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Abstract

A novel coronavirus, designated as ferret enteric coronavirus (FECV), was identified in feces of domestic ferrets clinically diagnosed with
epizootic catarrhal enteritis (ECE). Initially, partial sequences of the polymerase, spike, membrane protein, and nucleocapsid genes were generated
using coronavirus consensus PCR assays. Subsequently, the complete sequences of the nucleocapsid gene and the last two open reading frames at
the 3’ terminus of the FECV genome were obtained. Phylogenetic analyses based on predicted partial amino acid sequences of the polymerase,
spike, and membrane proteins, and full sequence of the nucleocapsid protein showed that FECV is genetically most closely related to group 1
coronaviruses. FECV is more similar to feline coronavirus, porcine transmissible gastroenteritis virus, and canine coronavirus than to porcine
epidemic diarrhea virus and human coronavirus 229E. Molecular data presented in this study provide the first genetic evidence for a new

coronavirus associated with clinical cases of ECE.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

Epizootic catarrhal enteritis (ECE), a relatively new enteric
disease of domestic ferrets (Mustelo putorius furo), was first
described in the spring of 1993 on the East Coast of the United
States (Williams et al., 2000). Since then, the disease has spread
throughout the U.S. and other countries. Clinically, ECE is
characterized by a foul-smelling bright green diarrhea with high
mucus content and is commonly associated with lethargy,
anorexia, and vomiting. The morbidity for ECE approaches
100%, but the overall mortality rate is low (<5%), with juvenile
ferrets often developing only mild and even subclinical disease.
Clinical signs are more severe in older ferrets and the mortality
rate is often higher.
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Earlier investigations into the etiology of ECE implicated a
coronavirus (Williams et al., 2000). The microscopic lesions
observed in affected ferrets were consistent with those described
for intestinal coronavirus infections in other species. Transmis-
sion electron microscopy revealed coronavirus-like particles in
the feces and in affected jejunal enterocytes of ferrets with ECE.
Moreover, positive immunohistochemical staining, using a
feline coronavirus-specific monoclonal antibody, confirmed the
presence of coronaviral antigen in sections of affected
intestines. There have been no reports confirming these
previous findings at the genetic level.

Coronaviruses are enveloped, positive-strand RNA viruses
classified under the genus Coronavirus within the family
Coronaviridae, order Nidovirales (Enjuanes et al., 2000;
Holmes, 1999; Murphy et al., 1999). Virions are pleomorphic,
with a diameter of 60—-220 nm. The coronavirus genome
consists of a nonsegmented, positive-sense, single-stranded
RNA that is approximately 27—31 kb in length. The capsid has a
helical confirmation and is made up of monomers of the
nucleocapsid (N) protein. Inserted in the envelope is the spike
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(S) protein the membrane (M) protein and the small envelope
(E) protein. Coronaviruses are subdivided into three groups,
based originally upon serologic properties and more recently
upon sequence homology (Chouljenko et al., 2001; Enjuanes et
al., 2000; Gonzalez et al., 2003; Hegyi et al., 2002; Holmes,
1999; Murphy et al., 1999; Siddell, 1995; Stephensen et al.,
1999; Wege et al., 1982). Group 1 includes human coronavirus
strain 229E, porcine transmissible gastroenteritis virus, canine
coronavirus, feline coronavirus, and porcine epidemic diarrhea
virus. Group 2 includes human coronavirus strain OC43,
murine hepatitis virus, rat coronavirus, bovine coronavirus,
porcine hemagglutinating encephalomyelitis virus, and equine
coronavirus. The avian viruses, infectious bronchitis virus of
chickens, turkey coronavirus, and pheasant coronavirus, belong
to Group 3. Based upon sequencing, the recently identified
SARS virus appears to be the prototype of a fourth group (Marra
et al., 2003; Rota et al., 2003; Snijder et al., 2003).

Using consensus PCR assays for the genus Coronavirus,
followed by additional genomic sequencing and phylogenetic
analyses, we provide the first molecular evidence that the virus
associated with ECE in ferrets is a new coronavirus, tentatively
designated as “ferret enteric coronavirus” (FECV).

Results
Consensus RT-PCR for coronaviruses and sequencing

Amplicons of the expected sizes were derived for each
consensus coronavirus RT-PCR assay performed on RNA
extracted from the diarrheic feces of ferrets clinically diagnosed
with ECE. The respective product sizes obtained were 628 bp,
735 bp, and 251 bp, for the S, M-N and polymerase gene
regions. After cloning and sequencing the products, similarity
searches with BLAST (Altschul et al., 1990) showed the
sequences to be authentic coronavirus sequences, with the most
significant matches to porcine transmissible gastroenteritis
virus, feline, and canine coronaviruses. Percentage nucleotide
sequence identities of the ferret coronavirus sequences
(excluding primer sequences) with the corresponding sequences
of porcine transmissible gastroenteritis virus (GenBank acces-
sion nos. AY35549, for the S and the M genes, and AJ011482,
for the polymerase gene) were as follows: 60.8% for the 586-bp
partial S gene sequence, 66.7% for the 334-bp partial M gene
sequence, and 76.4% for the 208-bp partial polymerase
sequence. These initial findings provided the first nucleotide
sequence-based evidence that an enteric coronavirus is shed in
the feces of ferrets clinically affected with ECE.

Sequencing of the entire N gene, sequence and phylogenetic
analyses

The entire N gene of the ferret enteric coronavirus (FECV),
hereafter referred to as strain FECV-MSU1, was derived by the
3’ RACE method. The N gene of FECV-MSUI is 1125
nucleotides in length and translates into a 374-amino-acid
protein (Fig. 1). It is flanked upstream by a 16-base intergenic
sequence, followed by the open reading frame corresponding to

the sequenced 3’-end portion of the M protein gene. The
recognized transcription-regulating sequence (TRS), 5’-
CTAAAC-3’, of coronaviruses (Budzilowicz et al.,, 1985;
Horsburgh et al., 1992; Kapke and Brian, 1986; Snijder et al.,
2003; Spaan et al., 1988) is conserved in FECV-MSU1, and
found within the intergenic sequence preceding the N gene.

