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Abstract

The color of flowers plays a crucial role in ornamental plant breeding, impacting its market value significantly.
Orychophragmus violaceus, a traditional ornamental flower cultivated for its early blooming in spring, often
exhibits white flower variations during the breeding process, enhancing its ornamental appeal. This study
systematically identified 98 genes associated with anthocyanin biosynthesis in O. violaceus, distributed across

12 chromosomes. Secondly, we conducted an analysis of expression patterns and differentially expressed genes
(DEGs) of anthocyanin biosynthetic pathway-related genes in O. violaceus by utilizing comparative transcriptome
data from white (OvW-1) and purple (OvP-37) flower petals. Our findings revealed significant differential expression
of genes ANS, GST, TCP3 and AHAT0 between the white and purple flower colors. Subsequently, we employed
gRT-PCR to validate the differential expression of OvANS and OvICP3 in OvW-1 and OvP-37 flowers, with OvANS
showing significantly higher expression levels in OvP-37 plants. Moreover, we successfully cloned the complete
sequence of the OvANS gene from OvW-1 and OvP-37 flowers, revealing the presence of two inserted fragments
in the promoter region of the OVANS gene in white flowers, potentially playing a crucial role in gene expression
repression. Subsequently, we conducted gRT-PCR analysis to investigate the expression pattern of the OvANS
gene in various tissues (leaves, petioles, petals, and young siliques) of OvW-1 and OvP-37 flowers. Our findings
demonstrated that OvANS was ubiquitously expressed in all four tissues of OvP-37, with the highest expression
level observed in petals, whereas its expression in OvW-1 was negligible. Our results provide new insights into the
molecular mechanism of flower color variation in O. violaceus, and provide a reference for enriching the flower
color types of O. violaceus.
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Introduction
Flavonoids, including anthocyanins, constitute a diverse
group of metabolites found in plants, serving as the pre-
dominant pigments responsible for the orange, red, pur-
ple, pink, and blue hues observed in various tissues of
flowering plants across different species. Anthocyanins,
in particular, are recognized for their pivotal contribu-
tions to plant defense mechanisms and human health.
These compounds are integral to a range of biological
responses to both biotic and abiotic stressors, includ-
ing disease resistance, UV-B protection, and mitigation
of herbivory by insects and mammals [1]. Anthocya-
nins play a crucial role in attracting insects and animals
for pollination and seed dispersal through the result-
ing colors in flowers [2]. Additionally, they are increas-
ingly recognized for their significance as quality traits
in ornamental plants and fruit crops, not only for their
aesthetic value but also for their potential health ben-
efits to humans. Studies have shown that anthocyanins
may contribute to a reduced risk of various health issues,
including obesity-related diseases, cancers, diabetes, and
degenerative conditions like Alzheimer’s disease [3-5].
Anthocyanin biosynthesis is a complex process that
is initiated through the flavonoid synthetic pathway,
involving the activation of multiple enzymes encoded
by biosynthetic genes. This pathway can be categorized
into three distinct phases: the initial steps of the general
phenylpropanoid pathway, the subsequent early steps
of the flavonoid pathway, and the final late steps of the
anthocyanin-specific pathway [6]. The initial steps of the
phenylpropanoid pathway involve a series of three enzy-
matic reactions converting phenylalanine to 4-coumaroyl
CoA via cinnamic acid and coumaric acid, facilitated by
the enzymes phenylalanine ammonia-lyase (PAL), cin-
namate-4-hydroxylase (C4H), and 4-coumaroyl CoA:
ligase (4CL). Subsequently, the early flavonoid biosyn-
thetic reactions are mediated by early biosynthetic genes
(EBGs), including chalcone synthase (CHS), chalcone
isomerase (CHI), and flavonol 3-hydroxylase (F3H). Sub-
sequently, Shi and Xie (2014) identified late biosynthetic
genes (LBGs) responsible for encoding dihydroflavo-
nol-4-reductase (DFR), anthocyanidin synthase (ANS;
also called leucoanthocyanidin dioxygenase, LDOX),
and UDP-glucose: flavonoid-3-O-glycosyl-transferase
(UF3GT). Co-regulation of pathway genes involved in
flavonoid biosynthesis was observed [7-10]. The initial
steps of the general phenylpropanoid pathway were found
to be negatively regulated by the R2R3-MYB subgroup
4 (MYB3, MYB4, MYB7 and MYB32) [11, 12], while
the early biosynthetic genes (EBGs) were regulated by
three redundant R2R3-MYB transcription factors (TFs)
MYBI11, MYBI12, and MYBI111 [9, 13]. The regulation
of LBGs is governed by the ternary MYB-bHLH-WD40
(MBW) protein complex, consisting of R2R3-MYB, basic
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helix-loop-helix (bHLH), and WD40-repeat proteins [4,
14, 15]. In Arabidopsis, the confirmed positive transcrip-
tion factors comprise production of anthocyanin pig-
mentation 1 (PAPI1)/MYB75, PAP2/MYB90, MYB113,
MYB114, transparent testa 2 (TT2), while the negative
transcription factors include caprice (CPC) and MYB-
like 2 (MYBL2) [15-17]. The bHLH transcription factors
encompass TT8, glabra 3 (GL3), and enhancer of glabra 3
(EGL3), with the WD40-repeat protein transparent testa
glabra 1 (TTG1) also being identified [15, 18, 19].

