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BRASSINAZOLE RESISTANT (BZR) are transcriptional factors that bind to the DNA of
targeted genes to regulate several plant growth and physiological processes in response
to abiotic and biotic stresses. However, information on such genes in Brassica napus is
minimal. Furthermore, the new reference Brassica napus genome offers an excellent
opportunity to systematically characterize this gene family in B. napus. In our study, 21
BnaBZR genes were distributed across 19 chromosomes of B. napus and clustered into
four subgroups based on Arabidopsis thaliana orthologs. Functional divergence analysis
among these groups evident the shifting of evolutionary rate after the duplication events.
In terms of structural analysis, the BnaBZR genes within each subgroup are highly
conserved but are distinctive within groups. Organ-specific expression analyses of BnaBZR
genes using RNA-seq data and quantitative real-time polymerase chain reaction (QRT-
PCR) revealed complex expression patterns in plant tissues during stress conditions. In
which genes belonging to subgroups lll and IV were identified to play central roles in plant
tolerance to salt, drought, and Sclerotinia sclerotiorum stress. The insights from this study
enrich our understanding of the B. napus BZR gene family and lay a foundation for future
research in improving rape seed environmental adaptability.

Keywords: Brassica napus, brassinosteroid, miRNAs, abiotic stress, gene expression

INTRODUCTION

Abiotic and biotic stresses are the two main environmental factors that influence plant development
and quality throughout their life span. Transcriptional factors (TFs) play an indispensable role
in mediating multiple hormonal signaling pathways to drive adaptive response against abiotic
and biotic stresses. It is well known that a group of transcriptional factors, BRASSINAZOLE
RESISTANT (BZR), bind to specific sequences to convey environmental stimuli in regulating
plant tolerance to various stresses (Glazebrook, 2001). BZR, also named BRI1-EMS-SUPPRESSOR
(BES), is a positive regulator of the brassinosteroid (BR) hormone. BR is the polyhydroxy steroid
hormone required in various plant development processes, including photomorphogenesis, cell
division, vascular differentiation, pollen tube formation, seed germination, reproduction, elongation,
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senescence, and exhibits response to various abiotic stresses (Zhu
et al, 2013; Fridman et al., 2014; Wei and Li, 2016; Li et al.,
2018). It is also noteworthy that the exogenous application of
BR can act as an immunomodulator to improve plant tolerance
against biotic stresses, including bacterial and pathogen infection
(He et al, 2007; Chinchilla et al, 2009). BR mediates plant
development through BRASSINOSTEROID-INSENTIVE 1 (BRI1),
a membrane-localized receptor, which upon binding with BRI1-
ASSOCIATED RECEPTOR KINASE (BAKI1), directs the
transcriptional activity of the BZR TFs (Li et al., 2001; He et al,,
2002; Yin et al, 2002; Kim et al, 2011). BZR transcription
family contains two homologous TFs, BRASSINAZOLE
RESISTANT 1 (BZR1), and BRASSINOSTEROID INSENSTIVE
1-ETHYLE METHAESULFONATE SUPPRESSOR 1 (BES1/BZR2),
which are known to be the central transcription factors in BR
signaling. BZR TFs are mainly expressed in leaf, flower, root,
and shoot (Li and Chory, 1999; Reise and Waller, 2009) and
are localized in the nucleus to bind with the E-box (CANNTG)
and BR-response (CGTGT/CQG) cis-elements of one-quarter of
BR-responsive genes (Yu et al, 2011; Zhang et al, 2014; Wu
et al., 2016b). These interactions coordinate various aspects of
molecular and cellular processes, including plant tolerance to
abiotic stresses. For instance, BZR1 interacts with C-REPEAT/
DRE BINDING FACTOR (CBF) to govern freezing tolerance
in Arabidopsis thaliana (Li et al., 2017). At the same time, BZR2
directly binds with the promoter region of glutathione
s-transferase-1 (GST1) to maintain plant growth under drought
stress (Cui et al, 2019). Moreover, BZR1 also binds with
FLOWERING LOCUS D (FLD) to regulate flowering (Zhang
et al, 2013b). Furthermore, recent studies have also reported
the interaction of BZR1/BZR2 with PHYTOCHROME
INTERACTING FACTORS (PIFs), MAP KINASE 6 (MAPK®6),
WRKY TRANSCRIPTION FACTOR 54 (WRKY54), ATBSI1-
INTERACTING FACTOR 2 (AIF2), and transcription elongation
factor IWSI to mediate BR-related plant development and defense-
related processes (Li et al., 2010; Oh et al,, 2012; Kang et al,
2015; Chen et al, 2017; Kim et al, 2017; Jia et al, 2020).
Subsequent studies indicate that BZR TFs also show higher
affinity with transcriptional factors of multiple phytohormones.
For instance, BZR1 and BZR2 interact with BRI1-like receptor
gene 3 (BRL3) to suppress the transcriptional activity of the
positive regulator of abscisic acid (ABA) to inhibit seed dormancy
and increase flowering growth during the reproductive stage
(Ryu et al, 2014; Yang et al, 2016). Additionally, BZRI and
BZR2 also bind with the negative regulator of gibberellins signaling
to arbitrate plant growth in response to relentless stresses (Li
et al,, 2012). These molecular interactions between transcriptional
factors of the different phytohormones evidenced the crosstalk
between BR and multiple phytohormone signaling. However, the
precise molecular mechanism of these synergies is mainly unknown.

In Arabidopsis, six members of the BZR gene family were
identified, AtBZRI1, AtBZR2, AtBEHI, AtBEH2, AtBEH3, and
AtBEH4. The dominant mutants of bzrI-D and besI-D displayed
a delay in flowering with wider dark green leaves and showed
upregulated expression of BR-responsive genes in A. thaliana
(Wang et al,, 2002; Yin et al, 2002). Additionally, a recent
study also confirmed the function of BZR in light signaling

pathways, which shows the interaction of BZRI with light-
regulated transcriptional factor HY5 in regulating plant
photomorphogenesis (Li and He, 2016), whereas downregulation
of wheat BZR2 displays sensitivity to drought stress (Cui et al.,
2019). In contrast, BEHI-4 genes are thought to have a partially
redundant function in BR signaling. For instance, in A. thaliana,
the quadruple mutant (behl, beh2, beh3, and beh4) did not
exhibit any noticeable phenotype, while sextuple mutant (bzrl,
besl, behl, beh2, beh3, and beh4) shows abnormal tapetum
development, and male sterility (Chen et al., 2019a,b). However,
a recent study listed the function of AtBEH4 in modulating
embryonic stem development (Lachowiec et al., 2018), suggesting
the redundant functions of the BZR gene family. However,
there is insufficient progress in understanding the individual
role of BEHI-4 genes, especially in abiotic and biotic stresses.
Overall, significant progress has been made to systematically
characterize the BZR gene family in Oryza sativa (Tong et al,,
2012), Zea mays (Manoli et al., 2018), Brassica rapa (Saha
et al, 2015), Glycine max (Zhang et al, 2016), Solanum
lycopersicum (Liu et al., 2014), Petunia hybrida (Verhoef et al.,
2013), Eucalyptus grandis (Fan et al., 2018), and other plant
species (Table 1), which shows various functions of the BZR
genes in regulating important agronomic traits including tillering,
stress tolerance, and yield. However, no progress has been
made to characterize the functional divergence of the BZR
gene family and their regulatory mechanism in Brassica napus.

Brassica napus is one of the few dicot plants that have very
valuable uses. Its oil-rich seed is utilized for industrial and
nutritional purposes or as a protein-rich forage for animals
(Friedt et al., 2018). However, B. napus growth is sensitive to
a variety of biotic and abiotic stresses, including waterlogging,
salt, drought, and Sclerotinia sclerotiorum infection (Xu et al.,
2015; Sun et al., 2017; Hatzig et al., 2018; Sabagh et al., 2019),
which significantly affects B. napus economic interest.
Furthermore, its complex polyploid genome makes it challenging
to understand the genetic variations underlying B. napus
resistance to abiotic and biotic stresses.

