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Effective control and monitoring the spread of foot-and-mouth disease (FMD)
relies upon rapid and accurate laboratory detection of FMD virus (FMDV).
Therefore, in this report, a multiplex TagMan probe-based one-step RT-
gPCR assay simultaneously targeting FMDV 5'UTR and 3Dpol regions, and
18S rRNA housekeeping gene (as an internal control) in a single reaction
tube was developed and evaluated. The multiplex one-step RT-gPCR assay
specifically detected viral genome in both FMDV-infected cell culture
suspensions and clinical samples collected from known-FMD infected
animals. The assay could detect FMDV RNA in the archived FMDV cell
culture isolates (n = 120) collected during the last two decades in India. In
addition, the new assay could also detect viral RNA in the FMD suspected clinical
samples (n = 740) collected from various field outbreaks. At a cut-off Ct-value
of <38, the assay could detect at least 20 and 10 copies of FMDV 3Dpol and
5'UTR genes, respectively. Further, the multiplex RT-gPCR assay proved to be
robust, showing an inter-assay co-efficient of variations ranging from 1.3% to
3.03% for FMDV-3Dpol gene target, and from 1.44% to 4.69% for 5'UTR gene
target. In addition, it was found that the new assay could be used to detect viral
genome in a variety of samples (epithelium, saliva, OPF, milk and blood) without
any significance difference in the detection limit of the assay. Hence, the
multiplex one-step RT-qPCR assay could be considered a valuable tool for
the detection of FMDV in India.
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Introduction

Foot-and-mouth disease (FMD) is a contagious, vesicular-viral disease of both
domesticated and certain wild-life species. Although the mortality due to FMD is
generally low, the disease affects a large number of animals of different species
leading to a heavy economic loss and reduced livestock productivity in the endemic
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countries of Asia and African continents (Biswal et al., 2012).
Since, collectively three-quarters of world’s livestock population
is concentrated in the FMD-endemic areas (Knight-Jones and
Rushton, 2013), the disease can seriously impact the world’s food
and nutritional security. In addition, the transboundary spread of
FMD from the endemic to the disease-free countries can pose
significant risk to the livestock industries. The etiological agent of
the disease, FMD virus (FMDV), has a single-stranded, positive-
sense genomic RNA of about 8.4 kb size. FMDV belongs to the
genus Aphthovirus within the Picornaviridae family, and there
are seven immunologically distinct serotypes such as O,A,C,
Asial, SAT-1, SAT-2 and SAT-3 (Belsham, 1993). Each
serotype of FMDYV contains multiple variants and the variants
are often restricted to specific geographic regions, however, the
global distribution of FMDV serotypes is uneven (Jamal and
Belsham, 2013). In India, serotypes O, A and Asial are currently
of FMDV
(Subramaniam et al., 2013; Subramaniam et al., 2022).

circulating with a dominance serotype O

Clinical diagnosis of FMD can be made based on symptoms
of fever, lameness, ropy-salivation, anorexia, and formation of
vesicles and epithelial erosions in the tongue, oral-cavity, foot,
udder and coronary band of the affected animals (Grubman and
Baxt, 2004). However, since FMD is highly contagious and has
clinical signs similar to the other vesicular and look-alike diseases,
a quick confirmatory laboratory diagnosis is extremely important
(Biswal et al., 2022). A definitive diagnosis of FMD is based on the
detection of the virus in the clinical samples from the affected
animals. Although virus isolation was considered longtime as the
gold standard to detect FMD virus, it is labor-intensive, time-
consuming and requires high-containment laboratory facility
(Sharma et al, 2015). Detection of FMDV antigen through
antigen-ELISA is a faster approach to virus-isolation, however,
the assay suffers from low sensitivity (Remond et al.,, 2002).
Therefore, faster diagnostic methods based on the amplification
of the specific sequence of the FMDV-genome by RT-PCR assay
have been developed by several researchers (Reid et al., 1999; Reid
et al,, 2001; Giridharan et al., 2005). The RT-PCR assays can be
applied to different kind of clinical samples, and the assay can
identify FMDV-infected animals even before the manifestation of
the clinical signs. However, the conventional agarose-gel
electrophoresis-based RT-PCR does not have optimal results
in terms of specificity and sensitivity (Alexandersen et al,
2003). RNA amplified by the
conventional RT-PCR is usually analyzed by agarose-gel

