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Genome-wide analysis of the R2R3-MYB transcription
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pekinensis) reveals their stress and hormone

responsive patterns
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Abstract

been little studied in Chinese cabbage.

ABA-auxin signaling cascades.

their functional diversity.

Background: The MYB superfamily is one of the most abundant transcription factor (TF) families in plants. MYB
proteins include highly conserved N-terminal MYB repeats (1R, R2R3, 3R, and atypical) and various C-terminal
sequences that confer extensive functions. However, the functions of most MYB genes are unknown, and have

Results: Here, we analyzed 256 (55.2% of total MYBs) R2R3-MYB genes from Chinese cabbage (Brassica rapa ssp.
pekinensis) and anchored them onto the 10 chromosomes and three subgenomes. The R2R3-, 3R- and atypical MYB
proteins in Chinese cabbage formed 45 subgroups based on domain similarity and phylogenetic topology.
Organization and syntenic analysis revealed the genomic distribution and collinear relationships of the R2R3-BrMYBs.
Synonymous nucleotide substitution (Ka/Ks) analysis showed that the Chinese cabbage MYB DNA-binding domain is
under strong purifying selection. Moreover, RNA-seq data revealed tissue-specific and distinct R2R3-BrMYB expression
profiles, and quantitative real-time PCR (qPCR) analysis in leaves showed stress responsive expression and crosstalk with

Conclusions: In this study, we identified the largest MYB gene family in plants to date. Our results indicate that
members of this superfamily may be involved in plant development, stress responses and leaf senescence, highlighting
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Background

Plant growth and development are regulated by the coor-
dinated expression of thousands of genes at every moment
throughout their lives. Transcription factors (TFs) play a
key role in these processes by self-regulating or regulating
the transcription of downstream target genes. They usu-
ally consist of at least four discrete domains, namely a
DNA-binding domain (DBD), a nuclear localization signal,
a transcription-activation domain, and an oligomerization
site [1]. These domains function together to mediate many
physiological and biochemical processes, and to activate
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and/or repress transcription in response to endogenous
and exogenous stimuli [2,3]. Additionally, most TFs are
members of gene families, thereby making their regulation
more complex, but also more orderly [2].

The MYB superfamily is one of the largest TF families
in plants [4]. MYB proteins are found in all eukaryotes
[5] and are defined by a highly conserved MYB DBD at
the N-terminus [6]. The MYB domain is highly con-
served among eukaryotes and forms 1-4 imperfect re-
peats (RO, R1, R2, and R3) with a consensus sequence of
approximately 50 amino acid residues. Moreover, each
repeat contains regularly spread triplet tryptophan (W) resi-
dues, forming a hydrophobic core structure [7]. The higher
structure of each repeat is composed of three o-helices.
The latter two helices form the HTH (helix-turn-helix)
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structure and bind to the promoters of target genes [6].
The third helix plays a crucial role in DNA recognition [8].
In general, these DBDs are localized to the N-terminus of
MYBs, while their C-termini function as trans-acting do-
mains (TAD) and vary considerably, which leads to the
wide range of regulatory roles for the MYB gene family [9].
MYB transcription factors have been separated into
four classes named 1R-, R2R3-, 3R- and 4R-MYB proteins
according to the number of DBD repeats [10].

The first identified plant MYB gene was CI, isolated
from Zea mays, and encodes a c-myb-like transcription
factor that regulates anthocyanin biosynthesis [11]. An
increasing number of plant R2R3-MYB superfamily mem-
bers have been identified subsequently and characterized
in numerous plants, such as Arabidopsis, grape, maize, pe-
tunia and snapdragon [4,12-14]. Plant R2R3-MYB proteins
play important roles in many biological processes includ-
ing cell metabolism [12,15], cell fate, development [16]
and stress responses [17]. In addition, 3R-MYBs only
account for a very small proportion; for example, Arabidop-
sis thaliana contains only five 3R-MYB genes, compared
with up to 190 R2R3-MYB and MYB-related genes [4].

Recently, numerous studies have shown that MYB family
transcription factors play roles in plant stress responses.
AtMYBI15 functions as a negative regulator in the CBF
pathway in response to cold stress in Arabidopsis [18].
OsMYB2, a rice MYB gene, has been shown to respond
to salt, cold, and dehydration stresses [19]. The wheat
TaMYBsdul gene has been reported to act as a potentially
important regulator in tolerance to salt and drought
stresses [20]. AmMYBI1 from Avicennia marina regulates
the response processes under salt stress and transgenic
tobacco plants expressing it showed better tolerance to
NaCl stress [21]. Wang et al. have reported that transfer-
ring apple MdSIMYBI to both tobacco and apple could
increase tolerance to multiple stresses [22].

R2R3-MYB family transcription factors participate in
multiple plant-specific processes, raising the hypothesis
that their expansion may be responsible for the diversity of
plant evolution [2]. R2R3-MYB families from several se-
quenced plants such as Arabidopsis, rice, corn, wheat, bar-
ley and soybean have been identified [4,13,23,24]. However,
studies on R2R3-MYB TFs from vegetable crops have been
limited and unsystematic so far. Chinese cabbage (Brassica
rapa ssp. pekinensis) is a vital Cruciferae Brassica vege-
table, but the functions of only a few Chinese cabbage
R2R3-MYB (R2R3-BrMYB) genes (MYBs) are known [25].
Therefore, it is very important to characterize the roles of
R2R3-BrMYBs and to achieve complete identification and
classification of these genes. In this study, we first identified
256 MYB family members in Chinese cabbage and then
systematically analyzed their organization, collinearity and
stress-responsive expression patterns. Our results showed
the functional diversity of the R2R3-BrMYB genes, which
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may be involved in plant development, stress responses
and leaf senescence.

Results and discussion

Identification and conserved DBD analysis of MYB TFs in
Chinese cabbage

To define the BrMYB gene family, we searched the entire
B. rapa genome sequence for genes containing the MYB
domain using the Pfam program with the MYB DBD
model (PF00249) as a query. We identified more than
400 sequences containing MYB or MYB-like repeats
(Additional file 1: Table S1). Firstly, 21 Golgi-associated
retrograde protein (GAPRs) were excluded [26]; conse-
quently, based on the identification numbers and chromo-
some locations, any redundant sequences were removed
from the dataset. To verify the reliability of our results, we
also performed SMART analysis to identify all of the puta-
tive MYB protein sequences in the Chinese cabbage gen-
ome. The results were consistent with the Pfam outcome.
Finally, 191 MYB-related, 256 typical R2R3-MYB (2R-
MYB) (including 3 AtCDCS5 homologous genes) and 11
R1R2R3-MYB (3R-MYB) proteins were successfully iden-
tified in Chinese cabbage. Six atypical MYB proteins were
also identified, including four 4R-like proteins and two
5R-MYB proteins [24]. The resulting sequences were
named according to the standard constructed by Stracke
[27], and the corresponding relationships between the
names we defined and their genomic IDs are shown in
Additional file 1: Table S1. Our analysis revealed that
the R2R3-MYB subfamily was the largest MYB sub-
group, comprising 55.73% of Chinese cabbage MYB
genes (Figure 1), which was consistent with previous
studies in rice and Arabidopsis [4,24].

Wang et al. divided the Chinese cabbage genome into
three subgenomes according to their fractionation degree,
namely the least fractionated (LF), medium fractionated
(MF1), and most fractionated (MF2) subgenomes, and the
LF subgenome seemed to be fractionated later than the
MF1 and MF2 subgenomes because that the earlier subge-
nomes evolutionally appeared, the more time they would
have to proceed fractionation [28]. In our study, the LF
subgenome had the highest number of MYB genes
(43.97%), and atypical MYB genes were distributed in all
three subgenomes (Figure 1B), indicating that atypical
MYB genes appeared before the MF subgenomes began to
fractionate. In total, MYB genes represented approxi-
mately 1.1% of the 41,174 predicted Chinese cabbage
protein-coding loci. We also counted MYB genes in plants
ranging from algae to higher plants, except P. trichocarpa
[23], G. max [29], A. thaliana [4], V. vinifera [14], Z. mays
[13] and O. sativa [30] that had published MYB informa-
tion, while there were few genome-wide studies of MYBs
in other selected plants, thus MYB numbers in these
plants were obtained through the strategy used in Chinese
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Figure 1 Chromosomal distribution of MYB transcription factor genes. The proportion of each class distributed among 10 chromosomes
(A) and three subgenomes (B). We classified BrMYB transcription factors into four distinct groups, namely MYB-related, R2R3-MYB, R1R2R3-MYB,
and atypical MYB, based on the presence of one, two, three and more than three MYB repeats, respectively.
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cabbage MYB identification in this study (Figure 2); most abundant transcription factor family in most plants,
among these species, land plants seemed to carry far  with 130 members in Arabidopsis [27], 141 in rice [24,31],
more MYB genes than algae, indicating that a huge ex- and 118 in grape [14]. Moreover, species-specific members
pansion of MYB family members occurred after the of this subgroup of the MYB gene superfamily have

evolution of land plants. The R2R3-MYB family is the  been identified.

