Plant Molecular Biology (2022) 110:53-68
https://doi.org/10.1007/511103-022-01285-6

=

Check for
updates

Anthocyanins identification and transcriptional regulation
of anthocyanin biosynthesis in purple Brassica napus

Hong Fu' - Hongbo Chao'® - Xuejie Zhao' - Haoyi Wang’ - Huaixin Li? - Weiguo Zhao? - Tao Sun’ - Maoteng Li? -

Jinyong Huang'

Received: 3 December 2021 / Accepted: 4 May 2022 / Published online: 20 June 2022
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract

Key message The main anthocyanin components were identified, and the transcriptional regulationpattern of antho-
cyanin related genes in leaves and stem bark was elucidated in a purpleB. napus.

Abstract Brassica napus is one of the most important oil crops planted worldwide, and developing varieties of dual-purpose
for oil and vegetable is beneficial to improve economic benefits. Anthocyanins are a class of secondary metabolites that
not only make plants present beautiful colors, but have a variety of important physiological functions and biological activi-
ties. Therefore, increasing the accumulation of anthocyanin in vegetative organs can improve vegetable value of rapeseed.
However, anthocyanin enriched varieties in vegetative organs are rare, and there are few studies on category identification
and accumulation mechanism of anthocyanin, which limits the utilization of anthocyanins in B. napus. In this study, 157
anthocyanin biosynthesis related genes (ABGs) were identified in B. napus genome by homology comparison and collinearity
analysis of genes related to anthocyanin synthesis and regulation in Arabidopsis. Moreover, five anthocyanins were identified
in the stem bark and leaves of the purple B. napus PRO1 by high performance liquid chromatography-mass spectrometry
(HPLC-MS), and the expression characteristics of ABGs in the leaves and stem bark of PRO1 were analyzed and compared
with the green cultivar ZS11 by RNA-Seq. Combining further weighted gene co-expression network analysis (WGCNA),
the up-regulation of transcript factors BnaA07. PAP2 and BnaC06. PAP2 were identified as the key to the up-regulation of
most of anthocyanin synthesis genes that promoted anthocyanin accumulation in PRO1. This study is helpful to understand
the transcriptional regulation of anthocyanin biosynthesis in B. napus and provides the theoretical basis for breeding novel
varieties of dual-purpose for oil and vegetable.
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Introduction

Brassica napus (A,A,C,C,, 2n=238) is one of the most
important oil crops, formed from a spontaneous hybridiza-
tion of two diploid species, Brassica rapa (A A,=20) and
Brassica oleracea (C,C,=18) (Chalhoub et al. 2014). B.
napus has a variety of commercial value, including the pro-
duction of high-quality vegetable oil, feed and vegetable oil

fuel (Aachary and Thiyam, 2012). B. napus stalk is also a
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popular and delicious vegetable in China, it has been used
to eating since ancient times. Therefore, developing dual-
purpose of oil and vegetable in B. napus can significantly
increase the economic benefits of rapeseed production with-
out affecting oil production.

Anthocyanins belong to the water-soluble flavonoid
class of secondary metabolites, which exhibit a wide range
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of biological functions in plants (Tanaka and Ohmiya,
2008; Glover and Martin, 2012). Anthocyanins play an
important role in plant defensive mechanisms against abi-
otic and biotic stresses (Qiu et al. 2016). Moreover, antho-
cyanins can endow plants with beautiful appearance, and
attract insects for pollination and animals for spreading
seeds by imparting attractive red, blue and purple colors
to the flowers, fruit and vegetable tissues of plants (Cartea
et al. 2011). As a result of their anti-inflammatory, anti-
oxidant and chemoprotective properties, anthocyanins may
reduce the risk of inflammation and protect certain types
of cancer, cardiovascular, neurodegenerative, and various
age-related diseases (Butelli et al. 2008).

There are purple varieties rich in anthocyanins in com-
mon cabbage and Chinese cabbages (Yan et al. 2019; He
et al. 2020), but there are few reports of rapeseed. It may
be because people only pay attention to their oil produc-
ing seed traits, or the diversity is lost in the process of
domestication. Considering the various health-promoting
benefits of anthocyanins, B. napus varieties with high
anthocyanin content may be welcomed by consumers.
Therefore, the study on anthocyanin accumulation in rape-
seed is of great significance.

