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Abstract As the birthplace of tea trees, China boasts the richest genetic diversity of tea trees in the world. In recent years,
significant progress has been made in the genetic improvement of tea plants, covering a variety of strategies ranging from traditional
selection and hybrid breeding to molecular marker-assisted selection and pan-genomics. This study reviews the main achievements of
genetic improvement of Chinese tea trees, including the selection and breeding of superior varieties, the exploration of genes related
to key agronomic and quality traits, and the application of molecular breeding techniques. Large-scale genomic sequencing and
association analysis have revealed the genetic basis of important agronomic traits and metabolites in tea plants, providing a
theoretical basis and molecular tools for precision breeding. Through the analysis of the above aspects, this study hopes that with the
application of cutting-edge technologies such as gene editing and pan-genome, the genetic improvement of tea trees can become
more efficient and precise, providing a solid support for the sustainable development of the tea industry in China and even globally.
Keywords Tea tree; Genetic modification; Molecular breeding; Genetic diversity; Pan-genome

1 Introduction

China is the birthplace of tea trees. There are many types of tea trees, rich genetic resources and a long history of
cultivation. Tea is not only an important economic crop in China, but also one of the most popular non-alcoholic
beverages in the world. Long ago, tea trees were distributed throughout China, forming many local varieties and
accumulating rich genetic resources, laying a solid foundation for the development of the tea industry (Liang et al.,
2012; Yao et al., 2012; Wang et al., 2020; Xia et al., 2020; Chen et al., 2023; Kong et al., 2025).

However, with the development of modern agriculture and the increase in market demand, traditional tea tree
varieties have encountered many problems, such as low yields, declining quality, and weakened resistance to
diseases and pests. Long-term artificial selection and cultivation have narrowed the genetic basis of some superior
varieties and reduced their ability to adapt to the environment, which has brought pressure to the sustainable
development of the tea industry (Chen et al., 2007; Yao et al., 2012; Mukhopadhyay et al., 2015). In addition to
external factors such as climate change and land shortage, tea tree production is facing higher demands. Therefore,
to improve tea tree varieties and cultivate new varieties with high yield, high quality and strong stress resistance
has become an inevitable choice for promoting the high-quality development of China's tea industry (Chen et al.,
2007; Mukhopadhyay et al., 2015; Xia et al., 2020; Chen et al., 2023).

This study mainly summarizes successful cases of genetic improvement of Chinese tea trees, including traditional
selection and breeding, hybrid breeding, molecular marker-assisted breeding and genomic breeding methods. The
article also analyzed the new progress in tea tree genome analysis, gene mining of important traits, molecular
breeding, etc. in recent years, and discussed the effects and future directions of these improvement measures in
increasing tea yield, quality and stress resistance, hoping to provide theoretical basis and practical reference for
tea tree breeding in China and the world.

2 The Genetic Basis and Breeding Goals of Tea Plants

2.1 Genetic structure and diversity of Camellia sinensis

The tea tree (Camellia sinensis) has a high degree of genetic diversity and a relatively complex population
structure. Studies using genome-wide SNP and SSR molecular markers have found that the germplasm of tea trees
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in China can be classified into several types: wild type, cultivated type, ancient local varieties and modern local
varieties. The genetic diversity of ancient local varieties and hybrid wild types is higher than that of pure wild
types and modern local varieties (Niu et al., 2019; Zhao et al., 2021; Cheng et al., 2022). There are obvious
genetic differences among different groups, among which the differences between pure wild type and modern
local species are the most obvious (Niu et al., 2019). However, most of the genetic diversity of tea plants mainly
exists within populations, and the differences between populations are relatively small (Zhao et al., 2021; Sharma
etal., 2022).

