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Sequence comparison of the 5' end of mRNA 3 from transmissible 
gastroenteritis virus and porcine respiratory coronavirus 

Kevin W. Page,t Karen L. Mawditt and Paul Britton* 

A F R C  Institute for Animal Health, Compton Laboratory, Compton, Newbury, Berkshire RG16 ONN, U.K. 

Analysis of porcine transmissible gastroenteritis virus 
(TGEV) and porcine respiratory coronavirus (PRCV) 
mRNA species indicated a deletion in mRNA 3 of 
PRCV. Polymerase chain reaction (PCR) was used to 
clone the 5' end of mRNA 3 from PRCV for 
comparison with the equivalent region in TGEV. Small 
deletions were observed within and around the PRCV 
sequence equivalent to the putative open reading frame 
(ORF) ORF-3a identified in TGEV. The potential 
RNA polymerase-leader complex binding site (leader 
RNA binding site), ACTAAAC, found upstream of 

ORF-3a in TGEV, was absent from the PRCV genome 
but a potential site was found in the PRCV genome 
upstream ofa  gene equivalent to TGEV ORF-3b. PCR 
analysis, using primers corresponding to sequences 
within the ORF-3b gene and the leader RNA sequence, 
confirmed that the leader RNA binding site was 
upstream of a gene equivalent to TGEV ORF-3b on 
PRCV mRNA 3 but upstream of ORF-3a on TGEV 
mRNA 3. The presence of the new leader RNA binding 
site would be responsible for generating the smaller 
mRNA 3 species found in PRCV-infected cells. 

Introduction 

Transmissible gastroenteritis virus (TGEV), first isolat- 
ed by Doyle & Hutchings (1946), causes gastroenteritis in 
pigs resulting in high mortality and morbidity in 
neonates. The virus replicates in and destroys the 
enterocytes covering the tips of the villi in the small 
intestine, resulting in diarrhoea and dehydration. TGEV 
replication has also been shown in lung tissue by immune 
fluorescence and virus isolation (Underdahl et al., 1974). 

TGEV belongs to the Coronaviridae family, a group of 
enveloped viruses with a positive-strand RNA genome. 
A virus antigenically related to TGEV was detected 
recently, which spread rapidly through the pig popula- 
tion in several European countries between 1984 and 
1986. The virus does not cause diarrhoea and essentially 
replicates only in the respiratory tract and not in the 
gastrointestinal tract, with little or no clinical signs 
(Pensaert et al., 1986; Pensaert, 1989; Cox et al., 1990). 
The causative agent, isolated in Belgium (Pensaert et al., 
1986) and in Britain (Brown & Cartwright, 1986), was 
identified as a coronavirus and named porcine respir- 
atory coronavirus (PRCV). The serological response in 
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pigs to infection with PRCV could not be distinguished 
from TGEV by available diagnostic tests. 

TGEV and PRCV virions contain three major 
structural polypeptides; a surface glycoprotein [spike (S)] 
with a monomeric Mr of 200000, a glycosylated 
membrane protein (M), observed as a series of polypep- 
tides between M~ 28000 and 31000 and a basic 
phosphorylated protein [the nucleoprotein (N)] of Mr 
47 000 associated with the viral genomic RNA (Garwes 
& Pocock, 1975; Britton et al., 1990). TGEV-infected 
cells contain, in addition to the genomic RNA (mRNA 
1), six species of subgenomic mRNA observed as a 
'nested' set (mRNA 2 to 7; Britton et al., 1986; Jacobs et 
al., 1986). The TGEV genome, except for the polymerase 
gene, has been cloned and sequenced from a virulent 
British strain, FS772/70 (Britton et al., 1987, 1988a, b, 
1989; Britton & Page, 1990) and from an American 
avirulent strain, Purdue-ll5 (Kapke & Brian, 1986; 
Kapke et al., 1987, 1988; Jacobs et al., 1987; Laude et al., 
1987; Rasschaert & Laude, 1987; Rasschaert et al., 
1987). Both TGEV and PRCV have identical leader 
RNA sequences (Page et al., 1990). In this paper, we 
have adopted the nomenclature for coronavirus subgeno- 
mic mRNAs and viral genes suggested by the corona- 
virus study group (Cavanagh et al., 1990). Sequencing 
studies on TGEV FS772/70 showed that mRNA 2 
encoded the S gene, mRNA 3 contained two potential 
open reading frames (ORFs) ORF-3a and ORF-3b 
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[formerly ORFs 1 and 2 (Britton et al., 1989)], mRNA 4 
contained one potential ORF, ORF-4 [formerly ORF 3 
(Britton et  al., 1989)], mRNA 5 encoded the M gene, 
mRNA 6 encoded the N gene and mRNA 7 contained a 
single ORF, ORF-7 [formerly ORF 4 (Britton et al., 
1989)] whose product has been identified in TGEV- and 
P R C V - i n f e c t e d  cel ls  ( G a r w e s  et aL, 1989). S e q u e n c e  

analys is  s h o w e d  t h a t  t he  p o t e n t i a l  p r o d u c t  o f  t he  O R F -  

3b gene  f r o m  t w o  v i r u l e n t  s t ra ins ,  FS772 /70  (Br i t ton  et 
al., 1989) a n d  Mi l l e r  ( W e s l e y  et al., 1989), h a d  a n  Mr  o f  

27600.  H o w e v e r ,  s e q u e n c e  d a t a  f r o m  t w o  g roups  

( R a s s c h a e r t  et al., 1987; K a p k e  et al., 1988) on  the  

a v i r u l e n t  P u r d u e - l l 5  s t r a in  g a v e  conf l i c t ing  results .  

