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Abstract

Background and Aim: Brucellosis, paratuberculosis (PTb), and infections caused by small ruminant lentivirus (SRLV),
formerly known as caprine arthritis encephalitis virus (CAEV), adversely affect goat production systems. Nonetheless,
commonly used diagnostic tests can only determine one analyte at a time, increasing disease surveillance costs, and limiting
their routine use. This study aimed to design and validate a multiplex assay for antibody detection against these three
diseases simultaneously.

Materials and Methods: Two recombinant proteins from the SRLV (p16 and gp38), the native hapten of Brucella melitensis,
and the paratuberculosis-protoplasmic antigen 3 from Mycobacterium avium subsp. paratuberculosis (MAP) were used
to devise and assess a multiplex assay. Conditions for the Luminex® multiplex test were established and validated by
sensitivity, specificity, repeatability, and reproducibility parameters. Cut-off points for each antigen were also established.

Results: The 3-plex assay had high sensitivity (84%) and specificity (95%). The maximum coefficients of variation were
23.8% and 20.5% for negative and positive control samples, respectively. The p16 and gp38 SRLV antigens are 97% and
95%, similar to the CAEV sequence found in GenBank, respectively.

Conclusion: The multiplex test can be effectively used for the simultaneous detection of antibodies against SRLV, MAP
and B. melitensis in goats.

Keywords: antibody detection, brucellosis, Luminex®, paratuberculosis, serological test, small ruminant lentivirus.

Introduction endemic disease that infects livestock regularly. Its
causative agent, Mycobacterium avium subsp. para-
tuberculosis (MAP), is shed in feces, milk, and colos-
trum and may be spread from animal to human hosts
by water and foodborne transmission routes, corre-
spondingly representing a significant risk to public

health safety [9]. Effective serological diagnostic

Small ruminant lentivirus (SRLV) infections,
brucellosis, and caprine paratuberculosis (PTb) cause
substantial farming and economic losses in goat pro-
duction systems [1-3]. SRLV causes a persistent
lentiviral infection in goats that has multiple clinical

presentations affecting both kids and adults within
a herd. There is no vaccine or specific treatment for
SRLV infection [4, 5]. Brucellosis is found globally
in livestock and is considered as one of seven unat-
tended zoonoses in developing countries by the World
Health Organization [6, 7, 8]. PTb is also a worldwide
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tools are essential for accurate diagnosis of these dis-
eases and the starting point for efficient epidemiolog-
ical surveillance, as well as for the establishment of
control and eradication programs.

At present, available serological tests for
SRLYV, brucellosis, and PTb can only identify anti-
bodies against one pathogen at a time. Routine use
of multiple single detection tests increases over-
all production costs and labor. Furthermore, large
sample volumes are needed for each measurement
(50-200 uL) [10, 11], which reduces their regular
use by farmers [5, 7, 9]. Furthermore, commercial
tests are mainly based on immunosorbent techniques
(enzyme-linked immunosorbent assay [ELISA] and
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its chemiluminescence variants) that can be costly and
use toxic reagents that require careful handling and
proper disposal [12].

Detection methods that can simultaneously mea-
sure antibodies for multiple infectious agents have been
previously developed, effectively attaining an increase
in serological test efficiency [10, 13, 14]. Relevant sys-
tems include: (a) The Meso Scale Discovey method,
which nonetheless has limited reproducibility and uses
a toxic (carcinogenic) component in its electroche-
miluminescent detection system [13]; (b) the FAST
Quant technique, which includes chemiluminescent
reagents that provide high sensitivity, but also has high
variability, reducing its reliability [10]; and (c) the
XMAP Luminex® system (Luminex® Corporation,
Texas, USA), with a sensitivity that is superior to that
observed with the ELISA technique [15]. Moreover,
the Luminex® multiplex system is highly reproducible
and needs a small amount of sample to identify several
analytes, thus lowering costs and processing time. In
addition, the Luminex® multiplex system does not gen-
erate toxic residues [10, 11, 13-16].

