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Abstract

A reverse genetics system for the avian coronavirus infectious bronchitis virus (IBV) has been described in which a full-length cDNA,
corresponding to the IBV (Beaudette-CK) genome, was inserted into the vaccinia virus genome following in vitro assembly of three contiguous
cDNAs [Casais, R., Thiel, V., Siddell, S.G., Cavanagh, D., Britton, P., 2001. Reverse genetics system for the avian coronavirus infectious
bronchitis virus. J. Virol. 75, 12359-12369]. The method has subsequently been used to generate a recombinant IBV expressing a chimaeric
S gene [Casais, R., Dove, B., Cavanagh, D., Britton, P., 2003. Recombinant avian infectious bronchitis virus expressing a heterologous spike
gene demonstrates that the spike protein is a determinant of cell tropism. J. Virol. 77, 9084—9089]. Use of vaccinia virus as a vector for the
full-length cDNA of the IBV genome has the advantage that modifications can be made to the IBV cDNA using homologous recombination, a
method frequently used to insert and delete sequences from the vaccinia virus genome. We describe the use of homologous recombination a:
a method for modifying the Beaudette full-length cDNA, within the vaccinia virus genome, without the requirement for in vitro assembly of
the IBV cDNA. To demonstrate the feasibility of the method we exchanged the ectodomain of the Beaudette spike gene for the corresponding
region from IBV M41 and generated two recombinant infectious bronchitis viruses (rIBVs) expressing the chimaeric S protein, validating the
method as an alternative way for generating rIBVs.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction single-stranded, positive-sense RNA genome of 28—-3ddb (
Vries et al., 1997; Lai and Cavanagh, 1997; Siddell, 2995
Avian infectious bronchitis virus (IBV), a group three All coronavirus envelopes contain at least three membrane
member of the genus Coronavirus (order Nidovirales, family proteins, the spike glycoprotein (S), a small membrane pro-
Coronaviridae), is a highly infectious pathogen of domestic tein (E) and an integral membrane protein (M). In addition,
fowl that replicates primarily in the respiratory tract but also the coronavirus virion also contains a nucleocapsid protein
in epithelial cells of the gut, kidney and ovidu&@gvanagh, (N) that interacts with the gRNA.
2001; Cavanagh and Nagi, 2003; Cook et al., 30GEneti- Molecular analysis of the structure and the role of individ-
cally very similar coronaviruses cause disease in turkeys andual genes in pathogenesis of RNA viruses has been advanced
pheasantsGavanagh et al., 2001, 200Zoronaviruses are by the availability of full-length cDNAs, for the generation
enveloped viruses that replicate in the cell cytoplasm and of infectious RNA transcripts that can replicate and result
contain an unsegmented-&apped and '3polyadenylated, in infectious viruses from permissive cell lineBdyer and
Haenni, 199 Such reverse genetics systems have resulted in
— _ the recovery of anumber of infectious positive-stranded RNA
* Corresponding author. Tel.: +44 1635 578411, fax: +44 1635 577263. _ . . . . . S .
E-mail addresspaul.britton@bbsrc.ac.uk (P. Britton). viruses including, picornaviruses, cahcmrqses, alphaviruses,
1 present address: Division of Microbiology, School of Biochemistry and  flaviviruses, arteriviruses and Closterovirus, whose RNA
Molecular Biology, University of Leeds, LS2 93T UK. genomes range in size from 7 to 20kb in lengltyépov
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et al., 1998; Davis et al., 1989; Racaniello and Baltimore, mycophenolic acid (MPA) in the presence of xanthine and
1981; Rice et al., 1987, 1989; Satyanarayana et al., 2001;hypoxanthine. In the second step, the MPA-resistant viruses
