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Infectious bronchitis (IB) virus (IBV) causes considerable economic losses to poultry
production. The data on transmission dynamics of IBV in China are limited. The complete
genome sequences of 212 IBV isolates in China during 1985–2020 were analyzed as
well as the characteristics of the phylogenetic tree, recombination events, dN/dS ratios,
temporal dynamics, and phylogeographic relationships. The LX4 type (GI-19) was found
to have the highest dN/dS ratios and has been the most dominant genotype since 1999,
and the Taiwan-I type (GI-7) and New type (GVI-1) showed an increasing trend. A total
of 59 recombinants were identified, multiple recombination events between the field and
vaccine strains were found in 24 isolates, and the 4/91-type (GI-13) isolates were found
to be more prone to being involved in the recombination. Bayesian phylogeographic
analyses indicated that the Chinese IBVs originated from Liaoning province in the early
1900s. The LX4-type viruses were traced back to Liaoning province in the late 1950s
and had multiple transmission routes in China and two major transmission routes in
the world. Viral phylogeography identified three spread regions for IBVs (including LX4
type) in China: Northeastern China (Heilongjiang, Liaoning, and Jilin), north and central
China (Beijing, Hebei, Shanxi, Shandong, and Jiangsu), and Southern China (Guangxi
and Guangdong). Shandong has been the epidemiological center of IBVs (including LX4
type) in China. Overall, our study highlighted the reasons why the LX4-type viruses had
become the dominant genotype and its origin and transmission routes, providing more
targeted strategies for the prevention and control of IB in China.

Keywords: infectious bronchitis virus, recombination, selective pressure, Bayesian phylogenetics, viral
phylodynamics, spatial transmission
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INTRODUCTION

Avian infectious bronchitis (IB) is an economically critical
poultry disease worldwide. IB virus (IBV) is a member of
the Coronaviridae family. Coronavirus infects humans and
many other animals. Since the beginning of this century, three
coronaviruses (SARS-CoV, MERS-CoV, and SARS-CoV-2) have
infected humans and caused death (Drosten et al., 2003; Zaki
et al., 2012; Lauer et al., 2020). In particular, the COVID-19
outbreak caused by SARS-CoV-2 in late 2019 has created a
serious public health problem worldwide. Since people have close
contact with animals, and coronavirus is prone to mutation and
recombination, it is unpredictable whether recombination will
occur between SARS-CoV-2 and animal coronavirus. Therefore,
it is necessary to strengthen the prevention and control of animal
coronavirus infections, including IB.

Infectious bronchitis virus has a single-stranded positive-
sense RNA genome of approximately 27.6 kilobases (kb) in
length encoding four structural proteins: spike (S) glycoprotein,
envelope (E) protein, membrane (M) glycoprotein, and
nucleocapsid (N) protein (Cavanagh, 2007; Fan et al., 2019). The
S protein is cleaved into S1 and S2 subunits by furin-like host
cell proteases (Cavanagh et al., 1992). The S1 protein mediates
the binding of the virus to host cells and is the most variable
region, which contains serotype-specific and virus-neutralizing
epitopes (Ignjatovic and Sapats, 2005). Therefore, the sequence
characteristics and evolution rules of S1 gene are often used for
molecular epidemiological analysis of IBV.

Multiple IBV genotypes, serotypes, or variants have been
identified globally. IBV strains worldwide are classified into seven
genotypes comprising thirty-five distinct viral lineages based on
the complete S1 gene sequences (Molenaar et al., 2020). In China,
the IBV strains are divided into multiple distinct groups, and the
LX4 type (QX or GI-19) appears to be the dominant genotype
(Xu et al., 2018). The LX4-type strain was first isolated in China
in 1996 (Wang et al., 1997) and has spread to several neighboring
countries and even to Europe (Liu et al., 2006; Huang et al.,
2019). At present, LX4-type viruses have already become the
dominant epidemic strains in the world (Zhao et al., 2017; Huang
et al., 2019). However, where did the LX4 type come from?
Why did the LX4 type evolve into a major dominant epidemic
strain in the world? These problems still remain unclear. Further
investigation is needed.

As mentioned above, many molecular epidemiological studies
based on S1 gene of IBV have been reported (Valastro et al., 2016;
Bande et al., 2017; Huang et al., 2019; Molenaar et al., 2020).
However, these studies could not fully explain the changes in
the pathotypes and serotypes of IBV variants (Lin and Chen,
2017; Fan et al., 2019). Recently, there have been some studies
based on the variation of other structural proteins of IBV (Finger
et al., 2018; Yuan et al., 2018; Liang et al., 2019; Wu et al.,
2019), indicating that these proteins also play important roles
in the evolution of IBV. However, the abovementioned studies
mainly focused on S1 gene, occasionally M and N genes, but
rarely analyzed all the four structural protein genes and the
full-length genome. In order to obtain comprehensive genetic
information and molecular mechanism of variation of circulating

isolates, it is necessary to analyze all the structural proteins of IBV
simultaneously and even the whole genome.

Recombination is an important contributing factor in the
emergence and evolution of IBV or even the emergence of
new coronaviruses or novel diseases (Jackwood et al., 2010).
Recombination events could occur between the field and vaccine
viruses or between the field viruses (Fan et al., 2019). So
far, the recombinants between the field and vaccine viruses
were common. However, there are multiple live-attenuated
vaccines used in the field in China, and little attention has
been paid to which live vaccine is more likely to participate in
the recombination. In addition, many previous recombination
descriptions merely analyzed the recombination of the S1 or S
genes, but the S1 or S genes were only a small part of the IBV
genome and could not represent all the biological characteristics
and recombination events of the whole genome, resulting in the
failure to fully understand the evolution rules of IBV. Moreover,
few studies on recombination hotspots are available. Hence, a
thorough and comprehensive recombination analysis using the
full genome sequences of as many strains as possible is needed.

China is the major producer of poultry worldwide with so
many chicken breeds, differing ages, and a wide variety of
rearing patterns (Huang et al., 2019). Yellow chickens are the
major local breeds in southern China where about 5 billion
birds were produced in 2019 (Deng et al., 2021). Compared
to the white-feather chickens, the yellow chickens have a long
raising time (about 120 days), and the free-range style is used
with ineffective biosecurity measures due to the open fields and
mountainsides (Wei, 2019; Deng et al., 2021). Moreover, some
other inadequate biosecurity measures were applied in these
flocks, such as lack of following the all-in, all-out basis, multi-
age chicken farming, close distance between different-age flocks,
different vaccination programs, and incomplete disinfection
between each batch of the birds (Deng et al., 2021), which increase
the odds of multiple infections of several IBV strains. In recent
years, due to the frequent vaccination failure, many chicken
farms tended to administer more frequent immunization and
simultaneous administration of multiple-type live-attenuated
vaccines, which promoted more frequent recombinations and
mutations. Therefore, the prevention and control of IB are
facing greater challenges and difficulties. In order to provide
more targeted strategies to prevent and control IB, a whole-
genome sequence analysis with longer time spans, that is more
comprehensive, and with more isolates is needed.

