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Canine coronavirus (CCoV) is an etiologic agent of diarrhea in dogs and is known to have spread world-
wide. Mild disease or asymptomatic carriage are probably in many cases common outcomes of infection.
To date, two different genotypes of CCoV are known, CCoV type I (CCoV-I) and CCoV type II (CCoV-II).
CCoV type Il is divided in two subtypes, CCoV-Ila (classical strains) and CCoV-IIb, with CCoV-IIb emerging
as a result of a putative recombination between CCoV-Ila and transmissible gastroenteritis virus (TGEV).
The aim of the present study was to investigate the presence of CCoV in Greece and to genetically analyze

Keywords: . the circulating strains. Between December 2007 and December 2009, 206 fecal samples were collected
Canine coronavirus . . . . . .

Diarrhea from dogs with diarrhea from kennels, pet shops and veterinary clinics of different country regions.
Genotype RT-PCR and real time RT-PCR assays were used for CCoV detection and characterization. CCoV was iden-
Subtype tified in 65.1% of the dogs presenting diarrhea, being more frequently detected in animals younger than

3 months old and in animals housed in groups. In 47% of the positive samples more than one CCoV geno-
type/subtype were detected, with triple CCoV-I/CCoV-Ila/CCoV-IIb infections being identified for the first
time. Molecular and phylogenetic analysis revealed that CCoV-I Greek strains share low genetic related-
ness to each other and to the prototype CCoV-I strains in the 5’ end of the S gene. Moreover, a divergent
CCoV-Ila strain was identified. The circulation of highly variable CCoV-I and CCoV-IIb emerging strains, as
well as the detection of the divergent strain, raise concerns on the importance of these new strains as
primary pathogens of diarrhoeic syndromes diagnosed in dogs.

© 2013 Elsevier B.V. All rights reserved.

Characterization

1. Introduction

Coronaviruses (order Nidovirales, family Coronaviridae) are large
enveloped, positive-stranded RNA viruses that infect a variety of
animal and bird species, including humans. They are usually asso-
ciated with enteric or respiratory infections and until recently they
were divided into three groups, based on genetic and antigenic
similarities (Enjuanes et al., 2000; Lai and Holmes, 2001). Canine
coronavirus (CCoV), former member of group 1, is currently classi-
fied as a variant of the species Alphacoronavirus 1, genus Alphacor-
onavirus, along with the feline coronavirus (FCoV) and the
transmissible gastroenteritis virus (TGEV), according to the Inter-
national Committee of Taxonomy of Viruses (Carstens, 2010).

To date, two different genotypes of CCoV are known, CCoV type
[ (CCoV-I) and CCoV type II (CCoV-II). Typical reference strains of
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CCoV are classified as CCoV-II (Decaro and Buonavoglia, 2008,
2011). CCoV-I strains were identified in the beginning of the
2000s, when Pratelli and coworkers highlighted that FCoV-like
CCoV strains, that share high homology with FCoVs, are circulating
in canine population (Pratelli et al., 2001a, 2002). Recently, CCoV-II
genotype was divided in two subtypes, CCoV-Ila (classical strains)
and CCoV-IIb (TGEV-like strains), with CCoV-IIb emerging as a re-
sult of a putative recombination between CCoV-II and TGEV
(Decaro et al., 2009, 2010).

The genome of CCoV consists of 4 ORFs, encoding spike (S),
envelope (E), membrane (M) and nucleocapsid (N) structural pro-
teins and several ORFs translated into non structural proteins
(polyprotein-precursor of RNA-dependent RNA polymerase, 3a,
3b, 3¢, 7a and 7b) (Lai and Holmes, 2001). S, E and M proteins
are present in the viral envelope. Glycoprotein S forms club-shaped
projections on the surface of the virus and it is responsible for
binding to host cell membranes, membrane fusion and induction
of neutralizing antibodies (Enjuanes et al., 2000).
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CCoV was described for the first time in 1974, being associated
with reports of diarrhea in dogs (Binn et al., 1974). It is considered
to be an etiologic agent of gastroenteritis in dogs, usually mani-
fested with anorexia, dullness, diarrhea and vomiting, lasting for
up to 2 weeks. Feces are usually loose to watery and they may con-
tain mucus or blood. Younger dogs are more severely affected. Mild
disease or asymptomatic carriage are probably in many cases com-
mon outcomes of infection. Clinical signs are usually mild and the
disease is highly contagious with low mortality rate (Appel et al.,
1979; Carmichael and Binn, 1981).

