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Detection of several pathogens with multiplexed real-time quantitative PCR (qPCR) assays in a one-step setup allows the simul-
taneous detection of two endemic porcine and four different selected transboundary viruses. Reverse transcription (RT)-qPCR
systems for the detection of porcine reproductive and respiratory syndrome virus (PRRSV) and porcine circovirus type 2
(PCV2), two of the most economically important pathogens of swine worldwide, were combined with a screening system for dis-
eases notifiable to the World Organization of Animal Health, namely, classical and African swine fever, foot-and-mouth disease,
and Aujeszky’s disease. Background screening was implemented using the identical fluorophore for all four different RT-qPCR
assays. The novel multiplex RT-qPCR system was validated with a large panel of different body fluids and tissues from pigs and
other animal species. Both reference samples and clinical specimens were used for a complete evaluation. It could be demon-
strated that a highly sensitive and specific parallel detection of the different viruses was possible. The assays for the notifiable
diseases were even not affected by the simultaneous amplification of very high loads of PRRSV- and PCV2-specific sequences.
The novel broad-spectrum multiplex assay allows in a unique form the routine investigation for endemic porcine pathogens
with exclusion diagnostics of the most important transboundary diseases in samples from pigs with unspecific clinical signs,
such as fever or hemorrhages. The new system could significantly improve early detection of the most important notifiable dis-
eases of swine and could lead to a new approach in syndromic surveillance.

Natural coinfection of swine with porcine reproductive and
respiratory syndrome virus (PRRSV) and porcine circovirus

type 2 (PCV2) is common in countries with intensive swine pro-
duction (1, 2). Infection with PRRSV, an enveloped positive-
strand RNA virus that belongs to the order Nidovirales, family
Arteriviridae (3), is characterized by reproductive failure in preg-
nant sows and respiratory disease in piglets (4). PRRSV isolates are
classified into two distinct genotypes: the European (EU) and the
North American (NA) genotypes (5). PCV2, responsible for con-
siderable economic loss in the swine industry worldwide (6), is a
nonenveloped single-stranded DNA virus (7). Infection with
PCV2 has been associated with the postweaning multisystemic
wasting syndrome (PMWS) (8), where typical clinical signs in-
clude weight loss, respiratory distress, and jaundice, as well as
pathological findings of interstitial pneumonia, generalized, en-
larged lymph nodes, hepatitis, and nephritis (9–11). Additionally,
PCV2 was suspected to be associated with porcine dermatitis and
nephropathy syndrome (PDNS) (12) and reproductive failure
(13). The list of differential diagnosis for PMWS includes the re-
spiratory form of PRRS, classical swine fever (CSF), and Aujeszky’s
disease. Pseudorabies or Aujeszky’s disease, caused by Suid herpesvi-
rus 1 (SuHV1), a member of the genus Varicellovirus, subfamily Al-
phaherpesvirinae, family Herpesviridae, (14), is a notifiable disease in
swine of great economic importance. Among the wide range of hosts,
including nearly all mammals except humans and higher primates,
only members of the Suidae family are able to survive a productive
infection and as a consequence serve as a virus reservoir (15). Clin-
ical signs range from central nervous system disorders and death
in young piglets to respiratory disease and reproductive failure in
older pigs (16).

CSF, caused by classical swine fever virus (CSFV), a positive-
sense single-stranded RNA virus, genus Pestivirus, family Flavi-

viridae (17), and African swine fever (ASF), caused by the large
enveloped, double-stranded DNA African swine fever virus
(ASFV), assigned to be the only member of the genus Asfivirus,
family Asfarviridae (18), cannot be differentiated by either clinical
or postmortem examination (19). Clinical symptoms vary from
sudden death, fever, and hemorrhages of the skin and internal
organs to respiratory signs, stunting of growth, anorexia, and leth-
argy (20, 21). Similar symptoms were caused by a highly patho-
genic strain of PRRSV (HP-PRRSV) since its emergence 2006 in
China (22) and subsequent spread to other Asian countries
(23, 24).

For the effective control and eradication of foot-and-mouth-
disease (FMD), a highly contagious disease of cloven-hoofed ani-
mals with a great economic impact (25), a rapid diagnosis is cru-
cial. The causative agent, foot-and-mouth-disease virus (FMDV),
is a member of the genus Aphthovirus, family Picornaviridae, and
seven serotypes, namely, O, A, C, SAT 1, SAT 2, SAT 3, and Asia 1
(25), are differentiated.