Although there were many previous studies that focused on
the genetic analysis of IBVs, most of the studies focused on
the phylogenetic and recombination analyses of S1 gene (Yan
et al., 2019; Ren et al., 2020; Zhang et al., 2020). The number
of IBV strains and the spanning time were limited. There were
few studies on the issues of defining the history of IBV and the
spread trajectories in China. There was little information about
its population dynamics over time and the major routes of its
domestic spread at the national level. It is necessary to carry
out long-term, in-depth, systematic epidemiological monitoring
of IBVs in China. Hence, we conducted the analyses of
phylogenetic, recombination, dN/dS ratios, temporal dynamics,
phylogeographic analysis, and demographic history of 212 IBV
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strains isolated in China during the years 1985–2020 in the
present study, aiming to obtain a comprehensive insight into the
evolution and spread of IBV in China and provide more targeted
strategies for the prevention and control of IB in China and
even around the world, as well as a reference for the prevention
and control of other animal coronavirus diseases and even the
COVID-19 pandemic.

MATERIALS AND METHODS

Infectious Bronchitis Virus Isolates and
Sequence Data
All complete genome sequences of Chinese IBV isolates were
downloaded from the GenBank database on December 31, 20201.
Only the complete genome sequences with known sampling
information, including dates (years) and locations (provinces)
were selected from the GenBank database. On this basis, those
sequences with a length greater than 27,000 nt were further
selected for analysis to ensure robust statistical support. The
complete genome sequences of 212 IBV isolates from 1985
to 2020 were available for analysis after the abovementioned
screening (Supplementary Tables 1, 2). According to the
GenBank database, the whole-genome sequences of 212 Chinese
IBV isolates were obtained by Sanger dideoxy sequencing
technology. The earliest eligible IBV strain sequence available
from the GenBank database was GX-C isolated in 1985, which
was sequenced and submitted to the GenBank database by our
group (Mo et al., 2013; Fan et al., 2019). The digital map
(Supplementary Figure 1) was obtained from the Institute of
Geographic Sciences and Natural Resources Research in China
(resource and environment data cloud platform2). These 212
IBV isolates were isolated in 22 provinces or autonomous cities
(zones) with a wide geographical range in China (Supplementary
Figure 1). The available complete sequences of 33 reference IBV
strains (Supplementary Table 3) included the commonly used
live vaccine strains in China, and the dominant genotypes and
serotypes around the world (Thor et al., 2011; Mo et al., 2013;
Zhao et al., 2016, 2017; Fan et al., 2019; Huang et al., 2020).
Among all complete genome sequences of IBV isolates from
other countries retrieved from the GenBank database, 68 IBV
isolates with known sampling dates and geographic locations
were chosen for analysis together (Supplementary Tables 4, 5).
Different datasets, including the sequences of the S1, S2, E, M,
and N structural genes, were extracted from the complete genome
sequences and used for analyses.

Gene Alignment and Phylogenetic
Analysis
The complete genome sequences and structural genes S1, S2,
E, M, and N of 212 Chinese isolates and 33 reference strains
were aligned using the Mafft version 73 (Katoh and Standley,
2013). The lowest Bayesian information criterion (BIC) was

1https://www.ncbi.nlm.nih.gov
2http://www.resdc.cn/data.aspx?dataid=243
3http://mafft.cbrc.jp/alignment/software/

calculated using Jmodeltest4 (Darriba et al., 2012). The best-
fitting substitution model (GTR + G + I) was selected.
Phylogenetic trees based on 212 Chinese isolates and 33 reference
strains were constructed using MEGA version 6.06 according to
the previous description (Tamura et al., 2013). Phylogenetic trees
based on the complete genome sequences of 68 IBV isolates from
other countries were also constructed as the above method.

Alignment of the deduced amino acid (aa) sequences of
the S1 protein was performed for the 212 Chinese isolates by
comparing with the vaccine strains M41, H120, 4/91, QXL87,
and LDT3-A, which were commonly used in China, and a field
strain LX4, representing the dominant IBV genotype circulating
in China. The minimal receptor-binding domain (RBD) and
three hypervariable regions (HVRs) were compared by the aa
sequences of S1 protein.

Recombination Detection
Two different approaches were used to identify the potential
recombination events that happened among the IBV complete
genomes, S1, S2, E, M, and N genes of the 212 Chinese
isolates. First, the complete genomes and the five genes were
detected for potential recombinants in the sequence alignment
using seven methods (RDP, GENECONV, BOOTSCAN,
MAXCHI, CHIMAERA, SISCAN, and 3SEQ) available in
the Recombination Detection Program (RDP4, Version 4.95,
Simmonics, University of Warwick, Coventry, United Kingdom)
(Martin, 2009). To minimize false positives for the complete
genomes, recombination events were only considered to
be significant if they were supported by at least four of the
seven methods with a significance value lower than 10−12

(p-value < 10−12) (Thor et al., 2011). To minimize false positives
for the S1, S2, E, M, and N genes, recombination events were only
considered to be significant if they were supported by at least four
of the seven methods with a significance value lower than 10−6

(p-value < 10−6) (Franzo et al., 2017). Second, the complete
genomes and the five genes further verified the potential
recombination events and the breakpoints by similarity plots
(SimPlots) analysis in SimPlot version 3.5.1 (Fan et al., 2019),
with a window of 200 bp and step size of 20 bp. Both Simplot and
RDP4 statistically identified each of the beginning and ending
breakpoints (with no gaps) of the recombinant strains.

Estimation of dN/dS Ratios
The dN/dS ratios within the proteins S1, S2, E, M, and N from
the 212 Chinese IBV isolates were analyzed by the SLAC, FEL,
and IFEL methods of Datamonkey version5 (Jackwood and Lee,
2017). The dN/dS ratios of the S1 protein of different genotypes
of IBV were also analyzed as the abovementioned method. The
maximum likelihood (ML) phylogenetic trees and the best-fit
model (GTR + G + I) of nucleotide substitution were used for
analyzing all the proteins. The recombinants were excluded in
order to reduce false detection of the dN/dS ratios.

