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Major advances in the study of the molecular biology of RNA viruses have resulted from the ability to
generate and manipulate full-length genomic cDNAs of the viral genomes with the subsequent synthesis of
infectious RNA for the generation of recombinant viruses. Coronaviruses have the largest RNA virus genomes
and, together with genetic instability of some cDNA sequences in Escherichia coli, this has hampered the
generation of a reverse-genetics system for this group of viruses. In this report, we describe the assembly of a
full-length ¢cDNA from the positive-sense genomic RNA of the avian coronavirus, infectious bronchitis virus
(IBV), an important poultry pathogen. The IBV genomic cDNA was assembled immediately downstream of a
T7 RNA polymerase promoter by in vitro ligation and cloned directly into the vaccinia virus genome. Infectious
IBV RNA was generated in situ after the transfection of restricted recombinant vaccinia virus DNA into
primary chick kidney cells previously infected with a recombinant fowlpox virus expressing T7 RNA polymer-
ase. Recombinant IBV, containing two marker mutations, was recovered from the transfected cells. These
results describe a reverse-genetics system for studying the molecular biology of IBV and establish a paradigm

for generating genetically defined vaccines for IBV.

Avian infectious bronchitis virus (IBV) is a highly infectious
and contagious pathogen of domestic fowl that replicates pri-
marily in the respiratory tract but also in some epithelial cells
of the gut, kidney, and oviduct (8, 10, 16). IBV is an enveloped
coronavirus (order Nidovirales, family Coronaviridae, genus
Coronavirus) that replicates in the cell cytoplasm and contains
an unsegmented, single-stranded, positive-sense RNA genome
(12, 15, 34). In the infected cell, in addition to the genomic
RNA (27,608 nucleotides [nt]) (6), IBV produces five sub-
genomic (sg) mRNAs, each possessing a 64-nt leader sequence
derived from the 5’ end of the genome. The signals required
for the replication and packaging of the virion RNA are lo-
cated in the terminal regions of the genome (11).

The 5" two-thirds of a coronavirus genome encompass the
replicase gene. The replicase gene products are expressed as
two polyproteins, Repla and Replab, the latter resulting from
a —1 frameshift, that undergo extensive co- and posttransla-
tional proteolytic processing before they are assembled into
functional replication-transcription complexes (46). A hall-
mark of coronavirus replication is the production of a 3'-
coterminal nested set of polycistronic sg mRNAs. The sg
mRNAs are produced by a discontinuous transcription process
in which leader sequences derived from the 5’ end of the
genome are fused to the 5’ end of each sg mRNA (4, 32, 33,
35). In general, only the 5’-proximal open reading frame
(ORF) of each sg mRNA is translated to produce one of the
virus structural proteins, i.e., spike glycoprotein (S), small
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membrane protein (E), integral membrane protein (M), and
nucleocapsid protein (N).

The analysis of recombinant viruses with specific genetic
changes has proved to be a powerful method for understanding
the molecular biology of RNA viruses and for studying the role
of individual genes in pathogenesis. Such reverse genetics sys-
tems have been achieved for a number of positive-stranded
RNA viruses, with genome sizes ranging from 7 kb (picorna-
viruses) to 15 kb (arteriviruses) to 20 kb (Citrus tristeza virus of
the genus Closterovirus) (26, 30, 31). Despite these successes,
the reverse genetics methods used for positive-strand RNA
viruses are still not entirely routine procedures; for example,
the instability of some virus-derived cDNAs in bacteria has
been a problem that has required ingenious strategies for the
assembly of full-length cDNAs capable of generating infectious
RNAs. Thus, in vitro ligation, without assembly of the full-
length cDNA in bacteria, was used to overcome the problem
for generating recombinant yellow fever virus (27). Construc-
tion of full-length cDNAs in yeast (25) or the introduction of
short introns to allow propagation of cDNAs in E. coli (44)
have proven successful strategies for the generation of full-
length, stable genomic cDNAs of dengue virus and Japanese
encephalitis virus.

Coronaviruses have the largest genomes of any known RNA
virus and this, together with the observation that some cDNAs
derived from regions of the replicase gene are unstable in
bacteria, has hampered the generation of full-length coronavi-
rus cDNAs. However, two methods were recently described for
the assembly of full-length cDNAs from the genomic RNA of
porcine coronavirus transmissible gastroenteritis  virus
(TGEV). The first method involved the assembly of a TGEV
full-length cDNA in a bacterial artificial chromosome (BAC),
immediately downstream of a viral RNA polymerase II pro-
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moter. Transfection of this construct into susceptible cells re-
sulted in the synthesis of infectious RNA and the recovery of
recombinant virus (1). The second system involved the in vitro
assembly of the TGEV full-length cDNA by using a series of
contiguous cDNAs with engineered unique restriction sites.
Bacteriophage T7-RNA polymerase derived RNA transcripts
of the cDNA were then used to generate infectious virus (45).
In that system TGEV N protein was required for generation of
infectious virus. More recently, a third strategy has been de-
veloped for the assembly of a full-length cDNA of the human
coronavirus (HCoV) 229E (39). This system involved the in
vitro assembly of the HCoV cDNA followed by direct cloning
into the genome of vaccinia virus. Infectious HCoV RNA
synthesised in vitro from the vaccinia virus DNA, again by
using bacteriophage T7 RNA polymerase, was transfected into
cells and resulted in the recovery of recombinant HCoV. An
advantage of this system is the ability to assemble a full-length
coronavirus genomic cDNA in a nonbacterial system. As pre-
viously observed for TGEV (1, 45), HCoV 229E (39), and
murine hepatitis virus (V. Thiel, unpublished results), we have
also been unable to assemble a contiguous region of the IBV
replicase sequence in bacteria either by using high- or low-copy
plasmids or a BAC.

In this study we describe the assembly and successful recov-
ery of the coronavirus IBV, the first group III coronavirus to be
successfully recovered by using a reverse genetics system. To
date, all of the described coronavirus reverse genetics systems
have involved the recovery of a type I mammalian coronavirus.
We assembled the IBV full-length cDNA in vitro, followed by
direct cloning into the vaccinia virus genome, and have recov-
ered recombinant IBV after the in situ synthesis of infectious
IBV RNA by using bacteriophage T7 RNA polymerase ex-
pressed from a recombinant fowlpox virus (rFPV-T7 [7]).

