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The  ssRNA+  family  Coronaviridae  includes  two  subfamilies  prototyped  by  coronaviruses  and  toroviruses
that  cause  respiratory  and  enteric  infections.  To  facilitate  the  identification  of  new  distantly  related
members  of the  family  Coronaviridae, we have  developed  a molecular  assay  with  broad  specificity.
The  consensus-degenerated  hybrid  oligonucleotide  primer  (CODEHOP)  strategy  was  modified  to  design
primers  targeting  the  most  conserved  motifs  in  the  RNA-dependent  RNA  polymerase  locus.  They  were
evaluated  initially  on RNA  templates  from  virus-infected  cells  using  a two-step  RT-PCR  protocol  that  was
further  advanced  to a one-step  assay.  The  sensitivity  of  the  assay  ranged  from  102 to  106 and  from  105 to
109 RNA  copy  numbers  for  individual  corona-/torovirus  templates  when  tested,  respectively,  with  and
NA-dependent RNA polymerase
olymerase chain reaction
rimers
ODEHOP

without  an  excess  of  RNA  from  human  cells.  This  primer  set  compared  to that  designed  according  to the
original  CODEHOP  rules  showed  10–103 folds  greater  sensitivity  for  5 of  the  6  evaluated  corona-/torovirus
templates.  It  detected  57%  (32  of  56) of  the respiratory  specimens  positive  for 4  human  coronaviruses,
as  well  as  stool  specimens  positive  for  a bovine  torovirus.  The  high  sensitivity  and  broad  virus  range  of
this  assay  makes  it suitable  for  screening  biological  specimens  in  search  for new  viruses  of  the  family

Coronaviridae.

. Introduction

Corona- and toroviruses (CoVs and ToVs, respectively)
re enveloped non-segmented, positive-strand RNA viruses
hat form two subfamilies, Coronavirinae and Torovirinae,
espectively, in the family Coronaviridae,  order Nidovirales
http://www.ictvonline.org/virusTaxonomy.asp?version=2009)
Spaan et al., 2005; Perlman and Netland, 2009). They are dis-
inguished from other RNA viruses by their large genome size
f 25–33 kb (Lai et al., 2007; Brian and Baric, 2005; Gorbalenya
t al., 2006; Masters, 2006). The few known toroviruses are very
losely related and form 3 species in a single genus. In contrast,
he subfamily Coronavirinae includes dozens of species that are

rouped into three genera: alpha-, beta- and gammacoronaviruses
formerly known as groups 1, 2 and 3) which are recognized as
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monophyletic genetic clusters (Gonzalez et al., 2003; Gorbalenya
et al., 2004) (Fig. 1).

Torovirus infection has been confirmed in Ungulates, addi-
tionally there are reports about other potential hosts including
humans (Cavanagh, 2005; Koopmans et al., 1993, 1997). CoVs can
infect a wide range of hosts, including humans. ToVs are involved
mainly in enteric pathologies whereas CoVs are associated with
a broader spectrum of clinical manifestations including also res-
piratory, hepatic, renal, reproductive and neurological diseases
(Cavanagh, 2005). The first identified human coronaviruses (HCoV),
HCoV-229E and HCoV-OC43, are generally linked to mild respira-
tory symptoms, responsible for about 10–15% of common colds
(Heikkinen and Jarvinen, 2003) and up to 5% of severe respira-
tory tract illness (Buecher et al., 2010; Gaunt et al., 2010; Do et al.,
2011; Dominguez et al., 2009; Vijgen et al., 2005). Therefore, until
the severe acute respiratory syndrome (SARS) outbreak caused
by a new CoV in 2003 (Donnelly et al., 2003), the impact of CoV
infections was somewhat neglected since they were considered
of minor clinical importance to humans. The identification of the

HCoV–SARS in 2003 (Drosten et al., 2003; Ksiazek et al., 2003; Peiris
et al., 2003) prompted an increased interest in the natural CoV bio-
diversity. As a result, a number of CoVs have been identified in
a large variety of animal species (Guan et al., 2003; Tong et al.,

dx.doi.org/10.1016/j.jviromet.2011.08.005
http://www.sciencedirect.com/science/journal/01660934
http://www.elsevier.com/locate/jviromet
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Fig. 1. Phylogeny of the nidovirus RdRp domain and the target RdRp region. Phylogenetic analyses included five arteri-, two toro-, one bafini- and 19 coronaviruses. The
RdRp  tree was  inferred using maximum likelihood and midpoint pseudo-rooted. Tip labels include accession numbers and virus acronyms. Viruses used to construct primers
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ymbols. The inset (grey background) shows a neighbor-joining tree based on the 

0  out of 100 non-parametric bootstraps is indicated by numbers. The scale bars re

009; Shi and Hu, 2008; Mihindukulasuriya et al., 2008; Pfefferle
t al., 2009; Woo  et al., 2007, 2009b; Chu et al., 2006; Dong et al.,
007; Poon et al., 2005; Vijaykrishna et al., 2007). Among the coro-
aviruses discovered recently are also two novel human viruses,
CoV-NL63 (van der Hoek et al., 2004; Fouchier et al., 2004; Esper
t al., 2005) and HCoV-HKU1 (Woo  et al., 2005; Lau et al., 2006) both
ssociated with upper and lower respiratory tract infections. The
xtensive genetic diversity, observed among CoVs and suspected
or ToVs, suggests that the family Coronaviridae might harbor many

ore as yet unrecognized members, also outside the established
axons.