The Orychophragmus violaceus (L.) O. E. Schulz
(2n=24, OO genomes), a Brassicaceae species native to
China, is classified as an annual herb and is utilized in
China as both an ornamental plant and leaf vegetable.
This plant is distinguished by its high oil quality, charac-
terized by elevated levels of palmitic and oleic acids, and
reduced levels of linolenic, erucic, linoleic, and dihydroxy
C24 fatty acids [20]. O. violaceus has been identified as a
potential industrial oilseed crop due to the superior high
temperature lubricant properties of its oil in comparison
to castor oil, a well-established vegetable oil used in bio-
based lubricant applications [20]. Concurrently, O. viola-
ceus is extensively grown as a decorative plant due to its
late winter flower, which bears a resemblance to the pur-
ple and white varieties, characterized by its large size and
extended blooming period. Commonly known as Chinese
violet cress or “eryuelan” (February orchid), O. violaceus
has been utilized in the creation of intergeneric sexual
hybrids with cultivated Brassica species to study chro-
mosome stability [21]. Through this research, a variety of
Brassica aneuploids, including hypoploids and those con-
taining alien additions or substitutions, have been identi-
fied within the hybrid offspring [22]. Recent research has
revealed that the O. violaceus transcript OvPAP2, under
the control of the petal-specific promoter XY355, results
in the production of red anthers and red petals in trans-
genic Brassica napus plants [23]. The decoding of the
genome of O. violaceus offers a foundation for investigat-
ing the molecular mechanisms underlying its exceptional
agronomic characteristics [24, 25].

In the realm of ornamental horticulture, flower color
stands out as a pivotal characteristic that significantly
impacts the commercial worth of plants. Through the
breeding of O. violaceus, we successfully developed
an inbred line showcasing the wild-type purple petals
(OvP-37) alongside its natural mutant counterpart with
white petals (OvW-1). This study seeks to elucidate the
genetic mechanisms underlying anthocyanin biosynthe-
sis in the purple-flowered O. violaceus, thereby enhanc-
ing its aesthetic appeal and overall ornamental value.
Initially, a genome-wide analysis was performed on the
anthocyanin biosynthesis pathway genes in O. violaceus,
encompassing both structural genes and transcriptional
regulators. Subsequent to this analysis, a comparison was
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made between the transcriptomes of white and purple
flowers of O. violaceus. The findings revealed significant
differential expression of four anthocyanin biosynthetic
pathway-related genes in the petals of white and purple
O. violaceus, with OvANS showing minimal expres-
sion in the discolored petals, a result further validated
through qRT-PCR analysis. Furthermore, we successfully
cloned the full-length sequence of OvANS and identified
two significant fragment insertions in the OvANS pro-
moter region of O. violaceus, suggesting a potential role
in regulating OvANS expression. Subsequent analysis of
OvANS expression patterns in various tissues of OvW-1
and OvP-37 selfing lines revealed minimal expression of
OvVANS in the tissues of OvW-1. These findings contrib-
ute valuable insights towards understanding the underly-
ing mechanisms of flower color variation in O. violaceus.

