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The genomic organization at the 3' end of canine coronavirus (CCV) and feline enteric coronavirus (FECV) was
determined by sequence analysis and compared to that of feline infectious peritonitis virus (FIPV) and transmissible
gastroenteritis virus (TGEV) of swine. Comparison of the latter two has previously revealed an extra open reading frame
(ORF) at the 3’ end of the FIPV genome, lacking in TGEV, which is currently designated ORF 6b. Both CCV and FECV
possess 6b-related ORFs at the 3' ends of their genomes. The presence of ORF 6b in three of four viruses in this
antigenic cluster strongly suggests that TGEV has lost this ORF by deletion. The CCV ORF 6b is collinear with that of
FIPV, but the predicted amino acid sequences are only 58% identical. The FECV ORF &b contains a large deletion
compared to that of FIPV, reducing the collinear part to 60%. The sequence homologies were highest between CCV
and TGEV on the one hand and between FECV and FIPV on the other. Previously, we showed that the expression
product of the FIPV ORF 6b can be detected in infected cells by immunoprecipitation (Vennema et al., 1992). In the
present study we have performed similar experiments with CCV and FECV. In infected cells both viruses produced

proteins related to but different from the FIPV 6b protein.

INTRODUCTION

Canine coronavirus (CCV), feline enteric coronavirus
(FECV), feline infectious peritonitis virus (FIPV), and
transmissible gastroenteritis virus (TGEV) of swine be-
long to one antigenic cluster within the family Corona-
viridae (Siddel et al., 1983). Sequence analysis re-
vealed a close genetic relatedness between FIPV and
TGEV (Jacobs et al., 1987; de Groot et a/., 1988; Ven-
nema et al., 1991). FIPV contains an extra open read-
ing frame (ORF) in the 3'-terminal region of its genome
{de Groot et a/., 1988). Itis the second ORF of mRNA 6
which is currently designated ORF 6b, according to the
new nomenclature {(Cavanagh et al., 1990). The first
ORF of mRNA 6, designated ORF 63, is the counterpart
of TGEV ORF 7, previously called ORF-X3 (Kapke and
Brian, 1986; Rasschaert et a/., 1987) or ORF-4 (Britton
et al., 1988). Comparison of ORFs 6a and 7 revealed
that the FIPV genome contained an in frame insertion
of 69 nucleotides (de Groot et al., 1988). The protein
product of TGEV ORF 7 was identified in TGEV-in-
fected cells (Garwes et al.,, 1989). Recently, the 6b
gene was shown to be expressed in FIPV-infected cells
(Vennema et al., 1992). It is a glycoprotein which is
released into the extracellular medium and is not stably
associated with virus particles. In cats it induces anti-
bodies during natural and experimental FIPV infec-
tions. Therefore, the 6b protein provides an antigenic
distinction between FIPV and TGEV. The aim of the
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present study was to examine whether this distinction
could be extended to CCV and FECV. We determined
the genomic organization of the 3’ end of the viral ge-
nomes and investigated whether these viruses pro-
duced proteins related to the 6b protein of FIPV.

MATERIALS AND METHODS
Cells and viruses

FIPV strain 79-1146, FECV strain 79-1683 (McKeir-
nan et al., 1981; obtained from Dr. J. Evermann), CCV
strain K378 (Dutch field isolate, obtained from Dr. H.
Flore), and CCV strain |-71 (Binn et al., 1975) were
grown in Felis catus whole fetus cells (fcwi-D; obtained
from Dr. N. C. Pedersen) and Crandell feline kidney
cells (CrFK). Recombinant vaccinia virus vTF7-3 (Fuerst
etal., 1986; obtained from Dr. B. Moss) infections were
carried out in Hela cells. Cells were maintained in Dul-
becco’'s modified Eagle’s medium (GIBCO Laborato-
ries) containing 5% fetal bovine serum.

