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Abstract  Purple/red appearance is one of the com-
mon phenotypic variations in leaves, stems, and 
siliques of oilseed rape (Brassica napus L.) but very 

rare in flowers. In this study, the causal genes for the 
purple/red traits in stems and flowers in two acces-
sions of oilseed rape (DH_PR and DH_GC001, 
respectively) derived from the wide hybridization 
were fine mapped, and candidate genes were deter-
mined by methods combined with bulked segregant 
analysis (BSA) and RNA-seq analysis. Both traits 
of purple stem and red flowers were mapped to the 
locus as AtPAP2 homologous genes (BnaPAP2.C6a 
and BnaPAP2.A7b, respectively) belonging to the 
R2R3-MYB family. Sequence comparisons of full-
length allelic genes revealed several InDels and SNPs 
in intron 1 as well as exons, and completely differ-
ent promoter region of BnaPAP2.C6a and a 211  bp 
insertion was identified in the promoter region of 
BnaPAP2.A7b of DH_GC001. Our results not only 
contribute to a better understanding of anthocyanin 
inheritance in B. napus, but also provide a useful 
toolbox for future breeding of cultivars with purple/
red traits through the combination of different func-
tional alleles and homologs.
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Key message   
We successfully fine mapped two genes controlling 
pigment accumulation in stems and flowers, respectively, 
in oilseed rape. Both candidate genes, BnaPAP2.C6a and 
BnaPAP2.A7b, belong to the R2R3-MYB gene family, 
were further determined according to the gene expression 
and allelic sequence comparison.
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Introduction

Anthocyanins are water-soluble pigments that play a 
wide range of functions in plants, such as responses 
to biological and abiotic adversity and the attraction 
of pollinators and seed dispersal (Zhang et al. 2014). 
Anthocyanins also benefit humans by lowering the 
risk of cancer, diabetes, and cardiovascular diseases 
(Khoo et  al. 2017). The biosynthesis of anthocya-
nins is highly organized and primarily from the phe-
nylpropanoid metabolic pathway of phenylalanine. 
Many enzymes encoded by structural genes are 
involved in the biosynthesis of anthocyanins, includ-
ing chalcone synthase (CHS), chalcone isomerase 
(CHI), flavanone 3-hydroxylase (F3H), flavonoid 
30-hydroxylase (F3’H), dihydroflavonol 4-reductase 
(DFR), anthocyanidin synthase (ANS)/leucoantho-
cyanidin dioxygenase (LDOX), and anthocyanidin 
3-O-glucosyltransferase (UFGT) (Koes et  al. 2005; 
Lepiniec et  al. 2006; Petroni and Tonelli 2011; 
Routaboul et al. 2012; Zhang et al. 2014).

The regulation of anthocyanin biosynthesis usually 
occurs at the transcriptional level of structural genes 
by the combined action of R2R3-MYB and R/B-like 
basic helix-loop-helix (bHLH) transcription factors 
(TFs), together with WD repeat protein TRANSPAR-
ENT TESTA GLABRA1 (TTG1), in a MBW ternary 
protein complex (Zimmermann et al. 2004; Gonzalez 
et al. 2008; Dubos et al. 2010; Hichri et al. 2011). In 
Arabidopsis, MYB75(PAP1)/MYB90 (PAP2) /MYB 
113/MYB114 were reported as key genes to regulate 
anthocyanin biosynthesis pathway genes (DFR and 
LDOX) in vegetative tissues (Stracke et  al. 2007). 
Overexpression of these genes can significantly 
improve anthocyanin synthesis in various plants. 
For example, overexpression of PAP1 programmed a 
complete anthocyanin pathway leading to creation of 
purple tobacco plants (He et al. 2017; Li et al. 2019). 
The overexpression of the Raphanus sativus RsMYB1 
enhances anthocyanin accumulation in flowers of 
transgenic Petunia and their hybrids (Naing et  al. 
2020). Gained functional mutations, especially those 
resulting from transposon insertion, usually lead to 
the upregulation of R2R3-MYB genes and in turn 
lead to the accumulation of anthocyanin in certain 
organs and tissues. For example, in Citrus, the inser-
tion of retrotransposons adjacent to a gene encoding 
Ruby, a MYB transcriptional activator of anthocyanin 

production, activates gene expression and results in 
the blood orange phenotype (Butelli et al. 2012).

