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Abstract This study introduces the genetic mechanism and regulatory mode of flower color formation in rape (Brassica napus),
and explains several key genes involved in the synthesis of anthocyanins, flavonoids and carotenoids, such as BnaPAP1, BnaTTG1
and BnaCRTISO, which are the core basis for the diversification of petal colors. This study, through comparative analysis with other
closely related species, revealed the significant role of polyploidization and changes in regulatory patterns in the evolution of flower
color, emphasizing the practical value of flower color in breseding. In the future, as long as we continue to combine these genomic
tools and conduct in-depth research on the interaction between genes and the environment, there is hope to precisely control flower
color traits and meet the demands of rapeseed in both practical and ornamental aspects.
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1 Introduction
The flower color of rapeseed (Brassica napus) is a very important trait, which is related to its appearance and also
has a great deal to do with agricultural applications. Rapeseed, as a major oil crop, is well known to all for its role
in agriculture. Xiao et al. (2021) found that in recent years, its ornamental value has also begun to attract more
attention, especially in tourist attractions, where the colorful rapeseed flowers can very well catch the eyes of
tourists. The function of flower colors is not only for aesthetic purposes, but also different flower colors can affect
the behavior of insects in collecting flower powder, which is very helpful for pollination. Flower color can also
serve as a certain reference for breeding, which is helpful for selecting more attractive varieties with more stable
yields. Jia et al. (2021) found that changing the color of flowers can make breeding work more effective and
cultivate more new varieties with wide uses and high value.

Li et al. (2023) found that the formation of flower color is related to some specific metabolic processes, such as
the synthesis of flavonoids and carotenoids, which is one of the key steps. Zeng et al. (2023) can more clearly
identify the genes and metabolites that affect flower color through new technologies such as transcriptomics and
metabolomics, thus enabling a deeper understanding of how flower color changes. However, there are still some
difficulties in the research. For instance, the relationship between genes and the environment is very complex and
difficult to figure out completely. Also, in different growth environments, how to make the desired flower colors
stably manifest is also a big problem (Yin et al., 2019).

This study aims to clarify the molecular reasons behind the changes in flower color by using methods such as
transcriptomics, metabolomics and genetic analysis, and also hopes to select some candidate genes that are useful
for breeding from them. This study aims to identify the key genes and regulatory methods that affect the flower
color of rapeseed, laying a foundation and providing theoretical support for cultivating new rapeseed varieties
with rich flower colors and stable performance.

2 Genetic Basis of Flower Color in Rapeseed
2.1 Key pigments contributing to flower color in rapeseed
The color of rapeseed flowers is mainly determined by several pigments such as anthocyanins, flavonoids and
carotenoids. Hao et al. (2022) found that components such as pelargonidin and cyanidin in anthocyanins can turn
petals red or purple. Flavonoids such as quercetin and luteolin are present in relatively high amounts in white and
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yellow petals. Jia et al. (2021) hold that carotenoids, such as lutein and zeaxanthin, are the key to the formation of
yellow petals, especially the flower color of ornamental varieties. Zeng et al. ’s research in 2023 indicates that
some flavonols, such as tamarixetin and kaempferol, may affect the detailed changes in petal color.

2.2 Known pathways and genes influencing pigment biosynthesis
The color change of rapeseed flowers is related to the synthesis of pigments in the body, mainly including two
metabolic pathways: flavonoids and carotenoids. Hao et al. (2022) demonstrated in their research that genes like
BnaANS and BnaDFR are involved in the synthesis of anthocyanins, which are crucial for the formation of red or
purple petals. Li et al. (2023) discovered that the role of the BnaF3'H gene is to add hydroxyl groups to flavonoid
molecules, influencing the color transition of petals from yellow to purple. The synthesis of carotenoids is
controlled by the BnaCRTISO gene, which can balance the contents of lycopene and beta-carotene and regulate
whether flowers turn yellow or orange (Li et al., 2022).

2.3 Regulatory networks involved in flower color formation
Transcription factors such as MYB and bHLH (for example, BnaPAP2 and BnaGL3) are crucial for the synthesis
of anthocyanins. They usually combine into a complex, turning on the switch of the related genes. Some
hormones, such as jasmonic acid, also help activate these synthetic pathways to increase pigments when plants are
under stress (Luo et al., 2021). External conditions such as light and temperature can also affect the expression of
pigment-related genes. These factors combined make the color changes of rapeseed flowers more complex (Zeng
et al., 2023).