R a s s c h a e r t  et al. (1987) f o u n d  t h a t  the  O R F - 3 b  gene  

p r o d u c t  h a d  an  Mr  o f  18800, due  to a p o i n t  m u t a t i o n  in  

the  e q u i v a l e n t  i n i t i a t i on  c o d o n  f o u n d  in t he  FS772 /70  

and  Mi l l e r  s t ra ins ,  bu t  K a p k e  et al. (1988) f o u n d  tha t  the  

Purdue-115  O R F - 3 b  gene  p r o d u c t  h a d  an  Mr  o f  27600.  
I n  th is  p a p e r  we  r epo r t  t he  c l o n i n g  a n d  s e q u e n c i n g  o f  

t he  5' e n d  o f  m R N A  3 f r o m  t w o  Br i t i sh  i sola tes  o f  P R C V  

for  c o m p a r i s o n  w i t h  t he  c o r r e s p o n d i n g  r eg ion  o f  T G E V .  

T h e s e  s tud ies  were  u n d e r t a k e n  to  i den t i fy  any  s e q u e n c e  

v a r i a t i o n  in th is  pa r t  o f  the  P R C V  g e n o m e  w h i c h  w o u l d  

a c c o u n t  for  the  o b s e r v e d  r e d u c t i o n  in size o f  P R C V  

m R N A  3. 

M e t h o d s  

Isolation of viral RNA. Viral RNA was isolated from LLC-PK1 cells 
infected with either TGEV strain FS772/70 or PRCV strains 86/137004 
or 86/l 35308 as described previously by Britton et al. (1987) and Page et 
al. (1990). 

Northern blot analysis. Specific restriction fragments from TGEV 
cDNA clones were separated on agarose gels, purified using Geneclean 
(Stratech Scientific) and labelled with [~-32p]dATP (Amersham) 
(Maniatis et al., 1982). TGEV and PRCV subgenomic mRNA species 
were denatured with 6 M-glyoxal, electrophoresed into 1% agarose gels, 
Northern-blotted onto Biodyne membranes (P/N BNNG3R 1.2 p.m; 
PAL) and hybridized to 32P-labelled TGEV cDNA fragments (Britton 
et al., 1988a, 1990). 

Preparation of oligonucleotide primers. Oligonucleotides were synthe- 
sized by the phosphoramidite method on an Applied Biosystem 381A 
D N A synthesizer. Four oligonucleotides were synthesized for polymer- 
ase chain reaction (PCR) amplification: oligo 5l (5' 
CTGTCCTTCCTAAATTGCAACACACCATGCATAGC 3') was 
complementary to a region on the TGEV genome 121 bp downstream 
of the TGEV ORF-4 initiation codons; oligo 52 (5' 
GGCCTTGGTATGTGTGGCTACTAATAGGC 3') corresponded 
to a region on the TGEV genome 152 bp upstream of the TGEV S gene 
termination codon; oligo 74 (5' AACTCAGAGTATTAAGAAAA 3') 
was complementary to a region on the TGEV and PRCV genomes 14 
bp downstream of the ORF-3b initiation codon and oligo 75 (5' 
CCTTTTAAAGTAAAGTGAGT 3') corresponded to the 5' end of 
the TGEV/PRCV leader RNA (Page et al., 1990). See Fig. 2 for the 
position of the oligonucleotides on the TGEV genome. 

First-strand cDNA synthesis. Total RNA (5 ~tg) isolated from virus- 
infected cells was re-dissolved in water containing 40 units (U) of 

RNasin (Promega). Synthesis of first-strand cDNA was carried out in 
either a solution containing 50 mM-Tris-HC1 pH 8.3, 3mM-MgClz, 75 
mM-KC1, 10 mM-DTT, 2.5 mM-dNTPs and primed with 160 ng of oligo 
51 using 1200 U of Moloney murine leukaemia virus reverse 
transcriptase (Gibco BRL) at 37 °C for 2 h or in a solution containing 50 
mM-Tris-HCl pH 8-3, I0 mM-MgC12, 35 mM-KC1, 30 mM-2-mercap- 
toethanol, 10 mM-DTT, 2.5 mM-dNTPs and primed with 200 ng ofoligo 
74 using 23 U of avian myeloma virus reverse transcriptase (Super-RT; 
Anglian Biotech) at 45 °C for 90 rain. 

PCR amplification offirst-strand cDNA. PCR amplification reactions 
(100 ~tl) contained 10 ~tl of the first-strand cDNA, 10 mM-Tris-HC1 pH 
8.3, 50 mM-KC1, 1-5 mM-MgCI 2, 0"01% gelatin, 250 ~tM-dNTPs, 5 U of 
Taq polymerase (AmpliTaq; Perkin-Elmer-Cetus) and 500 ng each of 
either oligos 51 and 52 or oligos 74 and 75. The reaction mixtures were 
overlaid with 100 ~tl of light mineral oil (Sigma) and the DNA was 
amplified during 35 cycles of 94 °C for 1 rain, 45 °C for 2 min and 72 °C 
for 3 min with a final elongation step of 72 °C for 9 rain in a Techne 
PHC-I programmable thermal cycler. 

Cloning of PCR-generated fragments. The PCR fragments obtained 
using oligos 51 and 52 were ether-extracted three times to remove the 
mineral oil, electrophoresed on a 1% agarose gel using TAE buffer 
(Maniatis et al., 1982), excised from the gel and purified with 
Geneclean. The cDNA was 5'-phosphorylated with T4 polynucleotide 
kinase (Gibco BRL), any incomplete ends were repaired using the 
Klenow fragment (Pharmacia) and BamHI linkers (product no. 1065; 
New England Biolabs) were added. Following digestion with BamHI 
the DNA fragment was electrophoresed into an agarose gel, purified by 
Geneclean, ligated into BamHI-cut dephosphorylated pUC13 (Phar- 
macia) and transformed into Escherichia coli strain BRD342. 

Sequencing of cloned PCRfragments. Plasmid DNA was purified by 
CsCI density gradient centrifugation and sequenced directly as 
described by Murphy & Kavanagh (1988) with Sequenase (United 
States Biochemical) for dideoxynucleotide chain-termination reactions 
and a variety of oligonucleotide primers generated from TGEV 
sequence data. Both strands of DNA were sequenced several times to 
eliminate any ambiguous data. 

