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Abstract Marker-assisted selection (MAS) has revolutionized the breeding of Camellia species, offering enhanced precision and
efficiency in developing cultivars with desirable traits. This study provides a comprehensive overview of the advancements and
applications of MAS in Camellia breeding programs. Key findings highlight the diversity and breeding objectives of Camellia
species, the types and development of genetic markers, and the implementation of MAS strategies such as Marker-Assisted
Backcrossing (MABC), Marker-Assisted Recurrent Selection (MARS), and Genomic Selection (GS). Advances in genomic
technologies, including next-generation sequencing (NGS), genotyping-by-sequencing (GBS), genome-wide association studies
(GWAS), and CRISPR/Cas9 gene editing, have significantly impacted MAS, enabling more accurate and efficient breeding. Unique
insights from case studies demonstrate the practical applications and successes of MAS in enhancing disease resistance in Camellia
Japonica, improving cold tolerance in Camellia oleifera, and advancing tea quality in Camellia sinensis. This study expects to drive
the development of superior Camellia varieties, ensuring sustainability and meeting market demands for both ornamental and
€conomic purposes.
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1 Introduction

Camellia, a genus encompassing over 250 species, are economically significant, particularly Camellia sinensis,
which is the source of tea, one of the most consumed beverages globally (Bali et al., 2013; Tan et al., 2013).
Additionally, species like Camellia oleifera are valued for their oil production, which has nutritional and
pharmaceutical benefits (Tian et al., 2022; Yan et al., 2022). The economic importance of Camellia species is
underscored by their contributions to agriculture, horticulture, and the global economy.

Traditional breeding methods in Camellia species face several challenges due to the plants' perennial nature, long
generation times, and high heterozygosity (Bali et al., 2013; Karunarathna et al., 2020; Liu, 2024). These factors
make conventional breeding time-consuming and labor-intensive, often requiring many years to develop new
cultivars with desirable traits (Bali et al., 2013; Malebe et al., 2021; Jiang et al., 2024). Additionally, the genetic
complexity and self-incompatibility of Camellia species further complicate breeding efforts (Bali et al., 2013; Yao
et al., 2024).

Marker-Assisted Selection (MAS) offers a promising alternative to traditional breeding methods by utilizing
molecular markers to select for desirable traits at the seedling stage, thereby accelerating the breeding process
(Dubey et al., 2020; Karunarathna et al., 2020). MAS involves the identification and use of specific DNA markers
linked to traits of interest, such as disease resistance, yield, and quality attributes (Karunarathna et al., 2020;
Malebe et al., 2021). In Camellia breeding, various types of molecular markers, including Simple Sequence
Repeats (SSRs) and Sequence-Related Amplified Polymorphism (SRAP) markers, have been developed and
utilized for genetic analysis and breeding programs (Sharma et al., 2009; Feng et al., 2020; Tian et al., 2022).

This study is to summarize the advancements in MAS techniques and their applications in Camellia breeding,
assess the effectiveness of MAS in improving yield, fruit attributes, and other important traits in Camellia species,
identify the challenges and limitations associated with the implementation of MAS in Camellia breeding. By
synthesizing the existing literature, this study expects to provide a comprehensive understanding of the role of
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MAS in Camellia breeding, enhance the efficiency and success of MAS in Camellia, and explore its potential to
revolutionize the development of superior Camellia varieties.

2 Overview of Camellia Species and Breeding Objectives

2.1 Diversity and distribution of Camellia species

The genus Camellia comprises over 250 species, predominantly distributed in East Asia, particularly in China,
Japan, and Korea. These species exhibit significant diversity in morphology, habitat, and ecological adaptability.
For instance, Camellia sinensis is widely cultivated for tea production (Guo et al., 2024; Zhang et al., 2024), while
Camellia oleifera is valued for its oil-rich seeds (Sharma et al., 2009; Feng et al., 2020; Tian et al., 2022). The
genetic diversity within and among Camellia species is substantial, as evidenced by various molecular marker
studies, which have revealed high levels of polymorphism and heterozygosity (Sharma et al., 2009; Tan et al.,
2013; Tian et al., 2022). This diversity is crucial for breeding programs aimed at improving both ornamental and
economic traits.

