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Targeted recombination within the S (spike) gene of transmissible gastroenteritis coronavirus (TGEV) was
promoted by passage of helper respiratory virus isolates in cells transfected with a TGEV-derived defective
minigenome carrying the S gene from an enteric isolate. The minigenome was efficiently replicated in frans and
packaged by the helper virus, leading to the formation of true recombinant and pseudorecombinant viruses
containing the S proteins of both enteric and respiratory TGEV strains in their envelopes. The recombinants
acquired an enteric tropism, and their analysis showed that they were generated by homologous recombination
that implied a double crossover in the S gene resulting in replacement of most of the respiratory, attenuated
strain S gene (nucleotides 96 to 3700) by the S gene of the enteric, virulent isolate. The recombinant virus was
virulent and rapidly evolved in swine testis cells by the introduction of point mutations and in-phase codon
deletions in a domain of the S gene (nucleotides 217 to 665) previously implicated in the tropism of TGEV. The
helper virus, with an original respiratory tropism, was also found in the enteric tract, probably because
pseudorecombinant viruses carrying the spike proteins from the respiratory strain and the enteric virus in
their envelopes were formed. These results demonstrated that a change in the tropism and virulence of TGEV

can be engineered by sequence changes in the S gen

€.

Transmissible gastroenteritis virus (TGEV) is a member of
the Coronaviridae family of the Nidovirales order (13, 18).
TGEYV replicates in both the villous epithelial cells of the small
intestine and in the lung cells of newborn piglets, resulting in a
mortality of nearly 100% (19, 51).

Coronaviruses attach to host cells through the spike (S)
glycoprotein (25). TGEV entry into swine testis (ST) cells is
also mediated by the S glycoprotein through interactions with
porcine aminopeptidase N (pAPN), which is the cellular re-
ceptor (16). Aminopeptidase N also serves as the receptor for
human, canine, and feline coronaviruses (3, 31, 61, 73). Inter-
estingly, while porcine and human aminopeptidases show spe-
cies specificity, the feline aminopeptidase seems to serve as a
receptor for feline, canine, porcine, and human coronaviruses
(3, 61).

TGEV enteric or respiratory tropism is conditioned by the
primary structure of the spike gene (2). The S glycoprotein
domain recognized by the cellular receptor on ST cells is lo-
cated in the globular domain of the protein close to the anti-
genic sites A and D (58). A domain of the spike protein
encoded by S gene nucleotides (nt) 1518 to 2184 is efficiently
recognized by pAPN, and transfection of pAPN to nonpermis-
sive cells makes them susceptible to TGEV (23). Nevertheless,
this domain is present both in enteric and respiratory porcine
coronaviruses, indicating that its presence in a virus is not in
itself sufficient to allow for infections of the enteric tract. In
fact, it has been demonstrated that a second factor mapping in
the S gene around nt 655 drastically influences the enteric
tropism of the PUR46 strain of TGEV (2).
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Genetic alterations in either the virus or host cells can
change the dynamics of virus-cell interaction. The regulatory
elements that impact upon tissue-specific tropism and pathol-
ogy may act at the levels of transcription, RNA processing,
stability and transport, translation, and protein stability and
processing (36). Nevertheless, very often the susceptibility to a
virus is determined at the recognition and internalization level.

The development of RNA minigenomes has been very use-
ful for studying the role of the different viral genes in the
tropism and virulence of TGEV. These minigenomes are de-
rived from defective TGEV viruses that are efficiently repli-
cated by using a helper TGEV that provides the replicase and
the structural proteins for minigenome packaging in trans (27,
42). This system in principle may be useful to complement a
gene defect or to replace a gene by targeted recombination, as
was found in the first studies on coronavirus genome modifi-
cation performed on the nucleoprotein gene of the murine
hepatitis virus (MHV) (30, 38, 43, 62) or as described in the
more-recent report on the replacement of the S gene of this
virus (35). In these studies, the coronavirus genome was mod-
ified by targeted recombination, involving a single crossover
that replaced the 3’ end of the virus with a new one encoded in
a coronavirus-derived minigenome. Since we were interested
in studying the role of genes, such as the spike gene, located in
an internal domain of the genome, we wondered whether tar-
geted recombination involving two crossover events is a prac-
tical approach to modify the coronavirus genome to study viral
function. The same system might also be useful to study the
formation of pseudorecombinants that could provide the spike
protein of a virus in frans to study its effect on virus tropism.

During the characterization of one of the oldest in vivo
passages of the Purdue strain of TGEV (PUR46-SW11) (10,
24), we observed that this virulent strain was a mixture of at
least two TGEV isolates, with remarkable differences in their
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in vivo and in vitro growth characteristics. One of them, isolate
Cl11, replicated with high titers in the enteric tract and was
virulent, while the other one (isolate C8) produced low virus
titers in enteric tissues and was attenuated. The nucleotide
differences within the one-third 3’ end sequences of these
isolates have been determined, and most nucleotide substitu-
tions are accumulated at the 5’ end of the S gene. Targeted
recombination, implying two crossover events within the spike
gene of an attenuated and respiratory TGEV, that replaced
most of the endogenous spike gene by that of isolate Cl11
encoded by a TGEV-derived minigenome, provided enteric
tropism and virulence to the attenuated virus. In addition, it
has been shown that the recombinant virus rapidly evolved
during its passage in ST cells by introduction of sequence
modifications at the 5’ end of S gene, in a sequence domain
previously associated with changes in viral tropism. The viral
population evolved depending on the tissue used for virus
replication. In the enteric tracts of swine, the recombinants
carrying the S protein from the enteric virus (isolate C11) were
selected, while in cultured ST cells the helper Purdue type
virus (PTV) strain was favored.

MATERIALS AND METHODS

Cells and viruses. The origins of and relationship among the different TGEVs
used in this study are summarized in Fig. 1. The PUR46-SW11 (SW11) strain was
obtained from TGEV PUR46 by 11 passages in swine intestine; this virus was
kindly provided as a 20% suspension of small intestine cells by M. Pensaert
(Ghent, Belgium) (24, 34). The PUR46-SW11-ST2 (ST2) virus was obtained
from SW11 after two passages in ST cells (40). The PUR46-SW11-ST2-C8 (C8)
and PUR46-SW11-ST2-C11 (C11) isolates were plaque-purified clones derived
(see Results) from the PUR46-SW11-ST1 (ST1). All viruses were grown in ST
cells. The TGEV strain PUR46-MAD was derived from the Purdue strain by 120
passages on ST cells involving three cloning steps by plaque purification (54).
Viruses were titrated in a plaque assay on ST cells as described previously (28).

The PTV strain was previously named NEB72 (53). However, due to sequence
similarity to the PUR46 strain (2), its name was changed to PTV (Purdue type
virus).

TGEV growth kinetics in ST cells. ST cell monolayers just at confluence, or
24 h after reaching confluence, were infected at multiplicities of infection
(MOIs) of 1 and 10 with isolates C8 and C11. Aliquots of 200 pl were taken from
the supernatant of each infected monolayer at different times postinfection, and
virus titers were determined as described above.