Materials and methods

Plant materials and growth conditions

Seeds of the wild-type O. violaceus inbred line with pur-
ple petals (OvP-37) and its natural mutant inbred line
with white petals (OvW-1) were grown in the green-
house of the Gannan Normal University in the autumn
of 2022, with 16 h light/8 h dark, temperature 22 °C. The
petals of flower buds waiting to open were collected from
the OvP-37 and OvW-1 inbred line with three biologi-
cal repeats for RNA extraction, and the petals of freshly
opened were collected with three biological repeats for
total anthocyanin extraction. All samples were collected
and immediately frozen in liquid nitrogen.

Total anthocyanin extraction and content analysis

All flower samples were crushed in a mixer mill (MM
400, Retsch) with a zirconia bead for 1.5 min at 30 Hz.
Each 100 mg sample of powdered tissue was extracted
overnight at 4°C in 1.0 mL of an aqueous solution of 85%
methanol: formic acid (Vmethanol : Vddwater : Vformic
acid=8 : 15 : 0.5). Following centrifugation at 10,000 g
for 10 min, the extracts were absorbed (CN'WBOND
Carbon-GCB SPE Cartridge, 250 mg, 3 mL; ANPEL,
Shanghai, China, www.anpel.com.cn/cnw), filtrated
(SCAA-104, 0.22 um pore size; ANPEL, Shanghai, China,
http://www.anpel.com.cn/), and used for total content
analysis. The detailed method is shown in Chen et al,
2022 [26].

RNA-seq data analysis

The RNA-seq raw data were sequenced by Bioyi Bio-
technology Co., Ltd. (Wuhan, China). Low-quality reads
were removed with default parameters using Trim-
matic (v0.39) [27]. Clean reads were aligned to the refer-
ence genome of O.violaceus using the HISAT?2 software
(v2.1.0) [28]. The obtained millions of fragments per
thousand bases (FPKM) values were then calculated
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using StringTie (v2.1.1) [28]. The expression histogram
was generated using Excel, while the heat map was gen-
erated using TBtools-II software (v2.047) [29]. The R
package DEseq2 (1.16.1) [30] was used to identify the
differentially expressed genes (DEGs) between flow-
ers of different colors based on the following criteria:
padj<0.01 & log2FoldChange > 2.

Identification and expression analysis of anthocyanin-
related genes

Here, all the protein sequences and CDS sequences of
Arabidopsis thaliana and O. violaceus were obtained
from tair website (https://www.arabidopsis.org/) and
National Genomics Data Center (https://ngdc.cncb.ac.cn
/gwh). To ensure accurate identification of anthocyanin-
related genes in the O. violaceus, initial searches were
conducted using local BLASTP and local BLASTN algo-
rithms, with a significance threshold of E<1e —20. Then,
the screening process involved identifying candidate
genes that exhibited a consistency rate exceeding 80%
and a coverage rate surpassing 80%. Gene collinearity
analysis was performed using MCScanX software [31].
MEGA7 software was used for evolutionary analysis [32].
TBtools-II software (v2.047) was used to draw a heat map
of the FPKM values of anthocyanin-related genes [29].

Cloning and sequence analysis of OVvANS

To analyze the reasons for the differential expression of
OvVANS genes between OvP-37 and OvW-1 inbred lines,
we used PrimerPrimer5 software to design specific prim-
ers for cloning the full-length sequence of OvANS in O.
violaceus. The sequence-specific primers for cloning the
promoter region are: OvANS-pF, 5'- CGAGAACCAAG
AAGCATTTAT-3’; OvANS-pR, 3'- CGGAGAAGAAA
ACAGAGTAAG-5'". And the sequence-specific primers
for cloning the promoter region are: OvANS-gF, 5'- CC
ACACATCATTTACTTTGCA-3’; OvANS-gR, 3'- ACT
TCAGAGAAACTAAAAGCA-5'. Young leaves of OvP-
37 and OvW-1 inbred lines O. violaceus inbred lines were
selected respectively, and genomic DNA was extracted
using the CTAB method. For details on amplification,
single clone screening and sequencing of PCR products,
see [33]. The sequences were aligned using the online tool
MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/#).