BLAST analysis of the entire FECV-MSUI N gene
sequence consistently demonstrated significant similarities to
reported coronavirus N gene sequences in the GenBank
database. As was previously observed with the partial S, M
and polymerase nucleotide sequences analyzed, group 1
coronavirus sequences produced the most significant align-
ments with the ferret sequence. The FECV-MSUI N gene
shared nucleotide identities of 51.6, 48.7, and 48.2% with
canine coronavirus (GenBank accession no. AY342160),
porcine transmissible gastroenteritis virus (GenBank accession
no. AF104420), feline coronavirus (GenBank accession no.
AB086902), respectively.

The deduced amino acid sequence of the FECV-MSU1 N
protein was aligned with corresponding coronavirus sequences
from GenBank, representing each of the coronavirus antigenic
groupings. Table 1 shows the sequence identities between the N
protein of FECV-MSUI and those of porcine transmissible
gastroenteritis virus (TGEV), canine coronavirus (CCV), feline
coronavirus (FCoV), porcine epidemic diarrhea virus (PEDV),
human coronavirus (HCoV) 229E, bovine coronavirus (BCV),
mouse hepatitis virus (MHV), HCoV OC43, SARS virus, avian
infectious bronchitis virus (IBV), and turkey coronavirus
(TCoV). The GenBank accession numbers for these coronavirus
strains are given in Fig. 2. Group 1 coronaviruses, CCV, FCoV,
TGEV, PEDV, and HCoV 229E, shared the highest sequence
identities with FECV-MSU1 at 57.1, 56, 57.3, 31.2, and 35.7%,
respectively. Group 2 (BCV, MHV, HCoV 0OC43), SARS virus,
and group 3 (IBV, TCoV) coronaviruses, showed much lower
identities with FECV-MSU1 at 22.9 to 26.9%. The N protein
sequence alignment data was used to generate a phylogenetic
tree (Fig. 2) which clearly shows that the ferret coronavirus,
FECV-MSUI, is a novel coronavirus that groups within the
group 1 coronaviruses. Within this group, FECV-MSU is more
closely related to FCoV, CCV, and TGEV than to PEDV and
HcoV 229E.

Fig. 3 shows the alignment of the deduced N protein
sequences of FECV-MSU1, TGEV, CCV, FCoV, and PEDV.
The amino acid substitutions that occurred in the FECV
sequence in relation to the consensus (majority) sequence
appear randomly throughout, with stretches of up to 6
substitutions. Insertions and deletions appear to be random as
well, with the largest deletion of 6 residues, with respect to the
consensus, observed to have occurred between amino acid
positions 178 and 179. A highly conserved region between the
N proteins of FECV-MSU1, TGEV, CCV, and FCoV was noted
at amino acid positions 88—109 (22 total residues), with only 3
substitutions occurring within the FECV-MSUI sequence.
PEDV stands out as the most distantly related among this
group of animal coronaviruses, possessing extra sequence
strings, not found in the consensus, of up to 35 amino acid
residues at a stretch.
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T 8 W W S F N P ETW N ATITLTCTLS S AV G EKUZRTFUVILPL
GACTAGTTGGTGGAGTTTTAACCCTGARACCAACGCAATCTTGTGT CTTAGTGCAGTAGGAAARAGATTTGTATTACCAC

-

N G A PTGV TULTULILSGNTILYAEUGTFEKUV G S G
81 TAAATGGTGCCGCCTACAGGTGTTACGTTGACACTTTTGTCAGGTAACTTATATGCTGAAGGCTTCAAGGTTGGAAGTGGT

vV N VD NL P K Y I M VA TP G N T I I Y HOQ V G K S
161 GTAAATGTCGATAACCTACCCAAGTACATTATGGTAGCCACACCTGGTAATACTATTATATATCACCAAGTTGGCAAGTC

L K A S S A TGMW S Y Y VRAMZEKABAGDTY S TEA ATRUGQTD
241 TCTTAAAGCATCCAGTGCGACTGGTTGGTCATACTATGTCCGAGCTARAGCAGGCGATTACTCAACAGAAGCAAGACAAG

H L 8 EH E K L L H M V * NMAGNGQRV

321 ATCATTTGAGTGAACACGAAARACTGTTACATATGGTATAAGAACTAAACTTCTATCATGGCTGGAARCGGACAACGTGT

iy

N WG D EUPAUP S Q KRGRSURSURSRURUDNADTIUPTL
401 TAACTGGGGGGACGAACCTGCTCCTTCACAGARGCGTGGTCGTTCTCGTTCCCGTTCCCGCCGTAATGCTGATATACCAT

S ¥ F N P I T HEGI KK P F WTV A P KDF V P I G
481 TGTCATATTTCAACCCTATTACCCATGAAGGTAAGAAGCCCTTTTGGACTGTAGCACCAAAAGATTTCGTGCCTATTGGT

K G N KD QQV G Y WDNURGQ@Q®RUYRTIOQIZ KGO QI KV DL
561 AAGGGAAATARAGGACCAACAAGTAGGTTATTGGAATAGACAGCAACGTTACCGCATTCAAAAGGGTCARAAAGTGGACTT

P DR WPFVFYYLGTGUPHS N AI K FI KU DU RTIUDSGUVF
641 ACCAGACAGGTGGTTCTTTTACTACCTAGGAACTGGTCCACATAGCAATGCTAAATTTAAGGACCGTATTGACGGAGTTT

W VvV G K N G A KTV ?P?PTGULGTRGTNOQQ S L DL
721 TCTGGGTTGGAAAGAATGGTGCTAAAACTGTGCCTACAGGATTAGGAACGCGTGGCACCAACCAACAGTCTCTTGACCTT

K F D GN VPNUDF KTILEQDNV G S RNUDNS R S§ R § R
801 ARATTTGATGGTAACGTGCCTAATGATTTCAAATTAGAACAARATGTTGGGTCTAGAARCARCTCTAGGTCTCGATCTAG

