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Abstract
Infectious bronchitis virus (IBV) is a member of genus gamma-coronavirus in the family Coronaviridae, causing serious
economic losses to the poultry industry. Reverse genetics is a common technique to study the biological characteristics of
viruses. So far, there is no BAC reverse genetic system available for rescue of IBV infectious clone. In the present study, a
new strategy for the construction of IBV infectious cDNA clone was established. The full-length genomic cDNA of IBV
vaccine strain H120 was constructed in pBAC vector from four IBV fragment subcloning vectors by homologous recom-
bination, which contained the CMV promoter at the 5′ end and the hepatitis D virus ribozyme (HDVR) sequence and
bovine growth hormone polyadenylation (BGH) sequence after the polyA tail at the 3′ end of the full-length cDNA.
Subsequently, using the same technique, another plasmid pBAC-H120/SCS1 was also constructed, in which S1 gene
from IBV H120 strain was replaced with that of a virulent SC021202 strain. Recombinant virus rH120 and rH120/SCS1
were rescued by transfecting the plasmids into BHK cells and passaged in embryonated chicken eggs. Finally, the
pathogenicity of both the recombinant virus strains rH120 and rH120/SCS1 was evaluated in SPF chickens. The results
showed that the chimeric rH120/SCS1 strain was not pathogenic compared with the wild-type IBV SC021202 strain and
the chickens inoculated with rH120/SCS1 could resist challenge infection by IBV SC021202. Taken together, our results
indicate that BAC reverse genetic system could be used to rescue IBV in vitro and IBV S1 protein alone might not be the
key factor for IBV pathogenicity.

Key points
• BAC vector was used to construct IBV full-length cDNA by homologous recombination.
• Based on four subcloning vectors, a recombinant chimeric IBV H120/SCS1 was constructed and rescued.
• Pathogenicity of H120/SCS1 was similar to that of H120, but different to that of SC021202.
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Introduction

Infectious bronchitis virus (IBV) is a member of the
Coronaviridae family in the order Nidovirales. It is a highly

pathogenic virus that causes serious economic losses to the
world poultry industry (Cavanagh 2005; Cook et al. 2012).
IBV is an enveloped virus having a single-stranded, positive-
sense RNA genome of 27.6 kb in size (Boursnell et al. 1987).
Because of the high degree of genome sequence variation,
IBV has many genotypes circulating at any time in poultry
farms worldwide (Jackwood 2012), making it difficult to con-
trol or prevent its spread through vaccination.

Reverse genetics is a common in vitro method to
study virus biological characteristics. The development
of this technique allowed researchers to manipulate the
IBV genome and rescue of virus in vitro (Shan et al.
2018). Previously, the most common technique to obtain
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the full-length cDNA of IBV was the cDNA ligation
(Youn et al. 2005; Zhou et al. 2013). By using this
method, small pieces of IBV genomic cDNAs were am-
plified, digested with restriction enzymes (RE), and then
ligated. The full-length cDNA with T7 promoter attached
to 5′ end of the IBV genome was transcribed and
transfected into BHK cells by electroporation to rescue
the virus (Casais et al. 2001).

Another reverse genetic system for IBV was based on
targeted RNA recombination. This method enabled the
modification of the IBV genome at its 3′ terminal by
targeted RNA recombination (van Beurden et al. 2017).
By using this method, a recombinant H52 strain carrying
the spike glycoprotein ectodomain of MHV was con-
structed, which had the capability to grow in a mamma-
lian cell lines (van Beurden et al. 2017). However,
targeted RNA recombination is only useful for the mod-
ification of 3′-end of the IBV genome and is difficult to
modify the 5′-end polymerase gene, because the con-
struction of donor RNA vectors entering this region is
hindered (van Beurden et al. 2017).

Bacterial artificial chromosomes (BAC) vector reverse ge-
netic system is also a commonmethod to rescue coronaviruses
in vitro. The first coronavirus full-length genomic cDNA in
BAC was constructed for TGEV (Almazan et al. 2000). Later
on, several coronavirus, such as SARS-CoV (Almazan et al.
2006), FIPV (Balint et al. 2012), and MERS-CoV (Scobey
et al. 2013), were rescued successfully using that technique.
However, there is no BAC reverse genetic system currently
available for the rescue of IBV.