qRT-PCR analysis

The young leaves, petioles, siliques and petals of fresh
flower buds waiting to open of OvP-37 and OvW-1
plants were collected with three biological replicates, all
samples were collected and immediately frozen in liq-
uid nitrogen for RNA extraction and qRT-PCR analysis.
The primer information for qRT-PCR analysis were list
in Supplementary Table 4. For detailed methods, please
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Fig. 1 Phenotypic characterization and total anthocyanin content analy-
sis of white and purple flower O. violaceus. A, C: Phenotype of purple
flower O. violaceus; B, D * Phenotype of white flower O. violaceus; E: Total
anthocyanin content of white and purple flower O. violaceus petals. The
scale bars in the lower right corner are 1 cm

refer to [34] All materials of this research were collected
from Gannan Normal University research base.

Results

Phenotypic characterization and analysis of total
anthocyanin content

The O. violaceus inbred lines OvP-37 and OvW-1 were
systematically cultivated in the greenhouse at Gannan
Normal University for the purpose of conducting phe-
notypic analysis and obtaining experimental tissues and
organs. Upon the arrival of spring, O. violaceus initiated
the process of bolting and flowering. The inflorescence
of the OvP-37 inbred line displayed a profusion of pur-
ple flowers (Fig. 1A), characterized by dark purple pet-
als (Fig. 1C). In contrast, the inflorescence of the OvW-1
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inbred line showcased pure white flowers (Fig. 1B), with
white petals (Fig. 1D). Subsequent to this observation,
we proceeded to harvest the purple and white petals of
O. violaceus at full bloom for the purpose of quantifying
total anthocyanin content. The results showed that the
total anthocyanin content in white petals was extremely
low, while the total anthocyanin content in purple pet-
als was about 4.39 mg/g fresh weight (Fig. 1E), indicating
that the biosynthesis and accumulation of anthocyanin is
the key to the coloring of purple flowers of O. violaceus.

Genome-wide identification of genes involved in
anthocyanin biosynthesis

Plant anthocyanin biosynthesis pathway has been clearly
reported in A. thaliana [35)], petunia [36], Antirrhi-
num majus [37] and other species. In this investigation,
a set of 52 genes associated with the anthocyanin bio-
synthetic pathway in A. thaliana were utilized as refer-
ence points to systematically ascertain the presence of
analogous genes in the entire genome of O. violaceus.
The findings revealed that 48 out of the 52 genes linked
to anthocyanin biosynthesis were indeed present in the
genome of O. violaceus, with the exceptions of F3’H
(AT5G07990), FLS1 (AT5G08640), HY5 (AT5G11260),
and CHS3 (AT5G17890) which were not detected
(Fig. 2; Supplementary Table 1). It is noteworthy that
O. violaceus is a tetraploid species with homologous
characteristics. Among the 48 identified anthocyanin
biosynthesis-related genes, a total of 98 such genes were
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Fig. 2 Distribution of 98 anthocyanin related genes in O. violaceus on 12 chromosomes



Liu et al. BMC Plant Biology (2025) 25:1349

found to be distributed across 12 chromosomes of O.
violaceus, indicating the presence of multiple copies of
certain genes. Notably, the gene CHS exhibited the high-
est number of copies at six, while others such as DFR,
ANS, CPC, were identified only once. Interestingly, OV09
contained 19 chromosomes, whereas OV02, OV03, and
OVO05 each had a distribution of only 5 chromosomes.
In addition, multiple genes have tandem repeats, such as
UGT78D2, CHI, GST, FSL2 and CHS (Fig. 2).

Analysis of the expression patterns of anthocyanin-related
genes in purple and white flower O. violaceus