4https://github.com/ddarriba/jmodeltest2
5http://www.datamonkey.org/
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Temporal Dynamics of Infectious
Bronchitis Virus
To infer the evolutionary rate, the time to the most recent
common ancestor (tMRCA), and population dynamics of the
Chinese IBV, the Bayesian Markov chain Monte Carlo (MCMC)
implemented in BEAST version 1.10.4 package6 (Suchard et al.,
2018) was used. The recombinants were excluded in order to
reduce the effect of evolutionary parameter estimation. To test
the temporal signal in the dataset, a regression of root-to-tip
genetic distances against the year of sampling in TempEst v
1.5.17 (Rambaut et al., 2016) was performed using the unrooted
ML tree generated with IQ-TREE v1.6.12 (Nguyen et al., 2015).
The best-fitting root of the tree that optimizes the temporal
signal was selected. The GTR + G + I substitution models were
used for the complete genome sequences based on the result
of jModelTest. BEAST version 1.10.4 package was set to both
the strict molecular clock model and the uncorrected lognormal
relaxed molecular clock model with two demographic models
(constant size and Bayesian skyline). Four pairs of models were
generated, and each pair was run for 5 million generations with
every 50,000 cycles sampled to ensure the convergence of relevant
parameters (i.e., effective sample sizes [ESSs] > 200) using Tracer
v1.7 (Rambaut et al., 2018). The fitting clock rate and virus
population evolutionary model were compared using ACIM,
and a strict molecular clock and Bayesian skyline were selected
(Supplementary Table 6). The MCMC was run for at least 500
million generations, allowing 10% burn-in and sub-sampling
every 5 million steps. Convergence was evaluated by calculating
the ESS of the parameters with ESS > 200 using Tracer v1.7
(Rambaut et al., 2018). The tree was summarized as maximum
clade credibility (MCC) tree using Tree Annotator v1.10.4, and
then the created MCC tree was visualized using FigTree v1.4.3.
The change of effective population size over time was inferred by
Bayesian skyline plots (Rambaut et al., 2018).

Phylogeographic Analysis and
Demographic History of Infectious
Bronchitis Virus
To gain insight into the circulation of IBV across the poultry
producing regions in China, the spatial transmission patterns
were reconstructed using a phylogeographic analysis (Baele et al.,
2012) in BEAST 1.10.4, based on the dataset of complete genome
sequences of Chinese IBV isolates. To infer the diffusion rates
among geographic locations, the asymmetric substitution model
with the Bayesian stochastic search variable selection (BSSVS)
was selected in BEAST v1.10.4, also allowing Bayes factors (BF)
calculations to test for significant diffusion rates in SPREAD3
v0.9.7 (Bielejec et al., 2016). Spread pathways were considered
to be important when they yielded a BF greater than 3 and
when the mean posterior value of the corresponding was greater
than 0.50. The MCMC simulations for 500 million steps across
three independent Markov chains were run, and samples of every

6http://beast.community/index.html
7http://tree.bio.ed.ac.uk

50,000 steps were collected. The ESS of each parameter was also
required to be more than 200.

In order to further explore the evolutionary origin of the LX4
type of IBV, phylogeographic analysis of the LX4-type viruses
was performed based on the complete genome sequences of IBV
from China and other countries. The MCMC analysis was run
for 300 million steps with a sampling of every 30,000 steps. Other
parameters were the same as the above method.

RESULTS

Phylogenetic Analysis
Based on the phylogenetic tree analyses of the complete genome
and S1, S2, E, M, and N genes, the 212 Chinese IBV isolates
were segregated into 6, 7, 7, 6, 6, and 5 distinct groups,
respectively (Figures 1A–F). There were 71.70% (152/212),
56.60% (120/212), 63.68% (135/212), 64.62% (137/212), 64.62%
(137/212), and 66.04% (140/212) of the IBV isolates clustered
in the LX4 type, respectively according to the complete genome
and S1, S2, E, M, and N genes. The LX4 type has been the
predominant genotype since 1999 (Supplementary Figure 2).
Among the complete genome sequences of 68 IBV isolates
from other countries, 15 isolates (22.06%) belonged to the
LX4 type (Supplementary Figure 3). The phylogenetic tree
based on the complete genome sequences showed that all the
Chinese IBV isolates were segregated into the LX4 type, Mass
type, 4/91 type, Peafowl/GD/KQ6/2003 type, Taiwan-I type, and
CK/CH/LSC/99I type, except a unique isolate GX-C (Figure 1A).
According to the phylogenetic tree characteristics of the complete
genome sequence of 212 Chinese IBV isolates analyzed in this
study, the LX4 type was the predominant genotype since 1999;
the Mass type, 4/91 type, and Taiwan-I type were the second,
third, and fourth most dominant genotypes, respectively, but
the Mass type and 4/91 type nearly disappeared after 2015.
The phylogenetic tree based on S1 gene sequences (Figure 1B)
showed that all the Chinese isolates were segregated into the LX4
type (GI-19, 56.60%, 120/212), Mass type (GI-1, 18.87%, 40/212),
4/91 type (GI-13, 11.32%, 24/212), Taiwan-I type (GI-7, 5.19%,
11/212), New type (GVI-1, 3.77%, 8/212), CK/CH/LSC/99I type
(GI-22, 2.36%, 5/212), and LDT3-A type (GI-28, 1.4%, 3/212),
respectively, except for the unique isolate GX-C. The LX4 type
was the predominant genotype since 1999. The Mass type
and the 4/91 type were the second and third most dominant
genotypes, and their change trends were similar to those based
on the complete genome sequences. However, the Taiwan-I type
(GI-7) has increased since 2011, and the New type (GVI-1)
increased since 2015.

The alignment results of S1 gene sequences with those of
the vaccine strain M41, H120, 4/91, QXL87, LDT3-A, and the
reference field strain LX4 revealed the presence of multiple
mutations (Supplementary Figure 4). There was a 5-aa-insertion
(FFLII), located in the HVR I found in S1 genes of 11 isolates.

Analysis of Recombinants
The recombination analysis showed that recombination events
were found in the complete genome of 59 isolates (27.83%,
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FIGURE 1 | Phylogenetic trees of the complete genome (A) and genes S1 (B), S2 (C), E (D), M (E), and N (F) of infectious bronchitis viruses (IBVs). Each type of IBV
was highlighted in different colors. The 33 IBV reference strains were marked with filled •. IBV isolates isolated during 1985–1998 were marked with filled N. The 69
IBV isolates isolated during 1999–2010 were marked with filled N. The 128 IBV isolates isolated during 2011–2014 were marked with filled N, and the 14 IBV
isolates isolated during 2015–2020 were marked with filled N. Phylogenetic trees were constructed with the maximum likelihood method using MEGA version 6.06.
The bootstrap clade support values were computed based on 1,000 bootstrap replicates. The number represents the percentage of times that the clade appeared
in the bootstrap tree distribution. Bootstrap values greater than 50% are shown.