The recent increase in the identification of new viruses has
een enabled by selective recognition and/or amplification of virus-
pecific sequences from clinical or field specimens (Kellam, 1998;
abret et al., 2001; Arden et al., 2006). It can be accomplished with-
ut prior virus propagation in permissive cell lines. Among the
ost common approaches employed today are those that use either

egenerate or consensus primers designed for highly conserved
egions of established viral sequences (Esper et al., 2005; Tong
t al., 2009; Feldman et al., 2009; Adachi et al., 2004). Although both
trategies have been successful in the isolation of unknown viruses,

heir detection ability is in general restricted to more abundant and
losely related species.

Major improvements in the performance of conventional degen-
rate and consensus methods have been achieved with the
risks. Alpha-, Beta- and Gammacoronavirus genera are indicated by vertical bars and
t region flanked by the A/B primer pair sets. Support for internal nodes of at least
t the average numbers of substitutions per sequence position.

consensus-degenerate hybrid oligonucleotide primer (CODEHOP)
technique. The CODEHOP combines elements of consensus and
degenerate design in a hybrid approach that complements weak-
nesses of each design (Rose et al., 1998). Primers are split in two
adjacent parts, 3′ degenerate (core) and the 5′ consensus (clamp)
that, respectively, facilitate the initial selective target recogni-
tion and stabilization of the primer-target annealing that follows.
Subsequent rounds of the target amplification are driven by an
increased temperature of annealing between the 5′ consensus
clamp and its complement sequence that was  already incorpo-
rated into the amplified product on a prior round. The CODEHOP
approach allows the design of primers for datasets that are pro-
hibitory divergent for either consensus or degenerate primers. It
has been used successfully to identify unknown retrovirus, her-
pesvirus, lentivirus and papillomavirus in specimens containing a
vast background of genomic DNA (Baines et al., 2005; Rose, 2005;
Staheli et al., 2009).

This study aimed at designing and validating a broadly reac-
tive molecular assay that is capable of detecting both corona- and
toroviruses. The CODEHOP strategy was used as an initial approach
for identifying primers targeting highly conserved sequence motifs

in the RNA dependent RNA polymerase (RdRp) gene of the fam-
ily Coronaviridae.  These primers were further modified, according
to an original procedure, to improve the recognition of viruses
that belong to different genetic clusters separated by a large
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hylogenetic distance, corona- and torovirus branches. The
esigned primers enabled sensitive amplification of representative
embers of three CoV genera as well as toroviruses using copy tar-

et RNAs or nucleic acids from infected cells and clinical and field
pecimens.

. Materials and methods

.1. Virus stocks

Virus stocks used in this study were obtained by infection of
ppropriate cell cultures as described previously: (HCoV)-OC43
as cultured on HRT-18 human rectal tumor epithelium cells

Keyaerts et al., 2009); HCoV-229E on MRC-5 human lung fibroblast
ells (Ziebuhr et al., 1995); HCoV-NL63 on LLC-MK2 African green
onkey kidney cells (van der Hoek et al., 2004); mouse hepatitis

irus (MHV) strain A59 on L mouse fibroblast cells (Spaan et al.,
981); infectious bronchitis virus (IBV) on Vero-E6 African green
onkey kidney cells (Emmott et al., 2010); and equine torovirus

EToV) strain Berne was propagated on Ederm cells (Weiss and
orzinek, 1986).

.2. Virus-containing specimens

Fifty-six respiratory specimens positive for human CoVs were
btained by Leiden University Medical Center (LUMC) during
006–2010 from patients with respiratory illness in either an out-
atient or inpatient setting. They included nasopharyngeal swabs,
asal washings, bronchoalveolar lavage fluids, bronchial washings
nd sputum samples. The initial CoV identification was  performed
y the real-time RT-PCR as described before (Gaunt et al., 2010)
ith modifications involving virus-specific probes (Table 1).

Two fecal samples positive for bovine torovirus (BToV) were
indly provided by Dr. Linda Saif of Ohio State University.

.3. Total nucleic acid extraction and DNase digestion

Total nucleic acid (NA) including RNA and DNA was extracted
ith the MagNA Pure LC 1.0 Instrument using the MagNA Pure LC

otal Nucleic Acid Isolation Kit (Roche Diagnostics Nederland BV,
lmere, the Netherlands) according to the manufacturer’s instruc-

ions. The NA extraction was conducted from 100 �l of non-infected
RC-5 human lung fibroblast cell culture suspensions and 200 �l

f virus-infected samples including: supernatants of CoV and ToV
nfected cells, CoV positive human respiratory specimens, and
ovine fecal samples positive for BoTV. The obtained materials were
urther either treated or not with DNase (see below).

NA extracts were treated with the DNAse I (Amplification Grade
it, Invitrogen, Life Technologies, Breda, the Netherlands): 8 �l of

otal NA extracted sample material was incubated with 1 �l 10×
Nase I reaction buffer and 1 �l (1 U/�l) DNase I Amp  grade at room

emperature for 15 min, followed by incubation at 65 ◦C for 10 min
ith 1 �l of 25 mM EDTA. The obtained material was  used as input

or either RT-PCR (CoV-infected cells, clinical and field specimens)
r RNA purification (mock-infected cells).