Whole-genome sequencing also found that the two main cultivated varieties of tea plants - the small-leaf variety
(C. sinensis var. sinensis, CSS) and the large-leaf variety (C. sinensis var. assamica, CSA) - have significant
differences in genetic structure. CSS has higher genetic diversity and more rare alleles. CSA has more
non-synonymous mutations and shows stronger balanced selection (Figure 1) (An et al., 2020; Wang et al., 2020;
Zhang et al., 2021). During the evolution of tea plants, hybridization and gene flow have increased genetic
diversity (Wang et al., 2020; Zhang et al., 2021). In addition, the genome of the tea plant has undergone two
whole-genome replications, which have amplified some genes related to secondary metabolites and generated new
functions (Wei et al., 2018).
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Figure 1 Classification and distribution of identified SNPs/indels among 30 samples (Adopted from An et al., 2020)
Note: (A) Annotation of SNPs identified in CSS and CSA subgroup. (B) The mutation pattern (SNP) and the length distribution
(indel) of unique variations for CSS and CSA subgroup, respectively (Adopted from An et al., 2020)
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2.2 Tea tree breeding objectives

Breeding of tea trees is mainly for several core goals, including increasing yield, improving quality, enhancing
stress resistance (disease resistance, drought resistance, cold resistance, etc.) and adapting to different ecological
environments (Wei et al., 2018; Wang et al., 2020; Zhang et al., 2021; Duan et al., 2024). In quality improvement,
researchers generally focus on the content and composition of key metabolites such as tea polyphenols, caffeine,
and amino acids, because these components directly affect the flavor and health value of the produced tea (Wei et
al., 2018; Yu et al., 2020). At present, molecular breeding and marker-assisted selection have become important
means of modern tea tree breeding. The principle is to accelerate the breeding of superior varieties by locating
candidate genes related to traits such as yield, quality and stress resistance (Wei et al., 2018; Cheng et al., 2022;
Duan et al., 2024). Furthermore, protecting and utilizing the germplasm resources of ancient and wild tea trees is
also an important strategy for enriching the genetic basis and expanding the diversity of breeding materials (Niu et
al., 2019; Zhang et al., 2021; Zhao et al., 2021; Cheng et al., 2022).

3 Main Genetic Improvement Strategies in China

3.1 Conventional breeding methods

China is the birthplace of tea trees, and the genetic diversity of tea trees is the richest in the world. Early tea tree
improvement mainly relied on individual selection and hybrid breeding. Breeders will select well-performing
plants from naturally mutated populations and then conduct purposeful hybridization to obtain new varieties that
are highly adaptable, have high yields and good quality. Up to now, China has cultivated more than two hundred
superior varieties, which have played a significant role in promoting the development of the tea industry (Chen et
al., 2007). However, the cycle of conventional breeding is long and its efficiency is not high. Moreover, tea plants
have the characteristics of self-incompatibility and cross-pollination, making it difficult to concentrate multiple
ideal traits together in a short period of time (Kumar et al., 2016).

3.2 Molecular marker-assisted selection (MAS)

With the continuous development of modern molecular biology, in China, molecular marker-assisted selection
(MAS) has become an important tool for improving tea plants. Researchers utilized molecular markers such as
SNP and SSR to more quickly locate gene loci related to key traits of tea plants, enabling more targeted tea plant
breeding (Chen et al., 2023; Liu et al., 2022; Li et al., 2023; Wang et al., 2024). This method can not only shorten
the entire breeding cycle but also significantly enhance the overall efficiency. Liu et al. (2022) and Wang et al.
(2024) conducted similar research. In their research, they conducted genetic diversity studies on tea tree
germplasm resources in Sichuan, Wuyi Mountain and other places through molecular markers, providing reliable
basis for the combination of superior parents and the creation of new varieties. Furthermore, combining the
association analysis of pan-genome and multi-omics data can also better analyze the genetic mechanisms behind
complex traits and screen out more superior genes with breeding value (Chen et al., 2023; Li et al., 2023; Liu,
2024).

3.3 Gene editing and biotechnological means

In addition to molecular marker-assisted selection, gene editing and biotechnology have also begun to be applied
in the improvement of tea trees. Researchers usually obtain high-quality tea plant germplasm resources more
stably and verify functional genes more conveniently through tissue culture and genetic transformation systems
(Mukhopadhyay et al., 2015). CRISPR gene editing tools precisely modify some key functional genes to cultivate
new varieties that are more resilient to adverse conditions and of better quality. Methods such as transgenic
technology, genome selection (GS), and pan-genome construction are also accelerating the pace of tea tree
improvement (Xia et al., 2020; Lubanga et al., 2022; Chen et al., 2023).