Sosnovtsev and Green, 1995; Sumiyoshi et al., 1992; vanare grown in the absence of selection, resulting in loss of
Dinten et al., 199) Recently full-length cDNAs capable theEcogptgene due to a single homologous recombination
of producing infectious RNA transcripts for several coron- event between duplicated sequences, present as a result of
aviruses, viruses with the largest RNA genomes, Transmissi-the integration of the plasmid DNA. The second step results
ble gastroenteritis virus (TGEVA{mazan etal., 2000; Yount  in one of two recombination events; return to the original
et al., 2000), Human coronavirus 229E (HCoVTkiel et input virus sequence, without modification to the virus or
al., 200)), IBV (Casais et al., 20Q1Murine hepatitisvirus introduction of the modified sequences into the vaccinia
(MHV; (Yount et al., 200p, and severe acute respiratory virus genome. Both events should occur with equivalent
syndrome coronavirus (SARS-CoYpunt et al., 200Bhave efficiencies if the homology regions are of equal length.
been produced. We have utilised the in vitro ligation and direct cloning
The assembly of full-length cDNAs corresponding to the into the vaccinia virus genome method of generating riIBVs
coronavirus genomes was hampered due to some cDNAsfor the recovery of a rIBV expressing a chimaeric S gene
derived from regions of the replicase gene, being unstable(Casais et al., 2003The rIBV expressed an S gene in which
in bacteria. However, despite this, three methods have beerthe ectodomain of the protein was derived from a different
described for the assembly of full-length cDNAs of the ge- strain of IBV. Having demonstrated that it was possible to
nomic RNA of coronaviruses. The first method involved the produce a rIBV expressing a modified S gene we decided
assembly of a TGEV full-length cDNA in a bacterial artifi- to investigate an alternative, quicker and simpler, procedure
cial chromosome (BAC), immediately downstream of a vi- for modifying the full-length IBV cDNA within the vaccinia
ral RNA polymerase Il promoter. Transfection of the BAC virus genome for the production of rIBVs containing the chi-
DNA into susceptible cells resulted in synthesis of infectious maeric S gene. In this paper, we describe the generation of
RNA and the recovery of infectious viruglfnazan et al., two homologous rIBVs, rIBV-M41S-A and rIBV-M41S-B,
2000. The second system involved the in vitro assembly of in which the ectodomain sequence of the Beaudette S gene
full-length cDNAs using a series of contiguous cDNAs with in vaccinia virus vNotl-IB\¢ (Casais et al., 20Qwas ex-
engineered specific restriction sites. Bacteriophage T7-RNA changed with the corresponding region from the M41 strain
polymerase-derived RNA transcripts of the cDNAs were used of IBV using the TDS method. Our results demonstrated that
to generate infectious viru¥gunt et al., 2000, 2002, 2093 rIBVs can be generated following direct modification of the
The third strategy involved the in vitro assembly of contigu- full-length IBV cDNA by homologous recombination within
ous cDNAs followed by direct cloning into the genome of the vaccinia virus genome.
vaccinia virus. Infectious RNA transcripts were synthesised
in vitro from the vaccinia virus DNA, using bacteriophage
T7 RNA polymerase, and transfected into cells resulting in 2. Materials and methods
the recovery of infectious virusThiel et al., 2001 In an
alternative strategy infectious IBV was recovered following 2.1. Cells and viruses
transfection of restricted vaccinia virus DNA, containing the
IBV full-length cDNA, into cells infected with recombinant The growth of IBV in either 11-day-old embryonated
fowlpox virus expressing T7 RNA polymerageqsais etal.,  domestic fowl eggs or chick kidney (CK) cells was as de-
200J). The vaccinia virus system has the advantage that thescribed previouslyRénzes et al., 1994, 1996; Stirrups et al.,
