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ABSTRACT The infectious bronchitis virus (IBV) is
an acute and highly contagious disease, which affects
chickens of all ages. Vaccination is the most important
way to control this disease. Nevertheless, novel variant
strains are constantly reported because of the lack of
proofreading capabilities of RNA polymerase and high
frequency of homologous RNA recombination. Cross-
protection studies has demonstrated that the vaccines
could provide great protective effects against viruses of
same serotype or genotype. However, the protective effect
of different commercial vaccines and vaccine combina-
tions against the prevalent IBV strains in China has rarely
been studied. Owing to the multiple genotype or serotype
IBV strains prevalence in China, the polyvalent vaccines
and their composition were used to expanding the pro-
tection spectrum of vaccine in practical application. To
evaluate the protection of Chinese commercial IBV
polyvalent vaccines against prevalent strains (QX-like

and TW I-like), an immune challenge test was conducted.
Four polyvalent vaccines, containing 4/91, H120,
YX10p90, LDT3-A, and 28/86, were combined to form 8
vaccination strategies, almost all of which could provide
more than 70% protection effects against challenge with
QX-like strain. Particularly, the best protection rate
(93%) was generated by administration the polyvalent
vaccine C (H120 + 28/86 + 4/91) at 1 D of age and the
polyvalent vaccine B (H120 + 4/91 + YX10p90) at 10 D
of age. However, all the vaccination strategies in this
study cannot provide great protective effects against
TWe-like strain, and more vaccines should be included in
studies to expand the protection spectrum of vaccine.
Therefore, for the newly emerging IBV strains, immuni-
zation with polyvalent vaccines via different vaccination
strategies could be used to control the prevalence of IBV
in a short time, whereas developing the homologous vac-
cines was not always necessary.
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INTRODUCTION

Avian infectious bronchitis (IB) is an acute and highly
contagious disease caused by the avian infectious
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bronchitis virus (IBV) (Cavanagh, 2007). This disease,
which affects chickens of all ages, can cause pathologic le-
sions in the respiratory tract, kidney, and reproductive
systems, resulting in severe economic losses (Cook et al.,
2012; Jackwood, 2012).

The IBV belongs to the genus Coronavirus, family
Coronaviridae, of the order Nidovirales (Mayo and
Pringle, 1998). Owing to the discontinuity of RNA repli-
cation and the lack of proofreading capabilities of RNA
polymerase, the IBV genome is susceptible to recombina-
tion and mutation (Duffy et al., 2008). A small change as
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little as 5% variation in antigenic epitope of the S1 protein
composition may contribute to the change of serotype
and the emergence of variant strains (Ignjatovic and
Galli, 1994).

Currently, vaccination with both live and inactivated
vaccines is the most effective measure for prevention and
control of IBV (Zhao et al., 2015). However, a rapid evo-
lution rate of Chinese IBV isolates and the lack of cross
protection between different serotypes pose significant
challenges to IBV infection control (Zhao et al., 2016).

The QX-like IBV strain, which is highly pathogenic
and mainly causes nephritis, was previously detected in
Shandong Province, China in 1996, then quickly spread
across Asia and was reported in many FEuropean coun-
tries (Cook et al., 2012). At present, the control of
QX-like IBV infection is still a problem in many coun-
tries (Franzo et al., 2017). The research of epidemiology
of the IBV in China during 2004 to 2015 showed that at
least 7 genotypes of the IBV circulating in China, and
QX-like genotype strains that account for about 60%
of the total isolates had become predominant (Feng
et al., 2014, 2017; Yan et al., 2019). Existing commercial
vaccines have poor protection against QX-like IBV
(Feng et al., 2018), for example, H120 belonged to the
Massachusetts serotype strain and was one of the most
widely used vaccine strains, whereas QX-like IBV was
found circulating in most of the H120-vaccinated flocks
(Han et al., 2011).

The TW-like IBV strain, which was first isolated in
Taiwan, can be divided into 2 subtypes TW I and TW
II, causing nephritis and respiratory symptoms, respec-
tively (Wang and Tsai, 1996). Before 2009, the TW-
like IBV was rarely detected in mainland China (Luo
et al., 2012). In the past 10 yr, the results of the IBV
epidemiology in mainland China had shown that the
proportion of TW-like IBV isolates had increased gradu-
ally, becoming the second most common IBV strains
identified in southern China (Xu et al., 2016, 2018;
Zhang et al., 2016; Feng et al., 2017). Some study indi-
cated that the TW I-like strains were more prevalent
than the QX-like viruses in Guangdong (33.3 vs.
12.2%) and Guangxi (54.5 vs. 28.9%) (Feng et al.,
2017). Compared with the common vaccine strains
(H120, H5,4/91, W93, Ma5, and LDT3-A), the nucleo-
tide and amino acid identity of TW I-like IBV was less
than 82 and 82.3%, respectively (Feng et al., 2017).
These observations may suggest the low protection be-
tween vaccine strains and TW I-like strains. Moreover,
the homologous vaccines for TW-like IBV have not yet
been developed, which increases the difficulty for preven-
tion and control of TW-like IBV.

