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copies (1-log higher with
tory, thus allowing for a s
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gel-based and real-time R
tested positive, whereas t
and 37 ocular swabs. The
powerful tool for a sensiti
. Introduction

Bovine coronavirus (BCoV) is a group 2 coronavirus (CoV) that is
esponsible for different clinical forms of disease in cattle, including
nteritis in newborn calves, “winter dysentery” in adult cows, and
espiratory signs in calves and cows. The same virus strain could
lso be responsible for the simultaneous appearance of enteric and
espiratory disease in the same animals as well as in calves and
ows (Decaro et al., 2008a,b). It is thought that BCoV is able to cross
he species barrier very frequently, giving rise to bovine-like CoVs
hich can infect different mammals. The bovine origin of some

roup 2a CoVs has been suggested for viruses such as human coron-
virus (HCoV) OC43 (Vijgen et al., 2005), porcine hemagglutinating
ncephalomyelitis virus (PHEV) (Vijgen et al., 2006), canine respi-
atory coronavirus (CRCoV) (Erles et al., 2003) and other ruminant
oVs (Hasoksuz et al., 2007; Jin et al., 2007; Decaro et al., 2008c).

Several tools are available for the traditional diagnosis of BCoV
nfection, including electron microscopy (EM) (Bulgin et al., 1989),
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se-polymerase chain reaction (RT-PCR) for the detection of bovine coron-
mples is described. The assay is based on TaqMan technology, consisting

labeled with the reporter dye 6-carboxyfluorescein that binds selectively
gene of BCoV. The BCoV real-time RT-PCR assay was able to detect the
ses (canine respiratory coronavirus and bubaline coronavirus), whereas
of cattle were not recognised by the established oligonucleotide set, thus
fic for bovine-like CoVs. The detection limit of the assay was 20 BCoV RNA
ct to traditional gel-based RT-PCR) and the reproducibility was satisfac-

ive and accurate measurement of the viral RNA load in clinical samples.
al specimens (92 rectal, 82 nasal and 46 ocular swabs) were subjected to
. By conventional amplification, 43 rectal, 54 nasal and 34 ocular samples

qMan assay was able to detect the BCoV nucleic acid in 49 rectal, 60 nasal
ity and high throughput of the BCoV TaqMan assay makes this method a
d specific diagnosis of BCoV infection in cattle.

© 2008 Elsevier B.V. All rights reserved.

virus isolation (VI) on human rectal tumor (HRT-18) and Madin

Darby bovine kidney (MDBK) cells (Dea et al., 1980), hemaggluti-
nation (HA) (Sato et al., 1977), and enzyme-linked immunosorbent
assay (ELISA) (Sato and Akashi, 1993; Silva et al., 1999). How-
ever, these techniques have been proven to be poorly sensitive and
often inconclusive due to the presence of pleomorphic CoV-like
particles in clinical samples, virus instability in the environment,
time-consuming procedures, or presence of maternally derived
antibodies in the faeces (Sato et al., 1977; Dea et al., 1980; Saif,
1990; Sato and Akashi, 1993). Because of its higher sensitivity and
versatility, the detection of viral nucleic acid by polymerase chain
reaction (PCR) has been established as the diagnostic gold standard
for a number of infectious diseases. Several reverse transcriptase
(RT)-PCR-based methods have been developed for the detection
and identification of BCoV and BCoV-like RNA in faecal and respira-
tory specimens of cattle (Tsunemtitsu et al., 1999; Cho et al., 2001;
Erles et al., 2003; Takiuchi et al., 2006). However, none of those
RT-PCR assays were designed to be quantitative. In addition, PCR
assays are frequently exposed to risks of carryover contamination,
especially when a high sample throughput is required.