In addition, the viral
electrophoresis which is laborious, time-consuming, and assay
interpretation is subjective in nature (Biswal et al., 2022).
Therefore, fluorogenic TagMan probe-based real-time RT-
PCRs (RT-qPCR) targeting the conserved 5UTR-internal
ribosome entry site (IRES) and viral RNA-polymerase (3Dpol)
coding sequences have been developed and evaluated for pan-
serotype detection of FMDV in a variety of sample matrices
(Callahan et al., 2002; Reid et al., 2002; Shaw et al., 2007; Reid
et al., 2009).
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Due to the high level of nucleotide mutations generated
during the replication of FMDYV, nucleotide substitution(s)
either in the primer or probe binding regions may result in
negative signal in one RT-qPCR assay, while the other RT-qPCR
assay could still gives the positive result. However, an RT-qPCR
assay targeting multiple genetic regions could enhance the overall
sensitivity of nucleic acid detection for the diagnosis of FMDV
(King et al., 2006). Therefore, we have developed a multiplex
TagMan probe-based one-step RT-qPCR assay simultaneously
targeting the 5'UTR and 3Dpol regions, and endogenous 18S
rRNA gene as internal control (IC). The newly developed
multiplex RT-qPCR assay was also evaluated for the detection
of FMDV serotypes O, A and Asial strains circulating in India in
a variety of clinical sample matrices from the FMDV affected
animals.

Materials and methods
Virus isolates and clinical samples

FMDYV serotypes O, A, and Asial isolates available in the
virus repository of ICAR-Directorate of Foot-and-Mouth
Disease (ICAR-DFMD) as infected cell-culture supernatant
(n = 120) were used in this study. A 10% PBS-suspension of
tongue/feet epithelial samples (n = 740) from suspected
FMDV infected animals from various parts of India were
also used in this study. In addition, oro-pharyngeal fluids
(n = 210) (OPF), oral-swabs/nasal-swabs (n = 75), and milk
samples (n = 48) from FMDV-suspected animals were also
used in developing the assay.

RNA extraction

The viral nucleic acid from the above samples was extracted
using QIAamp Viral RNA Mini Kit (Qiagen, Germany) as per the
manufacturer’s instructions. Following the extraction, the viral
RNA was stored at —80°C until further analyses.

RT-qPCR

The primers and probes sequences used in two earlier
reported pan-FMDV serotype RT-qPCR assays targeting the
FMDV 3D-polymerase (3Dpol) coding sequence (Callahan
etal., 2002) and FMDV 5’'UTR (Reid et al., 2002) were used in
this study. The details of the primers and probes used in this
study has been mentioned in the Table 1. Initially, the two RT-
qPCR assays were used in parallel for the amplification of
FMDYV genomic region. Subsequently, the primers and probes
of 3Dpol and 5'UTR region were combined together in a single
tube along with primer and probe of 18S rRNA housekeeping
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TABLE 1 Primers and probe information for the three genes used in the one-step multiplex RT-qPCR.

Gene Primer/Probe Sequence Location Amplicon size
FMDV-3Dpol* 3Dpol-Forward 5'- ACT GGG TTT TAC AAA CCT GTG A-3' nt 7485-7506 106 bp
3Dpol-Reverse 5'- GCG AGT CCT GCC ACG GA -3’ nt 7591-7575
3Dpol-probe HEX 5'- TCC TTT GCA CGC CGT GGG AC -3’ BHQ1 nt 7536-7555
FMDV-5' UTR® 5'UTR-Forward 5'- CAC YTY AAG RTG ACA YTG RTA CTG GTA C -3' nt 515-542 96 bp
5'UTR-Reverse 5'- CAG ATY CCR AGT GWC ICI TGT TA -3’ nt 611-589
5'UTR-Probe FAM 5'- CCT CGG GGT ACC TGA AGG GCA TCC -3' TAMRA nt 588-555
18S rRNA® 18S-Forward 5'-GGAGTATGGTTGCAAAGCTGA-3’ 1,168-1,188 nt 100 bp

18S-Reverse
18S-Probe

5'-GGTGAGGTTTCCCGTGTTG-3'
5'-Cy5-AAGGAATTGACGGAAGGGCA-BHQ2-3'

1,267-1,249 nt
1,195-1,214 nt

“Nucleotide location with respect to the FMDV OIK strain GenBank accession number: X00871.1.