Cloning and sequence analysis of the 3' end of CCV

cDNA libraries were prepared of intracellular poly(A)-
containing RNA from CCV-infected fcwi-D cells as de-
scribed elsewhere (Wesseling et al.,, manuscript in
preparation). Clones containing sequences derived
from the 3’ end of the genome were selected by colony
hybridization with restriction fragments of FIPV cDNA
clone B12 (de Groot et al., 1988) as probes. Nucleotide
sequencing was performed by the dideoxy chain termi-
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nation procedure (Sanger et al., 1977) using double-
stranded DNA and a bacteriophage T7 DNA polymer-
ase based kit (Pharmacia, LKB). Sequence data were
analyzed using the computer programs of Devereux et
al. (1984).

cDNA synthesis and PCR amplification of the 3’ end
of FECV

Total intracellular RNA was isolated from FECV-in-
fected fcwf-D cells as described ({Chomczynski and
Sacchi, 1987). Synthesis of cDNA on total RNA was
performed as described (Kawasaki and Wang, 1989)
by priming specifically with synthetic oligonucleotide
179 (5'-CCAGTTTTAGACATCGGG-3, reverse comple-
ment of nucleotides 1006-1023; de Groot et a/., 1988)
which binds to a sequence in the 3’ noncoding region
of FIPV, downstream of ORF 6b. Oligonucleotide 185
(6-GATCCAGACGTTAGCTC-3, reverse complement
of nucleotides 1202-1218; de Groot et al., 1988), was
used to prime cDNA synthesis from a position closer to
the 3’ end. Amplification of cDNA was performed by
the polymerase chain reaction (PCR) as described (Ka-
wasaki and Wang, 1989), after the addition of synthetic
oligonucleotide 178, 5-GATGACACACAGGTTGAG-3,
which is identical to the carboxyi-terminus of the nu-
cleocapsid (N} protein gene of FIPV (nucleotides
1945-1962; Vennema et al., 1991). The positions of
the primers are indicated in Fig. 5. PCR-amplified FECV
cDNA fragments were isolated from agarose gel, oligo-
dC tailed with terminal transferase and cloned after an-
nealing with oligo-dG-tailed pUC9 (Pharmacia LKB).
Sequence analysis was performed as described above
for CCV ¢cDNA clones, with pUC/M13 primers and with
the primers used for PCR amplification.

Recloning of the CCV and FECV 6b genes

The CCV 6b gene was isolated from cDNA clone
C16 as a Hpall-Pst fragment and recloned in pBlue-
script SK™ (Stratagene) digested with Accl and Pstl,
yielding pBSC6b. The 6b gene fragment was recloned
from this construct as a Xhol-Pstl fragment into the
vector part of pTF6b, (Vennema et a/., 1992) digested
with the same enzymes. The final construct was desig-
nated pTCéb. The FECV 6b gene was recloned from
cDNA-PCR clone FE1 as a Spel-Pstl fragment in the
vector part of pTF6b, prepared by digestion with Spel
and Pstl. This construct was designated pTE8b. All
constructs were used in the transient T7 expression
system with recombinant vaccinia virus vTF7-3 pro-
ducing the T7 RNA polymerase (Fuerst et al., 1986;
obtained from Dr. B. Moss).

Radio immunoprecipitation assays (RIPA)

Lysates from coronavirus- or vaccinia virus-infected
cells were prepared after metabolic labeling with L-

[35S]cysteine (ICN Biomedicals, Inc.). Lysis, RIPA with
ascites fluid from a field case of FIP, and endo-8-N-
acetylglucosaminidase H (endo H; Boehringer-Mann-
heim Biochemicals) treatment were carried out as de-
scribed (Vennema et a/., 1990). The ascites fluid con-
tains antibodies to all viral proteins of FIPV identified so
far, which are cross-reactive with proteins from CCV,
FECV, and TGEV. Endo-g-N-acetylglucosaminidase F
{endo F; Boehringer-Mannheim Biochemicals) diges-
tions were carried out for 16 hr at 30° in 50 mM potas-
sium phosphate buffer, pH 6.8, 20 mM EDTA, 1% Tri-
ton X-100, 0.2% sodium dodecyl sulphate (SDS), 1%
2-mercaptoethanol. Analysis by SDS—polyacrylamide
gel electrophoresis (SDS—-PAGE) was performed as de-
scribed (Laemmli, 1970).