.4. Isolation, production and quantitation of RNA templates

Total RNA that was isolated from either mock- or infected cells,
nd copy RNA virus-specific transcripts were used in this study.
heir isolation and/or synthesis, and quantitation are described
elow.
Total RNA from CoV and ToV infected cells was isolated using
ithium chloride/phenol chloroform method as described previ-
usly (van Marle et al., 1999), and concentrations were determined
t 260 nm on a NanoDrop-1000 spectrophotometer.
l Methods 177 (2011) 174– 183

To produce in vitro short copy RNAs (cRNAs), corresponding to
the RdRp target locus of the viral genome, total NA extracts from
cells infected with HCoV-OC43, HCoV-229E, HCoV-NL63, MHV, IBV,
or EToV (see Section 2.3)  and not treated with DNase were used
in a multistep procedure described here. First, DNA copies of the
virus-specific targets were generated and amplified using primer
sets, in which forward primers were modified with a T7 promoter
sequence at the 5′-end (Table 2). RT-PCR was  then performed with
the QIAGEN OneStep RT-PCR Kit (Qiagen Benelux B.V., Venlo, the
Netherlands) in a 50 �l final volume, containing 0,6 �M of for-
ward and reverse primers, 10 �M of each dNTPs, 10 �L 5× QIAGEN
OneStep RT-PCR Buffer, 2 �L QIAGEN OneStep RT-PCR Enzyme Mix,
20 U of RNaseOut inhibitor (Invitrogen, Life Technologies, Breda,
the Netherlands) and 10 �l of RNA/DNA template. Thermocycling
was  conducted on a MyCycler Thermal Cycler (BioRad, Veenedaal,
the Netherlands) with the following steps: reverse transcription at
55 ◦C for 30 min; DNA-polymerase activation at 95 ◦C for 15 min
followed by 40 cycles including denaturation at 94 ◦C for 30 s,
annealing at 60 ◦C for 45 s, and extension at 72 ◦C for 45 s, fol-
lowed by a final extension step at 72 ◦C for 10 min. PCR products of
approximately 200 bp length were separated by gel electrophore-
sis and subsequently purified with the QIAquick Gel Extraction Kit
(Qiagen Benelux B.V., Venlo, the Netherlands). They were in vitro
transcribed using the MEGAshortscript T7 Kit (Applied Biosystems,
Ambion, Nieuwerkerk a/d IJssel, the Netherlands) according to the
manual instructions. The obtained cRNA transcripts were puri-
fied by acidic phenol:chloroform (Applied Biosystems, Ambion,
Nieuwerkerk a/d IJssel, the Netherlands) extraction followed by
alcohol precipitation and re-suspended in nuclease-free water. The
integrity of the cRNA transcripts was checked in a 1% RNAse-
free agarose gel after ethidium bromide staining and quantified
at 260 nm on a NanoDrop-1000 spectrophotometer. The measure-
ments of concentration were performed in triplicate and converted
to molecular number (Fronhoffs et al., 2002).

Total cellular RNA (designated background RNA, bRNA) was
extracted from MRC-5 cells as described above (section 2.3) and
purified from NA using the RNeasy Mini Kit (Qiagen Benelux
B.V., Venlo, the Netherlands). The RNA integrity was  verified
on 1% RNAse-free agarose gel and its concentrations were esti-
mated based on three measurements at 260 nm taken on a
NanoDrop-1000 spectrophotometer. The bRNA samples predom-
inantly included 18S (1.9 kb) and 28S (4.8 kb) rRNA molecules,
whose sizes were used to calculate bRNA molecular number
(Fronhoffs et al., 2002).

2.5. PCR assay conditions and sequencing

Conventional reverse transcription-PCR (RT-PCR) was  per-
formed in a one- or two-step format (as described below).
Amplification was  conducted on Biorad MyCycler and PCR prod-
ucts were visualized in 2% TAE agarose gel stained with ethidium
bromide. Amplicons were purified with the QIAquick PCR purifica-
tion kit (Qiagen Benelux B.V., Venlo, the Netherlands) and the origin
of the bands was  confirmed by sequence analysis using the reverse
PCR primer.

2.5.1. Two-step RT-PCR
First strand cDNA synthesis was performed with SuperScript II

Reverse Transcriptase kit (Invitrogen, Life Technologies, Breda, the
Netherlands) in a total reaction volume of 20 �l containing 1 �l
(0.5 �g) of random hexamers (Promega, Leiden, the Netherlands),
4 �l of 5× First-Strand Buffer, 1 �l of dNTP mix (10 mM each), 2 �l

of 0.1 M DTT, 1 �l (40 U/�l) RNAse Out (Invitrogen, Life Technolo-
gies, Breda, the Netherlands), 1 �l (200 U/�l)  of SuperScriptTM II RT
and 11 �l of RNA sample. Reverse transcription was conducted as
follows: incubation at 25 ◦C for 10 min  followed by incubation at
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Table 1
Species-specific primers and probes used for coronavirus detection in clinical specimens.a

HCoV Probe Sense primer Antisense primer

229E ATG AAC CTG AAC ACC TGA AGC CAA TCT ATG CAT ACT ATC AAC CCA TTC AAC AAG CAC GGC AAC TGT CAT GTA TT
HKU1 TYC GCC TGG TAC GAT TTT GCC TCA TCC TAC TAY TCA AGA AGC TAT CC AAT GAA CGA TTA TTG GGT CCA C
NL63 CGC ATA CGC CAA CGC TCT TGA ACA GTT CTG ATA AGG CAC CAT ATA GG TTT AGG AGG CAA ATC AAC ACG

CAT A
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OC43  TGC CCA AGA ATA GCC AGT ACC TAG T 

a According to Gaunt et al. (2010) with modifications.

