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a b s t r a c t

MYB proteins comprise a large family of plant transcription factors that play regulatory roles in different
biological processes such as plant development, metabolism, and defense responses. To gain insight into
this gene superfamily and to elucidate its roles in stress resistance, we performed a comprehensive
genome-wide identification, characterization, and expression analysis of MYB genes in Chinese cabbage
(Brassica rapa ssp. pekinensis). We identified 475 Chinese cabbage MYB genes, among which most were
from R2R3-MYB (256 genes) and MYB-related (202) subfamilies. Analysis of sequence characteristics,
phylogenetic classification, and protein motif structures confirmed the existence of several categories
(1R, 2R, 3R, 4R, and 5R) of Chinese cabbage MYB genes, which is comparable with MYB genes of other
crops. An extensive in silico functional analysis, based on established functional properties of MYB genes
from different crop species, revealed 11 and four functional clades within the Chinese cabbage R2R3-MYB
and MYB-related subfamilies, respectively. In this study, we reported a MYB-like group within the MYB-
related subfamily contains 77 MYB genes. Expression analysis using low temperature-treated whole-
genome microarray data revealed variable transcript abundance of 1R/2R/3R/4R/5R-MYB genes in 11
clusters between two inbred lines of Chinese cabbage, Chiifu and Kenshin, which differ in cold tolerance.
In further validation tests, we used qRT-PCR to examine the cold-responsive expression patterns of 27
BrMYB genes; surprisingly, the MYB-related genes were induced more highly than the R2R3-MYB genes.
In addition, we identified 10 genes with corresponsive expression patterns from a set of salt-, drought-,
ABA-, JA-, and SA-induced R2R3-MYB genes. We identified 11 R2R3-MYBs functioning in resistance
against biotic stress, including 10 against Fusarium oxysporum f.sp. conglutinans and one against Pecto-
bacterium carotovoram subsp. caratovorum. Furthermore, based on organ-specific expression data, we
identified nine R2R3-MYBs that were constitutively expressed in male reproductive tissue, which may
provide an important key for studying male sterility in Chinese cabbage. The extensive annotation and
transcriptome profiling reported in this study will be useful for understanding the involvement of MYB
genes in stress resistance in addition to their growth regulatory functions, ultimately providing the basis
for functional characterization and exploitation of the candidate MYB genes for genetic engineering of
Chinese cabbage.

© 2016 Published by Elsevier Masson SAS.
1. Introduction

The MYB family of proteins is large, functionally diverse, and
.

present in all eukaryotes. Most MYB proteins function as tran-
scription factors, and they are classified into four major groups,
namely 1R-MYB, 2R-MYB, 3R-MYB, and 4R-MYB, based on the
number and position of MYB repeats they contain (Dubos et al.,
2010; Katiyar et al., 2012). The N-terminal region of MYB proteins
generally contains the highly conservedMYB DNA-binding domain,
which consists of up to four imperfect amino acid sequence repeats
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(R) of approximately 52 amino acid residues, each forming three
aehelices. The second and third helices of each repeat adopt a
helix-turn-helix (HTH) structure with three regularly spaced tryp-
tophan (or hydrophobic) residues, forming a hydrophobic core in
the 3D HTH structure (Ogata et al., 1996). By contrast, the C-ter-
minal region, which functions as the activation domain, varies
considerably between MYB proteins, allowing these proteins to
play a wide range of regulatory roles (Stracke et al., 2001; Kranz
et al., 1998; Jin and Martin, 1999).

The first identified MYB gene was the v-myb gene of the avian
myeloblastosis virus (Klempnauer et al., 1982). Subsequently, three
v-myb-related genes (c-myb, A-myb, and B-myb) were identified in
diverse vertebrates, insects, fungi, and slime molds (Lipsick, 1996;
Martin and Paz-Ares, 1997). In general, R1R2R3-type MYB domain
proteins are predominant in animals. The first plant MYB gene
identified was C1, which was isolated from Zea mays and encodes a
c-myb-like transcription factor involved in anthocyanin biosyn-
thesis (Paz-Ares et al., 1987). Although plants may also contain 3R-
MYB genes, the major MYB transcription factors are of the R2R3-
MYB and/or R1-MYB type (Kranz et al., 2000; Yanhui et al., 2006).
For example, the Arabidopsis thaliana genome contains only five 3R-
MYB genes, compared with up to 190 R2R3-MYB and MYB-related
genes (Stracke et al., 2001; Yanhui et al., 2006; Durbarry et al.,
2005). Meanwhile, the Populus genome contains five 3R-MYB
genes and 192 R2R3-MYB genes (Wilkins et al., 2009). Plant R2R3-
MYB genes probably evolved from an R1R2R3-MYB gene progeni-
tor through loss of the R1 repeat and subsequent expansion of the
R1-MYB gene family (Jiang et al., 2004, Rosinski and Atchley, 1998).
An increasing number of plant R2R3-MYB superfamily members
have subsequently been identified and characterized in numerous
plants. These genes play diverse roles in plant-specific processes
include secondary metabolism (Mehrtens et al., 2005; Bedon et al.,
2007; Stracke et al., 2007), hormone signal transduction (Gocal
et al., 1999; Abe et al., 2003), abiotic stress tolerance and disease
resistance (Hartmann et al., 2005; Allan et al., 2008; Jung et al.,
2008), cell shape determination, and organ development
(Higginson et al., 2003; PerezeRodriguez et al., 2005; Tominaga
et al., 2007).

The genus Brassica includes a number of important crops used
as oil and vegetable crops, in condiments, and as a source of dietary
fiber and vitamin C (Talalay and Fahey, 2001). Among Brassica
species, Brassica rapa comprises several subspecies, including Chi-
nese cabbage (B. rapa ssp. pekinensis), non-heading Chinese cab-
bage (B. rapa ssp. chinensis), and turnip (B. rapa ssp. rapifera).
Chinese cabbage is one of the most important vegetable crops in
Asia. In addition, it is used as the model species representing the
Brassica ‘A’ genome and was therefore selected for genome
sequencing [Brassica Genome Gateway (http://brassica.bbsrc.ac.
uk); The Korea B. rapa Genome Project (http://www.brassica-
rapa.org/BRGP/index.jsp)]. This species has already proven to be a
useful model for studying polyploidy, in part because it has a
relatively small genome (approximately 529 megabase pairs
[Mbp]) compared to other Brassica species. Comparative genomic
analysis confirmed that Chinese cabbage has undergone genome
triplication since its divergence from Arabidopsis (Song et al., 2014).

To date, most of our knowledge about plant MYB genes was
obtained from studies of the major genetic model plant, Arabi-
dopsis. By contrast, MYB genes have not been fully characterized in
the relatively large and complex genome of Chinese cabbage. Wang
et al. (2015) recently conducted a genome-wide investigation on
MYB genes in Chinese cabbage, where they tested the responses
some of R2R3-MYBs against abiotic stress and hormone treatments.
As the MYB gene family is important for plant growth and devel-
opment, we undertook this study to identify and systematically
characterize all MYB genes in the B. rapa genome. Specifically, we
studied the cold- and freezing-responsive expression patterns of all
the MYB genes from a low temperature-treated microarray dataset
in two contrasting inbred lines of Chinese cabbage, Chiifu and
Kenshin. In addition, we investigated the abiotic, biotic, and hor-
mone responsiveness of some selected BrMYBs. The expression
dataset obtained in the study will serve as a useful resource for
investigating the roles of candidate BrMYBs in the resistance to
specific stresses. Moreover, based on tissue-specific expression
analysis, we identified BrMYBs showing male organ-specific
expression patterns, which might be useful for studying cyto-
plasmic male sterility in Chinese cabbage.

