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Abstract
Background  Sclerotinia stem rot, caused by the necrotrophic pathogen Sclerotinia sclerotiorum (S. sclerotiorum), 
poses a significant threat to rapeseed (Brassica napus), resulting in substantial yield losses and economic damage 
worldwide. While receptor-like kinases, particularly the Catharanthus roseus RLK1-like (CrRLK1L) family, are known to 
play vital roles in plant immunity and development, their specific functions in B. napus defense against S. sclerotiorum 
and their evolutionary dynamics remain largely unexplored.

Results  Through a GWAS, we identified BnCrRLK1L1_5, a CrRLK1L family member, as a candidate gene conferring 
resistance to S. sclerotiorum. To understand its evolutionary context, genome-wide and phylogenetic analyses of 
the CrRLK1L family across three Brassica species were performed, revealing significant diversification driven by 
whole-genome duplications and gene loss. Nevertheless, key functional domains, such as the malectin-like and 
kinase domains, remained highly conserved. Further analysis of cis-elements and the identification of six BnCrRLK1L1 
paralogs in B. napus suggested potential functional redundancy and broad roles in mediating stress responses. 
Transcriptomic analysis revealed that the expression of BnCrRLK1L1_5 was strongly induced in resistant genotypes 
upon inoculation. Functional characterization using fer-4, a mutant of the Arabidopsis ortholog FERONIA (FER), showed 
enhanced susceptibility to S. sclerotiorum. Furthermore, complementation with BnCrRLK1L1_5 in the fer-4 background 
restored resistance to levels exceeding the wild-type, indicating functional conservation between BnCrRLK1L1_5 
and FER. Co-expression of BnCrRLK1L1_5 with BAX in N. benthamiana leaves significantly reduced necrosis and ion 
leakage, suggesting that BnCrRLK1L1_5 functions as a suppressor of cell death. Moreover, protein-protein interaction 
network analysis predicted interactions between BnCrRLK1L1_5 and key partners, including BnCrRLK1L1_4, PTM9, 
RALF23, and Ferritin 4. These findings suggest that BnCrRLK1L1_5 modulates resistance through regulating cell wall 
integrity, oxidative stress, and immune signaling.
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​​Background
The Catharanthus roseus receptor-like kinase 1-like 
(CrRLK1L) family is a prominent subfamily of the RLK 
superfamily that regulates key developmental processes 
and mediates responses to diverse stress conditions [1]. 
The CrRLK1L family was first identified in Catharanthus 
roseus and is characterized by an N-terminal extracellular 
domain, a single transmembrane helix, and a C-terminal 
kinase tail [2]. This structure allows CrRLK1L proteins to 
function as signal transducers at the plasma membrane, 
perceiving external signals through interactions between 
the extracellular malectin-like domain and RALF pep-
tides [3].

In Arabidopsis thaliana, the 17 identified CrRLK1L 
members are grouped into 10 clades, each with dis-
tinct functions in regulating diverse biological processes 
[4]. Among them, CrRLK1L1, also known as FERO-
NIA (FER), exhibits ubiquitous expression in vegetative 
and reproductive organs and plays a multifaceted role 
from growth to immunity [5–7]. It has been implicated 
in diverse developmental processes, including root hair 
elongation [8], flowering time [9], pollen tube growth 
[10], and seed development [11]. FER also participates in 
abiotic stress responses such as cold, heat, drought, and 
salinity [7]. It regulates cell growth and stress responses 
by modulating the balance of ROS and hormone homeo-
stasis, particularly auxin, jasmonic acid, brassinosteroids, 
ethylene, and salicylic acid [12].

Most of all, FER plays a dual role in plant immunity. It 
positively regulates basal immune responses by forming 
receptor complexes with PRRs [13]. For example, over-
expression of the extracellular malectin-like domain of 
TaFER enhanced resistance to Fusarium graminearum 
[14]. Moreover, FER attenuates bacterial virulence effi-
ciency. It mediates resistance to Pseudomonas syringae 
by suppressing JA and coronatine through the phosphor-
ylation and destabilization of MYC2 [15]. However, this 
pathway can be exploited by pathogens. RALF23 binds 
FER to stabilize MYC2 or to block immune complexes, 
thereby suppressing plant defense and promoting infec-
tion [13, 15].

Brassica napus L. is a major global oilseed crop used 
in food, feed, and biofuel production [16]. As an allo-
tetraploid species (AACC) that emerged from the natu-
ral crossing between Brassica rapa (AA) and Brassica 
oleracea (CC), B. napus exhibits a complex genome [17]. 
However, it faces numerous biotic stresses, among which 

Sclerotinia stem rot caused by the necrotrophic patho-
gen S. sclerotiorum is a major threat [18]. This pathogen 
infects multiple tissues and persists in soil as sclerotia for 
years, resulting in yield and quality losses worldwide.

To date, no B. napus accession possesses complete 
immunity to S. sclerotiorum. Despite the identification 
of various resistance-associated QTLs, the isolation of a 
single gene conferring complete resistance remains lack-
ing [19–23]. It implicates the complexity of resistance 
mechanisms and poses significant challenges for breed-
ing efforts. Recent advances in genomics, especially 
GWAS, have been utilized to explore candidate resistant 
QTLs; only a few genes have been functionally validated. 
For example, BnaA07.MKK9 enhanced Sclerotinia stem 
rot resistance by promoting H2O2 accumulation and 
hypersensitive response [24], while BnaA07.WRKY40 
regulated downstream defense-related genes in response 
to S. sclerotiorum infection [25]. Considering the devas-
tating impact of Sclerotinia stem rot, the limited number 
of resistance genes identified so far has significantly hin-
dered progress in breeding for resistance.

In this study, we integrated GWAS with functional 
genomics to identify BnCrRLK1L1_5 as a critical 
enhancer of resistance to S. sclerotiorum. Using a natural 
population of 180 B. napus accessions, BnCrRLK1L1_5 
was identified as a candidate gene associated with stem 
rot resistance. Then, the study investigated the func-
tional role of BnCrRLK1L1_5 by complementing the cor-
responding Arabidopsis mutant fer-4. Furthermore, we 
performed a comprehensive genome-wide analysis of 
the CrRLK1L family in rapeseed, including phylogenetic 
and synteny analyses, gene structure and motif charac-
terization, cis-element prediction, expression profiling, 
and protein-protein interaction networks. Together, this 
study investigated the functional and evolutionary roles 
of CrRLK1L genes, offering novel insights into the molec-
ular basis of immunity against S. sclerotiorum in B. napus. 
It will also uncover new resistance genes, broadening the 
genetic resources available for combating S. sclerotiorum.

Materials and methods
Plant materials and fungal pathogens
The natural populations employed for GWAS consisted 
of 180 B. napus accessions, including spring, winter, and 
semi-winter types of rapeseed oil, all cultivated under 
natural conditions in our laboratory’s Yangluo experi-
mental field in Wuhan, Hubei Province (Table S1). A. 

Conclusions  Together, this study elucidates the dynamic evolution of the CrRLK1L family and establishes 
BnCrRLK1L1_5 as a key regulator of resistance against S. sclerotiorum. The potential mechanisms involving immune 
signaling and cell death regulation provide valuable insights for improving disease resistance in rapeseed and other 
crops.
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thaliana wild-type and the fer-4 mutant were maintained 
in our laboratory and grown in a controlled greenhouse 
at 22  °C, under a 16  h light/8  h dark photoperiod. The 
S. sclerotiorum isolate 1980 was propagated on PDA at 
24  °C, and its mycelium was subsequently used for fur-
ther inoculation.

