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Brief Report

In February 2020, at a facility housing ~50 retired racing 
Greyhound dogs (Churchable, Queensland, Australia), sev-
eral dogs displayed signs of gastrointestinal disease, ranging 
from diarrhea only, to lethargy, vomiting, and diarrhea. Addi-
tionally, there were contemporaneous reports via the industry 
regulator (Queensland Racing Integrity Commission) of 
increased numbers of Greyhounds being withdrawn from 
their nominated race appearance based on signs of gastroin-
testinal disease.

To identify potential infectious agents that could be the 
cause of the disease, fecal samples were taken from 4 of the 
more severely affected Greyhounds resident at the Church-
able facility and submitted to a commercial laboratory (Idexx 
Laboratories). PCR results were positive for canine corona-
virus (CCoV; Alphacoronavirus 1) for all 4 dogs but were 
negative by ELISA for canine parvovirus (CPV; Carnivore 
protoparvovirus 1). Three of the 4 dogs also had various lev-
els of Clostridium perfringens alpha toxin. The facility was 
quarantined, and affected dogs were treated supportively, 
with some dogs also receiving oral metronidazole. Within 
2 wk following the initial diagnosis of CCoV infection, most 
of the resident Greyhounds had shown transient mild-to-
moderate clinical signs of gastrointestinal disease.

Information on this viral outbreak was communicated to 
racing stakeholders in Queensland and racing regulatory 
authorities in other states where it was revealed that 2 mo 
prior (in late December 2019), Western Australia authorities 
had also detected CCoV by PCR in 3 racing Greyhounds 
with self-limiting vomiting and diarrhea (Medd J, pers. 
comm., 2021 Jun 22). Through to April 2020, CCoV contin-
ued to be reported in other parts of Queensland, as well as 
other states and territories of Australia.

Coronaviruses (Nidovirales; Coronaviridae) can cause a 
range of syndromes including respiratory and gastroenteric 
disease in humans, and respiratory, gastroenteric, neuro-
logic, and hepatic disease in animals, often with significant 
economic consequences.4,10,13 In dogs, syndromes include 
mild-to-severe enteritis that generally resolves rapidly, but 
fatalities can occur from coinfection with other pathogens, 
including CPV.13,14,16

Coronaviruses are positive-sense, single-stranded RNA 
viruses with a lipid membrane derived from the host’s cell, 
and are composed of 4 major structural proteins, the spike 
(S), small envelope (E), membrane (M), and nucleocapsid 
(N).10,16 The S glycoprotein is a major antigenic determinant 
and is also responsible for host cell receptor binding and 
viral entry.11,16 It can be divided into 3 structural domains: a 
large external domain, which is further divided into 2 sub-
domains (S1 and S2), a transmembrane domain, and a short 
carboxyl-terminal domain. Immunization with the S protein 
alone can produce protection from challenge with some 
coronaviruses.16 The M protein spans the envelope 3–4 times 
and, together with the E protein, plays an essential role in 
virion assembly.19 The association of the N protein and viral 
RNA forms a helical nucleocapsid.11
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Taxonomically, coronaviruses are organized into 2 sub-
families, Letovirinae and Orthocoronavirinae, with the latter 
including 4 genera, Alpha-, Beta-, Delta-, and Gammacoro-
navirus (Fig. 1A).2,8 Within Orthocoronavirinae, 2 CCoVs 
have been reported. The first, classical CCoV (Alphacorona-
virus 1) was first described in Germany in 1971 and is closely 
related to feline coronaviruses (FCoV) and transmissible 
gastroenteritis virus of pigs (TGEV).11 The second, identi-
fied in the United Kingdom in 2003, is canine respiratory 
coronavirus (CRCoV; Betacoronavirus 1), which is more 
closely related to bovine coronavirus.3,11,16

Classical CCoV has 2 distinct serotypes (I and II) that can 
be differentiated by the antigenicity of the S glycoprotein 
and the presence of an intact open reading frame 3 (ORF3) 
found immediately downstream of the S gene in CCoV-I 
only (Fig. 1B).11 CCoV-II can be organized into distinct sub-
types (a, b, c, TGEV-like) based on the first 300 amino acids 
of the S gene, a region known as the N-terminal domain 
(NTD). Moreover, 2 biotypes of CCoV-IIa with different 
pathogenicity and tissue tropism have been identified. The 
“classical” biotype CCoV-IIa is restricted to the small intes-
tine, where it causes enteritis; “pantropic” CCoV-IIa can 
spread systemically, causing leukopenia. Like TGEV, CCoV-
IIb causes enteritis and is generally thought to cause a mild 
but highly contagious disease.11