G R 8 K 8§ NN RS NMNMNMNSNSGDTIW AT AUVVAATL
881 AGGAAGGTCTAAGTCCAACAATAGATCCAATAACAATAACAGTAACAGTGGTGATATTGCCACAGCTGTTGTTGCAGCTT

A Q M G F A P KDTOQI KDN K S R S K S R DR S§ K S§ R
961 TAGCTCABRATGGGTTTTGCTCCCAAAGACACACAGAAGAATAAGTCCCGCTCTARATCTAGGGATAGGTCTARATCCAGA

E K P I P N N ENKUHSS W XKIKTPGI KGEUVESMTF G
1041 GRAAAACCTATTCCTAACAATGAGAACAAGCACTCATGGRAGAAAACACCTGGTARAAGGAGAGGTCGAGTCTATGTTTGG

N RRPEA ANV FGHNADULV XK A G S A DTIHYP QUL A
1121 AAACCGTAGACCTGAGGCAAATTTTGGCAATGCAGACTTAGTTAAGGCTGGCAGTGCAGATATACATTACCCTCARCTAG

E M V P S NA A I L F GG EWT S KEEGUDUDV V L
1201 CTGAGATGGTTCCTAGTAACGCCGCCATTTTATTTGGAGGTGAGTGGACTTCTARAGAAGAGGGTGATGATGTTGTCTTA

T V K ¥ 8 ¥ K VvV P K G D XTTA AT FIULOQHTIWDNAYTKP
1281 ACTGTTAAGTACAGTTATAAAGTGCCTAAGGGTGATRAGACAACTGCATTTTTGCAACACATTARCGCCTACACAAAGCC

S DI v K EQRS8UR S8 K S8RERUPIGQTIUPVUP S N S A E
1361 TTCAGATATTGTCAAAGAACAACGTTCTCGATCTAAATCCAGAGAACGTCCTCAAATCCCTGTACCTTCCAATAGTGCAG

T EN Y T DV FDEWNUVETITIUDETLN * 3Xx v s ss
1441 AGACTGAAARTTACACTGATGTGTTTGATGAGAATGTTGAAATTATTGATGAACTAAACTAACCATTTCTATGAGTTCTA

L I T I F S G K I WV F S UL PR S F KDWTIV S KV I
1521 GCTTAATAACAATCTTTAGTGGTAAAATTTGGTTTTCTCTACCTAGATCTTTTAAAGATTGGATAGTATCTARAGTCATA

F K A P A G G KV K P D Y RRIRALTLWNSHNNUHV N

7b ¥ v 1
1601 TTCAAGGCACCTGCTGGAGGCARAGTCAAACCAGACTACCGCCGCAGAGCTTTGTTAAACAGTCATAACARTCATGTTAR
S M s Vs SVSFTFZXTFTFT RA AT RTER *

L ¢ L L VL 8L F 8 N S L G Q E DD KHOQHUZPT YN
1681 TTCTATGTCTGTTAGTTCTGTCTCTTTTTTCAAATTCTTTAGGGCAAGAAGATGACAAGCATCAARCATCCCACATATAAC

W E R LD Y F E G & Y I E I D K S V I L UL P L D AK
1761 TGGGAARGATTAGATTATTTTGAAGGTTCCTACATCGAAATTGATAAATCTGTGATTTTATCATTACCACTTGACGCCAA

L HCGL VDG VL CZ XV FPGVFEA AA AYUDUDHUVDYY
1841 ATTACATTGTGGTTTGGTTGATGGTGTTTTGTGCAAGTTCCCAGGTTTTGAAGCTGCATATGATGATCATGTAGACTATT

L b vV DS P F Y RF V NTF Y V A KV F I DGZXK F DN
1921 ATTTAGATGTAGACTCACCTTTCTACAGGTTTGTGAACACCTTCTACGTGGCTARATTCATAGATGGTARGTTTGACAAT

R A TUL K F L P RTSS KD KMILVIGOCGULWNUDZPTLTL
2001 CGTGCCACTCTGAAGTTTCTACCACGTACTAGCAARGACRAGATGCTTGTTATTGGTTGTGGTCTCAATGACCCTCTTCT

D L PF GTOGQTI Y NDUVDMTULIEKUYVDUHUVPCTNTRR
2081 AGACTTGCCTTTTGGTACCCAAATCTATAATGATGTGGACATGACTCTTAAAGTCGACCATGTGCCTTGCACTAACAGAC

Yy F v K Y ¢ P GG PNHV FCVF KD KL V I RRF R A
2161 GGTATTTTGTTAAGTACTGTCCTGGTGGTCCCAATCATTTTTGCTTTARAGATARATTGGTAATCAGAAGGTTTAGAGCA

F F P V S N NN K I EH V D L *
2241 TTTTTCCCTGTGTCTAATAATAATAAAATTGAACATGTTGATTTATAAGARGATCTTCGGGCGAGTACCGTTAGATCTAC

2321 TCTTACACAGAATGGTAAGCACGTATCTATGTAGGGTGTAAGTAACTCATAGATATATTAGGAAGTTTAGATTGAACTAA

2401 TCAATACTAGATTGAAAAARTTGAGAGTAATTTAAAGATCCGCTTAGACGAGCCAACARTGGAAGGGCTCAACTTTTGGAT

2481 ACTAGTCAACTTGTITT

Fig. 1. Sequence of the extreme 3’ 2496 nucleotides (with partial sequence of the 3’ noncoding region) of the FECV-MSU1 genome and deduced amino acid sequences
encoded by the open reading frames. The sequence corresponding to primer 25 (see Materials and methods) is in italics. The conserved intergenic transcription-
regulating sequence is underlined. The 10-base sequence corresponding to the conserved 3’ noncoding sequence in coronaviruses is in bold.
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Table 1
Percent amino acid sequence identities between coronavirus nucleocapsid proteins
1 2 3 4 5 6 7 8 9 10 11 12
57.3 57.1 56 35.7 31.2 24.5 26.9 24 259 229 232 1 FECV-MSU1
89.5 75.9 34.8 325 254 28 254 27.5 23.6 233 2 TGEV
74.9 36.1 33 24.9 27.7 24.9 26.7 22.8 22.5 3 CCV
34.5 30.2 24.1 26.5 23.9 25.7 225 22.3 4 FCoV
38 22.9 254 229 22.4 19.3 19.3 5 HCoV 229E
19 19 18.8 20.4 17.5 17.5 6 PEDV
71.7 97.3 31 22.5 22.5 7 BCV
70.7 322 242 23.8 8 MHV
30.8 22.5 22.5 9 HCoV 0C43
25.1 25.1 10 SARS Virus
95.8 11 1BV
12 TCoV