Direct sequencing of PCR-produced fragments. PCR fragments were 
purified by Geneclean and sequenced with Sequenase in the presence 
of DMSO (Sigma) according to the method of Winship (1989). 

Primer extension of TGEV and PRCV mRNA 3. Gel-purified oligo 74 
(500 ng) was 5' end-labelled using 20 U of T4 polynucleotide kinase and 
20 ~tCi of [~-32p]ATP (Amersham). Poly(A)-containing RNA (1.5 ~tg) 
isolated from TGEV- and PRCV-infected cells was resuspended in 
water, heated at 60 °C for 3 rain and subjected to primer extension from 
mRNA 3 with 120 ng of 32P_labelled oligo 74 as described by Page et al. 
(1990). The products were electrophoresed into a buffer gradient 
sequencing gel (Biggin et al., 1983) and autoradiographed. 

Data handling and analysis. A sonic digitizer (Graf/Bar; Science 
Accessories) was used to read sequence data into a Elonex PC-286 
microcomputer and data were analysed on a MicroVAX 3600 by the 
computer programs of Staden (1982), the University of Wisconsin 
Genetics Computer Group (UWGCG) (Devereux et al., 1984) and 
CLUSTAL (Higgins & Sharp, 1988). 

Resul t s  

Viral m R N A  analysis 

S u b g e n o m i c  m R N A  f r o m  cells  i n f ec t ed  w i t h  e i t he r  

T G E V  or  t w o  d i f fe ren t  s t ra ins  o f  P R C V  were  b lo t t ed  
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Fig. 2. Schematic diagram of the TGEV genome and mRNA 3 showing 
the position of the oligonucleotides used for PCR cloning. The thick 
line at the top shows the position of the TGEV genes and the single line 
with the wavy end represents the 5' end of mRNA 3. Arrowheads show 
the position and orientation of the oligonucleotides. The single lines 
show the TGEV (upper) and PRCV (lower) fragments obtained by 
PCR. 

Fig. 1. Autoradiographs of TGEV and PRCV RNA Northern-blotted 
onto a Biodyne membrane and probed with 32p-labelled TGEV 
cDNA. Lanes 1 are PRCV strain 86/135308, lanes 2 are TGEV strain 
FS772/70 and lanes 3 are PRCV strain 86/137004 RNA. (a) shows 
mRNA species 3 to 7 and (b) shows mRNA species 1 to 3. The mRNA 
species are numbered on the right hand side. 

onto membranes and probed with 32p-labelled TGEV 
eDNA. Seven mRNA species were identified for PRCV 
(Fig. 1) as previously identified for TGEV (Britton et al., 
1986; Jacobs et al., 1986). The pattern ofmRNA species 
from PRCV-infected cells was very similar to that for 
TGEV, with identical sizes for mRNAs 4 to 7. However, 
mRNA 3 from PRCV-infected cells migrated faster than 
the equivalent TGEV species corresponding to a size of 
about 3-6 kb as compared to the 3.9 kb mRNA 3 in 
TGEV-infected cells. The mRNA 2 species from PRCV 
also migrated faster than the equivalent TGEV species. 
This indicated that the 5' end of PRCV mRNA 3 
contained a potential deletion of about 300 bases. There 
were no observable differences in the sizes of mRNA 1 
due to the resolution of the gel system used. 

Cloning of  the P R C V  genome between oligonucleotides 51 
and 52 

To investigate the potential deletion observed in PRCV 
mRNA 3 the genome region from the 3' end of the S gene 
and the 5' end of ORF-4, corresponding to the 5' coding 
region of mRNA 3, was cloned using PCR (Saiki et al., 
1988) from PRCV strain 86/137004. Following PCR 

amplification, using oligos 51 and 52, a cDNA fragment 
of about 1350 bp was obtained from PRCV RNA. The 
equivalent region from TGEV has 1451 bases (Fig. 2) 
indicating that the PRCV-derived PCR fragment was 
200 bp larger than expected from the mRNA analysis. 
The 1350 bp PRCV cDNA fragment was cloned into 
pUC13 and positive clones were identified using 32p_ 
labelled TGEV cDNA from ORF-3b as described by 
Britton et al. (1988a). The plasmid DNA from a positive 
clone, pKP-1, was used for DNA sequencing. 

Sequence comparison of  the TGEV and P R C V  genomes 
between oligonucleotides 51 and 52 

The PRCV cDNA cloned into plasmid pKP-1 was 
sequenced directly, in both directions, using several 
oligonucleotide primers corresponding to sequence data 
determined from the TGEV genome. The eDNA insert 
in pKP-1 was found to be 1367 bp in length and its 
sequence was compared to the corresponding region of 
the TGEV, strain FS772/70, genome (Fig. 3). The region 
between oligos 51 and 52 on the TGEV genome 
corresponds to a sequence of 1451 bases (Britton et al., 
1989) indicating that PRCV had 84 nucleotides deleted. 
Comparison of the sequences, between oligos 51 and 52, 
from the PRCV and TGEV (FS772/70) genomes using 
the GAP program revealed six deletion sites in the 
PRCV eDNA (Fig. 3). The first two deletions of 9 and 13 
bases, nucleotide positions 190 and 255 on the TGEV 
sequence, were downstream of the S gene termination 
codon and within the non-coding region between the S 
and ORF-3a genes on the TGEV genome. The third 
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P W Y V W L L [ G L V V I F C I P L L L F C C C S T G C C G C I G C L G S C C H 
OLi9o 52 