Some studies had showed that a single vaccine with
different serotype affords less protection against QX-like
and TW-like IBV strains (Gao et al., 2016; Karimi et al.,
2018). Despite the development of homologous vaccines
was often impractical, immunization with multiple sero-
type vaccines had been proven to be beneficial and broad-
ened the protective spectrum (i.e., “protectotype concept”)
(Cook et al., 1999; Zhao et al., 2015). The aim of this study
is to evaluate the efficacy of commercial polyvalent
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vaccines against QX-like and TW-like IBV strains via
different vaccination strategies.

MATERIALS AND METHODS

Ethics Statement

All study procedures and animal care activities were
conducted in accordance with the national and institu-
tional guidelines for the care and use of laboratory
animals, and the experimental protocols were approved
by the Committee for Animal Experiments (approval
ID: SYXK2019-0136) of South China Agricultural
University.

Chickens

Healthy 1-day-old yellow dwarf chickens were ob-
tained from Wens Foodstuff Group Co., Ltd., China.
The study was performed in positive-pressure high-effi-
ciency particulate airfiltered stainless-steel isolators
with an enclosed and ventilated environment, and feed
and water were provided ad libitum.

Viruses and Vaccines

The challenge strains CK/CH/GX/NN17-5 and CK/
CH/GD/GZ14, which were all nephropathogenic
strains and isolated from commercial broiler farms in
China during 2016 to 2017, belong to the QX-like geno-
type and TW-like genotype, respectively. The complete
genome of the IBV strains (CK/CH/GX/NN17-5 and
CK/CH/GD/GZ14) was sequenced and deposited in
GenBank under accession number MF447731 and
KT946798, respectively.

Four Chinese commercial polyvalent vaccines were
used to evaluate the efficacy in this study, containing
4/91 (Dahuanong Animal Health Products Co., Ltd.,
Guangdong, China), H120 (Dahuanong Animal Health
Products Co., Ltd.), YX10p90 (saved by our labora-
tory), LDT3-A (Weike Biotechnology Development
Co., Ltd., Harbin, China), and 28/86 (China Institute
of Veterinary Drug Control). All challenge and vaccine
strains are listed in Table 1.

Evaluation Efficacy of Vaccines
Composition Against QX-Like IBV Challenge

A total of 150 healthy 1-day-old yellow dwarf chickens
of similar weight (39 g-42 g) were randomly divided into
10 groups of 15 chickens each, and each group was
housed in one isolation unit. Each chicken in the exper-
imental group was individually vaccinated with polyva-
lent vaccines at 1 and 10 D of age with dosage at 10*°
EID55/0.1 mL via the nasal routes. The control group
was inoculated with PBS. Two weeks after second im-
munization, chickens in experimental groups were chal-
lenged intranasally with QX-like IBV NN17-5 strain
(10%° EID50) at 25 D of age.
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Table 1. Backgrounds of the IBV strains used in this study.

SHAO ET AL.

Strain Abbreviation Country (province) Usage Genotype Tissue tropism Accession no.
4/91 UK Vaccine strain 793/B AF093794
H120 Holland Vaccine strain Massachusetts M21970

28 /86 Italy Vaccine strain Massachusetts AY846750
LDT3-A China Vaccine strain tl/CH/LDT3/03 AY702975
YX10p90 China (Zhejiang) Vaccine strain QX MF508703
CK/CH/GX/NN17-5 NN17-5 China (Guangxi) Challenge strain QX Kidney MF447731
CK/CH/GD/GZ14 GZ14 China (Guangdong)  Challenge strain ~ TW I Kidney KT946798

Abbreviation: IBV, infectious bronchitis virus.