This study aimed to design and validate a
Luminex® multiplex assay for the simultaneous detec-
tion of antibodies against SRLV, MAP, and Brucella
melitensis in goats, to provide an efficient diagnostic
tool as the onset for the establishment of control and
eradication programs.

Materials and Methods

Ethical approval
No human or animal subjects were used in this
study so, no ethical approval was needed.

Study period and location

The study was conducted from April 2022
to August 2022 at Veterinary School of National
Autonomous University of Mexico (UNAM) with sam-
ples from a goat sera bank collected from 2017 to 2020.

Antigens

Genes encoding the pl6 and gp38 proteins from
SRLV were amplified by PCR using specific prim-
ers (pl6 Forward 5° GGA TCC GAA GGA GAT

ATA CAT ATG GTG AGT CTA GAT AGA GAC 3’/
Reverse 5° CTC GAG TCT CCC TCC TGC TGC
TTG CAC 3’) (gp38 Forward 5° GGA TCC GAA
GGA GAT ATA CAT ATG GGC GTT GGC TTG GTC
ATT ATG 3’/Reverse 5° GAG CTC TTG TCC TCT
TTA GCC CAT GTC TC 3’) and the pCAEVneoll
plasmid containing the SRLV pro-viral sequence as
a template [17, 18]. The PCR products were cloned
in a pMB11 vector, subsequently sequenced [19] and
compared with the p16 and gp38 data from GenBank
(Sequence ID: M33677.1) (Figures-1 and 2). Copies
were then subcloned in a pET24 expression vector
(Novagen, Istanbul, Turkey) and an Escherichia coli
BL21-Codon Plus (DE3)-RIL® (E. coli B F~ ompT
hsdS(rB- mB-) dem™ Tet® gal endA Hte [argU ileY
leuW Cam®]) strain (Agilent, California, USA) was
transformed with these plasmids. Recombinant pro-
teins were induced in cultures with 1 mM of Isopropil-
B-D-1-thiogalactopyranoside (IBI Scientific, Iowa,
USA) for 4 h. Cultures were subsequently adjusted
to an optical density 600 nm of 1.0. Samples were
resuspended in 50 uL sodium dodecyl sulfate (SDS)
2x (Bio-Rad, California, USA) and heated for 5 min
at 95°C. The proteins were separated by gel electro-
phoresis (12% SDS-polyacrylamide gel electrophore-
sis) and visualized with Coomassie stain (Bio-Rad).
Recombinant proteins were finally purified using
Nickel-Nitrilotriacetic acid columns according to
manufacturer’s recommendations (Qiagen, Hilden,
Germany) [20].

The commercial MAP antigen PPA-3 was
used for PTb detection (Allied Monitor Laboratory,
Missouri, US), which is an immunogenic protoplas-
mic antigen obtained from bacterial lysates from
Mycobacterium avium. Finally, the native hapten
(NH) from B. melitensis was selected for brucellosis
diagnosis, a 14.5 kDa polysaccharide that can be used
to differentiate vaccinated from naturally infected ani-
mals [21, 22].

Sera
A total of 49 positive and 48 negative samples
for Brucella, 32 positive and 32 negative samples for

Score Expect Identities Gaps Strand
418 bits(226) le-121 240/247(97%) 4/247(1%) Plus/Plus
Query 1 TCC~-TGAGCTCGAAAAATG' PGCAT SGCAAGATAAAAGTTCGACTCAGAGGGG 59
I [ L II Illlllllll III CLLLLLERELLLLEEE LT
sSbjct 5 TCCGTGAGC -, TGTATCAAGCA' I‘GCA ~AAGATAAAAGTTCGACTCAGAGGGG 61
Query 60 C GGAAATTGTTTA! CC AAA AG CATG GG 119
III IIIIIIIIIII CLLEELLELLLL LI EE LT ILLLELTLTL
Sbjct 62 GCAC ACAGAAGGAAATTGTTTATGGTGCC AAACATTAGATTACATG GG 121
Query 120 ACCATAAAGAGGAACCTTGGACAAAAGT GGACAATATGGCAGAAGG' G. 179
I PLLELLLLEL LR LR L LT L LT
Sbjet 122 ACCATAAAGAGGAACCTTGGACAAAAGTAAAA GACAATATGGCAGAAGG G. 181
Query 180 ATCTAACTCCTGAGGAGAG CAAAAAAGACTTTATGTCTTTGCAGGCCACATTAGCGG 239
CLLLLELLL LRt L LEELE LR LR
Sbjct 182 ATCTAACTCCTGAGGAGAG! CAAAAAARA ATGTC 'GCAGGCCACA GCGG 241
Query 240 Tul. T 246
sbjet 242 GGC T 248

