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We have analysed the organization of the 3' end of the 
genomic RNA of canine coronavirus (CCV), a virus 
which has a close antigenic relationship to transmiss- 
ible gastroenteritis virus (TGEV), porcine respiratory 
coronavirus (PRCV) and feline infectious peritonitis 
virus (FIPV). Genomic RNA isolated from CCV strain 
Insavc-l-infected A72 cells was used to generate a 
cDNA library. Overlapping clones, spanning approxi- 
mately 9-6 kb [from the 3' end of the polymerase gene, 
lb, to the poly(A) tail] were identified. Sequencing and 
subsequent analyses revealed 10 open reading frames 
(ORFs). Three of these code for the major coronavirus 

structural polypeptides S, M and N; a fourth codes for a 
small membrane protein, SM, a putative homologue of  
the IBV structural polypeptide 3c, and five code for 
polypeptides, designated lb, 3a, 4, 7a and 7b, homolo- 
gous to putative non-structural polypeptides encoded 
in the TGEV or FIPV genomes. An extra ORF which 
had not hitherto been identified in this antigenic group 
of coronaviruses was designated 3x. Pairwise align- 
ment of these ORFs with their counterparts in TGEV, 
PRCV and FIPV revealed high levels of identity and 
highlighted the close relationship between the 
members of this group of viruses. 

Introduction 

Canine coronavirus (CCV), a causative agent of enteritis 
in neonatal dogs, was first identified in 1971 (Binn et al., 
1974). The disease is characterized by infection of the 
absorptive epithelium of the villi and the onset of 
diarrhoea followed by villus atrophy (Keenan et al., 
1976). CCV belongs to the Coronaviridae, a family of 
enveloped viruses possessing a ssRNA genome of 
positive polarity. In infected cells, a set of T-coterminal 
subgenomic RNAs are produced and, as a result, the 5' 
end of each mRNA contains unique sequence informa- 
tion not present on smaller RNAs in the nested set. Only 
this unique region of each mRNA is translated (reviewed 
by Spaan et al., 1988), thus the mRNAs are, in principle, 
functionally monocistronic. Nevertheless, some mRNAs 
contain two or more coding regions within the unique 
sequence and thus may be functionally bi- or tricistronic 
(Brierley et al., 1987; Liu et al., 1991 ; Liu & Inglis, 1992). 
The CCV virion is known to contain at least four protein 
species: the 204K spike glycoprotein, S; the 32K 
membrane glycoprotein, M; the 9.2K small membrane 
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protein, SM; and the 50K nucleocapsid protein, N 
(Garwes & Reynolds, 1981 ; Godet et al., 1992). 

CCV belongs to one of the major antigenic groups of 
coronaviruses (Siddell et al., 1983; Spaan et al., 1988) and 
is serologically related to feline infectious peritonitis 
virus (FIPV), feline enteric coronavirus (FECV), trans- 
missible gastroenteritis virus (TGEV) and porcine 
respiratory coronavirus (PRCV) (Sanchez et al., 1990). 
These viruses have been distinguished mainly by their ' 
host species of origin. It has been reported, however, that 
some strains of CCV can also infect cats (Barlough et al., 
1984; Stoddart et al., 1988) and swine without causing 
any apparent disease (Woods & Wesley, 1986). Likewise, 
TGEV can also infect other species (Woods & Pedersen 
1979; Norman et al., 1970) and FIPV can infect swine 
(Woods et al., 1981). This close relationship indicates 
that the viruses may have a common ancestor (Horzinek 
et al., 1982; Sanchez et al., 1990). 

Molecular analysis has helped to elucidate some of the 
aspects of this phylogenetic relationship and some of the 
mechanisms involved in pathogenesis. TGEV, PRCV 
and FIPV have been characterized in some detail and the 
genes encoding the structural proteins have been cloned 
and sequenced (de Groot et al., 1987; Vennema et al., 
1991 ; Britton etal.,  1988a, b; Rasschaert &Laude, 1987; 
Rasschaert et al., 1990). A comparison of the available 
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FIPV amino acid sequences with the corresponding 
sequences of TGEV and PRCV has revealed that the 
structural genes are very closely related. For S the 
identities were 81.6% (TGEV) and 76% (PRCV), for M 
84.4% and 85.9~, and for N 77% and 75.6%, respec- 
tively. This contrasts greatly with the relationship to 
murine hepatitis virus (MHV), a prototypic coronavirus 
from another antigenic group, where the identities for 
these polypeptides are 24%, 30% and 27%, respectively 
(Schmidt et al., 1987; Skinner & Siddell, 1983; Arm- 
strong et  al., 1984). Despite this high degree of similarity 
amongst the structural proteins of these three viruses 
there are, nevertheless, differences at the 3' end of their 
viral genomes and in their subgenomic message 
organisation. 

CCV is the least characterized virus from this 
antigenic group. Here we report the cloning and 
sequencing of 9-6 kb from the 3' end of the RNA of the 
avirulent CCV strain Insavc-1, subgenomic message 
analysis and comparison to available TGEV, PRCV and 
FIPV sequence data which illuminate the evolutionary 
relationship of this family of viruses. The presented 
sequence, which includes all of the CCV coding 
information except for the polymerase region, represents 
the first report of cloning and sequencing of a canine 
coronavirus. 

Methods  

Virus and cells. Canine A72 cells and CCV strain Insavc-1 were 
obtained from Dr W. Baxendale (Intervet UK, Houghton, U.K.). A72 
cells were grown in Gibco's Wellcome formula, a modified Eagle's 
medium supplemented with 10% foetal calf serum (FCS) containing 
penicillin (100 units/ml) and streptomycin (100 lag/ml) (MEM). Flasks 
(175 cm 2) of A72 cells were washed with PBS and infected with CCV at 
an m.oA. of 0.1 in 10 ml MEM. Virus adsorption was allowed to proceed 
for 60 min at 37 °C and the inoculum was then replaced by MEM-10% 
FCS. 

Preparation of  CCV genomic and messenger RNAs. CCV genomic 
RNA was prepared as follows. At 48 h post-infection (p.i.) the culture 
supernatant was harvested, chilled to 4 °C and the cell debris removed 
by low-speed centrifugation (3000g for 15 min). Virus was pelleted 
from the supernatant at 53 000 g for 2 h (Beckman type 19 rotor) and the 
pellet homogenized in 6 M-guanidinium isothiocyanate, 0.5 % N-lauroyl 
sarcosinate, 5 mM-sodium citrate. The mixture was layered onto a 5.7 M- 
CsCI pad and viral RNA pelleted by centrifugation (108000g for 12 h 
at 18 °C). The RNA was dissolved in 10 mM-Tris-HCl, 0-1 mM-EDTA 
(TE) containing 0.1% SDS and stored at -70°C.  Samples were 
analysed on a 1% Tris-borate-EDTA agarose gel containing 0.1% 
SDS. A single species of high Mf RNA was identified with the 
characteristic mobility of coronavirus genomic RNA. 

Subgenomic RNAs were prepared in a similar manner. Briefly, at 
36 h p.i. the infected cells were chilled to 4 °C, washed three times with 
ice cold PBS then pelleted at 3000g for 10 rain. The cell pellet was 
homogenized in 6 M-guanidinium isothiocyanate, 0-5% N-lauroyl 
sarcosinate, 5 mM-sodium citrate then treated as described above. 

Cloning of  CCV genomic RNA 
(i) cDNA cloning. A cDNA library from CCV genomic RNA was 

prepared by reverse transcription after priming with oligo(dT) and 
random pentanucleotides using the instructions and contents of the 
Boehringer Mannheim Biochernica eDNA synthesis kit. The resulting 
eDNA was blunt-ended using T4 DNA polymerase and ligated into the 
Sinai site of pUCI19. Portions of the ligation mixture were 
transformed into Escherichia eoli strain TG-I and clones were identified 
by colour selection. Inserts of viral origin were confirmed by colony 
hybridization using eDNA prepared by random priming of CCV RNA 
as a probe. CCV-derived recombinant clones were analysed by 
restriction enzyme digestion and those containing inserts of 1.8 kb or 
greater in size were retained for further study. 

(ii) Polymerase chain reaction (PCR). PCR-amplified fragments were 
obtained using cDNA:RNA heteroduplexes as template and oligo- 
nueleotides 7 and 8 (each of which contains a NotI site; Fig. 1) as 
primers. Taq DNA polymerase (Promega) was used to amplify the 
region of interest according to the recommendations of Sambrook et al. 
(1989) and 25 cycles (95 °C, 1 min; 60 °C, 1 rain; and 72 °C, 2 min) were 
performed in a Techne PHC-1 machine. The generated DNA fragment 
was cleaved with NotI, gel-purified, ligated into the NotI site of pKL1 
and transformed into E. coil strain TG-1. (pKL1 is a pUC-based vector 
with a modified polylinker and was a gift from Dr K. Law, University 
of Cambridge, U.K.) 

