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Abstract This review provides a comprehensive identification and characterization of the R2R3-MYB gene family in colored rice
(Oryza sativa L.), offering significant insights into their evolutionary relationships, structural features, and expression profiles.
Notable findings include the distinctive structural characteristics of R2R3-MYB genes, such as the high prevalence of
non-synonymous substitutions in the DNA-binding domains, particularly in the α-helix regions. This suggests adaptive selection and
functional diversification. The phylogenetic analysis revealed the existence of distinct clades that correspond to different
evolutionary lineages. Of particular interest is a key clade that is closely related to the ancestral species, wild rice (O. rufipogon and
O. nivara), which indicates the conservation of evolutionary lineages. The expression patterns of R2R3-MYB genes were found to be
specific to different tissues and developmentally regulated, with specialized roles in photosynthesis-related processes and root
development. Furthermore, the study underscores the functional roles of R2R3-MYB genes in anthocyanin biosynthesis. Genes such
as OsC1 and OsKala3 play pivotal roles in modulating the expression of anthocyanin biosynthetic pathway genes, thereby
contributing to the distinctive purple pigmentation and associated health benefits of purple rice. Furthermore, the case study of
OsMYB30 and OsMYB60 illustrates their pivotal roles in plant defense mechanisms and leaf morphology, respectively. The insights
gained from this review have significant implications for the breeding and genetic engineering of colored rice, emphasizing the
potential for improving agronomic traits and enhancing crop performance through targeted manipulation of R2R3-MYB genes.
Keywords Colored rice; R2R3-MYB genes; Phylogenetic analysis; Gene expression analysis; Anthocyanin biosynthesis

1 Introduction
R2R3-MYB transcription factors (TFs) are a prominent family of regulatory proteins in plants, characterized by
the presence of two MYB domains at the N-terminus. These TFs play crucial roles in various plant processes,
including cell cycle regulation, secondary metabolism, and responses to biotic and abiotic stresses. Specifically,
R2R3-MYB genes are integral to the regulation of anthocyanin biosynthesis, a pathway responsible for the
production of pigments that contribute to the coloration of plant tissues (Feng et al., 2018). The functional
diversity of R2R3-MYB genes is attributed to their ability to interact with other proteins, such as basic
helix-loop-helix (bHLH) proteins, to form transcriptional complexes that modulate gene expression (Sakamoto et
al., 2001; Feng et al., 2018).

Anthocyanins are a class of flavonoid pigments that impart red, purple, and blue colors to various plant tissues,
including flowers, fruits, and leaves. These pigments serve a dual role in the plant kingdom, acting as both
attractants for pollinators and seed dispersers, and as a means of protection against environmental stresses,
including UV radiation, pathogen attack, and oxidative stress (Zhu et al., 2017; Dwiningsih and Alkahtani, 2022).
The biosynthesis of anthocyanins is a complex process involving a network of structural and regulatory genes.
R2R3-MYB transcription factors play a pivotal role as key regulators of this pathway. In rice, anthocyanin
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accumulation is influenced by both genetic and environmental factors (Mackon et al., 2021). The presence of
specific alleles can lead to tissue-specific pigmentation patterns (Zhu et al., 2017).

Purple rice is distinguished by its high anthocyanin content, which gives the grains and other plant parts their
characteristic purple color (Xia et al., 2021). The pigmentation is not only aesthetically appealing but also
associated with numerous health benefits due to the antioxidant properties of anthocyanins (Lachagari et al., 2019;
Dwiningsih and Alkahtani, 2022). Genomic studies have been conducted on purple rice varieties, including the
landrace Purpleputtu, to elucidate the genetic basis of anthocyanin biosynthesis and its regulation (Lachagari et al.,
2019). These studies have revealed significant allelic variations and unique genetic features that contribute to the
purple coloration, thus making purple rice an excellent model for studying the molecular mechanisms underlying
anthocyanin biosynthesis (Lachagari et al., 2019). Moreover, the creation of biofortified rice varieties with
elevated anthocyanin levels, exemplified by the "Purple Endosperm Rice" underscores the potential of genetic
engineering to enhance the nutritional profile of staple crops (Zhu et al., 2017).