The biosynthesis pathways and regulatory of antho-
cyanins have been deeply studied in some plants, such as
Arabidopsis thaliana (Shi and Xie, 2014), tomato (Sun
et al. 2020), rice (Zhu et al. 2018), B. rape (Guo et al.
2014) and B. oleracea (Guo et al. 2019), and the majority
of the structural and regulatory genes have been identified
and functionally characterized (Zhang et al. 2014). Antho-
cyanin synthesis pathway is a branch of flavonoid synthe-
sis pathway, which is synthesized under the catalysis of a
series of enzymes (Tanaka et al. 2008). In the anthocyanin
biosynthesis pathway, structural genes can be divided into
two categories: early biosynthesis genes (EBGs) and late
biosynthesis genes (LBGs). Early biosynthesis stages start
with the catalysis of phenylalanine to produce cinnamic
acid and coumaroyl-CoA. Then, chalcone isomerase (CHI)
isomerized chalcone to flavanone. The enzyme flavanone
3-hydroxylase (F3H), flavonoid 3’ -hydroxylase (F3'H) and
flavonoid 3'-5'-hydroxylase (F3’5'H) catalyzes flavanone
to dihydroflavonols. In the late biosynthetic step, dihy-
droflavonol reductase (DFR) reduces dihydroflavonols to
leucoanthocyanins, which is then converted by leucoan-
thocyanin dioxygenase/anthocyanin synthetase (LDOX/
ANS) to anthocyanidins (Nishihara and Nakatsuka, 2011).
Finally, unstable anthocyanins were catalyzed by flavone
3-0-glucosyltransferase (UFGT) to produce stable antho-
cyanins (Yamazaki et al. 2002). The steps of anthocyanin
synthesis occur in the cytoplasm of plant cells. Under the
action of transporters such as glutathione s-transfer (GST),
multidrug and toxicity (MATE) and ATP binding cassette
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(ABC), stable anthocyanins are transported from the cyto-
plasm to vacuoles for storage (Alfenito et al. 1998).
Anthocyanin biosynthesis is regulated by several tran-
scription factors (TFs), such as MYB1, MYB10, PAP1,
PAP2, TT2 and TT8 (Quattrocchio et al. 1999; Ramsay and
Glover, 2005). These transcription factors recognize the spe-
cific binding region of the structural gene promoter and bind
to the structural gene promoter to promote or inhibit antho-
cyanin biosynthesis (Yao et al. 2017; Jia et al. 2021). Studies
have shown that MYB, basic helix-loop-helix (bPHLH) and
WD40 are the three most important transcription factors in
the anthocyanin biosynthesis pathway, which regulate antho-
cyanin biosynthesis through the formation of ternary protein
complex MYB-bHLH-WD40 (MBW) (Gonzalez et al. 2008;
Xu et al. 2015). The complex has a stronger ability to acti-
vate target genes than MYB alone, and can effectively turn
on the expression of anthocyanin synthesis, modification and
transport related genes (Lloyd et al. 2017). MYB protein
mainly regulates the upstream gene group of anthocyanin
biosynthesis pathway, such as MYB111/MYB12, while
MBW complex mainly regulates downstream gene group
(Hichri et al. 2011). According to reports, TT8 is the key
bHLH protein in the MBW complex that regulates antho-
cyanin accumulation in purple cabbage, and TTS is the only
bHLH transcription factor consistent with the expression
pattern of LBGs and positively regulates anthocyanin bio-
synthesis in purple cabbage (Mushtaq et al. 2016). In purple
mustard, the late biosynthesis genes involved in anthocyanin
biosynthesis were found to be highly up-regulated in purple
mustard leaves. The up-regulation of Bj778 and BijMYC2
and anthocyanin biosynthesis genes (BjC4H, BjDFR and
BjANS) may activate the formation of purple leaves of mus-
tard (Heng et al. 2020). In addition to the above three tran-
scription factor families regulating anthocyanin biosynthe-
sis, Jasmonate ZIM-domain (JAZ) proteins in Arabidopsis
thaliana can negatively regulate anthocyanin biosynthesis by
destroying bHLH-MYB to form complexes (An et al. 2021).
Considering the various health-promoting benefits of
anthocyanins, the bolts and leaves with high anthocyanin
content (appears purple) may be welcomed to consumers.
Anthocyanins have beneficial roles in human health, cul-
tivating purple bolting rapeseed rich in anthocyanins is of
great significance to improve rapeseed production efficiency.
In this study, (1) the B. napus anthocyanin biosynthesis
related genes (ABGs), involved in anthocyanin biosynthe-
sis, transport and regulation, was identified by comparative
genomics; (2) the type and content of anthocyanins in a pur-
ple B. napus strain was determined by high performance
liquid chromatography-mass spectrometry (HPLC-MS);
(3) the differential expression of ABGs between green cul-
tivar ZS11 and purple inbred line PRO1 was analyzed by
transcriptome data, and revealed the anthocyanin biosyn-
thesis and regulation by combining HPLC-MS. Our study
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will promote the understanding of the genetic and molecular
mechanism of anthocyanin biosynthesis and accumulation
in B. napus.

Materials and methods
ABGs identification in B. napus

Anthocyanin biosynthetic genes of B. napus were identified
by syntenic and non-syntenic homolog analysis with A. thal-
iana. The reference genome of B. napus used for anthocya-
nin biosynthetic gene identification was ZS11.v0 (http://cbi.
hzau.edu.cn/cgi-bin/rape/download_ext). We identified syn-
tenic orthologs between A. thaliana and B. napus from the
B. napus pan-genome information resource (BnPIR; http://
cbi.hzau.edu.cn/bnapus/index.php) using both sequence
similarities (cutoff: E<1E —20) and the collinearity levels
of flanking genes. The homologous relationships were ana-
lyzed by BLASTN and BLASTP algorithm-based searches
using gene and protein sequences, respectively, with a cut
off E-value < 1E — 10 and coverage > 0.75.