2.2 Breeding objectives for ornamental and economic traits

2.2.1 Flower color and shape

Flower color and shape are critical ornamental traits in Camellia breeding. The diversity in petal color and flower
morphology among Camellia species and cultivars is significant, with colors ranging from white to deep red and
various shapes from single to double petals. Molecular markers, such as RAPD and SSR, have been used to
correlate genetic diversity with these morphological traits, aiding in the selection of desirable phenotypes (Wang
etal., 2011).

2.2.2 Disease resistance

Disease resistance is a vital breeding objective, particularly for fungal diseases like blister blight, which can cause
substantial crop losses. Marker-assisted selection (MAS) has been employed to identify and incorporate resistance
genes into breeding lines. For example, an EST-SSR marker associated with blister blight resistance has been
identified in Camellia sinensis, facilitating the development of resistant cultivars. The use of molecular markers
accelerates the breeding process and enhances the accuracy of selecting disease-resistant plants (Foolad and
Panthee, 2012; Miedaner and Korzun, 2012; Karunarathna et al., 2020).

2.2.3 Cold tolerance

Cold tolerance is another important trait, especially for Camellia species grown in temperate regions. Breeding for
cold tolerance involves selecting genotypes that can withstand low temperatures without significant damage.
Genetic studies have shown that cold tolerance is a heritable trait, and molecular markers can be used to identify
and select cold-tolerant genotypes in breeding programs (Feng et al., 2020; Tian et al., 2022).

2.2.4 Oil content and quality

For species like Camellia oleifera, oil content and quality are primary economic traits. Breeding programs aim to
enhance oil yield and improve the fatty acid composition of the oil. Studies have shown that traits related to oil
content, such as fruit diameter, seed weight, and oil quality, exhibit high heritability, making them suitable targets
for selection. The use of molecular markers, such as SRAP and SSR, has been instrumental in identifying genetic
loci associated with these traits, thereby guiding the selection of superior genotypes (Feng et al., 2020; Tian et al.,
2022).

3 Genetic Markers in Camellia

3.1 Types of genetic markers used in plant breeding

3.1.1 Morphological markers

Morphological markers are phenotypic traits that can be visually observed and measured, such as flower color,
leaf shape, and plant height. These markers have been traditionally used in plant breeding due to their simplicity
and ease of observation. However, they are often influenced by environmental factors and may not always
accurately reflect the genetic makeup of the plant.

188



Molecular Plant Breeding 2024, Vol.15, No.4, 187-197
controcdrublser http://genbreedpublisher.com/index.php/mpb

3.1.2 Biochemical markers

Biochemical markers involve the analysis of proteins and other metabolites. Isozymes, which are different forms
of an enzyme that catalyze the same reaction, are commonly used biochemical markers. These markers can
provide more precise genetic information compared to morphological markers but are still limited by
environmental influences and the complexity of protein analysis.