A major problem of most transboundary diseases of pigs is the
absence of pathognomonic clinical signs, resulting in a high-risk
period of several weeks until an outbreak is detected (26). There-
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fore, the broad screening of diseased pigs in syndromic surveil-
lance programs could allow earlier detection.

Here, we describe a single-tube multiplex real-time RT-PCR
combining the detection of two relevant endemic porcine patho-
gens with a parallel screening for FMDV as well as SuHV-1, CSFV,
and ASFV.

MATERIALS AND METHODS
Viruses and diagnostic samples. RNA or DNA extracted from different
sample materials of animals infected experimentally with CSFV, ASFV, or
FMDV, as well as samples containing different SuHV-1 isolates, were
kindly provided by the respective German National Reference Laborato-
ries. FMDV samples included strains of serotypes A, O, C, Asia, and SAT1,
and SuHV-1 samples comprised strains Bartha (K 61, delta EG 211, and
delta EO b212), Kaplan, and 14 different German and Slovak isolates from
swine and wild boar. Clinical samples, such as nasal swabs, sera, and lung
tissues, were obtained from different pig herds localized in the federal
states Lower Saxony and Brandenburg, Germany. The diagnostic samples
were stored at �70°C until use. In total, 238 body fluid and tissue samples
and 17 virus isolates (cell culture supernatant) were tested. All of them are
listed in Table S1 in the supplemental material.

DNA and RNA extraction. Nucleic acids were extracted using the
MagNA Pure LC total nucleic acid isolation kit for automated extraction
(Roche Diagnostics Deutschland GmbH, Mannheim, Germany) accord-
ing to the manufacturer’s recommendations.

Primers, probes, and real-time PCR. The PCV2-specific (27), CSFV-
specific (28), and beta-actin-specific (29) real-time quantitative PCR
(qPCR) assays have been described previously. PRRSV genome detection
was performed as a combination of one assay specific for the EU genotype
and another assay detecting NA genotype-specific sequences (30).

The ASFV-specific qPCR assay developed by Zsak and coworkers (31)
was slightly modified. Instead of the previously described labeling with
5=-6-carboxyfluorescein (FAM) and a 3= minor grove binder nonfluores-
cent quencher, a Texas Red-labeled locked nucleic acid (LNA) probe was
used. For the design of the FMDV and SuHV-1 specific systems, all avail-
able sequence information (NCBI database) was used.

Sequences of the selected primers and probes are shown in Table S2 in
the supplemental material. In each assay, concentrations of primers and
probe were optimized in a single-target reverse transcription (RT)-qPCR
approach. The multiplex RT-qPCR was performed using reduced concen-
trations of oligonucleotides (see Table S2). In the single-tube multiplex
assay, a total of four different fluorophores were included: (i) FAM for
both PRRSV-specific assays, (ii) Cy5 for the PCV2 assay, (iii) Texas Red
for the probes specific for CSFV, ASFV, SuHV-1, and FMDV, and (iv)
finally, HEX for the �-actin-specific probe of the internal control (IC)
system. All oligonucleotides were synthesized by metabion international
AG (Planegg-Martinsried, Germany).

The multiplex RT-qPCR was carried out using the AgPath-ID one-
step RT-PCR kit (Applied Biosystems, Warrington, Cheshire, United
Kingdom). The assay was optimized using a total reaction volume of 25
�l. For a single reaction, 1.0 �l RNase-free water, 12.5 �l 2� RT-PCR
buffer, 1.0 �l 25� RT-PCR enzyme mix, and the primers and probes in
concentrations given in Table S2 in the supplemental material were
merged as a master mix. Finally, 5 �l template was added, and the RT-
qPCR was carried out in a Bio-Rad CFX 96 real-time detection system
(Bio-Rad, Hercules, CA) using the following thermal profile: reverse tran-
scription at 45°C for 10 min, PCR initial activation at 95°C for 10 min, and
45 cycles of a three-step cycling consisting of the denaturation at 95°C for
15 s, annealing at 57°C for 30 s, and extension at 72°C for 35 s. All samples
were tested in duplicate.

