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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-



FIG. 2. Schematic diagram for the construction of the chimeric S gene and production of a full-length IBV cDNA. (A) Replacement of the
ectodomain region of the Beaudette S gene by the corresponding sequence from IBV M41 for construction of FRAG-3-M41S. (B) Junction of the
S gene sequences at the PacI and BspHI restriction sites with the intervening sequence derived from M41. The nucleotides in bold correspond to
the signal and transmembrane sequences, respectively. (C) Schematic diagram of the BeauR-M41(S) full-length cDNA composed of FRAG-1,
FRAG-2, and FRAG-3-M41S.
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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 104-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 105 PFU/ml at 24 h

postinfection on BHK-21 cells, while BeauR-M41(S) and
M41-CK showed more than 102-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 � 107 PFU
(P1), and after 24 h postinfection, progeny virus was serially
passaged twice (P2 and P3). Total cellular RNA was extracted
from the cytoplasm of P1 to P3 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
P1 to P3 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 P1 cells
infected with M41-CK and BeauR-M41(S), there was no evi-
dence of IBV-derived RNA following passage of the viruses in
P2 and P3 Vero cells (Fig. 4B). Detection of M41-CK and
BeauR-M41(S)-derived RNA in P1 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 P1

Vero cells, resulting in low titers of progeny virus, so that

FIG. 3. Growth profiles of the three IBVs on four cell types. Cells were infected with 1.5 � 106 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).
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resultant amounts of RNA in P2 and P3 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 P1-P2 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 P1 BHK-21 cells infected
with all three viruses. There was no evidence that M41-CK was
passaged beyond P1 on BHK-21 cells. Although BeauR-
M41(S) was detected in P1 BHK-21 cells, the amount detected
at P2 was lower, and no IBV RNA was detected in P3 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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