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Since an outbreak of severe acute respiratory syndrome (SARS) was averted in 2004, many novel corona-
viruses have been recognized from different species, including humans. Bats have provided the most diverse
assemblages of coronaviruses, suggesting that they may be the natural reservoir. Continued virological
surveillance has proven to be the best way to avert this infectious disease at the source. Here we provide the
first description of a previously unidentified coronavirus lineage detected from wild Asian leopard cats
(Prionailurus bengalensis) and Chinese ferret badgers (Melogale moschata) during virological surveillance in
southern China. Partial genome analysis revealed a typical coronavirus genome but with a unique putative
accessory gene organization. Phylogenetic analyses revealed that the envelope, membrane, and nucleoprotein
structural proteins and the two conserved replicase domains, putative RNA-dependent RNA polymerase and
RNA helicase, of these novel coronaviruses were most closely related to those of group 3 coronaviruses
identified from birds, while the spike protein gene was most closely related to that of group 1 coronaviruses
from mammals. However, these viruses always fell into an outgroup phylogenetic relationship with respect to
other coronaviruses and had low amino acid similarity to all known coronavirus groups, indicating that they
diverged early in the evolutionary history of coronaviruses. These results suggest that these viruses may
represent a previously unrecognized evolutionary pathway, or possibly an unidentified coronavirus group. This
study demonstrates the importance of systematic virological surveillance in market animals for understanding

the evolution and emergence of viruses with infectious potential.

Since the severe acute respiratory syndrome (SARS) out-
break in early 2003, many new viruses of the family Corona-
viridae have been identified in diverse host species, including
birds, humans, and other mammals (7, 12-14, 18, 25, 27, 28,
29). Of these hosts, bats have provided the highest genetic
diversity of novel coronaviruses (CoVs) (23, 29). Analyses of
the genomic organization and phylogenetic relationships of
CoVs from bats and other host species indicate that bats are
the likely natural reservoirs for all known CoVs from other
hosts (23, 26). This research also suggests that CoVs resident in
bats may be introduced into other animals and subsequently
become established in these hosts.

Interspecies transmission of CoV from its natural reservoir
to another species might result in disease outbreaks in naive
hosts. The emerging pathway of SARS CoV in humans and
market civets is an example of this (4, 5). Accumulated infor-
mation has demonstrated that many SARS-like CoVs are har-
bored in bat species (12, 13, 23). However, the cross homolo-
gies between civet and human SARS CoV and bat SARS-like
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CoVs are still relatively low (about 92%), even in the most
conserved regions of the replicase gene (13). Phylogenetic
analyses and divergence dates of these CoVs indicate that the
likely intermediate host of SARS CoV has still not been de-
termined (26). Thus, the evolutionary pathway of SARS CoV
has still not been fully determined.

The SARS outbreak in humans abruptly showed that previ-
ously unknown CoVs resident in wild animals are capable of
interspecies transmission and can cause severe disease in hu-
mans within a short period of time (4, 5, 17, 26). Reviewing the
emergence of SARS in China shows that this outbreak was
caused by the evolution of the CoV ecosystem, i.e., many exotic
wild species being farmed and brought into live-animal mar-
kets located in urban areas (5). Of concern is that this ecosys-
tem has not been affected despite the implementation of a ban
on the sale of wild animals in Guangdong province soon after
a second SARS outbreak was averted in early 2004 (5). Dif-
ferent wild-animal species, including farmed or untamed wild
animals, are still being smuggled and sold in many regions
within China, especially in the south. This raises the risk of the
reemergence of SARS and the emergence of other infectious
diseases.

To further understand the evolutionary pathway of SARS
CoV, and to detect possible emerging diseases, systematic vi-
rological surveillance of wild animals has been conducted at
illegal-trade live-animal markets from 2005 onward. A variety
of CoVs have been detected in the wild animals sampled. Here
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TABLE 1. Detection of CoV in specimens from Asian leopard cats
and Chinese ferret badgers in illegal live-animal markets

No. of samples positive/no. tested (% positive)

Yr and mo Asian leopard cat Chinese ferret badger
(P. bengalensis) (M. moschata)
2005
February 0/34 0/7
March 0/59 0/41
April 0/84 2/87
May 0/31 0/19
June 0/24 0/6
July 0/37 0/0
August 0/39 0/4
September 0/41 0/44
October 0/38 0/136
November 2/149 1/206
December 14/245 6/128
2006
January 16/308 0/78
February 2/219 0/71
March 1/145 2/107
Total 35/1,453 (2.4) 11/934 (1.1)

we report the detection of a novel and relatively ancient CoV.
Phylogenetic analyses revealed that the major replication and
structural genes of this novel CoV were most closely related to
group 3 CoVs, represented by avian infectious bronchitis virus,
while the spike protein gene clustered with group 1 CoVs from
mammals. However, the viruses were genetically highly diver-
gent and fell into an outgroup position with respect to all of the
known CoV groups in all of the genes tested, indicating that
they diverged early in the evolutionary history of CoVs. As this
novel CoV was detected in two different species of wild animal
at the same market on the same sampling occasion, it is pos-
sible that these CoVs were recently transmitted from other
unknown species, raising concern about further interspecies
transmission to other species, including humans.

