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Abstract This study mainly discusses how shading and irrigation frequency jointly affect the growth of tea plant buds and the
quality of tea in summer. It summarizes the impact of shading on important substances in tea plants that affect tea quality, such as
chlorophyll, amino acids, polyphenols, and aroma precursors. It also discusses the effects brought about by the combination of
different shading materials and different irrigation cycles. Combined with the case of field experiments in Zhejiang tea gardens, it
was examined whether these treatments were helpful for improving tea yield, quality and sustainable cultivation. This study aims to
provide some ideas and methods for the management of tea plants in summer, hoping to help tea farmers grow better tea and also
improve the efficiency of planting.
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1 Introduction

Summer is an important period when tea plants grow relatively fast and sprout new buds. Whether the summer
buds grow well or not will directly affect the yield and quality of the tea. Well-grown summer buds contain more
beneficial components such as amino acids and chlorophyll, and can also make the taste of tea better and the color
more beautiful (Zhang et al., 2022; Hu et al., 2024). Therefore, to make tea sell well, improving the quality of
summer buds is extremely crucial.

However, the high temperatures, intense sunlight and lack of water in summer often affect the normal growth of
tea plants. Too strong sunlight or too high temperature will increase the polyphenols in tea, making the tea bitter
and less fresh and refreshing to drink (Elango et al., 2023). If there is a lack of water, tea buds cannot grow, the
metabolism of tea plants will also be affected, and both yield and quality will decline (Ge et al., 2024). Current
research shows that providing appropriate shade for tea plants is a good way to regulate light and temperature.
This can not only improve the growth environment, but also enhance the quality of tea (Chen et al., 2022).

This study aims to explore how the combination of shading and watering frequency affects the bud growth and tea
quality of tea plants in summer. Based on relevant field experiment cases and using some multi-omics methods, it
will analyze the regulatory effects of different shading intensities and irrigation arrangements on the physiology,
metabolism and quality of tea plants. This research aims to provide some scientific basis and practical suggestions
for the management of tea gardens in summer, ensuring that there are both abundant and high-quality tea leaves.

2 Physiology of Summer Bud Development in Tea Plants
2.1 Developmental stages of summer buds
The process of tea plants sprouting in summer goes through several stages, including dormancy, activation,
germination and growth. The size and shape of buds vary among different varieties and natural populations. These
differences are influenced by both genes and the environment (Zhang et al., 2025b). The process by which buds
go from dormancy to activation is extremely crucial, as it is related to the yield and quality of tea. This process
involves many molecular-level regulations, such as transcription factors, hormone signals, and epigenetic
mechanisms (Liu et al., 2019; Hao et al., 2024). Before the bud begins to germinate, the accumulation of sugar
and a certain degree of oxidative stress will help the bud transition from the “resting” state to the “active” state
(Tang et al., 2023).
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2.2 Key metabolic pathways involved in bud formation

The formation and growth of buds rely on multiple metabolic pathways, among which plant hormones and
secondary metabolism are the most important. Hormones such as auxin, gibberellin, abscisic acid, cytokinin and
jasmonic acid jointly regulate the expression of related genes, thereby controlling the dormancy, activation and
growth of buds (Hao et al., 2018). Among them, the regulatory genes of gibberellin and abscisic acid play a very
important role in the process of bud transformation from dormant to active (Yue et al., 2018). Meanwhile, the
synthesis of some secondary metabolites, such as gallic acid (GA) and tea polyphenols, is also regulated by
hormones, and these substances can affect the quality and flavor of the buds (Shi et al., 2025). In addition, sugar
metabolism, photosynthesis, and antioxidation-related metabolic activities also play a role in the growth of buds
(Tong et al., 2018; Tang et al., 2023).

