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Abstract

Brassinosteroid signaling kinases (BSKs) are a class of-getific receptolike cytoplasmic kinases that are integra
brassinosteroiBR) signal transduction. IBrassica napusa total of 3lBnaBSKgenes were identified and phylogenetically grot
into eight distinct groups. These genes were located on 17 chromosomes and 2 scaffolds, with 5 members clustered
chromosome. These proteins contain kinase domains and tetrapeptide repeatsdaminpntly exhibit acidic properties. T
promoters oBnaBSKgenes are enriched with strassponsivecis-elements, particularly those induced by the hormone auxii
anoxia, suggesting a potential role in modulating plant development and metafblésexpression patterns BhaBSKgenes var
under multiple stress conditions, and several members demonstrate high expression levels across all tissues of diteegthoa
its development phase, pointing to BieaBSKgenes contributing to the grtiwand adaptation. This study investigates the pote
roles of BnaBSKs in the growth, development, and stress respoBseabus
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Introduction BRI1 and form a heterodim@lolanet al, 2020; Haret al,
2023) This heterodimer phosphorylates and activates BR
Brassica napud.., a globally esteemed oilseed crop, SIGNALING KINASEs (BSKs) and the CONSTITUTIVE
boasts a multifaceted significance, serving as a nutritioUIFFERENTIAL GROWTH1 (CDG1) kinase families.
vegetable, a source of edible oil, and a vital component ifthese, in turn, activate the PBpe phosphatase BRIl
animal feed productiofChalhoubet al, 2014; Cheret al, ~ SUPPRESSOR1 (BSU1), which dephosphorylates and
2022) lts intricate growth and development processes ary,ctivates BRASSINOSTEROID INSENSITIVE2 (BIN2).
orchestrat(_ad by a compl_ex interplay - of plant hor_moneﬁnactivation of BINZ relieveis inhibition of the transcription
among whictbrassinosteroid8R) occupy a pivotal position. actors BRASSINAZOLERESISTANT1 (BZR1) and BRH

Si;ins.gmgzt?;"gf;nf‘ée C""IC'S‘SS gfeStemidz"’"org;J“‘?ggzé"’geo él\ﬁ%slugpgissom (BES1), allowing them to regulate
V u k a g ietralp 2025) First isolated from neem leaves in gene expression and amplify BR signaling (Figki etal,

1968, brassinosteroids were found to stimulate plant grovvtl‘?oog’ Wanget al, 2012) In particular, B.SKS’.aS crucial .
Decades of research have since clarified their structur§oWnstream components, hfirbor a putative k_mase catalytic
diversity, and physiological roles. Currently acknowledged a KC), doma.u.n at the _Na-rmlnus_ a”O_' a @rmlnal TF?R
the sixth major class of hormonesifial in plants, they exert don_wam, facilitating their interactionsith various proteins
profound effects on cellular activities, physiological response&Shiu et al, 2004) The BSKs belong to the recepite
and developmental milestones within pla(f@bregas&  Cytoplasmic kinase XII subfamily (RLGKII), and 12
CafioDelgado, 2014; Neuet al, 2019) Furthermore, Members were found iA. thaliana which is categorized
brassinosteroids interact with other hormones, such as auxivithin the cytoplasmic receptoiriase family(Zhanget al,
(IAA), gibberellin (GA), andcytokinin (CK), to regulate 2022; Zhacet al, 2025)
vegetative and reproductive proceq&ss et al, 2012; Peres Studies have shown tHagtk31 can reduce the sensitivity
et al, 2019; Xiaet al, 2021) of plants to BR, while overexpression BEK1 BSK3 and
During the past two decades, extensive research on tigSK5can restore the phenotypehofl-5 mutants, indicating
model plantArabidopsis thalianahas illuminated the BR that BSKs function downstream of BRI1. Furthermore,
signaling pathway. BRASSINOSTEROID INSENSITIVEL overexpression dSK1 BSK3,andBSKSin the background
(BR']_)' the membranbound receptor kinase, serves as thé)f BR-deficient det21 mutant can SIgI‘_\IfICBﬁUy inhibit the
primary sensor initiating downstream signaling for BRAwarf phenotype of the mutant, which is related to the
molecules(Wang et al. 2001; Tanget al, 2008) Upon - SBEELE TREEEG, & T O eownstream BR sgnals
binding to BR, a cascade of interactions occurs, wWhBi& X
KINASE INHIBITOR 1 (BKI1) dissociates from BRI1, (T@ngetal, 2008) BSK4, BSK6, BSK7, and BSKfunction