3.1.3 Molecular markers

Molecular markers are DNA sequences that can be used to identify genetic differences between individuals. They
are highly reliable and not influenced by environmental conditions. Several types of molecular markers are used
in plant breeding. Restriction fragment length polymorphisms (RFLP): this technique involves the digestion of
DNA with restriction enzymes and the separation of resulting fragments by gel electrophoresis. RFLPs are highly
polymorphic and co-dominant, making them useful for genetic mapping and diversity studies (Ma et al., 2010).
Amplified fragment length polymorphisms (AFLP): AFLP combines the principles of RFLP and PCR to amplify
DNA fragments. It is a highly sensitive method that can detect a large number of polymorphisms, making it
suitable for constructing genetic linkage maps (Chang et al., 2017). Simple sequence repeats (SSR): also known as
microsatellites, SSRs are short, repetitive DNA sequences that are highly polymorphic. They are widely used in
genetic diversity studies, linkage mapping, and marker-assisted selection due to their high reproducibility and
co-dominant inheritance (Sharma et al., 2009; Li et al., 2021; Tian et al., 2022). Single nucleotide polymorphisms
(SNP): SNPs are single base pair variations in the DNA sequence. They are the most abundant type of genetic
variation and can be used for high-resolution mapping and association studies. SNP markers are increasingly used
in plant breeding due to advances in next-generation sequencing technologies (Yang et al., 2012).

3.2 Development of genetic markers for Camellia

3.2.1 Marker discovery and validation

The discovery of genetic markers in Camellia involves the identification of polymorphic DNA sequences that can
be used to differentiate between genotypes. Techniques such as RNA sequencing (RNA-seq) and expressed
sequence tag (EST) analysis have been employed to identify SSR markers in various Camellia species (Liu et al.,
2018; Li et al., 2021; Tian et al., 2022). For instance, in Camellia japonica, a total of 28 854 potential SSRs were
identified, and 172 primer pairs were synthesized, with 111 found to be polymorphic (Li et al., 2021). Similarly, in
Camellia chekiangoleosa, 97 510 SSR loci were identified, and the development efficiency of polymorphic SSR
primers was 26.72% (Tian et al., 2022).

Validation of these markers involves testing their polymorphism and transferability across different Camellia
species and accessions. For example, 96 SSR markers were developed for Camellia sinensis, and their
polymorphism was assessed in 47 tea cultivars, demonstrating high levels of genetic diversity (Liu et al., 2018).
Additionally, 74 novel polymorphic EST-SSR markers were developed for Camellia sinensis, with observed
heterozygosity ranging from 0.000 to 1.000 (Ma et al., 2010).

3.2.2 Linkage mapping and QTL analysis

Linkage mapping involves the construction of genetic maps that show the relative positions of genetic markers on
chromosomes. These maps are essential for identifying quantitative trait loci (QTLs) associated with important
agronomic traits. In Camellia sinensis, a genetic linkage map was constructed using RAPD, AFLP, and SSR
markers, covering 1441.6 cM with an average distance of 4.7 cM between markers (Chang et al., 2017). This map
provides a foundation for QTL analysis and marker-assisted selection in tea breeding programs.

QTL analysis involves the identification of genomic regions associated with specific traits. For example, in a
study on Lupinus angustifolius, next-generation sequencing was used to identify SNP markers linked to disease
resistance genes, demonstrating the potential of NGS for rapid marker development and QTL mapping (Yang et
al., 2012). Similar approaches can be applied to Camellia breeding programs to enhance the efficiency of selecting
desirable traits.
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In summary, the development and application of genetic markers in Camellia breeding programs have
significantly advanced with the use of molecular techniques. These markers facilitate the identification of genetic
diversity, construction of linkage maps, and QTL analysis, ultimately improving the efficiency of marker-assisted
selection in Camellia breeding.

4 Application of Marker-Assisted Selection in Camellia Breeding

4.1 Marker-assisted backcrossing (MABC)

Marker-Assisted Backcrossing (MABC) is a powerful technique used to introduce or enhance specific traits in
elite Camellia cultivars. This method involves backcrossing a hybrid progeny with one of its parents while using
genetic markers to select for the desired trait and the background genome of the elite parent (Kim et al., 2019).

The steps of MABC are to cross the donor parent, which possesses the desired trait, with the recurrent parent, an
elite cultivar; to screen the progeny using genetic markers to identify individuals carrying the desired trait; to
backcross selected progeny with the recurrent parent; and to continue backcrossing and selecting progeny over
several generations to recover the recurrent parent's genome while retaining the desired trait.

