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Summary

Livestock industry supports the livelihood of around 1.3 billion people in the world,
with swine industry contributing with 30 % of total livestock production worldwide. To
maintain and guarantee this production, a pivotal point according to the OIE is
addressing potential biohazards. To control them, permanent sero-surveillance is crucial
to achieve more focused veterinary public health intervention and prevention strategies,
to break the chains of transmission, and to enable fast responses against outbreaks.
Within this context, multiplex assays are powerful tools with the potential to simplify
surveillance programs, since they reduce time, labour, and variability within analysis. In
the present work, we developed a multiplex bead-based assay for the detection of
specific antibodies to six relevant pathogens affecting swine: ASFV, CSFV, PRRSV,
SIV, TB, and HEV. The most immunogenic target antigen of each pathogen was
selected as the target protein to coat different microsphere regions in order to develop
this multiplex assay. A total of 1544 serum samples from experimental infections as
well as field samples were included in the analysis. The 6plex assay exhibited credible
diagnostic parameters with sensitivities ranging from 87.0 % to 97.5 % and specificities
ranging from 87.9 % to 100.0 %, demonstrating it to be a potential high throughput tool

for surveillance of infectious diseases in swine.
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Introduction

Livestock industry contributes globally with about 20-40 % of agricultural gross
domestic product, supporting completely or partially the livelihood of around 1.3 billion
people worldwide. Moreover, livestock is the source of 34 % global food protein, but it
is not equally distributed, and it is especially vital to the economies of developing

countries, where food insecurity is an endemic concern (ILRI, 2020; FAO, 2018, 2020a;
FAO, ILRI, & cirad, 2019). Among different livestock sectors, swine industry plays a

crucial role, with more than 30 % of total livestock production worldwide (FAO 2020b,
2020c). To maintain and ensure these productions, the World Organisation for Animal
Health (OIE), published a guide to good farming practises, where addressing biohazards
is a pivotal point to guarantee the production at different levels and to improve
biosecurity for both, animals and humans (FAO & OIE, 2009). During the last decades,
productions have undergone intensification and globalization processes that led to the
reduction in herd numbers with a huge increment in the number of animals per herd.
This, in combination with the increase in movement of animals, feed and products
derived from these industries, led to the spread of pathogens all over the world
(VanderWaal & Deen, 2018). Through a timely and reliable diagnosis and an ongoing
surveillance, useful knowledge is obtained to allow more focused veterinary public
health intervention and prevention strategies, to break the chain of transmission, and to
give faster responses against outbreaks, thereby minimizing the impact of infectious
diseases (Riley & Blanton, 2018; Turlewicz-Podbielska, Wtodarek, & Pomorska-Mol,
2020).

The most important diseases affecting animals are tracked globally by the OIE. Some of
the most relevant pathogens affecting swine as described in the manual of diagnostic
tests and vaccines for terrestrial animals are: African Swine Fever Virus (ASFV),
Classical Swine Fever Virus (CSFV), Porcine Respiratory and Reproductive Syndrome
Virus (PRRSV), and Swine Influenza Virus (SIV) (OIE, 2019a). African Swine Fever

(ASF) is a high-impact contagious disease in swine caused by a complex DNA virus:
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ASFV. The disease can run different courses depending on host factors and strain
virulence. Haemorrhagic signs and exceptionally high lethality accompany infections
with highly virulent ASFV strains. Antibodies are detectable early upon infection and
for long periods (without predicting disease outcome) (Dixon, Sun, & Roberts, 2019).
Similar in clinical and pathological presentation, Classical Swine Fever (CSF) is a
highly contagious disease caused by a small RNA virus, CSFV. Since both diseases can
be found simultaneously in different countries, laboratory tools are necessary for the

proper identification of the pathogen (Malik et al., 2020; Schulz, Staubach, & Blome,
2017). Porcine Respiratory and Reproductive Syndrome is considered one of the most

important swine diseases that is caused by PRRSV. The disease is characterized by
respiratory syndrome in young pigs, and reproductive failure in pregnant sows, leading
to substantial economic losses to the pig industry. Several genotypes have been
circulating since its appearance in the 1980s with different virulence rates, that led in
2016 to the differentiation of the two main genotypes (PRRSV-1 and PRRSV-2) into
two separated species (Lunney et al., 2016; Kuhn et al., 2016, Montaner-Tarbes, Del
Portillo, Montoya, & Fraile, 2019). Finally, Swine Influenza is a respiratory pathology
caused by Influenza A viruses, most commonly by the subtypes HIN1, HIN2 and
H3N2, and more recently a pandemic HIN1 (Simon et al., 2014). Swine Influenza is a
highly contagious infection, which, usually, moves quickly within a herd reaching
morbidity rates near to 100 %, but with low mortality rates and rapid recovery.
Economic losses related to SIV infection are related to retarded weight gain and to the
animals’ weakening, which can lead to secondary bacterial infections complicating the
disease (Janke, 2014; OIE, 2009; Van Reeth & Vincent, 2019). In addition, infection of
pregnant sows with influenza A virus leads to secondary losses through abortions and

other reproductive problems (Gumbert et al., 2020).

On the other hand, some zoonotic diseases are of interest to the swine industry not only
for the effects on pigs but also due to the role pigs play in the transmission route of
zoonotic agents to humans, especially from wild reservoirs. Bovine Tuberculosis (TB)
is one of these important zoonotic diseases. TB is caused by the different members of
the Mycobacterium tuberculosis complex, the most prevalent bacteria of this group that
causes infection in pigs is Mycobacterium bovis, which can cause disease in animals
like cattle and swine, and it can be transmitted to humans. TB is widely spread over the

world. Its control in wild species is challenging and, despite efforts carried out, TB

3
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keeps on being endemic in wild populations from many countries (Bailey, Crawshaw,
Smith, & Palgrave, 2013; Cano-Terriza et al., 2018; Cousins, 2001; Pesciaroli et al.,
2014). During the last decades, another infectious agent has gained attention among
swine populations: Hepatitis E Virus (HEV). HEV is a pathogen that can be transmitted
to humans and has been identified in different animal species. Nowadays, it is known to
cause a highly prevalent and emerging zoonotic disease, responsible for the 3.3 %
hepatitis deaths worldwide. Its impact in animals is not well-established, since not all
susceptible species have been identified and because, in many cases, the clinical signs
are undetectable, hindering the proper development of surveillance programs (WHO,

2019; Kenney, 2019; Sooryanarain & Meng, 2020).