enabling BRIZASSOCIATED KINASE1 (BAK1) to bind to in plant growth and BR (brassinosteroid) signal transduction,
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partially overlap with BSK3 in these biological processeqFLS2)(Yan et al, 2018) which is involved in the forward
(Sreeramulet al, 2013) In Arabidopsis, BSK3 regulates BR regulation of PAMPRriggered immunity (PTI), inhibiting
signaling during root structure formation under mild nitrogenpathogen infection and proliferation, and boosting resistance
deficiency(Jiaet al, 2019) functioning as a scaffold protein to plant diseaséSuet al, 2021; Liuet al, 2024) Silencing
(Ren et al., 2019) Furthermore, thdosk5 lossof-function  OsBSK312 can inhibit the flagellin and chitimduced
mutant confers heightened sensitivity to both abscisic acisnmune response in ric®fyza sativd..) (Wanget al, 2017;
(ABA) treatment and salinit{Li et al, 2012) Furthermore, Wang et al, 2024) These underscore BSKs as central
BSK1, which functions as a receptile cytoplasmic kinase, regulatory nodes in modulating plant growth, development,
is associated with plant immune respor{&@spoet al, 2024)  and stress adaptation proceggesvaret al, 2018; Wiet al,

The mutanbsk®1 can inhibit the ta@rance of thedr2mutant ~ 2021; Kharet al, 2023; Qanmbaegt al, 2024; Zolkiewicz and

to powdery mildew and ethylesieduced senescence Gruszka, 2024)The functimal diversity and evolutionary
phenotype (Shi et al, 2022) Arabidopsis BSK1 is role of theBSKgene family inB. napusare yet to be fully
physiologically associated with the pathogesociated elucidated, despite substantial progress in understanding the
molecular pattern receptor kinase FEBLLIN SENSING2  BR signaling pathway and its components.
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Fig. 1. Brassinosteroisignaling pathway. (A) In the absence of brassinosteroids (BR), BKI1 interacts with the receptor BRI1, rendering

it inactive. Under these conditions, the kinase BIN2 remains active and phosphorylates the transcription factor BES1EZR1. Th
phosphorylatia prevents BES1/BZR1 from entering the nucleus, trapping it in the cytoplasm and thereby suppressing the expression
of BR-responsive genes. (B) When brassinosteroid (BR) is present, it binds to the receptor BRI1 aretéptoo BAK1, triggering
transplosphorylation between them and causing BKI1 to dissociate from BRI1. Subsequently, the downstream signaling components
BSK1 and CDG1 are phosphorylated by the activated HAK1 receptor complex, which in turn activates the phosphatase BSU1,
leading to tle inactivation of BIN2. This results in the dephosphorylation of BES1/BZR1, causing them to accumulate in the nucleus
and activate the expression of B&ponsive gene3he arrow indicates upregulate, while the horizontal line indicates downregulate

and pindicates phosphorylation.

In this study, a total of 3BnaBSKfamily members Materials and M ethods

were identified genomwide, followed by a systematic

analysis of the phylogenetic relationships, subcellulaidentification of gene family members: Twelve
localizations, protein motifs, gene struks, andcis-  Arabidopsis BSK protein sequences (AtBSKs) were
elements. The expression profiling &naBSKsin 8  optained from theArabidopsis genome database with
different tissues (roots, stems, leaves, buds, shoot tipéorresponding Gene ID AT4G35230 AT5G46570
flowers, mature siliques, and seeds) was also investigatedT4G00710 AT1G01740 AT5G59010 AT3G54030
Additionally, transcriptome data offered preliminary an11G63500 AT5G41260 AT3G09240 AT5G01060
predictions on BnaBK expression patterns under VariOUSAT1650990ATZG17090)(https://www.Arabidopsis.orQ;/