Plant materials and phenotypic characterization

The purple B. napus self-bred lines PRO1 (produced by
Department of Biotechnology, College of Life Science and
Technology, Huazhong University of Science and Tech-
nology) were used for anthocyanin accumulation related
research, and the green cultivar Zhongshuang 11 (ZS11)
was used as a control in this study. Under the same cultiva-
tion conditions, PRO1 and ZS11 were planted in greenhouse
(16 h of light, 8 h of dark, 28°C), leaf edge and stem bark
samples were collected at 60 days after sowing. Each sample
was analyzed in triplicate, and three biological replicates
were conducted. All samples were then frozen in liquid
nitrogen and stored at—80° C for RNA extraction and other
analysis. The phenotype of the leaf and stem from PRO1
and ZS11 was compared. In addition, in order to examine
the accumulation site of purple, some stems and leaves were
cut horizontally and longitudinally by hand respectively, and
observed by intelligent depth of field microscope Smart-
zoom 5 (Zeiss, Germany).

Anthocyanin extraction and HPLC-MS analysis

Anthocyanin extraction of B. napus was carried out as the
same way as for Brassica juncea Coss Variety (Lin et al.
2011). The samples were then analyzed by an UHPLC-Q-
Orbitrap-MS (Thermo, USA). The results were analyzed
by Agilent 1200 HPLC ChemStation software. The chro-
matographic separation was performed on a ACQUITY
UPLC BEH C18 Column (2.1 mm X 150 mm, 1.7 pm). The

injection sling was 10 pL. Elution was performed using
mobile phase A (aqueous 5% formic acid solution) and
mobile phase B (methanol). The detection was at 520 nm,
and the column oven temperature was set at 40 °C. The flow
rate was 0.3 mL.min~!. The gradient program is described as
follows: 0 —4 min, 4% B; 4 —8 min, 12—16% B; 8 —9 min,
16 —20% B; 9—26 min, 20—25% B; 26 —27 min, 25 —4%
B; 27 —32 min, 4% B (Shao et al. 2014).

RNA extraction, cDNA synthesis, and lllumina deep
sequencing

Total RNA was extracted from the tissue using Plant RNA
Purification Reagent for plant tissue according the manu-
facturer’s instructions (Invitrogen) and genomic DNA was
removed using DNase I (TaKara). Then RNA quality was
determined by 2100 Bioanalyser (Agilent) and quantified
using the ND-2000 (NanoDrop Technologies). Only high-
quality RNA sample (OD260/280=1.8 ~2.2, 0D260/232.0,
RIN>6.5, 28S:18S>1.0,> 1 pg) was used to construct
sequencing library (Li and Dewey, 2011; Kim et al., 2015;
Pertea et al., 2015).

Gene differential expression analysis and functional
enrichment

To identify DEGs (differential expression genes) between
two different samples, the expression level of each transcript
was calculated according to the fragments per kilobases per
million reads (FPKM) method. RSEM (http://deweylab.
biostat.wisc.edu/rsem/) (Li and Dewey, 2011) was used to
quantify gene abundances. Essentially, differential expres-
sion analysis was performed using the DESeq?2 (Love et al.
2014) /DEGseq (Wang et al. 2010) /EdgeR (Robinson et al.
2010) with Q value <0.05, DEGs with [log2FCI> 1 and
Q value < =0.05 (DESeq2 or EdgeR) /Q value < =0.001
(DEGseq) were considered to be significantly different
expressed genes). In addition, functional-enrichment analy-
sis including GO and KEGG were performed to identify
which DEGs were significantly enriched in GO terms and
metabolic pathways at Bonferroni-corrected P-value <0.05
compared with the whole-transcriptome background. GO
functional enrichment and KEGG pathway analysis were
carried out by Goatools (https://github.com/tanghaibao/
Goatools) and KOBAS (http://kobas.cbi.pku.edu.cn/home.
do).

gRT-PCR analysis
Five reported anthocyanin synthesis related structural genes
and three MYB transcription genes were selected to ana-

lyze the expression levels of anthocyanin synthesis related
genes in purple and green B. napus. Specific primers were
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designed for qRT-PCR (Table S1). Each reaction mixture
(10 pL) contained 2 pL of ddH,0, 2 pL of cDNA templates,
0.5 pL of forward primers, 0.5 pL of reverse primers, and
5 pL of SYBR Green qPCR Mix. PCR amplification was
carried out at 95 °C for 1 min, followed by 40 cycles at 95 C
for 20 s, 58 ~60 °C for 30 s and 72 °C for 30 s. The melting
curve analysis of qRT-PCR samples showed that there was
only one product for each gene primer reaction, which con-
firmed the specific amplification. The expression levels of
the above genes were analyzed by the QRT-PCR method on
the ‘LightCycler®480 II’ (Roche, Swizerland). PCR analy-
sis was performed using SYBR Green PCR master mix, as
previously described. Three independent experiments are
realized, and three technical copies of each experiment are
realized. Finally, 2722 method was applied to calculate the
relative expression value.

