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Abstract

The Brassicaceae family includes Arabidopsis thaliana, various vegetables and oil crops. The R2R3-MYB genes of the S6
subfamily are crucial for regulating anthocyanin biosynthesis, however, their systematic identification in Brassicaceae
plants is still incomplete. Here, we systematically identified homologous genes of R2R3-MYB transcription factors
from the S6 subfamily across 31 Brassicaceae species. A total of 92 homologous genes were identified, with species
representation ranging from 0 to 10 genes per species. Phylogenetic analysis classified these homologous genes
into six distinct groups. Notably, approximately 70% of the homologous genes were found within the G6 group,
indicating a high degree of evolutionary conservation. Furthermore, a phylogenetic analysis was conducted on 35
homologous genes obtained from six species within the Us triangle Brassica plants. The findings provided evidence
of significant conservation among orthologous genes across species and demonstrated strong collinearity on sub-
genomic chromosomes, with notable tandem duplications observed on chromosomes A7 and C6. Subsequently, we
predicted the cis-acting elements of these 35 homologous genes, and analyzed their structures, conserved motifs,
and characteristic conserved domains, confirming the significant similarities between orthologous genes. Addition-
ally, we employed white and purple flower rapeseed specimens to conduct gRT-PCR validation of the key genes

and transcriptional regulators associated with the anthocyanin synthesis pathway. The results revealed significant
differential expression of BnaPAP2.A7.b in purple flowers, alongside the differential expression of BnaPAP2.C6.d. Ulti-
mately, based on previous research and the findings of this study, we propose a transcriptional regulatory framework
to govern anthocyanin accumulation in distinct tissues or organs of B. napus. Our findings offer a novel perspec-

tive on the functional diversification of R2R3-MYB transcription factors within the S6 subfamily homologous genes,
while also shedding light on the regulatory network governing anthocyanin biosynthesis in Brassicaceae species.
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Introduction

The Brassicaceae family, formerly known as Crucifer-
ous, includes a variety of plants that hold significant
importance in agriculture and research [1]. This family
encompasses widely cultivated oil crops such as rapeseed
(Brassica napus) and mustards (B. juncea), as well as veg-
etable species like cabbage (B. oleracea), Chinese cabbage
(B. rapa), radish (Raphanus sativus), cut-flower stock
(Matthiola incana), and model plants such as Arabi-
dopsis thaliana [1]. It is estimated that Brassica crops
and A. thaliana diverged approximately 12—-20 million
years ago [1], followed by a genome-wide tripling event
in Brassica species that occurred around 5 to 15 million
years ago [2]. Brassica crops are highly valued both as
vegetables and as sources of oil, leading to their wide-
spread cultivation globally and attracting the attention of
researchers worldwide. Through a prolonged evolution-
ary process, Brassica crops have given rise to three dis-
tinct diploid species: B. rapa (AA, 2n=10), B. oleracea
(CC, 2n=18), and B. nigra (BB, 2n=16). Additionally,
three allotetraploid species, B. napus (AACC, 2n=38), B.
juncea (AABB, 2n=36), and B. carinata (BBCC, 2n=34)
have naturally emerged from the hybridization of the
three diploid parents in pairs. To date, the genomes of six
Brassica crops have been sequenced, providing an ideal
model and rich information for investigating the evolu-
tion of gene functions within this group [3-8].

MYB transcription factors are widely distributed in
plants, playing crucial roles in regulating plant develop-
ment, metabolism, and responses to biotic and abiotic
stresses [9-15]. In plants, MYB transcription factors
can be categorized into four groups based on the num-
ber of adjacent repeat sequences: 1IR-MYB (R1/2-MYB,
R3-MYB), R2R3-MYB, 3R-MYB (R1R2R3-MYB), and
4R-MYB (R1R2R3R4-MYB) [9-11]. Among these catego-
ries, R2R3-MYB has experienced significant expansion
in plant lineages, making it the largest MYB gene family
[9, 16]. The R2R3-MYB protein sequence can be divided
into 25 [9], 24 [10], 27 [17], 28 [12, 18], or 79 [16] sub-
groups based on the conservation of amino acid motifs
in the DNA binding domain and C-terminal domain. The
four R2R3-MYB genes, namely MYB75 (PAPI), MYB90
(PAP2), MYB113, and MYB114, found in A. thaliana are
universally acknowledged as members of the S6 subfam-
ily due to their possession of distinctive KPRPR[S/T]
F domain [9, 10, 12, 16, 18]. Then, recent research find-
ings indicate that a total of 96 genes belonging to the
S6 subfamily of R2R3-MYB transcription factors have
been identified across various plant species. These
genes primarily participate in plant metabolic pathways,
including phenylpropanoid metabolism, flavonoid bio-
synthesis, and anthocyanin biosynthesis [16]. In addition,
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the changes in expression patterns caused by the varia-
tion of cis-acting elements in the promoter region of
these genes are also worthy of our in-depth exploration.

