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A recombinant infectious bronchitis virus (IBV), BeauR-M41(S), was generated using our reverse genetics
system (R. Casais, V. Thiel, S. G. Siddell, D. Cavanagh, and P. Britton, J. Virol. 75:12359-12369, 2001), in
which the ectodomain region of the spike gene from IBV M41-CK replaced the corresponding region of the IBY
Beaudette genome. BeauR-M41(S) acquired the same cell tropism phenotype as IBV M41-CK in four different
cell types, demonstrating that the IBV spike glycoprotein is a determinant of cell tropism.

Avian infectious bronchitis virus (IBV), a member of the
Coronaviridae (order Nidovirales, genus Coronavirus), is a
highly infectious pathogen of domestic fowl that replicates
primarily in the respiratory tract but also in epithelial cells of
the gut, kidney, and oviduct (3, 6, 7). Genetically very similar
coronaviruses cause disease in turkeys and pheasants (4, 5).
Coronaviruses are enveloped viruses that replicate in the cell
cytoplasm and contain an unsegmented, single-stranded, pos-
itive-sense RNA genome of 27 to 32 kb (11, 16, 24).

All coronavirus lipid envelopes contain at least three mem-
brane proteins: the spike glycoprotein (S), integral membrane
protein (M), and small membrane protein (E). The coronavi-
rus S protein is a type I glycoprotein which oligomerizes in the
endoplasmic reticulum and is assembled into virion mem-
branes through noncovalent interactions with the membrane
protein (12). Following incorporation into coronavirus parti-
cles, the S glycoprotein is responsible for binding to the target
cell receptor and fusion of the viral and cellular membranes.
The S glycoprotein consists of four domains: a signal sequence
that is cleaved during synthesis; the ectodomain, which is
present on the outside of the virion particle; the transmem-
brane region responsible for anchoring the S protein into the
lipid bilayer of the virion particle; and the cytoplasmic tail. The
IBV S glycoprotein (1,162 amino acids) is cleaved into two
subunits, S1 (535 amino acids; 90 kDa), comprising the N-
terminal half of the S protein, and S2 (627 amino acids; 84
kDa), comprising the C-terminal half of the S protein. The S2
subunit associates noncovalently with the S1 subunit and con-
tains the transmembrane and C-terminal cytoplasmic tail do-
mains. The S1 subunit contains the receptor-binding activity of
the S protein (14, 23). The ectodomain region of the S2 subunit
contains a fusion peptide-like region (18) and two heptad re-
peat regions involved in oligomerization of the S protein (10).
The shorter heptad repeat is adjacent to the transmembrane
region and consists of a leucine zipper motif (1). Modification
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of the murine hepatitis coronavirus (MHV) S protein leucine
zipper motif affected oligomerization and loss of cell-to-cell
fusion (17).

Targeted recombination has been used for modifying the
MHYV S gene (9, 19, 21). Similarly, a recombinant porcine
coronavirus transmissible gastroenteritis virus (TGEV) con-
taining the S gene derived from an enteric TGEV within a
respiratory TGEV genome was isolated in vivo and was shown
to have acquired an enteric tropism (22). In addition, the S
glycoprotein ectodomain of MHV has been replaced with the
corresponding sequence from the coronavirus feline infectious
peritonitis virus, and the resulting virus acquired the ability to
infect feline cells with the concomitant loss of ability to infect
murine cells in tissue culture (15). These results demonstrated
that the S glycoprotein for a group 2 coronavirus (MHV) or a
group 1 coronavirus (TGEV) was involved in the tropism of
these coronaviruses. However, due to the lack of a suitable
modification system, the role of the IBV S glycoprotein, a
group 3 coronavirus, in cell tropism had yet to be confirmed.
We have used our IBV reverse genetics system to investigate
the role of the IBV S glycoprotein in cell tropism, demonstrat-
ing, for the first time, that the IBV reverse genetics system
could be used to generate a recombinant coronavirus with a
precisely modified genome to study the role of a coronavirus
gene. Analysis of recombinant IBV (rIBV) showed that ex-
change of the S gene resulted in a virus that had the growth
characteristics of the S gene donor strain, M41-CK, confirming
that the S glycoprotein of a group 3 coronavirus (IBV) is a
determinant of cell tropism of the virus in vitro.