Within this context, the present study aims to develop a multiplex assay for the
detection of antibodies against some of the most relevant pathogens affecting the swine
population. This kind of assay will offer some advantages over individual assays, such
as reduced time and sample volume as well as possible variability between independent

assays.

Bead-based multiplex assays (BBMAs), commonly known under the trade names
XxMAP Technology or Luminex assays, are a powerful high throughput technology. This
platform uses coloured code polystyrene microspheres as the surface for the capture
molecule binding, and, by mixing different microspheres regions within a single plate
well, allows the detection of multiple analytes within a single sample run. This
technology combines fluorescent-dyed microspheres, a detection instrument based on
lasers read-out, digital signal processing, and an analysis software (Christopher-
Hennings et al., 2013; Graham, Chandler, & Dunbar, 2019). While BBMAs are widely
applied in human health, with the development of methods for drug discovery
(Komnatnyy, Nielsen, & Qvortrup, 2018), diseases diagnosis (Grignard et al., 2019; Lu
et al., 2005) and immune response characterization (Jones et al., 2002) among others,
work in the veterinary field has been more limited, although interest has been rising
recently (Chen et al., 2016; Fabian et al., 2020; Hoste et al.; Laamiri et al., 2016; Ragan
et al., 2018). To date, there are a few commercial assays available (References TRD-
500 and TRD-502, Biovet Inc. Saint-Hyacinthe, Canada). Moreover, previous studies
have shown that bead-based assays might be slightly more sensitive than ELISA
technology, and they open the chance not only to simultaneously test against several

pathogens, but also to differentially evaluate several antigens of a given pathogen in one

4
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assay, which is of great interest for complex and variable microorganisms (Aira et al.,

2019; Chen et al., 2013).

In the present work, the most immunogenic target antigens of the described pathogens
have been obtained as recombinant proteins using different heterologous systems, and a
6plex assay for the differential detection of antibodies against these relevant swine

pathologies has been developed.
Materials and methods

Antigens

The viral protein 30 (VP30) of ASFV (BA71 strain) was produced with a 6xHis tag in
insect cells and the protein was further purified from the insoluble fraction under
denaturing conditions (Aira et al., 2019). The MPBS83 antigen of Mycobacterium bovis
was expressed fused to GST in insect cells, and the protein was purified from culture
media by affinity chromatography using a glutathione column (Cardoso-Toset et al.,
2017). The nucleocapsid protein (N) of PRRSV-1 was obtained in Escherichia coli
fused to the T7 phage capsid protein, and further purified from insoluble cell fraction
under denaturing conditions (Rodriguez et al., 1997). The nucleoprotein (NP) of SIV
was produced fused to a 6xHis tag in insect cells, and protein was further purified from
culture media by affinity chromatography using a nickel column. The glycoprotein E2
of CSFV was produced in insect cells with a 6xHis tag and purified from the culture
media by affinity chromatography with a copper column (Sastre et al., 2016). The p239
protein from HEV comprises a partial sequence of the capsid protein and was produced
in E. coli fused to a 6xHis tag and it was purified by affinity chromatography using a

nickel column.
Serum Samples

Reference serum samples for each pathogen were used for assay optimization. All sera
were characterised as positive by the ELISAs used as the reference technique in this
study. 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-Institute (FLI)
and characterized by VNT (virus neutralization) against CSFV strain Alfort/187 with a
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50 % neutralization dose (ND50). The PRRSV-positive reference serum was provided
by INIA-CISA, it consisted on a pool of serum samples obtained from experimentally
infected animals slaughtered at 84 days post-infection. The SIV-positive reference
serum was obtained from a field animal vaccinated with the commercially available
vaccine FLUSURE® PANDEMIC (Zoetis) and previously characterized by ELISA.
The TB-positive reference serum was provided by the Unit of Prophylaxis and Control
of Bacterial Zoonoses, High Institute of Health, Rome, Italy, and was obtained from a

Nebrodi black pig grown in semi-freedom conditions previously evaluated for IFN-y

and antibodies by different ELISA formats. The Hepatitis E positive reference serum
was obtained from a naturally infected pig and it was previously characterised by
ELISA at FLI. The negative porcine serum was purchased from Gibco (reference.
26250084) obtained from a young pig (less than one year old) from New Zeeland and
previously characterized by ELISA.

For further validation, four panels of well-characterized swine sera were included in the

present study.

For detection of antibodies against ASFV, a panel of 181 serum samples from pigs used
in vaccination/challenge experiments at BSL3 facilities at PIR, were included in this
study (Sanchez-Cordon et al., 2018). Briefly, 29 pigs were immunized with an
attenuated Benin strain and serum samples were collected at different 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. Moreover, a collection of 14 sera
samples (13 positive and 1 negative sample) obtained in experimental infection
experiments carried out at FLI facilities and used in German national ring trials were

included in the assay.

For detection of antibodies against CSFV, 46 experimental serum samples from pigs
infected at FLI facilities were used, that is routinely employed for batch release testing
and assay validation (Sastre et al., 2016). Briefly, 23 positive samples collected from
pigs experimentally infected with different strains of CSFV and 23 negative samples
were included in the assay. Among the negative samples, two were obtained from non-
infected animals, eleven were obtained from animals experimentally infected with

CSFV but negative by ELISA (early phase of infection), and ten were obtained from
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animals infected with other cross-reactive pestiviruses: Border disease virus (BDV) and

Bovine viral diarrhoea virus (BVDV).

For detection of antibodies against PRRSV, a collection of 180 field serum samples
obtained from pigs vaccinated and non-vaccinated against this virus in Spanish farms

(GST laboratory, Lleida) was included in this study.