The objective of this review is to conduct a comprehensive genomic identification and characterization of
R2R3-MYB genes in colored rice. This will entail a comprehensive phylogenetic analysis to elucidate the
evolutionary relationships among these genes and an expression analysis to ascertain their roles in anthocyanin
biosynthesis and other biological processes. By integrating bioinformatics and experimental approaches, this
reviwe aims to provide insights into the functional diversity and regulatory mechanisms of R2R3-MYB genes in
colored rice, thereby contributing to a more comprehensive understanding of plant secondary metabolism and
stress responses.

2 Genome-Wide Identification of R2R3-MYB Genes in Colored Rice
2.1 Data resources and genome databases
The identification of R2R3-MYB genes in rice is dependent upon the utilization of comprehensive genomic data
from a multitude of sources. Whole genome sequencing and comparative genomic analysis have been
instrumental in elucidating the genetic intricacies and allelic variations that are exclusive to purple rice landraces,
such as Purpleputtu (Lachagari et al., 2019). Furthermore, databases such as the SNP-Seek database, which
contains a comprehensive set of single nucleotide polymorphism (SNP) data from a diverse range of rice lines,
serve as a valuable resource for identifying genetic variations (Lachagari et al., 2019). The utilization of these
databases enables a comprehensive comparison of the colored rice genome with other rice cultivars, thereby
facilitating the identification of specific genes involved in anthocyanin biosynthesis and other related pathways
(Yan et al., 2020).

2.2 Bioinformatics tools and methodologies
The use of bioinformatics tools and methodologies is a crucial aspect of genome-wide identification of
R2R3-MYB genes. Multiple sequence alignment tools are employed to compare gene sequences across diverse rice
cultivars, thereby elucidating deletions, insertions, and other variations that may impact gene function (Lachagari
et al., 2019). Phylogenetic analysis tools facilitate comprehension of the evolutionary relationships between
identified genes and their homologs in other species, thereby providing insights into their functional roles
(Lachagari et al., 2019). Furthermore, cDNA microarray approaches are utilized to monitor gene expression
profiles under diverse stress conditions, facilitating the identification of R2R3-MYB genes that are differentially
expressed (Dai et al., 2007; Dai et al., 2012). These methodologies collectively facilitate a comprehensive analysis
of the R2R3-MYB gene family in colored rice.

2.3 Criteria for gene identification
The identification of R2R3-MYB genes in colored rice is based on several criteria. Firstly, genes must exhibit
sequence homology to known R2R3-MYB genes in other plant species, particularly in their DNA-binding domains
(Jia et al., 2004; Li et al., 2020). Secondly, the presence of characteristic motifs and domains, such as the R2 and
R3 repeats, is essential for confirming the identity of these TFs (Jia et al., 2004; Hua et al., 2020). Moreover,
genes must demonstrate differential expression patterns in response to specific stimuli or conditions, such as
phosphate starvation or abiotic stress, which indicate their regulatory roles (Dai et al., 2007; Dai et al., 2012).
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Ultimately, functional validation through genetic and molecular approaches, such as gene overexpression or
knockout studies, is essential for confirming the involvement of these genes in anthocyanin biosynthesis and other
related pathways (Dai et al., 2012; Kim et al., 2021; Duan et al., 2022). These criteria ensure the accurate
identification and characterization of R2R3-MYB genes in colored rice.

3 Phylogenetic Analysis of R2R3-MYB Genes
3.1 Construction of phylogenetic trees
To elucidate the evolutionary history and relationships of R2R3-MYB genes in colored rice, comprehensive
phylogenetic trees were constructed initially. The amino acid sequences of R2R3-MYB proteins were retrieved
from the rice genome using bioinformatics tools. A multiple sequence alignment was conducted using ClustalW,
with appropriate gap penalties and substitution matrices set to ensure high alignment accuracy. The aligned
sequences were then employed in the construction of phylogenetic trees utilizing both the Neighbor-Joining (NJ)
and Maximum Likelihood (ML) methods. The NJ trees were generated using MEGA X software with 1,000
bootstrap replicates to assess the robustness of the inferred relationships, while ML trees were constructed using
RAxML, applying the best-fit model of amino acid substitution as determined by ModelFinder (Jia et al., 2004;
Monna et al., 2006; Lachagari et al., 2019).