Anthocyanins, ubiquitous natural pigments, impart
red, purple, and blue hues to plant tissues or organs. In
plants, the accumulation of anthocyanins plays a piv-
otal role in bolstering resistance against biotic and abi-
otic stresses [19]. Anthocyanins, ubiquitous natural
pigments, impart red, purple, and blue hues to plant
tissues or organs. In plants, the accumulation of antho-
cyanins assumes a pivotal role in bolstering resistance
against biotic and abiotic stresses [20]. The anthocyanin
biosynthetic pathway and its transcriptional regulation
have been extensively documented in A. thaliana. This
includes the phenylpropanoid synthesis pathway, the fla-
vonoid synthesis pathway, and the anthocyanin synthesis
pathway. The catalytic enzymes involved in these meta-
bolic pathways are primarily regulated by the R2R3-MYB
transcription factor [17, 21-23]. Notably, the biosynthe-
sis of anthocyanins is predominantly controlled by the
MBW transcriptional regulatory complex, which consists
of PAP1/PAP2/MYB113/MYB114 (S6 subfamily of R2R3-
MYB genes) and bHLH transcription factors (778, GL3
and EGL3) and WD40 protein (TTG1) [17, 21-24]. The
initial discovery of the anthocyanin2 (an2) gene within
the first S6 subfamily of R2R3-MYB genes in Petunia
hybrida highlighted its crucial role in regulating the
anthocyanin biosynthetic pathway and determining color
variations [25]. Subsequently, numerous other members
of the S6 subfamily of R2R3-MYB genes have been identi-
fied and implicated in the regulation of plant anthocyanin
biosynthesis [16]. However, a comprehensive investiga-
tion and analysis of the S6 subfamily of R2R3-MYB genes
in Brassicaceae species, excluding A. thaliana, has yet to
be reported. In Brassica plants, the genome has experi-
enced significant variation in copy number and poten-
tial differentiation of functions due to polyploidization
and hybridization. This process contributes to a marked
increase in the number of S6 subfamily copies of R2R3-
MYB genes, and the functional redundancy that arises
during evolution may result in functional differentiation
among these copies. Nonetheless, there is a lack of sys-
tematic identification and research on this matter.

In this study, we conducted a systematic identification
and developmental analysis of the S6 subfamily of R2R3-
MYB genes in Brassicaceae species, utilizing data from31
published reference genomes. We subsequently, focused
on six Brassica species to analyze the evolution, synteny,
conserved domains, and cis-acting elements of the R2R3-
MYB gene S6 subfamily. Our findings revealed significant
tandem duplications on certain chromosomes. Addition-
ally, we employed transcriptome sequencing data from
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Brassica crop leaves to perform an expression pattern
analysis, which indicated that the functions of different
gene copies may have undergone substantial changes.
Furthermore, we utilized transcriptome sequencing data
from various tissues and petals exhibiting diverse flower
colors in B. napus to examine the expression patterns of
ten S6 subfamily R2R3-MYB genes. Our results indicate
that BnaPAP1.A07.b and BnaPAP1.C06.d are significantly
up-regulated in tissues associated with anthocyanin
synthesis and accumulation. Overall, our study system-
atically identified members of the R2R3-MYB gene S6
subfamily in Brassicaceae species and analyzed expres-
sion patterns in Brassica crops providing new insights
into the anthocyanin transcriptional regulatory network
in Brassica plants.

Materials and methods

Systematic identification of R2R3-MYB transcription factors
of S6 subfamily in Brassicaceae plants

In this study, all sequences of 31 Brassicaceae species
were downloaded from the TBGR database (http://www.
tbgr.org.cn/). The nucleic acid sequence and protein
sequence of PAPI, PAP2, MYB113 and MYBI114 from A.
thaliana were used as seed sequences for BLASTN and
BLASTP (coverage =60%, identity = 60%, e-value =1.00E-
20) comparison among 31 species of Brassicaceae, includ-
ing six Brassica species (Supplementary Table 1), and
homologous genes were screened. The protein sequence
of homologous gene from 31 species of Brassicaceae was
extracted and submitted to BatchCDD (https://www.
ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) analyses
conservative structure domain, determine the members
of the family of genes in combination with the results of
the BLASTP. For detailed identification methods, please
refer to Chen et al. [26] and Pucker [27].

Construction of a phylogenetic tree for 92 R2R3-MYB
transcription factors of S6 subfamily homologous genes
To construct a phylogenetic tree of 92 R2R3-MYB tran-
scription factors of S6 subfamily homologous genes, we
utilized the CERI (AT1G02205.1) of A. thaliana as the
outgroup. For the construction of the phylogenetic tree,
we employed IQ-TREE2 software (v1.6.12) [28], with the
-m parameter selecting MFP to automatically determined
the optimal model and generate the tree. To validate the
findings of the IQ-TREE2 phylogenetic tree, we employed
the RAXML-NG software (v1.1) [29] for constructing
a phylogenetic tree. The LG model was chosen for tree
construction, with the —bs-trees parameter set to 1000
and the -all parameters selected to facilitate multiple
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search aimed at identifying the optimal tree topology and
model parameters. Subsequently, the phylogenetic tree
was visualized using the iTOL online website (https://
itol.embl.de/, v6.8) [30].

Synteny analysis of 35 R2R3-MYB transcription factors

of S6 subfamily homologous genes in six Brassica crops

In order to analyze the collinear relationship of 35 R2R3-
MYB transcription factors of S6 subfamily homolo-
gous genes in six species of Brassica, the collinearity of
intraspecific and interspecific genes was determined
using the BLASTP (E-value: 1e-20, max_target_seqs:10)
and SynOrthos (v1.0, http://brassicadb.cn/#/Download/).
Then, the collinearity diagram of 35 homologous genes
on each chromosome was drawn by TBtools-II (v2.096)
software [31].

