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Abstract
Keymessage Multi-omics analysis of the transcriptome, metabolome and genome identified major and minor loci and 
candidate genes for seed coat color and explored the mechanism of flavonoid metabolites biosynthesis in Brassica rapa.
Abstract Yellow seed trait is considered an agronomically desirable trait with great potential for improving seed quality of 
Brassica crops. Mechanisms of the yellow seed trait are complex and not well understood. In this study, we performed an 
integrated metabolome, transcriptome and genome-wide association study (GWAS) on different B. rapa varieties to explore 
the mechanisms underlying the seed coat color formation. A total of 2,499 differentially expressed genes and 116 differential 
metabolites between yellow and black seeds with strong association with the flavonoid biosynthesis pathway was identi-
fied. In addition, 330 hub genes involved in the seed coat color formation, and the most significantly differential flavonoids 
biosynthesis were detected based on weighted gene co-expression network analysis. Metabolite GWAS analysis using the 
contents of 42 flavonoids in developing seeds of 159 B. rapa lines resulted in the identification of 1,626 quantitative trait 
nucleotides (QTNs) and 37 chromosomal intervals, including one major locus on chromosome A09. A combination of QTNs 
detection, transcriptome and functional analyses led to the identification of 241 candidate genes that were associated with dif-
ferent flavonoid metabolites. The flavonoid biosynthesis pathway in B. rapa was assembled based on the identified flavonoid 
metabolites and candidate genes. Furthermore, BrMYB111 members (BraA09g004490.3C and BraA06g034790.3C) involved 
in the biosynthesis of taxifolin were functionally analyzed in vitro. Our findings lay a foundation and provide a reference for 
systematically investigating the mechanism of seed coat color in B. rapa and in the other plants.
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Introduction

Field mustard (Brassica rapa L.) is one of the most impor-
tant oil crops in the world. The yellow seed trait is a desir-
able quality trait in the breeding of B. rapa, as compared to 
black-seeded germplasm within the similar genetic back-
ground, yellow seeds not only contain more oil for human 
consumption, but also possess more protein and less husk 
and secondary metabolites, as more edible meal for live-
stock (Daun 1988; Jiang et al. 2015; Jönsson 1977). Germ-
plasm with yellow seeds has been collected or created in 
various Brassicaceae varieties, including B. rapa, rapeseed 
(Brassica napus L.), brown mustard (Brassica juncea L.) 
and Ethiopian mustard (Brassica carinata L.). Numerous 
studies, including quantitative trait loci (QTL) mapping and 
candidate genes cloning, have revealed that the seed color 
was controlled by few major QTLs in Brassica crops (Mar-
les et al. 2003; Padmaja et al. 2014; Rahman et al. 2010; 
Schwetka 1982; Xiao et al. 2012). Among them, several 
homologs to Arabidopsis transparent testa (TT) genes affect-
ing seed color, such as TT1, TT8, TT2 and TTG1 (TRANSPA-
RARENT TESTA GLABRA1), have been identified, and some 
of them have been functionally validated in B. rapa, B. jun-
cea and B. napus. Nevertheless, the exact underlying regula-
tory mechanism of seed coat color is still obscure (Li et al. 
2012; Padmaja et al. 2014; Wang et al. 2017; Xie et al. 2020; 
Zhai et al. 2020; Zhang et al. 2009).

Histological and histochemical analyses show that the 
lack of pigment deposition in the seed endothelium is the 
main reason for the yellow seed trait in Brassica crops and tt 
mutants in Arabidopsis (Auger et al. 2010; Debeaujon et al. 
2003; Li et al. 2012; Qu et al. 2013). Furthermore, proan-
thocyanidins and anthocyanidins derived from the flavonoid 
biosynthesis pathway play critical roles as pigments in the 
seed coat color formation (Auger et al. 2010; Debeaujon 
et al. 2003; Jiang et al. 2013; Qu et al. 2013). Indeed, analy-
ses of differences in flavonoid contents of yellow and black 
seeds for several Brassica crops and Arabidopsis measured 
by liquid chromatography-mass spectrometry (LC/MS), 
support the involvement of these phenolic compounds in 
the establishment of seed coat color (Auger et al. 2010; Qu 
et al. 2013, 2020; Ren et al. 2021; Routaboul et al. 2006; 
Shao et al. 2014). These differences in flavonoid contents 
were also consistent with the difference in the transcript lev-
els of some flavonoid biosynthesis genes (Jiang et al. 2013; 
Lian et al. 2017; Qu et al. 2013; Wang et al. 2017), and 
recent transcriptome data generated by transcriptome deep 
sequencing (RNA-seq) of several Brassica crops with yel-
low and black seeds (Hong et al. 2017; Liu et al. 2013; Niu 
et al. 2020; Qu et al. 2020; Ren et al. 2021; Zhao et al. 2019). 
To date, however, there have been few joint analyses of the 

transcriptome and the metabolome for the seed coat color 
trait in Brassica crops.

Genes controlling the seed coat color have been mapped 
in different B. rapa varieties collected around the world 
using segregating populations derived from crosses 
between species with yellow or black seeds. Seed coat 
color has traditionally been determined by visual inspec-
tion, near-infrared spectroscopy (NIRS) or light reflectom-
etry, with limited accuracy (Kebede et al. 2012; Lou et al. 
2007; Somers et al. 2001; Stein et al. 2013; Teutonico 
and Osborn 1994). As the seed coat color represents a 
continuum in some B. rapa mapping populations, coarse 
phenotyping may affect the accuracy of mapping results. 
Development of metabolomics offers a solution to turn 
metabolites into highly quantifiable traits and decompose 
complex traits into related metabolites (Chen et al. 2014; 
Shirai et al. 2017; Zeng et al. 2020). Thus, a combination 
of transcriptomic and metabolomics analyses may increase 
the sensitivity and accuracy of the genetic mapping and 
provide a more comprehensive picture of the underlying 
regulatory processes.

In this study, we profiled the transcriptome and metabo-
lome of several B. rapa varieties producing extreme yellow 
or black seeds. In addition, we detected the relative content 
of flavonoids in a large population of B. rapa accessions with 
different seed coat colors and implemented GWAS analysis 
to identify candidate genes for the flavonoid biosynthesis 
pathway in B. rapa. Furthermore, BrMYB111s were firstly 
verified involved in the biosynthesis of taxifolin. Our find-
ings lay a foundation for elucidating the regulatory mecha-
nisms of seed coat color in B. rapa and provide important 
resources for a comparative and integrated analysis of seed 
coat color trait in related Brassica species.