coronavirus full-length cDNA is present in a non-bacterial 2000. The IBV isolates used were: (1) Beaudette-CK (Beau-
system and offers the opportunity of modifying the coron- CK; (Cavanagh et al., 1986 a virus adapted for growth
avirus cDNA by homologous recombination. in CK cells that can grow on, but has not been adapted for
Falkner and Moss (199GJevised a general method for growth on, Vero cells an African green monkey cell line; (2)
modifying the vaccinia virus genome, involving insertions, Beau-R, a recombinant IBV (rIBV) produced from an in-
deletions and specific mutations, termed transient dominantfectious RNA transcribed from a full-length cDNA of Beau-
selection (TDS). The method relies on a two-step procedure.CK (Casais et al., 20Q.1(3) M41-CK, a virus adapted from
In the first step, a complete plasmid sequence is introducedM41 (Darbyshire et al., 199%or growth on CK cells but
into the vaccinia virus genome as a result of a single not Vero cells; and (4) BeauR-M41(S), a rIBV expressing a
cross-over event involving homologous recombination M41-CK/Beau-CK chimaeric S gene, produced following in
between vaccinia virus sequences in the plasmid DNA and vitro assembly of a full-length IBV cDNA in vaccinia virus,
virus genome. The plasmid sequence contains the sequencthat grows on CK but not Vero cellasais et al., 2003
being modified and a dominant selectable marker ggse, = Beaudette and M41 belong to the same, Massachusetts,
cherichia coliguanine Xanthine phosphoribosyltransferase serotype. Vaccinia viruses were titrated on monkey kidney
(Ecogp) (Mulligan and Berg, 198)1 under the control of  fibroblast cells (CV-1) grown in Dulbecco’s-modified Eagle
the vaccinia virus Psk promoter. Recombinant viruses medium (D-MEM) supplemented with 0.37% (w/v) sodium
expressing thgpt gene are selected for resistance against bicarbonate L-glutamine, 10% foetal calf serum and an-
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tibiotics. Baby hamster kidney cells (BHK-21) cells were resistant vaccinia viruses were subsequently plaque purified
grown in Glasgow medium supplemented with 0.37% (w/v) (X3) in the absence of MPA resulting in the spontaneous loss
sodium bicarbonate, tryptose phosphate brotglutamine, of the Ecogptgene Fig. 3). Several recombinant vaccinia
10% foetal calf serum and antibiotics and used for the prop- viruses that had a GPT-negative phenotype were analysed by
agation of vaccinia viruses for isolation of virus DNA. Re- PCR and found not only to lack tHecogptgene sequence
combinant fowlpox virus rEPV-T7 (fpEFLT 7poBritton et but also, as expected, to have the Beau-CK S gene sequence
al., 1996, expressing the bacteriophage T7 RNA polymerase deleted from the IBV cDNA. One such recombinant vaccinia
under the direction of the vaccinia virug Pearly/late pro- virus, vVNotl-IBV-ASg| , was used in subsequent experiments.
moter, was grown in chick embryo fibroblast (CEF) cells The TDS method was used to insert the M41-CK/Beau-
(Casais et al., 2001 R chimaeric S gene into the IBV cDNA within vNotl-IBV-
ASpL using pGPT-M41S and involvindgecogpt selection
in the presence of MPA followed by loss of thgcogpt
gene in the absence of MPAi@. 4). Recombinant vaccinia
Recombinant DNA techniques used standard proceduresviruses that had a GPT-negative phenotype were analysed
(Ausubel et al., 1987; Sambrook et al., 1989 were used by PCR and found to lack thEcogptgene sequence. Fur-
according to the manufacturers’ instructions. All IBV-related ther analysis identified a recombinant vaccinia virus, vNotl-
nucleotide and amino acid residue numbers refer to the po-TDSR-M41% , that contained the M41-CK/Beaudette-CK
sitions in the IBV Beau-R genom€ésais et al., 200Q1ac- chimaeric S gene sequence within the full-length IBV
cession no. AJ311317. cDNA.