MATERIALS AND METHODS

Cells and viruses. The growth of IBV in 11-day-old embryonated domestic
fowl eggs and chick kidney (CK) cells was as described previously (23, 24, 38).
IBV Beaudette US (Beau-US [2, 9]) is a Beaudette strain that has been adapted
for growth in Vero cells, an African green monkey cell line. IBV Beaudette CK
(Beau-CK [9]) is a strain of IBV that was adapted for growth in CK cells but
which has not been adapted for growth in Vero cells. Vaccinia virus vNotI/tk (20)
and vaccinia virus recombinants were propagated, titrated, and purified on mon-
key kidney fibroblasts (CV-1) by standard procedures (18). The CV-1 cells were
grown in minimum essential medium supplemented with HEPES (25 mM), fetal
bovine serum (5 to 10%), and antibiotics. Fowlpox virus (FPV) HP1.441 (19) and
rFPV-T7 (fpEFLT7pol [7]), a recombinant expressing the bacteriophage T7
RNA polymerase under the direction of the vaccinia virus P, 5 early-late pro-
moter, were grown in chicken embryo fibroblast cells in medium 199 (M199)
supplemented with 2% newborn calf serum.

Recombinant DNA techniq Recombinant DNA techniques followed stan-
dard procedures (3, 29) or were carried out according to the manufacturers’
instructions. All nucleotide and amino acid residue numbers refer to the posi-
tions in IBV Beau-CK (6).

Plasmids and bacterial strains. Three plasmids—pFRAG-1, pFRAG-2 and
pFRAG-3 (Fig. 1)—constructed from a variety of cDNAs and representing the
complete IBV Beau-CK genome were used to generate a full-length IBV cDNA.
The precise details of the various constructs and their uses are available from the
authors upon request. The cDNAs for the three plasmids were derived from
pKT1a3 (41), pKTF2, pIBV5 (17), pCRScript F4 (41), and pBS/NF5,6 (all a gift
from K. Tibbles, University of Cambridge); pIBV179 (6); pIBV136 (6); pIBV322
(6); pCD-91 (23); and pIBV-Vec (13).

Plasmid pFRAG-1 was derived from pKT1a3 and a reverse transcription-PCR
(RT-PCR) product corresponding to the 5" end of the IBV genome fused to the
T7 RNA polymerase promoter and various restriction endonuclease sites. The
IBV cDNA in pFRAG-1 corresponds to genomic nt 1 to 6495, preceded by three
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additional G nucleotides, the T7 promoter sequence, and restriction sites Ascl,
Bsp1201, and Notl, inserted into pZSL1190 (23). The T7 promoter sequence and
extra G residues have previously been used during the successful rescue of a
variety of IBV D-RNAs (11, 13, 23, 24, 37, 38). Plasmid pFRAG-2, derived from
pKTF2 and pIBVS5, contains IBV ¢DNA corresponding to genomic nt 5752 to
14474 inserted into pZSL1190. Plasmid pFRAG-3 was essentially generated
from two intermediary plasmids that were derived from pIBV5, pCD-91,
pCRScriptF4, pIBV179, pBS/NF5,6, IBV136, pIBV322, and pIBV-Vec. The IBV
c¢DNA in pFRAG-3 corresponds to genomic nt 13806 to 27608, followed by a
synthetic poly(A) tail of 28 bp, the hepatitis delta virus antigenomic ribozyme
(H3R), T7 RNA polymerase termination signal (T7¢), and the restriction sites
Bsp1201 and Notl. The IBV cDNA was inserted into a modified version of the
low-copy plasmid pACNR1180 (28). The cDNA from genomic nt 26857 (an Miul
site in the N gene) to the 3’ end of the IBV genome, the synthetic poly(A) tail,
HB3R, and T7¢ termination sequences were derived from pIBV-Vec, which has
been successfully used to generate IBV D-RNAs in situ (13).

Plasmid pCi-N (a gift from J. A. Hiscox, University of Reading [14]) contains
the Beau-CK N gene inserted into the eukaryotic expression vector pCi-Neo
(Promega). Expression of the N gene is under the control of both the cytomeg-
alovirus RNA polymerase II promoter and the T7 RNA polymerase promoter.

Gel electrophoresis. Smaller DNA fragments were routinely analyzed on 0.6 to
1.0% agarose-TBE (0.1 M Tris, 0.09 M boric acid, 1 mM EDTA) gels. The in
vitro ligation products or restricted vaccinia virus DNA were analyzed by pulsed-
field gel electrophoresis in 0.8%- or 1.0%-0.5X TBE agarose gels, respectively,
at 14°C by using the CHEF-IIT DR system (Bio-Rad). The gels were run with a
0.1- to 1.0-s switch time for 16 h at 6 V/cm at an angle of 120° for the in vitro
ligation products and with a 3.0- to 30.0-s switch time for 16 h at 6 V/cm for
vaccinia virus DNA fragments. Exposure to UV irradiation was avoided through-
out the preparation of the fragments to reduce DNA damage.

Assembly of a full-length IBV ¢DNA in vaccinia virus. The assembly of a
full-length cDNA representing the Beau-CK genome was done by using sequen-
tial in vitro ligation of cDNA fragments derived from pFRAG-1, pFRAG-2, and
pFRAG:-3, followed by direct cloning into the genome of vaccinia virus vNotI/tk.
The digested fragments were differentially treated with alkaline phosphatase to
force ligation of the fragments in the correct order. Preliminary experiments
were done to determine the optimal dephosphorylation strategies, and various
analytical ligation reactions were done to determine the optimal ratios of the
fragments in the ligation reactions.