CCoV is known to have spread worldwide, with the virus de-
tected or isolated in Europe, U.S.A., Asia and Australia (Appel,
1987; Bandai et al., 1999; Carmichael and Binn, 1981; Naylor
et al,, 2001; Pollock and Carmichael, 1979). In Greece, CCoV detec-
tion was reported for the first time in 2010, and it was associated
with a severe outbreak of enteritis in young dogs in a municipal
kennel (Ntafis et al., 2010). The aim of the present study was the
detection, molecular characterization and phylogenetic analysis
of CCoV strains circulating in Greece.

2. Materials and methods
2.1. Samples

Between December 2007 and December 2009, 206 fecal sam-
ples were collected from dogs with diarrhea (from mild to severe),
from northern, central and southern Greece. In detail, 103, 44, 56
and 3 samples came from the Administrative division of the Cen-
tral Macedonia Region, the Thessaly Region, the Attica Region
and the Crete Region, respectively. Dogs were housed in kennels
or pet shops or were presented at veterinary practices at the time
of the sampling. Signalment (including age, sex, breed, singly
housed/housed in groups and vaccination history) was recorded.

Rectal swabs were placed in isothermal boxes using ice bags
and transferred in the lab. Samples were kept frozen at —80 °C un-
til tested.

2.2. RNA extraction, CCoV detection and characterization

Fecal samples were homogenized in phosphate buffered saline
solution (PBS, Sigma-Aldrich, USA) and were clarified by centrifu-
gation at 8000g for 5 min. Total RNA was extracted from the super-
natant fluid with a commercial RNA extraction kit (QIAamp Viral
RNA Mini Kit, Qiagen GmbH, Germany).

For the CCoV RNA detection and quantitation, both a reverse
transcription nested PCR (RT-nPCR) and a real time RT-PCR assay
were used, as previously described (Decaro et al., 2004; Pratelli
et al., 1999).

For CCoV type I and II detection and quantitation, two RT-PCR
assays (amplifying a part of the S gene) (Pratelli et al., 2004) and
two real time RT-PCR assays (amplifying a part of the M gene) were
used (Decaro et al., 2005).

For CCoV subtyping and discrimination of CCoV-Ila and CCoV-
IIb strains, two RT-PCR assays with comparable levels of sensitivity
were performed, as previously described (Decaro et al., 2010). A
RT-PCR, able to discriminate CCoV and TGEV, was used in order
to verify the absence of TGEV strains in the CCoV-IIb positive sam-
ples (Wesley, 1999).

2.3. Sequencing and sequence analysis

To determine strains’ sequence of each genotype/subtype, posi-
tive samples from all regions of sampling were chosen randomly.
At least 10% of each category was subjected to sequencing.

To determine the sequence of CCoV-I strains, a 1-kb region of
the 5’ end of the S gene was amplified from 15 samples, using
SuperScript One-Step RT-PCR for Long Templates (Invitrogen
S.RL) and primers PolEnd (5-CTAAGGAAGGGTAAGTTGCTCA-3')
and 1060dR (5-ATCAGCAGATGCTTGRGGACA-3’). The cDNA was
synthesized at 50 °C for 30 min with denaturation at 94 °C for
2 min. The amplification reaction was carried out for 40 cycles with
denaturation at 94 °C for 1 min, annealing at 52 °C for 2 min and
polymerization at 68 °C for 2 min.

To determine the sequence of the 5’ end of the S gene of 19
CCoV-Ila strains, a RT-PCR assay with El-Ins1 (5'-GGATTACTAAR-
GADKGGTAAGTTGC-3') and S2 (5-CAACTTCACTTGAAGCAACA-3')
primers was used, as previously described (Decaro et al., 2007).

To determine the sequence of the 5’ end of the S gene of 13
CCoV-IIb strains, a RT-PCR assay with 20179 (5-GGCTCTATC
ACATAACTCAGTCCTAG-3') and 174-268 (5'-CAACATGTAACCTT
TGTCTGTGATCTGC-3’) primers was used, as previously described
(Decaro et al., 2010).