Evaluation Efficacy of Vaccines
Composition Against TW-Like IBV Challenge

A total of 135 1-day-old yellow dwarf chickens were
divided into 9 groups of 15 chickens. The chickens
were provided food and water ad libitum. At 1 and 10
D age, the chickens in the experimental groups were
inoculated intranasally with polyvalent vaccines at
10*° EID50/0.1 mL. The chickens in the control group
were inoculated with PBS. At 25 D of age, chickens in
all experimental groups were challenged with TW-like
IBV GZ14 strain at 10°° EID5,/0.1 mL (Table 2).

Clinical Observations and Sampling

To determine the pathology produced by the chal-
lenge strains, all chickens were observed daily for 3 wk
after challenge for clinical signs, including tracheal rales,
mouth breathing, depression, head twitches, ruffled
feathers, and slight watery diarrhea. Blood samples
were collected just before revaccination and 0, 5, 9,
and 15 D postchallenge (dpc) to collect sera for detection

of antibodies using an ELISA Test Kit (IDEXX Labora-
tories, Westbrook, ME) as per the manufacturer’s in-
structions. Moreover, oral swabs from all chickens were
collected at 5, 9, and 15 dpc for the detection of virus
shedding by reverse transcription PCR (RT-PCR).

Virus Recovery and RT-PCR Identification

Oral swabs from each group were collected at 5, 9, and
15 dpc for the detection of virus recovery. Each oral swab
was eluted in 1 mL of PBS, and the supernatant was
filtered through 0.22-um membrane filters (Millipore
Products Division) before inoculation into the allantoic
cavity of 9-day-old specific pathogen—free chicken em-
bryos. A total of volume of 200 pL of the previously
treated samples were inoculated into specific path-
ogen—free chicken embryos in triplicate per group and
then incubated at 37°C. Allantoic fluid from 2 inoculated
embryos of each group was collected at 48 h after inocu-
lation using disposable syringes for the detection of virus
recovery by RT-PCR, whereas the remaining embryos
were examined 1 wk after inoculation for characteristic

Table 2. Protective effects in chickens immunized with commercial polyvalent vaccines against the QX-like and TW-like IBV strains.

Vaccination' Virus recovery”
Clinical Positive rate

Group 1 10 Challenge® Morbidity Mortality protection’ — 5° 9 15  of antibody’

1 Polyvalent vaccine A Polyvalent vaccine B NN17-5 4/15 2/15 73% 15/15 11/13 5/13 40%
(H120 + 4/91) (H120 + 4/91 + YX10p90) GZ14 9/15 5/15 0%  15/15 7/12 5/10

2 Polyvalent vaccine B Polyvalent vaccine A NN17-5 4/15 2/15 73% 15/15 8/14 6/13 50%
(HI20 + 4/91 + YX10p90) (H120 + 4/91) GZ14 8/15 5/15 47%  15/15  7/11 6/10

3 Polyvalent vaccine B Polyvalent vaccine C NN17-5 3/15 1/15 80% 12/14  7/14 3/14 70%
(H120 + 4/91 + YX10p90) (H120 + 28/86 + 4/91)  GZ14 8/15 5/15 47%  12/13  6/10 6/10

4 Polyvalent vaccine C Polyvalent vaccine B NN17-5 1/15 0/15 93% 13/15 3/15 1/15 80%
(H120 + 28/86 + 4/91)  (H120 + 4/91 + YX10p90) GZ14 7/15 4/15 53%  13/15 7/11 5/11

5 Polyvalent vaccine A Polyvalent vaccine A NN17-5 5/15 2/15 67% 14/15 11/13 5/13 40%
(H120 + 4/91) (H120 + 4/91) G714 6/15 4/15 60%  12/12 11/11 6/11

6 Polyvalent vaccine B Polyvalent vaccine B NN17-5 4/15 3/15 73% 15/15 12/12 4/12 50%
(H120 + 4/91 + YX10p90) (120 + 4/91 + YX10p90) GZ14 6/15 3/15 60%  15/15 11/12 7/12

7 Polyvalent vaccine C Polyvalent vaccine C NN17-5 2/15 1/15 87% 15/15 8/14 3/14 70%
(H120 + 28/86 + 4/91)  (H120 + 28/86 + 4/91)  GZ14 6/15 2/15 60%  15/15 12/13 7/13

8 Polyvalent vaccine D Polyvalent vaccine D NN17-5 4/15 1/15 73% 15/15 13/14 6/14 30%
(HI20 + LDT3-A) (HI20 + LDT3-A) GZ14 7/15 5/15 53%  14/14 10/11 7/10

9 PBS PBS NN17-5 15/15  10/15 0 12/12 77 3/5 10%
PBS PBS GZ14 10/15 6/15 33%  14/14  9/10 7/9

10 PBS PBS None 0/15 0/15 100% 0/15 0/15 0/15 0

Abbreviation: IBV, infectious bronchitis virus

Yellow dwarf chickens were vaccinated with polyvalent vaccines via the nasal routes at 1 and 10 D of age.