Stem and leaf inoculation with S. sclerotiorum
Stem inoculation was conducted on 180 natural acces-
sions of B. napus grown in the field during the peak 
flowering stage of the majority of the population. Each 
accession was planted in three replicated plots, with ten 
plants per replicate. Mycelial plugs of S. sclerotiorum 
were prepared by punching 8 mm discs from the actively 
growing edge of fungal cultures. A hole of the same 
diameter was pre-drilled into the stem of each plant, and 
the 8  mm mycelial plug was placed at the wound site. 
Then the inoculated stem was wrapped with plastic film 
to maintain moisture and promote infection. Each plot 
received three sets of inoculated plants, and lesion size 
was measured at 17 days post-inoculation [26]. The aver-
age lesion size from the three replicates was used as the 
phenotypic value for GWAS analysis.

Leaf inoculation was performed on B. napus cultivars 
ZS11 and ZY821 grown in the field during the winter-
ing period. An 8 mm mycelial agar disc was placed at the 
leaf center. The size of each lesion was determined by 
measuring two perpendicular diameters and calculated 
as the mean of these values at 24 and 42 h after inocu-
lation. Subsequently, the final “average lesion size” for 
each specific accession was calculated as the statistical 
mean of the lesion sizes across all replicates. Similarly, 
Arabidopsis wild-type and fer-4 mutant were inoculated 
using a 2 mm mycelial plug on each leaf collected from 
eight-week-old plants. Lesion size was measured and cal-
culated using the same method at 42 h after inoculation. 
Each accession was inoculated in three replicated plots, 
with ten leaves per replicate. The average lesion size from 
the three replicates served as the phenotypic value. Sta-
tistical significance was assessed using Student’s t-test.

GWAS in a natural population
We conducted GWAS on a collection of 180 B. napus 
accessions, utilizing whole-genome resequencing data 
previously generated in our laboratory [27]. The Illumina 
HiSeq XTen platform was used for sequencing, followed 
by the alignment against the B. napus Darmor-bzh refer-
ence assembly (version 5.0). SNPs with a MAF < 0.05 were 
filtered out, resulting in 2,797,642 high-quality SNPs for 
GWAS analysis. The GWAS was implemented using both 
MLM and GLM. A significance cutoff of p < 1.8 × 10⁻⁸ was 
adopted in this study, corresponding to a Bonferroni cor-
rection (0.05/total number of SNPs) [28]. LDBlockShow 
was employed to generate heatmaps representing linkage 

disequilibrium and haplotype blocks in specific regions 
[29]. Box-and-whisker plots of phenotypic differences 
among haplotypes were generated based on significant 
SNPs via a two-tailed Student’s t-test.

Genetic complementation assays in Arabidopsis
The complementation vector was constructed for trans-
formation into Arabidopsis to validate the candidate 
gene. The genomic sequence of BnCrRLK1L1_5 was 
amplified from B. napus cv. ZY821 via PCR (primers in 
Table S2) and inserted into the pBI121 under the control 
of its native promoter. The constructed vector was then 
electroporated into Agrobacterium tumefaciens strain 
GV3101. Arabidopsis mutant (fer-4) was transformed 
using the floral dip method. After selection on kanamy-
cin-containing medium and confirmation by PCR, homo-
zygous T₂ lines were used for leaf inoculation.

Subcellular localization, cell death, and ion leakage 
measurement in Nicotiana benthamiana
The pBI121-mCherry vector carrying BnCrRLK1L1_5 
(primers in Table S2) was transformed into A. tumefa-
ciens GV3101. For transient expression assays, bacteria 
were resuspended to a final OD600 of 0.5 in a solution 
of 10 mM MgCl₂, 10 mM MES (pH 5.6), and 100 µM 
acetosyringone. The bacterial suspensions were infil-
trated into the 4- to 6-week-old N. benthamiana leaves 
using a needleless syringe [30]. Subcellular localization 
of BnCrRLK1L1_5 was visualized by detecting mCherry 
fluorescence using confocal laser scanning microscopy 
after 48 h.

To assess cell death induction or inhibition, the 
BnCrRLK1L1_5 construct, control vectors, and BAX 
were expressed in N. benthamiana leaves as described 
above. Cell death symptoms were monitored visually 
and documented 3 days post-infiltration. Leaf discs with 
a diameter of 1 cm were prepared from both inoculated 
and uninoculated N. benthamiana leaves using a sterile 
cork borer. The leaf discs were immediately immersed in 
20 mL of sterile distilled water and incubated for 30 min. 
Initial electrical conductivity (EC1) of the samples and 
the blank control (EC0) was measured using an OHAUS 
STARTER 300  C conductivity meter. Subsequently, the 
samples were boiled for 30 min to achieve complete elec-
trolyte release, then cooled to room temperature (25 °C). 
The total electrical conductivity (EC2) was then mea-
sured. The leakage percentage was calculated using the 
equation: (EC1−EC0) / (EC2−EC0) × 100% [31].

Identification of CrRLK1L family members in three Brassica 
species
Sequences of the 17 A. thaliana (Columbia_TAIR10.1) 
CrRLK1L members were acquired from TAIR. The 
genome and protein data of B. napus (Darmor-bzh_v5), 
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Transcriptomic profiling and qRT-PCR validation
Transcriptome data upon S. sclerotiorum inoculation 
were generated by RNA-seq in B. napus cv. ZS11 and 
ZY821 at 24  h post-inoculation in this study. Addition-
ally, transcriptomic data covering 31 distinct tissues of 
the ZS11 cultivar were obtained from BnTIR ​(​​​h​t​​t​p​:​​/​/​y​a​​
n​g​​l​a​b​o​r​a​t​o​r​y​.​h​z​a​u​.​e​d​u​.​c​n​/​B​n​T​I​R​​​​​) [39]. To maintain ​c​o​n​
s​i​s​t​e​n​c​y with the data format retrieved from the BnTIR 
database, the expression levels of all analyzed genes were 
normalized and evaluated using TPM values. Expression 
profiles were visualized as heatmaps using TPM values 
through the ImageGP online server ​(​​​h​t​​t​p​s​​:​/​/​w​​w​w​​.​b​i​c​.​a​c​.​
c​n​/​I​m​a​g​e​G​P​/​​​​​)​.​​

Results
Identification of BnCrRLK1L1_5 as a candidate gene 
associated with resistance to S. sclerotiorum
To investigate genes potentially regulating resistance to S. 
sclerotiorum, a GWAS was conducted using 180 B. napus 
accessions. A total of 2,797,642 SNPs with a MAF > 0.05 
were analyzed using the MLM and GLM based on 
the average lesion size. Manhattan plots highlighted 
a genomic region significantly associated with resis-
tance, spanning 36.006–36.012 Mb on chromosome C07 
(Fig. 1A and Fig. S1). Within this 6-kb region, the most 
significant SNPs were in strong LD with BnaC07g32280D, 
which encodes a CrRLK1L family receptor-like kinase 
(Fig. 1B). Two major haplotype groups were identified 
by focusing on seven statistically significant missense 
SNPs in the candidate gene, comprising 45 (Hap1) and 
114 (Hap2) accessions, respectively (Fig. 1C). Accessions 
in Hap2 exhibited significantly shorter lesion sizes than 
those in Hap1. The results suggest that BnaC07g32280D 
(a homolog of AtCrRLK1L1, also known as FER) is a 
strong candidate gene contributing to Sclerotinia stem 
rot resistance in B. napus.