Phylogenetic analyses based upon partial sequences of the
polymerase, S and M proteins

The predicted partial amino acid sequences of the FECV-
MSUI polymerase, S and M proteins were also aligned with
corresponding sequences of other known coronaviruses and
phylogenetic trees were derived. As was evident from the N
protein sequence analysis, the data presented in Figs. 4—6 show
that FECV-MSU1 is most similar to group 1 coronaviruses and
more specifically to FCoV, CCV, and TGEV.

Identification and analysis of 2 open reading frames (ORFs)
downstream of the FECV N gene

Amplification of the 3’-end of FECV-MSUI1 by the 3’
RACE method enabled determination of the entire N gene
sequence and a 994 nucleotide sequence downstream from the
N gene (Fig. 1). Analysis of this sequence revealed the
presence of two ORFs. The first ORF is 225 nucleotides in
length with its start codon located 9 nucleotides downstream of
the N gene. The second ORF is 615 nucleotides in length and
overlaps the first ORF by 62 bases. The deduced amino acid
sequences of the two ORFs were subjected to BLAST analyses.
The first ORF codes for a putative 74-amino-acid protein (8.5

0.1 substitution/site
[

1001 HCoV OC43
BCV ]Group 2

SARS Virus

TCoV
100 [ 1BV ] Group 3

HCoV 229E

FECV-MSU1
Group 1

Bovine

Fig. 2. Phylogenetic tree, based on deduced amino acid sequences of the
nucleocapsid proteins of FECV-MSUI (this study), CCV (AY342160), TGEV
(AF104420), FCoV (AB086902), PEDV (AF353511), HCoV 229E
(NC_002645), SARS virus (NC_004718), MHV (AY700211), HCoV OC43
(NC_005147), BCV (U00735), TCoV (AF111997), and IBV (AY363968).
Bovine torovirus (AJ575389) was included as the outgroup sequence. Bootstrap
values are indicated at the nodes. GenBank accession numbers are in
parentheses.

K polypeptide) which is 23.9% similar to the hypothetical 3x
protein of the Insavc strain of CCV strain from the UK.
(GenBank accession no. BAA02410) (Horsburgh et al., 1992).
The second ORF codes for a putative 204-amino-acid protein
which is most similar to the nonstructural protein 7b of enteric
canine coronaviruses and feline coronaviruses. This putative 7b
protein sequence shares 37.3% homology with the corres-
ponding protein of the CCV Insavc-1 strain, and 35.8%
similarity to the 7b protein of feline coronavirus (GenBank
accession no. CAA62193). The conserved TRS, 5'-CTAAAC-
3/, was found upstream of the 3x-like ORF, but not of the 7b-
like ORF (Fig. 1). The 10-base sequence highly conserved in
the 3’ noncoding region of all coronaviruses, 5-GGGAA-
GAGCT-3’ (Horsburgh et al., 1992; Kapke and Brian, 1986),
was observed 169 bases downstream of the 7b-like ORF (Fig.
1), with 2 base mismatches, a T instead of a G in the first base,
and a G instead of an A at the seventh base.

Virus isolation

Cytopathic changes were not observed in any of the
inoculated cultures. FECV-specific RT-PCR on inoculated
CRFK RNA extracts yielded negative results.

Detection of FECV in clinical samples by RT-PCR, ISH, and
IHC

An FECV N gene-specific RT-PCR assay was used to
analyze fecal, saliva, and serum samples from 13 ferrets
naturally affected with ECE. FECV was detected in feces and
saliva, but not in serum, of all ferrets examined on days 0, 7, 12,
and 26 (Fig. 7, panels a and b). The PCR products derived from
2 fecal samples on day 0 were sequenced and confirmed as
FECV. Amplification products were not observed using TGEV,
CCV, FCoV, and BCV RNA as templates.

FECV RNA and antigen were detected in the cytoplasm of
enterocytes at the villi tips in the jejunum of affected ferrets on
day 17 (n=10) and 26 (n = 3). The ISH signal (Fig. 8, panel a)
co-localized with viral protein detected by IHC (Fig. 9, panel a).
FECV RNA or antigen was not found in the large intestine,
lymph nodes, spleen, esophagus, stomach, and parotid salivary
glands.
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Fig. 3. Alignment of the deduced amino acid sequences of the nucleocapsid proteins of FECV-MSUTI (this study), TGEV (AF104420), CCV (AY342160), FCoV
(AB086902), and PEDV (AF353511). Residues that match the majority (consensus) sequence are shown in dots. Deletions are indicated by minus signs. GenBank

accession numbers are in parentheses.

Nucleotide sequence GenBank accession numbers

FECV-MSU-1 sequences have been assigned GenBank
accession numbers DQ340560, for the partial polymerase
sequence; DQ340561, for the partial S sequence; and
DQ340562, for the partial M and downstream ORF sequences
(N, 3x and 7b) up to the partial 3" UTR.