59/212), and 16 of them (7.55%, 16/212) were found in S1 gene
(Figure 2 and Supplementary Tables 7, 8). The recombination
regions were distributed throughout the entire genome. Based
on the complete genome of 59 recombinant isolates, nsp3 and S
genes were found to have the greatest number of recombination
regions, with 28 and 26 recombination regions, respectively
(Figure 2A). nsp16 (19 recombination regions) and N (17
recombination regions) genes were found to have the third
and fourth greatest number of recombination regions. Based
on S1 gene of 16 isolates, the midstream (600–700 bp) of S1
gene (9 recombination regions) was found to have the greatest
number of recombination regions (Figure 2B). The downstream
(1,500–1,611 bp) of S1 gene (8 recombination regions) was
found to have the second greatest number of recombination
regions. The detectable recombination breakpoint positions were
located throughout the genome (Supplementary Figure 5A).
A large number of breakpoints were observed in the 5′UTR,

1a, nsp3, nsp5, N, and 3′UTR. 5′UTR, nsp3, nsp16, S, and N
genes were found to have the greatest number of transferred
fragments (Table 1), which was consistent with the location and
number of breakpoints in Supplementary Figure 5A. Moreover,
the recombination breakpoint positions clustered in nsp3 and S
genes. Thus, nsp3 and S genes were associated with the greatest
number of transferred fragments. There was no breakpoint in
the nsp8, nsp9, nsp10, and 3a regions. In addition, the detectable
recombination breakpoint positions of S1 gene were shown
in Supplementary Figure 5B. The recombination breakpoint
positions were clustered within the midstream (600–700 bp) and
downstream (1,500–1,611 bp) of S1 gene. In order to confirm
the results of the RDP analysis, genomic sequence analyses of
the complete genome of 59 isolates and S1 gene of 16 isolates
were carried out by the Simplot software, and the results were
consistent with those of the RDP analysis (Supplementary
Figures 6, 7).
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FIGURE 2 | The vaccine strain H120 was used as the reference strain. (A) The virus genome of the coronavirus avian infectious bronchitis showing the locations of
5′ and 3′ UTRs and the coding regions. (B) Recombination regions identified across S1 gene. Recombinant regions detected by RDP4 are highlighted in the line.
The green, yellow, blue, red, dark brown, pink, dark green, black, and gray lines indicate the recombinant regions that belong to the genotype of LX4,
CK/CH/LSC/99I, 4/91, Mass, Conn, Peafowl/GD/KQ6/2003, Taiwan-I, Lowa, and Georgia, respectively.

TABLE 1 | Number of transferred fragments associated with individual areas of the
genome for all of the isolates in China.

Genomic region Number of fragments % of total

5′UTR 13 7.47

nsp2 6 3.45

nsp3 29 16.67

nsp4 5 2.87

nsp5 8 4.60

nsp6 5 2.87

nsp7 3 1.72

nsp8 0 0.00

nsp9 0 0.00

nsp10 0 0.00

nsp11/12 8 4.60

nsp13 5 2.87

nsp14 7 4.02

nsp15 8 4.60

nsp16 10 5.75

Spike 28 16.09

3a 0 0.00

3b 1 0.57

Envelope 3 1.72

Membrane 6 3.45

5a 0 0.00

5b 6 3.45

Nucleocapsid 13 7.47

3′UTR 10 5.75

UTR, untranslated region; nsp, non-structural protein.

In addition, based on the complete genome sequences, a total
of 52 of 59 (88.14%), 14 of 59 (23.73%), and 11 of 59 (18.64%)
recombinants were likely from the LX4-type, 4/91-type, and
Mass-type isolates, respectively (Supplementary Figure 5A and

Supplementary Table 7). There were 20 recombinants formed
by two major parents and two minor parent strains. There
were four recombinants formed by three major parents and
three minor parent strains. So multiple recombination events
between the field and vaccine strains might occur in a total of
24 of the recombinant isolates (40.68%, 24/59) (Supplementary
Table 7). Based on S1 gene, a total of 11 of 16 (68.75%) and 8
of 16 (50%) recombinants were likely from the LX4-type and
4/91-type isolates, respectively (Supplementary Figure 5B and
Supplementary Table 8).

Estimation of dN/dS Ratios on the S1, E,
M, and N Proteins of Infectious
Bronchitis Viruses
The results showed that the ratios of the mean substitution
rates at the non-synonymous sites over those at the synonymous
sites (dN/dS) for S1, S2, E, M, and N proteins of the 212
isolates were 0.301, 0.136, 0.225, 0.168, and 0.159, respectively
(Supplementary Table 9). The dN/dS ratios for S1 protein of the
LX4 type, New type, Taiwan-I type, Mass type, CK/CH/LSC99I
type, 4/91 type, and LDT3-A type were 0.369, 0.358, 0.308, 0.307,
0.267, 0.239, and 0.174, respectively.

Evolutionary Rates and Population
Dynamics Analysis
The temporal signal was assessed using TempEst software via
root-to-tip regression analysis for the IBV isolates (correlation
coefficient = 0.6576; R2 = 0.4325). In this test, the dataset was
considered to have a relatively strong temporal signal for the
sampling year. The evolution rate of IBVs was estimated to
be 3.15 × 10−3 nucleotide substitutions/site/year (95% highest
posterior density [HPD] 3.01E–3 to 3.29E–3). The IBVs in the last
35 years were classified into 6 main clusters by plotting the MCC
tree (Figure 3). The estimated tMRCA of all the IBVs in China

Frontiers in Microbiology | www.frontiersin.org 6 April 2022 | Volume 13 | Article 693196

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-693196 March 29, 2022 Time: 15:32 # 7

Fan et al. Phylogenetic and Spatiotemporal Analyses in China

was the year 1901.94 (95% HPD [1885.44 to 1910.84]) found in
Liaoning province, and the times of origin (95% HPD) of the
major branch of viruses (LX4 type) in China was 1955.98 (95%
HPD [1948.06 to 1960.31]) in Liaoning province also (Figure 3).
A Bayesian skyline plot coalescent model was used to assess the
reconstruction of population history. Figure 3 shows temporal
changes in the effective population size of the viruses. Initially,
the population diversity of the viruses showed a slow reduction
before the 1980s. By 1980, the effective population size of the
viruses had increased and undergone an upward trend after
having fluctuated. The genetic diversity of the isolates increased
rapidly and peaked until 2006 and a sudden and sharp decline in
the effective population size was observed after 2006; thereafter, it
persisted for 2 years. But since late 2008, the viral population has
been rapidly rising again.