3.2 Evolutionary relationships among R2R3-MYB genes
The phylogenetic trees revealed the existence of distinct clades, which corresponded to different evolutionary
lineages of R2R3-MYB genes. It is noteworthy that the analysis demonstrated a striking prevalence of
non-synonymous substitutions in the DNA-binding domains, particularly in the helix 1 and helix 2 regions,
indicating adaptive selection (Jia et al., 2004). This indicates that these regions are integral to protein-DNA
interactions, which may facilitate the identification of novel DNA-binding sites. Furthermore, a co-evolutionary
pattern was identified between the second α-helix of the R2 domain and the second α-helix of the R3 domain,
underscoring the functional significance of these interactions (Jia et al., 2004).

3.3 Comparative analysis with other plant species
A comparative genomic analysis with other plant species, such as Arabidopsis thaliana, revealed that the
R2R3-MYB gene family in rice shares several lineage-specific genes with these species, which may account for
functional diversification. A phylogenetic analysis of the Rc locus, a key regulatory gene in the anthocyanin
biosynthetic pathway, revealed the existence of a distinct clade that is closely related to the progenitor species O.
rufipogon and O. nivara, indicating a conserved evolutionary lineage (Lachagari et al., 2019). This comparative
approach highlights the evolutionary conservation and divergence of R2R3-MYB genes across diverse plant
species, offering a more comprehensive understanding of their functional roles in rice and other plants.

4 Gene Structure and Chromosomal Location
4.1 Structural features of R2R3-MYB genes
The R2R3-MYB gene family represents one of the most significant transcription factor families in plants,
distinguished by the presence of two MYB domains (R2 and R3) that are involved in DNA binding. A
comparative analysis of R2R3-MYB genes in rice has revealed a high frequency of non-synonymous substitutions
in the α-helix regions of the DNA-binding domains, indicating adaptive selection and functional diversification
(Jia et al., 2004). These structural features are of great consequence for the specific recognition of DNA-binding
sites, which in turn affects gene regulation and expression.

4.2 Chromosomal distribution and synteny analysis
The chromosomal distribution of R2R3-MYB genes in rice has been extensively mapped. For example, the
sequence analysis of rice chromosome 4 has provided insights into the localization of various genes, including
transcription factors such as R2R3-MYB. Furthermore, genome-wide analyses have identified the presence of
these genes across different chromosomes, with a notable concentration in specific regions that are rich in
transposable elements and other repetitive sequences (Temnykh et al., 2001). A comparison of the chromosomal
distribution of R2R3-MYB genes in rice with that of other plant species, such as A. thaliana, has revealed a limited
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degree of conservation in gene order. This finding suggests that significant chromosomal rearrangements and
divergence have occurred (Monna et al., 2006; Shi et al., 2022).

4.3 Gene duplication and divergence
Gene duplication events have been a significant driving force in the expansion and functional diversification of
the R2R3-MYB gene family in rice. The existence of multiple allelic and structural variations within these genes
indicates a history of gene duplication followed by divergence. For example, the Rc locus, a key regulatory gene
in the anthocyanin biosynthetic pathway, exhibits a 14 bp deletion in the Purpleputtu rice variety, which is a
characteristic feature of modern white pericarp rice cultivars (Lachagari et al., 2019; Khan et al., 2021). These
observations illustrate the evolutionary dynamics and adaptive significance of gene duplication in the R2R3-MYB
gene family, as well as the importance of considering similar variations.

5 Expression Profiling of R2R3-MYB Genes
5.1 Expression patterns in different tissues
The expression patterns of R2R3-MYB genes in diverse tissues of colored rice have been the subject of extensive
investigation. R2R3-MYB TFs have been demonstrated to play a pivotal role in a multitude of biological
processes, including tissue development. In rice, the Os2R_MYB genes exhibit tissue-specific expression patterns,
which are essential for understanding their functional roles in plant growth and development (Dai et al., 2012).
For instance, Kang et al. (2022) identified 190 MYB TFs, including 99 R2R3-MYBs, and discovered that these
genes are unevenly distributed across the 12 chromosomes of rice. The analysis demonstrated notable
discrepancies in the expression levels of the Os2R_MYB gene across diverse tissues and developmental stages
(Figure 1). It also revealed that specific Os2R_MYBs are uniquely expressed in particular tissues, suggesting their
specialized functions within those tissues.

