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African swine fever (ASF) and Classical swine fever (CSF) are both highly contagious
diseases of domestic pigs and wild boar. In the last years, several cases of both diseases
have been reported in the Caucasus, Russian Federation and Eastern Europe. Thus,
the probability of encountering these two viruses in the same area is increasing. Since
differentiation by clinical or post-mortem examination is not possible, laboratory tools
for differential diagnosis are required. In the present work, we have developed a triplex
bead-based assay using some of the most immunogenic antigens of each virus, for the
simultaneous detection of antibodies; i.e. the VP72 and VP30 of ASF virus (ASFV) and
the E2 protein of CSF virus (CSFV). The assay was firstly set up and optimized using well
characterized reference serum samples specific for each pathogen. Then, a panel of 352
sera from experimentally infected animals with either ASFV or CSFV were analyzed in the
multiplex assay. A collection of 253 field negative sera was also included in the study. The
results of the multiplex analysis were compared to those obtained by two commercially
available ELISAs for detection of antibodies against ASFV or CSFV, and considered in this
study as the reference techniques. The data obtained showed values of 97.3% sensitivity
and 98.3% specificity for detection of antibodies to ASFV and 95.7% of sensitivity and
99.8% specificity for detection of antibodies to CSFV. This multiplex assay allows the
simultaneous and differential detection of antibodies against ASFV and CSFV, providing
a valuable tool for surveillance studies. Moreover, this method is rather versatile, offering
the possibility of increasing the panel of antigens from other swine diseases that could
be of interest for a differential diagnosis along with ASF and CSF.
Keywords: African swine fever, classical swine fever, multiplex, diagnosis, antibody

INTRODUCTION
African Swine Fever (ASF) is a highly infectious disease in swine population, caused by an
enveloped double-stranded DNA virus, the ASF virus (ASFV), which is the only member of the
Asfarviridae family (1). ASFV is composed of more than 68 structural proteins, many of which
are highly immunogenic (2). Among them, the structural viral proteins (VP) VP72 and VP30 are
commonly used for diagnostic purposes (3–5). ASFV infection causes a strong humoral immune
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value for immediate implementation of control measures to
prevent further spread of the diseases.
A useful approach developed during the last decades for
the multiplex diagnosis, are the bead-based multiplex assays
(BBMAs). These are an alternative to planar microarrays, using
colored code polystyrene microspheres as the solid support for
the capture molecule, which are mixed in a single microtiter
plate well to create a microarray in suspension. BBMAs reduce
time, labor and sample volume requirements, allowing the
testing of many samples for multiple targets simultaneously
(29). The xMAP technology (Luminex) combines fluorescentdyed microspheres, lasers, and digital signal processing up
to 500 individual analytes within a single sample. This
technology is widely applied in human health for different
applications, such as strain identification in infections, immune
response characterization (humoral and cellular), or biomarkers
identification as well as other uses (30, 31). However, less work
has been carried out using this technology in the veterinary
field (32–38) and there are only a few commercial kits available.
Moreover, when compared to conventional ELISA, previous
results have shown that xMAP formats can be more sensitive and
reproducible (35).
In this work, we have developed a triplex assay for detection
of antibodies to ASFV and CSFV, using immunogenic antigens
of each virus: VP72 and VP30 of ASFV and E2 of CSFV, as
an approach for the simultaneous detection and differential
diagnosis of both diseases. This approach could be a very useful
tool in surveillance scenarios, preventing, or at least reducing,
substantially economic losses to the swine industry.