MATERIALS AND METHODS

Sampling. Since February 2005, illegally traded wild animals were sampled
systematically at live-animal markets in Guangdong and Guangxi Provinces,
China. Rectal swabs were collected from 24 species of wild mammals. Specimens
were placed in transport medium and kept in liquid nitrogen for transportation
to the laboratory and then stored at —80°C.

Virus detection and isolation. Viral RNA was extracted from the rectal swab
material with the QIAamp viral RNA minikit (QIAGEN, Westburg, The Neth-
erlands) and used as the template for reverse transcription (RT)-PCR detection
of the CoV putative RNA-dependent RNA polymerase (RdRp) domain of the
replicase gene as previously described (23). Primers conserved for all known
CoVs were designed for RT-PCR detection (23). The sequences of the primers
used are available upon request. The RdRp PCR products were gel purified with
the QIAquick PCR purification kit (QIAGEN) and sequenced to confirm virus
detection. The sequences of the primers used are available upon request. Virus
isolation was attempted for representatives of the PCR-positive specimens; how-
ever, this was unsuccessful with multiple cell lines (FRHK4, Vero E6, and CV1),
as previously described (23). Consequently, our investigations focused on decod-
ing the genomes of the CoVs from the different positive samples.

Genome analysis. The nucleotide data from sequencing of the RdRp diagnos-
tic PCR fragments were analyzed by using the CoV sequences available in
GenBank to determine the diversity of the CoVs detected. This analysis identi-
fied three CoVs from a previously unidentified lineage that were selected for
genome sequencing. RNA extraction, cDNA amplification, and sequencing were
conducted as previously described (23).
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Open reading frames (ORFs) of the partial genome of the novel CoV were
identified with the program fgenesV (Softberry Inc., Mount Kisco, NY) and
mapped with SeqBuilder (Lasergene version 7; DNAStar, Madison, WI). Ho-
mology searches of identified ORFs against other known CoVs were conducted
in GenBank.

Sequence similarity. To further assess the genomic similarity of the novel
CoVs with other major lineages of CoVs, the full-length amino acid alignments
of each of the major gene products were used to calculate their similarity (p
distances) with MEGA3 (10). The virus sequences used in this analysis are the
same as those in the phylogenetic trees.

Phylogenetic analysis. To evaluate the phylogenetic relationship of this novel
CoV, the helicase (HEL) domain of the replicase gene and the spike protein (S),
envelope protein (E), membrane protein (M), and nucleocapsid protein (N)
genes were chosen for analysis. Nucleotide sequence alignments were carried out
with TransAlign (1) by using ClustalX (24) to conserve codon positions and
manually optimized wherever necessary with Se-Al version 2.0 (19). All ambig-
uously aligned regions were removed prior to phylogenetic analyses. Phyloge-
netic trees were built by neighbor joining in PAUP* version 4.0b (22) with the
appropriate model of sequence evolution selected by MrModeltest version 2
(16). The same model of evolution was used to calculate Bayesian posterior
probability in MrBayes version 3.1 (6). Gaps were treated as missing data in all
analyses. Multiple sequence alignments of all data sets have been deposited in
TreeBASE (www.treebase.org).

Currently, the International Committee on Taxonomy of Viruses classifies the
members of the family Coronaviridae into three groups (2, 3). However, due to
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FIG. 1. Phylogenetic relationships of the RdRp genes of novel
CoVs isolated from wild animals in China. The tree was generated
by the neighbor-joining method in the PAUP* program. Analyses
were based on 440 nucleotides of the RdRp. Values above branches
are bootstrap values from 1,000 replicates. The tree was rooted to
Okavirus (accession no. AF227196). Scale bar, 0.1 substitution per
site. Red text indicates viruses characterized in this study. Abbre-
viations: LDV, lactate dehydrogenase-elevating virus; SHFV, sim-
ian hemorrhagic fever virus; PRRSV, porcine respiratory and re-
productive syndrome virus; ToV, torovirus; IBV, infectious
bronchitis virus; TGEV, transmissible gastroenteritis virus; FIPV,
feline infectious peritonitis virus; PEDV, porcine epidemic diarrhea
virus; MHV, murine hepatitis virus; PHEV, porcine hemagglutinat-
ing encephalomyelitis virus; BtCoV, bat coronavirus.
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FIG. 2. Schematic representation of the ORFs of Asian leopard cat/Guangxi/F230/2006 and representative group 1 and group 3 CoVs. Putative
accessory proteins are indicated by gray boxes. For definitions of abbreviations, see the legend to Fig. 1.

