was overall higher for all three targets
with samples below the IDvet cutoff (positive samples) and overall
lower signal above the cutoff (negative samples) (Fig. 1B). The corre-
lation between the NSs and Gn targets to the IDvet ELISA was mild at
R? = 0.24 but stronger with the Np target at R = 0.58 (p-value <
0.05). When IgM antibodies detected by the FMIA were compared to
the BDSL ELISA (Fig. 1C), the overall MFI signals were lower for the
targets when compared to IgG detection. As seen previously with the
IgG detection, the FMIA had higher MFI signal for samples below the
BDSL cutoff. Interestingly, the NSs had the highest MFI signal of the
three targets when detecting IgM antibodies compared to the Np target,
which had the stronger signal when detecting IgG antibodies. Overall,
the detection of IgG antibodies by the FMIA correlated better with the
IDvet ELISA than the BDSL ELISA.

Serum from three individual sheep collected longitudinally as de-
scribed above was also used to compare detection of IgG antibodies by
the FMIA and the IDvet ELISA (Fig. 2). There was no rise in MFI signal
from any bead sets on the first three sampling dates for the first two
sheep. By the fourth sampling date, there was a rise in signal for all
three targets. The Np target continued to rise in MFI signal on the fifth
sampling date while the other two targets decreased in signal over time.
The third sheep had MFI signals rising only for Np and Gn, but the Gn
MFI fell under the thresholds, which is consistent with the ELISA results
that shifted between positive and borderline. Although not statistically
significant, the Np target had the strongest MFI, then NSs, then Gn.
Most samples were positive by IDvet ELISA on the fifth sampling days
and correlated with the rise of MFI signal on the FMIA panel (p-
value < 0.05). Therefore, all three targets of the FMIA were able to
detect a rise in IgG antibodies over time similar to what was observed
with the IDvet ELISA.

To evaluate the accuracy of the FMIA, the FMIA Np and Gn targets
were used to classify disease status of the serum samples and compared
to ELISA results. Table 2 summarizes the results of the FMIA compared
to the ELISAs by the Np and Gn targets in singleplex and in multiplex.
The cutoff values used for the FMIA assay to detect IgG antibodies came
from a previous experimental evaluation of the assay (Ragan et al.,
2018). When analyzing by the Np target, the FMIA had several false
negative samples but very few false positives. When analyzing only the
Gn target, the FMIA showed less false negatives but more false posi-
tives. When a sample is considered positive by both Np and Gn, the
accuracy of the test was similar to what was observed with the Gn
target alone. With the IDvet, two samples tested as borderline. Both
these samples were positive by Np but only one of the samples were
positive by Gn (data not shown). Compared to the ELISAs the Np target
was more sensitive while the Gn target was more specific.

To further analyze the FMIA accuracy, the results of the Np and Gn
targets were compared to the two ELISA tests separately. For the IDvet,
all positive samples were correctly identified by the Np target and all
negative samples were correctly identified by the Gn target. For the
BDSL, there were more false positive samples identified by the Np
target compared to when both ELISAs were evaluated together. The
specificity of the Gn target remained unchanged when compared to
results of both ELISAs together. When Np and Gn targets were used in
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Fig. 2. The results of longitudinal sampled sheep with the ELISA results of the
monthly samples on the x-axis (starting September 2014), and the FMIA results
on the y-axis. NT: Not tested in the ELISA. NS: Not sampled that month. BL:
Borderline result with IDvet ELISA.

multiplex, all positive and negative samples were correctly identified as
determined by the IDvet (Table 3). However, more false positives were
reported when the FMIA multiplex targets were compared to the BDSL.
Therefore, the FMIA assay accuracy was more similar to the IDvet
ELISA than the BDSL ELISA.

4. Discussion

Serological testing is a valuable tool for demonstrating freedom of
disease and for surveillance of RVFV globally. The use of bead-based
multiplexing platforms allows for simultaneous detection of multiple
RVFV targets in one sample. This in turn improves accuracy, reduces
sample usage, and allows for high through-put testing. A fluorescence
microsphere immunoassay for RVFV detection was previously devel-
oped and evaluated with experimental ruminant sera, including eva-
luation with virus neutralization test, and showed good correlation, also
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Table 2

Summary of FMIA and ELISA results for detecting antibodies against RVFV.
Sheep and cattle sera samples were tested by BDSL (bovine and ovine sera) or
IDvet ELISA (ovine sera). All samples were also tested by FMIA for the detection
of IgG antibodies. ELISA results were compared to FMIA against bead targets Np
and Gn in singleplex, as well as, Np with Gn in multiplex.

By Np ELISA Positive ELISA Negative Total
FMIA Positive 19 80 99
FMIA Negative 3 95 98
Total 22 175 197
By Gn ELISA Positive ELISA Negative Total
FMIA Positive 10 6 16
FMIA Negative 12 169 181
Total 22 175 197
By Np and Gn ELISA Positive ELISA Negative Total
FMIA Positive 11 2 13
FMIA Negative 12 172 184
Total 23 174 197
Table 3

Summary of FMIA and ELISA by ELISA test. Sheep and cattle samples were
tested by FMIA for the detection of IgG antibodies. Samples were classified
positive if MFI signal was above cutoff for both Np and Gn bead targets. Results
were then compared to the IDvet and the BDSL ELISA for the detection of an-
tibodies against RVFV.