In order to investigate the expression patterns of antho-
cyanin genes in white and purple petals of O. violaceus,
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we conducted a comparative transcriptome sequencing
analysis on the petals of OvP-37 and OvW-1. The find-
ings revealed that the majority of genes were expressed
in both white and purple petals, with a notable upregu-
lation of structural genes involved in the anthocyanin
biosynthesis pathway (Fig. 3, Supplementary Table 2).
Specifically, early structural genes such as PAL, C4H,
4CL3, CHS, CHI (TT5) and F3H exhibited higher expres-
sion levels in purple petals compared to white petals,
although they were also expressed in the latter. In the
latter stages of the anthocyanin biosynthesis pathway,
the genes DFR, ANS, UGT and GST were observed to be
expressed. Notably, the expression of ANS in white flow-
ers was found to be significantly lower compared to that
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Fig. 3 Heat map of gene expression related to anthocyanin biosynthesis pathway in O. violaceus
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in purple flowers. With regard to transcription factors,
MYBL2 was found to be expressed in both white and
purple petals, while the expression levels of other tran-
scription factors were generally low and their regulatory
patterns remain unclear (Fig. 3). These results suggest
that although OvW-1 blooms white flowers, the antho-
cyanin biosynthetic pathway-related genes still have a
certain expression level, resulting in a purple-to-white
mutation in its flower color. It may be due to the late
structural gene or transcriptional regulatory factor muta-
tion that blocks the anthocyanin coloration modification.
These findings indicate that, despite OvW-1 produc-
ing white flowers, there is still some level of expression
of genes related to the anthocyanin biosynthetic path-
way, leading to a mutation in flower color from purple to
white.
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Comparative transcriptome analysis of purple and white
flower petals of O. violaceus

In order to further investigate the genetic basis of flower
color variation in O. violaceus, we conducted a compara-
tive analysis of transcriptome sequencing data from the
petals of the OvP-37 and OvW-1 inbred lines. Our find-
ings revealed differential expression of 1037 genes in the
petals of white and purple O. violaceus, with 598 genes
showing up-regulation and 439 genes showing down-
regulation (Fig. 4A, Supplementary Table 3). Among
the 98 genes associated with the anthocyanin synthesis
pathway, 4 genes, specifically ANS (LODX), GST, TCP3
and AHAIO, exhibited differential expression in the
petals of the OvP-37 and OvW-1 inbred lines (Fig. 4B;
Table 1). The late structural genes ANS and GST, along
with the H+-APTase AHA10 and the transcription factor
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Fig. 4 Differentially expressed genes (DEGs) analysis and quantitative verification of white and purple petals of O. violaceus. A: DEGs volcano map; B: The
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Table 1 Anthocyanin-related differentially expressed genes
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Gene ID AT Name Function name Annotation

0OV03G032130.2  AT4G22880  ANS
0OV06G013900.2  AT1G17170  GST

Encodes leucoanthocyanidin dioxygenase, which is involved in proanthocyanin biosynthesis.
Encodes glutathione transferase belonging to the tau class of GSTs, glutathione binding and

glutathione transferase activity.

0OV06G045580.1
OV07G011960.1

AT1G53230
AT1G17260

TCP3
AHA10

DNA-binding transcription factor activity.
Belongs to H+-APTase gene family, involved in proanthocyanidin biosynthesis, disturbs the vacu-

olar biogenesis and acidification process.

TCP3, were examined for their expression levels using
qRT-PCR. Our results show that ANS and GST exhibit
high expression levels in purple petals but are either
not expressed or expressed at low levels in white petals
(Fig. 4C). Conversely, AHA10 and TCP3 are significantly
up-regulated in white petals, suggesting a potential role
for ANS and GST in the development of purple flow-
ers in O. violaceus (Fig. 4C). Specifically, the gene ANS
exhibited a notable up-regulation in purple petals and
was found to be absent in white petals, thereby inhibiting
the production of anthocyanin (Fig. 4C). This suggests
that ANS may play a pivotal role in the genetic mutation
responsible for the transition from purple to white flow-
ers in O. violaceus.

Insertion of two DNA fragments into the promoter region
affects the expression of OVANS

Prior research has demonstrated that ANS is a cru-
cial gene involved in the biosynthesis of anthocyanins.
Notably, through comparative transcriptome analysis
and qRT-PCR validation of O. violaceus petals, it was
observed that OvANS exhibited a significant up-regula-
tion in purple flowers. To delve deeper into the underly-
ing factors contributing to its differential expression, the
OVANS genes were cloned from the OvP-37 and OvW-1
inbred lines, respectively. The findings demonstrate
that OvANS exhibited a high degree of conservation
in the OvP-37 and OvW-1 inbred lines within the gene
region. Additionally, within its promoter region spanning
approximately 3000 base pairs, O. violaceus displayed
two consecutive large fragment insertions, specifically a

143 bp insertion at —1261 bp and a 360 bp insertion at
-1265 bp (Fig. 5). These insertions likely contribute to the
silencing of OvANS in O. violaceus, whereas the normal
expression of purple flowers is attributed to the absence
of sequence insertions, facilitating the normal synthesis
and accumulation of anthocyanins for the presentation of
purple coloration.

