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Abstract: Cysteine-rich receptor-like kinases (CRKs) are transmembrane proteins that bind to the
calcium ion to regulate stress-signaling and plant development-related pathways, as indicated by
several pieces of evidence. However, the CRK gene family hasn’t been inadequately examined
in Brassica napus. In our study, 27 members of the CRK gene family were identified in Brassica
napus, which are categorized into three phylogenetic groups and display synteny relationship to the
Arabidopsis thaliana orthologs. All the CRK genes contain highly conserved N-terminal PKINASE
domain; however, the distribution of motifs and gene structure were variable conserved. The
functional divergence analysis between BnaCRK groups indicates a shift in evolutionary rate after
duplication events, demonstrating that BnaCRKs might direct a specific function. RNA-Seq datasets
and quantitative real-time PCR (qRT-PCR) exhibit the complex expression profile of the BnaCRKs in
plant tissues under multiple stresses. Nevertheless, BnaAO6CRK6-1 and BnaAOSCRKS8 from group B
were perceived to play a predominant role in the Brassica napus stress signaling pathway in response
to drought, salinity, and Sclerotinia sclerotiorum infection. Insights gained from this study improve our
knowledge about the Brassica napus CRK gene family and provide a basis for enhancing the quality
of rapeseed.
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1. Introduction

Oilseed rape (Brassica napus), with profuse vegetable oil, nutrient-rich meal, and a
source of biofuel, is considered a highly economically important crop worldwide. However,
the yield of this crop suffers dramatically from various biotic and abiotic stresses [1].
Furthermore, fungal pathogens such as Alternaria brassicae and Sclerotinia sclerotiorum (S.
sclerotiorum) causing black spots and stem root, potentially affect B. napus yield and harvest
index [2,3]. To fight against these stresses, plants utilize different defensive mechanisms,
including modulation in Ca?* levels, reactive-oxygen-species (ROS), and regulation of
stress-induced transcriptional factors (TFs), which mediates the defense-related genes
expression pattern in response to pathogens infection [4,5]. It was reported that receptor-
like kinases (RLKs) direct defense response and plant development by establishing a
signaling network between the plant membrane and the nucleus [6,7]. Previous studies
have reported that Arabidopsis thaliana (A. thaliana) and Oryza sativa (O. sativa) contain more
than 1000 copies of RLKs in their genome [8-10]. RLKs include more than one domain,
categorizing this gene family into several distinct subfamilies [8]. For example, in A. thaliana,
the lysine-containing ectodomain of CHITIN ELICITOR RECEPTOR KINASE 1 (CERK1)
directly binds with fungal chitin to initiate a plant immune response [11]. In contrast, the
FLAGELLIN SENSITIVE 2 (FLS2), a leucine-rich transmembrane receptor kinase, interacts
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with bacterial active epitope flagellin (flg22), resulting in the activation of plant defense
response against several pathogens [12].

In plants, cysteine-rich receptor-like kinases (CRKs) are a major subfamily of RLKs
entangled in apoptosis and disease resistance. CRKs comprise a single-transmembrane
domain, an extracellular domain, and a Ser/Thr protein kinase domain [13]. It has been
reported that a group of the cystine-rich-receptor-like kinase domain of the CRKs encod-
ing the C-8X-C-2X-C motif is induced by multiple stresses, including pathogen infection,
oxidative stress, and abiotic stresses [14-16]. Furthermore, the N-terminal region of the
CRKs holds a myristoylation site, and a mutation in this site positions the tomato CRK
(LeCRK1) to the nucleus [17], which suggests the importance of CRKs myristoylation site
for their localization in the plasma membrane [18]. Characterization and identification
of the CRK gene family have been evaluated in several plant species, including Gossyp-
ium barbadense [19], Solanum lycopersicum (S. lycopersicum) [20], O. sativa [21], and Malus
domestica [22] (Table 1), but only half of the CRKs biological function have been elucidated.
These reports demonstrated the involvement of a few CRKs in hormonal signaling path-
ways, plant growth, and reaction to several abiotic and biotic stresses [21,23]. For example,
overexpression of CRK4 and CRKS5 in A. thaliana suggests a possible role in the leaf develop-
ment and initiates the pattern-triggered immunity response to pathogen infection [24-26],
whereas the overexpression of AfCBK3, which is also known as AfCRK1 resulted in en-
hanced thermotolerance [27]. Additionally, in the previous study, the interaction of CRK3
with cytosolic glutamine synthetase (GLN1) was reported to remobilize nitrogen during leaf
senescence [28]. In contrast, the CRK1 and CRK5 were found to negatively regulate ABA-
signaling to confer drought tolerance [29-31]. Furthermore, a CRK gene from A. thaliana
(AtCRK®6, 7) and HvCRK1 from Hordeum vulgare were reported to promote a ROS-mediated
response to powdery mildew [32-34], and a CRK gene from wheat (InCRK1) showed higher
expression in response to Rhizoctonia cerealis [35]. Results from these studies revealed the
numerous roles of the CRK genes in the physiological processes of plant development.
However, the functional study of CRK in response to S. sclerotiorum and abiotic stresses in
B. napus remains largely unknown.

Table 1. Identification of the CRK gene family in other plant species.

Plant Name Common Number of CRKs Chromosome Genome Size in Mb  References
Name Number
Gossypium barbadense Cotton 30 26 2500 [19]
Arabidopsis thaliana Thale cress 8 5 135 [36]
Solanum lycopersicum L.~ Tomato 6 12 950 [20]
Malus domestica Apple 36 17 750 [22]
Oryza sativa Rice 36 12 430 [21]
Hevea brasiliensis Rubber plant 9 36 991 [37]
Cucumis melo L. Melon 7 24 375 [38]
Glycine max Soybean 91 10 1150 [39]
Medicago truncatula Legume 6 16 430 [40]
Sorghum bicolor Great millet 38 10 730 [21]
Capsicum annuum L. Bell pepper 22 12 3058 [41]

In the present report, the genome-wide identification of all the members of the CRK
gene family in B. napus was identified and summarized, and the expression profile in
response to drought, freezing, salinity, and S. sclerotiorum treatments was predicted. The
findings gained from this study provide useful insights into the biological functions of CRK
members in B. napus.
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2. Result
2.1. Identification, Phylogenetic Analysis, and Structural Characterization of B. napus CRK Family

To understand the evolutionary mechanism of the CRK gene family in B. napus, we
extensively searched and retrieved information about the eight A. thaliana CRK genes
from a previous study (Table 1). The peptide sequences of AtCRK genes were used to
search in the B. napus genome browsers GENOSCOPE [42] and BnPIR [43,44]. A total of
27 CRK gene family members were predicted in the B. napus genome and designated as
BnaCRK1 to BnaCRK8, which corresponded to each member of the A. thaliana orthologs
(Table S1). In contrast, we also identified 15, 11, 14, and 24 CRK gene family members in
Brassica rapa, Brassica oleracea, Brassica nigra, and Brassica juncea, respectively. The amino
acid length of the BnaCRK proteins varied from 186 to 622, while the molecular weight
(MW) ranged from 20,424 kDa to 69,742 kDa. The isoelectric point (pI) value ranges from
7.97 to 10.16, suggesting that the BnaCRK proteins were highly alkaline (Table S1). In
contrast, the aliphatic index (AlI) was between 53.6 to 91.4, which shows the high thermal
stability of the BnaCRK proteins. Furthermore, the negative value of the grand average of
hydrophobicity (GRAVY) shows that all BnaCRK proteins belong to the hydrophilic group,
while the instability index (II) value was above 40, indicating that all BnaCRK proteins
were unstable. Furthermore, among the 27 BnaCRKs, all members from group B, two from
group A, and BnaA04CRK3 from group C were predicted to contain myristoylation sites
(Table S1).

The full-length peptide sequences of the CRK genes from A. thaliana, B. napus, B. rapa,
B. oleracea, B. nigra, and B. juncea were aligned to construct a phylogenetic tree. As shown
in Figure 1, we found that the 99 CRK genes were clustered into three groups (groups A to
C). Group A contains the CRK1, CRK5, and CRK7 genes. Group B holds the CRK2, CRK4,
CRK6, and CRKS genes, whereas group C contains the CRK3 genes. In B. napus, 10, 15,
and 2 members of the CRK gene family were organized into groups A, B, and C, which
are closely related to A. thaliana orthologs (Table S2). To examine the structural features,
we analyzed the exon and intron composition of the BnaCRK gene family (Figure S1). The
number of exons in the BnaCRKs ranges from 1 to 11, in which most of the CRK genes
contain ten introns. For instance, all group A and group C members contain 11 exons and
10 introns, except for the BnaA04CRK7, which comprises 10 exons and 9 introns. In contrast,
members in group B hold 2 to 11 exons and 1 to 10 introns, except for the BnaCRK6 genes,
which contain no intron and only 1 exon. However, the distribution of exons and gene size
within a subfamily is varied, which might be due to the insertion of the introns. Overall,
the numbers of exons and introns are similar to the A. thaliana CRK gene family (Figure S1).

2.2. Motif Prediction and Distribution Analysis of BnaCRKs

Alignment of the protein sequence of the A. thaliana, B. napus, B. oleracea, B. nigra, B.
rapa, and B. juncea display the highly conserved N-terminus PKINASE domain (Figure S2).
It has been predicted that the binding of the Ca?* enhances kinase activity, and the presence
of myristoylation sites in the N-terminus of the BnaCRK proteins is reported to stimulate
the interaction of defense-related proteins and membrane compatibility [45-47]. To further
investigate the structural characteristics of the BnaCRKs, the 20 distinct motifs within 50 to
8 amino acids were predicted (Figure 2). The seq logos of predicted motifs are shown in
Figure S3. In our motif prediction analysis, we perceived that the members of the BnaCRK
gene family consist of 6 to 18 putative conserved motifs. All members contain motifs 8, 12,
and 14, while few motifs are predicted in some BnaCRKs (Figure 2). For example, motif 16
was only found in BnaCRK3, BnaCRK6, BnaAOS8CRKS, and BnaCO3CRKS, while motif 17 was
present only in BnaCRK2 and BnaCRKS. Furthermore, motifs 18 and 20 were only found in
BnaCRK4 and BnaCRK6, except for BnaC07CRK4, which excludes motif 18. However, within
the same subfamily, the architecture and motif composition were comparable (Figure 2),
implying that CRK genes within the same subfamily might have similar biological roles.
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Figure 1. Phylogenetic tree analysis of CRK genes from A. thaliana (At), B. napus (Bna), B. oleracea (Bol),
B. rapa (Bra), B. juncea (Bju), and B. nigra (Bni). The CRK genes are categorized into three groups (A, B,
and C) and indicated as different colors.
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Figure 2. Conserved motif structure of the BnaCRK gene family. Different colors and numbers
represented the 20 conserved motifs of the BnaCRKs. The logo of each motif was plotted in the
supplementary Figure S2. The N-terminal PKINASE domain is indicated as a green-colored block.
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2.3. Functional Divergence Analysis and Protein 3D Structure Prediction

To examine the functional diversity between the subfamilies of BnaCRKs, we conducted
Type I (81) and Type II (01I) functional divergence utilizing the protein sequences of the
BnaCRKs. As shown in Table 2, we found that the coefficient 81 values of group A/B,
group B/C, and group A/C were 0.12, 0.20, and —0.22, respectively, and the LRT values
among group A/B and group B/C were 0.9 and 1.2, respectively, which indicates that
Type I functional divergence might exist in the BnaCRK subfamilies. Moreover, four, two,
and five amino acid sites involved in 6] functional divergence were also predicted in
group A/B, group A/C, and group B/C, respectively, suggesting that these amino acid
sites might direct the alteration in functional limitations, which was associated with the
evolutionary constrains after duplication events. Conversely, the I functional divergence
represents the modulation of amino acid chemical and physical properties after gene
duplication events [48]. Our results predicted that the 0II coefficient values between
different subfamilies of the BnaCRKs were small but higher than 0 (Table 2). Additionally,
in 0II functional divergence, group A/B, group A/C, and group B/C contain 29, 21, and
42 critical amino acid sites, respectively, in which the 31, 100K, 104P, 113R, and 114A amino
acid sites were relatively conserved in both 01 and 611, suggesting that the altered selective
constraints between different subfamilies of the BnaCRKs might happen at these sites
(Table 2).

Table 2. Functional divergence prediction between groups of the BnaCRK gene family.