RESULTS
Sequence analysis of the 3 end of the CCV genome

CCV cDNA clones were prepared and selected as
described under Materials and Methods. Most clones
were derived from CCV strain K378, a field isolate from
The Netherlands (Fig. 1). A clone derived from the labo-
ratory strain I-71 (Binn et a/., 1975) was partially ana-
lyzed. The nucleotide sequences from these strains
were more than 99% identical. We obtained a contigu-
ous sequence of strain K378, extending 2.5 kb from
the poly(A)-tail in the 5’ direction (Fig. 2). Translation of
the nucleotide sequence revealed three ORFs corre-
sponding to the N protein and ORFs 6a and 6b of FIPV.
The organization of the 3' end of the CCV genome was
compared to that of FIPV and TGEV (Fig. 5). CCV con-
tains an ORF 6b and an ORF 6a with 69 additional
nucleotides which are lacking in ORF 7 of TGEV. The
amino acid sequences were aligned with the corre-
sponding sequences of FIPV and TGEV to determine
the percentages of identical amino acid residues (Ta-
ble 1). The N and 6a amino acid sequences have a
higher level of identity when compared between CCV
and TGEV than between CCV and FIPV. The same was
found when the nucleotide sequences were com-
pared. The 6b amino acid sequences of CCV and FIPV
were only 58% identical and several small insertions in
the CCV sequence were found. Nevertheless, the hy-
drophobicity plots of the putative 8b proteins were re-
markably similar (data not shown), including a short
hydrophobic amino-terminus, which may function as a
signal sequence. In contrast to the FIPV ORF 6b, the
CCV ORF 6b contains no potential N-glycosylation site.

PCR amplification of cDNA derived from the 3’ end
of the FECV genome

The nucleotide sequences flanking the ORFs 6a and
6b of FIPV and CCV and ORF 7 of TGEV were aligned
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FiG. 1. Sequence strategy for CCV cDNA clones. Horizontal lines represent the relevant parts of cDNA clones Cg8, Cf3, and Ci6 which were all
derived from CCV strain K 378. Clone D4c, derived from laboratory strain I-71, was partially analyzed. The direction and extent of the sequences
obtained for each clone is represented by arrows in the lower part of the figure. Boxes indicate the open reading frames which were named in
analogy to those of FIPV. The solid bar represents the genome. The poly(A) tail is indicated on the right. The arrowheads indicate the positions of

conserved intergenic sequences (5-CTAAAC-3').

to design primers for cDNA synthesis and polymerase
chain reaction (PCR) amplification. The positions of the
primers are indicated in Fig. 3. Synthetic oligonucleo-
tide 179 was used to prime cDNA synthesis on total
RNA isolated from FECV and CCV-infected cells. The
cDNA synthesis was followed by PCR amplification
after addition of primer 178. The CCV product had the
expected size of approximately 1 kbp (data not shown).
The FECV product was considerably smaller, being ap-
proximately 750 bp. The controls with RNA from mock-
infected cells and without RNA were both negative.
The sequence analysis presented below revealed that
the FECV ORF 6b extended into the sequences used
to design the PCR primers. Therefore, cDNA synthesis
and PCR amplification were repeated with synthetic
oligonucleotides 185 and 178, resulting in a fragment
of approximately 950 bp (data not shown).

Analysis of genomic sequences of FECV near the 3
end

The PCR products of FECV were cloned and se-
quenced. Several independent clones were analyzed
(Fig. 3) leading to a contiguous sequence of 957 nu-
cleotides which ends approximately 36 nucleotides
upstream of the poly(A)-tail (Fig. 4). Comparison with
the corresponding sequence of the FIPV genome
showed a single deletion of 238 nucleotides and an
overall sequence identity of 93.6%. Translation of the
nucleotide sequence revealed the presence of two

ORFs similar to the FIPV ORFs 6a and 6b. The 6a poly-
peptides are virtually identical, with only one amino
acid difference. The deletion is located in ORF 6b. The
FECV and FIPV 6b sequences are collinear for the
amino-terminal 123 amino acid residues. In this part
the identity is 89%. The deletion results in a shift to the
—1 reading frame which extends 53 codons. The ORF
specifies a polypeptide with a total length of 176 amino
acid residues and a predicted mol wt of 20,300. The
protein sequence predicts a short hydrophobic amino-
terminus, probably acting as a signal sequence and
one N-glycosylation site. The genomic organization of
the FECV 3’ end is similar to FIPV and CCV, which all
contain an ORF 6b and the extra 69 nucleotides in ORF
6a as compared to TGEV ORF 7 (Fig. 5). Paired align-
ments of the collinear parts of the amino acid se-
guences with the corresponding sequences of FIPV,
CCV, and TGEV revealed that FECV is more closely
related to FIPV thanto CCV and TGEV (Table 1). Similar
homologies were found by comparing the nucleotide
sequences (data not shown).

