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In order to investigate the genome organization of the porcine epidemic diarrhea virus (PEDV) further, cDNA ctones
covering the region between the nucleocapsid and the spike (S) protein genes were independently constructed and
seguenced for the two virulent isolates Br1/87 and CV777. Of the three major ORFs identified, two were found to
encode the major and minor coronavirus membrane proteins M and sM. A potentially single ORF, designated ORF3
according to the pattern of the viral subgenomic mRMNAs, could be identified between the S and sM genes. A striking
variability, essentially generated by short deletions clustered in a few loci, was observed in the ORF3 of both isolates.
The largest predicted polypeptide of 223 amino acids showed homology with polypeptides potentially encoded by other
members of the same genetic subset, including two shorter polypeptides of human respiratory virus HCV 229E and one
of transmissible gastroenteritis virus TGEV. This homology suggests that the two HCV ORFs may have originated from
a single precursor. The function of these polypeptides is not known, but the predicted products of the PEDV ORF3 and

related ORFs share features suggestive of a membrane-associated protein.

INTRODUCTION

Parcine epidemic diarrhea virus {PEDV) causes an
acute enteritis in animals of all ages, often fatal for the
neonates (Pensaert and Debouck, 1978). Outbreaks of
the disease have been reported in many swine-raising
countries, notably in Europe and Asia (Debouck,
1982). The causative agent, first described by Pen-
saert and Debouck in 1978, was provisionally classi-
fied as a coronavirus, as a result of its microscopic
appearance and polypeptide compaosition. The major
virion components appear to consist of an RNA-bind-
ing nucleocapsid protein (N, 58 kida) and two glycopro-
teins. The two prominent glycoprotein clusters of 180
200 kDa and 27-32 kDa which can be detected immu-
nologically in PEDV-infected cell lysates (Egberink et
al., 1988; Knuchel et af.,, 1992; Utiger et al., 1993), are
thought to correspond to the S and M membrane pro-
teins, respectively. No antigenic relationships to other
coronaviruses have been detected using seroneutrali-
zation, immunofluorescence, and immunoelectron mi-
croscopy. However, some cross-reactivity involving
the N and M proteins has been reporled in Western
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immunoblotting with three agents belonging to the
same serogroup; feline infectious peritonitis virus
{FIPV), transmissible gastroenteritis virus (TGEV), ca-
nine coronavirus (CCV), and with the putative mink co-
ronavirus {MCV} (Pensaert et al., 1981, Yaling et af,
1988; Have et al., 1992}.

PEDV replicates essentially in the enterccytes cover-
ing the small intestine villi, like TGEV {Debouck and
Pensaert, 1980; Debouck at &/, 1981), yet the two vi-
ruses are clearly distinct entities. Strikingly, PEDV is
unable to grow in porcine cell cultures permissive to
TGEV. A method to propagate the virus in a heterglo-
gous, monkey cell line was only first described & years
ago {(Hofmann and Wyler, 1988). This explains in part
why the molecular characterization of PEDV is so
poorty advanced. Recently, the sequences of the 1700
nucleotides nearest the genome 3’ end and comprising
the N gene were determined (Bridgen et af., 1993a};
this showed significant homaology to the N genes of
coronaviruses and thus the status of PEDV as a
member of the Coronaviridae was formally estab-
lished. The present report deals with the cloning and
sequencing of a further 1740 nt of the PEDV genome,
in which three major ORFs, designated M. sM, and -
ORF3, could be identified. The results confirm our pre-
vious statement that PEDV is more closely related to
the human respiratory virus HCV 229E than to TGEV
and revealed an unexpected variability of the ORF3 re
gion.
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MATERIALS AND METHODS
Virus and cells

Virus isclates and cell culture have heen described
elsewhere (Bridgen et a/., 1993a; Duarte et al,, 1993).
The British Br1/87 isolate was analyzed by the Paris
group, whiie the Swiss group studied the Belgian
CV777. Propagation of virus in Vero cells essentially
followed the protocol of Hofmann and Wyler (1988).

Methods used for the characterization of the Br1/87
isolate

Freparation of RNA and construction of cDNA iF
Grary, Total RNA from 107 PEDV-infected cells was ex-
tracted at 48 hr post-infection by the guanidinium thyo-
cianate method and purified by ultracentrifugation
through a 5.7 M CsCI gradient, as described by Va-
guero et al. (1982). Polyadenylated RNA was fraction-
ated by chromatography on poly(J) Sepharose {Phar-
macia). Five micrograms of the poly{A}* RNA was used
to construct a cDNA expressicn fibrary in the A Zap |l
exprassion vector {Stratagene}. This was done accord-
ing to the instructions of the manufacturer, except that
the RNA was denatured with methylmercuric hydrox-
ide as described for TGEV genomic RNA by Rass-
chaert et al. (1987). The cDNA expression library con-
tained 5.5 % 10° individual recombinants and was am-
plified 10*fold.

Screening of the cDNA library. (i) Immunoscreening:
the amplified library was screened with hyperimmune
anti-PEDV serum supplied by Station de Pathologie
Porcine (CNEVA, Ploufragan). To eliminate back-
ground with antibocdies to Escherichia coli, the anti-
serum was depleted prior 1o utilization as follows: a cell
lysate (XL1 Blue strain) was adsorbed onto a nitrocellu-
lose membrane which was then suspended in a tank of
chlorotorm vapor for 15 min, cut, and shaken with the
antiserum for 1 hr at 37° and gvernight at 4°. The im-
munoscreening was cafried out essentially as de-
scribed by Young et af. (1982). (i) Molecular hybridiza-
ticn: further screening of the library with DNA or oligo-
nucleotides probes was performed using at least 5 X
10* recombinant phages per 150-mm plate. [*2P]-
dCTP-labeled probes were prepared by random prim-
ing of appropriate cDNA clone restriction fragments: a
1150 nt Pstl fragment of clone pBE1 (Probe 1), a 350 nt
Pstl/Bsmi fragment of clone pBE2 {Probe 11) and a 200
nt Pstt/Narl fragment of pBE3 (Praobe lil). A 20-mer oli-
gonucleotide probe (5-CACTGCACGTGGACCTTTTC-
3') derived from the pBEb seguence was 5 end-labeled
and hybridized to nitrocellulose filters according to
Wood et a/. {1985). Positive phage clones were de-
tected and plaque-purified two or three times with hy-
bridization carried out at each stage to verify the insert

before phage stock of the final positive recombinants
were made.