In this paper, the development of a real-time RT-PCR assay based
on TaqMan technology is reported for the rapid and sensitive diag-
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Table 1
Oligonucleotides used in BCoV conventional and real-time RT-PCR amplifications

Primer/probe Sequence 5′–3′

Sp 1b CTTATAAGTGCCCCCAAACTAAAT
Sp 2b CCTACTGTGAGATCACATGTTTG

BCoV-Fc CTGGAAGTTGGTGGAGTT
BCoV-Rc ATTATCGGCCTAACATACATC
BCoV-Pbc FAMd-CCTTCATATCTATACACATCAAGTTGTT-BHQ1e

a Oligonucleotide position is referred to the sequence of BCoV strain Mebus (Gen
b Conventional RT-PCR (Erles et al., 2003).
c Real-time RT-PCR.
d FAM: 6-carboxyfluorescein.
e BHQ1: black hole quencher 1.

nosis of BCoV infection and accurate quantification of BCoV nucleic
acid in diagnostic samples.

2. Materials and methods

2.1. Oligonucleotide design and synthesis

The transmembrane (M) gene sequences of BCoV strains
were retrieved from the GenBank database (http://www.ncbi.
nlm.nih.gov/Genbank/index.html) and aligned using the BioEdit
software package (Hall, 1999). The primers and TaqMan probe were
designed using the Beacon Designer Software, Version 2.0 (Premier
Biosoft International, Palo Alto, CA, USA) to amplify a conserved 85-
bp fragment within the aligned M genes. The primers and probe
were synthesized by MWG Biotech AG (Ebersberg, Germany). The
TaqMan probe was labeled with 6-carboxyfluorescein (FAM) at the
5′ end and with a nonfluorescent quencher 1 (NFQ1) at the 3′ end.
The position and sequence of the primers and probe used for the
assay are reported in Table 1.

2.2. Standard RNA for absolute quantification

To obtain a standard for the TaqMan assay, a 919-bp RT-
PCR product containing the full-length M gene of BCoV strain
339/06 (Decaro et al., 2008b) was amplified using primer pair
28380F/29298R (Decaro et al., 2008c) and the RT-PCR product
was cloned into pCR®T7/NT-TOPO vector (Invitrogen Srl, Milan,
Italy) and transcribed with RiboMAXTM Large Scale RNA Produc-
tion System-T7 (Promega Italia, Milan, Italy) from the T7 promoter,

according to the manufacturer’s guidelines. After DNase treatment
to remove residues of plasmid DNA, the transcripts were puri-
fied using a commercial column (QIAamp® RNA Easy kit, Qiagen
S.p.A., Milan, Italy) and quantified by spectrophotometric analy-
sis. Ten-fold dilutions of the RNA transcript, representing 100 to
109 copies RNA �l−1 of template, was carried out in a mixed fae-
cal/nasal swab suspension from a calf which tested negative for
BCoV by HA and gel-based RT-PCR. Aliquots of each dilution were
frozen at −70 ◦C and used only once.

2.3. Field samples collection and preparation

A total of 220 samples, including 92 rectal, 82 nasal and 46 ocular
swabs collected from cattle with enteric and/or respiratory signs,
were analysed. The faecal and nasal swabs were homogenised (10%,
w/v) in Dulbecco’s minimal essential medium (D-MEM). Sample
suspensions were clarified by a brief centrifugation at high speed
in a micro-centrifuge and aliquots of 140 �l of the supernatants
were used for RNA extraction.

Viral RNA was extracted from each sample suspension with
QIAamp® Viral RNA Mini Kit (Qiagen S.p.A.) in accordance with the
l Methods 151 (2008) 167–171

Sense Positiona Amplicon size (bp)

+ 25277–25300
622− 25876–25898

+ 29026–29043
85− 29090–29110

− 29058–29085

accession no.: U00735).

manufacturer’s protocol. Template RNAs were eluted in 50 �l of
elution buffer water and stored at −70 ◦C prior to use.