Sequencing 
(i) M13 DNA sequencing. DNA sequencing was performed by 

Sanger's dideoxynucleotide chain termination method as described by 
Bankier et al. (1987). Briefly, insert DNA was excised from vector 
sequences, self-ligated and sonieated in a cup-horn sonicator (Heat 
Systems, Ultrasonics). The sonicated DNA fragments were end- 
repaired with the Klenow fragment of E. coil DNA polymerase I and 
T4 DNA polymerase prior to size selection on a 1.2% agarose gel. 
Fragments in the size range 300 to 500 bp were purified and cloned into 
Sinai-digested, phosphatase-treated M13mp8. Shotgun sequence data 
were assembled using the SAP programs of Staden (1982) on a VAX 
8350 and mieroVAX 3100 (Digital Equipment Corporation). 

(ii) Supercoited DNA sequencing. DNA templates were prepared as 
described by Lim & P6ne (1988). CsCI-purified plasmid DNA (3 lag) 
was denatured with 0.15 M-NaOH and 0.15mM-EDTA for 30 min at 
37 °C, then centrifuged through a Sepharose CL6-B column equili- 
brated in TE. Sequencing reactions were carried out on the eluate as 
described using the pUC forward and reverse primers. 

(iii) RNA sequencing. Primer (50 pmol) was annealed to either 1 Ixg 
genomic RNA or 10 lag total infected cell RNA at room temperature for 
15 min. Sequencing reactions were performed as described by Fichot & 
Girad (1990). 

Northern blot hybridization. Total RNA extracted from CCV-infected 
cells was denatured for 15 min at 56 °C in 50% deionized formamide, 
2.2 M-formaldehyde and 0-5 mM-EDTA. The samples were cooled on 
ice after the addition of loading buffer containing 0.5 % SDS, 0.025 % 
bromophenol blue and 25% glycerol. The samples were electrophor- 
esed overnight in a horizontal submerged gel containing 1.1 M- 
formaldehyde and 0.8% agarose. RNA was blotted from the gel to a 
nitrocellulose filter (Schleicher and Schuell). Prehybridization was 
carried out in 5 x SSC (1 × SSC is 150m raM-sodium chloride and 15 
raM-sodium citrate), 10 × Denhardt's solution (1 × Denhardt's solution 
is 0-02% polyvinylpyrrolidone, 0-02% Ficoll and 0.02% bovine serum 
albumin), 100 lag/ml sonicated salmon sperm DNA and 0.1% SDS for 
2 h at 65 °C. Hybridization was carried out at 65 °C overnight after 
addition of a 32p-radiolabelled DNA probe prepared by random 
priming the CCV-specific insert purified from pBH5 (Sambrook et al., 
1989). Following hybridization, the filter was washed twice at 65 °C 
with 2 x SSC, then washed three times at 42 °C with 0-2 x SSC, prior to 
exposure to X-ray film. 
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Plasmid Approximate  size (kb) 

pBH5 1,8 

pBH6 1.7 

pBH7 2.6 

pBH8 2,0 

pBH9 3.0 

NotI 
oligo 7 s' GTT GCA ATT JGCG GCC GC ~A CAG TTA TTA TTG TTC 

Not I 
8 5' CCC ATE GGC AAC [GCG GCC Gel'I" GTC ACC AAA ATT GGC o l i g o  t J 

pBH6 
PCR clone 

pBH9 PBH8 pBH7 pBH5 
o,,r ~ ..._,,~o ~ A n c D N A  clones 

TGEV 
3 

I 2 I i 4 5 6 7 

An 

Fig. 1. Al ignment  of  CCV c D N A  clones with respect to the TGEV genome using partial sequence information. Oligonucleotides 7 and 
8 were used as primers in a P C R  reaction to obtain clone pBH6. Overlaps were confirmed by Southern blotting. 

Southern blotting and other cloning procedures. These were carried out 
according to the protocols of  Sambrook et al. (1989). Enzymes were 
used according to the manufacturers '  specifications (Boehringer 
Mannhe im and New England Biolabs). 

Results 

Generation and mapping of CCV clones 

To clone the 3' end of the CCV genome we prepared a 
cDNA library from CCV genomic RNA. Inserts from 
recombinant clones of 1.8 kb or greater were selected for 
further analyses. In order to map the clones, we took 
advantage of the suspected nucleotide sequence homol- 
ogy between the genomes of CCV and TGEV. Partial 
sequencing of recombinant clones revealed identity in 
excess of 95%. This permitted initial alignment of the 
CCV clones with respect to the TGEV genome. This 
approach proved fruitful in that four clones were 
identified which spanned some 8.5 kb at the 3' end (Fig. 
1). A region at the 3' end for which large clones were not 
represented in the library was prepared by PCR 
amplification (BH6; Fig. 1). The relationships between 
putative overlapping clones were confirmed by Southern 
hybridization. Therefore, partial sequencing and South- 
ern blotting identified five overlapping clones which 
covered approximately 9-6 kb from the 3' end of the CCV 
genome. 

Shotgun DNA sequencing and sequence analyses 

The inserts from the plasmids detailed in Fig. 1 were 
sequenced using the shotgun methods of Bankier et al. 
(1987). The consensus nucleotide sequence of 9624 bp 
presented in Fig. 2 was analysed using the SAP programs 
of Staden (1982). Analysis revealed the presence of 10 
open reading frames (ORFs) (Fig. 3). Pairwise alignment 
of these ORFs with their likely counterparts from other 

members of this coronavirus group disclosed very high 
levels of identity (Table 1) and indicated that the CCV 
structural proteins S, M and N are encoded by ORFs 2, 4 
and 5, respectively. Each of the 10 ORFs is described in 
more detail below. 

With respect to subgenomic mRNA synthesis, it is 
known that the minimal conserved signal for transcrip- 
tion in this coronavirus group, CTAAAC, is identical in 
TGEV, PRCV and FIPV and is therefore likely to be 
conserved in CCV (as reviewed by Spaan et al., 1988). 
Indeed, analysis of the CCV sequence revealed that this 
sequence was present upstream of all the ORFs with the 
exception of the first and last. As ORF 1 is incomplete 
(see below), an additional CTAAAC sequence is 
presumably located at the 5' end of the genomic RNA. 
When we analysed intracellular RNAs produced during 
CCV infection of canine A72 cells, eight species of RNA 
were observed (Fig. 4); the species observed between 
species 5 and 6 could not be accounted for in terms of the 
Y-coterminal nested arrangement of c0ronavirus subgen- 
omic RNAs and the observed positions of consensus 
transcription initiation signals. Taking into account 
the predicted size of each mRNA and the known 
location of the CTAAAC sequences, we predict a 
subgenomic message organization as depicted in Fig. 3. 
The ORFs encoded by each mRNA are described below. 

The numbering of CCV RNAs used here is based on 
that currently employed by workers studying the Purdue- 
115 and FS772/70 strains of TGEV. The RNA organiza- 
tion of CCV strain Insavc-I is most closely related to that 
described for these TGEV strains. This numbering 
scheme is not, however, applicable in a straightforward 
fashion to all members of the antigenic group. In the case 
of the Miller strain of TGEV, an RNA originally 
designated 4b (Wesley et al., 1989) may be involved in 
the expression of ORF 3b and ORF 4; no additional 
RNA was detected between this RNA and the RNA 
coding for the membrane protein (RNA 5), but the 
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Ib 
P N T K S I D G E N T S K D G F F T Y V N G F I K E K L S L G G S A A I K I T E 

TCC CCAACACAAAGTCAATTGACGGTGAAAACACGT CAAAAGATGGTTTCTTTACCTATGTTAATGGTTTTATTAAAGAGAAACTATCGCTT GGTGGATCTGCCGCCATCAAAATCACTG 120 

F S W N K D L Y E L I Q R F E Y W T V F C T S V N T S S S E G F L I G V N Y L G 

AATTTAGT TGGAATAAAGATTTATAT GAATT GATTCAAAGATTTGAGTAT TGGACTGT GTTTTGTACAAGT GTTAATACCT CT TCATCAGAAGGATTTCTGA~GGTGTTAACTACTT~ 240 

P Y C D R A I V D G N I M H A N Y I F W R N S T I M A L S H N S V L D T P K F K 

GACCATAC TGT GACAGGGCTATTGTAGAC GGAA TATAATGCAT GCCAATTATATAT T TT GGAGAAATTC TAC AAT TATGGCTC TAT CACATAACTCAGTCCTAGACACT CCCAAGTTCA 360 

