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Myeloblastosis (MYB)-related transcription factors comprise a large subfamily of

the MYB family. They play significant roles in plant development and in stress

responses. However, MYB-related proteins have not been comprehensively investigated

in rapeseed (Brassica napus L.). In the present study, a genome-wide analysis of

MYB-related transcription factors was performed in rapeseed.We identified 251Brassica

napus MYB (BnMYB)-related members, which were divided phylogenetically into five

clades. Evolutionary analysis suggested that whole genome duplication and segmental

duplication events have played a significant role in the expansion of BnMYB-related

gene family. Selective pressure of BnMYB-related genes was estimated using the Ka/Ks

ratio, which indicated that BnMYB-related genes underwent strong purifying selection

during evolution. In silico analysis showed that various development-associated,

phytohormone-responsive, and stress-related cis-acting regulatory elements were

enriched in the promoter regions of BnMYB-related genes. Furthermore, MYB-related

genes with tissue or organ-specific, stress-responsive expression patterns were

identified in B. napus based on temporospatial and abiotic stress expression profiles.

Among the stress-responsive MYB-related genes, BnMRD107 was strongly induced

by drought stress, and was therefore selected for functional study. Rapeseed seedlings

overexpressing BnMRD107 showed improved resistance to osmotic stress. Our findings

not only lay a foundation for further functional characterization of BnMYB-related

genes, but also provide valuable clues to determine candidate genes for future genetic

improvement of B. napus.
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FIGURE 3 | Amino acid sequence logos of the MYB domains in BnMYB-related proteins. Bit score indicates the information content for each position in the

sequence. The conserved Trp (W) residues distributed in the amino acid sequence of MYB domains, and red boxes indicate the conserved motifs. The corresponding

clades based on the phylogenetic tree (Figure 2) are indicated on the left for reference.

associated with plant growth and development. Light responsive
elements appeared to be the most common cis-acting elements in
BnMYB-related gene promoters, suggesting that BnMYB-related
genes might play a vital role in the response of B. napus to
variable light conditions. Several cis-elements, such as meristem-
specific activation, seed-specific regulation, and root-specific
elements, were considered to be associated with temporospatial-
specific expression of the BnMYB-related genes. Five elements
including gibberellin-responsive (GARE), ABA responsive
(ABRE), auxin responsive (TGA), methyl jasmonate (MeJA)-
responsive (TGACG-motif), and salicylic acid responsive
elements (TCA) were responsible for phytohormone responses.
Five elements including anaerobic induction (ARE), wound
responsive (WUN-motif), defense and stress responsive
(TC-rich repeats), low-temperature responsive (LTR), and
dehydration, low-temperature, salt stress-responsive were
involved in stress responses, implying that the BnMYB-related
genes containing these cis-elements in their promoter regions
might participate in the adaptation of B. napus to everchanging
environmental conditions. Interestingly, an anaerobic induction

element appeared as tandem repeats in some of the BnMYB-
related gene promoters (BnMRD10, BnMRD40, BnMRD45,
BnMRD47, BnMRD70, BnMRD71, BnMRD134, BnMRD118,
BnMRD207, BnMRD225, BnMRD226, and BnMRD227), hinting
that the regulatory proteins which bind to these regions
might have special spatial structures. It is noteworthy that
an MYB binding site was found in the promoter region of
most BnMYB-related genes, revealing that the transcriptional
abundance of BnMYB-related genes was largely modulated by
MYB transcription factors.

Temporospatial Expression Profiles of
BnMYB-Related Genes
To dissect the expression characteristics of BnMYB-related genes,
their transcript patterns in tissues and organs of the main
developmental stages (cotyledon, root, stem, leaf, SAM, overleaf,
flower, ovary, silique wall at 14, 24, 34, and 50 DAP, and seed
at 14, 24, 34, 50 DAP) of B. napus were examined based on
transcriptome data, and a visualization heatmap was generated
(Figure 6, Supplementary Table 10). The results showed that

Frontiers in Plant Science | www.frontiersin.org 9 June 2021 | Volume 12 | Article 678202



Li et al. MYB-Related Genes in Brassica napus

FIGURE 4 | The Upset plot shows the distributions of homologous MYB-related genes in different rapeseed accessions. The bar chart above represents the number

of common homologous genes shared among different rapeseed accessions. The left bar chart at the bottom represents the number of homologous genes in each

accession. The right dotted line at the bottom shows the number of accessions contained in the group.