0 ◦C for 90 min  and a final inactivation step at 70 ◦C for 15 min.
CR reaction was carried out with 10 �l of cDNA template in a
0 �l final volume containing 1× PCR Buffer (Qiagen Benelux B.V.,
enlo, the Netherlands), 1 �l of dNTP mix  (10 mM each), 1 �l of
5 mM MgCl2, 2 �M of forward and reverse primers, and 0.5 �l
f (5 U/�l)  AmpliTaq Gold DNA polymerase (Applied Biosystems,
mbion, Nieuwerkerk a/d IJssel, The Netherlands). Thermocycling
onditions were as follows: DNA-polymerase activation and initial
ouch-down amplification at 95 ◦C for 7:30 min, with subsequent
0 cycles as follows: denaturation at 94 ◦C for 1 min; annealing at
emperatures decreasing from 65 to 55 ◦C, with a decrease of 0.5 ◦C
er cycle, for 45 s; and an extension step at 72 ◦C for 30 s. Addi-
ional 35 cycles were performed as follows: denaturation at 94 ◦C,
nnealing at 55 ◦C, and extension at 72 ◦C each for 30 s, and a final
longation step at 72 ◦C for 10 min.

.5.2. One-step RT-PCR
The CODEHOP-based one-step RT-PCR assays were performed

ith the Qiagen OneStep RT-PCR Kit in a 50 �l final volume,
ontaining forward and reverse primers with concentrations
espectively 2 �M and 4 �M,  and 10 �M of each dNTPs, 10 �l 5×
IAGEN OneStep RT-PCR Buffer, 2 �l QIAGEN OneStep RT-PCR
nzyme Mix, 20 U RNaseOut inhibitor (Invitrogen) and 10 �l of
NA template. Thermocycling conditions were as follows: reverse
ranscription at 55 ◦C for 30 min; DNA-polymerase activation and
nitial touch-down amplification at 95 ◦C for 15 min, consisting of
4 cycles as follows: denaturation at 94 ◦C for 30 s; annealing at
emperatures decreasing from 65 to 58 ◦C, with a decrease of 0.5 ◦C
er cycle, for 45 s; and an extension step at 72 ◦C for 45 s. Addi-
ional 40 cycles were carried out as follows: denaturation at 94 ◦C,
nnealing at 58 ◦C, and extension at 72 ◦C each for 30 s, and a final
longation step at 72 ◦C for 10 min.

.6. Phylogenetic analysis

A multiple amino acid alignment (454 amino acid residues) of
he RdRp domain of non-structural protein 12 (nsp12) (Gorbalenya
t al., 1989; Velthuis et al., 2010), which is proteolytically released
rom the replicative polyproteins of coronaviruses (Ziebuhr et al.,
000), as well as a multiple nucleotide alignment of the RdRp

egion flanked by the primers designed in this study were used
n phylogenetic analyses (Fig. 1). The alignments were generated
sing the Muscle program (Edgar, 2004) upon support of the Viralis
oftware platform (Gorbalenya et al., 2010). Maximum likelihood

able 2
orona- and torovirus-specific primer sets used for generating cRNA standards by in vitro

CoV/ToV Sense (forward) A primer 

HCoV 229E 5′-TAATACGACTCACTATAGGGAG G GGA TGG GAC TAT
HCoV NL63 5′-TAATACGACTCACTATAGGGAG G GGT TGG GAT TAT 

HCoV OC43 5′-TAATACGACTCACTATAGGGAG G GGT TGG GAT TAT 

MHV  5′-TAATACGACTCACTATAGGGAG G GGT TGG GAC TAT 

IBV 5′-TAATACGACTCACTATAGGGAG G GGT TGG GAT TAT 

EToV 5′-TAATACGACTCACTATAGGGAG T GGT AGT GAT TAC 

otes: The parts of the forward primers modified with a T7 promoter sequence are indic
ositions of the CODEHOP based primers are indicated, respectively, in capital and small 
CT CTG ACG GTC ACA ATA ATA ACC TTA GCA ACA GTC ATA TAA GC

trees were compiled under the WAG  amino acid substitution matrix
and rate heterogeneity among sites (4 categories); for Neighbor
joining trees the JC69 model was  applied. The PhyML software
(Guindon and Gascuel, 2003) was  utilized in all analyses. Support
values for internal nodes were obtained using the non-parametric
bootstrap method with 100 replicates.

2.7. Design of CODEHOP-based primers for coronaviruses and
toroviruses

Primers were designed to target the nsp12 RdRp locus that
encodes the most conserved protein domain of coronaviruses.
A multiple alignment of RdRp from 12 viruses representing the
diversity known at the start of the project was mediated by
the ClustalW program (Thompson et al., 1994). The Viralis soft-
ware platform, in which ClustalW was  integrated, assisted with
the alignment manipulation and evaluation, including underlying
nucleotide alignments. The RdRp amino acid alignment was pro-
cessed by the Blocks Maker program (Henikoff et al., 1998). Using
the default settings of the CODEHOP software (no restrictions on
codon boundary, most common codons in the clamp, annealing
temperature ≥60 ◦C) and the codon table of Homo sapiens, two
blocks corresponding to, respectively, motifs A and B of the RdRp
active site (Gorbalenya et al., 1989; Poch et al., 1989), were iden-
tified as best candidates for a pair of primers (CT12-oCODEHOP
primers) separated by <500 nt (Fig. 2). The forward primer directed
to motif A has a 16-fold degeneracy, predicted annealing temper-
ature 63.2 ◦C, and consists of an 11 nt degenerate core and 16 nt
consensus clamp. The reverse primer targeting motif B has a 32-
fold degeneracy, annealing temperature 62.4 ◦C, and includes an
11 nt degenerate core and 13 nt consensus clamp. The target region
for amplification, including the primer templates, was  205 nt and
193 nt for established CoVs and a ToV, respectively. It contains
sufficient sequence diversity to allow unambiguous species dis-
crimination by sequencing (Fig. 1, inset).

3. Results

3.1. Modification of CODEHOP-based primers
By definition, CODEHOP-based primers may not match com-
pletely target sequences (Rose, 2005). The number of mismatches
between the CODEHOP-based primers and the target coronavirus
sequences were found to vary considerably for different viruses,

 transcription.