2.3 Environmental sensitivity of bud quality traits

The quality of buds, such as the content of amino acids, tea polyphenols and caffeine, is particularly sensitive to
the environment. Changes in conditions such as light, temperature and moisture can affect hormone signaling,
expression of transcription factors and various metabolic pathways, thereby altering the growth rate of buds and
accumulation of quality components (Chen et al., 2023b; Liu et al., 2023). For instance, different shading and
watering frequencies can cause changes in amino acids and secondary metabolites in buds, thereby affecting the
flavor and economic value of tea (Zhang et al., 2025a). In addition, the quality of buds is also influenced by
genetic factors. There will be differences among different varieties, and it is also affected by seasonal changes.
That is to say, the final quality of tea buds is determined by both genes and the environment.

3 Role of Light and Shading in Tea Plant Physiology

3.1 Effects of light intensity on photosynthesis and secondary metabolites

The intensity of light directly affects the photosynthesis effect of tea plants and also influences the accumulation
of various metabolites in tea leaves. Appropriate shading can increase the chlorophyll in the leaves, make the leaf
color greener and improve the quality of tea (Figure 1) (Chen et al., 2021; Elango et al., 2023). Research has
found that after shading, the content of amino acids (such as theanine) and caffeine in tea plants will increase,
while polyphenols like epicatechin and epigallocatechin will decrease. This change is conducive to enhancing the
freshness and flavor of tea (Liu et al., 2018; Kc et al., 2021; Kc et al., 2022). In addition, shading can also inhibit
the synthesis of some substances such as flavonoids and lignin, thereby improving the taste of tea (Li et al., 2020;
Teng et al., 2020; Zhang et al., 2020). Light changes can also affect many metabolic pathways and gene
expressions, such as nitrogen metabolism, glucose metabolism and the synthesis of photosynthetic pigments.

3.2 Types of shading materials and their impacts

Different shading materials have different effects on tea plants. For instance, black nets, blue nets, red nets, straw
nets, etc. have all been used. Studies have found that using double-layer shading nets (such as those 50 cm high)
can significantly increase the amino acid content in tea, reduce polyphenols, and also improve the environment of
tea gardens, such as cooling and maintaining soil moisture (Ge et al., 2024). The blue net and the red net have
better effects than the black net in promoting bud quantity and yield, but they have similar effects in reducing
bitter substances (Fang et al., 2022). Different shading materials can also change the quality of light, such as the
ratio of red light to far-red light, which can also affect the physiological activities of tea plants.

3.3 Adaptive responses of tea plants to light reduction

Tea plants have many levels of responses to reduced light. Shading will increase the accumulation of chlorophyll
and carotenoids, make the leaves greener and enhance the photosynthetic capacity (Chen et al., 2021; Yue et al.,
2021). Shading also regulates the expression of some key genes, such as CsPOR, CsHY5, CPOX and SGR. These
genes affect the synthesis and degradation of chlorophyll, and also change the distribution of amino acids and
polyphenols (Chen et al., 2022; Han et al., 2023). In addition, shading can also cause changes in the structure of
leaves, such as thinning of epidermal cells and reduction of downy hairs. At this time, the expression of some
genes related to hair (such as CsCPCs) will increase, indicating that tea plants adapt to the weak light environment
through both morphological and gene regulation (Jiang et al., 2020; Wang et al., 2023; Wakamatsu et al., 2024).
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Shading also helps enhance the resistance of tea plants, such as increasing the activity of antioxidant enzymes,
which helps tea plants resist sudden strong light damage (Sano et al., 2020; Zaman et al., 2023).
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Figure 1 Effect of shadlng treatment on the chlorophyll content of tea leaves and the expression of related genes (Adopted from Chen
etal., 2021)

Image caption: (A) The phenotype of new shoots after 7 day and 14 day shading treatment. Bar=2 cm. (B) The comparison of leaf
pigments after 7 day and 14 day shading treatment. (C) The change of chlorophyll content after shading treatment. Chl: total
chlorophyll; Chl a: chlorophyll a; Chl b: chlorophyll b; and FW: fresh weight. (D) The changes in the gene expression of chlorophyll
synthesis pathway after shading treatment. CK: no shading treatment group (about 1 300 pmol m? s); T: 90% shading treatment
group (about 130 pmol m? s'). CsEFI-a was used as an internal reference to normalized the changes. Data are expressed as
mean£SD (n=3). *p<0.05; **p<0.01; and difference from CK treatment at the same time point (Adopted from Chen et al., 2021)