2Age of yellow dwarf chickens.

SAt 25-day-old, chickens were challenged with NN17-5 and GZ14 via the nasal routes, respectively.
“The number of chickens without clinical symptom /the total number of chickens challenged in each group.
’Chicken embryo lethality test and RT-PCR identification were used for the detection of virus recovery.

“Days post challenge.

TAt 25 D of age, 10 serums from 10 chickens in each group were collected for detection of positive rate of antibody via ELISA.
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Figure 1. Representative images of the kidneys from vaccinated chickens challenged with the QX-like IBV NN17-5 strain. (A) Representative im-
age of the kidney from an uninfected control chicken. (B) No lesions were observed in a vaccinated/challenged chicken in group 4. (C) Representative
image of the kidney tissue from a vaccinated/challenged chicken in group 3. (D) Obvious kidney enlargement and marbled kidney from an unvacci-

nated/challenged chicken. The lesions were indicated with arrows.

lesions of IB, such as dwarfing, stunting, or curling of em-
bryos. Dead chicken embryos and chicken embryos
showing characteristic lesions of IB were recorded as pos-
itive for virus recovery.

Total viral RNA was extracted from the inoculated
allantoic fluid by using the AxyPrep Body Fluid Viral
DNA/RNA Miniprep Kit (Axygen, China) as per the
manufacturer’s instructions. The genomic RNA was
reverse transcribed into cDNA using the PrimeScript 11
First Strand ¢cDNA Synthesis Kit (Takara, Japan) in
accordance with the manufacturer’s protocol. For
PCR, 10 pL of PrimeSTAR Max Premix (2X) (Takara,

Japan) and 10 pmol of each primer were added to 2 pL of
cDNA as template in a total of 20-pL reaction volume.
PCR was performed at 94°C for 5 min, followed by 35 cy-
cles of denaturation (98°C, 10 s), annealing (55°C, 5 s),
and polymerization (72°C, 20 s), and a final DNA exten-
sion step was performed at 72°C for 10 min. The primers
amplifying the S1 gene of IBV were forward: 5'—
AAGACTGAACAAAAGACCGACT-3 and reverse:
5-CAAAACCTGCCATAACTAACATA-3/, and the
expected size of the PCR product was 1,721 bp (Feng
et al., 2018). The PCR products were analyzed by
1.0% agarose gel electrophoresis.
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Figure 2. Representative gross lesions in the kidneys of vaccinated chickens challenged with the TW-like IBV GZ14 strain. (A) Kidney tissue from
an unvaccinated /unchallenged chicken. (B) Lesions in the kidney of an unvaccinated/challenged chicken. (C, D) Representative images of kidneys
from vaccinated/challenged chickens. The lesions were indicated with arrows.

Statistical Analysis

Statistical analyses were conducted using SPSS 20.0
software. Independent sample ¢ tests were performed to
determine statistically significant differences. The signif-
icance was considered as *P < 0.05 and **P < 0.01.

RESULTS

Vaccine Safety

After the chickens were individually vaccinated with
commercial polyvalent vaccine A, B, C, and D at 1

and 10 D of age, neither death nor obvious clinical signs
of the IBV was observed.

Efficacy of Polyvalent Vaccines Against
QX-Like IBV Challenge

The 25-day-old chickens immunized with polyvalent
vaccines were challenged with QX-like strain NN17-5.
As shown in Table 2, as per the clinical protection in
the chickens that were immunized with the same polyva-
lent vaccine at 1 and 10 D of age, the protective effects of
the polyvalent vaccine C against the QX-like strain were
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Figure 3. Change curves of mean titters of antibody against the IBV in different groups. Serum samples were collected from all chickens on days 1,
10, 25, 30, 34, and 40. (A) Mean titers of antibodies against the IBV in the groups challenged with the QX-like IBV NN17-5 strain. (B) Mean titers of
antibodies against the IBV in the groups challenged with the TW-like IBV GZ14 strain. Abbreviation: IBV, infectious bronchitis virus.

higher than the other polyvalent vaccines. However, the
polyvalent vaccine C only provided 87% of clinical pro-
tection, and some of the vaccinated chickens still showed
clinical signs and death after challenge with the QX-like
strain, showing typical kidney lesions that were charac-
terized by enlarged, pale, and marbled kidneys and urate
deposition in the tubules and ureters (Figure 1), which
suggested that 4 polyvalent vaccines in this study cannot
provide full clinical protection against challenge with the
QX-like strain.