Antisense (reverse) B primer

 CCT aag tgt gat ag-3′ 5′-ACC AGA AGT TGT Acc acc agg ytt-3′

CCC aaa tgt gat ag-3′ 5′-ACC AGA AGT CGT Acc acc tgg ctt-3′

CCT aag tgt gat cg-3′ 5′-ACC ACT ACT AGT Gcc acc agg ctt-3′

CCT aaa tgt gat cg-3′ 5′-CCC ACT ACT AGT  Gcc acc tgg ctt-3′

CCT aag tgt gat ag-3′ 5′-ACC ACT GCT AGT Gcc  acc agg ttt-3′

ACC aag tgt gac cg-3′ 5′-ACC AGA TGA TGT Ccc tcc agg ttt-3′

ated in bold. Nucleotide residues corresponding to the consensus and degenerate
letters.
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Fig. 2. Design of corona/torovirus primers. From top to bottom shown are amino acid and nucleotide alignments for 11 coronaviruses and one torovirus with derived primers
following. The amino acid sequence alignments are given for the two  most conserved RdRp regions including motifs A and B. The parts of the amino acid alignments (depicted
with  black arrows) are also shown as nucleotide alignments. Virus names, the genome accession numbers and their grouping into phylogenetic clusters (corresponding to
genera) may  be indicated. The cluster numbers 1–4 represent the genera of the respective virus species: 1, alphacoronaviruses; 2, betacoronaviruses; 3, gammacoronaviruses;
and  4, torovirus. The nucleotide alignments were used to generate three pairs of primers (color coded), original CT12-oCODEHOP, in-silico CT12-sCODEHOP and modified
CT12-mCODEHOP. The primer degeneracy (d), the number of the individual primer-virus mismatches (mismatch) and the average number of mismatches per primer (average)
are  indicated using the color code of three primer sets (see above). A vertical dotted line separates the consensus clamp and the degenerate portion (underlined) of the primers,
which  are defined according to CODEHOP, and the respective portions of the nucleotide alignments. Red arrows indicate the four positions within the consensus clamp of
the  CT12-mCODEHOP primers (bold font), that have been made either degenerate (D) or replaced with inosine (I). Note that there are also other positions in the clamp that
d
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eviate between CT12-mCODEHOP and CT12-oCODEHOP.

anging between 2 and 6, and 3 and 7 for the forward A and reverse
 motif primers, respectively (Fig. 2). The large ranges and high
pper limits of mismatches might be predictive for uneven sensi-
ivity of the primer pair toward the individual viruses in the set;
t could be particularly low toward viruses with a number of mis-

atches at the upper end of the ranges. To address this potential
roblem, the original CODEHOP primers were modified according
o a procedure as described below.

An alignment of nucleotide rather than amino acid sequences
as used as input. The border between the 5′ consensus clamp and

′ degenerate core was defined by the original CODEHOP proce-
ure. For the degenerate part of the primer, degeneracy was set to
ncompass the entire codon diversity that is compatible with the
bserved amino acid diversity. As a result, the degenerate core was
llowed to include codons not observed in the input alignment. For
he consensus clamp region, the algorithm seeks to limit both the
verage number of mismatches and its variability range between
iruses. Technically, it minimizes the sum of the mean and max-
mum distances between the generated consensus and the actual
equences while observing the sequence codon structure:
 = M + �max (1)

here H, equivalence function; M,  mean; and �max, a maximum
istance between a consensus and sequences. The algorithm was
written in C and incorporated in the Viralis package to facilitate
analysis. Using it, in silico primers were predicted (designated
CT12-sCODEHOP) that, on average, had fewer mismatches than the
CT12-oCODEHOP primers, without increasing the primers degen-
eracy (Fig. 2).

To decrease further the number of mismatches, the use of degen-
eracy and inosines in the 5′ consensus clamp region was explored
manually. Inosine can pair with any of four nucleotides and its
use decreases the overall number of mismatches. In this study,
positions with a high nucleotide variability (3 or 4 different nts)
separated by 2 or more nucleotides were allowed to be occupied by
inosine residues. To limit false positives and an associated increase
of the annealing temperature of the primer to template, the num-
ber of inosines was restricted to two  per primer. Two degenerate
positions occupied by two different residues were also considered
in the primer consensus clamp. Primers were also required to have
G or C at the 5′-end position.

Predicted primers with 4 or less mismatches with sequences
in the dataset were selected. They were further modified to limit
possible primer bias toward any of the four major virus clusters

by minimizing the differences between the average numbers of
mismatches per virus per group. If a nucleotide mismatch would
increase a bias of the primers toward a virus cluster, its effect was
countered by using one of two  approaches. First, the mismatch
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Fig. 3. Validation CT12-mCODEHOP primers on total RNA isolated from coronavirus
infected cells: two-step RT-PCR assay. The sensitivity of the assay was  evaluated on
10-fold dilution series of quantified RNA templates obtained from cells infected with
four coronaviruses and one torovirus. Shown are agarose gels electrophoresis with
a  1 kb DNA molecular marker, virus-specific amplification bands of ∼200 bp and
primer dimer bands.

Fig. 4. Validation CT12-mCODEHOP primers on total RNA isolated from coronavirus
infected cells: one-step RT-PCR assay. The sensitivity of the assay was  evaluated on
K.T. Zlateva et al. / Journal of Vir

ould be combined with a mismatch introduced at another position
n the consensus clamp. Alternatively, a degenerate position in the
onsensus region was created by observing the overall degeneracy
hreshold of the primer.