C R C N N A L I V N L K E K E L N E M V I G L L K K G K L L I R N N G K L L N F 

AGTGTCGTTGTAATAACGCACT TATTGTTAATT TAAAAGAAAAAC~AATTC~ATGAAATGGTCATTGGATTACTAAAGAAAGGTAAG~GCTCAT T A ~ T G ~ C T A ~ C T  480 

S M I V L T L C L F L F L Y S S V S C T S N N D C V Q V N V T Q L 

G N H L V N V P * 

TT GGTAAT CAC TTGGT TAATGTGCCATGATTGTGCTTACATT GTGCC TTT TC T TGTT T TT GTACAGTAGT GTGAGCTGTACAT CAAACAAT GACT ~TGTA CABOT TAATGTGACACAACT 600 

P G N E N I I K D F L F Q N F K E E G S L V V G G Y Y P T E V W Y N C S T T Q Q 

GC C TGGCAATGAAAATAT TAT CAAAGAT T TTCTATTT CAGAACT T TAAAGAAGAAGGAA GTT T AGT TGTT GGT C4DT T AT TACC C CACAGAGGTGTGGTAT ~ o~ C ~ C ~  720 

T T A Y K Y F S N I H A F Y F D M E A M E N S T G N A R G K P L L V H V H G N P 

AACTACCGCTTATAAGTATTTTAGTAATATACATGCATTTTATTTTGATATGGAAGCCATGGAGAATAGTACT~CAATGCACGTGGTAAACCTTTACTAGTACATGTTCATGGTAATCC 840 

V S I I V Y I S A Y R D D V Q F R P L L K ~ G L L C I T K N D T V D Y N S F T I 

TGTTAGTATCATTGTTTACATATCAGCTTATAGAGATGATGTGCAATTTAGGCCGCTTTTAAAGCATGGTTTATTGTGTATAACTAAAAATGACACCGTTGACTATAATAGCT~AC~T 960 

N Q W R D I C L G D D R K I P F S V V P T D N G T K L F G L E W N D D Y V T A Y 

TAACCAATGG C GAGACATATGTTTGGGT GAC GACAGAAAAATAC CAT TCT CT G TAOTACC CACAGATAAT GGTACGAAATTAT T TGG TC TT GAG T GGAA T GA TGACTATG~A ~CTA 1080 

I S D E S H R L N I N N N W F N N V T L L Y S R T S T A T W Q H S A A Y V Y Q G 

TATTAGTGATGAGTCTCACCGTTTGAATATCAATAATAATTGGTTTAACAATGq~ACACTCCTATACrCACGTACAAGCACCGCCACGTGGCAACACAGTGCTGCATATGTTTA~ CAAC~ 1200 

V S N F T Y Y K L N K T A G L K S Y E L C E D Y E Y C T G Y A T N V F A P T S G 

T~TTTCAAATTTTACTTATTACAAGTTA~ATAAAACCGC~GGCTTAAAAAGCTATGAATTG?GTGAAGATTATGAATACTGCACTGGCTATGCAACCAAT~TTGC~A~T~ 1320 

G Y 1 P D G F S F N N W F M L T N S S T F V S G R F V T N Q P L L V N C L W P V 

TG G TTATA TAC CT GATGGATT CAG TT TT AACAAT TGG TT TA T GCT TACAAACACC TCCAC TT T TGT TAGTGC~CAGATT T G~F;~C~J~ATCAAC CGC TG ~ A~ T ~  G ~ ~ T C~ ~ 1440 

P S F G V A A Q E F C F E G A Q F S Q c N G V 5 L N N T V 0 V I R F N L N F T T 

~CCCAGTTTTGGCGTCGCAGCACAAGAATTTTGTTTTGAAGGTG~TCAGTTTAGCCAA~GTAACGGTGTTTCTTT~T~TACAGTAGATG~A~A~T~CCTT~TT~A~AC 1560 

r) V Q S G M G A T V ? S L N T T G G V I L E I 5 C Y N D T v S £ S S F Y 5 Y O E 

AGATGTACAATCTGGCATGGGTGCTACAGTAT~TCACTGAATACAACAGGCGGT~TCATTCTTGAGATTTCTTGTTATAA~CAGT~GAG~G7~T~A~TAT~ 1680 

[ P F G V T D G P R Y C Y V L Y N G T A L K Y ', G T L P P S V K E I A I S K W G 

AATTCCATTCGGCGTAACTC~ATGGACCACGT TACTGTTATGTACTCTACAATGGCACAGCTCTTAAGTATTTA~TT~CCTA~G~CTATT~T~ 1SQQ 

H F Y I N G Y N F F S T F P I D C I A F N L T T G A S G A F W T I A Y T S Y T E 

AC A'I~TT TAT ATTAATGGTTACAATTTC TTTAGCACG TT TCC TAT TC~ATT GTATAGC TTTTAATTTAACCACT GGT~TAG ~ G  CAT~ T~ ~T T~ ~A TAC~ ~ T A ~  1920 

A L V Q V E N T A 1 K K V T Y C N S 8 I N N I K C S Q L T A N L Q N G F Y P V A 

AG CAT TAG TACAAGTT GAAAAC~%CAG CTATTA/b~AAGGTGAC GTATTGTAACAGT CACAT TAATAA CA TCAAAT GT ~ T~CT TA C ~ T T  ~ G  ~T ~AC C ~ G ~ ~ 2040 

S S E V G L V N K S V V L L P S F Y S H T 5 V N I T 1 D L G M K R S V T V T I A 

q ~CAAGTGAAG TTGG T CT T GT CAATAAGAGTGTT GTG TTACTAC CTAGT TTC TATTCACA TACCAG TG TTAATATAAC TATTGA TC TTGGTA ~ C g  TAG ~ T TAC ~ ~A~ATA~ 2160 

S P L S N I T L P M Q D N N I D V Y C I R S N Q F S V Y V H S T C K S S L W D N 

CT CACCATTAAGTAACATCACACTAC CAATGCAGGATAATAACATAGAC GTG TACTG TATTC GTT CTAACCAATTCTCAGTTTATG TTCATTCCACTTC-CAAAAG TTCTrT&T GGGAT ~A 2280 



Sequence of 3" end of canine coronavirus RNA 2853 

N F N S A C T D V L D A T A V I K T G T C P F S F D K L N N Y L T F N K F C L S 

CAATFTTAATTCAGCATGTACCGACGTr TTAGACGCCACAGCTGTTATAA~CTGGTAC~'f GTC CTTTCT ~ T ~ T ~ T T  ~T~TTACT T~C T~ T ~  T~T TG~ 

L N P V G A N C K L D V A A R T R T N E Q V F G S L Y V I Y E E G D N I V G V P 

GTTGAATCcCGT~GGTGCCAAcTGTA-~GTTAGATGTTGCCC~C~CGTACAAC4%ACCAATC~A~A~T~G~ATA~T~TATATG~A~TAG ~G~GTACC 

S D N S G L H D L S V L H L D S C T D Y N I ¥ G R T G V G I I ~ K T N S T L L S 

GTCTGATAATAGTGGT TTGCACGATTTGTCAGTGTT GCACTTAGACTCTTGTACAGATTACAATATATAT GGTAGAAC TGGTGTTGGTATT ATTAGA~C TAACAG ~CTAC ~AG 

G L Y Y T S L S G D L L G F K N V S D G V V Y S V T P C D V S A Q A A V I D G A 

TC~ TATAT TACACATCACTATC~GATT TGTTAC~TT TTAAAAATG~'~AGTGATC~T~TTGTCTAC T~GT~CGCCATG~T~G~TGCTGTTA~GATG~ 

I V G A M T S I N S E L L G L T H W T T T F N F Y Y Y S I Y N Y T N V M N R G T 

CATAGTTGGAGCTAT GACT TCCATT~ATAGT GAACTG~AGGTCTAACT CATTGGAC~ACAACAC CTAAT TTT TAT TAC TACTC CATATATAATTATACAAATG T GAT GAAT C ~G~AC 

A I D N D I D C E P I I T Y S N I G V C K N G A L V F I N V T ~ S D G D V Q P I 

C~TT GATAATGATATTC, ATTGTGAACCTATCATAACATA~'f C T~TATAC~GTGTTTGT~TGC~AGCT TTG~T ~TATT~CG~A~CAT~ T ~TGGAGACG ~ C~C~T 

S T G N V T I P T N F T I 8 V Q V E Y I Q V Y T T P V S I D C A R Y V C N G N P 

TAGCACCGGTAATGTCACGATACCCACAAATTT~ACTATATCTGTGCAAGTCGAATATATTCAGGTTTACACTACACCAGTTTC~TAGACT~TGC~GATACGTTTG~TGGT~CCC 

R C N K L L T Q Y V S A C Q T I E Q A L A M G A R L E N M E I P S M L F V S E N 

AAGAT GCAATA~ TTATTAACACAATACGTTT CTGCATGTCA~ACTATT GAGCAAGC GCTTGCAAT GGGT GCCA GA~ T ~ T  ~AGA~ ~T TC CAT GT TAT T TG~ T CGG~ 