ClusterI  Cluster II 61 (TypeI) OII (Type ID)
. . Critical . .
Coefficient ¢ p o LRT Qk>07 Amino  Coeffiddent oo QK>07  Critical Amino Acids
o1 : oIr
Acids
31, 5H, 10E, 11Q, 12Q, 15Q, 165,
60K 641, g\g 218, 23Q, 28K, 40L, 46D, 47,
GroupA GroupB 0126034 0106769 0917987 4 174115A§ 0077776 0119825 29 551 60K 62D, 64D, 74A, 77A, 1085,
114H, 116E, 124G, 130C, 1324,
138T, 139G
5H, 36A, 37K, 385, 41F, 44Y, 475,
89V, 49A, 63F, 685, 695, 74A, 77A,
GroupA GroupC 0228125 0.027807 nan 2 A 0147697 014611 21 S 9V, ot 108, 13 138T,
1391
31, 5H, 91, 10E, 11Q, 12Q, 218, 22Q,
248, 26V, 28K, 29D, 36A, 37K, 385,
51208.398 41F, 44Y, 475, 63F, 64P, 65A, 67A,
GroupB  GroupC 0207912 0141844 1274511 5 SR 0082203 0129724 42 685, 695, 721, 74A, 76K, T7A,

78D, 80P, 87N, 89V, 90A, 93E, 108S,
114H, 116E, 124G, 130C, 1324,
138T, 139L

To further investigate the location of these critical amino acids in BnaCRK proteins,
we utilized the BnaA03CRK1 three-dimensional model with the normalized C score >3,
which is considered the best template for BnaAO3CRK1 three-dimensional structure pre-
diction (Figure 3). As shown in the model, we found that 20 critical amino acids were
dispersed on the N-terminal region of the BnaA03CRK1, in which only 6 critical amino
acid sites, 116E,124G,130C,132A,138T, and 139G, were present on the PKINASE domain of
BnaAO3CRK1, indicating the vulnerability of the PKINASE domain to positive selection
during the evolution of the BnaCRK gene family. However, no important amino acid sites
were observed in the C-terminal region of the BnaA03CRK1. Furthermore, 25 x-helicases
were found in the putative structure of BnaA03CRK1 protein, in which 7 o-helicases and 8
[3-strands were predicted in the N-terminal PKINASE domain (Figure 3B).
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Figure 3. Three-dimensional putative architecture of BnaCO1CRKI1. (A) The N-terminal PKINASE
domain is highlighted in red and blue shows the specific amino acid sites that are perceived to be
involved in the functional divergence of the BnaCRKs. Amino acid sites that are predicted in both
type I and type II functional divergence are indicated in bold letters. (B) The putative 2D structure of
BnaC01CRK1. The pink arrows represent the strands, and the round cylinders indicate the helix.

2.4. Synteny and Duplication Prediction of BnaCRK Gene Family in B. napus

In order to predict the location of the BnaCRKs, we plotted the members of the BnaCRK
gene family onto the genome of B. napus. As detailed in Figure 4A, we observed that
the 27 members of the BnaCRK gene family were distributed on the 14 chromosomes of
the B. napus. Among them, 13 members were located on the A genome, whereas the
other 14 members were localized on the C genome, in which chromosomes C03, C04, and
CO08 contain three members of the BnaCRK gene family. In contrast, chromosomes A01,
A03, A04, A05, A06, A09, and CO01 hold two members, while A08, C05, C07, and C09
contain only one member (Figure 4A). The evolution of the genome is entirely dependent
upon the duplication of the genes, which alleviates the initiation of a new gene family
with a new function [49]. Tandem and segmental duplication are considered the major
causes of the function and expansion of the gene family during duplication events [50].
To better understand the expansion patterns of the CRK gene family, we utilized the
MCScanX program to predict the duplication event in the B. napus genome. As shown in
Figure 4B, we predicted 42 segmental duplication pairs across B. napus chromosomes except
for scaffoldC02, scaffoldA10, scaffoldA07, scaffold A02, and scaffoldC06. Furthermore,
we also identified that the sequence similarity between the all-segmental duplication
pairs was highly conserved (>90%). However, no tandem duplication pair of BnaCRKs
were detected across all B. napus chromosomes. Taken together, the results indicate that
segmental duplication was the leading cause for the expansion of the BnaCRK gene family
in B napus, and different homologous pairs of genes on B. napus chromosomes favor the
higher conservation of the CRK gene family in B. napus (Figure 4).
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Figure 4. Chromosomal position and intrachromosomal relationship of the BnaCRKs. (A) Position of
27 putative BnaCRKs on the B. napus chromosomes. The same highlighted color indicates the genes
from the same group. The scale bar shows an 80 Mb chromosomal distance. (B) Duplication of the
BnaCRKs in B. napus. The lines with the same color are the members of the same BnaCRK group and
indicate a segmental duplication pair. Synteny blocks of the B. napus genome are represented by gray
lines in the background. The B. napus chromosomal gene density profile is shown by the outside
circle, and the chromosome number is shown as a separate color box with a scale size in Kb.

To further examine the evolutionary mechanism of BnaCRK genes, the comparative
collinearity map associated with B. nigra, B. oleracea, B. rapa, and A. thaliana was created
(Figure 5; Table S3). The 27 members of the B. napus CRK gene family were identified
to show collinear gene pairs with A. thaliana (8), B. rapa (15), B. oleracea (11), and B. nigra
(14) members of the CRK gene family. For instance, eight A. thaliana CRK genes (AtCRK1,
AtCRK2, AtCRK3, AtCRK4, AtCRK5, AtCRK6, AtCRK7, and AtCRKS8) corresponded to
the five, eight, two, five, four, five, three, and eight orthologous copies of the BnaCRKs,
respectively (Figure 5). In addition, a total of 68, 70, and 71 collinear gene pairs were
predicted among B. napus/B. oleracea, B. napus/B. rapa, and B. napus/B. nigra, respectively
(Table S3). However, BnaCO3CRK1 was found to have no collinearity relationship with B.
oleracea, B. nigra, B. rapa, and A. thaliana, implying that a single orthologous copy of the
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CRK contributed to the evolution and functional diversification of the CRK gene family
in B. napus genome. In addition, the selection pressure of the duplicated genes was also
measured by calculating the Ka/Ks ratio. According to the results, we have observed that
the Ka/Ks ratio of the BnaCRKs was significantly lower than 1, which suggests that the CRK
gene family in B. napus experienced an intense purifying selection (Table S4). However,
some limitations may bring the Ks/Ka ratio to <1 [51,52]. Therefore, different site models
were performed in the CODEML program to analyze the selection pressure on a single
amino acid codon [53,54] (Table S5). The one ratio model MO was selected to predict wur
values across all amino acid sites. According to the results, we obtained the M0 value
ur = 0.152, which indicates that the BnaCRK gene family experienced a strong purifying
selection. Additionally, to assume the dN/dS value difference within the codon sites
model, MO was compared with model M3. As a result, the log-likelihood 2AInL = —415.087
displays a significant difference (p < 0.01) and suggests that the CRK gene family in B. napus
underwent selective pressure across various sites (Figure S4). Furthermore, one and four
positive selection sites were identified by model M2 and model M8, respectively, in which
site 24V was present in both models. Overall, the CRK gene family in B. napus underwent a
strong purifying selection (Figure S4).

B v (L & co7 Cos  cos  COB _ CO3 Co4 A03 A04 AOL A2 _ADO  AOT AGB ADS _ADG ﬂ({

. napus  ( ) C ) ) C ) & ( ) ¢ ) ¢ ) O
\ \ [ ) I_‘ | | sy /
SRR W \/ NN A N SIS

B. oleracea @

B. napus

B. rapa

B. napus

B. nigra

Figure 5. Collinear pair prediction of BnaCRKs among B. napus and four representative plant species.
Gray lines in the background represent the collinear blocks within B. napus, A. thaliana, B. oleracea,
B.rapa, and B. nigra, whereas blue lines indicate collinear pairs of BnaCRKs.
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2.5. BnaCRK Protein-Protein Interaction Network Prediction

To investigate the role of the BnaCRKSs with their interacting targets, we utilized
the AtCRKs orthologs to construct a network. As a result, members from group A were
found to interact more with seven target proteins than others, in which BnaCRK1 showed
interaction with HEAT SHOCK FACTOR 1A (HSF1) and SERINE/THREONINE PHOS-
PHATASE 7 (PP7), while BnaCRK5 was perceived to be involved in strong interaction
with ABA-AND OSMOTIC-STRESS-INDUCIBLE RECEPTOR-LIKE CYTOSOLIC KINASE1
(ARCK1), CYSTEINE-RICH RLK 13 (CRK13), CYSTEINE-RICH RLK 19, CYSTEINE-RICH
RLK 20, and CYSTEINE-RICH RLK 36 (Figure 6A). A previous study reported that the
interaction of AtCRK1 with PP7 and HSF1 positively regulated the salinity and heat shock
responses [27,55], whereas the interaction of AtCRKS with ARCK1 and CYSTEINE-RICH
RLKSs might negatively mediate the abscisic acid (ABA) and osmotic stress signal trans-
duction. In contrast, EPSP and CUPULIFORMIS5 (CP5) show powerful interaction with
BnaCRKS5. However, the interaction response is still unclear. Similarly, GLN1, which en-
codes a glutamine synthase, shows interaction with BnaCRK3, suggesting the putative role
of BnaCRK3 in leaf senescence [28] (Table S6). Additionally, PROTEIN PHOSPHATASE 2C
(PP2C) was also found to interact with all the BnaCRKs, indicating the possible function of
the CRKs in the development and transduction signaling pathways [56] (Figure 6B). The
outcomes disclosed that the BnaCRPKs are the potential regulator of plant development
and are involved in response to various environmental cues.

(B)

Nitrogen metabolism

Alanine, aspartate and glutamate metabolism
Phenylalanine, tyrosine and tryptophan biosynthesis
Biosynthesis of amino acids

Arginine biosynthesis

KEGG Pathway

Metabolic pathways
Glyoxylate and dicarboxylate metabolism

Protein processing in endoplasmic reticulum

0.00 2 ‘UU 4 lUU ﬁ,lDD SIUU ’IO‘,UU 12!DD 14‘ 00

-log10(P-value)
Figure 6. Protein interaction network of the BnaCRKs based on the A. thaliana orthologs.
(A) Stronger interactions are shown by thicker lines. (B) KEGG pathway analysis of the BnaCRKs
interacting targets.
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2.6. Expression Profile of the BnaCRKs in Different Organs of B. napus

A few reports have shown that CRKs play a fundamental role in different stages of
plant development [37,57]. To explore the possible function of CRKs in B. napus devel-
opment, we utilize the microarray data from the B. napus genome browser BnPIR [43,44]
to investigate the expression profile of the BnaCRK gene family in organs of the B. napus
variety Zhongshuang 11 (Z511). As presented in Figure S5, we observed that BnaA01CRK2,
BnaA05CRK2, BnaCO8CRKS5, and BnaAO9CRKS showed mild transcriptional levels in all tis-
sues (Table 57.1), while the remaining 27 BnaCRKs showed expression in root, bud, filament,
petal, pollen, sepal, cotyledon, vegetative-rosette, leaf, seed, silique, and stem (Figure S5).
In detail, the members from group A (BnaAO3CRK1, BnaAO1CRKS5, BnaCO1CRK5, and
BnaAO5CRK7) and group C were preferentially expressed in sepals, filament, bud, and
petals, whereas BnaCO3CRK1, BnaC04CRK7-1, and BnaAO4CRK7 show higher expression in
the stem, indicating the possible role of the group A and group C BnaCRK genes in flower-
ing. In contrast, higher expression levels of the group B members, including BnaAOSCRKS,
BnaCO08CRK6, BnaAO6CRK6-2, BnaC03CRK6, BnaCO09CRK4, and BnaA0O9CRK4 were observed
in siliqua. Interestingly, three members of the BnaCRKs (BnaAO6CRK6-1, BnaC04CRK7-2,
and BnaC0O8CRKS) with the highest expression in the root, showing relatively undetectable
expression in other tissues, except BnaC04CRK7-2, whose mild expression was also ob-
served in upper-stem-peel. To further verify the expression level, we employed qRT-PCR to
determine the organ-specific expression of eight homologous BnaCRKs in different tissues
including, leaf, stem, seed, flower, young flower, bud, young-leaf, and the root of the B.
napus variant ZS11 (Figure 7). The transcriptional level of BnaAO3CRK1, BnaC04CRK3, and
BnaAO8CRKS8 were upregulated in the flower and young flower. In contrast, the expression
of BnaA01CRKS, BnaAO6CRK6-1, and BnaC04CRK7-2 showed the highest peak in the stem,
root, and leaf, respectively (Figure 7). Additionally, the expression level of BnaAO5CRK2
has been observed at nearly the same level in all selected tissue (Figure 7; Table 57.2).
Together with microarray data, the transcriptional level of BnaAO3CRK1/BnaC04CRK3 and
BnaAO6CRK6-1 were predicted in the flower and root, respectively, suggesting a positive cor-
relation between qQRT-PCR and the microarray data. Overall, the results from these datasets
implied that the BnaCRKs expressed differently within the group and might regulate several
growth and development processes of B. napus.