Positive standards. The PRRSV- and CSFV-specific positive stan-
dards have been described previously (28, 30). SuHV-1-, FMDV-, and
ASF-specific primer and probe sequences were each cloned into a plasmid
vector. The plasmid containing FMDV-specific sequences was in vitro
transcribed using an SP6/T7 transcription kit (Roche Diagnostics

Deutschland GmBH, Mannheim, Germany) according to the manufac-
turer’s instructions. The T7-transcribed standard RNA was subsequently
digested with DNase I (Qiagen GmbH, Hilden, Germany) and purified
using the RNeasy kit (Qiagen GmbH, Hilden, Germany).

A PCV2-specific standard was designed by extracting DNA from a
spleen sample and using PCR amplification with the primers ACCRGYG-
CACTTCGGBARCKGC and AATACTWACAGCRYACTTCTTTCG.
The Platinum Taq DNA polymerase kit (Invitrogen, Carlsbad, CA) was
used according to the manufacturer’s recommendations for the amplifi-
cation reaction. The resulting amplicon, with a size of 1,776 bp, was sub-
sequently excised, purified using the Qiaex II gel extraction kit (Qiagen,
Hilden, Germany), and cloned into a plasmid vector (PCV2-standard
DNA).

The concentration of each positive standard was determined by spec-
trophotometry, and the exact number of DNA or RNA molecules was
calculated with an online software program available at http://www
.molbiol.edu.ru/eng/scripts/01_07.html.

RESULTS
Sensitivity and specificity. Single assays integrated in the newly
developed multiplex RT-qPCR have been analyzed previously re-
garding both sensitivity and specificity (27–31). The sequences of
all primers and probes included in the multiplex RT-qPCR were
aligned with publically available sequence information (NCBI
GenBank) with a special focus on porcine viruses. There was no
indication of possible cross-reactions.

Using the newly designed FMDV-specific assay in a single- and
multiplex approach, a wide range of sample materials obtained
from animals infected experimentally with different strains of se-
rotypes A, O, C, Asia, and SAT1 (see Table S1, sample ID 167 to
172 and 214 to 229, in the supplemental material) were tested and
correctly identified. The SuHV-1-specific PCR was validated by
testing a variety of isolates as well; each of them tested positive by
the SuHV-1 assay included in the multiplex PCR (see Table S1,
sample ID 230 and 238 to 255) and confirmed by the conventional
PCR system described by Hasebe et al. (32) (data not shown).

The sensitivity of each assay in the multiplex approach was
evaluated in comparison to the corresponding single-target sys-
tem using 10-fold dilutions of genomes of appropriate culture-
grown virus strains (PRRSV, CSFV, ASFV, FMDV, and SuHV-1)
or a spleen sample (PCV2) (Table 1). In the assays specific for
SuHV-1, PCV2, and PRRSV-EU, the last detectable dilution step
was equivalent in the multiplex and the single-target RT-qPCR
(Table 1).

In the PCR systems for CSFV, ASFV, and FMDV, only the last
dilution step positive in the single-target assay scored negative in
the multiplex assay, and the PRRSV-NA system gave a negative
result in the last two dilution steps that was positive in the corre-
sponding single-target assay (Table 1).

In addition, the functionality of the four transboundary disease
assays, namely, CSFV, ASFV, SuHV-1, and FMDV, was validated
in the presence of very high loads of PRRSV and/or PCV2 ge-
nomes. Interestingly, no further decrease in sensitivity was caused
by the multiplexing itself in any of the tested virus combinations
(Table 2).

The analytical sensitivity of the complete multiplex RT-qPCR
system was determined using series of 10-fold dilutions of the
individual positive standards (diluted in RNA safe buffer [33]) in
three replicates per run on three different days. RNA extracted
from porcine EDTA-blood was included in the master mixture to
test for the influence of porcine DNA and RNA. In the multiplex
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approach, 1.00E�01 copies of the PCV2, ASFV, SuHV-1, and
FMDV standards, 1.00E�02 copies of CSFV, and 1.00E�03
PRRSV-EU and -NA copies per reaction were reliably detected.
The mean quantification cycle (Cq) (34) value of the IC was 32.6,
with a coefficient of variation of 0.1 (Fig. 1).