DNA amplification by the polymerase chain reaction
(PCR). PCRs were performed according to the instruc-
tions of Perkin—Eimer Cetus with Tag DNA polymerase
(2.5 U, Promega), in a Perkin—Elmer/Cetus DNA ther-
mal cycler for the folliowing purposes: (i} to detect the
largest positives ciones in each cDNA library screen-
ing, following the method described by Hamilton et af,
(1991): crude positive phage plugs were picked into
SM buffer (60 mM Tris—HCI, pH 7.5, 100 mM NaCl, 8
mM MgSQ,, 0.01% gelatin) and their sequences am-
plified using a phage-specific 5 primer and a PEDV-
specific sense primer; (i) to verify the sequence in a
genome region which was found to be divergent
among the cDNA clanes. The clones p501, 502, and
506 were derived from total RNA by RT/PCR. For RT
reaction, 1 ug of RNA denatured as above was used in
a 20 ul final volume. After inactivation of the RT for 10
min at 90°, 10 ul of the reaction were used for PCR
amplification using oligo 10 (5-TACTAGACCATT-
ATCATTCA-3) and 1856 (- TTGAGGCGAATTATAT-
TATG-3').

DNA sequencing. After excision and rescue (Short et
al., 1988), pBluescript SK {—) phagemids containing a
PEDV cDNA insert were prepared as large-scale DNA
preparations and sequenced. The whole PEDV se-
guence was determined from both strands of at least
twa clones by the dideoxynucleotide chain termination
method. (i) M13 DNA sequencing: clones pBE1, pBE5,
and pBE6 were sonicated, end-repaired with the
Klenow fragment of £. cof, and subcloned into the des-
phosphorylated M13 mp18 Smal-cut vector. Sub-
clanes containing the random sequences of the PEDV
inserts were detected by hybrigization and single-
stranded tempiates were prepared from the positive
plaques. Sequence data were assembled using Micro-
genie (Beckman, 1983) and gelassemble option of the
University of Wisconsin GCG package (Devereux et a/.,
1984}, {ii) Supercoiled DNA sequencing: this method
was used 1o sequence the extremities of all cDNA in-
serts using T3 and T7 primers. Clones pBE2 and pBE3
were also partislly sequenced using PEDV-specific
primers. Most Br1/87 clones were sequenced using
the Sequenase 2 kit {U.S. Biochemicals). Alternatively,
half of the pBES sequences and the PCR fragments
were sequenced using a cycle-sequencing protocol
(Taq Dye Primer T3, T7, —21 M13 and Tag Dye Deoxy
terminaior sequencing kits). The sequencing reactions
were subsequently lcaded on a 373A Applied Biosys-
tems automated DNA sequencer.

Methods used for the characterization of the CV777
isolate

Techniques for virus purification, RNA isolaticn,
cDNA cloning, and sequencing were essentially as de-
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scribed in our previous publication (Bridgen et af,
1993a). The following technigues were modified for
the work described in this article. The P24/P25 PCR
reaction was performed as described previously (Brid-
gen et al., 1993b) using the Perkin—Elmer Cetus Ampli-
tag DNA polymerase, but all other PCR reactions were
performed using Stratagene Pfu pclymerase. PCRreac-
tions were performed as recommended by the supplier
using the supplied buffer 1. Cycling parameters were
generally 1 cycle of 95° 5 min; 45° 1 min, and 74° b
min follewed by 32 cycles of 85° 50 sec, 45° 1 min,
and 74° 2.5 min. The foliowing primers derived from
the PEDV sequence {except P34, P69, and P75, which
have B modifications) were used: P9 (M gene): 5-
TCACCTCATCAACGGGCATA-3" P10 (sM Gene): b-
TCATAGACCATTATCATTCA-3; P34 (N gene): b-
GAGGATCCTGAAAGCTGACAG-3;, P50 (M gene): 5-
CCTCTACAAGCAATGTACC-3;, P9 (ORF3 gene)
B-ATTATAAGCATTACCTTCGT-3; P61 (S gene): 5-
TCCTAGACTTCAACCTTAC-3; P68 (ORF3 gene}: 5
AACAAAGCCTGCCAATAAG-3; P69 (M gene): B-
CTATAAATATGTCTAACGG-3, P75 (ORF3 gene): 5'-
ATGTTATATTACTGTGGTG-3'. Degenerate primers
were also used as follows: P24 (N gene). 5-CTCG-
AGCGACCCAGAC/AGACIAMCC(G/TTC-3, P25 (M
gene): B-GACTAGTTGGTGGAG(T/A)TTTAA(T/
CICCIA/TIGA-3; P55 (S gene) 5-GGAIG/T)IAAGGTIG/
TIAATGAANGITGIC/TIGT-3; P56 (S gene): 5-CCAIG/
TACA/G/MTACCAATIGGCCA(T/CYTT-3. All these
primers with the exception of P9 and P10, which were
kindly provided by the Paris group, were synthesized
by Dr Schmidheini {(Microsynth). Cloning of the PCR
products illustrated in Fig. 1 into the pBluescript XS
piasmid (Stratagene) and subcloning of PCR clone re-
striction fragments were as described previously (Brid-
gen et al., 1993a). The Hindll and Xbal restriction sites
illustrated in this figure were used to construct sub-
clones of the cloned 700 bp, M, O, and S PCR prod-
ucts. All clones were sequenced using the universal
sequencing primers or the vector SK and KS primers
using the T7 sequencing kit Il {U.S. Biochemicals). In
addition, many of the clones were seguenced with the
PEDV-specific primers described above, such that the
entire PEDV sequence described was sequenced on
both strands of at least two clones. The ORF3 region
was seqguenced completely on six clones.

Northern blot hybridization

RNA blot hybridizations were carried out by conven-
tional techniques and probed with [32P]-labeled pBE1
insert. Total RNA from PEDV-infected and mock-in-
fected Vero cells was separated in a denaturing formal-
dehyde gel electrophoresed in 10 mM phosphate
buffer, pH 7.0 + 2.2 M formaldehyde prior to transier to
nylon membrane Hybond-N (Amersham) and hybrid-

ized {42°) in 50% formamide, bX Denhardt, 5 SSC,
then washed three times for 30 min each in 0.1x SSC,
0.1% SDS at 55°, before drying. Autoradiography was
performed at —70° with intensifying screens.

Sequence analysis and phylogeny

Nucleotide and amino acid sequences analysis were
performed with the GCG package. Multiple sequence
alignment was generated by the Clustal V package
{Higgins and Sharp, 1989). Distance matrix was calcu-
lated from the aligned sequences (including positions
with gaps} using the “‘Phylogenetic trees" option of the
Clustal package. The phylogenetic tree was then gen-
erated submitting the distance matrix to the neighbor-
joining method (Saitou and Nei, 1987) of the PHYLIP
(Phylogenetic Inference Package program, version 3.4;
Felsenstein, 1991). Clustal V and Phylip were both
avaitable on the French CITI2/BISANCE network (Des-
sen et al., 1990). The tree was plotted using the Phy-
lip's Drawtree program.