Identification of the CCV and FECV 6b proteins

The FIPV 6b protein was readily detected in lysates
of FIPV-infected cells (Vennema et al., 1992). It comi-
grated in SDS-PAGE with an expression product of the
cloned 6b gene which was prepared by using the re-
combinant vaccinia virus T7 RNA polymerase expres-
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AAGTGCGGGTCATATGTMAATCTAAAGCTGGTGATTACTCAACAGATGCACGAACTGATAATTTGAGTGAGCAAGMAMTTATTACATATGGTATAACTAAACTTCTAAATGgCCﬁAC
M
130 150 170 190 210 230
CAAGGACAACGCGTTCAGTGGGGAGTAGATATCACCAAARAACGTGGTCTTTCCAATTCTCGTGGCCGGAAGAATAATACTATACCTCTTTCATTCTTCAACCCCATTACCCTCCAACAA
Q6 QRVQWGEVDITKI KRGS GLSHNSRGEGREK NNT]PLSFFNP[:’EOLQQ
250

270 290 310 330
GGTTCAAAATTTTGGAACTTATGTCCGAGAGACTTTGTACCCAAAGGAATAGGTAACMGGATCMCAGATTGGTTATTGGAATAGACAAAGCCGCTATCGCATGGTGAAGGGTCAGCGT
S KF WHKLCPRDEFWV IG K Q Q16 W QSRYRMVEGQ

370 390 430 450 70
MAGAGCTTCCTGAAAGGTGGTTCTTCTACTACTTAGGTACTGGTCCTCATGCTGATGCTAAATTTAAAGATAGAATAGATGGAGTTGTCTGGGTTGCCMGGATGGTGCCATGAATAAA
K ELPER F Y LGTGPHADAKTFIKDRTIDGVYV VWY AKDG GAMENEK

510

490 530 550 570 590
CCAACTACACTTGGTAATCGTGGTGCTAATAATGAATCCAAAGCTTTGAAATTCGATGGTAAAGTACCAGGAGAATTTCAACTTGAAGTGAACCAATCAAGGGACAATTCAAGATCACCC
P TTLGNRGANNESTSE KA AL K FDGKVPGETFIQL vV KRQS N S RSP

610 630 670 690 710

TCTCAATCTAGATCTCAGTCTAGAMTAGATCTCAATCTAGAGGAAGGCAACAATCCAATMCAAGMGGATGACAGTGTAGAACAAGCTGTCCTTGCTGCACTCAAAAAGTTAGGTGTT
SRSQSRNRSQSRGRQQSNNKKDDSVEQAVLAALKKLGV
730 7 0

70 79 830
GACACAGAAAAACAACAACAACGCTCTCGTTCTAAATCTAAAGAACGTAGCAACTCTAAGACAAGAGACACTACACCTAAGAATGAAAACAAACACACCTGGAAGAGAACTGCAGGTAAA
DTEKGGQOQ SRS N ERSNSKTRDTTPKNENEKIHTHW G

850 870 890 910 930 950
GGTGATGTGACAAAATTTTATGGAGCTAGAAGTAGTTCAGCCAATTTTGGTGACAGCGATCTCGTTGCCAATGGGAACGGTGCCAAGCATTACCCACAACTGGCTGAATGTGTTCCATCT
6GDVTKFYGARSSSANTFOGDSDLVANGNGAKEHEYPGQLAETE C vV P S

970 990 1010 1030 1050 070
GTATCTAGCATTCTGTTTGGAAGCTATTGGACTGCAAAGGAAGATGGCGACCAGATTGAAGTCACATTCACACATAMTACCACTTGCCAAAGGATGATCCTAAGACTGGACAATTCCTT
vVSSILFG T A ED G B QI EVT F THKYHLP T 6 Q F L