3 Regulation and Expression of Flower Color Genes
3.1 Spatiotemporal expression patterns of key genes
In rapeseed, genes such as BnaANS (anthocyanin synthase) and BnaF3’H (flavonoid 3’ -hydroxylase) are
expressed differently in the petals, which can cause variations in the depth and hue of the flower color (Hao et al.,
2022). Li et al. ’s research in 2020 also found that the expression sites of transcription factors such as MYB and
bHLH in related plants are relatively limited. They only function in specific regions, influencing where pigments
accumulate and ultimately making the color distribution of flowers look very special.

3.2 Epigenetic regulation and its impact on flower color
Yang et al. (2015) found in Arabidopsis thaliana and Brassica plants that changes in methylation levels on
promoters would affect the activity of these synthetic genes during the development of flowers. Wu et al. ’s
research in 2020 suggests that modifications to histones and changes in chromatin structure also precisely regulate
the expression of these key genes, enabling them to respond to environmental changes or developmental stages.

3.3 Environmental influences on gene expression
In rapeseed, different light rays can change the activity of photosensitive pigment interaction factors (PIFs), and
these factors will further regulate the synthesis pathway of pigments (Li et al., 2021). When the temperature
changes, regulatory factors such as MYB and bHLH are also affected, thereby altering the accumulation of
anthocyanins. Luo et al. (2021) hold that this indicates that the expression of flower color genes can respond to
changes in the external environment.

4 Evolutionary Perspective on Flower Color Genes
4.1 Evolution of pigmentation genes in the Brassica genus
whole-genome triplication (WGT) has led to the duplication of some genes, laying the foundation for their
subsequent different divisions of labor. The BnaZEP gene family related to carotenoid synthesis shows functional
division of labor in different tissues. Some homologous genes are mainly expressed in petals, while others are
more active in leaves. Liu et al. (2020) hold that this indicates that after gene duplication, the way of pigment
synthesis becomes more flexible, which is helpful for plants to play a better role in reproduction and ecology.
Mutations on some regulatory genes, such as changes in the promoter of flavonoid synthesis genes, also indicate
that evolution is very important for the regulation of pigments in Brassica plants.
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4.2 Comparative genomics of flower color traits across related species
There is a study conducted genomic comparisons of rapeseed and its two diploid ancestors - Brassica rapa and
Brassica oleracea, and found that they have similarities as well as differences in flower color genetics. Some key
genes in anthocyanin synthesis are conconservative in these species, indicating that their functions remain
basically unchanged. However, the expression patterns of these genes have changed due to different regulatory
mechanisms. Ye et al. ’s research in 2022 demonstrated that the BnaA07.PAP2 gene in rapeseed has variations in
the promoter region, making it more prone to accumulating anthocyanins and forming apricot and pink petals,
which are not common in its two ancestral species.

4.3 Adaptive significance of flower color variation in rapeseed
The bright petals are controlled by pigment genes like BnaCRTISO, which can better attract pollinating insects
and are important for the reproduction of both wild and cultivated species. Li et al. (2022) found that some gene
mutations related to carotenoid synthesis, such as the one that turns petals milky white, have been used to cultivate
ornamental rapeseed varieties, making the use of rapeseed not only as grain and oil but also increasing its
ornamental value. Flower color genes are beneficial for plants to adapt to the environment and have also played a
role in artificial breeding, making rapeseed more important in both agriculture and ornamental plants.

5 Environmental and Physiological Influences on Flower Color
5.1 Role of temperature, light, and soil nutrients in pigment biosynthesis
Low temperatures can enhance the expression of genes like BnaPAP1 and BnaTT8, causing more anthocyanins to
accumulate and making the petal color purpler and brighter. Ye et al. ’s research in 2022 found that the
anthocyanin content in plants significantly increased in cold environments, indicating that these genes were
activated. Li et al. (2022) hold that the type of light is also crucial. Red and blue light can activate the BnaCRTISO
gene, facilitating the synthesis of carotenoids and making the petal color more distinct. Kumar et al. (2021) ’s
research indicates that soil nutrients such as nitrogen and sulfur also affect the generation process of anthocyanins
and flavonoids, suggesting that these nutrients are also crucial for maintaining bright flower colors.

5.2 Interaction between genetic and environmental factors
Some variations in regulatory genes, such as changes in the promoter region of the BnaA07.PAP2 gene, make it
more sensitive to external conditions such as light and temperature, and it is easier for anthocyanins to accumulate
in a suitable environment, resulting in brighter flower colors (Ye et al., 2022). Chen et al. (2022) ’s transcriptome
research found that environmental stresses such as drought and ultraviolet rays can enhance the expression of
genes related to pigments, indicating that these genes have the ability to help plants cope with adverse
environments.