2.7. Prediction of Cis-Acting Elements in the Promoter Region of BnaCRKs

To further analyze the individual role of BnaCRK members and explore the regulatory
mechanism governing BnaCRK in response to hormone signaling, development, and bi-
otic and abiotic stresses, we isolated the 2000-bp promoter region of each BnaCRK gene
to predict cis-acting elements. The outcomes disclosed that the 72 types of cis-elements
were unevenly distributed in the promoter regions of the BnaCRKs. These elements were
divided into four categories, light responsiveness, stress and defense-related, hormone
responsiveness, and development-related (Figure 8), in which light responsiveness was the
most significant number, represented by 21 types in the promoter region of the BnaCRKs,
suggesting that BnaCRK transcriptional activity might be stimulated by the light condition
(Table S8). Overall, BnaAO6CRK6-2, BnaCO4CRK7-1, and BnaC07CRK4 are increased in
stress-defense-related, light responsiveness, and hormone-responsive cis-elements, respec-
tively. In contrast, many cis-elements related to development responses are only detected
in BnaAO8CRKS (Figure 8). Nevertheless, a few cis-core elements were only seen in some
BnaCRK family members. For instance, F-box (cis-element that mediates plant tolerance to
abiotic and biotic stresses) was only found in BnaA01CRK2, BnaC09CRK4, and BnaAO9CRK4.
Furthermore, RY-element (cis-element involved in seed development), GCN4-motif (cis-
element involved in regulating endosperm-specific regulation), Nodule sitel (cis-element
that regulates the nodule-specific expression), and TGA-box (cis-element that plays a regu-
latory role during iron deficiency) were found in BnaAO3CRK1, BnaCOSCRK6, BnaAO9CRK4,
and BnaC04CRK7-2, respectively. AT1-motif (involved in light responsiveness), CAG-
motif (cis-element involved in regulating salinity stress-related genes expression), Sp1
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(cis-element showing a response to light), and ATC-motif (takes part in light response) were
predicted only in BnaCO3CRKS, BnaC04CRK3, BnaAO6CRK6-1, and BnaC07CRK4. Similarly,
ACTCATCCT sequence (cis-element for proline and hypoosmolarity-responsive expression),
DRE-core (regulates cold and drought-responsive genes expression), MBS1 (MYB binding
site involved in drought-inducibility), and GARE-motif (cis-element that takes part in gib-
berellin responses) were not found in all BnaCRKs except for BnaAO9CRK5, BnaC07CRK4,
BnaC04CRK3, and BnaAO6CRK6-2, respectively. Additionally, defense and stress-responsive
cis-elements, such as ARE (cis-acting element essential for anaerobic induction), ERE
(ethylene-responsive cis-element), LTR (cis-element that shows regulatory response un-
der low temperature), STRE (stress-response cis-element), W-Box (positive regulator of
senescence-related genes), and WUN-motif, which is a wound responsive cis-element, were
detected in all members of the BnaCRK gene family. Furthermore, hormone-responsive
cis-elements, such as ABRE (cis-element involved in the abscisic acid responsiveness), TGA-
element (cis-element involved in the auxin responsiveness), P-BOX (cis-element involved in
the gibberellin responsiveness), TCA-element (cis-element that shows a response to salicylic
acid) were perceived, in which the cis-elements affected by the auxin responses were found
most common in all members of the BnaCRK gene family. Results from this analysis showed
that the BnaCRKs contain different kinds of hormone-responsive, development-responsive,
and stress-defense-related regulatory elements in their promoter regions, implying that
BnaCRKs might regulate B. napus development in response to the different phytohormones
treatments and stresses.
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Figure 7. Tissue expression profile of the candidate BnaCRKs. The B. napus Actin (gene ID:
XM013858992) was used to adjust the expression level of the selected BnaCRKs. The x-axis shows the
name of the tissues. The error bars on the y-axis represent the data from qRT-PCR, which is the mean
of three biological and technical replicates (Table S7.2).
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Figure 8. cis-acting regulatory elements analysis of the BnaCRKSs. (A) Distribution of light-responsive,
stress and defense-related, hormone-responsive, and development-related cis-core elements in the
promoter region of each member of the BnaCRK gene family. (B) Total number of each cis-acting
element in the promoter region of the BnaCRKs.

2.8. Expression Profile of the BnaCRKs under Abiotic Stresses and S. sclerotiorum Infection

Previous studies on CRK genes reported their fundamental role in the adaptation of
plants to biotic and abiotic stresses by changing the cytosolic calcium concentration [19,58].
However, few studies report the response of BnaCRKs under biotic and abiotic stresses in B.
napus. To explore the function of BnaCRKs under different environmental cues, including
salinity, cold, freezing, flood, drought, heat, clubroot, and S. sclerotiorum stresses, we utilize
the RNA-seq datasets (CRX052409, SRP190170, SRP231183, SRP277041, SRX9686328, and
SRP311601) to investigate the expression pattern. As shown in Figure S6, we found that
the majority of the BnaCRKs showed downregulation under cold, freezing, salinity, flood,
drought, heat, clubroot, and S. sclerotiorum stresses, whereas multiple BnaCRKs were signifi-
cantly induced by several stress treatments. For instance, BnaC07CRK4, BnaAO6CRK6-1, and
BnaAO6CRKG6-2 were significantly induced by flood and salinity stress, while BnaC04CRK3,
BnaC04CRK7-2, and BnaAO8CRKS expression levels were increased in response to heat stress
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(Table S9.1). Furthermore, we also found the expression level of BnaC0ICRK2, BnaC04CRK3,
BnaC07CRK4, BnaAO6CRK6-1, BnaCO8CRK6, and BnaAOSCRK8 were upregulated under S.
sclerotiorum inoculation, while BnaA04CRK3, BnaAO9CRK4, BnaC01CRK5, BnaAO3CRKS,
and BnaCOS8CRKS are predicted to show higher expression in response to clubroot disease.

To further understand their response in B. napus to different environmental cues, we
analyzed the expression pattern of eight BnaCRKs in 18-day-old B. napus seedlings treated
with drought (15% PEG 600), salt (200 mM NaCl), freezing (—4 °C), and S. sclerotiorum
by using gRT-PCR. We found that almost all the BnaCRKs expressions were significantly
reduced in response to stresses except for BnaAO6CRK6-1 and BnaAOSCRKS, whose expres-
sion was upregulated under drought and salt treatment (Figure 9). However, compared
to freezing stress, drought and salt stress displayed a stronger response in the regulation
of BnaCRK genes. Furthermore, the expression pattern of the candidate BnaCRK genes
in response to host-pathogen S. sclerotiorum in B. napus was also investigated. At 24 h
post-inoculation (24 hpi) of S. sclerotiorum, there was a significant increase in the expression
levels of BnaAO3CRK1, BnaC04CRK3, BnaAO6CRK6-1, and BnaAOS8CRKS; however, at 48 hpi,
the expression level was dramatically reduced (Figure 9; Table S9.2). Interestingly, the
BnaAO1CRKS5 gene from group A showed a downregulation response at 12—48 h post-
inoculation of S. sclerotiorum, which correlates with the RNA-seq data results (Figure S6;
Table S9.1). Overall, the expression levels of the BnaCRKs were significantly altered during
12-48 h of S. sclerotiorum infection. The results indicate that the members of the BnaCRK
gene family display diverse expression patterns in response to abiotic and S. sclerotiorum
treatment. However, BnuaAO6CRK6-1 and BnaAOSCRKS exhibit a stronger response, indicat-
ing that these two genes might direct plant resistance to a wide range of environmental
stresses in B. napus.

2.9. Prediction of Potential MicroRNAs Targeting BnaCRKs Gene Family in B. napus

MicroRNAs (miRNAs) play a multifaced role in various aspects of plant development,
including flowering time, hormone homeostasis, pattern formation, nutrient limitation,
and the post-transcriptional regulation of targeted genes in response to stresses [59,60].
The members of the CRK gene family in maize and Camellia siensis L. are predicted to
be post-transcriptionally mediated by the different miRNAs [61]. To better understand
the transcriptionally regulatory role of BnaCRKs in response to stresses, we predicted
the potential miRNA targets using a computational approach. In our analysis, we found
that 19 BnaCRKs were putatively targeted by the 18 novel Bna-miRNAs, in which a sin-
gle Bna-miRNA targeted 1 to 9 BnaCRKs (Figure 10; Table S10). The six members from
group A (BnaCO3CRK1, BnaAO9CRKbS, BnaCO8CRKS, BnaC01CRK5, BnaC04CRK7-2, and
BnaAO5CRK?) were predicted to be targeted by five novel Bna-miRNAs (Bna-miR156, Bna-
miR9408, Bna-miR9557, Bna-miRN274, and Bna-miRN282), while only five members from
group C (BnaC05CRK2, BnaCO8CRK6, BnaAO6CRK6-1, BnaAO6CRK6-2, and BnaCO3CRK6)
were targeted by the three Bna-miRNAs (Bna-miRN277, Bna-miR408, and Bna-miR319).
In addition, four known Bna-miRNAs (Bna-miR159, Bna-miR394, Bna-miRN284, and Bna-
miRN285) were identified to target 15 members of the BnaCRK gene family (Figure 10).
Moreover, the two members of group B (BnaA04CRK3 and BnaC04CRK3) were targeted
by Bna-miR2111, Bna-miR393, Bna-miRN273, Bna-miRN287, and Bna-miRN290, indicat-
ing that the different Bna-miRNAs might differently regulate the activity of the BnaCRKs
transcripts. The binding energies between the Bna-miRNAs and their targets are between
—7.9 and —26.34; the lower values indicate a higher degree of Bna-miRNA-target binding
(Table S10). However, except for Bna-miR394 / BnaC04CRK7-1, BnaAO5CRK7, BnaCO3CRK1,
Bna-miR9408 /BnaA0O5CRK7, Bna-miR9557 / BnaC01CRKb5, and Bna-miRN285/BnaAO09CRKS5,
the majority of the BnaCRKs transcripts are inhibited by the miRNAs cleavage in B. na-
pus. In previous studies, Bna-miRNAs, such as (Bna-miR2111, Bna-miR408, Bna-miR9557,
and Bna-miRN273) are reported to be involved in silique development [62], whereas Bna-
miR156, Bna-miR159, Bna-miR395, Bna-miR319, Bna-miR394, and Bna-miR395 shows a
response against S. sclerotiorum infection, salt, and drought stresses [62—-66], in which the
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Figure 9. Relative expression pattern analysis of BnaCRKs in response to multiple stresses. CK
represents the control group. The B. napus Actin (gene ID: XM013858992) was used to adjust the
expression level of the selected BnaCRKs. Expression data from three independent biological replicates
with standard error + (SE) were displayed on the y-axis, and the x-axis represents the different
treatments (mentioned in Table S9.2). Significant differences are denoted by asterisks on the vertical
bar at * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 10. Interaction network of Bna-miRNAs with its targets. Bna-miRNA, whose expression
was higher in response to S. sclerotiorum, is displayed in a diamond shape, while the yellow nodes
represent the BnaCRKs.

2.10. SNP Polymorphism

To investigate the sequence polymorphism of the BnaCRK genes, we used the SNP
data of 159 variants from the B. napus genome browser. Approximately 70% of high-quality
SNPs were detected in the BnaCRKs (Table S11). Nevertheless, the SNP density of the
BnaCRKs was different within each subfamily. For instance, 71% of SNPs were identified in
Group A and B, while Group C holds an average of 50% of SNPs. Moreover, it has also been
observed that the number of SNPs was relatively higher in the B. napus CC genome rather
than in the AA genome (Table S11). Furthermore, we have also predicted the distribution
of SNPs on each member of the BnaCRK gene family. As detailed in Figure S7, we found
that the SNP distribution on exons ranged from 22 to 36%, in which the BnaAO8CRKS
exon-region contains the highest number of SNPs (81). In contrast, the SNP distribution in
the intron region varied from 28 to 35%, whereas only one SNP was found in the intron of
BnaC09CRK4, suggesting that the sequence variation in the BnaCRKs might contribute to
their different expression pattern in response to biotic and abiotic stresses (Figure S7).