Finally, to exclude unspecific reactions, nucleic acids ex-
tracted from sera, pools of sera, EDTA-blood samples, nasal
swabs, saliva samples, vesicles, and different tissue homoge-
nates collected from healthy pigs were tested. All samples
scored negative in any of the assays included in the multiplex

TABLE 1 Comparison of single-target assay with multiplex RT-qPCR assay

Virus Dilution

Cq

Single-target
RT-qPCR

Multiplex RT-qPCR

PRRSV PCV-2 CSFV/ASFV/SuHV-1/FMDV Beta-actin

PRRSV EU 1.00E�02 26.3 25.9 No Cq No Cq 28.9
1.00E�03 29.9 28.9 No Cq No Cq 28.8
1.00E�04 33.0 31.8 No Cq No Cq 29.1
1.00E�05 36.6 35.4 No Cq No Cq 28.8
1.00E�06 38.3 41.0a No Cq No Cq 28.8
1.00E�07 No Cq No Cq No Cq No Cq 28.7
1.00E�08 No Cq No Cq No Cq No Cq 29.0

PRRSV NA 1.00E�02 21.2 21.9 No Cq No Cq 27.7
1.00E�03 24.8 25.6 No Cq No Cq 28.6
1.00E�04 27.5 28.7 No Cq No Cq 28.7
1.00E�05 31.1 34.3 No Cq No Cq 28.5
1.00E�06 34.3 No Cq No Cq No Cq 28.5
1.00E�07 37.0 No Cq No Cq No Cq 28.9
1.00E�08 No Cq No Cq No Cq No Cq 29.0

PCV2 1.00E�02 19.2 No Cq 19.0 No Cq 28.7
1.00E�03 22.3 No Cq 22.2 No Cq 28.5
1.00E�04 26.1 No Cq 25.9 No Cq 29.0
1.00E�05 28.9 No Cq 28.6 No Cq 28.8
1.00E�06 31.3 No Cq 31.5 No Cq 29.0
1.00E�07 35.7 No Cq 37.9 No Cq 29.1
1.00E�08 No Cq No Cq No Cq No Cq 29.2

CSFV 1.00E�03 22.1 No Cq No Cq 23.3 28.7
1.00E�04 26.0 No Cq No Cq 26.2 28.9
1.00E�05 29.8 No Cq No Cq 30.1 29.0
1.00E�06 33.1 No Cq No Cq 33.9 28.9
1.00E�07 36.6 No Cq No Cq 44.4a 29.0
1.00E�08 39.2 No Cq No Cq No Cq 29.0
1.00E�09 No Cq No Cq No Cq No Cq 29.1

ASFV 1.00E�01 23.5 No Cq No Cq 23.9 28.2
1.00E�02 26.8 No Cq No Cq 27.3 28.5
1.00E�03 30.2 No Cq No Cq 30.6 28.8
1.00E�04 34.1 No Cq No Cq 34.3 28.6
1.00E�05 36.7 No Cq No Cq 38.5 28.6
1.00E�06 38.8 No Cq No Cq No Cq 28.9
1.00E�07 No Cq No Cq No Cq No Cq 29.0

SuHV-1 1.00E�03 19.6 No Cq No Cq 19.8 28.3
1.00E�04 22.9 No Cq No Cq 23.0 28.4
1.00E�05 26.2 No Cq No Cq 26.5 29.0
1.00E�06 29.4 No Cq No Cq 29.6 28.9
1.00E�07 33.2 No Cq No Cq 33.1 28.8
1.00E�08 36.0 No Cq No Cq 36.6 29.0
1.00E�09 39.3 No Cq No Cq 42.6 29.1

FMDV 1.00E�04 25.5 No Cq No Cq 28.7 28.5
1.00E�05 28.5 No Cq No Cq 31.3 28.5
1.00E�06 31.4 No Cq No Cq 35.3 28.4
1.00E�07 34.4 No Cq No Cq No Cq 28.3
1.00E�08 No Cq No Cq No Cq No Cq 28.3

a Only one of the duplicates scored positive.
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RT-qPCR (see Table S1, sample ID 01-52, in the supplemental
material).