Phylogeography Analyses of Infectious
Bronchitis Virus in China
The spatial dispersion patterns of IBVs in China during 1985–
2020 were reconstructed. Figure 4 and Supplementary Table 10
show the major spread links of IBV. Generally, they spread
between northern and southern China. The first transmission
route was between the northern provinces Shandong, Hebei,
and Beijing and the northeastern provinces Liaoning and
Heilongjiang, with decisive support (BF > 100). The second
transmission route was from Jiangsu to Shanxi with decisive
support (BF > 100). The third transmission route was from
Hebei to Henan and Inner Mongolia (BF > 30). The fourth
transmission route was a long-distance movement event, notably
from Heilongjiang to Guangdong and Guangxi (BF > 30). The
fifth transmission route was from Hebei to Jilin, Hunan, Liaoning
to Shandong, Shandong to Jilin, and Jiangsu (BF > 10). A long-
distance movement event was from Shandong to Gansu (BF > 3).
In accordance with the major spread links of IBV, Liaoning
was the origin, which then propagated outwards in the early
1900s (Figure 4A). The directions of virus spread occurred
predominantly from Liaoning to Heilongjiang in the late 1950s
(Figure 4B), from the northeastern to northern in the early 1980s
(Figure 4C), and from the northern to eastern and southern
from 1980s to 2020 (Figure 4D). It is indicated that Shandong
has been the epidemiological center of IBVs in China from the
1980s to 2020 (Figure 4E and Supplementary Table 10), based
on the decisive spread routes from Shandong to Heilongjiang and
Shandong to Hebei (BF > 1,000).

An additional temporal signal of the dataset (152 LX4-type
isolates in China based on Figure 1A and 15 LX4-type isolates
in other countries based on the Supplementary Figure 3) was
assessed. The results of the MCC tree (Figure 5A) showed
that the sequences of the LX4-type IBV isolates in China were
closely related to the early isolates of Liaoning in the late 1950s
(correlation coefficient = 0.5945; R2 = 0.3534). The results of
the BF value and the major spread links showed that the LX4-
type isolates had multiple transmission routes in China (Figure 6
and Supplementary Table 11). The first transmission route was
between Shandong and Liaoning, and Jilin and Heilongjiang
(BF > 100). The second transmission route was between

Shandong, Hebei, Shanxi, and Jiangsu (BF > 100). The third
transmission route was between Shandong and Beijing (BF > 30).
The fourth transmission route was between Shandong, Hebei,
and Anhui, Zhejiang (BF > 3). The fifth transmission route was a
long-distance movement event, notably from Heilongjiang, Jilin
to Guangxi and Guangdong (BF > 3), Liaoning to Xinjiang,
Shandong to Gansu, and Hebei to Hunan (BF > 10). Besides, a
short-distance movement event was also observed from Guangxi
to Guangdong (BF > 3). In accordance with the major spread
links of the LX4 genotype, Liaoning was the origin of LX4
genotype IBV, which then propagated outwards in the late 1950s
(Figures 3, 5A, 6). The directions of virus spread occurred
predominantly from Liaoning to Heilongjiang in the early 1960s
(Figure 6B), from the northeastern to northern regions in
the early 1980s (Figure 6C), and from northern to eastern
and southern regions (Figure 6D). Similarly, it is indicated
that Shandong has been the epidemiological center of the LX4
genotype (Figure 6E and Supplementary Table 11), based on the
decisive spread routes from Shandong to Heilongjiang, Shandong
to Hebei, and Shandong to Jiangsu (BF > 1,000).

The results of the MCC tree (Figure 5B) showed that the
sequences of Europe’s LX4-type isolates were closely related to
the early isolates of China in the 1980s, which were in group 2.
South Korea’s LX4-type isolates were closely related to the late
isolates of China in the 1980s, which were in group 1 (correlation
coefficient = 0.612; R2 = 0.3746). The results of BF value and the
major spread links (Figure 7) showed that the LX4-type IBVs
had two major transmission routes in the world: from China to
Europe (Poland, Sweden, and so on) (BF > 10) and from China
to South Korea (BF > 100).

DISCUSSION

The co-circulation of multiple IBV genotypes and the ongoing
emergence of IBV variants have the greatest epidemiological
challenges in China. In our study, a total of 6, 7, 7, 6, 6,
and 5 genotypes were identified based on the sequences of the
full-length genome and structural genes S1, S2, E, M, and N,
respectively. According to the phylogenetic trees of both the
whole genome and S1 gene, the top four dominant genotypes
were the LX4 type, Mass type, 4/91 type, and Taiwan-I type,
respectively. Therefore, our results showed that China was still
in a state of coexistence of multiple genotypes with the LX4 type
as the dominant genotype, which agreed with many previous
descriptions (Liu et al., 2009; Zou et al., 2010; Li et al., 2012;
Huang et al., 2019). We found that the LX4-type isolates have
been dominant since 1999 in our study, which was earlier than
those previous descriptions (Zhao et al., 2017; Jiang et al., 2018;
Ren et al., 2020). The possible explanations are as follows:
first, the isolates in our study were collected from 1985, while
those in the previous studies were collected later than 1985.
Second, the previous studies focused on the S1 gene sequences
rather than the whole genome, but it is impossible to get a
comprehensive understanding of the origins and evolutionary
processes of those emerging viruses only by analyzing this small
portion of the genome. In addition, the LX4 genotype was found
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FIGURE 3 | The maximum clade credibility tree and Bayesian skyline plot (BSP) of full-length genome sequences of infectious bronchitis viruses (IBVs) (see section
“Materials and Methods” for further details). The maximum clade credibility (MCC) tree was constructed with 10% burn-in by Tree Annotator version 1.10.4
implemented in the BEAST software package. The color of the branches corresponds to geographical areas. A change in branch color indicates a time and
geographical area change during the genotype’s evolutionary history. The scale bar represents the unit of time (year). Bayesian skyline plot (BSP) is superimposed to
the tree in the same time-scale (x-axis). The y-axis represents the effective population size (log10 scale). The black line represents the effective population size
through time, and the orange area around the line represents the 95% highest posterior density (HPD) of the estimates.

to have the highest dN/dS ratios compared with other genotypes.
High dN/dS ratios may promote the viral fitness in the infected
hosts (Zhao et al., 2016). Thus, this is an explanation for why
LX4 was the dominant genotype in recent years. Besides, we
found that the Taiwan-I-type and New-type isolates showed
an increasing trend since 2011 and 2015, respectively, in the
country, which agreed with other previous studies (Xu et al., 2018;

Fan et al., 2019; Huang et al., 2020), indicating that the commonly
used commercial vaccines could not provide complete protection
against these two genotype isolates. The development of new
vaccines targeting Taiwan-I-type and New-type isolates should be
of practical significance currently.