2.2. Recombinant DNA techniques

2.3. Plasmid constructions 2.5. Isolation of vaccinia virus DNA
The complete Beau-CK S gene, within a 5.6%kl and
BanHI fragment, was removed from pFRAG-G4sais et al.,
2001 and inserted intddincll and BanHI digested pGPT-
NEB193 (a gift from Dr. M. Skinner IAH)Boulanger et al.,
1998, resulting in pGPT-IBVStU-BanHI (Fig. 1). Plasmid

Vaccinia virus vNotl-TDSR-M41§ was grown in 13
T150 flasks of BHK-21 cells until a CPE was evident. The in-
fected cells were harvested, resuspended in 10 mM Tris—HCI
pH 9.0, 1mM EDTA lysed by three cycles of freeze thaw-
ing, sonicated and the cell nuclei pelleted by centrifugation
pGPTNEB193 contains thE. coli guanine xanthine phos- at 750x g for 5min at 4°C. Virus particles were partially
phoribosyltransferas&fogp) gene under the control of the  purified by centrifugation, through a cushion of 30% sucrose
vacciniavirus R s early/late promoter and a separate multiple in 10 mM Tris—HCI, pH 9.0, at 14,000 rpm for 1 h af@,
cloning site. Most (94%) of the Beau-CK S gene was removed using a SW28C rotor in a Sorvall OTD65B ultracentrifuge
from pGPT-IBVStu-BarH|I by digestion withPad and Sty and resuspended in 10 mM Tris—HCI, pH 9.0, 1 mM EDTA.
followed by end repair of the DNA and ligation, resulting in  The semi-purified virus was incubated in 100 mM Tris—HCI
pGPT-IBV-AS (Fig. 1). pH 7.5, 5mM EDTA, 0.2% SDS, 200 mM NaCl containing

The M41-CK/Beau-CK chimaeric S gene, withina 4.5kb 0.1 mg/ml proteinase K, incubated atBDfor 2 h, extracted
Pad and BanHI fragment, was removed from pFRAG-3- with phenol/chloroform and the DNA ethanol precipitated.
M41S (Casais et al., 2003and used to replace the Beau- The vaccinia virus DNA was digested witksd (1 U/ug of
CK S gene sequence in pGPT-IBStd-BanHl, resulting in DNA) and analysed by pulse field gel electrophoresis using
pGPT-M41S Fig. 2). 1% agarose gelgasais et al., 2001

2.4. Madification of IBV cDNA sequences within
vaccinia virus genomes

2.6. Recovery of infectious recombinant IBV

CK cells, grown to 50% confluence (approximately
Recombinant vaccinia viruses were generated as a resul2 x 10° cells) in 60 mm diameter plates, were infected with

of transient dominant selection (TDS=glkner and Moss,
1990) using theEcogptgene as the transient selectable
marker. CV-1 cells were infected with vaccinia virus vNotl-
IBVEL, containing the full-length IBV cDNA derived from
Beau-CK, at a multiplicity of infection (MOI) equivalent to

rFPV-T7 @ritton et al., 1999 at an MOI of 10. After
45-60 min, the cells were transfected with i@ of Asd-
restricted vNotl-TDSR-M41§ DNA and 5ug of pCi-Nuc
(Hiscox et al., 200)Lusing 30ug of lipofectin (Invitrogen)
(Casais et al., 2001, 20p3rhe transfected cells gReells)

0.2 plaque-forming units (PFU) per cell, and subsequently were incubated at 37T for 16 h after which the transfec-

transfected with pGPT-IBAS in the presence of lipofectin

tion medium was replaced with fresh maintenance medium

(Invitrogen). Recombinant viruses expressing GPT, from the (Pénzes et al., 1994At 2.5 days post transfection, the cul-
Ecogptgene, were selected by three rounds of plaque pu- ture medium, potentially containing riIBV @Y, was removed,

rification in CV-1 cells in the presence of selection medium,

CV-1 growth medium containing 25g/ml MPA, 250u.g/ml
xanthine and 15.g/ml hypoxanthineKig. 3). Several MPA-

centrifuged for 3 min at 2500 rpm, filtered through a .22

filter, to remove any rFPV-T7Hvans et al., 2000 and used
for serial passage on CK cells. Two independently rescued
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6140bp
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VVp7.5 pGPTNEB193
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Fig. 1. Schematic diagram for the construction of the recombination vector for deleting the IBV S gene from the full-length cDNA in the vaccieiaosinas g

The recombination vector is based on a GPT expressing plasmid, pPGPTNEB193, in which a segment of the IBV genome, corresponding to the IBV S gene
and flanking sequences of approximately equal length, was introduced. The majority of the S gene was then removed, leaving only the transmembrane ar
C-terminal domains within the recombination vector, pGPT-IBS- The flanking regions were included to allow homologous recombination events to occur
between the IBV sequences in pGPT-IR\& and the corresponding sequences in the IBV full-length cDNA in the vaccinia virus (vNog-)B}¢nome.

