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a  b  s  t  r  a  c  t

Bovine  coronavirus  (BCoV)  is an economically  significant  cause  of calf  scours  and  winter  dysentery  of
adult  cattle,  and  may  induce  respiratory  tract infections  in cattle  of all  ages.  Early  diagnosis  of  BCoV
helps  to  diminish  its burden  on  the  dairy  and  beef  industry.  Real-time  RT-PCR  assay  for  the  detection
of  BCoV  has  been  described,  but  it is  relatively  expensive,  requires  well-equipped  laboratories  and  is
not suitable  for on-site  screening.  A  novel  assay,  using  reverse  transcription  recombinase  polymerase
amplification  (RT-RPA),  for the  detection  of BCoV  is  developed.  The  BCoV  RT-RPA  was  rapid  (10–20  min)
and  has  an  analytical  sensitivity  of  19  molecules.  No  cross-reactivity  with  other  viruses  causing  bovine
olecular diagnostic techniques
PA
ovine coronavirus

gastrointestinal  and/or  respiratory  infections  was  observed.  The  assay  performance  on  clinical  samples
was  validated  by testing  16 fecal  and  14  nasal  swab specimens  and  compared  to real-time  RT-PCR.  Both
assays  provided  comparable  results.  The  RT-RPA  assay  was  significantly  more  rapid  than  the real-time
RT-PCR  assay.  The  BCoV  RT-RPA  constitutes  a suitable  accurate,  sensitive  and  rapid  alternative  to  the
common  measures  used  for BCoV  diagnosis.  In addition,  the use  of a portable  fluorescence  reading  device
extends  its application  potential  to use  in  the  field  and  point-of-care  diagnosis.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Bovine coronavirus (BCoV) is an important pathogen of livestock
ausing enteric disease in newly born calves (neonatal calf diar-
hea), and adult cattle (winter dysentery) (Clark, 1993). The virus
s also implicated in respiratory tract infections of growing calves
nd shipping fever pneumonia in feedlot cattle (Saif, 2010; Storz
t al., 2000). Some BCoV virus strains may  also be responsible for
imultaneous enteric and respiratory tract infections (Decaro et al.,
008a). Although BCoV infections have a high morbidity that may
each 100%, it rarely causes death. However, the economic losses

re substantial in dairy and beef farms due to sudden and dramatic
eduction in milk production and loss of body weight (Svensson
t al., 2003; Traven et al., 2001).

Abbreviations: BCoV, bovine coronavirus; RPA, recombinase polymerase ampli-
cation; RT, reverse transcriptase; PCR, polymerase chain reaction; MEM,  minimal
ssential medium; LAMP, loop-mediated isothermal amplification.
∗ Corresponding author at: Institute of Virology, University Medical Center,
reuzbergring 57, 37075 Goettingen, Germany. Tel.: +49 551 39 10559;

ax: +49 551 39 10552.
E-mail addresses: abdelwahed@dpz.eu, abdelwahed@me.com (A. Abd El Wahed).

166-0934/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jviromet.2013.06.027
The current measures used for BCoV diagnosis consist mostly
of the detection of viral RNA by conventional and real-time
reverse transcription polymerase chain reaction (RT-PCR) (Amer
and Almajhdi, 2011; Decaro et al., 2008b; Takiuchi et al., 2006).
Samples collected from animals in the field are sent to the lab-
oratory for testing as mobile real-time PCR is rarely available,
complex technically and expensive. Therefore, a portable, simple,
rapid nucleic acid detection test, and accurate as PCR is needed
to detect the virus at the site where infections occur. Recombinase
polymerase amplification (RPA) is an isothermal DNA amplification
and detection technology (Piepenburg et al., 2006). In contrast to
PCR, amplification depends on a specific combination of enzymes
and proteins (recombinase, single strand binding protein, and
strand displacing DNA polymerase) used at a constant tempera-
ture (Euler et al., 2012a,b). Real-time detection of the amplification
process is contingent on RPA exo probes and the fluorescence sig-
nal is measured in real-time via a simple point-of-care scanner
weighing only 1.2 kg including a laptop computer (ESEQuant Tubes-

canner device, QiagenLake Constance GmbH, Stockach, Germany).
In this report, the development of a real-time RT-RPA assay for
rapid, simple and portable detection of BCoV in field samples was
described.

dx.doi.org/10.1016/j.jviromet.2013.06.027
http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jviromet.2013.06.027&domain=pdf
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. Materials and methods