TGEYV growth kinetics in vivo. Two- to three-day-old non-colostrum-deprived
NIH miniswine (37, 49) were used to study isolates C8 and C11 in animal
infections. Piglets were obtained from sows that were seronegative for TGEV
tested by radioimmunoassay. Animals were oronasally (1.6 X 10° PFU/pig) and
intragastrically (3.4 X 10% PFU/pig) inoculated with virus in final volumes of 0.7
and 1.5 ml, respectively, of phosphate-buffered saline (pH 7.2) (PBS) supple-
mented with 2% fetal calf serum. Groups of piglets were inoculated with C8,
C11, a mixture of both isolates (70% C8 plus 30% C11), or, as a control, ST2, a
virulent isolate. Piglets that had been inoculated with the same virus were
grouped and housed in isolation chambers that were located in a P3-level con-
tainment facility at 18 to 20°C. Animals were fed three times per day with 30 ml
of milk formula for newborns (Nidinal-Nestlé¢). At 1, 2, 3, and 4 days postin-
oculation (d p.i.) virus titers were determined in tissue extracts from the jejunum,
ileum, lungs, mesenteric tissue, and mediastinal lymph nodes. Lung, jejunum,
and ileum extracts were obtained by homogenizing the whole organs, in order to
obtain representative samples, at 4°C by using a Pro-200 tissue homogenizer
(Pro-Scientific). Infected animals were monitored daily to detect symptoms of
disease (enteritis) and death.

RNA isolation. Genomic RNA was extracted from partially purified virus as
described previously (42). Briefly, ST cells from 10 roller bottles (500 cm?) were
infected (MOI, 5). Medium was harvested at 22 hours postinfection (h p.i.).
Virions were partially purified as described (28). The viral pellet was dissociated
by resuspension in 500 wl of TNE buffer (0.04 M Tris-hydrochloride [pH 7.6],
0.24 M NaCl, 15 mM EDTA) containing 2% sodium dodecyl sulfate (SDS) and
digested with 50 ng of proteinase K (Boehringer Mannheim) for 30 min at room
temperature. RNA was extracted twice with phenol-chloroform and precipitated
with ethanol.

Cytoplasmic RNA from infected ST cells was extracted as described previously
(42). Briefly, ST cells grown in 8-cm? wells were infected with TGEV at an MOI
of 5. At 22 h p.i. cell extracts were prepared by washing 4 X 10° cells in 1.5 ml
of PBS. Cells were lysed in 200 pl of TSM buffer (0.15 M NaCl, 0.01 M
Tris-hydrochloride [pH 7.6], 5 mM MgCl,) with 0.2% Nonidet P-40 in the
presence of 10 mM vanadyl ribonucleoside complexes (New England BioLabs),
on ice. Nuclei were pelleted by centrifugation at 13,000 X g for 30 s. The cell lysis
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was completed by resuspending the pellets in 100 wl of TSM buffer with 0.2%
Nonidet P-40 in the presence of vanadyl ribonucleoside complexes and sediment-
ing the nuclei as described above. Supernatants were equilibrated at room tem-
perature, and proteins were extracted with 300 pl of urea-SDS lysis buffer (1.5%
SDS, 15 mM EDTA, 0.24 M NaCl, 0.04 M Tris-hydrochloride [pH 7.6], 8 M
urea), vigorous vortexing, and phenol-chloroform extraction.

RNA from jejunum cells of swine infected with TGEV was extracted by using
the procedure previously described (41) with minor modifications. Briefly, 50 .l
of jejunum cell suspension (1 mg of tissue/ml) was diluted in PBS to a final
volume of 400 wl, and the RNA was extracted in the manner that the TGEV-
infected ST cells were extracted.

Cloning and sequencing. Overlapping cDNA fragments to complete the se-
quence of the last 3" end 8 kb of C8 and C11 viruses were synthesized by reverse
transcription (RT)-PCR and were cloned into Bluescript SK M13~ (Stratagene)
or pGEM-T (Promega). Plasmid DNA was purified by using the FlexiPrep kit
(Pharmacia) and sequenced by using an Applied Biosystems 373 DNA Se-
quencer. The sequence of the recombinant virus S gene was determined by using
RT-PCR-amplified cDNAs. Sequence data were compiled by using the Wiscon-
sin Package software, version 9.0, of the Genetics Computer Group (GCG)
(Madison, Wis.). Sequences obtained were compared to those previously pub-
lished for PURA46 virus strains (17, 29, 42, 44, 46, 53). Mutations were confirmed
by sequencing three independently derived RT-PCR clones or by directly se-
quencing the viral RNA (20).

Construction of a cDNA encoding the spike gene of an enteric isolate (C11)
within a TGEV-derived minigenome. The S gene from the TGEV isolate C11 was
cloned into TGEV-derived minigenome M54, producing the M54-Sc11 minig-
enome. This cDNA has been cloned after the T7 promoter and contains se-
quences derived from TGEV (44). M54 contains open reading frame (ORF) 1a
nt 1 to 2144 and 12195 to 12368, ORF 1b nt 12338 to 13862 and 19275 to 20364,
S gene nt 20365 to 20372, and gene 7 and 3’ untranslated region (UTR) se-
quences (nt 28093 to 28586, adding the six nucleotides of the S gene deletion, i.c.,
the 3’ end of the virus genome). The spike gene of the enteric isolate C11 was
flanked at its 5’ end by the ORF 1b 3’ end 65 nt including the intergenic sequence
CTAAAC and was cloned within the deletion that created the M54 minigenome
from DI-C, i.e., between two Ndel sites at the ORF 1b positions 13858 and 19270.
The S gene was flanked at the 3’ end by the sequence AATCACTAGTGCGG
CCGCCTGCAGGTCGAC, containing the restriction endonuclease sites Spel,
Notl, Pstl, and Sall, derived from the polylinker of plasmid pGEM-T. The
minigenome is flanked at the 3’ end by a synthetic poly(A,s) tract, the hepatitis
delta virus ribozyme, and T7 terminator sequences (27).

Targeted recombination and formation of pseudorecombinant viruses. To
rescue the M54-Sc11 RNA in order to promote targeted recombination between
the Scll gene and the S gene of the helper virus or to promote pseudorecom-
binant virus formation, in vitro transcription of linearized DNA templates was
performed with T7 RNA polymerase according to the manufacturer’s instruc-
tions (Promega). The M54-Scl1 plasmid was linearized with SacII restriction
endonuclease, downstream of the T7 terminator. The length of the in vitro-
transcribed RNA was estimated in 1% agarose-Tris-borate-EDTA-0.1% SDS
gels (52).