The nucleotide sequences were determined in both directions
by a commercial facility (Beckman Colter Genomics, United King-
dom). Sequence assembling and analysis were carried out using
the BioEdit software package (Hall, 1999) and the National Center
for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.-
gov) analysis tool. Phylogenetic analysis was conducted using the
MEGA4 program (Tamura et al., 2007). Phylogenetic trees, based
on the partial amino acid sequences of S and M proteins, were elab-
orated using neighbour-joining method, supplying a statistical
support with bootstrapping over 1000 replicates.

2.4. GenBank accession numbers

The partial sequences of the S gene of CCoV-I strains LA/10/08/1/
GR, TH/95/08/1/GR, TH/24/09/1/GR, TH/69/09/1/GR, AT/02/09/I/GR,
LA/12/08/I/GR, TH/101/08/I/GR, VO/34/09/I/GR, AT/05/09/I/GR,
TH/10/09/1/GR, TH/25/08/1/GR, TH/24/08/I/GR, TH/37/08/I/GR,
TH/82/09/1/GR and TH/83/08/I/GR have been registered in Gen-
Bank under accession numbers JQ422551, JQ422552, JQ422553,
JQ422554, JQ422555, JQ422556, JQ422557, JQ422558, JQ422559,
JQ422560, ]JQ422561, ]JQ422562, ]JQ422563, ]Q422564, and
JQ422565, respectively.

The partial sequences of the S gene of CCoV-Ila strains TR/01/
07/1/GR, TR/01/08/11a/GR, TR/02/07/lla/GR, TR/59/08/lla/GR, TR/
56/08/11a/GR, AT/60/09/11a/GR, AT/61/09/lla/GR, TH/81/09/1la/GR,
AT/01/09/11a/GR, AT/03/09/11a/GR, AT/04/09/l1a/GR, TH/10/09/Ila/
GR, TH/15/09/11a/GR, AT/20/09/lla/GR, TH/95/08/11a/GR, TH/97/08/
lla/GR, TH/98/08/lla/GR, TH/101/08/lla/GR and ED/99/08/lla/
GR have been registered in GenBank under accession numbers
JQ422566, JQ422567, JQ422568, JQ422569, [Q422570, JQ422571,
JQ422572, JQ422573, ]JQ422574, JQ422575, JQ422576, JQ422577,
]Q422578, JQ422579, JQ422580, JQ422581, JQ422582, JQ422583,
and JQ422584, respectively.

The partial sequences of the S gene of CCoV-IIb strains AT/02/
09/1Ib/GR, AT/05/09/1Ib/GR, TH/17/09/lIb/GR, TH/22/09/1Ib/GR,
TH/73/08/1Ib/GR, TH/24/09/11b/GR, TH/74/08/1Ib/GR, TH/88/08/1Ib/
GR, TH/89/08/1Ib/GR, TH/90/08/1Ib/GR, TH/67/09/11b/GR, TH69/09/
IIb/GR and TH/85/09/1Ib/GR have been registered in GenBank un-
der accession numbers ]JQ422585, ]JQ422586, ]JQ422587,
JQ422588, JQ422589, JQ422590, JQ422591, JQ422592, JQ422593,
JQ422594, ]Q422595, JQ422596, and JQ422597, respectively.

2.5. Statistical analysis

Hypothesis test to compare proportions was used to determine
significant differences between different dog populations. For all
tests, a P-value of less than 0.05 was considered to be statistically
significant. Statistical analysis was performed using statistical
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package Statgraphics Plus for Windows version 4.0, Manugistics
Inc., Rockville, MD, USA.

3. Results
3.1. CCoV detection and characterization

By means of RT-nPCR and/or real time RT-PCR, 134 of 206
(65.1%) samples were positive for CCoV (Table 1). CCoV was de-
tected in all regions of sampling. By means of genotype specific
RT-PCR and/or real time RT-PCR, CCoV-I and CCoV-II were detected
in 99 and 94 of 134 CCoV positive samples, respectively (Tables 2
and 3).

By RT-PCR subtyping, CCoV-Ila and CCoV-IIb were detected in
72 and 11 of the 94 CCoV-II positive samples, respectively, while
in 10 samples, both subtypes were detected. One of the samples
(85/08) was not characterized while no TGEV strains were
detected.

3.2. CCoV mixed infections

CCoV-I and CCoV-II were detected in 40 (29.9%) and 30 (22.4%)
of the 134 positive samples, respectively, while in 63/134 (47%)
samples more than one CCoV genotype/subtype was detected,
including 3 samples where triple infections were detected
(CCoV-I/CCoV-Ila/CCoV-IIb). The frequency of CCoV genotypes
and subtypes detection is shown in Table 4 and the frequency of

Table 1
Detection of CCoV RNA in feces by RT-nPCR and by real time RT-PCR assays. The
numbers indicate the positive (+) or negative (-) samples.