IDvet ELISA Positive ELISA Negative Total
FMIA Positive 9 0 9
FMIA Negative 0 10 10
Total 9 10 19
BDSL ELISA Positive ELISA Negative Total
FMIA Positive 1 2 3
FMIA Negative 6 154 160
Total 7 156 163

at early time points (Ragan et al., 2018). However, it is important that a
test is not only evaluated under experimental circumstances but also in
field conditions where animals may have been exposed to multiple
diseases and different RVFV strains. This study evaluated the FMIA on
animal sera from a RVF-endemic area and compared the results to two
commercially-available competitive ELISAs.

Four RVFV antigen targets (Np, Gn, NSs, NSm) were evaluated by
the FMIA using sheep and cattle sera. Targets Np, NSs, and Gn were
used in a longitudinal study while only Np and Gn were used to com-
pare accuracy of the FMIA to ELISAs. Np and Gn have previously shown
to be strong targets in detecting IgG and IgM antibodies in ruminant
sera (Besselaar and Blackburn, 1991; Bird et al., 2008; Faburay et al.,
2013; Fernandez et al., 2012; Jéckel et al., 2013; McElroy et al., 2009;
Nishiyama et al., 2016; Paweska et al., 2008, 2007; Ragan et al., 2018).
The use of field sera samples also showed strong signals for Np and Gn,
demonstrating the immunogenicity of these two targets. NSs also pro-
vided a strong signal here; however, it was less sensitive than Np for
detecting IgG antibodies as seen with NSs-based ELISAs (McElroy et al.,
2009). Interestingly, when detecting IgM antibodies the NSs target had
a stronger MFI than Np, which contradicts what was previously seen
when a bead-based immunoassay tested experimentally vaccinated
sheep sera for IgM antibodies(Hossain et al., 2016). This may be due to
the variability in antibody response seen against NSs from animal to
animal (Fernandez et al., 2012). With promising results from the NSs
target with naturally infected animals as seen in this study, further
validation of the target is needed for the FMIA panel. Lastly, the NSm
antigen showed high background signal for both negative and positive
sera. The target was not used for comparison to ELISAs. Additional
optimization of the NSm antigen is needed for use in the FMIA against
experimental and field samples. Overall, RVFV Np and Gn are strong
immunogenic targets for the FMIA that can be applied in non-endemic,
but more importantly, in endemic areas. Additionally, RVFV NSs is a

74

Journal of Virological Methods 269 (2019) 70-76

strong candidate target for the FMIA panel.

The FMIA was compared to two competitive ELISAs to determine
assay accuracy. Sera from a longitudinal study were previously tested
by the IDvet ELISA and offered a comparison to the FMIA by antibody
production over time and assay accuracy. The FMIA Np and Gn targets
showed to correlate well with the IDvet results for IgG detection. Due to
time constraints, comparison of IgM detection of the FMIA to the IDvet
ELISA was not performed. The detection of IgM antibodies by the FMIA
was tested against results from the cross-sectional study and compared
to BDSL ELISA results. Oddly, there was high signal from all FMIA
targets for samples that tested negative by BDSL. To test if the high
background was due to interference in detecting IgM antibodies, the
FMIA was compared to the BDSL ELISA for the detection of IgG anti-
bodies. A similar pattern of high MFI signal for all targets was also
noted, indicating the background was not likely from IgM antibody
detection. Rather, there is a poor correlation of the FMIA to the BDSL
ELISA. This was supported by the lower sensitivity and specificity of the
FMIA when compared to the BDSL versus the IDvet. In this preliminary
evaluation with limited sample numbers, FMIA results supported the
IDvet ELISA results and thus may offer a promising alternative to the
IDvet with the advantage of simultaneous testing of several targets. This
would allow for rapid screening and confirmation by testing multiple
targets against RVFV in one test. Further validation is needed for the
FMIA against additional field samples to determine diagnostic accuracy.

In this study, we evaluated field ruminant sera using a multiplexing
serological assay for the detection of IgG and IgM antibodies. The re-
sults demonstrate comparable accuracy to the commercial IDvet ELISA,
yet offering advantages such as versatility, high-throughput testing and
cost effectiveness for large sample numbers, since the use of multiple
analytes can make the FMIA method more cost-effective than singleplex
ELISAs (Ayouba et al., 2017). This assay can be used for routine ser-
ological testing and surveillance in endemic areas. More importantly,
the FMIA panel can be expanded to include additional pathogen targets
to rapidly screen several important livestock diseases such as blue-
tongue, peste des petits ruminants, Wesselsbron and other abortive
pathogens. By doing so would make the methodology more cost effi-
cient and suitable for routine use in low and middle-income countries,
where multiple infectious diseases circulate simultaneously.
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