Number of domains

The colored sections represent the number of transcription factor domains identified in each species. Gray represents the absence of a domain.
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Figure 2 MYB transcription factor comparisons among different species. Different colors represent each family domain in the MYB superfamily.
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To investigate the homologous domain sequence features,
we performed multiple alignment analysis using the 130,
256 and 141 homologous domain amino acid sequences of
R2R3 repeats from Arabidopsis, Chinese cabbage and rice,
respectively (Figure 3). The basic regions of the MYB do-
mains had around 103 amino acid residues, with rare dele-
tions or insertions as previously reported [32]. Figure 3
shows the distribution of amino acid residues at the corre-
sponding positions of the R2 and R3 MYB repeats of each
species. Generally speaking, the distribution of conserved
amino acids among the MYB domains of Chinese cabbage
was very similar to those of Arabidopsis and rice, suggesting
evolutionary conservation of MYBs among plants. They
all included highly conserved triplet tryptophan (Trp,
W) residues in each DBD repeat, and the characteristic
W residues were located at positions 3, 23, and 44 of
the R2 repeat (Figure 3C) and 3, 24 and 44 of the R3 re-
peat in Chinese cabbage (Figure 3C,D); similar localization
was observed in both Arabidopsis and rice (Figure 3A,B,E
and F). Conserved W residues have also been found in
MYB-related and 3R-MYB genes (Additional file 2: Figure
S1), indicating the indispensable role of these residues in
maintaining the helix-turn-helix structure of MYB do-
mains [33]. In the R3 repeat, the first tryptophan (Trp3)
residue was generally replaced by phenylalanine (Phe, F).
However, the second and the third tryptophan residues
were apparent and showed high conservation. In each re-
peat, the major conserved residues in the MYB domain
were mainly distributed at the second and third conserved
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Trp residues, suggesting that the first part of each repeat in
the MYB domain was apparently less conserved [34]. This
was mainly because helix-3 is highly conserved in Chinese
cabbage for its DNA recognition and direct contact func-
tions. In addition to the highly conserved W residues,
more than 90% of alternative residues were highly con-
served in the Chinese cabbage R2R3-MYB domains,
including E-7, D-8, L-11 and G-19 in R2 repeats and G-1,
E-7, G-19, G-21, N-22 and R-35 in R3 repeats (Figure 3).
However, the MYB domains in both repeats of the R2R3-
MYB genes in Chinese cabbage and rice seemed to be lar-
ger than that in Arabidopsis ones; this was inferred from
the space between neighboring W residues. An analogous
phenomenon also existed in other types of MYB domains
(Additional file 2: Figure S1). The largest insertions in
MYB domains were observed in rice, while the size varied
only slightly between Arabidopsis and Chinese cabbage.

Chromosomal distribution and collinearity analysis of
duplicated R2R3-BrMYB genes

Genome chromosomal location analysis revealed that the
Chinese cabbage MYBs were distributed on all 10 chro-
mosomes and all three subgenomes (Figure 4 and
Additional file 3: Figure S2). In total, 273 BrMYBs (256
MYB-type ones and 17 members contain MYB domains >
2) were separately mapped onto chromosomes A01-A10,
except for three members (BrMYB254, BrMYB255 and
BrMYB256) on the scaffolds. On average, one R2R3-MYB
gene was present every 2.5 Mb relative to the whole
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Figure 3 Comparison of DNA-binding domains of R2R3-MYB transcrlption factor proteins in Arabidopsis, Chinese cabbage and rice.
(A), (C), and (E) represent the R2 repeats, and (B), (D), and (F) represent the R3 repeats of R2R3-MYBs in Arabidopsis, Chinese cabbage and rice,
respectively. Highly conserved tryptophan amino acids are labeled with asterisks.
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Figure 4 Distribution of R2R3-MYB genes on the 10 chromosomes and three subgenomes of Chinese cabbage. The different colored
blocks represent different subgenomes. R2R3-BrMYB genes are shown on the left of each chromosome. The positive (+) and negative () symbols
following each gene represent forward and reverse orientations, respectively, on the chromosome or subgenome. Gene positions and the size of
each chromosome can be estimated using the scale on the left of the figure.
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genome. Relatively high densities of BrMYBs were ob-
served in some chromosomal regions, including the top
and bottom of chromosomes A01, A02, A03, A05, A06
and A09, and the bottom of chromosomes A04, A07, A08
and A10. In contrast, almost all central chromosome
regions lacked R2R3-MYBs. Among the 10 chromo-
somes, chromosome A03 contained the most R2R3-
MYB genes, while chromosome A04 possessed the least
(~5%) (Figure 1A). Furthermore, the 273 BrMYB genes
were also mapped onto the chromosomes in relation to the
three subgenomes (LE, MF1, and MF2), including 116 in
LE, 85 in MF1, and 72 in MF2 (Figure 1B and Figure 3).
Therefore, the 273 putative R2R3 proteins (including R3-
and atypical MYBs), could be divided into three groups
accordingly. However, 3R-MYB and atypical MYB genes
were seemingly not present on all chromosomes in Chinese
cabbage; furthermore, chromosomes A06 and A07 only
had MYB-related and R2R3-MYB genes (Figure 4 and
Additional file 3: Figure S2).

It has been confirmed that gene duplication occurred
during the process of plant evolution, thereby contribut-
ing to the establishment of new gene functions [35]. The
emergence of multigene families is attributed to gene
duplication via region-specific duplication or genome-
wide polyploidization. MCScanX was used to further
analyze the collinear relationships of the R2R3-MYBs in
Chinese cabbage [36]. It had been well addressed that a
genome duplication event in Chinese cabbage occurred
approximately 5-9 million years ago (MYA) and resulted
in a highly duplicated genome [28]. The collinear rela-
tionships of the duplicated pairs in the R2R3-MYB gene
family in Chinese cabbage are shown in Figure 5. In

total, we identified 185 pairs (pairs and groups of three or
more) of highly similar paralogs that shared a high degree
of identity through their protein sequences (Table 1 and
Figure 5). At least eight BrMYBs were located in dupli-
cated segments on each chromosome. Interestingly, all of
the R2R3-MYB genes in subgenome LF had one or more
duplicates in the other subgenomes, suggesting that all
R2R3-MYB genes were retained in the genomic triplica-
tion of Chinese cabbage; this might also have contributed
to the expansion of R2R3-MYB gene family.

It is likely that after duplication, a series of synonymous
and/or non-synonymous mutations in their ORFs gener-
ated new functions for the BrMYBs during evolution.
Therefore, we calculated the synonymous (Ks) and nonsy-
nonymous substitutions (Ka) per site between duplicated
gene pairs to estimate the selection types and divergence
timing. The calculation results for the 185 duplicated pairs
are listed in Table 1. All duplicated R2R3-MYB gene pairs
had a Ka/Ks ratio <1, representing purifying selection
(Table 1). All of the duplicated genes were found to be
segmentally duplicated according to the classify method
constructed previously [37], which are located on dupli-
cated segments on 10 chromosomes and 3 subgenomes in
Chinese cabbage. Among them, R2R3-MYB genes con-
taining subgenome LF have one or more duplicated genes
in other subgenomes, suggesting that all the BrMYB genes
have been retained in Chinese cabbage after genome trip-
lications. In previous reports, estimations of cruciferous
plant evolutionary timescales were based on the synonym-
ous substitution rate [38]. The divergence times of the
duplicated R2R3-MYBs were also calculated as described
in the “Methods”. The divergence time ranged from 0.54
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Figure 5 Depiction of duplicated R2R3-BrMYB genes on the 10 Chinese cabbage chromosomes. Grey lines indicate collinear blocks in the
whole Chinese cabbage genome, and black lines indicate duplicated R2R3-MYB gene pairs.

(for BrMYB60-BrMYB3R10 and BrMYBS87-BrMYB255)
to 12.83 (for BrMYB3-BrMYB163) million years
(Table 1). This indicated that the duplication events for
most R2R3-MYBs in Chinese cabbage occurred after
the genome triplication event (i.e, 5-9 MYA) [39].
Their duplication seemed to be inconsistent with the
whole-genome duplication, it might be caused by the
genome partly deletion, and the lacking degree of the
three subgenomes were distinct, which further leaded to
the delay of the calculated divergence times. In contrast, the
divergence times of BrAMYB3R11-BrMYB3R2, BrMYB177-
BrMYB231, BrMYBS59-BrMYBS51, BrMYB39-BrMYB233,
BrMYB169-BrMYBI111, BrMYB169-BrMYB104, BrMYB2
22-BrMYB98 and BrMYB3-BrMYB163 were earlier than the
triplication event.