A L K L A S V E A F N S T E N L D P I Y K E W £ N I G G S W L G G L K D I L P S 

TGCCC TTAAAT TC~ATC T GTT(IAAGCAT TCAATAGTAC GC~TT TAGAC CCTATT TATAAAGAAT GGC CTAACAT T GG~G ~ C~ ~ C TAG~T TT~GATATAT TGC CA~ 

H N S K R K Y R S A I E D L L F D K V V T S G L G T V D E D Y K R S A G G Y D I 

TCATAATAGCA~%ACGTAAGTACC GCT CGGCTATAGAAGACTT GCT TTTT GATAAGGTT GTAACATC TG GC TTAGGT AC AGT TGA~GAT TAC~CG T TC TGCAGGTGGTTAT GACAT 

A D L V C A R Y Y N G I M V L P G V A N D D K M T M Y T A S L T G G I T L G A L 

AGCTGACTTAGTGTGTGCACGATA~TACAATGGCATCATC~TGCTACCTGGTGTAGCT~TGATGACAAGATGACTATGTACAcTGCATCTCTTACA~T~TAT~CATTA~GCA~ 

S G G A V A I P F A V A V Q A R L N Y V A L Q T D V L N K N Q Q I L A N A F N Q 

TAGTGGTGGCGCAGTGGCT AT ACCTTTTGCAGTAC-CAGTTC AGGCTAC=ACTT ~ATTATGT~CTCTAC~ GAT ~ ATT ~ C C  ~C ~T CTT ~CT~TG~ T TC~T ~ 

A I G N I T Q A F G K V N D A I H Q T S K G L A T V A K A L A K V Q D V V N T Q 

AGC TATTGGTAACAT TACACAGGCATTTGGTAAGGTTAATGACGC TATACAT C~ACATCA/LAAGG TC~Cr GCTACTGT TGCT~G CATTG G~G @G~GATGT TG ~CACG ~ 

G Q A L S H L T V Q L Q N N F Q A I S S S I S D I ¥ N R L D E L S A D A Q V D R 

AGGTCAAGCTT TAAGC CAC CTAACAGTACAAT TGCAAAACAATT TTCAAGCCATTAGCAGTTCTATTAGT G AC ATT TAT AACAGGCT TGAT GAATTGAG TGC TGATGC ACAAGTT GACAG 

L I T G R L T A L N A F V S Q T L T R Q A E V R A S R Q L A K D K V N E C V R S 

GC T GA~Yf ACAG GACGACT TACAG CAC ~'f AAT GCATTT GT~CTCAGACTT TAACCAGAC~GCAGAGGTTAGGG~AG TAGAC~C TTG ~GAC~G GTT~TG~T~ G ~A~TC 

Q S Q R F G F C G N G T 8 L F S L A N A A £ N G M ~ F F H T V L L P T A Y E T V 

TCAAT CCCAGAGAI~f T GGAI~f CTGTGGTAATGGTACACATT TGT TTTCAC TT GCAAATGC GGCAC CAAAT GC~ATGATTTTCT TTCACACAG TGC TATTACCAACAG C TTAT GAAACTGT 

T A W S G I C A S D G S R T F G L V V E D V Q L T L F R N L D E K F Y L T P R T 

GACGGCCTGGTCAGGTAT T TGTGCGT CAGATGGCAGTCGCACTT TTGGACq'PGTTGT T GAGGATGT CC AGC TGACGCTA~TCG~TAGATG~TTA~ T ~CG CCCA~C 

M Y Q P R V A T S S D F V Q I E G C D V L F V N G T V I E L £ S I I P D Y I D I 

TATGTATCAGCCCAGAGTT GCAACTAGTTCTGATTT TGTTCAAATAGAAGGCTGT GATGTGTTGTTTG~'FAAT GGAACTGTAAT TGAAT TGC CTAGTATCATACC TGACTATATCGATAT 

N Q T V Q D I L E N F R £ N W T V P E L P L D I F H A T Y L N L T G E I N D L E 

TAATCAAACTGTT CAGGACATATTAGAAAATT TCAGACCA~ATTGGACT GTAC CCGAGTT GCCACTTGACATT TTT CAT GCAACCTACT TAAACC TGAC T GGTGAAAT TAATGAC TTAGA 

F R S E K L H N T T V E L A I L I D N I N N T L V N L E W L N R I E T Y V K W P 

ATTTAGGTCAGAAAAG%~fACATAACACCACAG TAGAACTTGCTATTCTCATT GATAATATTAATAACACATTAG TCAATCTTGAAT GGC TC~ACAGAATT GAAACTTATGTA~TGGCC 

2400 

2520 

2640 

2?60 

2880 

3000 

3120 

3240 

3360 

3480 

3600 

3720 

3840 
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4080 

4200 
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4440 
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4680 



2854 B. C. Horsburgh, I. Brierley and T. D. K. Brown 

W Y V W L L I G L V V I F C I F I L L F C C C S T G C C G C I G C L G S C C H $  

~ A T ~ T ~ A ~ T ~ A G T A G T ~ T A ~ T ~ A T A T ~ A ~ G ~ G ~ A ~ A ~ T ~ G ~ T ~ A ~ G ~ T ~ A G G ~ G ~ T ~ C A T ~  

I C S R G Q F E S Y E P I E K V H V H *  

C A T A T ~ A ~ A ~ T T T C ~ T A T ~ T A T T C ~ C A T G ~ C A C ~ T ~ T G ~ G ~ T A C T A T ~ T ~ A ~ C C C ~ G ~ C A C ~ G ~ A T A T ~ G  

4800 

GTGGTGTCGTAATTCATACCAGTCAATTTTAGCATTAATA~CACACTTCTATGGCTGGTAATACC GGTTATATAT~TG ~T ~ T  T ~ T ~  TAT ~ CA~AC 5040 

3a M D I V K S I D T S V D A V L D E F D C A Y F A V T L K V E F K T G K Q L 

AGGTCTTGTATGGACATTGTCAAATC TAT TGACACATCCGTAGACOCTGTAC TT~CC~AATTT~T~ATA~G~CT~ T ~ G T A ~ G T ~ G A C T ~ T ~ C ~  5160 

V C I G F G D T L L E A K D K A Y A K L G L S I I E E V N S H T V V * 

3~( M L N L V S L L L K K S I V I Q L F D I T V Y K 

GT GTGTATAGGTTTTGGTGATACACT TTTAC, AGGC TAAGGAC.~AAC~TATC~CTA~CTTGG TCTCT CTATTATT ~ G ~  ~ T ~ T  ~TACAGTTG~T ~TATTA~ G~TAT~ 5280 

F K A K F W Y K L P F E T R L R I I K H T K P K A L S A T K Q V K R D Y R K T A 

GT TTAAGGCCAAATTTTGGTACA~TTAC CT TTT C~CTAGAC TTC GTATCATT~ACACACA~CCTAAAGCATT~GTG CTAC~C ~G T~GAGAGATTATA~ ~ 5400 

3~ M I G G L F L N T L S F V [ V S N H V I V N N T A N V H H T Q * D 

I L N S M R K * 

CAT TCTAAATT CCAT GAC~TGATTGGTGGACT~TTTCTTAACACTCT GAGTT TT~TA ATTGTTAGCAACCATGTCATT GTT AACAATACAGCA~T GTGCAT CACACACAAT~GAC 5520 

H V I V Q Q H Q F V S A R T Q N Y Y F E F S I A V L F V S F L A L Y R S T N F K 

CATGTTATAGTACAACAACATCAGTTTGTTAGTGCTAGAACAC~TTACTACCCGGAGTTCAGCATTGCTGTACTCT TTGTATCCTTTCTAGCTTTGTACCGTAGTACAAACTTTAAG 5640 

T C V G I L M F K I V S M T L I G P M L I A F G Y Y I D G I V T T I V L A L R F 

AC G TGTGT CGG TATC TTAATG TTTAAGAT TGTAT CAATGACACTTATAGGAC CTATGC TTATAGCATT TGG TT ACTACATT GAT GGCAT TG T TACAACAA TT GT C TTA GCTT T~GAT TT 5760 

I Y V S Y F W Y V N N R F E F I L Y N T T T L M F V H G R A A P F M R S S H S S 

AT T T A C G T AT C AT AT T TC T C,G T A T GT T AATAATA GAT TT C~ TT C AT T T T AT A CAAT A C G AC G A C A C T CA T G T T T G T A CAT GG C A G A CK7 T G C AC C G T T T A T G A GAA G T T C T C A CA G CT C T 5880 