Using this procedure, new modified primers that include 2
nosines and two degenerate positions in the clamp were des-
gnated CT12-mCODEHOP (Fig. 2). Compared to the original
T12-oCODEHOP primers, the number of mismatches between the
T12-mCODEHOP primers and viruses was decreased from 2–6 to
–3 (forward) and from 3–7 to 1–4 (reverse). This improvement
as been achieved through the increased overall degeneracy of
he CT12-mCODEHOP compared to CT12-oCODEHOP primers: 64
ersus 16 (forward) and 128 versus 32 (reverse), respectively. On
verage, the CT12-mCODEHOP primers also have fewer numbers
f mismatches than the CT12-sCODEHOP primers (Fig. 2).

The sensitivity of the CT12-mCODEHOP primer set was  evalu-
ted with three different template sources: total RNA from virus
nfected cells, CoV- and ToV-specific cRNA templates, clinical spec-
mens positive for CoV, and field specimens positive for ToV
nfection. Furthermore the performance of the CT12-mCODEHOP
nd CT12-oCODEHOP primer sets was compared and the effect of
ackground cellular RNA on the sensitivity of the assay was  evalu-
ted.

.2. CT12-mCODEHOP primer evaluation using RNA from
nfected cells

The sensitivity of the CT12-mCODEHOP primer set was  inves-
igated initially on 10-fold dilution series of total RNA, extracted
rom HCoV-OC43, HCoV-229E, MHV, IBV, and EToV infected cells
Fig. 3). A two-step RT-PCR assay (see Section 2) was  developed
rst and optimized in respect to amplification conditions including
gCl2 and primer concentrations, and annealing temperatures. The

elatively high concentration of 2 �M of each primer set per reac-
ion was used to ensure the availability of each individual primer
ariety and, consequently, the sensitivity of the assay. The detec-
ion limits of the two-step CT12-mCODEHOP RT-PCR assay were
ound to be ∼15 pg RNA for HCoV-229E, MHV  and IBV, and ∼1.5 pg
NA for HCoV-OC43 and EToV (Fig. 3).

The two-step RT-PCR assay was further advanced to a one-
tep procedure using the Qiagen, one-step RT-PCR kit. Since the
egeneracy of the upstream and downstream primer sets differ
wo-fold, 64 (A primer set) and 128 (B primer set), respectively,
ndividual primers in the downstream B set may  be relatively
nderrepresented in a PCR assay using equal molar concentrations
f the primer sets. Consequently, this underrepresentation could
iminish the PCR assay sensitivity (Yang and Marchand, 2002).
herefore, the assay was additionally tested with the 1:2 concen-
rations ratio for the A and B primer sets, 2 and 4 �M, respectively.
pon these conditions, the assay showed an improved sensitivity

data not shown), and subsequently this ratio was used in the study.
he sensitivity of the one-step assay was evaluated on RNAs that
ere extracted from cells infected with HCoV-OC43, HCoV-229E,
HV  and IBV. Specific PCR bands were detected up to dilutions

orresponding to 10 and 15 pg RNA for MHV and HCoV-229E,
espectively, and ∼1 pg RNA for HCoV-OC43 and IBV templates
Fig. 4). All subsequent tests described below were performed using
he one-step assay which has sensitivity comparable to that of the
wo-step protocol.

.3. CT12-mCODEHOP primer evaluation using copy RNA
emplates in the absence or presence of cellular RNA
RNA extracted from infected cells contains both virus and cel-
ular RNAs, whose ratio varies in samples and remains unknown.
o determine the analytical sensitivity of the one-step CT12-

10-fold dilution series of quantified coronavirus RNA templates obtained from cells
infected with four coronaviruses. Shown are portions of agarose gels electrophoresis
images with virus-specific bands.
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Fig. 5. Comparative evaluation of the sensitivity of the CT12-mCODEHOP and CT12-oCODEHOP primer sets toward copy virus RNA templates. The performance of the two
primer  sets was compared using the one-step RT-PCR assay, and 10-fold dilution series of quantified cRNA templates produced for 5 coronaviruses and one torovirus.
Additionally, the effect of the presence of 1010 copies of cellular RNA (bRNA) per reaction on the performance of the CT12-mCODEHOP primer set was analyzed. Shown are
portions of agarose gel electrophoresis images with virus-specific bands.

Table 3
Detection of human coronaviruses with CT12-mCODEHOP primers in respiratory specimens positive for coronavirus infection.a

Coronavirus Nb Detectedc Not detectedd

Np (%) Ctp (Ctp mean/median) Nn (%) Ctn (Ctn mean/median)

HCoV-229E 12 1 (8%) 22.4 11 (92%) 25.3–36.5 (30.3/29.9)
HCoV-NL63 14 10 (71%) 27.6–34.2 (31.0/31.3) 4 (29%) 31.4–39.8 (34.7/33.7)
HCoV-OC43 15 11 (73%) 29.8–38.5 (33.5/32.1) 4 (27%) 25.1–39.1 (29.7/27.3)
HCoV-HKU-1 15 10 (67%) 17.6–32.7 (23.8/23.5) 5 (33%) 27.6–35.4 (32.6/33.2)
Total  56 32 (57%) 17.6–38.5 (29.4/30.7) 24 (43%) 25.1–39.8 (31.4/31.6)

a Respiratory specimens positive for coronavirus infection according to a real-time PCR assay were tested with CT12-mCODEHOP primers using a one-step assay.
b N is the number of tested specimens that were positive for coronavirus infection.
c Respiratory specimens that were detected with CT12-mCODEHOP primers: specimens number (Np) and its fraction (%) from the total number of this kind, along with
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ranging from 17.6 to 39.8 as determined by real-time RT-PCR. The
CoV/ToV assay was  able to detect 56% (32/57) of the CoV positive
samples (Table 3) as well as the two  bovine ToV isolates (Fig. 6);
heir  cycle threshold number range, mean and median values [Ctp (Ctp mean)] estab
d Respiratory specimens that were not detected with CT12-mCODEHOP primers: 

heir  cycle threshold number range, mean and median values [Ctn (Ctn mean)] estab