The spike protein of IBV is posttranslationally cleaved into
two subunits, S1 and S2, where S2 is anchored into the viral
envelop and is important for the membrane fusion. S1 com-
prises the head domain of spike and is responsible for host
receptor binding (Wickramasinghe et al. 2011). The S1 sub-
unit is the important immunogenic component that contains
epitopes for neutralizing antibody (Ignjatovic and Sapats
2005).

In this study, a new strategy for construction of IBV
infectious clone was established. A nephropathogenic
strain SC021202 (close to IBV GI-22 genotype), which
causes severe kidney damage and mortality to infected
chickens (Zhou et al. 2004) was selected as donor of
IBV S1 gene. First, infectious clone of IBV vaccine strain
H120 (rH120) was rescued using the BAC reverse genetic
system. Then, a chimeric IBV virus rH120/SCS1 with the
H120 backbone replacing its S1 subunit with that of vir-
ulent SC021202 isolate was constructed. Lastly, the
rH120/SCS1 was used to inoculate specific pathogen free
(SPF) chickens for the preliminary study of the function
of S1 of IBV field isolate on virus pathogenicity and the
potential of recombinant virus as a vaccine candidate was
also evaluated.

Materials and methods

Vector, cells, and viruses

The s t ra ins of IBV SC021202 (GenBank No. :
EU714029.1) and H120 (GenBank No.: FJ888351.1)
were stored in our laboratory. Viruses were propagated
and titrated in the allantoic cavity of 10-day-old embry-
onated SPF chicken eggs. Baby hamster kidney (BHK-
21) cell line was stored in our laboratory and cultured at
37 °C in Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Carlsbad, CA) supplemented with 10% fetal bo-
vine serum (FBS, Biological Industries, Israel), penicillin
(100 U/mL), and streptomycin (100 μg/mL). Primary
chicken embryonated egg kidney (CEK) cells were pre-
pared from 17–19-day-old SPF chicken embryonated
eggs and maintained in DMEM supplemented with 10%
FBS at 37 °C in 5% CO2 atmosphere. Competent cells
were prepared according to the instructions provided by
Ultra-Competent Cell Preps Kit (Sang Biotech, China).
pBeloBAC11 (called pBAC in the subsequent texts) vec-
tor was a gift from Professor Yaowei Huang of Zhejiang
University.

Construction scheme of a full-length cDNA clone of
IBV H120

To construct the full-length cDNA of IBV H120 strain, total
RNA was extracted from the allantoic fluid of SPF chicken
embryonated eggs infected with H120 and transcribed to
cDNA by reverse transcriptase using the Thermo Scientific
RevertAid First-Strand cDNA Synthesis Kit (Thermo Fisher,
USA). Four cDNA fragments (f1, F2, F3, and f4) covering the
whole H120 genome sequence were amplified separately
from the cDNA template with the primer sets (f1-F and f1-
R, F2-F and F2-R, F3-F and F3-R, f4-F and f4-R) shown in
Table 1, which also contained sequences for homologous
recombination.

The procedure for the construction of full-length cDNA of
IBV H120 has been shown in Fig. 1a. The amplified 4 frag-
ments (f1, F2, F3, and f4) carrying the same homologous
recombination sequences as the pBAC vector were cloned
into modified linearized pBAC vector. Homologous recombi-
nation reaction was carried out according to the instructions
provided with ClonExpress one-step cloning kit (Vazyme
Biotechnology, China). The resulting plasmids were named
as pBAC-f1, pBAC-F2, pBAC-F3, and pBAC-f4. BamHI en-
zyme site in the first fragment was mutated as a marker
(A5472C) for identification of rescued virion through ampli-
fication of the F1 fragment with primers f1A5472C-F and
f1A5472C-R containing mutation site (Table 1).

For the 5′UTR and 3′UTR fragments, the primers (5′UTR-
F and 5′UTR-R, 3′UTR-F and 3′UTR-R) containing the
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homology arms were designed (Table 1), and the nucleotide
sequences were separately amplified. The first and fourth
subcloning vectors pBAC-f1 and pBAC-f4 were digested
with BamHI and XhoI restriction enzymes (Takara, Japan),
respectively, resulting in a linearization of the vectors (Fig.
1a). The 5′UTR was fused to the first subcloning vector con-
struct, and the 3′UTR was fused to the fourth construct by
homologous recombination to obtain the first subcloning
pBAC-F1 and fourth subcloning pBAC-F4. The first
subcloning vector construct was modified by adding the
CMV (cytomegalovirus) promoter sequence in the 5′ terminal
of the first fragment, and then HDVR (hepatitis delta virus
ribozyme) sequence and BGH (bovine growth hormone
polyadenylation signal) sequence were added to the 3′ termi-
nal of the fourth fragment after the poly(A) by homologous
recombination with the primers (CMV-F and CMV-R, HB-F
and HB-R) listed in Table 1.