Figure-1: The nucleotide sequence of p16 is 97% identical to the caprine arthritis encephalitis virus genome.
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‘Score Exp:d Identities Ga})s Strand
1000 bits(541) 0.0 594/624(95%) 8/624(1%) Plus/Plus
Query 22 TCTCTGGCAGTCGCAAACGYGATTCAGCAGTCTTACACTAAGGCAGCTGKCCAGACCCT 81

. IIIIIIII IIIIIIIIIII IIIIIIII|IIIllIIIIlIIIIlIII L LLLLELL
Sbjct 7964 CACTAAGGCAGCTGTCCAGACCCT 8023
Query 82 GCTAATGCAACTGCTGCACAGMRGGATGTGTTAGAGGCAACCTATGCCATGGTACAGCA 141

. IIIIIIIIHIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIllIIIIIIIII
Sbjct 8024 CTAATGCAACTGCTGCACAGCAGGATGTGTTAGAGGCAACCTATGCCATGGTACAGCA 8083
Query 142 GTGGCTAAAGGCGTACGAATCTTGGAAGCTCGAGTGGCTCGAGTGGAAGCTATCACAGA 201

) IIIIIIIIIIIIII FLEEEERLL L L LT
Sbjct 8084 TGTGGCTAAA GTACGAATCTTGGAAGCTCGAGTGGCTCGAGTGGAAGCTATCACAGA 8143
Query 202 AATAATGCT. 261

. IIIIIIIIIIIIIIIIIII|IIIIIIIIII|IIll|I|IlIIIIIIIIIIlIIIIIIIII
Sbjct 8144 AATAATGCTATACCAA( TCATCAATACTGTATAACC! 8203
Query 262 AAAATATATCAATTGGACGAGGTYTAAGGATAATTGCACATG 321

. IIIIIIIIIIIIIIIIIIIIIIIIII IIlIIIHIIIIlI IIIIIIHIIIIIII |
Sbjct 8204 AATTGGACGAGGTT! GGATAATTGCACATG 8263
Query 322 AGTGGGAGAGAGAATTACAGGGGTATGATACAAACTTCACAATACTGTTAAAGG, 381

. IIIIIIIIIlIIIIlII IIIIII|IIIII|IIllIIIIlII IlIIIlllIIIIIlIII
Sbjct 8264 AGTGGGAGAGAGGATTACAGGGGTATGAT: 8323
Query 382 ATCAGCAGCAATGACACAACTAGCAGAAGAGCACGACRAGGAGGATACCAGAAGTATGGG 441

. IIIIIIIIIIIIIIIIIIIIIIIlIIIIIIIII l I PELLELETELLEELELETLLL]
Sbjct 8324 'CAGCAGCAATGA( AAGGAGGATACCAGAAGTATGGG 8382
Query 442 AAAGTTTAAAAGACGTCTTTGATTGSTCAGGATGGKTCTCATGGCTAAAGTATATTCCTA 501

. FLLELLLRERELELEL LR LEELETLL ] I [l IIHIIIHI [LLLLL]
Sbjct 8383 AAAGTTTAAAAGACGTCTTTGATTGGTCAGGATGGTTCTCATGGCTAAAGTATATTCCTA 8442
Query 502 TATAGTAGTAGGATTATTA TGCATTCTGATAAGAGCTGTGATAYGTGTATGTCAAC 561

) IIIlIIIIIIIIIIIIII IIIIIIIIIIIIIIllIIIIl LI IHII IIIIII
Sbjct 8443 TTATAGTAGTAGGATTAT TGTGATATGTGTATGTCAA( 8502
R SR RN
Sbjct 8503 C-TCTT-GTGCAGATAT-ACAG-AACTCTAAGTACCCCGA-CATACCAAC-GGG-TCACA 8555
Query 622 GTCGTSAGGGAACCMGAGCAGAC 645

. Ll IlII IIIIIIIIIII
Sbjct 8556 GTCATC GAGCAGAC 8579

Figure-2: The nucleotide sequence of gp38 is 95% identical to the caprine arthritis encephalitis virus genome.