5.3 Physiological changes affecting pigment stability and intensity
For anthocyanins and carotenoids to function properly, a stable state needs to be maintained inside the cells. Liu et
al. (2020) found that the two genes, BnaDFR and BnaANS, regulate the pH of vacuoles and act together with some
auxiliary pigments, which is beneficial for anthocyanins to maintain their color without fading easily and make
the color appear brighter. Li et al. (2022) hold that the color of carotenoids also depends on the reduction of other
metabolic pathways in the body, which can prevent the decomposition of pigments and make yellow or orange
more prominent.

6 Case Studies of Flower Color Genes in Rapeseed
6.1 Identification and functional characterization of BnaPAP1
The BnaPAP1 gene is a “relative” of the PAP1 gene in Arabidopsis thaliana and plays a very crucial regulatory
role in the synthesis process of anthocyanins. This gene in rapeseed will produce different versions (called isomers)
through “splicing”, and their functions are also different. BnaPAP1-744 and some shorter variants have different
effects on anthocyanin accumulation at the site of the flower. BnaPAP1 in purple rapeseed (PR) causes a large
accumulation of anthocyanins in the leaves, thus giving the leaves a bright purple color. Under the microscope, it
can be seen that anthocyanins are mainly concentrated in vacuoles, which proves that BnaPAP1 does play a role in
anthocyanin synthesis (Figure 1). Chen et al. (2020) also found that BnaPAP1 can initiate the expression of genes
related to anthocyanin synthesis, which is why the petals of rapeseed can turn purple.
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Figure 1 Characterization of anthocyanin accumulation in leaves of purple rapeseed (Adopted from Chen et al., 2020)
Image caption: (A-C) Different phenotype of young plant of PR (A) and ZS11 (B) planted outdoor and PR in the glass greenhouse
(C). (D) Hand section of a young leaf of PR. Scale bar: 10 μm (Adopted from Chen et al., 2020)

6.2 Role of BnaTTG1 in color modulation
BnaTTG1 is a homologous gene of the TTG1 gene in Arabidopsis thaliana. It encodes something called the WD
repeat protein and is an important part of regulating pigment synthesis. Research has found that BnaTTG1 can
cooperate with two types of transcription factors, MYB and bHLH, to form a complex and jointly initiate the
synthesis process of anthocyanins. Among different rapeseed varieties, the depth of petal color varies, indicating
that gene regulation also affects the accumulation of carotenoids. Although BnaTTG1 is mainly responsible for
regulating anthocyanins, it may also affect the stability of carotenoids and the overall coloring effect of petals
through interactions with other regulatory pathways. The experimental data also show that the content of
zeaxanthin and lutein, the two pigments, varies significantly among different varieties, indicating that the
synthesis of these pigments is very complex (Figure 2). When the BnaTTG1 gene mutates and loses its function,
the pigment in the petals will significantly decrease, indicating that it is very important for the stability and
intensity of the pigment (Liu et al., 2020).

Figure 2 Petal color and carotenoid pigmentations of the parents and their progeny (Adopted from Liu et al., 2020)
Image caption: (a, b, c) An inflorescence from O271, Y409 and their F1 plant obtained with O271 as the female parent, respectively.
(d, e, f) A flower from O271, Y409 and F1 plants, respectively. Scale bar = 1 cm. (g) Comparison of carotenoid contents in petals and
leaves between Y409, O271 and yellow-flowered BC3 plants (C-BC3Y and A-BC3Y). Error bars represent the SDs from three
measurements. Asterisks indicate significant differences: *P<0.05 and ***P<0.001 (Adopted from Liu et al., 2020)



Plant Gene and Trait 2025, Vol.16, No.1, 32-38
http://genbreedpublisher.com/index.php/pgt

36

6.3 Comparative analysis of orthologous genes in related species
By comparing the homologous genes related to pigments in rapeseed and its two diploid ancestors - Brassica rapa
and Brassica oleracea, the study found that their regulatory networks have both similarities and many differences.
BnaPAP1 and BnaTTG1 have similar genes in B. rapa. The functions of these genes are similar, but their
expression patterns are also quite different due to different regulatory methods. He et al. (2021) found in their
evolutionary research that after undergoing genomic polyploidization, rapeseed not only developed many
repetitive genes but also underwent subfunctionalization. These changes have made its regulation of pigments in
the flower organs more diverse.

7 Applications of Flower Color Research in Breeding
7.1 Development of rapeseed varieties with diverse flower colors
The research on anthocyanins is helpful for breeders to cultivate rapeseed petal varieties with diverse colors,
enhancing the ornamental value of rapeseed and increasing economic benefits. By conducting directed mutations
in the BnaCRTISO gene, a variety with milky white petals was bred. After improving the BnaZEP gene, rapeseed
with orange petals was developed. These achievements have made the colors of rapeseed more rich and diverse
(Liu et al., 2020; Li et al., 2022). Cultivating rapeseed varieties that are both practical and aesthetically pleasing,
whether used as ornamental plants or in agriculture, has great potential for development.