BnMYB-related genes exhibited distinct expression patterns
among the tissues and organs detected in this study, revealing
their diverse functions during B. napus development. Among the
BnMYB-related genes, 237 genes showed detectable expression in
at least one tissue or organ. The remaining 14 BnMYB-related

genes were not expressed in tested tissues or organs, 10 of which
belonged to TRF-like clade, and four genes belonged to CPC-like
clade. These genes might be non-functional, or else they have

a highly specific expression pattern. Genes with undetectable
expression are not shown in Figure 6. Transcripts of all CCA1/R-
R-like genes were detectable in most tested tissues and organs,
although their transcript abundance was relatively lower than
that of genes from the other clades. It is important to note
that 12 genes in CCA1/R-R-like clade (including BnMRD36,
BnMRD96, BnMRD101, and BnMRD111) were preferentially
expressed in SAM, suggesting that they might participate in
SAM development. Ten genes including BnMRD95, BnMRD109,
and BnMRD202 showed high and specific expression in seeds.
BnMRD182 and BnMRD42 were predominantly expressed in
flowers. Approximately half of the I-box-like clade genes
were predominantly expressed in vegetative tissues and organs
(especially cotyledon) at the seedling stage, indicating that
they probably participate in vegetative growth. TRF-like genes
displayed a diverse expression pattern in the samples tested.
The majority of TRF-like genes showed higher expression in the
reproductive tissues and organs than in the vegetative tissues and
organs and had relatively low transcript abundance in cotyledons
and leaves. Many genes of CPC-like clade had high expression
in SAM, flowers, and ovaries. Transcripts of TBP-like clade

genes were detected in almost all tested samples, and half of
them showed a relatively high expression in flowers and ovaries.
These findings supported the view that BnMYB-related genes
might play fundamental roles in the entire developmental process
in rapeseed.

Expression Profiles of BnMYB-Related

Genes Under Abiotic Stress Conditions
Based upon the cis-element analysis, multiple abiotic stress
response-associated elements were found in the promoter
regions of BnMYB-related genes. To better understand the
potential roles of BnMYB-related genes in responses to various
abiotic stresses in B. napus, the expression patterns of individual
members under drought, salt, cold, heat stress, and ABA
treatment were investigated based on transcriptome data
previously created by our lab (NCBI SRA BioProject ID:
PRJNA687395 and PRJNA721476, Supplementary Table 11).
A total of 195 MYB-related genes, more than half of all
family members, displayed a stress-responsive expression pattern
(Figure 7). The results showed that BnMYB-related genes had
different expression patterns under four abiotic stresses and
ABA treatment. Among them, 110 and 74 genes, 82 and 101
genes, 113 and 89 genes, 74 and 91 genes, were upregulated
and downregulated by drought, salt, heat, and cold stress,
respectively. The expression levels of 89 genes were elevated,
whereas the expression levels of 96 genes were inhibited by
ABA treatment. Further analysis showed that all four abiotic
stresses and ABA treatment induced the expression of BnMRD40,
BnMRD190, and BnMRD166. BnMRD17, BnMRD20, and
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FIGURE 5 | Regulatory cis-elements on the promoter regions of BnMYB-related genes. Locations of different cis-acting elements are arranged on the lines

representing the 2 kb upstream region of TSS in the promoters of each BnMYB-related gene. Different colored ovals represent different types of cis-elements.
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FIGURE 6 | Temporospatial expression patterns of BnMYB-related genes. Fragments per kilobase of transcript per million mapped reads (FPKM) values of BnMYBR

genes are log2 transformed and are used to represent the gene expression levels. The horizontal axis represents 16 tissues/organs of different developmental stages

in rapeseed. The color scale represents gene expression levels with high transcript abundance (red) or low transcript abundance (blue).