For detection of antibodies against M. bovis, a collection of field samples obtained from
25 juveniles and 55 adults wild boar; and a collection of experimental samples obtained
from 9 non-infected wild boar and 51 sera from experimentally infected wild boards
were included in the assay (Fresco-Taboada et al., 2019). Moreover, a collection of 42
samples (positive and negative) obtained from pigs grown in semi-freedom was

included in the assay evaluation.

Finally, a collection of 941 field swine serum samples from German farms, provided by
IVD Gesellschaft fiir Innovative Veterindrdiagnostik mbH (IVD GmbH), and not
previously characterised for the diseases, were also included for the proper evaluation of

our assay.

Samples were classified into positive or negative, based on different commercial
ELISAs used as the reference technique in this study for the characterisation of serum

samples for statistical evaluation:

- INgezim PPA Compac (11.PPA.K3, Eurofins-Ingenasa) competition assay for
detection of specific antibodies against ASFV.

- IDEXX CSFV Ab Test (IDEXX) competition assay for detection of specific
antibodies against CSFV.

- INgezim PRRSV 2.0 (11.PR2.K1, Eurofins-Ingenasa) indirect assay for
detection of specific antibodies against PRRSV.

- INgezim Influenza Porcina (11.FLU.K1, Eurofins-Ingenasa) for detection of
specific antibodies against SIV.

- INgezim TB Porcine (11.TBP.K1, Eurofins-Ingenasa) indirect assay for
detection of specific antibodies against M. bovis.

- In-house ELISA developed at the FLI (Martin Eiden, personal communication)

indirect assay for detection of specific antibodies against HEV.

Coupling of Target Antigens to Beads
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The viral target antigens were covalently coupled to different carboxylated magnetic
bead regions (Luminexcorp, Austin, USA) following manufacturer's indications.
Briefly, one million carboxylated magnetic microspheres, identified individually by a
unique fluorescence ratio (regions #15, #18, #20, #21, #25 and #34, MagPlex®
Microspheres, Luminex) were activated according to the NHS/EDC protocol
(Hermanson, 2013), based on a two-step carbodiimide reaction. Activated beads were
incubated with different amounts of the recombinant proteins, ranging from 2.5 to 25 pg
per one million beads, in a final incubation volume of 500 pl, and incubated for 2 h with
rotation in dark. After washing steps, the supernatant was replaced with 1 ml of storage
buffer (PBS, 1% BSA, 0.05% azide). Bead 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: anti-6xHis tag (MA1-21315; Invitrogen, Carlsbad,
CA) for VP30 and NP, 83CA3 (Eurofins-Ingenasa, Madrid, Spain) for MPB83, 1AC7
(Eurofins-Ingenasa, Madrid, Spain) for N, and 14E11 (Eurofins-Ingenasa, Madrid,
Spain) for E2, in order to assess the coupling efficiency. P239 coupling efficiency was

directly tested against reference sera.
Bead-Based Assay for Antibody Detection in Swine Serum

To perform the 6plex assay, individual antigen-coupled microspheres were sonicated
and vortexed for homogenization. A microsphere mixture was prepared by mixing the
six bead regions in assay buffer (PBS, 3 % (w/v) Milk, 0.3 % (v/v) Tween20) to a final
concentration for each region of 25 beads/ul. Fifty microliters of this bead mixture were
added over 50 pl of individual pig serum samples diluted at 1/200 in assay buffer. The
mixture was incubated for 30 min at room temperature (RT) and 650 rpm in a shaker.

For this assay, 96-well plates (Stripwell™

Microplate Medium binding Polystyrene,
Costar) previously blocked for 15 min, were used. The plate was protected from light
during all the incubation process. After each incubation step, the plate was washed
twice with washing buffer (PBS, 0.3 % (v/v) Tween 20) using a magnetic washer. Each
well was incubated with 50 pul of anti-swine IgG monoclonal antibody 1BH7 (Eurofins-
Ingenasa, Madrid, Spain) labelled with biotin, at a final concentration of 4 pg/ml in

dilution buffer (PBS, 1 % (w/v) BSA, 0.05 % (v/v) Tween20), for 30 min at 650 rpm
8
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and room temperature. Then, 50 pl/well of Streptavidin R-phycoerythrin (Molecular
probes®, life technologies) were added at a final concentration of 2 pg/ml in dilution
buffer and they were incubated for 30 min at 650 rpm and room temperature. The beads
were then resuspended in washing buffer and the results were read out in a Bio-Plex®
200 (Bio-Rad) or in a MAGPIX® dispositive (Luminexcorp, Austin, USA). 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 the absence of sample, only with assay buffer, as
a blank signal, which was subtracted from the sample signal. Positive and negative

controls were included in all assays to confirm the performance of the test.
Statistical Analysis

Data were statistically analysed by a ROC curve analysis using the MedCalc® 10
software (MedCalc Software Ltd, Seoul, Republic of Korea) to establish the optimal cut

off value for each antigen and the performance characteristics of the multiplex assay.

Results

Development and Optimization of the Multiplex Bead-Based Assay

Initially, the coupling conditions were optimised for each of the selected target antigen.
The optimal amount of antigen to couple one million microspheres of the selected
regions, was selected as the minimum concentration of antigen that rendered the highest
signals when incubated with serial dilutions of its monoclonal antibody, as previously

described in materials and methods [Table 1].

Using the bead mixture, assay conditions were optimised to avoid cross-reactions, and
beads’ reactivity was evaluated against reference sera. All microspheres optimised for
the multiplex assay, exhibited high MFI signals against their corresponding reference

serum with no cross-reactions between microspheres (data not shown).
Analysis of Experimental and Field Sera with the Multiplex Assay

Once the assay was optimised and the proper performance of reagents was confirmed, a

panel of experimental and field sera was evaluated by the 6plex assay. First, selected
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groups of serum samples evaluated by the multiplex assay were classified as positive or

negative by the corresponding ELISA used as reference in the present study [Table 2].