"Nucleotide location with respect to the 185 rRNA, GenBank accession number: DQ222453.1.

gene to develop the multiplex pan-FMDYV serotype RT-qPCR.
The conserved region inl8S rRNA housekeeping gene-
sequence shared among multiple FMDV-susceptible animal
species (cattle, sheep, goat, and pigs) was used as an internal
control for amplification in the multiplex RT-qPCR to
determine the quality of clinical samples (Bai et al., 2018;
Wang et al., 2020).

The multiplex RT-qPCR assay was performed in a one-
step format using the AgPath-ID™ One-step RT-PCR
reagents (Applied Biosystems). Briefly, 5uL of extracted
RNA was amplified in a reaction mixture consisting of
12.5 uL 2X RT-PCR buffer, 1 puL of 25X RT-PCR enzyme
mix, 400 nM each of 3Dpol forward and reverse primers,
and 120nM of 3Dpol-probe, 200nM each of 5'UTR
forward and reverse primers, and 60 nM of 5'UTR—pr0be,
100 nM each of 18S specific forward and reverse primers, and
50 nm of 18S-probe. The final volume of the reaction mixture
was adjusted up to 25 puL with nuclease-free water. The probe
targeting the 3Dpol was labelled with 5'HEX and 3'BHQ-1,
the probe targeting the 5'UTR was labelled with 5'-FAM and
3'-TAMRA, and the probe targeting the 18S rRNA gene was
labelled with 5'Cy5 and 3'BHQ-2 (Eurofins Scientific). The
parameters for RT-qPCR reaction condition start with reverse
transcription (RT) step at 45°C for 10 min, a RT-inactivation
step at 95°C for 10 min, followed by 45 cycles of denaturation
at 95°C for 15 s, and annealing/extension at 60°C for 45 s. The
multiplex RT-qPCR assay was performed with CFX96 Touch
Real-Time PCR detection system (Bio-Rad). The fluorescence
emitted by the HEX, FAM and Cy5 dyes was measured
simultaneously and independently at the end of annealing/
extension step. The result was expressed as cycle threshold
(Ct-value), which is defined as the cycle number at which
statistically significant fluorescent intensity was generated by
the qPCR assay. The Ct-value was determined under the
default settings for the real-time PCR detection software.
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Analytical sensitivity of one-step multiplex RT-
qPCR

To determine the analytical sensitivity of the multiplex RT-
qPCR assay, full-length FMDV RNA was synthesized from
FMDV serotype O full-genome length cDNA plasmid (Biswal
et al.,, 2015) using the HiScribe T7 High Yield RNA synthesis kit
(NEB). Following DNase treatment and column purification, the
concentration of resuspended full-genome length viral RNA was
measured using the nano-spectrophotometer (NanoDrop™
2000). The in vitro transcribed full-length FMDV RNA was
diluted in Tris-EDTA buffer as 10-fold serial dilutions, and
triplicates of each serial dilution of viral RNA was analyzed in
the multiplex RT-qPCR. The obtained Ct-values were plotted
against each serial dilution of viral RNA to determine the
standard curves. The amplification efficiency of the new assay
was determined from the standard curve using the formula, E% =
107"4°Px100. The concentration of synthetic FMDV RNA-
standard in each serial dilution was converted into RNA-copy
number as described earlier (Huang et al., 2009) to determine
detection limit of the assay.