The flanking regions were of approximate equal length to allow unbiased homologous recombination events. The various IBV gene sequences and releval
restriction sites are indicated; S represents the spike glycoprotein gene, 3a, 3b, 3c (E) represent the IBV gene 3 products; M representsralimsegral

protein; 5a, 5b represent the IBV gene 5 products; N represents the nucleocapsid prei&iR;@presents the 1BV’ dintranslated region; &R represents

the hepatitis delta ribozyme sequence; T7 term represents the T7 termination se@ioegperepresents th&. coli GPT gene and VV Ps represents the

vaccinia virus early/late & promoter.
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b
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Sgene Frag. M41-S gene
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a
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pGPT-M41S
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Replicase Frag:

M41-S gene
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Fig. 2. Schematic diagram for the construction of the recombination vector for inserting the chimaeric S gene into the IBV cDNA lacking an S gee@sequen

the vaccinia virus genome. The signal sequence, ectodomain and transmembrane domain of the M41-CK S gene sequence was used to replacerige correspondi
Beau-CK sequence in pGPT-IBStU-BanHI. The transmembrane domains from the two viruses are identical, therefore the chimaeric S gene has essentially

the signal sequence and ectodomain sequences derived from M41-CK and transmembrane and C-terminal domain sequences from Beau-CK in pGPT-M41S.
The flanking regions of the chimaeric S gene were as described in the legeffig.fdrand were present to allow integration of the chimaeric S gene by
homologous recombination events into the IBV cDNA lacking an S gene sequence in vNoti-83\-The various IBV gene sequences are as described in

the legend foFig. 1and the relevant restriction sites are shown.
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in loss of plasmid DNA and GPT gene in loss of plasmid
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Rep M41 S gene [E1]] [ ]
B-S 3'UTR
Rep NN WNW | vNot-TDSR-M41Se,
AS 3'UTR

Fig. 4. Schematic diagram demonstrating the TDS method for inserting the
chimaeric S gene sequence into the IBV cDNA lacking an S gene sequence
) o ) ~in vNotl-IBV-ASr . The diagram represents two potential recombination
Fig. 3. Schematic diagram demonstrating the TDS method for removing eyents; the first involving the integration of the complete pGPT-M41S plas-
the S gene sequence from the full-length IBV cDNA in vNotl-IgV The mid into the IBV cDNA sequence in vNotl-IBASF. with concomitant
diagram represents a potential recombination event between the replicasgejection in the presence of MPA. The second type of recombination events
sequence in one of the flanking regions in pGPT-IBS-and the corre- occur in the absence of MPA, resulting in the loss of the GPT gene and re-
sponding region in the IBV cDNA in vNotl-IB¥, . The single step recom-  g,iting in recombinant vaccinia viruses with either (1) the original sequence
bination event results in the integration of the complete plasmid sequence 4t ine input vaccinia virus, with an 1BV cDNA sequence lacking the S gene
into the IBV cDNA in the vaccinia virus genome. Resultant recombinant sequence, or (Il) insertion of the chimaeric S gene sequence, the desired
vaccinia viruses are selected in the presence of MPA due to incorporation of i, qification. The various IBV genes are as described in the legeffig @

the GPT gene under the control of a vaccinia virus promoter. The integrated g_g indicates that the transmembrane and C-terminal domain are derived
sequences resultin tandem repeat sequences within the IBV cDNA. Such re-om Beau-CK.

sultant vaccinia viruses are relatively unstable and are only able to maintain

the duplicate sequences in the presence of MPA. In the absence of MPA one

of the duplicated sequences is lost as a result of spontaneous recombination

events. In the absence of MPA, two types of potential recombination events, Vaccinia virus recombinants and in the vaccinia virus re-

I'and 11, are possible resulting in the loss of the GPT gene. Recombination combinants, potentially Containing the modified IBV se-
event (l) results in retention of the S gene sequence, such recombinant vacquences; a 459 bp product was indicative officegptgene.
cinia viruses have the same sequence as the original input vaccinia virus; (Il) Oligonucleotides BG-44 (52094]GCTGGTGGACCTATA-

results in the loss of most of the S gene sequence, the desired mod|f|cat|0n.ACT20958_3/) and BG-134 (51417AGCAATTG CTG-