The in vitro-transcribed M54-Sc11 RNA was rescued as described previously
(27). Briefly, ST cells were grown to confluence and infected with TGEV C8 or
PTV strains (MOI, 10). At 4 to 6 h p.i., cells were trypsinized and resuspended
in PBS. Cells were electroporated (200 V, 500 pF, single pulse) with in vitro-
transcribed RNA (5 pg/10° cells) by using a Gene Pulser apparatus (Bio-Rad).
Electroporated cells were resuspended in Dulbecco modified Eagle medium
supplemented with 2% fetal calf serum and incubated at 37°C for 18 h. Super-
natants from these cultures were passaged with fresh ST cells eight times in order
to amplify the virions containing the minigenomes and to promote recombina-
tion. Within each passage, the virus was grown for 22 to 24 h. After the eighth
passage the RNA was extracted as described above.

To select potential recombinant viruses and to see whether pseudorecombi-
nant viruses based on the respiratory helper virus and the S protein from the
enteric isolate Scll were formed, the virus pool from passage 8 was used to
inoculate 2-day-old swine derived from a cross between Landrace and Large
White swine, as described above for NIH minipigs. Virus growing in the gut was
isolated from the jejunum, ileum, and intestinal content when the helper virus
used was isolate C8. The presence of virus in the jejunum or ileum was evaluated
when the PTV strain was used as a helper virus.

RNA analysis by Northern blotting. Cytoplasmic RNA was extracted from
helper virus-infected and RNA-transfected ST cells at passage 8, as described
above. RNAs were separated in denaturing 1% agarose-2.2 M formaldehyde
gels. Northern blot analysis was performed after blotting of the RNAs onto nylon
membranes (Duralon-UV; Stratagene) by using an [a->?P]dATP-labeled 3’
UTR-specific single-stranded DNA probe complementary to sequences of gene
7 and the 3" UTR (nt 28300 to 28544) of the TGEV PUR46-MAD strain genome
(44), as described previously (27). RNA was quantified after Northern blot
analysis by using a Molecular Imager FX System (Bio-Rad).

Screening of virus isolates. Two nucleotide substitutions in the sequence of
strain PTV in relationship to that of strain C11 lead to differences in their
restriction patterns. A nucleotide substitution (C to T) at position 622 of S gene
(S622) implicated the loss of a Dralll restriction site in strain PTV, and the
replacement of T with A at position S1208 generated a restriction site for MsiI
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FIG. 1. Nomenclature and relationship among the TGEVs used in this work.
All the TGEVs used were derived from an original isolate of the Purdue virus
(24, 34) that has been named PUR46 in reference to the place and year that it
was reported for the first time. The PUR46-SW11 (SW11) strain was obtained
from PUR46 by 11 passages in swine intestine; this virus was kindly provided as
a 20% suspension of small intestine cells by M. Pensaert (24, 34). The PUR46-
SW11-ST2 (ST2) virus was obtained from SW11 after two passages in ST cells
(40). The PUR46-SW11-ST2-C8 (C8) and PUR46-SW11-ST2-C11 (C11) isolates
were plaque-purified isolates derived from the PUR46-SW11-ST1 (ST1) at CNB,
Madrid, Spain. The PUR46-ST115 was independently derived from the PUR46-
SW11 (or a similar passage number in swine) after 115 passages in ST cells, by
L. Saif at the OARDC (Ohio State University) (50). From this strain we obtained
the PUR46-MAD-ST120 by five additional passages on ST cells including three
cloning steps by plaque purification (54). The PTV virus was derived from a
Purdue type strain by sequential passage in gnotobiotic pigs by the pulmonary
route, pig lung cell cultures, and diploid ST cell cultures. During this time the
virus was exposed to an acidic (pH 3) environment and trypsin (66).

in this isolate. To screen for the presence of isolates with PTV- or C11-derived
S genes after passage in tissue culture or in vivo, a cDNA fragment including S
gene nt 487 to 1640 was synthesized by RT-PCR by using the RNA from infected
cells. RT-PCR fragments derived from the different clones were digested with
restriction endonucleases Dralll and Ms/l. cDNA fragments derived from the
strain PTV were cut once by Dralll at nt 1252 and by MsiI at nt 1208, while
cDNAs derived from isolate C11 were cut twice by Dralll at positions 622 and
1252 and were not cut by Ms/l.

To confirm the sequence of the S gene, the isolates were plaque purified twice
and amplified once in ST cell monolayers, the RNA was extracted as described
above, and cDNAs were derived by RT-PCR and directly sequenced.

RESULTS

Isolation of two TGEYV viruses with high and low replication
levels in the enteric tract. An uncloned stock of the original
virulent TGEV Purdue strain that was passaged 11 times in
swine (PUR46-SW11) (Fig. 1) was passaged once in ST cells,
generating the isolate PUR46-SW11-ST1. This uncloned virus
was plaqued on ST cells, and two types of isolates, with large
(3-mm-diameter) and small (1-mm-diameter) plaques, were
observed. Two isolates, PUR46-SW11-ST2-C8 (abbreviated
C8; an isolate with small plaque) and PUR46-SW11-ST2-C11
(abbreviated C11; an isolate with large plaque), were plaque
purified three times. The plaques maintained their morphology
during the cloning. The growth kinetics of these isolates in ST
cell monolayers at two cell densities (1 X 10°/cm? and 2 X 10°
cell/cm?) at two MOIs (1 and 10) (Fig. 2) indicated that in all
cases isolate C8 produced titers at least 10-fold higher than
those produced by isolate C11.

The in vivo growth of C8 and C11 isolates was determined by
inoculating newborn NIH miniswine by the oronasal and in-
tragastric routes. The piglets were sacrificed at 1, 2, 3, and 4 d
p.i. Virus amounts present in the lungs, mediastinal and mes-
enteric lymph nodes, jejunum, ileum, and the intestinal content
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FIG. 2. Growth kinetics of isolates C8 and C11 in ST cells. The growth of
isolates C8 (A) and C11 (B) in ST cells is shown. Virus replication in ST cells that
just reached confluence (O, OJ) or were grown for 1 more day following conflu-
ence (@, m) after infection at an MOI of 1 (O, @) or 10 (CJ, m) is shown. Aliquots
(0.2 ml) were collected at the indicated times and titrated on ST cells. Results of
a representative experiment among three that gave similar results are shown.

were determined. Isolates C8 and C11 had different growth
patterns in vivo (Fig. 3A). Isolate C8 grew better in mediastinal
lymph nodes than isolate C11. Isolate C8 grew to titers ranging
between 10? and 10° PFU/g in the jejunum, ileum, and mes-
enteric lymph nodes, while isolate C11 grew with titers higher
than 107 in these organs. Isolate C8 was not found in feces in
significant amounts, while isolate C11 was shed after day 2 p.i.
(Fig. 3A).

Since in a mixture both isolates coexisted in vivo, the in vivo
growth of an artificial mixture of isolates C8 and C11 (at the
proportion of virus isolates found in the plaque assay, i.e., 70%
isolate C8 and 30% isolate C11) and that of the uncloned
PUR46-SW11-ST2 (abbreviated ST2) virus following two pas-
sages on ST cells were compared (Fig. 3B). Both virus stocks
grew to the same extent in the respiratory and enteric tissues.