Phylogenetic analysis and conserved motif identification
of the R2R3-MYB family in Chinese cabbage

To evaluate the evolutionary relationships within the
R2R3-MYB gene family, we performed a combined phylo-
genetic analysis of Arabidopsis and Chinese cabbage R2R3-
MYB proteins (including 7 and 17 members with more
than two MYB domains, respectively) to obtain a Maximum
Likelihood (ML) tree using MEGA 5 (1000 bootstrap repli-
cates, Figure 6A and Additional file 4: Figure S3). Because of

the large number of taxa and relatively low support values
for informative characters, we used NJ analysis to support
our subgroup designations (Additional file 5: Figure S4).
The tree topologies derived from the ML and NJ analyses
were basically identical, which indicated that the two
methods were in strong agreement. Five sequences did not
belong to any of the subfamilies (Figure 6A and Additional
file 6: Table S3). The sequence similarity and phylogenetic
tree topology allowed us to divide the genes into 45 subfam-
ilies, which ranged in size from 2 to 23 MYBs (Figure 6A
and Additional file 6: Table S3 and Additional file 4: Figure
S3). In our subfamily classification of MYB genes, we also
referred to the classification model of Arabidopsis R2R3-
MYB genes constructed by Stracke et al. and Dubos et al.
[4,27]. In Arabidopsis, 90 of the 126 R2R3-MYBs had been
divided into 25 subfamilies (S1-25), so we labeled the previ-
ously defined clades in the trees shown in Figure 6A and
Additional file 4: Figure S3 to compare our results with
these studies. Most of the large subgroups (e.g., C4, C10 and
C14) were supported by previous studies while some small
ones (e.g., C6-9) were not. The unequal distribution of
R2R3-MYBs between Chinese cabbage and Arabidopsis fur-
ther supported the existence of the B. rapa whole genome
triplication event (Table 1 and Figure 6A). In most
subgroups defined in our ML tree, there were more



Table 1 The selection and divergence of R2R3 type MYB duplication genes in Chinese cabbage

Duplication pair Duplicated gene 1 Duplicated gene 2 Ka Ks Ka/Ks Purification Divergence
Gene name Chromosome Subgenome Gene name Chromosome Subgenome selection time (MYA)

BrMYB1-BrMYB56 BrMYB1 AO1 LF BrMYB56 A02 MF1 045 235 0.19 YES 7.83
BrMYB3-BrMYB91 BrMYB3 AO1 LF BrMYB91 AO3 MF2 02 093 022 YES 3.11
BrMYB8-BrMYB99 BrMYB8 AO1 LF BrMYB99 AO3 MF1 0.09 0.28 033 YES 0.93
BrMYB9-BrMYB100 BrMYB9 AO1 LF BrMYB100 AO3 MF1 0.17 045 038 YES 149
BrMYB4R1-BrMYB4R2 BrMYB4R1 AO1 LF BrMYB4R2 AO3 MF1 0.1 025 041 YES 0.84
BrMYB4-BrMYB102 BrMYB4 AO1 LF BrMYB102 AO3 MF1 0.24 037 0.65 YES 1.23
BrMYB3-BrMYB103 BrMYB3 AO1 LF BrMYB103 AO3 MF1 0.09 055 0.17 YES 1.83
BrMYB9-BrMYB73 BrMYB9 AO1 LF BrMYB73 AO3 MF1 025 0.79 032 YES 264
BrMYB7-BrMYB98 BrMYB7 AO1 LF BrMYB98 AO3 MF1 0.08 048 0.18 YES 1.59
BrMYB21-BrMYB133 BrMYB21 AO01 MF1 BrMYB133 A05 LF 0.06 0.23 0.27 YES 0.76
BrMYB22-BrMYB134 BrMYB22 AO01 MF1 BrMYB134 AO05 LF 0.08 0.21 038 YES 0.68
BrMYB14-BrMYB125 BrMYB14 AO1 MF1 BrMYB125 AO5 LF 0.08 0.24 033 YES 0.81
BrMYB1-BrMYB149 BrMYB1 AO1 LF BrMYB149 A06 LF 052 261 02 YES 872
BrMYB3-BrMYB163 BrMYB3 AO1 LF BrMYB163 AO6 MF1 0.34 3.85 0.09 YES 12.83
BrMYB4R1-BrMYB4R4 BrMYB4R1 AO1 LF BrMYB4R4 AO8 MF2 0.1 0.27 0.36 YES 0.89
BrMYB4-BrMYB198 BrMYB4 AO1 LF BrMYB198 A08 MF2 0.06 039 0.16 YES 1.29
BrMYB7-BrMYB196 BrMYB7 AO1 LF BrMYB196 AO8 MF2 0.09 042 0.21 YES 1.39
BrMYB8-BrMYB197 BrMYB8 AO1 LF BrMYB197 AO8 MF2 0.09 031 0.27 YES 1.04
BrMYB7-BrMYB222 BrMYB7 AO1 LF BrMYB222 A09 LF 02 147 0.13 YES 491
BrMYB24-BrMYB16 BrMYB24 A02 MF2 BrMYB16 AO1 MF1 0.62 223 0.28 YES 743
BrMYB36-BrMYB72 BrMYB36 A02 MF2 BrMYB72 AO3 MF1 0.08 0.34 0.23 YES 1.15
BrMYB48-BrMYB155 BrMYB48 AO2 MF1 BrMYB155 A06 LF 0.11 0.2 0.54 YES 0.67
BrMYB40-BrMYB142 BrMYB40 A02 MF1 BrMYB142 AO6 LF 032 1.09 03 YES 363
BrMYB39-BrMYB184 BrMYB39 A02 MF1 BrMYB184 AO7 LF 0.05 0.28 0.19 YES 0.93
BrMYB40-BrMYB185 BrMYB40 A02 MF1 BrMYB185 A07 LF 0.1 0.29 0.35 YES 097
BrMYB43-BrMYB189 BrMYB43 A02 MF1 BrMYB189 AO7 LF 0.07 033 0.21 YES 1.1
BrMYB39-BrMYB204 BrMYB39 A02 MF1 BrMYB204 AO8 MF1 0.23 193 0.12 YES 645
BrMYB40-BrMYB203 BrMYB40 A02 MF1 BrMYB203 A08 MF1 0.27 1.01 0.27 YES 3.38
BrMYB41-BrMYB202 BrMYB41 A02 MF1 BrMYB202 A08 MF1 038 1.92 02 YES 642
BrMYB56-BrMYB218 BrMYB56 A02 MF1 BrMYB218 A09 MF2 0.08 029 0.27 YES 0.95
BrMYB48-BrMYB212 BrMYB48 A02 MF1 BrMYB212 A09 MF2 0.12 03 041 YES 0.99
BrMYB39-BrMYB233 BrMYB39 A02 MF1 BrMYB233 A09 MF2 0.25 341 0.07 YES 11.36
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Table 1 The selection and divergence of R2R3 type MYB duplication genes in Chinese cabbage (Continued)

BrMYB85-BrMYB18
BrMYB97-BrMYB6
BrMYB94-BrMYB11
BrMYB88-BrMYB13
BrMYBOO-BrMYB12
BrMYB63-BrMYB22
BrMYB64-BrMYB21
BrMYB96-BrMYB5
BrMYB3R6-BrMYB3R2
BrMYB57-BrMYB3R1
BrMYB68-BrMYB32
BrMYB69-BrMYB33
BrMYB93-BrMYB54
BrMYB92-BrMYB52
BrMYB57-BrMYB24
BrMYB59-BrMYB25
BrMYB66-BrMYB31
BrMYB59-BrMYB51
BrMYB60-BrMYB26
BrMYB63-BrMYB28
BrMYB58-BrMYB93
BrMYB78-BrMYB115
BrMYB77-BrMYB121
BrMYB78-BrMYB120
BrMYB79-BrMYB117
BrMYB82-BrMYB135
BrMYB83-BrMYB132
BrMYB84-BrMYB131
BrMYB86-BrMYB128
BrMYB3R6-BrMYB3R7
BrMYB64-BrMYB133
BrMYB63-BrMYB134
BrMYB60-BrMYB148

BrMYB85
BrMYB97
BrMYB94
BrMYB88
BrMYB9O
BrMYB63
BrMYB64
BrMYB96
BrMYB3R6
BrMYB57
BrMYB68
BrMYB69
BrMYB93
BrMYB92
BrMYB57
BrMYB59
BrMYB66
BrMYB59
BrMYB60
BrMYB63
BrMYB58
BrMYB78
BrMYB77
BrMYB78
BrMYB79
BrMYB82
BrMYB83
BrMYB84
BrMYB86
BrMYB3R6
BrMYB64
BrMYB63
BrMYB60

A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03

MF2
MF1
MF2
MF2
MF2
MF1
MF1
MF1
MF2
MF1
MF1
MF1
LF

LF

MF1
MF1
MF1
MF1
MF1
MF1
MF1
MF2
MF2
MF2
MF2
MF2
MF2
MF2
MF2
MF2
MF1
MF1
MF1

BrMYB18
BrMYB6
BrMYB11
BrMYB13
BrMYB12
BrMYB22
BrMYB21
BrMYB5
BrMYB3R2
BrMYB3R1
BrMYB32
BrMYB33
BrMYB54
BrMYB52
BrMYB24
BrMYB25
BrMYB31
BrMYB51
BrMYB26
BrMYB28
BrMYB93
BrMYB115
BrMYB121
BrMYB120
BrMYB117
BrMYB135
BrMYB132
BrMYB131
BrMYB128
BrMYB3R7
BrMYB133
BrMYB134
BrMYB148

AO01
AO1
A01
AO1
AO1
AO01
AO1
AO1
AO1
AO01
AO2
A02
A02
AO2
A02
A02
AO2
A02
A02
AO2
AO03
A04
A05
A05
AO05
AO05
A05
AO05
A05
A05
A05
A05
A06

MF1
LF
MF1
MF1
MF1
MF1
MF1
LF
MF1
MF1
MF2
MF2
MF1
MF1
MF2
MF2
MF2
MF1
MF2
MF2
LF
MF1
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF

0.09
0.07
0.11
0.09
0.09
0.2

0.15
0.09
0.18
044
0.11
0.06
0.1

0.14
0.06
0.08
0.04
043
0.11
0.08
0.31
0.05
0.04
0.04
0.15
0.08
0.08
0.07
0.13
0.17
0.16
0.19
0.22

0.31
0.36
044
0.38
0.25

0.78
031
0.36
207
0.25
0.23
0.39
038
0.32
08

03

3.27
0.31
044
1.24
0.29
044
0.25
0.29
0.26
0.28
0.21
0.96
043
0.72
1.21
0.7

03

0.2

0.25
0.24
0.36
0.16
0.2

03

0.5

0.21
045
0.25
0.26
037
0.19
0.1

0.12
0.13
0.35
0.19
0.25
0.16
0.09
0.15
0.51
0.31
0.28
0.36
0.13
0.39
0.23
0.15
0.31