Analytical specificity and reproducibility

The specificity of the assay was evaluated using FMDV
serotypes O, A and Asialinfected cell culture supernatants
(n = 120). Total RNA extracted from saliva (n = 25), nasal
swab (n = 30), blood (n = 20) and milk samples (n = 40) from
apparently healthy animals with no history of recent FMD
outbreak, and found negative for FMDV-specific NSP-
antibodies (Mohapatra et al., 2011), were analyzed using the
one-step multiplex RT-qPCR. In addition, nucleic acids extracted
from the vaccine strain of PPR virus and Goatpox virus were also
analyzed.
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The variability of the multiplex RT-qPCR was determined
using five-different ten-fold dilution series of viral RNA extracted
from known positive FMDV-clinical sample. For intra-assay
repeatability, each dilution of viral RNA was analyzed in
triplicate within a single plate, while for inter-assay
repeatability, each dilution of viral RNA was analyzed in three
different reactions performed on three different days. The mean,
standard deviation (SD) and co-efficient of variance (CV) of the
Ct-value from the intra- and inter-assay runs were calculated

separately.

Sample matrix effect

To determine the effect of sample matrices on the detection
limit of the one-step multiplex RT-qPCR, six different FMDV-
negative sample matrices were used. These includes BHK-21 cell
culture sample, bovine EDTA-blood samples, healthy goat-
tongue (from abattoir) epithelial suspension, saliva samples,
milk samples, bovine oro-pharyngeal fluid (OPF) samples.
These samples were collected from animals Which Are found
negative for FMDV NSP-antibodies. Each sample matrix was
spiked with 1:10 serial dilution series of FMDV serotype O field
isolate (FMDV 1C18/2019). Viral RNA was extracted from
spiked and multiplex RT-qPCR was
conducted on the extracted RNA for three times. The mean

sample matrices

Ct-value was calculated.

Detection of FMDV RNA in the field samples by
one-step multiplex RT-gPCR

RNA extracted from FMDV-suspected clinical (tongue/feet
epithelial) samples (n = 740), bovine OPF (n = 210), milk-
48) from FMDV-infected animals, and oral/
nasal swab-samples (n = 75) which included before on-set of
clinical signs of FMD (n = 20), during FMDYV infection (n = 40),
and after the completion of clinical course of FMD (n = 15) were

samples (n =

tested by the new multiplex RT-qPCR assay.

Results

Analytical sensitivity of one-step multiplex RT-
gPCR (RT-gPCR) assay

Analytical sensitivity of the multiplex RT-qPCR assay which
simultaneously amplify the 5'UTR and 3Dpol genes of FMDV
was analyzed using standard curve generated using three
replicates of ten-fold serial dilutions of in vitro transcribed
FMDV RNA and by plotting the Ct-value against the viral
copies number. In addition, the same dilution series of
in vitro transcribed RNA was also analyzed in the uniplex
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RT-qPCR format (targeting either 5’'UTR or 3D pol genes) to
determine the comparative analytical sensitivity between the
uniplex and multiplex RT-qPCR assays. For the 3Dpol gene,
the efficiencies were 103.09% and 101% for the multiplex and
uniplex RT-qPCR respectively, (Figure 1A). Similarly, for the
5'UTR gene, the PCR efficiencies were 91.35% and 89% for the
multiplex and uniplex formats respectively (Figure 1B). From the
standard curve analyses, at the pre-selected cut-off Ct-value
of <38, the limit of detection of the assay was 20 copies/PCR
reaction and 10 copies/PCR reaction for the 3Dpol and 5'UTR
genes, respectively.

To determine the analytical sensitivity of the multiplex
RT-qPCR assay at the TCIDs level, viral RNA extracted from
serial ten-fold dilutions of FMDV serotypes O, A and
Asial was used in the assay. The standard curves were
generated by plotting the Ct-value against the virus titre in
terms of TCIDso/ml. The analyses showed that at the cut-off
Ct-value of <38, the detection limits of viral RNA for serotypes
O, A and Asial were 0.3 TCIDs¢/ml, 0.8 TCIDso/ml, and
1.05 TCIDso/ml, respectively (Figure 2).