the increasing diversity of the family Coronaviridae, in this study we used a system
that includes putative groups 4 and 5, as previously described (23, 26).

Detection of recombination. The Genetic Algorithm for Recombination De-
tection in the program package HYPHY was used to determine if this novel CoV
contains recombinant genes (8, 9). It must be noted that recombination analysis
was conducted only within gene segments. Breakpoints identified within the gene
sequence were assessed by testing the congruence of neighbor-joining trees
generated by the Genetic Algorithm for Recombination Detection for each
fragment with the Shimodaira-Hasegawa test in PAUP* (20, 22).

Nucleotide sequence accession numbers. The sequences generated in this
study have been deposited in GenBank under accession numbers EF584902 to
EF584914.

RESULTS

Surveillance and prevalence. Of the 24 species tested, 8 were
CoV positive. However, only Asian leopard cats (Prionailurus
bengalensis; positivity rate, 2.4%) and Chinese ferret badgers
(Melogale moschata; positivity rate, 1.1%) regularly tested pos-
itive for CoV on multiple sampling occasions (Table 1). Fur-
thermore, these species were present almost year round in the
live-animal markets and could be sampled each month (Table
1). The remaining six species that tested positive for CoV on
just a single occasion each were Mustela kathiah (yellow-bellied
weasel), M. sibirica (Siberian weasel), Paguma larvata (masked
palm civet), Rhizomys sinensis (Chinese bamboo rat), Viver-
ricula indica (lesser Indian civet), and Petaurista sp. (flying
squirrel). It is noteworthy that most of the positive samples
were obtained in the winter. This corresponds to a marked
increase in the number of animals and species available in
these markets due to increased consumer demand in the winter
(Table 1).

Among the positive samples, preliminary sequence analysis
of the RdRp fragment obtained by RT-PCR detection re-
vealed that all but three of the CoVs detected from wild ani-
mals shared high genetic homology to previously identified
CoVs from wild animals, represented by the Chinese ferret
badger/Guangdong/DM95/2003 (CFB/GD/DM95/03), which
belonged to group 1 (Fig. 1). However, three viruses, Asian
leopard cat/Guangxi/F230/2006 (ALC/GX/F230/06), Chinese

ferret badger/Guangxi/F247/2006 (CFB/GX/F247/06), and
Chinese ferret badger/Guangxi/F250/2006 (CFB/GX/F250/06),
formed a unique phylogenetic group most closely related to
group 3 CoVs (Fig. 1). It is noteworthy that these three viruses
were the outgroup with respect to all other known CoVs.
However, comparison with Arterivirus and Torovirus clearly
indicated that these three viruses belong to the family Coro-
naviridae, suggesting a previously unidentified lineage of this
virus family (Fig. 1). In the present study, we therefore focused
on decoding the evolutionary history of this unknown CoV
lineage, represented by ALC/GX/F230/06, by using the avail-
able CoV sequences.

Genome organization. As the novel lineage is phylogeneti-
cally most closely related to either group 1 or group 3 CoVs
(see below), a comparison of the partial genome organization
of ALC/GX/F230/06 and representative strains of these groups
is presented in Fig. 2. The virus ALC/GX/F230/06 had a typical
CoV genome order, with the exception of ORFla (data not
available). The remaining genome was arranged in the order
5'-ORFl1b, S, E, M, and N. However, the organization of
putative accessory genes in ALC/GX/F230/06 is unique among
CoVs. In particular, ORF3, which is present in all known
CoVs, was not identified in ALC/GX/F230/06 (Fig. 2). How-

TABLE 2. Amino acid similarities between Asian leopard
cat/Guangxi/F230/2006 and other known CoVs

Similarity (p distance)”
Gene product

Group 1 Group 2 Group 3 Group4  Group 5
Helicase 50.5 45.8 57.6 47.7 46.1
Spike 44.4 259 29.3 24.9 26
Envelope 144 14.1 24.4 18.7 15.8
Membrane 22.9 25.7 253 22.5 24.9
Nucleocapsid 194 24.9 33.7 26.5 222