4.2 Marker-assisted recurrent selection (MARS)

Marker-Assisted Recurrent Selection (MARS) is employed to improve polygenic traits by selecting individuals
with the best combination of genetic markers associated with the desired characteristics over multiple generations.
The steps of MARS are to cross individuals with desirable traits and screen progeny using multiple genetic
markers linked to these traits; to select the best individuals based on marker data and intercross them; and to
repeat the selection and intercrossing process over several generations to accumulate favorable alleles (Al et al.,
2020).

4.3 Genomic selection (GS)

Genomic Selection (GS) represents a more advanced approach where genome-wide marker data is used to predict
the breeding value of individuals. Unlike MABC and MARS, GS considers the cumulative effect of all genetic
markers across the genome, providing a more comprehensive selection strategy. The steps of GS are collecting
genotype and phenotype data from a reference population; developing predictive models using statistical methods
to associate marker data with phenotypic traits; and using the models to predict the breeding values of new
individuals and select the best candidates for breeding (Spindel et al., 2015).

4.4 Case studies and success stories in Camellia breeding

4.4.1 Case study 1: enhancing disease resistance in Camellia lutchuensis

Kondratev et al. (2020) used Ciborinia camellia to induce rapid infection in the flowers of the susceptible cultivar
'Nicky Crisp' (Camellia japonica x Camellia pitardii var. pitardii), while Camellia lutchuensis showed highly
resistant. Genome-wide analysis of antagonistic plant gene expression revealed that after 6 hours of inoculation
with ascospores, the host transcriptional activity was rapidly regulated (Figure 1). The research highlighted that
the early induction of defense responses in Camellia plants significantly reduced disease development.

4.4.2 Case study 2: improving cold tolerance in Camellia oleifera

Breeders identified markers associated with cold tolerance and used them to select and intercross the
best-performing individuals over several generations. Wu et al. (2020) utilized Illumina NGS technology to
perform transcriptomic analyses of Camellia oleifera 'Huaxin' leaves under long-term cold stress. This study
identified a group of cold-responsive genes related to hormone regulation, photosynthesis, membrane systems,
and osmoregulation, which are critical for chilling tolerance. Meanwhile, Wu et al. (2020) measured some
physiological indicators of 'Huaxin' Camellia oleifera under three temperature conditions, and the results were
consistent with molecular sequencing results (Figure 2).

4.4.3 Case study 3: advancing tea quality in Camellia sinensis
Genomic selection has been transformative for improving tea quality in Camellia sinensis. By integrating
genome-wide marker data with traditional phenotypic evaluations, breeders have significantly accelerated the
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selection process for traits such as catechin content, flavor profile, and drought tolerance. Lubanga et al. (2022)
stated that genomic selection strategies have been found to increase genetic gain in tea breeding programs (Figure
3), significantly outperforming traditional phenotypic selection methods.
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Figure 1 Interactions between Ciborinia camelliae and resistant Camellia lutchuensis (Adopted from Kondratev et al., 2020)

Image caption: A, Development of the resistance response in C. /utchuensis. Scale bar = 0.5 cm. B, Proportion of reads mapped to the
fungal genome. Each dot represents an observed value, bars represent the average value at each timepoint and treatment, error bars
represent standard error. Asterisks (*) indicate P < 0.05 (two-tailed Student’s ¢ test). C, Principal component analysis of plant read
count data. Axes show first and second principal components (PC1 and PC2, respectively). Each dot represents a biological replicate,
circles represent matched biological replicates, arrows indicate the time course, numbers represent upregulated (pink) or

downregulated (green) transcripts. hpi = hours postinoculation (Adopted from Kondratev et al., 2020)
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Figure 2 Effect of different temperature treatments on phenotypic changes, chlorophyll contents, net photosynthetic rate (Pn),
electron transfer rate (ETR), soluble sugar, starch content, and relative water contentin Camellia oleifera ‘Huanxin’ leaves (Adopted
from Wu et al., 2020)