RESULTS

Derivaticn and characterization of the PEDV ¢DNA
clones

The Br1/87 cDNA clones were obtained from a
cDNA library constructed in a A expression vector. Im-
munoscreening of the cDNA library with a polyclonal
antiserum allowed us to isolate the clone named pBE1.
As we reported earlier, this clone contained N gene-re-
lated sequences. Clones pBEZ2, pBEZ, and pBEb were
selected in this order by serial screening of the library
with DNA probes consisting of a restriction fragment
from the &' end of the last clone isolated. Clone pBES
was obtained by screening the library with a primer
complementary to the pBES 5 end. Figure 1A shows
an ordered map of these cDNA clones together with
the strategy used 1o sequence them.

The CV777 clones illustrated in Fig. 1B were all ob-
tained by PCR using a mixture of degenerate and PEDV
sequence-specific primers. The degenerate primers in
the N, M, and S genes were based on conserved se-
quences identified within the corresponding corona-
virus genes in our previous publication {Bridgen et al.,
1993b). The degenerate primers P24 and P25, in the N
and M genes, respectively, have heen described in de-
tail elsewhere (Bridgen er a/,, 1993a). The two degen-
erate primers in the S gene, P56 and P56, were based
on the conserved consensus residues KVNECV and
KWPWYVW, respectively. The unigue primers were
based on previous PEDV sequence data (Bridgen et af.,
1993a) or were provided by the Paris group. All amplifi-
cations were made on first strand ¢DNA template
which had been primed with the unique or degenerate
primers. Amplifications were performed using Strata-
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Fia. 1. cDNA clones used for determining the sequence of the PEDV genome downstream of the S gene. (A) Bri1/87 clones: the sequenced
parts of the indicated clones appear as solid lines. Clones pBE2 and pBE3 end within the PEDV leader sequence (solid box). Clones p501 to
p506 are cloned RT/PCR fragments. Clones pBE1, pBED, and pBES were shotgunned. Clones pBE2 and pBE3 were sequenced only at their
extremities by using T3, T7, and three PEDV-specific primars. Probes [ to lll, see Materials and Methods. (BY CV777 clones: the lines represent
PCR-generated clones. The primers used comprised a mixture of PEDV-specific primers and degenerate primers based cn conserved regions of
the coronavirus genome in the M, N, and S genes. Each line represents a set of clones rather than individual clones, of which some were derived
from PEDV virion RNA white others were made from PEDV-infected cell mRNAs. Subclones were constructed using the restriction endenucle-
ase sites indicated and clones were sequenced using vector and PEDV seguence-specific primers. {C) Dedugced PEDV genomic organization.

Newly identified ORFs are shown as shaded boxes.

gene Pfu polymerase for the greater accuracy and heat
stability of this enzyme as compared with the Perkin-
Elmer Cetus Amplitag we had used previously, and
also because the Pb0O/PB5 and P55/P56 reactions
failed to work with Amplitag despite using a wide range
ot different experimental conditions.

Identification of ORFs

The whole sequence of PEDV shown in Fig. 2 was
determined on both strands of at least two clones for
each of the Br1/87 and CV777 strains. The 1740 nt-
long sequence extends upstream from the N gene, the
sequence of which we reported recently. The 5-most
ORF (113 nt} was assumed to correspond to the 3’ end
of the S gene, based on homotogy with other corona-
virus 3 genes, on the position with respect 1o the other
CRFs and on the presence of a cysteine cluster typical
of the endodomain of the coronavirus S protein {review
Spaan et af., 1988}. Three major ORFs were identified

downstream of this ORF. The first one (nt 116 to 784),
designated ORF3, has the coding capacity for a 223
aa-long polypeptide, or possibly 224 aa as discussed
betow. The next two ORFs have the potential to en-
code 76 and 226 aa-long polypeptides, homologous to
the coronavirus structural proteing sM (Godet et af.,
1992) and M (review Spaan et al., 1988), respectively.
Alignments of the sM and M sequences revealed a 54
and 57% identity, respectively, for the PEDV-HCV
229E comparison, and 29 and 53%, respectively, for
the PEDV-TGEV comparison (sM sequence data;
Rasschaert et a/, 1987; Raabe and Siddell, 1989; M
sequence data. see legend of Fig. 7). The nucteotide
sequences of CV777 and Br1/87 were nearly identical:
only 4 nt substitutions were noted, 2:n ORFs3and 2in
the M gene, all of them leading to amino acid changes
(see Fig. 2). The sM gene was strictly conserved be-
tween the two isclates. However, as described in the
next section, various deieticns (I, 1l, and 1ll in Fig. 2)
were observed in ORF3.
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CTTTTGAARAGGTCCACGTGCAGTGATGTTTCTTGGACTTITTCAATACACCATTGACACAGTTGTCAAAGATGTCTCGAAGTCTGTCAR 1E0Q
F E X V H V Qg =* 5 END
ORF3 M F L 6 L F QY T 1 0 TV V KD V 5 K 5 V E z2
I
CTTGTCTTIGGATGCTGTCCAAGAGT TGGAGCTCAATGTAGTTCCAATTAGACRAGCTTCAAATGTCGACCCGGTTTTCTTTTCACCAGTGT 270

L $ L D AV Q E£E L ELSNUVYUVP?PIZROQQASTENJUVVTGTFTLTFTS5V 52
1856 g .
TTTTGTTTACTICT TTGCAC TG T TTAAAGCGTCTTCT T FGACGCGCAATTATAT TATC TTGGCAGCGCGTT TTGC TGTOGTCTTTCTCTA 360
F VY FF ALTFEKG ASSTILERTENTYTIMTLAGBMTERTEGATVUVTF L Y 82
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1T
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GTAATAGCGCAGTTTATACACCTATAGGGCGCCTGTATACAGTTTATAAGTCTTACATGCGAATTGACCCCCTCCCCAGTACTGTTATTG 990
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69+ ,‘_9
ACGTATAAACGARATATGTCTAACGCTTCTATTCCCGTTGATGAGGTGATTGAACACCTTAGARACTGGAATTTCACATGGAATATCATA 1080
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v o+ 76
CTGACGATACTACTTGTAGTGCTTCAGTATGGCCATTACAACTACTCTGTGTTC TTCTATGCTGTCAAGATCGCTATTCTATGGATACTT 1170
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TGCATCACTCTTATGCTGTGGATAATGTATTTTGTCARTAGCAT TCGGTTGTGGCGCAGGACACATTCTTGGTGGTCTTTCAATCCTGAA 1350
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ACTGACGUGCTTCTCACTACTTCIGTGATGGGCCGACAGGTCTGCATTCCAGTGCTIGGAGCACCAACTGGTGTAARCGCTAACACTCCTT 1440