The onset of enteritis and mortality caused by isolates C8
and C11 (Fig. 4) were compared with those caused by the
prototype TGEV strain used in our laboratory (PUR46-
MAD), which has had a high passage number (120 times) in ST
cells. Isolate C8 was highly attenuated (it produced very mild
or no enteritis and no mortality), isolate C11 had an interme-
diate virulence (75% of animals had enteritis and mortality was
37% at 7 d p.i.), and the mixture of isolates C8 and C11 was
highly virulent (100% of animals had enteritis at 4 d p.i. and
mortality was 100% at 7 d p.i.). The uncloned PUR46-SW11-
ST2 showed a slightly higher virulence than the mixture of
isolates C8 and C11 (Fig. 4). The prototype strain (PUR46-
MAD) behaved as did isolate C8, with very mild or no enteritis



7610 SANCHEZ ET AL.

>

1% unG MEDIASTINAL L.N. FECES

11

c8

N

JEJUNUI ILEUM

MESENTERIC L.N.
c11 )

VIRUS TITER, PFU/g TISSUE

2P
O

w02F cs 5 9——9/0/0

1 2 3

-
n
w
IS
IS
-
[
w
IS

108/ NG MEDIASTINAL L.N. FECES

C8+C11

o i \\\’ |
ol '\-\.\. |

VIRUS TITER, PFU/g TISSUE
3

JEJUNUM ILEUM MESENTERICL.N. ]
L 1 L L L L " . L

'y

1 2 3 4 1 2 3 4 1 2 3
DAYS POST-INFECTION

FIG. 3. Growth kinetics of isolates C8 and C11 in swine. Two- to three-day-
old non-colostrum-deprived NIH miniswine were used to study the growth ki-
netics of isolate C8 (O) or C11 (@) alone (A) or the growth kinetics of a mixture
of isolates C8 and C11 (70% C8 plus 30% C11) (m) or a virulent TGEV isolate
(ST2) (#) that includes both isolates (B). Groups of four minipigs were orona-
sally (2 X 10® PFU/pig) and intragastrically (3 X 10® PFU/pig) inoculated. Virus
titers at the indicated number of days postinfection were determined in the
indicated tissue extracts. L.N., lymph nodes. The whole organs were homoge-
nized in order to obtain representative samples. Results of a representative
experiment among three that gave similar results are shown in panels A and B.

and no mortality in conventional (non-colostrum-deprived)
piglets (data not shown).

Sequence differences between TGEYV isolates C8 and Cl11.
The consensus RNA sequences of the 3’ 8,221 nt (from the
beginning of S gene to the 3’ end of the genome) of isolates C8
and C11 were determined (Fig. 5). The sequence of isolate C8
was identical to that of PUR46-MAD (44). When the se-
quences of isolates C8 and C11 were compared, 15 nucleotide
differences in the S gene, together with 7 nucleotide changes
scattered from ORFs 3 to 6, were observed. No nucleotide
difference was observed in ORF 7 or in the 3’ UTR. In addi-
tion, the 6-nt deletion of the S gene seen in all the Purdue
strains described so far (47, 48, 53) was not present in the C11
isolate (Fig. 5). These nucleotide changes were responsible for
14 amino acid substitutions or deletions in the S gene and 1
amino acid substitution in each of the ORFs 3a, E, and M.

The frequency of nucleotide differences between isolates C8
and C11 within the 3’ 8,221 nt (Table 1) indicates that these
changes are concentrated in the 5 half of the S gene (with 5.8
nt substitutions/10° nt), as contrasted with substitution fre-
quencies ranging from 1.1 to 2.3 per 10° in genes 3a to N. The
second highest nucleotide substitution frequency (2.3/10° nt)
was observed within genes 3a and 3b.

Generation of recombinant viruses by combination between
TGEYV strains displaying low and high replication levels in the
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enteric tract. The different tropism and virulence properties
shown by the C8 and C11 isolates could in principle be due to
any of the sequence differences between isolates identified in
the 8,221 nt of the 3’ end of the virus and also to the putative
nucleotide substitutions within ORF 1. Based on our previous
data demonstrating that two amino acid changes within the
spike protein are responsible for the loss of enteric tropism of
an attenuated strain of TGEV (2) and on the accumulation of
most of the nucleotide differences between isolates C8 and C11
within gene S, we decided to study first whether the S gene
differences were responsible for the observed differences in
tropism and virulence between these isolates. To this end, the
effect of the incorporation of the S gene from isolate C11 into
isolate C8 by the formation of either true recombinant or
pseudorecombinant viruses was studied (Fig. 6).

The recombinant viruses were produced by the rescue of a
minigenome with the isolate C11 S gene (M54-Sc11) by using
either isolate C8 or PTV as the helper virus (Fig. 6). The
minigenome M54 was derived from the PUR46-MAD strain of
TGEV and has the sequences indicated in Fig. 6A (27). The S
gene from isolate C11, preceded by the 5’ upstream 65 nt of
the S gene containing the conserved intergenic sequence
CUAAAC, was inserted in the unique Ndel restriction endo-
nuclease site of minigenome M54 (27). In the first experiment,
the minigenome RNA was in vitro transcribed with T7 poly-
merase and was transfected into ST cells that were infected
with the C8 strain as helper virus (Fig. 6B). Supernatants from
the infected cultures were passaged eight times to facilitate the
recombination between the S genes present in the helper virus
and the minigenome.

In principle, both pseudorecombinant and true recombinant
viruses could be formed. Two types of pseudorecombinant
viruses were expected (Fig. 6B). Both of them should contain
the same envelope with spike proteins derived from the C8 and
Cl11 isolates and should differ in their genomes, which should
be derived either from the helper virus or from the minig-
enome M54-Scll. In addition to the pseudorecombinant ho-
motrimers of the spike protein derived from either the respi-
ratory or the enteric virus, heterotrimers could also be formed.

Northern blot analysis of the cytoplasmic RNAs of helper
virus-infected ST cells, using a probe complementary to the 3’
end of the virus, showed the standard set of viral mRNAs (Fig.
7A). Analysis of the RNAs from the ST cells infected with the
helper virus and transfected with the M54 or the M54-Scl1
minigenome showed, in addition to the standard RNA pattern
of the helper virus, the RNAs corresponding to the mini-
genomes M54 and M54-Scll, respectively. Other bands of
unknown identity were also observed. The unknown band of

TABLE 1. Nucleotide substitution frequency in isolate C8 relative
to than in isolate C11

No. of Fraction of total
Gene changes no. of changes (%) Frequency®

S (complete)” 17 70.8 3.8
S5’ 2,200 nt* 13 54.1 5.8
S 3’ 2,147 nt 4 16.7 1.8
3a-3b 3 12.5 2.3
E 1 4.2 2.0
M 1 42 1.1
N 2 8.3 1.7
7 0 0 0

3" UTR 0 0 0

“ A two-codon deletion has been computed as two changes.
> Number of substitutions per 10% nucleotides.
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FIG. 4. Pathogenesis of isolates C8 and C11 in minipigs. Groups of eight minipigs were inoculated with the indicated TGEV isolates (isolates C8 and C11, a mixture
of C8 and C11 [70% CS8 plus 30% C11], or the virulent uncloned isolate ST2) as described in the legend for Fig. 3. The number of piglets without enteritis (@) or
surviving (@) is shown at different days postinfection. Results of a representative experiment of two that gave similar results are shown.

about 12 kb present in the Northern blots shown in Fig. 7A and
C did not appear when analyzed with a probe for the S gene.
We do not know whether this band is derived from the helper
virus, the minigenome, or a recombination between the two.
Nevertheless, the 12-kb band is most likely derived from a
recombination from the helper virus and the minigenome since
this band appears only when the helper virus is passaged in the
presence of the minigenome and it has a larger size than the
minigenome.