Specificity and reproducibility of one-step
multiplex RT-gPCR

The specificity of multiplex RT-qPCR
experimentally tested and confirmed with the archived FMDV

assay was

cell culture isolates (n = 120) belonging to the serotypes O, A and
Asial India the last
(Supplementary Table SI). The specificity of the assay was

circulating in during 20 years
also determined by testing the saliva (n = 25), nasal swab
(n = 30), blood (n = 20) and milk samples (n = 40) from
apparently healthy animals that were found negative for
FMDV-NSP antibodies. In addition, viral genome extracted
from other diseases to be differentially diagnosed such as PPR
virus and Goatpox virus were also analyzed using the new assay.
The results from the study demonstrated that the assay
specifically detects FMDV genome from infected cell-culture
supernatant. However, while testing the oro-pharyngeal fluid
(OPF) samples from FMDV negative cattle (OPF samples those
were found negative for FMD virus isolation during three
consecutive rounds of probang collections), it was observed
that 4 out of the 102 OPF samples had Ct-value between
38 and 41 in the multiplex RT-qPCR assay for both 3Dpol
and 5'UTR targets, while no-signal (no Ct-value) was detected
for rest of the OPF samples (98 out of the 102). Even repeating
assay after following a very stringent decontamination protocols
for pipettes, centrifuges and bio-safety cabinets, we could observe
the linear increase in fluorescence in those OPF samples as
detected in the earlier runs. Since neither the presence of
FMD virus through virus isolation in cell culture, nor any
other virus-associated indicators such as infection specific
(NSP-antibodies)  could  be

antibodies conclusively
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FIGURE 1

Standard curves of probe-based RT-qPCR assay targeting (A) 3Dpol coding sequence of FMDV, and (B) 5'UTR coding sequence of FMDV, either

in uniplex (blue-colored) or multiplex (orange-colored) format generated by serial dilutions of FMDV in vitro transcribed viral RNA. The in vitro
transcribed viral RNA concentration has been converted into genome copies number. The linear trend lines were depicted as blue-colored and
orange-colored dotted lines for uniplex- and multiplex-format RT-gPCR assays respectively.
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Standard curves of one-step multiplex RT-gPCR assay targeting FMDV 3Dp
generated from the amplification of tenfold serial dilutions of FMDV (A) seroty|
depicted as blue-colored and orange-colored dotted lines for 5'UTR and 3

demonstrated in these animals (data not shown), a conservative
cut-off Ct-value of <38 was used to define the positive samples in
the one-step multiplex RT-qPCR assay.

The reproducibility of the multiplex RT-qPCR assay was
determined using serial five 10-fold dilutions of FMDV-RNA in
triplicate by the intra-and inter-assay assessment. The standard
deviation and co-efficient of variance were calculated based on
the Ct-values obtained from the replicates. As shown in Table 2,
the intra- or inter-assay CV is <5%, indicating the assay is reliable
and repeatable, since the CV value < 5% is suggested to be
acceptable (Campbell et al., 2010).
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ol (orange-colored) and 5'UTR (blue-colored) coding regions
pe O, (B) serotype A, and (C) serotype Asial. The linear trend lines were
Dpol targets respectively.

Effect of different sample matrices on the
detection of FMDV RNA by multiplex RT-qPCR

The effect of different sample matrices on the detection limit
of multiplex RT-qPCR for the 3Dpol and 5'UTR gene targets has
been depicted in the Figures 3A, B. Compared to the BHK-21
cell-culture-spiked virus control samples, little or no matrix effect
of tongue epithelium, saliva, milk, and oro-pharyngeal fluid
samples on the detection limit of multiplex RT-qPCR was
observed. However, one-log;, reduction in the detection limit
was noted for the EDTA-blood sample.
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TABLE 2 Repeatability of intra-and inter-assay with different FMDV RNA dilutions by the one-step multiplex RT-qPCR.

(A) 3Dpol-based RT-qPCR

Variations FMDYV RNA dilutions Ct-Values
1 2 3 Mean SD CV%

Intra-assay 107! 19.1 19.8 19.53 19.47 0.35 1.81
1072 21.2 22.0 22.12 21.77 0.50 2.29
107 23.6 23.9 22.98 23.49 0.46 1.99
10 26.8 25.91 26.6 26.43 0.46 1.76
10°° 325 33.10 32.7 32.76 0.30 0.93

Inter-assay 10! 19.43 18.92 20.1 19.48 0.59 3.03
1072 22.56 21.96 2223 2225 0.30 13
10° 24.6 23.89 23.1 23.86 0.75 3.1
10 27.57 26.32 27.98 27.29 0.86 3.1
10°° 32.10 33.45 3371 33.08 0.86 2.6