This study comprehensively described the B. napus BZR gene
family based upon their evolutionary relationship, structural
features, and protein-protein interactions. Moreover, miRNA
targets and promoter analyses were also performed. Additionally,
expression patterns in response to salt and drought stress were
also examined by qRT-PCR. The data present in our study showed
that 21 BnaBZRs were scattered throughout 19 chromosomes of
B. napus and organized into four subgroups. Functional divergence
analysis among these groups evident the shifting of evolutionary
rate after the duplication events. Organ-specific expression analysis
of BnaBZR genes using RNA-seq data and qRT-PCR showed
complex expression patterns in plant tissues (roots, mature siliqua,
leaf, flower, flower-bud, stem, and seed) and during stress conditions.
In which genes belonging to subgroups III and IV were identified
to play central roles in plant tolerance to salt, drought, and S.
sclerotiorum stress. In addition, we also explore some bna-miRNA,
such as bna-miRNA395, bna-miR171, and bna-miR159, which
are stimulated by the environmental cues, suggesting that different
bna-miRNAs direct post-transcriptional regulation of BnaBZR
gene family during biotic and abiotic stresses. Insights from these
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TABLE 1 | Number of BZR genes in Brassica napus and other plant species.

Species hame Common name Genome size Mb Total number of Number of BZR References

chromosomes genes
Brassica napus Rape seed 1,132 38 21 This study
Arabidopsis thaliana Thale cress 135 5 6 He et al., 2005; Yu et al., 2011
Solanum lycopersicum Tomato 950 12 9 Liu et al., 2014; Su et al., 2021; Wang et al., 2021
Brassica rapa Bird rape 485 16 15 Saha et al., 2015; Wu et al., 2016a
Glycine max Soybean 1,150 10 4 Zhang et al., 2016
Gossypium hirsutum Cotton 2,500 26 14 Guo et al., 2017
Eucalyptus grandis Rose gum 640 1 6 Fan et al., 2018
Zea mays Maize 2,135 10 11 Manoli et al., 2018; Yu et al., 2018
Beta vulgaris L Sugar beat 758 18 6 Wang et al., 2019
Malus domestica Apple 750 17 22 Cao et al., 2020; Jiang et al., 2021
Nicotiana benthamiana Tobacco 3,000 19 14 Chen et al., 2021
Triticum aestivum L Wheat 17,000 42 20 Kesawat et al., 2021; Liu et al., 2021
Ammopiptanthus nanus  Relict-xerophyte shrub 88,892 9 8 Ding et al., 2021

findings provide a framework for future studies in improving
rape seed environmental adaptability.

MATERIALS AND METHODS

Prediction of BZR Genes in Brassica
napus

The proteins sequences of the B. napus BZR genes were downloaded
from the brassica genome browser GENOSCOPE' (Chalhoub
et al, 2014) and BnPIR* (Song et al., 2020, 2021), respectively,
by employing the six AtBZR genes from A. thaliana genome
browser TAIR® with corresponding Gene ID (At1G19350,
At1G75080, At3G50750, At4G36780, At4G18890, and At1G78700).
Furthermore, the amino acid sequences from B. oleracea and
B. rapa were acquired from the Brassica database BRAD,* using
the AtBZRs as a query. The protein sequence with 80% sequence
similarity was uploaded to ScanProsite’ (De Castro et al., 2006)
and Pfam® (Mistry et al, 2021) to search for the presence of
the BZR1 domain in the sequence, protein sequences with lacking
distinctive matching domains were eliminated. Moreover, multiple
sequence alignment analysis was performed by aligning the 46
BZRs protein sequence from A. thaliana, B. oleracea, B. napus,
and B. rapa to confirm the conserved domain. Physiochemical
characteristics of the BnaBZRs proteins were investigated by
the ProtParm’ tool (Gasteiger et al., 2005) and the cellular
location was predicted by Plant-mPLoc® (Chou and Shen, 2010).

Phylogenetic, Gene Structure, and Motif
Distribution Analyses of the BnaBZRs

The NJ (Neighbor-joining) method in MEGA X was utilized to
plot the evolutionary tree. The tree’s validity was verified by

'https://www.genoscope.cns.fr/brassicanapus
*http://cbihzau.edu.cn/bnapus
*http://www.arabidopsis.org
*http://brassicadb.cn

*https://prosite.expasy.org
Shttp://pfam.xfam.org/search/sequence
“http://web.expasy.org
*http://www.csbio.sjtu.edu.cn/bioinf/plant-multi

performing 1,000 boot replications, and the Newick format of
the phylogenetic tree was further annotated and visualized by
the iTOL’ web server (Letunic and Bork, 2021). The genes
structural features were recognized by uploading the coding and
genomic sequences in the gene structure display server GSDS"
(Hu et al, 2015) and FGENESH (Solovyev et al, 2006). To
further verify the intron/exon arrangement, we manually aligned
the genomic and coding sequences of each BZR gene. Functional
conserved motifs were examined by using the MEME" program
(Bailey and Elkan, 1994) with the minimum motif search configured
to 20, and the rest of the settings left to default.

Chromosomal Distribution, Gene
Duplication, and Site-Specific Assessment
of BZR Gene Family in Brassica napus

The genome feature file (GFF) of the B. napus genome was
employed to inspect the chromosomal distribution of the 21
BnaBZRs, and the map was drawn using the TBtools program
(Chen et al, 2020). Moreover, Gene duplication events in
BnaBZR genes were performed using the MCScanX toolkit
(Wang et al., 2012b). The collinear relationship between BnaBZR
genes and BZR genes from B. oleracea, A. thaliana, and B.
rapa were acquired by Dual Synteny Plotter function in TBtools.
Moreover, positive and purifying selection of the BZR gene
family was predicted by utilizing a Selecton Server'? (Stern
et al, 2007). Besides this, the nonsynonymous (Ka) and
synonymous mutation (Ks) of a single codon were also calculated
by Ka/Ks Calculator 2.0 (Wang et al., 2010).

Functional Divergence and 3D Structure
Prediction of BZR in Brassica napus

To determine the Type-I and Type-II functional divergence
among clusters of the BnaBZRs, we used the DIVERGE 3.0
program (Gu et al, 2013), and Bayesian posterior probability
Q. was set to 0.9 to predict the specific amino acid site. Protein

*http://itol.embl.de/
"http://gsds.cbi.pku.edu.cn
"http://meme-suite.org/tools/meme
"http://selecton.tau.ac.il
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3D structure was generated by submitting the BnaAO6BZRI
protein sequence into the I-TASSER server with default
parameters (Yang et al, 2015), and specific amino acid sites
were marked and visualized using the PyMOL software.™*

Plant Material, Stress Treatment, RNA
Isolation, and qRT-PCR Analyses

Seeds of B. napus cultivar Zhongshuang 11 (ZS11) were obtained
from the Oil Crops Research Institute of the Chinese Academy
of Agricultural Sciences, Wuhan. The seeds were sprouted on
moistened filter paper under the listed conditions: 70% relative
humidity and 20+5°C, 16h light/8h dark at a light intensity
of 50 pmol/m?/s. To investigate the expression profile of BnaBZRs
in B. napus, tissues from the adult plant, such as mature-
siliqua, root, stem, seed, leaf, flower, flower-bud, and shoot-
apex, were collected and stored at —80°C for further experiment.
Furthermore, for salt treatment, the three-week-old seedlings
were immersed into 400 mM sodium chloride (NaCl; received
100mM NaCl per day). After reaching a final concentration
(400mM), the leaf samples were collected at 2, 8, and 16h
post-treatment, while for drought treatment, 25% PEG solution
was applied to simulate a drought stress-like condition. The
leaf tissues were harvested at 2, 8, and 16h post-treatment.
The collected leaves were instantly frozen into the LN2 (liquid
nitrogen) and kept at —80°C. To extract RNA and synthesize
cDNA, we employed the same procedure as described in our
prior study (Sarwar et al., 2021). The synthesized cDNA of
the individual sample was utilized as a template in the Thermo
Fisher QuantStudio Real-Time PCR system with three separate
biological replicates for gRT-PCR analysis. For internal control,
the B. napus Actin gene (geneBank ID: XMO013858992) was
used. The expression patterns of BnaBZRs were measured by
the 2724 method described by Livak and Schmittgen (2001),
and a student t-test was performed to find the significant
difference. The graph was generated using GraphPad Prism8.0
software (Swift, 1997). The qRT-PCR primers were designed
according to the qPCR SYBR-Green Master Mix instruction
and listed in Supplementary Table S12.