Cis-acting elements, gene structure, conserved motif,

and conservative domain analysis

Based on the reference genome annotation information
of six Brassica species, all 35 R2R3-MYB transcription
factors of S6 subfamily homologous genes in six Bras-
sica crops upstream of the start codon 2 Kb genome
sequences were extracted and used for the prediction of
cis-acting elements in the promoter region. PlantCARE
website  (http://bioinformatics.psb.ugent.be/webtools/
plantcare/html/) was used to predict the cis-acting ele-
ments. Then, all predicted cis-acting elements were clas-
sified and analyzed. The MEME online tool (https://
meme-suite.org/meme/) was used to investigate con-
served domains 35 R2R3-MYB transcription factors of
S6 subfamily homologous proteins in six Brassica crops.
Then, the identified 35 R2R3-MYB transcription factors
of S6 subfamily homologous protein sequences were
extracted and submitted to CDD online website (https://
www.ncbi.nlm.nih.gov/cdd/) to obtain conserved domain
information, and the parameters were default param-
eters. Phylogenetic trees, motifs and cis-acting elements
were mapped by TBtools-II (v2.096) software [31] using
phylogenetic files (from RAxXxML-NG), cis-acting ele-
ments prediction files (from PlantCARE), gene structure
(from gff3 files of genome annotation), conserved motifs
(from MEME), and conversed domain (from CDD).

Analysis of the expression pattern of R2R3-MYB
transcription factors of S6 subfamily homologous genes

in Brassica crops

To further investigate the expression patterns of R2R3-
MYB transcription factors of S6 subfamily homologous
genes in various plants and tissues of Brassica crops, purple
and green leaf transcriptome data of B. rapa, B. oleracea, B.
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juncea and B. napus, and transcriptome data from B. napus
leaves stems (ZS11, green; ZG-1, purple), flower petals
(CQY311, orange-red; ZS11, yellow, ZH-13, purple; BH-27,
white; CQY40, beige; CQY439, apricot), siliques (ZS11,
green; ZG-1, purple), and seed coat (No2127, yellow; ZS11,
black) were collected and analyzed. All RNA-seq data were
obtained from the NCBI (additional Center for Biotechnol-
ogy Information (NCBI) at https://www.ncbi.nlm.nih.gov/
through the following biological projects PRINA554517
for leaves, PRJAN855492 and PRJNA1054216 for stems
and flower petals, PRJNA734925 for siliques, and
PRJNA597958 for seeds. The original transcriptome data
were initially examined and statistically analyzed using
FastQC software. Following this, the transcriptome data
were aligned and compared with Hisat2 software, allowing
for the selection of uniquely aligned reads for further analy-
sis. Subsequently, htseq-count and StringTie software were
employed to perform count statistics and calculate FPKM
values for expression quantities. Finally, DESeq2 was uti-
lized for differential expression analysis. For transcriptome
sequencing data analysis methods, please refer to Chen
et al. [26]. The expression histogram was generated using
Excel, while the heat map was generated using TBtools-II
(v2.096) software [31].

Plant materials, RNA extraction, and gRT-PCR analysis

The purple (purple flower inbred lines, ZH-13) and white
(white flower inbred lines, BH-27) B. napus flower buds
waiting to open with three biological replicates were col-
lected, all samples were collected and immediately frozen
in liquid nitrogen for RNA extraction and qRT-PCR analy-
sis.Eastep® Super Total RNA Extraction Kit of Promega
(Beijing) Biotech Co., Ltd was used to extract total RNA,
and HiScript III 1st Strand cDNA Synthesis Kit (+gDNA
wiper) of Nanjing Vazyme Biotech Co., Ltd was used to
reverse transcription synthesis of cDNA. QRT-PCR was
performed using SYBR qPCR Master Mix from Nanjing
Vazyme Biotech Co., Ltd. The reaction system was 20.0
pL: SYBR qPCR Master Mix 10.0 pL, the primers: posi-
tive and negative primers 0.5 pL, cDNA template 4.0 pL,
ddH,0O 5.0 puL. Amplification procedure: predenaturation
at 95°C for 30 s; 40 cycles were performed at 95C for 10's,
60C for 30 s; 95°C 155, 60°C 60 s, 95°C 15 s, melting curve.
Each sample contains three technical replicates. The rela-
tive expression level was calculated by 2724 method, the
difference multiple was calculated according to the relative
expression level, and finally the average value was obtained,
which was visualized by Prism9 (v9.5.1) software. The
primer information for qRT-PCR analysis were listed in
Supplementary Table 6. For detailed methods, please refer
to Chen et al. [32]. All materials of this research were culti-
vated in a basic greenhouse at Gannan Normal University
(N25°47°, E114°52).
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Table 1 Genome version information and R2R3-MYB
transcription factors of 56 subfamily homologous genes in 31

Brassicaceae species

Species Version BLAST CDD Result
Arabidopsis_thaliana Tair10

Arabidopsis_halleri Ahalleri-v2.2

Arabidopsis_lyrata Lyrate-v2.1

Arabis_alpina Gray-v4.0

Aethionema_arabicum
Barbarea_vulgaris
Boechera_retrofracta
Boechera_stricta
Brassica_carinata
Brassica juncea
Brassica_napus
Brassica_nigra
Brassica_oleracea
Brassica_rapa
Camelina_sativa
Capsella_grandiflora
Capsella_rubella
Cardamine_hirsuta
Eutrema_salsugineum
Isatis_indigotica