MAP and 90 positive and 90 negative samples for
SRLV were used. These samples were obtained from
the goat sera bank from the veterinary school (UNAM)
and were previously tested for detecting antibodies
for SRLV, B. melitensis, and MAP, through an ELISA
commercial Kit (caprine arthritis encephalitis [CAE]
virus antibody test kit, VMRD®, Washington, USA),
the agglutination test (and subsequently confirmed by
the complement fixation test), and the agar gel immu-
nodiffusion assay, respectively.

Standardization of the Luminex® system

Before devising the multiplex assay and estab-
lishing the optimum antigen concentrations, an indi-
rect ELISA was used with the negative and positive
sera for each antigen. The optimum antigen concentra-
tions per well were also established from the ELISA
tests: 20 ug/mL for p16, 3 ug/mL for gp38 (recombi-
nant proteins for CAE), 40 pg/mL for PPA-3 (Allied
Monitor Laboratory for MAP), and 1 mg/mL for NH
(NH for brucellosis), with conjugate dilutions from
1/20,000 to 1/30,000 (data not shown).

The multiplex xMAP® Luminex® platform (Bio-
Plex 200, Bio-Rad) uses polystyrene microspheres
that can be coated with antigens or antibodies and that
contain a mix of internal fluorophores with individ-
ual codes [10]. The xXMAP Luminex® reader works as
a flow cytometer, in which a first laser identifies the

sphere, while a second laser detects the antigen-anti-
body reaction based on the phycoerythrin (PE) exci-
tation wavelength. For the detection of SRLV, MAP
and B. melitensis, antigens were attached to different
microsphere regions at the previously established con-
centrations. Adequate coupling of antigens to spheres
was verified by recovery rates. Maximum binding
(B0) values, as determined by incubation of micro-
spheres with known antigen, sample control of each
disease and fluorophore concentrations, was used to
standardize the assay. The number of attached mole-
cules was estimated by fluorescence and measured in
medium intensity of fluorescence (MIF) units.
Protein antigens were covalently attached to the
spheres through carboxylated groups by a two-step car-
bodiimide reaction protocol. Briefly, the spheres were
first activated with ethyl dimethyl aminopropyl car-
bodiimide (Thermo Fisher Scientific, Massachusetts,
US) to induce a reaction that causes the carboxylated
groups on its surface to form an unstable intermediary
(o-acylisourea), which was then stabilized with nihy-
droxysulfosuccinamide (Thermo Fisher Scientific).
This stabilized intermediary is then capable of react-
ing with the primary amines of the protein of inter-
est [23, 24]. For coupling of the non-protein NH of
B. melitensis, the sphere was modified with adipic
dihydrazine acid (Thermo Fisher Scientific) and the
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antigen was oxidized with sodium (SP) (J.T. Backer,
Massachusetts, US) to provide an amino group to bind
to the carboxyl moiety present in the surface of the
sphere and allow NH to attach to the spheres cova-
lently [25].

Antigen coupling efficiency was determined by
quantifying the number of sphere-bound molecules.
Briefly, a fraction of spheres with the antigen attached
was incubated with a known concentration of positive
control sera, and the biotin-marked conjugate (that
reacts with streptavidin-PE) was later added to allow
for the number of bound molecules to be estimated by
fluorescence [23]. Recovery rates of attached spheres
were then calculated as a coefficient of the final num-
ber of spheres x 100/initial number of spheres (an ade-
quate recovery percentage was set as being equal to
or over 80%). This procedure was followed for each
antigen individually and for the combination of the
three, to standardize every reaction in the Luminex®
3-plex assay.