4 Case Analysis of Successful Varieties

4.1 Longjing 43: early sprouting, high-yield and high-quality type

Longjing 43 represents a significant breakthrough in the history of tea tree breeding in China. Longjing 43 has a
fast germination rate, high yield and stable quality. Genomic sequencing results show that Longjing 43 performs
exceptionally well in terms of disease resistance and flavor, playing a significant role in hybrid breeding and gene
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exchange. The large-scale promotion and cultivation of Longjing 43 has not only significantly improved the
output and quality of Chinese green tea, but also provided valuable experience for the molecular marker-assisted
breeding of other tea tree varieties in the future (Chen et al., 2007; Wang et al., 2020; Chen et al., 2023).

4.2 Zhongcha 108: disease-resistant and cold-resistant type

The advantages of Zhongcha 108 lie in its strong disease resistance, good cold tolerance and strong adaptability,
allowing it to be grown in various environments. Research has found that during the domestication process of
Chinese tea trees, the selection of disease-resistant traits is quite obvious, and Zhongcha 108 is a representative of
this breeding direction. Molecular markers and genomic association analysis also provided a theoretical basis for
its stress resistance traits (Chen et al., 2007; Wang et al., 2020; Li et al., 2023).

4.3 Yunnan Stone Snail Fragrance: high polyphenols, prominent flavor

Yunnan Shiluoxiang tea has a high content of polyphenols and a unique flavor. Tea tree varieties in Yunnan and
Southwest China have unique advantages in genes related to flavor substances and polyphenol synthesis,
providing a molecular basis for the breeding of high-quality tea (Chen et al., 2023; Wang et al., 2024; Kong et al.,
2025). The promotion of Yunnan Shiluoxiang tea has also driven the development of the local characteristic tea
industry.

4.4 Regional typical cases

The major tea-growing areas in China will, in light of local ecological conditions and market demands, select and
breed representative and superior varieties. For instance, Sichuan tea is renowned for its high content of amino
acids and polyphenols. The ancient tea tree resources in Guizhou, Yunnan and other places provide a rich gene
pool for maintaining genetic diversity and improving superior traits (Lu et al., 2021; Liu et al., 2022; Zhao et al.,
2022; Wang et al., 2024). Gene exchange and diversity conservation among different regions have become an
important foundation for the continuous innovation of Chinese tea trees.

5 Assessment of the Impact of Genetic Improvement

5.1 Agronomy and economic benefits

Chinese researchers have spared no effort in the genetic improvement of tea trees, which has significantly
enhanced the agronomic traits and economic benefits of Chinese tea trees. Some genes in tea plants are related to
key traits such as leaf shape, tea flavor and stress resistance. Researchers can identify these genes through
genome-wide association analysis and pan-genome studies to support the cultivation of new high-yield,
high-quality and stress-tolerant tea plant varieties (Lu et al., 2021; Chen et al., 2023; Tong et al., 2024; Kong et al.,
2025). Tang et al. have already found in their 2023 study that these improvements can increase the amino acid
content in tea and enhance its overall quality. This improvement also enhanced the efficiency of nitrogen fertilizer
utilization during the planting process, reduced planting costs, and increased the income of tea farmers by 80.2%.
Modern methods such as molecular breeding techniques and genomic selection have also significantly accelerated
the breeding process of superior varieties and improved the efficiency and gain of genetic improvement (Kumar et
al., 2016; Hazra et al., 2018; Xia et al., 2020; Lubanga et al., 2022).

5.2 Social and ecological benefits

The genetic improvement of tea trees combined with ecological planting management has also brought about
significant social and ecological benefits. Management methods such as organic farming, ecological control and
diversified intercropping not only improve soil nutrients, but also increase microbial diversity and enhance the
functions of the ecosystem (Zhang et al., 2021; Liu et al., 2025). In Guizhou and other places, tea gardens can
conserve 610 000 cubic meters of water resources each year, store 1.876 5 million tons of carbon, maintain 37 800
tons of soil, and the ecological benefit value reaches 3.173 billion yuan. The improvement of the local ecological
environment is obvious (Liu et al., 2020). Meanwhile, the development of the tea industry has also increased
farmers' income, driven poverty alleviation, and promoted stability and prosperity in rural areas (Liu et al., 2020;
Zheng et al., 2022). Organic and ecological planting models can also reduce the use of chemical fertilizers and
pesticides, lower the risk of environmental pollution, make tea safer, and enhance social recognition (Hajiboland,
2017; Liu et al., 2025).
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6 Challenges and Limitations Faced