Protein—Protein Interaction, miRNA
Prediction, cis-Element Regulatory, and
Gene Ontology Analyses

For protein-protein interaction analysis, the AtBZRs orthologs
were searched in the STRING server® (Szklarczyk et al., 2019),
and the interaction map was drawn using the Cytoscape program.
Moreover, to confirm the interaction of miRNA with BnaBZRs,
we used the publicly available B. napus miRNAs from miRbase'®
(Kozomara et al., 2019) and PNRDY (Yi et al, 2015), and
searched against the identified 21 coding sequences of BnaBZRs
in psRNAtarget server® (Dai and Zhao, 2011). Furthermore,

Phttps://zhanggroup.org//I-TASSER/
"“https://pymol.org/

https://string-db.org/

"http://www.mirbase.org/
http://structuralbiology.cau.edu.cn/PNRD/index.php
"*https://www.zhaolab.org/psRNATarget/

cis-elements were investigated by using the 1.5bp genomic
promoter sequence of the individual BnaBZR gene and uploaded
to the plantCARE database" (Lescot et al., 2002). Additionally,
the functional properties of the BnaBZRs were evaluated using
the AtBZRs orthologs in DAVID (Huang et al, 2009a,b) and
PANTHER (Mi et al., 2019) program, GO terms with significant
value p<0.05 were considered to be enriched in BZR genes.

Expression Pattern and SNPs Distribution
Analysis of the BnaBZRs

The expression data of BnaBZRs under drought, salinity, cold,
and S. sclerotiorum stress treatment were acquired from the
publically available RNA-seq data sets (CRA001775; Lin et al,,
2020) and (SRP311601; Walker et al., 2021). DSEeq2 package
in R-studio was applied to measure the genes differential
expression, the detected values were adjusted by log2 fold
change method, and heatmap graph was created by the TBtools
program. To locate the sequence polymorphism of the B. napus
BZR gene family, the SNPs from the BnaBZRs of 159 accessions
were extracted from the B. napus genomic browser BnPIR?
(Song et al., 2020, 2021), and the SNP distribution map was
drawn using the TBtools.

RESULTS

Detection and Annotation of Brassica
napus BZR Genes

The BZR gene family in A. thaliana and other plant species
has been studied extensively. However, there are no studies
available that have characterized the B. napus BZR genes in
depth. Therefore, to examine the B. napus BZR genes, we obtained
the peptide sequences of the AtBZR gene family (AtBZR1, AtBZR2,
AtBEHI, AtBEH2, AtBEH3, and AtBEH4) from the A. thaliana
genome browser and then used it as a query in BLASTP program
in the B. napus genome browser GENOSCOPE (see footnote
1; Chalhoub et al., 2014). Moreover, the BnPIR (see footnote
2) B. napus genomic browser was also utilized to further verify
the reliability of the BZR gene family, and redundant sequences
were eliminated manually. A total of 21 BnaBZRs were recognized,
including seven BnaBZRs and 14 BnaBEHs, which were named
according to their loci (Supplementary Table S1). Simultaneously,
seven and 12 BZRs were recognized in the genome of B. oleracea
and B. rapa, respectively. This exhibits that the BnaBZR gene
family might derive from their ancestor B. rapa and B. oleracea.
Moreover, physicochemical properties of the BnaBZR proteins
reveal that the instability index (II) was among 46.64-85.28,
which shows that members of BnaBZRs were unstable. In addition,
the isoelectric point (pI) values were between 5.14 and 9.81,
indicating BnaBZRs were highly basic, and the negative GRAVY
(grand average of hydrophobicity) value shows that these proteins
are hydrophilic in nature. The amino acids encoded by the
BnaBZR proteins are varied from 102aa to 400aa, in which the
BnaAO1BEH3 amino acid sequence was the shortest contained

http://bioinformatics.psb.ugent.be/webtools/plantcare/html
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only 102 amino acids; however, the amino acid length of
BnaCO08BZR2-1 was the highest, around 400 amino acid residues.
The molecular weight ranges from 10,990 KD to 44,156 KD,
and the aliphatic index (AI) was between 48.12 and 73.3.
Moreover, the subcellular localization signals of BnaBZRs were
predicted by Plant-mPLoc. As transcriptional regulatory proteins,
all BnaBZRs signals were detected the
(Supplementary Table S1).

in nucleus

Phylogenetic and Structural Prediction of
BnaBZRs

To explain the phylogenetic relationship of the BnaBZRs, an
evolutionary tree was generated by aligning the full-length
coding sequence of six A. thaliana, 21 B. napus, 12 B. rapa,
and seven B. oleracea BZR genes. As shown in Figure 1, all
47 genes were fell into four groups: group I carried BZRI
and BZR2 genes; group II contained BEHI; and group III
contained BEH2 genes, while group IV contained BEH3 and
BEH4 genes. Interestingly, the homologs of BEH3 and BEH4

were not detected in the B. oleracea related to those of A.
thaliana, B. rapa, and B. napus indicating that the BZR gene
family in B. oleracea might experience an evolutionary divergence
in structural features. Additionally, the expansion of the BEH
genes in A. thaliana, B. napus, and B. rapa take place in group
I1, 111, and group IV due to whole-genome duplication. We also
found that each BnaBZR gene shows higher homology with
A. thaliana BZR genes. For instance, group I carried AtBZRI
and AtBZR2, along with BnaA06BZRI, BnaCO05BZRI, and
BnaCO08BZR2-1, BnaCO8BZR2-2, BnaCO6BZR2, whereas BnaBEH
genes were highly conserved with the A. thaliana BEH genes.
Overall, in B. napus, group I, II, III, and IV had seven, two,
four, and eight BZR family members, respectively. The genes
cluster within the same subfamily displays a similar role in
B. napus. Furthermore, to understand the diversity of BnaBZRs,
Gene Structure Display (GSDS) analysis was performed using
the coding and genomic sequence of the B. napus and A.
thaliana. As shown in Figure 2, one to five exons were predicted
in the BnaBZRs. Similar to the A. thaliana BZR gene family,
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FIGURE 1 | Phylogenetic relationship of the BZR gene family from Brassica napus (Bna), Arabidopsis thaliana (At), B. rapa (Bra), and B. oleracea (Bol). Neighbor-
joining (NJ) tree was constructed using the MEGA X with 1,000 bootstrap replication and visualized using online tool iTOL. Members in the BZR gene family
clustered into the four groups and specified with different colors.
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FIGURE 2 | Gene structure analysis of the B. napus and A. thaliana BZR gene family. Each BZR gene subfamily indicated as different color in Y-axis, while the

~~ Intron

most members in the BnaBZRs subfamily had the same number
of exons and intron. For instance, most members of group I,
group II, and group III have two to three exons and one to
two introns, except for BnaA09BEH2, which contains four
introns. Conversely, group IV contained one to three exons
and only one intron, except for BnaA07BEH4, with no intron.
Results from this analysis indicate that group I, II, and III
might receive the original genes because, in the previous studies,
it has been reported that the gain of introns is far slower
than the intron loss during duplication (Nuruzzaman et al,
2010). Therefore, members in group IV might be derived from
the original genes during evolutionary processes.