¢ Full-length amino acid sequence alignments of each of the major gene
products were used to calculate similarities with the program MEGA3. The
alignments are the same as those used to generate the phylogenetic trees in Fig.
3 and 4 and have been deposited in TreeBase (http:/treebase.org).
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FIG. 3. Phylogenetic relationships of the spike (A), envelope (B), membrane (C), and nucleocapsid (D) protein genes of novel CoVs isolated
from wild animals in China. Trees were generated by the neighbor-joining method in the PAUP* program. Values above and below branches are
neighbor-joining bootstrap values from 1,000 replicates and Bayesian posterior probabilities, respectively. Analyses were based on 2,802, 339, 831,
and 1,692 nucleotides of the spike, envelope, membrane, and nucleocapsid protein genes, respectively. The trees were midpoint rooted. Scale bar,
0.1 nucleotide substitution per site. Red text indicates viruses characterized in this study. For definitions of abbreviations, see the legend to Fig. 1.

ever, ORF6 (94 amino acids), between the M and N genes, and
ORF7 (200 amino acids), overlapping the N gene farther
downstream, were found in the ALC/GX/F230/06 genome
(Fig. 2).

Sequence similarity. To understand the similarity of the
novel CoV to other known CoVs, we compared the major

genes for amino acid sequence similarity (Table 2). The virus
ALC/GX/F230/06 had the highest homology with group 3 in
the HEL domain and the E and N genes and the highest
homology with group 1 in the S gene (Table 2). However, the
M gene of ALC/GX/F230/06 was similar to those of both group
2 and group 3 viruses (Table 2). As the similarities between



6924 DONG ET AL.

f

AIBV /Mass-1941

J. VIROL.

| Group 3
Novel CoV

ALC/GX/F230/06

100

100
99

100 TGV/PUR46
100 RD CoV/GZ43/03
| 100[—
100; BtCoV/HKU2-1/04

109 CFB/GX/F247/06
CFB/GX/F250/06

Feline CoV
CFB/DM95/03

1 BtCoV/HKU2-2/04
HCoV/NL63
HCoV/229E

BtCoV/977/06

BtCoV/911/05 Group 1

BtCoV/HKU8-1/04
BtCoV/773/05
BtCoV/HKU7-1/04
PEDV/CV777

100
100

BtCoV/HKU6/04
100 BtCOV/512/05

[ BtCoV/515/05
BtCoV/527/05
Human CoV/HKU1

99

00)

BtCoV/HKU3-1/03
BtCoV/279/05
100 BtCoV/rm1/04
100 r BtCoV/273/05

MHV/A59
PHEV/VW572
Human CoV/OC43-VR759
Bovine CoV/HEL
Bovine CoV/Mebus
BtCoV/HKU4/04
BtCoV/133/05
BtCoV/355/05
BtCoVHKU5-5/04
BtCoV/434/05

Group 2

Group 5

100

100[100f Civet SARS-CoV/SZ16/04
100] Civet SARS-CoV/007/04

0.1

L BtCoV/Rf1/04
BtCoV/Rp3/04
Civet SARS-CoV/SZ3/03

Group 4

SARS-CoV/HKU-39/03
SARS-CoV/Tor2/03

SARS-CoV/FRA/03

FIG. 4. Phylogenetic relationship of the complete HEL domain of the replicase gene of the novel CoVs isolated from wild animals in China.
Trees were generated by the neighbor-joining method in the PAUP* program. Values above and below branches are neighbor-joining bootstrap
values from 1,000 replicates and Bayesian posterior probabilities, respectively. Analyses were based on 1,797 nucleotides. The tree was midpoint
rooted. Scale bar, 0.1 nucleotide substitution per site. Red text indicates viruses characterized in this study. For definitions of abbreviations, see

the legend to Fig. 1.

ALC/GX/F230/06 and other CoV groups were much lower
than those between groups, this virus may represent a previ-
ously unidentified CoV group (23). It is noteworthy that the
RdRp domain and S gene of the three novel CoVs shared
100% amino acid homology (data not shown), suggesting that
they were recently introduced from a common source.
Phylogenetic analysis. All of the major genes, including the
S, E, M, and N genes, along with the HEL domain, were
phylogenetically analyzed (Fig. 3 and 4). It is interesting that
the S gene of ALC/GX/F230/06 clustered with group 1 (Fig.
3A), while the HEL domain and the E, M, and N genes clus-
tered with group 3 CoVs (Fig. 3B to D and 4). Moreover, for
all of the genes analyzed, ALC/GX/F230/06 is highly divergent
and consistently falls into an outgroup position with respect to
all known CoV groups. Due to the consistent grouping of the
ALC/GX/F230/06 genes with those of group 3 CoVs, except for
the S gene, it is very likely that they have an ancestor in
common. This novel CoV is the first recognized in a mamma-
lian host that has genes phylogenetically associated with those
of group 3. The difference in the phylogeny of the S gene and
the remaining genes is difficult to interpret and may be due to

the early divergence of the virus, recombination, or possibly
host adaptation.

