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Abstract Tea (Camellia sinensis) is an important beverage and cash crop in the world. Its disease resistance research is of great
significance to the sustainable development of the global tea industry. This study outlines the main pathogen categories that affect tea
trees and details the resistance (R) genes, pathogen recognition mechanisms and genetic maps in tea trees. The existence and function
of resistance (R) genes play a central role in plant disease resistance. Through genomic analysis and quantitative trait locus (QTL)
analysis, we have a deeper understanding of the genetic map of these R genes. The study of pathogen recognition mechanisms has
also revealed a series of receptor proteins that can recognize pathogens and activate subsequent immune responses. This study also
explores the interaction between pathogen effectors and host targets, the host's defense response, and how genome sequencing,
CRISPR gene editing technology and transgenic methods are used to promote tea disease management, aiming to enhance tea disease
resistance through scientific research and support the sustainable development of the global tea industry.

Keywords Tea plant disease resistance; Signaling pathways; Resistance genes; Secondary metabolites; Molecular interactions

1 Introduction

Tea (Camellia sinensis) is a globally significant crop, widely consumed as a beverage and valued for its economic
importance. However, tea plants are susceptible to a variety of pathogens, which can severely impact yield and
quality. Major diseases affecting tea plants include anthracnose, caused by Colletotrichum species, tea geometrid
damage by Ectropis oblique, tea gray blight caused by Pestalotiopsis theae, and blister blight caused by
Exobasidium vexans (Wang et al., 2015; 2018; Zhang et al., 2022). These diseases can lead to substantial crop
losses, necessitating a deeper understanding of the molecular mechanisms underlying tea plant resistance.

Understanding the molecular mechanisms of plant resistance is crucial for developing effective strategies to
combat these diseases. Resistance mechanisms in tea plants involve complex interactions between various
signaling pathways, including those mediated by salicylic acid (SA), jasmonic acid (JA), and reactive oxygen
species (ROS) (Wang et al., 2018; Jin et al., 2020; Liu et al., 2023a). Identifying key genes and pathways involved
in these responses can inform breeding programs and genetic engineering efforts aimed at enhancing disease
resistance in tea plants. For instance, the role of hypersensitive response (HR) and hydrogen peroxide (H20:)
accumulation in anthracnose resistance, and the involvement of specific genes like CsUGT87E7 in SA metabolism,
highlight the intricate defense strategies employed by tea plants (Jayaswall et al., 2016; Hu et al., 2021).

By synthesizing findings from recent transcriptomic, metabolomic, and microbiome studies, this study seeks to
elucidate key signaling pathways and genes in tea plant defense against various pathogens, emphasize the role of
phytohormones and secondary metabolites in mediating resistance, and discuss the potential application of these
insights in developing disease-resistant tea varieties through breeding and biotechnological approaches. By
achieving these goals, this study will contribute to a broader understanding of plant-pathogen interactions and
support the development of sustainable disease management practices in tea cultivation.

2 Major Pathogens Affecting Tea Plants

2.1 Fungal pathogens

Fungal pathogens are among the most common and destructive agents affecting tea plants. One of the primary
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fungal pathogens is Colletotrichum camelliae, which causes tea anthracnose, a disease that affects mature leaves
and reduces both yield and quality. The cerato-platanin protein CcCpl from C. camelliae plays a key role in
fungal pathogenicity. Mutants lacking CcCpl lose virulence and have a reduced ability to produce conidia,
indicating the importance of this protein in the disease process. Additionally, the accumulation of jasmonic acid in
susceptible tea cultivars upon infection suggests its role in regulating fungal infection (Liu et al., 2023b).

Another significant fungal pathogen is Pestalotiopsis theae, responsible for tea gray blight disease. Resistance to
this pathogen has been linked to specific metabolites such as phenolic acids and flavonoids, which are more
abundant in resistant tea plant resources. The presence of certain bacterial and fungal genera also correlates with
resistance, highlighting the complex interplay between the tea plant's microbiome and its defense mechanisms
(Zhang et al., 2022). Furthermore, the mycovirus Pestalotiopsis theae chrysovirus-1 (PtCV1) has been shown to
modulate the pathogenic traits of P. theae, converting it from a virulent pathogen to a non-pathogenic endophyte,
thereby providing an alternative approach to biological control (Zhou et al., 2021).

2.2 Bacterial pathogens

Bacterial pathogens also pose a significant threat to tea plants. The interaction between plants and bacterial
pathogens involves complex genetic and molecular mechanisms. Plants have evolved resistance genes (R genes)
that encode proteins capable of recognizing pathogen-derived molecules and triggering defense responses. These
responses include the hypersensitive response (HR), which involves rapid tissue necrosis at the infection site to
limit pathogen spread. The genetic basis of plant resistance to bacterial pathogens can be both qualitative and
quantitative, involving major and minor genes, respectively (Zhang et al., 2013).