2. Materials and methods

2.1. Identification of BrMYB genes

A search of SWISSPROT and TRIMBLE in the Brassica database
(BRAD) was conducted using the keyword “MYB” (http://
brassicadb.org/brad/) (Cheng et al., 2011). Protein sequences and
CDS of the identified Chinese cabbage MYB genes were obtained
from the Brassica database (V 1.5.tar.gz; http://brassicadb.org/brad/
) (Cheng et al., 2011). MYB domains encoded by selectedMYB genes
in Chinese cabbage were confirmed using the web tool from EMBL
(http://smart.embl.de/smart/set_mode.cgi?GENOMIC¼1). The pri-
mary structures of genes were analyzed using protParam (http://
expasy.org/tools/protparam.html).

2.2. Sequence analysis of BrMYB genes

Protein sequences of all candidate Chinese cabbage MYB genes
were aligned in ClustalW using default parameters (Thompson
et al., 1997) to determine the number of groups formed by the
genes. Phylogenetic trees of all MYB proteins were generated using
MEGA (V6.0) (http://www.megasoftware.net/) (Tamura et al., 2013)
with the neighbor-joining (NJ) method. For motif searching, all
MYB protein sequences were analyzed using MEME software
(Multiple EM for Motif Elicitation, V4.10.1) (Bailey et al., 2006). A
MEME search was executed with the following parameters: (1)
optimummotif width�6 and�50; (2) maximum number of motifs
to identify ¼ 20 and 50. MYB genes of Chinese cabbage were
compared by BLASTanalysis (http://www.ncbi.nlm.nih.gov/BLAST/)
to identify duplicate genes, where both the similarity and query
coverage percentage of the candidate genes were >80% (Kong et al.,
2013). Positional information for all candidateMYB genes along the
10 chromosomes of Chinese cabbage was obtained from the Bras-
sica database (http://brassicadb.org/brad/) (Cheng et al., 2011).

2.3. Collection and preparation of plant material

Chinese cabbage ‘SUN-3061’ plants were grown in soil culture
media in a green house with a dark/light cycle of 8/16 h at 25 �C at
the Department of Horticulture, Sunchon National University, Ko-
rea. For the organ study, fresh roots, stems, leaves, and different
floral organs were harvested from the eight (08) week plants and
frozen immediately in liquid nitrogen, and stored at�80 �C for RNA
isolation. Specifically, for the flower bud growth stages study, we
categorized all the flower buds of one inflorescence into six cate-
gories (young to mature buds; S1 to S6) based on size (mm). For
their expression study, whole flower buds under six categories
were collected and frozen immediately in liquid nitrogen, and
stored at �80 �C for RNA isolation. For abiotic stress and hormone
treatments, two inbred lines of Chinese cabbage chiifu and Kenshin
were used. Chiifu originated in temperate regions, whereas Ken-
shin originated in subtropical and tropical regions. Plants were
cultivated under aseptic conditions in semisolid medium for 10 d,
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after which the plants were transferred to liquid medium to
minimize undue stress during treatment. Stress and hormone
treatments were administered for six time periods (0 h, 1 h, 4 h,
12 h, 24 h, and 48 h). Plant samples were transferred to an incu-
bator at 4 �C to induce cold stress. Drought/desiccation stress was
simulated by drying the plants onWhatmann 3mm filter sheets. To
induce salt, abscisic acid (ABA), jasmonic acid (JA), and salicylic acid
(SA) stress, the plants were transferred to rectangular Petri dishes
(72 � 72 � 100 mm) containing either 200 mM NaCl or 100 mM
ABA, JA, or SA for the designed time period (Saha et al., 2015;
Yanhui et al., 2006).

Chinese cabbage Chiifu plants were inoculated with fungus ac-
cording to the method described by Ahmed et al. (2013) for biotic
stress (Fusarium oxysporum f.sp. conglutinans) treatment. Fungus-
and mock-treated plants were sampled at 0 h, 3 h, 6 h, 1 d, 3 d, 6 d,
9 d, and 12 d; the local (4th) and systemic (5th) leaf of each plant
were used as samples. Chinese cabbage SUN-3061 plants were
grown in soil in a culture roomwith a 16 h light/8 h dark cycle for 6
weeks prior to Pectobacterium carotovorum subsp. carotovorum
infection. Bacterial culture and infection were carried out as
described by Ahmed et al. (2013). Inoculations were performed
three times, and infection was verified by detecting disease lesions
on plant leaves. Approximately one-third of each infected leaf was
harvested at 0 h, 6 h, 12 h, 24 h, 3 d, and 7 d. For all stress treat-
ments, collected leaf samples were immediately frozen in liquid
nitrogen and stored at �80 �C until RNA isolation.

2.4. RT-PCR expression analysis

RT-PCR was carried out using an AMV one-step RT-PCR kit
(Takara, Japan). Specific primers for all genes were used in RT-PCR,
and Actin primers of B. rapa (FJ969844) were used as a control
(Supplementary Table 1). PCR was conducted using 50 ng cDNA
from plant and flower organs as templates in master mix composed
of 20 pmol each primer,150 mMeach dNTP,1.2 U Taq polymerase,1x
Taq polymerase buffer, and double-distilled H2O to a final volume
of 20 ml in 0.5-ml PCR tubes. The samples were subjected to the
following conditions: pre-denaturing at 94 �C for 5 min, followed
by 35 cycles of denaturation at 94 �C for 30 s, annealing at 58 �C for
30 s, and extension at 72 �C for 45 s, with a final extension for 5 min
at 72 �C.

2.5. qPCR expression analysis

Quantitative PCR was performed using 1 ml cDNA in a 20-ml
reaction volume employing iTaqTM SYBR® Green Super-mix with
ROX (California, USA). The specific primers used for qPCR are listed
in Supplementary Table 2. The conditions for qPCR were as follows:
10 min at 95 �C, followed by 40 cycles at 95 �C for 20 s, 58 �C for
20 s, and 72 �C for 25 s. The fluorescence was measured following
the last step of each cycle, and three replications were used per
sample. Amplification, detection, and data processing were con-
ducted using a Light cycler® 96 SW 1.1 (Roche, Germany). Obtained
quantification cycle (cq) values were analyzed using 2�DDCT
method to find out the relative changes in gene expressions (Livak
and Schmittgen, 2001). The original qPCR expression data of Chi-
nese cabbage MYB genes are presented in Supplementary Table 3.

3. Results

3.1. Identification of MYB genes in Chinese cabbage

A set of 475 candidate MYB genes was identified from the Chi-
nese cabbage genome using the keyword “MYB” to search the
Swissprot annotations in the Brassica database (BRAD) (http://
brassicadb.org/brad/) (Supplementary Table 4a). A domain search
using EMBL (http://smart.embl.de/smart/set_mode.cgi?
GENOMIC¼1) with the corresponding Chinese cabbage candidate
protein sequences confirmed that all of the genes contained one to
five MYB or MYB-like repeats (SANT/Myb_DNA binding domain).
Based on the number of repeats, we classified the 475 Chinese
cabbageMYB genes as 1R, 2R, 3R, 4R, and 5RMYB genes. Recently, a
genome-wide study by Wang et al. (2015) revealed the presence of
464 MYB genes in Chinese cabbage. We compared our identified
MYB genes with those of Wang et al. and found them consistent,
althoughWang et al. identified slightly fewerMYB genes (hereafter
referred to as BrMYBs) in Chinese cabbage. The same numbers of
genes were found in most categories, for example, 2R-MYB (256),
3R-MYB (11), 4R-MYB (4), 5R-MYB (2), except in the case of 1R-MYBs
(MYB-related). We identified 202 1R-MYB (MYB-related) genes, i.e.,
11 more than reported by Wang et al. (Supplementary Table 4b).
We followed the style of Wang et al. (2015) to name the 11 newly
identified 1R-MYB genes (BrMYB1R192 to BrMYB1R202), where all
annotated Chinese cabbage (B. rapa ssp. pekinensis) MYB genes as
‘BrMYB’ followed by MYB-repeat numbers (1R/3R/4R/5R) and given
Arabic numbers, respectively. While the 2R-MYB genes (R2R3-
MYB) designated straightforwardly as ‘BrMYB’ followed by Arabic
numbers, which is also consistent with other reports (Wang et al.,
2015; Yanhui et al., 2006 and Stracke et al., 2001).