stress conditions, including drought, heat, cold, an L ;
ameschet al, 2012) And as queries, a BLAST P search
phytohormone treatments (ABA, GA, IAA). Based on was conducted using th8. napus Genome browser

these findings, we further investigated the expressi

o e
patterns of selecteBnaBSKsusi ng qRT PC %gg@s’héhtwmﬁ' au.edu.cn/bnapus), and  the

stress eatments, thus identifying potential candidates for ; PE “datab _seht(os:ﬂwvyw.ggnosc_ope.cns.fr/
functional validation. These observations suggest thar@ssicanapus/). Brassinosteroid signaling kinases (BSKs)

BSKs are involved in coordinating growth processes,'” B. ra_pagndB. oleraceawere retrieved through BLASTP
developmental programs, and stress signalir@y imapus ~ analysis in the BRAD databaséttps://brassicadb.org/
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brad/index.php). Additionally, genomic and coding = Ks/2R, which calculates the divergence time (million
sequences (CDSs) corresponding to homolagsB.  years ago, Mya), the rate of divergence foclear genes,
oleracea and B. rapa were sourced directly from the R,is 1.5 x 10° synonymous substitutions per site per year
BRAD platform(Chenget al, 2011) The candidate BSK for dicotyledonous planté<ochet al, 2000)

proteins were verified using the NCBI (https:/

www.ncbi.nim.nih.gov/cdd/), SMART (http://smart.embl Cis acting elements regulatory analysisThe upstream
heidelberg.de/), and Pfam (http://xfam.org/) databases tBromoter sequence spanning 2000 bp from the translation
remove edundancies, following established protocolsinitiation site of theBnaBSKswas examined in the
(Letunic et al, 2021; Mistryet al, 2021) The molecular PlantCARE databasdtifp://bioinformatics.psb.ugent.be/

formula, isoelectric points, number of amino acids, and th&/éPtools/plantcare/html/ for cis-element analysis
molecular weight were calculated using the ExPASyl-€Scotetal, 2002) and thecis-acting motifs positioning
proteomics server databasehttps://web.expasy.org/ was then visualized by generating a map using TBtools
peptide_mas}/ an online computational tool for protein (Chenet al, 2020)

analysig(Gasteigeet al, 2003) Expression profiles analysis oBnaBSKs The B. napus

. o transcriptome information resource (BnJlRvailable at
Phylogenetic analyses othe BSK families in B. napus - yanglab.hzau.edu.cn/BnTIR  offered  valuable
A. thaliana, B rapa, and B oleracea Perform multlple insights into thaBSKgene expression patterns throughout
sequence alllgnme.nt using Muscle5 softWéle_3 with thgarious developmental stages Bf napus Additionally,
deduced amino acid sequences of BSK proteins #0m this comprehensive database from Huazhong Agricultural
napus Arabidopsis thalianaB. rapg and B. oleracea  ynijversity provided epression profiles oBnaBSKsinder
(Edgar, 2022) TrimAl was used to trim the alignment multiple stress conditions, specifically in leaf tiss(iisi
results(parameter set to automatedl). The optimal modegt al, 2021; Yanget al, 2023) BnaBSKgene expression
(JTT+G4) was selected, and 5000 ultrafast bootstrap runsrofiles were visualized by creating heat maps with the
were completed. Maximum likelihood (ML) trees were TBtools bioinformatics platform's HeatMap lllustrator
generated using the FDREE programlittp://igtree.cibiv. module, normalized at the log2 scéféhenetal., 2020)
univie.ac.at/Minh et al, 2020) To improve topological

clarity and graphical presentation, tree visualizattmd Pl ant materi al , RNA exmapusact i or
annotation were performed using the iTOL online platformseeds were germinated and grown at room temperature
(https://itol.embl.de/fLetunic& Bork, 2024) under the following conditions: 20 + 5°C, a 16h light/8h dark