1090 1110 1130 1150 1170 1190
CAGCAGATTAATGCCTATGCTCGTCCATCAGAGGT GGCAAAAGAACAGAGACAACGTAAAGCTCGTTCTAAAT CTGCAGAAAGGGTAGAGCAAGAGGTTGTACCTGATGCATTAACAGAA
g Q NAYARPSEVAKEQRG QRKARTSEKSAERVEUQ QEVVPD A L TE

1210 1230 1250 1270 1290
MTTATACAGATGTGTTTGATGACACACAGGTTGAGATTATTGATGAGGTAACGAACTAAACGMTGCTTGTTTTCCTCCATGCTGTATTTATTACAGTTTTAATCTTACTACTAATTGG
NYTODVFDDTQVETITI TN * MLV FLHAYVY F T L L 1 G

1330 1350 1370 1390 410 1430
TAGACTCCAATTATTAGAAAGATTATTACTTAATCATTCTCTCAATCTTAAAACTGTCAATAATGTTTTAGGTGTGACTGACACCGGTCTGAAAGTAMTTGCTTACAGCTTTTGAAACC
RLQLLERLLLNHSTLHN L KTVNNVLGVTDTGLEKVNTCLQLLEKS?P

1450 1470 1490 1510 1530 1550
AGACTGTCTTGATTTTAACATCTTACATAGGAGTTTGGCAGAAACCAGATTACTAAAAGTAGTACTTCGAGTAATCTTTCTAGTCTTACTAGGGTTTTGCTGCTACAGATTGTTAGTCAC
D NI

L H RS LAETRIL v L I FLVYVLLGFCCYRLLVT
1570 1590 1610 1630 1650 1670
ATTAATTTAACATCATGAAGTTTTTGATTTTTGTACTGTGTCTTTCTCTTGTGAACGGATATGGCATTAGAAGAAGCATACAAGAATATGACCCAAAAGAGTCCCATGAACATCCAACTA
LI M KFLIFVLCLS L VNGYGIRRSTIOQEYDPIKTESHEHRPTHM
1690 1710 1730 1750 1770

1790
TGACATGGGAATTATTGGAAAAATTTGTTGGAAGTACTTTGTACATCACAACAAACCAGATCCTATCTCTACCATTAGGAGCAGAAATCTATTGTGATGAGATTGAAGGATTTCCATGTT
T N E L L EKTF V G ST LY TNQTILSLPLGAETYT CDE G (A
1830 1850 1870 1890 191 0
CTTGGCCTGGTTATMAGCTTACGCCTATAACCATATTGATTATCATTTTGATCTTTCCAGTCCGTTCTATTCTTTTGTAGACAAATTCTACATTTCTTTAGGTGATAGAGAAGAAAAAA
WPGYKAYAYNHIDYHFDLSSPFYSFVDKFVISLGDREEKI
1930 950 1970 1990 2010 2030
TTCATCTTAGAGTGGTTGGTGCAACACCAAAAGATAAAAGATTGACTGTTGGTTGTCGAACATCTTTCTCAGTTAACCTTCCAATTGGAACTCAGATTTACCATGACAAAGATATGCAAC
H LRV GATPKDKRLTUVGCRTS SYNLPIGTQIYHDIKDOMOQH

2050 2070 2090 21 2130 2150
ATCTTGTCGAGGGAAGACATCTTGAGTGTGCTCACAGAGTTTACTTTGTGAAGTATTGTCCMGCCATTCACATGGTTATTGCTTTAAAGACAAGCTAAAGGTTTATGATCTGAAGCGTG
LYEGRHLET CAHRVYFVKYTC CPS Y C

FKDKLKVYDLKRYVY
2170 2190 2210 2230 2250 2270
TCAAAAGTAGGAAGTGTTTTGAGMAATCAACCAACAACAGAAAAGTGAGTTGTAAGGCAACCCGATGTATAAAACTGGTTTTTCCGAGGAATTACTGGTCATCGCGCTGTCTACTCTTG
KSRKCFEKINQQQKS L

2290 2310 330 2350 2370 2390
TACAGAATGGTAAGCACGTGTAATAGGAGGTACAAGCCACCCTATTGCATATTAGGAAGTTTAGATTTGATTTGGCAATGCTAGATTTAGTAATTTAGAGAAGTTTAAAGATCCGCTATG
410 2430 2490