Detection of recombination. Recombination breakpoints
were identified in the HEL domain and S and N gene segments
(data not shown). However, the Shimodaira-Hasegawa test
between the putatively recombinant segments of the genes
showed that these alternate topologies were not statistically
supported. This may indicate that these potentially recombi-
nant areas are due to substitution rate variation and not re-
combination between CoVs (23). Furthermore, the phyloge-
netic position of ALC/GX/F230/06 did not change in the
phylogenies derived from these potentially recombinant sec-
tions (data not shown).

DISCUSSION

This report describes the detection of novel CoVs from
Asian leopard cats (P. bengalensis) and Chinese ferret badgers
(M. moschata) in live-animal markets in southern China. Ge-
netic analyses indicate that these viruses have a typical CoV
genome organization (11, 15, 21, 23, 28) but a unique phylog-
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eny among all known CoVs (2, 3, 23, 26). All of the genes of
the viruses tested were most closely related to those of group
3 CoVs, except the S gene, which was related to that of viruses
in group 1. However, the viruses always fell into an outgroup
phylogenetic relationship to other CoVs and had low amino
acid similarity to all known CoV groups. Taken together, these
findings suggest that the novel CoVs represent a previously
unrecognized evolutionary pathway or possibly an unidentified
CoV group.

The inconsistent phylogenies of the genes from the novel
CoVs may be easily interpreted as a result of a recombination
event between group 1 and 3 viruses. However, the phyloge-
netic outgroup relationships in each of the genes analyzed
indicate that these viruses diverged at an early stage in the
evolutionary history of the family Coronaviridae, making the
detection of recombination impossible in the absence of back-
ground genetic data. This situation may therefore provide in-
sight into the early diversification of the family Coronaviridae.

As these novel viruses were detected in two different wild-
animal species on the same sampling occasion at the same
market, and given the 100% homology of the RdRp domain
and the S gene, it is likely that these animals were infected very
recently in the market from an unknown source. This hypoth-
esis is also supported by the fact that both species were regu-
larly sampled in the market and frequently tested positive for
only group 1 CoVs, but these novel CoVs were detected just on
this occasion. However, the available genetic and epidemiolog-
ical information was insufficient to determine the ecology of
this virus and it is impossible to determine the source of in-
fection.

Previous studies suggested that bats are the natural reservoir
of SARS CoV (12, 13, 23). In addition, a study of population
dynamics indicated that CoVs in bats had constant population
growth, while viruses from all other hosts had an epidemic-like
population increase (26). It was therefore suggested that the
hypothetical ancestor of all CoVs might be derived from vi-
ruses resident in bats (25). Previous studies have also shown
that diverse CoVs are endemic in different bat species and
occasionally introduced into other animals and became estab-
lished in other hosts (23, 26, 29). It is possible that bats also
harbor the counterpart of the novel CoVs detected in the
present study. However, we cannot exclude the possibility that
there is another source from other wild mammalian popula-
tions. Among all CoVs, only group 3 CoVs are found in avian
hosts (7, 11, 14). The outgroup relationship of the novel CoV
with infectious bronchitis virus provides indirect evidence that
group 3 viruses may be derived from those resident in mam-
mals, as previously suggested (26).

The emergence of SARS resulted from the CoV ecology
created in live-animal markets in southern China through the
housing of many exotic wild-animal species together and by
facilitating increased contact with human populations (5). The
present study therefore provides a new example of a possible
pathway for the emergence of a potential human pathogen.
The best way to prevent potential zoonotic infectious diseases
is to understand the risk posed by increased human exposure
to different animal species within the complex ecosystem of a
live-animal market population. While this report was being
prepared, many wild animals were still being smuggled and
sold in illegal live-animal markets throughout this region, and
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the possibility remains for continued interspecies transmission
to humans. Historically, with the exception of SARS CoV, the
independent introductions of the four established human
CoVs have not been detected (26). The successful prevention
of a second SARS outbreak in early 2004 resulted from early
detection of the virus in live-animal markets in southern China
(5). This study demonstrates the importance of systematic vi-
rological surveillance in market animals for understanding the
evolution and emergence of viruses with infectious potential.
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