photoperiod, a light intensity of 50 umol/m2/s, and 70%

Analysis of the gene structure, conserved motifs, and relative humidity. Subsequently, the seedlings were
conserved domain:The Ensembl Plants database providedransferred to Hoagland solutiand cultivated until the
the Arabidopsis thalianaannotation files (Arabidopsis_t four-leaf stage. To simulate salt and drought stress, the
haliana. TAIR10.62: Ensembl Plants). The BnIR databasgeedlings were treated with 1.2% NaCl and 10% PEG for 36
provided the B. napus annotation fes (Brassica_ hours, respectively. Plant materials were then collected at 0,
napus.ZS11.v0.gene: BniR). TBtools software was used t3: 6, 12, 24, and 36 hours after the start of treatme
evaluate and visualize the gene structures of members of tHBmediately frozen in liquid nitrogen, and stored&i°C
BSK gene family in Brassica napusand Arabidopsis for RNA extraction. RN.A extraction and cDNA synthesis
thaliana based on their protein sequences and genomd&ere performed following the method described by the
annotation datéChoi et al, 2007; Cheret al, 2023) With ~ Previous study(Sarwar et al, 2021) All genespecific

the default settings, conserved domains within the BSKrimers used in thidsdy were designed using BrassicaEDB
proteins ofA. thalianaandB. napusvere mapped utilizing (https://brassma.b|odb.org/) and are listed in Table S5. The
the Simple Modular Architecture Research Tool (SMART),Actin gene (GenBank ID: XM_013858992) was used as the
Conserved Domain Database (CDD), and Pfam databask&ference control gene. Quantitative sale PCR (QR¥

for consistency. Perform motif apals on family member PCR) analysis was conducted using an Appliezs{tems
protein sequences using MEME Suite (https://memeQuantStudio 1 Redlime PCR System (Applied

suite.org/meme/), with parameters set to identify 10 motifs Biosystems, Shanghai, China). The relative expression
levels ofBnaBSKavere measured using th& 2 iethod.

Chromosome location and collinearity analysisThe B. The expression level at 0 hours was set as the control, and a

napus genome database (BnPIRttp://chi.hzau.edu.cn/ ttest was employed to analyzégnificant differences
bnapus) provided all of thBnaBSKsreference genomes between time points. The results were visualized using
(Brassica_napus.ZS11.v0.genome.fa) and theifsraphPad Prism 8.0 softwai@wift, 1997)

corresponding annotation files (Brassica_napus.ZS1
v0.gene.gff3). These were then mapped to thei
corresponding chromosomal loaats using the TBtools N . . .
softwapr)e(Che%et al, 2020) The MCScanthooI was used Identification and phylogenetic analysis oBSKsin B.

in TBtools for intraspecies comparison alysis, and the napus The genomes . napusB. rapg andB. oIerapea
gene collinearity was visualized by Advanced Circos. Th&ontained 37, 19, and 2BSK genes, respectively,
syntenic analysis was conducted to identify orthologougccording to local BLASTN and BLASTP analyses using
BSK genes acrosB. napus A. tha”ana B. rapa andB. 12 knOWnAtBSKsaS referenf:eilonSIderalEl Var|at-)|||ty .
oleracea Chromosomal localization and collinearity of was observed in the predicted lengths of amino acid
genes were visliaed through the Multiple Synteny Plot residues across all 37 BnaBSK proteins, ranging from 358
tool. To examine the selection patterns of each gene pailQ 819 aa, with corresponding molecular weights from
compute the Ks values using TBtools. Using the formula #0386.99 to 92725.96 Da. All members are acidic with