I Y V T L Y G G I N Y M F V N D L T L H F V D ? M L V S I A T R G L A H A D L T 

ATT TATGTCACATTG TAC GGTGGCATAAATTATATGT ~T GT GAATGACC TCAC GT TGCATTT T GTAGACCC TAT GC TT G TAAGCATA CCAAC ACG TGGC T TAGC T CAT GC TGA TC TAACT 6000 

V V R A V E L L N G D F I Y V F S Q E P V V G V Y N A A F S Q A V L N E I D L K 

GT TGT TAGAGCAG TTGAACTT CTCAAT GGTGATTT TAT TTATGTAT TTT CACAG GAG CC CG TAG TCGG TG TT TACAAT GCAGC C TT TT C TC AGG CGG TT C TTkAAC C~TT GAC TT~%AA 6120 

E E E E D H I Y D V P S G I D C H R * 

4 M T F P R A L T V I D O N G M V I S I I F W F L L I I I L I L F S 

GAAGAAGAAGAAGA~CATATCTATGACGTTCCCTCGGGCATTGA~TGTCATAGATGACAATGGAATGGTCATTA~TAT~ATTTTCTGGTTCCTGTTGATAATTATAT T~TATTAT~TC 6240 

i A L L N I I K L C M V C C N L G R T V I I V P A R H A Y D A Y K N F M Q I R A 

AATAGCAT TGC TAAATATAATTI%AGC TAT GCATGGTATG q'f GCAATTTAGGAAC~%ACAGT TAT TAT TG TT C CAG CT CGACATGC CT A TGAT G CC TATAAGAATT T TAT GCAAATTA GAC47 6360 

Y N P D E A L L V * 

M K K I L P L L A C A I A C V Y G E R Y C A M T E S S 

ATAC~CC CTGATGAAC-CACT CCTTGT TTGAAC T~AACA~T GAAG~TTTTGTTT TTAC TAG CG T GT GC~T T C~CAT G CGTC TAT GGA ~CG~A ~ G TGCCAT~C T ~ G ~  6480 

T S C R N S T A G N C A S C F E T G D L I W H L A N W N F S W S V I L I I F I T 

CTACG TCATGT CGTAATAGCACGGCT GGCAACTGTGC TTCATGCTTCGAAACAGG TGA TC TTATTT GGCATCTT GCAAACT GGAACT TCAG CTGGTCTG TAATATTGATCAT T TTTATAA 6600 

V L Q ¥ G R F Q F S W F V C G I K M L I M W L L W P I V L A L T I F N A Y L E Y 

CAGTGTTACAATATC~NAAGAC CTCAATTTAC-C TGGTTCGTGT GTGC, CATTAAAATGCT TATTA TG T GGCT GTTATGGCC CATTG~T TAGC T CTTAC GAT TT TT AAT GCATAC CT G GAAT 6~20 

R V S R Y V M F G F S V A G A T V T F I L W I M Y F V R S I Q L Y R R T K S W W 

ACC GAGTT TCCAGATATGTAATGT TCGGC~TTAGTGT TGCAGGTGCAACTGTTACATTTATACTTT GGAT TAT GTATT T TGTTAGATCCATT CAGTTATACAGAAGGACTAAGTCT TGGT 6840 

S F N P E T S A I L C V S A L G R S Y V L P L E G V P T G V T L T L L S G N L C 

GGTCTTTCAACCCTGAAACTAGCGCAATTCTTTGCGTTAGTGCGTTAGGAAGAAGCTATGTGCTTCCTCT TGAAGGTG TGC CAACTGGTGT CACTCTAACAT TGCTT TCAGGC~AAT TTGT 6960 
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A E G F K I A G G M N I D N L P K Y V M V A L P,V R T I V Y T L V G K K L K A S 

GT GCT GAA GGG TT CAAAATTG CAGGT GGTATGAACATCGACAATT TA CCA~TATG TAATGGTT G~ ~A CC T~ ~ C C A T A G ~ T A C A C A ~ T G T T G ~ G ~ ~  7080 

S A T G W A Y Y V K S K A G D Y S T D A R T D N L S E H E K L L H M V * 

GTA GT GCAACAGGA TGGG C TTACTAT GTA~GT CTAAAGC T GG TGATTACT CAACAGAT CCACG~CT ~T~TFT ~ ~ ~GCAT ~ A ~ A C A  TAT ~TA T~C T~C ~ 7200 

M A S Q G Q R V S W G D E S T K R R G R S N S R G R K N N D I P L S F F N P I T 

AAATGGCC TCT CAGGC~ACAAC GT GTCAGTTGCC.~AGATC~T CC KCC AAC=AGACC~CGGTCGT T CT ~T~T ~T~CCG~G~T ~T ~T AT ACC~T ~ ~TTC TTC~CCCCAT TA 7320 

L E Q G S K F W D L C P R D F V P K G I G N K D Q Q I G Y W N R Q T R Y R M V K 

CCCTCGAGCAAGGATCAAAGTTTTGGGACTTATGTCCGAGAGACTTTGTACCCAAAGGAATAGGTAATAAGGATCAACAAATTG~TATTGG~CAG~CCCGTTATCGCATG~ 7440 

G R R K N L P E K W F F Y Y L G T G P H A D A K F K Q K L D G V V W V A R G D S 

AGGGTCGACGTAAAAATCTTCCTGAAAAGTGGTTC~TCTACTATTTAGGAACTGGACCTCATGCTGATCCCAAATTTAAGCAAAAATTAGATGGAGTTGTCTGGGTTGCTAGGGGAGATT 7560 

M T K P T T L G T R G T N N E S K A L K F D V K V ? S E F H L E V N Q L R D N S 

~CATGACTAAGCCAACAACTCTTGGTACTCGTGGCACTAATAATGAATCAAAGGCTTTGAAATTCGATGTCAAAGTACCAT CAGAATTTCACCTT GAAGTGAACCAATTAAGGGACAA~ 7680 

R S }% S Q S R S Q S R N R S Q S R G R Q L S N N K K D D N V E Q A V L A A L K K 

CAAGGTCTAGGTCTCAATCTAGATCTCAGTC CAGAAATAGGTCTCAA TCTAGAGGAAGGCAACTATCCAATAATAAGAAGGATGACAATGTTGAACAAGCTGTTC~GCT~A~C~ 7800 

i G V D T E K Q Q R S R S K 8 K E R S S S K T R D T T P K N E N K H T W K R T A 

AG T TA GG T GT T GA CACAGAAAAA CAA C.AAAGA TC TC GTT C CAAAT CTAAGGAACGTAGCA GCT CI AAGACAAGAGATA CTACA C CTAAGAAT GA AAAC~CAC A CC T ~GAG~CTG 7920 

G K G D V T K F Y G A R S S S A N F G D S D L V A N G N G A K H Y P Q L A E C V 

CAGGTAAAGGTGATGTGACAAAATTTTATGGAGCTAGAAGTAGTTCCAGCCAATTTTGGTGACACCGATCTTGTTC~CCAATGGG~CG~C~G~ACCCAC~C TG~T~TGTG 8040 

? S V S S ~ L F G S H W T A K E D G D Q I E V T F T H K Y H L F K D D P K T G Q 

TTCCATCTGTATCTAGCATTCTG TTTGGAAGCCATTGGACTGCTAAGGAAGATGGTGACCAGATTGAAGTCACATTCACACACAAATACCACTTGCCAAAC/3ATGATC~GACT~AC 8160 

F L Q Q I N A Y A R P S E V A K E Q R Q R K A R S K S V E R V E Q E V V P D A L 

AATTCCTTCAGCAGATTAATGCAT~/CGC~GTCCATCAGAGC~TGGCTAAACj~ACAGAGA~AACGCAAAC,CTCGTTCTAAATCTGTAGAAAGGGTA~G~GTA~CT~T~AT 828q 

~a M t V F L B A V F I T V L l L L 

T E N Y T D V F D D T Q V E I I D E V T N * 

TAACAGAAAATTACACAGATGTGTTTCATGACACACAGGTTGAGATTATTGATGAGCT~ACGAA~GAATGCTCGTTTTCCTCCAT~TGTGTTTATTA~T~TACTA 8400 

L I G R L Q L L E ~ L L L N H S L N L K T V N N V L G V T H T G L K V N C L Q L 

CTAATTGGTAGACTCCAATTATTAGAAAGATTATTACTTAATCACTCTCTTAATCTTAAAACTGTCAATAATGTTTTAGGTGTGACTCACAC TGGCCTAAAAGTAAATTGCTTACACCTC 8520 

L K P D C L D F N I L H R S L A E T R L L K V V L R V I F L V L L G F C C Y R L 

TTGAAACCAGA CTGTCTTGATTTTAACATCTTACATAC=GAGTTTGGCAGAAACCAGATTACTAA~J{ -~TAGTACTTCGAGTAATCTTTCTAGTTCTACTAGCGTTTT GCTGCTATAGATTG 8640 