3. Discussion

Rapeseed (Brassica napus) is an essential oil crop throughout the world. Nevertheless,
several environmental factors, including drought, higher salinity, flood, and pathogen
infection, cause a significant annual economic loss. Improving genetic tolerance to such
harsh conditions is the preferred approach in many crops [68-72]. Several studies have
been done to characterize and determine the important gene families in response to several
environmental stresses in B. napus [73-76]. Despite this, the CRK gene family, which has
an indispensable role in plant tolerance to environmental cues, has not been identified in
B. napus. CRKs comprise a single-transmembrane domain, an extracellular domain, and a
Ser/Thr protein kinase domain [13]. It has been reported that a group of the cystine-rich-
receptor-like kinase domains of the CRK encoding the C-8X-C-2X-C motif was induced
by pathogen infection, oxidative stress, and abiotic stresses [14-16]. The CRK gene family
has been identified and characterized in many plants. For instance, O. sativa contains
(36), Gossypium barbadense (30), S. lycopersicum (6), Cucumis melo L. (7), and Glycine max
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contains (91) members of the CRK gene family (Table 1). Despite their large number, only
a few have been functionally described. For instance, previous studies on Arabidopsis
have reported the overlapping function of AtCRK6 and AtCRK7 in mediating the response
to extracellular reactive oxygen species (ROS) [33], while the overexpression of CRK5
significantly influences the expression of isochorismate synthase 1 (ICS51), and pathogenesis-
related protein (PR) to increase plant tolerance to Pseudomonas syringae infection, and also
shows a positive response against salt tolerance [77,78]. Furthermore, a recent study has
reported the direct interaction of RLCK with AtCRKs, which eventually induces plant
immunity against pathogen attacks [79]. Additionally, the TaCRK1 gene isolated from
stems of wheat was reported to show enhanced expression in response to Rhizoctonia
cerealis [35]. Moreover, a semi-dominant mutation of the CRK gene (als1) in rice resulted in
an improved response to rice leaf blast disease [80]. However, the number of CRKs in B.
napus remains ambiguous. Our study systematically characterized the BnaCRK gene family
based on their structure, phylogenetic relationship, conserved domain, protein-protein
interaction, and expression pattern in different tissues and in terms of their response to
freezing, drought, salinity, and S. sclerotiorum treatment. Insights from these results provide
a better understanding of the CRK gene family in B. napus and provide a genetic basis for
advancing B. napus breeding.

We have found that B. napus contain 27 putative members of the CRK gene family,
divided into three groups based on the phylogenetic relationship among B. rapa, A. thaliana,
B. nigra, B. juncea, and B. oleracea (Figure 1). Group A and B contain a more diverse number
of CRK genes than group C, supporting the notion that the CRK genes in the denoted plant
species are evolved mainly by the members in group A and C. Compared to the CRK genes
in B. rapa (15), B. oleracea (11), B. nigra (14), and B. juncea (24), B. napus contain a higher
number of CRK genes (Figure 1), which might be due to the larger genome of the B. napus
and multiple incidences of gene duplication. All 27 members of the BnaCRK gene family
hold the conserved N-terminal protein between each other (Figures S1 and 2). For instance,
members of BnaCRK6 from group B contain only one exon without any intron, while the
rest contain 2 to 11 exons with 10 introns (Figure S1). In addition, motif 16 was only
predicted in group C and BnaCRK6, suggesting the diversity of BnaCRK functions within
the same subfamily (Figure 2). It has been reported that the diversity of gene functions
within a subfamily is due to a mutation in the amino acid site [81,82]. Type I and Type II
divergence analysis was performed to predict whether mutations in the amino acid sites
were the cause of the functional divergences between the members of the BnaCRK gene
family. As detailed in Table 2, we observed the different theta 6 values between each group,
indicating the significant divergence between BnaCRKs. Moreover, 20 critical amino acid
sites were predicted within group A/B, group A/C and group C/B, in which 5 amino acid
sites (31, 100K, 104P, 113R, and 114A) were relatively conserved in both Type I and Type
II divergence, suggesting that the different evolutionary rate at these sites might evolve
BnaCRK genes to novel functions after divergence (Table 2). Additionally, these amino
acid sites were mainly allocated on the protein kinase domain (Figure 3), indicating the
vulnerability of the N-terminus PKINASE domain to positive selection during the evolution
of the members of the BnaCRK gene family.

B. napus is an angiosperm crop in which genome duplication leads to an increase in
whole genome genes [42]. Our synteny analysis predicted that segmental duplication plays
a vital part in the expansion of CRK genes across all B. napus chromosomes, which might
explain the higher number of CRK genes in B. napus (Figure 4A). Among 42 segmental
duplication pairs (Figure 4B), BnaCRK1/BnaCRK7 and BnaCRK2/BnaCRKS8 are considered
putatively sufficient for mediating calcium signals in response to different environmental
cues. Additionally, 40, 68, 70, and 71 orthologous gene pairs were predicted among A.
thaliana/B. napus, B. oleracea/B. napus, B. rapa/B. napus, and B. nigra/B. napus, respectively
(Figure 5; Table S3). The formation of these orthologous pairs among B. napus and denoted
Brassicaceae species might be related to the functional diversification and evolutionary
mechanism of the BnaCRKs.
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Tissue-specific expression analysis provides essential insights to predict gene-specific
function. In this study, we found that the BnaCRKs expressed ubiquitously in the root,
stem, flower, young flower, bud, and leaf (Figure 7; Table S7). However, some of the
BnaCRKs are expressed highly in dissimilar tissue, indicating the tissue-specific func-
tion of some BnaCRKs. For instance, BnaCO3CRK1 and BnaC04CRK3 were expressed
exclusively in flowers, and their homologous pairs in A. thalian were exhibited to partic-
ipate in pollen tube formation [83]. Consistent with this, it was reported that the CRK
genes were involved in several regulatory processes during the different stages of plant
development [20,37,57,84] and in regulating different phytohormones [85]. For instance,
the tomato CRK gene (LeCRK1) was determined to take part in fruit ripening [17], while an
A. thaliana CRK gene (AtCRK5) was noted to participate in the root gravitropic response by
regulating auxin transport [86]. In A. thaliana, a crk T-DNA insertion mutant displays an
abnormal root phenotype [32]. Intriguingly, our study found that the BnaAO6CRK6-1 was
expressed highly in the root, indicating that the different BnaCRKs might mediate different
signaling pathways of plant development (Figure 7).

In our protein-protein interaction analysis, we have perceived that all BnaCRKs
showed strong interaction with stress-induced and development-related transcriptional
factors (Figure 6A). For instance, the members of BnaCRK1 and BnaCRKS5 from group
A interacted with HSF1, ARCK1, PP2C, and RLKs (Table S6), which positively regu-
late the plant development in response to various environmental stresses [27,28,55,56,86]
(Figure 6B). Several studies have reported the function of CRKs in plant defense under
different stresses [87-90]. In these studies, several members of the CRK gene family were
transcriptionally modified in response to abiotic stresses. In our research, most of the
BnaCRKs showed a downregulation response to freezing, salt, and drought, except for
BnaAO6CRK6-1 and BnaAO8CRKS, whose expression was upregulated to drought, salt, and
S. sclerotiorum stress (Figure 9). Furthermore, a higher number of stress-defense-related,
hormone-responsive, and development-related cis-elements were predicted in the promoter
region of BnaAO6CRK6-1 and BnaAO8CRKS (Figure 8; Table S8). Additionally, to gain further
insights into the post-transcriptional modification of the BnaCRKs under different stresses,
we have predicted that the 19 BnaCRKs were putatively targeted by 18 novel Bna-miRNAs
(Figure 10), in which BnaAO6CRK6-1, whose expression was significantly stimulated by salt,
drought and S. sclerotiorum stress, was putatively targeted by Bna-miRN277, Bna-miR408,
and Bna-miR319, which are found to participate in gene post-transcriptional regulation
under biotic and abiotic stresses [62-66], indicating the potential function of the BnaCRKs in
response to multiple stresses in B. napus. Our findings give an insight into the functional di-
vergence of the CRK genes in B. napus, and pave the way to an exploration of the biological
role of these genes in B. napus by further experiments.

4. Materials and Methods
4.1. Identification, Phylogenetic Analysis, and Structural Characterization of B. napus CRK Family

To identify the CRK gene family in B. napus, we first obtained the eight AtCRKs
(AtCRK1, AtCRK2, AtCRK3, AtCRK4, AtCRK5, AtCRK6, AtCRK7, and AtCRKS) protein
sequences from the A. thaliana genome database (TAIR: http://www.arabidopsis.org;
accessed on 15 March 2021) [91] and utilized the BLASTp function in the B. napus genome
browser (BnPIR: http://cbi.hzau.edu.cn/bnapus; accessed on 15 July 2021) [43,44] and
(GENOSCOPE: https:/ /www.genoscope.cns.fr/brassicanapus; accessed on 20 July 2021) [42]
to obtained the BnaCRK proteins sequences. Additionally, CRK protein sequences from B.
nigra, B. juncea, B. rapa, and B. oleracea were also gained using the AtCRKs as a reference
in the Brassica database (BRAD: http:/ /brassicadb.cn accessed on 25 April 2022) [92], and
Phytozome: https://phytozome-next.jgi.doe.gov/; accessed on 20 April 2022 [93]. All
the retrieved CRK sequences with 80% similarity were subjected to domain prediction
by employing the Pfam: http:/ /pfam-legacy.xfam.org/search/null; accessed on 20 May
2022 [94], CDD: https:/ /www.ncbi.nlm.nih.gov /Structure /bwrpsb /bwrpsb.cgi; accessed
on 20 June 2022 [95], and ScanProsite: https:/ /prosite.expasy.org/scanprosite/; accessed
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on 20 June 2022 [96] databases. Sequences with shorter amino acid (<90) and lacking
matching domains were removed, and the remaining 99 CRK protein sequences from
B. napus, A. thaliana, B. nigra, B. juncea, B. rapa, and B. oleracea were aligned to verify
the conserved domain. The phylogenetic tree was constructed using the NJ (Neighbor-
joining) function with the bootstrap test for 1000 replicates in MEGA 11 [97] and visualized
using iTOL [98] software. To explore the CRK gene structures, we manually aligned each
gene genomic and coding sequence and used the FGENESH and GSDS [99] programs
for visualization. Furthermore, the N-terminal myristoylation sites, cellular location, and
physiochemical properties of the CRK proteins were identified using the Myristoylator [100],
Plant-mPLoc [101], and ProtParm [102] tools, respectively.

4.2. Motif Composition, Genomic Distribution, Site-Specific Assessment, and Synteny Analysis of
CRK Gene Family in B. napus

Conserved motifs were identified by uploading the protein sequences of BnaCRKs
and AtCRKSs into the MEME: http://meme-suite.org/tools/meme; accessed on 20 May
2022 [103] server, with the maximum number of motifs adjusted to 20. To locate the
BnaCRKs on the genome of B. napus, we acquired the genome information from the B.
napus database BnPIR and visualized it using the TBtools [104] software. Furthermore, the
MCScanX toolkit [105] was employed to classify segmental and tandem duplication events
in the BnaCRKs. Additionally, the Dual Synteny plotter function in TBtools was used to
construct the relationship between the BnaCRKs and CRKs from the denoted genomes. The
selective pressure of the BnaCRKs was predicted utilizing the EasyCodeML [54] script and
Selecton Server [106].

4.3. Functional Divergence and Three-Dimensional Architecture of CRK in B. napus

We utilized the DIVERGE 3.0 [48] program to identify the type I and type II functional
divergence between BnaCRK groups, with the Bayesian posterior probability (Qk) score
set to 0.9. Furthermore, to present the three-deletional architecture of the BnaCRKs, a
candidate BnaAO3CRK1 protein sequence was uploaded to the I-TASSER [107] database
and annotated by the PyMOL program.

4.4. BnaCRKs-Target Interaction, Cis-Acting Elements, and Micro-RNA Target Site Prediction

BnaCRKs target interactions were investigated by submitting the AtCRKSs orthologs
protein sequences to the STRING [108] database, and the chart was generated by employ-
ing the Cytoscape tool. Additionally, the KEGG pathway was drawn utilizing the KEGG
enrichment function in TBtools. To identify the Bna-miRNA interaction with BnaCRKs, we
obtained the novel Bna-miRNAs from PNRD [109] and miRbase [110] database and aligned
them with the 27 members of the BnaCRK gene family using the psRNAtarget [111] server.
Furthermore, the expression profiles of the predicted Bna-miRNAs under S. sclerotiorum in-
fection were acquired from the RNA-Seq dataset (SRP075341), and the network was drawn
using Cytoscape. To reveal the cis-acting elements, a 2.0 kb upstream promoter sequence
from each BnaCRK was collected and analyzed by employing the PlantCARE [112] server.