response that persists for long periods of time, although
neutralizing antibodies have consistently been described (6).
There are no commercially available vaccines at the moment
and therefore, the presence of antibodies in serum is a definitive
indicator of infection. ASF control is based on early diagnosis
and the enforcement of strict sanitary measures (7). Infection
with ASFV correlates with a wide range of clinical syndromes
from almost unapparent disease to a hemorrhagic fever with high
fatality rates (95–100%) depending on the strain virulence and
the immunological characteristics of the host (8, 9).
ASF was first described in Kenia in 1921 (10) and spread
to other African, European, Caribbean and South American
countries (11). The disease was successfully eradicated from all
these territories, except for Sardinia and Sub-Saharan countries
where the disease is still endemic (12). In 2007, ASF was
introduced into Georgia, and since then it was spread into several
Trans-Caucasian countries, the Russian Federation, Belarus, and
Ukraine (13). Since 2007 to date, new outbreaks are continuously
being reported in Eastern Europe and Russia (4, 14). During
the last year, ASF has first been reported in China, Mongolia,
Vietnam, Cambodia and spread to other countries in Asia is
considered likely by the FAO (14, 15).
Classical Swine Fever (CSF) is also a highly contagious disease
of pigs, caused by the CSF virus (CSFV), which is an enveloped
singled-stranded, positive sense RNA virus belonging to the
genus Pestivirus within the Flaviviridae family (16). CSFV has
four structural proteins: the core protein (C) and three envelope
glycoproteins: E1, E2, and Erns . E2 has been shown to be
the most immunogenic protein of CSFV, inducing production
of neutralizing antibodies and protection against lethal virus
challenge (17, 18) what makes it a good candidate for diagnosis
of CSF. CSFV infection presents different clinical manifestations
which can vary from unapparent to peracute courses ending in
the death of the animal, depending on virulence of the virus strain
and host factors (19).
CSF was first reported in Ohio, USA in 1833 (20) and was
widespread into Europe and America within a few years (21).
After implementation of strict control measures, which include
appropriate vaccination programs, several countries succeeded
in eradicating CSF, including the United States, Australia and
New Zealand; however, it continues to have a severe impact on
Asia, Eastern Europe, and most of South and Central America as
well as the Caribbean (22, 23). New outbreaks in the European
Union keep occurring due to the viral introduction via wild boar,
causing huge economic losses (14, 19, 24). Last year, CSF has also
remerged in Japan and an ongoing case has been notified in the
east coast of Russia (14, 25). This fact together with the spread
of ASF from the Caucasus, increase the probability to encounter
CSF and ASF in the same region and increase the necessity for
fast differential diagnosis.
Since ASF and CSF cannot be differentiated by clinical
nor post-mortem examination, laboratory tools for differential
diagnosis of the two diseases are essential. Currently, there are
some available tests for the simultaneous detection of ASF and
CSF based on the direct detection by RT-PCR (26, 27) or in
the indirect diagnosis by detection of specific antibodies by
immunochromatography tests (28). These assays are of great
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MATERIALS AND METHODS
Viral Antigens
The VP72 of ASFV was semi-purified by affinity chromatography
with the monoclonal antibody 17LD3 (M.11.PPA.I17LD3;
INGENASA, Madrid, Spain) from an inactivated extract of
infected cells with ASFV strain (BA71). The VP30 of ASFV
(BA71 strain) was produced with a 6X histidine tag in insect cells
infected with a recombinant Baculovirus and further purified
from the insoluble fraction under denaturing conditions. The
glycoprotein E2 of CSFV (Brescia strain) was produced also in
insect cells with a 6X histidine tag and purified from the culture
media (secreted protein) by affinity chromatography with copper
stabilized sepharose.

Serum Samples
Reference serum for ASFV and CSFV, have been used for assay
optimization. The ASFV-positive reference serum was provided
by the European Union reference laboratory for ASF (EURL)
and previously characterized by the OIE ELISA against the
BA71 strain. The CSFV-positive reference serum was provided
by the National and FAO reference laboratory for CSF at
the Friedrich-Loeffler-Institut (FLI) and characterized by VNT
(virus neutralization) against CSFV strain Alfort/187 with a 50%
neutralization dose (ND50).
Two panels of well-characterized swine sera were included
in the present study. For detection of antibodies to ASFV, a
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in Swine Serum