GGCCTTGGTATGTGTGGCTACT~AGGCTTAGTGGT~TATTTTGCATAC~TTACTG~TATTTTG~TGTTGTAGTACAGGTTGCTGTG~TG~TAGGTTGTTTAGGAAGTTGTTGTC 120 
= : : : : : : : : : : : = = ¢ = = = : = = = = = ¢ = = = : = : : : :  : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  
GG~CTTGGTATGTGTGGCTACT~TAGG~TTAGTAGT~TATTTTG~TA~TTACTG~TATTTTGCTGTTGTAGTA~GGTTG~GTG~TG~TAGGTTGTTTAGGAAGTTGTTGT~ 

P g Y V W L L I G L V V I F C I P L L L F C C C S T G C C G C % G C L G S C C H  

S ] C S R R g F E H Y E P [ E K V H [ H * 
ACTCTATATGCAGTAGAA~CAATTTGAAAATTACGAACCTATTGA/~GTGCACATCCATTAAATTTCCAGGCTATAAAATGTT~TTTTATCTGCTAT~TAGCATTTGTTGTT~G 240 

ACTCTATATT~GTAGAA~C~TTTGAAAATTATGAACCTATTGAAAAAGTG~CGTC~TTAAATTT~**~***~AAAAT~TT~TTTTATCTGCTAT~TAT~TTTGTTGTT~G 
S [ F S R R O F E N Y E P [ E K V H V H  t . . . . . . . . .  

== . . . . .  ~ F - 3 a  H D | V K S ] N T S V D A V L D E L D C A Y F 3&O 
~TGATG~TAAAGTCCTT~GAACTAAACTTTC~GTCATTACAGGTCCTGTATG~CATTGTCAAATCCATT~TA~T~GTG~TGCTGTACTT~CGAACTT~TTGTGCATACT 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  T 

A V T L K V E F [ T G K L L V C | G F G D T L L A A R D K A Y A ~ L G L S T I *  
TTGCTGT~CTCTTAAAGTAGAATTT~CTGGTAAATTACTTGTGTGTATAGGTTTTGGTGACACACTTCTTGCGGCTAGG~TAAAG~TATGCT~GCTTGGTCTCTC~CTATTT 480 

iia~ai~&iikZ~;~k~iii~ak~iTi~k~a~a~kaa~iiia~T~k~kTk~i~iT~c~cik************************************TTG 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

~ F - ~ b  K I G G L F L N T 
Ot igo  74 

AAG~GTAAA~ACACAAAATCCAAAG~TT~GTGTTACAAAA~TTAAAGAGAGATTATAGAAAAACTGTCATTCTAAATTTCATG~GAAAATGATTGGTGGA~TTTTT~TT~TACT ~ 0  

~G~GTAAA~ACA~AAAAT~AAAG~TT~GTGTTACAAAAC~TTAAAGAGA~CTATAGAAAAACT~*CG~TAAA~TT**TGTGAAAATGATTGGTGGACTTTTTCTT~TA~T 
- -  ======= - - ~ F - 3 N  I G G L F L N T 

L S F V I V S N H S % V N N T A N V H H I Q O E R V I V O Q H Q V V S A I T O N  

m 

CTGAGTTTTGT~TT~TTAGT~cCATTCTATTGTT~T~CAGCAAATGTGCAT~TATAC~C~G~CGT~TTATAGTAC~GCATCAGGTTGTTA~TG~TAT~CACAAAAC 720 

~ika~a~a~kG~k~c~k~ca~kAT~k~k;~a~a~k~k~iTA~kk~a~aT~TTATA~ik~cAa~k&k~aTT~TT"~T~cTA~cAcA~: 
L S F V I V S N H P I V N N T A N V H H I Q Q E R V I V Q Q H H V V S A R T Q N  

Y Y P E F S I A V L F V S F L A L Y R S T N F E T C V G I L H F K I L S N T L L  
TATTACCCAGAGTTCAGCATTGCTGTACTTTTTGTATCTTTTCTAGCTTTGTACCGCAGTACAAACTTT~GACGTGTGTCGGCATCTT~TGTTT~GATTTTAT~T~CACTTTTA ~ 0  

TATTAcC~A~GTT~G~TCGCTGTA~TTTTTGTATCTTTT~TAG~TTTGTACCGTAGTACAAA~TTT~GACGTGTGTCGGCAT~TT~TGTTT~GATTTTATC~T~CACTTTTA 
Y Y P E F S I A V L F V S F L A L Y R S T N F K T C V G I L M F K ] L S H T L L  

G P H L [ A Y G Y Y [ D G ] V T T T V L S L R F A Y L A Y F M Y V N S R F E F [ 
GGACCTATG~TTATAG~TATGGTTACTATATT~TGGCATTGTTAC~CAACTGTCTTATCTTT~TTCGCCTACTTAG~TACTTTTGGTATGTT~TAGTAGGTTTGAATTTATT ~ 

GGACCTATG~TTATAG~TA~G~TTACTACATT~TGGCATTGTTACAACAACTGTCTTATC~TT~GATTCGC~TA~TTAG~TA~TTTTGGTATGTT~TAGTAGGTTTGAATTTATT 
G P H L I A Y G Y Y I D G I V T T T V L S L R F A Y L A Y F W Y V N S R F E F ]  

L Y N T T T L M F V H G R A A P F K R S S H S S I Y V T L Y G G I N Y N F V N D  
TTATAT~TACAAC~CTCATGTTTGTACATGGCAGAGCTGCACCGTTT~GAG~GTTCTCACAGCTCTATTTATGT~CATTGTATGGTGGCATAAATTATATGTTTGTGAATGAC 1080 

TTATAC~TAC~C~CT~TGTTTGTACATGGCA~GCTGCACCGTTT~GAGAAGTTCTCACAGCTCTATTTATGT~TTGTATGGTGG~TAAATTATATGTTTGTGAAT~C 
L Y N T T T L N F V H G R A A P F K R S S H S S l Y V T L Y G G I N Y H F V N D 

L T L H F V D P N L V S I A ] R G L A H A D L T V V R A V E L L N G D F l Y V F 
CTCACGTTG~TTTTGTA~C~CTATGCTTGT~GCATAGCAATACGT~CTTAGCT~TGCT~TCT~CTGTAGTTA~GCAGTTGAACTTCTCAATGGT~TTTTATTTATGTATTT 1200 