6.1 Genetic bottlenecks and germplasm narrowness

China is the birthplace of tea trees and has a rich genetic diversity. However, in the long-term breeding process, a
lot of work relies on traditional selection methods, and the number of superior varieties promoted is limited. This
has led to a bottleneck in the utilization of germplasm resources. Conventional breeding mainly relies on
individual selection. As a result, the genetic basis has become increasingly narrow, and the diversity and stress
resistance of new varieties have been restricted (Chen et al., 2007; Mukhopadhyay et al., 2015; Wang et al., 2020).
In addition, there are many difficulties in using wild relatives, such as low hybrid affinity and easy introduction of
adverse genes, etc. These problems further reduce genetic diversity (Chen et al., 2007; Mukhopadhyay et al.,
2015).

6.2 Obstacles to the application of biotechnology

Biotechnologies such as molecular markers, genomics and transgenes, although providing new methods for tea
tree improvement, still have many limitations in application. Tea plants are perennial woody plants with a long life
cycle. Therefore, whether it is conventional breeding or molecular breeding, the cycle is very long
(Mukhopadhyay et al., 2015; Kumar et al., 2016). In addition, tea plants have strong self-incompatibility, making
it difficult to establish inbred lines and to stably transfer superior traits (Mukhopadhyay et al., 2015; Liu et al.,
2023). Meanwhile, the low efficiency of somatic cell culture and genetic transformation limits the introduction
and expression of superior genes (Mondal et al., 2004; Mukhopadhyay et al., 2015). Furthermore, the
incompleteness of bioinformatics and gene function annotation has also affected the accuracy of molecular
breeding (Xia et al., 2020; Li et al., 2023).

6.3 Research gaps and data gaps

Although there have been advancements in tea tree genome sequencing and multi-omics studies in recent years,
there are still many gaps in aspects such as functional gene mining, genetic mechanisms of complex traits, and
environmental adaptability (Maritim et al., 2020; Xia et al., 2020; Li et al., 2023). Complex mechanisms such as
polygenic interaction, epigenetic regulation, and interaction between genes and the environment have not been
systematically analyzed (Xia et al., 2020; Li et al., 2023). In addition, phenotypic determination is not precise
enough, long-term multi-environment trials are insufficient, and the accumulation of phenotypic and genotype
association data of large-scale germplasm resources is inadequate. All these have limited the efficiency and scope
of genetic improvement (Hazra et al., 2018; Lubanga et al., 2022; Li et al., 2023). Furthermore, systematic studies
on the effects of external factors such as climate change and soil ecology on tea tree improvement are still
relatively scarce at present (Omer et al., 2025).

7 Future Development Direction

7.1 Integration of artificial intelligence and genomic selection

Under the rapid development of high-throughput sequencing and big data, the combined application of artificial
intelligence (Al) and genomic selection (GS) has provided a new direction for the improvement of tea trees.
Genomic selection mainly improves breeding efficiency, shortens breeding time, and can more accurately select
superior genotypes (Lubanga et al., 2022; Chen et al., 2023; Kong et al., 2025). Al technology mainly processes a
large amount of genotype and phenotype data, optimizes trait prediction models, and helps identify candidate
genes related to important traits such as yield, quality, and stress resistance (Chen et al., 2023; Kong et al., 2025).
In the future, Al-driven genomic selection is expected to improve complex agronomic traits more precisely
(Lubanga et al., 2022; Chen et al., 2023; Kong et al., 2025) (Figure 2).