Construction of gene co-expression network
module

Weighted gene co-expression network analysis (WGCNA)
was analyzed based on FPKM values using WGCNA R
software package (v1.68) (Langfelder and Horvath, 2008).
Topology overlap measure (TOM) is used for network
construction and module identification. Select the calcu-
lation parameters "soft threshold power" =14, "minMod-
uleSize" =30 and "mergeCutHeight" =0.25 to analyze the
transcriptome dataset. These modules were used to calculate
the relationship between modules, anthocyanin content and
representative genes in 12 samples. The key module network
is visualized using Cytoscape with threshold =0.25.

Results and discussion
Identification of ABGs in B. napus

Arabidopsis thaliana is the ancestral species of B. napus,
which belongs to Cruciferae and has a very close genetic
relationship. The biosynthetic pathway and regulation
of anthocyanins in Arabidopsis have been deeply studied
(Snowdon, 2007; Mason and Snowdon, 2016). According
to the report, 41 ABGs, consisting of 24 structural genes
encoding anthocyanin biosynthesis enzymes, 16 regulatory
genes encoding TFs and one anthocyanin transport gene,
involved in anthocyanin biosynthesis pathway have been
well characterized in the Arabidopsis genome (Holton and
Cornish, 1995; Heng et al. 2020).

Based on a combination method of syntenic and non-syn-
tenic homology analysis, a total of 157 B. napus anthocyanin
biosynthetic genes (BnaABGs) were identified, representing
homologs for 33 of the 41 Arabidopsis thaliana anthocyanin
biosynthesis related genes (AtABGs), and orthologs of the
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other eight AtABGs (AtFSL2, AtFLS4, AtFLS5, AtFLS6,
AtMYBI1, AtMYB113, AtMYB114 and AtLBD39) were
not detected in B. napus (Table 1). A total of 56 transcrip-
tion factors were identified, including 35 transcription fac-
tors that positively regulate anthocyanin synthesis and 21
transcription factors that negatively regulate anthocyanin
synthesis. MYB113 and MYBI114 were not identified, and
PAPI had multiple copies. It may be that the gene belongs to
R2R3-MYB and the homology similarity is too high, result-
ing in MYB113 and MYBI 14 genes being divided into PAP1
after homology comparison, so they were not identified in
B. napus database (Fig. S5).

Of the 157 BnaABGs, 156 were located on the 19 chro-
mosomes of B. napus, with one, eight, 11, nine, nine, six,
seven, one, 13, four BnaABGs located on chromosomes A0O1
to A10, and three, 12, nine, 18, seven, eight, eight, nine, 13
BnaABGs located on chromosomes CO1 to C09, respectively
(Fig. 1). The remaining gene, Bnascaffold0027G0063600ZS,
an ortholog of F3H was anchored on Scaffold0027 which
has not yet been mapped onto a chromosome. Based on B.
napus subgenome information established by whole genome
analysis (Song et al. 2021), all BnaABGs genes were divided
into three subgenomes: LF, MF1 and MF2. According to
statistics, 58 genes are located in LF, 22 genes are located
in MF1 and 38 genes are located in MF2. It can be seen that
there are more genes on LF, but the distribution of genes
on MF1 and MF?2 is almost equal (Table S2). These results
show that the distribution of BnaABGs is consistent with the
gene fractionation status at the whole genome level (Wang
et al. 2011; Cheng et al. 2012). Through the identification
of BnaABGs, the biosynthetic pathway of anthocyanins in
B. napus was preliminarily established.

Anthocyanin distribution in purple B. napus
at seedling stage

B. napus lines ZS11 (green B. napus) and PRO1 (purple
B. napus) were planted in greenhouse and observed their
growth and development. With the development of B.
napus, there was a significant color difference in the stem
bark between the two, but the change of leaves color was
not obvious (Fig. 2a and 2b). In purple PRO1 B. napus, the
petiole and stem bark were purple, while the leaf edge was
purple. However, in green ZS11 B. napus, petiole and stem
bark were green, and purple could not be observed at the
edge of leaves (Fig. 2b). The contents of different antho-
cyanins in leaves and stem bark of ZS11 and PRO1 were
determined (Table 2 and 3).

As shown in Fig. 2c, the anatomical structures of leaves
and stems between two B. napus strains were observed. The
distribution of anthocyanins in the leaves of the purple line
“PRO1” is completely concentrated in the leaf edge epider-
mis, but no anthocyanins are accumulated in the mesophyll.
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The accumulation of anthocyanins in PRO1 stems and peti-
ole accumulates in the epidermal layer, but does not accumu-
late in the flesh (Fig. 2c). In contrast, the photomicrograph
of the green line “ZS11” showed that the accumulation of
anthocyanins in the leaves and stems of ZS11 was not obvi-
ous compared with that of PRO1. The results showed that
the accumulation of anthocyanins was mainly concentrated
in the epidermis of leaves and stems.