Discussion

Epizootic catarrhal enteritis (ECE), an enteric disease of
ferrets, was first described in 1993. Previous work (Williams et

0.1 substitution/site

FCoV N
72|CCV
100f| TGEV
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HCoV 229E
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TCoV
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1BV
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BCV s
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Fig. 4. Phylogenetic tree, based on deduced partial amino acid sequences of the
polymerase proteins of FECV-MSUI (this study), CCV (AF124986), TGEV
(AJ011482), FCoV (AF124987), PEDV (AF353511), HCoV 229E
(NC_002645), SARS virus (NC_004718), MHV (AY700211), HCoV OC43
(NC_005147), BCV (U00735), TCoV (AF124991), and IBV (M95169). Bovine
torovirus (NC_007447) was included as the outgroup sequence. Bootstrap
values are indicated at the nodes. GenBank accession numbers are in
parentheses.

al., 2000) utilizing electron microscopy and immunohistochem-
istry implicated a coronavirus as the causative agent of ECE.
Based upon these previous data, consensus PCR protocols using
primers that target conserved areas within the genomes of
coronaviruses were utilized in this study to confirm the
association of a coronavirus with ECE. Sequencing of the
PCR products and BLAST analyses confirmed the coronavirus
origin of the amplification products and provided the first
genetic evidence for the detection of a novel coronavirus in
ferrets, tentatively designated ferret enteric coronavirus
(FECV). Subsequently, the sequences of the entire N gene
and downstream ORFs were derived. Sequence alignment and
phylogenetic analysis based upon the predicted N protein

0.1 substitution/site
-

73~TGEV N
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100 cev
84 FEcv-Msu1 [CT0UP 1
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Fig. 5. Phylogenetic tree, based on deduced partial amino acid sequences of the
spike proteins of FECV-MSUI (this study), CCV (AY342160), TGEV
(AF104420), FCoV (X80799), PEDV (AF353511), HCoV 229E
(NC_002645), SARS virus (NC_004718), MHV (AY700211), HCoV OC43
(NC_005147), BCV (U00735), TCoV (AY342357), and IBV (DQO001339).
Bovine torovirus (NC_007447) was included as the outgroup sequence.
Bootstrap values are indicated at the nodes. GenBank accession numbers are
in parentheses.
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Fig. 6. Phylogenetic tree, based on deduced partial amino acid sequences of the
membrane proteins of FECV-MSU1 (this study), CCV (AY342160), TGEV
(AF104420), FCoV (AB086902), PEDV (AF353511), HCoV 229E
(NC_002645), SARS virus (NC_004718), MHV (AY700211), HCoV OC43
(NC_005147), BCV (U00735), and IBV (DQO001339). Bovine torovirus
(NC_007447) was included as the outgroup sequence. Bootstrap values are
indicated at the nodes. GenBank accession numbers are in parentheses.

sequences of FECV and other coronaviruses clearly indicated
that FECV clusters with group 1 coronaviruses. FECV appears
to be more closely related to the group 1 coronaviruses FCoV,
CCV, and TGEYV, than to PEDV and HCoV 229E. Yet, FCoV,
CCV, and TGEV together form a tighter cluster with pairwise
amino acid sequence identities from 74.9 to 89.5%, compared to
only 56.8% average identity shared by FECV with these three
viruses. The close serologic relationship between CCV, FCoV,
TGEYV, and the related PRCV is well established (Sanchez et al.,
1990; Siddell et al., 1983; Spaan et al., 1988). Likewise, the
close genetic relationship between these viruses, based upon
sequence analysis, has been well documented (Enjuanes et al.,
2000; Gonzalez et al., 2003; Horsburgh et al., 1992). PEDV,
although a group 1 coronavirus of animal origin, has been
shown to be most closely related to HCoV 229E (Bridgen et al.,
1993; Kocherhans et al., 2001). These two viruses were
observed to clearly form their own cluster separate from the
other group 1 coronavirus members in the phylogenetic trees
shown in Figs. 2 and 6.

The predicted partial polymerase, S and M protein sequences
of FECV were also compared to corresponding sequences of
other known coronaviruses. As with the analysis of the N
protein sequence, phylogenetic analyses based upon these three
other regions of the genome gave similar results, further
supporting the classification of FECV as a member of group 1

coronaviruses with highest similarities to CCV, FCoV, and
TGEV and more distantly related to PEDV and HcoV 229E. The
extent of genetic relatedness of FECV to other coronaviruses
appears to be consistent, at least for the four regions analyzed
so far.

Group 1 feline and canine coronaviruses are known to
contain two additional ORFs, namely ORFs 7a and 7b,
downstream from the N gene at the 3’-end of their genomes
(Herrewegh et al., 1995; Vennema et al., 1992a). TGEV was
found to have an ORF 7a but not an ORF 7b in its genome
(Herrewegh et al., 1995; Vennema et al., 1992a). These ORFs
code for accessory nonstructural proteins, the functions of
which have not yet been defined. ORF 7a codes for a small
hydrophobic protein that is membrane-associated (Tung et al.,
1992), while ORF 7b appears to be a secretory glycoprotein
not stably associated with viral particles (Vennema et al.,
1992b). Analyses of the 3’-end of FECV-MSUI downstream
from the N gene showed the presence of 2 ORFs. The gene
corresponding to ORF 7a of other group 1 animal corona-
viruses was not found in the FECV genome. Instead, an ORF
with 23.9% homology to the 3x pseudogene of CCV strain
Insave-1 (Horsburgh et al., 1992) was found in the genomic
location of ORF 7a. Within the CCV genome, ORF 3x is
located between the S and M genes. TGEV has a counterpart
to the CCV pseudogene in a similar location but with a
deletion of 92 nucleotides (Horsburgh et al., 1992). Fig. 10
shows the gene arrangements of the 3’ termini of the genomes
of FECV, FCoV, CCV, and TGEV. Interestingly, the 3x gene is
clearly in a different genomic location in the strain of FECV
being analyzed, but this could be a strain-specific feature. It is
possible that the 3x pseudogene homologue in FECV-MSUT is
the result of an insertional event. It is well known that
recombination, insertions, and deletions are typical features of
coronavirus biology (Lai, 1992, 1996; Sawicki and Sawicki,
1998; Spaan et al., 1984; Zhang et al., 2005). Even though the
3x gene of CCV Insave-1 could conceivably encode a 71-
amino-acid 10 K polypeptide, this was considered unlikely,
based upon codon usage and base preference programs
(Horsburgh et al., 1992; Staden, 1982). It was suggested that
ORF 3x is an evolutionary redundant sequence which is no
longer required. Of note, the significant similarity of the FECV
3x-like gene to that of CCV was only apparent after BLAST
analysis without the default filtering of low complexity