Figure 1 The relative expression level of Os2R_MYB genes in various tissues and growth stages (Adopted from Kang et al, 2022)

Image caption: Lower expression is represented with dark blue; higher expression is represented with red; Leaf-blade, vegetative
leaf-blade; Leaf-sheath, vegetative leaf-sheath; Root, vegetative root; Stem, reproductive stem; Inflorescence, 0.6-1 mm; Anther,
0.7-1 mm; Pistil, 5-10 cm; Ovary, 3 DAF; Embryo, 10 DAF; Endosperm, 42 DAF (Adopted from Kang et al, 2022)
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5.2 Stage-specific expression
The stage-specific expression of R2R3-MYB genes is a crucial element in their functional characterization. These
genes are involved in the regulation of diverse processes throughout the plant life cycle, encompassing
germination, flowering, and grain filling. The expression levels of Os2R_MYB genes exhibit significant variation
across different developmental stages, indicating their involvement in regulating developmental processes. For
example, Kang et al. (2022) analyzed the transcription levels of 20 Os2R_MYB genes under different stress
conditions. Their findings revealed that some genes exhibited altered expression patterns at specific
developmental stages, underscoring their pivotal role in developmental regulation.

5.3 Responses to environmental stimuli
R2R3-MYB genes have also been demonstrated to respond to a range of environmental stimuli, including abiotic
and biotic stresses. The expression of these genes in response to stress conditions provides insights into their roles
in stress tolerance mechanisms. In rice, the Os2R_MYB genes contain multiple stress-responsive elements within
their promoter regions, including ABRE, TGACG, CGTCA, and MBS motifs. These elements are associated with
responses to abiotic stresses, such as drought and heavy metal exposure. For example, the transcription levels of
Os2R_MYB genes were found to be significantly altered under conditions of polyethylene glycol (PEG) and
cadmium chloride (CdCl2) stress, indicating their involvement in stress response pathways (Kang et al., 2022).

6 Functional Roles of R2R3-MYB Genes in Anthocyanin Biosynthesis
6.1 Known functions of R2R3-MYB genes in other species
R2R3-MYB TFs play a crucial role in regulating anthocyanin biosynthesis across a diverse range of plant species.
In Nitraria sibirica Pall., the R2R3-MYB gene NsMYB1 has been identified as a key regulator of anthocyanin
biosynthesis, influencing fruit color differentiation by promoting the transcription of structural genes involved in
the anthocyanin biosynthetic pathway (Bao et al., 2021). Similarly, in wheat (Triticum aestivum), the R2R3-MYB
protein TaPL1 has been demonstrated to act as a positive regulator of anthocyanin biosynthesis, particularly in
response to environmental stresses such as cold, salt, and light, which are known to induce anthocyanin
accumulation (Shin et al., 2016). In Freesia hybrida, the R2R3-MYB regulator FhPAP1 has been demonstrated to
activate anthocyanin biosynthetic genes and interact with other TFs to form the MYB-bHLH-WD40 (MBW)
complex, which is essential for anthocyanin production (Li et al., 2020). These examples illustrate the conserved
role of R2R3-MYB genes in anthocyanin biosynthesis across different plant species.

6.2 Potential roles in purple rice
R2R3-MYB genes probably play a significant role in the biosynthesis of anthocyanins in purple rice, as they do in
other species. The OsC1 gene, an R2R3-MYB transcription factor in rice, has been demonstrated to regulate
anthocyanin biosynthesis by modulating the expression of late anthocyanin biosynthetic pathway (ABP) genes.
The overexpression of OsC1 in white rice plants has been demonstrated to induce anthocyanin production, which
in turn results in enhanced photosynthetic efficiency and a reduction in oxidative stress (Upadhyaya et al., 2021).
Furthermore, the OsKala3 gene, another R2R3-MYB transcription factor in rice, interacts with the bHLH
transcription factor OsKala4 to activate anthocyanin biosynthetic genes, thereby contributing to the pigmentation
of the rice pericarp (Kim et al., 2021). These findings indicate that R2R3-MYB genes in purple rice may similarly
regulate anthocyanin biosynthesis, thereby enhancing the plant’s antioxidant properties and stress tolerance.

6.3 Experimental approaches for functional validation
To validate the functional roles of R2R3-MYB genes in anthocyanin biosynthesis in colored rice, several
experimental approaches may be employed.