Identification and chromosomal distribution of CrRLK1L 
family in B. napus
To better characterize the gene identified by GWAS, a 
comprehensive genome-wide survey of the CrRLK1L 
family was performed in B. napus. Using 17 Arabidopsis 
CrRLK1L members as reference sequences, we identi-
fied 48 distinct CrRLK1L members in B. napus, includ-
ing 23 in the A subgenome and 25 in the C subgenome 
(Table S3). These genes were unevenly distributed across 
18 chromosomes, excluding A05 (Fig. S2 and Table S4). 
Chromosomes A04, C03, and C04 each carried five 
CrRLK1L genes, while A06 and C07 each carried four 
genes. The remaining chromosomes contained one to 
three CrRLK1L genes. These genes were named based on 
phylogenetic relationships with Arabidopsis orthologs. 
The gene BnaC07g32280D identified by GWAS in this 
study was an ortholog of AtCrRLK1L1 (FER). Our results 

B. oleracea (JZS_v2), and B. rapa (Chiifu_v4.1) were 
retrieved from BnaOmics ​(​​​h​t​​t​p​s​​:​/​/​b​​n​a​​o​m​i​c​s​.​o​c​r​i​-​g​e​n​o​m​
i​c​s​.​n​e​t​/​​​​​) [32].

The A. thaliana CrRLK1L amino acid sequences were 
employed as query probes to screen for homologous 
genes in three Brassica species. All CrRLK1L protein 
kinases are defined by a conserved architecture compris-
ing a malectin-like domain and a kinase domain. Domain 
structures of the 17 Arabidopsis CrRLK1L proteins were 
analyzed using Pfam, which confirmed that all of them 
contain the malectin-like domain (Pfam ID: PF12819). 
Notably, ATCrRLK1L14 (AT5G39020) included the Pki-
nase domain (Pfam ID: PF00069), whereas the remain-
ing 16 members contained the Pk_Tyr_Ser-Thr domain 
(Pfam ID: PF07714).

Therefore, candidate CrRLK1L members were charac-
terized by the malectin-like domain (PF12819) in combi-
nation with either the Pk_Tyr_Ser-Thr domain (PF07714) 
or the Pkinase domain (PF00069). All candidate protein 
sequences were further verified using Pfam to confirm 
the presence of complete domain structures.

Chromosomal distribution, phylogeny, and synteny 
analysis
Chromosomal loci were identified using genome anno-
tation files in GFF format and visualized with TBtools 
[33]. Phylogenetic relationships were established using 
the Neighbor-Joining method in MEGA 11 under default 
parameters, following the alignment of amino acid 
sequences from Arabidopsis and the three Brassica spe-
cies [34]. The online server iTOL (https://itol.embl.de/) 
was utilized to display and annotate the constructed tree. 
Additionally, to further investigate the evolutionary con-
servation and genomic synteny of CrRLK1L genes, col-
linearity analysis was conducted using MCScanX with 
default parameters [35].

Gene structure, conserved motif, cis-elements analysis, and 
PPI network of BnCrRLK1L genes
The exon-intron organization of BnCrRLK1L genes was 
analyzed using the B. napus genome annotation files 
(GFF). Conserved motifs were identified via the MEME 
Suite server, while functional domains were exam-
ined using the NCBI Conserved Domain Database. The 
PlantCARE online tool was utilized to analyze the 2  kb 
genomic region upstream of the start codon for each 
BnCrRLK1L gene ​(​​​h​t​​t​p​:​​/​/​b​i​​o​i​​n​f​o​​r​m​a​​t​i​c​s​​.​p​​s​b​.​u​g​e​n​t​.​b​e​/​
w​e​b​t​o​o​l​s​/​p​l​a​n​t​c​a​r​e​/​h​t​m​l​​​​​) [36]. All the data were visual-
ized using TBtools [33]. The PPI network of the CrRLK1L 
family in B. napus was constructed from STRING data 
[37] and visualized in Cytoscape [38]. Putative interacting 
genes were further evaluated through GO enrichment 
analysis using the BnaOmics platform [32].

http://yanglaboratory.hzau.edu.cn/BnTIR
http://yanglaboratory.hzau.edu.cn/BnTIR
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https://www.bic.ac.cn/ImageGP/
https://bnaomics.ocri-genomics.net/
https://bnaomics.ocri-genomics.net/
https://itol.embl.de/
http://bioinformatics.psb.ugent.be/webtools/plantcare/html
http://bioinformatics.psb.ugent.be/webtools/plantcare/html
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revealed six orthologous copies in B. napus, all showing 
high sequence similarity with FER (Fig. S3). Accordingly, 
BnaC07g32280D was named BnCrRLK1L1_5.

Phenotype of S. sclerotiorum resistance and the expression 
profiling of BnCrRLK1L1
Representative accessions representing the two hap-
lotypes were subjected to leaf inoculation assays. The 
resistant genotype (Hap2) exhibited significantly delayed 
symptom development compared with the susceptible 
genotype (Hap1) at both 24 and 42  h post-inoculation 
(hpi) (Fig.  2A). Quantification of lesion size confirmed 
that Hap2 accessions developed significantly smaller 
necrotic lesions than Hap1 (Fig. 2B), validating the asso-
ciation with Hap2 and the enhanced S. sclerotiorum 
resistance.

To identify the causal gene among the homologs, the 
expression patterns of the six BnCrRLK1L1 copies were 
examined upon S. sclerotiorum inoculation. Of these, 

four genes were differentially expressed between the two 
haplotypes. BnCrRLK1L1_4 and BnCrRLK1L1_5 shared 
similar expression patterns. Their transcripts were barely 
detectable in Hap1 but were strongly and rapidly induced 
upon inoculation in Hap2 (Fig. 2C). Furthermore, analy-
sis of sequence variations within the genomic regions of 
the six BnCrRLK1L1 genes revealed that BnCrRLK1L1_5 
(62 SNPs) and BnCrRLK1L1_6 (84 SNPs) exhibited a 
higher degree of overall polymorphism than the other 
homologs (Fig.  2D). Notably, BnCrRLK1L1_5 harbored 
the highest number of upstream regulatory variants (20 
SNPs) and a large number of missense mutations (10 
SNPs), suggesting potential functional variation (Fig. 2D). 
Combined with its inducible expression pattern, these 
features implicate BnCrRLK1L1_5 as the causal candi-
date gene.

Fig. 1  Discovery of the S. sclerotiorum resistance candidate gene BnaC07g32280D by GWAS. A Manhattan plot of the association analysis by MLM. Each 
point represents an SNP. The horizontal line indicates the genome-wide significance threshold (p = 1.787 × 10–8). B Location Manhattan plot and linkage 
disequilibrium (LD) heatmap of the candidate region (36.006–36.012 Mb) on C07. Red dots above the cutoff line represent significantly associated SNPs. 
C Structure and SNP variations of BnaC07g32280D and the necrosis size associated with the identified haplotypes. Data was analyzed via Student’s t-test 
(***, p < 0.001)
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BnCrRLK1L1_5 enhances resistance to stem rot and inhibits 
BAX-induced cell death
Since BnCrRLK1L1_5 is an ortholog of the Arabidopsis 
receptor kinase FERONIA (FER), the loss-of-function 
mutant fer-4 was inoculated with S. sclerotiorum to 
assess resistance. The fer-4 mutant displayed significantly 
expanded lesions compared with the wild-type upon 
inoculation with S. sclerotiorum (Fig. S4 and Fig. 3A-B), 
indicating that FER is putatively required for basal resis-
tance against this pathogen. A construct carrying the 
full gene sequence of BnCrRLK1L1_5 (haplotype from 
ZY821) with its native promoter was transformed into 
the fer-4 mutant for complementation (Fig. S5 and Fig. 
S6). The transgenic plants exhibited significantly reduced 
disease symptoms and restored resistance to levels 
exceeding the wild-type, indicating that BnCrRLK1L1_5 

can compensate for the loss of resistance in the fer-4 
mutant (Fig.  3A-B). These results support a pivotal role 
for BnCrRLK1L1_5 in positively regulating immunity 
against S. sclerotiorum.