Image caption: (a) 25 °C; (b) 6 °C; (c) Low environmental temperature; (d) Chlorophyll content; (e) Net photosynthetic rate; (f)
Electron transfer rate; (g) Soluble sugar content; (h) Starch content; (i) Relative water content. Data represent the mean + SE (n = 3).
Lowercase letters indicate significant differences among different temperature treatments at p < 0.05 according to Duncan’s multiple
range test (DMRT) (Adopted from Wu et al., 2020)
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Figure 3 Schematic overview of the phenotypic selection breeding program (PS) (Adopted from Lubanga et al., 2022)
Image caption: the dashed line represents the stage at which the 5 or 20 new parents are selected based on phenotypic information. PT,
Preliminary Trial stage; ACT, Advanced Clonal Trial stage and ECT, Elite Clonal Trial stage (Adopted from Lubanga et al., 2022)

These case studies underscore the impact of MAS in overcoming traditional breeding challenges and achieving
significant advancements in Camellia breeding programs. By leveraging the power of genetic markers, breeders
can continue to develop innovative and high-performing Camellia varieties that meet the demands of both
ornamental horticulture and the tea industry.

5 Advances in Genomic Technologies and Their Impact on MAS

5.1 Next-generation sequencing (NGS) and genotyping-by-sequencing (GBS)

Next-Generation Sequencing (NGS) technologies have revolutionized the field of genomics by providing
high-throughput, cost-effective, and accurate sequencing of DNA. Genotyping-by-Sequencing (GBS) is a specific
application of NGS that allows for the rapid and simultaneous discovery and genotyping of single nucleotide
polymorphisms (SNPs). These technologies enable the identification of thousands of genetic markers across the
genome, providing high-resolution genetic maps for MAS (Abebe, 2019). Furthermore, NGS and GBS
significantly reduce the cost and time required for genotyping compared to traditional methods, facilitating the
precise mapping of quantitative trait loci (QTL) and the identification of markers closely linked to desirable traits.

In Camellia sinensis, NGS and GBS have been employed to identify SNPs associated with important traits such as
tea quality and disease resistance. These markers are now being used in MAS programs to select for superior tea
cultivars. The dense marker coverage provided by these technologies enhances trait mapping and enables breeders
to make more informed selections, ultimately improving the efficiency and effectiveness of Camellia breeding
programs.

5.2 Genome-wide association studies (GWAS)

Genome-Wide Association Studies (GWAS) involve scanning the entire genome of a population to identify
genetic variants associated with specific traits. GWAS relies on the high-density marker data generated by
Next-Generation Sequencing (NGS) and Genotyping-by-Sequencing (GBS). This approach provides detailed
insights into the genetic basis of complex traits by identifying multiple loci that contribute to trait variation,
enabling the discovery of novel genetic markers associated with economically important traits, which can be
directly used in Marker-Assisted Selection (MAS). By utilizing markers identified through GWAS, breeders can
achieve higher selection accuracy and genetic gain (Luo et al., 2023).
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In Camellia japonica, GWAS has been conducted to identify genetic loci associated with ornamental traits such as
flower color and shape. These findings are being integrated into MAS programs to develop new ornamental
varieties with enhanced aesthetic qualities. This integration demonstrates the significant impact of GWAS on
MAS, facilitating the development of Camellia varieties that meet specific breeding objectives and consumer
preferences.

5.3 CRISPR/Cas9 and gene editing technologies

CRISPR/Cas9 and other gene editing technologies have introduced new possibilities for precise genetic
modifications. These tools allow for targeted alterations of specific genes, enabling the creation of desired traits
with high precision. CRISPR/Cas9 allows for the precise modification of target genes, which can be combined
with MAS to accelerate the breeding of desired traits (Li et al., 2023). Additionally, gene editing can be used to
validate the function of candidate genes identified through MAS, enhancing our understanding of trait genetics.
These technologies also enable the introduction of novel traits that may not be present in the existing gene pool,
expanding the possibilities for breeding.