Subsequently, the F2 and F4 fragments were amplified
with the primer sets (F2-F1)-F and (F2-F1)-R and primer sets
(F4-F3)-F and (F4-F3)-R (Table 1), respectively. They were
fused to the linearized plasmids pBAC-F1 and pBAC-F3
digested by XhoI to obtain two semi-subclones pBAC-F12
and pBAC-F34, respectively (Fig. 1a). Finally, two semi-
subclones were fused using the same method with the primer
sets (F34-F12)-F and (F34-F12)-R (Table 1) to complete the
full-genome cDNA construction of IBV H120 (Fig. 1a).

Replacement strategy for chimeric recombinant
H120/SCS1 and generation of full-length cDNA

Procedure used to construct chimeric H120 recombinant strain
has been shown in Fig. 1b. The linearized plasmid DNA
pBAC-F4(HB)-ΔS1 lacking the S1 gene was reverse ampli-
fied from the plasmid pBAC-F4 with primer set H120-
F4-△S1-F and H120-F4-△S1-R (Table 1) as a linearized vec-
tor. The SC021202 S1 gene containing same homology arms
to those of the H120F4 was amplified from total RNA of
allantoic fluid of SPF chicken embryonated eggs infected with
IBV SC021202 by RT-PCR with the primers SCS1-F and
SCS1-R listed in Table 1 and was then inserted into pBAC-
F4-△S1 by the same homologous recombination process
using the ClonExpress one-step cloning kit (Vazyme
Biotechnology, China). Then, the third segment of IBV ge-
nome and the pBAC-F4/SCS1 was fused to obtain two semi-
subclones. Subsequently, both of these semi-subclones were
fused to complete the construction of full-genome cDNA of
IBV H120/SCS1.

Transfection and recovery of infectious virus

BHK-21 cells were cultured in 6-well plates. When the cells
grew to 60% confluency, 4 μg (200 μL/well) of pBAC-H120
or pBAC-H120/SCS1 was transfected to the cells using
jetPRIME transfection reagent (Polyplus, France) according
to the manufacturer’s instructions. Transfected cells were in-
cubated for 6 h at 37 °C. After the incubation, the culture
medium was replaced with DMEM with 2% FBS and cells
were incubated at 37 °C for 48 h. After completion of the
incubation period, culture medium and cells were harvested
by repeated freeze-thaw (three times) and named as rH120 and
rH120/SCS1 P0 generation of the rescued virus. This P0 gen-
eration was inoculated into 10-day-old SPF chicken embryos.
After 48 h, the allantoic fluid of chicken embryo was collected
and blindly passaged for 3 generations. EID50 of passaged
virus was determined by the method of Reed and Muench.

RT-PCR and sequencing analysis of rescued viruses

The P0 generation rescue virus and allantoic fluid of infected
chicken embryo were used for RNA extraction. Reverse tran-
scription reaction was carried out using a reverse transcription
kit (Thermo Fisher, USA) to obtain cDNA. IBV H120 strain
was used as template for designing primers (RM-F and RM-R,
Table 1) before and after the introduced rescue marker (RM)
to amplify a 621 bp fragment spanning between 5211 and
5831 bp of the viral genome. The PCR products were purified
and ligated into pMD-18T vector (Takara, Japan) and then
transformed into competent cells, and positive clones were
picked for sequencing to identify rescue marker sites. The
rescue virus was further inoculated into the SPF chicken em-
bryonated eggs and observed for development of dwarf em-
bryo lesion. To examine the stability of rescued viruses, S1
fragment of the virus of different passages was amplified from
total RNA extracted from allantoic fluid of infected embryo-
nated eggs by RT-PCR using the primers H120SC-S-F and
H120SC-S-R (Table 1). The amplified fragments were then
sequenced and analyzed.