The clinical protective effects against challenge with
the QX-like strain had been changed by immunizing

with polyvalent vaccines via different vaccination strate-
gies. In group 1, the protection rate (73%) was generated
by following vaccination with the polyvalent vaccine A
at 1 D of age and the polyvalent vaccine B at 10 D of
age, and the vaccination strategy of group 2 provided
the same protective effect as group 1. In group 4, the pro-
tection rate (93%) was generated by administration the
polyvalent vaccine C at 1 D of age and the polyvalent
vaccine B at 10 D of age, whereas group 3 combined
the polyvalent vaccine B at 1 D of age and the polyvalent
vaccine C at 10 D of age, which was less protective, that
is, 80%. Interestingly, the composition of the polyvalent
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vaccines in group 3 was the same as that of group 4,
whereas the protective effects provided by the 2 vaccina-
tion strategies were different.

Efficacy of Polyvalent Vaccines Against
TW-Like IBV Challenge

As shown in Table 2, the vaccination challenge test
showed that the polyvalent vaccines in this study pro-
vided the level of clinical protection against challenge
with the TW-like IBV strain less than 60%. Compared
with the single vaccination strategy, the efficacy of
different vaccination strategies was not obvious. In
groups 5, 6, 7, and 8, the clinical protection rate (53—
60%) was generated by administrating the same polyva-
lent vaccine at 1 and 10 D of age, whereas only 40 to
53% of clinical protection rate was generated by different
vaccination strategies in groups 1, 2, 3, and 4.

Chickens in experimental groups that were challenged
with the TW-like IBV strain showed clinical signs and
death at 5 dpc. Diseased chickens showed signs of list-
lessness, coughing, decreased appetite, increased water
intake, and ruffled feather with rapid BW loss. At nec-
ropsy, all euthanized chickens showed typical kidney le-
sions, characterized by enlarged, pale, and marbled
kidneys (Figure 2). Meanwhile, no lesions were observed
in the negative control group.

Serology

To evaluate the effects of the polyvalent vaccines on
the response of the immune system, the titer of antibody
against the IBV was measured using a commercial
ELISA kit. Compared with the level of antibody at
25 D of age, the titer of antibody dropped significantly
from the level of mean maternal antibody (8203) to the
basal level (P < 0.01) (Figure 3). Only 30 to 50% of
the chickens showed a positive serum antibody response
on the day just before challenge in groups 1, 2, 5, 6, and
8. In contrast, the chickens in groups 3, 4, and 7 showed
more than 70% positive serum antibody response. The
titer of antibody of chickens challenged with the
QX-like strain increased gradually after challenge,
reaching the highest titer at 9 dpc and then decreasing.
Compared with positive group, the titers of antibody
in groups 3, 4, and 7 elevated significantly at 9 dpc
(P < 0.01). No significant difference (P > 0.05) was
found in titers between the positive group and groups
1,2, 5,6, and 8 at 9 dpc (Figure 3A). In addition, the
titer of antibody of chickens challenged with the TW-
like strain kept increasing after challenge (Figure 3B).

Virus Recovery

Virus recovery was identified by RT-PCR and chicken
embryo lethality test. As shown in Table 2, the challenge
viruses, including QX-like and TW-like strains, were rei-
solated from nearly all of the oral swabs that were
collected from the chickens in experimental groups at 5
dpc. In addition to group 4, virus shedding rate was
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more than 50% in all experimental group at 9 dpc. Fifteen
dpc, only 7% of the virus-positive rate was detected in
group 4 challenged with the QX-like strain, whereas the
rates were 21 to 60% in the other groups challenged
with the QX-like strain. In addition, 50 to 78% of the
chickens in the groups challenged with the TW-like strain
were positive for virus reisolation. This indicates that the
vaccination strategies in this study cannot provide pro-
tection against tracheal invasion by the TW-like strain.