Materials and methods

Plant materials and sampling

For this study, 159 spring B. rapa accessions were col-
lected from China and other countries (Supplementary 
Table S1), including two varieties with extremely yellow 
seeds (BrY1, Dahuang; BrY2, Yellow Sarson) and two 
varieties with extremely black seeds (BrB1, Luhua; BrB2, 
Mayu), which represent typical yellow-and black-seeded 
genotypes (Fig.  1). The B. rapa materials were grown 
in 2018 (April to August) and 2020 (April to August) in 
Xining (N36°43′, E101°45′, Qinghai province, China), 
and in 2018(November)–2019(April) in Beibei (N29°76′, 
E106°38′, Chongqing, China) under normal field conditions, 
respectively. Developing seeds of the four extreme yellow- 
and black-seeded varieties were sampled by combining 
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developing seeds (15, 25, 35, 45 and 50 days after pollina-
tion [DAP]) from five individual plants in 2018, respectively. 
Developing seeds for all varieties were sampled at 35 DAP 
for 3 years, as well as leaves at the seedling stage (30 days 
after germination) in 2018. All samples were rapidly frozen 
and stored at −80 °C until extraction of RNA, DNA and 
metabolites. Developing seeds were observed and photo-
graphed on a three-dimensional microscopy system with 
super depth of field (VHX-6000, Japan). The yellow-seeded 
degree, oil and protein contents of mature seeds of four vari-
eties with extremely yellow and black seeds were measured 
by a NIRS DS2500 analyzer (Foss Analytical A/S) as previ-
ously described methods (Fu et al. 2007). The thousand-seed 
weight and hull content were measured using mature seeds 
with at least five replicates.

RNA extraction, library construction and sequencing

Total RNA was extracted using the EASYspin RNA Rapid 
Plant Kit (Bio-med, Beijing China) with two replicates per 
sample. High-quality RNA samples were used for library 
construction with the NEBNext Ultra RNA Library Prep 
Kit for Illumina (NEB, USA) and sequenced on an Illumina 

HiSeq 2000 platform as 150 bp paired-end reads. Clean 
reads were obtained by removing adapter sequences, reads 
with N stretches and low-quality reads from the raw sequenc-
ing data. Q20 (Base error rate < 0.01), Q30 (Base error 
rate < 0.001) and GC content of clean reads were calculated 
as diagnostics (Supplementary Table S2). Clean reads were 
mapped to the B. rapa reference genome (Chiifu-401–42) 
(http:// 39. 100. 233. 196: 82/ downl oad_ genome/ Brass ica_ 
Genome_ data/ Brapa 30/) using Hisat2 (Kim et al. 2019). 
Novel transcripts were predicted by StringTie (Pertea et al. 
2015), and transcript levels were calculated as fragments 
per kilobase of transcript sequence per millions base pairs 
(FPKM) with the featureCounts tool in Subread (Liao et al. 
2013). Pearson correlation analysis between pairs of sam-
ples and principal component analysis (PCA) on all samples 
were performed using FPKM values. Differential expres-
sion analysis between yellow-and black-seeded varieties 
was conducted with DESeq2 (|log2(fold-change)|> 0 and 
p-adj < 0.05) (Love et al. 2014). Gene Ontology (GO) and 
KEGG (Kyoto Encyclopedia of Genes and Genomes) path-
way enrichment analyses of DEGs (differentially expressed 
genes) were implemented with the clusterProfiler package 
in R (p-adj < 0.05) (Yu et al. 2012).

Fig. 1  Characterizations analysis of seeds between the yellow-and 
black-seeded B. rapa. A Phenotype analysis of seeds in the yellow- 
and black-seeded B. rapa during seed development. DAP, days after 
pollination. BrY1 and BrY2, Yellow-seeded B. rapa lines Dahuang 

and Sarson; BrB1 and BrB2, Black-seeded B. rapa lines Luhua and 
Mayu; B Yellow-seeded degree; C oil content (%); D protein content 
(%); E hull content (%); F thousand-seed weight (gram)

http://39.100.233.196:82/download_genome/Brassica_Genome_data/Brapa30/
http://39.100.233.196:82/download_genome/Brassica_Genome_data/Brapa30/
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qRT‑PCR analysis

Total RNA extracted above was used for first-strand cDNA 
synthesis with the PrimeScript RT reagent kit with gDNA 
Eraser (Takara, Japan). The final volume of each qRT-PCR 
amplification was 20 μL, consisting of 10 μL of 2 × T5 Fast 
qPCR Mix (Tsingke, China), 1 μL of 20 μM forward primer, 
1 μL of 20 μM reverse primer, 100 ng cDNA template. The 
reaction was performed on a CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad, USA), following the PCR pro-
cedures: 94 °C, 2 min; 94 °C, 3 s, 60 °C, 30 s, 40 cycles; 
melting curve from 60 to 95 °C. The  2−ΔΔCt method was 
used to calculate relative transcript levels, with ACTIN7 as 
the reference gene (Livak and Schmittgen 2001).

Broad spectrum metabolome detection

The extraction of metabolites from developing seeds was 
performed as previously described, with slight modifica-
tions (Qu et al. 2020). Frozen seeds were ground into a fine 
powder in liquid nitrogen with a mortar and pestle. Approxi-
mately, 0.2 g of powder was accurately and rapidly weighed 
with a precision balance and placed in pre-chilled 2-mL 
centrifuge tubes (Axygen, USA), and then 800 μL of 80% 
(v/v) methanol was added and mixed well with a shaker. 
The homogenates were extracted using an ultrasound water 
bath at 4 ℃. The volume of the homogenates was adjusted 
to 1 mL with 80% methanol before centrifugation at 4 ℃ 
and 10,000 g for 10 min. Two hundred microliters of the 
supernatant were filtered through a 0.22-μm-filter and used 
for liquid chromatography on a Dionex Ultimate 3000 HPLC 
system (Thermo Fisher Scientific, USA) with an Acclaim 
120 C18 chromatographic column (5 μm, 2.1 mm × 150 mm, 
Waters, USA) and mass spectrometric detection with the 
Thermo Scientific Q-Exactive system (Thermo Fisher Sci-
entific, USA). Mobile phase A consisted of 0.1% (w/v) for-
mic acid (Sigma-Aldrich, USA). Mobile phase B was 0.1% 
(v/v) formic acid-acetonitrile (Sigma-Aldrich, USA). The 
elution program was 5% phase A, 2 min; 5% A ~ 95% B, 
11 min; and 95% B, 2 min. The detection was carried out in 
anion mode, and the scanning range of mass spectrometry 
was 100 ~ 1500 m/z. The Thermo Xcalibur 3.0.63 (Thermo 
Fisher Scientific, USA) was used for data collection and 
analysis.

Liquid chromatography–mass spectrometry (LC/MS) 
data processing

The chromatographic peaks and secondary mass spectra 
were extracted by Thermo Xcalibur 3.0.63 (USA) Qual 
Browser, and the peak areas were calculated by Quan 
Browser. The PubChem (https:// pubch em. ncbi. nlm. nih. gov/) 
and Massbank (https:// massb ank. eu/ MassB ank/) databases 

were used to identify metabolites. Quantitative data were 
processed with MetaboAnalyst 5.0 (https:// www. metab 
oanal yst. ca/) for statistical analysis and metabolic pathway 
enrichment analysis (Pang et al. 2021). Fold change (FC) 
analysis, T-tests, PLSDA (Partial Least Squares–Discrimi-
nant Analysis) and OrthoPLSDA (Orthogonal Partial Least 
Squares–Discriminant Analysis) were used to screen differ-
ential metabolites between yellow-and black-seeded groups.