Leavenworthia_alabamica

Lepidium_meyenii
Matthiola_incana
Microthlaspi_erraticum

Orychophragmus_violaceus

Aarabicum-v1.0
Bittercress-v1.0
Holboell-v1.0
Drummond-v1.2
Zd-1-v1.0

SCyz
Darmor-v10.0
Ni100_LR-v2.0
JZ5-v2.0
Chiifu-v3.5
Camelina-v2.0
Cgrandiflora.v1.0
Red_shepherd-v1.1
Hairy-v1.0
173-v1.0
Woad-v1.0
Alabama-v1.0
Peruvian-v1.0
M.ncana-v1.0
M.erraticum-v1.0
O.violaceus-v1.0

— = N DN = W NDWN = NN, W=, NN WD, W= N0 WO s, N D
— A A = W N W N = NN = W= NI WD wWOoOLWO W N W WO — M N BN
- = N DN =W NWN =, NN, W= N Ww 20NN W WO, NN D

Raphanus_sativus Radish-v1.0

Schrenkiella_parvula Saltwater-v1.0

Sinapis_alba S.alba-v1.0

Sinapis_arvensis S.arvensis-v1.0

Sisymbrium_irio London-v1.0

Thlaspi_arvense Field-v1.1 1

Total 31 92 89 92
Results

Systematic identification and phylogenetic analysis
of R2R3-MYB transcription factors of S6 subfamily

in Brassicaceae

To systematically ascertain the constituents of the R2R3-
MYB gene S6 subfamily within Brassicaceae species,
we utilized the PAPI, PAP2, MYBI13, and MYBI114
sequences from A. thaliana as seed sequences. By lever-
aging accessible genomic data, we conducted an inves-
tigation to identify potential candidate genes across 31
Brassicaceae species. Our analysis revealed a total of
92 R2R3-MYB S6 subfamily gene members, with copy
numbers ranging from 1 to 10, except for Aethionema
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arabicum, which can be accurately identified (Table 1,
Supplementary Table S1). Specifically, 7 species con-
tained one S6 subfamily homologous gene, 7 species con-
tained two, another 7 species contained three, and the
remaining 10 species possessed S6 subfamily homolo-
gous genes in four or more copies. Notably, in B. napus
and B. juncea, discrepancies were observed between
the BLAST results of protein sequences and nucleic
acid sequences, as well as the predicted outcomes of
CDD conserved domains. During the identification of
conserved domains, it was noted that the conserved
domains of C06p39700.1.BnaDAR and BjuB05g10780S
transitioned from the PLNO03212 superfamily to the
PLNO03091 superfamily. However, no conserved domain
was detected in C06p39710.1.BnaDAR (Supplementary
Fig. 1; Supplementary Table 1). Subsequently, further
analysis was performed using genomic information from
other strains of the two species, revealing that all three
genes are homologous to R2R3-MYB genes of the S6 sub-
family. Consequently, these three genes were retained
for additional analysis. Interestingly, within the A. thal-
iana species, it has been observed that among the four
R2R3-MYB S6 subfamily genes, MYB113 (AT1G66370),
MYBI114 (AT1G66380), and PAP2 (AT1G66390), tandem
duplications exist (Supplementary Table 1). These dupli-
cations are believed to have arisen during the evolution-
ary process of the A. thaliana genome. It is noteworthy
that such phenomena have not been observed in A. thali-
ana. However, in Brassica crops, particularly in B. napus,
the tandem duplication phenomenon is widespread on
the A7 and C6 chromosomes. Notably, the C6 chromo-
some in B. napus exhibits four tandem duplications,
which are hypothesized to be a result from chromosome
rearrangement.

To investigate the evolutionary relationships among the
homologous genes of the R2R3-MYB S6 subfamily in 31
Brassicaceae species, a maximum likelihood phylogenetic
tree was constructed using their protein sequences. The
92 R2R3-MYB transcription factors of the S6 subfam-
ily homologous genes were categorized into six Groups
(G1-G6) based on their phylogenetic relationships (Fig. 1,
Supplementary Table 1). Specifically, g30510.¢1 from A.
halleri, AL1G66590.t1 from A. lyrata, and AT1G56650.1
from A. thaliana were assigned to separate groups. The
G4, G5, and G6 groups consisted of 12, 14, and 63 genes,
respectively. Approximately 70% of the homologous
genes belonging to the R2R3-MYB transcription factors
of the S6 subfamily were found in the G6 group, suggest-
ing a high level of conservation in the R2R3-MYB genes
of the S6 subfamily throughout evolution. Notably, all
homologous genes of Brassica crops were found in the G6
group, providing evidence that Brassica crops diverged
at a later stage compared to A. thaliana. Furthermore,
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the whole genome triplication events unique to Brassica
crops and the allopolyploidization have resulted in the
abundant quantitative variation of the R2R3-MYB genes
of the S6 subfamily in Brassica crops and their relatively
late separation in evolution [4, 33].

Phylogenetic and collinearity analysis of R2R3-MYB
transcription factors of S6 subfamily genes in six Brassica
crops