esults
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theoretical pl values <7anging from 5.17 to 6.44. Among BoBSKs and 19 BrBSk#to 8 distinct groups labeled 1
these, BnaA03G0444400ZS stood out as having ththrough 8 (Fig. 2). Specifically, group 1 encompassed the
highest molecular weight but the lowest pl value, and itAtBSK7 and AtBSK8 subfamily, Group 2 contained
gene structure was the most complex (comprising 15 exof¥BSK3 and AtBSK4 subfamilies, Group 3 included the
and 14 introns) (Table S1). Similarly, Table S2 gives theAtBSK5 and AtBSK6 subfaily, Group 4 consisted of the
BSngneS summary for the genomeﬁob'eraceeandB_ AtBSK9 and AtBSK10 Subfam|l|es, Group 5 contained the

rapa. The proteins derived from these genetic sequencedBSK2 branch, Group 6 included AtBSK11 and
varied between 441 and 506 amino acids in length, tippingtBSK12 subfamily, and the seventh group held the
the scales at molecular weights anywhere from 49836.8 {otBSK1 subfamily. In B. napus these groups were

57037.8 Da, sharing a comparaplg/sicochemical profile populated by varyjng numbersf BSK members: six.
with their BnaBSK counterparts . napus Comparing members were assigned to Group 1, four to Group 2, six to

: roup 3, five to Group 4, six to Group 5, six to Group 6,
gene numbers across the three species clearly revealed t gto Group 7, and two to Group 8. While Group 5

B. napus as an allopolyploid, underwent gene family i qeq AtBSK2 and six BnaBSKs, AtBSK2 exhibited
expansion during evolution. The number of members ”breater similarityto BnaA06G042366OZS and BnaCoO7
this expanded gene family is roughly equivalent to theG0249700ZS than to the remaining four BnaBSKs, hinting
combined total of the two diploid ancestral species. Thigyt potentially similar functional roles. EaghBSKgene in
finding corresponds to the genetic changes in conservatiofrapidopsiscorresponded to multiple homologs in e
and elimination following genome duplication. napusgenome, except for AtBSK10, aligning with a ding

To elucidate the phylogenetic relationshipstween  homologous gene. This anomaly might be due to their loss
BSK proteins inA. thaliana B. napusB. oleraceaandB.  or differentiation during evolution. The findings
rapa, a maximum likelihood (ML) phylogenetic tree was ynderscored a substantial expansiorB8K homologous
constructed with the IREE program. This phylogenetic genes irB. napusgelative toA. thaliana further reinforcing
tree, based on optimal model (JTT+G4), grouped the 8the notion thatBSK genes witin the same subfamily
BSK genescomprising 12 AtBSKs, 37 BnBSKs, 21 exhibit distinct or overlapping functionalities.
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Fig. 2. The cladogram of BSKs proteins frémthaliang B. napusB. oleraceaandB. rapa Using the IQTREE programa maximum

likelihood (ML) phylogenetic tree was constructed based on BSK protein sequencegdtndopsis thaliangB. napusB. oleracea

andB. rapa Different colors in the figure represent the eight categories into which BSK proteins were cludtergdeen triangle
represent#\. Arabidopsis the red square represeBtsnapusthe pink diamond represemsoleraceaand the blue circle represeBts
rapa. The numbers on the nodes represent theegplinsion support rate (%) based on 5,000 répetit
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in Brassica napuswhere yellow represents exons and green represents the 5' UTR and 3' UTR. (D) Schematic diagram of the distribution
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Fig. 5. Intraspecific collinearity analysis of tB8Kgene family irBrassica napusThe chromosome is represented by the pink square, the collinear
block in theB. napugyenome is represented by the gray background, and the gene pairs with fragment repeats are connected by the blue line.