Weighted gene co‑expression network analysis 
(WGCNA)

The WGCNA R package (version 1.67, https:// cran.r- proje 
ct. org/ web/ packa ges/ WGCNA/) (Langfelder and Horvath 
2008) was used to generate co-expression networks and 
detect co-expression modules from the 49,734 genes 
detected by RNA-seq. The contents for 295 metabolites 
were defined as trait data to identify modules whose eigen-
gene correlated with various metabolites. The gene co-
expression networks were exported to Cytoscape v 3.6.1 
for visualization (Shannon et al. 2003).

DNA extraction, restriction site‑associated 
DNA sequencing (RAD‑Seq) and metabolite 
genome‑wide association study (mGWAS)

Genomic DNA for 159 B. rapa varieties were extracted 
with the Plant Genomic DNA Extraction kit (Tiangen, 
Beijing) and used for RAD-seq analysis. A set of 57, 589 
single nucleotide polymorphism (SNP) markers, evenly 
distributed over the chromosomes, were identified and 
used for genome-wide association mapping. The Q matrix 
of population structure was estimated with STRU CTU RE 
v2.3.4 (Pritchard et al. 2000) (Supplementary Fig. S1). 
The peak areas of 42 metabolites from the flavonoid bio-
synthesis pathway in developing seeds (35 DAP) from 
all 159 B. rapa varieties were used for metabolite GWAS 
(mGWAS), which were grown in 2018, 2019 and 2020 sea-
sons, respectively. To detect significant quantitative trait 
nucleotides (QTNs), multi-locus GWAS were implemented 
in mrMLM v3.1 (https:// cran.r- proje ct. org/ web/ packa ges/ 
mrMLM/ index. html) with mrMLM, FASTmrEMMA, ISIS 
EM-BLASSO and FASTmrMLM algorithms (Zhang et al. 
2020). Genes located 100 kb upstream and downstream 
of significant QTNs were selected as putative candidate 
genes for flavonoid metabolism, which were eventually 
confirmed by the RNA-seq data to identify genes affecting 
seed coat color. The genomic position of detected QTNs 
and genes were visualized with Circos plots produced 
by the TBtools software (Chen et al. 2020) and on maps 
drawn with the MapChart software (Voorrips 2002).

https://pubchem.ncbi.nlm.nih.gov/
https://massbank.eu/MassBank/
https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/
https://cran.r-project.org/web/packages/WGCNA/
https://cran.r-project.org/web/packages/WGCNA/
https://cran.r-project.org/web/packages/mrMLM/index.html
https://cran.r-project.org/web/packages/mrMLM/index.html
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Protein–protein interaction analysis 
and chromosome collinearity

Protein interaction partners were predicted for all pro-
teins encoded by candidate genes in the STRING data-
base (https:// string- db. org/; Szklarczyk et al. 2011). Refer-
ence genomes for several B. rapa varieties were obtained 
from the National Center for Biotechnological Informa-
tion (NCBI) database, including ZYCX (PRJNA576336), 
CT001 (PRJNA546028), Z1 (PRJEB26620) and R-o-18 
(PRJNA649364). The sequence of chromosome A09 was 
aligned across different B. rapa varieties with the Mauve 
software (Darling et al. 2004).

Transient expression of BrMYB111 in Nicotiana 
benthamiana leaves

Based on the above-mentioned multi-omics analysis, the 
gene BrMYB111 was considered an important transcrip-
tion factor regulating the early stage of the flavonoid bio-
synthesis pathway in B. rapa. Subsequently, the coding 
sequences of two BrMYB111s, BraA09g004490.3C and 
BraA06g034790.3C, were cloned from BrB1 (Luhua) 
and were assembled into pEarleyGate101 vector under 
the control of the CaMV35S promoter. The recombinant 
vectors were transferred into Agrobacterium tumefaciens 
strain GV3101. The cells containing recombinant vectors 
were collected and resuspended in buffer solution (10 mM 
 MgCl2, 10 mM MES monohydrate, 100 μM Acetosyringone, 
pH = 5.6,  OD600 = 0.5). Fully expanded leaves of 5-week-
old N. benthamiana plants were pressure-infiltrated by sus-
pended Agrobacterium and water using a needleless syringe. 
After dark (24 h) and light (48 h) treatments, the infiltrated 
and untreated leaves were sampled and quickly frozen in 
liquid nitrogen. The methods for extraction and detection of 
metabolites were the same as those for the developing seeds 
mentioned above.

Results

Quality traits of extreme yellow and black seeds

In this study, analyses of seed coat color were performed 
in four extreme B. rapa varieties, starting from 15 DAP to 
seed maturity. We found that the seed coat color started to 
change in black-seeded varieties around 35 DAP, and large-
area coloring occurred around 45 DAP, whereas yellow-
seeded varieties remained green (Fig. 1A). At maturity, 
the yellow-seeded degree was much higher in yellow seeds 
relative to varieties with black seeds (Fig. 1B). The oil con-
tent (Fig. 1C), protein content (Fig. 1D) and hull content 

(Fig. 1E), as well as the thousand-seed weight (Fig. 1F) did 
not clearly correlate with the seed coat color trait.

Transcriptome deep sequencing and identification 
of DEGs

We collected seeds for each of the four extreme varieties 
at 15, 25 and 35 DAP for transcriptome deep sequencing 
(RNA-seq). 1,182,593,810 clean reads were obtained across 
all samples, which we then mapped to the B. rapa reference 
genome. Mean error rate was less than 3%, while mean Q20 
and Q30 values were 97.2% and 92.2%, respectively, and the 
GC content was between 46.4% and 49.1% (Supplementary 
Table S2). We performed a principal component analysis 
(PCA) and correlation analysis with expression estimates 
(Fig. 2A), revealing good reproducibility between the two 
replicates and clear separation of the samples according to 
seed color. In addition, black-seeded varieties showed strong 
clustering as a function of seed developmental stage, with 
both varieties behaving identically, while yellow-seeded 
varieties tended to inhabit a broader continuum between 
early and later seed developmental stages (Fig. 2A), indicat-
ing that they showed the apparently differences among these 
varieties. A comparison of transcript levels between yellow-
and black-seeded varieties identified 14,868 DEGs across all 
varieties, including 8,001 DEGs at 15 DAP, 8,313 DEGs at 
25 DAP, and 7,666 DEGs at 35 DAP. Of all DEGs, 2,499 
were consistently different between yellow-and black-seeded 
varieties for all three developmental stages, with 1,231 genes 
always expressed at lower levels in yellow-seeded varieties, 
1,160 genes always expressed at higher levels in yellow-
seeded varieties, and 108 genes with variable expression 
in 15 to 35 DAP seeds (Fig. 2B). We then used the 14,868 
DEGs above for clustering analysis, of which 10,717 DEGs 
showed consistent differences between yellow-and black-
seeded varieties (Supplementary Fig. S2). Meanwhile, 
linear regression analysis indicated that the fold changes 
for gene transcriptional levels investigated by qRT-PCR 
and RNA-seq data were significantly positively correlated 
 (R2 = 0.8596, Supplementary Fig. S3), indicating that these 
results were reliable.