7.2 Participatory breeding and local variety protection

The germplasm resources of tea trees in China are very rich. There are a large number of excellent genes in local
varieties and ancient tea tree populations, which are important bases for improvement (Yao et al., 2012; Guo et al.,
2021; Lu et al., 2021; Zhao et al., 2022). Participatory breeding emphasizes the cooperation among researchers,
farmers and communities. By combining local experience with modern molecular breeding techniques, it can not
only improve the adaptability and diversity of new varieties, but also protect and rationally utilize local variety

204



—l
-

N
Bioscience Evidence 2025, Vol.15, No.4, 200-208

http://bioscipublisher.com/index.php/be

BioSci Publisher®

resources. Strengthening the investigation of genetic diversity of local varieties, identification of molecular
fingerprints and construction of core germplasm banks will lay a solid foundation for tea tree improvement and
sustainable development (Yao et al., 2012; Guo et al., 2021; Zhao et al., 2022).
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Figure 2 GWAS for agronomic traits in young bud (Adopted from Cheng et al., 2025)

Note: a, Schematic of traits in young shoots. b, Genome-wide sSNPs (the lowest P value from MLM and FarmCPU was used for the
Manhattan plot) associated with LLe, LWi, LLWR and WHB). The significance threshold is 1/ total SNPs. ¢, Genome-wide sSNPs
associated with IL1 (including first bud) and IL2. The significance threshold is 1/total SNPs. d, Manhattan plot of sSSNPs associating
with WAK10 gene (CsTGY06G0001293). Nine sSNPs associated with WAK10 were highlighted by red dots (some red dots were
overlapped due to extremely close positions and the same P values). e, Box plots of IL1 trait of different haplotypes of the lead sSNP
(chr6: 62 329 859) of WAK10 gene. n represents the sample size in each haplotype. Significance (P value) of differences between
haplotypes was determined by two-sided Student’s t test. The upper and lower edges of the box plots represent the first and third
quartiles, the central line denotes the median and the whiskers extend to 1.5% the interquartile range. b-d, The horizontal dashed line
represents the significant threshold (P<5.08x107®). The statistical analysis was performed with Bonferroni correction (Adopted from
Cheng et al., 2025)

7.3 Policy and financial support

The continuous advancement of genetic improvement of tea trees cannot do without the support of policies and
funds. The state and local authorities should increase investment in the collection, protection, evaluation and
utilization of tea tree germplasm resources, improve laws and regulations, and encourage multiple parties to
participate in breeding innovation. Meanwhile, it is necessary to promote the transformation and industrialization
of scientific research achievements and establish a stable financial guarantee mechanism. Only in this way can the
international competitiveness and sustainable development capacity of China's tea industry be enhanced (Chen et
al., 2007; Liang et al., 2012; Guo et al., 2021).

8 Concluding Remarks

China is the birthplace of tea trees, and the genetic diversity of tea trees is the richest in the world. So far, more
than 200 superior varieties have been cultivated, which have greatly promoted the development of China's tea
industry. In recent years, with the advancement of genomics and molecular breeding techniques, researchers have
not only completed the assembly of high-quality tea tree genomes but also revealed the variety lineage and key
functional genes of tea trees. New breakthroughs have also been made in the synthesis mechanisms of flavor and
functional components such as tea polyphenols and catechins. New methods such as molecular marker-assisted
selection and genomic selection have significantly enhanced breeding efficiency and genetic gain, accelerating the
breeding process of superior varieties.
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A comprehensive analysis of the economy, environment and energy value indicates that after adopting new and
superior varieties and improving the efficiency of fertilizer utilization, China's tea industry can significantly
reduce greenhouse gas emissions, lower its environmental impact and make production more sustainable.
Promoting sustainable agricultural technologies (SATs) can not only increase tea production but also protect the
ecological environment. However, farmers' acceptance of these new technologies still needs to be enhanced, so
continuous efforts should be made in policy guidance and technology promotion.

Combining modern molecular breeding and genomic selection techniques with China's rich tea tree germplasm
resources and traditional planting experience is the key to promoting the high-quality development of the tea
industry. For instance, the intercropping system of tea trees and chestnut and other tree species not only enhances
the quality of tea but also strengthens the stress resistance and ecological adaptability of tea trees. This precisely
reflects the integration of traditional wisdom and modern technology. Genomic research also provides a
theoretical basis for the diversification of tea flavors and the improvement of functional components, which is
conducive to meeting the diverse demands of global consumers.
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