For the determination of the multiplex diagnostic parameters, MFI for each microsphere
region was evaluated by a ROC curve assay, to determine the best cut off values to

obtain the greatest performance parameters [Figure 1]

For the detection of specific antibodies against ASFV, the developed assay exhibited a
100 % specificity and a 93.9 % sensitivity with a cut off value of 1162 [Figure 1A].
Among the 82 positive experimental samples included in the assay, 5 samples gave a
false negative result. And within the negative samples included in the evaluation of
ASFV diagnostic parameters (n=521), none false positive results were obtained [Table

3], indicating that the assay developed is highly accurate for application in field.

For the detection of specific antibodies against CSFV, the cut off was selected as 1126.
With that value, diagnostic parameters were established as a 91.3 % sensitivity and a
98.0 % specificity [Figure 1B]. In total, 603 samples were evaluated with the bead-
based assay and classified into positive or negative according to the ELISA used as
reference in the study. Among the samples classified as positive (24) only two false
negative samples were obtained from co-infections of CSFV with other cross-reactive
Pestivirus (BDV, BVDV) exhibiting a good sensitivity. On the other hand, within the
579 samples classified as negative with the ELISA used as reference, 8 samples gave a
positive signal with quite high values of MFI with the newly developed assay [Table 3].
These eight samples belonged to the group of sera obtained from experimental
infections with the CSFV: six sera were obtained at 21 days post-infection exhibiting
for all the samples signals above 2000 MFI; another serum was obtained at 96 days

post-infection and the last one at 926 days post-infection.

For the detection of antibodies against PRRSV-1, the assay developed exhibited a
sensitivity of 87.0 % and a specificity of 94.6 % for the optimal cut off value of 1970
MFTI [Figure 1C]. Among the 1383 samples analysed with the multiplex assay, 756
samples were classified with the ELISA used a reference in the present study. Within
the 292 samples classified as positive, 254 gave a positive result with the bead-based
assay obtaining a total of 38 false negative results. Besides, among the 464 samples
classified as negative with the ELISA, 439 gave the same result with the Luminex

assay, obtaining only 25 false positive samples [Table 3]. It should be mentioned that,

10
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among false positive samples, 8 did not give a value next to the cut off, they gave high

MFT signals (>5000).

For detection of antibodies against SIV, cut off was established according to the ROC
curve analysis, at 2091 MFI, showing a sensitivity of 95.8 % and a specificity of 87.9 %
[Figure 1D]. Among the 1383 serum samples analysed, 391 were evaluated with the
ELISA used as reference in the study. A total of 175 samples among the 199 samples
classified as negative, gave also a negative result with the multiplex bead-based assay,
with a total of 24 false positive samples. Whereas 184 samples among the 192 samples
classified as positive, gave a positive MFI signal in the bead-based assay, with 8 false

negative samples [Table 3].

The assay developed for detection of antibodies against M. bovis using the MPB83 as
target antigen exhibited great diagnostic parameters, with a sensitivity of 97.5 % and a
specificity of 99.8 % for the established cut off (MFI = 5043) [Figure 1E]. Among all
the samples classified as positive with the reference ELISA (n=120), 117 gave a
positive signal (over 5043) with the newly developed bead-based assay. And among the
rest of the sera samples tested (1264) classified as negative by the ELISA used as
reference or obtained from German farms (free of TB), only 3 gave a false positive

result, which was confirmed as false positive by ELISA [Table 3].

Finally, in the case of HEV, the diagnostic parameters obtained for specific antibodies
detection to P239 were 95.7 % sensitivity and 94.6 % specificity for an established cut
off value of 2602 [Figure 1F]. Among the 1001 samples analysed, 432 samples were
classified by the in-house ELISA previously developed for the detection of antibodies to
HEV. Within the 221 samples classified as negative with the ELISA used as reference,
12 false positive samples were obtained, as well as 9 false negatives within the 211

samples characterised as positive with the in-house ELISA [Table 3].
Discussion

Currently, the major limitation of diagnostic assays is that they only allow the detection
of one pathogen per run, hindering the evaluation of wide panels of diseases. In this
context, the optimization of multiplex assays could reduce the limitation of laboratory
diagnosis since they allow the detection of several pathogens differentially and
simultaneously, being applicable on complex syndromes with shared symptomatology,
as well as creating new opportunities for integrated surveillance programs. Apart from

11
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that, multiplex assays exhibit technical advantages: they require smaller sample
volumes, they reduce labour and time, and they reduce the potential variability when
compared to the performance of six individual ELISAs regarding sample handling,
interassay variability, as well as reducing human error. Moreover, miniaturization of the
assay surface may render to higher sensitivity (Arnold, Scobie, Priest, & Lammie, 2018;
Elshal & McCoy, 2006; Ling, Ricks, & Lea, 2007). In this study, we developed a
multiplex bead-based assay which could be used as a high throughput-screening tool to
assess the presence of specific antibodies to six high-impact pathogens in swine with

good diagnostic parameters.

The presence of antibodies in serum indicates the development of an immune response
in an organism against a past exposure to a given pathogen or as a result of vaccination.
Antibodies can be tracked for months to years since their appearance, giving
information about past vaccination or pathogen exposure, and their presence can prevent

the remerge of a given pathogen (Alter & Seder, 2020; Arnold et al., 2018).

In the case of ASFV and CSFV, the presence of antibodies in samples collected within
the European Union is a direct indicator of a previous infection. For ASFV there are no
available vaccines (OIE, 2019b) and, in the case of CSFV, vaccines have been
developed and successfully employed for control of the disease. However, after its
eradication in several countries, vaccination was prohibited so as to guarantee the
proper surveillance of the disease, and its implementation is restricted to emergency
cases where disease cannot be controlled by other methods (OIE, 2020). For the
detection of antibodies to ASFV, good diagnostic parameters were obtained: Sn. 93.7 %
and Sp. 100.0 %, whereas for CSFV both parameters were slightly lower with a Sn of
91.7 % and a Sp of 98.0 %. When deeply looking at the results obtained for the
detection of antibodies to CSFV, we observed that the 8 false positive samples obtained
with this multiplex assay belonged to experimentally infected animals. Briefly, 6 sera
were obtained at 21 days post-infection, another one was obtained at 96 days post-
infection, and the last one at 926 days post-infection. According to the rest of the
samples analysed, during those periods of time, antibodies were detected in other
animals, what could indicate that the newly developed assay may have greater
sensitivity parameters than those first calculated. This superior sensitivity was
previously reported for different pathologies when directly comparing some Luminex

assays with the respective ELISAs (Aira et al., 2019; Chen et al., 2013).