Subcellular localization studies in N. benthamiana 
leaves showed that BnCrRLK1L1_5-mCherry fusion 
protein localized on the cell membrane (Fig.  3C). Fur-
thermore, the co-expression of BnCrRLK1L1_5 with 
BAX significantly alleviated leaf necrosis, indicating 
that BnCrRLK1L1_5 inhibits BAX-triggered cell death 
(Fig.  3D). The rate of ion leakage was also significantly 
reduced in co-expressed N. benthamiana leaves, further 
supporting the result that BnCrRLK1L1_5 inhibited cell 
death (Fig. 3E). The results suggest that BnCrRLK1L1_5 
contributes to resistance, likely by suppressing pathogen-
associated cell death.

Fig. 2  Phenotype and expression profiling of BnCrRLK1L1 homologs in representative two haplotypes. A Disease symptoms on leaves of two haplotypes, 
including ZS11 (Hap1) and ZY821 (Hap2) at 24 and 42 h post-inoculation (hpi). B Quantification of lesion sizes at 24 and 42 hpi. C Expression patterns of 
BnCrRLK1L1s in ZS11 and ZY821 at 24 hpi. D Distribution of SNP variant types in the six BnCrRLK1L1 gene loci. Different colored segments represent differ-
ent SNP annotation categories. Data was analyzed via Student’s t-test: ns, no significance; *, p < 0.05; **, p < 0.01; ***, p < 0.001
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Phylogenetic and syntenic relationship of the CrRLK1L 
family
To explore the evolutionary relationship within the 
CrRLK1L family, an unrooted phylogenetic tree was 
generated from 114 amino acid sequences, including 17 
CrRLK1L proteins from (A) thaliana, 25 from (B) rapa, 
24 from B. oleracea, and 48 from B. napus (Table S5). 
These proteins were classified into seven distinct clades 
based on phylogenetic relationships (Fig.  4A). Clade 
V, with 23 members, was identified as the largest clus-
ter, containing CrRLK1L12 to 15. Clade III and VI each 
contained 21 members, including CrRLK1L4/5/9 and 
CrRLK1L1/2/3, respectively. Most AtCrRLK1L genes 
had 2–6 orthologs in B. napus, distributed across both 
the A and C subgenomes. This expansion reflects the 
whole-genome duplication events in Brassica. However, 
specific evolutionary divergence was observed. For exam-
ple, AtRLK1L9/11/14/15 each had only one ortholog, 
whereas AtRLK1L13 had seven orthologs. The phyloge-
netic analysis also revealed the loss of AtCrRLK1L2/12 
orthologs in Brassica species, suggesting gene loss 
events during evolution. Within clade VI, the candidate 
gene BnCrRLK1L1_5 and its paralog BnCrRLK1L1_3 
both clustered tightly with AtCrRLK1L1. While 

BnCrRLK1L1_3 showed slightly higher sequence similar-
ity, the close phylogenetic relationship of BnCrRLK1L1_5 
within this specific subclade suggested a shared evolu-
tionary lineage and potential functional conservation.

Syntenic analysis highlighted the conservation of 
CrRLK1L genes between Arabidopsis and the Bras-
sica crops (Fig.  4B and Table S5). However, the synteny 
between (A) thaliana and Brassica genomes appeared 
fragmented, reflecting extensive chromosomal rearrange-
ments during the evolution of Brassica species. Further-
more, a one-to-one syntenic relationship was revealed 
between the (B) napus A subgenome and B. rapa chro-
mosomes, and between the B. napus C subgenome and 
B. oleracea chromosomes, confirming the allopolyploid 
origin and genomic stability in B. napus.

Analyses of gene structure, conserved domain, and protein 
motif in BnCrRLK1L proteins
To explore the structural diversity of the BnCrRLK1L 
proteins, we examined the exon-intron organiza-
tion, conserved domains, and protein motifs of the 48 
BnCrRLK1L proteins (Fig.  5). Gene structure analysis 
revealed that almost half of the family members lacked 
introns, and about one-third contained a single intron. 

Fig. 3  BnCrRLK1L1_5 enhances resistance to S. sclerotiorum and suppresses BAX-induced cell death. A Phenotype of Arabidopsis WT, fer-4 mutant, and Bn-
CrRLK1L1_5 complementation line at 48 h post-inoculation (hpi). B Statistical analysis of lesion sizes at 48 hpi. C Subcellular localization of BnCrRLK1L1_5-
mCherry fusion protein in Nicotiana benthamiana. D Leaf necrosis identification at 5 days post-infiltration (dpi) using a transient expression system in N. 
benthamiana.E Measurement of ion leakage at 3 dpi in N. benthamiana. Distinct letters denote statistically significant differences (p < 0.05)
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Fig. 4  Phylogenetic and syntenic analyses of the CrRLK1L family in Arabidopsis and Brassica species. A Phylogenetic tree generated with MEGA 11, show-
ing seven distinct clades (indicated by different colors). B Syntenic relationships of the CrRLK1L family indicate the syntenic gene pairs within Arabidopsis 
and Brassica species. Gray lines denote syntenic blocks. Colored lines trace specific syntenic relationships: green for (A) thaliana, (B) rapa, and the B. napus 
A subgenome; purple for (A) thaliana, (B) oleracea, and the B. napus C subgenome; and orange for pairs between the A and C subgenomes of B. napus
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All CrRLK1L family members feature conserved malec-
tin-like and protein kinase domains. Conserved domain 
analysis confirmed that all BnCrRLK1L proteins share 
the standard structure of receptor-like kinases. Specifi-
cally, they feature tandem N-terminal malectin (PF11721) 
or malectin-like (PF12819) domains, followed by a trans-
membrane helix, and C-terminal kinase domain includ-
ing Pkinase (PF00069) and Pk_Tyr_Ser-Thr (PF07714). 
Analysis of conserved motifs in the BnCrRLK1L proteins 
revealed 9–10 motifs across the family, with some motifs 
repeated in certain genes and other motifs absent in spe-
cific members (Table S6). For example, motifs 3 and 7 
were absent in some genes, while motif 8 was absent in 
the group V members.

Spatiotemporal expression pattern of BnCrRLK1L genes
Based on RNA-seq data from 18 tissues at different 
developmental stages, BnCrRLK1L genes exhibiting dis-
tinct expression profiles were classified into four clades 
(Fig. 6). The green clade, including BnCrRLK1L13/14/16, 
showed predominantly expression in leaves, and the 
genes in the blue clade were highly expressed in seeds and 
siliques. The gold clade, including BnCrRLK1L3/4/5, dis-
played a pollen-specific expression. The red clade, includ-
ing BnCrRLK1L1/7/17, exhibited ubiquitous expression 
across most tissues. Within this clade, BnCrRLK1L1 
genes showed varied expression patterns. The candidate 
BnCrRLK1L1_5 exhibited high expression levels in most 
tissues but relatively low transcript levels in seeds, pol-
len, and stems. Overall, the similar expression patterns of 

Fig. 5  Phylogenetic relationships and structural characterization of CrRLK1L members in B. napus and Arabidopsis. A phylogenetic tree is generated based 
on the sequences of AtCrRLK1L and BnCrRLK1L. A Exon-intron organization. The UTRs and exons are represented by light green and light yellow boxes, 
respectively, while introns are represented by black lines. B Functional domains. Malectin-like (PF12819) and malectin (PF11721) domains are shown in 
red and pink, respectively; kinase domains including Pkinase (PF00069) and STKc-IRAK (PF07714) are marked in yellow. Corresponding Pfam accessions 
are listed in Table S3. C Distribution of conserved motifs, with each motif represented by a distinct color. Detailed motif sequences are provided in Table S6
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different BnCrRLK1L paralogs suggest conserved func-
tional roles across the gene family.