panel 333 serum samples from pigs used in vaccination/challenge
experiments at BSL3 facilities at PIR, were included in this study.
Briefly, 29 pigs were immunized with an attenuated Benin strain
and serum samples were collected at 0, 2, 4, 7, 10, 15, 21, 28,
38, 43, 47, and 59 days post infection (dpi). The animals were
boosted 21 days later with the same virus and on day 40 they
were challenged with virulent Benin 97/1. A total of 115 samples
were collected between 0 and 7 dpi, 57 samples between 8 and
15 dpi, 58 samples between 16 and 28 dpi and 103 samples
taken after 1 month pi. (39). For detection of antibodies to
CSFV, 30 experimental serum samples from pigs infected at FLI
facilities were used (28). Briefly, 23 positive samples collected
from pigs experimentally infected with the strain Alfort/187 of
CSFV and 7 negative samples. Among these negative samples,
one of them was an experimental negative sample and the other
six were obtained from pigs infected with other serologically
related Pestivirus: Border disease virus (BDV) and Bovine viral
diarrhea virus (BVDV) (40). Finally, a collection of 253 negative
field serum samples from Spanish farms free of both diseases were
also evaluated.
In order to prepare pooled samples, each positive sample
was spiked in negative serum to analyse a total of 5, 10, and
20 different sera per well. Negative sera were prepared by
mixing equal volumes of 4, 9, and 19 negative field serum
samples, respectively. This procedure was performed for one
ASFV weak positive sample, one CSFV weak positive sample and
a negative sample for both diseases. Pools were serially diluted
in assay buffer, and the assay was performed as described for the
triplex assay.

To perform the triplex assay, individual antigen-coupled
microspheres were sonicated and vortexed for homogenization.
A microsphere mixture was prepared mixing the three bead
regions in assay buffer (PBS, 1% BSA) to a final concentration
for each region of 25 beads/µl. Fifty microliters of this bead
mixture was added over fifty microliters of individual pig serum
samples diluted at 1/200 in assay buffer. Mixture was incubated
for 1 h at room temperature (RT) and 650 rpm in a mini-shaker
PSU-2T (Biosan). For this assay, 96-well plates (StripwellTM
Microplate Medium binding Polystyrene, Costar) previously
stabilized for 15 min, were used. The plate was protected from
light during all the incubation process. After every incubation
step, the plate was washed twice with washing buffer (PBS, 1%
BSA, 0.05% Tween 20) using a magnetic washer. Each well was
incubated with 50 µl of a polyclonal anti-swine antibody labeled
with biotin (SAB3700436; Sigma-Aldrich, Kawasaki, Japan), at
a final concentration of 4 µg/ml in assay buffer, for another
hour in the same conditions. Then, 50 µl/well of Streptavidin
R-phycoerythrin (Molecular probes R , life technologies) were
added at a final concentration of 2 µg/ml in assay buffer and
incubated for 30 min at the same conditions. The beads were then
resuspended in washing buffer and the results were read out in a
MAGPIX R dispositive (Luminex). The signal was measured as
median fluorescence intensity (MFI) of at least, 50 events of each
bead region.
Two wells per assay were incubated in absence of sample, only
with assay buffer, as a blank signal, which is subtracted from the
sample signal. Positive and negative controls were included in all
assays to confirm the performance of the test.

Coupling of Target Antigens to Beads
The three viral target antigens were covalently coupled to
different carboxylated magnetic bead regions (Luminexcorp,
Austin, USA) with the xMAP R Antibody Coupling Kit following
manufacturer’s indications (ref. 40-50016, Luminexcorp, Austin,
USA). Briefly, one million carboxylated magnetic microspheres,
identified individually by a unique fluorescence ratio (regions
#12, #15 and #25, MagPlex R Microspheres, Luminex) were
activated according to the NHS/EDC protocol (41), based on a
two-step carbodiimide reaction. Activated beads were incubated
with different amounts of VP72, VP30, and E2, respectively,
ranging from 2.5 to 10 µg per one million beads, in a final
incubation volume of 500 µl, and incubated for 2 h with rotation
in dark. After washing steps, supernatant was replaced with
1 ml of storage buffer (PBS, 1% BSA, 0.05% azide). Beads
concentration after coupling was determined by counting on
a Neubauer plate. The coupled microspheres were kept in
storage buffer at 4◦ C in the dark until use, as recommended by
manufacturer. The beads were used within the next 3 months
after coupling.
A coupling confirmation assay was performed using serial
dilutions of monoclonal specific antibodies to each protein:
18BG3 (INGENASA, Madrid, Spain) for VP72, anti-6X His tag
(MA1-21315; Invitrogen, Carlsbad, CA) for VP30 and 14E11
(INGENASA, Madrid, Spain) for E2, in order to assess the
coupling efficiency.
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Statistical Analysis
Data were statistically analyzed by a ROC curve analysis using the
MedCalc R 10 software to establish the optimal cut off value for
each antigen.
For the statistical evaluation, samples were classified into
positive or negative based on two commercial ELISAs which
were used as the reference techniques in this study: INgezim
11.PPA.K3 for detection of specific antibodies against ASFV
and INgezim 11.PPC.K3 for detection of specific antibodies
against CSFV.
Statistical significance and 95% CI have been calculated for
ASFV samples classified according to days post infection. For
the statistical significance determination between ELISA and
bead-based assay, a McNemar test has been performed.