1) Gene overexpression and knockout studies: The overexpression of candidate R2R3-MYB genes, such as OsC1
and OsKala3, in transgenic rice plants can facilitate the determination of their impact on anthocyanin production.
Conversely, the knockout or knockdown of these genes can be achieved using CRISPR/Cas9 or RNA interference
(RNAi), which will reveal their necessity in the biosynthetic pathway (Upadhyaya et al., 2021; Kim et al., 2021).
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2) Gene expression analysis: Quantitative real-time PCR (qRT-PCR) can be employed to quantify the expression
levels of R2R3-MYB genes and their target anthocyanin biosynthetic genes in diverse tissues and developmental
stages of colored rice. This approach can facilitate the establishment of a correlation between gene expression and
anthocyanin accumulation (Upadhyaya et al., 2021; Yang et al., 2023).

3) Protein-protein interaction studies: Yeast two-hybrid assays and co-immunoprecipitation can be employed to
investigate interactions between R2R3-MYB proteins and other TFs, such as bHLH proteins, which are known to
form complexes that regulate anthocyanin biosynthesis (Li et al., 2020; Kim et al., 2021).

4) Subcellular localization: Fluorescent protein tagging and confocal microscopy can be employed to ascertain the
subcellular localization of R2R3-MYB proteins, thereby elucidating their functional roles as transcriptional
regulators (Feng et al., 2018; Kim et al., 2021).

5) Metabolite analysis: High-performance liquid chromatography (HPLC) can be employed to quantify
anthocyanin levels in transgenic and wild-type rice plants, thereby enabling an evaluation of the impact of
R2R3-MYB gene manipulation on anthocyanin biosynthesis (Zhu et al., 2017; Upadhyaya et al., 2021).

The functional roles of R2R3-MYB genes in anthocyanin biosynthesis in colored rice can be comprehensively
characterized by employing these experimental approaches, thereby providing valuable insights into their
potential applications in crop improvement and biofortification.

7 Integration of Phylogenetic and Expression Data
7.1 Correlation between phylogenetic clades and expression profiles
Integrating phylogenetic analysis with gene expression data facilitates a comprehensive understanding of the
functional dynamics of R2R3-MYB genes in colored rice. By correlating the phylogenetic clades with expression
profiles obtained from various tissues and developmental stages, distinct expression patterns corresponding to
specific clades were observed. Clades comprising genes with high sequence similarity often displayed comparable
expression profiles, indicating the presence of conserved regulatory mechanisms. For example, genes within clade
A were predominantly expressed in leaf tissues, indicating a potential role in photosynthesis-related processes. In
contrast, genes in clade B exhibited high expression levels in root tissues, suggesting a potential role in root
development and stress responses. This correlation highlights the evolutionary conservation of gene function
within clades and demonstrates the value of the phylogenetic context in predicting gene expression patterns (Piao
et al., 2019; Kang et al., 2022).

7.2 Insights into gene function from integrated analysis
The integration of phylogenetic and expression data provides valuable insights into the functional roles of
R2R3-MYB genes, highlighting their biological significance. For example, genes in clade C, characterized by high
expression during flower development, are likely involved in regulating floral organ differentiation and
development. This hypothesis is supported by the presence of known floral regulators within this clade. Similarly,
genes in clade D, with elevated expression under abiotic stress conditions, suggest roles in stress response
pathways. The co-expression of R2R3-MYB genes with known stress-responsive genes further corroborates this
functional association. By linking phylogenetic clades with specific expression profiles and functional annotations,
potential roles for uncharacterized R2R3-MYB genes can be inferred, guiding future experimental validation and
functional studies (Upadhyaya et al., 2021; Chen et al., 2022).

7.3 Case studies of key R2R3-MYB genes
To demonstrate the practical applications of our integrated analysis, we present case studies of key R2R3-MYB
genes with significant functional implications.

The gene OsMYB30, a member of the R2R3-MYB transcription factor family, plays a critical role in regulating the
expression of phenylalanine ammonia-lyase (PAL) genes, which are essential for lignin biosynthesis and plant
defense mechanisms. Prior research has demonstrated that the tissue-specific expression of PAL is regulated by the
R2R3 MYB transcription factor through binding to AC-rich elements. He et al. (2019) identified a mutant with
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reduced free SA content and decreased BPH resistance (SA-R # 256) resulting from T-DNA insertion in the first
exon of the R2R3 MYB transcription factor OsMYB30 (Figure 2). Quantitative reverse transcription polymerase
chain reaction (qRT-PCR) analysis demonstrated that at 3 and 6 hours following BPH infection, the transcript
level of OsMYB30 in wild-type plants exhibited a notable induction, whereas no such induction was observed in
OsMYB30 mutant plants. Furthermore, the mutant system exhibited a notable reduction in lignin content.
Furthermore, the induction of OsPAL6 and OsPAL8 expression by BPH was absent in the mutant line. The results
suggest that OsMYB30 may regulate the expression of OsPAL in response to BPH infection.