The minigenome M54 was replicated and packaged with
high efficiency by the helper virus, since the ratio of mini-
genome RNA to full-length RNA genome was higher than
50-fold and the minigenome RNA also was at least 5-fold more
abundant than the viral mRNAs (Fig. 7A). The minigenome
M54-Sc11 carrying the S gene was replicated with an efficiency
similar to that of the virus genome as determined by Northern
blot analysis with probes specific for the 3’ end of TGEV (Fig.
7A) and for the S gene (data not shown). The S gene mRNA
encoded by the minigenome was not detected by Northern blot
analysis using a probe complementary to the 3" end of TGEV

or a probe specific for the S gene; nevertheless, the presence of
this mRNA was detected by RT-PCR analysis (data not
shown).

To study the growth of the recombinant viruses in respira-
tory and enteric tissues, three groups of four piglets each were
infected by the intranasal, oral, and intragastric routes with the
TGEYV strains C8 and C11 or with the potential recombinant
viruses generated after eight passages in ST cells (Fig. 7B). The
C8 and C11 strains were recovered from the intestinal content
with low (<10° PFU/g of tissue) and high (>10” PFU/g of
tissue) titers, respectively, as expected. Interestingly, the rep-
lication of isolate C8 in the enteric tract was increased more
than 10*fold in the virus passaged in the presence of the
minigenome MS54-Scll, and the virus production in the gut
persisted for at least 4 days.

In the first experiment, the replication in enteric tissues of a
virus (isolate C8) that was already enteric, although it repli-
cated to a small extent in the gut, was studied. To prove that
the tropism of a respiratory virus that did not replicate at all in
the enteric tract could be extended to the gut, we performed a
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FIG. 5. Sequence comparison of isolates C8 and C11. The nucleotide substitutions in isolate C8 in relationship to isolate C11 are shown for all genes except ORF
1. The top bar indicates the different viral genes, and the numbers above the second bar indicate the positions of the substituted nucleotides, with nt 1 of each gene
considered to be the A of the initiation codon. Letters within the bars indicate the corresponding nucleotides at the indicated positions. Letters below the bars indicate
the amino acid substitutions encoded by the nucleotides around the indicated position. A6 nt, deletion of six nucleotides. The arrow indicates the position of the S gene

stop codon.
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FIG. 6. Diagram of the pseudorecombinant and true recombinant virus iso-
lation protocol. (A) Structure of the M54 minigenome indicating the sequence
position where the S gene from the enteric C11 isolate was cloned. Letters and
numbers above the top bar indicate the TGEV ORFs. Numbers below this bar
indicate the nucleotide sequences of the helper virus incorporated into the M54
minigenome. Numbers above the second bar indicate the four sequence domains
that were linked during the generation of the minigenome. Numbers to the right
of the bars indicate sizes of the genomes in nucleotides. gRNA, genomic RNA.
IG, intergenic sequences preceding the S gene of the Cl1 isolate, which is
identical to that of the PUR46-MAD strain of TGEV. An, poly(A). (B) Gener-
ation of recombinants. The S gene from an enteric TGEV (isolate C11) was
cloned into minigenome M54, generating the minigenome M54-Sc11 with the
structure diagrammatically shown in panel A. This minigenome has been cloned
after the T7 promoter (T7) (black box) and preceding the hepatitis delta virus
ribozyme (HDV Rz) sequences and the T7 terminator sequences (T®). ST cells
were infected with C8 or PTV viruses. At 4 to 6 h p.i., cells were electroporated
with in vitro-transcribed RNA and the supernatants from these cultures were
passaged by using ST cells. The potential pseudorecombinants with the S protein
from the respiratory helper viruses (light circles) or from the enteric C11 isolate
(dark circles) containing either the genome of the helper virus (large bar) or the
minigenome with the S gene of the C11 isolate are diagrammatically represented
(bottom left). True recombinants with a chimeric S protein generated by two
crossovers between the S gene from the helper virus and the S gene from isolate
C11 are also indicated (bottom right).

rescue experiment identical to the one described in Fig. 7A
except that as helper virus the TGEV strain PTV was used
(53). The results (Fig. 7C and D) indicated that PTV efficiently
replicated the minigenome M54 alone or the minigenome M54

J. VIROL.

carrying the Scll gene, since clear bands with the expected
sizes for the corresponding RNAs were observed (Fig. 7C).
Newborn piglets were infected with the pool of virus generated
after eight passages in ST cells. The helper virus PTV passaged
in the presence of the minigenome M54 did not replicate at all
in the jejunum or in the ileum (Fig. 7D). In contrast, the PTV
passaged in the presence of the M54-Sc11 RNA replicated in
the gut, with titers ranging between 8 X 10* and 8 X 10° PFU/g
of tissue.

Characterization of the viral isolates produced in tissue
culture and in vivo. To identify the RNAs synthesized during
minigenome rescue in tissue culture and in vivo, a collection of
isolates was obtained by two steps of plaque selection after
passage 8 in ST cells and after isolating the virus from the
enteric tracts of swine. Virus was recovered from the gut of one
of the infected swine at 2 d p.i. (Fig. 7D). Plaques of two sizes,
large (diameter, 3.5 mm) and small (diameter, 1 mm), were
isolated (Fig. 8A). Since plaque purification implied infection
at an MOI lower than 1, only replication-competent virus,
including the helper virus (small plaque) and potential recom-
binant virus (large plaque), should be recovered in principle,
while the defective minigenomes should be lost. In fact, that
was the case when the RNAs present were analyzed by North-
ern blotting and RT-PCR (Table 2).

RNAs from infected cells and tissues were analyzed by syn-
thesizing cDNA fragments of 1,153 nt (from nt 487 to 1640 of
S gene) by RT-PCR and studying their restriction endonucle-
ase patterns by using two enzymes (Fig. 8). One of them
(Dralll) cuts the isolate C11-derived cDNA at nt 622 and 1252
of S gene, while the other (Ms/I) exclusively cuts the cDNA
derived from isolate PTV at position 1208, giving a differential
restriction endonuclease pattern (Fig. 8B). The restriction en-
donuclease patterns given by the cDNAs derived from the
parental viruses PTV and C11 and by two representative iso-
lates (R1 and C43) recovered from the gut are shown (Fig. 8B).
These two recombinants gave the typical patterns of the C11
isolate and the PTV isolate, respectively.