Anthocyanins categories and content analysis

Non-synteny orthologs

There are six kinds of common anthocyanins in plants. Due
to the different amount of hydroxyl groups attached to the
skeleton, each kind of anthocyanin has a different color
(Yanlin et al. 2014). Five anthocyanins (Cy-3-digly(FA)-
5-gly(MA), Cy-3-digly(SA-FA)-5-gly, Cy-3-digly(di-SA)-
5-gly, Cy-3-digly(SA-pCoA)-5-gly(MA)/Cy-3-digly(di-
FA)-5-gly(MA) and Cy-3-digly(SA-FA)-5-gly(MA)/
Cy-3-digly(SA)-5-digly(SuA)) were identified in purple
B. napus PRO1 and green B. napus ZS11 by LC-MS/MS
(Table 2 and Fig. S6). The results showed that cyanidin was
a major anthocyanin in B. napus, and the anthocyanin con-
tent of PRO1 in different tissues was much higher than that of
ZS11. Furthermore, four anthocyanins (Cy-3-digly(SA-FA)-
5-gly, Cy-3-digly(di-SA)-5-gly, Cy-3-digly(SA-pCoA)-5-
gly(MA)/Cy-3-digly(di-FA)-5-gly(MA) and Cy-3-digly(SA-
FA)-5-gly(MA)/Cy-3-digly(SA)-5-digly(SuA)) in ZS11
leaves were not identified (Table 3). The main anthocyanins
identified in ZS11 and PRO1 were cyanidin, and these five
anthocyanins are formed by different acylation modifica-
tions of cyanidin. Anthocyanins mainly exist in the form of
anthocyanin glycosides, and glucose is the most common
glycosylated sugar in anthocyanins (Jeon et al. 2018). Sub-
sequently, the gylcogroups in anthocyanins are modified by
aromatics and fatty acid acylation to form stable anthocya-
nins (Li et al. 2012). The identification of anthocyanins in
B. napus was determined by analyzing and comparing with
the anthocyanins in Brassica species identified in previous
references (Long-Ze et al. 2011; Matera et al. 2012; He et al.
2016).

BnaA02. TT19; BnaC02. TT19

ME2

MF1

DEGs analysis between green and purple B. napus

BnaAlO. TT19; BnaC09. TT19

B. napus
Synteny orthologs

LF

To obtain a genome-wide gene expression profile for pur-
ple color formation, four sequencing libraries were con-
structed from ZS11 (green B. napus) and PRO1 (purple B.
napus) with three replicates each, using Illumina sequenc-
ing technology. A total of 595.79 million raw reads, low-
quality sequences, adapator-polluted reads, and ambiguous
reads were removed and 590.18 million clean reads were
obtained. The Q20 (sequencing error rate < 1%) and Q30
(sequencing error rate <0.1%) values were >97.69% and
93.42%, respectively. The G + C percentage was 47.99%

Table 1 (continued)
Transport genes

A. thaliana
AtTT19
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Fig 1 Distribution of 157 BnaABGs on the 19 chromosomes of B. napus. The bars indicate the chromosomes of B. napus and relative positions
of BnaABGs were marked on the chromosomes. The scale ruler on the left side showed the physical distance of the chromosomes

(Table S3). These results show that the quality of the data
is high enough for the following analysis.

According to the reference transcriptome, the data
obtained by RNA-seq technology were used for correla-
tion analysis among samples: PCA and cluster analysis,
and the results showed that the data were reliable (Fig.
S3a and S3b). The 18,663 and 12,490 DEGs in leaves of
two varieties (ZS11-L vs. PRO1-L) and stems of two varie-
ties (ZS11-S vs. PRO1-S) were identified, respectively. In
ZS11-L vs. PRO1-L, 8280 genes up-regulated and 10,383
genes down-regulated. The 5358 genes were up-regulated
and 7132 genes were down-regulated in ZS11-S vs. PRO1-
S (Fig. S3c and Fig. S1b). Venn diagram analysis revealed
differences between different tissues of the two varieties
(Fig. S1a). Cluster heat map shows the gene expression
patterns of purple PRO1 and green ZS11 (Fig. S2).

@ Springer

Gene Ontology (GO) terms and divided gene products
into three categories: molecular functions, biological pro-
cesses and cellular component (Fig. S2 and S4). Among
the 949 GO terms in ZS11-S vs. PRO1-S, the top 20 in
significantly enriched, and among the 1532 GO terms in
ZS11-L vs. PROI-L, the top 20 in significantly enriched.
Significant enrichment of flavonoid biosynthetic process
and phenylpropanoid biosynthetic process in ZS11-S vs.
PRO1-S, but not in ZS11-L vs. PRO1-L (Fig. 3a and 3b). In
order to understand their biological functions and gene inter-
actions, DEGs were annotated in KEGG database. When
using KEGG pathway and enrichment analysis to classify
DEGs and highlight the biological relevance, the flavonoid
biosynthesis pathway, phenylpropanoid biosynthesis and
anthocyanin biosynthesis pathway of DEGs were signifi-
cantly enriched in the stem bark, while the photosynthesis
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Fig2 Anthocyanin accumu-
lation in different tissues of
purple B. napus PRO1 and green
B. napus ZS11 at Seedling
Stage. a Whole plant, b Blade,
petiole and stem (Green ZS11
is above purple PRO1), ¢ The
content of total anthocyanins

in different tissues of the two
materials (Green ZS11 is above
purple PRO1)