Functional Divergence Analysis of BnaBZR
Gene Family

Our study observed that the B. napus BZR gene family was
grouped into four groups. To determine the potential functional
divergence between groups, we tested the Type I (6I) and
Type II (OII) functional divergence utilizing the CodeML
package in DIVERGE v2.0 (Gu and Vander Velden, 2002).
For this analysis, we use group I, III, and IV members, while
group II was excluded because it comprises only two members
of the BnaBZRs. The results indicate that the all-divergence
coefficients of Type I among group I/III, group I/IV, and group

III/IV were statistically significant, with the OI and LRT values
varying from 0.99 to 0.646 and 0.86 to 33.9, respectively,
indicating that the amino acid sites among different groups
of BnaBZR gene family have altered evolutionary constraints,
which lead to group-specific functional evolution after divergence
(Table 2). In contrast, the coeflicients of Type II among group
I/IV and group III/IV were also statistically significant with
an OII value of 0.319 and 0.082, respectively, indicating the
radical shift in amino acids properties of these pairs during
evolution. However, the coeflicient of OII among group I/III
was not significant. We also found some crucial amino acid
residues sites that may affect the functional divergence of the
B. napus BZR gene family. To reduce false-positive results,
posterior probability (Q,>0.9) was selected to detect specific
amino acid residues among the BnaBZR family (Table 2). The
results predict 21 similar Type-I sites among group I/III and
group I/IV. In comparison, only two sites were examined in
group III/IV, implying that significant functional divergence
might exist in group I/III and group I/IV as compared to
group III/IV. Conversely, no Type-II functional divergence sites
were predicted in group I/III and group I/IV. However, three
sites occurred in group III/IV, of which 99T, 100R, and 155S
were examined in both Ol and 6II, indicating the altered
selective constraints may happen at these sites.
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TABLE 2 | Functional divergence analysis between different groups of the BnaBZR gene family.

Cluster 1 Cluster 2 Type | Type ll
O1+SE LRT Q,>0.8 Critical amino acids Oll+SE Qk>0.8
Group | Group Il 0.99 + 1.075 0.862 21 19T, 20R, 21R, 22K, 23R, 24S, 25W, 59K, —0.259 + 0.344 0 None
60H, 72S, 73E, 85Y, 86R, 321L, 322E, 323L,
324T, 325L, 308W, 309E, 310G
Group | Group IV 0.99 + 0.171 33.9 21 19T, 20R, 21R, 22K, 23R, 245, 25W, 59K, 0.319+0.186 0 None
60H, 72S, 73E, 85Y, 86R, 321L, 322E, 323L,
324T, 325L, 308W, 309E, 310G
Group Il Group IV 0.646 + 0.224 8.316 2 19T, 20R 0.085 + 0.102 3 1558, 19T, 20R

LRT, likelihood ratio statistics; Qk, posterior probability; and Sites in the bold are responsible for type-1 and type-Il functional divergence.

3D Structure and Critical Amino Acid Site
Prediction of BZR in Brassica napus

To predict the three-dimensional structure of the BnaBZR
proteins, we utilized the representative BnaAO6BZR1 protein
sequence in the I-TASSER database (Zhang, 2008). The
normalized C-score for the predicted model was > —3, suggesting
the best template for the BnaBZR1 protein 3-D structure
prediction. As shown in Figure 3, we found that the 3D
structure of the BnaAO6BZRI1 contains nine a-helicases and
one f-strands, in which the BZR1 domain has only four
a-helicases. Furthermore, important amino acid sites, which
take part in the functional divergence, were also displayed on
the three-dimensional structure of the BnaA06BZR1. Out of
21 amino acid residues, only 14 were dispersed on the BZR1
domain, and the remaining eight sites were spread on the
C-terminal region of the BnaA06BZR1, which indicates the
BZR1 domain might be more vulnerable to positive selection
during the evolution of the BnaBZR gene family. Additionally,
amino acids residues 19T and 20R that are present in both
Ol and OI1I functional divergence were located on the N-terminal
BZR domain, indicating the essential role of these sites in the
evolution of the B. napus BZR gene family (Figure 3).

Multiple Sequence Alignment and Motifs
Distribution Analysis of BnaBZRs

The full-length 42 coding sequences of the BZR proteins from
B. oleracea, B. rapa, A. thaliana, and B. napus were employed
to perform the multiple sequence alignment analysis to predict
the highly conserved amino acids sites and examine the structural
features of the BnaBZR gene family (Supplementary Figure S1).
Based on the alignment, we found that six AtBZRs showed
the highest percent amino acid homology with BnaBZRs
(Supplementary Table S2). Furthermore, a highly conserved
domain BRASSINAZOLE RESISTANT1 (BZR1) was identified
in the N-terminal region of the BnaBZRs and other denoted
plant species (Supplementary Figure S1). In the previous
studies, it has been reported that the N-terminal BZR1 domain
contains the serine-rich phosphorylation site and participates
in modulating the expression of targeted genes to promote
various plant physiological processes, such as reproduction,
senescence, cell elongation, and cell division (Clouse et al.,
1996; Ye et al,, 2010). Overall, the domain distribution in B.
napus and A. thaliana was similar (Figure 4). To further classify

the diversification of the B. napus BZR gene family, we built
a graph presenting 20 putative motifs and their distribution
on BnaBZRs (Figure 4). Our results showed that all BnaBZRs
contain five to 15 highly conserved motifs within a length
range from eight to 50 amino acids. In which motif, 1, 3, 4,
5, and 11 encoded a BZR1 domain (Figure 4). The consensus
sequences of these motifs also shown in
(Supplementary Figure S2). All BnaBZRs contain motif 5,
except for BnaCO3BEH3 and BnaCO6BEH4, while other remaining
motifs existed in some but not in all members (Figure 4).
For instance, motif 8 and 10 were only present in group I,
II, and III, whereas motif 7 and 18 are only found in group
IV, except for BnaCO3BEH3 and BnaAO01BEH3 lacking motif
7. Furthermore, motif 19 was only detected in BnaCO8BZR2-1
and BnaA09BZR2. In contrast, motif 20 was only found in
AtBEH4, BnaA07BEH4, and BnaCO6BEH4. Motif 12 and 16
were only present in group I, except for BnaA0O9BZR2 and
BnaA07BZR2. However, the structure and motif distribution
within the same group were similar, suggesting similar biological
functions among the same group (Figure 4).

were

Chromosomal Location and Genome
Duplication Analysis of BnaBZRs

To predict the distribution of BnaBZRs in B. napus chromosomes,
we mapped the 21 BnaBZR members into the 19 B. napus
chromosomes (Figure 5A). Based on their physical position,
we found that members of the BnaBZR have distributed unevenly
between B. napus chromosomes. In which chromosome, A07,
A01, CO1, C06, and CO8 contain two members of BnaBZR.
Chromosomes A03 and C07 hold three members of the BnaBZR,
while chromosomes A02, A06, A09, C03, and CO05 have only
one BnaBZR gene (Figure 5A). Furthermore, the MCScanX
tool was also implemented to reveal the duplication of BnaBZRs
in B. napus; 29 segmental duplication pairs were identified
using this method. However, no tandem duplication pair was
detected, implying that segmental duplication events played
the central driving role in the functional divergence of BnaBZRs
during B. napus genome duplication (Figure 5B). Moreover,
genome duplication variation between four Brassicaceae species
A. thaliana, B. napus, B. oleracea, and B. rapa was also investigated
(Figure 6). The results show that B. napus contains both
orthologous and paralogous copies of BZR genes. For instance,
six AfBZR genes (AT1G19350, ATI1G75080, AT3G50750,
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FIGURE 3 | 3D model of the BnaAO6BZR1 protein. The BZR1 domain was highlighted in pink, and the yellow color indicates the specific amino acid sites that are
involved in functional divergence.
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FIGURE 4 | Schematic representation of conserved motifs distribution among B. napus and A. thaliana BZR gene family. The 20 conserved motifs are indicated by
different colored boxes and numbers, the logo of each motif was presented in Supplementary Figure S2. The MEME score for the protein match to the motif
model was equals to <1 x 10-%°. The schematic illustration of BZR domain at the N-terminal regions of the BnaBZRs was a set of motifs.
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gene pairs, and the gray lines indicate the collinear pairs within in the A. thaliana, B. napus, B. rapa, and B. oleracea genome.