The procedure for the in vitro ligation of the IBV-derived cDNAs and the
subsequent cloning of the full-length cDNA are summarized in Fig. 1. Plasmid
PFRAG-1 (20 p.g) was initially digested with Bsp1201, followed by treatment with
2 U/100 pl of calf intestinal alkaline phosphatase (CIAP; Boehringer Mann-
heim), and then deproteinized with phenol-chloroform, ethanol precipitated,
and digested with Sacl. This results in a 6,542-bp Bsp120I-Sacl fragment
(FRAG-1) with a dephosphorylated Bsp120I end. Plasmid pFRAG-2 (20 p.g) was
digested with SacI and Nhel, followed by CIAP, resulting in a 7,312-bp SacI-Nhel
fragment (FRAG-2) with dephosphorylated ends. Plasmid pFRAG-3 (40 pg)
was initially digested with Bsp1201, treated with CIAP, extracted with phenol-
chloroform, ethanol precipitated, and then digested with Nhel. This results in a
14,086-bp Nhel-Bsp1201 fragment (FRAG-3) with a dephosphorylated Bsp1201
end. The fragments were purified with QIAEX II resin (Qiagen) after electro-
phoresis on 0.6% agarose gels. The three fragments were sequentially ligated in
vitro, according to the procedure presented in Fig. 1. First, FRAG-2 and
FRAG-3, at the molar ratio of 2:1, were ligated with T4 DNA ligase (30 U/ul;
MBI Fermentas) overnight at room temperature in ligation buffer (40 mM
Tris-HCI, 10 mM MgCl,, 10 mM dithiothreitol, 0.5 mM ATP). The ligation
products were separated in a 0.6% agarose gel, and the 21.4-kb Sacl-Bsp1201
fragment was purified by using Qiaex II resin. Second, FRAG-1 was ligated to
the 21.4-kb fragment by using a molar ratio of 1:10 for 3 h at room temperature
under the same ligation conditions to generate the 27.9-kb fragment containing
the full-length IBV cDNA (Fig. 1). The ligation mixture was analyzed by agarose
gel electrophoresis to identify the presence of the 27.9-kb product (Fig. 2) and
used without further purification. Vaccinia virus, vNotl/tk, which contains a
single Notl site in the thymidine kinase gene, was used as a cloning vector.
vNotl/tk DNA was digested with NotI, and the products from the in vitro ligation
reaction, containing the 27.9-kb IBV full-length cDNA, were ligated overnight at
room temperature to the NotI-digested vNotl/tk genomic arms in the presence of
Notl. The T4 DNA ligase was heat inactivated, and the incubation continued for
an additional hour at 37°C with supplementary Notl.

Generation of recombinant vaccinia virus. CV-1 cells (70% confluent) in
30-mm-diameter plates were infected with FPV HP1.441 at a multiplicity of
infection (MOI) of 5. After 45 to 60 min, the cells were transfected with the
vNotI/tk-IBV cDNA in vitro ligation mixture (1 to 5 pg) by using 10 ng of
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FIG. 1. Schematic diagram for the assembly of the full-length IBV cDNA in the vaccinia virus genome. The positions of the IBV genes within
the IBV-derived cDNAs are shown. The strategy used for the assembly of the full-length IBV ¢cDNA and insertion into the vaccinia virus genome
is shown with the final orientation of the cDNA in the vaccinia genome. “AP” indicates that the restriction site on the particular cDNA was
dephosphorylated. Rep, S, 3, M, 5, and N refer to the IBV genes; T7, H8R, and T7¢ refer to the positions of the T7 promoter, hepatitis delta
antigenome ribozyme, and T7 terminator sequences, respectively. The three extra G residues at the 5" end of the IBV sequence forming part of
the T7 promoter sequence are indicated. The terminal Sall sites shown represent the 5.7-kb Sall fragment normally containing the 534-bp vaccinia
virus tk gene. The right-hand Sall site is ~1.1 kb from the tk gene, and the left-hand Sall site is ~4.1 kb from the tk gene. The non-IBV regions
are not drawn to scale. Arrowheads indicate the positions of the 14 oligonucleotides used to generate RT-PCR or PCR products from the IBV
genome or IBV cDNA in vNotl/IBVy, . The sizes and annotations (A to G) of the fragments are shown.

Lipofectin (Life Technologies/Gibco-BRL). The cells were incubated at 37°C for
1 to 2 h, harvested, placed in 96-well tissue culture dishes with a fourfold excess
of fresh CV-1 cells, and incubated at 37°C for 7 to 14 days. Potential recombinant
vaccinia viruses were isolated from wells that developed a cytopathic effect
(CPE) and then plaque purified and characterized by PCR and Southern blot
analyses.

Transfection and recovery of infectious IBV. CK cells, grown to 50% conflu-
ence, in 60-mm-diameter plates were infected with rFPV-T7 (7) at an MOI of 10.

After 45 to 60 min, the cells were transfected with 10 wg of DNA isolated from
recombinant vaccinia virus (vNotI/IBVy, ) containing the 27.9-kb full-length IBV
cDNA, previously digested with AscI or Sall, and 5 pg of pCi-Nuc by using 60 pg
of LipofecACE (Life Technologies/Gibco-BRL). The transfected cells (P, cells)
were incubated at 37°C for 16 h, after which the transfection medium was
replaced with fresh maintenance medium (23). At 3 days posttransfection, the
culture medium, potentially containing IBV (V) was removed, centrifuged for 3
min at 2,500 rpm, filtered through a 0.22-um (pore-size) filter, to remove any
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FIG. 2. Analysis of the in vitro assembly of IBV-derived cDNAs for the generation of a full-length cDNA. Samples of the ligation mixtures for
assembly of IBV cDNAs FRAG-2 and FRAG-3 (A) and assembly of the full-length IBV cDNA by ligation of FRAG-1 to the intermediary 21.6-kb
FRAG-2-FRAG-3 fragment (B) were analyzed by pulsed-field gel electrophoresis in 0.8% agarose gels. The cDNAs are as outlined in Fig. 1. Lanes
1 contained DNA markers (8.3 to 48.5 kb), and lanes 2 contained samples of the ligation mixtures.

rFPV-T7 (13), and used for serial passage on CK cells. The CK cells (P, to Ps)
were incubated until they showed a CPE associated with an IBV infection, and
the cell medium, potentially containing IBV (V, to V), was removed and treated
as described above between passages.