4 Role of Irrigation Frequency in Summer Tea Cultivation

4.1 Water stress and its influence on bud set and expansion

Lack of water will significantly affect the sprouting of tea plants. Under water stress, the buds of tea plants fail to
grow or grow slowly, the leaf activity deteriorates, the photosynthetic efficiency decreases, and eventually both
yield and quality are affected (Yue et al., 2023). During drought, the metabolic activities and lipid components in
tea plant leaves also undergo significant changes. Although some damages can partially recover after rehydration,
the levels of many metabolites are difficult to fully return to normal (Figure 2) (Shen et al., 2022). So, scientific
irrigation is a good way to solve this problem. As long as the water keeps up, the buds can differentiate and grow
normally, and the yield and quality of tea in summer will also be better (Hasan et al., 2023).

4.2 Irrigation scheduling strategies in tea gardens

In summer, it is very important to scientifically arrange irrigation. Some studies have pointed out that if tea plants
are watered every 4 to 5 days and combined with an appropriate amount of nitrogen and phosphorus fertilizers,
the accumulation of dry matter and the growth of new shoots can be significantly enhanced. Meanwhile, the
intelligent irrigation system that utilizes remote sensing technology and soil moisture monitoring can also adjust
the watering time and water usage according to the actual water shortage situation in the tea garden. This approach
can not only ensure that tea plants have water to use, but also save water resources and improve efficiency (Wang
et al., 2021). These practices help to achieve more meticulous management of tea gardens and reduce the damage
caused by water shortage.

223



Molecular Plant Breeding 2025, Vol.16, No.4, 221-230
e http://genbreedpublisher.com/index.php/mpb

4.3 Effects on water-use efficiency and root physiology

A reasonable frequency of irrigation not only ensures that tea plants have access to water but also promotes root
development. Precision irrigation can maintain the concentration of leaf cell SAP within an appropriate range,
prevent excessive water loss from leaves, and enhance photosynthesis and the assimilation capacity of leaves.
Continuous and reasonable irrigation can also induce the root system to grow deeper and enhance the drought
resistance capacity (Wang et al., 2021). When water management and fertilization are well combined, water and
nutrients can work in synergy, enabling tea plants to grow better and have a higher yield.
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Figure 2 Models of possible mechanisms of tea plants responding to different water conditions. The red and blue arrows indicated
that the levels of metabolites increased and decreased, respectively (Adopted from Shen et al., 2022)

5 Interaction Effects of Shading and Irrigation Frequency

5.1 Photosynthetic efficiency and water use synergy

Shading can lower the temperature of the leaves and soil, which can improve the microenvironment around the tea
plants and help enhance the efficiency of photosynthesis and water use. After being treated with multi-layer
shading nets, the amino acids in the tea increased significantly and the soil moisture was also maintained more
stably. This enables tea plants to maintain a relatively high photosynthetic rate and stomatal conductance during
the hot summer days (Zhang et al., 2022; Ge et al., 2024). Shading can also enable tea plants to accumulate more
chlorophyll and carotenoids, increase the content of photosynthetic pigments, and thereby enhance the
photosynthetic capacity (Chen et al., 2021; Elango et al., 2023; Han et al., 2023). These changes work together to
enhance the water use efficiency of tea plants. Especially in hot and dry weather, shading combined with a
reasonable irrigation frequency can effectively alleviate the pressure of water shortage and help tea plants grow
better.