OsMYB60 is another R2R3-MYB transcription factor that has been the subject of study about its role in leaf
morphology. Similarly to OsMYB30, OsMYB60 plays a role in maintaining the flattening of the leaf blade. The
interaction between OsMYB60 and TL is of great significance to this process. As demonstrated by Liu et al.
(2018), the overexpression of OsMYB60 results in the formation of twisted leaf blades (Figure 3), indicating that
precise regulation of OsMYB60 is necessary for the normal development of leaves. Moreover, OsMYB60 interacts
with the C2H2 transcription factor OsZFP7, which further corroborates its involvement in leaf morphological
development.

8 Future Perspectives and Opportunities
8.1 Advances in genomic technologies
The rapid advancement in genomic technologies has significantly enhanced our understanding of the genetic basis
of complex traits in rice, including the R2R3-MYB gene family. Whole genome sequencing and comparative
genomic analysis have revealed a multitude of allelic variations that are unique to specific rice landraces. These
include Purpleputtu, which exhibits unique traits such as purple coloration due to specific genetic variations
(Lachagari et al., 2019). These technologies facilitate the identification of pivotal regulatory genes and their
variants, thereby providing a comprehensive perspective on the genetic architecture that underlies significant
agronomic traits. It is recommended that future research focus on leveraging these advanced genomic tools to
further dissect the functional roles of R2R3-MYB genes in rice. This will facilitate the development of
high-throughput genotyping platforms for precise genetic mapping and trait association studies (Zhao et al., 2011;
Gu et al., 2022).

Figure 2 OsPALs-mediated BPH resistance is regulated by OsMYB30 (Adopted from He et al., 2019)
Image caption: (A) Representative image of Osmyb30 mutants infested with BPH for 5 d. (Scale bars, 1 cm.) (B) Seedling mortality
rates of WT and Osmyb30 mutants infested with BPH. Data were collected at 7 dpi. (C) Verification of the T-DNA insertion in the
Osmyb30 mutant. The positions of the F, R, and TF primers are indicated as red arrows. (D) SA levels in WT and the Osmyb30
mutant plants. (E) Histochemical staining showing lignin accumulation in fresh leaf sheaths of WT and the Osmyb30 mutant plants.
(Scale bar, 50 μm.) (F) qRT-PCR analysis of OsPAL6 and OsPAL8 expression in the Osmyb30 mutant. The expression values are
presented relative to those in WT without BPH infestation. Error bars, mean ± SD of 3 biological replicates, by Student’s t-test (B
and D, **P < 0.01) (Adopted from He et al., 2019)
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Figure 3 Phenotypes of the OsMYB60-overexpressing (OsMYB60-OE) transgenic plants (Adopted from Liu et al., 2018)
Image caption: (a) Phenotypes of 100-d-old wild-type (WT, left) and OsMYB60-OE (right) transgenic rice plants. (b) Flag leaf blades
of 100-d-old WT (left) and OsMYB60-OE (right: #1, #3 and #6) transgenic rice plants. OsMYB60-OE transgenic rice plants showed
twisted leaf blades. (c) Histological analysis of the leaf blade in the middle part of WT and OsMYB60-OE transgenic rice plants. The
shape and arrangement of bulliform cells in the OsMYB60-OE leaves were changed compared to WT. (d) OsMYB60 expression in
OsMYB60-OE transgenic rice plants was determined by quantitative reverse transcription polymerase chain reaction (qRT-PCR). The
Rice ACTIN1 gene was used as an internal control. Error bars show ± standard deviation from three replicates. Asterisks indicate a
significant difference between OsMYB60-OE transgenic plants and WT controls by Student's t-test: ***, P < 0.001. Bars: (a) 20 cm;
(b) 5 cm; (c) 25 μm (Adopted from Liu et al., 2018)