CTCACGTTG~TTTTGTA~CCCTATGCTTGT~GCATAGCAATACGTGGCTTAGCTCATGCTGATCT~CTGTAGTTA~G~GTTGAACTTCTCAATGGT~TTTTATTTATGTATTT 
L T L H F V D P N L V S I A I R G L A H A D L T 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 E E E G D R T Y 0 V S * 
====== ~ F - 4  M T F P R A L T V 

TCACAG~C~CGTAGTcGGT~TTTAC~TGCA~C~TTTTCT~GGCGGTTCTAAACGAAATT~CTTAAAAGAAGAA~G~CCGTAcCTAT~GTTTCCTA~GCATT~CT~T 1~20 

TCAcAG~GCCcGTAGTcGGTGTTTAC~TGCA~cCTTTTCT~GGCGGTTCTAAACGAAATT~CTTAAAAGAAGAA~GG~CcGTACCTAT~CGTTTCCTAGGG~TTGACTGT 
====== ~ F - 4  H T F P R A L T V 

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

I D D N G L V I S I ] F ~ F L L ] ] l L ] L F S ] A L L N ] [ K L C H V C C N L 
Ot igo  51 

~ATAGAT~CAATG~CTGGT~TTAGCATCATTTTCTGGTTCCTGTT~T~TTATATT~TATTATTTTC~TAG~ATTGCTAAATAT~TT~GCTATG~TGGTGTGTTGCAATTT 1440 

CATAGAT~C~CGGAATGGT~TTAGCATCATTTTTTGGTTCCTGTT~T~TTATATT~TATTATTTTC~TAG~TTGCTAAATAT~TT~GCTATGCATGGTGTGTTGC~TTT 
I D D N G M V ] S l l F W F L L I [ ] L l L F S l A L L N [ l K L C H V C C N L 

G R T  

AGGAAG~G 1451 

G R T  
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deletion of 22 bases at nucleotide position 281 on the 
TGEV sequence spanned the 5' end of ORF-3a and 
resulted in the loss of the initiation codon. The fourth 
deletion of 36 bases at nucleotide position 442 on the 
TGEV sequence was 149 bases downstream of the ORF- 
3a initiation codon and within the coding region of ORF- 
3a. The fifth and sixth deletions consisted of two bases 
each, at nucleotide positions 551 and 565 on the TGEV 
sequence, and were seven and 21 bases, within a non- 
coding region, upstream of the initiation codon of a gene, 
ORF-3, equivalent to TGEV ORF-3b. To confirm that 
the sequence identified from the PRCV genome was a 
true reflection of the PCR fragment population, the PCR 
mixture used for cloning was directly sequenced and 
compared to the sequence generated from plasmid pKP- 
1. No differences were found indicating that all the 
deletions identified were representative of the PCR- 
generated fragments. 

In order to check the validity of the deletions in the 
PRCV genome the region between oligos 51 and 52 was 
cloned by PCR from another strain of PRCV, strain 
86/135308. The PCR fragment was identical in size to 
that obtained from PRCV strain 86/137004 and again 
was about 200 bases larger than the size expected from 
the Northern blot (Fig. 1). A region of the genome from 
PRCV strain 86/135308, corresponding to nucleotides 
121 to 511 on the PRCV 86/137004 sequence, was 
sequenced directly from PCR-generated fragments and 
found to be identical to PRCV strain 86/137004 except 
for one nucleotide at position 282 (Fig. 3). 

Analysis of the PRCV sequences indicated that the 22- 
base deletion covering the initiation codon of the ORF- 
3a gene and the 36-base deletion within the ORF-3a gene 
would result in the loss of the ORF-3a gene from PRCV. 
However, the total number of bases lost by the PRCV 
deletions was 84 and did not account for the decrease in 
the size of the mRNA 3 present in PRCV-infected cells. 
Further analysis of the PRCV sequence showed that the 
13-base deletion at nucleotide position 255 on the TGEV 
sequence resulted in the loss of the ACTA motif from the 
polymerase-leader complex binding site (leader RNA 
binding site) ACTAAAC. However, a new leader RNA 
binding site was created nine bases upstream of ORF-3 
in the PRCV sequence as a result of the base 
substitutions, of two Ts in TGEV to A and C in PRCV 
(Fig. 3). In fact a further base substitution upstream of 

1 2 3 4 

615 

492 

369 

246 

123 

Fig. 4. Analysis of PCR-amplified products, on a 2 ~  agarose gel, 
generated from: lane 1, PRC¥ strain 86/137004; lane 2, PRCV strain 
86/135308; lane 3, TGEV strain FS772/70 mRNA 3 from virus- 
infected cells using oligos 74 and 75. Lane 4 corresponds to a 123 bp 
ladder (BRL) whose sizes are indicated on the right. The sizes of the 
PRC¥ and TGEV cDNA fragments were calculated from analysis on a 
7 to 12% polyacrylamide gel. 

the first residue in the leader RNA binding site, T in 
TGEV to A in PRCV, resulted in the octameric sequence 
AACTAAAC found upstream of some TGEV genes. 

Analysis of PRCV mRNA 3 

Two approaches were used to investigate whether PRCV 
produced an mRNA 3 from the new leader RNA binding 

Fig. 3. The nucleotide sequence of the TGEV strain FS772/70 (Britton et  al., 1989) (upper) and PRCV strain 86/137004 (lower) genomes 
between oligonucleotides 52 and 51. The amino acid sequences corresponding to the C terminus of the S protein, ORF-3a and ORF-3b 
(TGEV), ORF-3 (PRCV) and the N-terminal end of ORF-4 are shown above and below the nucleotide sequences. Positions of the 
leader RNA binding sites upstream of genes are marked with (= = = ). The thick lines show the positions of the oligonucleotides 52, 74 
and 51. The colons between the two sequences show identical bases and the asterisks within the PRVC nucleotide sequence show the 
positions of the deletions which are underlined (---). Differences in the nucleotide sequences between PRCV strains 86/137004 and 
86/135308 determined between nucleotides 121 and 511 are shown below the PRCV sequence. 