.1. Cell culture and virus strains

BCoV, Mebus strain (provided by Ohio State University, USA),
as grown for 3 days on MDBK cells, and maintained in minimal

ssential medium (MEM)  supplemented with a mixture of peni-
illin and streptomycin (1%) (Sigma, St. Louis, MO). Other viruses
tilized in the study to ascertain the specificity of the assay included
ovine rotaviruses (UK strain from Montreal University, Canada,
CDC strain from Ohio State University, USA), bovine viral diarrhea
irus (Osolss strain from South Dakota State University, USA), infec-
ious bovine rhinotracheitis (Cooper strain, from Cairo University,
gypt), bovine parainfluenza type 3 virus (SF strain from Veterinary
erum and Vaccine Research Institute, Egypt) and bovine respira-
ory syncytial virus (Egyptian strain from Central Laboratories for
ontrol of Veterinary Biologics, Egypt).

.2. Clinical samples and RNA preparation

Thirty bovine samples, 16 fecal swabs and 14 nasal swabs, were
ollected from suspected cases of gastrointestinal and/or respira-
ory tract infections form farms around Riyadh, Saudi Arabia. BCoV
ree swabs were obtained from non-infected calves, and tested
y real-time RT-PCR, to serve as negative controls. Swabs were
laced immediately after collection in 2 ml  MEM  containing 1000 U
enicillin, and 1 mg  streptomycin. After transportation on dry ice,
amples were mixed by pulse-vortexing for 15 s, and swabs were
iscarded. Sample suspensions were diluted 1:10 in MEM  and cen-
rifuged at 5000 rpm for 15 min  at 4 ◦C. The clarified supernatants
ere transferred to sterile vials, and aliquots of 140 �l were sep-

rated for RNA extraction using QIAamp viral RNA extraction kit
Qiagen, Hilden, Germany) according to the manufacturer instruc-
ions.

.3. Generation of RNA standard

The isolated RNA of BCoV was reverse transcribed and
mplified using the QIAGEN OneStep RT-PCR kit (Qiagen). The for-
ard primer: 5′-TGGATCAAGATT AGAGTTGGC-3′, and the reverse
rimer: 5′-CCTTGTCCATTCTTCTGACC-3′ were used to amplify
36 nt of the nucleocapsid (N) gene of BCoV (30371–30607 of Gen-
ank accession number U00735) (Amer and Almajhdi, 2011). The
T-PCR reaction was set as follows: RT step at 50 ◦C for 30 min,

nitial activation at 95 ◦C for 15 min, 30 cycles of 94 ◦C for 30 s,
8 ◦C for 60 s, and 72 ◦C for 60 s, and a final extension step of
2 ◦C for 10 min. The amplified fragment was ligated into pCR®II
sing TA-cloning kit dual promoter with One shot® chemically
ompetent Escherichia coli (Invitrogen, Darmstadt, Germany). The
igated fragment was confirmed by sequencing (Seqlab, Goettingen,
ermany), and RNA was transcribed and quantified using the Ribo-
reen reagent kit (Invitrogen) as previously described (Weidmann
t al., 2003). The standard was tested by a published real-time RT-
CR protocol (Amer and Almajhdi, 2011) using Light Cycler 2.0
nd the LightCycler RNA Master SYBR Green I (Roche, Manheim,
ermany). The assay performance showed the same sensitivities

103) as reported in the original publication and the specificity
f the real-time RT-PCR was confirmed depending on the melting
urve (Tm: 78 ± 0.5) (Amer and Almajhdi, 2011).

.4. Real-time RT-RPA amplicon design
The RT-RPA forward primer 5′-GCTATAATGGTGCAATTAG-
TTTGACAGT-3′, and reverse primer 5′-GCTGACGCTGTGG-
TTTGGACTCATATTC-3′ for the detection of BCoV N gene were
esigned using the following available GenBank sequences
l Methods 193 (2013) 337– 340

(EF193073–EF193074). The RT-RPA amplicon was placed
between nt 30451 and 30585 of the GenBank accession
number U00735 (length 135 nt). The RPA exo probe was
synthesized by TIB MOLBIOL (Berlin, Germany) as following
5′-GGACTCATATTCATCATACCATCTTGTTGT (BHQ1-dT) (THF)
(FAM-dT) ATGC ATTCAAATTCTC-Phosphate.