Strategy for the construction of a chimeric S gene. To in-
vestigate the role of the IBV S protein in cell tropism, we
produced rIBV in which the Beaudette S glycoprotein gene in
Beau-R (2) was replaced with the corresponding sequence
from IBV M41-CK (8), using the IBV reverse genetics system
described by Casais et al. (2). In order to achieve our aim of
generating the rIBV, several factors were taken into account.
(i) IBV Beaudette can be propagated in CK, CEF, BHK-21,
and Vero cells. In contrast, IBV M41-CK can only be propa-
gated in CK cells, providing a mechanism for studying IBV cell
tropism. (ii) The C-terminal end of the IBV replicase gene
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FIG. 1. Schematic diagram of the IBV S gene. The 5" end of the S gene overlaps the 3’ end of the replicase gene. The four domains of the S
protein, the position of the S1/S2 cleavage point, and the positions of the Pacl and BspHI restriction sites, gene 3 TAS, and the start of gene 3
are shown. The numbers refer to the positions of the amino acid differences resulting from nonsynonymous substitutions following exchange of

the two S gene sequences.

overlaps the N-terminal end of the S gene by 50 nucleotides
(nt). (iii) The region of the S gene corresponding to the S2
subunit encodes part of the ectodomain, the transmembrane,
and cytoplasmic tail regions, of which the latter are responsible
for incorporation of the S glycoprotein into coronavirus parti-
cles (12).

Sequence analysis of the M41-CK S gene identified 72 nt
differences from the Beau-R S gene sequence, of which 50
represented nonsynonymous substitutions and 22 represented
synonymous substitutions, resulting in a total of 47 amino acid
differences between the two S glycoproteins. The last nonsyn-
onymous substitution results in a premature stop codon within
the M41 S gene, so that the M41-CK S glycoprotein is nine
amino acids shorter than the Beaudette protein. Apart from
the loss of the nine amino acids, there were no other amino
acid differences between the cytoplasmic domains of the two
viruses. Overall, the primary translation products of the two S
genes are 1,153 and 1,162 amino acids in size for M41-CK and
Beau-R, respectively, representing an identity of 95.2% be-
tween the two S proteins. Comparison of the replicase se-
quence that overlaps the S gene sequence showed that there is
only one synonymous mutation, with no mutations between the
S-gene transcription-associated sequence (TAS) and the initi-
ation codon of the S gene (Fig. 1).

A chimeric S gene, consisting of the signal sequence, ectodo-
main, and transmembrane regions derived from M41-CK and
the cytoplasmic tail domain from Beau-R, was produced. The
last 137 nt of the Beaudette S gene, comprising the cytoplasmic
domain, were retained to maintain any interaction of the S
protein C-terminal domain with the other Beaudette-derived
proteins. The transmembrane regions are identical between
the two S glycoproteins; therefore, the mature form of the
chimeric S glycoprotein only differed in the ectodomain, de-
rived from M41-CK, compared to the Beaudette S glycopro-
tein. A plasmid, pFRAG3-M41S, containing the chimeric S
gene with the above characteristics was generated.

Recovery of a rIBV expressing a chimeric S protein. Plasmid
pM41Struct (a gift from K. Tibbles, University of Cambridge)
contained a cDNA, from nucleotide 19493 in the replicase
gene to the poly(A) tail, derived from M41-CK genomic RNA,
in pBluescript SK(+). The chimeric S gene was generated
using two restriction sites, Pacl and BspHI, present at the same
respective positions in both virus sequences (Fig. 2A and B).
The Pacl site at nt 20337 is 30 nt proximal to the S gene
initiation codon and 21 nt distal to the S gene TAS, and the
BspHI site at nt 23714 is at the end of the transmembrane
domain. The M41-CK-derived 3,378-bp PacI-BspHI fragment
was used to replace the corresponding Beaudette-CK sequence
in pFRAG-3 (2), generating pFRAG3-M41S. A full-length
IBV cDNA containing the chimeric S gene was assembled in
vitro and directly inserted into the vaccinia virus genome, fol-
lowing a procedure described previously (2), resulting in vNotl/
BV -M41S (Fig. 2C). PCR analysis of the IBV ¢cDNA within
VNotI/IBV, -M41S confirmed that the cDNA represented a
full-length IBV genome with the chimeric S gene.