4.5. B. napus Growth Condition and Expression Analysis of Selected BnaCRKs under
Different Stresses

B. napus cultivar Zhongshuang 11 (ZS11) was germinated in the growth room at
20 £5°C, 16 h light/8 h dark at 50 pmol/m2/s light intensity with 70% relative humidity.
Tissues from the plant, including flower, root, seed, stem, young flower, young leaf, bud,
and leaf, were collected and kept at —80 °C for tissue-specific gene expression analysis. For
stress treatment analysis, 18-day-old B. napus seedlings were exposed to freezing (—4 °C),
drought (15% PEG 600), and salinity (200mM NaCl) treatments for 24 h. Three biological
replicates were collected and instantly stored at -80 °C. For fungi inoculation, the mycelia
of S. sclerotiorum was inoculated on a potato dextrose agar (PDA) at 25 °C for two days.
PDA plugs of actively growing S. sclerotiorum (8 mm in diameter) were placed on the
surface of fully-grown four-week-old B. napus leaves. The three biological replicates were
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collected at three different time points (0, 12, and 24 h) after inoculation and instantly frozen
in liquid nitrogen for RNA isolation. Total RNA was extracted, and cDNA was synthesized
according to our previous report [113]. For gqRT-PCR analysis of the BnaCRK expressions,
we used the method mentioned in our previous study [74]. The primers utilized in the
gRT-PCR analysis are detailed in Supplementary Table S12.

4.6. RNA-Seq and SNP Distribution Analysis of BnaCRKs

The transcriptomic data subjected to different stress treatments, including heat, drought,
flood, salinity, cold, freezing, clubroot, and S. sclerotiorum, were retrieved from the RNA-seq
data sets (SRP277041, SRP231183 [114], CRX052409, SRP190170 [115], SRP297988, and
SRP311601), respectively to explore the expression patterns of the BnaCRKs. The differential
expression was measured by the DSEeq2 package in R-studio, and then the values were
calculated by the log?2 fold change (logoFC) method. To analyze the natural variation of B.
napus CRK genes genomic sequences, the SNPs were determined in the 159 cultivars of the
B. napus extracted from the BnPIR genome browser. The SNPs with a missing rate below
<50% were used for SNP distribution onto the genomic structure of BnaCRKs.

4.7. Statistical Analysis

Data reported in this study were the average of three replicated treatments and each
treatment consisted of six-to-eight seedlings. The transcriptional level assayed by qRT-PCR
was observed using the 2~22Ct method as described in our previous study [116], and the
subsequent statistical analysis was performed by standard deviation and one-way analysis
of variance (ANOVA) followed by the Dunnett’s ¢-test to find the significant difference of
all stress treatments with the controls if the ANOVA is significant at p < 0.05. The statistical
analyses were evaluated using the GraphPad Prism 8.0 program. The Pearson correlation
between qRT-PCR and RNA-seq datasets was performed using the Pearson correlation
coefficient test in R, and the correlation was considered significant at p < 0.001.

5. Conclusions

In this report, we identified the 27 members of the CRK gene family in the B. napus
genome that were unevenly distributed between the 14 chromosomes. The gene structure,
motif distribution, functional divergence, gene duplication, cis-elements, miRNA target
prediction, protein-protein interaction, and expression response to heat, drought, flood,
cold, freezing, clubroot, and S. sclerotiorum were thoroughly investigated in B. napus. We
observed that all the BnaCRKs expressed ubiquitously in several tissues and showed
increased expression response to S. sclerotiorum infection, suggesting the positive role of
BnaCRKs in the stress resistance of B. napus. Our work provides valuable insights into the
evolution and functional divergence of the BnaCRKs in B. napus and displays the possibility
of BnaCRKs for genetic improvement of the B. napus breeding strategy.

Supplementary Materials: The following supporting information is available online at: https://
www.mdpi.com/article/10.3390/ijms24010511/s1.

Author Contributions: R.S., designee, conceived and wrote the manuscript; R.S., L.L., ].Y. and
Y.Z. sampled the plant material, extract the RNA, and performed the gRT-PCR analysis; R.S., R.G.,
Q.M. and K.Z,, analyzed and curated the datasets; X.-L.T., acquired funding, and supervised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Key Research and Development Project of Jiangsu Province
under Grant No. (BE2022340) and Jiangsu Agriculture Science and Technology Innovation Fund
under Grant No. (CX(21)2009).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.


https://www.mdpi.com/article/10.3390/ijms24010511/s1
https://www.mdpi.com/article/10.3390/ijms24010511/s1

Int. . Mol. Sci. 2023, 24, 511 20 of 24

Acknowledgments: We like to thank Liu Shengyi from the Oil Crop Research Institute, Chinese
Academy of Agricultural Sciences, Wuhan, Hubei province, China for providing the Brassica napus
cultivar Zhongshuang 11 (ZS11) seeds.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cardenas-Aguiar, E.; Suarez, G.; Paz-Ferreiro, J.; Askeland, M.; Méndez, A.; Gasc6, G. Remediation of mining soils by combining
Brassica napus growth and amendment with chars from manure waste. Chemosphere 2020, 261, 127798. [CrossRef] [PubMed]
Bolton, M.D.; Thomma, B.P.; Nelson, B.D. Sclerotinia sclerotiorum (Lib.) de Bary: Biology and molecular traits of a cosmopolitan
pathogen. Mol. Plant Pathol. 2006, 7, 1-16. [CrossRef] [PubMed]

Al-lami, H.F,; You, M.P.; Mohammed, A.E.; Barbetti, M.]. Virulence variability across the Alternaria spp. population determines
incidence and severity of alternaria leaf spot on rapeseed. Plant Pathol. 2020, 69, 506-517. [CrossRef]

Chen, W.; Provart, N.J.; Glazebrook, J.; Katagiri, F.; Chang, H.-S.; Eulgem, T.; Mauch, F; Luan, S.; Zou, G.; Whitham, S.A.
Expression profile matrix of Arabidopsis transcription factor genes suggests their putative functions in response to environmental
stresses. Plant Cell 2002, 14, 559-574. [CrossRef]

Mysore, K.S.; Crasta, O.R.; Tuori, R.P; Folkerts, O.; Swirsky, P.B.; Martin, G.B. Comprehensive transcript profiling of Pto-and
Prf-mediated host defense responses to infection by Pseudomonas syringae pv. tomato. Plant J. 2002, 32, 299-315. [CrossRef]
Cheng, S.-H.; Willmann, M.R.; Chen, H.-C.; Sheen, ]. Calcium signaling through protein kinases. The Arabidopsis calcium-
dependent protein kinase gene family. Plant Physiol. 2002, 129, 469-485. [CrossRef]

Tang, D.; Wang, G.; Zhou, ].-M. Receptor kinases in plant-pathogen interactions: More than pattern recognition. Plant Cell 2017,
29, 618-637. [CrossRef]

Shiu, S.H.; Bleecker, A.B. Expansion of the receptor-like kinase/Pelle gene family and receptor-like proteins in Arabidopsis. Plant
Physiol 2003, 132, 530-543. [CrossRef]

Shiu, S.-H.; Karlowski, W.M.; Pan, R.; Tzeng, Y.-H.; Mayer, K.F.; Li, W.-H. Comparative analysis of the receptor-like kinase family
in Arabidopsis and rice. Plant Cell 2004, 16, 1220-1234. [CrossRef]

Sun, X.; Wang, G.-L. Genome-wide identification, characterization and phylogenetic analysis of the rice LRR-kinases. PloS One
2011, 6, €16079. [CrossRef]

Liu, T; Liu, Z.; Song, C.; Hu, Y,; Han, Z; She, |J.; Fan, F; Wang, J.; Jin, C.; Chang, J. Chitin-induced dimerization activates a plant
immune receptor. science 2012, 336, 1160-1164. [CrossRef] [PubMed]

Chinchilla, D.; Bauer, Z.; Regenass, M.; Boller, T.; Felix, G. The Arabidopsis receptor kinase FLS2 binds flg22 and determines the
specificity of flagellin perception. Plant Cell 2006, 18, 465-476. [CrossRef]

Ederli, L.; Madeo, L.; Calderini, O.; Gehring, C.; Moretti, C.; Buonaurio, R.; Paolocci, F; Pasqualini, S. The Arabidopsis thaliana
cysteine-rich receptor-like kinase CRK20 modulates host responses to Pseudomonas syringae pv. tomato DC3000 infection. J. Plant
Physiol. 2011, 168, 1784-1794. [CrossRef] [PubMed]

Baba, A.L; Rigo, G.; Ayaydin, F; Rehman, A.U.; Andrasi, N.; Zsigmond, L.; Valkai, I.; Urbancsok, J.; Vass, I.; Pasternak, T.
Functional Analysis of the Arabidopsis thaliana CDPK-Related Kinase Family: At CRK1 Regulates Responses to Continuous Light.
Int. J. Mol. Sci. 2018, 19, 1282. [CrossRef] [PubMed]

Yadeta, K.A.; Elmore, ].M.; Creer, A.Y.; Feng, B.; Franco, J.Y.; Rufian, ].S.; He, P; Phinney, B.; Coaker, G. A Cysteine-Rich Protein
Kinase Associates with a Membrane Immune Complex and the Cysteine Residues Are Required for Cell Death. Plant Physiol
2017, 173, 771-787. [CrossRef]

Vaattovaara, A.; Brandt, B.; Rajaraman, S.; Safronov, O.; Veidenberg, A.; Luklova, M.; Kangasjarvi, J.; Loytynoja, A.; Hothorn, M.;
Salojarvi, J. Mechanistic insights into the evolution of DUF26-containing proteins in land plants. Commun. Biol. 2019, 2, 1-18.
[CrossRef]

Leclercq, J.; Ranty, B.; Sanchez-Ballesta, M.-T.; Li, Z.; Jones, B.; Jauneau, A.; Pech, J.-C.; Latché, A.; Ranjeva, R.; Bouzayen, M.
Molecular and biochemical characterization of LeCRK1, a ripening-associated tomato CDPK-related kinase. . Exp. Bot. 2005, 56,
25-35. [CrossRef]

Renna, L.; Stefano, G.; Majeran, W.; Micalella, C.; Meinnel, T.; Giglione, C.; Brandizzi, F. Golgi traffic and integrity depend on
N-myristoyl transferase-1 in Arabidopsis. Plant Cell 2013, 25, 1756-1773. [CrossRef]

Li, T-G.; Zhang, D.-D.; Zhou, L.; Kong, Z.-Q.; Hussaini, A.S.; Wang, D.; Li, J.-J.; Short, D.P,; Dhar, N.; Klosterman, S.J. Genome-
wide identification and functional analyses of the CRK gene family in cotton reveals GbCRK18 confers verticillium wilt resistance
in Gossypium barbadense. Front. Plant Sci. 2018, 9, 1266. [CrossRef]

Wang, ].-P,; Xu, Y.-P.; Munyampundu, J.-P; Liu, T.-Y.; Cai, X.-Z. Calcium-dependent protein kinase (CDPK) and CDPK-related
kinase (CRK) gene families in tomato: Genome-wide identification and functional analyses in disease resistance. Mol. Genet.
Genom. 2016, 291, 661-676. [CrossRef]

Tyagi, S.; Sharma, A.; Singh, K; Upadhyay, S.K. Genomic dissection and transcriptional profiling of Cysteine-rich receptor-like
kinases in five cereals and functional characterization of TaCRK68-A. Int. |. Biol. Macromol. 2019, 134, 316-329.


http://doi.org/10.1016/j.chemosphere.2020.127798
http://www.ncbi.nlm.nih.gov/pubmed/32750617
http://doi.org/10.1111/j.1364-3703.2005.00316.x
http://www.ncbi.nlm.nih.gov/pubmed/20507424
http://doi.org/10.1111/ppa.13135
http://doi.org/10.1105/tpc.010410
http://doi.org/10.1046/j.1365-313X.2002.01424.x
http://doi.org/10.1104/pp.005645
http://doi.org/10.1105/tpc.16.00891
http://doi.org/10.1104/pp.103.021964
http://doi.org/10.1105/tpc.020834
http://doi.org/10.1371/journal.pone.0016079
http://doi.org/10.1126/science.1218867
http://www.ncbi.nlm.nih.gov/pubmed/22654057
http://doi.org/10.1105/tpc.105.036574
http://doi.org/10.1016/j.jplph.2011.05.018
http://www.ncbi.nlm.nih.gov/pubmed/21742407
http://doi.org/10.3390/ijms19051282
http://www.ncbi.nlm.nih.gov/pubmed/29693594
http://doi.org/10.1104/pp.16.01404
http://doi.org/10.1038/s42003-019-0306-9
http://doi.org/10.1093/jxb/eri003
http://doi.org/10.1105/tpc.113.111393
http://doi.org/10.3389/fpls.2018.01266
http://doi.org/10.1007/s00438-015-1137-0