RESULTS
Development and Optimization of the
Multiplex Bead-Based Assay
Optimal coupling amount was established as the minimum
quantity of protein that gave a saturation signal of MFI in the
titration curve. Thus, the following concentrations were used for
each bead region: 10 µg of the VP72 (region #12), 5 µg of the
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VP30 (region #15), and 2.5 µg of the protein E2 (region #25) per
one million beads.
Next, well-characterized reference swine serum samples for
each pathogen were evaluated to establish the optimal conditions
for screening purposes. Positive reference sera for ASFV and
CSFV, respectively, and a serum from an animal free of both
diseases, were included as positive and negative controls in this
assay. Serial dilutions of each serum sample were incubated
with the mix of the 3 bead regions and the assay was further
performed as described in M&M. Figure 1A, shows the result of
the ASF reference serum, giving a strong signal with VP72 and
VP30, respectively, while no signal was detected against the E2,
corresponding to the target antigen of CSFV. On the other hand,
on Figure 1B, the reference serum for CSFV showed a strong
signal with E2 antigen, while no significant reactivity with VP72
and VP30. Finally the negative serum showed no reactivity with
neither of the antigens (Figure 1C). A 1/200 dilution of serum
was selected as the optimal dilution for screening purposes.
This dilution showed the highest responses to ASFV and CSFV
antigens while no cross-reactivity to the non-target antigens in
each case.

Analysis of Experimental and Field Sera in
the Multiplex Assay
Once the screening conditions were established, a collection of
605 swine sera were assessed in the triplex assay. A total of 333
experimental serum samples for ASF, 30 experimental serum
samples for CSF and 253 field negative samples were included
in the analysis. Out of the 333 experimental ASF sera, 185 were
classified as positive by the 11.PPA.K3 and 11 as doubtful, so
these were not included in the statistical analysis. Out of the 30
experimental sera for CSF, 23 were classified as positive by the
11.PPC.K3. The rest of the serum samples gave negative signals
in both assays (Tables 1A,B).
In regard to ASFV, a cut off value was established for each
antigen according to the Medcalc software: 3500 and 3700 MFI
for VP72 (#12) and VP30 (#15), respectively. With the developed
assay, a sensitivity of the 96.2% for both antigens and a specificity
of 99.0% and 98.6% for VP72 and VP30, respectively, were
reached (Figures 2A,B). Particularly, more than 96% (178/185)
of the samples classified as positive with the reference technique
gave also a positive signal with the VP72 (bead #12) in the
multiplex assay, and more than the 99% of the negative samples
(416/420) gave also a negative signal in the developed multiplex
assay. Four samples gave a false positive result when compared
to the reference technique. Among these; three samples were
obtained from sera at early days post-infection and the other
sample corresponded to a positive serum to CSFV. Seven samples
classified as positive with the reference technique, gave a negative
signal for the VP72 antigen coupled to the region #12 (Table 2).
For the detection of antibodies to the VP30 of ASFV similar
results were obtained. More than 96% of the serum samples
classified as positive by the reference technique were detected
with the VP30 in the multiplex assay (178/185), and more than
98% of the serum samples classified as negative by the reference
ELISA were also negative in the multiplex assay (414/420). Six
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FIGURE 1 | Establishment of optimal conditions for the development of a
multiplex bead-based assay. X Axis shows the dilution value of the sera
employed and Y Axis shows the Median Fluorescence Intensity (MFI).
Response to different antigens is shown: (◦) signal of bead #12 coupled to
VP72, (x) signal of bead #15 coupled to VP30, and ( ) signal of bead #25
coupled to E2, using a reference serum for ASFV (A), a reference serum for
CSFV (B) and a negative serum for both diseases (C).