Diagnostic samples. The diagnostic sensitivity of the multi-
plex assay was evaluated by testing a number of different sample
types, including sera, pools of sera, EDTA-blood samples, tonsils,

saliva, cerebrum tissues, nasal swabs, and lung tissues (see Table
S1). In total, 255 individual samples were tested by the multiplex
RT-qPCR and in some instances in the respective singleplex as-
says. Overall, a high accordance could be observed between the
multiplex system and each single-target PCR assay for the clinical

TABLE 2 Comparison of single-target assay with multiplex RT-qPCR assay using samples with high genome loads of PCV2 and PRRSV and
decreasing concentrations of CSFV, ASFV, SuHV-1, and FMDV

Virus and/or
combination Dilution

Cq

Single-target RT-qPCR,
CSFV/ASFV/SuHV-1/FMDV

Multiplex RT-qPCR

CSFV/ASFV/SuHV-1/FMDV PRRSV pCV-2 Beta-actin

CSFV 1.00E�04 26.4 26.8 No Cq 14.3 28.9
�PCV2 1.00E�05 30.0 28.8 No Cq 13.9 29.2

1.00E�06 33.2 34.8 No Cq 14.1 28.9
1.00E�07 36.7 43.1a No Cq 14.1 28.8

�PRRSV 1.00E�04 26.6 27.3 20.4 No Cq 27.5
1.00E�05 29.5 30.2 20.5 No Cq 27.9
1.00E�06 33.7 35.7 20.3 No Cq 28.2
1.00E�07 37.2 No Cq 20.3 No Cq 28.0

�PCV2 1.00E�04 27.3 27.8 20.3 13.7 28.7
�PRRSV 1.00E�05 30.5 32.0 20.2 13.6 28.7

1.00E�06 34.1 40.1 20.2 13.6 28.9
1.00E�07 37.0 No Cq 20.2 13.6 28.6

ASFV 1.00E�03 29.5 30.1 No Cq 14.3 28.6
�PCV2 1.00E�04 31.8 33.0 No Cq 14.2 28.7

1.00E�05 36.0 36.2 No Cq 14.1 29.0
1.00E�06 38.6a No Cq No Cq 14.1 28.8

�PRRSV 1.00E�03 30.0 30.6 20.2 No Cq 27.7
1.00E�04 33.1 33.8 20.2 No Cq 27.9
1.00E�05 36.3 38.9 20.3 No Cq 27.9
1.00E�06 No Cq No Cq 20.2 No Cq 27.9

�PCV2 1.00E�03 29.7 31.0 20.9 13.6 29.0
�PRRSV 1.00E�04 33.2 34.6 20.2 13.8 28.6

1.00E�05 36.2 39.7 20.1 13.7 28.7
1.00E�06 No Cq No Cq 20.2 13.6 28.6

SuHV-1 1.00E�06 27.1 26.7 No Cq 14.2 29.0
�PCV2 1.00E�07 29.6 29.7 No Cq 14.1 29.6

1.00E�08 34.3 34.3 No Cq 14.2 29.0
1.00E�09 No Cq No Cq No Cq 13.9 29.3

�PRRSV 1.00E�06 26.6 26.7 20.4 No Cq 28.1
1.00E�07 30.2 30.0 20.4 No Cq 28.2
1.00E�08 33.9 36.1 20.6 No Cq 28.3
1.00E�09 No Cq No Cq 20.3 No Cq 28.1

�PCV2 1.00E�06 27.7 27.3 19.9 13.9 27.8
�PRRSV 1.00E�07 31.3 31.3 19.9 13.7 28.2

1.00E�08 35.6 35.7 20.0 13.8 27.9
1.00E�09 No Cq No Cq 19.8 13.8 28.6

FMDV 1.00E�04 25.5 27.6 No Cq 13.6 28.6
�PCV2 1.00E�05 29.3 31.3 No Cq 12.9 28.7

1.00E�06 32.4 35.4 No Cq 13.5 29.1
1.00E�07 34.8 39.7a No Cq 14.4 29.0

�PRRSV 1.00E�04 25.8 28.6 20.2 No Cq 27.7
1.00E�05 28.8 31.9 20.4 No Cq 28.1
1.00E�06 31.7 35.6 20.7 No Cq 27.8
1.00E�07 35.5 No Cq 20.8 No Cq 27.8

�PCV2 1.00E�04 26.0 28.5 19.6 13.8 28.5
�PRRSV 1.00E�05 28.5 32.5 19.7 13.9 28.6

1.00E�06 31.7 37.2 19.6 13.9 28.6
1.00E�07 36.9 No Cq 19.7 13.9 28.6

a Only one of the duplicates scored positive.
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samples. However, only one serum sample tested positive in the
singleplex PRRSV-NA assay, with a Cq value of 35.0, and in a nasal
swab very weakly positive for PCV2 (Cq of 39.6), the correspond-
ing assays within the multiplex approach failed (see Table S1, sam-
ple ID 87 and 213, in the supplemental material).