(B) 5'UTR-based RT-qPCR

Intra-assay 107" 17.2 17.9 18.1 17.73 0.47 2.66
107 20.4 21.0 20.2 20.53 0.41 2.02
107 226 219 22.18 2222 0.35 1.58
107 255 25.88 249 2542 0.49 1.94
10°° 30.2 29.56 30.6 30.12 0.52 1.75
Inter-assay 107! 18.23 17.22 18.91 18.12 0.85 4.69
1072 20.66 21.16 19.63 20.48 0.78 3.80
107 23.6 23.19 24.20 23.66 0.50 2.14
10 26.27 25.52 2591 259 0.37 1.44
107 29.50 30.23 31.11 30.28 0.80 2.66
40 40
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FIGURE 3

The effect different sample matrices on the detection limit of the FMDV as determined by multiplex RT-qPCR assay targeting (A) 3Dpol and (B)
5'UTR. The standard curves were generated by amplification of FMDV from the tenfold serial dilution of virus-spiked sample (BHK-21 cell culture
supernatant, tongue epithelium, saliva, milk, OPF and blood) matrices.
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Detection of FMDV RNA in various FMD-suspected field samples, (A) tongue/feet epithelium (TE/FE), (B) oro-pharyngeal fluids (OPF) (C) oral/

nasal swabs, and (D) milk samples, by one-step multiplex RT-gPCR assay.

Application of one-step multiplex RT-gPCR
assay to the FMD suspected field samples

In order to evaluate the performance of the one-step
multiplex RT-qPCR assay on the field samples, RNA extracted
from a variety of clinical samples were tested (Figure 4). Out of
740 tongue/feet epithelial (TE/FE) samples collected from the
FMD-suspected animals, 704 samples were detected positive in
the multiplex RT-qPCR. Amongst these epithelial samples,
FMDV RNA was detected in 172/172, 298/310 and 234/
258 samples collected from infected animals at 1-5 days,
5-10 days, and 10-15 days, respectively post-manifestation of
clinical symptoms (Figure 4A). Similarly, out of 210 OPF
samples, viral RNA was detected in 26/35, 52/98, and 32/
77 3-6 months,
6-9 months, respectively post-FMD outbreaks (Figure 4B).
Likewise, FMDV RNA was detected in 8/20, 40/40, and 9/
15 oral/nasal swab samples collected before manifestation of

samples collected at 1-3 months, and

FMDV-signs, during the clinical course of the disease, and after
clinical-recovery from FMD, respectively (Figure 4C). Milk
samples collected sequentially from 10 FMDV naturally
infected cows were also analyzed by multiplex RT-qPCR, and
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it was determined that 10/10,10/10, 7/10, 5/9, and 3/9 cattle were
found positive for viral RNA in the milk samples collected at
2 days-post manifestation of infection (DPI), 7DPI, 14 DP]I,
21 DPI, and 28 DPI, respectively (Figure 4D). Furthermore, in
all the field samples tested, both the 3Dpol and 5'UTR targets
were amplified with comparable Ct-values.

Discussion

Nucleic acid recognition techniques such as agarose gel-
based RT-PCR and RT-PCRs,
conventional techniques such as virus-isolation and antigen-
ELISA for diagnosis of FMDV owing to the ease of
automation and rapidity of results determination through
these assays (Belak, 2007a; Goris et al, 2009). It has been
reported that the analytical sensitivity of real-time RT-PCR
exceeds that of the virus-isolation (Moonen et al, 2003),

real-time are replacing

antigen-ELISA (Reid et al, 2002), and conventional agarose-
gel-based RT-PCR(Hearps et al., 2002) without compromising
the analytical specificity to differentially diagnose FMDV from
other look-alike diseases (Callahan et al., 2002; Oem et al., 2005).
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In addition, earlier investigators have also observed that, if
necessary precautionary measures were adopted to avoid
cross-contamination, 100% diagnostic specificity could be
obtained while using the real-time RT-PCR for the diagnosis
of FMDV (Moonen et al., 2003). Compared to the single-plex
real-time RT-PCR, the multiplex RT-PCR assays have the
advantage of detecting multiple targets in a single assay
platform thereby reducing the cost, time and sample resources
(Laamiri et al., 2018). Therefore, in this study, a multiplex real-
time RT-PCR was developed by simultaneously targeting two
conserved genetic regions of FMD virus along with an
endogenous house-keeping gene (185 rRNA) for the pan-
serotype detection of FMDYV circulating in India.