RT-nPCR Real time RT-PCR
+ -
+ 128 2
_ 4 72
Table 2

Detection of CCoV-I RNA in feces by RT-PCR and by real time RT-PCR assays. The
numbers indicate the positive (+) or negative (-) samples.

RT-PCR (type I) Real time RT-PCR (type I)

+ -

+ 89 2
- 8 35

Table 3
Detection of CCoV-II RNA in feces by RT-PCR and by real time RT-PCR assays. The
numbers indicate the positive (+) or negative (-) samples.

RT-PCR (type II) Real time RT-PCR (type II)

+ -

+ 80 7
- 7 40

Table 4

CCoV-1/-lla/
-11b4,8%

CCoV-lla/-llb
11,1% A

CCoV-I/-1Ib
14,3%

Fig. 1. CCoV mixed infections detected (n=63), by means of RT-PCR and/or real
time RT-PCR. Percentages of different genotype/subtype combinations.

genotype/subtype combinations in mixed infections is shown in
Fig. 1. Characterization of one sample was not possible (85/08),
since by S- gene RT-PCR and M-gene real time RT-PCR, it was char-
acterized as CCoV-II and CCoV-I, respectively.

3.3. CCoV frequency in different dog populations

CCoV was detected in 99 (77.3%) of 128 dogs, housed in groups
(kennels, animal shelters, pet shops) and in 35 (44.9%) of 78 singly
housed animals, the difference being statistically significant
(p<0.05).

In addition, regarding CCoV frequency in different age groups,
the virus was detected in 67 (73.6%) of 91 dogs younger than
3 months old, and in 67 (58.3%) of 115 dogs at least 3 months of
age, the difference between the groups being statistically signifi-
cant (p <0.05). The oldest animal tested positive for CCoV was
12 years old.

3.4. Sequencing results and phylogenetic analysis

Sequence analysis of the 15 CCoV-I Greek strains in the 5’ end of
the S gene showed a 64.1-99.8% nucleotide (nt) and 60.6-99.6%
amino acid (aa) identity to each other. The Greek strains shared
the highest genetic relatedness with either one of the two CCoV
type 1 reference strains, Elmo/02 (AY307020) and 23/03
(AY307021). According to the phylogenetic analysis result, the
CCoV-I strains segregate with either EImo/02 (2 strains, 84.9-
87.2% nt identity) or 23/03 (74.1-92.8% nt identity), forming two
unique clades of CCoV-I viruses. The strains AT/02/09/I/GR and
AT/05/09/I/GR, detected in a pet shop outbreak, shared 63% nt
identity to each other. All CCoV-I strains formed a separate clade
within the same cluster of CCoV-I and FCoV-I viruses, which is sep-
arate from that of CCoV-Ila and FCoV-II (Fig. 2).

Sequence analysis of the 19 CCoV-Ila Greek strains in the 5’ end
of the S gene showed a 79.8-100% nt and 77.7-100% aa identity to
each other. By excluding the strain ED/99/08/11a/GR, the nt and aa
identities among Greek CCoV-Ila viruses reached 99.7-100%. By
BLAST, it was revealed that ED/99/08/Ila/GR shared the highest
identity with the CCoV-Ila reference strain BGF10 (AY342160)
(83.7%), while the rest of the strains showed the highest identity
to CCoV-Ila reference strain CB/05(DQ112226). The inferred amino

Number of positive samples and frequency of detection of CCoV genotypes and subtypes. For one sample, characterization was not possible.