CCoV has previously been detected in dogs throughout 
Australia, including remote areas in the Northern Territory 
and Western Australia. Antibody prevalence has been 
reported at 16% in dogs housed singly or in small groups and 
41% among large groups of kenneled dogs, which suggests 
that CCoV is widespread in Australia.14 Australian samples 
of CCoV have proved difficult to culture, but in 2001 an iso-
late (UWSMN-1, AF327928) was genotyped using a novel 
nested PCR that characterized a partial fragment of the S 
gene (514 bp).13

Limited material from the Western Australian Grey-
hounds in which CCoV was detected in late December 2019 
prevented further analysis of this variant; however, in an 
investigation to identify the genotype and likely source of the 
CCoV detected in the Queensland Greyhounds in February 
2020, high-throughput sequencing (HTS) was employed. 
Briefly, reverse-transcription and second-strand synthesis 
were performed using total RNA previously extracted by 
Idexx Laboratories from 1 of the 4 dogs (ProtoScript II first 
strand cDNA synthesis kit, NEBNext Ultra II non-directional 
RNA second strand synthesis kit; New England BioLabs). 
HTS libraries were prepared (Nextera DNA Flex; Illumina) 
and sequencing performed (NextSeq mid-output kit, Next-
Seq 500 platform; Illumina). A total of 173 million raw reads 
(150 bp in length) were produced, for a total of ~26 billion 
bases.

To genotype the Greyhound coronavirus, reads were 
mapped (Geneious v.11.0.3; Biomatters) to the CCoV-I pro-
totype (Elmo/02, AY426983). However, the absence of 
ORF3 from the resulting assembly (found only in type I 

CCoV), inferred that this CCoV was a type II. In addition to 
the deleted ORF3, the S glycoprotein cleavage sites (S1/S2 
and S2) had distinctive motifs synonymous with type II 
CCoV.11 Reads were then mapped to the CCoV-IIa prototype 
(1-71, JQ404409), but a large gap in the assembly at NTD 
was consistent with identification of a type IIb CCoV. A 
BLAST search using the remainder of the consensus 
sequence from a more conserved S gene sequence (the 
C-domain of the S1 binding domain and the S2 fusion 
domain), produced a significant alignment to CCoV/7/2020/
UK (MT906865, E value = 0.0), a CCoV associated with an 
outbreak of severe vomiting in dogs from the United King-
dom.17 Reads were then mapped to this variant, recovering 
98.3% of the whole-genome sequence (including the NTD), 
with a genetic similarity of 99.9% (excluding gaps in assem-
bly).

Given the previous typing of CCoV using the S gene (the 
major antigenic determinant),2,7,12,13,15,22 a maximum likeli-
hood phylogenetic tree for this gene was built in MEGA7 
(1,512 aa),9 using a method described previously (Fig. 1A),6 
and confirmed that the Greyhound coronavirus (proposed 
name CCoV/7/2020/AUS, GenBank MW383487) could be 
found in a clade with other type IIb CCoV and was most 
closely related to the variant CCoV/7/2020/UK (99.7%, 
excluding gaps in assembly). Coincidentally, when adopting 
the nomenclature of species/sample number/year/country of 
origin, both variants have similar names, distinguished only 
by their country of origin. However, and more remarkably, 
these highly similar variants (almost identical), appear to 
have been associated with outbreaks of gastrointestinal dis-
ease in 2 different countries at the same time, Australia (late 
December 2019–April 2020) and the United Kingdom 
(December 2019–March 2020).

To further explore the relationship between the Australian 
and U.K. variants, a minimum spanning tree (MST) was con-
structed using the S gene. In combination with epidemiologic 
data, MSTs can be used to identify the source of an outbreak 
and infer the most probable route of transmission by connect-
ing each of the CCoV variants to neighboring variants that 
have the minimum genetic distance.20 The MST was built 
using the eBURST algorithm implemented in the program 
PhyloViZ,5 and testing the reliability of the tree in MST-
gold.18 The resulting MST reliably replicated the typing of 
CCoV-II, with each type forming its own cluster, and neigh-
boring highly similar genotypes (i.e., Taiwan, Vietnam, 
United Kingdom, Australia; Fig. 1C). In this case, the Tai-
wanese variant from 2008 is proximal to the tree (on the 
inside), then the Vietnamese variant from 2015, the U.K. vari-
ant from 2020, then most distal (on the outside), the Austra-
lian variant from 2020. Although MSTs generally do not have 
direction, the addition of epidemiologic information such as 
sampling dates can often infer direction (from 2008 in Taiwan 
through to 2020 in Australia). Interpretation of this MST and 
the sampling dates suggests that the probable source of Aus-
tralia’s CCoV infection was the United Kingdom. However, 
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when interpreting other branches of the MST using the addi-
tion of sampling dates, inconsistencies arise. For example, the 
probable route of transmission for type IIc CCoV originates 
in China in 2019, then the United States in 1976, and finally 

the United Kingdom in 2020, an improbable route of infec-
tion. Unfortunately, these inconsistencies in the addition of 
sampling dates to the MST do not provide us with the confi-
dence to declare an origin for the Australian variant.