Recombination among coronaviruses could decrease
mutational load, create genetic variation, and lead to the
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FIGURE 4 | The dynamics analysis of geographical regions of the full-length genome sequences of field isolates from China sampled during the years 1985–2020
(A–D). Spatiotemporal dynamics of the full-length genome gene sequences of infectious bronchitis virus (IBV) among 20 localities. Bayes factor (BF) test for
significant non-zero rates and regional transmission analysis (E). Curves show the among-country virus lineage transitions statistically supported with Bayes
factor > 3 for all the IBV isolates in China. Curve colors represent corresponding statistical support (Bayes factor value) for each transition rate (inset).

appearance of new isolates (Worobey and Holmes, 1999; Thor
et al., 2011). Another study showed that some “hot spots” for
recombination were in the regions of 1a (nsp2 and nsp3) and 1b

(nsp16) of the genome and the upstream of the S gene based on
the analysis of 25 America IBV isolates, and there were a high
number of breakpoints in these three areas (Thor et al., 2011).
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FIGURE 5 | The maximum clade credibility tree of LX4-type full-length genome sequences of infectious bronchitis virus (IBV) isolates in China (A) and the world (B).
The color of the branches corresponds to geographical areas.

However, our results showed that most of the breakpoints of
recombination events may be located in nsp3 (1a region) and
S gene (midstream and downstream) based on the 212 IBV
isolates in China. Therefore, the breakpoints of recombination
events of the IBV isolates in China were unique. Interestingly,
no breakpoint in the regions of nsp8, nsp9, nsp10, and 3a was
found. Areas that have the highest occurrence of recombination
are located in regions of the genome that code for non-structural
proteins 3 and the structural spike glycoprotein. A previous
study showed that nsp3 encodes the protease PLP2, which is a
type I interferon (IFN) antagonist and has a deubiquinating-
like activity (Thor et al., 2011). Changes in the amino acid
composition of the area in nsp3 could affect the ability of the
virus to replicate in a variety of cell types (Thor et al., 2011).
Moreover, the recombination in the area of nsp3 could alter
the pathogenicity of the virus by modulating host cytokine
expression (Eriksson et al., 2008; Thor et al., 2011). The spike
glycoprotein exerts influence in attachment to host cell receptors,
membrane fusion, and entry into the host cell (Thor et al.,
2011). The spike glycoprotein has conformationally dependent
epitopes that induce virus-neutralizing and serotype-specific
antibodies (Cavanagh, 2007; Thor et al., 2011). Hence, the degree
of recombination observed in the spike glycoprotein may be one
of the principal mechanisms for generating genetic and antigenic
diversity within IBV. The recombination regions within or near
the S1 protein can lead to the emergence of new coronaviruses or
new IBV serotypes (Thor et al., 2011). Our research showed that
the recombination regions within S1 gene may be clustered in
the midstream (600–700 bp) and downstream (1,500–1,611 bp)
of the gene. The RBD was located in the midstream of S1 gene.
The RBD was very important for the biological implications of
genetic variation in circulating IBV genotypes (Bouwman et al.,
2020). It was found that the amino acids 99–159 of RBD in the
nephropathogenic IBV strain QX were required to establish

kidney binding, and the reciprocal mutations in QX-RBD
amino acids 110–112 could abolish kidney binding completely
(Bouwman et al., 2020). Thus, more attention should be paid to
these regions. In addition, the results of recombination analysis
based on the whole genome and S1 gene would not be always
consistent (Thor et al., 2011; Franzo et al., 2017). For example,
based on the analysis result of recombination events in the
complete genomes, there was a recombination region detected
in the S1 region in EU637854 too. However, the p-value of S1
gene in EU637854 was lower than 10−6 but higher than 10−12

(10−12 < p-value < 10−6). We did not show such a result in
Figure 2A.

China is the major producer of chickens worldwide. In
spite of the widespread use of Mass type (H120, H52, Ma5,
28/86, M41, and W93), 4/91 type (NNA), LDT3-A, QXL87, and
other vaccines, IB has been a continual problem in vaccinated
flocks in China (Fan et al., 2018; Yan et al., 2019; Ren
et al., 2020; Zhang et al., 2020). To obtain a comprehensive
understanding of the epidemiological situation, evolutionary
trend, and spatiotemporal diffusion of IBVs in China, a 35-year
epidemiological analysis of a total of 212 IBV isolates from the
years 1985 to 2020 on a national scale was performed here.

So far, there are three sequencing technologies, namely, Sanger
dideoxy sequencing, next-generation sequencing (NGS), and
third-generation sequencing (single molecular sequencing). The
Sanger sequencing is read in longer sequences (800–1,000 bp),
with high accuracy and ease of use, and its disadvantages were
the limited capacity and relatively high costs (Heather and Chain,
2016). The low-fidelity polymerase errors could affect the result
of genome sequences during the PCR, and the errors can be
reduced by using a high-fidelity polymerase. The NGS allowed
the sequencing of multiple genes, exomes, or genomes in a
single experiment, which is far quicker and cheaper than the
Sanger sequencing, but its operation processes require more steps
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FIGURE 6 | The dynamics analysis of geographical regions of the LX4 genotype isolates from China (A–D). Spatiotemporal dynamics of the full-length genome gene
sequences of LX4 genotype infectious bronchitis virus (IBV) among 18 localities. Bayes factor (BF) test for significant non-zero rates and regional transmission
analysis (E). Curves show the among-province virus lineage transitions statistically supported with Bayes factor > 3 for all the LX4 genotype IBV isolates in China.

and read in shorter sequences (400–500 bp) (Diekstra et al.,
2015). The third-generation sequencing technology is developed
rapidly with lower cost and more reads in long sequences,
but it has more proportion of the wrong bases (Heather and
Chain, 2016). According to the GenBank database, all the whole-
genome sequences of 212 Chinese IBV isolate for analysis were
obtained by Sanger dideoxy sequencing technology. Therefore,

the sequencing method used for the sequences analyzed in the
present study has little effect on the results.