12
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In the case of PRRSV and SIV, there are some commercially available vaccines, so
antibodies detection can be due to both scenarios, an indicator of a past infection or an
indicator of successful vaccination programs (OIE, 2009). For detection of antibodies to
PRRSV, a specificity of 94.6 %, with high MFI signals for some of the false positive
samples, and a sensitivity of 87 % were obtained. The sensitivity parameter was the
lowest obtained within the multiplex assay. PRRSV is a highly variable pathogen which
has been divided in two different species according to their ORF7 (codifying for N
protein) sequence: PRRSV-1 and PRRSV-2. Among these species, an identity of 59-63
% has been described for ORF7, having significant differences in protein sequence too
(Dea, Gagnon, Mardassi, Pirzadeh, & Rogan, 2000). In the present study, we only
included the protein sequence for PRRSV-1, the most prevalent species in Europe.
However, PRRSV-2 is also circulating in Europe and it is used in some of the vaccines
developed. The ELISA used as reference in the present study uses a chimeric protein for
both species. Therefore, the low sensitivity observed in the multiplex assay may be
improved by the introduction of the N protein from PRRSV-2 coupled to a different
bead region, potentially allowing the differentiation of the species causing infection.
Diagnostic parameters obtained in the multiplex assay for the SIV antibody detection,
were determined as Sn 95.8 % and a Sp 87.9 %. These values could be explained by the
diagnostic performance of the ELISA used as reference in this study, which, according
to manufacturer’s indications, has a Sn of 87 % and a Sp of 89 %. Thus, some of the
false positive and false negative samples obtained with the multiplex bead-based assay

may be explained by a misclassification obtained by the ELISA used as reference.

For tuberculosis control, no commercial vaccines are available, and detection of
antibodies in these populations can be considered a direct indicator of infection.
Moreover, Germany has been declared free of this disease, reason why all samples
obtained from German farms were considered negative to antibodies. In these
conditions, the detection of antibodies against TB within the multiplex bead-based assay

developed exhibited great diagnostic parameters (Sn: 97.5 %; Sp: 99.8 %).

To our knowledge, no vaccines are available for swine against HEV, thus detection of
antibodies is a direct indicator of a past infection. For detection of antibodies to HEV,
the bead-based assay exhibited a Sn of 95.7 % and a Sp of 94.6 %. Since the same
antigen was used for the coating of ELISA plates and coupling to the magnetic

microspheres, differences in antibody detection may be explained by the different
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detector molecule used in the two assays. While the ELISA uses protein G coupled to
peroxidase as detector molecule, the bead-based assay uses an anti-swine-IgG antibody
labelled to biotin, which is a more specific recognition molecule (Choe, Durgannavar, &
Chung, 2016). Moreover, bead-based assays have shown to be slightly more sensitive
than ELISA in some cases, detecting lower amounts of IgG in serum, what may be an
explanation for the decrease in specificity of the multiplex assay when compared to the

ELISA.

To sum up, we can conclude that the developed multiplex assay exhibited promising
performance parameters, which can reliably determine the immune status of a herd
against several relevant pathogens. The implementation of this diagnostic assay on high
impact diseases as the ones described, may be advantageous for National Veterinary
Authorities, simplifying the application of epidemiological studies to swine populations.
The developed multiplex assay could be improved in further studies by the
incorporation of new antigens from other relevant pathologies. As well, since
microspheres are obtained independently, the assay could be customised including and

excluding pathogens as desired.
Acknowledgements

We would like to thank the Programa de doctorados industriales de la Comunidad de
Madrid (2017) under grant IND2017/BMD-7711 which supports CA. We would like to

thank Javier Serraseca, Tamara Ruiz, and Nuria de la Roja for technical assistance.
Conflict of interest statement

The authors declare that they have no competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.
Data availability statement

The data that support the findings of this study are available from the corresponding

author upon request.

References

Aira, C., Ruiz, T., Dixon, L., Blome, S., Rueda, P., & Sastre, P. (2019). Bead-Based
Multiplex Assay for the Simultaneous Detection of Antibodies to African Swine

14



442
443

444
445
446

447
448
449

450
451
452

453
454
455
456
457

458
459
460
461

462
463

464
465
466
467

468
469
470
471
472

473
474
475

476
477
478
479

480
481

29
30

Fever Virus and Classical Swine Fever Virus. Front Vet Sci, 6, 306. doi:
10.3389/fvets.2019.00306

Alter, G., & Seder, R. (2020). The Power of Antibody-Based Surveillance. New
England Journal of  Medicine, 383(18), 1782-1784. doi:
10.1056/NEJMe2028079

Arnold, B. F., Scobie, H. M., Priest, J. W., & Lammie, P. J. (2018). Integrated Serologic
Surveillance of Population Immunity and Disease Transmission. Emerg Infect
Dis, 24(7), 1188-1194. doi: 10.3201/eid2407.171928

Bailey, S. S., Crawshaw, T. R., Smith, N. H., & Palgrave, C. J. (2013). Mycobacterium
bovis infection in domestic pigs in Great Britain. Vet J, 198(2), 391-397. doi:
10.1016/;.tvj1.2013.08.035

Cano-Terriza, D., Risalde, M. A., Rodriguez-Hernandez, P., Napp, S., Fernandez-
Morente, M., Moreno, 1., . . . Garcia-Bocanegra, 1. (2018). Epidemiological
surveillance of Mycobacterium tuberculosis complex in extensively raised pigs
in the south of Spain. Prev Vet Med, 159, 87-91. doi:
https://doi.org/10.1016/j.prevetmed.2018.08.015

Cardoso-Toset, F., Luque, 1., Carrasco, L., Jurado-Martos, F., Risalde, M., Venteo,
A., ... Gomez-Laguna, J. (2017). Evaluation of five serologic assays for bovine
tuberculosis surveillance in domestic free-range pigs from southern Spain. Prev
Vet Med, 137(Pt A), 101-104. doi: 10.1016/j.prevetmed.2016.12.016