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

1.04
1.21
145
1.26
0.84
433
259
1.04
1.19
6.91
0.84
0.76
1.31
1.27
1.07
266

10.88
1.02
146
415
0.96
147
0.84
0.97
0.87
0.95
0.68
32
145
24
4.03
233
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Table 1 The selection and divergence of R2R3 type MYB duplication genes in Chinese cabbage (Continued)

BrMYB88-BrMYB166
BrMYBOO-BrMYB165
BrMYB87-BrMYB191
BrMYB96-BrMYB194
BrMYB97-BrMYB195
BrMYB94-BrMYB225
BrMYB92-BrMYB215

BrMYB3R6-BrMYB3R11

BrMYB57-BrMYB253
BrMYB58-BrMYB251
BrMYB59-BrMYB250
BrMYB60-BrMYB3R10
BrMYB3R5-BrMYB3R9
BrMYB61-BrMYB249
BrMYB62-BrMYB248
BrMYB63-BrMYB246
BrMYB64-BrMYB245
BrMYB87-BrMYB255
BrMYB114-BrMYB76
BrMYB106-BrMYB211
BrMYB3R7-BrMYB3R2
BrMYB122-BrMYB76
BrMYB123-BrMYB75
BrMYB118-BrMYB116
BrMYB123-BrMYB113
BrMYB119-BrMYB228
BrMYB126-BrMYB256
BrMYB127-BrMYB254
BrMYB150-BrMYB51
BrMYB151-BrMYB50
BrMYB152-BrMYB49
BrMYB147-BrMYB55
BrMYB146-BrMYB31

BrMYB88
BrMYB9O
BrMYB87
BrMYB96
BrMYB97
BrMYB94
BrMYB92
BrMYB3R6
BrMYB57
BrMYB58
BrMYB59
BrMYB60
BrMYB3R5
BrMYB61
BrMYB62
BrMYB63
BrMYB64
BrMYB87
BrMYB114
BrMYB106
BrMYB3R7
BrMYB122
BrMYB123
BrMYB118
BrMYB123
BrMYB119
BrMYB126
BrMYB127
BrMYB150
BrMYB151
BrMYB152
BrMYB147
BrMYB146

A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A03
A04
AO4
A05
A05
A05
A05
A05
A05
A05
A05
A06
A06
A06
A06
A06

MF2
MF2
MF2
MF1
MF1
MF2
LF
MF2
MF1
MF1
MF1
MF1
MF1
MF1
MF1
MF1
MF1
MF2
MF1
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF

BrMYB166
BrMYB165
BrMYB191
BrMYB194
BrMYB195
BrMYB225
BrMYB215
BrMYB3R11
BrMYB253
BrMYB251
BrMYB250
BrMYB3R10
BrMYB3R9
BrMYB249
BrMYB248
BrMYB246
BrMYB245
BrMYB255
BrMYB76
BrMYB211
BrMYB3R2
BrMYB76
BrMYB75
BrMYB116
BrMYB113
BrMYB228
BrMYB256
BrMYB254
BrMYB51
BrMYBS50
BrMYB49
BrMYB55
BrMYB31

AO7
AO7
AO8
AO8
A08
A09
A09
A10
A10
A10
A10
A10
A10
A10
A10
A10
A10
Scaffold000164
AO3
A09
A01
AO3
A03
AO4
AO4
A09
Scaffold000164
Scaffold000164
AO02
A02
AO2
AO02
A02

LF
LF
MF1
MF2
MF2
LF
MF2
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
MF2
MF2
MF1
MF2
MF2
MF1
MF1
LF

MF1
MF1
MF1
MF1
MF2

0.07
007
04

0.1

0.1

0.12
0.09
0.38
0.07
0.01
0.09
0.09
0.1

0.08
0.08
0.07
0.08
0.07
0.09
0.27
0.13
0.07
0.14
0.08
0.16
0.3

0.09
0.06
0.27
0.12
0.1

0.06
0.13

0.22
0.22
145
0.28
0.34
0.68
0.38
192
0.55
033
0.65
0.16
048
0.23
03

043
037
0.16
0.24
061
043
0.25
03

0.31
041
1.86
031
044
045
033
0.35
0.25
093

03

033
0.28
0.35
0.28
0.17
0.24
0.2

0.13
0.03
0.14
0.55
0.21
0.34
0.26
0.16
0.21
046
0.37
045
0.29
0.28
045
0.27
0.39
0.16
0.27
0.13
06

0.36
0.28
0.23
0.14

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

0.72
0.75
4.84
0.95
1.14
2.27
1.26
6.4

1.83

2.16
0.54
1.59
0.76
1.01
144
1.25
0.54
0.79
2.04
145
0.83
1.01
1.03
1.38
6.18
1.05
1.46
149

1.18
083
312
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Table 1 The selection and divergence of R2R3 type MYB duplication genes in Chinese cabbage (Continued)

BrMYB148-BrMYB26
BrMYB156-BrMYB46
BrMYB140-BrMYB44
BrMYB160-BrMYB45
BrMYB160-BrMYB108
BrMYB158-BrMYB107
BrMYB140-BrMYB161
BrMYB141-BrMYB190
BrMYB137-BrMYB207
BrMYB139-BrMYB205
BrMYB138-BrMYB206
BrMYB159-BrMYB237
BrMYB151-BrMYB214
BrMYB147-BrMYB217
BrMYB138-BrMYB235
BrMYB149-BrMYB218
BrMYB158-BrMYB209
BrMYB156-BrMYB210
BrMYB169-BrMYB11
BrMYB176-BrMYB42
BrMYB177-BrMYB41
BrMYB181-BrMYB37
BrMYB167-BrMYB38
BrMYB182-BrMYB38
BrMYB179-BrMYB38
BrMYB169-BrMYB104
BrMYB173-BrMYB105
BrMYB169-BrMYB111
BrMYB164-BrMYB129
BrMYB174-BrMYB141
BrMYB185-BrMYB142
BrMYB177-BrMYB143
BrMYB178-BrMYB183

BrMYB148
BrMYB156
BrMYB140
BrMYB160
BrMYB160
BrMYB158
BrMYB140
BrMYB141
BrMYB137
BrMYB139
BrMYB138
BrMYB159
BrMYB151
BrMYB147
BrMYB138
BrMYB149
BrMYB158
BrMYB156
BrMYB169
BrMYB176
BrMYB177
BrMYB181
BrMYB167
BrMYB182
BrMYB179
BrMYB169
BrMYB173
BrMYB169
BrMYB164
BrMYB174
BrMYB185
BrMYB177
BrMYB178

A06
A06
A06
AO6
A06
A06
AO6
A06
A06
A06
A06
A06
A06
A06
A06
A06
A06
A06
A07
AO7
A07
A07
AO7
A07
AO7
AO7
A07
A07
AO7
A07
A07
AO7
A07

LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
LF
MF2
MF2
LF
MF2
LF
MF2
LF
MF2
LF
LF
MF2
LF
MF2
MF2

BrMYB26
BrMYB46
BrMYB44
BrMYB45
BrMYB108
BrMYB107
BrMYB161
BrMYB190
BrMYB207
BrMYB205
BrMYB206
BrMYB237
BrMYB214
BrMYB217
BrMYB235
BrMYB218
BrMYB209
BrMYB210
BrMYB11
BrMYB42
BrMYB41
BrMYB37
BrMYB38
BrMYB38
BrMYB38
BrMYB104
BrMYB105
BrMYB111
BrMYB129
BrMYB141
BrMYB142
BrMYB143
BrMYB183

A02
AO2
A02
AO2
AO4
A04
AO6
AO7
A08
AO8
AO8
A09
A09
A09
A09
A09
A09
A09
A01
AO2
A02
A02
AO2
A02
AO2
AO03
A04
A04
A05
A06
AO6
AO6
A07

MF2
MF1
MF1
MF1
LF

LF

LF

LF

MF1
MF1
MF1
MF2
MF2
MF2
MF2
MF2
MF2
MF2
MF1
MF1
MF1
MF1
MF1
MF1
MF1
MF1
MF1
MF1
LF

LF

LF

LF

LF

0.19
0.04
0.14
0.19
0.59
0.31
0.16
0.25
0.08
0.03
007
0.06
0.09
007
0.11
0.07
0.1

0.06
03

0.11
0.17
0.11
033
0.08
0.07
0.29
0.06
0.28
0.14
0.26
0.29
0.34
0.1

09

0.24
0.73
0.74
263
26

0.88
0.86
03

0.34
033
033
0.27
0.22
04

0.31
045
0.36
19

031
041
0.35
1.59
0.35
0.34
346
0.27
342
048

1.29
268
0.23

0.21
0.15
0.19
0.25
0.22
0.12
0.18
0.29
0.28
0.08
0.23
0.17
0.34
032
0.28
0.23
0.23
0.18
0.16
0.35
042
0.31
0.21
0.22
0.21
0.08
0.22
0.08
0.29
0.23
0.22
0.13
045

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES

L1:91 (§107) sowiouan DG ‘[p 32 Buem

LZ 0 0L abed



Table 1 The selection and divergence of R2R3 type MYB duplication genes in Chinese cabbage (Continued)