Single infection

Mixed infection

CCoV CCoV-I CCoV-Ila CCoV-IIb CCoV-I/ CCoV-I/ CCoV-Ila/ CCoV-I/
CCoV-Ila CCoV-IIb CCoV-IIb CCoV-Ila/
CCoVIIb
Positive samples 134 40 28 2 44 9 7 3
Frequency (%) 29.9 20.9 1.5 32.8 6.7 5.2 22
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100 [ LA/10/08/UGR
LA/12/08/VGR
TH/37/08/VGR
CCoV/23/03/AY 307021
EHMOHOB/I/GR
TH/83/08/VGR
ETHZS/OB/VGR
100 [ TH/24/08//GR

_<’: VO/34/09/IGR
TH/10/09/VGR

TH/24/09/VGR

929

98

—— TH/69/09/IGR

TH/95/08/VGR
AT/05/09/VGR

CCoV/VEmo/02/AY 307020

100

100

4':AT/02/09/VGR
99 TH/82/09/VGR

FCoVIBlack/EU186072
——

10l FeoviucD1/AB088222

93 CCoVlla/INSAVC/D13096

99 CCoVlla/BGF10/AY 342160

CCoVlla/1-71/AY 796289

100 100

CCoVlla/K378/X77047

99

FCoVI179-1146/NC007025
100 _|: CCoVlla/CB/05/DQ112226
94 FCoVII/79-1683/X80799

100 — TGEV/TS/DQ201447

TGEV Purdue/NC002306

{— CCoVIb/UCD-1/AF116248

CCoVIb/341/05/EUB56361

100 100

CCoVllb/119/08/EU924791
CCoV IIb/430/07/EU924790
96 CCoV Ilo/174/06/EU856362

CRCoV/CRCVK37/EU983106

—
0.1

Fig. 2. Neighbor-joining tree of the Greek CCoV-I strains, based on the N-terminus of the S protein. The tree is rooted on the Betacoronavirus canine respiratory coronavirus
(CRCoV). The numbers represent the percentage of replicate trees based on 1000 bootstrap replicates. The scale bar represents the number of amino acid substitutions per

site.

acid sequence of ED/99/08/11a/GR was compared to the analogous
sequences available in the online databases. Sequence analysis re-
vealed a highly divergent N-terminal domain of the S protein, 6
amino acids longer with regards to the reference strains, with
the insertions being unique to ED/99/08/1la/GR. The unique resi-
dues were found in positions 69-70 (N, I), 147-148 (P, S), and
387-390 (T, L, I, E) of the S protein (Fig. 3). According to the phylo-
genetic analysis result, the CCoV-Ila strains segregated with CB/05,
with the exception of ED/99/08/Ila/GR, that formed a unique clade,
within the cluster of CCoV-Ila and FCoV-II (Fig. 4).

Sequence analysis of the 13 CCoV-IIb Greek strains in the 5’ end
of the S gene showed a 94.1-100% nt identity and 92.3-100% aa
identity to each other. The strains shared the highest genetic relat-
edness with either one of the two CCoV-IIb reference strains, 119/
08 (EU924791) and 198/07 (GQ130266). Phylogenetic analysis re-
vealed that the Greek strains were more closely related to CCoV-IIb
strains detected in Italy, Romania and Hungary, forming a separate
clade from the UK CCoV-IIb strains. In addition, TGEV strains and
UCD-1 “old” CCoV-IIb strain formed a separate clade within the
same cluster of TGEV and TGEV-like viruses (Fig. 5).