2.4. Real-time RT-PCR

Duplicates of the standard dilutions and RNA templates
were subjected simultaneously to reverse transcription with the
GeneAmp® RNA PCR kit (Applied Biosystems, Applera Italia, Monza,
Italy). One microlitre of each duplicate of the standard dilutions
or template RNA was reverse transcribed in a 20-�l reaction vol-
ume containing PCR buffer 1× (KCl 50 mM, Tris–HCl 10 mM, pH
8.3), MgCl2 5 mM, 1 mM of each deoxynucleotide (dATP, dCTP, dGTP,
dTTP), RNase Inhibitor 1 U, MuLV reverse transcriptase 2.5 U, ran-
dom hexamers 2.5 U. Synthesis of c-DNA was carried out at 42 ◦C
for 30 min, followed by a denaturation step at 99 ◦C for 5 min.

Real-time PCR for the simultaneous detection and quantifica-
tion of BCoV RNA was performed on a 7500 Real-time PCR System
(Applied Biosystems) with iTaqTM Supermix added with ROX (Bio-
Rad Laboratories Srl, Milan, Italy). The quantitative assay targeting
the M gene was conducted in a 50 �l reaction mixture containing
25 �l of master mix, 600 nM of primers BCoV-F and BCoV-R, 200 nM
of probe BCoV-Pb and 20 �l of c-DNA. The thermal profile consisted
of activation of iTaq DNA polymerase at 95◦ C for 10 min, followed
by 45 cycles of denaturation at 95 ◦C for 15 s annealing for 30 s and
extension at 60◦ C for 1 min.

The increase in the fluorescent signal was registered during the
extension step of the reaction and the data was analysed with the
appropriate sequence detector software (7500 System Software
v.1.3.1, Applied Biosystems).
2.5. Internal control

In order to verify the absence of RNA losses during the extraction
step and the presence of RT-PCR inhibitors in the RNA templates, an
internal control (IC), consisting of an RNA synthetic transcript con-
taining the M gene of canine coronavirus (CCoV) type II (Decaro et
al., 2005), was added to the lysis buffer (AVL Buffer, Qiagen S.p.A.) at
a concentration of 10,000 RNA copies ml−1 of buffer prior to nucleic
acid extraction. The fixed amount of the IC added to each sample
had been calculated to give a mean CT value in a genotype-specific
real-time RT-PCR assay (Decaro et al., 2005) of 34.18 with a S.D.
of 0.65 as calculated by 50 separate runs. Samples in which the CT
value for the IC was >35.48 (average plus 2S.D.) were excluded from
the analysis.

2.6. Evaluation of real-time RT-PCR performances

To exclude cross-reactivities between BCoV and other viral
pathogens responsible for enteric and/or respiratory diseases of
ruminants, the specificity of the assay was evaluated by testing
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isolates of the following viruses: bovine rotaviruses, bovine viral
diarrhea virus, bovine respiratory syncytial virus, bovine parain-
fluenza virus, and bovine herpesvirus types 1 and 4. The ability
of the assay to detect the nucleic acid of bovine-like CoVs was
assessed by testing the strictly related CRCoV (Decaro et al., 2007)
and bubaline coronavirus (BuCoV) (Decaro et al., 2008c).

Faecal, nasal and ocular samples collected from 10 uninfected
calves as well as sterile water were also included in the analysis as
negative controls and blanks, respectively.

To evaluate the detection limit of the real-time PCR
assay, 10-fold dilutions of a faecal sample containing
2 × 107 copies BCoV RNA �l−1 were made in a mixed faecal/nasal
sample homogenate from a BCoV-negative calf and tested
subsequently.

Serial 10-fold dilutions of standard RNA which contained from
101 to 109 copies RNA transcripts and the corresponding CT val-
ues were used to plot the standard curve for BCoV RNA absolute
quantification.

Reproducibility of the assay was evaluated by testing repeatedly
clinical samples containing BCoV RNA titres spanning the whole
range covered by real-time RT-PCR, as described previously (Decaro
et al., 2004, 2005; Elia et al., 2006). The intra-assay reproducibility
was evaluated by testing the same samples 10 times in the same
experiment, whereas the inter-assay reproducibility was assessed
by testing the same samples in 10 independent experiments. CVs
were calculated by dividing the standard deviation of each tested
sample by its mean and multiplying that result by 100.