BrMYB182-BrMYB167
BrMYB176-BrMYB188
BrMYB177-BrMYB186
BrMYB174-BrMYB190
BrMYB179-BrMYB167
BrMYB186-BrMYB202
BrMYB178-BrMYB201
BrMYB172-BrMYB229
BrMYB168-BrMYB224
BrMYB187-BrMYB231
BrMYB173-BrMYB230
BrMYB174-BrMYB234
BrMYB182-BrMYB3R8
BrMYB184-BrMYB233
BrMYB185-BrMYB232
BrMYB177-BrMYB231
BrMYB169-BrMYB225
BrMYB199-BrMYB2
BrMYB199-BrMYB104
BrMYB192-BrMYB136
BrMYB203-BrMYB142
BrMYB200-BrMYB163
BrMYB204-BrMYB233
BrMYB3R8-BrMYB38
BrMYB226-BrMYB95
BrMYB222-BrMYB98
BrMYB230-BrMYB105
BrMYB213-BrMYB154
BrMYB227-BrMYB171
BrMYB234-BrMYB190
BrMYB220-BrMYB219
BrMYB252-BrMYB15
BrMYB253-BrMYB3R1

BrMYB182
BrMYB176
BrMYB177
BrMYB174
BrMYB179
BrMYB186
BrMYB178
BrMYB172
BrMYB168
BrMYB187
BrMYB173
BrMYB174
BrMYB182
BrMYB184
BrMYB185
BrMYB177
BrMYB169
BrMYB199
BrMYB199
BrMYB192
BrMYB203
BrMYB200
BrMYB204
BrMYB3R8
BrMYB226
BrMYB222
BrMYB230
BrMYB213
BrMYB227
BrMYB234
BrMYB220
BrMYB252
BrMYB253

A07
AO7
A07
AO7
AO7
A07
AO7
AO7
A07
A07
AO7
A07
A07
AO7
A07
A07
AO7
A08
A08
A08
A08
A08
A08
A09
A09
A09
A09
A09
A09
A09
A09
A10
A10

LF
MF2
MF2
MF2
MF2
LF
MF2
MF2
MF2
LF
MF2
MF2
LF
LF
LF
MF2
LF
MF2
MF2
MF1
MF1
MF2
MF1
LF
LF
LF
LF
MF2
LF
MF2
MF1
LF
LF

BrMYB167
BrMYB188
BrMYB186
BrMYB190
BrMYB167
BrMYB202
BrMYB201
BrMYB229
BrMYB224
BrMYB231
BrMYB230
BrMYB234
BrMYB3R8
BrMYB233
BrMYB232
BrMYB231
BrMYB225
BrMYB2
BrMYB104
BrMYB136
BrMYB142
BrMYB163
BrMYB233
BrMYB38
BrMYB95
BrMYB98
BrMYB105
BrMYB154
BrMYB171
BrMYB190
BrMYB219
BrMYB15
BrMYB3R1

A07
AO7
A07
AO7
AO7
AO8
AO8
A09
A09
A09
A09
A09
A09
A09
A09
A09
A09
AO1
AO03
AO6
A06
A06
A09
A02
AO3
AO03
A04
A06
AO7
A07
A09
AO1
AO1

MF2
LF
LF
LF
MF2
MF1
MF1
LF
LF
MF2
LF
MF2
LF
MF2
MF2
MF2
LF
LF
MF1
LF
LF
MF1
MF2
MF1
MF2
MF1
MF1
LF
MF2
LF
MF1
MF1
MF1

0.28
0.08
0.08
0.11
0.27
0.37
0.32
0.1

0.07
045
0.06
0.24
0.26
0.23
0.28
037
0.27
0.06
0.11
007
0.11
0.06
0.1

03

0.1

0.22
0.08
0.1

0.09
0.24
0.07
0.16
053

1.56
0.25
049
046
148

1.76
0.54
03

1.94
041
1.21
143
143
1.09
282
1.54
041
033
0.36
03

0.28
044

0.24
347
0.39
0.23
0.2

0.95
033
095
1.85

0.18
033
0.17
0.25
0.18
0.23
0.18
0.19
0.25
0.23
0.15
0.2

0.18
0.16
0.25
0.13
0.18
0.15
033
0.19
0.36
0.23
0.23
0.25
044
0.06
0.21
044
045
0.25
0.2

0.16
0.28

YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
YES
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Table 1 The selection and divergence of R2R3 type MYB duplication genes in Chinese cabbage (Continued)

BrMYB3R11-BrMYB3R2 BrMYB3R11 A10 LF BrMYB3R2 A01 MF1 0.34 2.77 0.12 YES 9.23
BrMYB239-BrMYB34 BrMYB239 A10 LF BrMYB34 A02 MF2 0.03 031 0.09 YES 1.03
BrMYB247-BrMYB27 BrMYB247 A10 LF BrMYB27 A02 MF2 0.04 03 0.13 YES 1.01
BrMYB244-BrMYB29 BrMYB244 A10 LF BrMYB29 AO2 MF2 0.11 0.26 043 YES 0.88
BrMYB242-BrMYB30 BrMYB242 A10 LF BrMYB30 A02 MF2 0.07 0.2 0.34 YES 0.67
BrMYB238-BrMYB35 BrMYB238 A10 LF BrMYB35 A02 MF2 0.12 0.32 0.38 YES 1.07
BrMYB246-BrMYB28 BrMYB246 A10 LF BrMYB28 AO2 MF2 0.08 046 0.17 YES 1.52
BrMYB3R10-BrMYB26 BrMYB3R10 A10 LF BrMYB26 AO2 MF2 0.08 035 0.22 YES 1.18
BrMYB250-BrMYB51 BrMYB250 A10 LF BrMYB51 A02 MF1 048 1.54 0.31 YES 515
BrMYB241-BrMYB31 BrMYB241 A10 LF BrMYB31 A02 MF2 0.04 0.29 0.15 YES 0.95
BrMYB244-BrMYB65 BrMYB244 A10 LF BrMYB65 AO3 MF1 0.13 0.29 044 YES 097
BrMYB241-BrMYB66 BrMYB241 A10 LF BrMYB66 AO03 MF1 0.04 037 0.1 YES 1.23
BrMYB240-BrMYB67 BrMYB240 A10 LF BrMYB67 AO03 MF1 0.05 045 0.1 YES 1.51
BrMYB238-BrMYB70 BrMYB238 A10 LF BrMYB70 A03 MF1 0.08 046 0.18 YES 1.52
BrMYB236-BrMYB74 BrMYB236 A10 LF BrMYB74 AO03 MF2 032 13 0.25 YES 434
BrMYB236-BrMYB112 BrMYB236 A10 LF BrMYB112 A04 MF1 0.25 1.34 0.19 YES 446
BrMYB242-BrMYB122 BrMYB242 A10 LF BrMYB122 AO05 LF 042 251 0.17 YES 837
BrMYB245-BrMYB133 BrMYB245 A10 LF BrMYB133 A05 LF 0.17 0.88 0.19 YES 295
BrMYB252-BrMYB130 BrMYB252 A10 LF BrMYB130 AO05 LF 0.17 1.18 0.14 YES 394
BrMYB252-BrMYB134 BrMYB252 A10 LF BrMYB134 A05 LF 0.19 1.09 0.18 YES 3.65
BrMYB241-BrMYB146 BrMYB241 A10 LF BrMYB146 A06 LF 0.14 08 0.17 YES 268

L1:91 (§107) sowiouan DG ‘[p 32 Buem

Abbreviations: LF: Less Fractioned subgenome; MFs (MF1 and MF2), More Fractioned subgenomes; MYA, million year ago.
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R2R3-MYBs in Chinese cabbage than Arabidopsis; by
contrast, the C13 subgroup included an equal number
of MYBs from Arabidopsis and Chinese cabbage. These
findings indicated that the R2R3-MYBs in Chinese cab-
bage experienced duplications after the divergence of
Chinese cabbage and Arabidopsis. Notably, subgroups C5
and C22 contained 22 and 5 R2R3-BrMYBs but no R2R3-
AtMYBs, which suggested that the members of these sub-
families might have specialized roles that were either lost
in Arabidopsis or acquired in the Chinese cabbage lineage
after divergence from the last common ancestor with
Arabidopsis (Figure 6A and Additional file 6: Table S3).
To determine whether this Arabidopsis ortholog gene loss
phenomenon was unique to dicots or also extended to
monocots, we constructed a ML phylogenetic tree of
R2R3-MYBs from Arabidopsis, Chinese cabbage and rice
(Additional file 7: Figure S5). The tree topology showed
there were also ancestral duplication and gene loss events
in rice R2R3-MYBs. Taking previous studies on poplar
into consideration [23], we suggest that the ancestral du-
plication of R2R3-MYB genes might extend to various
types of land plant species.