The Brassica genus is of considerable significance within
the Brassicaceae family, encompassing a diverse array
of agricultural and horticultural crops, and it possesses
substantial research value [3]. Specifically, the six species
within the U’ s triangle serve as ideal models for inves-
tigating gene phylogeny and functional evolution [8]. To
elucidate the evolutionary relationship of R2R3-MYB
transcription factors belonging to the S6 subfamily across
the six Brassica species, we conducted phylogenetic and
collinearity analyses on 35 homologous genes of the S6
subfamily within Brassica crops (Fig. 2). These 35 R2R3-
MYB transcription factors can be categorized into four
distinct branches, which exhibit significant differentia-
tion from the AtPAPI gene in A. thaliana. Notably, the
first branch comprises three genes originating from three
allotetraploid species of Brassica, while the remaining
three branches encompass homologous genes from all
six species of Brassica (Fig. 2A, Supplementary Table 2).
Furthermore, the collinearity analysis of these 35 R2R3-
MYB transcription factors reveals a consistent and
orderly distribution across the chromosomes of Brassica
plants. These homologous genes are mainly distributed
on chromosomes A02, A03 and AO7 in the A subgenome,
on chromosomes C02, C03 and C06 in the C subgenome,
and on chromosomes B03 and BO05 in the B subgenome.
Notably, the R2R3-MYB transcription factors of the S6
subfamily are most concentrated on the A7 and C6 chro-
mosomes, particularly on the B. napus C6 chromosome,
which contains four tandem repeats (Fig. 2B, Supplemen-
tary Table 3).

Conserved motifs, putative cis-acting elements, and gene
structure analysis of R2R3-MYB transcription factors of S6
subfamily homologous genes in Brassica species

To conduct a comprehensive investigation into the evo-
lutionary patterns of the 35 homologous genes belong-
ing to the R2R3-MYB transcription factor S6 subfamily
in Brassica, we analyzed the promoter regions of these
genes to identify cis-acting elements and gene struc-
tures. Additionally, we utilized protein sequence
information to identify conserved motifs and unique
conserved domains (Fig. 3; Supplementary Table 4).
The 2Kbp upstream sequences of the coding regions
of the 35 R2R3-MYB transcription factor S6 subfamily
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Fig. 1 Phylogenetic relationships of MYBS5 proteins between 31 Brassicaceae species. According to the evolutionary distance, 92 genes were
divided into 6 subfamilies, G1,>1.5; G2, 1.5-0.3; G3, 0.3-0.2; G4, 0.2-0.1; G5, 0.1-0.01,G6, < 0.01. All six subfamilies of R2R3-MYB transcription
factors of S6 subfamily proteins were well separated in different clades and represented by different colors. IQ-TREE software (v1.6.12) to build
a phylogenetic tree, where the -m parameter selects MFP, automatically detects the best model and builds a tree

homologous genes were subjected to cis-regulatory ele-
ment prediction using the PlantCARE online tool. A
total of 11 types of cis-regulatory elements were pre-
dicted in the promoter regions of these genes, includ-
ing abscisic acid responsiveness, anaerobic induction,
auxin responsiveness, defense and stress responsive-
ness, gibberellin-responsiveness, light responsive-
ness, MeJA-responsiveness, meristem expression,
and salicylic acid responsiveness, zein metabolism
regulation, and MYB binding site (Fig. 3B). The cis-
elements exhibit a high degree of conservation among

closely related genes. For instance, the cis-acting ele-
ments of genes BniPAPI1.B03.a, BcaPAP1.B03.a and
BjuPAP1.B03.b share fundamental similarities, with
the exception of an additional tandemly repeated light
responsiveness component found in BjuPAP1.B03.b
(Fig. 3A-B). The gene structure of the 35 homologous
genes belonging to the R2R3-MYB transcription factor
S6 subfamily is highly conserved, primarily consisting
of three exons and two introns. However, certain genes
within this subfamily have undergone structural vari-
ations. Notably, the third exon of BnaPAP1.C06.b and
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BjuPAP1.B05.a have been lost, while the first exon of S6 subfamily. These motifs were found to be relatively
BnaPAP1.CO6.c is absent (Fig. 3C). consistent across four distinct groups. Notably, certain

The analysis of conserved motifs revealed the presence  conserved motifs in specific proteins underwent signifi-
of ten predominant motifs within a set of 35 homologous cant alterations. For instance, BnaPAP1.C06.b and Bju-
proteins belonging to the R2R3-MYB transcription factor =~ PAP1.B05.a lost seven conserved motifs, retaining only
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motifl, motif7, and motifl0. Consequently, their con-
served domains transitioned from the PLN03212 super-
family to the PLN03091 superfamily. (Fig. 3D). BnaPAP1.
CO06.c exhibited the loss of five conserved motifs that pos-
sess the typical characteristics of R2R3-MYB transcrip-
tion factors, resulting in the absence of its PLN03212
superfamily (Fig. 3E). This observation provides addi-
tional insight into the perplexing issue of successfully
identify these three proteins through BLAST, while
encountering difficulties in their identification through
conserved domain identification in systematic analyses
[10, 12]. The principal factor contributing to this dis-
crepancy is the occurrence of tandem duplication, which
induces substantial variations in the conserved domain of
the protein [16].

Analysis of R2R3-MYB transcription factors of S6

subfamily homologous genes expression patterns related
to anthocyanin biosynthesis in Brassica crops

In order to gain a deeper understanding of the expression
pattern of R2R3-MYB transcription factor S6 subfam-
ily homologous genes in Brassica crops, we conducted
an analysis of gene expression utilizing available com-
parative transcriptome sequencing data. Specifically, we
gathered transcriptome sequencing data from the pur-
ple and green leaves of four Brassica crops for this study.
Our analysis revealed a diverse range of changes in the
expression pattern of R2R3-MYB transcription factor
S6 subfamily homologous genes (Fig. 4, Supplemen-
tary Table 5). Notably, in B. juncea, only BjuPAP1.B05.b
exhibited significantly higher expression in purple leaves,
while five copies were expressed in green leaves. In B.
oleracea, the gene BolPAP1.C02 displayed high expres-
sion levels in both purple and green leaves, whereas
BolPAP1.C06.b was specifically highly expressed in pur-
ple leaves. In B. rapa, all three copies of the gene were
expressed in purple leaves, with the expression level of
BraPAP1.A07 being significantly higher in purple leaves
compared to green leaves. In B. napus, the gene Bna-
PAPI1.C0O2 was expressed in both purple and green leaves,
while the expression levels of BuaPAPI1.A07.b and Bna-
PAP1.C06.d were significantly higher in purple leaves
than in green leaves (Fig. 4A).