Both types of recombination events have an equal chance of occurring. The 51308 or
various IBV genes are as described in the legen@iigo 1 Rep represents ~ AAAGTG *3') were used to analyse vNotl-IBXSg

the end of the IBV replicase genaS indicates that the signal sequence and vNotl-TDSR-M41§&, DNA to determine the absence of

and ectodomain are de_zleted With thetransmembrane_and C-terminal domainthe Beau-R or presence of the M41-CK S gene sequences,

Zequences remaining in the partial S gene sequence in the IBV cDNA; 3and respectively; a 476 bp product was indicative of the M41-CK
represent the IBV gene 3 and 5 sequences, respectively. . .

S gene sequence. Sequence analysis was used to confirm that
the PCR products were derived from the M41-CK S gene
sequence.

Total cellular RNA was extracted from CK cells infected
with the rIBVs, rIBV-M41S-A and rIBV-M41S-B, by the
RNeasy method (Qiagen) and analysed by RT-PCRs, us-

Oligonucleotides GPT-FORW (RATGAGCGAAAAAT- ing Ready-To-GO' RT-PCR beads (Amersham Pharmacia
ACATCGTC-3) and GPT-REV1 (5TTAGCGACCGGA- Biotech) and a variety of oligonucleotide pairs. The RT-PCR
GATTGG-3) were used to determine the presence and ab- Products were sequenced to confirm the sequence of the S
sence of theEcogpt gene sequence in the intermediary 9ene presentin the two riBVs.

vNotl-IBV-AS,

rIBVs, rIBV-M41S-A and rIBV-M41S-B, were obtained and
characterised.

2.7. Analysis of rVV DNA and rIBV RNA
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2.8. Virus growth curves combination events occurring within the S gene sequence if
attempts were made to directly exchange the two sequences.
Confluent monolayers of CK and Vero cells in 60 mm  Plasmid pGPT-IBVAS (Fig. 1) with 94% of the Beau-CK
dishes were infected with 7:6 10 PFU of M41-CK, BeauR- S gene sequence deleted and Beaudette-derived sequences,
M41(S), rIBV-M41S-A and rIBV-M41S-B or X 10* PFU 1188 bp proximal and 1155bp distal to the deleted region
of Beau-R. A lower multiplicity of infection for Beau-Rwas  of the S gene sequence, for homologous recombination with
used to further enhance the difference of growth on Vero the IBV cDNA in vNotl-IBVg,, was used for the TDS pro-
cells of IBVs expressing either a Beaudette-derived or M41- cess for generation of vNotl-IBWSg (Fig. 3. PCR and
derived S protein ectodomain. FoIIowiqg adsqrption, for 1h sequence analysis of the IBV cDNA within vNotl-IBYSg,
at 37°C, the cells were washed three times with phosphate- confirmed that the Beau-CK S gene had been deleted (data
buffered saline (PBS) to remove residual virus and incubated not shown).
at 37°C in 5ml of CK media. Samples of media were, at ~ The M41-CK/Beau-CK chimaeric S gene sequence for
selected times over a 48 h period, analysed in triplicate for insertion into the IBV cDNA within vNotl-IBVASg was

progeny virus by plague assay in CK cells. identical to the sequence we had previously used for the
generation of rIBV BeauR-M41(S)C@asais et al., 2003
2.9. Sequence analysis The chimaeric S gene consisted of the signal sequence,

ectodomain and transmembrane regions derived from IBV
Sequence analysis of plasmid DNA, PCR products from \m41-cK and the cytoplasmic tail domain from Beau-CK.