V. Ntafis et al./Infection, Genetics and Evolution 16 (2013) 129-136 133
* 20 * 40 * 60
ED/99/08/IIa/GR : MIVLTLCILLVLHTNVHCTIISNCSQVNVTQLPGNENIIKDFLESTFTEKGTVVVGGYYPTEVWYNC 110
BFG10 : MIVLTLCLELVLYNSVICTSNNECVQVNVTQLPGNENIIRDFLFQNFKEEGTVVVGGYYPTEVWYNCS 108
1-71 : MIVLTLCLLLFSYNSVICTSNNDCVQVNVTQLPGNENIIKDFLLHTFKEEGSVVVGGYYPTEVWYNCS 108
INSAVC-1 : MIVLTLCLELELYSSVSCTSNNDCVQVNVTQLPGNENIIKDFLFQNFKEEGSLVVGGYYPTEVWYNCS 108
K378 : MIVLILCLLLEFSYNSVICTSNNDCVQGNVTQLPGNENIIKDFLFHTFKEEPSVVVGGYYPTEVWYNCS 108
120 * 140 * 160 * 180 * 200 * 220
ED/99/08/IIa/GR : HGSPENIIIYITAYGSDVAGRPLLKHGLLCITKNVSPS[INYDHFTTEPWSNICIGDDRKIPFSVVPTDNGTKIFGLEWNDDEVTAYISDDSHRLTINNNWSNNVTIMYRR @ 220
BFG10 : HGNPVSIIVYISAYRHDVQGRPKLKHGLLCITKNST--[DYDRFTANQWRDICLGEDRKI PFSVVPTDNGTKLFGLEWNDDYVTAYT SDDSHYLNINNNWENNVTLLYSR : 216
1-71 : HGDPVSIIIYISAYRDDVQGRPLLKHGLLCITKNKI--[DYNTFTSAQWSAICLGDDRKIPFSVIPTDNGTKIFGLEWNDDYVTAYISDRSHHLNINNNWENNVTILYSR : 216
INSAVC-1 : HGNPVSIIVYISAYRDDVQFRPLLKHGLLCITKND DYNSFTINQWRDICLGDDRKI PFSVVPTDNGTKLFGLEWNDDYVTAYI SDESHRLNINNNWENNVTLLYSR : 216
K378 : HGDPVSIIIYISAYRDDVQPRPLLKHGLLCITKNKI--[DYNTFTSAQWSAICLGDDRKIPFSVIPTDNGTKIFGLEWNDDYVTAYISDRSHHLNINNNWENNVTILYSR @ 216
* 240 * 260 * 280 * 300 * 320 *
ED/99/08/IIa/GR : TSTATWEDSAAYVYQGVSNFTYYKLNNTDGSKTYELCEDYEYCTGYATNVEAPTSDGYIPDGE SFNNWEVLTNSSTFVSGREVINQPLLVNCLWPVPSF SVATQEFCFEG @ 330
BFG10 SSTATWQHSAAYVYQGVSNFTYYKLNNTNGLKSYELCEDYEYCTGYATNVEAPT PGGYI PEGF SENNWFMLTN S STFVSGRFVINQPLLVNCLWPVPSFGVAAQEFCFEG : 326
1-71 : SSTATWQKSAAYVYQGVSNETYYKLNNTNGLKSYELCEDYEYCTGYATNVFAPTVGGYIPDGF SENNWEMLTNSSTEVSGREVINQPLLVNCLWPVPSFGVAAQEFCFEG @ 326
INSAVC-1 : TSTATWQHSAAYVYQGVSNFTYYKLNKTAGLKSYELCEDYEYCTGYATNVFAPTSGGYIPDGE SENNWEMLTNSSTEFVSGREVINQPLLVNCLWPVPSFGVAAQEFCFEG @ 326
K378 SSSATWOKSAAYVYQGVSNFTYYKLNNTNGLKSYELCEDYEYCTGYATNVFAPTVGGY I PHGF SFNNWFMRTN § STFVSGRFVINQPLLVNCLWPVPSFGVAAQQFCFEG : 326
340 * 360 * 380 * 400 * 420 * 440
ED/99/08/IIa/GR : ATFSQCNGVSLNNTVDVIRFNLNFTADVQSGMGATVESLNTTGGVVLDISCYNHTLTLIESDSHFHSYGET PFGVTDGPRYCYVLYNGTALKYLGTLPPSVKEIATISKWG : 440
BEG10 : AQFSQCNGVSLNNTVDVIRENLNETTDVQSGMGATVE SLNTTGGVILDISCYNDTVI---BESSFYSYGEI PFGVIDGPRYCYVLYNGTALKYLGTLPPSVKEIAISKWG : 432
1-71 : AQFSQCNGVSLNNTVDVIRENLNETTDVQSGMGATVE SLNTTGGVILEI SCYNDT ESSFYSYGEISFGVTDGPRYCYALYNGTALKYLGTLPPSVKEIAISKWG : 432
INSAVC-1 : AQFSQCNGVSLNNTVDVIRENLNETTDVQSGMGATVE SLNTTGGVILEI SCYNDT ESSFYSYGEIPFGVTDGPRYCYVLYNGTALKYLGTLPPSVKEIAISKWG : 432
K378 : AQFSQCNGVSLNNTVDVIRENLNFTALVQSGMGATVFE SLNTTGGVILEISCYNDT? ESSFYSYGEISFGVTDGPRYCFALYNGTALKYLGTLPPSVKEIAISKWG : 432
* 460 * 480
ED/99/08/IIa/GR : HFYINGYNFFSTFPIDCISFNLTTGDSGAFWTIAYTSYTEALIQVENTAIKKVT : 494
BEG10 : HFYINGYNFFSTFPIDCISENLTTGASGAFWTIAYTSYTEALVQVENTAIKKVT : 486
1-71 : HEYINGYNFEFSTEPIDCISENLTTGDSGAFWTIAYTSYTDALVQVENTAIKKVT : 486
INSAVC-1 : HFYINGYNFFSTFPIDCIAFNLTTGASGAFWTIAYTSYTEALVQVENTAIKKVT : 486
K378 : HFYINGYNFFSTFPIDCISFNLTTGDSGAFWTIAYTSYTDALVQVENTAIKKVT : 486

Fig. 3. N-terminus of the S protein of the ED/99/08/11a/GR strain with CCoV-Ila reference strains BGF10, 1-71, INSAVC-1 and K378. The amino acid insertions of ED/99/08/Ila/

GR are enclosed in rectangles.