Table 2 Cgmp osition of Number Identification® [M]*(m/z) RT® [min] MS/MS (m/z)
anthocyanins in B. napus by
LC-MS/MS analysis 1 Cy-3-digly(FA)-5-gly(MA) 1035 11.83 287,535, 787

2 Cy-3-digly(di-SA)-5-gly 1185 12.08 287, 449, 1023

3 Cy-3-digly(SA-FA)-5-gly 1155 12.0 287, 449, 993

4 Cy-3-digly(SA-pCoA)-5-gly(MA)/ 1211 13.94 287, 535, 963

Cy-3-digly(di-FA)-5-gly(MA)
5 Cy-3-digly(SA-FA)-5-gly(MA)/ 1241 14.07 287, 449, 535,993, 1197

Cy-3-digly(SA)-5-digly(SuA)

iCy=cyanidin, gly=glycosyl, digly=diglycosyl, pCoA=p-coumaroyl, SA =sinapoyl, FA =feruloyl,

MA =malonoyl, SuA =succinoyl
PRT =retention time

pathway and carbon metabolism pathway of DEGs were
significantly enriched in the leaves (Fig. 3¢ and 3d). This
result is consistent with the phenotype of ZS11 and PROI,
which provides a basis for screening candidate genes related
to anthocyanin biosynthesis.

Expression analysis of ABGs in green and purple B.
napus

The 157 homologous genes were involved in anthocyanin
biosynthesis pathway in B. napus, 97 structural genes, 56
TFs and 4 transport genes were identified. Phenylpropanoid
pathway genes (PAL, 4CL and C4H) and EBGs (CHS, CHI,

F3H, F3'H and FLS) were not differentially expressed in
different leaves and stem bark, indicating that these genes
are not the key to anthocyanin accumulation. However,
the LBGs (BnaC09. DFR, BnaC0l. ANS, BnaUGT79B1s,
BnaA02. UGT78D2a and BnaUGT75C1s) showed differ-
ential expression levels in the leaf and stem bark of PRO1
and ZS11. These genes were highly expressed in the leaf
and stem bark of PRO1, and the expression level in ZS11
was lower than that in PRO1 (Fig. 4). Meanwhile, it has
been reported that the expression of late structural genes in
anthocyanin biosynthesis pathway is mainly regulated by
R2R3-MYB, bHLH and WD40 transcription factors and
their interactions (Yang et al. 2021).
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Table 3 The contents of individual and total anthocyanins in the leaves and stems of ZS11 and PRO1 (mg.g~' DW)

Number Identification PRO1 ZS11
Stem Leaf Stem Leaf
1 Cy-3-digly(FA)-5-  5.1+1.47* 247+0.32 0.84+0.58 0.06+0.02
gly(MA)
2 Cy-3-digly(di-SA)- 1.58+0.41 0.42+0.01 0.18+0.11 Nd®
5-gly
3 Cy-3-digly(SA-FA)- 0.58+0.12 0.06+0.01 0.14+0.09 Nd
5-gly
4 Cy-3-digly(SA- 4.89+0.98 1.39+0.11 0.15+0.1 Nd
pCoA)-5-
gly(MAY/
Cy-3-digly(di-FA)-
5-gly(MA)
5 Cy-3-digly(SA-FA)- 0.28+0.11 0.29+0.17 0.08 +£0.05 Nd

5-gly(MA)/

Cy-3-digly(SA)-5-

digly(SuA)

#Data are expressed as mean+ SD (n=

"Nd =not detected
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Fig 3 Functional annotation of differentially expressed genes (DEGs) in leaves and stems of purple and green Brassica napus L. a-b GO annota-

tion. c-d KEGG pathway enrichment
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Fig 4 B. napus unigenes that might be involved in the anthocyanin
biosynthetic pathway and their expression levels. PAL, phenylalanine
ammonia lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-cou-
marate-CoA ligase; CHS, chalcone synthase; CHI, chalcone isomer-