The World Organization for Animal Health (WOAH)-
approved primers and 5'-nuclease probes targeting the inter-
serotype conserved 3Dpol and IRES-regions of FMDV were
used for the development of multiplex real-time RT-PCR. In
addition, sequence of the 18S rRNA housekeeping gene that was
conserved and can be amplified from multiple cloven-hoofed
animal species was used as an internal control in the multiplex
PCR. Since the quality of clinical samples received at the
FMDV-diagnostic laboratories varies, and the detection of
FMD virus/genome in the clinical samples is impacted to a
great extent by the sample quality, inclusion of the 18S rRNA
detecting primers and probes as an internal control would
ensure no false negative reporting due to the deterioration of
clinical samples rather than absence of viral genome. In our
study it was observed that multiplexing the 3Dpol and IRES
primers/probes did not affect the amplification efficiency of the
viral genome, since a good correlation was observed between
the uniplex and multiplex formats. In fact, the PCR-
of 3Dpol IRES
sequences were marginally higher in the multiplex format

amplification efficiencies and coding
compared to their respective uniplex format. Such kind of
increased amplification efficiency for FMDV 3Dpol region
when multiplexed with the 5'UTR region of Seneca Valley
virus (SVV-1) has already been reported earlier (Wang et al.,
2020). Although the possible reason for the increased
amplification efficiency under multiplexed condition is not
known, denaturation and stabilization of the secondary
structural complex formed by interaction between viral
the
efficiency to some extent (Vandenbussche et al., 2017; Wang
etal., 2020). At the selected cut-off Ct-value 0f<38, up to 20 and
10 copies of FMDV RNA were detected by 3Dpol and 5'UTR-

based primer-probes respectively, in the multiplex RT-qPCR

genome and PCR-primers may explain increased

format. Furthermore, the detection limit of multiplex RT-qPCR
varied from 1.05 to 1.8 log;o TCIDso/ml per reaction for
different FMDV serotypes. Therefore, the assay can be
expected to accurately detect over a wide concentration
range of FMDV in the suspected clinical samples. In
addition, the low co-efficient of variation as determined
from the inter-and intra-assay comparison suggested the
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multiplex RT-qPCR to be repeatable and reproducible with
low day-to-day or operator-to-operator variations.

Since the viral genome detection through the RT-qPCR assay
relies mainly on the oligonucleotides primers and probes that
target the conserved region of the viral genome, the assay is prone
to produce false negative result in the event of nucleotide
substitutions in the complementary target region (Belak,
2007b; Tam et al, 2009). Therefore, to determine the
diagnostic specificity and robustness of the one-step multiplex
RT-qPCR assay, the viral RNA extracted from different lineages/
genotypes of FMDV serotype O, A and Asial that have been
prevalent in India during the last 20-years were analyzed. All
these archival isolates could be detected positive by both the 3D
pol and 5'UTR specific RT-qPCR assay in the multiplex format.
Therefore, the multiplex RT-qPCR assay could be used for the
pan-serotype specific detection of FMDV even in the event of
emergence and re-emergence of various lineages of FMDV in
India. In addition, owing to the pan-serotypic nature, the assay
may add value in detection of FMDV serotypes which are not
present in this region.