T D AL L TT SV M GROQVCIU®PVILGAPTSGUV T L T L L 145
{3) -gf— 50

AGTGETACATTGCTTGTAGAGGGCTATAAGGTTGCTAC TGGCGTACAGGTAAGTCAATTACCTART TTCGTCACAGTCGCCAAGGCCACT 1530

s ¢ T L L VE G Y KV AT GV Q0 V 8§ 0 L P N F V T V A KA AT 175

ACRACRATIGICTACGGACGTGTTGGTCGTTCAGTCAATGCTTCATCTGGCACTGGTTGGGCTTTCTATGTCCGGTCAARACACGGCGAC 1620

T T i v ¥ ¢ R VvV G R S VvV N A S S5 G TGWATF Y V R S KH ¢ D 205
{4)

TATTCAGCTGTGAGTAATCCGAGTGCGGTTCTCACAGATAGTGACAAAGTGCTTCAT T TAGTC TAAACAGAAACTTTATGGCTTICTGTCA 1710

¥ 5 AV 5 N P 5 AV L T P S E K V L H L Vv * 226

-— 34
GCITTCAGGATCGTGGCCGCAAACGGCTCCC 1741
F ¢ D R G R K R V -

FiG. 2. Nucleotide sequence of the PEDV genome regicn between the S and N genes. The predicted amino acid sequences of the polypep-
tides encoded by the major ORFs are shown below the nucleotide sequence in single-letter code. The proposed consensus intergenic se-
guences are underlined. Differences between the two isolates or between different clones are indicated by arabic numbers above the sequence:
()T not Ain CV777, causing N 1o Y amino acid change; (2) G not Tin pBE3 Br1/87 clone, causing S to A amino acid change; (3) C not Tin CV777
and pBE3 Br1/87 clones, causing F to L change; (4) C not T in pBE3 Br1/87 clone causing L to P amino acid change. Variable regions in ORF3 are
shown by underlined roman numbers. Arrows above the nt sequence indicate the position of primers. Pcints indicate potentiat Asn-linked
glysosylation sites. (*) Additional Y amino acid residue predicted in the potential CRF3 224 aa polypeptide (see Results). Two functional motifs
are boxed (see Discussion). The sequence data in the EMBL Data Library are available under Accession No. Z24733.
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A

cDNA Clones Nucleotide Sequences Predicted polypeptide (aa)

Var IIF
Variation I Variation I Variation 11 V"’II Vﬂiﬂ l
*07, 018 117- TGTAGTT 524- GCTTA..ATGA 617-TGTATCTAGCT __"_:_1,3; 106
pBES, p501 TGTAGTT GCTT. ...TGA TOTATCTAGCT v 143
*020 TGETAGTT GCTTATTATGA TGTATCTAGCT ——————— ) 53
*06,017 TG. .GTT GCTTATTATGA TGTATCTAGCT cos—————— 208
pBEG,p502,p506 TGTAGTT GCTTATTATGA TG ... ... CT  ———— 213
*5 TGTAGTT GCTTA...TGA TGTATCTAGCT 223
PBRES+CBE6 TGTAGTT GCTTATTATGA TGTATCTAGCT 224
B
oe CEaiG T
A A A A A
A A A A A
n i T T i
A T A T A
A A c A A
T (e T C T
A ik T A
& 06 07 018 C 020
P

|

FiG. 3. (A) Nucleotide alignment of the variable regicns observed in PEDV ORF3 cDNA clones. CV777 clones are denoted by an asterisk. The
nucleotide position of each variable region is indicated on the |eft. The resulting predicted polypeptides are shown at the right side of the figure;
the region homologous 10 the 223 aa, reference polypeptide {see text) is shown as a solid line. pBEL + pBES stands for hypothetical complete
ORF 1o pBES + pBES. (B) Sequence of five CV7T77 clones in the variation i region. The autoradiogram shows the anisense sequence, as

determined from P10.

Nucleotide variation in the ORF3 clones

A striking feature of cur sequence data was the pres-
ence within ORF3 of at least 3 regions of variability,
consisting of short deleticns (2 to 7 nt). These varia-
tions are shown in Fig. 3, together with the length of
the predicted polypeptides. Ali these deletions were
mutually exclusive, Deletions were present in both
straing of the virus sequenced. The largest observed
ORF could encode a 223 aa product (seguence dis-
played in Fig. 1) and this was taken as a reference for
the description of the other predicted polypeptides.
However, removal of any of the deletions mentioned
above would lead to an ORF encoding a polypeptide
with one extra aming acid (Tyr between positions 138
and 139 as numbered in Fig. 2) compared to the 223
amino acid reference polypeptide.

Variation |, observed in CV777 only {clones 06 and
017), consists of a 2 nt deletion and results in a 208
aa-long polypeptide, of which the last 192 are homolo-
gous to the 223 aa species. Three sizes of deletians
were found in the region of variation II; clones 07 and
018 have the coding capacity for 137 and 106 aa poly-
peptides, which are essentially identical to the amino-

and carboxy-sequences of the 223 aa species, respec-
tively. Clone pBEb encodes a 143 aa polypeptide
corresponding to the 223 aa species truncated by the
86 aa nearest to the carboxy-terminus. Clone S en-
codes the 223 aa reference polypeptide. The 7 nt dele-
tion of the variation Ill region (pBE6 clone) results in a
fused polypeptide 213 aa-long which has only the
amino part in cemmaon with the 223 aa species. Since
part of the variations presented in Fig. 2 have been
confirmed by sequencing of cloned RT/PCR fragments
encompassing the relevant regions {p501, pb02, and
ph06), they are unlikely to reflect cloning artifacts. Fur-
thermore, direct seguencing of uncloned RT/PCR
products revealed the presence of two templates, as
expected if deleted and undeleted viral RNAs were
present in roughly eguivalent proportions in Br1/87-in-
fected cells {data not shown). The six CV777 clones
covering ORF3 were derived from both infected cell
RNA(S, 017,018, 020) and from virion RNA {06, O7),
thus excluding the possibility of the deleted RNA purely
being a feature of infected cell RNA. Only one cDNA
clone (clone 020 derived from CV777) had none of the
above mentioned short deletions. However, it turned
out to have a 37 nt deletion at the very 5" end of ORF3
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FiG. 4.Northern blot analysis of PEDV intracelluiar RNAs. (Left)
Total RNA was electraophoresed in formaldehyde-agarose gel and
transferred to a nylon membrane. A [**P]-labeled cDNA (clone pBE1
insen), corresponding 10 the N gene and the 3" non-coding region,
was used as the hybridization probe. RNA from mock-infected (lane
3) or PEDV-infected {lanes 1 and 2} cultures. Lane 1, 10 gxq, 4-hr
exposure. Lare 2, 30 ug, 4-day exposure. {Right) Sizes of PEDV
mRNAs: comparison between predicted and experimental values.