Isolation and analysis of RNAs from infected cells. Total cellular RNA was
extracted from transfected (P,) or infected (P, to Ps) cells by the RNeasy method
(Qiagen) and analyzed for the presence of IBV sg mRNAs 3 and 4 by RT-PCR
or for all IBV-specific RNAs by Northern blot analysis. In the latter case, RNA
was electrophoresed in denaturing 2.2 M formaldehyde-1% agarose gels (as
described by Sambrook et al. [29]) and transferred to Hybond XL nylon mem-
branes (Amersham). IBV-derived RNAs were detected nonisotopically by using
a 309-bp IBV 3'-untranslated region (UTR) probe corresponding to the proxi-
mal 309 nt at the 3’ end of the IBV genome (13). RT-PCR (Ready-To-Go,
RT-PCR beads; Amersham Pharmacia Biotech) for detection of IBV sg mRNAs
3 and 4 was done by using the oligonucleotides Leader1 (5'->*°CTATTACACT
AGCCTTGCGC*-3"), corresponding to part of the IBV leader sequence, and
PM5~ (5'-****CAATGTTAAGGGGCCAAAAGCA?*73-3") complementary to
sequence within the IBV M gene. The RT-PCRs resulted in two DNA fragments
of 900 and 306 bp amplified from IBV mRNAs 3 and 4, respectively.

Confirmation that the recovered IBV was derived from vNotI/IBVg, was
investigated by RT-PCR by using oligonucleotides BG-68 (5'-'"'*'GTAAAGA
CTTAGGCCTAC!"!%8.3"), together with BG-132 (5'-*> ATCTGAAAAATT
ACAGTGTG?"*¢-3"), and also BG-54 (5'-***'ACCACCTAAAGTCGGT
TC>938.3"), together with 93/100 (5'-*"°“?GCTCTAACTCTATACTAGCCT
2758737y The RT-PCR products, which represented two regions of the IBV
genome containing marker mutations, were analyzed by restriction enzyme di-
gestion and sequence determination.

Analysis of vaccinia virus DNA. CV-1 cells (10°), infected with vNotl/tk or
vNotl/IBVg, , were incubated until CPEs were evident. The cells were harvested,
resuspended in 200 pl of 100 mM Tris-HCI (pH 7.5)-5 mM EDTA-0.2% sodium
dodecyl sulfate-200 mM NaCl containing 0.1 mg of proteinase K/ml, incubated
at 50°C for 2 h, and extracted with phenol-chloroform, and then any DNA was
ethanol precipitated. The resulting DNA was analyzed by restriction enzyme
digestion, Southern blot, and PCR analysis. Vaccinia virus DNA was digested
overnight at 37°C with HindIII for Southern blot analysis, and the digested DNA
was electrophoresed in agarose gels and transferred onto nylon membranes. A
mixture of seven PCR fragments (A to G; Fig. 1), which represent the complete
IBV genome, were generated from pFRAG-1, pFRAG-2, and pFRAG-3; la-
beled with [*?P]dCTP by the Multiprime DNA-Labeling System (Amersham);
and hybridized to the immobilized HindIII-restricted vaccinia virus DNA.

Immunofluorescence assay. Vero cells (60% confluent) on coverslips in 9.6-
cm? dishes were infected with Beau-CK, Beau-US, and Beau-R at an MOI of 2
to 3 and fixed 18 h postinfection (p.i.) with 50% methanol-acetone. The IBV-
infected fixed cells were stained with propidium iodide, to visualize nuclear
DNA, and analyzed by indirect immunofluorescence by using rabbit anti-IBV
polyclonal sera (21) followed by fluorescein isothiocyanate (FITC)-labeled goat

anti-rabbit antibody (Harlan Sera-Lab). Fluorescent images were obtained by
using a confocal microscope (Leica).

Sequence analysis. Sequence analysis of plasmid DNA, PCR products A to G
(generated from the IBV c¢cDNA sequence within vNotl/IBVg; ), and RT-PCR
products from recombinant IBV or from the 3’ end of the replicase to the
poly(A) tail of Beau-US was done with an ABI Prism BigDye Terminator Cycle
Sequencing Ready Reaction Kit (Applied Biosystems). Oligonucleotide primers
used for the sequencing reactions were derived from the Beau-CK sequence (6).
Sequences were determined on an Applied Biosystems 377 DNA sequencer.
Assembly of the sequences, derived from the plasmid constructs, recombinant
IBV and Beau-US, and comparison with the Beau-CK sequence (6) were done
by using Gap4 of the Staden Sequence Software Programs (5). The sequences of
the recombinant IBV, Beau-R, and from Vero-adapted Beau-US reported in this
study have been deposited in the EMBL database under accession numbers
AJ311317 (Beau-R) and AJ311362 (Beau-US).

RESULTS

Strategy for the assembly of an IBV full-length cDNA. At the
time that we embarked on producing a full-length IBV cDNA,
no successful reverse genetics system for coronaviruses was
available. The initial strategy that we adopted involved the
production of contiguous plasmids based on the sequence of
IBV Beau-CK (6). In addition, we decided not to intentionally
introduce mutations into the cDNA, such as those resulting
from the introduction of new restriction sites, to aid assembly.
This was because the successful generation of an infectious
RNA of the arterivirus, equine arteritis virus (EAV) had been
affected by a single point mutation within the replicase gene
(42). However, during the early cloning stages it became ap-
parent that particular regions from the IBV genome were not
compatible for cloning in high-copy-number plasmids in E.
coli, as has now been reported for other coronavirus cDNAs (1,
39, 45). Some of these regions were successfully cloned in a
low-copy-number plasmid, but the joining of two contiguous
IBV cDNAs, corresponding to a region in the replicase gene,
was found to be refractory for cloning in E. coli. Attempts to
clone this region into the bacterial artificial chromosome
pBeloBacll (43) were also unsuccessful. As a result, we de-

AINN YNOZI¥Y NY3IHLHON Aq STOZ ‘g aung uo /610 wse’IAlj/:dny woly papeojumoq


http://jvi.asm.org/

VoL. 75, 2001

cided to use vaccinia virus as a potential cloning vector by using
in vitro ligation for assembly of the full-length IBV cDNA.