After eight passages of the helper virus PTV and the mini-
genome MS54-Scll in ST cells, the presence of this minig-
enome was shown by both Northern blotting and RT-PCR
analyses (Fig. 7C and Table 2). The restriction endonuclease
analysis showed that all 12 isolates analyzed had the pattern
expected for the PTV, indicating that most of the isolates had
the genotype of the helper virus, without excluding the possible
presence of recombinant viruses (Table 2).

The viruses that grew in the gut of the infected animal were
plaque purified. The restriction endonuclease patterns of 29
isolates selected after the first passage in ST cells were deter-
mined. In all isolates the pattern expected for the S gene of
isolate C11 was observed (Table 2). The gut virus, after being
passaged three times in ST cells, contained mostly (12 of 20
isolates) isolates with the C11 genotype; the rest (8 of 20
isolates) of the isolates had the genotype of the PTV helper
virus. These data indicated that the virus population quickly
evolves during its passage in vivo or in vitro.

To further characterize the virus that replicated in the gut,
the S genes of 17 isolates were sequenced. Fourteen of these
isolates, selected after the first passage of the gut virus in ST
cells, produced large plaques, like isolate C11 did. Isolates with
the small-plaque phenotype, like the PTV strain, were not
observed until the third virus passage in ST cells, indicating
that the virus population was changing, and were then selected.
RT-PCR sequence fragments starting 316 nt upstream of the S
gene and covering the full length of this gene (a total of 4,898
nt) were sequenced. The 14 isolates with the large-plaque
phenotype were recombinant viruses with two crossovers be-
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FIG. 7. Northern blot analysis and growth kinetics of the potential recombinants in the enteric tract. The characterization of the viruses obtained after minigenome
M354-Sc11 rescue using as helper virus isolate C8 (A and B) or PTV (C and D) is shown. The Northern blot analysis of the viral RNAs obtained after infecting ST cells
for eight passages with the indicated helper virus (either C8 or PTV) alone or with the helper virus plus the minigenome M54 or plus minigenome M54-Sc11 is shown
(A and C). Numbers and arrows to the left of boxes A and C indicate the positions of the helper virus RNAs. Arrows and names to the right of these boxes indicate
the expected positions for the minigenomes. UK, unknown RNA. Virus replication in the enteric tract was examined following oronasal and intragastrical inoculation
of groups of four newborn piglets. Animals were sacrificed at the indicated days, and the virus content in representative samples of the whole tissue was determined
by using the plaque assay on ST cells. Virus content was determined, and the arithmetic mean of the titers of virus recovered from the jejunum, ileum, and intestinal
content is shown (panel B). m, isolate C11; @, isolate C8 plus minigenome M54-Scl1; A, isolate C8 plus minigenome M54. Virus replication using the strain PTV as
the helper virus is also shown (panel D). Virus content was measured in the jejunum (@) or in the ileum (m) of piglets infected with strain PTV plus minigenome
M354-Sc11; virus content was measured in the jejunum (@) or the ileum (E) of piglets infected with the strain PTV plus the minigenome M54.

tween S gene nucleotides —65 to 96 and 3700 to 4370 (Fig. 9),
replacing most of the S gene of the helper virus by that of
isolate C11. These isolates are true recombinants, since the
described product cross-junctions do not exist in the helper
virus or in the minigenome donor RNA. The origin of these
sequences is the recombinant virus itself, since no defective
minigenome with the S gene from isolate C11 was detected at
this stage (Table 2).

All these isolates were probably derived from the same re-
combinant virus, since all of them had a C at position 2136 of
the S gene (which did not cause an amino acid change), which

was not present in the S genes of the helper virus or the
minigenome M54-Scl1. Three of the recombinants (R25, R30,
and R31) had S gene sequences (between nt 96 and 3700)
identical to that of the C11 S gene. In recombinant R29, a
single nucleotide substitution responsible for an amino acid
change (replacement of leucine by proline at position 222) was
observed in this sequence fragment. The other 10 recombi-
nants showed one deletion of three nucleotides leading to
removal of an amino acid at position 73 (R8), 129 (R10, R12,
R17, R18, R21, R32, R34, and R41), or 216 (R1) (Fig. 9).
The growth in ST cells of all of the sequenced recombinants
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FIG. 8. Restriction endonuclease analysis of the potential recombinants. (A)
A diagram of the procedure followed in the selection of true recombinant and
pseudorecombinant viruses growing in the enteric tract is shown. Gut tissue
(jejunum), collected from a single pig at 2 d p.i., was homogenized, and lysis
plaques were isolated on ST cells. Plaques of two sizes (3- and 1-mm diameter)
were observed and cloned twice. Viruses in these plaques were expected to have
either the genome of the helper respiratory virus (PTV) or the genome of a true
recombinant virus (rPTV/Scll) formed by a two-crossover event within the S
gene (bottom bar). The positions of restriction endonuclease (Dralll and MsiT)
sites in cDNA, derived by RT-PCR, between nt 487 and 1640 of the S gene are
indicated. (B) Prototype restriction endonuclease patterns of cDNAs derived
from S genes of the strains PTV and C11 and two isolates (clones 1 and 43) with
a restriction endonuclease pattern identical to that of strain C11 or PTV are
shown. MWM, molecular weight markers (1-kb DNA ladder; Gibco). Numbers
on the left of the MWM lane indicate the sizes of the markers in kilobases.

(Fig. 9) was determined in the first passage after their cloning,
to reduce the diversification during their passage in ST cells.
All the isolates that had introduced a codon deletion or a point
mutation at the 5’ end of the S gene replicated in ST cells,
producing virus titers 38- to 150-fold higher (the mean virus
titer was 110-fold higher) than those of the recombinants with
no change (Table 3). These recombinants also produced higher
RNA levels as determined by semiquantitative RT-PCR (data
not shown). These data suggested that the observed changes
favored the growth in ST cells.

The growth of a recombinant of each C11 type in the enteric
tracts of newborn piglets was also evaluated by comparison
with the virus isolates carrying the S gene sequence derived
from the PTV virus. Some of these recombinants (e.g., RS,
with a deletion of nt S217 to S219) infected the enteric tract,
but others (e.g., R29, which has a nucleotide substitution at
S665) did not (data not shown). Interestingly, the nucleotide
change that affected the enterotropism maps very closely to the
one (S655) that our group reported in a previous article (2) as
being responsible for the loss of replication in the enteric tract.

J. VIROL.

These results indicate that some nucleotide substitutions in the
region from nt 217 to 665 abrogate the replication in the
enteric tract. In contrast, isolate C43, with a sequence identical
to the helper PTV, did not grow in the gut.