In the study, a total of 157 genes related to the anthocya-
nin pathway were identified, of which 44 were differentially
expressed, and only some functional genes play a role in
anthocyanin biosynthesis. For example, BnaC0I. ANS is
significantly expressed in the leaves and stems of PRO1,
while BnaC07. ANS is not different from ZS11 in each tissue
of PRO1 (Fig. 4). The expression levels of BnaC09. DFR,
BnaCO0l1. ANS and BnaC09. UGT75C1 LBGs in leaves and
stem barks of PRO1 and ZS11 were different. The expres-
sion level of these genes was the highest in PRO1-L, fol-
lowed by PRO1-S, and the lowest in leaves and stem bark
of ZS11, which was green and almost free of anthocyanins.
The expression of structural genes in anthocyanin biosyn-
thesis is mainly regulated by the interaction of RZR3-MYB,
bHLH and WD40 transcription factors (Petroni and Tonelli,
2011). The expression levels of R2R3-MYB proteins, such
asMYB11,MYB12 and MYB111, which can independently
regulate EBGs, are relatively low in PROI and ZS11, and
there is no regular difference (Fig. 4). These results show

ase; F3H, flavanone-3-hydroxylase; F3'H, flavonoid 3'-hydroxylase;
DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase;
UFGT, UDP-glucose: flavonoid-3-O-glucosyltransferase; bHLH,
basic helix—loop-helix; WD40, WD-repeat protein

that the large expression of late structural genes is the key
to anthocyanin accumulation in the biological process of
regulating anthocyanin synthesis.

The transcriptional expression of LBGs is mainly acti-
vated by MBW ternary complex (Zheng et al. 2019). We
found nine R2R3-MYB genes (BnaC06. PAP1a, BnaCO02.
PAPI, BnaAO7. PAP1, BnaA02. PAPI, BnaC03. PAPI,
BnaC06. PAP1b, BnaAO3. PAPI, BnaAO7. PAP2 and
BnaC06. PAP2), BnaC06. PAPla, BnaAO7. PAPI and
BnaA02. PAPI were almost not expressed in ZS11-S and
ZS11-L; BnaC02. PAPI was significantly higher in PRO1-
L than PRO1-S, and the overall relative expression was
higher; BnaAO7. PAP2 and BnaC06. PAP2 was signifi-
cantly higher in all tissues of PRO1 than ZS11; BrnaCO06.
PAPI1b was significantly higher in PRO1 than ZS11, but
the overall expression level was lower (Fig. 4). In addi-
tion, the expression level of bHLH gene (BnaA09. TTS)
was higher in PRO1 than in ZS11. TT8 expression was
found to be directly regulated by 778 itself through a
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positive feedback regulatory loop involving redun-
dant MBW complexes in Arabidopsis (Xu et al. 2013).
Therefore, the level of TT8 expression is closely related
to anthocyanin biosynthesis. The WD40 protein coding
genes BnaC07. TTG1 and BnaA06. TTG1 were expressed
in PROI and ZS11, and the overall expression level in
PRO1 was higher than that in ZS11, while the expres-
sion level in stem bark was higher than that in leaves
in ZS11 (Fig. 4). The expression levels of four 7779
genes BnaCO02. TT19, BnaC09. TT19, BnaAl0. TT19 and
BnaA02. TT19, BnaC02. TT19 were the highest in PRO1-
S, followed by PRO1-L, and the lowest in ZS11; the over-
all expression levels of BnaC02. TT19, BnaC09. TT19 and
BnaAl0. TT19 in PRO1 were higher than those in ZS11.

Based on these results, the expression of anthocyanin
biosynthesis pathway genes in different tissues of two
varieties of B. napus can be observed directly. The change
of anthocyanin content in plants is related to the differen-
tial expression of key genes encoding structural enzymes
in anthocyanin biosynthesis pathway (Naing and Kim,
2018). The expression of structural genes in flavonoid
anthocyanin biosynthesis pathway is mainly regulated by
the ternary complex MBW formed by MYB, bHLH and
WD40 (Zhou et al. 2012; Xu et al. 2013). Therefore, it is
speculated that the activation of anthocyanin biosynthesis
of the late structural genes is caused by the up regulation
of the expression of PAPI/PAP2 and TTS8, which is the
main mechanism controlling PRO1 anthocyanin biosyn-
thesis in purple B. napus.
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Different expression verification of DEGs by qRT-PCR

To confirm the reliability of the high-throughput sequenc-
ing results, the key genes of anthocyanin synthesis related
enzymes were further analyzed by Real-Time Quantitative
RT-PCR (qRT-PCR) to determine the transcriptional expres-
sion pattern of DEGs in anthocyanin synthesis. Eight DEGs
(BnaC09. DFR, BnaAl0. F3'H, BnaC04. PAL2, BnaA0O4.
C4H, BnaC07. ANS, BnaC06. PAP2 and BnaAQO7. PAP2,
BnaC06. PAP1D) related to anthocyanin biosynthesis path-
way were selected for qRT-PCR analysis (Fig. 5). The results
showed that the expression of PAL, C4H, DFR, ANS and
F3'H in purple material PRO1 was significantly higher than
that in green material ZS11. In addition, BnaC06. PAP2 and
BnaA07. PAP2 belong to R2R3-MYB, which are signifi-
cantly expressed in PRO1 (Fig. 5). The expression pattern
was consistent with that of high-throughput sequencing,
which confirms the validity of our transcriptome data. Pre-
vious studies have shown that anthocyanin content is related
to the expression of anthocyanin biosynthesis genes, such as
potato (Liu et al. 2015), pear (Yang et al. 2015).