2.5. RT-RPA reaction condition

The BCoV RT-RPA was  performed in a 50 �l volume using
TwistAmpTM exo lyophilized kit (TwistDx, Cambridge, UK). 420 nM
RT-RPA primers, 120 nM RT-RPA exo probe, 2 U Transcriptor
Reverse Transcriptase (Roche, Mannheim, Germany), 20 U RiboLock
RNase inhibitor (Fisher, Schwerte, Germany), 2 �M DTT (Roche),
14 mM Mg  acetate, 4× TwistAmpTM rehydration buffer (TwistDx),
and 1 �l RNA template were added to the RPA strips containing a
dried enzyme pellet. Fluorescence measurements in the FAM chan-
nel (Excitation 470 nm,  Detection 520 nm)  were performed in an
ESEQuant tubescanner (Qiagen) at 42 ◦C for 20 min  8 (Euler et al.,
2012a). A combined threshold and signal slope analysis offered by
the tubescanner software, was  used for signal interpretation that
can be confirmed by 2nd derivative analysis.

2.6. Determination of sensitivity and specificity

A dilution range from 107 to 101 molecules/�l of the BCoV RNA
standard was prepared as described previously (Weidmann et al.,
2008). The BCoV RT-RPA was tested using the quantitative RNA
standard in 8 replicates, the threshold time was plotted against
molecules detected and a semi-log regression was calculated. For
exact determination, a probit regression was performed using the
Statistica software (StatSoft, Hamburg, Germany). To determine
the relationship between real-time RT-PCR CT value and RT-RPA
threshold time, a linear regression analysis using Prism software
(Graphpad Software Inc., San Diego, California) was performed. The
target sequence of GenBank accession number EU401981 was syn-
thesized (Life Technologies/GeneArt AG, Regensburg, Germany) to
check a sequence mismatch at position 11 of the upstream primer,
which occurs in sequences GenBank accession number FJ938063,
EU401980-82, and DQ811784. The assay specificity was evaluated
against a panel of viruses considered for differential diagnosis with
BCoV. The final assay performance was  validated by testing RNA
extracts of bovine clinical samples as compared to real-time RT-PCR
results.

3. Results

3.1. BCoV RT-RPA sensitivity and specificity

Using a dilution range of 107 to 101 molecules/�l of the BCoV
RNA standard, the sensitivity of real-time RT-PCR was  confirmed at
103 molecules detected (Amer and Almajhdi, 2011), while the sen-
sitivity of RT-RPA assay was 102 to 101 molecules (Fig. 1A and B). A
probit regression analysis using the results of 8 complete molecular
standard runs calculated that in 95% of cases, BCoV RT-RPA could
be detected down to 19 RNA molecules (Fig. 1C). A synthesized
sequence carrying the mismatch in the upstream primer was also
detected and had no influence on the performance of the assay. In
recent study, up to nine mismatches within RPA primers and probe
did not affect the HIV-1 RPA assay performance (Boyle et al., 2013).
The specificity of BCoV RT-RPA assay was determined by cross
detection of other viruses causing bovine gastrointestinal and/or
respiratory infections such as bovine rotaviruses, bovine viral diar-
rhea virus, infectious bovine rhinotracheitis, bovine parainfluenza



H.M. Amer et al. / Journal of Virological Methods 193 (2013) 337– 340 339

Fig. 1. Performance of the real-time BCoV RT-RPA. (A) Fluorescence development
over time using a dilution range of 107 to 101 molecules/�l of the BCoV RNA standard
(Graph generated by ESEquant tubescanner software). (B) Semi-logarithmic regres-
sion of the data collected from 8 BCoV RT-RPA test runs on the RNA standard using
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Fig. 2. Comparison between performances of RT-RPA and real-time RT-PCR on clin-
ical samples. Thirty RNA extracts of samples collected from suspected cases of BCoV
rism Software version 4.0. (C) Probit regression analysis using Statistica software
n data of the 8 runs. The limit of detection at 95% probability (19 molecules) is
epicted by a rhomboid.

ype 3 virus, and bovine respiratory syncytial virus. No cross detec-
ions were observed.

.2. Validation of assay performance on clinical samples

Sixteen fecal and 14 nasal swab specimens were collected from
attle showing intestinal and/or respiratory manifestations. The
otal RNA extracts of these samples were tested with real-time RT-
CR and RT-RPA. Both assays showed the same performance (19
ositive and 11 negative cases). The cycle threshold and threshold
ime values of RT-PCR and RT-RPA respectively well at an R2 value
f 0.8 (Fig. 2).