584 K. W. Page, K. L. Mawdi t t  and P. Britton 

(a) 5' end of TGEV mRNA 3 
Oligo 75 

CCTTTTAAAGTAAAGTGAGTGTAGCGTGGCTATATCTCTTCTTTTACTTTAACTAG CTTTGTGCTAGATT 

~c~:c~c~?~TT~C 
ATGATGAATAAAGTCCTTAAGAACTAAACTTTCAAGTCATTACAGGTCCTGTATGGACATTGTCAAATCC 

....... M D I V K S 

(b) 5' end of PRCV mRNA 3 
Oligo 75 

C CTTTTAAAGTAAAGT GAGTGTAGC GTGG CTATAT CT CTT CTTTTACTTTAA CTAG CTTTGTGCTAGATT 

GAGAGACTATAGAAAAACTC GAACTAAACTTTG TGAAAATGATTGGTGGA~TTTCTTAATACT CTGAG 
....... M I G G L F L N T L 

Fig. 5. The nucleotide sequence of the 5' ends of the mRNA 3 species 
from TGEV (a) and PRCV (b) generated by PCR amplification using 
oligos 74 and 75. The upper sequence in each case represents the leader 
RNA with the position of oligonucleotid~ 75 shown by a thick line and 
the lower sequences are derived from the viral genomes. The position of 
the leader RNA binding site (ACTAAAC) is underlined (=  = =). The 
deduced amino acid sequences represent the N termini of ORF-3a 
(TGEV) and ORF-3 (PRCV). The colons show identical bases between 
the 3' end of the leader RNA, upstream and including the leader RNA 
binding site, and the TGEV and PRCV genomes. 

site. The first approach consisted of primer extension 
studies using oligo 74 which was complementary to a 
region at the start of ORF-3b in TGEV and ORF-3 in 
PRCV. If the leader RNA was upstream of ORF-3 on 
PRCV mRNA 3, a primer-extended product of about 
142 bases would be observed in contrast to a product of 
436 bases from the leader RNA upstream of ORF-3a on 
T G E V  mRNA 3. Following primer extension, a frag- 
ment of about 140 bases was generated from RNA 
isolated from PRCV-infected cells which was consistent 
with the leader RNA being upstream of ORF-3 on 
PRCV mRNA 3. No fragment was detected from RNA 
isolated from TGEV-infected cells possibly as a result of 
secondary structure preventing either the annealing of 
the primer or incomplete primer extension. The second 
approach consisted of generating PCR fragments from 
TGEV and PRCV mRNA 3 using oligo 74 and an 
oligonucleotide, oligo 75, which corresponded to the 
extreme 5' end of the TGEV and PRCV leader RNA 
determined by Page et al. (1990). The PCR fragments 
should have corresponded to about 436 bp if the leader 
RNA was joined upstream of ORF-3a or 142 bp if it was 
joined upstream of ORF-3. Following PCR amplifica- 
tion of the Y-terminal regions of TGEV and PRCV 
mRNA 3 a 148 bp fragment was generated from PRCV 
RNA and a 440 bp fragment from TGEV RNA (Fig. 4). 
The sizes of the fragments were consistent with the 
leader RNA being present upstream of ORF-3a in 
TGEV and ORF-3 in PRCV. The PCR fragments were 
sequenced directly and the sequence data (Fig. 5) 
confirmed that the leader RNA was upstream of ORF-3a 
in TGEV but upstream of ORF-3 in PRCV. The latter 

result explained the observation of the smaller mRNA 3 
(3.6 kb) species in PRCV-infected cells. The difference 
between the two priming sites on the TGEV genome is 
285 bases, consistent with the difference in the observed 
size of the mRNA 3 molecules. 

Discussion 

Analysis of TGEV and PRCV subgenomic mRNA 
species showed that mRNAs 4 to 7 were identical in size 
and that PRCV mRNAs 2 and 3 were smaller than the 
equivalent TGEV mRNAs (Fig. 1) indicating that there 
was a deletion of about 300 bases in PRCV mRNA 3. 
Comparison of PRCV 86/137004 cDNA derived from 
the genome corresponding to mRNA 3 of the equivalent 
region from TGEV FS772/70 indicated that the two 
sequences were highly conserved with several deletions 
within the PRCV sequence. However, the deletions 
corresponded to only 84 bases and were confirmed in the 
genome of a second PRCV isolate, 86/135308 (Fig. 3). 
Two base substitutions in the PRCV genome resulted in 
the creation of a new leader RNA binding site upstream 
of ORF-3, equivalent to ORF-3b in TGEV, that resulted 
in the synthesis of a smaller mRNA in PRCV-infected 
cells. 

TGEV strains FS772/70 and Purdue-115 produce a 3.9 
kb mRNA 3 with two potential genes at the 5' end with 
the sequence CTAAAT 11 bases upstream of the second 
ORF (Britton et al., 1989; Rasschaert et al., 1987). 
However, the Miller strain has the hexameric leader 
RNA binding site, CTAAAC, upstream of ORF-3b and 
was shown to produce an extra mRNA species of 3.7 kb 
(Wesley et al., 1989). The CTAAAC motif is the 
potential leader RNA binding site for the synthesis of 
mRNA 4 in all strains of TGEV sequenced so far as well 
as the two PRCV strains described in this paper. It is 
interesting to note that mRNA 4 in TGEV- and PRCV- 
infected cells and the 3.7 kb mRNA species from the 
Miller strain of TGEV, all of which have the CTAAAC 
leader RNA binding site, are produced in lower amounts 
than mRNA species with the heptameric ACTAAAC 
leader RNA binding site. 