5.2 Combined impacts on stress tolerance and bud viability

Shading not only improves the physiological state of tea plants but also enhances their resistance to adverse
environments such as high temperatures and drought. Studies have found that shading can regulate the activity of
antioxidant enzymes and the levels of osmotic regulatory substances, enhancing the stress resistance of tea plants.
Under shading conditions, the antioxidant system of tea plant leaves is activated, which can reduce the damage
caused by strong light or high temperature and maintain the healthy growth and vitality of buds (Sano et al., 2020).
In addition, shading can enhance the stability and stress resistance of cell membranes by regulating protein
expression and metabolic pathways (Zaman et al., 2023). Reasonable arrangement of irrigation, combined with
shading, can maintain the water and nutrient supply to the buds, further promoting the growth rate and quality
improvement of the buds.
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5.3 Mechanistic insights: hormonal and molecular crosstalk

Shading can also regulate the growth, development and quality formation of tea plants by influencing light signals
and hormone metabolism. For example, shading can increase the expression of genes related to chlorophyll
synthesis (such as CsPORL-2), while inhibiting inhibitory factors like CsHYS, thereby promoting chlorophyll
accumulation (Chen et al., 2021). In addition, shading can also affect the synthesis of substances such as amino
acids and flavonoids, regulate the balance of carbon and nitrogen metabolism, and improve the quality of tea
(Zhang et al., 2020; Yang et al., 2021). When shading and irrigation frequency act together, they may affect bud
differentiation, growth and stress resistance by regulating some hormone signaling pathways (such as abscisic acid
and gibberellin) (Chen et al., 2023a). Proteomic and transcriptomic studies have also found that shading can
activate many genes and proteins related to stress coping, cell protection, and metabolic regulation. These
molecular changes provide support for the normal growth of tea plants in complex environments (Han et al., 2023;
Zaman et al., 2023).

6 Impacts on Tea Leaf Biochemical Composition

6.1 Total polyphenols and catechin profiles

Shading treatment usually leads to a decrease in the total polyphenols and major catechins (such as epicatechin
and epigallocatechin) in tea. This change helps to reduce the bitterness of tea and makes the taste milder (Xu et al.,
2020). Shading also reduces the esterification degree of catechins, especially the proportion of galacylated
catechins decreases, which further improves the flavor structure of tea (Shao et al., 2022; Zhu et al., 2023). In
addition, shading can affect the ratio of polyphenols to amino acids. The ratio of polyphenols to amino acids
decreases. This indicator is regarded as an important factor for improving the quality of green tea (Zhang et al.,
2020; Chen et al., 2022).

6.2 Amino acids and aroma precursors

Shading can also significantly increase the content of free amino acids in tea, including theanine, threonine,
glutamic acid, alanine, etc. These amino acids make the tea fresher and sweeter (Sano et al., 2018). However, the
changes in amino acids are related to the seasons. The shading effect is more obvious in spring and sometimes
decreases in summer (Zhu et al., 2023). The study also found that shading can promote the synthesis of theanine
in the roots and accelerate its transport to new buds (Yang et al., 2021). Furthermore, shading also regulates the
synthesis of carotenoids and aroma precursors, enhancing the accumulation of aroma substances, which lays the
foundation for the aroma of high-end tea (Fu et al., 2022; Elango et al., 2023).

6.3 Balance of secondary metabolites for marketable tea quality

In addition to polyphenols and amino acids, shading can also affect other secondary metabolites, such as
flavonoids, caffeine and lignin (Shao et al.,, 2022). Shading can reduce bitter flavonoids and lignin, while
increasing the levels of caffeine and pigments (chlorophyll, carotenoids), thereby making the color and taste of tea
better (Teng et al., 2020; Chen et al., 2021). In addition, shading further affects the synthesis and distribution of
these substances by regulating the expression of related genes and DNA methylation (Wakamatsu et al., 2024).
These changes combined have made the sensory quality of tea better and enhanced its competitiveness in the
market (Xu et al., 2020).