Int. . Mol. Sci. 2023, 24, 511 21 of 24

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Zuo, C.; Liu, H.; Lv, Q.; Chen, Z.; Tian, Y.; Mao, J.; Chu, M.; Ma, Z.; An, Z.; Chen, B. Genome-wide analysis of the apple (Malus
domestica) cysteine-rich receptor-like kinase (CRK) family: Annotation, genomic organization, and expression profiles in response
to fungal infection. Plant Mol. Biol. Report. 2020, 38, 14-24. [CrossRef]

Wrzaczek, M.; Brosché, M.; Salojdrvi, J.; Kangasjdrvi, S.; Iddnheimo, N.; Mersmann, S.; Robatzek, S.; Karpiriski, S.; Karpiriska, B.;
Kangasjdrvi, ]. Transcriptional regulation of the CRK/DUF26 group of receptor-like protein kinases by ozone and plant hormones
in Arabidopsis. BMIC Plant Biol. 2010, 10, 95. [CrossRef]

Chen, K,; Du, L.; Chen, Z. Sensitization of defense responses and activation of programmed cell death by a pathogen-induced
receptor-like protein kinase in Arabidopsis. Plant Mol. Biol. 2003, 53, 61-74. [CrossRef] [PubMed]

Chen, K; Fan, B.; Du, L.; Chen, Z. Activation of hypersensitive cell death by pathogen-induced receptor-like protein kinases from
Arabidopsis. Plant Mol. Biol. 2004, 56, 271-283. [CrossRef] [PubMed]

Yeh, Y.-H.; Chang, Y.-H.; Huang, P-Y.; Huang, ].-B.; Zimmerli, L. Enhanced Arabidopsis pattern-triggered immunity by overexpres-
sion of cysteine-rich receptor-like kinases. Front. Plant Sci. 2015, 6, 322. [CrossRef]

Liu, H.T; Gao, F; Li, G.L.; Han, J.L.; Liu, D.L.; Sun, D.Y.; Zhou, R.G. The calmodulin-binding protein kinase 3 is part of heat-shock
signal transduction in Arabidopsis thaliana. Plant ]. 2008, 55, 760-773. [CrossRef]

Li, R-J.; Hua, W,; Lu, Y.-T. Arabidopsis cytosolic glutamine synthetase AtGLN1; 1 is a potential substrate of AtCRK3 involved in
leaf senescence. Biochem. Biophys. Res. Commun. 2006, 342, 119-126. [CrossRef]

Tanaka, H.; Osakabe, Y.; Katsura, S.; Mizuno, S.; Maruyama, K.; Kusakabe, K.; Mizoi, J.; Shinozaki, K.; Yamaguchi-Shinozaki, K.
Abiotic stress-inducible receptor-like kinases negatively control ABA signaling in Arabidopsis. Plant ]. 2012, 70, 599-613. [CrossRef]
Zhang, X.; Yang, G.; Shi, R.; Han, X; Qi, L.; Wang, R.; Xiong, L.; Li, G. Arabidopsis cysteine-rich receptor-like kinase 45 functions
in the responses to abscisic acid and abiotic stresses. Plant Physiol. Biochem. 2013, 67, 189-198. [CrossRef]

Lu, K;; Liang, S.; Wu, Z,; Bi, C.; Yu, Y.-T.; Wang, X.-F.; Zhang, D.-P. Overexpression of an Arabidopsis cysteine-rich receptor-like
protein kinase, CRK5, enhances abscisic acid sensitivity and confers drought tolerance. J. Exp. Bot. 2016, 67, 5009-5027. [CrossRef]
[PubMed]

Bourdais, G.; Burdiak, P.; Gauthier, A.; Nitsch, L.; Salojarvi, J.; Rayapuram, C.; Iddnheimo, N.; Hunter, K.; Kimura, S.; Merilo, E.
Large-scale phenomics identifies primary and fine-tuning roles for CRKs in responses related to oxidative stress. PLoS Genet.
2015, 11, €1005373. [CrossRef] [PubMed]

Idédnheimo, N.; Gauthier, A.; Salojarvi, J.; Siligato, R.; Brosché, M.; Kollist, H.; Mdhonen, A.P,; Kangasjarvi, J.; Wrzaczek, M. The
Arabidopsis thaliana cysteine-rich receptor-like kinases CRK6 and CRKY protect against apoplastic oxidative stress. Biochem.
Biophys. Res. Commun. 2014, 445, 457-462. [CrossRef] [PubMed]

Rayapuram, C.; Jensen, M.K.; Maiser, F.; Shanir, ].V.; Hornshej, H.; Rung, ]. H.; Gregersen, P.L.; Schweizer, P.; Collinge, D.B.;
Lyngkjaer, M.F. Regulation of basal resistance by a powdery mildew-induced cysteine-rich receptor-like protein kinase in barley.
Mol. Plant Pathol. 2012, 13, 135-147. [CrossRef]

Yang, K.; Rong, W.; Qi, L.; Li, ].; Wei, X.; Zhang, Z. Isolation and characterization of a novel wheat cysteine-rich receptor-like
kinase gene induced by Rhizoctonia cerealis. Sci. Rep. 2013, 3, 1-10. [CrossRef]

Hrabak, E.M.; Chan, C.W.; Gribskov, M.; Harper, J.E; Choi, ].H.; Halford, N.; Kudla, J.; Luan, S.; Nimmo, H.G.; Sussman, M.R.
The Arabidopsis CDPK-SnRK superfamily of protein kinases. Plant Physiol. 2003, 132, 666—680. [CrossRef]

Xiao, X.H.; Yang, M,; Sui, J.L.; Qi, J.Y,; Fang, Y.J.; Hu, S.N.; Tang, C.R. The calcium-dependent protein kinase (CDPK) and
CDPK-related kinase gene families in Hevea brasiliensis—Comparison with five other plant species in structure, evolution, and
expression. FEBS Open Biol. 2017, 7, 4-24. [CrossRef]

Zhang, H.; Wei, C.; Yang, X.; Chen, H.; Yang, Y.; Mo, Y,; Li, H;; Zhang, Y.; Ma, J.; Yang, ]J. Genome-wide identification and
expression analysis of calcium-dependent protein kinase and its related kinase gene families in melon (Cucumis melo L.). PLoS
ONE 2017, 12, e0176352. [CrossRef]

Delgado-Cerrone, L.; Alvarez, A.; Mena, E.; Ponce de Ledn, I.; Montesano, M. Genome-wide analysis of the soybean CRK-family
and transcriptional regulation by biotic stress signals triggering plant immunity. PloS One 2018, 13, e0207438. [CrossRef]

Zhao, P; Liu, Y.; Kong, W.; Ji, J.; Cai, T.; Guo, Z. Genome-wide identification and characterization of calcium-dependent protein
kinase (CDPK) and CDPK-related kinase (CRK) gene families in Medicago truncatula. Int. J. Mol. Sci. 2021, 22, 1044. [CrossRef]
Rout, S.S.; Rout, P; Uzair, M.; Kumar, G.; Nanda, S. Genome-wide identification and expression analysis of CRK gene family in
chili pepper (Capsicum annuum L.) in response to Colletotrichum truncatum infection. J. Hortic. Sci. Biotechnol. 2022, 1-13. [CrossRef]
Chalhoub, B.; Denoeud, E; Liu, S.; Parkin, I.A.; Tang, H.; Wang, X.; Chiquet, J.; Belcram, H.; Tong, C.; Samans, B. Early
allopolyploid evolution in the post-Neolithic Brassica napus oilseed genome. Science 2014, 345, 950-953. [CrossRef] [PubMed]
Song, J.-M.; Guan, Z.; Hu, J.; Guo, C; Yang, Z.; Wang, S.; Liu, D.; Wang, B.; Lu, S.; Zhou, R. Eight high-quality genomes reveal
pan-genome architecture and ecotype differentiation of Brassica napus. Nat. Plants 2020, 6, 34—45. [CrossRef] [PubMed]

Song, ].M.; Liu, D.X,; Xie, W.Z,; Yang, Z.; Guo, L.; Liu, K; Yang, Q.Y.; Chen, L.L. BnPIR: Brassica napus pan-genome information
resource for 1689 accessions. Plant Biotechnol. ]. 2021, 19, 412. [CrossRef] [PubMed]

Kudla, J.; Batisti¢, O.; Hashimoto, K. Calcium signals: The lead currency of plant information processing. Plant Cell 2010, 22,
541-563. [CrossRef] [PubMed]

Linder, M.E.; Deschenes, R.J. Palmitoylation: Policing protein stability and traffic. Nat. Rev. Mol. Cell Biol. 2007, 8, 74-84.
[CrossRef] [PubMed]


http://doi.org/10.1007/s11105-019-01179-w
http://doi.org/10.1186/1471-2229-10-95
http://doi.org/10.1023/B:PLAN.0000009265.72567.58
http://www.ncbi.nlm.nih.gov/pubmed/14756307
http://doi.org/10.1007/s11103-004-3381-2
http://www.ncbi.nlm.nih.gov/pubmed/15604743
http://doi.org/10.3389/fpls.2015.00322
http://doi.org/10.1111/j.1365-313X.2008.03544.x
http://doi.org/10.1016/j.bbrc.2006.01.100
http://doi.org/10.1111/j.1365-313X.2012.04901.x
http://doi.org/10.1016/j.plaphy.2013.03.013
http://doi.org/10.1093/jxb/erw266
http://www.ncbi.nlm.nih.gov/pubmed/27406784
http://doi.org/10.1371/journal.pgen.1005373
http://www.ncbi.nlm.nih.gov/pubmed/26197346
http://doi.org/10.1016/j.bbrc.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24530916
http://doi.org/10.1111/j.1364-3703.2011.00736.x
http://doi.org/10.1038/srep03021
http://doi.org/10.1104/pp.102.011999
http://doi.org/10.1002/2211-5463.12163
http://doi.org/10.1371/journal.pone.0176352
http://doi.org/10.1371/journal.pone.0207438
http://doi.org/10.3390/ijms22031044
http://doi.org/10.1080/14620316.2022.2117654
http://doi.org/10.1126/science.1253435
http://www.ncbi.nlm.nih.gov/pubmed/25146293
http://doi.org/10.1038/s41477-019-0577-7
http://www.ncbi.nlm.nih.gov/pubmed/31932676
http://doi.org/10.1111/pbi.13491
http://www.ncbi.nlm.nih.gov/pubmed/33068485
http://doi.org/10.1105/tpc.109.072686
http://www.ncbi.nlm.nih.gov/pubmed/20354197
http://doi.org/10.1038/nrm2084
http://www.ncbi.nlm.nih.gov/pubmed/17183362

Int. . Mol. Sci. 2023, 24, 511 22 of 24

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Moriya, K.; Nagatoshi, K.; Noriyasu, Y.; Okamura, T.; Takamitsu, E.; Suzuki, T.; Utsumi, T. Protein N-myristoylation plays a
critical role in the endoplasmic reticulum morphological change induced by overexpression of protein Lunapark, an integral
membrane protein of the endoplasmic reticulum. PLoS ONE 2013, 8, €78235. [CrossRef]

Gu, X,; Zou, Y.; Su, Z.; Huang, W.; Zhou, Z.; Arendsee, Z.; Zeng, Y. An update of DIVERGE software for functional divergence
analysis of protein family. Mol. Biol. Evol. 2013, 30, 1713-1719. [CrossRef]

Moore, R.C.; Purugganan, M.D. The early stages of duplicate gene evolution. Proc. Natl. Acad. Sci. USA 2003, 100, 15682-15687.
[CrossRef]

Cannon, S.B.; Mitra, A.; Baumgarten, A.; Young, N.D.; May, G. The roles of segmental and tandem gene duplication in the
evolution of large gene families in Arabidopsis thaliana. BMC Plant Biol. 2004, 4, 10. [CrossRef]

Nekrutenko, A.; Makova, K.D.; Li, W.-H. The KA /KS ratio test for assessing the protein-coding potential of genomic regions: An
empirical and simulation study. Genome Res. 2002, 12, 198-202. [CrossRef]

Nielsen, R.; Yang, Z. Likelihood models for detecting positively selected amino acid sites and applications to the HIV-1 envelope
gene. Genetics 1998, 148, 929-936. [CrossRef] [PubMed]