Genes from the same subfamily sharing the same motifs
are likely to share similar functions [4]. Since our classifi-
cation was based on the Arabidopsis model, which was
grouped according to the functions of the AtMYBs, we
could further explore the common motifs and potential
functions of each R2R3-BrMYB group. Using MEME, we
searched for conserved motifs outside of the MYB do-
mains of each group. Thirty-one of the 45 classified sub-
families shared one or more motifs outside of the MYB
domains, which provided further support for the subfam-
ily definitions. We identified 45 conserved motifs in the
C-terminal regions and two motifs located before the
MYB domains (Figure 6B and Table 2), ranging in size
from 8 to 110 amino acids. This was consistent with previ-
ous hypothesis that MYBs with similar protein structures
were clustered into the same conserved subfamily [4].
Most of these conserved motifs were novel, but some had
been characterized with different functions [27]. For in-
stance, motif 8, which was conserved in C6 members, was
characterized as involved in apoptotic signaling and has
SPT5 protein-binding characteristics according to SMART
analysis. These results suggest that these genes probably
participate in cell death processes regulated by SPT5-
mediated transcriptional elongation [40]. In many plants,
R2R3-MYB (such as AtMYB95), bHLH and WD-repeat
proteins regulate the anthocyanin biosynthesis pathway
[41]. The companions of AtMYB95 in C43 contained
motif 46, which is known to participate in WD-repeat
interactions. In Arabidopsis, AtMYBCDC5 (AtMYB125)
is distantly related to typical R2R3-MYB proteins [4,27].
AtMYBCDCS5 contains an R3-repeat in its MYB domain
that shows low homology to typical R3-repeats in R2R3-
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MYBs (Figure 5B, marked with a blue box), and a very
long C-terminal region. In Chinese cabbage, four genes
(BrMYB246, BrMYB286, BrMYB364 and BrMYB389)
were highly homologous to AtMYBCDC5 (Figure 6A,
subfamily C7). A MEME search identified a conserved 80
amino acid motif in the C-terminal region of this subfam-
ily (Figure 6B and Additional file 6: Table S3) that might
interact with histone deacetylase (HDAC) proteins, raising
the possibility that these subfamily members might be in-
volved in HDAC-mediated transcription inhibition [42].

Expression profiling of R2R3-MYB genes in Chinese
cabbage

Previously developed RNA-seq web-based tools, including
tissue-specific gene expression data, allowed us to analyze
the transcriptome in Chinese cabbage [39]. Then, different
transcript patterns were identified for the 273 R2R3-MYB
genes (including 3R and atypical MYBs) using BRAD data,
and gene expression levels were calculated in RPKM units
(Additional file 8: Table S2). Consequently, we obtained ex-
pression information for each subfamily and compared the
expression profiles of MYB transcription factor subfamilies
of Chinese cabbage in different tissues (root, stem and leaf).
We subsequently summarized these expression profiles
against the phylogenic tree (Figure 6C).

As with many genes encoding transcription factors,
many of the R2R3-BrMYB genes had low transcript levels
according to the RNA-seq analysis. However, different
transcript abundance patterns were identified in the RNA-
seq dataset for the R2R3-BrMYB genes. The RPKM values
of the R2R3-MYB genes are shown in Additional file 8:
Table S2. Among the 273 genes, 234 were expressed in at
least one tissue, while the remaining 39 members either
had no expression or their expression profiles could not
be found in the RNA-seq database. Nearly 120 of the 234
genes (~51%) were expressed at relatively low levels in all
three tissues. For example, the expression of 29 R2R3-
BrMYBs (~12%) in the roots, 66 (~28%) in the stem, and
61 (~26%) in the leaves was downregulated (Figure 6C).
However, 35 (~15%) R2R3-MYBs showed high transcript
levels in all three tissues, indicating that they might be
indispensable in maintaining normal growth and metabolic
processes of Chinese cabbage. In contrast, 101 (~43%) of
the 234 genes had marked peaks in transcript levels in only
one tissue, including 73 in the roots, 18 in the stem and 10
in the leaves, which suggests that these R2R3-BrMYB pro-
teins act as regulators limited to discrete tissues or organs.
For instance, 12 of the R2R3-BrMYB members with the
most abundant expression in roots encode proteins in sub-
family C30 (Figure 6A). The C30 (S14) subfamily con-
taining Arabidopsis MYBs (AtMYB37, 38, 68 and 84)
has been reported to function in the regulation of root de-
velopment and axillary meristems [43,44]. This suggests
that R2R3-BrMYB members of this subfamily that are
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Figure 6 Part of the phylogenetic relationships and subgroup designations of MYB proteins from Chinese cabbage and Arabidopsis.
(A) Maximum-Likelihood tree representing the relationships among 274 MYB proteins from Chinese cabbage and 132 from Arabidopsis, including
seven and 17 3R- and atypical MYBs from Arabidopsis and Chinese cabbage, respectively. The proteins are clustered into 45 subgroups, each
designated with a subgroup number (e.g., C1). The numbers beside the branches represent bootstrap support values (>50%) from 1000 replications.
Five proteins did not fit well into clusters. (B) Architecture of conserved protein motifs in the 45 subfamilies. The motifs on the right were analyzed
using MEME and are represented as boxes. (C) Expression patterns of MYB genes in Chinese cabbage in different tissues (root, leaf and stem).
The lllumina RNA-seq data were reanalyzed, and the RPKM values were log 2 transformed and a heat map was generated using the Cluster
3.0 software. The bar on the left represents log 2 transformed values from low to high expression. NA represents no available data.

expressed in Chinese cabbage roots may have a similar
role in determining root architecture. BrAYB246 had the
highest transcript abundance in leaves, and its homolo-
gous gene AtMYBI6 has been shown to regulate cuticle
formation in trichomes and induce over-accumulation of
waxy substances on leaves [45]; thus, we could deduce
from the peak expression of BrMYB246 in leaves that it
probably be involved in waxy substance formation to pro-
tect the leaves of Chinese cabbage. In addition, some of
the R2R3-BrMYBs exhibited tissue-specific expression.
For example, consistent with its Arabidopsis homolog
AtMYB72, BrMYB191 was only expressed in the root, in-
dicating a role in rhizobacteria-induced systemic resist-
ance such as AtMYB72 performs in Arabidopsis roots
[46]. However, in contrast with the expression profile of
AtMYBI10, which was shown to function in seed size regu-
lation [47], its Chinese cabbage homolog BrMYB211 was
only expressed in the stem. Overall, although the functions
of most R2R3-BrMYB genes are unknown, our phylogen-
etic and expression profiling analyses provide a foundation
for further research on R2R3-BrMYB gene functions.

R2R3-BrMYBs involved in abiotic stresses and signal
transduction

R2R3-MYB proteins that have been characterized mainly
participate in plant-specific processes, such as primary and
secondary metabolism, cell identity, developmental regula-
tion and stress responses [4,24]. In nature, plants suffer
various biotic and abiotic stresses throughout their growth
and development. Some R2R3-MYBs, such as AtMYB2,
AtMYB6 and AtMYB30 are involved in responses to these
stresses [48]. We selected forty-three R2R3-BrMYBs that
had relatively remarkable expression in the expression pro-
files above for qPCR analysis of their responses to abiotic
stresses (cold and osmotic stress) and signaling hormones
(ABA and auxin), to explore whether these BrMYB genes
had significant performance in response to exogenous
stressors. The overall expression trends of these selected
genes in response to cold stress were similar under osmotic
stress, and more than half of the selected R2R3-BrMYB
genes were differentially expressed under at least one stres-
sor (cold and/or osmotic stress) (Figure 7A,B). Most of the
R2R3-BrMYB genes up-regulated by cold or osmotic
stress reached their peak expression at about 12 h after

treatment, indicating that their stress response might be
rapidly regulated. By contrast, some selected genes such
as BrMYB80, BrMYB170, and BrMYB250 were continu-
ously expressed (i.e., at 0, 12, 24, 48 and 96 h) under dif-
ferent abiotic stresses. BrMYB210, BrMYB137, BrMYBSS,
BrMYBI154 and BrMYB222 were significantly upregulated
by both cold and osmotic stress treatments respectively
(>10 fold-change), suggesting that they have roles in abi-
otic stress responses, much like their Arabidopsis ortho-
logs. Similarly, the C11 subfamily members (consisting of
3R-type BrMYBs; BrMYB3RS, and BrMYB3RY) were also
up-regulated by both stresses (Figure 7). Previous studies
have revealed that plant MYB3R factors participate in the
transcriptional control of cyclins, especially in late G, and
M phase, and OsMYB3R-2 regulates a cyclin involved in
the CBF pathway to increase tolerance to low tempera-
tures and drought [5,49]. Our results were consistent
with these findings, and indicate that the 3R-MYB fac-
tors of Chinese cabbage are probably involved in stress
response regulation, and that some homologous genes
(e.g., BrMYB3RS5-BrMYB3RY9) may be functionally redun-
dant in these processes. However, BrMYB261 (an ortholog
of AtMYB28) had no response to cold treatment, but was
induced drastically by osmotic stress. Since AtMYB28 was
identified as a regulator of glucosinolate biosynthesis [50],
a process involved in leaf water balance in broccoli [51],
our findings strengthen the suggestion that MYB28 homo-
logs may be novel regulators in the plant water deficit
response.