AT4G36780, AT4G18890, and AT1G78700) have two, five, two,  the model M0 and M3 to predict dN/dS ratio differentiation
four, five, and three orthologous copies in the B. napus genome,  among codon sites. Interestingly, the log-likelihood 2AInL was
respectively  (Supplementary Table S3). Moreover, the statistically significant (p <0.01), indicating BnaBZR experienced
orthologous copies of BZR genes from the B. napus ancestor  immense selective pressure across different sites. Additionally,
were also predicted. A total of 12 and 13 BZR genes from B.  the models M7 (beta) and M8 (beta+w > 1) were also compared,
rapa and B. oleracea showed a syntenic relationship with  which considered a very stringent test of positive selection
BnaBZRs, respectively. These orthologous copies might be the  (Anisimova et al,, 2001), to predict whether positive selection
reason for the distribution and functional diversification of  involves promoting divergence of BZR gene family in B. napus.
the B. napus BZR gene family. In addition, we also measured = However, no positive selection sites were identified. The results
the nonsynonymous (Ka) and synonymous (Ks) ratios for each  from this analysis indicate that the BnaBZR gene family
pair of duplicated BnaBZR proteins (Supplementary Table S4).  underwent divergent selective pressure during duplication
The results showed that all BnaBZR pairs contain the Ks/Ka  (Supplementary Table S5).

ratio <1, suggesting that BnaBZRs practiced a robust purifying

selection (Supplementary Figure $3). However, there are some ~ Protein—Protein Interaction Analysis of
limitations in calculating the Ka/Ks ratio of the BnaBZRs, BZRS

because the members of the BnaBZR have minute variations  Protein interaction study provides an essential insight to examine
in their sequences, which may bring Ka/Ks value to lower gene function in a systematic study (Pellegrini et al., 2004). Our
than 1 (Nielsen and Yang, 1998; Nekrutenko et al, 2002).  analysis predicted that the BnaBZR proteins are highly homologous
Therefore, we used the site models to predict the selection to the A. thaliana BZR proteins. Therefore, to further examine
pressure on single amino acid codons (Yang, 2007; the interacting relationship of the BnaBZRs with its targeting
Supplementary Table S5). Model MO is one ratio model, partners, we constructed a network using the AtBZRs orthologs.
which presumes the same ratio w at all amino acid sites. In  As shown in Figure 7, we found that the members in the group
our study, we predicted the ratio value w=0.228 in MO, I interact with more targeted proteins than others. BESI1-
suggesting the strong purifying selection was the main reason =~ INTERACTING MYC-LIKE1 (BIM1), BRI1 KINASE INHIBITOR
for the evolution of the BnaBZRs. Furthermore, we also compared 1 (BKI1), ARABIDOPSIS MYB-LIKE 2 (MYBL2), and
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PHYTOCHROME INTERACTING FACTOR 4 (PIF4) were
predicted to bind with BnaBZR1, BnaBZR2, and BnaBEH1, while
PHYTOCHROME B (PHYB) was only found to interact with
BnaBZR2 and BnaBEH1 (Supplementary Table S6). However,
the biological functions associated with their interaction are still
unclear. In contrast, BRASSINOSTEROID-INSENSITIVE 2 (BIN2),
BRASSINOSTEROID-INSENSITIVE 1 (BRI1), and BRIl
SUPPRESSOR 1 (BSU1) only interact with BnaBZR1 BnaBZR2,
BnaBEH]1, BnaBEH2, and BnaBEH4, whereas PHY TOCHROME
INTERACTING FACTOR 3 (PIF3), REPRESSOR OF GA (RGA1),
RGA-LIKE PROTEIN 3 (RGL3), and AUXIN RESPONSE FACTOR
6 (ARF6) are found to interacts with BnaBZR1 and BnaBZR2.
In previous studies, it has been reported that the interaction of
BZR1 with ARF6 and PIF mediates auxin-induced plant growth
in response to environmental stresses. However, under constant
stress conditions, gibberellin negative regulator RGA binds with
the BZRI to inhibit its transcriptional activity (Oh et al., 2014).
Additionally, SLEEPY1 (SLY1) and TOPLESS (TPL) are only
found to interact with BnaBZR2. Similarly, GA INSENSITIVE
DWARF1B (GID1B) shows only interaction with BnaBEH2, which
indicates the possible role of BnaBEH2 in regulating BR and

GAs crosstalk in response to stresses. It is also worth noting
that BnaBEH3 displays no interaction with other proteins
(Figure 7). This analysis provides significant clues to understand
the relation of the BnaBZRs with unknown proteins in different
signaling pathways.

cis-Acting Elemental Analysis

To further examine the individual role of BnaBZR members
and how these genes respond to different stresses, we investigated
the cis-regulatory elements in the promoter sequences of the
BnaBZRs. It has been proposed that the homologs genes with
similar roles might consist of the same cis-regulatory elements
in their promoter regions. As shown in Supplementary Figure $4,
a set of cis-elements belonging to the plant development, stress
and defense, and hormonal response-related elements were
detected (Supplementary Table S7), but their numbers and
distribution were uneven all BnaBZRs
(Supplementary Figure S4A). For instance, BnaCOIBEHS3,
BnaA03BEH2, and BnaC07BEH?2 contained the highest number
of development-related, hormone-responsive, and light-responsive
cis-elements, respectively. In contrast, BnaAO6BZRI1 contains
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FIGURE 7 | Protein interaction analysis of the BnaBZRs according to the Arabidopsis orthologs. Thicker lines represent the stronger interaction.
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many stress and defense-related cis-regulatory elements
(Supplementary Figure S4B). Nearly, all of the BnaBZRs hold
the basic promoter elements including, CAAT-box and TATA-
box. However, several core cis-elements were only being seen
in a few BnaBZRs. For instance, Spl (light-responsive cis-
element) and TGA-box (cis-element take part in ABA
responsiveness) were only found in BnaAO6BZRI and
BnaC05BZR1. A-Box (cis-element involved in the development
process), CCGTCC-Box (cis-acting element activates the meristem
development), and DRE-core (regulates drought and cold-
responsive gene expression) were detected in BnaCO05BZR2,
BnaC08BZR2-1, and BnaC06BZR2. Furthermore, OCT (cis-
element involved in cell proliferation), GCN4-motif (cis-element
involved in nitrogen-related response), chs-CMA2a (light-
responsive element), and DRE1 (regulates drought and cold-
responsive gene expression) were detected in BnaCO06BZR2,
BnaC07BEH1, and BnaAOl1BEH2, respectively. GATT-motif,
SARE (cis-element involved in salicylic acid response), 3-AF1
binding site (light-responsive cis-element), CARE (involved in
ABA response), and LAMP-element were absent in all BnaBZRs
except in BnaCO08BZR2-2, BnaA07BZR2, BnaAO03BEHI,
BnaC07BEH2, and BnaC07BEH3, respectively. Similarly,
AT1-motif, Box-III, motif-I, and CTAG-motif were only found
in BnaCOIBHE3. In addition, CAG-motif, ATC-motif, and
dOCT (cis-element involved in cell cycle responses) were
detected in BnaCO0IBEH2 and BnaCO3BEH3. Overall, light-
responsive cis-elements were the most abundant in all BnaBZRs
promoters, which indicates the transcriptional activity of the
BnaBZRs might be induced by light. Additionally, cis-elements
related to hormone responses, such as auxin (AUX), gibberellins
(GA), ABA, and salicylic acid (SA), were predicted, in which
cis-element involved in ABA responses were the most common
in all BnaBZRs. Moreover, stress and defense responsive cis-
elements, including ARE (anaerobic regulatory element),
WUN-motif (regulates wound-related response), LTR (associated
with cold response), and STRE, which activated by the several
stress condition, especially heat shock, nutrient deficiency, and
osmotic stress were also predicted. Results from this analysis
showed that the BnaBZRs contain various kinds of development
and stress-related responsive elements, indicating that the
BnaBZRs might control plant physiology in response to several
phytohormones and environmental stresses.