Validation

Cut-off points, sensitivity, specificity, and
plausibility parameters were established to validate
the multiplex assay using a “Receiver Operating
Characteristic” (ROC) analysis for each indepen-
dent analyte (Prism 5 GraphPad Prism® software
version 7.05.237 for Windows, La Jolla California,
USA). In total, 49 positive and 48 negative samples
were used to test B. melitensis with the NH; 32 posi-
tive and 32 negative samples were used to evaluate the
MAP assay (with the commercial PPA-3 antigen), 90
positive and 90 negative samples with the p16 SRLV
antigen, and 61 positive and 61 negative samples with
the gp38 SRLV antigen.

For the validation of the multiplex assay, a posi-
tive goat serum for each disease (as a pool) and a neg-
ative serum for all diseases were used.

Repeatability, calculated with the intra-assay
coefficient of variation (CV) in one trial using posi-
tive control sample (PCS) and negative control sam-
ple (NCS) pool sera and Reproducibility estimated
by three different assays ran in triplicates in 2 days,
also using positive and negative control pool samples
allowed to determine assay precision. A CV equal to
or lower than 25% for both repeatability and repro-
ducibility parameters was considered adequate.

Results

A total of 200-300 spheres per well were deter-
mined as the optimum number to use for each antigen
when individually assessed. Conjugate dilutions were
1/20,000, for SRLV, 1/30,000 for MAP, and 1/25,000
for B. melitensis.

Optimized conditions for the multiplex assay
were established by determining maximum binding
(B0) percentages of positive control pool sera that
were found to be similar as those used for individual
antigen tests. A total of 800—1200 spheres per well

(200-300 for each antigen) and a conjugate dilution
of 1:25000 were used to obtain the maximum binding
expressed as MIF (Table-1).

Luminex assay validation

A ROC curve analysis [26] was performed for all
four antigens. The areas under the curve showed detec-
tion of true positive cases (Figure-3). The distribution
of PCS and NCS are shown in Figure-4. Cut-off points
for the four different antigens were determined with
positive and negative control sera and are shown in
Table-2. In addition, the plausibility (likelihood ratio)
was >10, indicating that the data are highly significant
(Table-2).

The maximum coefficient of variation of the
assay was 23.8% for the NCS and 20.5% for the PCS.
Repeatability was found to be under 25% for both
PCS and NCS. The CV % for reproducibility was also
under 25% (Table-2).

The 3-plex assay for simultaneous antibody
detection against SRLV, MAP and B. melitensis
showed high sensitivity (84.38%—98.89%) and speci-
ficity (95.92%-98.36%) (Table-2).

Discussion

An effective multiplex assay, based on the
Luminex® platform, for the identification of antibodies
against three relevant diseases in goats (SRLV infec-
tions, Brucellosis and PTb) was devised and validated.
The Luminex® system is a highly efficient multiplex
platform that can screen several analytes simultane-
ously and is faster than other diagnostic techniques such
as ELISA [10, 11, 13—-16, 25]. This method has been
used to screen antibodies and cytokines in animals and
humans [11, 14-16, 25], complying with all parameters
of analytic efficiency (reproducibility, repeatability, ana-
lytic range, specificity, sensitivity, and detection limit).

The multiplex assay validated in this study
allowed us to clearly differentiate positive and nega-
tive control sera for each antigen, indicating that there
was no cross-reaction. Furthermore, the specificity
and the sensitivity of the assay were >95% and 84%
for all antigens, respectively. This is consistent with
the previous results where differentiation between
two distinct populations of analytes within the same
Luminex® assay was possible [11, 13, 14, 16]. To
improve the diagnostic sensitivity and specificity of

Table-1: Percentages of recovery rates of
antigen-coupled spheres and maximum binding expressed
as MIF values.