Cis-elements analysis of BnCrRLK1L genes
To understand the transcriptional regulation mecha-
nisms of BnCrRLK1L genes, cis-regulatory elements 
were analyzed in the promoters (Table S7). The analysis 
showed that core promoter and enhancer region ele-
ments accounted for approximately 79% of all predicted 
cis-elements (Fig.  7A and Fig. S7). The remaining ele-
ments were mainly associated with hormonal response, 
stress, and developmental processes. About 8% of hor-
mone-responsive cis-elements were enriched. Among 
them, MeJA-responsive elements were the most signifi-
cantly enriched, followed by ABA-responsive elements 

(Fig.  7B). The enrichment of MeJA-responsive elements 
reflects an evolutionary adaptation of these genes for 
defense against necrotrophic pathogens. Moreover, mul-
tiple environmental stress-responsive elements were also 
identified, including light, anaerobic conditions, drought, 
low temperature, defense, and wounding (Fig.  7C). This 
indicates that the expression of BnCrRLK1L is putatively 
regulated by environmental stimuli. In addition, a smaller 
proportion of cis-elements was associated with various 
developmental processes, including meristem activity, 
circadian regulation, endosperm expression, flavonoid 
biosynthesis, seed regulation, and cell cycle control 
(Fig. 7D), indicating the diverse roles in development.
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PPI network of BnCrRLK1L members
To explore potential interaction partners, a PPI net-
work for BnCrRLK1L members was generated using the 
STRING database (Fig.  8A and Table S8). The resulting 
network of B. napus comprised 190 nodes and 930 edges, 
with two major clusters suggesting divergent signaling 
roles within the family. Among the 190 nodes, 14 rep-
resented query BnCrRLK1L proteins, which act as hubs 
connecting to numerous interacting partners.

A focused subnetwork concentrated on BnCrRLK1L1_5 
was identified (Fig. 8B). This subnetwork contained cru-
cial nodes, including its paralog BnCrRLK1L1_4, the 
peptide ligand RALF23 (Rapid Alkalinization Factor 23), 

PTM9 (Protein Methyltransferase 9), and FER4 (Ferri-
tin 4). BnCrRLK1L1_4 not only physically interacts with 
BnCrRLK1L1_5 but also shares a highly similar expres-
sion pattern (Fig.  2C), indicating that they may cooper-
ate in S. sclerotiorum resistance. However, the possibility 
of functional redundancy cannot be ruled out. Moreover, 
the receptor-like protein RALF23 was also identified in 
this subnetwork, implicating its conserved role in RALF-
triggered immunity.

GO enrichment analysis of the interaction part-
ners provided insights into the cellular mechanisms of 
BnCrRLK1L proteins. Functional annotation based on 
GO enrichment indicated that the interacting proteins 

Fig. 7  Distribution and functional classification of cis-elements in BnCrRLK1L promoters. A Overall distribution of all identified cis-elements. B-D Number 
and categorization of cis-elements associated with hormone responses (B), biotic and abiotic stress responses (C), and developmental processes (D)
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were significantly associated with biological processes, 
molecular functions, and cellular components (Fig.  8C 
and Table S9). Biological process terms were primarily 
associated with cellular processes such as the organiza-
tion of cellular components, cytoskeleton dynamics, 

and actin filament assembly. Analysis of molecular func-
tion revealed a significant enrichment in binding-related 
activities, particularly cytoskeletal protein binding, 
nucleotide binding, and ATP binding. For cellular com-
ponents, the analysis reveals a significant enrichment in 

Fig. 8  Prediction of PPI network for BnCrRLK1L members. A Global PPI network constructed using STRING. The yellow nodes represent the query 
BnCrRLK1L protein, and the green nodes indicate interacting proteins. The gray lines represent predicted interactions. B A specific subnetwork for 
BnCrRLK1L1_5. PTM9, protein methyltransferases 9; RALF23, RAPID ALKALINIZATION FACTOR 23; FER4, ferritin 4. C GO classification of the potential inter-
acting proteins
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membrane-related categories, including the cell periph-
ery and integral membrane components. These results 
suggest that BnCrRLK1L proteins may be important for 
cell membrane integrity and intracellular signaling, pro-
cesses closely linked to plant defense responses.

Discussion
BnCrRLK1L1_5 enhances resistance to S. sclerotiorum in B. 
napus
Our study highlights the significance of the CrRLK1L 
receptor-like kinase family in crop immunity. FER has 
been widely reported to regulate broad-spectrum immu-
nity in the model plant Arabidopsis [1]. However, under-
standing its homologous functions in polyploid crops 
like B. napus is challenging due to extensive gene family 
expansion and functional redundancy [17].

Although Hap1 is broadly distributed across suscepti-
ble accessions, the highly resistant Hap2 allele is relatively 
rare. The strong pathogen-induced transcriptional acti-
vation of Hap2 suggests an efficient and rapid immune 
response mechanism. The low frequency of this advanta-
geous allele in the examined population indicates that it 
has largely escaped extensive selection during the histori-
cal domestication of rapeseed [39]. However, large-scale 
haplotype identification and association analysis in germ-
plasm resources are necessary to evaluate the application 
potential of Hap2 in breeding populations and to develop 
molecular markers for assisted selection.

Furthermore, the biological significance of 
BnCrRLK1L1_5 is strongly reinforced by its functional 
conservation. Previous studies have established that 
FER acts as a crucial positive regulator against necro-
trophs, including S. sclerotiorum and Botrytis cinerea 
[40]. Our heterologous expression data demonstrated 
that BnCrRLK1L1_5 not only fully rescued the suscepti-
bility of the Arabidopsis fer-4 mutant but also conferred 
resistance levels surpassing those of the wild-type. The 
enhanced resistance may result from the potent immune 
signaling of the naturally selected Hap2 allele in B. napus. 
Additionally, it is also possible that sequence divergence 
protects BnCrRLK1L1_5 from the S. sclerotiorum effec-
tors that normally hijack the native Arabidopsis FER 
[41]. While its role in conferring basal resistance is clear, 
future comparative studies are required to elucidate how 
specific sequence variations between Hap1 and Hap2 
alter this protective kinase function.

Potential mechanism of BnCrRLK1L1_5-mediated defense 
against S. sclerotiorum
Cell death plays a versatile role during the interplay 
between plants and pathogens. On one hand, cell death 
is part of the plant’s defense strategy to restrict pathogen 
spread and to confer resistance against biotrophic patho-
gens [42]. However, necrotrophic pathogens such as S. 

sclerotiorum exploit cell death to facilitate infection and 
colonization by secreting effectors that degrade plant cell 
walls and induce additional cell death [43, 44]. Accord-
ingly, suppression of excessive cell death represents an 
effective resistance strategy for necrotrophic pathogens 
[45]. In this study, co-expression of BnCrRLK1L1_5 with 
BAX in N. benthamiana leaves significantly reduced 
necrosis and ion leakage, suggesting that BnCrRLK1L1_5 
functions as a suppressor of cell death.