Ulteriorly, we employed comparative transcriptome
data of various tissues of B. mapus, including leaves,
stems, petals, siliques, and seed coats, to investigate the
expression pattern of ten homologous genes belonging to
the S6 subfamily of R2R3-MYB transcription factors in
B. napus (Fig. 4B). The findings revealed that BnaPAPI.
C02 exhibited high expression levels in multiple purple
and green tissues of B. napus, whereas BnaPAP1.A07.b
and BnaPAP1.C06.d displayed significantly elevated
expression levels specifically in purple tissues (Fig. 4B).
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Additionally, in order to provide further validation for
the aforementioned findings, transcriptome sequenc-
ing was employed to analyze the petals of six different
flower colors (yellow, beige, white, red, apricot, and pur-
ple) in B. napus. The obtained results demonstrated the
presence of BnaPAP1.A07.b in three dark-colored flow-
ers. Furthermore, the expression levels of BnaPAP1.A02
and BnaPAP1.C06.d were significantly up-regulated in
purple petals (Fig. 4C). These findings suggest that Bna-
PAP1.A07.b, along with its orthologous genes BraPAPI.
AO07, BolPAP1.C06.b, and BjuPAP1.B05.b, play a crucial
role in the regulation of anthocyanin biosynthesis and
accumulation. Moreover, it is evident that other copies
of these genes exhibit a wider range of variations in their
functions.

Analysis of expression patterns of anthocyanin
biosynthesis related genes in different flower colors of B.
napus by qRT-PCR

To corroborate the findings from the high-throughput
sequencing analysis, we conducted additional investiga-
tion using real-time quantitative RT-PCR (qRT-PCR) to
examine the transcriptional expression pattern of differ-
entially expressed genes (DEGs) involved in anthocyanin
synthesis. A total of ten genes associated with the antho-
cyanin biosynthetic pathway were selected for qRT-PCR
analysis, including three early structural genes (EBGs),
three late structural genes (LBGs), and four transcrip-
tional regulators (Fig. 5). The results of this study indicate
that there were significant differential expressions in six
structural genes of the anthocyanin biosynthetic pathway
(BnaCHS.A02, BnaCHI.C04, BnaF3H.A09, BnaDFR.C09,
BnaANS.C01, and BnalGT A08) in purple petals. Addi-
tionally, among the four transcription factors examined,
BnaPAP1.A07.b and BnalBD39.A01 exhibited signifi-
cant differential expression in purple flowers, while Bna-
PAP1.C06.d and BnaTT8.C09 demonstrated differential
expression in the same flowers (Fig. 5). Furthermore, all
genes displayed similar relative expression levels, consist-
ent with the results from high-throughput sequencing,
thereby confirming the reliability of our transcriptome
data analysis.

Discussion

The Brassicaceae family comprises approximately 338
genera and around 3,700 species, primarily native to tem-
perate regions in the northern hemisphere and have since
been extensively cultivated worldwide [34]. Through a
comprehensive evolutionary process, Brassicaceae spe-
cies have been classified into five distinct lineages based
on their phylogenetic relationships [35, 36]. Notably, the
genome of A. thaliana was successfully sequenced over
two decades ago, marking a significant milestone as the
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first fully sequenced plant species and propelling inves-
tigations into the complexities of plant life to unprec-
edented heights [37]. In recent years, nearly one hundred
genome versions of 31 Brassicaceae species have been
deciphered, providing valuable insights for studying the
systematic evolution and gene functions of Brassicaceae
plants [38].

Evolution of R2R3-MYB transcription factors of S6
subfamily in Brassicaceae

The evolutionary process of the Brassicaceae family has
a lengthy history, particularly evident in the discernible
disparities between species belonging to different gen-
era. Notably, Brassicaceae species have experienced an
early instance of whole-genome duplication, followed by
a distinct tripling event subsequent to the divergence of
Brassica crops [3, 5]. As a result, Brassica crops can be
considered representative triploid species in relation to
A. thaliana. The formation of the six Brassica species
within U’s triangle model can be attributed to the natural
duplication of three diploid species and their subsequent
hybridization in pairs [8]. Genetic phenomena, such as
genome shock and chromosomal rearrangement, occur-
ring as a result of hybridization and duplication, contrib-
ute to an increased copy number of homologous genes