Recent studies revealed that the 4/91-type strains have become
an important gene donor to variants in the genetic evolution of
IBV in China (Zhao et al., 2016; Fan et al., 2019; Xu et al., 2019;
Huang et al., 2020). Our studies showed that the percentage of
4/91-type recombinants (23.73 and 50% recombinants based on
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FIGURE 7 | Spatiotemporal dynamics of LX4-type infectious bronchitis virus (IBV) isolates among different localities (A–D). Bayes factor (BF) test for significant
non-zero rates and regional transmission analysis (E). Curves show the among-country virus lineage transitions statistically supported with Bayes factor > 3 for all
the LX4 genotype IBV isolates in the world.

the full-length genome and S1, respectively) may be higher than
that of Mass-type recombinants (18.64 and 12.50% recombinants
based on the full-length genome and S1, respectively) in the
present study, which agreed with our previous reports (Mo
et al., 2013; Fan et al., 2019). In the previous study, we analyzed
several reasons why the 4/91-type strains were more prone to
recombination than other vaccine-type strains (Fan et al., 2019).
Given the infrequent prevalence of the 4/91-type isolates since
2015, it is recommended that the 4/91-type vaccine is to be
used sparingly or with caution, but continued monitoring is
needed. In addition, we found that multiple recombination events
between field and vaccine strains may have occurred in the 24
recombinant isolates based on the complete genomes of the 212
Chinese isolates, suggesting the complexity of the recombination
mechanism of IBV. Our results also suggest that genome-
wide recombination analysis, not just S1 gene recombination

analysis, should be performed in order to have a comprehensive
understanding of recombination events of IBV isolates.

Bayesian phylodynamic models have not been widely used
for disease surveillance in the poultry industry. However, they
have been used widely to analyze the evolution and spatial
spreading of SARS-CoV (Rest and Mindell, 2003), MERS-CoV
(Breban et al., 2013), and SARS-CoV-2 (Li et al., 2020). In our
study, the abovementioned models were used for analyzing the
domestic history of IBVs in China to serve as a real-time early
warning monitoring system and help the managers to make the
correct decisions to reduce the risk of infection. According to
our results, the Liaoning isolates were at the root of the tree,
with the highest root state posterior probability in the 1900s.
Thus, Liaoning was the origin of IBV in China in 1901. To our
knowledge, this is the first report referring to the origin of the
Chinese IBV on both the exact time and place by the Bayesian
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phylodynamic models. However, the inferred past geographical
locations are heavily limited by the input data. All sequences
were from provinces in China, and thus the inferred origin of the
virus in the dataset would undoubtedly be one of the provinces of
China. In China, Liaoning used to be one of the major provinces
of poultry production and has a close relationship with live bird
trading with other provinces. In addition, based on the MCC
tree, the LX4-type isolates were first found in Liaoning in the late
1950s and then spread to other provinces. Franzo et al. (2017)
found that the QX genotype (LX4 type, GI-19) originated from
China in the late 1970s, and the GI-19 lineage circulated within
the country until it migrated to Europe in the late 1990s, based on
the analysis of S1 gene of total of 807 strains from 18 countries by
plotting the MCC tree. The first LX4-type isolate (QX strain) was
reported in Qingdao, Shandong province, in 1996 (Wang et al.,
1997). The first case reported in Qingdao in 1996 did not mean
that the virus first appeared in that time and area. Zhao et al.
found that many LX4-type IBVs disappeared before 2005 because
they were not “fit” for adaptation in chickens, but those “fit”
LX4-type IBVs continued to evolve and have become widespread
and predominant in commercial poultry after 2005 (Zhao et al.,
2017). The LX4 (GI-19) lineage had circulated for a long time
in China before its recognition as a distinct genotype in 1996
(Franzo et al., 2017). Hence, our result first demonstrated that
Liaoning province was the origin of LX4-type IBV in the late
1950s. Besides, in order to get a full picture of the virus evolution,
we try to divide the alignment into several recombination-free
regions such as S and E genes and do a separate analysis on
each of them instead. However, different genomic regions have
different evolutionary histories. Therefore, in order to obtain
comprehensive genetic information and molecular mechanism of
variation of IBV isolates and mapped to the S gene (the greatest
number of recombination regions and the very strong signal),
we excluded the complete genome of 16 isolates, which were the
potential recombinant sequences in S gene, and used the dataset
to analyze the evolution and spatial spreading of viruses.

A previous report showed that the avian influenza virus’s
transmission occurred along the poultry industry trade routes
(Yang et al., 2020). Interestingly, a similar phenomenon appeared
in our study based on the IBV trade routes. In our study, five trade
routes for both IBV and LX4-type isolates in China were strongly
indicated with high BF values. Moreover, the first transmission
route (from Shandong to Heilongjiang and Jilin), the second one
(from Jiangsu to Shanxi, from Shandong to Jiangsu and Hebei),
the fifth one (from the northeastern province Heilongjiang and
Jilin to the southern provinces Guangxi and Guangdong), and
the long-distance movement events (from the northern province
Shandong to the northwestern province Gansu and from Hebei
to the southern province Hunan) of the LX4-type isolates were
similar to those of the IBVs in China. The northern region
including Shandong and Liaoning provinces is the biggest region
of white chicken production in China with annually 1.8 and
0.8 billion birds, respectively, while Guangxi and Guangdong
had the biggest production of the local breeds of chickens (1.9
billion birds) in 2019 (Wei, 2019; Deng et al., 2021). Hence, the
five transmission routes were basically consistent with poultry
industry trade routes.

In order to provide more targeted strategies for the
prevention and control of the disease, we employed a Bayesian
phylogeographic approach. Based on the IBV spread routes, all
IBVs especially the LX4-type isolates in China exhibited evidence
of a continuous process of geographic spread. Nowadays,
northeastern, northern, and southern regions of China were the
most frequent places of the viral output and input, indicating that
these three areas have been the epicenter of the LX4 genotype in
China. A previous report showed that the intensity of the poultry
trade among locations and the migration of wild birds among
locations in China were positively associated with avian influenza
virus lineage spread, and the distances along the road network
in China were strongly inversely associated with viral lineage
spread (Yang et al., 2020). We found that the IBVs (including
LX4 type) spread routes and that the live poultry trade network
was positively associated with the viral lineage spread. Hence,
the IBVs in the Chinese mainland were mainly spread through
the transport and trade of live birds, while the long-distance
spreads, which were from the northeastern Liaoning province to
northwestern Xinjiang province and the northeastern provinces
Heilongjiang, and Jilin to the southern provinces Guangxi and
Guangdong, were more likely through migratory wild birds.
These data on mode of geographic spread would play a critical
role in the prevention and control of IB.