Infectious rIBV was recovered (2) from vNotl/IBV, -M41S
using CK cells, previously infected with rFPV/T7, to provide
T7 RNA polymerase, and cotransfected with Ascl-restricted
vNotl/IBVg; -M41S DNA and pCi-Nuc (13). A rIBV, BeauR-
M41(S), containing the chimeric S gene was passaged five
times on CK cells and used for further characterization. Se-
quence analysis of the complete genome of BeauR-M41(S)
confirmed that the sequence was as expected.

Characterization of BeauR-M41(S). IBV strains Beau-CK
and M41-CK have different cell tropisms and both viruses
replicate to similar titers in CK cells, but only Beau-CK pro-
duces infectious virus on Vero cells. Therefore, by using the
recombinant isogenic viruses, Beau-R and BeauR-M41(S),
which differ only in the ectodomain of the S protein, we sought
to determine whether the IBV S glycoprotein was responsible
for the observed differences in the abilities of different IBV
strains to infect and replicate in different cell lines.
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FIG. 3. Growth profiles of the three IBVs on four cell types. Cells were infected with 1.5 X 10° PFU of each IBV, and cell medium was analyzed
for progeny virus by plaque titration assay on CK cells 0 to 96 h postinfection. The panels show the growth patterns of Beau-R (solid line with
triangle), M41-CK (dashed line with diamond), and BeauR-M41(S) (dotted line with square) on CK cells (A), Vero cells (B), CEF cells (C), and

BHK-21 cells (D).

Beau-R, M41-CK, and BeauR-M41(S) were used to infect
four different cell types, and the titer of progeny virus was
determined over a 96-h period. All three viruses displayed
similar growth profiles on CK cells (Fig. 3A). Progeny virus was
detectable 8 h postinfection, with peak titers of 107 PFU/ml at
18 to 24 h postinfection, showing that the three viruses repli-
cated to a similar extent in CK cells irrespective of the origin of
the S gene. The growth profiles of the three viruses were then
analyzed in CEF cells, previously shown to support the growth
of 10 different IBV strains, including M41, which produced
1000-fold less virus than Beaudette (20), and on two mamma-
lian cell lines, Vero and BHK-21. Only two strains of IBV,
including Beaudette, had been demonstrated to grow on
BHK-21 cells (20).

Analysis of the growth profiles of the three viruses in Vero,
CEF, and BHK-21 (Fig. 3B to D) showed that only Beau-R
replicated to any significant extent in the different cells, usually
with maximum titer by 24 h postinfection. In Vero cells,
Beau-R replicated to a titer of 107 PFU/ml at 24 h postinfec-
tion, while BeauR-M41(S) and M41-CK showed 10*-fold-
lower titers (Fig. 3B). Both M41-CK and BeauR-M41(S)
barely increased in titer above the titer observed at time zero
and after 30 h postinfection showed little evidence for produc-
tion of new infectious virus.

In CEF cells, M41-CK and BeauR-M41(S) initially grew, but
to a lower level than observed for Beau-R. The Beau-R titer
increased approximately 1,800-fold by 30 h postinfection,
whereas the titers for M41-CK and BeauR-M41(S) only in-
creased approximately 15-fold over the same time period (Fig.
3C). However, after 30 h postinfection, only the titer of
Beau-R continued to increase, while the titers of M41-CK and
BeauR-M41(S) decreased.

Similarly, Beau-R replicated to a titer of 10° PFU/ml at 24 h

postinfection on BHK-21 cells, while BeauR-M41(S) and
M41-CK showed more than 10>-fold-lower titers with little to
no growth compared to the titers at time zero (Fig. 3D). This
observation corroborates the results of Otsuki et al. (20), who
demonstrated that Beaudette but not M41 replicated on
BHK-21 cells. Our results demonstrated that BeauR-M41(S)
had the same tropism as M41-CK on all four cell types.