DISCUSSION

The isolation and characterization of two isolates of TGEV
with different growth properties both in cell culture and in vivo
are reported. These isolates replicate to a small or large extent
in the enteric tracts of swine. Coinfection with both isolates
increased the pathogenicity of each. These isolates presented
differences in all structural and two nonstructural genes, al-
though most of the differences were concentrated within the 5’
half of the S gene. Experiments designed for targeted recom-
bination within the S genes from enteric and respiratory vi-
ruses led to the formation of true recombinant and pseu-
dorecombinant viruses. Homologous recombination involving
two crossover sites within the S gene has demonstrated that
changes in the tropism and virulence of TGEV can be intro-
duced by sequence changes in the S gene. The S gene from an
enteric field strain rapidly evolved during its adaptation to
grow in ST cells by changing its sequences at the 5" end of the
gene, between nt 217 and 665, a domain that was previously
implicated in the control of the enteric tropism of TGEV.

TGEYV isolates C8 and C11 were obtained from a historical
sample of the Purdue strain of TGEV isolated by Haelterman’s
group at Purdue University (West Lafayette, Ind.) (24, 34).
The original virus (PUR46-SW11) (Fig. 1) was passaged ex-
clusively in swine. This virus was adapted to grow in ST cells (9,
10), and after 115 passages on this cell line it was cloned and
distributed to many scientists, including us. In our laboratory,
the virus was recloned and named PUR46-MAD in reference
to its place and year of isolation and the specific isolate name.
A surprising observation was the high degree of conservation
in the RNA sequence of this virus upon passage on ST cells,
since almost one-third of its genome (8,221 nt), which encodes
all the structural and three small nonstructural proteins, has
complete sequence identity with C8, independently derived
from the same original virus (PUR46-SW11) by only two pas-
sages on ST cells, which is the same cell line used in the
high-passage isolate. This sequence identity may indicate that
the selected virus has a sequence highly favored to grow in ST
cells.

Isolate C8 has the 6-nt deletion in the S gene which has been
considered a trademark of all TGEV Purdue virus strains (47,
48, 53). This deletion is not present in isolate C11 or in any
TGEYV isolates sequenced other than the Purdue strains (11,
14, 47, 53, 68). A comparison of the S gene sequences among
11 TGEV isolates showed that isolate C11 had the lowest
computing distance (0.35) with isolate C8, while the computing
distances with the Miller strain (MIL65) and the porcine re-
spiratory coronaviruses (PRCoVs) were higher than 2.0 and
3.0, respectively (44). These data strongly suggest that isolate
C8 is derived from C11 and not from other viruses circulating
at the same time and in the same geographical area, such as the
Miller strain, which was isolated in Fredericksburg, Ohio (8,
67). The relationship between the two isolates is in agreement
with the results obtained by generating an evolutionary tree of
TGEV (53). According to this epidemiological tree, the Pur-
due virus isolate C11 could be a recent ancestor of both
PUR46-MAD (analogous to isolate C8) and the MIL65 strains
of TGEV (53).

The availability of TGEV-derived minigenomes (27) al-
lowed us to engineer a TGEV carrying S genes with the desired
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FIG. 9. Nucleotide sequences of TGEV recombinants isolated in enteric tissues. Virus was recovered from the enteric tract of a single pig at 2 d p.i. Recombinants
with a large plaque size (no. 1, 8, 10, 12, 17, 18, 21, 25, 29, 30, 31, 32, 34, and 41) or a small plaque size (no. 43, 45, and 48) were plaque purified twice and expanded
into ST cells, and their RNAs were copied into cDNA and sequenced. The nucleotide differences between the S genes of strains PTV and C11 are indicated (top bars).
Numbers above bars indicate the positions of nucleotide substitutions or deletions. The approximate locations of the two crossovers in the S gene are indicated by two
sets of crossed lines extending between the two top bars. The asterisk indicates the insertion sequences containing the restriction endonuclease sites Spel, Notl, Pstl,
and Sall, derived from the polylinker of plasmid pGEM-T and located after the S gene. In isolates 1 to 41, a C was present at position 2136. This nucleotide (C) was
different from that located at the equivalent positions in the S genes of the two parental viruses (T). The presence of codon deletions (A) and nucleotide and amino
acid (aa) substitutions is indicated above the bars. L and S indicate large- and small-plaque phenotypes.

sequences by targeted recombination and to study the role of
the S gene both in tropism and virulence.

First we have shown that the rescue of minigenomes carrying
the S gene (Scll) from an enteric virus, by a helper virus
(isolate C8) that weakly replicated in the enteric tract, lead to
an increase of 10*-fold in its replication in the enteric tract.
Then, a more stringent experiment was performed using a
helper virus (PTV) which did not replicate at all in the enteric
tract. The recombinant viruses were generated by the incorpo-
ration of most of the Sc11 gene, leading to the acquisition of
the enteric tropism and virulence and demonstrating that the S
gene alone modifies these virus activities.

The fact that the helper virus PTV was isolated from the
enteric tract while this virus alone was never isolated from the
gut strongly suggests that pseudorecombinant viruses with S
proteins from the respiratory helper virus and from the enteric
virus (Scll) were formed, conferring enteric tropism to the
pseudorecombinant. The enteric S protein could have been
provided by either the minigenome or by true recombinant
virus, since the minigenome was shown to be present and the

recombinant viruses were probably originated during the eight
passages in ST cells with minigenome M54-Scl11.

In the first passage in ST cells of the virus from the gut of the
infected swine, PTV was in low proportion and it was not
detected, but after the third passage a significant proportion
(40%) of the analyzed isolates showed the PTV genotype. The
increase in the proportion of PTV to isolate C11 was expected
since PTV grows with higher titers than isolate C11 in ST cells
(data not shown). These data indicate that the virus population
quickly evolves during its passage in vivo and in ST cells. In
vivo the isolates with an S gene derived from the C11 isolate
were selected, while in ST cells the PTV strain was favored.

The formation of recombinants was studied by analyzing the
restriction endonuclease pattern of cDNAs derived from the
isolates and by sequencing their S genes. Viruses isolated from
the infected swine gut were plaque purified, and all the isolates
showed the genotype of the strain C11. Furthermore, all the
plaques isolated were most likely derived from a unique re-
combination event, since all of them have a C at position 2136
which was present neither in the PTV nor in the Scll gene
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TABLE 2. Restriction endonuclease analysis of the viral isolates
Phenotype of the virus

Virus passage* P_re_sence ofb NO' ,Of clonps with the genotype Restri(t:Fti)qll}teniionugtl_eass
minigenome' indicated in the next column®/ susceptibility at position:

total no. of clones S 622 S1208

PTV + M54-Scll + 12/12 PTV PTV
PTV + M54-Sc11-SW1 ND ND ND ND
PTV + M54-Sc11-SW1-ST1 - 29/29 C11 C11
PTV + M54-Sc11-SW1-ST2 - ND ND ND
PTV + M54-Sc11-SW1-ST3 = 12/20 C11 C11

8/20 PTV PTV

“ The numbers after SW and ST indicate the passage numbers given in swine or ST cells, respectively.