samples that gave a negative result with the reference technique
used in this study were positive to the bead #15 coupled to the
VP30 antigen. All of these false positive samples were obtained at
different days post-infection. Moreover, seven positive samples
by the reference technique were not detected as positive in the
multiplex assay (Table 2).
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per well was analyzed as described in M&M. Figure 4 shows
the results of the weak positive sera for both viruses in order to
detect the pooling effect over the sensitivity of the test. Results
of pooling 20 different sera did not give good results for the
antibodies to ASFV nor to CSFV detection, since weak positive
signals were under the cut off established value (Data not shown).
Figure 4A shows the titration curves for the weak positive
serum to ASFV spiked in the 4 and 9 negative sera, making the 5and 10-pool, respectively. The reactivity against the three target
antigens were assessed. A higher response can be observed to
ASFV-antigens in all the pools when compared to the E2 antigen.
The highest difference appears in the 5-pool sample, where
the signal does not decrease in the first dilutions. The 10-pool
sample also exhibits a good difference between target antigens
(VP72 and VP30) and non-target antigens (E2). Preliminary
results show that for the detection of antibodies to ASFV, pools
of 5 and 10 different samples can be done maintaining good
signals of weak positive samples and with no cross-reactivity
between antigens.
In a similar way, the Figure 4B shows the titration curves for
the weak positive serum to CSF pooled in the 4 and 9 negative
sera. For the 5-pool assay, the response of the non-target antigens
was over the cut off value (5000 MFI) whereas, in the case of
the 10-pool sample, the difference between the E2 signal and the
non-target antigens was high enough and negative signals were
under the cut off value (Figure 4B). Thus, the selected conditions
for the pooled assay would be a 10-pool sample diluted 1/10 in
assay buffer.

TABLE 1A | Sera characterization by INgezim 11.PPA.K3.
Sample
Experimental Experimental
Negative
classification
ASF sera
CSF sera
field samples
(PIR)
(FLI)
Positive

185

0

0

Negative

137

30

253

Total
analyzed
sera
605

TABLE 1B | Sera characterization by INgezim 11.PPC.K3.
Negative
Sample
Experimental Experimental
field samples
CSF sera
classification
ASF sera
(FLI)
(PIR)
Positive

0

23

0

Negative

322

7†

253

Total
analyzed
sera
605

†

Six out of these seven sera were obtained from animals infected with border disease
virus (BDV) and Bovine viral diarrhea virus (BVDV), other Pestivirus serologically related
to CSFV.

Taking together the reactivity of a given serum against VP72
and VP30, the values of sensitivity and specificity were slightly
increased (Table 2). More than the 97% (180/185) of the serum
samples classified as positive were detected by, at least, one
of the antigens. And more than the 98% (413/420) of the
negative samples gave a negative signal to both antigens. By the
combination of both antigens, only five false negative samples
were obtained with the multiplex assay. The sensitivity parameter
increased to 97.3% with a specificity of 98.3%. Additionally, a
stratified analysis of the positive samples to ASFV according
days post infection is shown in Figure 3. Within the first 7
dpi no positive results were observed in any of the techniques
used. Between 8 and 15 dpi the bead-based assay gave a
higher proportion of positive samples (68%) in the inoculated
group than the technique used as reference (58%). The same
observation was obtained in the 16–28 dpi group, in which beadbased assay exhibited 97% of positive samples, while a 90% was
obtained with the reference technique. Samples collected a month
after infection, gave similar results with both assays.
According to the cut-off value established by the ROC analysis
(5000 MFI) for the E2 antigen (bead #25), the performance
characteristics of the multiplex assay for CSF showed a good
correlation with the reference technique, reaching a sensitivity of
95.7% and a specificity of 99.8% (Figure 2C). Negative samples
for CSF, including disease-free animals and ASFV-infected pigs,
gave clearly negative results showing no cross reactivity with
the E2 antigen. The six serum samples obtained from animals
infected with other related Pestivirus (BVDV or BDV), gave
negative results in this assay format. Only one weak positive
sample for CSF was not detected with the bead-based assay
(Figure 2C, Table 2).