4. Discussion

Canine coronavirus is one of the major pathogenic agents of
gastroenteritis and diarrhea in dogs. The main purpose of the study
was to identify the frequency of CCoV infections in dogs with
diarrhea and to characterize the strains that circulate in Greece.
By means of molecular techniques, CCoV was detected in 65.1%
of the dogs presenting diarrhea. The frequency of CCoV detection
was higher than the frequency reported in other countries includ-
ing Italy, Turkey, England, Japan and Portugal (Bandai et al., 1999;
Decaro et al., 2010; Yesilbag et al., 2004), highlighting the signifi-
cance of the pathogen as a contributing agent to the manifestation
of diarrhea in dogs. In addition, positive samples were identified in
all regions sampled, suggesting that the virus is frequently de-
tected and it circulates among canine population in Greece.

According to the results of the present study, CCoV was more
frequently detected in dogs housed in groups than in singly housed
animals. One possible explanation of the difference is the close
contact of the animals, the fecal-oral transmission of the disease
and the long-term viral shedding. As it has been suggested, dogs
may be contagious for a period varying from 2 weeks to several
months (Keenan et al., 1976; Pratelli et al., 2001a,b), highly con-
taminating their environment. Likewise, similar differences be-
tween singly and group housed dogs have been identified in
previous studies, by means of serological assays (Naylor et al.,
2001; Rimmelzwaan et al., 1991).

Dogs of all breeds and ages appear to be susceptible to CCoV
infection (Appel, 1987; Carmichael and Binn, 1981). In the present
study, CCoV was more frequently detected in dogs younger than
3 months old than in dogs of at least 3 months of age. Puppies usu-
ally become susceptible after the decline of the maternally derived
antibodies, which last for a period of 4-5 weeks (Appel, 1987). In
contrast, older animals appear to be less susceptible, due to ac-
quired immunity, occurring as a result of prior exposure to the
pathogen. In the present study, the oldest animal tested positive
was a 12 year old dog. The results indicate that CCoV is more wide-

spread in puppies, though older animals can also be presented with
a coronaviral infection.

Concerning the detection and characterization of CCoV, both
RT-PCR and real time RT-PCR were used. It was shown, that there
were strains either detected (4/206) or characterized (8/134
CCoV-I, 7/134 CCoV-II) only by real time RT-PCR, as it was
expected, since these assays have higher sensitivity compared to
the RT-PCR assays (Decaro et al., 2004, 2005). However, in the pres-
ent study some of the strains were either detected (2/206) or char-
acterized (2/134 CCoV-I, 7/134 CCoV-II) only by RT-PCR assays,
which may be explained by the fact that the assays amplify differ-
ent parts of the genome. Since coronavirus mutation rates are con-
sidered to be high due to the infidelity of RNA-dependent RNA
polymerase (Woo et al., 2009), false-negative results are expected,
when either primers or probes lack the ability to anneal. It is obvi-
ous that the results may be more reliable by using both assays,
since no assay has been demonstrated to represent the gold stan-
dard for the identification and characterization of CCoV.

Regarding genotype/subtype identification, it was shown that
CCoV-I was more frequently detected than “classical” CCoV-Ila or
CCoV-IIb viruses. However, in most of the positive samples
(47.01%) more than one strain was detected. In addition, in the
present study triple CCoV infections (CCoV-I/Ila/lIb), representing
almost 5% of the mixed infections, were detected for the first time,
since so far only double infections have been identified in all pos-
sible combinations (Decaro et al., 2009, 2010; Erles and Brownlie,
2009). Mixed CCoV infections are usual, although their significance
is not completely understood (Pratelli et al., 2004). Preliminary
studies have indicated that they may be related to more severe
symptoms (Decaro et al., 2005), but the inability to cultivate
CCoV-I so far, impedes the elucidation of its pathogenesis and its
role in mixed infections.