Immunofluorescence microscopy

CEK cells prepared from 18-day-old chicken embryos were
infected with H120, rH120, and rH120/SCS1. The medium
was removed 48 hpi, and infected cells were fixed with
methanol:acetone (1:1) at − 20 °C. Considering that mem-
brane protein (M protein) is one of the abundant structural
proteins in coronavirus (Neuman et al. 2011), in-house mouse
monoclonal antibody 2B3 to IBV M protein (1:1000) was
used as primary antibody in immunofluorescence assay,
which were produced by our research group by the method
described previously (Hu et al. 2007). Bound primary anti-
bodywas detected with fluorescein-labeled antibody tomouse

�Fig. 1 Strategy for the construction of full-length cDNA of IBV. (a)
Construction of full-length cDNA of H120. (b) Construction of full-
length cDNA of chimeric H120/SCS1
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lgG (H + L) (1:500) (Sigma-Aldrich, USA) and stained cells
were observed under fluorescence microscope.

Western blotting

The 10-day-old SPF chicken embryonated eggs were inocu-
lated with IBV H120, rH120, and rH120/SCS1. After 48 h,
allantoic fluids were collected and subjected to SDS-PAGE
analysis. The separated proteins were then transferred to a
nitrocellulose membrane at 400 mA for 30 min using
25 mM Tris–192 mM glycine buffer (pH 8.3) containing
20% methanol. The membrane was blocked with 5% skim
milk in PBS (20 mM Tris-HCl, pH 7.5, 150 mM NaCl) for
1 h and then washed three times with wash buffer (PBS-
Tween 20). After that, the membrane was incubated with
monoclonal antibody 2B3 against IBV M protein (dilution
1:1000) for 1 h. The membrane was again washed three times
with wash buffer at room temperature. After that, bound pri-
mary antibody was detected with horseradish peroxidase-
conjugated goat anti-mouse secondary antibody (dilution
1:5000) (Sigma-Aldrich, USA). Signals were analyzed by en-
hanced chemiluminescence using the AMI600 system (GE
Healthcare, USA).

Pathogenicity analysis of rescued viruses

A total of fifty 7-day-old SPF chickens were divided into five
groups and housed in different negative pressure isolators.
Ten chickens in each group were inoculated with 0.3 mL of
104.5 EID50 of IBV H120, rH120, rH120/SCS1, and
SC021202 via intranasal route. Birds in the control group
were inoculated with the same volume of sterilized PBS.
After every 2 days, oropharyngeal and cloacal swabs were
collected and subjected to RT-PCR to check the virus shed-
ding status. The dead chickens were examined by necropsy,
and the tissues displaying gross lesions were collected.
Meanwhile, one chicken in the groups without mortality was
randomly selected for dissection and observation of gross le-
sions in tissues. The tissues of trachea and kidney were sent to
Wuhan Servicebio Technology Co., Ltd. (Hangzhou, China)
for processing hematoxylin and eosin (H&E) staining, and
pathogenic lesion was observed under the microscope.

Immunoprotection experiment

A total of forty 7-day-old SPF chicks were divided into four
groups and 10 chickens in every group were immunized with
0.3 mL of 104.5 EID50 of IBV H120, rH120, and rH120/SCS1
by intranasal inoculation, and chickens in the control group
were inoculated with the same volume of sterilized PBS. After
7 and 14 days post-immunization, serum was collected and
the antibody against IBV was detected by ELISA. Then, the
chickens were challenged with 0.3 mL of 105.85 EID50 of IBV

SC021202 strain. Clinical signs and mortality of chickens
after the challenge were recorded every day.

ELISA

IBV N recombinant protein (1 μg/well) in 0.01 M PBS (pH
7.4) was coated on a 96-well microtiter plates (Canada JET
Biochemicals Int’l. Inc.) at 4 °C overnight, followed by
blocking with 200 μL blocking buffer for 2 h at 37 °C. The
plate was washed three times with PBST and then incubated
with 100 μL chicken serum samples diluted in blocking buffer
(1:500) for 1 h at 37 °C. After washing three times with PBST,
plates were incubated with 100 μL HRP-conjugated goat anti-
chicken IgG (KPL, USA) in blocking buffer for 1 h at 37 °C.
After washing three times with PBST, the colorimetric reac-
tion was developed after incubating the plates with 100 μL
chromogenic substrate for 10 min at 37 °C. Color develop-
ment was stopped with 50 μL 2 M H2SO4, and an optical
density at 450 nm (OD 450 nm) was recorded using ELx800
universal microplate reader (Bio-Tek Instruments, Inc., USA).