[3-8]. Consequently, certain chromosome segments
are lost while others are replicated multiple times. This
intricate process provides a valuable model for investi-
gating the phylogeny and evolution of conserved genes
[3-8]. Here, we identified the homologous genes of the
R2R3-MYB transcription factors of the S6 subfamily
in Brassicaceae species by utilizing the latest reference
genome information in conjunction with the BLAST
model system, and we analyzed their serial duplication.
This approach effectively addressed the issue of certain
homologous genes being overlooked during BLASTP
identification due to variations in protein sequences. In
the present study, we conducted a systematic analysis to
identify 31 homologous genes of R2R3-MYB transcrip-
tion factors from the S6 subfamily, resulting in a total of
92 identified genes [26]. Interestingly, no homologous
genes were detected in A. arabicum, whereas 10 homolo-
gous genes were found in B. napus, as inferred from the
number of homologous genes (Table 1). With the excep-
tion of a limited number of homologous genes found in
certain closely related species of A. thaliana, such as A.
lyrata, the presence of homologous genes in other sim-
ple diploid species is typically restricted to 1-2. Con-
versely, the diploid species radish (Raphanus sativus), B.
rapa, B.oleracea, and B. nigra exhibit four homologous
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genes that have undergone whole genome triplication
events, while the allotetraploid species B. napus, B. jun-
cea, and B. carinata possess 7—-10 homologous genes
(Table 1). These results indicate that the number of
homologous genes of R2R3-MYB transcription factors
of the S6 subfamily is closely related to whole genome
duplication events, the number of homologous genes
increases significantly with genome polyploidization and
hybridization, and the number also changes during later
chromosome rearrangements [3—8]. Phylogenetic analy-
sis revealed a noteworthy finding, approximately 70% of
the homologous genes belonging to the S6 subfamily of
R2R3-MYB transcription factors can be classified into a
single group. Notably, all 35 homologous genes identified
in Brassica crops were situated within this group, sug-
gesting a high degree of conservation in the evolution-
ary trajectory of R2R3-MYB transcription factors within
the S6 subfamily, which supports their ability to perform
similar functions (Fig. 1). Previous studies have indicated
that the A, B, and C subgenomes of Brassica are closely
related evolutionarily, particularly the A and C subge-
nomes [5]. The collinearity analysis of homologous genes
belonging to the S6 subfamily of R2R3-MYB transcrip-
tion factors across six species of Brassica U’s triangle pro-
vide further evidence for the strong collinearity observed
among the chromosomes of Brassica crop subgenomes.
The quantitative variation observed is primarily attrib-
uted to the tandem duplication of homologous genes on
chromosomes A7 and C6 (Fig. 2). Furthermore, the anal-
ysis of conserved motifs and specific conserved domains
of R2R3-MYB transcription factors reveals that three
homologous genes, BnaPAP1.C06.b, BjuPAP1.B05.a, and
BnaPAP1.C06.c, exhibit significant structural variations
and are all located in tandem. Mutations occurring dur-
ing the duplication process of tandemly repeated genes
can give rise to novel gene variations (Fig. 3). This finding
provides additional evidence for the high conservation of
R2R3-MYB transcription factors among the S6 subfam-
ily homologous genes, while also highlighting the gen-
eration of novel variations through tandem duplications.
In particular, Brassica crops have experienced triploid
events, natural hybridization, and natural doubling over
an independent evolutionary timeline of 12 to 20 million
years. These evolutionary occurrences have resulted in
alterations to the anthocyanin transcriptional regulation
mechanisms of Brassica crops when compared to A. thal-
iana. This is evidenced by an increase in gene copy num-
ber and functional differentiation, contributing to the
complexity of the anthocyanin regulation mechanism.
The functional divergence of these genes may contrib-
ute to the extensive color variation observed in Brassica
crops. Our analysis aims to enhance the understanding of
the phylogeny and evolution of Brassicaceae plants.
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Functional differentiation of R2R3-MYB transcription
factors of S6 subfamily genes in regulating anthocyanin
biosynthesis

The involvement of R2R3-MYB transcription factors
from the S6 subfamily, specifically the genes PAPI, PAP2,
MYB113, and MYBI114 in the transcriptional regulation
of plant anthocyanin biosynthesis in plants has been
extensively documented across various species. These
transcription factors play a crucial role in modulat-
ing color variation in different plant tissues and organs,
including fleshy roots [39], tubers [40], leaves [32, 41],
stems [42], flowers [42, 43], as well as peel and pulp [44].
This indicates that PAP1, PAP2, MYBI113, and MYBI114
exhibit similar functionalities across diverse plant tis-
sues or organs. Notably, within the six Brassica crops
located in the U’s triangle, namely B. rapa, B. oleracea,
B. juncea, and B. napus, a wide array of organ-specific
variations, including rhizomes, leaves, stems, flowers,
and seeds. These variations are accompanied by a diver-
sity of colors, which confer multiple functionalities such
as oil production, edibility, and ornamental value. The
precise accumulation of anthocyanins in various tissues
and organs of Brassica crops is pivotal in determining
their diverse coloration, with PAPI and its homologous
genes playing a significant role in this process. In B. rapa,
the homologous gene BrMYB2, homologous to PAPI,
serves as a critical regulator of anthocyanin biosynthe-
sis in purple leaves [45]. Similarly, in B. oleracea, distinct
variations in the promoter region of the PAPI homolog
BoMYB?2 are key determinants of color variation in orna-
mental kale, kohlrabi, cabbage, cauliflower, broccoli,
Chinese kale, and Brussels sprout [46]. The regulation of
anthocyanin-mediated leaf color variation in B. juncea is
predominantly governed by the MYB113 gene [41, 47].
Conversely, in B. napus, the presence of ten homologous
genes of PAPI has facilitated the identification of distinct
regulatory genes for anthocyanin production across dif-
ferent tissues. Specifically, BnaPAP2.A7 serves as the
primary regulatory factor in leaves and petals [32, 42, 43,
48], while BnaPAP2.C6 exerts the main regulatory func-
tion in stems and siliques [49]. In this study, we utilized
RNA-seq data to conduct a comprehensive analysis of the
transcriptional regulation mechanisms underlying antho-
cyanin biosynthesis across various tissues and organs of
B. napus. Interestingly, BnaPAP1.A07.b, along with its
orthologous genes BraPAPI1.A07, BolPAP1.C06.b, and
BjuPAP1.B05.b, exhibited significantly higher expres-
sion in tissues associated with anthocyanin synthesis
in Brassica (Fig. 4). In contrast, the expression levels of
other gene copies varied among different materials. For
instance, BnaPAP1.C02 was highly expressed in both
green and purple tissues, suggesting a potential differ-
entiation in its function. Notably, PAPI is characterized
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by tandem repeats on the A07 and C06 chromosomes of
B. napus. However, expression pattern analyses across
multiple tissues and various flower colors revealed that
BnaPAP2.A7b and BnaPAP2.Cé6.d are highly expressed
and likely drive the primary function, while other cop-
ies exhibit certain expression levels that may contribute
to auxiliary functions (Fig. 4). These multiple gene cop-
ies may have undergone sub-functionalization or become
silent during evolution, leading to altered expression
patterns in the regulation of the anthocyanin synthesis
pathway. Building on our previous research, we aimed
to elucidate the transcriptional regulation mechanism of
anthocyanin in different tissues and organs of B. napus,
and to reveal the expression pattern and function of
different copies of PAPI (Fig. 6). Notably, in leaves, the
BnaPAP2.A7b transcriptional regulator collaborates
with 778 and TTG1 to form an MBW complex, which
plays a crucial role in regulating anthocyanin biosynthe-
sis (Fig. 6A). This regulatory mechanism bears a striking
resemblance to that observed in petals (Fig. 6C). Fur-
thermore, we found that the BnaPAP2.C6 transcriptional
regulator interacts with 778 and TTGI, forming an
MBW complex that exerts significant control over antho-
cyanin biosynthesis regulation (Fig. 6B). This finding is