Analysis of theBnaBSKgene structure, conserved domain, possessed 2 kinase catalytic domains -eacfeature
and conserved motif:To construct a phylogenetic tree, 49 unprecedented in the BSK family and not observed in
BSK protein sequences from rapeseedAwadbidopsisvere  Arabidopsis This unique domain architecture suggested
arranged into separate clusters (Fig. 3A). The analysis delvegecialized roles in BR signalingr @ther physiological
into the domain arctéctures of the AtBSK and BnaBSK pathways. Truncations were observed at therhinus of
families. A salient feature of BSK proteins is the conserved Ntwo  BSK ~ proteins ~ (BnaC05G0004700ZS  and
terminal PKc (Putative kinase catalytic) domain, which isBnaC09G0424500ZS) iB. napus This may lead to patrtial
indispensable for their kinase activity, enabling them tdunctional impairment or complete conversion into
phosphorylate targeted substrates. On theraxy, the €  pseudogenes (Fig. 3B). In corsilon, the examination of the
terminal region exhibited flexibility, harboring 2 to 3 TPR domain architectures of members of the BSK family not only
domains that were crucial for mediating profpintein  enriched comprehension of this kinase family, but also
interactions (Fig. 3B). PLN03088, TadD, CpoB, PilF, and theprovided potential clues, insights, and perspectives for
3a0801s09 family all contain TPR domains. Analysisadvancing research on the BR signaling pathway, plant
revealed that mong the BnaBSK proteins, 9 lacked TPRgrowth and development regulation, and crop genetic
domains, while others contained various domains: PLN03088nhancement strategies.

(11 proteins), TadD (19), CpoB (4), PilF (1), and 3a0801s09 Genomic organization contributes significantly to the
(3). Only the AT4G00710 and BnaC03G0336100ZS proteingene family expansion and divergerféganget al, 2015)
contained TPR structural domains. Remarkdllg,B. napus  An analysis of exotintron structures wthin BnaBSKgenes
members, BnaA03G0444400ZS and BnaC07G0419300Z%¢vealed diversity in exon number and length, exemplified
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by the varying exons of 3naBSKsranging from 7 to 15. In order to explore the members of the phylogenetic
The BnaBSKswithin the same group shared similar functionality of theBSKgene family, thd8SKgene families
structures, pointing to a close evolutionary linkage (Fig. 3C)of B. napus A. thaliana B. rapa, and B. oleraceawere
Exorintron structures exhibited consistency across differentollinearly analyzed. The analysis uncovered exteri38i¢
clusters; all 37BnaBSKgenes had both exons and intronshomologs shared amorig} napusandthe other 3 plants,
and were less than 22 kb in length, 19 members lacked boittith the highest number of homologs betw&mapusand
56 UTR and 3 6 RhACR7G0248100Z8aed  B. oleraceaand the fewest homolog pairs with thaliang
BnaA06G0423600ZXontained extremely long TRs. indicating thatB. napusexhibited more conserved synteny
BeyondBnaA03G0444400ZshdBnaC07G0419300Z8e  with different Brassicaceae plants within tBSK gene
number of exons iBnaBSKgenes did not vary significantly, family (Renet al, 2021) There are one or more collinearity
suggesting that they may share similar functions. In othdnlocks between theéBnaBSKsfamily members andA.
words, structural variation may be associated with functionahaliana B. rapa and B. oleracea suggesting that some
differentiation. Ths analysis underscored the intricate homologous genes amgthe 4 species have undergone one
interplay between genomic organization and themore round of genomaide replication, resulting in the
evolutionary trajectories of gene families. dispersion or polymerization of some gene functions (Fig. 6).
Conservative motif analysis revealed 10 characteristido examine the role of evolutionary forces and the nature of
motifs distributed across all 49 BSK family members. All selective pressures, we computed the -syronymous
BSKs contained wtifs 2, 5, 6, and 10 (Fig. S1), which may substitution rate (Ka), synonymous substitution rate (Ks),
represent key components contributing to functionabnd their ratio (Ka/Ks) for homologous gene pairs in
specificity. BnaC09G0424500ZS and BnaC05G0004700Z%apeseed and 3 crop species. Between rapeseed and
exhibited distinct motif deletion patterns, with their ArabidopsisB. oleraceaandB. rapa we found 43, 82, and
distribution positions differing from other family meens. 11 homologousBSK gene pirs, respectivelyYe et al,
This variation may correlate with functional differentiation 2023) The majority & homologous gene pairs (133/136),
among gene family members (Fig. 3D). This gene familyaccording to the results, had Ka/Ks ratios less than 1,
likely maintained its core functions through these conserveduggesting that significant purifying selection was applied to
structures while achieving functional differentiation andthese genes during evolution. Just a handful of gene pairs,
evolution via dierse structural features. This enabledlike BolC079g047430.2J.i8naC07G0419300ZSnith a
distinct gene members to play unique roles in the growthka/Ks ratio of 1.53, show a Ka/Ks value above 1, which
development, and environmental adaptatioB.afapus points to these genes potentially having experienced positive
selection or accelerated evolution after certain species split
Chromosome location and collinearity —analysis: off. This pattern might tie into the development of functions
Chromosomal localization analysis revealed th&IBIBSK  uniqueto particular species and definitely calls for more in
genes were distributed on 17 chromosomes and twdepth study down the road (Table S4).
scaffolds (scaffold0025 and scaffold2366). Specifically,CiS elements analysis oBnaBSKsgene promoters: The
chromosomes A01, C01, and CO3 each harboBaBSK o oter is a sequence on the DNA chain that can bind to
members; chromosomes A03, A10, C04, COS5, and CO7 eagiNA polymerase and initiate mRNA synthesis. It is an
contained 2BnaBSKmembers; chromosee A09 had 4 jygispensable regulatory sequence for gene expression.
BnaBSKmembers, while chromosome C09 haBraBSK  prediction of promoter sequences was carried out foBthe