3.2. Sequence analysis and phylogenetic classification of BrMYBs

We carefully examined the results of Wang et al. to match these
results with our data. To extend the phylogenetic data available, we
constructed a phylogenetic tree based on the 1R-BrMYBs (BrMYB-
related proteins), together with related proteins from Arabidopsis
(Fig. 1). Initially, we detected 28 clades (Cr1 to Cr28), which we
classified according to Yanhui et al. (2006). We identified CCA1-like
(Cr3, Cr4 and Cr14; 31 BrMYB1Rs), TBP-like (Cr7 to Cr12; 39
BrMYB1Rs), I-box-binding-like (Cr13; nine BrMYB1Rs), R-R-type
(Cr15; one BrMYB1R), and CPC-like (Cr17 to C21: 20 BrMYB1Rs)
BrMYB1Rs in the current study. We could not assign 25 BrMYB1R
proteins from Cr1, Cr2, Cr5, Cr6, and Cr16 to any of the above-
mentioned groups. Moreover, we found that 77 BrMYB1Rs (Cr22
to Cr28) have evolved as single clade, to which none of the Arabi-
dopsis MYB-related proteins was assigned. A domain search
revealed that most of these proteins contain a partial MYB repeat
(R) represented by a Pfam: Myb_DNA-binding domain (except for
BrMYB1R5 and BrMYB1R140). In all cases, the second and third
tryptophan (W) of the MYB-repeat had been replaced (data not
shown). Homology analysis (through NCBI BLAST searches) of these
Chinese cabbage 77MYB-related proteins revealed that they shared
a higher percentage of sequence similarity with Arabidopsis MYB
proteins in most cases (Supplementary Table 5). Interestingly, these
Arabidopsis MYB proteins were not included in the Yanhui et al.
(2006) classification. We designated these newly grouped pro-
teins as MYB-like.

To validate the phylogenetic classification of MYB-related pro-
teins, we investigated the protein motif organization and distri-
bution among all 202 BrMYB1Rs (Fig. 2a and Table 1a), finding that
the plant MYB domains are not only distributed in the N-terminal
but also in the middle, or C-terminal regions of the proteins.
Reflecting the high sequence divergence, we investigated up to 50
protein motifs among 127 BrMYB1Rs from Cr1 to Cr21. Most of the
proteins contained motifs 1 and/or 2 and/or 9, which were char-
acteristic of MYB repeats. Other than the MYB domain motifs, all
proteins contained different sets of motifs that reflected their
grouping. For example, Chinese cabbage CCA1-like proteins formed
two different clades (1a and 1b) with close homologs of Arabidopsis
CCA1-like. In the CCA1b-like group, in addition to MYB domain

http://brassicadb.org/brad/
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Fig. 1. Phylogenetic tree showing the relatedness of the deduced full-length amino acid sequences of 202 Chinese cabbage MYB-related proteins and 44 MYB-related proteins from
Arabidopsis. Chinese cabbage MYB-related proteins are shown in red. The proteins are clustered into 28 subgroups and each group has given a number (e.g., Cr1 to Cr28). The
thicker black circles indicate subfamily distribution of Chinese cabbage MYB-related proteins based on Zhang et al. (2012) classification. A new subfamily consists of 77 Chinese
cabbage MYB-related proteins (Cr22 to Cr28) is designated as MYB-like. MYB-related proteins from different subgroups (Cr1 to Cr28) are marked by red color blank triangle to
annotate the tentative functional categories. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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motifs (motifs 1, 2, and 9), motif 8, which is a representative zinc
finger motif, was conserved among BrMYB1R9, 59, 34, 157, 27, 124,
81, 39, 56, 45, and 174. By contrast, the TBP-like subfamily
possessed the highest number of MYB-related proteins (39) in
clades Cr7, Cr8, Cr9, Cr10, Cr11, and Cr12.

Among these clades, TBP-like MYB-related proteins from Cr8,
Cr9, and Cr12 exhibited inconsistent motif distribution patterns
and fewer conserved MYB-repeats. The inconsistent motif distri-
bution patterns among these proteins might be due to the high
variability in sequence length. Among all subfamilies, the I-box-
binding-like MYB-related proteins (Cr13) and some of the CPC-like
MYB proteins (Cr17) had the lowest protein lengths, and MYB-
repeats in these subfamilies were represented by motif 1 and 4.
Motif 47 was characteristic of the I-box-binding-like subfamily,
which explained the difference between these two groups. We
found only one ReR type MYB-related protein (BrMYB1R185) in
Chinese cabbage; the MYB repeats in this protein were represented
bymotif 1 and 2. In the CPC-like subfamily, the motif distribution in
Cr18, Cr19, Cr20, and Cr21 proteins varied greatly. In Cr20 and Cr21,
none of the Arabidopsis CPC-like MYB proteins formed clusters with
those of Chinese cabbage, a pattern that was also evident in some
other clades. We speculate that due to the triplicate (or more



Fig. 2. Schematic representation of motifs identified among 202 Chinese cabbage MYB-related proteins using MEME motif searching tool where (a) represents 50 motif distribution
among 125 Chinese cabbage MYB-related proteins (subgroup Cr1 to Cr21 including subfamily CCA1-like, TBP-like, I-box-binding-like, R-R-type and CPC-like) and (b) represents 20
motifs among 77 MYB-like proteins (subgroups Cr22 to Cr28). Motifs are indicated by different colors and motif number. The order of the motifs corresponds to the position of the
motifs in individual protein sequences.



Fig. 2. (continued).
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complex) genome organization of Chinese cabbage, many of these
MYB-related proteins have evolved diverse sequence characteris-
tics, likely allowing them to perform different functions.

We investigated 20 motifs among the 77 MYB-like proteins of
Cr22 to Cr28 (Fig. 2b and Table 1b). Most of the proteins contained
MYB domain motifs 1 and 2. In clades Cr22, Cr23, Cr24, Cr25, and
Cr28, the MYB domains are located in the middle or towards the C-
termini of these proteins. Aside frommotifs 1 and 2, all clades in the



Table 1a
Represents identified protein motifs with best matched sequences and motif length among 125 MYB-related proteins in B. rapa.