~ v T ~ F' . 7b 

M K F V I h V L C L S F ~ N G Y G I K ~ M V Q E H D L K D S H E I~ 

TTAGTCACATTATTTTAACATCATC~TTTGTGATTCTTGT~fTGTGTCTTTCTTTTGTGAATGGATATGC~G~TGT~G~CATC~CCT~GA~CCCAT~AG~ 8760 

? T M T W E L L E K F V G N T L Y I T T P Q V L A L P L G A Q I Y C 0 E I E G F 

TCCAACCATGAr ~ATGGGAACTATTAGAA/~TTTGTTGGAAACACCCTTTACATCACAACACCTCAAGTGCTTGCACTACCATTAGGTGCACAAATATATTGTGATGAAAq~ FGAAGGATT 8880 

Q C S W P G Y K N Y A H D H T 0 F H F N P S N P F Y S F V D T F" Y V S L G D S A 

TCAATGTTCTTC~GCCAGGTTAT~J~AAATTATGCCCATC~ATCATACTGATTTTCATT'FCAATCCCTCTAATC CATTCTATTCCTTTGTGC~ATACTTTTTATGTTTCCTTAG~GATA~C~ 9000 

D K I Y L R V I S A T S R E K M L N I G C H T S F S V N h J~ I G T Q I Y H D K D 

GGATAAAATTTATCTTAGAGTGATTAGTGCAACATCTAGAGAGAAAATGTTGAATATTC,GTTGTCACACATCTTTCTCAGT~CCTTCC~A~GC~CTc~T~AC~ATGAC~G~ 9120 

M K L L V E G R 8 L E C A H R I Y F V K Y C P Y H T H G Y C F D D K L K V Y D L 

CAT GAAAC ~C TT GT C GAACT_~AAGACAT CTT GAG TGT GCTCACAGAATTTAC Tq~f GTGAAGTATTG ~ ~TAC CATACA ~ G~A~ ~ T ~ ~T ~ C ~  T~TCTAT ~T~ 9240 
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K R V K S R K D F E K I S Q Y Q K S E L * 

GAAGCGTGTCAAAAGCAGGAAGGATTTTGAGAAAATCAGCCAATATCAGAAAAGTGAG TTGTAAGGCCACCCGATGTT TAAAATGGT~ C C~ ~TTACTG ~CATCG C ~T ~ 9360 

ACT CTTGTACAGAATGGTAAGCCAAGTGTCAATAGGAGGTACAAGCAACC TAT TGCATAT TAG GAAGT TTAGATTT CAT TT GGCAAT GC TAGATT TA~TTTA ~ G ~  T T~GAG 9480 

T CC GTAT GAC GAGOCAACAATQG~&~QCTAACGT CT GGAT CTAGTGATT GT TTAAAATG TAAAATTGT T T GAAAATTTT C CT TTT GATAG TGA TT C A C C ~  9600 

9620 

Fig. 2. Sequence of the extreme 3' 9624 nucleotides of the CCV genome and the deduced amino acid sequences encoded by the ORFs. 
The consensus intergenic sequences are underlined. The octanucleotide sequence conserved in the 3' non-coding region of all 
coronaviruses is shown in bold. The predicted ORFs are translated into the single-letter amino acid code. The putative signal peptides 
for S and M proteins are underlined. 

CCV 

5 I 3 7 
I 2 6 6 

I i 4 I I 

I Replication and transcription 

~ A n mRNA 1 

Cap ~ A n mRNA 2 

C a p ~  An mRNA 3 

C a p ~  An mRNA4 

Cap ~ A n mRNA 5 

Cap ~ A n mRNA 6 

Cap An mRNA 7 

Fig. 3. Gene and subgenomic message organization predicted from the sequence data and Northern blot analyses cited in Results. 
Genes are designated according to the recommendations of the coronavirus study group (Cavanagh et al., 1990a, b). ORFs are 
represented by boxes. The vertical line in ORF 3b represents a stop codon and the black boxes represent leader sequences. Numbers 
represent ORFs encoded by that message. 

Table 1, Pairwise sequence homology between CCV and 
FIPV, TGEV, PRCV and M H V  ORFs 

Pairwise identity (%) 
CCV* No. of 
ORF Mf × 10 -3 amino acids FIPV TGEV PRCV MHV 

I b NKt 168~ 95,2 96.4 52.7 
2 (S) 160 1452 91.1 79 74.7 23,4 
3a 8.6 71 NK 83,5 48.8 
3b 28.4§ 251 NK 92,7 92.6 
4 (SM) 9.3 82 NK 88.4 88.4 
5 (M) 29.5 262 83.7 88,3 86.3 30.3 
6 (N) 43-4 401 76.4 89.6 86.9 27-3 
7a 11.5 101 78.4 68.5 68 
7b 29.4 213 57 

* ORF 3x is not included (see Results). 
t NK, Not known. 
~C Incomplete. 
§ Disregarding terminator, otherwise Mr = 4000. 

possibility that  such an R N A  may be synthesized at a low 
level must  be considered because a C T A A A C  signal was 
observed. Similarly, in the case of F I P V  strain 79-1146 
no R N A  has been detected between R N A  3 and the 
m e m b r a n e  polypeptide R N A  (de Groot  et al., 1987) but 
the possibility of an equivalent  of the T G E V  R N A  4 has 
been alluded to (de Groot,  1989). Thus,  the number ing  
convent ions  employed do not deal adequately with the 
variat ions in expression strategy observed in this region 
of genome within  this group of closely related viruses. 

ORFs encoded by mRNAs  1 and 2 

O R F  1 is incomplete,  has no A U G  start codon, encodes 
168 amino  acids and terminates  in a U G A  stop codon 
at posi t ion 510 (Fig. 2). A compar ison  of this O R F  
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l 2 

Fig. 4. Northern blot analysis of IBV Beaudette mRNA size markers 
(lane 1) and CCV strain Insavc-1 (lane 2) mRNAs. Unlabelled 
intracellular RNAs were separated by formaldehyde gel electro- 
phoresis. The RNAs were transferred to a membrane filter and 
hybridized with radiolabelled inserts IBV-N and pBH5, respectively. 
IBV-N, a PCR product of the IBV Beaudette N gene was kindly 
supplied by Dr David Cavanagh. No CTAAAC motif which could give 
rise to a messenger species was found between the CTAAAC motifs 
associated with the messenger species 6 and 7. 

with TGEV strain FS772/70 shows 99.2~o similarity to 
lb and 47 and 52.7~ identity to genes lb of avian 
infectious bronchitis virus (IBV) and MHV, respectively 
(Britton & Page, 1990; Boursnell et al., 1987; Bredenbeek 
et al., 1990). Thus, this ORF represents the 3' end of 
the putative polymerase-encoding region of genome 
mRNA 1. 

ORF 2 located immediately downstream of the 
polymerase gene would be translated from the 9-1 kb 
subgenomic message 2. This ORF is 4356 nucleotides 

long representing 1452 amino acids with a calculated Mr 
of 160K. Comparison of this ORF with sequences held in 
the EMBL database reveals remarkably high identity to 
the FIPV spike glycoprotein-encoding sequences 
(91.1 ~) and, to a lesser degree, the porcine virus S genes 
(Table 1), indicating that this is the CCV S gene. In some 
strains of MHV, the haemagglutinin-esterase glycopro- 
tein gene (HE) is found downstream of the polymerase 
gene (Luytjes et al., 1988) but it is clear that CCV, like 
TGEV and IBV, encodes only the polymerase gene 
upstream of the S gene (Britton & Page, 1990; Boursnell 
et al., 1987). 

The CCV S protein shows features characteristic of a 
type I membrane protein, i.e. a putative signal sequence 
(Von Heijne, 1986; positions 506 to 563; Fig. 2) and 
transmembrane domain (positions 4682 to 4742; Fig. 2). 
There are also 30 potential N-glycosylation sites which 
probably account for the increased size of the S protein 
found in the virion (Garwes & Reynolds, 1981). 

ORFS encoded by mRNAs 3 and 4 

There are four ORFs distal to the S gene coding sequence 
which are likely to be encoded by messages 3 and 4 (Fig. 
3). Three of these have close similarity to their porcine 
virus counterparts and have been named 3a (8-6K), 3b 
(28.4K) and 4 (9.3K) (Table 1). The fourth ORF, which 
to date has not been detected in this group of viruses, 
could potentially encode a 71 amino acid protein with a 
predicted M~ of 10K and overlaps ORFs 3a and 3b (Fig. 
2 and 3). This ORF has been designated 3x. The CCV 3b 
ORF was expected to encode a 28K protein like its 
TGEV counterpart (Jacobs et al., 1986). However, this 
strain of CCV has acquired a termination codon, UAA 
(at position 5515; Fig. 2), which would result in a 
truncated polypeptide of only 33 amino acids. Direct 
sequencing of the viral genomic and mRNAs has 
confirmed the authenticity of this stop codon (data not 
shown). The CCV 4 0 R F  encodes a small membrane 
protein that is related to the 3c product of IBV (Fig. 5). 