Previous studies have shown that suppression of 
necrotic cell death is a known strategy confering resis-
tance to S. sclerotiorum. Overexpression of AtMLO2 
and BnMLO2_2 in Arabidopsis reduced lesion sizes and 
cell death following S. sclerotiorum infection [46]. Simi-
larly, FER has been demonstrated to modulate immune 
responses through RALF-mediated signaling, and fer 
loss-of-function mutants exhibit enhanced cell death and 
altered defense responses [3, 47]. A recent study demon-
strated that RALF22, a peptide involved in cell wall remod-
eling, inhibits ROS bursts, thereby positively regulating 
the resistance to S. sclerotiorum [40]. Together, the results 
suggest that the resistance conferred by BnCrRLK1L1_5 is 
achieved by suppressing necrotic cell death.

PPI network analysis further provided insights into 
the potential molecular mechanisms. BnCrRLK1L1_5 
was found to interact with several important proteins. 
RALF23 is a well-characterized FER ligand that regulates 
immune signaling and cell wall remodeling [13], sug-
gesting that BnCrRLK1L1_5 may participate in peptide-
mediated signaling at the cell surface. Ferritin 4, which 
is involved in ion homeostasis, may regulate oxidative 
stress during pathogen attack [48]. By promoting Fer-
ritin stability or accumulation, BnCrRLK1L1_5 could 
alleviate cell death, thereby restricting the infection of 
the necrotrophic pathogen S. sclerotiorum. Moreover, 
BnCrRLK1L1_4 shared similar expression patterns with 
BnCrRLK1L1_5 upon S. sclerotiorum inoculation, raising 
the possibility that these two genes act together or redun-
dantly to modulate resistance to S. sclerotiorum. These 
interactions support a model about how BnCrRLK1L1_5 
may contribute to resistance by modulating cell wall 
integrity, oxidative stress, and immune signaling.

Evolutionary dynamics and functional redundancy of the 
CrRLK1L family
Despite the extensive characterization of the CrRLK1L 
family in various plant species, a systematic genome-wide 
analysis in B. napus remains lacking [49–55]. As an allo-
polyploid species derived from hybridization between B. 
rapa and B. oleracea, B. napus provides an opportunity to 
investigate gene family expansion and functional diver-
gence following polyploidization [17, 56]. Phylogenetic 
and synteny analyses suggest that the CrRLK1L family 
has undergone extensive expansion and diversification 
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across Brassica species. Although the total number of 
CrRLK1L genes in B. napus approximates the combined 
numbers found in its progenitor species, differential 
retention of orthologs between the A and C subgenomes 
indicates asymmetric gene loss and chromosomal rear-
rangement following polyploidization [57].

Despite diversification, the CrRLK1L family exhibited 
significant evolutionary conservation, particularly within 
key functional domains, including the malectin-like and 
kinase domains [58]. The functional complementation of 
Arabidopsis fer-4 by BnCrRLK1L1_5 in this study provides 
experimental evidence for the conservation of CrRLK1L1 
function across species. Moreover, the presence of six cop-
ies of the BnCrRLK1L1 genes in B. napus suggests spe-
cialized roles in different tissues or developmental stages. 
Interestingly, BnCrRLK1L1_5 and BnCrRLK1L1_4 not 
only share high sequence identity with FER but also exhibit 
co-expression patterns and potentially interact with each 
other. The findings support the hypothesis that these par-
alogs may act cooperatively or redundantly in conferring 
resistance to S. sclerotiorum. Such functional redundancy 
may enhance the robustness of defense responses against 
necrotrophic pathogens and contribute to adaptive evolu-
tion of disease resistance in polyploid crops [59].

Conclusion
We identified BnCrRLK1L1_5 as a key positive regula-
tor of resistance to S. sclerotiorum, potentially acting 
through suppression of host cell death. The study high-
lights the potential for manipulating the CrRLK1L family 
to improve disease resistance in Brassica crops. Further 
studies are needed to elucidate the exact molecular func-
tion of BnCrRLK1L1_5 and its homologous genes, espe-
cially BnCrRLK1L1_4, which regulates defense response 
to S. sclerotiorum inoculation in B. napus.

Abbreviations
GWAS	� Genome-wide association studies
RLK	� Receptor-like kinase
RALF	� Rapid alkalinization factor
ROS	� Reactive oxygen species
PRRs	� Ppattern recognition receptors
SNP	� Single nucleotide polymorphism
PDA	� Potato dextrose agar
MAF	� Minimum allele frequency
MLM	� Mixed linear model
GLM	� General linear model
GFF	� General feature format
PPI	� Protein-protein interaction
GO	� Gene ontology
TPM	� Transcripts per Million

Supplementary Information
The online version contains supplementary material available at ​h​t​t​​​​p​​s​:​​/​​/​d​​o​​i​.​​o​​r​
g​/​​1​0​.​1​1​8​6​/​s​1​2​8​7​0​-​0​2​6​-​0​8​8​7​2​-​5​​​​​.​​

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
Not applicable.

Authors’ contributions
T.F. and L.X. wrote the main manuscript text, T.F. prepared the figures. T.F., 
C.Z., R.Z., J.L., Z.B., and J.H. performed the experiments and analyzed the 
data. F.L., L.R., Y.L., C.T., L.L., and S.L. contributed to project administration and 
supervision. All authors reviewed the manuscript.

Funding
This work was supported by the National Key Research and Development 
Program of China (2023YFF1000700), the Agricultural Science and Technology 
Innovation Program (ASTIP) (CAAS-CSIAF-202402), and the National Natural 
Science Foundation of China (32370693).

Data availability
The datasets generated and/or analysed during the current study are available 
on request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1The Key Laboratory of Biology and Genetic Improvement of Oil Crops, 
Ministry of Agriculture and Rural Affairs of the PRC, Oil Crops Research 
Institute Chinese Academy of Agricultural Sciences, Wuhan 430062, China

Received: 11 January 2026 / Accepted: 24 April 2026

References
1.	 Solis-Miranda J, Quinto C. The CrRLK1L subfamily: One of the keys to versatil-

ity in plants. Plant Physio Biochem. 2021;166:88–102.
2.	 Schulze-Muth P, Irmler S, Schroder G, Schroder J. Novel type of receptor-like 

protein kinase from a higher plant (Catharanthus roseus) - cDNA, gene intra-
molecular autophosphorylation, and identification of a threonine important 
for auto- and substrate phosphorylation. J Biol Chem. 1996;271(43):26684–9.

3.	 Ge ZX, Dresselhaus T, Qu LJ. How CrRLK1L receptor complexes perceive RALF 
signals. Trends Plant Sci. 2019;24(11):978–81.

4.	 Lindner H, Müller LM, Boisson-Dernier A, Grossniklaus U. CrRLK1L receptor-like 
kinases: not just another brick in the wall. Curr Opin Plant Biol. 2012;15(6):659–69.

5.	 Li S, Zhang Y. To grow or not to grow: FERONIA has her say. Mol Plant. 2014;7(8):1261–3.
6.	 Wang GP, Zhao ZF, Zheng XH, Shan WF, Fan JB. How a single receptor-like 

kinase exerts diverse roles: lessons from FERONIA. Mol Hortic. 2022;2(1):25.
7.	 Huang XH, Liu YH, Jia YH, Ji LZ, Luo XM, Tian SP et al. FERONIA homologs in 

stress responses of horticultural plants: current knowledge and missing links. 
Stress Biol. 2024;4(1):28.

8.	 Duan QH, Kita D, Li C, Cheung AY, Wu HM. FERONIA receptor-like kinase 
regulates RHO GTPase signaling of root hair development. Proc Natl Acad Sci 
U S A. 2010;107(41):17821–6.

9.	 Wang L, Yang T, Lin QL, Wang BQ, Li X, Luan S et al. Receptor kinase FERONIA 
regulates flowering time in Arabidopsis. BMC Plant Biol. 2020;20(1):26.