The plant hormones ABA and auxin control important
cellular processes, including seed germination, leaf senes-
cence, stomatal aperture and stress responses [52]. The
qPCR results showed that 26 of the 43 R2R3-MYB genes
were up-regulated under ABA treatment, most of which
showed similar patterns to their Arabidopsis orthologs, sug-
gesting that they function in the same processes [4]. For in-
stance, Arabidopsis S1 subgroup members MYB60 and
MYB%% act through the ABA signaling pathway to regulate
stomatal movement and disease resistance [53]; likewise, the
C36 (S1) members BrMYB137 and BrMYB210 had rela-
tively high transcript levels in response to exogenous
ABA, suggesting their roles in the ABA signaling cascade.
Moreover, most of the 43 genes responded to auxin treat-
ment. Among them, BrMYBI140, BrMYB172, BrMYB229,
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Table 2 Conserved motif analysis of 273 R2R3-BrMYB proteins

Clade Motif Width E-value Multilevel consensus sequence

1 1 21 1.30E-71  EDP[PAITISYILSLSLIPSIIWGLI[ANPI[NDIES[EVI[TSI[ESIN
2 33 200E-212 GEFMTWQEMI[KR][TAJEVRSYMA[ED][LMIQRIGN][NS][GVIGGGIGV][GSIG

2 3 41 450E-88  [MPVIHVIPCE[GQI[PN][LK][FIVIQIASI[ACS]IKR][PQID[SAILAI[AM][GL][KRI[FLILIQE][SGI[LAI[CYI[SYIE[PRI[FN]VIIP[SQ]

KCGHGC[CS][SNT]
4 14 400E-36  S[VLILGPEFVDY[ELI[EDIP[PS]
5 31 370E-57  [SDN]IQYIEL[ANISANATIDENLIINSIINS]ILIAWIILIRKISGLIEDIINSI[SA]SVRE[AMIE[QDE]

3 6 34 440E-34  [RG][KN]R[VFP][RM]EPET[ADTIF[PLI[CDFY][TPIGGIYSI[ATIIMATI[ND]EQ[SN][PAG][QRTILIWLI[NC][YNS]IP[FYIVE[SN]

5 7 21 1.70E-182 WI[TS]RE[ED][ND][KIJAFE[INRIALA[IVI[YF][DP][DE][DE][STI[PE]

6 8 110 640E-149 ADVEA[QHILRIKRIQDVARNKIA[EQIR[RQIDAPAAILQANKILMINDPE[AV]
VRKRSKLMLPPPQISDHELEEIAKMGYASDLLAENEEL[TM]JEGSAATRALLANYSQTPRQGMTP[ML]
RTPQRTPAGKGDAIMMEAENLARLRDSQTPLLGG[DEINPELHPSDFTGVTPRKKEIQTPNPMLTPSMTP

7 9 80 630E-67 GGA[GSILTPRIILIGLTPSR[DEIGSSF[AS][MVITP[RKIGTPFRDELHINEDMDMHE[SN]JAKLERQRREEAR[RMISLRSGLTGLP[QL]IP
[RKINEYQIVAQ[PAIP

8 10 101 460E-96  SVF[MLISEL[VM]ECCRE[LVIEEGHRAWA[EDJHKKEAAWRLRRLELQLESEKT[SCIRQREK[MT]EEIE[ATIKMKALREEQK[MN]
AMEKIEGEYREQLVGLRRDAEAK[DE]QKLADQWI[TS]S[KRIHIRLTKFLEQ[HQIMGCR

9 11 72 930E-166 [NGIEQH]EG]VMIFLKKDDIPSIKIVAITIACNILMQQAELLSSLA[QHIKVN[AS][DEINTIEDIQSMENAWKVLQDF[LFINK[SG]
KENDILIJ[FLIRYGIILFIP[DE][IMIDF[QK][LIJ[EDIE

12 37  330E-66 FIKRIDLIVII[EDG]DLRS[SGTINYIE[DA][SNI[QDI[ALPSVISIWLYIRQPDLHDSPASS[EDI[YN]SSGS
13 20 3.60E-15  TITVIIMIIPLTVIHDI[PQSISGDIKQITQIQPIFLPQSIIMLPS][SAMPIDGS][STPIQDP][TQ]

14 33 570E-66  FINS]ISPVIIQVTPLFRSLA[AD]GIPSPQFSESIEVI[RSI[SINI[FH][LVI[LTI[KN]

15 21 140E-31  PCPSANIPLIS[QKIPPPCKRVLL[DH]ISL

10 16 16 1.20E-102 [CK][RSI[SAP]INK][APYI[PKIRIPN][SNIILIL[QE][DNIYI[RKIS[IVLITN[NG]N[EL]SXS[ST]V[EP]

14 17 29 250E-58  ATSS[CS][VAITITSISNIDNS][QPI[FAIIMEL][TIILYTI[SDILYDIINDVINIGNINIVMN][GNV][INQI[GNQ][FTIG[VY]

15 18 33 230E-55 RA[EH][EQIES[DEJEDEV[KDIKWFKHLESELGLEE[DN]DINS]QQIQHIQ

16 19 39  480E-22  MES[DGIKE[TA]INCIG[GVI[IVI[CFG]EGI[RTIE[SRIFGVMIKN]SPYENRI[SIIDWIS[EK][ISI[SDI[TA][DN][QI]

17 20 21 4.10E-34  [DNI[GNI][SMI[SDI[SCISISTI[STIIFMIIMS][PQIDLITMI[TKIV[PSI[HQIF[MIID

21 21 150E-93  [AY][YEJEDVTQDPMWNI[MV]DDIWQF[RE]E
18 22 51 260E-50  [HS][HQISSEINDIQH][AVIASTSIANSIHNVFCITAIQDQAMIEDITYSPTITPITSYQHTNMIEDIFNYGN[YFISA[AP]
20 23 29  200E-94 DIGD]YYSMDDIWREID[QHI]S[GAJ[AVINIIKPVKDIYY

24 28 270E-70  [FYIP[PNJLASP[TAJWESSLIEDISIWNMDADIEK]SKIMIISS

21 25 27 130E-66  VIPAIIVAI[TPI[SIISPIDEIAHIINSIIMVI[NEDIEDIGNIAN][ILIWIDG][GSILWINSILD[DLI[ED][DG]

24 26 15 1.10E-43  WV[HL][DEID[DE]JFELS[STILT[MNIM

26 27 40 140E-35  [IPI[TQITNINN[PLIF[PTI[TAIPGI[HNIMIIFISH[PSI[CFIINI[DEIDFTP[YCIVDGILIYGVN[TAIGILVIQGELY

28 29 7A40E-22  PPLECIEQIEGDWY[KNJA[DENJIN[NSIHILV][DA][ED]ILMV][NKITNG[AS]GN
29 24 290E-24  [VMIEE[CFY]WDLDQLMINSITEVPSFIYHIFNF[KN][QF]

27 30 41 6.80E-27  [THI[SHIHTIKHI[DPIN[KDI[LVIIKQI[SWIPS[LQI[PTI[DTI[LIPIASIIQSITIVIISIPIFIINQIETILM][SQI[DS]ILYI[DLIDGIEN][KN]
(LMIINDIVPIFIVWI

32 31 16 7.J0E-50  [MTIF[LMIDY[CN][QLI[DEI[FYIGV[HEIDIFVI[GPIF

33 32 81  7.80E-71  [EDIWFLIIP[PAISEN[TIIN[AGVIIAPICIASTITSNNLN[LVI[EQI[AVILDIPLICF[NSISKINTI[MLICHSESFKVGN[IMVI][FLM]G[MIJEN
[AGS]SWETIENPKIGDWDLDIGS]LIDNNSSFPFLDFQV

34 33 21 130E-20 EDFGFCYDDKFSSFLN[SA][LVIIND

35 34 21 420E-26  [PRI[PLIPQIAEPTIKRRILPIGRTSRS[ATIMKPKITFI[HI]

35 21 470E-27  [HQIQKVI[NVI[NII[DENJ[ATI[FLMS][TAIDIEDIF[IVIDWDI[CFIVWI[QR][EQ]G

36 48  7.20E-30  [DHIEKE[AGN][SPIDISPIMV]VSWLL[DN]G[DEIDEATIGIKNQISNCE[NK][FS]GEPLDHD[EDIE[NSJALVAWLLS
36 37 29 2.90E-197 [TRI[TNI[QHI[EYI[TPIISTIGTSIITVIYASS[TAIEDINI[ASIKRILLIQKIIGNDIIWF]IMTVIIKS][DS][STI[PSIIKS]
37 38 18 1.70E-23  [PT][GNP]LFNS][DEN][DEVI[YF]INDIEWILF]INSII[FY][FILM]IDNQ[TA][YCFL]

38 39 32 140E-93  [KDIDQIDSIICAMIIMFTIS[FYIE[DN]FIVIIGSLIAIDLI[IVIDIEDISFWISNI[EDIVATIIVLIISYIISVMIIDQIIDNC]
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Table 2 Conserved motif analysis of 273 R2R3-BrMYB proteins (Continued)

[EG]IILMI[KLQI[QDIERIINFIIQSWIKEQIILRIIGS][SLI[Y DVIINGSINIES][KMI[LGIVI[YF][ND][DSH][DEIMIEDIFWIFYIDVILF]

[DAITALITEISTDILVIIALIKIALIQLILITHIKNSIMIILIQIVIILINISNTI[PTNIINKIINAIINITI[PNSTIINSTI[ISPI[SNI[SDI[FSI

40 36 1.00E-96
[TALJ[RSI[STIIGRSIIGRI[EN[QEI]

40 41 29 840E-70
41 42 29  580E-58  QIEDTI[QSITAQIIFLILSIKNSILQITGIEIMAJAIKQILIQAILIFLIQYLLQIPMI[PSI[SNPIIMS]SINAM]

43 24 430E-54  A[STISS[SHI[SG]IQYIEG][SVIIGA]AE][STIASIAVI[ADY]WPDHILC][LF]ID[DE]
42 44 32 440E-200 [QLISAIKPIINAJASITAPITILTIISRIHMAQWESARLEAEARLIASIRES[KM]LILF]

45 20 150E-79  [QDI[QLIQLILIEDI[SFIP[TSITDIVDIDSTI[FMIS[EFIILMN][EKLIENI
43 46 41 140E-124 [TPI[STI[SPISTISTIISTEITSIISHIISFISISFISISPI[TSIIGSISIAVI[RCILLNKLA[ATIGISSRIKQIH[DAG]LDRIKINTIVA([IL]
44 47 8  640E-100 MIVSIRITKIPCCIKV]

Significant motifs (e-value < e-100) of more than 10 amino acid length were predicted by MEME analysis. Motif ID, consensus sequences, width (amino acids), and
number of R2R3-BrMYB proteins containing the motif and e-value of each predicted motif is given.