Message 4, as predicted from our sequence data, was 
detected in Northern blots (see Fig. 4). This message 
could only express ORF 4, as the proposed signal for 
transcription, CTAAAC, is found 43 nucleotides up- 
stream of the predicted ORF 4 start codon. This 
arrangement is found in a number of strains of TGEV. 

ORFs encoded by mRNAs 5, 6 and 7 

Messenger RNA species 5 and 6 encode ORFs which 
resemble the coding sequences for the other coronavirus 
structural proteins, M and N, respectively (Table 1). 
Translation of poly(A)-selected CCV intraceUular RNA 
in the rabbit reticulocyte lysate system produced pro- 



2858 B. C. Horsburgh, I. Brierley and T. D. K. Brown 

IBV-Beaudette 

CCV-Insavc-i 

TGEV-Miller 

MHV-JHM 

BCV-Mebus 

MMN LLNK S LEENGSFLTALY I IVGFLALYLLGRALQAFVQAADACC LFWY TWVVI 

MTFPRALTVI DDNG~IVIS I IFWFLLI I I.LILFS IALLNI IKLCMVCCNLGRTVI IV 

MTFP RALTVI DDNGMVI S I IFWFLLI I ILILLS IALLNI IKLCMVCCNLGRTVI IV 

MFNLFLTD TVWYVGQI IF IVAVC~ I IVVAFLAS IKRC I QLCGLCNTLLL S 

MFMADAYFADTVWYVGQI IFIVAICLLVI IVVVAFLATFKLC I QLCGMCNT LGLS 

Hydrophobic region 

IBV-Beaudette 

CCV-Insavc-i 

TGEV-Miller 

MHV-JHM 

BCV-Mebus 

PGAKGTAFVYKYTYGRKLNNPELEAVIVNEFPKNGWNNKNPANFQDAQRDKLYS 

PARHAYDAYKNFMQIRAYNPDEALLV 

PVQHAYDAYKNFMRIKAYNPDGALLV 

PSIYLYNRSKQLYKYYNEEVRPPPLEVDDNIIQTL 

PSIYVFNRGRGFYEFYNDVKPPVLDVDDV 

Fig. 5. Alignment of the putative small membrane protein amino acid sequences from five different strains of coronaviruses. The 
hydrophobic core is shown in bold. Asterisks represent conserved features. 

ducts of the sizes expected for M and N when analysed 
by SDS-PAGE (data not shown). ORFs 7a and 7b 
are likely to be encoded on a single RNA species (mRNA 
7) since smaller messages were not seen on Northern 
blots, nor is another message predicted from the 
sequence data. Furthermore, an equivalent RNA in 
FIPV is thought to be bicistronic (de Groot et al., 1988) 
and the levels of identity between the 7a and 7b ORFs of 
CCV and the 6a and 6b ORFs of FIPV are 78.4~ and 
57 ~ respectively. Alignment of this region of CCV with 
the related regions of TGEV and PRCV reveals that the 
7a ORF of the porcine coronaviruses has undergone a 
deletion of 69 nucleotides and furthermore they have no 
counterpart to ORF 7b. Nevertheless, the CCV struc- 
tural protein ORFs, with the exception of S, have higher 
identities to TGEV than to FIPV ORFs. 

Discussion 

In this study approximately 9.6 kb of the 3' end of the 
CCV strain Insavc-1 genome was cloned and sequenced. 
This region is likely to include all of the viral genes 
excluding the polymerase gene for which only the 3'- 
terminal 168 amino acids have been determined. 
Therefore, a substantial part of the virus' genetic 
information was available for comparison with other 
antigenically related coronaviruses, namely TGEV, 
PRCV and FIPV. The deduced sequence and genetic 
organization of CCV are shown in Fig. 2 and 3, 
respectively. 

From antigenic data and cross-infectivity studies, the 
viruses within this group have been termed 'host range 
mutants' (Horzinek et al., 1982). This close evolutionary 
relationship is emphasized by our analyses of the CCV 

sequence data. The CCV spike protein is closely related 
to the other spikes and has the features typical of 
coronavirus peplomer glycoproteins. Any variation in 
the sequence of this protein within the group presumably 
reflects changes in cell tropism, drift as a result of 
polymerase errors and selection by the host's immune 
system. Similarly, interspecies comparison of the other 
structural proteins, M and N, revealed very high levels of 
identity (Table 1). Alignment of the M gene product 
amino acid sequences revealed that any variation was 
primarily found on what would be the exposed amino 
terminus of the protein (amino acids 22 to 44; Fig. 2), i.e. 
between the putative signal sequence (Von Heijne, 1986) 
and the first transmembrane domain. However, the 
single potential N-glycosylation site and the three 
cysteine residues are conserved. These cysteine residues 
are probably important in forming interchain disulphide 
bridges, as M of HCV-229E has been shown to form 
oligomers under non-reducing conditions (Arpin & 
Talbot; t990)~ The variation in this region is again 
probably a result of selection pressure from the host's 
immune system. Interestingly, alignment of the N gene 
amino acid sequences indicated that FIPV N has 
diverged to a greater extent than those of both CCV and 
TGEV (Fig. 6). This is unusual as N proteins are 
normally highly conserved; alignment of N gene amino 
acid sequences from five isolates of MHV showed at least 
90~  identity (Masters et al., 1990). Nevertheless, 
variation was mainly clustered in two regions of the N 
molecule, between positions 204 and 210, and 352 and 
359 (Fig. 6). It has been proposed that these two loci 
represent spacers, which have little sequence specificity 
but connect conserved domains of the molecule involved 
in interaction with the RNA genome (Masters et al., 
1990). 
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PRCV 
TGEV 
CCV 
FIPV 

PRCV 
T GEV 
CCV 
FIPV 

PRCV 
TGEV 
CCV 
FIPV 

PRCV 
TGEV 
CCV 
FIPV 

PRCV 
TGEV 
CCV 
FIPV 

PRCV 
TGEV 
CCV 
FIPV 

NP 
NP 
NP 
NP 

NP 
NP 
NP 
NP 

NP 
NP 
NP 
NP 

NP 
NP 
NP 
NP 

NP 
NP 
NP 
NP 

NP 
NP 
NP 
NP 

60 
MANQGQRVSWGDESTKIRGRSNSRGRKINNIPLSFFNPITLQQGAKFWNSCPRDFVPKGI 
MANQGQRVSWGDESTKTRGRSNSRGRKNNNIPLSFFNPITLQQGSKFWNLCPRDFVPKGI 
MASQGQRVSWGDESTKRRGRSNSRGRKNNDIPLSFFNPITLEQGSKFWDLCPRDFVPKGI 
MATQGQRVNWGDEPSKRRGRSNSRGRKNNDIPLSFYNPITLEQGSKFWNLCPRDLVPKGI 

120 
GNRDQQIGYWNRQTRYRMVKGQRKELPERWFFYYLGTGPHADAKFKDKLDGVVWVAKDGA 
GNRDQQIGYWNRQTRYRMVKGQRKELPERWFFYYLGTGPHADAKFKDKLDGVVWVAKDGA 
GNKDQQIGYWNRQTRYRMVKGRRKNLPEKWFFYYLGTGPHADAKFKQKLDGVVWVARGDS 
GNKDQQIGYWNRQIRYRIVKGQRKELAERWFFYFLGTGPHADAKFKDKIDGVFWVARDGA 

180 
MNKPTTLGSRGANNESKALKFDGKVPGEFQLEVNQSRDNSRSRSQSRSRSRNRSQSRGRQ 
MNKPTTLGSRGANNESKALKFDGKVPGEFQLEVNQSRDNSRSRSQSRSRSRNRSQSRGRQ 
MTKPTTLGTRGTNNESKALKFDVKVPSEFHLEVNQLRDNSRSRSQSRSQSRNRSQSRGRQ 
MNKPTTLGTRGTNNESKPLRFDGKIPPQFQLEVNRSRNNSRSGSQSRSVSRNRSQSRGRH 
********************** *.* * **** * **** **W** ********** 

240 
QSNNKKDDSVEQAVL~.LKKLG~JY~t:/SRSKSKERSNSKTRDTTPKNENKHTWKRT 
QFNNKKDDSVEQAVLAALKKLG~DTEKQQ~RSRSKSKERSNSKTRDTTPKNENKHTWKRT 
LSNNKKDDNVEQAVLAALKKLGV~TEKQQ~RSRSKSKERSSSKTRDTTPKNENKHTWKRT 
HSNNQ-NNNVEDTIVAVLEKLG~-TDKQ:-~RSRSKPRERSDSKPRDTTPKNANKHTWKKT 