Figure 1.  A. Evolutionary history of type II canine coronaviruses (CCoVs) inferred using the maximum likelihood method and the 
S gene (1,512 aa). The coronavirus first identified in Queensland, February 2020, and genotyped in this report (CCoV/7/2020/AUS, 
GenBank MW383487, bold), locates in a clade with other type IIb CCoVs from Taiwan and Vietnam, but is almost identical (99.7%) to a 
variant associated with a concurrent outbreak of severe vomiting in dogs from the United Kingdom (December 2019–March 2020). B. The 
hierarchical structure of CCoVs within the family Coronaviridae. The CCoV genotyped in this report (CCoV-IIb, bold), was a classical 
CCoV of serotype II, distinguished by the deletion of open reading frame 3 (ORF3) and distinctive motifs from the S glycoprotein cleavage 
sites. It is generally thought of as causing a mild but highly contagious enteric disease. C. A minimum spanning tree connecting CCoV 
variants that have the minimum genetic distance.
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Although challenge studies may be necessary to con-
firm Koch’s postulates and the role of CCoV in both these 
outbreaks, the detection of CCoV was significantly asso-
ciated with illness in dogs in the United Kingdom.17 In the 
absence of detection of other pathogens (i.e., CPV) in 
Australian dogs, it is likely that CCoV was also responsi-
ble for the outbreak and disease. In addition to the high 
similarity of the 2 variants (99.9%), they both share sev-
eral features that mark the observed pattern of disease as 
unusual17: 1) the scale of the outbreak in both countries 
was large—in Australia, it spread across the country from 
Western Australia to Queensland (on the east coast, and 
on to all states of Australia, as well as New Zealand), 
while in the United Kingdom, the outbreak was through-
out England and Wales; 2) the lack of notable coinfections 
(i.e., CPV); and 3) the involvement predominantly of 
adult dogs (racing Greyhounds in Australia) as opposed to 
more susceptible puppies.11,17

A notable difference was the severity and range of the 
observed clinical signs. In the United Kingdom, vomiting 
was the predominant clinical sign, whereas in Australia it 
was diarrhea, a more typical sign of CCoV associated with 
disrupted digestive and absorptive functions resulting 
from the loss of intestinal villi.11,17 However, in the 
absence of a review of Australian health records, we are 
unable to speculate if the difference in observed clinical 
signs are accurate or biased by anecdotal reporting. In 
addition, recombination events in coronaviruses are con-
sidered frequent, and it is speculated that they provide 
advantages for replication or avoidance of the host’s 
immune system.10,16 For example, FCoV-II is believed to 
have acquired its S glycoprotein from CCoV through a 
recombination event, and this explains the serologic relat-
edness of the 2 coronaviruses.16 However, the similarity 
(99.9%) between the Australian and U.K. variants does 
not indicate that any recombination event occurred, negat-
ing this as a possible hypothesis to explain differences 
between the observed clinical signs.

HTS has the benefit of directly accessing the genetic con-
tent of entire communities of organisms from a sample, a 
process known as metagenomics.21 In addition to the patho-
gen of interest (CCoV), we also screened for other pathogens 
that may have been present in the sample using the taxo-
nomic classifier Kraken2 (MiniKraken2 database, created 
5/2/2020), hosted by Galaxy Australia (www.usegalaxy.org.
au).1,23 Normal gut flora, such as Fusobacteriaceae, Bacte-
roidaceae, Enterobacteriaceae, and Campylobacteraceae, 
were all identified. C. perfringens (whose toxin was previ-
ously detected by Idexx Laboratories) was also identified. 
Fatalities from CCoV are known to occur, especially from 
coinfection with CPV.13,14,16 However, other than Alphacoro-
navirus 1 (the CCoV prototype) and a small number of 
phages, no reads were assigned to CPV (confirming the 
absence of the virus as indicated by the CPV ELISA per-
formed by Idexx), or any other virus.
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