Motif no. Motif width Best possible match

1 14 WTEEEHDMFLEGVQ
2 30 VGTKTPTQIRSHAQKYFLRVQNNNRRKHRP
3 41 KHGPGKWRTILKDPEFSSVLYNRSNVDLKDKWRNISVMADW
4 29 TGDRWHNIAGRVPGRTAEEIERHWEMLVE
5 28 PPRPKRKPMHPYPQKAGKNAQMQLHVSM
6 41 YGTGRWRDIKKLAFENHDHRTYVDLKDKWRNLVHTAFIQPQ
7 42 DPYTSGHMQKLKEMDPINFETVLLLMRNLTVNLSNPDFEDHR
8 21 MTRRCSHCGHNGHNSRTCPTR
9 11 LYGRDWKKIAR
10 50 DRMILEAITNMKEPGGSDRTSIFLYIEENYHMPPNMKRLVSSRLKHLTAC
11 15 YKVRKPYTITKQRER
12 37 HPLARRRCIFEWFYSAIDYPWFAKMEFVDYLNHVGLG
13 50 TWLMIQMCTERQYPPADVAQVMDTAVTSLQPRCPQNMPIYREIQMCMGWI
14 41 RSVDMVEALFNMNKAYLSLPEGTASVAGLIAMMTDHYSVME
15 48 GLPTDLARPLAVGNRVIAIHPKTREIHDGKILTVDHNQCNVLFDDLGV
16 22 IMLFGVRVVFIPIRKCASMGNL
17 44 HEAAAAAAQAVAEAEFAMAEAEEAAKEAERAEAEAEAAQIYAKA
18 50 ICLNNLPIKALQETFKATFGRETTVKDKTWLKRRITMGLTNSCNVPTTNL
19 50 VSLGKRVTVTRVVSLGGSEIEVPYVSHVRRSRPRENIMALMECHSNCLEA
20 50 AQTRITPFSSTNQIKNPVTYKLVRVAGDGRLVPATDEEIFEVNETDMHNA
21 50 PRLTRLEWSVIKSSLGRPRRFSERFLQEEREKLKQYRESVRKHYTELRTG
22 48 MIRSHPRGSVFERRLRSQETKDYKRIIRQHLDIETIRKKLEEGYYDSS
23 15 MPDFAQVYNFIGSVF
24 29 QRRGEPVPQELLDRVLMAHGYWSQQQGKH
25 41 RTVMEAVSTILSGGIRIGVLVHGKKVRDDNKTLHQTGISLD
26 50 YNCDYCQKDITGKIRIKCAVCPDFDLCVECMYVGAEITPHKCDHAYRVMG
27 38 PWLEQLRSLRVAELRREVQRYDQSILSLQLKVKKLEEE
28 28 PGSFPVLYPAYFSPYYPFPFPVWPAGYV
29 50 QNAQMFNQVSTNFSAFQIHENVNILCKARDNILSILNDLNDMPEVMKQMP
30 50 PTIVRYAKIAMKMKDKTVRDVALRCRWMTKKENGKRRKEDHSSRKSKDKK
31 50 AAAAHAKIFADHEEREIQQLSANIIDHQLKKMELKLKFFAEIETIMMKEC
32 41 LSFYRDLKLLFTNAIVFFPTSSSEYMAAQQLRTLVSKQMKK
33 28 ELVMDIDCMPLNPLEYMPDGLRRQIDKC
34 49 HLCDNHCNHCSRPCPTVYFQCQKKEDVLLCSDCFHHAKFVAGHSCIDFV
35 21 GDGYASEDFVHGSSSNRERKR
36 36 NVNHHWLTEDFSSEERAAKRVRKPTRRYIEELSEND
37 29 NIMGSLKKHGSMDIPMQILLQVRELAEKQ
38 16 TAHQCRHKYEDLKRRF
39 28 STNPMMAQVAFLACIVGPTVAAACAWWA
40 50 NSQCCNETNMFNEDHVHHDSSLQQPIPFSSDVQNGCNVDQSNTVVPCSNA
41 50 MKAIGKKLDRYRNPWLEMKIQYGQNKGKLYNEECDRFMICMIHKVGYGNW
42 41 IYGMGNWAEVAEHVGTKTKQQCLDHYRNIYLDSPFFPLPDM
43 29 HVIPMHSDWFAWNDIHECERRVFPQFFCG
44 15 GFCPYKKCMMVIEAE
45 45 KLRVLRIYSKRLDERKRRKEFILERNLLYPNPFEKELSQEEKIQC
46 50 KYMDNPEKTLTISDCQGLVDGVDDEDFARVFRFLDHWGIINYCATSQCHP
47 15 DVNNIETGRYPLPNY
48 50 VGMSQMQKQYYKALLQKDLEVVNGGGERKRLLNIAMQLRKCCNHPYLFQG
49 50 RFSWRYIIIDEAHRIKNENSLLSKTMRIFNTNYRLLITGTPLQNNLHELW
50 50 YQLAGLNWLIRLYENGINGILADEMGLGKTLQTISLLAYLHEYRGINGPH
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MYB-like group contained characteristic motifs, consistent with
their assignments to different clades in the phylogenetic tree.

Evolutionary analysis revealed that whole genome of Chinese
cabbage underwent triplication events since its divergence from
Arabidopsis (Song et al., 2014), which indicate that close homologs
of Arabidopsis MYB genes are expected to be present in multiple
copies in the Chinese cabbage genome. In this study, we reported
475 MYB genes in Chinese cabbage, which is more than double in
number than the MYB genes in Arabidopsis (198; Yanhui et al.,
2006). We analyzed the duplication events among BrMYB1Rs,
finding that only 53 out of 202 BrMYB1R genes (26.24%) were
present in two or more copies (Supplementary Table 6). All of the
gene duplications took place as a result of segmental duplications.
Wang et al. (2015) also observed a high degree of segmental du-
plications in R2R3-BrMYBs (2R-MYB; 67.52%); these findings indi-
cate that higher numbers of R2R3-MYBs were retained in the
Chinese cabbage genome compared to BrMYB1Rs. Indeed, R2R3-
MYB genes play more important roles in plant growth and devel-
opment than MYB-related genes, perhaps because R2R3-BrMYBs
were duplicated and retained in the genome throughout evolu-
tion to establish new gene functions.
3.3. In silico functional analysis of MYB genes in Chinese cabbage

In the present study, we predicted the putative functional
classes of all identified BrMYBs based on secondary data from other
studies (Supplementary Fig. 1 and Fig. 1) (Wang et al., 2015; Xu
et al., 2015; Zhang et al., 2012; Dubos et al., 2010; Seo et al.,
2009; Cheng et al., 2009; Jung et al., 2008; Yanhui et al., 2006;
Abe et al., 2003). We annotated the Chinese cabbage R2R3-MYB
functional classes based on the phylogenetic classification of
Wang et al. (2015) (Supplementary Fig. 1). We identified 11 func-
tional classes, including those related to stress (C1, C14, C31, C36,
C38, C39, C40, C41, and C44; 77 genes), secondary cell wall devel-
opment (C4, C8, C26, C27, C32, C37; 25 genes), restrict stomatal cell
division (C4, C9; six genes), anther development (C13, C29, C30; 11
genes), stamen development (C18, C19, C42; seven genes), gluco-
synolate biosynthesis (C23, C44; 17 genes), trichome development
(C23, C24; seven genes), lateral meristem formation (C30; 12
genes), phenyl propanoid biosynthesis (C34, C35; four genes), cell
development (C42; five genes), and flavonoid biosynthesis (C45;
three genes). These results indicate that R2R3-MYB genes perform
diverse growth regulatory functions in Chinese cabbage. Moreover,
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few MYB-related genes have been reported to be involved in plant
developmental processes. Nevertheless, we investigated the func-
tional importance of different MYB-related genes reported to date.
We identified four functionally important classes of MYB-related
genes in Chinese cabbage, i.e., circadian clock associated (Cr3, Cr4,
and Cr14; 30 genes), telomere-binding proteins (Cr7, Cr9 and Cr10;
25 genes), evolution of floral asymmetry related (Cr13; nine genes),
and trichome and root hair formation related (Cr17; 10 genes)
(Fig. 1). To validate some of these functional categories, we carried
out expression analysis of selected BrMYBs, as discussed in the
following sections.