** .... ** .... *'*.****I *-* ******************************* 

3O0 
AGKGDVTRFYGARSSSANFGDSDLVANGSSAKHYPQLAECVPSVSSILFGSYWTSKEDGD 
AGKGDVTRFYGARSSSANFGDTDLVANGSSAKHYPQLAECVPSVSSILFGSYWTSKEDGD 
AGKGDVTKFYGARSSSANFGDSDLVANGNGAKHYPQLAECVPSVSSILFGSHWTAKEDGD 
AGKGDVTTFYGARS$SANFGDSDLVANGNAAKCYPQIAECVPSVSSIIFGSQWSAEEAGD 

QIEVTFTHKYHLPKDHPKTEQFLQQINAYACPSEVAKEQRKRKSRSKSAEFSEQEWPD 
QIEVTFTHKYHLPKDDPKTGQFLQQINAYARPSEVAKEQRKRKSRSKSAEFSEQDWPD~ 
QIEVTFTHKYHLPKDDPKTGQFLQQINAYARPSEVAKEQRQRKARSKSVEFVEQEWPD~ 
QVKVTLTHTYYLPKDDAKTSQFLEQIDAYKRPSEVAKDQRQRRSRSKSAD~ ~PEEL-SV~ 

PRCV NP 
TGEV NP 
CCV NP 
FIPV NP 

LIENYTDVFDDTQVEMIDEVTN 
LIENYTDVFDDTQVENIDEVTN 
LTENYTDVFDDTQVEIIDEVTN 
LVEAYTDVFDDTQVEMIDEVTN 

Fig. 6. Alignment of the nucleocapsid protein amino acid sequences from PRCV strain 86/137004 (Britton et  al.,  1991), TGEV strain 
FS772/70 (Britton & Page, 1990) CCV strain Insavc-1 (this paper) and FIPV strain 79-1146 (Vennerna et  al.,  1991) using the CLUSTAL 
program (Higgins & Sharp, 1989). The asterisks below the sequences show identical amino acids in all four viruses and a dot is used if 
there has been a conservative substitution. The minus signs represent deletions. The boxed areas represent putative spacer regions 
(Masters et  al., 1990). 

The ORFs that lie between the S and M genes have, 
like the other ORFs so far analysed, a high degree of 
identity to their porcine virus counterparts (Table 1) 
and presumably perform similar functions. A previously 
undetected ORF, 3x, was identified which could poten- 
tially encode a 10K polypeptide. However, codon usage 
and base preference programs of Staden (1982) suggest 
that this ORF does not encode a functional viral protein. 
Furthermore, the proximal AUG is in a poor context for 
translation initiation (Kozak, 1986) and the only other 
AUG is found at the very 3' end of the coding sequence. 
Therefore, it is very unlikely that this ORF is expressed 
in this strain of CCV and it probably represents an 
evolutionarily redundant sequence which is no longer 
required by the virus. Analysis of TGEV genomic 
sequence in this region revealed a counterpart for this 
canine virus pseudogene; 92 nucleotides have, however, 

been deleted. This deletion also results in a frameshift in 
the sequence which explains why this ORF has not 
hitherto been noticed (Fig. 7). In addition to the likely 
non-functionality of ORF 3x, it is also unlikely that ORF 
3b is expressed in this strain of CCV. Although a 
transcription signal, CTAAAC, is present upstream of 
ORF 3b (Fig. 2, position 5213), we were unable to detect 
an mRNA of the predicted size on Northern blots. Even 
if low-level transcription occurs from this site, it is 
unlikely that ORF 3b is expressed as there is a 
termination codon (UAA) some 93 nucleotides down- 
stream of the first AUG and subsequent AUG codons 
are in poor contexts for ribosome binding (Kozak, 1986). 
In fact, in vitro transcription and translation of this ORF 
did not yield any discernible products by SDS-PAGE 
analysis (data not shown). Alignment of ORF 4 amino 
acid sequences disclosed features in common with the 
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CCV Insavc-1 
TGEV FS772/70 
PRCV 86/137004 

A t 
MLNLVSLLLKKSIVIQLFDI 
MLSLVSPLFKK ......... 

CCV Insavc-i TVYKFKAKFWYKLPFETRLR 
TGEV FS772/70 .................... 
PRCV 86/137004 .................... 

CCV Insavc-i IIKHTKPKALSATKQVKRDY 
TGEV FS772/70 --KHTKSKALSVTKQLKRDY 
PRCV 86/137004 RSKHTKSKALSVTKQLKRDY 

CCV Insavc-I RKTAILNSMRK O 
TGEV FS772/70 RKTVILNFMRK O 
PRCV 86/137004 RKTRTKLCENDWWTFS 

O 

Fig. 7. Alignment of the TGEV and PRCV amino acid sequences with 
the CCV pseudogene 3x, which overlaps ORFs 3a and 3b. Circles with 
arrows represent the start of ORF 3b. The end of the 3a ORFs in CCV, 
TGEV and PRCV are indicated by the symbols t ,  A and fL 
respectively. Deletions are represented by minus signs. The intervening 
sequence between 3a and 3b ranges from 60 to over 200 nucleotides 
between these strains, indicating that deletions may occur in this region 
at a higher frequency than in the surrounding sequence. 

IBV 3c protein (Fig. 5). This protein is found in the viral 
envelope (Smith et al., 1990) and it has been suggested 
that it may be translated from IBV mRNA 3 by a cap- 
independent mechanism (Liu, 1991). However, CCV 
strain Insavc-1 expresses a message species, mRNA 4, 
appropriate for conventional cap-dependent expression 
of ORF 4. This RNA is difficult to detect since it is very 
similar in size to the abundant M message and is present 
in low abundance, possibly as the result of a suboptimal 
RNA transcriptional leader binding site, CTAAAC, 
which is found 43 bp upstream of the AUG start codon of 
ORF 4. 

The degree of variability in the lengths of the non- 
coding sequences that lie upstream and downstream of 
ORF 3a in members of this antigenic group is striking. 
The lengths of these sequences range from 40 bp to over 
200 bp (Fig. 7). Alignment of the ORF 3a amino acid 
sequences reveals that, in addition, variation is found at 
the ends of these coding sequences. Perhaps the non- 
coding regions proximal and distal to 3a are 'hot spot 
regions' where recombination, insertions or usually 
deletions can occur at a higher frequency relative to the 
surrounding sequences. The dynamism of the genome is 
well documented in coronaviruses (Keck et al., 1988; 
Kusters et al., 1989) and may be related to the propensity 
of the replicase complex to fall off its template and then 
to reinitiate RNA replication on the same or a different 
template. It would appear that there are three regions 
where deletions can occur at a higher frequency: within 
S, between S and M, and downstream of N. The 
polymorphism of S found in MHV strains with differing 

passage histories is mainly due to deletions in that gene 
which can lead to deletions of up to 159 amino acids. 
Consequently, this has an effect on pathogenicity, as 
deletions in the MHV-4 S coding sequence apparently 
result in a loss of ability to induce fatal encephalitis and 
the acquisition of a non-fatal demyelinating disease in 
mice (Parker et al., 1989). Polymorphism has also been 
observed in the S gene and in the region between the 
S and M genes for different strains of TGEV and the 
respiratory tract mutant, PRCV (Wesley et al., 1990; 
Rasschaert et al., 1990). In fact, an IBV strain 
(Port/322/85) has been reported which appears to have 
arisen as a result of recombination between the M and S 
genes from two other strains of IBV (Cavanagh et al., 
1990b). The third 'hot spot region' is found downstream 
of the N gene. The porcine coronaviruses have a 69 
nucleotide deletion in ORF 7a and ORF 7b is not present 
(de Groot et al., 1988). This phenomenon is not unique to 
the coronaviruses from this antigenic group. Deletions of 
up to 170 nucleotides are found downstream of the N 
gene in some strains of IBV (Collisson et al., 1990). 

CCV ORF 7b has 57~o identity to FIPV 6b. This ORF 
is the least conserved between the two viruses. Whether 
the protein produced from this ORF plays an important 
role in the immune-mediated disease seen in felines 
remains to be seen as all the viruses from this antigenic 
group can infect cats but only FIPV will produce this 
disease. 

In conclusion, sequencing and subsequent analyses 
stress the very close relationship CCV has to the other 
viruses within its antigenic group. We must, however, be 
careful when generalizing about the CCV sequence data 
from this limited information. Coronavirus genomes 
are dynamic, subject to recombination, insertion and 
deletion, and as a consequence strains may show sig- 
nificant genetic differences. Clearly, there is a need to 
clone and sequence other strains in order to build a 
consensus picture of the CCV genome. 

We wish to thank Dr W: Baxendale for supplying cells and virus 
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Boxmeer, The Netherlands. 
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