137

2450
ACGAGCCAACAATGGAAGAGCTAACGTCTGGATCTAGTGATTGTTTAAAATGTAAAATTGTTTGAAAATTTTCCTTTTGATAGTGATACACAAAAAAAAA

FiG. 2. Nucleotide sequence of a 2.5-kb segment of the CCV K378 3’ terminal region. The predicted amino acid sequences of the polypeptides
encoded by the major open reading frames are presented below the nucleotide sequence in single-letter code. The sequence data have been
submitted to the EMBL Data Library and are available under the Accession Number X66717.

sion system (Fuerst et a/., 1988). To identify the CCV
and FECV 6b proteins in a similar way, their 6b ORFs
were recloned in a T7 expression vector. The resulting
constructs pTCéb and pTE6b, respectively, and pTF6b
containing the FIPV 6b gene (Vennema et al., 1992)
were used to transfect Hel a cells infected with recom-
binant vaccinia virus vTF7-3, which produces T7 RNA
polymerase (Fuerst et al., 1986). The expression prod-
ucts were analyzed by metabolic labeling with [*3S]cys-
teine, RIPA, and endo H treatment followed by SDS-
PAGE (Fig. 6). The CCV and FECV 6b proteins ap-
peared to be slightly smaller than the FIPV 6b protein,
the FECV 6b protein being the smallest. Digestion with
endo H which cleaves high-mannose N-linked oligo-
saccharides, resulted in an approximately 2000 mol wt
reduction of the FECV and FIPV 6b protein. The CCV
6b protein, however, was not affected and was also

insensitive to digestion by endo F, which cleaves com-
plex N-linked sugars (data not shown). These observa-
tions indicate that FECV and FIPV are glycoproteins
while CCV 8b is not. The shift in molecular weight of
the FECV and FIPV 6b proteins is consistent with the
removal of one sugar side chain (Neuberger et al.,
1972). This is in agreement with the predicted num-
bers of glycosylation sites in the amino acid se-
quences. The observed molecular weights of the CCV
Bb protein and of the FECV 6b protein after deglycosy-
lation are also in agreement with those predicted from
the amino acid sequences. The recombinant expres-
sion products were compared to the proteins pro-
duced in CCV-, FECV-, and FIPV-infected cells, which
were analyzed similarly (Fig. 6). All three matched with
a protein in the sample from the corresponding coron-
avirus-infected cell lysate. In the latter samples the
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TABLE 1

PAIRED COMPARISONS OF THE COLLINEAR PARTS OF THE AMINO ACID
SEQUENCES, IN PERCENTAGES IDENTICAL RESIDUES

FIPV ccv TGEV
Ba 6b N 6a 6b N 7
FECV
6a 99 - — 80 — — 77
6b — 89 — — 51 — —
FiPV
N — — 78 — — 76 —
6a 100 — — 79 — — 77
6b 100 — — 58 — —
ccv
N 100 — — 93 —
6a 100 — — 96

three known structural proteins also appeared: the
membrane (M), nucleocapsid (N), and spike (S) pro-
teins. In all cases the M protein was partially resistant
to endo H digestion. The same was observed for the 6b
protein in FIPV-infected cells. The lanes of FECV were
overexposed to reveal the 6b protein band. This indi-
cates that the expression level of the FECV 6b protein
was much lower than that of CCV and FIPV.

DISCUSSION

The genomic organization of the 3' end of FIPV
differs from that of TGEV in that it contains an addi-
tional ORF (de Groot et a/., 1988). Recently, we identi-
fied the expression product of this extra gene, desig-
nated 6b (Vennema et al., 1992). These observations
prompted us to study CCV and FECV of the same anti-
genic cluster. Sequence analysis showed that their ge-
nomic organization in the 3' terminal region is similar to
that of FIPV. Therefore, the presence rather than the
absence of ORF 6b appears to be the common theme,
suggesting that TGEV has lost the corresponding ORF
by deletion. The same inference probably holds true for
the 69 nucleotides that are present in all 6a ORFs but
not in the corresponding ORF 7 of TGEV. Deletions
appear to happen frequently during coronavirus evolu-
tion. They occur, for example, in the S and HE protein
genes of murine hepatitis virus (MHV; Parker et a/.,
1989; La Monica et al., 1991), in the S protein gene of
porcine respiratory coronavirus (PRCV; Rasschaert et
al., 1990), and in the region between the S and M pro-
tein genes of MHV strain S (Yokomori and Lai, 1991) of
a small plague variant of TGEV (Wesley et al., 1990)
and of PRCV (Rasschaert et a/., 1990). Among the fe-
line coronaviruses another deletion was found recently
in FECV 79-1683 as compared to FIPV in the region
between the S and M protein genes (E. Lewis and H.