2.3 Viral pathogens

Viral pathogens are less common but can still cause significant damage to tea plants. Plants have developed
sophisticated defense mechanisms to combat viral infections, including RNA silencing pathways that target and
degrade viral nucleic acids. Resistance genes also play a crucial role in recognizing viral pathogens and initiating
defense responses. The cellular and physiological features associated with these responses have been well
characterized, providing insights into the mechanisms of plant resistance to viruses (Kourelis and Hoorn, 2018).

2.4 Other significant pathogens

In addition to fungi, bacteria, and viruses, other significant pathogens can affect tea plants. For instance, the
fungal pathogen Exobasidium vexans causes blister blight, a disease that can lead to substantial crop losses.
Transgenic tea plants overexpressing a class I chitinase gene from potato have shown enhanced resistance to this
pathogen, demonstrating the potential of genetic engineering in improving disease resistance in tea plants (Singh
etal., 2015).

3 Genetic Basis of Disease Resistance

3.1 Resistance (R) genes in tea plants

Resistance (R) genes play a crucial role in the defense mechanisms of tea plants against various pathogens. These
genes encode proteins that can recognize specific pathogen-derived molecules and trigger defense responses. The
majority of R genes encode either cell surface or intracellular receptors, which are involved in the direct or
indirect perception of pathogen molecules (Figure 1) (Kourelis et al., 2018). The structural features of R genes,
such as nucleotide-binding sites and leucine-rich repeats, are conserved across different plant species and are
essential for their function (Sekhwal et al., 2015). The evolution of R genes is driven by mechanisms such as gene
duplications, recombination, and diversifying selection, which contribute to their diversity and ability to recognize
a wide range of pathogens.

The first cloned R gene was Hml from maize, which encodes an enzyme that detoxifies HC toxin produced by the
fungal pathogen Cochliobolus carbonum. Over the years, several models of R gene function have been proposed,
including the guard model, the decoy model, and the NLR-ID model. R proteins use nine different mechanisms to
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resist pathogens, which can be roughly divided into two categories: perception and loss of susceptibility. R genes
are distributed in different host species and pathogen types, and NLR is the most common type of R gene. These
identified mechanisms are not pathogen-specific, meaning that plants universally use these mechanisms to fight
against various pathogens.
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Figure 1 Analysis of molecular mechanisms underpinning R genes (Adopted from Kourelis et al., 2018)

Image caption: (A) A timeline summarizing the increased knowledge regarding R genes; (B) All identified R genes were grouped
according to their proposed mechanism; (C) The identified R genes were grouped by pathogen which they act against and colored by
the molecular mechanism by which they function; (D) The identified R genes were grouped by host species carrying them and
colored by the molecular mechanism by which they function (Adopted from Kourelis et al., 2018)
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3.2 Pathogen recognition mechanisms

Pathogen recognition in tea plants involves a two-tiered immune system. The first layer, known as
PAMP-triggered immunity (PTI), is mediated by pattern recognition receptors (PRRs) that detect conserved
microbial elicitors called pathogen-associated molecular patterns (PAMPs). The second layer, effector-triggered
immunity (ETI), involves the recognition of specific pathogen effectors by intracellular R proteins, leading to a
stronger and more specific defense response (Roux et al., 2014). The interaction between R genes and pathogen
avirulence (4vr) genes is a key component of this recognition process, where the presence of both genes triggers a
defense response. The molecular signals involved in pathogen recognition and the subsequent activation of
defense mechanisms are crucial for the effective resistance of tea plants to pathogens (Zhang et al., 2013).

3.3 Genetic mapping and QTL analysis

Genetic mapping and quantitative trait locus (QTL) analysis are essential tools for identifying the genetic basis of
disease resistance in tea plants. QTL analysis helps in locating regions of the genome that are associated with
resistance traits, which can be influenced by multiple genes with minor effects (Zhang et al., 2013; Roux et al.,
2014). The genetic background of the plant can significantly impact the expression and durability of resistance
traits, as epistatic interactions between resistance genes can alter the overall resistance phenotype. High-density
genome-wide genetic maps, including resistance gene analogs (RGAs), are useful for identifying QTLs and
designing diagnostic markers for plant disease resistance (Sekhwal et al., 2015). These tools enable breeders to
develop tea plant varieties with enhanced resistance to major pathogens by incorporating multiple resistance genes
and QTLs into the breeding programs (Gallois et al., 2018).