Serum samples obtained from animals experimentally coin-
fected with a CSFV isolate and a PRRSV-EU isolate (35) were
investigated using the multiplex RT-qPCR system. Fifteen pigs
were assigned to three groups. Five animals (PRRS/CSF group)
were inoculated with PRRSV and infected 3 days later with CSFV
(see Table S1, sample ID 88 to 114, in the supplemental material),
the second group of five animals (PRRS group, sample ID 115 to
129) received PRRSV, while the third group (CSF group, sample
ID 130 to 158) was inoculated solely with CSFV. In a serum sample
of one animal out of the PRRS/CSF group, the PCV2 genome was
additionally detected at the day of CSFV infection, followed by
increasing genome loads until the end of the study (see Table S1,
sample ID 105 to 109). In two animals out of the PRRSV/CSF and
CSF groups, respectively, the CSFV genome was first detected at 7
days postinfection (dpi) (see Table S1, sample ID 107, 112, 139,
and 157), while the remaining three individuals of both groups
showed positive results at 4 dpi for the first time (see Table S1,
sample ID 90, 95, 100, 132, 144, and 150). Using the multiplex
RT-qPCR, the PRRSV genome was detected in samples from every
individual swine 3 days after PRRSV inoculation (see Table S1,
sample ID 116, 119, 122, 125, and 128). In serum samples of these
animals, CSFV RNA was not detected at any time.

Different sample materials from cattle, sheep, and goats were
also tested using the multiplex system. The PRRSV or PCV2 ge-
nome was not detected; solitary exceptions were two PCV2-posi-
tive bovine lingual vesicles from one animal (see Table S1, sample
ID 214 and 215, in the supplemental material) experimentally
infected with FMDV. Nasal swabs and saliva collected on the same

day as the lingual vesicles, and the serum (see Table S1, sample ID
228, 229, 220, 221, and 172) from the same animal were negative
in the PCV2-specific assay.

Using the multiplex RT-qPCR assay, PCV2 genomes were de-
tected in serum samples and tonsils collected from wild boar (see
Table S1, sample ID 161, 231, and 233 to 236), with one boar
showing a Cq value below 10.

By testing numerous negative sample materials, unspecific re-
actions could not be observed. In addition, with the exception of
two serum samples, the tested panel of body fluids and tissues was
positive in the �-actin-specific internal control assay.

DISCUSSION

Based on clinical and postmortem examination, several viral in-
fections of swine are hard to distinguish from each other, which
emphasizes the necessity of adequate laboratory diagnostics. In
addition, due to increasing animal transport, human traveling,
and global trade, the emergence of transboundary diseases in free
countries is a serious risk (19).

To prevent the spread of transboundary diseases into large geo-
graphic areas, which thereby affects animal populations of high
density, especially after sudden reemergence in free countries, the
rapid diagnosis of the causative agent is of utmost importance
(36). By using multiplex PCR systems, several infectious agents
can be detected and differentiated simultaneously in a single reac-
tion, reducing costs and efforts as well as the amount of sample
material and time required (37, 38). A variety of conventional
multiplex PCR assays for the detection and differentiation of dif-
ferent swine viruses based on amplicon size have been developed
during recent years (39–46). However, qPCR assays have several
advantages compared to conventional PCR, combining a reduced
risk of cross-contamination with a high sensitivity and the possi-
bility of semiquantitative analysis. Oligonucleotide probes labeled

FIG 1 Analytical sensitivities of the assays included in the multiplex RT-qPCR based on 10-fold dilution series of positive standard RNA. Mean Cq values of the
nine replicates of each dilution step are indicated alongside each box plot; coefficients of variation are depicted in parentheses. Box plots were designed by using
the R software package (55).
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with different fluorophores permit multiplexing in a qPCR format
(47), enabling the detection of different target sequences as well as
the coamplification of internal controls.