3.4. Expression analysis of BrMYB genes in response to abiotic
stresses

3.4.1. Microarray expression analysis of BrMYBs in response to cold
and freezing stress

We analyzed the abiotic stress-induced expression patterns of
BrMYB genes to identifyMYB genes with potential roles in the plant
stress responses. We examined the expression of the 475 BrMYBs
based on our previously published microarray data set, in which
two contrasting inbred lines of Chinese cabbage, Chiifu and Ken-
shin, were treated with cold and freezing stress (4 �C, 0 �C, �2 �C,
and �4 �C) for 2 h (Jung et al., 2014) (Fig. 3a and b and
Supplementary Fig. 2). Chiifu and Kenshin originated from con-
trasting geographic locations: Chiifu originated from temperate
regions and Kenshin from subtropical and tropical regions. Hence,
these lines are expected to respond differentially to cold and
freezing temperatures. Kenshin experiences severe damage upon
exposure to low temperature, while Chiifu does not (Dong et al.,
2014). We developed two different microarray expression heat
maps, including one based on 2R (R2R3), 3R, 4R, and 5R BrMYB
genes (Fig. 3a and Supplementary Fig. 2a) and the other based on all
Chinese cabbage MYB-related genes. We identified six expression
clusters for 2R, 3R, 4R, and 5R BrMYB genes showing differential
expression patterns in response to cold and freezing stress between
the two Chinese cabbage lines. The highest number of genes (68)
was included in cluster 5, where BrMYB genes showed variable
transcript abundance in response to cold and freezing in both Chiifu
and Kenshin. For example, BrMYB91, 217, and 241 were up-
regulated in both lines at different temperatures. In cluster 7, 67
genes were more highly up-regulated in response to cold or
freezing temperatures in Chiifu, while these genes were down-
Table 1b
Represents identified protein motifs with best matched sequences and motif l

Motif no. Motif width

1 30
2 21
3 50
4 41
5 50
6 27
7 34
8 50
9 15
10 21
11 41
12 21
13 29
14 28
15 41
16 29
17 21
18 21
19 21
20 8
regulated in Kenshin. We speculate that these genes might play
roles in cold and freezing tolerance in Chiifu. Conversely, 49 BrMYB
genes from cluster 2 were more highly up-regulated in response to
cold and freezing temperatures in Kenshin than in Chiifu. These
genes might be related to the susceptibility of Kenshin to cold or
freezing temperatures. Among Chinese cabbageMYB-related genes,
the expression patterns fell into five clusters (clusters r1-r5) (Fig. 3b
and Supplementary Fig. 2b) with similar expression patterns to
those of BrMYBs. In particular, cluster r3, r4, and r5 genes had dif-
ferential expression patterns, with 43 genes in cluster r3 up-
regulated in response to cold and freezing in Chiifu. The opposite
expression pattern was found in cluster r5, where Kenshin MYB-
related genes (46) were more highly induced by these treatments
than those of Chiifu. Finally, 44 MYB-related genes were highly
induced by these treatments in both Chiifu and Kenshin.

We performed qRT-PCR analysis of 15 R2R3-MYB and 12 MYB-
related BrMYBs from stress-related phylogenetic clades to validate
their probable roles in stress responses based on their differential
expression patterns in response to cold and freezing stress. We
found these genes to be up- or down-regulated several folds in
response to cold stress (Fig. 4aed). Among the 15 R2R3-MYBs,
BrMYB2, 13, 77, 81, 88, 121, 166, 169, and 217 in Chiifu were up-
regulated several fold in response to cold (Fig. 4a). Specifically,
BrMYB13, a close homolog of AtMYB15, was the most highly up-
regulated at 1 h and 4 h in response to cold stress. We compared
some of the cold-responsive gene expression patterns with those
reported by Wang et al. (2015), finding consistent patterns of
expression. For example, BrMYB2, 11, 88, and 186 showed similar
expression patterns in response to cold stress. However, BrMYB88
exhibited several fold less up-regulation in the current study than
observed by Wang et al., perhaps due to differences in plant vari-
eties or cold treatment methods between studies. Moreover, the
same R2R3-MYB genes in Kenshin, a cold susceptible line, were
down-regulated in response to cold stress in most cases, except for
BrMYB2 and BrMYB53, which were up-regulated in response to cold
stress (Fig. 4b).

We identified Chinese cabbage MYB-related genes that were
more highly induced by cold than were R2R3-BrMYB genes. For
example, BrMYB1R25, 44, 70, 77, 171, and 178 in Chiifu were up-
regulated in response to cold treatment (Fig. 4c). Among these,
BrMYB1R44 and BrMYB1R77 exhibited >70- and >200-fold up-
regulation respectively, the highest up-regulation among all
BrMYBs examined in this study. This finding suggests that there are
ength among 77 MYB-like proteins in B. rapa.

Best possible match

ATPKTIMKLMDVDGLTIYHVKSHLQKYRLH
PRMCWTPELHRRFVDAVNQLG
MQITEALRMQMEVQKRLHEQLEVQRHLQLRIEAQGKYLQMMIEKACKTFG
RCCEYIEALEEERRKIDVFKRELPLCMELVNQAIEYCKKEI
DIHPSNESIDAAIGDVITKPWLPLPLGLKPPAVDGVMTELHRQGISNVPP
RRPPQTIPNNGNSQQQHFVVVGGIWVP
RWEEELPSPEELIPLSQSLITPDLAMAFDIRPPN
YGNTTEQVLDHHNFHHQNIENHYTANNAADTNIYLGKKRPNPSFGNDVRK
MKSNWMKSVQLWNQP
YFNRGMCVPGDSGLVLTTDPK
TATDNLYGQSECSEQTTGECGPVLDQFLPIKDSSTSNEEEE
GWQEKKLTPIEHITSLDLKTG
NGDSASDRLFASSPVPAHFFHPDCFASSP
PPPPYAPAVPPIHHGHFRPLHVWGHPTW
CANDFAATNASSASYSLCFDASQDPQEICRRTYSNSNVTQL
QGFDAHDINTIHRPIRGIPLYQNRIFHHH
GMEFARTELSELASKVNPEYP
RKHLLAREAEAANWTRKRHIY
HHHGMIRARFMPKFPAKRSMR
VRPYVRSK



Fig. 3. Microarray expression represented as heat map and hierarchical clustering of MYB genes against different low temperatures such as control (C1&K1), 4 �c (C2&K2), 0 �c
(C3&K3), �2 �c (C4&K4) and �4 �c (C5&K5) in Chinese cabbage, (a) depicted as the partial expression map of Chinese cabbage 2R (R2R3), 3R (R1R2R3), 4R and 5R and (b) represented
as microarray expression of 1R (MYB-related) MYB genes. Here, ‘C’ and ‘K’ stand for ‘Chiifu’ and ‘Kenshin’ two inbred lines of Chinese cabbage, respectively. Expression clusters are
shown in the left and gene name against each expression has mentioned at right side. Color bars with values at the base represent differential expression in microarray. A complete
microarray heat map incorporating expressions of 475 Chinese cabbage MYB genes has been given in Supplementary Fig. 2.
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Fig. 4. Real-time quantitative PCR expression analysis of Chinese cabbageMYB genes in response to abiotic stresses. Expressions of selected R2R3-MYB andMYB-related gens against
cold stress in both the inbred lines Chiifu and Kenshin of Chinese cabbage are shown in figure (aed). And, expression of selected R2R3-MYB genes in response to (e) salt and (f)
drought stresses in Chinese cabbage Chiifu (0e48 h). The error bars represent the standard error of the means of three independent replicates.
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other MYB-encoding genes that may function in cold resistance
besides R2R3-MYBs. All of theseMYB-related genes showed relative
little or no change in expression in response to cold in Kenshin
(Fig. 4d). Thus, we speculate that the up-regulated R2R3-MYB and
MYB-related genes might be responsible for the cold resistance in
Chiifu, and in contrast, very low expression or inactivation of some
MYB genes from both these groups might have some connection
with the cold susceptibility of Chinese cabbage Kenshin.