DISCUSSION

Infectious bronchitis is prevalent in many parts of the
world, causing great economic loss to the poultry indus-
try in various countries (Cavanagh et al., 1997;
Jackwood, 2012). Although the various live-attenuated
and inactivated IBV vaccines have been used in produc-
tion, outbreaks of IB has occurred sporadically. As some
studies have shown, there are lack of cross protection be-
tween different IBV serotypes (Cook et al., 2001; Gelb
et al., 2005; Zhao et al., 2015). Currently, commercial
vaccines cannot provide enough protection for the chal-
lenge with heterogeneous strains, and more importantly,
an overall higher selective pressure strength was proven
after homologous vaccination was introduced, poten-
tially leading to the emergence of new vaccine-escape
variants (Franzo et al., 2017, 2019). Therefore, the
development of a polyvalent vaccine with multiple geno-
type composition is urgently required as an important
measure to prevent and control IBV in a short time.

Immunization with 1 serotype vaccine cannot provide
sufficient protection against heterologous virus, whereas
multiple immunization with a combination of different
serotypes can provide a vast protection immunity
(Cook et al., 1999). A clinical study has revealed that
51% protection rate was generated by administration
the Massachusetts serotype vaccine at 1 D of age and
the 793/B vaccine at 14 D of age in ciliostasis test on
5 dpc with D388 (QX-like genotype), whereas 74% pro-
tection generated at 7 dpc (de Wit et al., 2011). In this
study, almost all of vaccination strategies could provide
more than 70% protection effects against challenge with
the QX-like strain; Moreover, with the increase of the
number of different serotypes in vaccination strategies,
the protection was greater (Table 2).

Individually, changing the boost of vaccination in the
vaccination strategies for inoculating 2 different polyva-
lent vaccines may result in a change of protective effect.
It was indicated in a clinical study that 80 and 60% of
the ciliostasis protection effects against Middle East 885
and 1494 IBV strains were provided by administration
H120 vaccine at 1 D of age and CR88 at 14 D of age, but
more than 80% of the protection effects against tracheal
ciliostasis was provided when changed the boost of vacci-
nation (Awad et al., 2015). In this study, 93% clinical pro-
tection effects against the QX-like strain was generated by
administration of the polyvalent vaccine C at 1 D of age
and the polyvalent vaccine B at 10 D of age, whereas the
boost of vaccination was changed in group 3, and only
80% protection rate was provided (Table 2). At present,
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no study has demonstrated the mechanism about the
change of protection effect that was based on changing
the boost of vaccination (Karimi et al., 2018).

ELISA has been demonstrated to be a reliable and sen-
sitive method for the rapid detection of initial increase in
antibodies against the IBV (Chen et al., 2011). Specific
pathogen—free chickens used in this study were detected
to have higher levels of maternally derived antibodies. It
had been reported that maternally derived antibodies
had no adverse effect on the efficacy for 1-day-old
chickens to be immunized with live IBV vaccines (Bru
et al., 2017). The results showed that antibody titer of
the vaccinated chickens reached the highest value at
9 dpc with the QX-like strain and then decreased until
end of the experiment. Moreover, antibody titer of the
vaccinated chickens kept rising after challenging with
the TW-like strain, which was not consistent with the
actual clinical protective effects. Although low-to-
medium humoral response is expected after the adminis-
tration of live IBV vaccines (Terregino et al., 2008),
antibodies against the IBV was not always consistent
with actual clinical protection (Cavanagh, 2003).

Among the tissues examined by histopathology, the
main target organs of the IBV, trachea and kidney,
were most severely damaged (Zhao et al., 2015). In this
study, although the clinical protection against QX-like
IBV was relatively improved via different vaccination
strategies, the circulating virus cannot be cleared effec-
tively, which indicated that both systemic (IgM and
IgG) and mucosal (IgA) antibodies produced after immu-
nization were insufficient (Cook et al., 2012).

In summary, the data from this study and the literature
clearly demonstrate that a combination of commercial
polyvalent vaccines can provide great protection against
heterologous viruses. Although all the vaccination strate-
gies in this study cannot provide great protective effects
against the TW-like strain, cross protection against heter-
ologous viruses generated by combination of polyvalent
vaccines is available (Bande et al., 2015), and more vac-
cines should be included in studies to expand the protec-
tion spectrum of vaccine. The vaccination strategies in
this study were all directed against the QX-like and
TW-like strains prevalent in southern China. It is impor-
tant to identify the circulating and prevalent of IBV
strains in particular areas, as only then more appropriate
and effective vaccination strategies can be formulated. In
the short term, immunization with polyvalent vaccines
via different vaccination strategies may also control the
prevalence of IBV. In the long term, developing new
type and efficient IBV vaccines such as viral vector—
based vaccines, subunit and peptide-based vaccines, and
reverse genetic vaccines is essential.
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