Brassica crops are major oil crops, important veg-
etables, and forages, including three diploids, B. rapa 
(AA, 2n = 20), B. oleracea (CC, 2n = 18), and B. nigra 
(BB, 2n = 16), and three allotetraploids derived from 
the hybridization between diploids, B. napus (AACC, 
2n = 38), B. juncea (AABB, 2n = 36), and B. carinata 
(BBCC, 2n = 34). Brassica shares a common ancestor 
with Arabidopsis, but each of the Brassica genomes 
has undergone a Brassicaceae-lineage-specific whole-
genome triplication since their divergence from the 
Arabidopsis lineage (Lysak et  al. 2005; Wang et  al. 
2011; Liu et  al. 2014; Parkin et  al. 2014; Perumal 
et  al. 2020). Generally, three or more homologous 
copies of a specific gene in the Arabidopsis genome 
can be found in the Brassica genome. Resolving the 
functional copies responsible for phenotypic variation 
is a challenge in genetic analysis of Brassica species.

Anthocyanin biosynthesis and accumulation, lead-
ing to phenotypic variation with purple organ, is a 
very common phenomenon in Brassica. The causal 
genes underlying the color variation in many vegeta-
ble crops have been extensively investigated by gene 
expression analysis (Zhang et al. 2014; Xie et al. 2014; 
Song et al. 2018) as well as map-based cloning which 
indicated that homologous gene of AtPAP2 plays a 
key role in regulating the anthocyanin production in 
Brassica (Chiu et al. 2010; Yan et al. 2019; Heng et al. 
2020; He et al. 2020; Chen et al. 2022). B. napus L. 
was formed ~ 7500 years ago by hybridization between 
the B. oleracea and B. rapa (Allender and King 2010; 
5.Chalhoub et al. 2014). Purple organs are frequently 
observed in B. napus but rarely in petals and the 
causal genes underlying them remain unknown. In 
this study, we determined two genes for purple stems 
and red flowers formation in two accessions of oilseed 
rape by map-based cloning strategy.

Materials and methods

Plant materials

One B. napus alien introgression line was obtained 
from the crosses of (B. rapa ssp. chinensis L. × Ory-
chophragmus violaceus) × B. napus, by successive 
phenotypic selection and cytological observation 
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(Xu et al. 2019). This line had the same chromosome 
complement (2n = 38) as B. napus and normal mei-
otic behavior and good seed set. It was characterized 
by its purple plant except for yellow petals and was 
named purple rapeseed (PR). Another B. napus acces-
sion (GC001) with orange-red flowers was obtained 
from the high-generation backcross progenies of B. 
napus and the wide hybrids between B. napus and 
Raphanus sativus L (Cui, unpublished). Doubled 
haploid plants of the two accessions were produced 
by microspore culture and were renamed as DH_PR 
and DH_GC001. Meanwhile, two B. napus variety, 
Zhongshuang 11 (ZS11) and Westar, and one inbred 
line GL570 with white flowers were used for segre-
gating population development. In the spring of 2020, 
reciprocal crosses between DH_PR and ZS11 as 
well as between DH_GC001 and GL570 were made, 
and F1 hybrids were planted in summer in Hezheng, 
Gansu province, and then F2 seeds were obtained and 
planted in Wuhan in the autumn of 2020 and 2021. In 
the spring of 2021, the phenotype of each plant was 
investigated, and young leaves of those 30 plants with 
extreme phenotype (purple stem vs. green stem and 
with orange-red and pink flowers vs. yellow and white 
flowers) in two F2 populations together with four par-
ent accessions were collected for DNA extraction. In 
the spring of 2022, the phenotype of each plant was 
investigated again, and young leaves of those plants 
with extreme recessive phenotype (green stem or 
yellow and white flowers) were collected for DNA 
extraction for fine mapping. For RNA-seq and gene 
expression analysis, at least five plants of each parent 
accession were planted in a greenhouse at Huazhong 
Agricultural University under 16  h light/8  h dark 
conditions. Young leaves, stems, and petals of newly 
opened flowers as well as silique walls were collected 
from at least three plants for RNA extraction. To test 
the reliability of the markers closely linked to pur-
ple stems, another F2 population was also produced 
in 2021 using the DH_PR and Westar as two parents. 
All rapeseed accessions used in this study are listed in 
Table S1.