. Discussion
Diagnosis of BCoV as a potential cause of gastroenteritis and
espiratory tract infections in cattle is hampered by the implication
f a long list of pathogens in these disease syndromes (Snodgrass
were screened. Linear regression analysis of RT-RPA threshold time (y axis) and RT-
PCR  cycle threshold (CT) values (x axis) were determined by Prism software. R2 value
was  0.8.

et al., 1986). The diagnostic difficulty of BCoV is exaggerated by its
fastidious growth in cell culture and the relative inaccuracy of most
utilized serological assays (Clark, 1993). Molecular approaches
including conventional gel-based, nested/semi-nested, and real-
time RT-PCR have proved extremely expedient for BCoV detection
(Amer and Almajhdi, 2011; Decaro et al., 2008b; Fukuda et al.,
2012; Park et al., 2007; Takiuchi et al., 2006; Zhu et al., 2011).
However, they require expensive high-precision instruments, con-
siderable expertise, complex optimized experimental setup and
specific well-equipped laboratories. Therefore, these assays are not
suitable for field use and point-of-care applications.

Since the early 1990s, isothermal DNA amplification meth-
ods have been developed as a simple, rapid and cost-effective
alternative to PCR-based amplification. As they maintain the
higher sensitivity and specificity of real-time PCR, the use of
isothermal amplification approaches in on-site screening could
improve the diagnostic procedures for acute infections. Established
isothermal amplification methods include transcription mediated
amplification, nucleic acid sequence based amplification, strand
displacement methods as loop-mediated isothermal amplification
(LAMP), rolling circle amplification methods, helicase dependent
amplification, hybridization chain reaction and RPA (Chang et al.,
2012; Gill and Ghaemi, 2008; Kim and Easley, 2011). These methods
differ in terms of complexity (number of enzymes, primers and/or
probes), sensitivity, specificity, speed, contamination risk, portab-
ility, and commercial availability. Compared to other isothermal
amplification techniques, RPA requires no initial heating for DNA
denaturation and the target is amplified exponentially at a con-
stant low temperature (37–42 ◦C). Together with the availability of
assay reagents in a dry pellet form and the use of a battery-charged
portable instrument (ESEQuant tubescanner), RPA may be the most
applicable approach for field diagnosis of infectious diseases.

In a previous report, a real-time RT-PCR system for detection and
quantitation of BCoV using SYBR Green I and melting curve analy-
sis was  established (Amer and Almajhdi, 2011). It was  designed to
target the nucleocapsid (N) gene, which is highly conserved among
BCoV strains and of which the subgenomic RNA is the most abun-
dant in coronavirus-infected cells (Spaan et al., 1988). The assay

showed a distinct specificity, reproducibility and an analytical sen-
sitivity of 103 copies of the DNA plasmid standard. In this study, an
RT-RPA assay for the detection of BCoV was developed targeting the
same gene. RNA standard was generated for better evaluation of the
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ssay performance. While real-time RT-PCR assay maintained the
ame analytical sensitivity (103 copies) using the RNA standard, RT-
PA achieved an improved analytical sensitivity (Fig. 1A and B) of
9 molecules detected as determined by probit regression analysis
Fig. 1C). The assay was shown to be reproducible throughout 8 test
uns and linear over a range of 7 orders of magnitude, from 101 to
07 RNA copies (Fig. 1A). The diagnostic applicability of the devel-
ped RT-RPA assay under field conditions was further validated by
esting 30 bovine clinical samples as compared to real-time RT-
CR. The results of both assays were similar for all samples and the
alues of threshold time (in RT-RPA) and threshold cycles (in real-
ime RT-PCR) were highly compatible expect for only one sample
Fig. 2).

Recently, an RT-LAMP assay was developed for the detection of
CoV in fecal specimens (Qiao et al., 2012). Although this assay is
ighly specific and sensitive, it seems to lack several advantages in
omparison to the developed RT-RPA assay: (i) ease and flexibility
f oligonucleotide design; only two primers and a single probe are
equired for RT-RPA, while three primer pairs are utilized in LAMP,
ii) significant assay run time advantage; 10–20 min  for RT-RPA and
0–90 min  for LAMP, (iii) better mobility due to smaller and lighter
etection device (iv) additionally the RT-RPA was also evaluated
ith nasal samples.

In conclusion, a novel RT-RPA assay was developed for rapid and
ensitive identification of BCoV in bovine fecal and nasal samples.
he applicability of this assay for onsite screening can provide an
nvaluable tool for prompt diagnosis of disease syndromes caused
y BCoV and implementation of the proper strategic and control
easures. In addition, the availability of a sensitive, specific and

imple diagnostic technique like BCoV RT-RPA will aid in epidemi-
logical surveillance of BCoV and identification of chronic shedders
n beef and dairy farms.
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