The expression pattern of OvANS in different tissues of
O.violaceus

To further investigate the expression pattern of OvANS
in various tissues of O. violaceus, we conducted qRT-
PCR verification on the leaves, petioles, petals, and
young siliques of the OvP-37 and OvW-1 inbred lines.
Our findings indicate that OvANS expression was only
minimally detected in young siliques of OvW-1 inbred
lines, whereas it was significantly up-regulated in OvP-
37 inbred lines, particularly in petals (Fig. 6A). Subse-
quently, we utilized cDNA from leaves, petioles, petals,
and young siliques to semi-quantitatively analyze the
expression pattern of OVANS. The findings were in align-
ment with the results of qRT-PCR validation, indicating
the presence of OvANS in the young siliques of OvW-1
inbred lines. While faint bands were observed in OvP-37
inbred lines, the most prominent bands were detected in
petals (Fig. 6B). These results further demonstrated that
sequence insertion mutation in the OvANS promoter
region may be the main reason for the abnormal expres-
sion of OVANS in the OvW-1 inbred line. Conversely,
OvANS was found to be expressed normally in OvP-37
inbred lines, particularly in petals.

Obp
-2815bp +497bp  +591bp +1193bp
OvVP-37 v o
-3318bp 360bp 0bp +497bp  +591bp +1193bp
v —>-1261bp
143bp

== Promoter \,/ Fragment insertion [~ Start codon [JJJj Exon

Fig. 5 OVANS sequence alignment between OvP-37 and OvW-1

* Intron $ Stop codon
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Discussion

O. violaceus is a species of significant phylogenetic
importance in elucidating the evolutionary trajectory of
the Brassicaceae family, characterized by a unique whole-
genome duplication event specific to the Orychophrag-
mus genus [24, 25]. With a rich history of cultivation and
widespread popularity as an early-flowering ornamental
plant in China, O. violaceus was the subject of a study
employing comparative transcriptome sequencing, qRT-
PCR validation, and gene cloning analysis. Our findings
suggest that the OvANS gene may play a pivotal role in
the suppression of anthocyanin biosynthesis in O. vio-
laceus. Our RNA-seq analysis revealed that differential
expression of the OVANS gene played a crucial role in
determining the coloration of purple and white petals, a
finding corroborated by qRT-PCR analysis. Upon cloning
the full-length sequence of the OvANS gene from purple
and white flowers, we identified two significant sequence
insertions in the OVANS promoter region of white flow-
ers, leading to diminished expression of the OvANS gene
and virtually no expression of the OvANS gene in various
tissues of O. violaceus, including leaves, petioles, petals,
and pods. This mutation may be attributed to a mutation
in either a late structural gene or a transcriptional regula-
tory factor that inhibits the modification of anthocyanin
coloration.
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Fragment insertion in the promoter region represses
OVANS in O. violaceus

The findings of this study indicate that the expression of
the OVANS gene is absent in various plant tissues of white
flower O. violaceus due to the presence of two inserted
fragments in the promoter region. This suggests that
the insertion of these fragments may impede the tran-
scription of OvANS, thereby disrupting its normal func-
tionality. Genetic events in plants, such as transposon
mobilization, chromosomal rearrangements, and recom-
bination, frequently lead to the insertion and deletion
of gene promoter regions and fragments, affecting gene
expression. Insertions or deletions in genetic sequences
often result in alterations in gene expression levels, such
as the activation or inhibition of gene expression. For
instance, in purple-head Chinese cabbage (B. rapa), the
presence of a short intron 1 of BrMYB2 has been found
to regulate anthocyanin biosynthesis [38]. Additionally,
instances of gene expression activation resulting from
fragment insertions have been documented, as seen in
B. oleracea where different types of fragments inserted
in the promoter region of the BoMYB2 gene contribute
to color variations among its subspecies [39]. Previous
research has demonstrated that the insertion of bases in
the promoter region of BnaPAP2.A7 is crucial for induc-
ing its expression in B. napus leaves, resulting in the
production of three distinct transcripts with potential
functional differences [34]. Similarly, in B. napus pet-
als, the insertion of specific fragments in the promoter
region of BnaA07.PAP2 leads to heightened expression,
which plays a pivotal role in anthocyanin biosynthesis
and accumulation [40]. Furthermore, in the purple stems
and orange petals of B. napus, differential expression is
attributed to the insertion and deletion of specific regions
within the BnaPAP2.C6a and BnaPAP2.A7b promoter
regions or introns [41]. In a comparable manner, the
1,033-bp insertion in B. juncea has been shown to stimu-
late the expression of BjMYB113c in purple leaves [42],
underscoring the significance of allelic sequence diver-
sity in shaping plant genetic variability. For instance, the
aberrant expression of the promoter region of the OvANS
gene in O. violaceus, caused by a fragment insertion,
results in a shift in flower color from purple to white.