10.	 Liu XL, Castro C, Wang YB, Noble J, Ponvert N, Bundy M, et al. The role of 
LORELEI in pollen tube reception at the interface of the synergid cell and 
pollen tube requires the modified eight-cysteine motif and the receptor-like 
kinase FERONIA. Plant Cell. 2016;28(5):1035–52.

11.	 Wang XX, Liu JW, Wang MT, Liu LL, Liu X, Zhao CZ. FERONIA controls ABA-
mediated seed germination via the regulation of CARK1 kinase activity. Cell 
Rep. 2024;43(11):114843.

12.	 Tang J, Guo HQ. Jack of all trades: crosstalk between FERONIA signaling and 
hormone pathways. J Exp Bot. 2025;76(7):1907–20.

https://doi.org/10.1186/s12870-026-08872-5
https://doi.org/10.1186/s12870-026-08872-5


Page 15 of 15Fu et al. BMC Plant Biology         (2026) 26:1108 

13.	 Stegmann M, Monaghan J, Smakowska-Luzan E, Rovenich H, Lehner A, 
Holton N, et al. The receptor kinase FER is a RALF-regulated scaffold control-
ling plant immune signaling. Sci. 2017;355(6322):287.

14.	 Wang YJ, Liu X, Yuan BQ, Chen X, Zhao HX, Ali Q, et al. Fusarium graminearum 
rapid alkalinization factor peptide negatively regulates plant immunity 
and cell growth via the FERONIA receptor kinase. Plant Biotechnol J. 
2024;22(7):1800–11.

15.	 Guo HQ, Nolan TM, Song GY, Liu SZ, Xie ZL, Chen JI, et al. FERONIA receptor 
kinase contributes to plant immunity by suppressing jasmonic acid signaling 
in Arabidopsis thaliana. Curr Biol. 2018;28(20):3316.

16.	 Zhang YX, Zhou ZX, Tan M, Ye PP, Shi JC, Zhang HB et al. Fragrant rapeseed 
oils: A review in production, volatile flavor formation and regulation. Ind 
Crops Prod. 2024;217:118870.

17.	 Song XM, Wei YP, Xiao D, Gong K, Sun PC, Ren YM, et al. Genome characteriza-
tion clarifies U’s triangle model of evolution and polyploidy in Brassica. Plant 
Physiol. 2021;186(1):388–406.

18.	 Derbyshire MC, Denton-Giles M. The control of sclerotinia stem rot on oilseed 
rape (Brassica napus): current practices and future opportunities. Plant Pathol. 
2016;65(6):859–77.

19.	 Ding LN, Li T, Guo XJ, Li M, Liu XY, Cao J, et al. Sclerotinia stem rot resistance 
in rapeseed: Recent progress and future prospects. J Agri Food Chem. 
2021;69(10):2965–78.

20.	 Wu J, Chen PP, Zhao Q, Cai GQ, Hu Y, Xiang Y, et al. Co-location of QTL for 
Sclerotinia stem rot resistance and flowering time in. Crop J. 2019;7(2):227–37.

21.	 Wei LJ, Jian HJ, Lu K, Filardo F, Yin NW, Liu LZ, et al. Genome-wide association 
analysis and differential expression analysis of resistance to stem rot in Bras-
sica napus. Plant Biotechnol J. 2016;14(6):1368–80.

22.	 He YZ, Li Y, Bai ZT, Xie ML, Zuo R, Liu J et al. Genome-wide identification and 
functional analysis of cupin_1 domain-containing members involved in the 
responses to Sclerotinia sclerotiorum and abiotic stress in Brassica napus. Front 
Plant Sci. 2022;13:983786.

23.	 Zhang XH, Wang ZR, Zhou XM, Wang PF, Wang ZY, Xu Y et al. QTL mapping 
and candidate gene analysis for sclerotinia stem rot resistance in rapeseed 
cultivar Zhongshuang 11 by linkage, bulk segregant, and transcriptome 
analysis. Ind Crops Prod 2025;223:120192.

24.	 Lin L, Zhang XR, Fan JL, Li JW, Ren SC, Gu X et al. Natural variation in BnaA07.
MKK9 confers resistance to Sclerotinia stem rot in oilseed rape. Nat Commun. 
2024;15(1):5059.

25.	 Lin C, Shen XW, Zhu TT, Liu DX, Zhang ZD, Zhang Z, et al. BnaA07.WRKY40 
transcription factor confers enhanced defensive response to Sclerotinia 
sclerotiorum in Brassica napus. J Exp Bot. 2025;76(20):6094–113.

26.	 Wu J, Cai GQ, Tu JY, Li LX, Liu S, Luo XP et al. Identification of QTLs for resis-
tance to sclerotinia stem rot and BnaC.IGMT5.a as a candidate gene of the 
major resistant QTL SRC6 in Brassica napus. PLoS ONE. 2013;8(7):e67740.

27.	 Ding LN, Li M, Guo XJ, Tang MQ, Cao J, Wang Z, et al. Arabidopsis GDSL1 
overexpression enhances rapeseed Sclerotinia sclerotiorum resistance and the 
functional identification of its homolog in Brassica napus. Plant Biotechnol J. 
2020;18(5):1255–70.

28.	 Yin LL, Zhang HH, Tang ZS, Xu JY, Yin D, Zhang ZW, et al. rMVP: A memory-
efficient, visualization-enhanced, and parallel-accelerated tool for genome-
wide association study. Genom Proteom Bioinf. 2021;19(4):619–28.

29.	 Dong SS, He WM, Ji JJ, Zhang C, Guo Y, Yang TL. LDBlockShow: a fast and 
convenient tool for visualizing linkage disequilibrium and haplotype blocks 
based on variant call format files. Briefings Bioinf. 2021;22(4):bbaa227.

30.	 Wydro M, Kozubek E, Lehmann P. Optimization of transient Agrobacterium-
mediated gene expression system in leaves of Nicotiana benthamiana. Acta 
Biochim Pol. 2006;53(2):289–98.

31.	 Ilík P, Spundová M, Sicner M, Melkovicová H, Kucerová Z, Krchnák P, et al. 
Estimating heat tolerance of plants by ion leakage: a new method based on 
gradual heating. New Phytol. 2018;218(3):1278–87.

32.	 Cui XB, Hu M, Yao SL, Zhang YY, Tang MQ, Liu LJ et al. BnaOmics: A compre-
hensive platform combining pan-genome and multi-omics data from. Plant 
Commun. 2023;4(5):100609.

33.	 Chen CJ, Wu Y, Li JW, Wang X, Zeng ZH, Xu J, et al. TBtools-II: A one for all, 
all for onebioinformatics platform for biological big-data mining. Mol Plant. 
2023;16(11):1733–42.

34.	 Tamura K, Stecher G, Kumar S. MEGA11 molecular evolutionary genetics 
analysis version 11. Mol Biol Evol. 2021;38(7):3022–7.

35.	 Wang YP, Tang HB, Wang XY, Sun Y, Joseph PV, Paterson AH. Detection of 
colinear blocks and synteny and evolutionary analyses based on utilization of 
MCScanX. Nat Protoc. 2024;19(7):2206–29.

36.	 Lescot M, Déhais P, Thijs G, Marchal K, Moreau Y, Van de Peer Y, et al. 
PlantCARE, a database of plant cis-acting regulatory elements and a portal 
to tools for in silico analysis of promoter sequences. Nucleic Acids Res. 
2002;30(1):325–7.