Cousins, D. V. (2001). Mycobacterium bovis infection and control in domestic
livestock. Rev Sci Tech, 20(1), 71-85. doi: 10.20506/rst.20.1.1263

Chen, T. H., Lee, F., Lin, Y. L., Pan, C. H., Shih, C. N., Lee, M. C., & Tsai, H. J.
(2013). Development of a Luminex assay for the detection of swine antibodies
to non-structural proteins of foot-and-mouth disease virus. J Immunol Methods,
396(1-2), 87-95. doi: 10.1016/j.jim.2013.08.002

Chen, T. H., Lee, F., Lin, Y. L., Pan, C. H., Shih, C. N., Tseng, C. H., & Tsai, H. J.
(2016). Development of a multiplex Luminex assay for detecting swine
antibodies to structural and nonstructural proteins of foot-and-mouth disease
virus in Taiwan. J Microbiol Immunol Infect, 49(2), 196-207. doi:
10.1016/§.jmii.2014.05.009

Choe, W., Durgannavar, T. A., & Chung, S. J. (2016). Fc-Binding Ligands of
Immunoglobulin G: An Overview of High Affinity Proteins and Peptides.
Materials (Basel), 9(12). doi: 10.3390/ma9120994

Christopher-Hennings, J., Araujo, K. P., Souza, C. J., Fang, Y., Lawson, S., Nelson, E.
A., ... Lunney, J. K. (2013). Opportunities for bead-based multiplex assays in
veterinary diagnostic laboratories. J Vet Diagn Invest, 25(6), 671-691. doi:
10.1177/1040638713507256

Dea, S., Gagnon, C. A., Mardassi, H., Pirzadeh, B., & Rogan, D. (2000). Current
knowledge on the structural proteins of porcine reproductive and respiratory

15



482
483

484
485

486
487
488

489
490
491
492

493
494
495

496
497

498
499
500
501

502
503
504

505
506

507
508
509
510

511
512
513
514

515
516
517

518
519
520
521

31
32

syndrome (PRRS) virus: comparison of the North American and European
isolates. Arch Virol, 145(4), 659-688. doi: 10.1007/s007050050662

Dixon, L. K., Sun, H., & Roberts, H. (2019). African swine fever. Antiviral Res, 165,
34-41. doi: https://doi.org/10.1016/j.antiviral.2019.02.018

Elshal, M. F., & McCoy, J. P. (2006). Multiplex bead array assays: performance
evaluation and comparison of sensitivity to ELISA. Methods, 38(4), 317-323.
doi: 10.1016/j.ymeth.2005.11.010

Fabian, B. T., Hedar, F., Koethe, M., Bangoura, B., Maksimov, P., Conraths, F. J.,
Schares, G. (2020). Fluorescent bead-based serological detection of Toxoplasma
gondii infection in chickens. Parasit Vectors, 13(1), 388. doi: 10.1186/s13071-
020-04244-6

FAO, Food and Agriculture Organization of the United Nations, & OIE, World
Organisation for Animal Health (2010). Guide to good farming practices for
animal production food safety. Rome, Italy.

FAO, Food and Agriculture Organization of the United Nations (2018). Transforming
the livestock sector through the Sustainable Development Goals. Rome, Italy.

FAO, Food and Agriculture Organization of the United Nations, ILRI, International
Livestock Research Institute, & CIRAD, agricultural research for development
(2019). Livestock Sector Investment And Policy Toolkit (LSIPT). Retrieved
23rd December, 2020, from http://www.fao.org/3/ca6335en/CA6335EN.pdf

FAO, Food and Agriculture Organization of the United Nations, (2020a). Animal
production. Retrieved 23rd December, 2020, from http://www.fao.org/animal-

production/en/

FAO, Food and Agriculture Organization of the United Nations, (2020b). Food Outlook
- Biannual Report on Global Food Markets. Rome, Italy: FAO.

FAO, Food and Agriculture Organization of the United Nations (2020c). Livestock
production by region. Global Livestock Environmental Assessment Model
(GLEAM). Retrieved 23rd December, 2020, from
http://www.fao.org/gleam/results/en

Fresco-Taboada, A., Risalde, M. A., Gortazar, C., Tapia, 1., Gonzalez, I., Venteo, A.,
Rueda, P. (2019). A lateral flow assay for the rapid diagnosis of Mycobacterium
bovis infection in wild boar. Transbound Emerg Dis, 66(5), 2175-2179. doi:
10.1111/tbed.13260

Graham, H., Chandler, D. J., & Dunbar, S. A. (2019). The genesis and evolution of
bead-based multiplexing. Methods, 158, 2-11. doi:
https://doi.org/10.1016/j.ymeth.2019.01.007

Grignard, L., Mair, C., Curry, J., Mahey, L., Bastiaens, G. J. H., Tiono, A. B., Drakeley,
C. (2019). Bead-based assays to simultaneously detect multiple human inherited
blood disorders associated with malaria. Malar J, 18(1), 14. doi:
10.1186/512936-019-2648-7

16


http://www.fao.org/gleam/results/en
http://www.fao.org/animal-production/en/
http://www.fao.org/animal-production/en/
http://www.fao.org/3/ca6335en/CA6335EN.pdf

522
523
524
525
526

527
528

529
530
531
532

533
534

535
536

537
538
539
540

541
542

543
544
545

546
547
548

549
550
551
552

553
554
555

556
557
558

559
560
561

33
34

Gumbert, S., Froehlich, S., Rieger, A., Stadler, J., Ritzmann, M., & Zoels, S. (2020).
Reproductive performance of pandemic influenza A virus infected sow herds
before and after implementation of a vaccine against the influenza A
(HIN1)pdmO9 virus. Porcine Health Manag, 6, 4. doi: 10.1186/s40813-019-
0141-x

Hermanson, G. T. (2013). Chapter 14 - Microparticles and Nanoparticles. In:
Bioconjugate Techniques. (3rd Edition ed.). San Diego, CA: Academic press.