Construction of a full-length IBV ¢DNA in vaccinia virus.
To avoid the introduction of modified sequences, we decided
to assemble the full-length cDNA by using natural restriction
sites and IBV cDNAs derived from original plasmids used to
determine the Beau-CK sequence (6). Several of these cDNAs
had also been used for the expression of various domains of the
IBV replicase gene (17, 41). Essentially three plasmids,
pFRAG-1, pFRAG-2, and pFRAG-3, containing contiguous
regions of the IBV genome were constructed for final assembly
of the full-length cDNA (Fig. 1).

The IBV cDNAs within plasmids pFRAG-1, pFRAG-2, and
PFRAG-3 were sequenced prior to assembly, and two nucleo-
tide substitutions were identified. One substitution, present in
pFRAG-3, corresponded to a C—U change at nt 19666 within
OREF 1b corresponding to the Replab gene product, resulted
in the amino acid substitution Ser®**°—Leu and arose during
the construction of pCRScriptF4. The second nucleotide sub-
stitution, also within pFRAG-3 at nt 27087, corresponded to a
A—G change within ORF 6 corresponding to the N gene
product, which is translationally silent, and arose during the
construction of pIBV-Vec. pIBV-Vec encodes an IBV D-RNA
that was successfully replicated (13). Interestingly, the
C'9%%U substitution resulted in the loss of a BstBI site
originally present in the Beau-CK sequence. Sequence analysis
of a RT-PCR product from Beau-US, our normal laboratory
strain of Beaudette, confirmed the presence of the BstBI site.
Therefore, we decided to retain the two nucleotide mutations
in FRAG-3 as potential markers for analysis of any recovered
virus.

Assembly of a full-length cDNA clone encoding the entire
IBV genome downstream of the T7 RNA promoter was
achieved by a two-step in vitro ligation method as outlined in
Fig. 1. Dephosphorylation of the ends of the various cDNA
fragments was used to directionally control the ligation reac-
tions and optimize the yield of the desired fragments. In the
first step, FRAG-2 and FRAG-3 were ligated, and analysis of
the ligation reaction products identified the resulting interme-
diary 21.5-kb Sacl-Bsp120I cDNA (Fig. 2A). In the second
step, FRAG-1 was ligated with the 21.5-kb cDNA to produce
a 27.9-kb cDNA (Fig. 2B) that represents a full-length cDNA
of the Beau-CK genome under the control of a T7 RNA
polymerase promoter and terminated by a H3R-T7 termina-
tion sequence distal to the poly(A) tail.

Subsequently, the in vitro ligation products, containing the
full-length IBV ¢cDNA with dephosphorylated Bsp102I ends
were directly ligated to NotI arms derived from vNotl/tk in the
presence of Notl. Although NotI and Bsp1201 have compatible
cohesive ends, the resultant sequence generated by their liga-
tion is insensitive to cleavage by Notl. This resulted in the
irreversible insertion of the IBV cDNA into the vNotl/tk ge-
nome, increasing the efficiency of ligation with concomitant
reduction in the religation of vNotl/tk genomic DNA. The
products of this ligation were used without further purification
to recover recombinant vaccinia viruses by using FPV helper
virus. We obtained 18 recombinant vaccinia viruses, and
Southern blot analysis of DNA isolated from seven of them
indicated that one contained an insert of the expected size.
Restriction analysis of the DNA from this recombinant vac-
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cinia virus identified that a 27.9-kb DNA had been cloned into
the vaccinia virus genome (Fig. 3A). To verify that the 27.9-kb
DNA represented a full-length copy of the IBV genome, a
series of consecutive overlapping PCR products encompassing
the complete IBV genome were generated and shown to be of
the expected sizes (Fig. 3B). The PCR products were se-
quenced, and comparison of the sequences to the Beau-CK
sequence confirmed that the 27.9-kb DNA corresponded to a
full-length IBV c¢DNA identical to that of Beau-CK, apart
from the two nucleotide substitutions, U?%*® and G*7%%7,
which are diagnostic for the recombinant IBV genomic cDNA.
The orientation of the 27.9-kb DNA present in the recombi-
nant vaccinia virus, termed vNotl/IBVy,, is shown in Fig. 1.

Recovery of infectious IBV from full-length cDNA. Initially,
recovery of infectious IBV was attempted by using in vitro
T7-derived IBV genomic RNA transcripts generated from
vNotl/IBVg,; DNA purified from virus particles and restricted
with Sall, which is a protocol that had been successfully used
for the recovery of recombinant HCoV (39). However, al-
though we were able to produce T7-derived transcripts of the
correct length, the amounts and purity of the RNA varied, and
attempts to recover recombinant IBV after electroporation of
the in vitro RNA into CK cells were not successful. We there-
fore decided to try an alternative strategy. CK cells were in-
fected with rFPV-T7 to provide cytoplasmic T7 RNA polymer-
ase, and at 1 h p.i. the cells were transfected with Sal/l- or
Ascl-restricted vINotl/IBVg; DNA that had been directly iso-
lated from vNotI/IBV, -infected cells. The vNotI/IBV, DNA
was restricted to prevent the recovery of progeny vaccinia virus
by rFPV-T7. Transfection of the restricted vNotI/IBV;, DNA
was done with or without pCi-Nuc that expresses the IBV N
protein under control of both the T7 promoter and the cyto-
megalovirus promoter. The transfected cells (P,) were incu-
bated until they showed a CPE, which could result from either
rFPV-T7 or from recovered IBV infection. The medium from
cells with CPE was filtered to remove any rFPV-T7 and any
potential IBV passaged on fresh CK (P,) cells. Previous PCR
analyses had demonstrated that filtration of cell medium by
using a 0.22-pum (pore-size) filter removed rFPV-T7 (13). PCR
analysis with primers within the IBV genomic sequence and
the vaccinia virus tk gene to detect the presence of vNotl/
IBVE, DNA also demonstrated that vNotl/IBVy, was re-
moved from cell medium following filtration through a
0.22-pm filter (data not shown).