2.7. Gel-based RT-PCR

The detection of BCoV RNA in clinical samples and M-gene RNA
transcript dilutions was carried out using SuperScriptTM One-Step
RT-PCR for Long Templates (Life Technologies, Invitrogen, Milan,
Italy) and primers specific for the spike-protein gene that are able
to detect bovine-like CoVs (Erles et al., 2003; Decaro et al., 2007,
2008c). The following thermal protocol was used: reverse tran-
scription at 50 ◦C for 30 min, inactivation of Superscript II RT at 94 ◦C
for 2 min, 45 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, 68 ◦C for 30 s, with
a final extension at 68 ◦C for 10 min. The PCR products were detected
by electrophoresis in 1.5% agarose gels and visualised under UV
light after ethidium bromide staining. The position and sequence
of the primers used for conventional amplification are reported in
Table 1.
3. Results

3.1. Analytical performance of the BCoV real-time RT-PCR assay

The template controls and BCoV-negative specimens did not
produce any detectable fluorescence signal. The other tested viral
pathogens were not detected with the exception of the bovine-like
CoVs CRCoV and BuCoV, confirming that the real-time RT-PCR assay
is specific for BCoV and BCoV-like viruses.

The detection limit of the assay was assessed as
2 × 101 RNA copies �l−1 of template, whereas gel-based PCR
was able to detect up to 2 × 102 copies �l−1 of template.

Ten-fold dilutions of standard RNA were used to construct a
standard curve covering a linear range of nine orders of magni-
tude (from 101 to 109 copies of standard RNA) and linearity was
observed over the entire quantification range (slope = −3.366).

To determine the reproducibility of the assay, intra-assay and
inter-assay coefficients of variation (CVs) were calculated (Fig. 1).
Intra-assay CVs ranged from 18.42% (samples containing 7 × 107

DNA copies) to 41.03% (2 × 102 DNA copies), while the inter-assay
Fig. 1. Coefficients (CVs) of variation intra-assay and inter-assay over the dynamic
range of the BCoV real-time RT-PCR assay. Field samples containing approximately
2 × 102, 3 × 103, 3 × 104, 2 × 105 and 7 × 107 BCoV RNA copies were tested 10 times
in the same run (CVs intra-assay) or in 10 consecutive runs (CVs inter-assay).

CVs ranged from 28.93% (3 × 103 DNA copies) to 48.57% (2 × 102

DNA copies).

3.2. Internal control detection

The IC was detected in all the examined samples, with CT values
below the threshold value of 35.48, thus ruling out relevant RNA
losses during nucleic acid extraction or DNA polymerase inhibition
during real-time PCR amplification.

3.3. Analysis of clinical samples

The results of the analysis of 220 clinical samples collected from
cattle with enteric and/or respiratory disease are summarised in
Fig. 2. By using gel-based RT-PCR, 43/92 rectal, 54/82 nasal and
34/46 ocular swabs were found to contain BCoV RNA. Conversely,
49 rectal, 60 nasal and 37 ocular swabs tested positive for BCoV by
real-time RT-PCR. Only one faecal sample tested positive by conven-
tional amplification and negative by real-time analysis, whereas
seven rectal, six nasal and three ocular swabs were found to be
positive by the TaqMan assay and negative by conventional ampli-

fication. The number of samples in agreement between the two
tests were 84 for the faecal swabs (42 positive and 42 negative sam-
ples), 76 for the respiratory specimens (54 positive and 22 negative
samples) and 43 for the ocular swabs (34 positive and 9 negative
samples). Totally, 203 samples were in agreement by both tests
(130 positive and 73 negative samples). The analysed samples con-
tained a wide range of BCoV RNA amounts per �l of template, from
2.20 × 101 to 5.53 × 108 (rectal swabs), from 3.15 × 101 to 8.09 × 108

(nasal swabs), and from 3.87 × 101 to 8.04 × 106 (ocular swabs).