Hoste, A. C. R., Ruiz, T., Fernandez-Pacheco, P., Jiménez-Clavero, M. A., Djadjovski,
L., Moreno, S., Sastre, P. (2020). Development of a multiplex assay for antibody
detection in serum against pathogens affecting ruminants. Transbound Emerg
Dis, n/a(n/a). doi: https://doi.org/10.1111/tbed.13776

ILRI, International Livestock Research Institute (2020). Prosperity. Retrieved 23rd
December, 2020, from https://www.ilri.org/research/themes/prosperity

Janke, B. H. (2014). Influenza A virus infections in swine: pathogenesis and diagnosis.
Vet Pathol, 51(2), 410-426. doi: 10.1177/0300985813513043

Jones, L. P., Zheng, H. Q., Karron, R. A., Peret, T. C., Tsou, C., & Anderson, L. J.
(2002). Multiplex assay for detection of strain-specific antibodies against the
two variable regions of the G protein of respiratory syncytial virus. Clin Diagn
Lab Immunol, 9(3), 633-638.

Kenney, S. P. (2019). The Current Host Range of Hepatitis E Viruses. Viruses, 11(5).
doi: 10.3390/v11050452

Komnatnyy, V. V., Nielsen, T. E., & Qvortrup, K. (2018). Bead-based screening in
chemical biology and drug discovery. Chem Commun (Camb), 54(50), 6759-
6771. doi: 10.1039/c8cc02486¢

Kuhn, J.H., Lauck, M., Bailey, A.L. et al. (2016) Reorganization and expansion of the
nidoviral family Arteriviridae. Arch Virol 161, 755-768. doi: 10.1007/s00705-
015-2672-z

Laamiri, N., Féllgren, P., Zohari, S., Ben Ali, J., Ghram, A., Leijon, M., & Hmila, .
(2016). Accurate Detection of Avian Respiratory Viruses by Use of Multiplex
PCR-Based Luminex Suspension Microarray Assay. J Clin Microbiol, 54(11),
2716-2725. doi: 10.1128/jcm.00610-16

Ling, M. M., Ricks, C., & Lea, P. (2007). Multiplexing molecular diagnostics and
immunoassays using emerging microarray technologies. Expert Rev Mol Diagn,
7(1), 87-98. doi: 10.1586/14737159.7.1.87

Lu, J., Getz, G., Miska, E. A., Alvarez-Saavedra, E., Lamb, J., Peck, D., Golub, T. R.
(2005). MicroRNA expression profiles classify human cancers. Nature,
435(7043), 834-838. doi: 10.1038/nature03702

Lunney, J. K., Fang, Y., Ladinig, A., Chen, N., Li, Y., Rowland, B., & Renukaradhya,
G. J. (2016). Porcine Reproductive and Respiratory Syndrome Virus (PRRSV):
Pathogenesis and Interaction with the Immune System. Annual Review of

17


http://www.ilri.org/research/themes/prosperity

562
563

564
565
566
567
568

569
570
571

572
573
574
575

576
577
578

579
580
581
582

583
584
585
586

587
588
589

590
591
592
593

594
595
596
597

598
599
600
601

35
36

Animal Biosciences, 4(1), 129-154. doi: 10.1146/annurev-animal-022114-
111025

Malik, Y. S., Bhat, S., Kumar, O. R. V., Yadav, A. K., Sircar, S., Ansari, M. 1., &
Dhama, K. (2020). Classical Swine Fever Virus Biology, Clinicopathology,
Diagnosis, Vaccines and a Meta-Analysis of Prevalence: A Review from the
Indian Perspective. Pathogens (Basel, Switzerland), 9(6), 500. doi:
10.3390/pathogens9060500

Montaner-Tarbes, S., Del Portillo, H. A., Montoya, M., & Fraile, L. (2019). Key Gaps
in the Knowledge of the Porcine Respiratory Reproductive Syndrome Virus
(PRRSV). Front Vet Sci, 6, 38-38. doi: 10.3389/fvets.2019.00038

OIE. World Organisation for Animal Health (2009). Swine Influenza. Technical disease
cards. Retrieved 12th January, 2021, from https://www.oie.int/fileadmin/Home/

eng/Animal Health in_the World/docs/pdf/Disease cards/
SWINE_INFLUENZA .pdf

OIE, World Organisation for Animal Health, (2019a). Manual of Diagnostic Tests and
Vaccines for Terrestrial Animals 2019. Retrieved 27th July, 2020, from

https://www.oie.int/en/standard-setting/terrestrial-manual/access-online/

OIE, World Organisation for Animal Health (2019b). African Swine Fever. Technical
disease cards. Retrieved 27th July, 2020, from

https://www.oie.int/fileadmin/Home/esp/Our_scientific_expertise/docs/pdf/
AFRICAN%20SWINE%20FEVER.pdf

OIE, World Organisation for Animal Health (2020). Classical Swine Fever Technical
disease cards. Retrieved 27th July, 2020, from
https://www.oie.int/fileadmin/Home/eng/Animal Health in_the World/docs/
pdf/Disease_cards/CLASSICAL_SWINE FEVER.pdf

Pesciaroli, M., Alvarez, J., Boniotti, M. B., Cagiola, M., Di Marco, V., Marianelli, C.,
Pasquali, P. (2014). Tuberculosis in domestic animal species. Res Vet Sci, 97,
S78-S85. doi: https://doi.org/10.1016/j.rvsc.2014.05.015

Ragan, I. K., Davis, A. S., McVey, D. S., Richt, J. A., Rowland, R. R., & Wilson, W. C.
(2018). Evaluation of Fluorescence Microsphere Immunoassay for Detection of

Antibodies to Rift Valley Fever Virus Nucleocapsid Protein and Glycoproteins.
J Clin Microbiol, 56(6). doi: 10.1128/jcm.01626-17

Riley, L. W., & Blanton, R. E. (2018). Advances in Molecular Epidemiology of
Infectious Diseases: Definitions, Approaches, and Scope of the Field.
Microbiology spectrum, 6(6), 10.1128/microbiolspec. AME-0001-2018. doi:
10.1128/microbiolspec. AME-0001-2018