In Camellia sinensis, CRISPR/Cas9 has been used to edit genes related to caffeine synthesis, potentially leading to
the development of low-caffeine tea varieties. This application showcases the potential of gene editing to
complement MAS in achieving breeding objectives. By utilizing CRISPR/Cas9, breeders can create precise
genetic changes that enhance the efficiency and effectiveness of MAS, paving the way for the development of
innovative Camellia varieties that meet specific breeding goals.

5.4 Integration of genomic data with MAS

The integration of genomic data with MAS involves combining high-throughput genotyping, phenotyping, and
bioinformatics tools to enhance breeding efficiency and effectiveness. By integrating genomic data, breeders can
develop prediction models that estimate the genetic value of individuals, improving selection accuracy. Advanced
bioinformatics tools facilitate the management and analysis of large genomic datasets, enabling the identification
of key markers and genes (Sorrells, 2015). This integration also allows for the implementation of holistic breeding
strategies that consider multiple factors influencing trait expression.

In Camellia oleifera, the integration of genomic data with MAS has led to the development of improved
oil-yielding varieties. By using genomic prediction models, breeders have been able to select individuals with
higher oil content and better disease resistance, resulting in more efficient and targeted breeding programs. These
advancements demonstrate the significant potential of integrating genomic data with MAS to drive the
development of superior Camellia varieties.

6 Challenges and Future Prospects in MAS for Camellia

6.1 Technical and economic challenges

Marker-assisted selection (MAS) in Camellia breeding programs faces several technical and economic challenges.
One significant technical challenge is the development and validation of reliable molecular markers that are
closely linked to traits of interest. For instance, in the study on Camellia oleifera, Sequence-Related Amplified
Polymorphism (SRAP) markers were used to guide hybridization and selection, but the process required extensive
validation to ensure accuracy and reliability (Feng et al., 2020). Additionally, the integration of MAS with
conventional breeding methods can be complex and resource-intensive, requiring substantial investment in both
technology and expertise (Jena and Mackill, 2008; Miedaner and Korzun, 2012).

Economic challenges also play a crucial role in the implementation of MAS. The initial costs of developing and
validating markers, as well as the ongoing expenses associated with high-throughput genotyping, can be
prohibitive for many breeding programs (Gupta et al., 2010). Furthermore, the return on investment may be slow,
particularly for crops like Camellia, where the breeding cycle is long, and the market demand for new varieties
may not be as high as for staple crops like wheat or rice (Miedaner and Korzun, 2012).
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6.2 Ethical and regulatory considerations

Ethical and regulatory considerations are increasingly important in the application of MAS in plant breeding. One
ethical concern is the potential for reduced genetic diversity due to the selection of specific traits, which could
make crops more vulnerable to diseases and environmental changes (Yang et al., 2008; Feng et al., 2020).
Ensuring that breeding programs maintain a broad genetic base is essential for the long-term sustainability of
Camellia species.

Regulatory frameworks also impact the adoption of MAS. Different countries have varying regulations regarding
the use of genetically modified organisms (GMOs) and the release of new plant varieties. While MAS itself does
not involve genetic modification, the regulatory landscape can still influence its adoption due to the close
association with biotechnological methods. Compliance with these regulations can add to the complexity and cost
of breeding programs, potentially slowing down the development and release of new Camellia varieties.

6.3 Future directions and potential research areas

The future of MAS in Camellia breeding programs holds several promising directions and potential research areas.
One key area is the development of more efficient and cost-effective genotyping technologies. Advances in
high-throughput sequencing and the use of single nucleotide polymorphisms (SNPs) could significantly reduce the
costs and increase the precision of MAS (Gupta et al., 2010; Hasan et al., 2021).