Previous work comparing the ORF-3a/3b region of 
TGEV between the Purdue-115 (Rasschaert et al., 1987) 
and FS772/70 (Britton et al., 1989) or Miller (Wesley et 
al., 1989) strains identified several small deletions within 
a non-coding region upstream of ORF-3a and at the 3' 
end of ORF-3a. Comparison of this region from TGEV 
strains FS772/70, Miller and Purdue-ll5, and the two 
PRCV strains using the CLUSTAL program is shown in 
Fig. 6 and indicates that this particular region of the 
TGEV/PRCV genome is hypervariable in contrast to 
other regions of the genomes sequenced to date. The 
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FS772/70 
Miller 
Purdue- 115 
PRCV 137 
PRCV 135 

FS772/70 
Miller 
Purdue- 115 
PRCV 137 
PRCV 135 

ACTCTATATGCAGTAGAAGACAATTTGAAAATTACGAACCTATTGAAAAAGTGCACATCC 
ACTCTATATGCAGTAGAAGACAATTTGAAAATTACGAACCTATTGAAAAAGTGCACGTCC 
ACTCTATATGTAGTAGAAGACAATTTGAAAATTACGAACCAATTGAAAAAGTGCACGTCC 
ACTCTATATTCAGTAGAAGACAATTTGAAAATTATGAACCTATTGAAAAAGTGCACGTCC 
ACTCTATATTCAGTAGAAGACAATTTGAAAATTATGAACCTATTGAAAAAGTGCACGTCC 
AAAAAAAAA AAAAAAAAAAAAAAAAAAAAAAA AAAAA AaAAAaAAAaAAAAA AAA 

ATTAAATTTCCAGGCTATAAAATGTTAATTTTA---TCTGCTATAATAGCATTTGTT--- 
ATTAAATTT ......... AAAATGTTAATTTTATTATCTGCTATAATAGCATTTGTT--- 
ATTAAATTT ......... AAAATGTTAATTCTATCATCTGCTATAATAGCAGTTGTTTCT 
ATTAAATTT ......... AAAATGTTAATTTTA---TCTGCTATAATATCATTTGTT--- 
ATTAAATTT ......... AAAATGTTAATTTTA---TCTGCTATAATATCATTTGTT--- 
A A A A A A A A A  ~ A A A A A A A A A A A  A A  A A A A A ~ A A A A A A  A A  k A A A k  

181 

241 

FS772/70 
Miller 
Purdue- 115 
PRCV 137 
PRCV 135 

FS772/70 
Miller 
Purdue-115 
PRCV 137 
PRCV 135 

FS772/70 
Miller 
Purdue- 115 
PRCV 137 
PRCV 135 

FS772/70 
Miller 
Purdue- 115 
PRCV 137 
PRCV 135 

FS772/70 
Miller 
Purdue- 115 
PRCV 137 
PRCV 135 

FS772/70 
Miller 
Purdue- 115 
PRCV 137 
PRCV 135 

FS772/70 
Miller 
Purdue- 115 
PRCV 137 
PRCV 135 

GTTAAGGATGATGAATAAAGTCCTTAAGAACTAAACTTTCAAGTCAT 301 
GTTAAGGATGATGAATAAAGTCCTTAAGAACTAAACTTTCGAGTCAT 

GCTAGAGAATTTTGTTAAGGATGATGAATAAAGTCTTTAAGAACTAAACTTACGAGTCAT 
GTTAAGGATGATGAATAAAG ............. AACTTTCAAGTCA- 
GTTAAGGATGATGAATAAAG "AACTTTCAAGTCA- 
A A A A A A A A A A A A k & & A A A A A  A A A A A  • A ~ A A A  

TACAGGTCCTGTATGGACATTGTCAAATCCATTAATACATCCGTGGATGCTGTACTTGAC 361 
TACAGGTCCTGTATGGACATTGTCAAATCCATTAATACATCCGTAGATGCTGTACTTGAC 
TACAGGTCCTGTATGGACATTGTCAAATCCATTTACACATCCGTAGATGCTGTACTTGAC 
..................... GTCAAATTTACTAATACATCCGTGGACGTTGTACTTGAC 

.GTCAAATTTACTAATACATCCGTTGACGTTGTACTTGAC 
A A A A A A A  • • • A A A A A A k A  A A  • A A A A A ~ A A A A  

GAACTTGATTGTGCATACTTTGCTGTAACTCTTAAAGTAGAATTTAAGACTGGTAAATTA 
G/~CTTGATTGTGCATACTTTGCTGTAa~CTCTT~GTAG~TTT~GACTGGTAAATTA 
GAACTTGATTGTGCATACTTTGCTGTAACTCTTAAAGTAGAATTTAAGACTGGTAAATTA 
G~CTTGATTGTGTATACTTTGCTGT/~CCCTT/~GTAG~'PrT/~GACTTGTA~&TTA 
GAACTTGATTGTGTATACTTTGCTGTAACCCTTAAAGTAGAATTTAAGACTTGTAAATTA 
A A & & A & A A & & A A A  A A A A k A A A A A A & & & A  k A A A A & A A A A A A A A A A & A & A &  A A A & A A A A  

CTTGTGTGTATAGGTTTTGGTGACACACTTCTTGCGGCTAGGGATAAAGCATATGCTAAG 
CTTGTGTGTATAGGTTTTGGTGACACACTTCTTGCGGCTAGGGATAAAGCATATGCTAAG 
CTTGTGTGTATAGGTTTTGGTGACACACTTCTTGCTGCTAAGGATAAAGCATATGCTAAG 
CTTGTGTGCATAGGTTTTGGTGACATACTTCTTGCGGCTA .................... 
CTTGTGTGCATAGGTTTTGGTGACATACTTCTTGCGGCTA 
A A A A A A A A  A A A A A A A A A A A A A A A A  A A A A A k A A A  A A A A  