DNA extraction, BSA library construction, and 
Illumina sequencing

The Plant Genomic DNA Isolation Kit (TIANGEN 
DP320, Beijing) was used to extract total genomic 
DNA from young leaves, and quantity was checked 

using a NanoDrop2000 spectrophotometer (Thermo 
Scientific, USA). Thirty plants with the same 
extreme phenotype were combined equally (100 ng 
per plant) to generate the bulked sample pools. Sub-
sequently, DNA of four pools together with four 
parents were used to generate paired-end (PE) 150 
sequencing libraries according to Illumina library 
construction protocol and sequenced by Illumina 
HiSeq™ 3000 platform (Illumina, San Diego, CA, 
USA). Total genomic DNA of plants with extreme 
recessive phenotypes in the F2 population was 
extracted using the cetyltrimethylammonium bro-
mide (CTAB) method.

Bulked segregant analysis

The raw data was used for quality control (Quality 
Score, Q-value) and processing of the sequencing 
data by filtering out low-quality and adapter-carry-
ing reads. The clean reads were then mapped to the 
reference genome of B. napus (Darmor-bzh) (http://​
www.​genos​cope.​cns.​fr/​brass​icana​pus/) (Chalhoub 
et  al. 2014) or Zhongshuang 11 (Song et  al. 2020) 
by the Burrows-Wheeler Aligner (BWA) software 
(Li and Durbin 2009). GATK toolkit (McKenna 
et al. 2010) was used to detect and filter SNPs, which 
were applied to association analysis by calculating 
the Euclidean distance (ED) between the two pools 
(Hill et al. 2013). Low-quality SNPs with map qual-
ity value < 30, reads depth < 10 × , or base quality 
value < 20 were excluded. After calculating the ED 
value of each SNP site, a curve chart was drawn about 
the loess (locally weighted regression) fit of the ED 
values, in which the threshold was set at median + 3 
SD (standard deviation).

RNA extraction, RNA‑seq, and qRT‑PCR analysis

All samples with three biological repeats were col-
lected and immediately stored in liquid nitrogen for 
RNA extraction. Total RNA was extracted using 
Eastep Super Total RNA Extract Kit (Promega, 
Shanghai, China) supplemented with RNase-free 
DNaseI to remove contaminating DNA according 
to the manufacturer’s instructions. The RNA-seq 
libraries were constructed according to the user 
manual (Illumina, http://​www.​illum​ina.​com/) and 
sequenced by Illumina HiSeq™ 3000 platform 
to produce 150-bp paired-end reads. Low-quality 

http://www.genoscope.cns.fr/brassicanapus/
http://www.genoscope.cns.fr/brassicanapus/
http://www.illumina.com/
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reads were removed from the raw reads using the 
Cutadapt (Martin and Wang 2011) and Trimmo-
matic (Bolger et  al. 2014) software. Clean reads 
were mapped to the B. napus Darmor-bzh genome 
sequence (Chalhoub et  al. 2014) using TopHat2 
(Kim et al. 2013), and the read counts of each gene 
were calculated using the HTseq-count function in 
the HTseq software package (Anders et  al. 2015). 
Gene expression values were calculated in terms of 
fragments per kilobase of exon model per million 
mapped reads (FPKM) using Cufflinks (Trapnell 
et  al. 2012), and the differentially expressed genes 
(DEGs) were identified by the R program DEseq2 
(Love et  al. 2014). For qRT-PCR analysis, first-
strand cDNA was synthesized using a RevertAid 
First Strand cDNA Synthesis Kit (Thermo, USA). 
The cDNA was amplified on a CFX96TM Real-
time PCR Detection System (Bio-Rad, Germany). 
The specific quantitative primers for the three tran-
scripts were designed using Primer 5.0; all primer 
sequences are listed in Table  S2. qRT-PCR assays 
with three biological replicates and three technical 
repetitions were performed using a Luna Universal 
qPCR Master Mix (Biolabs, USA). The Bnaactin3 
was used as an internal control for data normaliza-
tion, and quantitative variation in different repli-
cates was calculated using the delta-delta threshold 
cycle relative quantification method described pre-
viously (Fu et al. 2018).