Yang, Z. User guide PAML: Phylogenetic analysis by maximum likelihood. Mol. Biol. Evol 2009, 3, dob0515. [CrossRef]

Gao, F; Chen, C.; Arab, D.A; Du, Z.; He, Y.; Ho, S.Y. EasyCodeML: A visual tool for analysis of selection using CodeML. Ecol.
Evol. 2019, 9, 3891-3898. [CrossRef] [PubMed]

Tao, X.-C.; Lu, Y.-T. Loss of AtCRK1 gene function in Arabidopsis thaliana decreases tolerance to salt. J. Plant Biol. 2013, 56, 306-314.
[CrossRef]

Schweighofer, A.; Hirt, H.; Meskiene, I. Plant PP2C phosphatases: Emerging functions in stress signaling. Trends Plant Sci. 2004, 9,
236-243. [CrossRef]

Yadav, A.; Garg, T.; Singh, H.; Yadav, S.R. Tissue-specific expression pattern of calcium-dependent protein kinases-related kinases
(CRKSs) in rice. Plant Signal. Behav. 2020, 15, 1809846. [CrossRef]

Boudsocq, M.; Willmann, M.R.; McCormack, M.; Lee, H.; Shan, L.; He, P; Bush, ]J.; Cheng, S.-H.; Sheen, ]. Differential innate
immune signalling via Ca2+ sensor protein kinases. Nature 2010, 464, 418-422. [CrossRef]

Liu, H.-H,; Tian, X.; Li, Y.-].; Wu, C.-A.; Zheng, C.-C. Microarray-based analysis of stress-regulated microRNAs in Arabidopsis
thaliana. Rna 2008, 14, 836-843. [CrossRef]

Zhou, L.; Liu, Y;; Liu, Z.; Kong, D.; Duan, M.; Luo, L. Genome-wide identification and analysis of drought-responsive microRNAs
in Oryza sativa. ]. Exp. Bot. 2010, 61, 4157—4168. [CrossRef]

Jeyaraj, A.; Liu, S.; Zhang, X.; Zhang, R.; Shangguan, M.; Wei, C. Genome-wide identification of microRNAs responsive to
Ectropis oblique feeding in tea plant (Camellia sinensis L.). Sci. Rep. 2017, 7, 1-16. [CrossRef]

Chen, L.; Chen, L.; Zhang, X,; Liu, T.; Niu, S.; Wen, J.; Yi, B.; Ma, C.; Tu, J.; Fu, T. Identification of miRNAs that regulate silique
development in Brassica napus. Plant Sci. 2018, 269, 106-117. [CrossRef] [PubMed]

Jian, H.; Wang, J.; Wang, T.; Wei, L.; Li, J.; Liu, L. Identification of rapeseed microRNAs involved in early stage seed germination
under salt and drought stresses. Front. Plant Sci. 2016, 7, 658. [CrossRef] [PubMed]

Joshi, R.K.; Megha, S.; Basu, U.; Rahman, M.H.; Kav, N.N. Genome wide identification and functional prediction of long
non-coding RNAs responsive to Sclerotinia sclerotiorum infection in Brassica napus. PLoS ONE 2016, 11, e0158784. [CrossRef]
[PubMed]

Huang, D.; Koh, C.; Feurtado, ].A.; Tsang, E-W.; Cutler, A.J. MicroRNAs and their putative targets in Brassica napusseed maturation.
BMC Genom. 2013, 14, 140. [CrossRef] [PubMed]

Cheng, H.; Hao, M.; Wang, W.; Mei, D.; Wells, R; Liu, J.; Wang, H.; Sang, S.; Tang, M.; Zhou, R. Integrative RNA-and miRNA-
profile analysis reveals a likely role of BR and auxin signaling in branch angle regulation of B. napus. Int. J. Mol. Sci. 2017, 18, 887.
[CrossRef]

Cao, J.-Y,; Xu, Y.-P; Zhao, L.; Li, S.-S.; Cai, X.-Z. Tight regulation of the interaction between Brassica napus and Sclerotinia
sclerotiorum at the microRNA level. Plant Mol. Biol. 2016, 92, 39-55. [CrossRef]

Pradhan, S.K.; Pandit, E.; Pawar, S.; Baksh, S.Y.; Mukherjee, A K.; Mohanty, S.P. Development of flash-flood tolerant and durable
bacterial blight resistant versions of mega rice variety ‘Swarna’ through marker-assisted backcross breeding. Sci. Rep. 2019, 9,
12810. [CrossRef]

Khan, S.A.; Li, M.Z.; Wang, S.M.; Yin, H.]. Revisiting the Role of Plant Transcription Factors in the Battle against Abiotic Stress.
Int. ]. Mol. Sci. 2018, 19, 1634. [CrossRef]

Nguyen, H.C,; Lin, K.H.; Ho, S.L.; Chiang, C.M.; Yang, C.M. Enhancing the abiotic stress tolerance of plants: From chemical
treatment to biotechnological approaches. Physiol Plant 2018, 164, 452-466. [CrossRef]

Li, Y.-B,; Han, L.-B.; Wang, H.-Y,; Zhang, ].; Sun, S.-T.; Feng, D.-Q.; Yang, C.-L.; Sun, Y.-D.; Zhong, N.-Q.; Xia, G.-X. The thioredoxin
GbNRX1 plays a crucial role in homeostasis of apoplastic reactive oxygen species in response to Verticillium dahliae infection in
cotton. Plant Physiol. 2016, 170, 2392-2406. [CrossRef]

Liu, Y.; Xu, A.; Liang, E; Yao, X.; Wang, Y.; Liu, X.; Zhang, Y.; Dalelhan, J.; Zhang, B.; Qin, M. Screening of clubroot-resistant
varieties and transfer of clubroot resistance genes to Brassica napus using distant hybridization. Breed. Sci. 2018, 68, 258-267.
[CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0078235
http://doi.org/10.1093/molbev/mst069
http://doi.org/10.1073/pnas.2535513100
http://doi.org/10.1186/1471-2229-4-10
http://doi.org/10.1101/gr.200901
http://doi.org/10.1093/genetics/148.3.929
http://www.ncbi.nlm.nih.gov/pubmed/9539414
http://doi.org/10.1002/0471650129.dob0515
http://doi.org/10.1002/ece3.5015
http://www.ncbi.nlm.nih.gov/pubmed/31015974
http://doi.org/10.1007/s12374-012-0352-z
http://doi.org/10.1016/j.tplants.2004.03.007
http://doi.org/10.1080/15592324.2020.1809846
http://doi.org/10.1038/nature08794
http://doi.org/10.1261/rna.895308
http://doi.org/10.1093/jxb/erq237
http://doi.org/10.1038/s41598-017-13692-7
http://doi.org/10.1016/j.plantsci.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/29606207
http://doi.org/10.3389/fpls.2016.00658
http://www.ncbi.nlm.nih.gov/pubmed/27242859
http://doi.org/10.1371/journal.pone.0158784
http://www.ncbi.nlm.nih.gov/pubmed/27388760
http://doi.org/10.1186/1471-2164-14-140
http://www.ncbi.nlm.nih.gov/pubmed/23448243
http://doi.org/10.3390/ijms18050887
http://doi.org/10.1007/s11103-016-0494-3
http://doi.org/10.1038/s41598-019-49176-z
http://doi.org/10.3390/ijms19061634
http://doi.org/10.1111/ppl.12812
http://doi.org/10.1104/pp.15.01930
http://doi.org/10.1270/jsbbs.17125
http://www.ncbi.nlm.nih.gov/pubmed/29875610

Int. . Mol. Sci. 2023, 24, 511 23 of 24

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

Saha, G.; Park, J.-L; Jung, H.-].; Ahmed, N.U.; Kayum, M.; Chung, M.-Y.; Hur, Y.; Cho, Y.-G.; Watanabe, M.; Nou, L.-5. Genome-
wide identification and characterization of MADS-box family genes related to organ development and stress resistance in Brassica
rapa. BMC Genom. 2015, 16, 178. [CrossRef] [PubMed]

Sarwar, R.; Geng, R; Li, L.; Shan, Y.; Zhu, K.-M.; Wang, J.; Tan, X.-L. Genome-Wide Prediction, Functional Divergence and
characterization of stress-responsive BZR transcription factors in B. napus. Front. Plant Sci. 2021, 12, 3077. [CrossRef] [PubMed]
Wang, Z.; Wan, Y.; Meng, X.; Zhang, X.; Yao, M.; Miu, W.; Zhu, D.; Yuan, D.; Lu, K;; Li, J. Genome-wide identification and analysis
of MKK and MAPK gene families in Brassica species and response to stress in Brassica napus. Int. . Mol. Sci. 2021, 22, 544.
[CrossRef] [PubMed]

Nan, Y,; Xie, Y.; Atif, A.; Wang, X.; Zhang, Y.; Tian, H.; Gao, Y. Identification and Expression Analysis of SLAC/SLAH Gene
Family in Brassica napus L. Int. ]. Mol. Sci. 2021, 22, 4671. [CrossRef]

Acharya, B.R; Raina, S.; Magbool, S.B.; Jagadeeswaran, G.; Mosher, S.L.; Appel, HM.; Schultz, ].C.; Klessig, D.F,; Raina, R.
Overexpression of CRK13, an Arabidopsis cysteine-rich receptor-like kinase, results in enhanced resistance to Pseudomonas
syringae. Plant . 2007, 50, 488-499. [CrossRef]

Zhang, X.; Han, X,; Shi, R; Yang, G.; Qi, L.; Wang, R; Li, G. Arabidopsis cysteine-rich receptor-like kinase 45 positively regulates
disease resistance to Pseudomonas syringae. Plant Physiol. Biochem. 2013, 73, 383-391. [CrossRef]

Lee, D.S.; Kim, Y.C.; Kwon, S.J.; Ryu, C.-M.; Park, O.K. The Arabidopsis cysteine-rich receptor-like kinase CRK36 regulates
immunity through interaction with the cytoplasmic kinase BIK1. Front. Plant Sci. 2017, 8, 1856. [CrossRef]

Du, D,; Liu, M,; Xing, Y.; Chen, X,; Zhang, Y.; Zhu, M.; Lu, X,; Zhang, Q.; Ling, Y.; Sang, X. Semi-dominant mutation in
the cysteine-rich receptor-like kinase gene, ALS 1, conducts constitutive defence response in rice. Plant Biol. 2019, 21, 25-34.
[CrossRef]

Maere, S.; De Bodt, S.; Raes, J.; Casneuf, T.; Van Montagu, M.; Kuiper, M.; Van de Peer, Y. Modeling gene and genome duplications
in eukaryotes. Proc. Natl. Acad. Sci. USA 2005, 102, 5454-5459. [CrossRef]

Ha, M.; Kim, E.-D.; Chen, Z.J. Duplicate genes increase expression diversity in closely related species and allopolyploids. Proc.
Natl. Acad. Sci. USA 2009, 106, 2295-2300. [CrossRef] [PubMed]

Myers, C.; Romanowsky, S.M.; Barron, Y.D.; Garg, S.; Azuse, C.L.; Curran, A.; Davis, R.M.; Hatton, J.; Harmon, A.C.; Harper, ].E.
Calcium-dependent protein kinases regulate polarized tip growth in pollen tubes. Plant J. 2009, 59, 528-539. [CrossRef] [PubMed]
Reddy, A.S.; Ali, G.S.; Celesnik, H.; Day, 1.S. Coping with stresses: Roles of calcium-and calcium/calmodulin-regulated gene
expression. Plant Cell 2011, 23, 2010-2032. [CrossRef] [PubMed]

Xu, W.; Huang, W. Calcium-dependent protein kinases in phytohormone signaling pathways. Int. J. Mol. Sci. 2017, 18, 2436.
[CrossRef]

Rigo, G.; Ayaydin, E; Tietz, O.; Zsigmond, L.; Kovacs, H.; Pay, A.; Salchert, K.; Darula, Z.; Medzihradszky, K.F.; Szabados,
L. Inactivation of plasma membrane-localized CDPK-RELATED KINASES5 decelerates PIN2 exocytosis and root gravitropic
response in Arabidopsis. Plant Cell 2013, 25, 1592-1608. [CrossRef]

Boudsocq, M.; Sheen, J. CDPKs in immune and stress signaling. Trends Plant Sci. 2013, 18, 30—40. [CrossRef]

Zhang, H.; Liu, D.; Yang, B.; Liu, W.-Z.; Mu, B.; Song, H.; Chen, B.; Li, Y.; Ren, D.; Deng, H. Arabidopsis CPK6 positively regulates
ABA signaling and drought tolerance through phosphorylating ABA-responsive element-binding factors. J. Exp. Bot. 2020, 71,
188-203. [CrossRef]