Results

Construction of full-length cDNA of IBV H120 and its
chimeric virus

The full-length cDNA of IBV H120 strain was constructed
according to the procedure shown in Fig. 1a. Four fragments
(f1, F2, F3, and f4) covering the whole genome were ampli-
fied by RT-PCR with the total RNA of IBV H120 as template
(Fig. 2a). After the addition of CMV promoter to the 5′-termi-
nal of F1 fragment and HB sequence to the 3′-terminal of F4
fragment, all four fragments were individually cloned into
pBAC vectors resulting into the generation of four fragment
subcloning vectors. Afterwards, those fragments were fused
together by homologous recombination. Finally, the full-
length cDNA of IBV H120 in pBAC vector (pBAC-IBV-
H120FL) was obtained and confirmed by RE digestion, which
showed that the full length of pBAC-IBV-H120FL was
digested into two major bands with expected molecular size
of around 24,741 and 7507 bp by XhoI and BamHI (Fig. 2b).
The full-length cDNA was further confirmed by sequencing
(data no shown).

Additionally, we made another full genome construct in
which S1 gene of IBV H120 was replaced with that of strain
SC020102 and termed as pBAC-IBV-H120/SCS1. Strategy
for the clone construction has been shown in Fig. 1b. The
recombinant plasmid pBAC-IBV-H120/SCS1 was also con-
firmed by RE digestion with similar results to that of pBAC-
IBV-H120FL (Fig. 2b). The full-length cDNA was also fur-
ther confirmed by sequencing (data no shown).
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Generation and characterization of rescued virus
rH120 and rH120/SCS1

pBAC-IBV-H120 and pBAC-IBV-H120/SCS1 plasmids
were first transfected into BHK-21 cells to obtain the P0 gen-
eration of rescued virus rH120 and rH120/SCS1. This P0 vi-
rus was passaged in SPF chicken embryonated eggs for three
times. The P3 generation of the rescued viruses caused typical
dwarf embryo lesions (data not shown), and IBV-specific se-
quences were also amplified using the primers RM-F and RM-
R (Table 1) with the cDNA of the P3 generation of the rescued
viruses (Fig. 3a). The mutant oligonucleotide site that served
as rescue virus marker (GGATCC → GGCTCC) was also
confirmed to be in the correct position (data not shown). The
S1 gene of rH120/SCS1 was also amplified and sequenced,
which was confirmed to be the S1 gene of SC021202 (data not

shown), indicating that the S1 gene of H120 was successfully
replaced with that of a heterogeneous IBV strain in a chimeric
rescued virus. As results shown in Fig. 3b and Fig. 3c, IBV
viral protein could be detected in rH120 and rH120/SCS1
infected CEK cells by Western blot analysis and IFA. These
results indicated that recombinant virus rH120 and rH120/
SCS1 were successfully rescued.

Subsequently, the rescued rH120 and rH120/SCS1 were
continuously passaged in chicken embryonated eggs for 8
generations. S1 gene fragment of each passage was sequenced
and analyzed. Changes in the S1 gene sequence were not
found in the rescued viruses, which indicated that the S1 genes
of rH120 and rH120/SCS1 were stable during the repeated
passages. The mutant oligonucleotide site (GGATCC →
GGCTCC) which served as a rescue virus marker was also
present in all generations (data not shown).

a b 

c 

rH120 

H120 rH120

rH120/SCS1 Negative

α-M 2B3

500bp

1000bp

M            1     2     3      - +             

rH120 

M        1      2        3         - +             

rH120/SCS1 

Fig. 3 Characterization of rescued viruses. (a) Amplification of IBV
H120-specific cDNA fragments from different generations of rH120
and rH120/SCS1 passaged in SPF chicken embryonated eggs. 1–3, The
first three generations of rH120. 4–6, The first three generations of rH120/

SCS1. (b) H120, rH120, and rH120/SCS1 infected CEK cells detected by
IFAwith mAb against IBVM protein. (c) Western blot analysis of H120,
rH120, and rH120/SCS1 infected chicken embryonic allantoic fluid with
mAb against IBV M protein

M       f1      F2      F3       f4

5000bp
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M        1        2
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M        3        4
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Fig. 2 Amplification of four
cDNA fragments of IBV genome
and identification of the
recombinant plasmids. (a)
Amplification of f1, F2, F3, and
f4 fragments of H120 cDNA by
RT-PCR. (b) Identification of
full-length cDNA of H120 and
H120/SCS1 by RE digestion with
XhoI and BamHI. M, λ-HindIII
digest DNA Marker; 1, pBAC-
IBV-H120FL; 3, pBAC-IBV-
H120/SCS1FL; 2 and 4, pBAC
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Pathogenicity and immunoprotection of chimeric
vaccine strain rH120/SCS1