GO and KEGG enrichment analysis on DEGs

To explore the function of identified DEGs, we performed 
a GO and KEGG enrichment analysis on the core set of 
2,499 DEGs between yellow-and black-seeded varieties. 
Based on KEGG enrichment analysis, flavonoid biosyn-
thesis (brp00941) was the most significantly enriched 
and down-regulated pathway in yellow-seeded varieties 
(Fig. 2C). Among them, these down-regulated genes mainly 
encoded enzymes along the flavonoid biosynthesis pathway, 

https://string-db.org/
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including BraA02g005190.3C and BraA03g005990.3C 
(TT4), BraA10g028200.3C (TT5), BraA09g019440.3C 
(TT3), BraA01g013470.3C and BraA03g050560.3C (TT18), 
BraA03g064730.3C (BAN), and so on. Up-regulated KEGG 
pathways among yellow-seeded varieties included the ribo-
some (brp03008), photosynthesis (brp00195) and oxida-
tive phosphorylation (brp00190). GO enrichment analysis 
showed that protein acetylation (GO:0,006,473), internal 
protein amino acid acetylation (GO:0,006,475) and histone 
acetylation (GO:0,016,573) are down-regulated in yellow 
seeds, while up-regulated GO terms were largely congruent 
with the KEGG pathway enrichment analysis, with over-
representation of photosynthesis (GO:0,015,979) and the 
ribosome (GO:0,005,840) among genes (Supplementary 
Table S3). These results provide the crucial clues for elu-
cidating the mechanisms of seed coat color formation in 
B. rapa.

Identification of metabolites in B. rapa seeds

In parallel to the transcriptome, the dynamic accumulation 
of metabolites were also analyzed between yellow and black 
seeds, resulting in 295 metabolites involved in different path-
ways, such as secondary metabolism, amino acid metabo-
lism and fatty acid metabolism (Supplementary Fig. S4). 
The original peak intensities data were log-transformed and 
normalized by median for statistical analysis (one factor). 
Furthermore, the PCA on metabolites sorted black-seeded 
and yellow-seeded varieties in separate groups (Fig. 2D), 
indicating that the biological replicates of the same sample 
types had a good stability and high reliability. Correlation 
analysis across all 295 metabolites identified 5 clusters, 18 
metabolites from cluster I mainly explained the differences 
in profiles between black-and yellow-seeded varieties, which 
included 11 flavonoids (Supplementary Fig. S5). The con-
tents of 116 metabolites were significantly different between 
black-and yellow-seeded samples (fold-change > 1.5, T-tests 
q-value < 0.05, variable importance in projection (VIP) > 1), 
39 and 57 differential metabolites were detected by four and 
three methods (Fig. 2E). A pathway enrichment analysis 
using 116 differentially accumulated metabolites between 
yellow and black seeds showed that flavonoid biosynthesis, 

phenylpropanoid biosynthesis and flavone and flavonol bio-
synthesis pathways were significantly enriched (Fig. 2F), 
which was consistent with the RNA-seq data. Furthermore, 
42 flavonoids were detected and divided into three groups 
according to their structures and the order of flavonoids 
biosynthesis pathway (Supplementary Table S4). Of which, 
the flavonoids from the early biosynthesis stage included 
flavanones (naringenin, luteolin) and dihydroflavonols 
(taxifolin); the middle biosynthesis stage mainly contained 
three different flavonols and their derivatives (kaempferol, 
quercetin and isorhamnetin), and the late biosynthesis stage 
mainly includes the colored compositions, such as anthocya-
nins (cyanidin, delphinidin, petunidin, malvidin) and proan-
thocyanidins (epicatechin, procyanidin B1, procyanidin C1, 
[DP3], [DP4]). The contents of 20 flavonoids were signifi-
cantly different between yellow and black seeds, including 
4, 8 and 8 flavonoids from the early, middle and late stage, 
respectively (Table 1). Eleven of them were with extremely 
higher content in black seeds, i.e., C145 (Procyanidin C1), 
C146 (Procyanidin C1), C140 (3′ 4′ 5 7-tetrahydroxyfla-
vanone), C137 ((–)-Catechin), C122 (Procyanidin B1), 
C138 (Epicatechin), C165 (Isorhamnetin-3-O-sinapoyldi-
glucoside-7-O-glucoside), C174 ([DP3]-2), C150 ([DP4] 
Procyanidin D), C185 (Taxifolin) and C213 (Quercetin) 
(Table 1). The 11 flavonoids were clustered in the cluster I 
by correlation analysis (Supplementary Fig. S5), and they 
were also the most related variables with seed coat color 
trait by PLSDA and OrthoPLSDA (Supplementary Fig. S6), 
we believed that they played a key role during the seed coat 
color formation.

Weighted gene co‑expression network analysis 
(WGCNA)

To facilitate our understanding of the regulatory network of 
the B. rapa metabolites and contributing to seed coat color 
formation, the peak area of 285 metabolites, the yellow-
seeded degree and the expression of 49,733 genes were sub-
jected to WGCNA using the block-wise network construction 
method. A total of 56 modules were detected (soft threshold 
power = 12, mergeCutHeight = 0.2). We then calculated the 
correlation between traits and modules, followed by their 
hierarchical clustering. As a result, these traits roughly fell 
into four clusters (Supplementary Table S5). We noticed that 
seed coat color (yellow-seeded degree, referred to as SC 
hereafter) clustered into cluster 1, while 10 of the top 11 dif-
ferential flavonoids grouped closely into cluster 4 (including 
catechin and epicatechins, 3′ 4′ 5 7-tetrahydroxyflavanone, 
isorhamnetin-3-O-sinapoyldiglucoside-7-O-glucoside and 
taxifolin) (Supplementary Table  S5). The most highly 
positively correlated module with SC was the blue module, 
which was most strongly negatively correlated with epicat-
echin levels, as higher epicatechin content is associated with 

Fig. 2  Combined transcriptome and metabolome analysis of develop-
ing seeds in B. rapa. A Principle component analysis (PCA) of gene 
expression between the yellow-and black-seeded B. rapa; B Differ-
entially expressed gene (DEG) analysis in different developmental 
seeds of the yellow-and black-seeded B. rapa; C KEGG enrichment 
analysis of the DEGs between the yellow-and black-seeded B. rapa; 
D Principle component analysis (PCA) of metabolite content between 
the yellow-and black-seeded B. rapa; E Screening of differentially 
accumulated metabolites between yellow-and black-seeded B. rapa; 
F KEGG enrichment analysis of the differential metabolites between 
the yellow-and black-seeded B. rapa 

◂
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lower yellowness. Based on our module-trait correlation 
analysis, we extracted 10 modules exhibiting high correla-
tion with SC and the top 10 differential flavonoids, including 
the blue, cyan, green, lightcyan, salmon, lightgreen, skyblue, 
maroon, palevioletred3 and turquoise modules, for further 
analysis (Supplementary Table S5). KEGG and GO enrich-
ment analysis were conducted on genes from 10 selected 
modules. The down-regulated pathway flavonoid biosynthe-
sis (brp00941) in yellow seeds was enriched in green mod-
ule, the up-regulated pathways ribosome (brp03010) and 
oxidative phosphorylation (brp00190), and the down-regu-
lated pathways spliceosome (brp03040) and RNA transport 
(brp03013) were enriched in blue module, which indicated 
that these two modules were the most important modules 
for the seed coat color formation. Besides, the down-reg-
ulated pathways spliceosome (brp03040) and RNA trans-
port (brp03013) were also enriched in lightcyan module. 
Two fatty acid metabolic pathways, fatty acid degradation 
(brp00071) and alpha-linolenic acid metabolism (brp00592), 
were enriched in turquoise module, implying that this mod-
ule also participated in regulating the fatty acid metabolism 
(Supplementary Table S6).