Results

Phenotypic characterization of DH_PR and DH_
GC001

In the young plant stage, DH_PR has marked purple 
young leaves, especially for those heart leaves and 
petioles compared to ZS11 (Fig.  1A–B), while at 
the bolting and flowering stage, marked purple color 
was observed mainly on the stems (Fig. 1C–F). Ana-
tomical observation by hand-free section found that 
the anthocyanin accumulated mainly in the epider-
mis and parenchyma cells of DH_PR (G, H). DH_
GC001 showed orange-red flowers, while GL570 
had white flowers, and the hybrids had pink flowers 
(Fig. 1I–N). It was noticed that the color of the petals 
of DH_GC001 faded slowly after the flower opened.

Fine mapping of genes controlling the purple stem 
traits in rapeseed

A reciprocal cross between ZS11 and DH_PR was 
performed, and all F1 plants showed purple leaves, 
stems, and siliques, although the color is lighter than 
DH_PR. In the F2 segregating population, the stem 
colors could be clearly categorized as purple and green 
at mature plants stage. Among 370 F2 individuals, 275 
individuals showed purple stems, and 95 individuals 
showed green stems. The expected Mendelian segre-
gation ratio of 3:1 (χ2 = 0.130, p > 0.05) suggests that 
the purple stem trait is controlled by a single dominant 
nuclear gene. The corresponding gene was named the 
purple rapeseed stem (PRS). Approximately 35.4 GB, 
63.2  GB, 28.3  GB, and 22.1  GB of re-sequencing 
clean data were generated from ZS11, PR, purple 
stem bulk, and green stem bulk, respectively. A total 
of 969,463 SNPs and 215,733 InDels were identified 
between the two bulks using the Darmor-bzh as the ref-
erence genome. Using the BSA-seq method, the PRS 
gene was finally mapped on the C06 chromosome in 
the region of 27–32 Mb (Fig. 2A). InDel markers were 
then designed in the region, and the polymorphism 
markers were screened. To finely map the PRS gene, 
an F2-segregated population of 22,000 individuals was 
developed, and 5254 plants with extreme green stems 
were identified. The InDel markers I-015 and I-662 
which flanked the candidate region were used to fil-
ter recombined individuals. Using 451 recombinants 
and the other 10 InDel markers, the PRS was finally 
mapped in an 18.35-kb region between the markers of 
I-122 and I-126 (Fig. 2B).

Identification of candidate genes controlling purple 
stem trait

According to the Darmor-bzh reference genome, 
four coding genes were identified (BnaC06g27440D, 
BnaC06g27450D, BnaC06g27460D, BnaC06g27470D), 
but no known gene in anthocyanin biosynthesis pathway 
was found in the candidate region (Fig. 3). However, this 
genomic region corresponds to 293-kb regions in the B. 
napus (Zhongshuang 11, ZS11) genome (Song et al. 2020) 
and 284 kb in the NY7 genomes (Zou et al. 2019) (Fig. 4). 
Two regions contain 34 and 42 predicted protein-coding 
genes, respectively, and both include three homologous 
genes of AtPAP2 (in ZS11 genome: BnaC06G0328400ZS, 
BnaC06G0328700ZS, BnaC06G0329100ZS). This result 
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indicated that the genome assembly of the Darmor-bzh 
may be incorrect in the region or that there is structure 
variation in winter-type rapeseed compared to Chinese 
semi-winter rapeseed. The ZS11 genome was then used 
as a reference genome for further analysis. Homologous 
genes of AtPAP2 have already been found to respond to 
the anthocyanin regulation in DH_PR of leaves (Chen 
et  al. 2020) and purple traits in B. oleracea (Yan et  al. 
2019), B. rapa (He et  al. 2020), and B. juncea (Heng 
et al. 2020). Thus, these three genes were considered as 
candidate genes controlling purple phenotype in DH_PR 
and renamed as BnaPAP2.C6a (BnaC06G0329100), 
BnaPAP2.C6b (BnaC06G0328700), and BnaPAP2.C6c 
(BnaC06G0328400), respectively. RNA-seq analysis of 
stems indicated that only six genes in the region showed 
differential expression between two parents (Table  S3). 
BnaPAP2.C6a expressed at a significantly higher level 
in the purple stem of DH_PR than that in the green stem 
of ZS11. However, the transcription of BnaPAP2.C6b 
and BnaPAP2.C6c was hardly detected both in ZS11 
and DH_PR (Table S3, Fig. 3A). Meanwhile, BnaPAP2.
C6a expressed at its highest level in the stem, followed 