BnMRD186 were upregulated, whereas BnMRD87, BnMRD78,
BnMRD163, and BnMRD202 were downregulated by both
drought stress and ABA treatment. Among MYB-related

genes, 45.64% (89/195) (including BnMRD13, BnMRD116,
and BnMRD126) showed increased expression under cold
stress. Several BnMYB-related members exhibited an obvious
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FIGURE 7 | BnMYB-related genes in response to four abiotic stress

conditions (drought, salt, cold, and heat) and ABA treatment. Ratios of FPKM

values under stress conditions to FPKM values under normal conditions are

log2 transformed and used to represent the gene expression levels.

response to heat stress. For instance, BnMRD96, BnMRD111,
BnMRD172, and BnMRD140 were downregulated, whereas
BnMRD52, BnMRD102, and BnMRD177 were upregulated by
heat treatment. As shown in the heatmap (Figure 7), the
expression patterns of BnMYB-related members varied greatly
under abiotic stress conditions. These results implied that
BnMYB-related genes contribute to a better adaptation of
B. napus to the natural environment.

Considering that quite a few BnMYB-related genes
exhibited inducible expression under drought or cold
stresses, the transcript abundance of nine genes under
drought or cold treatment was determined using
qPCR (Figure 8). Nine BnMYB-related genes including
BnMRD15/25/105/107/148/173/186/250/251, displayed
differential expression under normal and drought stress
conditions. Notably, the expression levels of BnMRD15 and
BnMRD107 were 150 times and 800 times higher after drought
treatment for 3 and 6 h than that under normal conditions,
respectively (Figure 8A). Moreover, nine genes, including
BnMRD1/15/25/40/81/91/105/148/250, were upregulated under
cold conditions. Except for BnMRD25, the transcript abundance
of other eight genes elevated gradually from 0 to 12 h of cold
treatment. The expression of BnMRD25 increased by ∼7-fold at
3 h of cold treatments compared with that before stress, peaked
at 6 h (by 8-fold), and then decreased at 12 h after cold treatment
(Figure 8B). These findings provided insights into the potential
roles of BnMYB-related genes in response to drought and cold
stress, and will be helpful to explore candidate BnMYB-related
genes for further functional determination and stress resistance
improvement of B. napus.

BnMRD107 Enhances Osmotic and Salt
Tolerance in Transgenic B. napus

Seedlings
To further investigate the function of BnMYB-related genes

under abiotic stress in B. napus, we carefully scanned the
stress-responsive BnMYB-related genes. A member belonging

to CCA1/R-R-like clade, BnMRD107, provoked our interest.

BnMRD107 was significantly induced under drought stress, and

its transcript abundance was elevated by almost 800-fold after
6 h of drought stress (Figure 8A). To reveal the potential role
of BnMRD107 in osmotic response of B. napus, transgenic
rapeseed plants overexpressing BnMRD107 were obtained by
introducing a BnMRD107-OE construct into rapeseed using the
Agrobacterium tumefaciens-mediated transformation approach
(Supplementary Figure 3). Three T2 generations of homozygous
transgenic lines (BnMRD107-OE-1, BnMRD107-OE-2, and
BnMRD107-OE-3) were used to evaluate the performance of the
plants under osmotic stress and salt treatments, and the wild-type
seedlings (J9712) were used as controls (Figure 9). As shown in
Figure 9A, no obvious differences were observed between J9712
and BnMRD107-OE lines under normal growth conditions. The
BnMRD107-OE lines showed no significant difference compared
with J9712 in hypocotyl length, root length, and fresh weight
under normal condition (Figure 9B). However, the BnMRD107-
OE lines (especially BnMRD107-OE-1 and BnMRD107-OE-2)
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showed apparently better growth performance than J9712 plants
under both osmotic stress and salt treatments (Figure 9A), and
the hypocotyl lengths of BnMRD107-OE plants were longer
than those of J9712 plants under osmotic and salt stress
conditions (Figures 9C,D). To examine the H2O2 accumulation
in BnMRD107-OE and J9712 plants under normal, osmotic
stress, and salt conditions, DAB-staining analysis of the plant
cotyledons was performed. As shown in Figure 10, there
was no visible difference in H2O2 accumulation between the
BnMRD107-OE and J9712 plants under normal conditions,
while BnMRD107-OE plants accumulated markedly less H2O2