Another promising direction is the integration of genomic selection (GS) with MAS. GS uses genome-wide
markers to predict the breeding value of individuals, which can accelerate the selection process and improve the
accuracy of breeding programs (Jena and Mackill, 2008; Miedaner and Korzun, 2012). Combining GS with MAS
could enhance the efficiency of selecting for complex traits, such as yield and stress resistance, in Camellia.

Research into the genetic basis of important traits in Camellia, such as disease resistance and oil content, is also
crucial. Identifying and mapping quantitative trait loci (QTLs) associated with these traits can provide valuable
markers for MAS and help breeders develop more resilient and productive varieties (Feng et al., 2020).
Additionally, exploring the potential of gene pyramiding, where multiple genes for a single trait are combined,
could offer new opportunities for improving Camellia breeding outcomes (Jena and Mackill, 2008).

In conclusion, while there are significant challenges to the implementation of MAS in Camellia breeding
programs, ongoing research and technological advancements hold great promise for overcoming these obstacles
and enhancing the efficiency and effectiveness of breeding efforts.

7 Concluding Remarks

This study has highlighted the significant advancements and applications of marker-assisted selection (MAS) in
Camellia breeding programs. Key findings include the extensive genetic diversity and breeding objectives within
the genus Camellia, which encompasses over 250 species with significant economic and ornamental value.
Breeding efforts focus on enhancing traits such as flower color and shape, disease resistance, cold tolerance, and
oil content and quality. Various genetic markers, including morphological, biochemical, and molecular markers
(RFLP, AFLP, SSR, SNP), are employed in Camellia breeding, with molecular markers offering high precision
and reliability for genetic analysis. The development of genetic markers has been crucial in creating linkage maps
and identifying quantitative trait loci (QTL) associated with desirable traits in Camellia species. Additionally,
MAS strategies such as Marker-Assisted Backcrossing (MABC), Marker-Assisted Recurrent Selection (MARS),
and Genomic Selection (GS) have significantly improved the efficiency and precision of Camellia breeding
programs.

The findings from this study have several implications for Camellia breeding programs. The use of
marker-assisted selection (MAS) allows for more efficient selection of desirable traits, reducing the time and cost
associated with traditional breeding methods. Molecular markers enable precise identification and incorporation
of traits, ensuring the development of superior Camellia varieties with improved performance and quality.
Breeding programs can leverage MAS to develop Camellia varieties that are resilient to climate change, ensuring
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sustainability and productivity in varying environmental conditions. Additionally, by focusing on key traits such
as flower aesthetics, disease resistance, and oil quality, MAS can significantly enhance the commercial and
ornamental value of Camellia species.

Marker-assisted selection has emerged as a powerful tool in Camellia breeding, offering numerous advantages
over traditional methods. To fully harness the potential of MAS, several recommendations are proposed.
Continued investment in genomic resources, including sequencing and annotating Camellia genomes, developing
high-density genetic maps, and expanding marker databases, is essential to support MAS. Integrating advanced
technologies such as CRISPR/Cas9, genomic selection, and high-throughput phenotyping with MAS will enhance
breeding outcomes. Promoting collaboration between public research institutions, private breeding companies,
and international organizations will facilitate the sharing of resources, expertise, and innovative approaches.
Engaging with the public and stakeholders to communicate the benefits and safety of MAS-derived Camellia
varieties will foster acceptance and support for these technologies. Breeding programs should also prioritize
developing Camellia varieties that contribute to sustainable agriculture, focusing on traits related to resource use
efficiency, climate resilience, and environmental impact.

In conclusion, the application of MAS in Camellia breeding represents a transformative approach that can drive
the development of superior varieties, meeting the demands of both ornamental horticulture and commercial
production. By addressing current challenges and embracing future research directions, breeders can unlock the
full potential of MAS, ensuring the continued success and sustainability of Camellia breeding programs.
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