by the silique wall and leaf, but almost silent in the petal. 
Again, the transcription of the other two genes was hardly 
detected in all organs of DH_PR collected here (Fig. 3B). 
These results further indicated that BnaPAP2.C6a is the 
candidate gene controlling the purple stem formation in 
DH_PR.

Whole-length gene cloning revealed that BnaPAP2.
C6a is 3885  bp (2492  bp promoter and 1393  bp cod-
ing region) in DH_PR and 3918 bp in ZS11 (2506 bp 
promoter and 1412  bp coding region). Sequence com-
parison between DH_PR and ZS11 identified totally dif-
ferent promoter region and several InDels and SNPs in 
first intron as well as exon 1 and exon 3 (Fig. 4A). Two 
SNPs in exon 1 and exon 3 led to the change of amino 
acid from K to E and P to A, respectively. Conserved 
domain analysis indicated that both variations were in the 
R2 domain. A PCR marker was designed based on the 
sequence variation in coding region of BnaPAP2.C6a. A 
new F2 population with 386 individuals was developed 
between DH_PR and Westar, and the phenotype and 
genotype were investigated. As a result, 286 with purple 
stems and 100 individuals with green stems were found 

Fig. 1   Phenotypic characterization of DH_PR, ZS11, DH_
GC001, and GL570. A–B Leaves of DH_PR (A) and ZS11 (B) 
at different development stages. C–D Part of the plants of DH_
PR (A) and ZS11 (B) at bolting stage. E–F Stem of ZS11 (E) 

and DH_PR (F). G–H Anatomical observation of stems of ZS11 
(G) and DH_PR (H) by hand-free section. I–N Inflorescence (I, 
K, M) and single flower (J, L, N) of GL570, F1, and GC_001, 
respectively. Bar: 10 µm in G and F and 1 cm in others
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(3:1, χ2 = 0.17, p > 0.05). Genotype detection revealed 
that gene-specific markers are co-segregated with purple 
stem plants which included 96 homozygous plants and 
190 heterozygous plants (Fig. 4B). Altogether, the Bna-
PAP2.C6 gene was considered as the candidate PRS gene 
controlling purple stems in rapeseed.

Fine mapping of genes controlling red color flowers

A reciprocal cross between DH_GC001 and GL570 
was performed, and all F1 plants showed pink flowers 

(Fig. 1K, L). In the F2 segregating population, plants have 
different color flowers from white, light orange, orange, 
orange-red, pink, red, light yellow, and yellow. In order 
to exclude the influence of yellow color variation, the 
flowers of individuals in the F2 population were divided 
into two groups: with or without red color. The pheno-
typic difference is sometimes difficult to distinguish in 
petals but more obvious in anthers. As a result, among 
405 plants of the F2 population, 312 individuals have 
flowers with red color, and 93 plants have flowers with-
out red color. The expected Mendelian segregation ratio 

Fig. 2   Map-based cloning of the BnaPRS gene in DH_PR. 
A The average value of Δ(SNP-index) plotted along the nine-
teen chromosomes (X-axis) of B. napus. Signals were shown 
on Chromosome C06. The CIs were simulated with 10,000 
times (red, p < 0.01; green, p < 0.05). B Fine mapping of  the 
BnaPRS gene between markers I-122 and I-126 on C06. The 
number below chromosome refers to the number of recom-

binants between two markers. C Schematic diagram of pre-
dicted genes in the BnaPRS locus. The broad arrows mean 
predicted genes in the 284-Kb and 293-Kb intervals on C06 
of NY7 and ZS11, respectively. The BnaC06G0328400ZS 
(BnaPAP2.C6c), BnaC06G0328700ZS (BnaPAP2.C6b), and 
BnaC06G0329100ZS (BnaPAP2.C6a) genes were regarded as 
the candidate genes (red color)
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of 3:1 (χ2 = 0.954, p > 0.05) suggests that the red color in 
flowers is controlled by a single dominant nuclear gene, 
named the red rapeseed flower (RRF).