BnaBZRs Expression Profiling in Different
Tissues

To further explore the potential functions of the BnaBZR gene
family, we study their expression patterns in cotyledon, leaf,
silique, root, petal, bud, lower stem, sepal, vegetative rosette,
pollen, upper stem, middle stem, seed, and filament of the B.
napus variant Zhongshuang 11 (ZS11), by using the
transcriptomic data available in BnTIR database http://yanglab.
hzau.edu.cn/BnTIR. As shown in Supplementary Figure S5,
17 members of the BnaBZR gene family exhibited higher
expression in sepal, petal, seed, lower stem, middle stem, upper
stem, root, vegetative rosette, cotyledon, filament, and siliqua,
while no or mild expression was observed in pollen and bud
(Supplementary Table $8.1). In detail, pairs of homologs genes

BnaC08BZR2-1/BnaC08BZR2-2, BnaAO9BZR2, and BnaA07BZR2/
BnaC06BZR2 showed higher expression in sepal, petal, and
seed. In contrast, BnaAOIBEH2, BnaAO3BEH3, BnaC07BEH3,
and BnaA02BEH4 higher expressions were observed in cotyledon
and siliqua. Nevertheless, BnaAO6BZR1 and BnaC05BZR1 display
relatively lower expression in four tissues (root, sepal, upper
stem, and vegetative rosette; Supplementary Figure S5). To
further validate the organ-specific expression of the BnaBZRs,
the relative expression pattern of the six putative BnaBZRs
was determined in eight tissues of B. napus cultivar Zhongshuang
11 (ZS11) including mature-silique, shoot-apex, seed, leaf,
flower-bud, flower, stem, and root by qRT-PCR. As shown in
Figure 8, two of six BnaBZRs (BnaA06BZR1 and BnaC06BZR2)
were consistently expressed in all selected tissues, except for
BnaA06BZRI1, which shows relatively lower expression in
flower-bud. Additionally, the increased expression level of the
BnaCO6BZR2, BnaC07BEH1, BnaAO3BEH3, and BnaAO2BEH4
was mainly observed in the mature siliqua (Figure 8,
Supplementary Table S8.2). In contrast, BnaC07BEH2 was
expressed highly in the leaf. Combined with transcriptomic
data, the expression pattern of the BnaC07BEH1, BnaAO3BEH3,
and BnaA02BEH4 was also observed in the siliqua. However,
the correlation test between the two datasets showed a
non-significant  association  (r=0.435, p=0.713). The
non-significant association between transcriptome data and
qRT-PCR might be related to harvesting of siliqua at 38 and
44 days after flowering, respectively. Therefore, the fold change
should not be expected to have same for both datasets. Overall,
most members of the BnaBZRs expressed differently in the
plant tissues, suggesting the key roles of BnaBZRs in various
tissues during plant development.

Expression Analysis of the BnaBZRs
During Different Stress Conditions

To gain further insights into the BnaBZR gene family in response
to the environmental stresses, we investigated their expression
levels in drought, salinity, cold, and S. sclerotiorum stresses
using publicly available RNA-seq data (CRA001775 and
SRP311601). As shown in Supplementary Figure S6A, we found
that the expression level of group I and group II was
downregulated after 2h of the drought treatment
(Supplementary Table S9.1). Nevertheless, the expression pattern
of the BnaAO3BEH3 and BnaCO6BEH4 were induced. In contrast,
the expression pattern of the four BnaBZRs (BnaA07BZR2,
BnaC06BZR2, BnaAO03BEH3, and BnaC07BEH3) was peaked
at 8h of drought treatment. Under salinity treatment, the
expression pattern of the BnaA0O3BEH3 and BnaC07BEH3 was
first induced at 4h but then reduced in 24 h of salinity treatment.
Furthermore, under cold treatment, the RNA transcripts of
the group IV members BnaCO3BEH3, BnaA02BEH4, and
BnaA07BEH4 were upregulated during 24h of cold treatment.
However, BnaA07BEH4 and BnaCO06BEH4-induced expression
was only observed in S.  sclerotiorum  infection
(Supplementary Figure S6B). To elucidate the functions of
the BnaBZRs in abiotic stresses, we monitored their expression
changes by gRT-PCR in leaves of B. napus cultivar (ZS11)
treated with different stresses, such as drought and salinity
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FIGURE 8 | Organ-specific expression pattern analysis of selected BnaBZRs in different tissues. The expression abundance of the specified BnaBZRs was
adjusted with respect to the B. napus Actin gene. Tissues names are shown on the x-axis. The error bars on the y-axis represent the standard error of three
independent biological replicates (listed in Supplementary Table S8.2).

(Figure 9). On the whole, the expression patterns of the
BnaBZRs were significantly changed during 8-16h of drought
and salt treatment (Supplementary Table §9.2). During salt
treatment, BnaAO6BZR1, BnaCO6BZR2, and BnaA02BEH4 were
dramatically induced at 8h and reduced at 16h, while
BnaCO07BEH1, BnaAO03BEH3, and BnaC07BEH2 showed
downregulation in their expression patterns, except for
BnaC07BEH2, which showed upregulated expression at 16h
of drought treatment. Furthermore, expression patterns of the
BnaC07BEH2 and BnaA02BEH4 were significantly increased
at 8h but then reduced at 16h of NaCl treatment, indicating
the expression patterns of the BnaC07BEH2 and BnaA02BEH4
were induced in more than one stress. In our, organ-specific
expression analysis, we observed the different expression patterns
of the BnaBZRs in various tissues (Supplementary Figure S5,
Figure 8). Therefore, it is possible that the BnaBZR gene family
in B. napus responded to drought, salinity, cold, and S.
sclerotiorum stress might play a diverse regulatory function in
various tissues.

Prediction of Potential microRNA Targets
in BnaBZR Gene Family

MicroRNAs regulate gene expression by cleaving the mRNA
of the targeted genes in response to stresses (Song et al., 2019).

Identifying the miRNA-targeted genes employing the
computational approaches is vital for predicting the
transcriptional regulatory role of the gene family. Therefore,
to understand the transcription network and post-transcriptional
regulation of the BnaBZRs, we examine the potential miRNA
target sites using the psRNATarget database. Out of the 21
BnaBZRs, only nine genes were targeted by 12 novel bna-miRNA,
with an average of one to two targets per bna-miRNA (Table 3).
The two members of group 1 were predicted to be targeted
by three novel bna-miRNA (bna-miR395, bna-miR171, and
bna-miR170), whereas six members of group IV were targeted
by the bna-miR158, bna-miR164, bna-miR159, bna-miRN273,
and bna-miRN292. In addition, only one member of group
II (BnaCO7BEHI1) was targeted by the bna-miRN291 and
bna-miRN285. However, except for the
bna-miRN285/BnaC07BEH] and bna-miR164/BnaA02BEH4, the
majority of the bna-miRNA-targeted genes was expected to
be silenced by the cleavage inhibition. Furthermore, we have
also predicted the UPE value, which is within 8.94-21.43,
needed to unpair the secondary structure around the target
site. Nevertheless, most of the bna-miRNA identified in this
study, such as bna-miRNA395 (Huang et al., 2010; Zhang et
al., 2013a), bna-miR171 (Jian et al., 2016), and bna-miR159,
are stimulated by the environmental cues, suggesting that
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different bna-miRNAs direct post-transcriptional regulation of
some of the members of the BnaBZR gene family during biotic
and abiotic stresses.