4. Discussion

A real-time RT-PCR assay for the rapid and sensitive detection
of the BCoV RNA in clinical samples of cattle was established. The
assay was shown to be reproducible and linear over a range of 9
orders of magnitude, from 101 to 109 RNA copies, thus ensuring
an accurate measurement of BCoV RNA loads in clinical samples.
When compared with a classical RT-PCR protocol, the processing
time required by TaqMan RT-PCR is shorter, the contamination risks
are lower because of the lack of post-PCR steps and the specificity
is increased by the probe hybridisation. The assay was also able
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Fig. 2. Comparison between gel-based and real-time RT-PCR assays carried out on
bovine clinical samples. Numbers indicate the samples positive (+) or negative (−)
for BCoV. Results according to both techniques are shown in bold.

to detect the nucleic acid of bovine-like CoVs (CRCoV and BuCoV).
Other BCoV-like CoVs, such as HCoV-OC43 and PHEV, that were
not included in our analyses, should be tested in order to assess
whether they can be identified by the established assay. Although
those viruses are not available in the laboratory where the BCoV
TaqMan assay was developed, analysis of the M-gene sequences of
strains from different geographical areas led us to predict a probable
detection of these bovine-like CoVs.

The BCoV TaqMan assay was found to be 1-log more sensitive
than gel-based RT-PCR. In fact, when the clinical samples collected
from affected cattle were processed, real-time RT-PCR was able
to detect BCoV RNA in seven rectal, six nasal and three ocular
swabs that tested negative by conventional amplification. In con-
trast, only one faecal sample gave a positive result by gel-based
RT-PCR and tested negative by the TaqMan assay. Sequencing of
the M gene of this BCoV revealed the presence of two mismatches

in the probe-binding region that prevented the correct annealing
of the TaqMan probe (data not shown). CoVs are thought to mutate
at high frequency like most RNA viruses as a consequence of the
high error rates of the RNA polymerase that are predicted to accu-
mulate several base substitutions per round of replication (Jarvis
and Kirkegaard, 1991; Lai and Holmes, 2001). The high strain vari-
ability of CoVs has been identified as a limiting factor for efficient
PCR amplification of their genomic RNA. For instance, molecular
methods to detect all feline calicivirus strains have not yet been
developed even when conserved regions of the viral replicase gene
complex were chosen as a target for amplification (Marsilio et al.,
2005). In order to reduce false-negative results related to strain
variation, TaqMan oligonucleotides were designed in a very con-
served region of the M gene. The same gene was taken into account
for the design of primer/probe sets which were used in real-time
RT-PCR assays for CCoVs, that proved to be very sensitive ensur-
ing correct amplification of strains with different geographic origin
(Decaro et al., 2004, 2005).

Recently, a real-time RT-PCR assay based on SYBR Green chem-
istry has been established for the detection of CoVs of all the
antigenic groups (Escutenaire et al., 2007). Similar to the TaqMan
l Methods 151 (2008) 167–171

assay described in this paper, the SYBR Green assay was able to
detect as few as 10 CoV RNA copies. However, unlike the BCoV assay,
that assay was unable to detect specifically BCoV and BCoV-like
viruses, so it would appear more useful for the detection of new,
uncharacterised CoVs than for specific identification of bovine-like
CoVs in clinical samples.

In conclusion, a real-time RT-PCR assay for the rapid and sensi-
tive detection of BCoV RNA was developed. This assay can be used
as powerful tool for the simultaneous analysis of several samples
(up to 96 samples in the same plate) in a short time. Considering
the difficulties of BCoV isolation and titration on cell cultures, the
established assay can be helpful in BCoV-pathogenesis studies and
vaccine trials.
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