37.	 Szklarczyk D, Gable AL, Nastou KC, Lyon D, Kirsch R, Pyysalo S, et al. The 
STRING database in 2021: customizable protein–protein networks, and func-
tional characterization of user-uploaded gene/measurement sets. Nucleic 
Acids Res. 2021;49(D1):D605–12.

38.	 Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, et al. Cytoscape: 
A software environment for integrated models of biomolecular interaction 
networks. Genome Res. 2003;13(11):2498–504.

39.	 Yang ZQ, Wang SB, Wei LL, Huang YM, Liu DX, Jia YP, et al. BnIR: A multi-omics data-
base with various tools for research and breeding. Mol Plant. 2023;16(4):775–89.

40.	 Lu K, Wei LJ, Li XL, Wang YT, Wu J, Liu M, et al. Whole-genome resequencing 
reveals Brassica napus origin and genetic loci involved in its improvement. 
Nat Commun. 2019;10:1154.

41.	 He YH, Chen SY, Chen XY, Xu YP, Liang Y, Cai XZ. RALF22 promotes plant 
immunity and amplifies the Pep3 immune signal. J Integr Plant Biol. 
2023;65(11):2519–34.

42.	 Renier AL, van der Sophien H. K. From guard to decoy: A new model for 
perception of plant ppathogen effectors. Plant cell. 2008;20(8):2009–17.

43.	 Pitsili E, Phukan UJ, Coll NS. Cell death in plant immunity. C S H Perspect Biol. 
2020;12(6):a036483.

44.	 Liu XF, Zhao HH, Yuan MY, Li PY, Xie JT, Fu YP et al. An effector essential for 
virulence of necrotrophic fungi targets plant HIRs to inhibit host immunity. 
Nat Commun. 2024;15(1):9391.

45.	 Nie XF, Wang ZY, Huang BB, Gu QN, Xu R, Yu S et al. The cell death-inducing 
protein BcPlp1 from Botrytis cinerea contributes to pathogenicity and modu-
lates plant resistance. Plant Sci. 2025;356:112492.

46.	 Santos TA, de Rezende DCB, Santos AS, Pirovani CP. Fungal effectors in biotro-
phic, necrotrophic and hemibiotrophic pathosystems: A systematic review. 
Plant Pathol. 2025;75:e70071.

47.	 Liu J, Wu YP, Zhang X, Gill RA, Hu M, Bai ZT et al. Functional and evolutionary 
study of MLO gene family in the regulation of stem rot resistance in Brassica 
napus L. Biotechnol Biof Biop. 2023;16(1):86.

48.	 Zhang X, Yang ZH, Wu DS, Yu F. RALF-FERONIA signaling: Linking plant 
immune response with cell growth. Plant Commun. 2020;1(4):100084.

49.	 Dangol S, Chen YF, Hwang BK, Jwa NS. Iron- and reactive oxygen species-
dependent ferroptotic cell death in rice-Magnaporthe oryzae interaction. 
Plant Cell. 2019;31(1):189–209.

50.	 Gawande ND, Sankaranarayanan S. Genome-wide characterization and 
expression analysis of CrRLK1L gene family in wheat unravels their roles in 
development and stress-specific responses. Front Plant Sci. 2024;15:1345774.

51.	 Jiang W, Li C, Li LT, Li YL, Wang ZH, Yu FY et al. Genome-wide analysis of 
CqCrRLK1L and CqRALF gene families in Chenopodium quinoa and their roles 
in salt stress response. Front Plant Sci. 2022;13.

52.	 Zuo CW, Zhang WN, Ma ZH, Chu MY, Mao J, An ZS, et al. Genome-wide iden-
tification and expression analysis of the CrRLK1L gene family in apple (Malus 
domestica). Plant Mol Biol Rep. 2018;36(5–6):844–57.

53.	 Zuo DY, Chen LJ, Ashraf J, Cheng HL, Zhang YP, Wang QL et al. Genome-wide 
identification of cotton CrRLK1L family genes and potential function of 
GhCrRLK1L104 in cell elongation. Curr Plant Biol. 2024;37:100325.

54.	 Tang L, Wang YF, Wang WH, Deng X, Wang XH. Genome-wide identification 
of CrRLK1L gene family and desiccation-induced expression profiles in Boea 
hygrometrica. Curr Plant Biol. 2022;31:100256. 

55.	 Solis-Miranda J, Fonseca-García C, Nava N, Pacheco R, Quinto C. Genome-
wide identification of the CrRLK1L subfamily and comparative analysis of its 
role in the legume-Rhizobia Symbiosis. Genes-Basel. 2020;11(7):793.

56.	 Qiao QH, Fu XZ, Ren ZX, Qiao W, Xiao D, He LF. Genome-wide Identification, 
Evolutionary and expression analyses of CrRLK1L gene family in peanut 
(Arachis hypogaea L). Trop Plant Biol. 2024;17(1):24–41.

57.	 Chalhoub B, Denoeud F, Liu SY, Parkin IAP, Tang HB, Wang XY, et al. Early allopoly-
ploid evolution in the post-Neolithic oilseed genome. Sci. 2014;345(6199):950–3.

58.	 Albalat R, Cañestro C. Evolution by gene loss. Nat Rev Genet. 2016;17(7):379–91.
59.	 Franck CM, Westermann J, Boisson-Dernier A. Plant malectin-like receptor 

kinases: from cell wall integrity to immunity and beyond. Annu Rev Plant Biol. 
2018;69:301–28.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Genome-wide association study and evolutionary analysis of the ﻿CrRLK1L﻿ family reveal ﻿BnCrRLK1L1_5﻿ as a positive regulator of ﻿Sclerotinia sclerotiorum﻿ resistance in ﻿Brassica napus﻿
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Plant materials and fungal pathogens
	﻿Stem and leaf inoculation with ﻿S. sclerotiorum﻿
	﻿GWAS in a natural population
	﻿Genetic complementation assays in ﻿Arabidopsis﻿
	﻿Subcellular localization, cell death, and ion leakage measurement in ﻿Nicotiana benthamiana﻿
	﻿Identification of CrRLK1L family members in three ﻿Brassica﻿ species
	﻿Chromosomal distribution, phylogeny, and synteny analysis
	﻿Gene structure, conserved motif, ﻿cis﻿-elements analysis, and PPI network of ﻿BnCrRLK1L﻿ genes
	﻿Transcriptomic profiling and qRT-PCR validation

	﻿Results
	﻿Identification of ﻿BnCrRLK1L1_5﻿ as a candidate gene associated with resistance to ﻿S. sclerotiorum﻿
	﻿Identification and chromosomal distribution of CrRLK1L family in ﻿B. napus﻿
	﻿Phenotype of ﻿S. sclerotiorum﻿ resistance and the expression profiling of ﻿BnCrRLK1L1﻿
	﻿﻿BnCrRLK1L1_5﻿ enhances resistance to stem rot and inhibits BAX-induced cell death
	﻿Phylogenetic and syntenic relationship of the CrRLK1L family
	﻿Analyses of gene structure, conserved domain, and protein motif in BnCrRLK1L proteins
	﻿Spatiotemporal expression pattern of ﻿BnCrRLK1L﻿ genes
	﻿﻿Cis﻿-elements analysis of ﻿BnCrRLK1L﻿ genes
	﻿PPI network of BnCrRLK1L members

	﻿Discussion
	﻿﻿BnCrRLK1L1_5﻿ enhances resistance to ﻿S. sclerotiorum﻿ in ﻿B. napus﻿
	﻿Potential mechanism of ﻿BnCrRLK1L1_5﻿-mediated defense against ﻿S. sclerotiorum﻿
	﻿Evolutionary dynamics and functional redundancy of the CrRLK1L family

	﻿Conclusion
	﻿References