DISCUSSION
African swine fever (ASF) and Classical swine fever (CSF) are
two clinically indistinguishable diseases that cause high economic
impact worldwide and, thus, both are included in the World
Organization for Animal Health (OIE) list (42). In recent years,
several outbreaks of both diseases have been detected in Eastern
Europe, what increases the probability of encounter these two
viruses in a same area (4, 13, 19, 24) what leads to the necessity
of having fast and reliable tools for the differential diagnosis. In
this study, a triplex assay has been optimized for the simultaneous
detection of antibodies against both etiological agents, based on
the xMAP Technology.
For the detection of antibodies against ASFV, both VP72
and VP30 antigens, showed a similar behavior against the
experimental sera with rather good rates of sensitivity and
specificity (Figures 2A,B). Three out of the four false positive
results obtained with the VP72 coupled to the bead region #12
and the six obtained with the VP30 coupled to the bead region
#15 (Table 2) were obtained from pigs at different days postinfection, mostly within days 10 and 15 post-infection. This
observation may mean that the newly developed multiplex test
is more sensitive than the ELISA used as reference techniques,
being able to detect the infection at earlier times post infection.
If these sera were considered positive instead of false negative
samples, the newly developed assay would exhibit an increase
in sensitivity and specificity values. Both antigens, as shown

Analysis of Pooled Samples for
Surveillance Purposes
To increase the high throughput screening possibilities of the
assay, the capacity of analyzing samples from up to 20 animals
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FIGURE 2 | Validation of the bead-bead assay. The left panels represent a dot diagram where each dot represents an individual sample: results obtained for VP72
coupled to bead #12 (A) VP30 coupled to bead #15 (B), and E2 antigen coupled to bead #25 (C), The horizontal solid line corresponds to the cutoff values in each
assay, according to the Medcalc software. X Axis shows the positive (1) or negative (0) classification of samples according to the ELISA used as reference technique in
this study and Y Axis shows Median Fluorescence Intensity (MFI) obtained in the developed assay The right panels show a ROC curve analysis based on the data
obtained in the bead-bead assay.

in Table 2, can detect the same ratio of positive and negative
samples separately. However, VP30 appears to be a good antigen
for ASF diagnosis, half the amount of protein is needed to reach
the same results when compared to VP72 and more positive
samples are detected. This observation has also been described
in previous studies (5).
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Taking together the reactivity of a given serum against
VP72 and VP30, the values of sensitivity were slightly
increased to 97.3% with a 98.3% specificity (Table 2). By
the observation of these results, including both antigens
in the multiplex assay seems to be the best strategy for
ASF diagnosis, since it increases the sensitivity value of the
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TABLE 2 | Correlation between bead-based assay and the ELISAs used as reference for different antigens.
No. of serum
samples with
ELISA

No. of serum samples with VP72 No. of serum samples with VP30
(bead #12)
(bead #15)

Pos.

Neg.

Total

Pos.

No. of serum samples with E2
(bead #25)

Neg.

Total

Pos.

Neg.

No. of serum samples with VP72
(#12) + VP30 (#15)

Total

Pos.

Neg.

Total

Pos.

178

7

185

178

7

185

22

1

23

180

5

185

Neg.

4

416

420

6

414

420

1

581

582

7

413

420

Total

182

423

605

184

421

605

23

582

605

187

418

605

Sensitivity

96.2

96.2

95.7

97.3

Specificity

99.0

98.6

99.8

98.3

FIGURE 3 | Stratified analysis of positive samples to ASFV according to days post-infection. X axis shows the percentage of positive samples within each group. Y
axis shows different days post infection clustered as follows: 0–7 dpi, 8–15 dpi, 16–28 dpi, and > 1 month pi. Error bars show the 95% confidence interval for each
bin of data. Statistical significance has been calculated according to a McNemar test, *p < 0.05.