{position 102 to 138 in Fig. 2). As a consequence, an
ORF 153 aalongis created which is completely homol-
ogous with the 223 aa ORF species.

PEDV subgenomic RNAs

Northern blot analysis was performed to see
whether the pattern of subgenomic RNAs transcribed
in PEDV-infected cells was consistent with those of
other coronaviruses, When using a probe covering the
gename 3’ end, four major RNA species were detected
in addition to the genomic RNA (of »20 kb), as ex-
pected for RNAs having the nested set structure typi-
cal of the Corcnaviridae {(Fig. 4). An identical pattern
was observed for the two isolates (not shown). Their
respective sizes were in good agreement with those
predicted from the nucleotide sequence, assuming
that the initiaticn of transcription occurs at the hexa-
meric intergenic sequences indicated in Fig. 2. This
would imply that the S, ORF3, M, and N polypeptides
are expressed from mRNAs 2, 3, 5, and 6, respectively.
The mRNA species potentially encoding the sM poly-
peptide comigrated with RNA species 5, but ¢could be
observed by probing with an sM-specific sequence
{not shown). Finally, no RNA species could be detected
betweer the gencmic RNA and the subgenomic RNA

2, thus suggesting that PEDV has no additicnal genes
upstream of the 5 gene except that encoding the poly-
merase. This finding is in agreement with the lack of
hemaggtutinase activity associated with PEDV {Utiger,
persanal communication) since, if this gene is present
within a coronaviral genome, it is invariably located be-
tween the S and polymerase genes.

DISCUSSION

In this study we have cloned and analyzed the ge-
nome region located between the 5 and N genes of the
two PEDV virulent isclates, Br1/87 and CV777. The
nucleotide sequences of the two isclates were 89.9%
identical, consistent with our previous results for the N
gene region (Bridgen et a/., 1993a). The 1740 nt-long
sequenced stretch revealed two ORFs encoding the
coronavirus transmembrane prateins M and sM, and a
large, potentially single ORF, which we have desig-
nated ORF3 on the basis of the mRNA pattern seen in
infected cells. The deduced structural characteristics
of the membrane protein M and of the minor structural
protein sM are very similar to those of the other corona-
viruses. The N-terminal domain of the PEDV M protein
is predicted (i) to have no signal seguence such as is
found in TGEV (Laude et a/., 1987); {ii} to extend 17
amino acids from the virion envelope, i.e., one of the
shortest ectodomains together with that of the HCV
229E M protein (16 residues) {Jouvenne et al., 1990);
and (i to have one N-linked glycosylation site (Asn at
position 3, Fig. 2}. The predicted features of the M apo-
protein are consistent with experimental findings. For
example, the MW of the PEDV M apoprctein was pre-
dicted to be 25 kDa, similar to the reported M, (Utiger et
al, 1993), and recent glycosylation inhibition experi-
ments have confirmed the N-linked nature of the M
protein glycosylation {Utiger, personal communica-
tion). Comparison of the predicted M and sM proteins
of PEDV with those of other coronaviruses yieided simi-
lar results to those of the N protein, with higher homalo-
gies to the TGEV, FIPV, and CCV prateins than to those
of muring hepatitis virus (MHV), bovine coronavirus
(BCV), and infectious bronchitis virus (IBV).

In addition to the genes for structural proteins, coro-
navirus genomes contain a number of ORFs thought to
encode non-structural proteins, which are currently at
best poorly characterized (review Lai, 1990). The num-
ber and position of such ORFs differ among the coro-
naviruses, generally two of them being located be-
tween the S and sM genes. Thus the presence of a
potentially single ORF leaving little non-coding space
between S and sM appears to be a distinctive feature
of the PEDV genome. With the exception of certain
coronavirus strains having altered ORFs, as is dis-
cussed later, such a situation has only been encoun-
tered for HCV OC43. In the latter case, however, a
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FiG. 5. Alignment of the predicted aming acid sequance of PEDV ORF3 with the ORFs 4a + 4b of HCV 229E and ORF3b of TGEV. The HCV
229E ORF4a and ORF4b polypeptides are presented in tandem, without spacing. The arrowhead indicates the first Met residue of the HCV
ORF4b polypeptide. Identical aming acid residues between PEDV and at least one of the other two sequences are in boldface. Potential
N-glycosylation sites conserved in the 3 sequences are boxed. The three large, overall markedly hydrophaobic regions predicted in the three
seguences, which are shown as the shaded region in Fig. 8, are overlined. The alignment was constructed using the UWGCG Pileup and Pretty
programs and was adjusted manually. Sequence data for TGEV and HCV are according to Kapke et &/ (1988) and Raabe and Siddell {1989).

short (11 residues), vestigial ORF, which is followed by
a 47 nt stretch homologous to the leader seguence, is
found downstream of the S gene. Since this may refiect
a recent recombinational event {(Mounir and Talbot,
1992) it remains to be discovered whether other OC43
isolates show the same crganization.

We would, however, also like to suggest from our
results for PEDV that the HCV 229E genome also po-
tentially encodes, or at one time encoded, a single ORF
between the S and sM genes. Pairwise alignments
performed in order to see whether counterparts of
PEDV ORF3 were present in the corresponding ge-
nome region of other coronaviruses vielded positive
results for four viruses: {i) The ORF3b (244 aa} of TGEV
{Kapke et al., 1988), ORF3-1 of porcine respiratory co-
ronavirus PRCV (Rasschaert er af., 1990), and ORF3b
of CCV (Horsburgh et al., 1982) showed a 30% identity.
{il The chimaeric polypeptide ORF4, representing
ORFs 4a (133 aa) and 4b (88 aa) of HCV 229E fused
tail-to-head, showed an overall 356% identity (Raabe
and Siddell, 1289). This analysis also revealed a sub-
stantial, previously unnoticed identity {(28%) between
the HCV ORF4a/b and TGEV ORF3b. A multialignment
of the above sequences is shown in Fig. 5 in which 42

residues fully conserved between the three viruses
have been identfied. In addition, the aligned se-
quences share several features. First, as is also illus-
trated in Fig. 6, several lang hydrophaobic stretches are
present at homologous positions in the amino terminal
haif of these proteins. Second, two Asn-linked glycosyl-
ation motifs are conserved, one of which is located
upstream of the first hydrophaobic stretch. Such char-
acteristics are suggestive of a membrane protein hav-
ing at least one transmembrane segment. The first hy-
drophobic stretch, comprising 17 consecutive, non-
polar residues, could wel have this role. It was also
noted that six Cys residues are clustered within the
downstream hydrophcbic stretch of PEDY ORF3. The
presence of a cluster of Cys residues near the carboxy-
end of the ancher region and serving as palmitoylation
sites is not unfrequent in transmembrane proteins
{Schmidt, 1982}, However, no such residues are pres-
ent in the corresponding domains of TGEV and HCV.
Finally, an interesting possibility is that the ORF3 prod-
uct might represent an additional virion envelcpe pro-
tein which has remained unreceognized since it is very
similar in size to the major structural protein M. This,
howsever, is unlikely since virus particles were found
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Fic. 6. Compared hydropethy of the HCV, PEDV, and TGEV polypeptides shown in Fig. 5. The curves are the average of a residue specific
hydrophobicity index over a window of nine residues. Peaks extending upward represent hydrophebic regions; the shaded areas represent
potential membrane-associated regions. The analysis was performed using the UWGCG PepPlot program.

defective for the full-length ORF3 RNA and since no
homolog of this protein is present in MHV, IBV or BCV.