In the present study, the 5’ end of the S gene was chosen for se-
quence and phylogenetic analysis of CCoV strains, since mutations
that are related to antigenicity, virulence and viral tropism are of-
ten observed in this region (Lai and Holmes, 2001; Sanchez et al.,
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Fig. 4. Neighbor-joining tree of the Greek CCoV-Ila strains, based on the N-terminus of the S protein. The tree is rooted on the Betacoronavirus canine respiratory coronavirus
(CRCoV). The numbers represent the percentage of replicate trees based on 1000 bootstrap replicates. The scale bar represents the number of amino acid substitutions per

site. The divergent strain ED/99/08/I1a/GR is highlighted with a circle.

1999). Regarding CCoV-I, the Greek strains showed low genetic
similarity to each other and to the prototype CCoV-I strains. Most
of the CCoV-I Greek strains shared the highest similarity with 23/
03 prototype strain, while only two with ElImo/02, revealing that
23/03-like strains are more frequently detected in Greece. In addi-
tion, the two different CCoV-I strains detected in the same pet shop
outbreak (AT/02/09/I/GR and AT/05/09/1/GR) indicate that different
strains of the same genotype/subtype can be involved in an
outbreak.

Regarding CCoV-Ila, the Greek strains showed high genetic
similarity to each other and to the prototype CB/05, with the
exception of one strain (ED/99/08/lla/GR). CCoV-lla strains
shared much higher identity to each other and to the prototype
strains than CCoV-I strains. Recently, it was suggested that
CCoV-I represents a possible parental biotype of CCoV-Ila (Lorus-
so et al,, 2008). If this is the case, the genome of CCoV-Ila is
being subjected to the evolutionary pressure of the host immune
system for a shorter period of time, with respect to the CCoV-I
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genome. This fact makes tempting to assume that the higher
homogeneity of the CCoV-Ila strains’ genome may be attributed
to the shorter circulation time, with respect to strains of type I.
Sequence analysis of more CCoV-I strains, coming from different
geographic regions may help acquire more information regarding
their variability, since so far only few CCoV-I strains have been
analyzed.

Of significant interest is the ED/99/08/I1a/GR strain that appears
to be divergent, indicating the plasticity of the 5-end of the CCoV S
gene. The receptor-binding domain of coronaviruses is localized
within the N-terminus of the S protein and it has been shown that
amino acid changes in the region are associated with changes in
the tropism and virulence of the virus (Lai and Holmes, 2001; San-
chez et al., 1999). Similar divergent strains have been identified in
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the past in Australia and in the United Kingdom and they have
been associated with severe gastroenteritis outbreaks (Naylor
et al., 2002; Sanchez-Morgado et al., 2004). Isolation and experi-
mental infection could give information regarding ED/99/08/I1a/
GR mutations and their possible relation to viral pathogenicity.

Regarding CCoV-IIb, it was shown that the newly emerged
strains circulate in Greece with higher frequency than previously
reported (Decaro et al., 2010). Sequence and phylogenetic analysis
of CCoV-IIb strains revealed for the first time that the Greek viruses
belong to the newly emerged TGEV-like strains and not to the “old”
UCD1 TGEV-like strain. In addition, the Greek strains shared high
similarity to each other and were genetically related to strains
from Hungary and Romania and distant from UK strains. The rela-
tion among strains could be explained based on the trends in com-
mercial trade practices, since Greece, as Italy (Decaro et al., 2010)
imports dogs mainly from countries of Eastern Europe.

5. Conclusions

From the results of this study, it can be concluded that CCoV
infection is widespread in Greece, especially in young puppies
and dogs housed in groups, presenting with diarrhea. Mixed infec-
tions prevail among CCoV infections, with the triple (CCoV-I/Ila/
IIb) infections being reported for the first time. Sequence analysis
of different strains revealed high variability among CCoV-I strains
at the 5’ end of the S gene. In addition, the identification of a diver-
gent strain is reported. The circulation of CCoV-I highly variable
and TGEV-like emerging strains, as well as the detection of diver-
gent strains, raise significant concerns over the spread of the
strains in dogs. To date, vaccination against CCoV is considered a
controversial issue, depending heavily upon the population at risk.
Further research on the pathogenicity could inform on the possible
need for wider cross-reactive prophylactic vaccines.
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