To study the salt responsiveness of the genes, we selected 23
R2R3-MYB genes from different phylogenetic functional clades.
Most of these genes were regulated by salt treatment (Fig. 4e). In
particular, BrMYB222, a close homolog of AtMYB74, was highly



Fig. 5. Representing real-time quantitative PCR expression analysis of selected R2R3-MYB genes in response to (a) ABA (b) JA and (c) SA treatments in Chinese cabbage Chiifu
(0e48 h). The error bars represent the standard error of the means of three independent replicates.
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induced in response to salt stress (>200-fold compared to the
control). Recently, Xu et al. (2015) functionally validated AtMYB74,
finding that it responds to salt stress at the transcriptional level
(>8-fold induction). Moreover, BrMYB118 and BrMYB196, which are
close homologs of AtMYB2 and AtMYB102, respectively, exhibited
>80-fold up-regulation in response to salt stress. In the current
study, we found that BrMYB13, 88, and 166, which are close ho-
mologs of AtMYB15, were also strongly induced by salt treatment.

We also examined the expression of 17 R2R3-MYB genes in
response to drought stress at different time points (0, 1, 4, 12, 24,
and 48 h). Most of the genes were differentially expressed in
response to these treatments (Fig. 4f). The highest induction was
observed for BrMYB118 (>90-fold), a close homolog of AtMYB2,
which functions in drought stress in Arabidopsis (Abe et al., 2003).
In addition, BrMYB55, 168, and 224 were also markedly up-
regulated (approximately 20-fold) in response to drought stress.
Their Arabidopsis counterpart AtMYB3 (close homolog of BrMYB168
and 224) and AtMYB96 (homolog of BrMYB55) also function in the
drought response (Seo et al., 2009).
3.4.2. Expression analysis of BrMYB genes in response to exogenous
hormone treatment

We found that 24 R2R3-MYB genes were differentially expressed
in response to 100 mM ABA application. Specifically, BrMYB7, 10, 55,
81, 98, 118, 168, 169, 196, 222, and 224 were the most highly up-
regulated in response to ABA treatment (Fig. 5a). All genes were
the most highly up-regulated at 4 h of ABA treatment, with the
highest up-regulation observed for BrMYB196 (>275-fold). We also
compared the ABA responsiveness of these Chinese cabbage R2R3-
MYB genes with their close Arabidopsis homologs. For example,
BrMYB169 (homolog of AtMYB44), BrMYB55, 147, and 217 (homologs
of AtMYB96), and BrMYB118 (homolog of AtMYB2), like their Ara-
bidopsis counterparts, were differentially induced in response to
ABA treatment (Jung et al., 2008; Seo et al., 2009; Abe et al., 2003).
However, BrMYB13, 88 and 166were down-regulated in response to
ABA treatment, unlike their counterpart AtMYB15.

Most of the selected R2R3-MYB genes (22) were induced in
response to exogenous JA treatment. BrMYB81, 88, 98, 118, 163, 196,
200, 222, 224, and 237 were more strongly up-regulated than the



Fig. 6. Real-time quantitative PCR expression analysis of selected R2R3-MYB genes in Chinese cabbage after infection with (a) Fusarium oxysporum f.sp. conglutinans (0e12 d) and (b)
Pectobacterium caratovorum subsp. Caratovorum (0e7 d). The error bars represent the standard error of the means of three independent replicates.
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other genes (Fig. 5b). In particular, BrMYB237 showed gradually
increasing transcript levels (>40-fold). The Arabidopsis counterpart
of BrMYB237, namely AtMYB21, is induced highly in a JA-mediated
signaling pathway (Cheng et al., 2009). Salicylic acid (SA) treat-
ment also revealed their differential expression patterns of these 22
R2R3-MYB genes (Fig. 5c). In response to SA treatment 16 BrMYB
genes out of 22 were up-regulated. The highest induction was
shown by BrMYB118, whichwas up-regulated>110-fold in response
to SA treatment. Notably, BrMYB118 was also markedly induced in
response to JA, although to a somewhat lower degree (>25-fold). In
general, however, these 22 BrMYB genes were more induced highly
in response to JA treatment compared to SA treatment.

3.4.3. Expression analysis of BrMYB genes in response to biotic
stresses

The roles ofMYB genes in various environmental responses have
been extensively studied. However, to date, there are few reports
on the roles of MYB genes in biotic stress resistance. In this study,
we investigated the responses of selected BrMYB genes to biotic
stress treatment, i.e., infection with F. oxysporum f.sp. conglutinans
and P. caratovorum subsp. caratovorum, by qRT-PCR using the spe-
cific primers listed in Supplementary Table 2. First, we analyzed the
expression levels of BrMYB genes in response to F. oxysporum f.sp.
conglutinans, which specifically attacks Brassica species, causing
wilt and root rot diseases. Based on Dubos et al. (2010), we selected
and examined the responsiveness of candidate Chinese cabbage
R2R3-MYBs to fungal or bacterial elicitation. We investigated the
responses of three genes (BrMYB55, 147, and 217) from functional
class C36 (in the phylogenetic tree; Supplementary Fig. 1), which
are close counterparts of AtMYB96, to fungal infection. These genes
were down-regulated in response to Fusarium infection (compared
to mock treatment) at all-time points except 3 d, when they were
up-regulated in Fusarium-treated sample (2- to 6-fold). We also
selected two close homologs (BrMYB19 and 83) of AtMYB108 from
C14, finding that both genes were induced during the early period
(3 h and 6 h) of infection. Specifically, BrMYB19 was very highly



Fig. 7. RT-PCR expression of 15 R2R3-MYB genes in different tissues of Chinese cabbage. Data from lane 1 to 14 showing expressions in roots (R), stems (S), leaves (L), flower buds
(Fb), sepal (SP), petal (Pt), stamen (St), pistil (Pi) and six flower growth stages (young to mature buds are marked S1 to S6 at the top of the figure) of Chinese cabbage. Name of genes
are indicated on the left of the figure.
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induced (>120-fold) up to 6 h of infection and down-regulated
during the remaining time points. Conversely, BrMYB83 was
down-regulated up to 6 d after Fusarium infection. We also inves-
tigated the responses of genes in functional class C44 (14 Chinese
cabbage R2R3-MYB genes related to glucosynolate biosynthesis and
stress responses). Among these genes, BrMYB40, 58, and 185 were
significantly up-regulated after Fusarium infection (Fig. 6a). More-
over, investigated the biotic stress responses of BrMYB118 and 222,
which we selected from a set of candidate genes with potential
responses to abiotic and hormone treatment. These genes were
highly up-regulated in response to Fusarium treatment. For
example, BrMYB118 was up-regulated >50-, >10-, and >7-fold at
6 h, 3 d, and 6 d of treatment, respectively. BrMYB222 was up-
regulated by Fusarium infection, but only at 3 d (>25-fold).

We found five (05) differentially up-regulated BrMYBs
(BrMYB55, 118, 147, 217 and 222) against Fusarium treatment, which
also found to be induced against JA and SA treatments. Specifically,
BrMYB55, 147 and 217 showed similar patterns of up-regulation (2
to 4- folds) against exogenous JA and SA treatments. And, expres-
sions patterns of BrMYB118 greatly varied, where it showed >30
efolds and >120 efolds up-regulation against JA and SA treat-
ments, respectively. Expression patterns of these four genes
(BrMYB55, 118, 147 and 217) indicated that they might follow both
JA and SA dependent pathway for their responsiveness against
Fusarium infection. On the other hand, BrMYB222 showed up-
regulation (>13 -folds) against JA, while it has been down-
regulated after SA treatment. This gene might follow only JA
mediated pathway to respond against fungal infection.