GO Enrichment Analysis and Sequence
Polymorphism of BnaBZRs in Core
Germplasm of Brassica napus

It is well reported that a family of transcriptional factors BZR
interacts with several sequences to regulate plant tolerance to
environmental cues. To further examine the biological role of
BnaBZRs, we conducted the gene ontology (GO) enrichment
analysis. Our results showed that a total of 43 GO terms were
categorized into three groups, BP (biological process), CC
(cellular  component), and MF (molecular function;
Supplementary Table S10). Among BP category, all BnaBZRs
were within the “metabolic processes (GO:1901360, GO:0006725,
GO:0034641, GO:0046483,  GO:0006807),  “biosynthetic
processes (GO:1901576, GO:0034645, GO:0009059, GO:0009058),
“gene  expression (GO:0010467)” and “cellular  process
(GO:0050794),” whereas BnaC05G0163000ZS, BnaA06G0135100ZS,
BnaA02G0233100ZS, BnaA01G0099000ZS, and BnaC03G0707200ZS
might be involved in plant tolerance to stresses (GO:0006950,
G0:0006952, GO:0006955, GO:0009607, and GO:0009617). Under
the CC category, all BnaBZRs were in the nucleus (GO:0005634),

while some of the genes, such as BnaA09G0609500ZS,
BnaC08G0463100ZS, BnaC05G0163000ZS, BnaA06G0135100ZS,
BnaC06G0273700ZS, BnaA07G0248700ZS, BnaC08G0253000ZS,
BnaA03G0416600ZS, and BnaC07G0389100ZS, were also predicted
in the cytosol (GO:0005829) and cytoplasm (GO:0005737) category,
respectively. Additionally, in the MF category, all BnaBZRs were
significantly enriched in binding (G0:0003677, GO:0003700, and
GO:1901363) together with “organic cyclic compound binding
(GO:0097159)” (Supplementary Figure S7). Results from this
analysis displayed the diverse roles of the BnaBZRs in various
biological processes, mainly in cellular and metabolic processes
and biological process regulation.

To locate the sequence polymorphism of the BnaBZRs,
we used the sequencing data of 159 accessions of rape seed
from the B. napus genomic browser [BnPIR (Song et al., 2020,
2021)]. On the whole, 55.5% of SNPs were predicted in the
BnaBZR gene family (Supplementary Table S11). However,
the SNP percentage frequency on each subfamily was dissimilar.
For instance, group I, II, III, and IV hold an average of 49,
18, 39.2, and 64.8 SNPs, respectively. For BnaA07BEH4 and
BnaCO6BEH, no SNP was found. Meanwhile, we also observed
that the SNPs density of the BnaBZRs on CC chromosomes
was relatively higher than the AA chromosomes. Furthermore,
a detailed SNPs distribution on the coding and non-coding
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TABLE 3 | miRNAs targeting BnaBZRs.

E-value UPE

Alignment length

miRNA aligned fragment

Target end

Target start

Gene symbol Target_Acc.

miRNA_Acc.

21.43

21

CUGAAGUGUUUGGGGGAACUC
UGAUUGAGCCGUGCCAAUAUC
UGAUUGAGCCGCGCCAAUAUC
UGAUUGAGCCGCGUCAAUAUC

1,087
522
159
159
132
630
743
294
384

BnaC08BzR2-1 BnaC08G0463100ZS 1,067

Bna-miR395
Bna-miR171

8.95

9.69

9.69
16.75
13.79
11.91
13.98
13.98
14.52
16.23
12.53
12.25

21

502
139
139

BnaC08G04631002S
111

BnaC08BZR2-1

21

BnaC08G0253000ZS
BnaC08G0253000ZS

BnaC08BZR2-2

21

BnaC08BZzR2-2

Bna-miR170

23
23
21

AAAUAUUUUAGGUGAUGUGGCA

BnaCO7BEH1 BnaC07G0389100ZS

Bna-miRN291

4.5

UUCGGGGAUUUCUGUGUAGGCU
UUUCCAAAUGUAGACAAAGCA

609
723
274
364
96

Bna-miRN285
Bna-miR158
Bna-miR164
Bna-miR164i
Bna-miR159

4.5

BnaC01G01210002S

BnaCO1BEH3

21

UGGAGAAGCAGGGCACGUGCA

BnaA02G0233100ZS

BnaAO2BEH4

21

UGGAGAAGCAGAGCACGUGCA

4.5

21

UUUGGAUUGAAGGGAGCUCUA

116

317

BnaA01G00990002S
BnaC03G0707200ZS

BnaC06939100D
BnaA07934330D
BnaC06939100D

BnaA01BEH3
BnaCOSBEH3
BnaCO6BEH4
BnaA07BEH4
BnaCO6BEH4

21

UUUGGAUUGAAGGGAGCUCUA

297
174
420
540

4.5
4.5
4.5

21

21

GGUUCGUUGAUCUGGCCGGAC

194
440
560

Bna-miRN273
Bna-miRN292

GGGCUUCGUGGGAUUAGUCGG
GGGCUUCGUGGGAUUAGUCGG

8.94

21

regions of the BnaBZR gene family was also shown (Figure 10),
which display that the distribution of SNPs in introns is varied
between 9.5-52.8%, in which the highest number of SNPs
(224) was found in the intron region of BnaC03BEH3. However,
in exons, the distribution of SNPs was 8.5-20.14%, whereas
the lowest number of SNPs (4) was found in the exon region
of BnaAO3BEH]I. Results from this analysis indicate that the
sequence variation in the members of the BnaBZRs might
be associated with their differential expression pattern under
different conditions.

DISCUSSION

Under the external stimulus, plants modulate their responses
to adapt to the complex environment. It has been reported
that the BR regulates plant physiology by downstream components
to stimulate environmental adaptation (Xie et al., 2011; Miyaji
etal., 2014). These downstream components were transcriptional
factors of BR signaling BZR1 and BZR2, which regulate plant
growth and tolerance to stresses by integrating with a wide
variety of BR-responsive genes. In recent years, due to the
advancement in high-throughput sequencing, the BZR gene
family in many economically important crops, such as Rice,
Maize, Brassica rapa, Glycine max, Tomato, Eucalyptus grandis,
and Petunia hybrid (Tong et al., 2012; Verhoef et al, 2013;
Liu et al, 2014; Saha et al, 2015; Zhang et al., 2016; Fan
et al., 2018; Manoli et al, 2018), have been isolated and
examined (Table 1). These studies confirmed the roles of the
BZR genes in plant biological processes and reported the
possible function in stress conditions. For instance, SiBZRI
might regulate BR-signaling in response to salt stress in tomato
(Jia et al, 2021). In contrast, the overaccumulation of the
AtBZRI in Glycine max induces the seed count per siliqua
(Zhang et al., 2016). Furthermore, few studies have also reported
the transcriptional response of BR signaling during environmental
stresses in B. napus (Kagale et al., 2007; Sahni et al., 2016).
For instance, overexpression of the A. thaliana BR biosynthetic
gene in B. napus enhances drought tolerance phenotype, which
is likely mediated by BZR transcriptional factors (Sahni et al,,
2016). Moreover, there is only one study that helped to understand
the cross-genome exploration of BZR origin between B. napus
and other plant species (Song et al., 2018). However, there is
a lack of studies regarding the structural features, functional
divergence, and stress-resistant related response of the BZR
members in the B. napus, which gives us an excellent opportunity
to inspect the B. napus BZR gene family and analyze their
features including evolutionary relationship, structure, protein
evolution and functional divergence, protein-protein interaction,
miRNA prediction, cis-elements, and expression profile in
different organs and response to abiotic stresses. These findings
provide an overview of the BZR genes structural features,
evolution as well as important insights regarding the potential
unknown functions of the BnaBZRs.