the 1BV cDNA sequences within vNotl-IBASr and  The transmembrane domains are identical between the two
VNotl-TDSR-M41% and from RT-PCR products generated  sequences but the cytoplasmic tail domain of the M41-CK S
from RNA isolated from rIBV-M41S-A and rIBV-M41S-B  protein is truncated by nine amino acids when compared to
infected CK cells, was done using an ABI prism BigDye ter-  the Beau-CK S protein. We had previously indicated that we
minator cycle sequencing ready reaction kit (Applied Biosys- retained the Beau-CK cytoplasmic tail domain because this
tems) or CEQ' DTCS quick start kit (Beckman Coulter). region of the S protein has been demonstrated to interact with
Oligonucleotide primers used for the sequencing reactions other virus proteinsGodeke et al., 2000 The chimaeric S
were derived from the Beau-CK sequenBaqrsnell et al., gene sequence, from pFRAG-3-M41Gakais et al., 2003
1987. Sequences were determined on an Applied Biosys- was used to replace the corresponding Beau-CK S gene se-
tems 377 DNA sequencer or a CEQ8000 capillary se- quence in pGPT-IB\&tu-BanHl, resulting in pGPT-M41S
quencer. PREGAP4 and GP4 of the Staden Sequence Soft{Fig. 2). Plasmid pGPT-M41S, contained the chimaeric S
ware ProgramsBonfield et al., 199bwere used for sequence gene with Beaudette-derived sequences, 1188 bp proximal
entry, assembly and editing. and 1155 bp distal to the chimaeric S sequence, for homol-

ogous recombination with the Beau-CK-derived IBV cDNA

in vNotl-IBV- ASg |, to insert the chimaeric S gene sequence

3. Results and discussion into VNotl-IBV-ASk (Fig. 4). Arecombinant vaccinia virus,
vNotl-TDSR-M41% , was isolated and PCR and sequence

3.1. Modification of the Beau-CK full-length cDNA analysis confirmed that the IBV cDNA within the vaccinia

within the vaccinia virus genome by TDS virus genome contained the chimaeric S gene sequence.

We have developed a reverse genetics system for the aviarB.2. Recovery of infectious IBV from
coronavirus IBV in which the full-length IBVY cDNAwas as- vNotl-TDSR-M41§
sembled by in vitro ligation followed by insertion into the
vaccinia virus genomeJasais et al., 2001We decided to Two rIBVs, rIBV-M41S-A and rIBV-M41S-B, were inde-
investigate an alternative procedure, utilising homologous re- pendently recovered from CK cells, previously infected with
combination by TDS Kalkner and Moss, 1990for mod- rEPV/T7,to provide T7 RNA polymerase, and co-transfected
ifying the full-length IBV cDNA within the vaccinia virus  with Asd-restricted vNotl-TDSR-M41§ DNA and pCi-
genome to circumvent the necessity of assembling the IBV Nuc (Casais et al., 2001, 20R3The vNotl-TDSR-M41%,
cDNAinvitro and subsequentinsertioninto the vacciniavirus DNA was prepared from semi-purified vaccinia virus and
genome. pCi-Nuc, a plasmid expressing the IBV N protein under con-
To test the TDS-based method we proposed to replace thetrol of both the T7 and CMV promoters, was required for
ectodomain of the Beau-CK S gene, within the full-length the successful recovery of rIB\C@sais et al., 2001 The
IBV cDNA in vNotl-IBV . (Casais et al., 20Q,1with the transfected CK cells @ were incubated for 2.5 days post
ectodomain of the M41-CK S gene. However, to replace the transfection, until they showed a cytopathic effect (CPE),
3.4kb Beau-CK S sequence with the corresponding M41- the medium was filtered to remove any rFPV/T7 and any
CK S sequence an intermediary recombinant vaccinia virus, potential IBV passaged on fresh CK cellgPThe two in-
vNotl-IBV- ASg|, containing the Beau-CK cDNA with the  dependently rescued rIBVSs, isolated from thecBlls, were
S gene deleted had to be produced. This was to avoid re-partially analysed and found to contain the chimaeric S gene
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and subsequently virus RNA derived frorg €K cells, was cinia virus DNA that had been modified by homologous re-

sequenced to confirm the presence of the chimaeric S gene.combination. Our results affirmed that the TDS method is
a suitable method for modifying the IBV full-length cDNA

3.3. Characterisation of the rIBVs within the vaccinia virus genome, resulting in isogenic vari-
ants that differ only in the introduced sequences. This method