We also analyzed the expression profiles of BrMYB genes after
infection with P. caratovorum subsp. caratovorum, a notorious
pathogen affecting Brassica that causes soft rot disease. To identify
BrMYB genes that may be involved in Pectobacterium resistance, we
selected 14 genes from C44. Among these, only BrMYB232 showed
significantly higher expression after Pectobacterium infection
(Fig. 6b). BrMYB232 was steadily up-regulated from 0 h to 24 h and
was then down-regulated at 3 d, which has been up-regulated (5-
fold) finally at 7 d. By contrast, expression of this gene at different
points in non-infected plants remained near control (0 h) levels.
3.4.4. Expression analysis of BrMYB genes related to anther and
stamen development

To further validate the expression of various genes in different
phylogenetic functional classes, we selected anther-specific (C3,
C13, C29, C30; eight genes) and stamen-specific classes (C18, C19,
C42; seven genes). We performed RT-PCR analysis using specific
primers with the same amount of cDNA template prepared from
the mRNA of various tissues of healthy, unstressed Chinese cabbage
plants. We observed expressions of eight anther-related genes
(BrMYB75, 113, 123, 129, 157, 164, 236, and 238) and seven stamen-
related genes (BrMYB82, 105, 135, 159, 173, 230, and 237; Fig. 7).
Among these, 14 genes (all except BrMYB238) were predominantly
expressed in flower buds of B. rapa, whereas 13 were expressed
(except BrMYB237) in stamens. These results suggest that these
genes play specific roles in stamens or anthers. However, one gene
each from the stamen- and anther-specific clades, i.e., BrMYB237
and 238, were not expressed in male reproductive tissues. Besides
stamens, these 15 genes were also expressed in other floral organ
tissues, with variable transcript abundance. We further investi-
gated the expression patterns of these 15 BrMYB genes in flower
buds at six developmental stages (from very young tomature buds;
Fig. 7). We observed three patterns of gene expression: some genes
gradually increased in transcript abundance from the young to
mature stage, whereas the reverse scenario was observed in the
second group of genes, and the third group exhibited ubiquitous
expression throughout development. For instance, BrMYB105, 113,
129, 135, 157, 173, 230, and 237were expressed at very low levels in
very young flower buds and their expression gradually increased
until the mature stage. BrMYB82, 159, and 236were expressed at all
stages, with gradual decreasing expression until the mature stage.
A qPCR validation of these 15 BrMYB genes in six flower growth
stages also supports the above expression patterns (Supplementary
Fig. 3). We speculate that these stamen- or anther-related BrMYB
genes may have stage-specific regulatory roles in Chinese cabbage
flower development.
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4. Discussion

MYB transcription factors (TFs) are important regulators of gene
expression that control many physiological and biochemical pro-
cesses by modulating the rate of transcription initiation of target
genes. The MYB gene family is the most abundant transcription
factor family in plants, with at least 183 and 198 members in rice
and Arabidopsis, respectively (Katiyar et al., 2012). The availability
of the fully sequenced genome of Chinese cabbage enabled us to
identify and characterize MYB family genes in this important
vegetable crop. The triplicated genome of Chinese cabbage
compared with Arabidopsis makes the study of a functionally
important gene family in this diverse plant species especially
informative from an evolutionary perspective. To date, the only
previous study of the MYB gene family of Chinese cabbage was
conducted by Wang et al. (2015), who identified 464 BrMYBs and
focused mainly on the characterization of R2R3-MYB genes in
Chinese cabbage. We performed the current study to more fully
characterize this large, functionally diverse gene family in Chinese
cabbage. We identified 475 BrMYB genes, which represents the
highest number among the different crops reported to date (Katiyar
et al., 2012; Hou et al., 2014; Li and Lu, 2014; Matus et al., 2008;
Wilkins et al., 2009; Stracke et al., 2014; Du et al., 2012a; Du et al.
2012b). All the well-known groups of plant MYB genes were
consistent (1R, 2R, 3R, 4R, and 5R) in the Chinese cabbage genome
(Supplementary Fig. 1 and Fig. 1). We annotated some of the
functionally important BrMYBs from R2R3-MYB and MYB-related
phylogenetic clades.

4.1. MYB genes are involved in multiple stress resistance in Chinese
cabbage

We identified nine stress-related functional clades of R2R3-MYB
genes (C1, C14, C31, C36, C38, C39, C40, C41, and C44) out of 44
clades. We elucidated the expression profiles of all 475 BrMYB
genes in response to cold and freezing treatment based on our
previously published microarray data set, in which two contrasting
inbred lines of Chinese cabbage, Chiifu and Kenshin, were treated
with cold and freezing stresses (22, 4, 0, �2 and �4 �C) (Fig. 3a and
b and Supplementary Fig. 2). To validate stress-related BrMYB genes
identified from phylogenetic clades and from our microarray data
set, we examined the expression profiles of selected genes from
different clades in response to different abiotic, biotic, and hormone
stresses. For instance, we found some important BrMYB genes both
from the R2R3-MYB and MYB-related subclasses that were consti-
tutively expressed in response to cold and freezing stress
(Fig. 4aed). Based on qPCR validation, we found that two MYB-
related genes (BrMYB1R44 and BrMYB1R77) were the most highly
up-regulated in response to cold stress among all BrMYB genes
examined. These twoMYB-related (1R) genes are from the CCA1-like
(Circadian clock associated) subfamily and are close homologs of
Arabidopsis CIRCADIAN 1 (CIR1). In addition to the circadian role,
CIR1 is also involved in cold tolerance in Arabidopsis (Guan et al.,
2013). Some R2R3-MYB genes, such as BrMYB13, BrMYB88, and
BrMYB166, were up-regulated in response to cold treatment in
Chinese cabbage Chiifu. We speculate that these genes, which are
close homologs of AtMYB15, might act as a part of complex network
of transcription factors controlling the expression of C-REPEAT
BINDING FACTORS (CBFs) and other genes in response to cold stress.
Interestingly, most of these BrMYB genes were down-regulated in
Kenshin or were slightly up-regulated in few cases. Thus, highly up-
regulated R2R3-BrMYB and BrMYB-related genes might play sig-
nificant roles in the cold resistance in Chiifu, and their inactivity or
very low activity in response to cold treatment might be related to
the cold susceptibility of Chinese cabbage Kenshin.
We identified some candidate R2R3-BrMYB genes that might be
involved in the response to salt and drought stress. In most cases,
their expression patterns in response to salt and drought stress
were similar to those of their Arabidopsis counterparts. For instance,
BrMYB222was >200-fold up-regulated in response to 200 mM salt
treatment in Chinese cabbage Chiifu. Its close homolog AtMYB74 is
involved in salt resistance, where it is transcriptionally regulated by
RNA-directed DNAmethylation (RdDM) in response to salt stress in
Arabidopsis (Xu et al., 2015). In the current study, the highest
number of up-regulated R2R3-BrMYB genes (BrMYB7, 71, 98, and
222) in response to salt were from clade 39 (C39), which corre-
sponds to Arabidopsis subgroup S11 in the phylogenetic tree (Fig. 4e
and Supplementary Fig. 1). Most of Arabidopsis counterparts from
this group (AtMYB41, 74, and 102) function in the response to os-
motic stress (Lippold et al., 2009; Denekamp and Smeekens, 2003).
From C1, we identified salt- and drought-responsive BrMYB169
(>10- and >5- fold up-regulation, respectively), a close homolog of
AtMYB44 (Fig. 4f). Jung et al. (2008) compared salt and drought
stress responses in both AtMYB44-overexpressing and knock-out
Arabidopsis plants, finding that these plants exhibited a reduced
rate of water loss and enhanced tolerance to drought and salt stress
compared to wild-type plants. Moreover, we found that BMYB118, a
homolog of AtMYB2 in Chinese cabbage, was highly induced by
drought stress. Indeed, AtMYB2-overexpressing transgenic Arabi-
dopsis plants exhibit increased resistance to osmotic stress (Abe
et al., 2003). MYB96, an R2R3-MYB in Arabidopsis, regulates the
drought stress response by integrating ABA and auxin signaling
(Seo et al., 2009). We also observed drought-induced expression of
BrMYB55 in Chiifu, a close homolog of AtMYB96.