than J9712 plants in their cotyledons after osmotic stress
and salt treatments. These results indicated that BnMRD107
conferred osmotic and salt tolerance on transgenic rapeseed
seedlings, and the rapeseed plants overexpressing BnMRD107
might possess stronger ROS-scavenging ability than wild-type
J9712 plants.

DISCUSSION

MYB-related transcription factors comprise a prominent subtype
of MYB superfamily in plants (Du et al., 2013). Based on the
previous research, there are 64, and 223 MYB-related genes in
the model plant Arabidopsis and rice, respectively (Chen et al.,
2006, 2019). Recently, 62 genes in Physcomitrella patens (Pu
et al., 2020), 138 genes in Solanum tuberosum (Liu Y. H. et al.,
2020), 73 genes in Musa acuminate, and 59 genes in Musa
balbisiana (Tan et al., 2020) were identified asMYB-related genes.
Plant MYB-related genes have been reported to be involved in
multiple processes, including cellular and organ morphogenesis,
secondary metabolism, circadian rhythm, and drought tolerance
(Baldoni et al., 2015). However, there has been little investigation
of MYB-related genes in B. napus, and the functions of
BnMYB-related family members are still largely unknown. In
the present study, 251 MYB-related genes were identified in
the B. napus genome. The phylogenetic relationships, gene
structure, motif composition, syntenic analysis, cis-elements,
and expression profiles of BnMYB-related family members were
investigated systematically.

The present allotetraploid rapeseed (genome AACC) cultivars
were generated by interspecific hybridization between its diploid
progenitors B. rapa (genome AA) and B. oleracea (genome
AACC) (Chalhoub et al., 2014). MYB-related genes, as a share
of the entire MYB family genes, comprise 36.6% (97/265),
44.9% (106/236), 39.8% (202/508), 36.9% (171/464), and 33.9%
(251/740) in Arabidopsis, rice, B. oleracea, B. rapa, and B. napus,
respectively (Saha et al., 2016; Jin et al., 2017). In this study, 251
MYB-related genes were identified in B. napus, which showed a
significantly higher number than that in the Arabidopsis genome
(97 genes). In the diploid ancestors (B. oleracea and B. rapa),
76 and 84 orthologous genes were found, respectively. Four
categories of gene duplication events including WGD/segmental
duplication, dispersed duplication, proximal duplication, and
tandem duplication were detected in BnMYB-related genes.
Among the 251 sequences, 77.29% (194/251) were implicated
in WGD/segmental duplication events, and 20.32% (51/251),

0.01% (3/251), and 0.01% (3/251) involved dispersed duplication,
proximal duplication, and tandem duplication, respectively.
These results indicated that WGD/segmental duplication and
dispersed duplication were the vital driving force forMYB-related
gene family expansion.