From the data obtained using five different FMDV-spiked
sample matrices, a one-log;o reduction in the detection limit was
noted for the EDTA-blood sample. The comparative lower
sensitivity of multiplex RT-qPCR for the detection of FMDV
genome in the EDTA-blood samples could be due the presence of
PCR-inhibitors in the blood samples (Akane et al., 1994; Abu Al-
Soud and Radstrom, 2000). Nevertheless, the effect of sample
matrices on the detection of viral genome through RT-qPCR
assay should be ideally performed using the known field samples
or experimental samples, instead of using FMDV-spiked
materials. However, both in cases of the experimental and
field samples, it would be difficult to ensure the equal
concentration of virus in various clinical sample matrices in
order to determine a comparative analytical sensitivity. Through
the analyses of the effect of sample matrices on the detection of
viral genome, it could be suggested that the multiplex RT-qPCR
could be used for the detection of FMDV genome in a variety of
samples (epithelial, saliva, OPF, milk and blood) collected from
the infected/FMD-suspected animals.

Subsequent to success with the virus-spiked various sample-
matrices, the multiplex RT-qPCR was implemented on a variety
of FMD suspected field samples. While analyzing tongue
740) collected on
various days after the appearance of gross lesion, it was

epithelial/feet epithelial field samples (n =

observed that the assay was 100% sensitive in detection of
viral genome in the samples collected during early phase of
infection, and the sensitivity was decreased to 90.69% for samples
collected approximately after 2-weeks post appearance of clinical
symptoms. This could be due to the non-viability or clearance of
FMDV in the old lesions. It is worthy to mention that the
likelihood of virus isolation can be extremely reduced in the
samples collected after 7-10 days after the appearance of clinical
lesions (Alexandersen et al., 2003). Nevertheless, the analyses
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suggested that the new assay could be used for the detection of
viral genome in the field up to 3 weeks of FMDV outbreak and
could be used for active surveillance purpose as well with a
probability of environmental surveillance. Similarly, 8 out of the
20 oral/nasal swab samples collected from animals before the
manifestation of clinical Signs of FMD were found positive for
the viral genome in the multiplex RT-qPCR. Therefore, the assay
could be used for the screening of the sick animals before the
manifestation of FMDV-clinical symptoms so that necessary
quarantine and biosecurity measures could be undertaken to
prevent the spread of FMD in any dairy herd. While analyzing
the milk samples collected sequentially from the FMDV-infected
cattle, it was observed that 3 out of the 9 milk samples were
detected positive for viral genome at 28 days post manifestation
of clinical symptoms. Hence, the assay could be used in active
surveillance of viral genome through the pooled bulk or
individual milk sampling approach as suggested by earlier
investigators (Armson et al, 2018; Armson et al, 2020).
Similarly, analyses of OPF samples from the naturally infected
animals suggest that the multiplex RT-qPCR assay could also be
used for the identification of FMDV -persistently infected animals
through the detection of viral genome in the OPF samples.
Altogether, analyses of various clinical samples collected from
the field condition suggested that the multiplex RT-qPCR assay
could provide several advantages over the traditional agarose gel-
based PCR such as increased laboratory throughput, real-time
detection of viral genome without post-PCR processing, and the
ease and speed of the virus diagnosis. Furthermore, the assay is
less prone to carry-over contamination, since it can be performed
as a one-step format in a closed tube. It is worthy to mention that
while analyzing FMD-suspected clinical samples, some of the
samples produced poor amplification curve lacking the sigmoidal
pattern, and those samples were considered negative.

In conclusion, a TagMan-probe-based one-step multiplex
RT-qPCR targeting the 3Dpol and 5'UTR-region of FMDV for
the detection of viral genome was developed in this study. The
assay was proven to be rapid, efficient, specific and
reproducible for the detection of FMDV genome in a
variety of clinical samples collected from the FMDV-
affected/suspected species. Furthermore, the addition of the
18S rRNA target in the multiplex RT-qPCR, would confirm
false negative results owing to the RNA degradation due to
badly preserved samples, operator mistakes, reagent quality
and flaws with the PCR-instrument. Although, in our current
endeavor we have validated the assay by analyzing the samples
from Indian origin, owing to the pan-serotypic nature of the
primers/probes encoding the 3Dpol/IRES region, we are
confident that this assay would also be useful for the
of FMDV genome in the from

detection samples
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international origin. Therefore, the new multiplex pan-
serotypic RT-qPCR would be helpful for the effective
management of FMDV by providing rapid and accurate
diagnosis of the virus, and can enhance the diagnostic
efficacy in case of low prevalence of the disease owing to
the on-going FMD control programme in India.
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