CODEHOP RT-PCR assay toward virus RNAs, purified cRNA
emplates for HCoV-OC43, HCoV-229E, HCoV-NL63, MHV, IBV,
ToV were tested with concentrations ranging from 10 to 1010

NA molecules per reaction (Fig. 5). The influence of cellular (back-
round) RNA (bRNA) on the sensitivity of the assay was accessed
eparately in the presence of 1010 bRNA molecules per reaction.
T-PCR reactions with and without bRNA were carried out in par-
llel for each cRNA template using the identical 10-fold dilution
eries.

The detection limits of the one-step mCODEHOP RT-PCR assay
anged from 102 to 106 and 105 to 109 cRNA copies when tested,
espectively, without and with an excess of bRNA molecules (Fig. 5).
he highest sensitivity was observed for EToV template (102 and
05 molecules, respectively) and the lowest for HCoV-229E tem-
late (107 and 109 molecules). In the excess of bRNA, the detection

imit for all target templates was decreased by 3–4 orders of mag-
itude.

.4. Comparative evaluation of CT12-mCODEHOP and
T12-oCODEHOP primer sets

The performance of the CT12-mCODEHOP primers was also
valuated in a comparison to primers generated by the original
ODEHOP protocol (CT12-oCODEHOP) using cRNA templates from

 viruses (Fig. 5). The one-step RT-PCR assays with the two  sets
f primers were performed under identical reaction and thermo-
ycling conditions and using the same cRNA dilution series. The
etection limits of the CT12-oCODEHOP-RT-PCR assay ranged from
03 to 108 cRNA copies, with the sensitivity decreasing in the order
HV > EToV > HCoV-NL63 > HCoV-OC43 ∼ IBV > HCoV-229E. Com-

ared to the CT12-oCODEHOP primer pair, the CT12-mCODEHOP

rimer set showed 10–103 folds greater sensitivity for 5 of the

 evaluated templates. The only exception was MHV  cRNA tem-
late, for which the CT12-oCODEHOP primer set performed slightly
etter.
 with real-time PCR assay.
ens number (Nn) and its fraction (%) from the total number of this kind, along with

d with real-time PCR assay.

3.5. One-step CT12-mCODEHOP RT-PCR assay validation on
clinical specimens

The sensitivity of the one-step CT12-mCODEHOP RT-PCR assay,
was  further validated on 56 human respiratory and 2 bovine fecal
specimens positive for CoV and ToV, respectively. The respiratory
panel included 12 HCoV-229E, 14 HCoV-NL63, 15 HCoV-OC43 and
15 HCoV-HKU1 positive samples with cycle threshold (Ct) values
Fig. 6. Detection of two bovine torovirus field isolates. Agarose gel electrophoresis
of  the BCoV-specific products from the one-step RT-PCR assay that was directed
by CT12-mCODEHOP primers. The BCoV identity of the products was  confirmed by
sequencing analysis.
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ll confirmed by sequence analysis of the PCR bands. The negative
esults were confirmed by repeated testing of the respective sam-
les. The average detection limit of the one-step CT12-mCODEHOP
T-PCR assay toward the clinical specimens corresponded to a
ean Ct value of 29.4 (Ct median 30.7), compared to Ct value of

1.4 (median 31.6) observed for the false negatives.
Comparable high sensitivity was observed for the three human

oronaviruses: OC43, NL63 and HKU-1, which were detected in
7–73% of the 14–15 positive specimens with Ct values ranging
rom 17.6 to 38.5; and median values of 32.2, 31.3 and 23.5, respec-
ively (Table 3). The viral loads of the false negative samples were
n average lower for NL63 and HKU-1 corresponding to Ct values
hat ranged from 27.6 to 39.8, with mean and median values of
bout 34 and 33, respectively. For OC43, the Ct values range was
arger (25.1–39.1) and the mean/median Ct value (29.7/27.3) of the
ndetected samples was slightly lower in comparison to the other
etected CoVs. In contrast to the other human coronaviruses, HCoV-
29E was detected only in one of 12 known positive samples which
ad the lowest Ct value (Ct = 22.4); negative results were obtained

or samples with Ct values ranging between 25.3 and 36.5; mean
nd median values of approximately 30.

. Discussion

Several RT-PCR assays targeting highly conserved regions in the
eplicase gene have been developed for broad detection of vari-
us CoVs. Although primers-based methods have been successful
n identifying unknown CoVs (Adachi et al., 2004; Stephensen et al.,
999; Muradrasoli et al., 2009; Escutenaire et al., 2007; Sampath
t al., 2005; Vijgen et al., 2008; Tong et al., 2009), extension of
his approach beyond the subfamily Coronavirinae has not been
eported. This study describes the design and validation of a broadly
eactive and sensitive one-step RT-PCR assay that detects repre-
entatives of three CoV genera, as well as ToVs from samples of
ifferent origins including clinical and field specimens.