Vennema, unpublished data). Alignment of nucleotide
and amino acid sequences of TGEV, CCV, FIPV, and
FECV revealed a close relationship among the strains
of this cluster (Table 1). The four strains could be di-
vided into two pairs on the basis of their homologies,
TGEV and CCV on the one hand and FIPV and FECV on
the other.

Both in CCV- and in FECV-infected cells 6b proteins
are produced. Their characterization showed that the
FECV 6b protein is glycosylated, like the FIPV 6b pro-
tein, while the CCV 6b protein is not. The observation
that FIPV, CCV, and FECV induce the synthesis of 6b
proteins appears to compromise their antigenic dis-
tinction. However, the differences between the 6b pro-
teins may allow discrimination using, e.g., monoclonal
antibodies. The deletion of 238 nucleotides in FECV
79-1683 was revealed by cDNA-PCR, allowing discrim-
ination from CCV (Fig. 4) and FiPV 79-1146 (data not
shown). It remains to be determined whether this is a
universal distinguishing property of FIPV and FECV.

The feline coronaviruses used in this study are al-
most the same with respect to growth in tissue culture,
protein composition, and antigenicity (Boyle et al.,
1984; Fiscus and Teramoto, 1987). Small differences
were also reported; the N protein of FECV is slightly
smaller than that of FIPV (Tupper et al., 1987). Re-
cently, a monoclonal antibody specific for the S protein
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178 4 179 185
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Fig. 3. Sequence strategy for FECV cDNA clones. The positions of
primers 178, 179, and 185, used for cDNA synthesis and PCR ampli-
fication are indicated. Horizontal lines represent the cloned PCR
fragments. FA, FT, and FC series of cloned PCR fragments are de-
rived from primers 178 and 179 and series FE from primers 178 and
186. The direction and extent of the sequences obtained for each
clone is represented by arrows in the lower part of the figure. Boxes
indicate the open reading frames which were named in analogy to
those of FIPV. The solid bar represents the genome. The position of
a conserved intergenic sequence (5'-CTAAAC-3) is indicated by an
arrowhead.
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10 30 50 70 0
GATGACACACAGGTTGAGATGATCGATGAGGTAACGAACTAAACGCATGCTCGTTTTTCTCCATGCTGTACTTGTAACAGCTTTAATCTTACTAETN{&TT
M L AVLLVTALTILIL

110 150 170 190
GGTAGMTCCAATTACTAGAMGGTTGTTACTCAGTCATCTGCTTAATCTCACGACAGTTAGTAATGTTTTAGGTGTGCCTGACAGTAGCCTGCGAGTAA
6 R I QLLERLLLSHLLNLTTUVSHN V LGVPDSSLRVH

210 230 250 270 290
ACTGCTTACAGCTTTTGAAACCAGACTGCCTTGATTTTAACATCTTACATAMGTTTTAGCAGAAACCAGATTACTAGTAGTAGTACTGCGAGTGATCTT
C QL LKPTD F L HK LAETRLLVVYVLRVITF

3 0 330 350 370 390
TCTAGTTCTTCTAGGGTTTTCCTGCTATACATTGTTGGGTGCATTATTTTAACATTATGATTGTTGTAGTCCTTGTGTGTATCTTTTTGGCTAATGGAAT
LVLLGFSCYTLLGALTF* M I VVVLVCIFLANSGI!I

410 430 450 470 490
TAAAGCTACTGCTGTGCAACCTGACCTTCATGAACATCCAGTCCTTACTTGGGACTTGTTGCAACATTTTGTTGGAAACACCCTTTACATCACCACACAC
K A T A VOQPDLHEUHTPVL T H b LLQHFVGENTLYTTTH