Two possible functional motits were observed in the
PEDV ORF3 sequence (see Fig. 2): (i) An arginase sig-
nature (at residues GGDHYIT) which is partially con-
served in the TGEV and HCV 229E proteins; (i) A possi-
ble ATP/GTP binding site, present in the putative 224
aa polypeptide at residues AAY(Y)DGKS; however, this
motif occurs in the variation |l region and is not con-
served in TGEV and HCV proteins. As mentioned under
Results, an impaortant variability was observed among
the cDNA clones spanning ORF3. Due to the presence
of various deletions within the ORF, most of them en-
coded a truncated product. These deletions could well
imply that the PEDV ORF3 product is not required for
replication in cell cuiture. We have no good explanation
for the clustering of the deletion sites to a few specific
loci. Variable regicn | occurs at a region of extensive
secondary structure in the viral RNA, but this does not
apply to the other regions. Deletions within genes are
not unknown in coronaviruses, however. QOur findings
are reminiscent of the apparent flexibility (deletion, pre-
mature stop codon, or lack of start codon) emerging
from sequence data of different strains of MHV (ORF5,
Yokomori and Lai, 1991; ORF4, Weiss et a/., 1993.},
TGEV (ORF3, Rasschaert et al., 1987; Britton er al.,
1993; Wesley et a/,, 1980) and HCV 229E (ORF4, lou-
venne ef al., 1992).

One interesting feature of the variations observed in
the PEDV ORF 3 was that, although deletions were
sometimes present at the same location in the two
PEDV strains studied, the nature of the deletion was
never the same in the two strains. This favors the view
that CV777 and Br1/87 represent two distinct isalates
of PEDV which originated from the same virus popula-
tion but which later evolved independently. These two
isolates, although in many respects virtually identical,
differ in the markedly higher efficiency of replication in
cell culture of CV777 compared to Br1/87 (data not
shown). One possible explanation of this could be that

the latter isolate possesses no full-length ORF3 {capa-
ble of encoding a 223 or 224 aa polypeptide). One
guestion which certainly requires investigation is
whether the ORF3 product is expressed as a 223 or
224 aa polypeptide in nan-cell culture-adapted isolates
of PEDV and whether such isolates have internal dele-
tions in the ORF,

Based on the size and distribution of the plus sense
RNAs synthesized in infected cells, each of the ORFs
presently identified in the PEDV genome is likely to be
expressed from a functionally monocistronic mRNA.
The initiation of transcription of the subgenomic RNAs
is likely to occur at the “*unigue’” hexameric motif pres-
ent upstream of each ORF, similar to that found in
other coronaviruses (review Lai, 1990). This appeared
to be the case for the mRNA 4, which encodes the sM
gene, since a 40 nt stretch 50% homologous to the
TGEV leader sequence was found immediately up-
stream of the motif CTAGAC at the 5' end of cione
pBE3 (not shown). Similarly, a 30 nt, leader-like se-
quence is present immediately upstream of the maotif
CTAAAC at the 5" end of clone pBE2, which is likely to
represent a cONA copy of mRNAE, encoding the M
protein. Thig indicates that the proposed motif is func-
tional, thus implying that the conserved intergenic se-
quence is more flexible than previcusly thought. This
finding is consistent with that of a recent report, which
shows that, in a stable context, each nt of the MHV
conserved maotif can be mutated without affecting the
efficiency of transcription (Joo et al,, 1992).

The findings presented in this study further
strengthen the view that PEDV belongs to the same
subgroup, tentatively designated genetic subset, as
HCV 229E and the antigenically clustered viruses
TGEV, PRCV, FIPV, feline enteric corcnavirus and
CCV. This subset of the corcnavirus genus has been
proposed to acknowledge the fact that the above vi-
ruses, although exhibiting few if any subset-specific
epitopes, share several distinguishing genetic traits
{Duarte et al., 1993). This proposal is also supported by
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Fig. 7. Neighbor-joining distance matrix iree based on the M
amino acid sequences of nine coronaviruses. The regions used for
the analysis were the C terminal jast: {i} 192 aa of the M protein of
HCV 229k, TGEV, PRCV, FIPV, CCV, and PEDV (Jouvenne er al.,
1990; Laude et &/, 1987, Rasschaert et af, 1990; Venemma et al.,
1991; Horsburgh et /., 1992; this paper}; (i) 189 aa of the M protein
of BCV and GC43 (Lapps et &/., 1987; Mounir and Talbot, 1992); {ii))
186 aa of the M protein of MHV-JHM {Pfieiderer et a/., 1986); (iv) 188
aa of the M protein of IBV (Boursnell et af., 1984). This method aives
an unrooted tree, which means that the direction of evolution
through the tree is not shown. To infer the root we assume a degree
of constancy in the molecuiar clock, and place the root, half way
along the fongest branch. The final tree was made by hand, main-
taining the distances of the unrooted tree. The horizontal branch
lengths are indicative of the evelutionary distances. The vertical lines
are only for clarity.

the phylcgenetic analysis of the conserved region of
the M protein (Fig. 7) and of the sM pratein (not shown).
It is also apparent from this figure that PEDV is more
closely related to the human respiratory virus 229E
than to the other porcine enteric virus, TGEV. Indeed,
pairwise alignment of the amino acid sequences de-
duced for each of the three newly identified ORFs of
PEDV {M, sM and ORF3} with their counterparts re-
vealed a higher identity with HCV 229F than with
TGEV, as already reported for the N protein {Bridgen et
al, 1993a). The PEDV sM protein, in particular, is far
more homologous to that of HCV 229E than to that the
TGEV sM protein. In addition, neither PEDV nor HCV
229E have an ORF like the TGEY ORF3a or an ORF
downstream of the N gene. Thus, it is likely that these
two viruses diverged later than TGEV {and its related
viruses) from their common ancestor. However, since
intergenamic recombination is a recognized feature of
coronavirus evolution (review Lai, 1980), it remains to
be investigated whether such a conclusion would hold
true for the remaining part of the PEDY genome.
Finally, the evolutionary relationship demonstrated
between PEDV, HCV 229E and TGEV raises stimulat-
ing questions with respect to the virus tropism. First, it
might be worth examining whether PEDV multiplica-
tion could also take place in the respiratory tract or
whether it is fully restricted to the intestine, where the
magor histopathological changes are located. Secend,
TGEV and HCV 229E recognize aminopeptidase N
{APN) as a major membrane receptor {Delmas et 4.,
1992; Yeager et al., 1992) and this in a strictly species-

specific manner {Delmas et al., in preparation). This
leads to the speculation that PEDV, despite the lack of
permissiveness of the APN-expressing porcine cell
lines, may gain entry into the enterocytes by utilization
ot the same molecule.