In the F2 population, 30 plants that have extreme 
red flowers (orange-red and red) and other 30 plants 
have extreme yellow and white flowers to produce 
the bulk pool. Approximately, 38.7  GB, 32.9  GB, 
30.6  GB, and 28.3  GB of re-sequencing clean data 
were generated from DH_GC001, GL570, bulk of 

red flowers, and bulk of flowers without red color, 
respectively. A total of 1,776,654 SNPs and 597,020 
InDels were identified between the two bulks using 
ZS11 as the reference genome. Using the BSA-
seq method, the RRF gene was mapped on the A07 
chromosome in the region of 23.6–30 Mb (Fig. 5A). 
InDel markers were then designed in the region, and 
the polymorphism markers were screened. To finely 
map the RRF gene, an F2-segregated population of 

Fig. 3   Gene expression analysis by RNA-seq analysis of Bna-
PAP2.C6a, BnaPAP2.C6b, and BnaPAP2.C6c. A Expression 
value of BnaPAP2.C6a, BnaPAP2.C6b, and BnaPAP2.C6c in 

stem of DH_PR and ZS11; B expression value of BnaPAP2.
C6a, BnaPAP2.C6b, and BnaPAP2.C6c in leaf, stem, petal, 
and silique wall of DH_PR

Fig. 4   Allelic variation 
of BnaPAP2.C6a and co-
segregated maker design. 
A Sequence variation of 
the BnaPAP2.C6a alleles. 
Whole length genes of Bna-
PAP2.C6a of DH_PR and 
ZS11 were amplified using 
primer combination for 
gene coding region (PAP2.
C06.gF/PAP2.C06.gR) and 
promoter region (PAP2.
C06.PF/PAP2.C06.PR). The 
solid line and dotted line 
represent that the promoter 
sequence of the two alleles 
is completely different. B 
Confirmation of co-segre-
gated maker (ZS11.PAP2.
C6.F/ZS11.PAP2.C6.R; 
PR.PAP2.C6.F/PR.PAP2.
C6.R) in F2 population with 
386 individuals derived 
from DH_PR✕Westar
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5531 individuals was developed, and 1332 extreme 
plants with white or yellow flowers that have no red 
color in petals and anthers were identified. 155 InDel 
markers were designed and used to narrow the target 
region. Finally, using 454 recombinants and the other 
7 InDel markers, the RRF gene was finally mapped 
to a 219.81-kb region between the markers I-80 and 
I-145. Interestingly, the InDel marker, I-142 was 
found co-segregated with the purple trait in this seg-
regated population (Fig. 5B).

Identification of candidate genes controlling red 
flowers

According to the reference genomes of ZS11, there are 
113 predicted protein-coding genes within the 219.81-
kb region (Fig.  5C; Table  S4). However, according to 
the function annotations, only two AtPAP2 homologous 
genes BnaA07G02869000ZS and BnaA07G0287000ZS 
involved in anthocyanin biosynthesis. Thus, these two 
genes were considered as candidate genes controlling 
orange red color flowers in B. napus and renamed as 
BnaPAP2.A7a (BnaA07G02869000ZS) and BnaPAP2.
A7b (BnaA07G0287000ZS), respectively. To further 
confirm the genes, RNA-seq analysis was performed 
using the total RNA extracted from newly opened 
flower petals of DH_GC001 and GL570. As a result, 
among 113 genes within the target region, only three 
genes show the significantly different expression value 
between two parents, and only BnaPAP2.A7b were sig-
nificantly upregulated in orange red flowers (Fig.  6A; 
Table  S4). RT-PCR analysis by two primer pairs also 
confirmed that only BnaPAP2.A7b was expressed in pet-
als of DH_GC001 (Fig. 6B). Gene cloning and allelic 
sequence comparison indicated that the full length of 
BnaPAP2.A7b in DH_GC001 is 3557  bp, including 
the 1665 bp coding region, and is 3345 bp in GL570, 
including the 1665 bp coding region. There is an extra 
211pb insertion in the promoter region at − 184  bp of 
DH_GC001 (Figure S1A), and no other allelic variation 
was found. Interestingly, the InDel marker I-142 covered 
the inserted fragment and exactly co-segregated with the 
red flower phenotype in the F2 population (Figure S1B).