members. There was ortnaBSKmember on the other napus BSKs gene family, regaling cis-acting regulatory
seven chromosomes and two scaffolds, respectively (Fig. 4¢lements associated with various hormone pathways, as well
These data show an uneven distributiorBo&BSKgenes  as those linked to low temperature, stress, and developmental
across th&. napugyenome. processes (Fig. 7). The distribution and abundance of these
Collinearity analysis ofBnaBSK genes on the 17 elements varied significantly among fBeaBSKpromoters.
chromosomes revealed multiple pairs of repeated genmongthemBnaC09T04245002%d the highest number of
fragments. Within the rapeseed genome, we identified 6finctional components, suggesting it might act as a pleiotropic
duplicate gene pairs among B&aBSKgenes, all resulting regulatory node involved in integrating multiple stress and
from wholegenome duplication (WGD) or gmental developmental processes, whereas the promoters of
duplication, with no tandem duplication events detected. ThBnaA06T0192400&andBnaC07T041930024%xd the fewest.
Ka/Ks ratios for all 68 gene pairs were less than 1 (rangingmong hormoneesponsive elements, methyl jasmonate,
from 0.015 to 0.60), indicating strong purifying selectionauxin, and abscisic aeiglated ones were markedly
and functional conservation. Some gene pairpredominant, while those related to salicylic acid and
(BnaA06G0423600ZS/BndZG0249700ZS, Ka/Ks = gibberellin were less numerous. Enhariter elements
0.015) exhibited extremely low Ka/Ks ratios and recentspecific to anoxic inducibility, anaerobielated cis-acting
divergence times, suggesting they may retain highly similaglements, as well as elements responsive to low temperature
functions (Table S3). All these gene pairs were distributednd drought were also identified (Fig. 7), implying their
across all 17 chromosomes and were almost equallyossible functions in ecological stress responses. Only the
distribuied between the A and C subgenomes. Chromosonm@omoters 0BnaABT0401800Z%nd BnaC09T0162900ZS
CO09 exhibited the highest number of duplication events (5hadcis-acting elements involved in cell cycle regulation (Fig.
while chromosomes A05 and C08 showed no distribution of). Seeespecific regulatory elements detected exclusively on
duplication events (Fig. 5). Based on these observations,tie promoters of BnaA09T0013600ZS and Bna
was reasonable to infer that themired genes arose through C09T0113000Z#&ight participate in seedtlated biologtal
either wholegenome duplication or the duplication of processes(Fig. 7). The diversity ofcis-acting elements
extensive genetic fragments. This suggests that such largsuggests that th8naBSK gene may exhibit differential
scale duplication events represent a key driving force for theegulatory mechanisms in response to various biotic, abiotic,
expansion and evolution of this gene family. and hormonal stressors in plants.
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Fig. 6. The collinear relationships BhaBSKsdetweenA. thaliang B. oleracea andB. rapa The collinear BSK gene pairs between
the indicated species are shown by red lines. Gray background components denote collinear regions.
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Fig. 8. The expression patternsByfaBSKsn different tissues or organs at various developmental sta@esiapus The heatmap was
drawn using TBtools' HeatMap lllustrat@idenget al, 2014) The colour bar represents the expression values.