Herein, the top 30 hub genes were selected for each of 
the 10 correlated modules and added them to known flavo-
noid biosynthetic genes to construct the gene co-expression 

network (Supplementary Tables S7 and S8). Results showed 
that genes in the same module tended to cluster together 
(Fig. 3). The blue and green modules were the most closely 
related with known flavonoid biosynthetic genes. In addition, 
five indices (degree, closeness, centroid value, betweenness 
and bridging centrality) were employed to measure how 
critical each gene was to a given network (Supplementary 
Table S8). As we expected, most known flavonoid biosyn-
thetic genes had high degree and closeness values, indicating 
that they may play central roles in the regulation of gene 
expression within the network. Several known flavonoid 
biosynthetic genes were also associated with high centroid 
value, betweenness and bridging centrality values, such as 
PHENYLALANINE AMMONIA-LYASE 1 (BrPAL1a), UDP-
GLUCOSYL TRANSFERASE 2 (BrUGT2a, BrUGT2e), 
BrTT10b, BrTT18a, BrTT8, BrTT4b and BrTT6c, sug-
gesting that they may be crucial for maintaining connec-
tions across different modules. Meanwhile, several newly 
discovered genes were also identified from different mod-
ules, including BraA03g034240.3C (encoding protein of 
unknown function, blue module), BraA04g030130.3C 
(Carbohydrate-binding X8 domain superfamily protein, 
cyan module), BraA06g007200.3C (Glutathione S-trans-
ferase family protein17, cyan module), BraA06g017750.3C 
(Major facilitator super family protein, skyblue module) and 

Table 1  Significantly different flavonoids between yellow and black seeds in B. rapa 

RT, the retention time of metabolites; m/z, mass-to-charge ratio; Cluster, the detected metabolites could be divided into 5 clusters based on their 
contents in different samples, details were presented in Supplementary figure S5; FC, the fold change of matabolites’ content in black seeds com-
pared with that in yellow seeds; q value, adjusted p value of t-tests; VIP1 and VIP2, the VIP value of PLSDA and OrthoPLSDA; Stage, the early 
(E), middle (M) and late (L) stage of flavonoid biosynthetic pathway

Code Metabolites RT (min) m/z ([M-H]-) Cluster FC q value VIP1 VIP2 Stage

C122 Procyanidin B1 6.21 577.14 I 9110.00 3.19E–15 4.90 2.31 L
C137 (-)-Catechin 6.93 335.08 I 10,426.00 3.91E–25 5.39 2.43 L
C138 Epicatechin 6.97 289.07 I 3190.10 3.44E–19 4.86 2.37 L
C140 3′ 4′ 5 7-tetrahydroxyflavanone 6.98 287.06 I 13,261.00 3.38E–25 5.16 2.43 E
C145 Procyanidin C1 7.43 865.20 I 635.80 3.31E–19 3.37 2.37 L
C146 Procyanidin C1 7.47 865.20 I 635.76 3.31E–19 3.37 2.37 L
C150 [DP4] Procyanidin D 7.82 1153.26 I 33.79 2.72E–07 1.37 1.91 L
C165 Isorhamnetin-3-O-sinapoyldiglucoside-7-O-glucoside 8.73 1007.27 I 1006.80 1.36E–07 3.12 1.94 M
C174 [DP3]-2 9.41 865.20 I 628.32 3.74E–15 3.34 2.30 L
C185 Taxifolin 10.00 303.05 I 4.15 9.73E–05 0.64 1.56 E
C213 Quercetin 13.12 301.04 I 43.02 2.38E–06 1.66 1.78 M
C116 Quercetin-3,4′-o-di-beta-glucopyranoside 5.69 625.14 III 0.45 1.09E–03 0.59 1.42 M
C118 Quercetin-3,4′-O-di-beta-glucopyranoside 5.70 625.14 III 0.45 9.74E–04 0.58 1.43 M
C126 Kaempferol-3-O-sinapoylsophorotrioside-7-O-glucoside 6.33 1139.31 IV 0.02 2.97E–07 2.35 1.90 M
C153 Isorhamnetin-3-O-diglucoside-sulfate 7.94 719.12 IV 0.04 3.66E–04 1.89 1.53 M
C178 Taxifolin 9.64 303.05 IV 0.60 1.56E–04 0.39 1.57 E
C194 Isorhamnetin-3-Glucoside-4′-Glucoside 10.85 639.16 IV 0.34 5.12E–04 0.78 1.48 M
C195 Isorhamnetin-3-o-glucoside 11.05 477.17 IV 0.60 1.56E–04 0.39 1.57 M
C199 Naringenin-7-O-glucoside 11.37 433.12 III 0.20 2.30E–03 1.26 1.37 E
C205 Malvidin-3-o-beta-d-galactoside 12.70 491.12 IV 0.10 7.17E–03 1.46 1.24 L
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BraA10g006450.3C (MATE efflux family protein, salmon 
module), which showed high betweenness and bridging cen-
trality values, making them potentially important nodes to 
connect their module to other modules or known flavonoid 
biosynthetic genes (Supplementary Table S8, Fig. 3).

Except for the 10 selected modules closely related with 
SC and the top 10 differential flavonoids, some flavonoids 
from the different stages of flavonoid biosynthesis path-
way correlated with distinctive modules, such as C199 
(Naringenin-7-O-glucoside) with black module, C126 
(Kaempferol-3-O-sinapoylsophorotrioside-7-O-glucoside) 
with pink module, C223 (Isorhamnetin) and C196 (Petu-
nidin-3-O-beta-glucopyranoside) with darkgreen module, 
C178 (Taxifolin) and C195 (Isorhamnetin-3-o-glucoside) 
with darkolivegreen module, etc. The top hub genes of these 
modules were also used for further candidate gene screen-
ing for different flavonoids metabolism (Supplementary 
Table S5).

Metabolome‑based genome‑wide association study 
for different flavonoids

A collection of 159 natural spring B. rapa accessions show-
ing extensive variation in seed color were used to measure 
their flavonoids in seeds by LC/MS in different environment 
over three years and two locations, which were then used as 
traits for metabolite GWAS (mGWAS). The genotype, envi-
ronment, genotype × environment interaction effect on differ-
ent flavonoids, and the heritabilities of them were analyzed, 
the results showed that the environment have a significant 
influence on most of flavonoids, especially on the flavonoids 
from the early and middle stage of flavonoid biosynthesis 
pathway (Supplementary Table S4).