CTTGGTCTCTCCACTATTTAAGAAGT ............................. AAACA 
CTTGGTCTCTCCATTATTGAAGAAGT ............................. AAACA 
CTTGGTCTCTCCATTATTGAAGAAGTCAATAGTCATATAGTTGTTTAATATCATTAAACA 
................ TTGAAGAAGT ............................. AAACA 
................ TTGAAGAAGT ............................. AAACA 

A A  & k A A A A A  A k k K K  

CACAAAATCCAAAGCATTAAGTGTTACAAAACAATTAAAGAGAGATTATAGAAAAACTGT 
CACAAAATCCAAAGCATTAAGTGTTACAAAACAATTAAAGAGAGATTATAGAAAAACTGT 
CACAAAACCCAAAGCATTAAGTGTTACAAAACAATTAAAGAGAGATTATAGAAAAACTGT 
CACAAAATCCAAAGCATTAAGTGTTACAAAACAATTAAAGAGAGACTATAGAAAAACT-- 
CACAAAATCCAAAGCATTAAGTGTTACAAAACAATTAAAGAGAGACTATAGAAAAACT-- 
AAAAAAA AAAAAAAAAAKAAAAAAKAAAAAAAAAAAAAAAAAAA AAAAAAKAAAAA 

CATTCTAAATTTCATGCGAAAATGATTGGTGGACTTTTTCTTA 644 
CATTCTAAACTTCATGCGAAAATGATTGGTGGACTTTTTCTTA 
CATTCTAAATTCCATGCGAAAATTATTGGTGGACTTTTTCTTA 
CGAACTAAACTT--TGTGAAAATGATTGGTGGACTTTTTCTTA 
CGAACTAAACTT--TGTGAAAATGATTGGTGGACT'FFrTCTTA 
• AaAAA • AA &&A&AA AAAAAAAAAAAAAAAAAAA 

421 

481 

541 

601 

Fig. 6. Nucleotides 121 to 595 (TGEV FS772/70 in Fig. 3) from three TGEV and two PRCV strains aligned by the CLUSTAL program. 
(A), Identical bases; (---), deletions; (= = =), leader RNA binding sites; (1), the translational start of genes; stop codons are 
underlined. The numbering of the nucleotides differs from Fig. 3 to allow for the insertions present in the various sequences. The ATT 
sequence at nucleotide 623 for Purdue-115 (Rasschaert et al., 1987) was found to be ATG for ORF-3b by Kapke et al. (1988). 

deletions are summarized in Table I. The PRCV 
deletions of 13, 22, 36, two and two bases, at nucleotides 
274 to 286, 300 to 321,461 to 496, 599 to 600 and 613 to 
614 respectively (Fig. 6), were unique to the PRCV 

sequences and resulted in the loss of the potential ORF- 
3a gene. The PRCV deletions of nine, three, 16 and 29 
bases, at nucleotides 190 to 198, 214 to 216, 238 to 253 
and 507 to 535 respectively (Fig. 6), were consistent with 
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T a b l e  1. Length o f  deletions observed in the different strains 
o f  TGEV and their comparison to P R C V  

Strain Length of deletions in bases 

FS772/70' -~ 3 16 - - 29 - - 
Purdue* 9 . . . . . . .  
Miller* 9 16 - - 29 - - 
86/135308t 9 3 16 13 22 36 29 2 2 
86/1370041" 9 3 16 13 22 36 29 2 2 

190- 214- 238- 274- 301)- 461- 507- 599- 613- 
Bases 198 216 253 286 321 496 535 600 614 

* TGEV strains. 
t PRCV strains. 

, No deletion. 

the nucleotide and derived amino acid sequences are 
very similar to those of TGEV. The differences, apart 
from the deletions, are consistent with those observed 
between different strains of TGEV. These observations 
indicate that PRCV may be a variant of TGEV and that 
one or more of the observed deletions may be responsible 
for the altered pathogenicity of PRCV and suggest that 
deletion events may play a role in the evolution of 
coronaviruses. 

We would like to thank Dr D. H. Pocock for helpful comments on the 
manuscript. This research was supported by the Biotechnology Action 
Programme of the Commission of the European Communities 
Contract Number [BAP-0235-UK(H1)]. 

at least one strain of TGEV. The differences observed at 
the 3' end of TGEV ORF-3a result in differences at the 
C-terminal end of the potential ORF-3a products. The 
position of the termination codons are shown in Fig. 6. It 
should be noted that if the FS772/70 ORF-3a did not 
prematurely terminate, the extra amino acids would be 
the same as in the Miller sequence and that the 
nucleotide sequences of the two PRCV strains are 
identical to the Miller strain over this region (Fig. 6). The 
Purdue-ll5 nucleotide sequence is also very similar, 
except for a single base substitution and the 29-base 
insertion. These observations indicate that the virus 
genomes have mutated within this region resulting in 
changes to the C terminus of the potential ORF-3a gene 
product. It will be interesting to compare the equivalent 
regions of the genomes from the two other coronaviruses 
belonging to the TGEV subgroup, feline infectious 
peritonitis virus and canine coronavirus, once their 
sequences are available. This should provide informa- 
tion on the evolution of the TGEV coronavirus 
subgroup. 

The deduced amino acid sequences of ORF-3b are 
very similar between TGEV (FS772/70) and PRCV, 
with only three single amino acid substitutions: serine 
(position 19) to proline, glutamine (position 41) to 
histidine and isoleucine (position 46) to arginine (Fig. 3). 
The amino acid substitution at residue 19 resulted in the 
loss of one of the three potential N-glycosylation sites 
found in TGEV ORF-3b; however, the other two 
potential N-glycosylation sites, residues 22 and 132, were 
conserved. The amino acid sequence of the Miller strain 
is also very similar with serine and glutamine at positions 
19 and 41 and arginine at position 46, but the Miller 
strain had lysine at position 31 and glutamic acid at 
position 237. 

Sequence data from part of the genome of two British 
isolates of PRCV presented in this paper indicate that 
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