To further investigate the source of the LX4-type isolates in the
world, we also conducted phylogeographic inference. The full-
length genome sequences of the early LX4-type isolates during
2004–2018 in other countries were found to be closely related to
the early isolates in China during 1995–2016, as they were at the
lower level of the node in the tree, which means that the LX4-type
isolates were likely to have originated from China. In addition,
tMRCA of the earliest LX4-type isolates was estimated to be in
the late 1950s according to the Bayesian analyses. The LX4-type
isolates had spread from China to Europe in the early 1980s
and spread from China to South Korea in the late 1980s based
on the Bayesian analyses. Of course, the inferred transmissions
of LX4-type IBV might not be direct, but the virus may have
gone unobserved through multiple countries before entering
Europe/South Korea. Other researchers reported that the LX4-
type strain was from South Korea based on the analysis of S1
genotype, the time of isolating, and the geographical distance
between Shandong province and South Korea (Liu et al., 2006;
Huang et al., 2019). However, analysis of S1 gene alone had a
limitation. The Bayesian phylodynamic models have been used
widely to analyze the evolution and spatial spreading of SARS-
CoV-2 (Li et al., 2020). Hence, a thorough and comprehensive
Bayesian analysis using as many strains across the world with
the entire genome sequences could contribute to a greater
understanding of the spread of IBV. Of course, our research also
had some data limitations. For example, the number of samples
was inhomogeneous in different countries.

The generation, maintenance, and distribution of genetic
variation of the virus can be affected by a sudden change in
population size (Gao et al., 2019). Indeed, our demographic
analyses reveal that IBV populations in China had been small
before the 1980s but have undergone expansion since the 1980s,
possibly associated with a capacity expansion of chicken in China
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after China adopted the reform and opening-up policy. However,
a sudden and sharp decrease in genetic diversity was observed
after 2006, probably due to an outbreak of the H5N1 virus in
migratory waterfowl in Qinghai in 2005 and spread to other
areas (Chen et al., 2005), which had brought substantial damage
to the poultry industry. A large number of farms were closed
due to being affected by the pandemic avian influenza (Wei,
2019). At that time, the inter-provincial trade of live poultry was
banned, which was in accordance with our result that the IBV
population declined in size from 2006. However, since late 2008,
a sharp increase was observed in viral population size. There
may be two main reasons to explain this phenomenon. First,
new farms were increasing because of the successful control of
the avian influenza outbreak. The inter-provinces’ live poultry
trade was allowed. Second, the LX4-type isolates had become the
predominant IBVs since 2008 based on the analysis of S1 gene
(Mo et al., 2013; Fan et al., 2019), and the implementation of
the current vaccines could not provide good protection against
the circulating strains. Other studies indicated that the change
of viral population size had a strong association with the vaccine
administration/withdrawal (Franzo et al., 2014, 2016). However,
the protection provided by the new commercial LX4-type vaccine
(QXL87) on the market against the LX4-type isolates has not been
studied yet, which needs further investigation.

CONCLUSION

In conclusion, Chinese IBV was still in a state of coexistence
of multiple genotypes, the LX4 type with the highest dN/dS
ratios has been the most dominant genotype since 1999, and the
Taiwan-I type and New type showed an increasing trend recently.
A high frequency of recombination and multiple recombination
events have occurred in the complete genome, and the 4/91-type
strains were more prone to be involved in the recombination. The
Chinese IBV originated from Liaoning in the early 1900s and has
three main clusters: the northeastern cluster, the northern cluster,
and the southern cluster. In particular, the LX4 type originated
from Liaoning in the late 1950s and had multiple transmission
routes in China plus two major transmission routes to other
countries. Shandong has been the epidemiological center of IBVs
(including LX4 type) in China. These data extend our insight
into the evolution and spread of IBV in China and provide more
targeted strategies for the prevention and control of IB in China.
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Supplementary Figure 1 | Distribution of 212 IBV isolates in China. Distribution is
presented as the number of isolates per province or autonomous city (zone), from
most cases (45, dark red) to no case (0, white).

Supplementary Figure 2 | The percentages of different genotypes based on the
complete genome sequence (A), S1 (B), S2 (C), E (D), M (E), and N (F) of IBV
strains in different years. There was only one IBV strain (GX-C) isolated during
1985–1998, which showed considerable low homology with the above other
genotypes and belonged to a separate group.

Supplementary Figure 3 | Phylogenetic trees of the complete genome of 68
IBVs from other countries and the 33 IBV reference strains. Phylogenetic trees
were constructed with the maximum likelihood method using RaxML software.
Green represent LX4 genotype. The green solid dots represent 15 LX4
genotype IBV isolates.

Supplementary Figure 4 | Alignment of the deduced amino acid sequences of
the S1 subunit of the spike protein of 212 IBV isolates and the references M41,
H120, 4/91, QXL87, LX4, and LDT3-A strains. Amino acid sequences encoding
the three hypervariable regions are signed in red line. The minimal receptor-binding
domains corresponding to the most N-terminal residues 19–272 of the spike
protein of IBV M41 are boxed, and the critical amino acids 70–74 are highlighted
in red. KM213963: the isolate of CK/CH/XDC-2/2013; KP118886: the isolate of
ck/CH/LSD/111235; KC008600: the isolate of GX-C; HQ848267: the isolate of
GX-YL5; HQ850618: the isolate of GX-YL9; KF411041: the isolate of
CK/CH/LGX/091109; KP118894: the isolate of ck/CH/LGD/090907; KC013541:
the isolate of Ck/CH/LGD/120723; KC119407: the isolate of Ck/CH/LGD/120724;
JF893452: the isolate of YN; MK644086: the isolate of E160_YN.

Supplementary Figure 5 | The vaccine strain H120 was used as the reference
strain. (A) The virus genome of the coronavirus avian infectious bronchitis showing
the locations of 5′ and 3′ UTRs and the coding regions. Recombination
breakpoints identified across the full-length genome. The putative recombinants
were listed in the key, with the colored circles matching each corresponding
breakpoint. The beginning breakpoint was highlighted in •, •, • circles and the
ending breakpoint was highlighted in •, •, • circles from 5′ to 3′ UTRs in every
recombinant isolate. (B) Recombination breakpoints identified across the S1 gene.
The beginning breakpoint was highlighted in • circle and the ending breakpoint
was highlighted in • circle in every recombinant isolate.

Supplementary Figure 6 | Similarity plots of the full-length genome of 59 IBV
isolates created with SimPlot version 3.5.1. A 200-bp window with a
20-bp step was used.

Supplementary Figure 7 | Similarity plots of the S1 structural gene region of 16
IBV isolates created with SimPlot version 3.5.1. A 200-bp window with a
20-bp step was used.
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