In total, 1,626 quantitative trait nucleotides (QTNs) were 
detected for 42 flavonoids by four multi-locus GWAS algo-
rithms, and distributed on 10 chromosomes (A01–A10) and 
151 scaffolds, explaining 0.17% to 61.66% of the phenotypic 
variation for different flavonoids, respectively (Supplemen-
tary Fig. S7). Of which, 500 QTNs were shared among dif-
ferent metabolites, GWAS algorithms or environments. We 
detected 306, 719 and 699 QTNs for metabolites from the 
early, middle and late stage of flavonoid biosynthesis path-
way (Fig. 4B). Focusing on the top 10 differential flavonoids 
mentioned above (results section of WGCNA), we detected 
517 closely linked QTNs in three years.

Screening candidate genes for the flavonoid 
biosynthesis pathway

To obtain high-confidence candidate genes for flavonoid 
biosynthesis and seed coat color formation, we calculated 
the QTN density over the entire genome in 500-kb windows 
and a step of 50 kb, yielding 209 candidate regions with 

high-density QTNs (QTN number ≥ 11), coalescing into 37 
intervals on the chromosomes that contained 6,272 genes 
(Fig. 4B). In addition, 4,810 candidate genes were detected 
and located around 236 QTNs with higher contribution rates 
(r2 ≥ 15%), and 13,160 genes were identified from the 500 
sharing QTNs among different stages. Furthermore, we per-
formed an overall analysis of combining mGWAS, RNA-seq 
results (DEGs and selected modules from WGCNA), and 
functional annotation of homologous genes to confirm the 
candidate genes. A total of 241 candidate genes were identi-
fied that might be involved in flavonoid biosynthesis and seed 
coat color formation in B. rapa, encoding transcription regu-
lators, transporters, oxidoreductases, glycosyl transferases 
and many proteins of unknown function, etc. (Supplemen-
tary Table S9). Interestingly, the candidate genes were sig-
nificant enriched in the flavonoid biosynthesis (brp00941), 
circadian rhythm (brp04712) and glutathione metabolism 
(brp00480) by KEGG pathway enrichment analysis, and 
the enriched genes included BraA02g039760.3C (BrTT4c), 
BraA03g005990.3C (BrTT4a), BraA02g003870.3C 
(BrHY5), BraA03g016820.3C (glutathione peroxidase), etc. 
(Supplementary Table S7 and S9). In addition, we found that 
80, 134 and 113 candidate genes were predicted responsible 
for the early, middle and late stages of flavonoid biosynthesis 
pathway, respectively, such as BraA10g024990.3C (BrTT4b) 
and BraA04g032060.3C (BrCPC) for the early stage, 
BraA10g024430.3C (BrMYB66) and BraA02g017040.3C 
(BrMYB90) for the middle stage, BraA07g039090.3C 
(BrBBX21) for the late stage, etc. (Supplementary Table S9). 
Importantly, 107 candidate genes were highly associated 
with the top 10 differential flavonoids from the metabo-
lites between the yellow-and black-seeded B. rapa, such 
as BraA08g009180.3C (BrTT2), BraA08g029360.3C 
(BrAHA10), BraA09g004490.3C (BrMYB111), etc. (Supple-
mentary Table S9). However, whether these candidate genes 
are directly involved in the regulation of the corresponding 
metabolites biosynthesis has to be investigated in the future.

Interaction network prediction and functional 
analysis of candidate genes

The interaction network analysis plays a crucial role in 
many aspects of biological processes and helps compre-
hensively understand the metabolic mechanism in plants. 
Herein, we explored the potential interaction network of 
241 candidate genes and known TT genes involved in fla-
vonoid biosynthesis using the STRING database (http:// 
string- db. org/). Results showed that the interaction network 
could be roughly clustered into two clusters by K-means 
clustering and enriched in the flavonoid biosynthesis path-
way (brp00941; Supplementary Fig. S8). Furthermore, 
we found that 67 of candidate genes were verified in the 
identified interaction network. For example, the candidate 

http://string-db.org/
http://string-db.org/


2092 Theoretical and Applied Genetics (2022) 135:2083–2099

1 3



2093Theoretical and Applied Genetics (2022) 135:2083–2099 

1 3

genes, including BraA03g020660.3C (SPLAYED, SYD), 
BraA04g032060.3C (CAPRICE, CPC), BraA02g003870.3C 
(LONG HYPOCOTYL 5, HY5), BraA02g041360.3C 
(MYB86), BraA09g004490.3C and BraA06g034790.3C 
(MYB111), BraA02g017040.3C (PRODUCTION OF 
ANTHOCYANIN PIGMENT 1, PAP1), BraA09g000420.3C 
(ANTHOCYANINLESS 2, ANL2), BraA08g015650.3C 
(LESS ADHESIVE POLLEN 5, LAP5), etc., play a crucial 
role in flavonoid biosynthesis, which could be interacted 
with known TT regulators (TT1, TT8, TT2 and TT19). In 
present study, we noticed that two members of BrMYB111, 
BraA09g004490.3C and BraA06g034790.3C, were located 
nearby three significant QTNs (18C185_mM_31.81, 
19C178_FM_2.11 and 19C178_FM_2.46) for taxifolin 
(C185, C178; Figs. 4 and 5A, Supplementary Fig. S7 and 
Table S9), implying that BrMYB111 may be involved in 
the metabolism of taxifolin. Hence, functional analysis for 
these sequences was performed by transient expression in 
N. benthamiana. Meanwhile, 39 flavonoid metabolites were 
detected between the injected and untreated N. benthami-
ana leaves, and the levels of taxifolin were significantly 
increased in the leaves of overexpressed BrMYB111 than 
that did in leaves treated with water (Fig. 5). Our findings 
suggest that BrMYB111 may catalyze the key step of taxifo-
lin biosynthesis and further confirm the validity of mGWAS 
results.

Discussion

The flavonoid biosynthesis pathway is one of the most 
important secondary metabolism pathways in plants. It pro-
duces chalcones, flavones, flavonols, flavandiols, anthocya-
nins and proanthocyanidins, which are pigments that give 
different plant organs their color, such as leaves, flowers 
and seeds (Koes et al. 2005, 1994; Routaboul et al. 2006; 
Winkel-Shirley 2001). Recent advances in transcriptome and 
metabolome profiling have opened the doors to the explo-
ration of the molecular and biochemical basis behind the 
various colors displayed by plant organs, with the flavonoid 
biosynthesis pathway being often implicated (Lai et al. 2020; 
Li et al. 2020; Xue et al. 2020). How the seed coat acquires 
its color has been investigated in B. rapa (Ren et al. 2021), 
B. napus (Qu et al. 2020), B. juncea (Liu et al. 2013) and 