Discussion

Appearance colors due to anthocyanin accumulation 
are an important character for commodity as well as 

nutritional values in vegetables such as B. rapa and B. 
oleracea. Recently, the demand for colored flowers in 
rapeseed has also prompted researchers to pay more 
attention to color traits. In this study, we successfully 
fine mapped two genes controlling pigment accumu-
lation in stems and flowers of rapeseed, respectively, 
by BSA method which has been widely used in gene 
mapping of quality traits in Brassica crops (Huang 
et al. 2019; Heng et al. 2020).

B. napus usually has yellow flowers, and a few 
are white flowers. It is already known that the yellow 
color of the rapeseed flowers is due to the accumu-
lation of carotenoids, while white flowers are formed 
by a dominant gene for carotenoid degradation 
(Zhang et al. 2014). Studies have also shown that the 
appearance of red to purple color in petals of species 
in Brassicaceae is mainly due to the accumulation of 
anthocyanins, especially cyanidin (Chen et  al. 2018; 
Fu et  al. 2018). While the white flower is dominant 
to the yellow flower and the red flower is incomplete 
dominant to the white flower, red and yellow flowers 
are co-dominant. In order to map the gene control-
ling red petals as well as to select new accession with 
colorful flowers, the inbred line GL570 with white 
flowers but not the inbred line with yellow flowers 
was chosen as one parent to develop the F2 population 
with B. napus accession (GC001) with orange red. 
F1 plants have petals with a white background, but a 
few anthocyanins finally showed the pink color. Indi-
viduals in such F2 population presented more colorful 
patterns than those in F2 population derived from the 
hybridization between inbred lines with yellow flow-
ers and GC001.

Because the biosynthesis pathway of the antho-
cyanin is well known in Arabidopsis, two candidate 
genes (BnaPAP2.C6a and BnaPAP2.A7b) were deter-
mined according to the gene expression analysis as 
well as allelic sequence comparison. Similarly, AtPAP2 
homologous genes have already found responses to 
purple color formation in B. rapa (He et  al. 2020), 
B. oleracea (Chiu et  al. 2010; Yan et  al. 2019), and 
B. juncea (Heng et  al. 2020) as well as in B. napus 
(Chen et  al. 2020). Both genes showed significantly 
increased/activated transcription levels in stems and 
petals of DH_PR and DH_GC001, respectively. Com-
pared to ZS11, despite several SNPs in the exon and 
intron of BnaPAP2.C6a, a completely different pro-
moter region in DH_PR was identified. Two SNPs in 
exon 1 and exon 3 of DH_PR led to amino acid change 
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which was located in the conserved R2 domain. But 
BnaPAP2.C6a of ZS11 can regulate anthocyanin pro-
duction in Westar when derived by the 35S promoter 
(Ge et  al., unpublished). These results indicated that 

the different promoter of BnaPAP2.C6a might promote 
its expression in DH_PR and led to purple color forma-
tion. However, at present, we do not know where this 
promoter comes from. No sequence variation in exon 

Fig. 5   Map-based cloning of the RRF gene in GC_001. A 
The average value of Δ(SNP-index) plotted along the nineteen 
chromosomes (X-axis) of B. napus. Signals were shown on 
chromosome A07. The CIs were simulated with 10,000 times 
(red, p < 0.01; green, p < 0.05). B Fine mapping  of the RRF 
gene between markers I-180 and I-145 on A07. The number 

on the left refers to the recombinants between two markers. C 
Schematic diagram of predicted genes in the BnaRRF locus. 
The broad arrows mean predicted genes in the 219.81-Kb 
intervals on A07. The BnaA07G0286900ZS (BnaPAP2.A7a) 
and BnaA07G028700ZS (BnaPAP2.A7b) genes were regarded 
as the candidate genes (red color)