A total of 21 BnaBZRs were identified, which are separated
into four groups based on A. thaliana BZR homologs (Figure 1).
However, the numbers of BnaBZRs were higher than the
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B. oleracea, A. thaliana, and B. rapa. This variation in gene
numbers might be due to the larger genome or genome
duplication during the evolution of the B. napus. Group I and
group II, III are the sister groups, while members in group
IV are distantly associated with other groups. In terms of amino
acid similarity, all members in the groups contain the highly
conserved N-terminal BZR1 domain, but the gene structure
and motif composition display discrepancies in family members.
For instance, members in group IV contain only one intron,
while most members in group I, II, and III contain two introns,
although the exon distribution among family members is different
(Figure 2). Moreover, group IV lacks motif 8, 10, and 14
(Figure 4), indicating that the genes from the same subfamily
might function differently among other groups. The diversity
among gene sub-families is mainly driven by the mutations
in the specific amino acid site (Lynch and Conery, 2000; Ha
et al., 2009). To identify the functional divergence between
the BnaBZRs groups, O1 and OII functional divergence analysis
was performed. Results from this analysis showed that the
total of 21 OI and three OII functional divergence sites were
predicted in three subfamily (Table 2), suggesting that the 61
functional divergence is dominant. Additionally, two amino
acid sites, 19T and 20R, were predicted in both OI and OIL
These sites might be responsible for diversification in evolutionary
rates and physiochemical properties. Interestingly, we observed
that 61 and OII functional divergence sites were mainly distributed
on the N-terminal BZR1 domain (Figure 3), suggesting that
the BnaBZR gene family might experience varied selection
pressures during duplication events. However, the insufficiency
of significant variations in functional divergence among BnaBZR
gene family pairs indicates the similar roles of their family

members. Furthermore, synteny analysis predicts that the
members in group IV have similar segmental duplication patterns
in group I, II, and III, suggesting that the sub-functionalization
or non-functionalization may include during the evolution of
the B. napus BZR gene family. Nevertheless, segmental duplication
appears to contribute more to BZR gene family expansion than
tandem duplication during duplication events (Figure 5B).
Brassica napus is an allopolyploid (AACC) crop, originated
from the natural hybridization of the B. oleracea and B. rapa
(Chalhoub et al., 2014), which were diverged approximately
20-40years ago from the common ancestor A. thaliana. To
study the genetic relationship among them, we performed the
collinearity analysis, which indicates the 49, 62, and 62 colinear
gene pairs between B. napus/A. thaliana, B. napus/B. rapa, and

B. napus/B. oleracea, respectively (Figure  6;
Supplementary Table S3).
Additionally, we investigate that BnaBZRs expressed

ubiquitously in sepal, petal, seed, lower stem, middle stem,
upper stem, root, vegetative rosette, cotyledon, filament, and
siliqua wall (Supplementary Figure S5; Figure 8). According
to the previous studies, the BR signaling pathway is needed
to regulate the transition from vegetative to reproductive growth
(Gallego-Bartolomé et al., 2012; Li et al,, 2012; Oh et al., 2012;
Zhiponova et al., 2013; Fridman et al., 2014; Vragovi¢ et al,
2015), indicating that the members of the BnaBZRs might
mediate B. napus development by interacting with various TFs
of different signaling pathways. In our protein interaction
analysis, the members in the BnaBZR gene family show a
strong association with hormonal and stress-induced
transcriptional factors (Figure 7). For instance, BnaBZRI,
BnaBZR2, and BnaBEHI1 interact with MYBL2, PHYB, PIF3,
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PIF4, RGA1l, RGL3, SLYI, and GID1B, which function in
response to anthocyanin biosynthesis, light, gibberellins (GA),
ABA, salt, and drought (Somers and Quail, 1995; Mas et al,
2000; Mahmood et al., 2016). Based on these results, we speculate
that the BnaBZRs might regulate plant physiology in response
to stresses. However, the molecular mechanism underlying these
interactions needs verification. To further examine the roles
of the BnaBZRs during stresses, the different expression patterns
of BnaBZRs were observed against salinity, drought, cold, and
S. sclerotiorum stresses (Supplementary Figure S6; Figure 9).
The results are consistent with the previous findings that reported
BZR genes in other species. For instance, in B. rapa, the
expression patterns of six BrBZRs display higher expression
in response to salt stress, whereas 11 BrBZRs showed induced
expression in response to drought stress (Saha et al, 2015).
However, in maize, members of the BZR gene family exhibit
reduced expression during heat stress (Manoli et al, 2018),
while increased expression was observed during salinity stress.
Besides this in RNA-seq analysis, we predicted the induced
expression patterns of the BnaBEH3 and BnaBEH4 genes under
S. sclerotiorum infection (Supplementary Figure S6B). Notably,
the promoter regions of the BnaBZRs were predicted to contain
the biotic stress-responsive elements
(Supplementary Table S7), suggesting the possible role of the
BnaBZR TFs in response to biotic stresses.

In addition, to examine the BnaBZRs regulatory pathways,
we predicted the miRNAs targeted genes, which gives an
important insight into the genes regulation role under stresses.
In the B. napus, a total of 376 miRNAs had been identified
(Zhang et al., 2019); however, only 88 novel miRNAs are
predicted to show important roles in B. napus (Palatnik et al.,
2007; Alonso-Peral et al., 2010; Shen et al., 2014). In this
study, we observed that the nine members of the BnaBZRs
were targeted by different miRNAs. In particular, BnaBEH3
and BnaBEH4, whose expression was significantly regulated
under drought and salinity stress, show an oblivious interaction
with bna-miR158, bna-miR164, bna-miR159, and bna-miRN273
(Table 3), which are reported to exhibit genes regulations at
the post-transcriptional level in response to various stresses
(Wang et al., 2012a; Zhao et al, 2012; Huang et al., 2013;
Zhang et al., 2018). Furthermore, our GO analysis revealed
that BP terms, such as response to biotic stimulus, immune
response, response to the bacterium, defense response, and
response to stresses, were present in BnaBEH3 and BnaBEH4
(Supplementary Figure S7). Therefore, our results suggest the
prominent regulatory role of group III and group IV genes
during abiotic and biotic stresses. However, the functional
mechanism of these genes in B. napus still needs to
be investigated, as this will help us understand the functional
divergence of the BnaBZR gene family and enable further
dissection of BR-signaling in B. napus.

cis-core

CONCLUSION

In our study, a total of 21 BnaBZRs were recognized in B. napus
genomic sequence, which was clustered into the four groups

based upon the phylogenetic relationship among B. oleracea,
B. rapa, and A. thaliana orthologs. Our protein sequence
similarity analysis displayed that all members of the BnaBZRs
are closely related to six A. thaliana BZR genes, which indicate
similar structural features. Genome duplication and synteny
analysis revealed that segmental duplication was the main
reason for BZR genes expansion through purifying selection
in B. napus. Furthermore, protein-protein interaction miRNA
target prediction, cis-regulatory elements, Gene Ontology, and
qRT-PCR analysis of BnaBZRs under salt and drought stress
exhibit an obvious divergence between subgroups. Overall,
results from this study provide valuable information on
evolutionary characteristics and potential functions of the
BnaBZRs in abiotic and biotic stresses, which lay a foundation
for future work in modulating stress tolerance and B.
napus development.
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