(A N

F3’H, DFR, ANS, UFGT, etc
N J

Fig. 6 Proposed transcriptional regulatory model for the regulation
of anthocyanin accumulation in different tissues or organs of 8.
napus. The MBW transcriptional regulatory complex composed

of PAP2-TT8-TTGT regulates the expression of anthocyanin synthesis
pathway structural genes F3'H, DFR, ANS, UFGT, etc,, thereby activating
anthocyanin synthesis. A Leaves; B Stems; C Flowers; D: Siliques.11
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consistent with the regulatory mechanism observed in
siliques (Fig. 6D). These results indicate that the expres-
sion of different copies of PAPI is tissue-specific, and the
functions of certain copies may vary. However, further
exploration is needed to fully understand this tissue-spe-
cific regulatory mechanism and the associated functional
variations.

Conclusion

In this study, we systematically identified homologous
genes of the S6 subfamily of R2R3-MYB transcription
factors across 31 Brassicaceae species, resulting in the
identification of a total of 92 homologous genes, fol-
lowed by a phylogenetic analysis. We then focused on the
analysis of 35 homologous genes from the S6 subfamily of
R2R3-MYB transcription factors in six Brassica species,
examining the promoter cis-acting elements, gene struc-
ture, and conserved domains. Through collinearity analy-
sis, we clarified the distribution and collinearity of these
35 genes within the A, B, and C subgenomes. Addition-
ally, we investigated the expression patterns of these 35
homologous genes by integrating various leaf transcrip-
tome datasets. Finally, we utilized transcriptome data
from different tissues and organs of B. napus to analyze
the expression patterns of 10 S6 subfamily R2R3-MYB
transcription factors in B. napus. Building upon previous
studies, we proposed a transcriptional regulation mecha-
nism for anthocyanin mediated by PAPI homologous
genes across different tissues and organs of B. napus. In
the future, we will combine overexpression, gene editing
and DNA affinity purification sequencing (DAP-seq) to
further explore. Consequently, our findings provide novel
insights into the anthocyanin transcriptional regulatory
network of Brassica crops, highlighting the functional
diversification of S6 subfamily R2R3-MYB transcription
factors. These results will contribute new knowledge
regarding anthocyanin-mediated traits, such as stress
resistance, disease resistance, and nutritional value in
Brassica crops. Furthermore, our research establishes
a theoretical foundation for developing new Brassica
varieties with enhanced anthocyanin content, alongside
advancing molecular marker-assisted breeding for vari-
eties enriched with anthocyanins, stress resistance, and
disease resistance. Additionally, while further experimen-
tal validation is necessary, these findings enhance our
understanding of the transcriptional regulation mecha-
nisms of cross-species anthocyanins and serve as a refer-
ence for analyzing the molecular mechanisms underlying
other plant traits.

Abbreviations

PAL Phenylalanine ammonia-lyase
C4H Cinnamate-4-hydroxylase
4CL 4-Coumarate CoA ligase 4
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CHS Chalcone synthase

CHI Chalcone isomerase

F3H Flavanone 3-hydroxylase

FLS Flavonol synthase

DFR Dihydroflavonol 4-reductase

ANS Anthocyanidin synthase

BAN Anthocyanidin oxidoreductase

AT Acyltransferase

GT Glucosyltransferase

UFGT UDP-flavonoid glucosyltransferase
TTG1 TRANSPARENT TESTA GLABRA 1

178 TRANSPARENT TESTA 8

GL3 GLABRA 3

EGL3 ENHANCER OF GLABRA 3

PAP1/2 PRODUCTION OF ANTHOCYANIN PIGMENT %2
MYB75/90/113/114  MYB DOMAIN PROTEIN 75/90/113/114
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