7.2 Enhancing pollination efficiency through color variation
The color of flowers has a significant impact on attracting pollinating insects and can directly enhance the
efficiency of pollination. In 2020, Chen et al. ’s research found that by modifying some key genes on the
anthocyanin and carotenoid synthesis pathways, such as BnaPAP1 and BnaF3’H, the color of flowers can be made
brighter and more attractive to insects. In their 2022 study, Ye et al. demonstrated that apricot petals can attract
more insects to visit, indicating that there is indeed a significant relationship between the color of a flower and the
success of a plant's reproduction.

7.3 Integration of flower color traits into ornamental rapeseed breeding
The diversification of flower colors has also become an important goal in rapeseed breeding as people’s interest in
ornamental plants is increasing. Sannikova (2020) holds that the application of gene editing technology and tools
such as transcriptome analysis has made the pathways for modifying pigment synthesis more accurate, thereby
cultivating rapeseed varieties with unique flower colors, which can be used in landscape design and eco-tourism.
Raboanatahiry et al. (2021) found that an increasing number of breeding efforts have begun to take into account
both practicality and aesthetics simultaneously, demonstrating the dual value of rapeseed as both an agricultural
crop and an ornamental plant.

8 Challenges and Future Directions
8.1 Limitations in current genetic studies of flower color
Most current studies mainly focus on relatively clear genes and pathways such as carotenoids and flavonoids,
while research on other factors that may affect flower color is still insufficient. Zhang et al. (2020) identified two
gene loci related to white flowers, Brwf1 and Brwf2, in Brassica rapa - but the complete regulatory network
behind them has not yet been clarified. Liu et al. (2020) found that many studies only used relatively small sample
populations, which would affect the effectiveness of statistical analysis methods like GWAS. The genomes of
Brassica plants are polyploid, meaning they have many similar genes, which makes it more difficult to identify
which genes are truly useful and which are merely repetitive auxiliary functions.

8.2 Opportunities with emerging genomic technologies
Combining high-resolution GWAS with large population segregation analysis (BSA) and whole-genome
resequencing has achieved good results in identifying genes related to traits such as deep yellow petals (Yang et
al., 2022). In their research in 2022, Ye et al. demonstrated that the combination of “multi-omics” methods such as
transcriptomics, metabolomics, and proteomics has enabled researchers to gain a more comprehensive
understanding of the process of pigment synthesis. The use of gene editing tools such as CRISPR/Cas9 makes it
easy to precisely modify specific genes. Li et al. (2022) successfully changed the petal and leaf colors of rapeseed
after modifying the BnaCRTISO gene.
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8.3 Perspectives on functional gene editing for flower color traits
By precisely regulating gene regulatory factors such as BnaPAP1 or BnaTT8, the target suit color can be stably
expressed. Variations in regulatory regions such as BnaA07.PAP2 have also been used to expand the variety of
rapeseed flower colors because it can affect the accumulation of anthocyanins in petals (Ye et al., 2022).
Epigenetic editing technology has also made progress, enabling the dynamic regulation of flower-related genes
when encountering environmental stress. Although these new technologies have made breeding more precise and
flexible, their use in agriculture has also raised some ethical and regulatory issues that need to be taken seriously.

9 Conclusion
This study introduces the main genetic mechanisms and regulatory methods influencing the flower color
formation of rapeseed, with a focus on the roles of key genes such as BnaPAP1, BnaTTG1 and BnaCRTISO. These
genes are respectively involved in the synthesis of anthocyanins and carotenoids, which are an important basis for
the diversification of rapeseed flower colors. With the continuous development of new technologies such as
CRISPR-Cas9, high-resolution GWAS and the combination of multi-omics, researchers have made breakthrough
progress in finding genes and studying their specific functions.

Future research needs to address some key issues in the recognition of flower color genes and make better use of
these advanced tools available now. Combining multi-omics methods such as transcriptome, metabolome and
epigenome is helpful for understanding how pigments are synthesized as a whole and how they regulate each
other. Precise gene editing tools like CRISPR-Cas9 also offer brand-new possibilities for verifying key genes and
regulating flower patterns. The dynamic interaction between genes and the environment is also a point worthy of
attention, especially the role of factors such as the variation of cis-regulatory elements and epigenetic
modifications. This is beneficial for a deeper understanding of how the color of petals changes and remains stable
under different conditions.

By combining these new technologies and methods, researchers can more efficiently identify key genes and
cultivate high-value rapeseed varieties with specific flower colors. This is useful for a deeper understanding of the
basic principles of pigment synthesis and also opens up new development directions for rapeseed in agricultural
production and ornamental applications.
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