To examine the pathogenicity of IBV H120 strain carrying S1
gene of virulent isolate, same doses of H120, rH120, rH120/
SCS1, and SC0201202 were inoculated into the 7-day-old
SPF chickens. Chickens inoculated with sterilized PBS were
used as negative control. Results of RT-PCR indicated that the
chickens infected with H120, rH120, and rH120/SCS1
showed persistent shedding of virus until 13 dpi (Fig. 4a,
Table 2). Clinical signs, such as respiratory distress, were only
observed in SC021202 group at 3–7 dpi, and not in H120,
rH120, and rH120/SCS1 groups. Fatality occurred only in
the SC021202 infection group with mortality rate of 30%
(Fig. 4b). Kidneys of dead chickens showed pale discoloration
and were swollen with white urate deposits, showing a typical
“spotted kidney”-like lesion (Fig. 4c). Mortality and severe
gross pathology in kidneys were not observed in H120,
rH120, and rH120/SCS1 infection groups as well as the neg-
ative control group (Fig. 4b and 4c).

Severe histopathological changes were observed only in
the kidneys and tracheas of chickens infected with strain
SC021202 (Fig. 4d). The kidney section from dead chickens
in the SC021202 group showed enlarged renal tubules with
epithelial cell exfoliation inside the tubular lumen, necrosis of
some epithelial cells, and increased exudate with inflammato-
ry cell infiltration (Fig. 4d). In the tracheal section from dead
chicken in the SC021202 group, we observed that the epithe-
lial cells of the mucous layer were exfoliated, degenerated,
and necrosed (Fig. 4d). No obvious histopathological changes
were observed in H120, rH120, and rH120/SCS1 groups (Fig.
4d).

In order to find out whether the chimeric virus could pro-
vide immunoprotection against the virulent IBV isolate, the
chickens infected with H120, rH120, and rH120/SCS1 14 dpi
were challenged with IBV strain SC021202. The results
showed that all the chickens survived except those in the

control group (Fig. 4e). The antisera collected from H120,
rH120, and rH120/SCS1 immunized chickens at 7 and 14
dpi were analyzed by ELISA. As result showed in Fig. 4f,
chickens immunized by H120, rH120, and rH120/SCS1 could
produce antibody against IBV at 7 and 14 dpi but not in PBS
control group (Fig. 4f).

Discussion

Compared with other avian respiratory viruses, such as avian
influenza virus and Newcastle disease virus, it is difficult to
manipulate IBV genome by reverse genetics due to its large-
sized genomic RNA (Lai 2000) and also the availability of
very few permissible cell lines for IBV infection (Ferreira
et al. 2003). Ligation of restriction enzyme (RE)-digested
fragments is a method to obtain the full-length cDNA of
IBV genome for rescue of IBV (Casais et al. 2001).
However, the procedure for ligation of large DNA fragments
to form the full-length genomic cDNA is complicated, time-
consuming, and inefficient. On the other hand, the full length
of IBV genome is long and selection of the suitable RE for
ligation of the full-length cDNA of IBV genome is difficult.
Hence, there is a need to establish an efficient reverse genetic
system to rescue IBV in vitro. BAC reverse genetic system is a
common in vitro method to rescue coronavirus, such as TGEV
(Almazan et al. 2000), SARS-CoV (Almazan et al. 2006),
FIPV (Balint et al. 2012), and MERS-CoV (Scobey et al.
2013). Ligation of DNA fragments by homologous recombi-
nation can be avoided to select many RE enzyme sites. But, so
far, no BAC vector combined with homologous recombina-
tion has been used for the construction of IBV full-length
cDNA.