For detection of antibodies to CSFV, even though more
positive sera from CSFV-infected animals should be analyzed
to have a statistically representative value of sensitivity and
specificity, a great correlation between positive and negative
samples is observed, reaching a sensitivity of 95.7% and a
specificity of 99.8% (Figure 2C). Moreover, the highest MFI
signals observed in the negative samples were obtained from
animals infected with BDV or BVDV, two Pestivirus related to
the CSFV whose differentiation is complicated because they are
highly cross-reactive antigenically (43).
By the combination of the three antigens, the developed
multiplex assay shows great sensitivity and specificity parameters
for the differential diagnosis of animals infected with ASFV
or CSFV.
Surveillance studies are a priority when talking about high
economic impact diseases such as the ones described (ASF, CSF),
and it may therefore be beneficial to use pooling of samples to
analyse the greatest number of animals per assay. The pooling

assay. This could be especially of interest when analyzing
field samples, where animals can react differently to viral
exposure presenting diverse levels of antibodies to each of the
virus proteins.
Moreover, if we consider that six out of the seven false positive
samples came from animals at different days post-infection the
developed test can bring an increase on the assay sensitivity,
that specificity parameter would be also increased to 99.8%
with a sensitivity of 97.4%. This hypothesis is strengthened by
the observation in Figure 3, where the newly developed test
can detect a higher percentage of positive samples in the 8–
15 dpi group (from a 58% to a 68%) as well as for the 16–
28 dpi group, in which the percentage is increased from 90 to
97%. When we analyzed samples after 1 month of infection,
the percentage of positive samples is almost the same for both
techniques. This would mean that the bead-based assay is slightly
more sensitive than the reference technique used in this study,
detecting infection at earlier dpi.

Frontiers in Veterinary Science | www.frontiersin.org
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health aspects. To date, these health evaluations are done with
individual assays, and this forces the application of control
plans centered in one unique pathology. The use of multiplex
assays would dramatically help in those surveillance plans, by
allowing the development of one unique plan for a complex
infectious disease panel. Moreover, analysis of multiple analytes
at once, instead of running several tests in parallel, presents
several advantages compared to traditional methods, including
saving labor, time and reducing user error and variability between
independent assays.
It must be taken into account that this study only included
positive samples experimentally obtained, in which animals were
inoculated with high viral doses and trough clear inoculation
routes. Real samples that reflect field conditions needs to be
analyzed to determine the accuracy of the newly developed test
and its diagnostic parameters.
This triplex assay would be the starting point for the
development of a multiplex assay that include other diseases
of special interest in swine. This multiplex assay can be of
great interest and application in prevention, control and even
eradication plans development.

DATA AVAILABILITY
The datasets generated for this study are available on request to
the corresponding author.

FIGURE 4 | Analysis of weak positive samples in pooled conditions. X axis
shows the dilution of the whole pool in assay buffer and Y axis the Median
Fluorescence Intensity (MFI). Signals of weak positive sample for ASFV (A) or
CSFV (B), spiked in a 4 (—) or 9 (- - -) negative sera matrix are represented for
(◦) bead #12 coupled to VP72, (x) bead #15 coupled to VP30 and ( ) bead
#25 coupled to E2. Cut off values for different antigens were established at
3500 (VP72), 3700 (VP30) and 5000 (E2) MFI.

ETHICS STATEMENT
The animal study was reviewed and approved by UK
Home Office under the Animals (Scientific Procedure)
Act UK 1986.

of samples from several individuals for a single test has long
been advocated as a way of reducing the cost and effort of
diagnostic testing. In the veterinary field it has been used for
the identification of infected individuals and populations (44,
45), and even the OIE recognize the utility of pooled samples,
although it will require the determination of their own sensitivity
and specificity parameters (46). Results obtained in this study
indicate that pooling of 10 different sera is a good alternative to
increase the high throughput screening options of the developed
test, since it allows the detection of antibodies to both pathogens
in the same conditions. Best conditions were established at the
1/10 dilution of the whole pool in assay buffer, which showed
no cross-reactivity between target antigens and promising values
of MFI for weak positive samples (Figure 4). A more in depth
analysis must be done to establish the sensitivity and specificity of
the assay in pooled conditions, since previous studies described
an increase in specificity of pooled sera and a decrease in
sensitivity when changing from unique to pooled sample analysis.
This was due to the cut off readjustment for pooled samples
analysis (47, 48).
The maintenance of animal health in production species
and, particularly in swine, includes the control of a wide
range of infectious diseases affecting both, economic and public
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