In three independent transfection experiments, in which
pCi-Nuc DNA was included in the transfections, 1 of 8, 10 of
10, and 2 of 10 CK (P;) cell monolayers showed a CPE typical
of an IBV infection by 36 h p.i. Any recovered IBV present in
culture medium from the cells showing CPE was passaged five
times (P, to P5) in CK cells. Analysis of the virus titers recov-
ered in the medium from experiment 1 showed that the titer
increased on passage from 2 X 10 at 84 h posttransfection in
P, to 10° PFU/ml at 24 h p.i. in P5 cells. The virus titer was also
determined from P, cells at 72 h p.i. and was found to be 5 X
10° PFU/ml. Therefore, in subsequent experiments, the virus
was passaged at 48 h p.i. from P, and P, cells and at 24 h p.i.
from P5, P,, and P5 cells.

Virus isolated from P5 CK cells was used to infect Vero cells.
At 18 h p.i., the cells were analyzed by indirect immunofluo-
rescence by using rabbit anti-IBV polyclonal sera, followed by
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FIG. 3. Analysis of DNA isolated from the recombinant vaccinia virus vNotI/IBVy, containing the full-length IBV ¢cDNA. (A) Vaccinia virus
genomic DNA was analyzed by restriction digestion. Lane 1 contained vNotl/tk DNA digested with Sall, lane 2 contained vNotl/IBVy, DNA
digested with Sa/l, and lane 3 contained vNotI/IBV, DNA digested with Sall and Ascl. The DNA samples were analyzed by pulsed-field gel
electrophoresis with 1% agarose gels. The 32-kb vaccinia virus-IBV Sa/l fragment containing the full-length IBV ¢cDNA (derived from the Sall site
following the T7 termination sequence in the IBV ¢cDNA and a Sall site downstream of the vaccinia virus tk gene; Fig. 1) and the 27.9-kb AscI-Sall
IBV cDNA fragment are marked by arrows. The Ascl site was incorporated upstream of the T7 promoter during the construction of FRAG-1 and
is unique in VNotl/IBVg,. The 32-kb Sall fragment contains the 27.9-kb IBV-containing cDNA and the 4.6-kb vaccinia virus-derived DNA
containing the tk gene. The 4.6-kb Ascl-Sall vaccinia virus-derived DNA comigrates with the smallest vaccinia virus Sa/l fragment shown at the
bottom of the gel. The lane marked M contained DNA markers of 8.3 to 48.5 kb. (B) PCR analysis of DNA extracted from vNotl/IBV, . Lanes
1 to 7 represent PCR products A to G respectively, as indicated in Fig. 1. Each lane consisted of three tracks in which the first track represented
PCR products derived from the appropriate IBV ¢cDNA in pFRAG-1, pFRAG-2, or pFRAG-3; the second track represented PCR products
derived from vNotl/IBV; DNA; and the third track represented PCR products derived from water. The PCR fragments were analyzed by agarose

gel electrophoresis with 0.7% agarose. Lane M contained DNA markers with the sizes of the smaller fragments indicated.

FITC-labeled goat anti-rabbit antibody. IBV Beau-US is a
Vero-adapted isolate and causes extensive syncytia. IBV
Beau-CK is able to infect Vero cells but not produce syncytia.
As can be seen from Fig. 4, the rabbit antiserum was able to
detect cells infected with either Beau-CK, Beau-US, or the
virus recovered from P5; CK cells. This indicates that the Ps
medium contained recovered IBV (subsequently termed Beau-
R). Immunofluorescence analysis of the infected Vero cells
showed that, in contrast to Beau-US (Fig. 4b and d), both
Beau-CK (Fig. 4¢) and the recovered virus (Fig. 4d and f) did
not give rise to syncytia and therefore share the same pattern
of infection on Vero cells.

Total RNA isolated from P, to P5 cell lysates was analyzed
by RT-PCR by using the oligonucleotides Leaderl and PM5~
to assay for the transcription of IBV sg mRNAs. DNA frag-
ments of 900 and 306 bp, corresponding to RT-PCR products

derived from the 5’ end of sg mRNAs 3 and 4, respectively,
were identified in the cell lysates from P, to Ps cells, thus
confirming that IBV was replicating in the CK cells (data not
shown). IBV was only recovered from cells cotransfected with
pCi-Nuc, indicating that the IBV N protein facilitated the
recovery of recombinant virus in this system, as was previously
observed for the recovery of TGEV (45).

Analysis of recovered IBV. For further verification that IBV
had been recovered, RNA extracted from the cytoplasm of P,
to Py CK cells after recovery of Beau-R was examined by
Northern blot analysis with the 309-bp IBV 3’-UTR probe.
The mobilities and relative amounts of the sg mRNAs 1 to 6
were indistinguishable from those of the parental virus (Fig. 5),
confirming that the infected cells contained replicating IBV.

To confirm that IBV Beau-R was derived from the IBV
c¢DNA in vNotl/IBVy,, two RT-PCRs were performed with
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FIG. 4. Detection of IBV in infected Vero cells by indirect immunofluorescence. Vero cells at 60% confluency were infected with IBV, fixed
after 18 h with 50% methanol-acetone, analyzed by indirect immunofluorescence with rabbit anti-IBV polyclonal sera, followed by FITC-labeled
goat anti-rabbit antibody, and then stained with propidium iodide to visualize the nuclear DNA. (a) Vero cells that had been infected with Beau-R
and were analyzed with preimmune rabbit serum. The remaining panels show Vero cells, analyzed with rabbit anti-IBV serum, infected with
Beau-US, exhibiting syncytium formation (b and e); Beau-CK (c); or Beau-R (d and f). Magnifications: a to d, X16; e and f, X63.