Co-expression network analysis and identification
of key regulatory genes

In order to identify the genes related to anthocyanin biosyn-
thesis in purple B. napus PRO1, all differentially expressed
genes were analyzed by WGCNA. According to the gene
expression trend, all genes were divided into six WGCNA
modules, including an unclustered gray module (Fig. 6a).
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Fig 5 qRT-PCR analysis the expression pattern of genes involved in anthocyanin biosynthesis B. napus. PRO1-L and PRO1-S represent the
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gene. The major tree branches constitute six modules, labeled with
different colors. b Module-trait relationships. Each row represents a
module, and the number of genes in each module is displayed on the

These DEGs are grouped into six main branches, each
representing a module (marked with different colors). The
largest module (‘turquoise’) contained 3772 genes, while
the smallest module (‘grey’) contained 312 genes. Analy-
sis of the module-trait relationships revealed that the ‘blue’
(r=0.764, p=0.00382) and ‘brown’ (r=0.781, p=0.00271)
modules were highly positively correlated with antho-cyanin
accumulation, the ‘turquoise’ (r=-0.746, p=0.00534) was
highly negatively correlated with anthocyanin accumulation
(Fig. 6b).

In order to further determine the relationship between
genes in the module and screen hub genes (highly connected
genes), the blue module was constructed the relevant net-
work. In the blue module, 28 genes related to anthocyanin
biosynthesis showed high expressional correlation, includ-
ing two MYB transcription genes, 24 structural genes and
two transporter protein genes. In the interaction network
diagram, including phenylpropanoid-biosynthesis genes:
PAL, 4CL and C4H; early biosynthesis genes: CHS, F3H,
and F3'H; Late biosynthesis genes: DFR, ANS and UFGT:
R2R3-MYB: PAP2 (Fig. 6¢). These highly connected genes
are called central genes in the gene co-expression network,
which play an important role in understanding the biologi-
cal mechanism of anthocyanin synthesis regulation. In the
middle of the network, two MYB genes and two transporter
genes (BnaC06. PAP2, BnaAO7. PAP2, BnaAlO. TTI9 and

left. In the right column, the values in each cell at the row column
intersection represent the correlation coefficient between the module
and the phenotype and are displayed according to the color code on
the right. The values in parentheses in each cell represent the P value.
¢ Cytoscape representation of co-expressed anthocyanin metabolism-
related genes with edge weights >0.25 in the “MEblue” module

BnaA02. TT19) showed the highest node connectivity with
other structural genes and two transporter genes (Fig. 6¢).
In previous studies, heterologous expression of PAP2 in
Arabidopsis induced anthocyanin accumulation in tomato
(Li et al. 2018), PAP2 is a key gene controlling anthocya-
nin accumulation in B. napus (Chen et al. 2020). In addi-
tion, PAL, 4CL, C4H, CHS, F3H, F3'H, DFR, ANS, UFGT
and TT19 have been identified to be related to anthocyanin
biosynthesis (Petroni and Tonelli, 2011; Sun et al. 2012).
Through the above analysis, it was found that BnaC06. PAP2
and BnaAO7. PAP2 were located in the center of the co-
expression network and were highly correlated with other
genes. According to reports of other species, PAP2 is a key
regulator of anthocyanin biosynthesis (Gonzalez et al. 2008).
Therefore, we speculate that the differential expression of
PAP?2 is the key to anthocyanin accumulation in PRO1.

Conclusions

The accumulation of anthocyanins in leaves and stems is con-
ducive to the development of vegetable value for B. napus.
Total 157 ABGs were identified in the B. napus genome
based on homology analysis with Arabidopsis ABGs in
this study, and 5 anthocyanins were detected in in purple B.
napus PRO1 by HPLC-MS. The expression patterns of these
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genes indicated that late biosynthesis genes (BnaC09. DFR,
BnaA04. C4H, and BnaC07. ANS), positive regulatory genes
(BnaC06. PAP2 and BnaAO7. PAP2), negative regulatory
genes (BnaC09. LBD37 and BnaA09. LBD38) and transport
protein genes (BnaA10. TT19 and BnaA02. TT19) were differ-
entially expressed in leaves and stem barks between PRO1 and
ZS11, and the study found that BnaC06. PAP2 and BnaA0O7.
PAP?2 were highly co-expressed with BnaA10. F3'H, BnaC09.
F3'H, BnaC08. F3Hb, BnaA09. F3Hb, BnaC09. DFR,
BnaCO07. ANS, BnaCOI. ANS BnaA02. UGT78D2a, BnaAOS.
UGT75C1, BnaCO08. UGT75C1, BnaAl0. TT19 and BnaA02.
TT19, which showed that these genes play key roles in antho-
cyanin accumulation in B. napus. These results provided the
insight of the genetic mechanism and regulatory network of
anthocyanin accumulation in purple B. napus, and served as
the theoretical basis for breeding vegetable varieties with high
anthocyanin content.
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