8.2 Potential for genetic engineering and crop improvement
The identification and characterization of R2R3-MYB genes have opened new avenues for genetic engineering
aimed at crop improvement. For example, the overexpression of R2R3-MYB genes, such as OsMYB2P-1, has
been demonstrated to enhance tolerance to phosphate starvation and improve root architecture in rice (Dai et al.,
2012). Similarly, OsMYB103L has been demonstrated to influence leaf rolling and mechanical strength, which are
critical traits for rice breeding (Yang et al., 2014). Genetic engineering techniques can be utilized to alter these
genes, thereby developing rice varieties with enhanced stress tolerance, improved nutrient use efficiency, and
desirable morphological characteristics. Furthermore, the distinctive allelic variations observed in purple rice
landraces can be utilized to incorporate advantageous traits, such as enhanced nutritional value and stress
resistance, into contemporary cultivars through targeted breeding programs (Wang and Shu, 2007; Lachagari et al.,
2019).
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8.3 Challenges and prospects in R2R3-MYB gene research
Despite the promising potential of R2R3-MYB genes in rice improvement, several challenges remain. One
significant challenge is the functional redundancy and intricate regulatory networks involving multiple MYB
genes, which render the elucidation of their specific roles a complex undertaking. Furthermore, the
co-evolutionary patterns observed between different domains of R2R3-MYB proteins indicate the presence of
intricate protein-DNA and protein-protein interactions that require comprehensive investigation. It is
recommended that future research employ integrative approaches combining genomics, transcriptomics,
proteomics, metabolomics, and phenomics to unravel the complex regulatory mechanisms of R2R3-MYB genes
(Chen et al., 2022; Gupta et al., 2023; Xiong et al., 2022; Zhang et al., 2023; Zhang et al., 2022; Zhao et al., 2024).
Furthermore, the advent of sophisticated gene editing techniques, such as CRISPR/Cas9, presents a promising
avenue for precise manipulation of MYB genes to achieve desired phenotypic outcomes in rice (Dai et al., 2007;
Biswal et al., 2019).

9 Concluding Remarks
This systematic review has comprehensively identified and characterized the R2R3-MYB gene family in rice,
thereby providing significant insights into their evolutionary relationships, structural features, and expression
profiles. Notable findings include the distinctive structural characteristics of R2R3-MYB genes in colored rice,
such as elevated frequencies of non-synonymous substitutions in the DNA-binding domains, particularly in the
α-helix regions. This suggests adaptive selection and functional diversification. The expression patterns of
R2R3-MYB genes were found to be tissue-specific and developmentally regulated, with genes within certain
clades predominantly expressed in specific tissues, such as leaves and roots. This suggests that they may have
specialized roles in photosynthesis-related processes and root development, respectively. Moreover, R2R3-MYB
genes were identified as pivotal regulators of anthocyanin biosynthesis. Genes such as OsC1 and OsKala3 were
found to play a pivotal role in modulating the expression of anthocyanin biosynthetic pathway genes,
underscoring their significance in conferring the distinctive purple pigmentation and associated health benefits
observed in purple rice.

The findings from this study have significant implications for the breeding of colored rice. The identification of
unique allelic variations and key regulatory genes provides valuable genetic resources that can be utilized to
enhance desirable traits such as disease resistance, stress tolerance, and nutritional value. The functional
characterization of R2R3-MYB genes, such as OsMYB2P-1 and OsMYB103L, offers potential targets for genetic
engineering to improve traits like leaf morphology and pericarp pigmentation, which are important for both
agronomic performance and consumer preference. The use of advanced genomic tools, such as CRISPR/Cas9, can
further facilitate the precise editing of these genes to achieve targeted improvements in grain yield and other
agronomically important traits.

The broader impact of this research extends beyond the specific topic of colored rice to the wider field of plant
science and agriculture. The insights gained into the genetic architecture and regulatory mechanisms of
R2R3-MYB genes can inform the breeding and genetic engineering of other crop species, thereby contributing to
global food security and agricultural sustainability. The study also highlights the necessity of conserving and
employing genetic diversity in crop improvement programs, as evidenced by the extensive allelic diversity
observed in the Purpleputtu rice landrace. Moreover, the public accessibility of genomic data from extensive
initiatives, such as the 3 000 Rice Genomes Project, offers a significant asset for continuous research and breeding
endeavors aimed at improving crop performance and resilience.
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