By understanding the genetic basis of disease resistance, pathogen recognition mechanisms, and utilizing genetic
mapping and QTL analysis, researchers can develop effective strategies to enhance the resistance of tea plants to
major pathogens. This integrated approach will contribute to sustainable tea production and reduce the economic
impact of plant diseases.

4 Signaling Pathways in Tea Plant Immunity

4.1 Salicylic acid pathway

Salicylic acid (SA) is a crucial phytohormone involved in the regulation of plant immune responses. It plays a
significant role in the activation of systemic acquired resistance (SAR), a defense mechanism that provides
long-lasting protection against a broad spectrum of pathogens. The SA pathway is essential for the defense against
biotrophic pathogens, which feed on living host tissue. SA-mediated signaling involves the accumulation of
pathogenesis-related (PR) proteins and the activation of various defense genes (An and Mou, 2011). Additionally,
SA interacts with other hormones such as jasmonic acid (JA) and ethylene (ET) to fine-tune the immune response.

4.2 Jasmonic acid and ethylene pathways

Jasmonic acid (JA) and ethylene (ET) are key players in plant defense against necrotrophic pathogens, which kill
host tissue and feed on the dead matter. These hormones often work synergistically to activate defense responses.
The JA pathway is particularly important for induced systemic resistance (ISR), which is triggered by beneficial
microbes and provides protection against a wide range of pathogens (Yang et al., 2021; Yu et al., 2022). The
transcription factor ORAS9 is a critical regulator in the JA/ET signaling pathway, modulating the expression of
defense genes in response to pathogen attack. Furthermore, JA signaling is involved in the production of
secondary metabolites that contribute to plant defense (Lin et al., 2022).

4.3 Cross-talk between signaling pathways

The interaction between SA, JA, and ET pathways, known as hormonal crosstalk, is a complex network that
allows plants to fine-tune their immune responses based on the type of pathogen encountered. Crosstalk can be
either synergistic or antagonistic. For instance, while SA and JA pathways often exhibit antagonistic interactions,
leading to the suppression of JA-mediated defenses by SA, there are scenarios where simultaneous activation of

both pathways can enhance resistance (Yang et al., 2015; Hou and Tsuda, 2022). This intricate balance is crucial
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for optimizing defense responses and avoiding unnecessary energy expenditure. Additionally, other hormones
such as abscisic acid, auxin, and cytokinins also interact with SA, JA, and ET pathways, further adding layers of
regulation to the plant immune system (An and Mou, 2011; Sanchez et al., 2012; Yang et al., 2015).

5 Role of Secondary Metabolites

5.1 Phytoalexins and phenolics

Phytoalexins and phenolic compounds are critical in the tea plant's defense against pathogens. Phenolic acids and
lignin, for instance, are synthesized in response to biotic and abiotic stresses, enhancing the plant's resistance. The
CsHCT genes, which regulate the phenylpropanoid and lignin pathways, have been shown to increase the content
of phenolic acids and lignin, thereby improving resistance to bacterial infections and abiotic stresses (Chen et al.,
2021). Additionally, phenolic acids and flavonoids were found to be major metabolites in wild tea plant resources
resistant to tea gray blight disease, indicating their significant role in pathogen resistance (Zhang et al., 2022).
Furthermore, the synthesis of anthocyanin-3-O-galactosides, a type of phytoalexin, is induced by anthracnose
infection, contributing to the hypersensitive response and resistance in tea plants (Li et al., 2023).

5.2 Flavonoids and tannins

Flavonoids and tannins are another group of secondary metabolites that contribute to the defense mechanisms of
tea plants. Flavonoids, such as quercetin and kaempferol, are involved in the plant's response to pathogen
infection. Overexpression of transcription factors like PalbHLH1 and PalMYB90 in poplar has been shown to
increase flavonoid content and enhance resistance to fungal infections, suggesting a similar mechanism may be
present in tea plants (Figure 2) (Bai et al., 2020).
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Figure 2 Characterization of transgenic poplar plants (Adopted from Bai et al., 2020)