In this study, four DNA fragments of around 7000–8000
bp covering full-length genome of IBV were separately am-
plified and cloned into the low-copy vector pBeloBAC11 by
homologous recombination. The necessary component

Table 2. Detection of virus
nucleic acid from swabs collected
from virus inoculated chickens

Group Sample type 1 dpi 3 dpi 5 dpi 7 dpi 9 dpi 11 dpi 13 dpi

H120 Oropharyngeal 4/10 7/10 9/10 6/7 6/7 6/7 5/7

Cloacal 5/10 5/10 3/10 6/7 6/7 4/7 3/7

rH120 Oropharyngeal 10/10 6/10 6/10 4/7 4/7 7/7 6/7

Cloacal 3/10 2/10 3/10 3/7 5/7 5/7 4/7

rH120/SCS1 Oropharyngeal 8/10 9/10 10/10 4/7 4/7 7/7 5/7

Cloacal 3/10 4/10 7/10 2/7 5/7 3/7 6/7

SC021202 Oropharyngeal 4/10 10/10a 10/10a 7/7a 7/7 5/7 6/7

Cloacal 2/10 10/10a 7/10a 5/8a 3/7 4/7 4/7

Negative

Control

Oropharyngeal 0/10 0/10 0/10 0/7 0/7 0/7 0/7

Cloacal 0/10 0/10 0/10 0/7 0/7 0/7 0/7

a Obvious breathing distress was observed
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sequences of 5′-UTR, 3′-UTR, promoter sequence from CMV
as well as HDVR and BGH were added to the 5′ terminal of
the first fragment and the 3′ terminal of the last fragment by
the same way. Added HDVR at the end of IBV genome will

increase the efficiency of rescue of IBV infectious clones by
maintaining the integrity of the 3′ terminal of IBV genome.
Using the same strategy, two fragments, each were again
fused together into the subcloning vector, and finally, both

H120 rH120 rH120/SCS1 PBS SC021202

a b 

c 

M     1     2     3      4     5     6     7    M     8     9    10   11   12    13   14            

500bp
1000bp

oropharyngeal cloacal

H120

rH120

rH120/SCS1

Kidney Trachea
d

SC021202

PBS

e 

f 

Fig. 4 Pathogenicity and immunoprotection of rescued viruses. (a)
Detection of viral nucleic acid in swabs collected from rH120
inoculated 7 different chickens after 11 days of infection. 1–7,
Oropharyngeal swabs. 8–14, Cloacal swabs. (b) Survival rates of
chickens inoculated with the rescued viruses. (c) Gross lesions in
kidneys of rescued virus infected chickens. (d) Histopathological

changes in kidneys and trachea of rescued virus infected chickens. (e)
Survival rates of rescued virus immunized chickens challenged with
SC021202. (f) Detection of antibodies to IBV N protein of antisera
collected one week and two weeks after immunization from IBV H120,
rH120, and rH120/SCS1 immunized chicken by ELISA
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vectors each carrying two fragments were fused into a full-
length cloning vector. Construction of subcloning vector by
homologous recombination simplifies the operation and im-
proves the efficiency of the ligation. In this reverse genetic
system, site mutation, sequence deletion, and insertion can
easily be performed based on certain sequence sites in the
backbone of subcloning vector.

With the reverse genetics established in this study, recom-
binant H120 (rH120) strain and its chimeric virus rH120/
SCS1 carrying S1 gene of a virulent IBV SC021202 strain
were rescued successfully. The pathogenicity of rH120/
SCS1 was found to be similar to those of H120 and rH120
and was not able to cause pathological changes as shown in
the case of strain SC021202-infected chickens. Previous re-
ports showed that S1 protein of IBV was responsible for path-
ogenicity, tropism, and antigenicity (Hulswit et al. 2016;
Wickramasinghe et al. 2011). However, our result indicates
that only the S1 gene of SC021202 isolate is not a determinant
of the pathogenicity of IBV since rH120/SCS1 with H120 as
the backbone and chimeric SC021202 S1 gene did not cause
obvious sickness to the sensitive SPF chickens as caused by
the SC021202 strain. The results of this study are in agreement
with previous studies showing that the S1 gene has little effect
on pathogenicity (Armesto et al. 2011; Hodgson et al. 2004;
Jiang et al. 2020). Whether the S1 gene is the determinant of
the pathogenicity of IBV might depend on individual isolate,
which needs further study to confirm.

Finally, the immunization of H120, rH120, and rH120/
SCS1 could protect the chicken against the challenge by
IBV strain SC021202, which indicated that the recombinant
clones constructed for IBV in this study may be useful for the
development of novel IBV vaccine.

In summary, in this study, with homologous recombination
technology, an efficient reverse genetic system based on BAC
vectors for rescue of IBV infectious clone was established.
This will provide a useful tool for further study of the
pathogenicity-related genes of IBV and the development of
vaccine against the virus.
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