Fig. 6   Gene expression 
analysis of BnaPAP2.
A7a and BnaPAP2.A7b in 
petals. A Expression value 
revealed by RNA-seq analy-
sis of BnaPAP2.A7a and 
BnaPAP2.A7b in white and 
red flowers of GL570 and 
DH_GC001, respectively. B 
Semi-quantitative RT-PCR 
analysis of BnaPAP2.A7a 
and BnaPAP2.A7b in red 
petals of DH_GC001 by 
two primers pairs for each 
gene
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and intron were found of BnaPAP2.A7b between DH_
GC001 and GL570, but a 211 bp insertion was found 
in the promoter region of the allele of DH_GC001. 
Interestingly, rapeseed lacks red petals in natural vari-
ation, and the red-petaled rapeseed used in this study 
comes from the distant hybridization of rapeseed and 
radish. The 211 bp insertion in the promoter region of 
this gene might be induced by wide hybridization.

The activation of the R2R3-MYB regulating 
anthocyanin biosynthesis is often caused by inser-
tion of a transposon, as found for example in blood 
orange (Butelli et al. 2012), tea (Sun et al. 2016), and 
Phalaenopsis orchids (Hsu et al. 2019). Similarly, cis-
regulatory variation activates the R2R3 MYB genes 
and expands the color palette of the Brassicaceae 
(Fattorini and Ó’Maoiléidigh 2022). In B. oleracea 
var. botrytis, it was found that BoMYB2, one homolo-
gous gene of AtPAP2 in B. oleracea, is the key gene 
giving the striking mutant phenotype of intense pur-
ple color in curds and a few other tissues, and a Har-
binger DNA transposon insertion in the upstream 
regulatory region of BoMYB2 is responsible for the 
upregulation of the gene (Chiu et al. 2010). BoMYB2 
was also identified as the key gene leading to purple 
traits in kale, kohlrabi, and cabbage (Yan et al. 2019). 
However, instead of the insertion of Harbinger trans-
poson, a 7606-bp CACTA-like transposon was found 
in promoter region of BoMYB2 in purple kale (B. 
oleracea var. alboglabra) and kohlrabi (B. oleracea 
var. gongylodes), and the activation of the BoMYB2 
gene in purple cabbage (B. oleracea var. capitata) 
was caused by point mutation and/or 1-bp insertion in 
its promoter region (Yan et al. 2019). In B. rapa and 
B. juncea, the orthologous genes of BrMYB2, located 
on chromosome A07 was found to control the domi-
nant purple-head trait of Chinese cabbage and purple 
leaves in B. juncea and the activation of the BrMYB2 
under the control of the short intron 1 (He et  al. 
2020). In B. napus, it was revealed that BnaPAP2.A7b 
is the key gene regulating anthocyanin accumulation 
in leaves of PR. SNP variations in its promoter region 
led to the activation of its expression and leading 
to the purple color formation in leaves (Chen et  al. 
2020). Recently, map-based cloning also revealed that 
BnaPAP2.A07 is responsible for anthocyanin-based 
flower color and indicated that two insertions (412 bp 
and 210 bp) in the promoter region are responsible for 
the transcriptional activation of the gene in flowers 
(Ye et al. 2022). Altogether, it is speculated that the 

sequence variations in the promoter region of Bna-
PAP2.C6a and an insertion in the promoter region of 
BnaPAP2.A7b might be the key reasons leading to the 
transcription upregulation/activation and leading to 
pigment accumulation in different organs in B. napus.

In polyploids, duplicated genes resulting from 
whole-genome duplication usually experience three 
fates: silenced, new functionalization, or sub-function-
alization, in which duplicated copies execute the same 
function but in different parts of the plants (Moore 
and Purugganan 2005; Roulin et al. 2013). Here, two 
genes for anthocyanin accumulation in stems and flow-
ers of rapeseed were identified by the map-based clon-
ing method. While sequence variation in the promoter 
regions of BnaPAP2.C6a lead to the activation of the 
gene  in stems, an insertion in the promoter region of 
BnaPAP2.A7b is responsible for the activatin of the 
gene in flowers. The results indicated that these homol-
ogous genes may experience sub-functional divergence 
and expand the color palette of the oilseed rape.
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