Image caption: (A) Construction of the MYB90/bHLHI-OE plasmid; (B) Growth of transgenic (MYB90/bHLHI-OE) and wild-type
(WT) poplar plants; (C) Color of anthocyanin extraction. (D) Accumulation of total anthocyanins in the leaves of MYB90/bHLHI-OE
and WT plants. (E) Accumulation of total phenolics in the leaves of MYB90/bHLHI-OE and WT plants; (F, G) Contents of quercetin
and kaempferol in the leaves of MYB90/bHLH1-OE and WT poplar plants, respectively(Adopted from Bai et al., 2020)
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Overexpressing the transcription factors PalbHLH1 and PaIMYB90 in poplar trees significantly enhances the
plants' disease resistance, primarily by increasing the content of flavonoid compounds. These compounds include
total phenols, proanthocyanidins (PAs), anthocyanins, and the intermediate products quercetin and kaempferol.
Transgenic poplars exhibit enhanced antioxidant enzyme activity and hydrogen peroxide release when facing
infections from Botrytis cinerea and Dothiorella gregaria, changes that are associated with the upregulation of
key genes in the flavonoid metabolic pathway. Specifically, transcriptomic analysis shows that, following
pathogen infection, genes related to the flavonoid biosynthesis pathway, such as PalF3H, PalDFR, PalANS, and
PalANR, are significantly upregulated in poplars overexpressing PalbHLH1 and PaIMYB90. These genes play
critical roles in the initial, intermediate, and final steps of anthocyanin and proanthocyanidin synthesis. These
findings suggest that flavonoid compounds play an important role in plant defense mechanisms, and a similar
mechanism may exist in tea trees.

Additionally, the metabolic pathways for flavonoid biosynthesis are enriched in resistant tea plant resources,
further supporting their role in pathogen defense (Zhang et al., 2022). Tannins, which are a type of phenolic
compound, also contribute to the structural defense by reinforcing cell walls and inhibiting pathogen growth
(Wink et al., 2012).

5.3 Metabolic engineering for enhanced resistance

Metabolic engineering offers a promising approach to enhance the resistance of tea plants by manipulating the
biosynthetic pathways of secondary metabolites. For instance, the overexpression of CsHCT genes can be used to
increase the production of phenolic acids and lignin, thereby improving resistance to both biotic and abiotic
stresses (Chen et al., 2021). Similarly, engineering the flavonoid biosynthesis pathway by overexpressing key
transcription factors can enhance the accumulation of flavonoids and improve pathogen resistance (Bai et al.,
2020). Additionally, understanding the role of specific metabolites, such as anthocyanin-3-O-galactosides, in
disease resistance can guide the development of resistant tea plant varieties through targeted metabolic
engineering (Li et al., 2023).

6 Molecular Interactions Between Tea Plants and Pathogens

6.1 Pathogen effectors and host targets

Pathogen effectors are molecules secreted by pathogens that manipulate host cell structure and function to
facilitate infection and suppress host defense mechanisms. In tea plants, these effectors are recognized by specific
resistance (R) genes, which encode proteins that detect the presence of pathogen-derived molecules. The
interaction between pathogen effectors and host targets is a critical aspect of the plant's immune response. The
meta-analysis by Kourelis and Hoorn (2018) identifies nine distinct mechanisms by which R proteins can trigger
disease resistance, including both direct and indirect perception of pathogen molecules.

6.2 Host defense responses

Upon recognition of pathogen effectors, tea plants activate a series of defense responses to combat the infection.
These responses include the production of antimicrobial compounds, the strengthening of cell walls, and the
activation of signaling pathways that lead to systemic acquired resistance (SAR). The transcriptome analysis by
Jayaswall et al. (2016) reveals that tea plants express a variety of defense-related genes, including those encoding
for defense enzymes, resistance genes, and transcription factors, in response to blister blight disease. Furthermore,
the review by Zhang et al. (2013) discusses the two-tiered immune system in plants, comprising
pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI),
which collectively enhance the plant's ability to resist pathogen invasion.

6.3 Molecular arms race
The interaction between tea plants and pathogens is characterized by a continuous molecular arms race, where
both the host and the pathogen evolve new strategies to outcompete each other. Pathogens evolve new effectors to

overcome plant defenses, while plants, in turn, develop new R genes to recognize these effectors. This
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co-evolutionary process is evident in the study by Cui et al. (2015), which describes how plants and pathogens are
engaged in a dynamic battle, with each side constantly adapting to the other's strategies. Additionally, the rapid
evolutionary rates of defense genes and their regulators in plants, driven by the need to keep pace with evolving
pathogen threats.

7 Advances in Genomic and Biotechnological Approaches

7.1 Genomic sequencing and functional genomics

Genomic sequencing and functional genomics have significantly advanced our understanding of the molecular
mechanisms underlying tea plant resistance to major pathogens. The advent of high-throughput sequencing
technologies has enabled the identification of numerous resistance (R) genes and susceptibility (S) genes, which
play crucial roles in plant-pathogen interactions. These technologies have facilitated the discovery of quantitative
trait loci (QTLs) associated with disease resistance, providing valuable insights into the genetic basis of resistance
(Kushalappa et al., 2016). Additionally, metabolomics and other OMICs tools have elucidated the complex
biochemical pathways involved in the plant's defense mechanisms, highlighting the importance of
resistance-related (RR) proteins and metabolites in reinforcing cell walls and inhibiting pathogen spread.