Similar to MYB-related proteins in other plants, BnMYB-
related family members were characterized by a single or a
partially conserved repeat. In this study, the 251 BnMYB-
related proteins were classified phylogenetically into five major
clades. CCA1/R-R-like clade is the largest clade, whose members
have a common conserved motif SHAQKY(N)F or SHAQK,
in which the third W residue was often substituted by A
residue. The circadian-related cis-acting regulatory elements
were found to be enriched in the promoter regions of CCA1/R-
R-like clade genes, which were consistent with the result of
previous studies, in which CCA1/R-R-like genes were identified
as being involved in the circadian rhythm (Lu et al., 2009).
A previous study on Arabidopsis illustrated that CCA1 protein
can bind directly to the promoter of Light-harvesting chlorophyll
a/b protein (Lhcb) to activate its transcription (Lu et al.,
2009). Moreover, cis-elements associated with auxin response
and cell cycle regulation were also found to be generally
distributed in the promoter regions of CCA1/R-R-like genes.
Cis-elements involved in meristem expression were detected
in 12 genes including BnMRD36, BnMRD96, and BnMRD130,
and expression analysis showed that these genes exhibited a
strong and specific expression in SAM, suggesting their potential
roles in meristem development. No consensus motifs were
detected in the proteins of I-box-like, CPC-like, and TRF-like
clades. However, W residues were evenly distributed in MYB
repeats of the members of these clades. CPC-like (II) members
contained three W residues in their MYB repeat regions.
Investigations on tomato (Solanum lycopersicum) revealed that
CPC-like members participated in anthocyanin biosynthesis (Ma
and Constabel, 2019). Most of the TBP-like proteins had the
consensus motif LKDKW(R/K) (N/T). Although the functional
analysis of proteins of I-box-like, TRF-like, and TBP-like clades
is relatively rare, their expression profile in various tissues and
organs suggested that they might play important roles in B. napus
development. Unlike members of other transcription factor
families, the sequence identity of MYB-related proteins was
relatively low, which might be relevant to their diverse functions
in plants.

Although the MYB-related family widely exists in plant
species, there has been much more research into 2R-MYB
genes than into MYB-related genes in plants. In the present
study, we observed that 77.69% (195/251) of MYB-related
genes were responsive to at least one of the four tested
abiotic stresses and ABA treatment, indicating that a large
proportion of MYB-related genes are involved in the adaptation
of B. napus to the environment. Cis-acting elements are
determinate components of the specificity and expression
level of genes (Lescot et al., 2002). Five elements associated
with stress responsiveness (ARE, WUN-motif, TC-rich repeats,
LTR, and DRE) and five hormonal responsive elements
(GARE, ABRE, TGA, TGACG-motif, and TCA) are enriched
in the promoters of MYB-related genes. Drought stress and
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FIGURE 8 | Expression analysis of 13 BnMYB-related genes under (A) drought treatment and (B) cold treatment by qPCR. The expression levels were normalized to

BnActin. Data represented the mean ± SE (n =3).
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FIGURE 9 | Phenotype of BnMYBR107-OE plants under normal conditions, osmotic stress, and salt treatments. (A) Growth performance of J9712 and

BnMYBR107-OE plants under normal conditions, osmotic stress, and salt treatments. (B–D) Hypocotyl length, root length, and fresh weight under normal conditions,

osmotic stress, and salt treatments. Data are presented as means ± SD (n = 5). Asterisks (*) indicate significant differences between the transgenic lines and J9712

based on Duncan’s multiple range test (*p < 0.05, **p < 0.01).
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FIGURE 10 | DAB-staining of cotyledons from J9712 and BnMYBR107-OE plants under normal conditions, osmotic stress, and salt treatments.

cold stress are two principal natural disasters that occur
during the lifespan of rapeseed. Based on the transcriptome
expression data, 184 and 187 MYB-related genes showed a
transcriptional response to drought and cold stress, respectively.
The expression pattern of nineMYB-related genes under drought
and cold stress, respectively, were verified using qPCR. Five
genes, BnMRD15, BnMRD107, BnMRD148, BnMRD186, and
BnMRD251, were strongly induced by drought, which was
in accordance with the enrichment of cis-elements of MYB
binding site involved in drought-inducibility in their promoters.
In addition, certain genes (including BnMRD7, BnMRD9,
BnMRD15, BnMRD81, and BnMRD102) that responded to
cold stress were verified to contain cold-responsive cis-acting
element LTRs in their promoters. These genes might be
considered as potential targets to improve stress tolerance
of B. napus.