B. carinata (Li et al. 2010). In this study, our results sup-
port that proanthocyanidins (including epicatechin and its 
polymers with different degrees of polymerization) were 
the most significantly differentially accumulating pigments 
between yellow and black seeds in different Brassica spe-
cies. Previous results showed that anthocyanins were not 
detected in B. carinata with yellow or black seeds, and 
dihydroquercetin, dihydrokaempferol, quercetin, and kaemp-
ferol were only present in B. carinata with yellow seeds 
(Marles et al. 2003). In B. napus, the contents of several 
isorhamnetin (isorhamnetin, isorhamnetin-3-O-glucoside, 
isorhamnetin-3-O-glucoside-7-O-glucoside) and querce-
tin (quercetin-3-O-sophoroside) derivatives were consist-
ently different between yellow and black seeds in certain 
B. napus varieties (Lian et al. 2017; Qu et al. 2020; Wang 
et al. 2018), while kaempferol-3-O-glucoside-7-O-glucoside 
had different accumulation patterns between yellow and 
black seeds (Lian et al. 2017; Wang et al. 2018). In B. rapa, 
proanthocyanidins and several quercetin derivatives (querce-
tin deoxyhex, quercetin glucoside rhamnoside, quercetin 
glucuronside) were reported to differentially accumulate 
between B. rapa with yellow and brown seeds (Ren et al. 
2021). Other derivatives of isorhamnetin, kaempferol and 
quercetin derivatives, including isorhamnetin dihexoside, 
isorhamnetin-pentoside, kaempferol-hexoside-glucoside, 
quercetin-hexoside and quercetin glucoside rhamnoside, 
were detected in both yellow and brown seeds, although 
at lower levels in yellow seeds (Ren et al. 2021). Herein, 
we found that proanthocyanidins was the most important 
differentially accumulating metabolites between B. rapa 
yellow and black seeds (Table 1). Other metabolites such 
as 3′ 4′ 5 7-tetrahydroxyflavanone, taxifolin, quercetin and 
some isorhamnetin derivatives were also significantly differ-
ent between yellow and black seeds (Table 1). Aside from 
proanthocyanidins, intermediate products of the flavonoid 
biosynthesis pathway (flavonols, flavandiols and anthocya-
nins) accumulated to variable levels among the different 
varieties of the same Brassica species or among different 
Brassica species. The characterization of flavonoids in wild-
type Arabidopsis seeds and various transparent testa mutants 
revealed the inherent plasticity of the flavonoid biosynthesis 
pathway (Routaboul et al. 2006), which might also apply to 
Brassica crops. Due to limits of detection, some flavonoids 
were likely missed, but they might be unlikely to substan-
tially contribute to seed coat coloration. Rather, proanthocy-
anidins are the root cause of the yellow and black (or brown) 
seed coat color, while the differences of other flavonoids 
might lead to more abundant colors in rapeseed, implying 
the different regulation mechanism among different species.

Genes encoding enzymes involved in the flavonoid 
biosynthesis pathway were broadly identified from DEGs 
between yellow and black seeds and from pathway enrich-
ment analyses in different Brassica species. The expression 

Fig. 3  Co-expression network analysis of the hub genes and known 
flavonoid biosynthetic genes. Known flavonoid biosynthetic genes 
are shown in yellow; other color points represent the candidate genes 
belonging to the 10 modules closely related to seed coat color and 
the top differential metabolites. Squares and triangles indicate that the 
expression of a gene is positively or negatively correlated with seed 
coat color, respectively; the size of squares and triangles indicate the 
gene significance (GS) value between the gene and seed coat color; 
the size of the genes’ name indicates the genes’ degree in the network

◂
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of most TT genes that involved in the flavonoid biosynthesis 
pathway is significantly repressed in yellow seeds in differ-
ent Brassica species, especially genes encoding enzymes 
from the late stage of the pathway, such as TT3 (encoding 

DFR, dihydroflavonol reductase), TT18 (ANS, anthocyani-
din synthase), BAN (ANR, anthocyanidin reductase), TT12 
(proton antiporter) and AHA10  (H+-ATPase) (Hong et al. 
2017; Jiang et al. 2013; Li et al. 2012; Padmaja et al. 2014; 

Fig. 4  Comparison of the mGWAS and DEGs in B. rapa. A Distri-
bution of 2,499 DEGs (Fig. 2) between yellow and black seeds dur-
ing all stages of seed development on 10 chromosomes, the lightg-
ray bars and scale indicated the number of DEGs in 500 Kb intervals 
on the 10 chromosomes. 25 intervals containing high-density DEGs 
were marked as lightblue. B Distribution of the detected quantitative 
trait nucleotides (QTNs) and TT or candidate genes to different flavo-
noids on 10 chromosomes. The green, blue and brown dots indicated 

detected QTNs for flavonoids from the early, middle and late stage 
of flavonoid biosynthesis pathway. The scale indicated the contribu-
tion rate (%) of QTNs, and the the lightgray bars indicated the num-
ber of QTNs in 500 Kb intervals on the 10 chromosomes. 37 intervals 
containing high-density QTNs were marked as lightyellow; C Distri-
bution of 10 overlapped intervals between 25 high-density intervals 
for DEGs and 37 high-density intervals for QTNs on the 10 chromo-
somes, which were marked as dark gray
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Qu et al. 2013; Ren et al. 2021; Wang et al. 2017; Zhao et al. 
2019). Meanwhile, some other TT genes from the early and 
middle stages of the flavonoid biosynthesis pathway con-
sisted of multigene families, such as TT4 (CHS, chalcone 
synthase), TT5 (CHI, chalcone isomerase), TT6 (F3H, fla-
vanone 3-hydroxylase) and FLS (DFR, flavonol synthase), 
with each member exhibiting a distinct expression profile. 
However, the expression patterns of individual genes are 
similar in yellow and black seeds of B. rapa and B. napus, 
even for homologs from the A subgenome (for example, the 
TT4a gene, which is BraA03g005990.3C in B. rapa and Bna-
A03g04590D in B. napus), indicating that the function of 
important structural TT genes is conserved among Brassica 
species (Hong et al. 2017; Ren et al. 2021; Wang et al. 2017; 
Zhao et al. 2019). In addition, regulatory transcription fac-
tors, such as TT1 (zinc finger protein), TT8 (bHLH42), TT2 
(MYB123) and TTG1 (WD40 domain containing protein), 
have been reported to play major roles in seed coat color 
determination in B. rapa, B. napus and B. juncea (Li et al. 

2012; Padmaja et al. 2014; Wang et al. 2017; Xie et al. 2020; 
Zhai et al. 2020; Zhang et al. 2009). However, only BrTT8 
was significantly down-regulated in yellow seeds compared 
to black seeds, which was consistent with other studies of 
the seed coat color trait in B. rapa (Niu et al. 2020; Ren et al. 
2021; Wang et al. 2017; Zhao et al. 2019). Nevertheless, 
the B. napus homologs of TT1, TT8, TT2 and TTG1 were 
down-regulated in yellow seeds in different studies (Hong 
et al. 2017; Qu et al. 2013, 2020), hinting at the existence 
of different regulatory mechanisms for seed coat color trait 
between B. rapa and B. napus.