Antigen Recovery % Maximum binding (MIF)
SRLV p16 98 8047
SRLV gp38 80 13001
MAP PPA-3 98 6411
B. melitensis NH 84 4439

MIF: Medium intensity fluorescence, SRLV=Small
ruminant lentivirus, B. melitensis=Brucella melitensis,
NH=Native hapten, MAP: Mycobacterium avium subsp.
paratuberculosis
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Figure-3: Receiver operating characteristic curve analysis. The cut-off points were established by distribution of positive
and negative controls to determine areas under the curve for SRLV (p16 and gp38), B. melitensis (NH), and MAP (PPA-3).

SRLV=Small ruminant lentivirus, B. melitensis=Brucella melitensis, NH=Native hapten, MAP: Mycobacterium avium subsp.
paratuberculosis.

SRLV gp38
SRLV p16 gp
— 15000+
o
8000 .
®e 10000
6000+ s w oo
w A =
s %o ° = 0.
4000 5000 SRS,
.Q...("
2000 g
’ atiom
" ° 0 - #
Positive Negative Pasitive Negative
B. melitensis NH MAP PPA-3
5000 8000
40004 6000 4 d
3000 4 4000 -
w w
s
2000 2000
1000 0
0 - * -2000 . .
Positive Negative Positive Negative

Figure-4: Medium intensity fluorescence analyses. Distribution of positive and negative control samples to establish the
cut-off points for antigens (p16, gp38, PPA-3, and NH). SRLV=Small ruminant lentivirus, B. melitensis=Brucella melitensis,
NH=Native hapten, MAP: Mycobacterium avium subsp. paratuberculosis.

the test, it would be convenient to increase the number The maximum variation coefficient was 23.8%
of positive and negative samples for each disease as  for the negative and 20.5% for the positive control
referred by the World Organisation for Animal Health,  sera, with high sensitivity and specificity values that
this would derive in a higher percentage of confidence ~ demonstrated not only the validity of the assay but
and increase the validity of the assay [27]. also indicated that these parameters were not affected
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Table-2: Validation parameters of the 3-plex assay for SRLV, MAP, and B. melitensis antibody detection.

Antigen r (%cv) R (%cv) CcP S (%) Sp (%) LR n
SRLV p16 (+) 16.1, 20.5, 11.5 (+) 20.2 1149 98.89 97.78 44.5 90(+)
(-)8.2,7.5,9.6 (=) 214 90(-)
SRLV gp38 (+) 19.3, 10, 18.1 (+) 16.7 659.5 96.72 98.36 59 61(+)
(=) 14.9, 13.9, 20.6 (=) 22.3 61(-)
MAP PPA-3 (+) 12.5, 20.3, 4.8 (+) 18.4 381.3 84.38 96.88 27 32(+)
(=) 1.2,23.8,4.3 (=) 13.4 32(-)
B. melitensis NH (+) 19.2, 3.6, 2.6 (+) 13.1 288.9 97.92 95.92 23.99 49(+)
(=) 11.1,10.3,9.2 (=)9.5 48(-)

SRLV=Small ruminant lentivirus, B. melitensis=Brucella melitensis, NH=Native hapten, MAP=Mycobacterium
avium subsp. paratuberculosis, CP=Cut-off point, LR=Likelihood ratio, n=Number of samples, r=Repeatability,
R=Reproducibility, S=Sensitivity, Sp=Specificity. (+) Positive or (=) Negative status of sera

by the inclusion of more than one tested analyte in the
assay. Thus, this technique can be used for epidemi-
ological research and surveillance and the establish-
ment of control and eradication programs.

Furthermore, the diagnostic panel could be
increased by including other antigens such as
Chlamydia abortus, causal agent of enzootic abortion,
another disease known for generating economic losses
among goat producers [1]. Using a multiple diagnostic
panels that includes more analytes, costs for producers
would be reduced, because different diseases could be
monitored. This would make the technique more effi-
cient by decreasing the volume, number of samples,
reagents, and time for analysis.

Conclusion

The Luminex® assay for the simultaneous deter-
mination of three diseases in goats (PTb, Brucellosis,
and SRLV infections) using 4 antigens (PPA-3, NH,
pl6, and gp38) proved to be a specific, sensitive, and
precise test.
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