ANS plays a central role in anthocyanin biosynthesis in
plant species

The biosynthetic pathway of plant anthocyanins is well-
established, with key components including structural
gene-encoded proteins that are catalytic in nature. The
expression of these structural genes is primarily con-
trolled by the MBW transcription complex [35]. Within
plants, the ANS gene encodes leucoanthocyanidin dioxy-
genase, which plays a crucial role in anthocyanin bio-
synthesis and predominantly governs this process in



Liu et al. BMC Plant Biology (2025) 25:1349

vegetative organs and petals. Conversely, the functionally
analogous gene anthocyanin reductase (ANR) primarily
regulates anthocyanin biosynthesis in the seed coat [35,
43]. Our qRT-PCR analysis revealed that only OvANS
exhibited low expression in siliques of OvW-1. This may
be attributed to the primer specificity to the ANR gene,
as evidenced by the brown seed coat color of OvW-1.
Previous studies have shown that ANS is typically highly
expressed in purple tissues or organs in Chinese cab-
bage [38], B. oleracea [39], B. napus [34, 40, 41], and B.
juncea [42] due to the biological and cumulative color
variation of anthocyanins. In B. juncea, the upregulation
of ANS genes (BjuA004031, BjuB014115, BjuB044852,
Bju0009605) is crucial for the development of pur-
ple veins [44]. Our prior investigation on B. rapa also
revealed that the insertion of two small fragments in the
BraANS.A3 promoter region led to diminished expres-
sion, resulting in green foliage [33]. These findings under-
score the pivotal role of ANS in the biosynthesis of plant
anthocyanins, and indicate that the suppression of ANS
gene activity can impede the anthocyanin biosynthesis
pathway in plants, manifesting in a phenotype devoid of
anthocyanin synthesis and accumulation. However, the
function of OVANS remains to be further verified.

Conclusion

This study initially focused on identifying the genes asso-
ciated with the anthocyanin biosynthetic pathway of O.
violaceus at the whole genome level. Subsequently, a
comparative transcriptome sequencing approach was
employed to investigate the differential expression of
genes related to anthocyanin biosynthesis in the petals of
the white flower mutant and the purple wild-type flower.
This analysis was further validated using qRT-PCR. The
findings suggest that the notably differential expression
of OVANS may play a pivotal role in determining the
color variation between purple and white flowers. Addi-
tionally, the full-length sequence of the OvANS gene was
cloned from both the white-flowered mutant and purple-
flowered wild-type inbred line of O. violaceus. Analysis
revealed that the insertion of two fragments in the pro-
moter region may play a crucial role in suppressing the
expression of the OvANS gene. Subsequently, qRT-PCR
was utilized to assess the expression of the OvANS gene
in the leaves, petioles, petals, and siliques of O. violaceus.
It was observed that OvANS and OvPAPI were mini-
mally expressed in the four tissues of the white flower
mutant, whereas OvANS exhibited normal expression
in the purple flower wild type. The findings of this study
demonstrate that the insertion of the OVANS gene pro-
moter fragment in the white flower mutant of O. viola-
ceus leads to the repression of gene expression, resulting
in the inhibition of anthocyanin biosynthesis and sub-
sequent anthocyanin deficiency throughout the plant.
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These results contribute to the understanding of the
molecular mechanisms underlying flower color variation
in O. violaceus and offer insights for enhancing the diver-
sity of flower colors in this species.
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