Fig. 7. FECV-specific RT-PCR on clinical samples from ferrets with ECE. (a) Lane 1, 100-bp DNA ladder. Lanes 25, amplicons from fecal specimens collected from
one of the ferrets on days 0, 7, 12, and 26, respectively. Lane 6, FECV positive control (113-bp product). Lane 7, negative reagent control (RNase-free water as the
template). (b) Lane 1, 100-bp DNA ladder. Lanes 2—5, amplicons from saliva specimens collected from one of the ferrets on days 0, 7, 12, and 26, respectively. Lane 6,
FECV positive control (113-bp product). Lane 7, negative reagent control (RNase-free water as the template).
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Fig. 8. Detection of FECV RNA by in situ hybridization. (a) Positive dark-blue staining (arrows) showing the presence of FECV RNA in the cytoplasm of villar
epithelial cells. (b) Negative reagent control slide, hybridized in buffer without the probe and counterstained with the dye “light green”. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

sequences. Examination of the deduced amino acid sequence
of the FECV 3x-like gene showed multiple regions of biased
composition including homopolymeric runs and overrepresen-
tation of some residues characteristic of low complexity
sequences (data not shown) (Wootton and Federhen, 1996).
Therefore, the 3x-like ORF in FECV-MSUI, as in Insavc-1,
does not appear to encode a functional viral protein.

FECV-MSUI is missing a counterpart to ORF 7a of feline
and canine group 1 coronaviruses. It is known that the accessory
nonstructural protein genes of coronaviruses can be acquired or
lost easily in their evolution (Snijder et al., 2003). The ORF 7a
in TGEV was found to have a deletion of 69 nucleotides (de
Groot et al., 1988). The genomic region downstream of the N
gene is known to be a “deletion hot spot” in coronaviruses
(Collison et al., 1990; de Groot et al., 1988; Horsburgh et al.,
1992). Hence, it is not unusual for FECV to have a missing ORF
7a homologue, most likely due to a deletion event. There is a
need to sequence and analyze more strains to ascertain whether
this is a common feature among FECYV isolates.

The putative ORF 7b protein of FECV appears to be intact
and has identities of 37.3% and 35.8% to CCV and FCoV,
respectively. This ORF was observed to be the least conserved
between feline and canine coronaviruses, with only 57%
identity between the two (Horsburgh et al., 1992). A number
of feline enteric coronavirus strains with deletions in ORF 7b
have been identified (Herrewegh et al., 1995). In feline
coronaviruses, the ORF 7b glycoprotein was found dispensable
for viral replication in tissue culture (Vennema et al., 1992b) and
for infection of the natural host (Pedersen et al., 1984). It has
been presumed that the 7b glycoprotein functions as a virus-

encoded mediator of the host immune response (Herrewegh et
al., 1995).

The minimal conserved transcription regulatory sequence
(TRS), CTAAAC, found in group 1 animal coronaviruses, is
essential in the synthesis of subgenomic mRNAs during viral
replication (Budzilowicz et al., 1985; Snijder et al., 2003;
Spaan et al., 1988). In the genus Coronavirus, the nonreplicase
ORFs are expressed from a nested set of subgenomic mRNAs
that are both 5" and 3’ coterminal with the viral genome (Lai
and Cavanagh, 1997). It has been postulated that TRSs guide
the discontinuous synthesis of negative-stranded subgenomic
mRNAs that serve as templates for subgenomic mRNA
synthesis (Pasternak et al., 2000; Sawicki and Sawicki,
1995). The TRS, CTAAAC, was found to be conserved in
FECV-MSU1 upstream of the N gene and the 3x-like ORF, but
not upstream of ORF 7b. In the CCV strain Insavc-1, the
conserved TRS was present upstream of ORF 7a but was
absent upstream of ORF 7b (Horsburgh et al., 1992). It is
presumed that ORFs 7a and 7b are likely to be expressed from
a single mRNA species, since polycistronic coronavirus
mRNAs have been previously identified (Liu and Inglis,
1992; Liu et al., 1991). Hence, the FECV 7b protein may very
well be expressed from a bicistronic mRNA, containing the
nonfunctional 3x-like ORF at its 5’-end.

The 10-base sequence, 5'-GGGAAGAGCT-3’, highly
conserved in the 3’ noncoding region of all coronaviruses
(Horsburgh et al., 1992; Kapke and Brian, 1986), was also
observed 169 bases downstream of ORF 7b of FECV. It was
conserved, except for 2 base mismatches. This sequence is
believed to be a recognition site for the attachment of the

Fig. 9. Detection of FECV antigen by immunohistochemistry. (a) Positive red staining demonstrating the presence of coronavirus antigen in the cytoplasm of villar
epithelial cells. (b) Negative reagent control tissue section stained with a murine monoclonal antibody of different specificity but with matching immunoglobulin

concentration.
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Fig. 10. Schematic of the gene arrangements of the 3’ termini of the genomes of FECV-MSU1 (FECV), FCoV, CCV, and TGEV. The open reading frames are
represented as boxes. The genes for the structural proteins S, M and N, and nonstructural proteins 3x, 7a, and 7b are shown. The dotted lines indicate other genomic

regions not shown in the diagram or areas of FECV not yet sequenced.

polymerase, as synthesis of the negative strand RNA is initiated
(Kapke and Brian, 1986).

Our attempt to isolate FECV in CRFK cells was negative.
Virus isolation was previously attempted by Williams et al.
(2000) in MV-1-LU, HRT-18, DK-5966, CRSK, and A72-163
cells but was unsuccessful. Other enteric coronaviruses, e.g.,
type 1 feline enteric coronavirus, have been shown to be
difficult to propagate in cell culture.

ECE is a common clinical diagnosis, and the clinical signs
associated with ECE are fairly distinct (green slimy diarrhea).
However, some of the clinical signs such as vomiting and
hypoproteinemia may be observed with other enteric diseases of
ferrets including inflammatory bowel disease, gastric helico-
bacteriosis, and rotavirus infections in juveniles. The availabil-
ity of FECV genomic sequence data will facilitate the
development of molecular assays to confirm clinical diagnosis.
In this study, FECV was detected in feces and saliva of naturally
infected ferrets using an N gene-specific RT-PCR. This PCR
assay has potential as a standard diagnostic assay, but further
validation is required.