BrMYB208, BrMYB137 and BrMYB210 were up-regulated
by ABA but down-regulated by auxin, suggesting that these
R2R3-BrMYB genes might act as regulators in ABA-auxin
antagonistic regulation of senescence processes [54]. In
addition, AtMYB96 was shown to regulate lateral root
meristem activation via ABA-auxin signaling crosstalk [55].
Notably, BrMYB210 (an ortholog of AtAMYB96) was down-
regulated by auxin treatment in leaves; thus, we hypothesize
that Chinese cabbage MYB96-homologous genes may also
participate in ABA-auxin signaling crosstalk in the aerial
parts of Chinese cabbage.

Conclusions

In total, 256 (~55% of total BrMYBs) R2R3-MYB TFs
were identified in the whole Chinese cabbage genome,
most of which were localized on the 10 chromosomes and
three subgenomes. Duplicated gene pairs among the
R2R3-BrMYB genes were detected by syntenic analysis,
which supports the genome triplication event in Chinese
cabbage. Phylogenetic analysis of the R2R3-MYB family in
Chinese cabbage and Arabidopsis revealed the conserved
organization of this family, which further indicates that
R2R3-MYB family members from various plants under-
went gene duplication events with a common origin and
were retained over a long period by each genome. Add-
itionally, the increased number of R2R3-MYBs that seem-
ingly evolved independently in Chinese cabbage and rice
may contribute to plant viability under adverse conditions
and functional specialization of R2R3-MYB genes. In
addition, the tissue-specific expression profiles of the
R2R3-MYB genes suggest that some of them have import-
ant roles in developmental and metabolic processes.
Moreover, qPCR analysis indicated that several genes
might function in stress responses and ABA-auxin hor-
mone signal-mediated morphogenesis and cell senescence,
which further highlights the functional diversity and indis-
pensability of the R2R3-MYB genes in the normal growth
and development of Chinese cabbage. This study gives an
overview of the R2R3-MYB genes in Chinese cabbage and
enabled us to provide some insights into plant stress

response mechanisms and how transcription factors act
in complex signal transduction, but how R2R3-BrMYB
genes participate in these processes will require further
investigation.

Methods

Identification of MYB transcription factors in different
plants

The whole-genome proteins of Chinese cabbage were
downloaded from BRAD (http://brassicadb.org/brad/)
and those of other species used were obtained from
PlantGDB (http://www.plantgdb.org). Then, the Pfam
program was employed to search for candidate MYB
genes in the extracted full-length protein sequences
(http://pfam.sanger.ac.uk/). Only hits with e-values <
1.0 were considered to be members of the MYB family
[56]. To confirm the obtained amino acid sequences,
the putative MYB sequences were examined for the
MYB domain using the hidden Markov model of the
SMART tool (http://smart.embl-heidelberg.de/) and
the ExPASy Proteomics Server (http://expasy.org/pro-
site/) [57]. Manual inspection was performed to ensure
that the putative MYB genes contained conserved Trp
(W) residues. The sequences of all MYB members in
the genomes of other species assessed were down-
loaded from the plant TFDB database (http://planttfdb.
cbi.edu.cn/). However, gene identifiers for 132 Arabi-
dopsis thaliana R2R3- and R1R2R3-MYB genes were
obtained from TAIR (http://www.arabidopsis.org/).

Protein properties and conserved motif analysis

To investigate the protein properties of the putative
BrMYB proteins, their molecular weights (MW) and
isoelectric points (pI) were calculated using Pepstats (http://
www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/). The con-
served motifs of the R2R3-MYB proteins were identified sta-
tistically with the MEME program (version 4.8.1) (http://
meme.nbcr.net/meme/intro.html) [58]. The following par-
ameter settings were used: maximum number of motifs, 50;
minimum width of motif, 6; maximum width of motif,
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Figure 7 Expression patterns of R2R3-MYB genes under abiotic stress and hormone treatments. Four-leaf-stage Chinese cabbage plants

were given various treatments, including (A) cold, (B) osmotic stress, (C) ABA and (D) auxin, under a continuous time course (0, 12, 24, 48, and

96 h). gPCR data were normalized using BrGAPDH. Results are the means + standard deviation (SD) of three independent experiments.
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250. All putative motifs with expected values < le-10
were discarded. Subsequently, the MAST program (ver-
sion 4.8.1) (http://meme.nbcr.net/meme/cgi-bin/mast.cgi)
was used to align the conserved motifs of the proteins.

Multiple sequence alignment and phylogenetic analysis
Phylogenetic trees were produced individually using the
full-length sequences of the R2R3-type MYB TFs. The
DNA-binding domains (DBDs) of MYB proteins from Ara-
bidopsis, Chinese cabbage and rice were subjected to mul-
tiple alignment analysis with ClustalW (http://www.ebi.ac.
uk/Tools/msa/clustalw2/) and Weblogo analysis [59]. Phylo-
genetic analyses were conducted using MEGAS5 (http://
www.megasoftware.net/) with the Maximum-Likelihood
(ML) and Neighbor-Joining (NJ) methods; the bootstrap
value was set to 1000.

Identification of orthologous and paralogous MYBs

The position of each BrMYB was marked on the chro-
mosomes using a Perl script. The orthologous and par-
alogous MYB genes in Chinese cabbage and Arabidopsis
were identified using OrthoMCl (http://orthomcl.org/
orthomcl/). The relationships between the orthologous
and paralogous genes among the three species were plot-
ted using Circos (http://circos.ca/).

Syntenic analysis and Ka/Ks calculation

The duplicated R2R3-MYB genes were identified using
MCScanX (http://chibba.pgml.uga.edu/mcscan2/) as pre-
viously described [60]. The whole-genome protein se-
quences from Chinese cabbage were compared against
each other using BLASTP, with a tabular output format
and an e-value < 1e-20. The BLASTP results with simpli-
fied gene location files were used as an input for
MCScanX to identify syntenic gene pairs and duplication
types with default settings. We calculated the synonymous
rate (Ks), non-synonymous rate (Ka) and evolutionary
constraint (Ka/Ks) between the duplicated pairs of
R2R3-BrMYBs (Table 1) based on their coding sequence
alignments [61], and the divergence time was calculated
according to the neutral substitution rate of 1.5x 107
substitutions per site per year for chalcone synthase [62].

RNA-seq data analysis

To analyze the Chinese cabbage R2R3-MYB expression
patterns, we used Illumina RNA-seq data reported previ-
ously [39]. These data included three tissues (root, stem
and leaf) of B. rapa. Gene expression levels were calcu-
lated as reads per kilobase of exon model per million
mapped reads (RPKM) units (Additional file 8: Table
S2). Heat maps were generated and hierarchical cluster-
ing was done using Cluster 3.0.
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Plant materials, growth conditions and stress treatments
Seedlings of Chinese cabbage cultivar YANZAO3 were
germinated in plastic Petri dishes in darkness at 22°C for
2 days, and then transferred to pots containing soil growth
medium under artificial growth conditions of 22°C, ap-
proximately 120 pumol photons m™> s}, a photoperiod of
16/8 h, and 60% relative humidity. Half-strength Mura-
shige and Skoog liquid solution (pH 5.8) was added once
every 3 days. Five-leaf-stage plants were subjected to vari-
ous treatments under a continuous time course (0, 12, 24,
48, and 96 h). For cold treatment, the pots were exposed
to low temperature (4°C) conditions; for osmotic stress
treatment, the pots were irrigated with 15% (w/v) poly-
ethylene glycol (PEG) and kept standing in the irrigation
solution for 30 minutes under normal growth conditions;
hormone treatments were performed with ABA (100 pM)
and auxin (50 mg/L NAA). The seedlings were harvested
under a continuous time course (0, 12, 24, 48, and 96 h)
with three biological replicates for RNA preparation.

RNA isolation and quantitative real time-PCR (qPCR)
analysis

Total RNA was isolated from treated leaves using Trizol
(Invitrogen, San Diego, CA, USA) according to the manu-
facturer’s instructions. The total RNA was treated with
DNase I (Invitrogen) and 1 pg treated RNA was reverse-
transcribed using PrimeScript™ RT reagent Kit (Perfect Real
Time) for qPCR (Takara, Dalian China). The GAPDH gene
was used as an internal control [63]. The qPCR assays were
performed with three biological and technical replicates.
The SYBR® select Master Mix (Invitrogen) was used to de-
tect gene expression according to the manufacturer’s rec-
ommendations on the One-step Real-Time PCR System
(Applied Biosystems). qPCR was carried out according to a
previous report [64]. Gene-specific primers that were used
to detect transcripts are listed in Additional file 9: Table S4.
The PCR conditions and relative gene expression calcula-
tion were as previously described [65].

Availability of supporting data

The supporting sequence data are available in the Additional
file 10: Table S5, and were obtained from Brassica database
(http://brassicadb.org/brad/index.php). The supporting ex-
pression profile data are available in the Additional file 8:
Table S2, and were obtained from a public data set (http://
brassicadb.org/brad/genomeDominanceData.php).

Additional files

Additional file 1: Table S1. Listing of MYB transcription factor genes in
Brassica rapa.

Additional file 2: Figure S1. Comparisons of DNA-binding domain of
MYB-related and 3R-MYB transcription factor proteins in Arabidopsis,
Chinese cabbage and rice.
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