MYB TFs play roles in an ABA-mediated signaling pathway that
confers abiotic stress tolerance (Jung et al., 2008). We found that
most R2R3-MYB genes examined were highly induced during the
early period (4 h) of ABA treatment (Fig. 5a). The strongest induc-
tion in response to ABAwas exhibited by BrMYB196. This gene has a
close evolutionary relationship with AtMYB102, which is also highly
induced by ABA (Denekamp and Smeekens, 2003) as well as
dehydration and osmotic stress, salinity treatment, and wounding.
The combined effect of these two stresses on AtMYB102 expression
is higher than that of any single stress. For example, osmotic stress
in combination with wounding triggers the highest response in
AtMYB102 (Denekamp and Smeekens, 2003). Thus, this gene has
been proposed to integrate signals from different signal trans-
duction pathways. In our study, we observed very high transcript
abundance of BrMYB196 in response to ABA (>275-fold) and
salinity (>80-fold), suggesting that this close homolog of AtMYB102
also plays roles in multiple stress signal transduction pathways.
Moreover, AtMYB74, the closest homolog of AtMYB102, is expected
to exhibit similar expression patterns. In the current study, we
analyzed the expression of BrMYB222 (close homolog of AtMYB74)
in response to different abiotic stress and hormone treatments,
finding similar expression patterns to those of BrMYB196, especially
in response to salt, ABA, and JA treatment. Finally, BrMYB118 was
induced highly by ABA, JA, and SA (>50-, >25- and >120-fold,
respectively (Fig. 5aec).

We also found that the BrMYBs that are close counterparts of
different disease-responsive AtMYBs were induced to various de-
grees in response to fungal and bacterial infection (Fig. 6a and b).
AtMYB96 is intimately involved in disease resistance responses (Seo
and Park, 2010). In the current study, three close homologs of
AtMYB96 in Chinese cabbage, BrMYB55, 147, and 217, were induced
by fungal infection at 3 d and 6 d (Fig. 6a), and two counterparts of
AtMYB108 (BOS1; BOTRYTIS SUSCEPTIBLE 1) in Chinese cabbage,
BrMYB19 and 83, were induced by the necrotrophic fungus Fusa-
rium at the early period of infection and down-regulated at later
stages. BOS1 in Arabidopsis mediates signals from both biotic and
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abiotic stress agents, possibly through reactive oxygen species in-
termediates (Mengiste et al., 2003). Pathogenesis-related (PR) genes
are also stimulated by abiotic stresses (Seo et al., 2008). In the
current study, BrMYB118 and 222were highly responsive to various
abiotic and hormone treatments. We tested the pathogen re-
sponses of these two genes, finding that they were significantly
induced by fungal infection. AtMYB51, a glucosynolate biosynthesis
gene, is responsive to pathogenic stimulus (Libault et al., 2007).
BrMYB232, a close homolog of AtMYB51, showed constitutive
expression in response to bacterial infection in the current study.

4.2. MYB genes involved in male reproductive organ development
in Chinese cabbage

A group of MYB genes are important factors in the development
of male gametophytes and filaments in flowering plants (Liang
et al., 2013; Millar and Gubler, 2005). For instance, R2R3-MYB TFs
such as MYB21 and MYB24 regulate male fertility in Arabidopsis
(Song et al., 2011). We identified some male organ-related R2R3-
MYB genes that were constitutively expressed in stamens of Chi-
nese cabbage. For example, BrMYB82, 135 and 159, which are close
homologs of Arabidopsis MYB57 and MYB24/MYB21, respectively,
exhibited stamen-specific expression in Chinese cabbage flowers.
Interestingly, BrMYB237, a close homolog of AtMYB21, was not
expressed in stamens of Chinese cabbage. However, their Arabi-
dopsis counterparts play roles in the development of stamen fila-
ments in a GA- and JA-dependent manner (Cheng et al., 2009). We
identified some BrMYB gene clades (C3, C13, C29, and C30) showing
constitutive expression in male reproductive parts of Chinese
cabbage. Specifically, BrMYB75, 113, 123, 129, 157, 164, and 236were
expressed in the stamens of Chinese cabbage flowers. The Arabi-
dopsis counterparts of these genes, from clades S4, S14, and S18
(AtMYB33, 35, 65, 80, 81, 97, 101, 104, and 120), are constitutively
expressed in the anthers of Arabidopsis flowers. For example,
MYB97, 101, and 120 are expressed in mature pollen grains and
pollen tubes in Arabidopsis. These three genes play major roles in
pollen tube reception (Liang et al., 2013). We speculate that their
close Chinese cabbage homologs (BrMYB75, 113, 123, and 238)
might play important roles in the growth and development of
Chinese cabbage anthers. MYB33 and 65 function redundantly in
the development of fertile anthers in Arabidopsis. Homozygous
myb33 myb65 mutant lines are shorter than wild type and fail to
produce functional pollen, indicating that they are male sterile
(Millar and Gubler, 2005). BrMYB129 and BrMYB164, which are
close counterparts of AtMYB65 and AtMYB33, respectively, might be
responsible for producing functional pollen in Chinese cabbage
flower. Thus, these genes represent good candidates for developing
male sterility in Chinese cabbage. Finally, we observed the stage-
specific expression patterns of these male organ-related genes at
six developmental stages (young to mature buds) to understand
their roles in Chinese cabbage flowers. These genes were consti-
tutively expressed, which also indicate that these genes are
involved in Chinese cabbage flower development.

5. Conclusion

In conclusion, the contrasting expression of BrMYB genes (both
R2R3-MYB and MYB-related) in response to cold and freezing
treatment indicate their likely involvement in the differential cold
and freezing resistance of two inbred lines of Chinese cabbage,
Chiifu and Kenshin. BrMYB genes (BrMYB2, 13, 77, 88, 166, 169 and
BrMYB1R25, 44, 70, 77) with higher transcript abundance in
response to cold in Chinese cabbage Chiifu might be closely related
to the cold resistance of this line. Conversely, the very low tran-
script abundance or inactivity of these genes in response to cold
stress in Kenshin might be responsible for the cold susceptibility of
this line. Intriguingly, we identifiedMYB-related genes (BrMYB1R44
and 77) withmuch higher induction in response to cold than that of
R2R3-MYBs in Chiifu. We also identified a set of R2R3-MYBs
(BrMYB55, 81, 88, 118, 168, 169, 196, 222, 224, and 237) that exhibi-
ted corresponding expression patterns in response to salt, drought,
ABA, SA, and JA treatment. Finally, BrMYB19, 55, 83, 118, 217, and 222
were induced in response to F. oxysporum f.sp. conglutinans, and
BrMYB232 was strongly induced in response to P.carotovoram
subsp. caratovorum. Our results will be useful for selecting candi-
date BrMYBs for the development of Chinese cabbage with multiple
stress resistance. Additionally, some male organ-related genes,
such as BrMYB75, 113, 123, 129, 135, 159, 164, 237 and 138, which
were constitutively expressed in male organs, might represent an
important starting point for studying male sterility in Chinese
cabbage.
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