total cellular RNA derived from CK cells infected with V
Beau-R, Beau-US, or Beau-CK. The oligonucleotides BG-68
and BG-132 were used to amplify a product of 1,544 bp that
encompasses the point mutation at nt 19666, and the oligonu-
cleotides BG-54 and 93/100 were used to amplify a product of
1,666 bp that encompasses the point mutation at nt 27087.
Digestion with BstBI of the 1,544-bp RT-PCR product derived

from Beau-US and Beau-CK resulted in two fragments of 525
and 1,019 bp, as expected (Fig. 6A). In contrast, the Beau-R-
derived 1544 bp RT-PCR product did not digest with Bs¢BI
(Fig. 6A), indicating that the C'?°°°—>U substitution was in-
deed present in Beau-R. Sequence analysis of the 1,544- and
1,666-bp products confirmed that Beau-CK contained the pub-
lished sequences and that the sequence derived from Beau-R
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FIG. 5. Analysis of IBV-specific RNAs after transfection of Ascl-
restricted vNotI/IBV; DNA into CK cells infected with rFPV-T7. CK
cells infected with rFPV-T7 were transfected with Ascl-restricted
vNotl/IBVg DNA (P, cells), and at 84 h posttransfection the cell
medium was filtered to remove any rFPV-T7. Potential IBV (V,) in
the filtered medium was used to infect CK cells (P,). This was repeated
up to passage 5 (Ps) by using any recovered IBV (V, to V,) in the cell
medium. The total cellular RNA was extracted from the transfected
(Py) or infected (P, to Ps) CK cells, electrophoresed in denaturing
formaldehyde-agarose gels, and Northern blotted, and IBV-derived
RNAs were detected nonisotopically with a 309-bp IBV 3'-UTR probe
(13). Lane 1, RNA from mock-infected CK cells; lanes 2 to 7, RNA
from P, to P5 CK cells potentially infected with recovered IBV; lane 8,
RNA from CK cells infected with Beau-US. The IBV-specific RNAs
(indicated by gRNA and mRNAs 2 to 6) represent the IBV genomic
RNA and sg mRNAs 2 to 6. The RNAs detected between sg mRNAs
4 and 5 and below sg mRNA 6 are routinely observed from all strains
of IBV, as originally identified by (36), and are of unknown origin.

contained both of the point mutations (Fig. 6B and C) present
in the IBV c¢DNA in vNotl/IBVg,. Similar RT-PCR analyses
on RNA from an additional four independently recovered
IBVs (Beau-R2 to -R5) showed that all of the recovered IBVs
contained the two point mutations (data not shown). The
growth kinetics of Beau-R compared to Beau-CK were very
similar, indicating that neither point mutation had a deleteri-
ous effect on the growth of the recovered IBV.

The complete genomic sequence analysis of Beau-R has
been determined and deposited under accession number
AJ311317. This analysis showed that the sequence corre-
sponded to the published Beau-CK sequence (6), apart from
the two point mutations described above. However, the
Beau-R sequence differed at eight positions within the S gene
and seven other positions, including the point mutation at nt
27087, when compared to the corresponding region of
Beau-US (Table 1). This further confirmed that Beau-R had

J. VIROL.

been recovered from RNA derived from the IBV cDNA in
VNotl/IBVg,.

These results demonstrated that Beau-R differed signifi-
cantly from our laboratory strain of IBV (Beau-US), differed
from the Beau-CK sequence by the two marker mutations, and
conclusively confirmed that Beau-R was recovered from the
cDNA present in vNotI/IBVy; .

DISCUSSION

In this study we report the first description of a reverse
genetic system for the successful recovery of the avian corona-
virus, IBV, a group III coronavirus. The IBV ¢cDNA was as-
sembled in vitro and directly cloned in the genome of vaccinia
virus in a similar way but by a different assembly strategy, as
reported for HCoV (39). However, in contrast to the earlier
studies, we have now used a modified method for the genera-
tion of infectious IBV RNA. Recombinant vaccinia virus DNA
was isolated from infected cells, restricted, and lipofected into
cells previously infected with rFPV-T7, an rFPV expressing T7
RNA polymerase (7). Additionally, IBV was only recovered
after cotransfection with plasmid DNA encoding the IBV N
gene.

In contrast to the assembly of the TGEV and HCoV cDNAs,
we chose to assemble the IBV full-length cDNA by utilizing
naturally occurring restriction sites rather than by creating new
restriction sites in the cDNAs, thereby avoiding the introduc-
tion of nucleotide changes into the virus genome associated
with such modifications. A potential disadvantage of this
method is that the resultant full-length cDNA is identical to
the virus genome from which the cDNAs were derived. To
overcome this and to eliminate the possibility that any recov-
ered virus resulted from contamination from parental virus, we
assembled the IBV cDNA from c¢DNAs derived from IBV
Beau-CK. Beau-CK was never grown in our laboratory prior to
the recovery of the recombinant IBV, Beau-R, by using our
reverse genetics system. Our normal laboratory strain of IBV,
Beau-US, significantly differs from the Beau-CK sequence (Ta-
ble 1). In addition, we found that one of the cDNAs, FRAG-3,
used for the assembly of the full-length cDNA contained two
point mutations. One mutation was translationally silent, and
the other caused an amino acid substitution and resulted in the
loss of a restriction site. We decided to retain the two point
mutations as diagnostic markers to prove that any recovered
virus was derived from the full-length cDNA and distinguish-
able from IBV Beau-CK.

In accord with the results reported for the assembly of both
TGEV and HCoV full-length cDNAs, we also found that a
region of the IBV genome was unstable for propagation in E.
coli, irrespective of whether we used high- or low-copy-number
plasmids or a BAC vector. We were unable to generate a stable
c¢DNA in E. coli resulting from the ligation of FRAG-1 and
FRAG-2. Attempts at joining the 3,623-bp SacI®***-KpnI1'®'!7
region from FRAG-2 with FRAG-1 were also unsuccessful in
E. coli. However, we were able to isolate a stable cDNA,
corresponding to nt 5752 to 12600 of the IBV genome, from
the plasmid pKTF2 (K. Tibbles, unpublished results). This
indicates that the instability observed for some IBV cDNAs prob-
ably results due to the occurrence of a region of sequence
preceding nt 5752 (in FRAG-1) and a region of sequence
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FIG. 6. Analysis of the marker mutations in recombinant IBV
A Beau-R. (A) BstBI digestion of the 1,544-bp RT-PCR products gen-
erated by using oligonucleotides BG-68 and BG-132, corresponding to
the region of the BstBI site present in the Beau-CK and Beau-US
kb genomes. Lanes 1, 2, and 3, correspond to the BstBl-restricted RT-
PCR products amplified from RNA isolated from CK cells infected
50 - with Beau-US, Beau-R, and Beau-CK, respectively. Lane M contained
40— DNA markers. (B) Sequence analysis of IBV genomic RNA, derived
from CK cells infected with either Beau-US or Beau-R, representing
3.0 the BstBI site that contained the C'****—U point mutation in Beau-R.
(C) Sequence analysis of IBV genomic RNA, analyzed from CK cells
infected with Beau-US and Beau-R, representing the region at the 3’
20— end of the N gene sequence corresponding to the silent A*"%"—G
. point mutation in the Beau-R sequence. The point mutations are
marked with an asterisk, and the positions of the mutations within the
1.6 — cDNA sequence are shown. The genomic sequence derived from
Beau-CK (6) is the same as that determined for the Beau-US se-
quence.
1.0 —
0.5 —