The tissue localization of FECV may be similar to that of
FCoV. Both antigen and nucleic acid were detected in the
cytoplasm of enterocytes at the tip of villi in the jejunum of
affected ferrets by IHC and ISH, respectively. Viral antigen or
nucleic acid was not present in the large intestine, lymph nodes,
spleen, esophagus, stomach, or parotid salivary glands. In a
recent field case of ECE, we detected viral proteins both in the
small and large intestines (data not shown). Herrewegh et al.
(1997), using nested RT-PCR, detected FCoV-specific RNA in
kidney, lung, brain, tonsils, salivary gland, and bone marrow.
Viral RNA was most abundant in duodenum, jejunum, ileum,
colon, and rectum. Interestingly, when evidence of replicating
virus was evaluated with an RT-PCR targeting N gene-specific
mRNA, evidence of viral replication could be obtained only in
homogenates of ileum, colon, and rectum. Immunohistochem-
istry confirmed that FCoV-specific antigens were present only
in the ileum, colon, and rectum.

In conclusion, this study provides the first molecular
evidence indicating that a novel coronavirus, herein designated

as ferret enteric coronavirus, is associated with enteric catarrhal
enteritis in ferrets. Further definition of the pathogenesis of
FECV will be dependent upon the development of an in vitro
culture system.

Materials and methods
Consensus RT-PCR for detecting coronaviruses

Samples

Fecal specimens from a ferret clinically diagnosed with ECE
were obtained from a veterinary clinic. Total RNA was extracted
from fecal specimens using the QIAGEN RNeasy Mini Kit
(Valencia, CA).

Amplification of S and M-N regions

Degenerate consensus primers were used to amplify portions
of the S (spike), M (membrane) glycoprotein, and N (nucleo-
capsid) genes of any coronavirus (Tobler and Ackermann,
1996). Primer 55: 5'-GGAKAAGGTKAATGARTGYGT-3'
and primer 56: 5'-CCAKACVTACCAWGGCCAYTT-3’ delin-
eate an approximately 700-bp region of the coronavirus S gene.
Primer 25: 5'-GACTAGTTGGTGGAGWTTTAA YCCWGA-
3’ and primer 24: 5'-CTCGAGCGACCCAGAMGACW-
CCKTC-3’, bracket an approximately 700-bp region of the
coronavirus genome, beginning from the 3’ terminus of the M
gene to the 5’ terminus of the N gene. RT-PCR was performed
using the QTAGEN OneStep RT-PCR Kit with 0.6 uM of each
primer. Cycling conditions for both S and M-N regions
amplifications were as follows: cDNA synthesis at 45 °C for
45 min; predenaturation at 95 °C for 15 min; 50 cycles, each
consisting of denaturation at 94 °C for 30 s, annealing at 45 °C
for 1 min, and extension at 72 °C for 2 min and 30 s. A final
extension at 72 °C for 7 min was added after the last PCR cycle.

Amplification of the polymerase (pol) region

A pair of degenerate primers, 2BP: 5'-ACTCARWTRAA-
TYTNAAATAYGC-3’ and 4Bm: 5'-TCACAYTTWGGA-
TARTCCCA3’, was used to amplify a 251-bp region of the
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coronavirus polymerase gene within ORF 1b (Stephensen et al.,
1999). RT-PCR was carried out with the QIAGEN OneStep RT-
PCR Kit with 0.6 uM of each primer. Cycling conditions were
as follows: ¢cDNA synthesis at 40 °C for 45 min and
predenaturation at 95 °C for 15 min; 5 cycles of PCR at 94
°C for 1 min, 40 °C for 2 min, and 72 °C for 1 min; then 40
cycles of PCR at 94 °C for 1 min, 50 °C for 1.5 min, and 72 °C
for 1 min; with a final extension of 72 °C for 10 min. PCR
products were analyzed by agarose gel electrophoresis and
visualized by UV transillumination of ethidium bromide-
stained gels.

Cloning and sequencing of PCR products

The PCR products were extracted from the gel using the
QIAquick Gel Extraction Kit (QIAGEN). The purified products
were TA-cloned into a plasmid vector using the QIAGEN PCR
Cloning Kit. The inserts were amplified with M13 forward and
reverse primers, which prime the cloning vector at positions just
outside the multiple cloning site. PCR products were sent to the
Genomic Technology Support Facility of Michigan State
University for automated bi-directional sequencing.

Sequencing of the entire N gene

A 683-nucleotide sequence (excluding primer sequences) of
the ferret coronavirus, which spans the last 334 nucleotides of
the M gene, 16 nucleotides of intergenic sequence, and the first
333 nucleotides of the N gene, was obtained by sequencing of
amplicons generated with consensus primers. Based upon this
sequence, the entire N gene sequence was derived by the 3’
RACE method, using a commercial kit (GIBCO BRL, Life
Technologies, Rockville, MD). Complementary DNA was
synthesized from 5 pl of fecal RNA template with an oligo-
(dT)-containing adapter primer according to the kit manufac-
turer’s protocol. The gene-specific primer (5-ACCCAT-
GAAGGTAAGAAGCCC-3’) used for PCR amplification of
the target cDNA was based on the initially derived 5’ sequence
of the N gene. The abridged universal primer (AUAP) provided
in the kit was used as reverse primer. PCR was carried out with
the QIAGEN HotStar Taq DNA Polymerase Kit, using 2 pl of
cDNA template, 0.5 uM of the gene-specific primer, 2 pl of
AUAP and the following cycling conditions: predenaturation at
95 °C for 15 min, followed by 50 cycles of denaturation at 94 °C
for 1 min, annealing at 55 °C for 1 min, and extension at 72 °C
for 2 min and 30 s, and a final extension at 72 °C for 7 min. PCR
products of the expected size were purified for direct
sequencing. Sequence data for the approximately 2 kb product
were obtained by initially using the gene-specific primer
described above and a poly-T sequencing primer, followed by
primer-walking with newly designed 5’ and 3’ primers derived
with the OLIGO 6 primer analysis software (Molecular Biology
Insights, Cascade, CO).