The growth experiments represented the measurement of
progeny virus, following a single infection, over a time period.
Therefore, we decided to investigate the possibility that serial
passage might result in amplification following adaptation or
selection of progeny virus in the different cell types. The four
cell types were infected with the three viruses at 2 X 107 PFU
(P,), and after 24 h postinfection, progeny virus was serially
passaged twice (P, and P5). Total cellular RNA was extracted
from the cytoplasm of P, to P; cells and analyzed by reverse
transcription (RT)-PCR using oligonucleotides located in the
N gene and 3’ untranslated region. Detection of an RT-PCR
product of 666 bp for Beau-R and BeauR-M41(S) or 481 bp
for M41-CK was indicative of IBV replication.

Analysis of the RT-PCR products from RNA isolated from
P, to P; CK cells infected with Beau-R, M41-CK, and BeauR-
M41(S) confirmed that all three viruses were serially passaged
on CK cells (Fig. 4A). RT-PCR analysis of RNA derived from
Vero cells showed that only Beau-R was passaged on Vero
cells (Fig. 4B). Although IBV RNA was detected in P, cells
infected with M41-CK and BeauR-M41(S), there was no evi-
dence of IBV-derived RNA following passage of the viruses in
P, and P; Vero cells (Fig. 4B). Detection of M41-CK and
BeauR-M41(S)-derived RNA in P; Vero cells may have re-
sulted from (i) the virus inoculum, indicating that neither virus
replicated in Vero cells, or (ii) low levels of replication in P,
Vero cells, resulting in low titers of progeny virus, so that
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FIG. 4. Detection of IBV by RT-PCR following passage of Beau-R, M41-CK, or BeauR-M41(S) on CK, Vero, CEF, or BHK-21 cells. Cells
(P,) were infected with 2 X 10”7 PFU of each virus, and 24 h postinfection any progeny viruses were passaged twice (P; to P5). Total cellular RNA
was isolated from the IBV-infected cells and used for RT-PCR analysis; an RT-PCR product of 666 bp corresponded to detection of Beau-R- and
BeauR-M41(S)- derived RNA, and a product of 481 bp corresponded to detection of M41-CK-derived RNA. The RT-PCR products detected
following passage (P, to P3) of Beau-R, M41-CK, or BeauR-M41(S) on CK (A), Vero (B), CEF (C), or BHK-21 (D) cells were analyzed on 1%

agarose gels.

resultant amounts of RNA in P, and P; cells were below the
threshold of detection by RT-PCR.

Analysis of RNA isolated from CEF cells showed that all
three viruses were detected in P,-P, cells, indicating that the
viruses grew in this cell type (Fig. 4C). This confirmed the
results obtained from the growth experiment (Fig. 3C), with
the RT-PCR analysis detecting growth of the three viruses in
the initial 24-h period. The reason for the decline in growth of
M41-CK and BeauR-M41(S) after 30 h postinfection is not
known (Fig. 3C).

RT-PCR analysis of RNA isolated from BHK-21 cells in-
fected with the three viruses showed that only Beau-R could be
passaged on this cell type (Fig. 4D). The analysis showed the
presence of IBV-derived RNA in P, BHK-21 cells infected
with all three viruses. There was no evidence that M41-CK was
passaged beyond P, on BHK-21 cells. Although BeauR-
M41(S) was detected in P; BHK-21 cells, the amount detected
at P, was lower, and no IBV RNA was detected in P; cells.
Overall, these results demonstrated that exchange of the
ectodomain of the S protein resulted in the loss of the ability of
Beau-R to establish a successful infectious cycle in Vero, CEF,
and BHK-21 cells.

We have used our IBV reverse genetics system to produce a
rIBV, BeauR-M41(S), consisting of the Beaudette genome but
with the ectodomain region of the S gene replaced with the

corresponding sequence from M41-CK. Our results demon-
strated that BeauR-M41(S) had the growth characteristics of
M41-CK on four cell types and that replacement of only the
ectodomain of the Beaudette S glycoprotein with the M41-CK
homologue resulted in the altered growth characteristics of
Beau-R. The results demonstrated that the IBV S protein plays
a major role in the cell tropism of the virus.
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