ACKNOWLEDGMENTS

M.D. and H.L. thank the following peop'e from their laboratory: ).
Gelfi for her expert assistance in propagating the virus, P. Lambkert
and N. Woloszyn for their help in nuclectide seguencing, and F.
Lefévre for advice in using the PHYLIP package. M. Duarte
(C.I.V.E.T., Pando, Uruguay), Ph.D. student, held a fellowshig from
the French Government. K.T., AB., and M.A. thank A. Utiger, M.
Rosskopf and M. Schwyzer for advice during the course of this work.
K. Taobler was supported by Grant 012.91.7 from the Swiss Federal
Veterinary Services.

REFERENCES

BOURSNELL, M. E. G., Brown, T. D. K, and Binng, M. M. {1984).
Sequence of the membrane protein gene from avian coronavirus
IBV. Virus Res. 1, 303-313.

BRIDGEN, A., DUARTE, M., TOBLER, K., LAUDE, H., and ACKERMANN, M.
{1993a). Sequence determination of the nucleocapsid protein
gene of the porcine epidemic diarrhoea virug confirms that this
virus is a coronavirus related to human coronavirus 228E and por-
cine transmissible gastroenteritis virus. . Gen. Virol. 74, 1795-
1804.

BRIDGEN, A., TOBLER, K., and Ackermann, M. (1923b). Identification
of coronaviral conserved sequences and application to viral ge-
nome amplification. /n ""Coronaviruses: Molecular Biology and
Virus—Host Interactions” {H. Laude and ). V. Vautherot, Eds.). Ple-
num, New York, in press.

BRATON, P., KOTTIER, S., CHEN, C.-M., Pockok, D. H., SALMON, H.,
and Avnaup, ). M. (1983). The use of PCR genome mapping for the
characterisation of TGEV strains. /n "Coronaviruses: Molecular
Biclogy and Virus-Hecst Interactions' {H. Laude and J. V. Vauth-
erot, Eds.). Plenum, New York, in press.

Desouck, P., and PeENSAERT, M. {1980). Experimental infection of
pigs with a new porcine enteric coronavirus, CV 777. Am. } Vet.
Res. 41, 219-223.

DeBouck, P., PensaerT, M., and CoussemenT, W. (1981). The patho-
genesis of an enteric infection in pigs, experimentally induced by
the coronavirus-like agemt, CV 777. Vet. Microbiol. 6, 167-167.

Descuck, P. (1982). Prevalence of the porcine epidemic diarrhea
{PED) virus in 1he pig pepulation of different countries. Proc, 7th
Int. Congr. Pig Vet. Soc., Mexico City.

DeLmas, B., GeLrl, J., L'HaRDON, R., VoceL, L. K., SiosTromMm, H.,
Noren, O., and Lauce, H. {1992). Aminopeptidase N is a major
receptor for the entero-pathogenic coronavirus TGEV. Nature
357, 417-420.

Dessen, P., FONDRAT, C., VALENCIEN, ., and MugNiER, C. (1990).
BISANCE A french service for access to biomolecular sequence
databases. Comput. Appl. Bicsci. 8, 355-356.

DEVEREUX, )., HAEBERL, P., and SmiThies, Q. {1984). A comprehen-
sive set of sequence analysis programs for the VAX. Nucleic Acids
Res. 12, 387-395.

DuarTE, M., GELFY, ., LAMBERT, P., RasscHAERT, ., and LAUDE, H.
(1993). Genormic organization of porcine epidemic diarrhoea virus
(PEDV). /n “‘Coronaviruses: Molecular Biology and Virus—Host In-
teractions' (H. Laude and ). V. Vautherot, Eds.). Plenum, New
York, in press.

EGBERINK, H. F., EDERVEEN, )., CaLLEBauT, P, and Horzinek, M. C.
{1988). Characterization of the structural proteins of porcine epi-



476 DUARTE ET AL.

zootic diarrhea virus, strain CV 777. Am. /. Vei. Res, 49, 1320-
1324.

FELSENSTEIN, J. {1991). “"Phylip: Phylogenetic Inference Package,
Version 3.4." University of Washington, Seattle, WA.

Goper, M., L'Haripon, R., VAuTHEROT, J. F., and Laune, H. (1992).
TGEV ceronavirus ORF4 encodes @ membrane protein that is in-
corporated into virions. Virology 188, 866-675.

HamILTON, B., PaLazzoLo, M., and MevErowiTz, M. (1891). Rapid
isolation of long cONA clones from existing libraries. Nucleic Acids
Res. 18, 1951,

Have, P., Mowving, V., Svansson, V., UTTENTHAL, A., and BLOCH, B.
(1892). Coronavirus infection in mink (Mustela vison). Serological
evidence of infection with & coronavirus related to transmissible
gastroentaritis virus and porcine epidemic diarrhea virus. Vet. Mi-
crobiol. 31, 1-10.

Hiaaing, D., and SHARP, P. (1889). Fast and sensitive multiple se-
quence alignments on a micro computer. Comput. Appl. Biosci. 5,
161-153.

Hormann, M., and WYLER, R. (1988). Propagaticn of the virus of por-
cine epidemic diarrhea in cell culture. /. Clin. Microbiol. 26, 2235—
2239,

HorsaurGH, B. C., BRIERLEY, |., and Brown, T. D. K, (1992). Analysis
of a 9.6 kb sequence from the 3’ end of canine coronavirus geno-
mic RNA. 1. Gen. Virol. 73, 2849-2862.

Joo, M., and Maxing, 8. {1892}, Mutagenic analysis of the corona-
virus intergenic consensus seguence. £ Virol 66, 6330-6337.
Jouvenne, P, RicHARDSON, C. D., SCHREIBER, 5. S., Lal, M. M., and
TaLeoT, P. ), (1990). Sequence analysis of the membrane protein

gene of human coronavirus 229E. Virology 174, 608-812.

JOUVENNE, P, MOUNIR, 3., STEWARD, J., RicHARDSON, C. D., and TaL-
goT, P. {1992). Sequence analysis of human coronavirus 229E
mRNA4 and b: Evidence for polymorphism and homology with
myelin basis protein, Virus Res. 22, 125-141.