Sequence and phylogenetic analyses

BLAST (Altschul et al., 1990) searches against the GenBank
database were performed to confirm that the sequence data

obtained were authentic coronavirus sequences. Sequence
assembly and analyses, including multiple alignments of
nucleotide and predicted amino acid sequences using the
Clustal W method (Thompson et al., 1994), were done with the
Lasergene biocomputing software (DNASTAR, Inc., Madison,
WI). Phylogenetic trees were constructed with the Treecon
software package (Van de Peer and De Wachter, 1994), using
the neighbor-joining method (Saitou and Nei, 1987) and 100
bootstrap analyses (Efron and Gong, 1983; Felsenstein, 1985).
Sequence alignment data generated with Lasergene were
converted to the Treecon format using the ForCon software
(Raes and Van de Peer, 1999).

Virus isolation

Virus isolation was attempted in the Crandell Reese feline
kidney (CRFK) cell line, obtained from the American Type
Culture Collection (CCL 94). The CRFK cells were grown in
Eagle’s minimum essential medium (EMEM), supplemented
with 10% heat-inactivated fetal bovine serum, 100 U/ml of
penicillin, and 100 pg/ml of streptomycin (BRL-Life
Sciences, Gaithersburg, MD). Confluent monolayers were
inoculated with 0.45 um filtrates of fecal homogenates. The
inoculated cells were observed during a 7-day period for the
appearance of cytopathic changes. RNA was extracted from
inoculated and mock-inoculated cell homogenates and tested
by RT-PCR, using the FECV N gene-specific primers
described above.

Detection of FECV in clinical samples

Animals and sample collection

A group of 13 ferrets, naturally affected with ECE, was
housed at the MSU Laboratory Animal Resources (ULAR)
Facility. Ferrets were kept in individual cages and fed a
commercial ferret diet. Ferrets were monitored clinically on a
daily basis. Fecal samples, rectal and oral swabs were collected
daily from each ferret. Ferrets were bled on a weekly basis to
obtain serum samples.

Necropsy

The 13 ferrets were exsanguinated and euthanized on days
17 (n = 10) or 26 (n = 3). Necropsies were performed
immediately thereafter, and samples of small and large intestine,
lymph nodes, spleen, esophagus, stomach, and salivary glands
were collected. Sections of tissues were fixed in 10% neutral
buffered formalin and routinely processed for histopathology, in
situ hybridization, and immunohistochemistry.

FECV-specific RT-PCR

A pair of primers was designed from the nucleocapsid gene
sequence of FECV-MSUI using the OLIGO 6 software. The
selected primer pair, 5'-ACA GGT GGT TCT TTT ACT ACC-
3’ (forward primer) and 5'-TGT AGG CAC AGT TTT AGC
AC-3’ (reverse primer) targets a 113-bp region of the N gene.
Total RNA from fecal, oral and serum samples were extracted
using the QIAGEN RNeasy Mini Kit (Valencia, CA). The
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QIAGEN OneStep RT-PCR kit was used with an optimal primer
concentration of 0.6 pM for each primer in a final reaction
volume of 50 pl. Five microliters of the extracted RNA was used
as the template. The optimized cycling conditions were as
follows: cDNA synthesis at 50 °C for 30 min; predenaturation at
95 °C for 15 min; 40 PCR cycles of 94 °C for 30 s, 53 °C for
30 s, and 72 °C for 30 s; and a final extension step of 72 °C for
7 min. PCR products were run on a 2% agarose gel stained with
ethidium bromide and were visualized with a UV transillumi-
nator. Amplicons of the expected size from two fecal samples,
collected on day 0, were purified using the QIAquick PCR
Purification kit (QIAGEN, Inc., Valencia, CA) and were
directly sequenced at the Genomics Technology Support
Facility at Michigan State University. FECV-positive control
RNA used was the fecal RNA extract previously amplified with
consensus coronavirus PCR primers. Specificity of the assay
was evaluated with RNA extracted from TGEV, CCV, FCoV,
and BCV.

In situ hybridization (ISH)

A 25-mer FECV-specific probe (5'-TCGGTAACGT-
TGCTGTCTATTCCA-3') was designed based upon the
FECV nucleocapsid gene sequence using the Oligo 6
software. The probe was synthesized commercially, 3’-end
labeled with digoxigenin and HPLC-purified (IDT DNA,
Coralville, TA). Tissue sections were deparaffinized then
subjected to proteolytic digestion with 0.2N HCI for 20 min
and with proteinase K at 37 °C for 15 min. Subsequently, the
slides were post-fixed in 4% paraformaldehyde for 5 min.
Prehybridization and hybridization were performed according
to a previously described protocol (Kiupel et al., 2001).
Briefly, prehybridization was performed at 50 °C for 1 h in
100% formamide. This was followed by hybridization at 105
°C for 5 min and at 37 °C for 1 h, using Fischer’s microprobe
workstation (Fischer Scientific, Hampton, NH). High strin-
gency washes were performed in saline sodium citrate buffers
to ensure specific binding of the probe to the target. The
detection system consisted of anti-digoxigenin antibody
(Boehringer Mannheim Biochemica, Indianapolis, IN) conju-
gated with alkaline phosphatase (1:500) applied at 37 °C for
45 min, and the substrate, NBT/X Phos (Nitro-blue tetrazo-
lium/5 Bromo-4-chloro-3-indoylphosphate, Boehringer Man-
nheim Biochemica, Indianapolis, IN). Dye reduction to
insoluble blue formazan was allowed for 120 min. Slides
were counterstained with light green manually to best
highlight the signal. Negative reagent control slides were
incubated with hybridization buffer from which the FECV
probe was omitted.

Immunohistochemistry (IHC)

Immunohistochemical staining of tissues with monoclonal
antibody FCV3-70 (Custom Monoclonals International,
West Sacramento, CA), known to react with feline, canine,
and porcine coronaviruses (Kipar et al., 1998a, 1998b), and
ECE-associated coronavirus in ferrets (Williams et al., 2000),
was performed as described previously by Williams et al.
(2000).
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