Steady identification of new viruses within the subfamily Coro-
avirinae in recent years (Poon et al., 2005; Pfefferle et al., 2009;
ijaykrishna et al., 2007; Woo  et al., 2009a)  indicates that our
nderstanding of the natural diversity of this family is far from com-
lete (Gorbalenya, 2008). Viruses of the subfamilies Coronavirinae
nd Torovirinae are separated by evolutionary distances, account-
ng for repeated changes at a genome position, that are ∼4.6 or

ore times larger than intervirus distances within the subfamily
oronavirinae (calculated from Fig. 1, tree). It is conceivable that
fter the separation of Corona- and Torovirus lineages, other lin-
ages might have split off from these two branches before the
mergence of the most recent common ancestors of the subfam-
lies Coronavirinae and Torovirinae.  These putative lineages might
ave gone extinct or given rise to contemporary viruses that have
o far escaped detection.

To search for these unknown viruses with conventional degen-
rate primers, as was done for coronaviruses, may  not be practical
ue to a huge primer degeneracy that would be required in this
ase. For this reason, the CODEHOP design approach (Rose et al.,
998) that addresses the primer degeneracy problem by design-

ng broadly sensitive primers including consensus and degenerate
arts was employed. This strategy was adjusted to improve the
atch between primers and templates in the dataset that included

1 coronaviruses and one torovirus. The modifications were guided
y a set of rules that were partially implemented in a script. Among
he novelties tested was  the use of target nucleotide (rather than

mino acid) sequences as input and incorporating degeneracy into
he consensus part of primers. The recently improved version of
ODEHOP (iCODEHOP) does also offer an option to use target
ucleotide sequences as input (Boyce et al., 2009).
l Methods 177 (2011) 174– 183 181

A variety of CoV molecular assays amplifying from 47 to 713 bp
fragments of the ORFs encoding polyprotein 1a (pp1a), pp1ab,
nucleocapsid (N), matrix (M)  or spike (S) have been reported
(Mahony, 2008; Vabret et al., 2001, 2005). Because of its highly con-
served structure and function, the pp1ab nsp12 gene (known also
as pol gene) encoding an RdRp domain has been frequently tar-
geted for the design of pancoronavirus primers (Stephensen et al.,
1999; Moes et al., 2005; Vijgen et al., 2008). More sensitive SYBR
and Taqman probe-based real-time RT-PCR methods targeting this
gene have also been reported (Escutenaire et al., 2007; Muradrasoli
et al., 2009). All these assays have been developed exclusively for
coronavirus detection, thus limiting the potential recognition of
more distantly related viruses. The CoV/ToV primer set, which is
described in this study, is also targeted to the RdRp locus whose
two  regions, known as the RdRp motifs A and B (Gorbalenya et al.,
1989; Poch et al., 1989), were selected by the CODEHOP server as
the most suitable for primer design. Further phylogenic analysis of
the target fragment sequences has demonstrated that its diversity
in coronaviruses is large enough to permit unambiguous species
identification by sequencing of the amplified product (Fig. 1, inset).

The designed primers were tested initially in a conventional
two-step RT-PCR assay. After obtaining positive results, the assay
was  modified to a single-tube procedure with an improved pro-
cessing time of the samples. The detection limits of the one-step
CT12-mCODEHOP assay, estimated on individual CoV/ToV cRNA,
ranged from 102 to 106 and 105 to 109 RNA copies when tested
respectively without and with an excess of human background
RNA. Furthermore the assay demonstrated to be sufficiently sen-
sitive to identify all four known circulating human CoV as well as
ToV isolates directly from clinical and field specimens, respectively.
The detection of CoVs in positive samples with an average Ct value
of 29.4 reveals an amplification efficacy, which is somewhat lower
than that observed for routine diagnostic assays. That is not surpris-
ing given the primers used in the CT12-mCODEHOP assay, unlike
those used in a diagnostic real-time RT-PCR, are highly degenerate
and do not fully match the target sequences. A good agreement was
observed between the results obtained with purified cRNA copies
and RNA from specimens (compare Figs. 4 and 5 and Table 2). With
the both sources of RNA, the CT12-mCODEHOP primer sensitivity
toward HCoV-229E was  relatively low; the cause of this deficiency
remains to be identified although it is not likely due to a large lin-
eage primer bias since its closest relative HCoV-N63 (Fig. 1) was
detected readily (Fig. 5). This type of sensitivity variation in respect
to detection of some viruses was also reported by others using
CODEHOP primers (Staheli et al., 2009).

The primers were also tested in silico against a dataset that
included 190 genome sequences representing 20 species (twice as
many used for the primers design). It was found that the number
of mismatches between the primers and these sequences remains
mostly within the original ranges (Fig. 2; data not shown). The only
exception was the Pipistrellus bat coronavirus HKU5 species (Woo
et al., 2006), for which 5 mismatches were observed with the primer
B set, one mismatch extra than the maximum number in the orig-
inal mismatch range. These results further indicate a potential of
the designed primer set for virus discovery.

When compared with the primers designed according to the
conventional CODEHOP procedure, the modified primers showed
an improved detection range of one to three orders of magnitude for
five of the six cRNA templates that were evaluated. The only excep-
tion was MHV  template, which was amplified slightly better with
the CT12-oCODEHOP primer pair. These data demonstrate that the
CT12-mCODEHOP primer set outperforms the CT12-oCODEHOP

one, despite its comparatively high degeneracy.

In conclusion, a sensitive and broadly reactive one-step RT-PCR
assay was  developed that is able to detect CoV representatives of
three genera as well as ToV from diverse sources, including natural
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pecimens. It could be a suitable virus discovery tool, particularly
n specimens obtained during acute phase of infection. A large-
cale screening of human respiratory samples in search for novel
iruses will be performed with this assay. Since the time, when the
T12-mCODEHOP primers were designed, the sampling of the Coro-
aviridae diversity has increased many times. Due to this advance,
he developed procedure could also be applied to the contempo-
ary virus dataset to design a second-generation of primers with
mproved characteristics.
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