Kapke, P. A, Tung, F. Y. T., and Brian, D. A, {1988). Nucleotide
sequence between the paplomer and matrix protein genes of the
porcine transmigsible gastroenteritis coronavirus identifies three
largecpen reading frames. Virus Genes 2, 293-294.

KNUCHEL, M., ACKERMANN, M., MULLER, H., and Kiim, U. (1992). An
ELISA for detection of antibodies against porcine epidemic
diarrhoea virus (PEDV) based on the specific solubility of the viral
surface glycoprotein. Vet. Microbiol. 32, 117-134.

Lar, M. M. C. (1980). Coronavirus: Organization, replication and ex-
pression of genome. Annu. Rev. Microbiol 44, 303-333.

Larprs, W., HoguE, B. G., and Brian, [. A, {1987). Sequence analysis
of the bovine coronavirus nucleccapsid and matrix protein genes.
Virology 167, 47-57.

Laupg, H., RasscHAeRT, D, and HueT, ). C, (1887}, Sequence and
MN-terminal processing of the transmembrane proteine E1 of the
coronavirug transmissible gasircenteritis virus. /. Gen. Virol 88,
1687-1693.

MOUNIR, S., and TaLBOT, P. 1. {1992). Sequence analysis of the mem-
brane protein gene of human coronavirus QC43 and evidence for
O-glycosylation. /. Gen. Virol. 73, 2731-2736.

PensaerT, M. B., and Desouck, P. {1978). A new coronavirus-like
particle associated with diarrhea in swine. Arch. Virol 58, 243-
247.

PensaerT, M. B., DeBouck, P., and REyNOLDs, D. J. (1981). An im-
munoelectron microscopic and immunafluorescent study on the
antigenic relationship between the coronavirus-like agent, CV
777, and several coronaviruses. Arch. Virol 68, 45-52.

PFLEIDERER, M., SKINNER, M. A., and SippeLL, S. G. (1986). Corona-
virus MHV-JHM: nuclectide sequence of the mRNA that encodes
the membrane protein. Nucleic Acids Res. 14, 6338.

RaaBg, T., and SIDCELL, S. (1983). Nuclectide sequence of the hu-
man coronavirus HCV 229E mRNA 4 and mRNA 5 unigue regions.
Nucleic Acids Res. 17, 6387.

RasscraerT, D., GELR, )., and Laupg, H. {(1987). Enteric coronavirus
TGEV: partial sequence of the genomic RNA, its organization and
expression. Biochimie 69, 591-600.

RasscHAERT, D., DUARTE, M., and LAUDE, H. (1890). Porcine respira-
tory coronavirus differs from transmissible gastroenteritis virus by
a few genomic deletions. . Gen. Virol. 71, 2699-2607.

Sarou, N., and Nei, M. (1987). The neighbor-joining method: A new
method for reconstructing phylogenetic trees. Mol Biol. Evol. 4,
406-425.

SaMBROCK, J., FRiTscH, E. F., and Mawiamis, T. {1989). “Molecular
Cloning: A Leboratory Manual,” 2nd ed. Cold Spring Harbor Laboe-
ratory, Cold Spring Harbor, NY.

ScHMIDT, M. F. {1982) Acylation of viral spike glycoproteins: A fea-
ture of enveloped RNA viruses. Virology 116, 327-338.

SHORT, [, FERNANDEZ, J., SORGE, )., and Huse, W. (1988). 1ZAP: a
bacteriophage 1 expression vector with in vivo excision proper-
ties. Nucleic Acids Res. 16, 7683-7599.

3praaN, W., CavanagH, D., and Horzinek, M. C. {1988). Coronavi-
ruses: structure and genome expression. £ Gen. Virol. 69, 2939-
2352,

UTIGER, A., Rosskorr, M., GusceTTl, F., and ACKERMANN, M. {1983}
Preliminary characterization of a monocional antibody specific for
aviral 27 kD glycoprotein family synthesized in porcine epidemic
diarrhoea virus infected cells. /n **Coronaviruses: Molecular Biol-
ogy and Virus-Host Interactions"” (H. Laude and J. V. Vautherot,
Eds.). Plenum, New York, in press.

VAQUERD, C., SANCEAU, J., CATINGT, L., ANDREU, G., FALCOFF, E., and
FaLcorr, R, {1882). Translation of mRNA from phytohemagglu-
tinin-stimulated human Ilymphocytes: Characterization of inter-
feron mRNAs. [ Interf. Res. 2, 217-218.

VENNEMA, H., DE GROOT, R., HARBOUR, D., HoRZINEK, M., and SPAAN,
W. (1981). Primary structure of the membrane and nucleccapsid
protein genes of feline infectious peritonitis virus ang immunoge-
nicity of recombinant vaccinia virus in kittens. Virology 131, 327-
335.

WESLEY, R,, Wcoos, R., and CHEUNG, A. (1990). Genetic basis farthe
pathogenesis of transmissible gastroenteritis virus. £ Virol. 64,
4761-47686.

WeEigs, 5. R., ZoLTick, P. W., and LeisowiTZ, ). L. (1993). The ns4 gene
of mouse hepatitis virus (MHV), strain A8 contains two ORFs and
thus differs from ns4 of the JHM and S strains. Arch. Viral 129,
301-309.

Wooo, W., GITSCHIER, J., Lasky, L., and Lawn, R. {1985). Base com-
position-independent hybridization in tetramethylammonium chlo-
ride: A method for oligonucleotide screening of highly complex
gene libraries. Proc. Natl. Acad. Sci. USA 82, 1585-15688.

YALING, 7., EDERVEEN, J., EGBERINK, H., and PENSAERT, M. (1988). Pcr-
cine epidemic diarrhoea virus (CV777) and feline infectious perito-
nitis virus (FIPV} are antigenically related. Arch, Virol. 102, 63-71.

YeAGER, C. L., AsHMUN, R. A, WiLLiams, R. K., CARDELLICHIO, C. B.,
SHaPIRO, L. H., Look, A T., and Howmes, K. V. (1892). Human
aminopeptidase N is a receptor for human coronavirus 228E. Na-
ture 357, 420-423.

Yokomorl, K., and La, M. C. C. {1991). Mouse hepatitis virus § RNA
seguence reveals that nonstructural proteing ns4 and ns5a are not
essential for murine coronaviruses replication. /. Virol 65, 5805-
5608.

Younag, R., BLoom, B., GRosskINsky, C., ivanyl, )., THOMAS, D, and
Dawvis, R. (1985). Dissection of Mycobacterium tuberculosis anii-
gens using recombinant DNA. Proc. Nail Acad. Sci. USA 82,
2583-2587.