Latz, A.; Mehlmer, N.; Zapf, S.; Mueller, T.D.; Wurzinger, B.; Pfister, B.; Csaszar, E.; Hedrich, R.; Teige, M.; Becker, D. Salt stress
triggers phosphorylation of the Arabidopsis vacuolar K+ channel TPK1 by calcium-dependent protein kinases (CDPKs). Mol.
Plant 2013, 6, 1274-1289. [CrossRef]

Almadanim, M.C.; Alexandre, B.M.; Rosa, M.T.; Sapeta, H.; Leitao, A.E.; Ramalho, J.C.; Lam, T.T.; Negrao, S.; Abreu, L. A ; Oliveira,
M.M. Rice calcium-dependent protein kinase OsCPK17 targets plasma membrane intrinsic protein and sucrose-phosphate
synthase and is required for a proper cold stress response. Plant Cell Environ. 2017, 40, 1197-1213. [CrossRef]

Lamesch, P,; Berardini, T.Z.; Li, D.; Swarbreck, D.; Wilks, C.; Sasidharan, R.; Muller, R.; Dreher, K.; Alexander, D.L.; Garcia-
Hernandez, M. The Arabidopsis Information Resource (TAIR): Improved gene annotation and new tools. Nucleic Acids Res. 2012,
40, D1202-D1210. [CrossRef]

Chen, H.; Wang, T.; He, X,; Cai, X; Lin, R;; Liang, J.; Wu, J.; King, G.; Wang, X. BRAD V3. 0: An upgraded Brassicaceae database.
Nucleic Acids Res. 2022, 50, D1432-D1441. [CrossRef] [PubMed]

Goodstein, D.M.; Shu, S.; Howson, R.; Neupane, R.; Hayes, R.D.; Fazo, ]J.; Mitros, T.; Dirks, W.; Hellsten, U.; Putnam, N.
Phytozome: A comparative platform for green plant genomics. Nucleic Acids Res. 2012, 40, D1178-D1186. [CrossRef] [PubMed]
El-Gebali, S.; Mistry, ].; Bateman, A.; Eddy, S.R.; Luciani, A.; Potter, S.C.; Qureshi, M.; Richardson, L.].; Salazar, G.A.; Smart, A.
The Pfam protein families database in 2019. Nucleic Acids Res. 2019, 47, D427-D432. [CrossRef]

Marchler-Bauer, A.; Lu, S.; Anderson, ].B.; Chitsaz, E.; Derbyshire, M.K.; DeWeese-Scott, C.; Fong, J.H.; Geer, L.Y.; Geer, R.C,;
Gonzales, N.R. CDD: A Conserved Domain Database for the functional annotation of proteins. Nucleic Acids Res. 2010, 39
(Suppl. S1), D225-D229. [CrossRef]

De Castro, E.; Sigrist, C.J.; Gattiker, A.; Bulliard, V.; Langendijk-Genevaux, P.S.; Gasteiger, E.; Bairoch, A.; Hulo, N. ScanProsite:
Detection of PROSITE signature matches and ProRule-associated functional and structural residues in proteins. Nucleic Acids Res.
2006, 34 (Suppl. 2), W362-W365. [CrossRef] [PubMed]


http://doi.org/10.1186/s12864-015-1349-z
http://www.ncbi.nlm.nih.gov/pubmed/25881193
http://doi.org/10.3389/fpls.2021.790655
http://www.ncbi.nlm.nih.gov/pubmed/35058951
http://doi.org/10.3390/ijms22020544
http://www.ncbi.nlm.nih.gov/pubmed/33430412
http://doi.org/10.3390/ijms22094671
http://doi.org/10.1111/j.1365-313X.2007.03064.x
http://doi.org/10.1016/j.plaphy.2013.10.024
http://doi.org/10.3389/fpls.2017.01856
http://doi.org/10.1111/plb.12896
http://doi.org/10.1073/pnas.0501102102
http://doi.org/10.1073/pnas.0807350106
http://www.ncbi.nlm.nih.gov/pubmed/19168631
http://doi.org/10.1111/j.1365-313X.2009.03894.x
http://www.ncbi.nlm.nih.gov/pubmed/19392698
http://doi.org/10.1105/tpc.111.084988
http://www.ncbi.nlm.nih.gov/pubmed/21642548
http://doi.org/10.3390/ijms18112436
http://doi.org/10.1105/tpc.113.110452
http://doi.org/10.1016/j.tplants.2012.08.008
http://doi.org/10.1093/jxb/erz432
http://doi.org/10.1093/mp/sss158
http://doi.org/10.1111/pce.12916
http://doi.org/10.1093/nar/gkr1090
http://doi.org/10.1093/nar/gkab1057
http://www.ncbi.nlm.nih.gov/pubmed/34755871
http://doi.org/10.1093/nar/gkr944
http://www.ncbi.nlm.nih.gov/pubmed/22110026
http://doi.org/10.1093/nar/gky995
http://doi.org/10.1093/nar/gkq1189
http://doi.org/10.1093/nar/gkl124
http://www.ncbi.nlm.nih.gov/pubmed/16845026

Int. . Mol. Sci. 2023, 24, 511 24 of 24

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Kumar, S.; Stecher, G.; Tamura, K. MEGA?7: Molecular evolutionary genetics analysis version 7.0 for bigger datasets. Mol. Biol.
Evol. 2016, 33, 1870-1874. [CrossRef]

Letunic, I.; Bork, P. Interactive Tree Of Life (iTOL) v5: An online tool for phylogenetic tree display and annotation. Nucleic Acids
Res. 2021, 49, W293-W296. [CrossRef] [PubMed]

Hu, B,; Jin, J.; Guo, A.-Y.; Zhang, H.; Luo, J.; Gao, G. GSDS 2.0: An upgraded gene feature visualization server. Bioinformatics 2015,
31, 1296-1297. [CrossRef]

Bologna, G.; Yvon, C.; Duvaud, S.; Veuthey, A.L. N-Terminal myristoylation predictions by ensembles of neural networks.
Proteomics 2004, 4, 1626-1632. [CrossRef]

Chou, K.-C.; Shen, H.-B. Plant-mPLoc: A top-down strategy to augment the power for predicting plant protein subcellular
localization. PloS One 2010, 5, €11335. [CrossRef]

Gasteiger, E.; Hoogland, C.; Gattiker, A.; Wilkins, M.R.; Appel, R.D.; Bairoch, A. Protein identification and analysis tools on the
ExPASy server. Proteom. Protoc. Handb. 2005, 571-607. [CrossRef]

Bailey, T.L.; Elkan, C. Fitting a mixture model by expectation maximization to discover motifs in bipolymers. Proc. Int. Conf. Intell.
Syst. Mol. Biol. 1994, 2, 28-36. [PubMed]

Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.R.; Frank, M.H.; He, Y.; Xia, R. TBtools: An integrative toolkit developed for interactive
analyses of big biological data. Mol. Plant 2020, 13, 1194-1202. [CrossRef] [PubMed]

Wang, Y; Tang, H.; DeBarry, ].D.; Tan, X.; Li, J.; Wang, X.; Lee, T.-h.; Jin, H.; Marler, B.; Guo, H. MCScanX: A toolkit for detection
and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 2012, 40, e49. [CrossRef] [PubMed]

Stern, A.; Doron-Faigenboim, A.; Erez, E.; Martz, E.; Bacharach, E.; Pupko, T. Selecton 2007: Advanced models for detecting
positive and purifying selection using a Bayesian inference approach. Nucleic Acids Res. 2007, 35 (Suppl. 2), W506-W511.
[CrossRef]

Yang, J.; Yan, R.; Roy, A.; Xu, D.; Poisson, J.; Zhang, Y. The I-TASSER Suite: Protein structure and function prediction. Nat. Methods
2015, 12, 7-8. [CrossRef]

Szklarczyk, D.; Gable, A.L,; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, ].H.; Bork, P.
STRING v11: Protein—protein association networks with increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res. 2019, 47, D607-D613. [CrossRef]

Yi, X.; Zhang, Z.; Ling, Y.; Xu, W.; Su, Z. PNRD: A plant non-coding RNA database. Nucleic Acids Res. 2015, 43, D982-D989.
[CrossRef]

Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. miRBase: From microRNA sequences to function. Nucleic Acids Res. 2019, 47,
D155-D162. [CrossRef]

Dai, X.; Zhao, P.X. psRNATarget: A plant small RNA target analysis server. Nucleic Acids Res. 2011, 39 (Suppl. 2), W155-W159.
[CrossRef]

Lescot, M.; Déhais, P.; Thijs, G.; Marchal, K.; Moreau, Y.; Van de Peer, Y.; Rouzé, P.; Rombauts, S. 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,
325-327. [CrossRef] [PubMed]

Sarwar, R;; Jiang, T.; Ding, P.; Gao, Y,; Tan, X.; Zhu, K. Genome-wide analysis and functional characterization of the DELLA gene
family associated with stress tolerance in B. napus. BMC Plant Biol. 2021, 21, 286. [CrossRef] [PubMed]

Wittig, P.R.; Ambros, S.; Miiller, ].T.; Bammer, B.; Alvarez-Cansino, L.; Konnerup, D.; Pedersen, O.; Mustroph, A. Two Brassica
napus cultivars differ in gene expression, but not in their response to submergence. Physiol. Plant. 2021, 171, 400-415. [CrossRef]
[PubMed]

Xin, H.; Xianchao, N.; Pan, X.; Wei, L.; Min, Y.; Yu, K,; Lunwen, Q.; Wei, H. Comparative transcriptome analyses revealed
conserved and novel responses to cold and freezing stress in Brassica napus L. G3: Genes Genomes Genet. 2019, 9, 2723-2737.
[CrossRef]

Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2~ 22T method.
Methods 2001, 25, 402-408. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1093/molbev/msw054
http://doi.org/10.1093/nar/gkab301
http://www.ncbi.nlm.nih.gov/pubmed/33885785
http://doi.org/10.1093/bioinformatics/btu817
http://doi.org/10.1002/pmic.200300783
http://doi.org/10.1371/journal.pone.0011335
http://doi.org/10.1385/1-59259-584-7:531
http://www.ncbi.nlm.nih.gov/pubmed/7584402
http://doi.org/10.1016/j.molp.2020.06.009
http://www.ncbi.nlm.nih.gov/pubmed/32585190
http://doi.org/10.1093/nar/gkr1293
http://www.ncbi.nlm.nih.gov/pubmed/22217600
http://doi.org/10.1093/nar/gkm382
http://doi.org/10.1038/nmeth.3213
http://doi.org/10.1093/nar/gky1131
http://doi.org/10.1093/nar/gku1162
http://doi.org/10.1093/nar/gky1141
http://doi.org/10.1093/nar/gkr319
http://doi.org/10.1093/nar/30.1.325
http://www.ncbi.nlm.nih.gov/pubmed/11752327
http://doi.org/10.1186/s12870-021-03054-x
http://www.ncbi.nlm.nih.gov/pubmed/34157966
http://doi.org/10.1111/ppl.13251
http://www.ncbi.nlm.nih.gov/pubmed/33099772
http://doi.org/10.1534/g3.119.400229
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Result 
	Identification, Phylogenetic Analysis, and Structural Characterization of B. napus CRK Family 
	Motif Prediction and Distribution Analysis of BnaCRKs 
	Functional Divergence Analysis and Protein 3D Structure Prediction 
	Synteny and Duplication Prediction of BnaCRK Gene Family in B. napus 
	BnaCRK Protein-Protein Interaction Network Prediction 
	Expression Profile of the BnaCRKs in Different Organs of B. napus 
	Prediction of Cis-Acting Elements in the Promoter Region of BnaCRKs 
	Expression Profile of the BnaCRKs under Abiotic Stresses and S. sclerotiorum Infection 
	Prediction of Potential MicroRNAs Targeting BnaCRKs Gene Family in B. napus 
	SNP Polymorphism 

	Discussion 
	Materials and Methods 
	Identification, Phylogenetic Analysis, and Structural Characterization of B. napus CRK Family 
	Motif Composition, Genomic Distribution, Site-Specific Assessment, and Synteny Analysis of CRK Gene Family in B. napus 
	Functional Divergence and Three-Dimensional Architecture of CRK in B. napus 
	BnaCRKs-Target Interaction, Cis-Acting Elements, and Micro-RNA Target Site Prediction 
	B. napus Growth Condition and Expression Analysis of Selected BnaCRKs under Different Stresses 
	RNA-Seq and SNP Distribution Analysis of BnaCRKs 
	Statistical Analysis 

	Conclusions 
	References