A AT A ECIET PR E AR AaEcea.f T GGG AG A ATG A AC

190 200 150 160
ATl RECCIINLT T I EAAAABCA A TC TAGGGGAGA A AT GA AL

19657 19666 19674 27081 27087 27097
I BstBI | I I I
Beau-US AATACCTITCGAAAACAA Beau-US TCTAGGAGAGAATGAAC

Beau-R AATACCTTTTGAAAACAA Beau-R TCTAGGGGAGAATGAAC
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TABLE 1. Nucleotide substitutions between CK-adapted Beau-CK* and the Vero-adapted Beau-US? laboratory strain of IBV

Gene No. of mutations Position (nt) Nucleotide change Codon change Amino acid change
S gene 8 20421 T—C GCT—GCC None
20480 G—A AGT—AAT Ser—Asn
20731 T—A TTA—ATA Leu—lle
21403 T—A TCA—ACA Ser—Thr
21711 G—A GTG—GTA None
22252 G—A GGG—AGG Gly—Arg
22415 A—C AAT—ACT Asn—Thr
22612 T—A TTG—ATG Leu—Met
Gene 3
OREF 3a 1 23906 T—C TGT—-TGC None
ORF 3b 0
OREF 3c (E) 1 24501 C—T CAA—TAA Gln—Stop
M gene 2 24635 G—C AGT—ACT Ser—Thr
24746 C—T GCA—GTA Ala—Val
Noncoding 1 25227 C—-T NA? NA
Gene 5
ORF 5a 1 25513 G—-T AGA—ATA Arg—lle
OREF 5b 0
N gene® 0

“ The sequence of Beau-CK was determined previously (6).

" The sequence, derived from Vero-adapted Beau-US, has been deposited under accession no. AJ311362.
¢ Beau-R contains the A?’°*7—G substitution not present in Beau-CK or Beau-US.

4 NA, not applicable.

between nt 6494 and 10117 (in FRAG-2) when they are
present within the same cDNA. The precise reasons for the
instability of certain coronavirus sequences in bacterial vectors
have yet to be elucidated.

As described for TGEV (45) and HCoV (39), we decided to
assemble the cDNA in vitro to avoid assembly in a bacterial
system and to use vaccinia virus as a vector for the full-length
IBV cDNA. A significant advantage of using vaccinia virus as
a cloning vector for large cDNA clones is that the inserted
DNA is very stable and that the cloning procedure, described
in this study and for HCoV (39), is very efficient. The approach
obviates the need for a selection system or the use of interme-
diary shuttle-recombination plasmids, and the resulting recom-
binants provide a base for introducing defined mutations into
the IBV-derived cDNA by vaccinia virus-mediated homolo-
gous recombination. In this study, we also describe a simplified
procedure for generating the infectious recombinant RNA. To
do this, we adopted our FPV-T7 RNA polymerase system (7,
13) for the in situ synthesis of T7 RNA polymerase transcripts
representing the complete IBV genome. Essentially, restricted
recombinant vaccinia virus DNA was transfected into cells
previously infected with rTFPV-T7. The vaccinia virus DNA was
isolated from infected cells without the extensive purification
method required for in vitro T7 RNA polymerase transcription
(39). This modification has several advantages: (i) highly puri-
fied vaccinia DNA is not required, (ii) there is no need to use
expensive cap analogues, and (iii) there is no need to electro-
porate or transfect T7 RNA polymerase transcripts into cells,
an inefficient process that is likely to reduce the recovery of
recombinant viruses.

In the experiments described here, we only recovered re-
combinant IBV when we cotransfected the CK P, cells with

restricted recombinant vaccinia virus DNA and plasmid DNA
encoding the IBV N protein. The observation that recovery of
TGEV by using the BAC system and of HCoV by using the
vaccinia vector system did not demonstrate this requirement
indicates that N protein is not essential for establishing a pro-
ductive infection. Also, it has recently been shown that the
replication and transcription of the arterivirus EAV (22) and
the transcription of sg mRNA from a human coronavirus-
based vector (40) occurs in the absence of N protein. However,
the data presented here do indicate that exogenous N protein
(or N mRNA) has some enhancing effect on the recovery of
coronaviruses. The reason for the requirement of either exog-
enous N protein or the presence of the N mRNA for recovery
of either TGEV (45) or IBV (this study) is not known. The
binding of N protein to the viral RNA might stabilize the RNA
and protect it from nuclease digestion long enough to enable
its recruitment by ribosomes.

Our results have confirmed that the vaccinia virus-based
reverse genetics system developed for recovery of HCoV (39)
is applicable to another coronavirus, IBV. The availability of
an IBV reverse genetics system allows us to produce defined,
genetically modified viruses. These will be important for the
analysis of the molecular biology and pathogenesis of IBV and
for the development of defined vaccines to prevent or control
infection against new isolates of IBV. The system also has
considerable potential for developing IBV as a vector for the
expression of heterologous genes, as has been achieved for
IBV defective RNAs (37). This would allow IBV to be used not
only to protect against IBV, an important world wide veteri-
nary pathogen, but also as an RNA virus vaccine vector against
other poultry pathogens.
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