Here, an RT-qPCR assay for the simultaneous detection of
PRRSV and PCV2, combined with an early detection system for
diseases notifiable to the World Organization for Animal Health,
namely, those caused by CSFV, ASFV, SuHV-1, and FMDV, was
developed and validated. In order to verify efficient nucleic acid
extraction and to confirm the absence of PCR-inhibiting factors,
an internal control based on the �-actin gene was included, com-
pleting the four-color multiplex RT-qPCR.

The probes specific for genome detection of the four notifiable
viruses were labeled with the same fluorophore (Texas Red), re-
sulting in a background screening for those diseases and a Texas
Red signal in case of a positive genome detection for one of the
transboundary diseases. The Texas Red signal would subsequently
induce the immediate testing of the sample in the respective na-
tional or international reference institution. The multiplex ap-
proach could be also very valuable in situations where, after pos-
itive diagnosis of an endemic viral infection within a single target
assay, potential coinfections with a notifiable disease remain ini-
tially undetected. Another advantage of the single-color multiplex
screening for transboundary diseases is the possibility of including
a detection system for further pathogens. Viruses causing vesicu-
lar lesions in epithelial tissues (vesicular stomatitis virus, swine
vesicular disease virus, and vesicular exanthema of swine virus)
may be included, for instance, to complete the assay. However,
considerable validation of such complex assays, including inter-
national interlaboratory studies, will be necessary.

The newly developed multiplex RT-qPCR assay offers a rapid,
convenient, and reliable screening system for FMDV, CSFV,
ASFV, and SuHV-1, even in the presence of large amounts of
PCV2 and PRRSV genomes. In serum samples obtained from an-
imals infected experimentally with CSFV, the multiplex RT-qPCR
gave a positive result at 4 or 7 dpi, and in case of a PRRSV/CSFV
coinfection, the CSFV genome was first detected at 4dpi. Since
CSFV could be isolated from sample materials on 7 or 12 dpi in the
CSF group and on 4 or 7 dpi in the PRRS/CSF group (35), sensi-
tivity for CSFV in the multiplex approach is equal to or even
greater than the sensitivity of virus isolation, emphasizing the ben-
efits of the qPCR, especially in the early stages of an infection. Due
to the labeling of the probes specific for the notifiable diseases with
the identical fluorophore, a fluorescence signal in this channel
requires further differentiation using the PCR systems in single-
target approaches to receive the final diagnosis.

One of the main problems caused by a large number of oligo-
nucleotides in the same reaction tube is a possible interaction of
those molecules with each other, resulting in inhibition of the
amplification reactions and a subsequent reduced sensitivity (38,
48, 49). In our assays, despite the minor decrease in sensitivity,
1,000 genome copies per reaction or less were reliably detected by
each of the assays included in the multiplex RT-qPCR. With the
exception of only two samples, which were very weakly positive
for PRRSV-NA or PCV2 in the single-target assays, for each of the
large number of diagnostic samples, similar results in both the
single and multiplex approaches were achieved.

Developed primarily for viral genome detection from serum or
blood samples from diseased swine and wild boar, the newly de-
veloped multiplex RT-qPCR has been shown to also be applicable
to additional sample materials and animal species, such as cattle,

sheep, or goats. When samples from cattle infected with FMDV
were investigated, one animal scored positive for PCV2. Although
nasal swabs and saliva collected on the same day and serum from
the animal scored negative in the PCV2-specific assay, lingual ves-
icles were positive both in the single-target assay and in the mul-
tiplex system. Interestingly, the presence of PCV2-like isolates has
been found in cattle previously (50–52), though this observation
was not confirmed by other authors (53, 54). Recently, PCV2 has
been detected in German calves affected with hemorrhagic disease
syndrome (HDS) (50). The example shows the versatile use of the
novel PCR system, which is not only for porcine sample materials.

In conclusion, the newly developed RT-qPCR allows the si-
multaneous detection of PRRSV and PCV2 combined in a single-
tube assay with a rapid, convenient, and reliable screening system
for FMDV, CSFV, ASFV, and SuHV-1. The novel broad-spectrum
multiplex assay allows, in a unique form, the routine investigation
for endemic porcine pathogens with exclusion diagnostics of the
most important transboundary diseases. The new system could
therefore significantly improve the early detection of the most
important notifiable diseases of swine and could lead to a new
approach in syndromic surveillance.
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