> The presence of the minigenome was determined by Northern blot and RT-PCR analyses. ND, not determined.

¢ cDNAs derived from the S gene of TGEV strain PTV have Ms/I and Dralll restriction endonuclease sites at nt 1208 and 1252, respectively. cDNAs derived from
clone C11 have two DrallI sites at nt 622 and 1252 and no restriction site susceptible to Ms/I. PTV and C11 indicate restriction endonuclease patterns identical to cDNA

derived from the TGEV strains PTV or C11, respectively. ND, not determined.

cloned in the minigenome. Sequence data demonstrated that a
double crossover within the S gene had taken place, replacing
most of the S gene of the helper virus by that of the enteric
isolate. A double crossover within the S gene has been shown
only in MHV by PCR, although in this case the recombinant
viruses were not isolated (75). In contrast, viruses with a single
crossover, in which the 3’ one-third of the genome has been
replaced by that of another coronavirus, have recently been
obtained. In this case, the role of the S gene in tissue tropism
was also shown (35).

Three of the recombinants isolated from the enteric tract
had a sequence identical to the Scl1 gene (with the exception
of the marker mutation at position 2136). These isolates rep-
licated in the enteric tract to the same extent as the parental
virus isolate C11. Interestingly, the other four genotypes iso-
lated showed either a codon deletion at nt 217, 385, or 646 or
a nucleotide substitution at position 665 that caused an amino
acid change (leucine to proline). The changes in the 5’ end of
the S gene were most likely introduced during the passage of
the recombinant viruses in ST cells, before they were used to
infect the swine, and probably the nucleotide substitutions
conferred the observed advantage of the selected viruses of
growing in these cells. New virus variants of the enteric recom-
binant with the S gene of the C11 isolate were selected within
a few passages of the virus on ST cells. The new recombinants
had deletions or nucleotide substitutions within nt S217 to
S665 (i.e., AS217 to S219, AS385 to S387, and AS646 to S648)
that increased the replication of the virus in ST cells by a mean
of 110-fold. Since the S gene is recognized by the cell receptor
and no role has been associated with this gene in the macro-
molecular synthesis of the virus, most likely the changes on the
S gene affected the recognition and internalization of the virus,
suggesting that the S gene sequence between nt 217 and 665
plays a role in virus dissemination.

The binding of the TGEV S gene to aminopeptidase N,
which is the receptor for group 1 coronaviruses including
TGEYV, human coronavirus 229E, and canine and feline coro-
naviruses (3, 16, 31, 61, 73), is mediated by an S protein domain
encoded by nt 1518 to 2184 (23). We have described above that
substitutions at nt S665 caused the loss of enteric tropism, in
agreement with our previous data indicating that changes of nt
5655 abrogate TGEV infection of the enteric tract. These data
imply that the S protein domain recognized by aminopeptidase
N and the domain of the S gene that has a decisive influence on
TGEYV tropism map in distal areas of the S gene. These results
are also in agreement with the loss of enteric tropism and
virulence in TGEV mutants such as PRCoV (12, 45, 54), a

TGEV small-plaque mutant (69, 71), and hemadsorption-de-
ficient mutants (6, 32) with alterations in a domain of the S
gene different from the site recognized by the pAPN.

It is interesting that MHV tropism is also influenced by the
binding of a domain located at the N terminus of murine
coronavirus spike protein (33). In fact, the binding of MHYV to
its receptor is mediated by S protein amino acids encoded by
nucleotides around positions 186, 612, 636, and 648 (59), which
are located on S gene domains very similar to the ones that
influence TGEV tropism. In MHYV, it has also been shown that
the expression of a functional viral receptor is not sufficient to
establish MHYV infection and that an additional factor is re-
quired for an early step of viral infection, possibly during virus
entry, since transfection of the genomic RNA into nonsuscep-
tible cells led to the production of infectious virus (74).

The involvement in virus entry of cellular factors additional
to the cellular receptor has also been shown in coxsackievirus

TABLE 3. Recombinant virus replication in ST cells
(PFU/plaque)”

Recombinant?

7 X 10° = 3 x 10°
3Xx10°=1x 10°

8 X 10° =2 x 10°
7 X 10° = 3 x 10°
2 X 10° + 2 X 10°
5% 10° + 3 x 10°
7 X 10° = 3 x 10°
8 X 10° =2 x 10°
7 X 10° =1 X 10°
2% 10°*1 % 10°

RS e 1X10°*=1x10°
R3O ettt 4 % 10* =2 x 10*
R3T ceeeeeeeereeeeeeeeeeeaa 2x10* =1 x 10*
R29 e 8 X 10° = 3 x 10°
ClONE 43 ...ttt 2% 10°=1 % 10°
Clone 45... 3Xx10°*1x 10°
ClONE 48ttt 2 X 10°+ 3 x 10°

“ The recombinants have been grouped according to the sequence of the S
gene as indicated in Fig. 9.

® Total virus in a lysis plaque grown on ST cells was determined in the first
passage of the virus collected from the gut. Mean values of three independent
determinations * the standard errors of the means are shown.
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(4, 5, 55, 56), echoviruses (63, 64), aphtoviruses (21), herpes
simplex virus (72), adenovirus (1, 26, 70), and human immu-
nodeficiency virus (65). Unfortunately, the wide distribution of
the receptors and accessory factors, which is broader than the
observed tropism of the viruses mediated by these receptors
and factors, suggests that host cell restriction is also mediated
by additional limiting processes that probably take place after
virus binding and internalization. In fact, in addition to the
presence of a functional virus receptor and the required acces-
sory molecule, a wide variety of mechanisms acting at different
levels influence the host cell tropism. For instance, nonen-
velope genes, such as human immunodeficiency virus Tat, Rev,
and topoisomerase (15, 60), the ULS gene encoding a compo-
nent of the primase-helicase complex of herpes simplex virus
(7), immediate-early gene products in human cytomegalovirus
(57), and the polymerase gene in lymphocytic choriomeningitis
virus (39) influence the tissue tropism of these viruses.

In conclusion, it has been shown that the enteric or respira-
tory tropism and virulence of TGEV can be engineered by
changes exclusively within the S gene. This does not rule out
the possibility that other genes also may influence the tropism
and virulence of TGEV. In addition, data has been obtained
reinforcing our previous conclusion (2) that the tissue speci-
ficity of TGEV is decided at the S gene level by a factor
mapping at the 5" end of this gene, located between nt 217 and
665, and not simply by the binding of this protein to amino-
peptidase N, mediated by residues around spike protein site A
(nt 1518 to 2184) (22, 23). We are interested in the genetic
alterations that may help us to localize new signals regulating
TGEV tropism and in identifying their functions. The possi-
bility of TGEV genome modification by targeted recombina-
tion shown in this report should facilitate these studies.
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