Rodriguez, M. J., Sarraseca, J., Garcia, J., Sanz, A., Plana-Durén, J., & Casal, J. L.
(1997). Epitope mapping of the nucleocapsid protein of European and North
American isolates of porcine reproductive and respiratory syndrome virus. J Gen
Virol, 78 ( Pt 9), 2269-2278. doi: 10.1099/0022-1317-78-9-2269

18


http://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/CLASSICAL_SWINE_FEVER.pdf
http://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/CLASSICAL_SWINE_FEVER.pdf
http://www.oie.int/fileadmin/Home/esp/Our_scientific_expertise/docs/pdf/AFRICAN%20SWINE%20FEVER.pdf
http://www.oie.int/fileadmin/Home/esp/Our_scientific_expertise/docs/pdf/AFRICAN%20SWINE%20FEVER.pdf
http://www.oie.int/en/standard-setting/terrestrial-manual/access-online/
http://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/SWINE_INFLUENZA.pdf
http://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/SWINE_INFLUENZA.pdf
http://www.oie.int/fileadmin/Home/eng/Animal_Health_in_the_World/docs/pdf/Disease_cards/SWINE_INFLUENZA.pdf

602
603
604
605
606

607
608
609
610

611
612
613

614
615
616
617
618

619
620
621

622
623
624

625
626
627
628

629
630

631

632
633

634

37
38

Sanchez-Cordon, P. J., Jabbar, T., Berrezaie, M., Chapman, D., Reis, A., Sastre, P.,
Dixon, L. K. (2018). Evaluation of protection induced by immunisation of
domestic pigs with deletion mutant African swine fever virus BeninDeltaMGF
by different doses and routes. Vaccine, 36(5), 707-715. doi:
10.1016/j.vaccine.2017.12.030

Sastre, P., Perez, T., Costa, S., Yang, X., Raber, A., Blome, S., & Rueda, P. (2016).
Development of a duplex lateral flow assay for simultaneous detection of

antibodies against African and Classical swine fever viruses. J Vet Diagn Invest,
28(5), 543-549. doi: 10.1177/1040638716654942

Schulz, K., Staubach, C., & Blome, S. (2017). African and classical swine fever:
similarities, differences and epidemiological consequences. Vet Res, 48(1), 84-
84. doi: 10.1186/s13567-017-0490-x

Simon, G., Larsen, L. E., Diirrwald, R., Foni, E., Harder, T., Van Reeth, K., & Loeffen,
W. (2014). European surveillance network for influenza in pigs: surveillance
programs, diagnostic tools and Swine influenza virus subtypes identified in 14
European countries from 2010 to 2013. PLoS One, 9(12), el15815. doi:
10.1371/journal.pone.0115815

Sooryanarain, H., & Meng, X.-J. (2020). Swine hepatitis E virus: Cross-species
infection, pork safety and chronic infection. Virus Res, 284, 197985. doi: https://
doi.org/10.1016/j.virusres.2020.197985

Turlewicz-Podbielska, H., Witodarek, J., & Pomorska-Mol, M. (2020). Noninvasive
strategies for surveillance of swine viral diseases: a review. J Vet Diagn Invest,
32(4), 503-512. doi: 10.1177/1040638720936616

Van Reeth, K., & Vincent, A. (2019). Influenza Viruses. In J. J. Zimmerman, L. A.
Karriker, A. Ramirez, K. J. Schwartz, G. W. Stevenson & J. Zhang (Eds.),
Diseases of Swine (Eleventh Edition ed., pp. 576-593). lowa State Press: John
Wiley & Sons, Inc.

VanderWaal, K., & Deen, J. (2018). Global trends in infectious diseases of swine. Proc
Natl Acad Sci U S A, 115(45), 11495-11500. doi: 10.1073/pnas.1806068115

WHO, World Health Organization (2019). Hepatitis E. Retrieved 24th July, 2020, from
https://www.who.int/news-room/fact-sheets/detail/hepatitis-e

Tables
Table 1. Coupling conditions for target antigens
Coupling concentration
Pathogen Antigen Bead region
(ug/10° beads)
ASFV 6xHis-VP30 5 15
CSFV 6xHis-E2 2.5 25
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PRRSV P10-N 5 20
SIvV 6xHis-NP 5 21
M. bovis GST-MPBS3 2.5 18
HEV 6xHis-P239 25 34
Table 2. Serum samples analysed in the 6plex assay
Number of samples analysed with each bead region (number of samples
Group of characterised by the reference ELISA of the respective disease)

sera samples
ASFV CSFV PRRSV SIV TB HEV

Experimental

ASFV 181 (181) | 181 (181) ; - 139 (139) -
samples
Experimental
ASFV/CSFV | 60 (60) 60 (60) 60 (0) 60 (0) 43 (43) 60 (0)
samples (FLI)
Field samples

for PRRSY | 180(180) | 180(180) | 180 (180) 180 (0) 180 (25) -
Experimental

samples for | 139 (139) | 139(139) | 139 (83) 139 (0) ; ;

TB
Field samples

for TB 43 (43) 43 (43) 43 (26) 43 (0) 60 (0) .
Field samples - - 041 (467) | 941(391) | 941 (468) | 941 (432)
(IVD)
1383
Total 603 (603) | 603 (603) | 1383 (756) | 1383(391) | (oo 1001 (432)
20
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Table 3. Correlation between multiplex assay and reference ELISA

Number of samples for each pathogen

Samples
classification | \qpy | cspy | PRRSV | SIV TB | HEV
True

ru 77 22 254 184 117 202
positives

True 521 571 439 175 554 209
negatives

False 0 8 25 24 | 12
positives

False 5 2 38 8 3 9
negatives

Total 603 603 756 391 675 432
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644 Figures

645 Figure 1. ROC curve analysis for the determination of optimal cut off values for
646 specific antibodies detection to: A. VP30 (ASFV), B. E2 (CSFV), C. N (PRRSV), D.
647 NP (SIV), E. MPB83 (M. bovis), and F. P239 (HEV). Y-axis shows the MFI values for

648 each sample. X-axis shows the classification of samples into positive (1) and negative

649  (0) according to ELISA used as reference.
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