In a previous study, the expansion of MYB superfamily and
hormone-mediated expression of B. napus MYB genes were

analyzed, and the functions of four 2R-MYB genes in root
hair development were studied through ectopic expression in

A. thaliana (Li et al., 2020). In the present study, comprehensive
investigations of MYB-related family members in B. napus were
performed. The homologs ofMYB-related genes in eight rapeseed
accessions were also identified for evolutionary conservation
analysis. Combining cis-element analysis and temporospatial
and abiotic stress expression profiles, we identified a number
of tissue and organ-specific or stress-responsive MYB-related
genes which might play major roles in B. napus development
and response to external environmental stimuli. To confirm
the function of the stress-responsive BnMYB-related genes,
we chose BnMRD107, which was dramatically upregulated
under drought stress, for cloning and transgenic functional
verification. Overexpressing BnMRD107 led to significantly
improved resistance to osmotic and salt stresses and enhanced
ROS-scavenging ability in rapeseed seedlings. These results
suggested that stress-responsive BnMYB-related genes, such as
BnMRD107, can be considered as potential candidate genes
for genetic improvement of B. napus. Detailed analysis of
the candidate genes is required to gain insights into their

biological functions and regulatory mechanisms in stress
responses of B. napus.

CONCLUSION

In the current study, we performed a systematic genome-wide
analysis of MYB-related family genes in B. napus. The 251
identified BnMYB-related genes are unevenly located on 19
chromosomes. Phylogenetic- and motif-based classification
and diverse temporospatial expression patterns revealed
that BnMYB-related genes are involved in modulating many
growth and development processes in rapeseed. Furthermore,
transcriptome data, together with qPCR analysis, illustrated that
BnMYB-related genes might act as key transcription regulators
of the response of B. napus to drought and cold stresses. In
addition, we identified a gene, BnMRD107, which regulates
osmotic and salt tolerance positively in B. napus. In summary,
this study established a comprehensive picture of MYB-related
gene family in B. napus. These findings will not only facilitate
in-depth functional investigation of BnMYB-related genes but
also offer candidate gene resources for improving the stress
tolerance of B. napus.
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Supplementary Figure 1 | Distribution of MYB-related family genes on B. napus

chromosomes. Several genes are not shown in this figure because they are

located in unassembled scaffolds. Two hundred and thirty-one MYB-related genes

were assigned to 19 chromosomes, and the names of the chromosomes are

indicated at the top of each chromosome. The scale of the chromosomes was in

megabases (Mb).

Supplementary Figure 2 | Syntenic relationships of MYB-related genes between

B. napus and three closely-allied plant species, Arabidopsis thaliana (A. thaliana),

Brassica oleracea (B. oleracea), and Brassica rapa (B. rapa) genomes. Gray lines

in the background indicate the collinear blocks within canola and other plant

genomes, and the red lines highlight the MYB-related gene orthologs.

Supplementary Figure 3 | Relative expression level of T0 generation of

BnMRD107-OE transgenic plants.

Supplementary Table 1 | List of the primers used in this study.

Supplementary Table 2 | General information of BnMYB-related genes.

Supplementary Table 3 | Ka/Ks ratios of the duplicated BnMYB-related

genes pairs.

Supplementary Table 4 | Duplication type of BnMYB-related genes.

Supplementary Table 5 | Ka/Ks ratios of the duplicated MYB-related gene pairs

of B. napus and Arabidopsis.

Supplementary Table 6 | Ka/Ks calculation of the duplicated BnMYB-related

gene pairs of B. napus and B. oleracea.

Supplementary Table 7 | Ka/Ks ratios of the duplicated BnMYB-related gene

pairs of B. napus and B. rapa.

Supplementary Table 8 | Homologous members of MYB-related genes in eight

rapeseed accessions.

Supplementary Table 9 | Cis-elements in the promoter regions of

BnMYB-related genes.

Supplementary Table 10 | FPKM values of BnMYB-related genes in

tissues/organs at different developmental stages.

Supplementary Table 11 | Relative expression of BnMYB-related genes under

abiotic stresses and ABA treatment.
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