Expression profiles ofBnaBSKsin various tissues:To
assess the expression patternsBohBSKgenes across
tissues and growth phasesBnnapus public microarray

BnaC01G011020ZS showed elevated expression
specifically during the 16 to 48 days of seed development,
hinting at temporal specificity in their expression patterns.

data sets were analyzed. The findings revealed distindthe expression oBnaA04G0051300Z8&irrored that of

expression profiles for 46BnaBSK genes in roots,

BnaC04G0329000ZSand similarly, the expression of

cotyledons, rosette leaves, leaves, stems, buds, sepadaA09G0149600ZS paralleled BnaC09G0162900ZS

petals, filaments, pollen, siligues, and sedHsgy. 8).
BnaA01G003400ZS BnaC01G0036400ZS BnaA08G
0130400ZSand BnaC03G0738400Z8/ere consistently

suggesting that genes from the same evolutionary group
tended to exhibit correlated expression trends throughout
the growth period (Fig. 8). Taken together, the ubiquitous

highly expressed throughout the growth period, indicatingoresence ofBnaBSKsgenes had been observed across

their ongoing contribution to the developmenBofnapus
(Fig. 8). In contrast, BnaA01G0090300ZS and

various tissues d. napusand may be involved in distinct
growth and development stages.
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Fig. 9. Hormonal response patternsBofaBSKggenes inB. napus Gene expression heat map in seedleayés treated with IAA, ACC, gibberellin
(GA), abscisic acid (ABA), trangeatin (TZ), jasmonate (JA), and brassinolide (BL). The colour bar represents the expression values.

Expression analysis oBnaBSKsgenes among hormones Under cold stress, the expression of specific genes
and abiotic stress:To further explore and gain deeper insightsuch asBnaA04G0051300Z8nd BnaC04G032900ZS

into the potential functions dBnaBSKsunder biotic and peaked at 12 hours and gradually declined over thim (
abiotic stresses, transcriptome expression data foB#¥e 10). This indicates that these genes neilitate cold
gene undehormoneand abiotic treatment were downlead tolerance and response to cold streéster 12 hours of
from the Huazhong Agricultural University, and the heatmaydrought treatmentBnaA09G0149600Z8nd BnaC09G

of BSKexpression in rapeseed vggneratedThe expression  0162900ZSexpression markedly increased, suggesting
levels of genesBnaA06G0423600ZSand BnaCO7G0 their potential importance in drought resistance.
249700Z<decreased with increasing treatment duration undeBnaC01G0036400Z8ndBnaA01G0®B1400ZS as well
various hormone treatmentsieanwhile BnaA01G0031400 as BnaC07G0249700ZSand Bna A06G0423600ZS
ZSandBnaC01G003640048llowed suitunder all hormone exhibited similar responses to various stimuli,
treatments except ABA and JMowever, the expression displaying comparable expression patterns under
levels of these 4 genes remained higher than other genes bdifferent abiotic stress treatments. This was also
before and after various hormone treatmeBBRaA04G observed in BnaC03G0738400ZS and BnaAO08
005130ZS and BnaC04G0329000ZS as well as G0130400ZSsuggesting redundant functions in plant
BnaA10G0146000Z%nd BnaC09G0424500ZSexhibited  resistance to mitiple abiotic stresses. These data
similar expression patterns acrossaashormone treatments. indicate thatBSK genes may play a role in mediating
This suggests they may share common functions arplant responses to adversityduced stress signaling and
potentially interact during hormone respon@eg. 9). hormonal adaptation.
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