Previous results showed that the down-regulated flavo-
noid biosynthetic genes were associated with the yellow 
seeds (Niu et al. 2020; Hong et al. 2017; Xie et al. 2020; 
Zhai et al. 2020; Liu et al. 2013), while the up-regulated 
DEGs were rarely reported in Brassica species. In this study, 
DEGs enriched in the ribosome (brp03010) pathway were 
significantly up-regulated and mostly detected by both tran-
scriptome and WGCNA analysis (Supplementary Table S3 

Fig. 5  Identification of the causal gene BrMYB111 related to the bio-
synthesis of taxifolin. A The predictive sub-network of BrMYB111; 
BrMYB111 and the potential interacting genes can be divided into 
four clusters (nodes with four different colors) by K-means clustering 
in STRING database. The dotted lines indicate interaction between 
clusters, and the solid lines indicate interaction of genes in one 
cluster. The darker the line is, the more evidence for the interaction 
between the two linked genes. Detailed information on protein–pro-
tein interaction can be found in Supplementary Table S10. The frag-

mentation pattern (MS/MS) (B) and total ion chromatogram (C) of 
taxifolin obtained from N. benthamiana leaves by in  vivo injection 
test. D The relative contents of detected taxifolin in overexpression of 
BrMYB111 in N. benthamiana leaves. BrMYB111-A09, BrMYB111-
A06 and water indicated N. benthamiana leaves were pressure-infil-
trated by suspended Agrobacterium with two members of BrMYB111 
and water. CK represents untreated N. benthamiana leaves. M111_A6 
and M111_A9 represent the N. benthamiana leaves infiltrated by 
BrMYB111-A06 and BrMYB111-A09
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and S6), in accordance with the previous results (Niu et al. 
2020; Hong et al. 2017; Liu et al. 2013). Subsequently, we 
further found that these candidate genes were mainly co-
expressed with TT genes (Supplementary Fig. S9) in B. rapa. 
Our findings will provide the new insight into understanding 
the mechanisms of seed color in Brassica species.

In rapeseed, the yellow seed trait is always linked with 
better quality of seeds, such as higher oil and protein con-
tent, lower hull content, etc. (Jiang et al. 2015; Jönsson 
1977). However, in this study, the advantages of yellow 
seed disappeared when compared with black seeds (Fig. 1). 
We attributed it to the diverse genetic backgrounds of the 
plant materials we used here. Under the same genetic back-
ground, the seeds of yellow-seeded lines of Brassica crops 
had the lower fiber content and higher protein and oil con-
tent than that in black-seeded lines (Zhao et al. 2019; Hong 
et al. 2017). As complex quantitative traits, the quality traits 
of rapeseed, such as oil and protein content, are not only 
determined by the seed coat color trait, which are also influ-
enced by different metabolic processes other than flavonoid 
biosynthesis pathway in B. rapa.

Based on metabolome and transcriptome analysis, we 
constructed a presumptive flavonoid biosynthesis pathway in 
B. rapa (Fig. 6). In this pathway, chalcones, flavones and fla-
vandiols are produced in the early stage of flavonoid biosyn-
thesis; three flavonols (kaempferol, quercetin and isorhamne-
tin) are produced in the middle stage; and anthocyanins and 

proanthocyanidins are produced in the late stage. Except for 
the known TT genes, new transcription factors and structural 
genes were predicted for flavonoid biosynthesis. Forward 
genetic analysis for seed coat color in some B. rapa lines 
suggested that two to seven genes might be responsible for 
this trait (Rahman 2001; Schwetka 1982; Stringam 1980). 
One major locus for seed coat color was located on chromo-
some A09 in different studies, as well as several minor loci 
on chromosomes A03, A05, A06 and A08 by quantitative 
trait locus (QTL) mapping (Bagheri et al. 2013; Kebede 
et al. 2012; Lou et al. 2007; Rahman et al. 2014; Zhang 
et al. 2019). In this study, many QTNs with a high contribu-
tion rate also mapped to chromosome A09 between 21.4 
to 23.2 Mb, with high-confidence candidate genes BrTT1 
(23.6 Mb) and BrTT8 (19.59 Mb) nearby. Therefore, we 
compared the sequence and gene arrangement of A09 chro-
mosomes from different B. rapa accessions for collinearity 
analysis, revealing the major locus located in the centromere 
region with large structural variation and sequence differ-
ences (Supplementary Fig. S10 and Table S11) (Zhang et al. 
2018), suggesting that new candidate genes contributing to 
seed coat color and flavonoid metabolism might reside there. 
In agreement with previous reports, we also noticed a high 
density of important QTNs on chromosomes A03, A05, A06 
and A08, as well as additional intervals on other chromo-
somes (Fig. 4B). The distribution of 2,499 DEGs on the 
chromosomes was also uneven. We determined the density of 

Fig. 6  Comparison of transcriptional levels of the flavonoid biosyn-
thesis pathway in B. rapa. Red indicates up-regulated genes, and 
green indicates down-regulated genes or flavonoids with lower levels 
in yellow seeds. Gray indicates no change in expression of metabolite 
levels between yellow and black seeds. Solid lines with arrows indi-

cate metabolite biosynthesis by the listed enzyme. Dotted lines with 
arrows or short horizontal lines indicate transcriptional activation 
or repression of the indicated gene. Early, middle and late indicate 
the three general stages of the flavonoid biosynthesis pathway with 
approximate boundaries
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2,499 DEGs along the chromosomes (500-kb windows and 
a step of 50 kb, DEGs number ≥ 10), yielding 25 intervals 
on 10 chromosomes (Fig. 4A). Comparing with the 37 inter-
vals on chromosomes where QTNs gathered, 10 intervals 
overlapped on A02 (27.7–28.55 Mb), A03 (1.2–1.35 Mb, 
2.9–3.25 Mb, 32.15–32.4 Mb), A05 (25.7–26.25 Mb), A08 
(17.85–18.55 Mb, 21.7–21.95 Mb) and A10 (16.2–16.4 Mb, 
18.3–18.8 Mb, 19.2–19.85 Mb) (Fig. 4C). In plants, the 
genes participating in the same metabolic pathway might 
form a gene cluster due to their physical proximity (Liu et al. 
2020; Qi et al. 2004). The high concentration of DEGs in 
the overlapped intervals on the chromosomes in this study 
might, therefore, represent important metabolic gene clusters 
for flavonoid biosynthesis. We selected several new candi-
date genes that might play roles in seed coat color determi-
nation in B. rapa by combining metabolome and transcrip-
tome data and include homologs to some previously reported 
regulators of flavonoid biosynthesis in other plants, such as 
AtMYB111, AtHY5, AtBrBBX21 and AtCPC (Stracke et al. 
2007; Wang et al. 2016; Xu et al. 2016; Zhu et al. 2009). The 
candidate genes’ expression values were extracted from two 
extremely yellow-seeded and two extremely black-seeded 
B. rapa varieties, which should be verified in more varieties 
with different kinds of seed coat colors in B. rapa to narrow 
down the candidates. In addition, the candidate intervals can 
be refined by combining the mGWAS results with other seed 
coat color mapping results in different segregation popula-
tions. The candidate genes that are repeatedly mapped or 
show constant differential expression between yellow and 
black seeds deserve further detailed function analysis. In 
conclusion, this study elucidates the overall molecular 
mechanisms of flavonoid metabolites and seed coat color 
in B. rapa and provide a theoretical basis for rapid genetic 
improvements in Brassica species.
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