The IBV strains. Beau-CK and M41-CK. have different for generating riBVs will be useful for generating isogenic
cell tropisms, both viruses replicate to similar titres in CK '/BVS for determining the effect of the modifications on gene
cells but only Beau-CK produces infectious virus on Vero functions. We also demonstrated that an intermediary form
cells Casais et al., 2003 Previous results using BeauR- of the IBV cDNA in the vaccinia virus, containing a deleted
M41(S), containing the chimaeric S gene following assembly '€gion of the IBV genome, can be used for swapping large
of the full-length IBV cDNA in the vaccinia virus genome, ~'€9ions of the IBV genome avoiding the generation of chi-
showed that the rIBV had a phenotype like that of M41-CK Maeric Sequences.
rather than Beau-CK for growth on Vero cellSgsais et al.,

2003. Therefore, we analysed the growth characteristics of
rIBV-M41S-A and rIBV-M41S-B, containing the chimaeric  Acknowledgements
S gene generated as a result of the TDS method, on CK and

Vero cells for comparison with BeauR-M41(S). This work was supported by the Department of Envi-
Beau-R, M41-CK, BeauR-M41(S), rIBV-M41S-A and ronment, Food and Rural Affairs (DEFRA) project code
riBV-M41S-B were used to infect CK and Vero cells and OD0712, European Communities specific RTD program
the titre of progeny virus determined over a 48 h period. All  Quality of Life and Management of Living Resources QLK2-
five viruses displayed similar growth profiles on CK cells; CT-1999-00002 and the Biotechnology and Biological Sci-
progeny viruses were detectable 8 h post infection with peak ences Research Council (BBSRC).
titres between 5 107 and 8x 10° PFU/mI 30 h post infec-
tion (Fig. 5A). All the viruses caused observable CPE within
24 h on the CK cells. Analysis of the growth profiles of the
five viruses on Vero celldg. 5B) showed that only Beau-R
_repllcgted, with a maximum titre of 2@FU/mI by 48h post Agapov, E.V., Froloy, I., Lindenbach, B.D., Pragai, B.M., Schlesinger,
infection. In contrast, both rIBV-M41S-A and rIBV-M41S-B S., Rice, C.M., 1998. Noncytopathic Sindbis virus RNA vectors
together with M41-CK and BeauR-M41(S) showed signif- for heterologous gene expression. Proc. Natl. Acad. Sci. U.S.A. 95,
icantly lower titres on Vero cells in comparison to Beau-R ~ 12989-12994.
(Fig. 5B). Overall, our results showed that rlBV-M41S-A A'”‘Si";‘;} FJ'* GEOn'?S:fnze'sJ"l\_"" Zléo'z)zoesénz"m';::ii' ’?Heclzlr"%stE'F'z; /'f':/ms
and riBV-M41S-B h&}d S_'m'!ar phenotypes to those observed genonywe le,ts arj1 infect’iou; bactérial grtificial %hromosgme. Proc. Natl.
for BeauR-M41(S), indicating that all three rIBVs, express- Acad. Sci. U.S.A. 97, 5516-5521.
ing the chimaeric S glycoprotein, were similar irrespective of Ausubel, F.M., Brent, R., Kingston, R.E., Moore, D.D., Seidman, J.G.,

the method used to modify the IBV cDNA used to generate Smith, J.A., Struhl, K., 1987. Current Protocols in Molecular Biology.
the rIBVs Wiley Inc., New York.

Th It ted in thi d trate the f .Bonfield, J.K., Smith, K.F., Staden, R., 1995. A new DNA sequence
€ results presented In this paper aemonstrate the teasi- assembly program. Nucleic Acids Res. 23, 4992-4999.

bility of producing riBVs from IBV cDNAs within the vac- Boulanger, D., Green, P., Smith, T., Czerny, C.-P., Skinner, M.A., 1998.

The 131-amino-acid repeat region of the essential 39-kilodalton core
protein of fowlpox virus FP9, equivalent to vaccinia virus A4L pro-
CK Vero tein, is nonessential and highly immunogenic. J. Virol. 72, 170-179.
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