530 570 590
CAGGTCTTAGCACTACCTCTTGGGTCACGTGTGGAGTGTGAGAGTGTTGATGGTTTCMTTGCACACGGCCTGGCTTTCAN\ATTCTGCACATGATCATA
Qv |. ALPLGS VECESVDGFNCTRPGFO QNSAHDHI

610 630 650 670 690
TTGATTTCTATTTTGATCTTTCTMTCCTTTCTATTCCTTTGTGGATAATTTTTATATTGTAGTTGMGGMATCMAMATCMTCTCAGATTAGTTGG
bl FDLSN F S F VDN Y1 VVE G N QKTNLRLVE
vvvv730

710 750 770 790
TGCTGTGCCAAAACAAAAGAGATTAAAACTGAGTTATAAGGCAACCCGATGTTTAAAACTGGTCTTTCCGAGGAATTACTGGTCATCGCGCTGTCTACTC
AVSKQKRLKLSYKATRCLKLVFPRNYHSS cL L

10 830

8! 870 890
TTGTACAGAATGGTAAGCACGTGTAATGGGAGGTACAAGCMCCCCATTGCATATTAGGAAGTTTAGATTTGATTTGGCAATGCTAGATTTAGTAATTTA
LYRMVSTCHNGRYKOQPHCILGSLDLTIWOQGC

910 930 950
GAGAAGTTTAAAGATCCGCTATGACGAGCCAACAATGGAAGAGCTAACGTCTGGATC

FiG. 4. Sequence of 957 nucleotides bases of the FECV 79-1683 3' terminal region. Sequences used to design the primers for cDNA synthesis
and PCR amplification are underlined. The 5’ and 3’ terminal 17 bases represent the primer sequences. The predicted amino acid sequences of
the polypeptides encoded by the major open reading frames are presented below the nucleotide sequence in single-letter code. The region
where the deletion occurred has been indicated with arrowheads. The sequence data have been submitted to the EMBL Data Library and are
available under the Accession Number X66718.

of strain 79-1146 was characterized (Hohdatsu et a/.,

1991). The close resemblance and the low incidence

of FIP despite the high proportion of feline coronavirus

{FCV) seropositive cats have led to the hypothesis that

FECV carriers are the source of FIPV which is gener-

ated de novo from FECV by minor mutations (Pedersen

et al., 1984; Pedersen 1989). Our sequence compari-

sons show that FIPV 79-1146 and FECV 79-1683 are

related more closely to each other than they are to CC¥ F_'ch FEC+V pTE‘ib Flpv pTFGb

CCV. Therefore, FIPV 79-1146 did not originate from ..

FECV 79-1683 by insertion of genetic information; it S .' ' 200
92,5

69

apparently widespread. These strains could be derived
from FIP-inducing strains which attenuated by losing a
virulence factor. Recombination of two attenuated vi-
ruses lacking different virulence factors during the rare
event of a mixed infection could result in the reappear-
ance of a virulent FIPV strain.

would be too much of a coincidence that an insertion

with 77% identity is present in exactly the same posi-

tion in CCV. An alternative mechanism for de novo gen-

eratiorj of FIPV could be recombination, Awhich is an N - ” 46
established phenomenon for coronaviruses (Lai,
1992). Avirulent FIPV-strains and/or FECV-strains are

v 30

M[- - b i -

[.‘ - . ol -

6b

14

FiG. 6. Radio immunoprecipitation and SDS-PAGE analysis of ly-
sates from CCV-, FECV-, FIPV-, and vTF7-3-infected cells. Recombi-
nant vaccinia virus vIF7-3-infected cells were transfected with the
plasmid DNAs pTC6hb, pTE6b, and pTF6b, as indicated above the
lanes. One-half of each sample was treated with endo H, the other
half was mock treated (indicated with + and —, respectively). Struc-

Fia. 5. Schematic comparison of the genomic organization of the

3’ terminal regions of TGEV, CCV, FIPV, and FECV. Boxes represent
the relevant open reading frames. The cross-hatched box at the C-
terminal end of FECV ORF 6b indicates the divergent part.

tural proteins (S, N, and M) are indicated. In addition, the M protein
bands are indicated with arrowheads. The region of the gel in which
the 6b protein bands appear overlaps with that of M protein bands.
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