7.2 CRISPR and gene editing techniques

CRISPR/Cas9 and other genome editing techniques have revolutionized the field of plant disease resistance by
enabling precise and targeted modifications of plant genomes. CRISPR/Cas9, in particular, has become the
preferred tool due to its efficiency, simplicity, and low risk of off-target effects (Borrelli et al., 2018; Mushtaq et
al., 2019). This technology has been successfully used to knock out or modify S genes, thereby enhancing
resistance to a wide range of pathogens, including viruses, bacteria, and fungi (Langner et al., 2018; Zaynab et al.,
2020). The ability to create transgene-free, disease-resistant crop varieties using CRISPR/Cas9 has significant
implications for sustainable agriculture and food security (Zaidi et al., 2018; Ahmad et al., 2020). Moreover, the
continuous evolution of CRISPR/Cas9 variants aims to address challenges such as off-target effects, further
improving the precision and effectiveness of this technology (Das et al., 2019).

7.3 Transgenic approaches for disease resistance

Transgenic approaches have also been employed to enhance disease resistance in tea plants. By introducing
specific R genes or antimicrobial peptides into the plant genome, researchers have developed transgenic plants
with improved resistance to various pathogens. These transgenic plants often exhibit broad-spectrum resistance,
making them valuable assets in the fight against plant diseases. Additionally, the integration of CRISPR/Cas9
technology with transgenic approaches has opened new avenues for developing crops with enhanced resistance.
For instance, CRISPR/Cas9 can be used to precisely insert or replace genes in the plant genome, thereby creating
cisgenic plants that retain the benefits of traditional breeding while incorporating advanced genetic modifications
(Kushalappa et al., 2016; Borrelli et al., 2018; Zaynab et al., 2020).

8 Concluding Remarks

The molecular mechanisms of tea plant resistance to major pathogens have been extensively studied, revealing a
complex interplay of genetic, biochemical, and microbial factors. Transcriptome analyses have identified
numerous defense-related genes and pathways involved in resistance to blister blight, anthracnose, and tea gray
blight diseases. For instance, key defense-related transcripts such as RPM1, RPS2, and RPP13 have been
implicated in the salicylic acid and jasmonic acid pathways, which are crucial for overcoming the virulence of
Exobasidium vexans. Similarly, the resistance mechanisms against Colletotrichum spp. involve the activation of
defense signaling pathways and the development of resistant cultivars. Metabolomic and microbiome studies have
highlighted the role of phenolic acids, flavonoids, and specific microbial genera in enhancing resistance to
Pestalotiopsis theae. Additionally, strategic transcriptomic comparisons have provided insights into the molecular
responses to Ectropis oblique, identifying key genes and pathways involved in jasmonate/ethylene signaling and
terpenoid synthesis.
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Continued research in this field is vital for several reasons. First, understanding the molecular basis of tea plant
resistance can lead to the development of more resistant cultivars, thereby reducing crop losses and improving
yield and quality. This is particularly important given the economic significance of tea as a global commodity.
Second, the insights gained from these studies can be applied to other crops, enhancing our overall understanding
of plant-pathogen interactions and resistance mechanisms. Third, the development of eco-friendly biocontrol
strategies, as opposed to reliance on chemical fungicides, is crucial for sustainable agriculture and environmental
health. Finally, the ongoing identification and characterization of resistance genes and pathways can facilitate the
rational engineering of plants with enhanced resistance to a broad spectrum of pathogens.

Future studies should focus on several key areas to further advance our understanding and application of tea plant
resistance mechanisms. While many resistance-related genes have been identified, their specific roles and
mechanisms need to be validated through functional studies, such as gene knockout or overexpression
experiments. Combining transcriptomics, metabolomics, and microbiome analyses can provide a more
comprehensive understanding of the resistance mechanisms and identify potential biomarkers for resistance.
Breeding programs should incorporate the identified resistance genes and pathways to develop new tea cultivars
with enhanced resistance to multiple pathogens. Research should continue to explore and optimize the use of plant
growth-promoting rhizobacteria and other biocontrol agents to induce systemic resistance in tea plants.
Conducting long-term field studies to assess the effectiveness and stability of resistance traits under natural
conditions will be crucial for practical applications. By addressing these areas, future research can significantly
contribute to the sustainable cultivation of tea and other crops, ensuring food security and environmental
sustainability.
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