7 Agricultural and Economic Implications

7.1 Yield improvement under combined treatment

Shading can improve the micro-environment around tea plants, reduce the pressure brought by high temperatures
and strong light, help buds and leaves grow better, and enhance the quality of tea. Many studies have found that
appropriate shading (such as using double-layer shading nets) can increase the amino acid content in tea, improve
the flavor, and at the same time keep the soil moisture more stable, which is conducive to the continuous growth
of buds and leaves (Ge et al., 2024; Hu et al., 2024). Shading can also improve the photosynthetic efficiency of tea
plants, increase the chlorophyll content, and enhance the growth ability of the entire tea plant (Sano et al., 2018;
Zhang et al., 2022). Although some studies have pointed out that shading may lead to a decrease in yield per unit
area (Chen et al., 2023a), as long as the intensity of shading is reasonably adjusted and combined with an
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appropriate irrigation frequency, it is still possible to improve the quality of tea while minimizing yield loss.
Achieve a balance between the two.

7.2 Impacts on labor, inputs, and sustainability

Shading combined with scientific irrigation can also mitigate the impact of extreme weather on tea gardens. For
example, it can reduce the incidence of pests and diseases, decrease the usage of pesticides and chemical
fertilizers, thereby helping tea farmers save costs (Sun et al., 2020). Shading can also reduce the damage to tea
plants caused by high temperatures in summer, extend the picking time, improve the efficiency of tea picking, and
better arrange manpower (Zhang et al., 2022; Ge et al., 2024). Meanwhile, shading combined with reasonable
irrigation can also make the water in the soil be utilized more fully, avoid waste, and enhance the sustainability of
the tea garden ecology.

7.3 Implications for summer tea production in subtropical regions

In subtropical regions, high temperatures, strong sunlight and drought often occur in summer, which have a
significant impact on the growth of tea plants and the quality of summer tea. The coordinated management of
shading and irrigation frequency provides a feasible method for growing summer tea well in this area. By
reasonably adjusting the shading intensity and irrigation arrangement, not only can the contents of amino acids
and chlorophyll in summer tea be increased, making the flavor and appearance better, but also it can help tea
plants alleviate high-temperature stress, improve stress resistance, and allow buds and leaves to continue to grow
(Sun et al., 2020). This is of great value for enhancing the market performance and economic benefits of
subtropical summer tea.

8 Case Study: Field Evaluation in Zhejiang Tea Plantations

8.1 Experimental design: light-shading nets x irrigation regimes

In some typical tea gardens in Zhejiang Province, researchers conducted field experiments to test the combined
effects of different shading methods and irrigation frequencies. Shading treatment includes no shading,
single-layer shading and double-layer shading. For example, double-layer shading nets are set 50 centimeters
above the canopy layer of tea plants to simulate different light intensity and light quality conditions (Zhang et al.,
2022; Shu et al., 2024). The irrigation frequency was set as high frequency (daily irrigation), medium frequency
(once every three days), and low frequency (once a week) in combination with the local summer rainfall and
evaporation conditions, with the aim of creating a distinct moisture gradient in the soil (Ge et al., 2024).

8.2 Growth and quality indices under different treatment combinations

The experimental results show that shading treatment can significantly improve the growth environment of tea
plants, making the canopy temperature lower and the soil moisture more stable, thereby helping the buds and
leaves grow more tender and better (Zhang et al., 2022). When using double-layer shading nets, the contents of
umami and sweet amino acids in tea plant leaves increased significantly, while the content of tea polyphenols
decreased. The ratio of amino acids to polyphenols increased, resulting in better overall quality of tea (Li et al.,
2020). Shading can also promote the accumulation of chlorophyll and caffeine, and reduce bitter components such
as catechins and lignin (Teng et al., 2020; Shu et al., 2024). The study also found that moderate shading, such as
80% shading for 12 consecutive days, can be used to produce first-grade matcha raw materials (Hu et al., 2024).
After the irrigation frequency is increased, the soil moisture can be retained better, which can reduce the stress of
tea plants in high-temperature weather and promote the growth rate of buds and leaves and the accumulation of
inclusions together with shading.

8.3 Farmer perceptions and adoption potential

Through field visits, it was found that many tea farmers recognized that shading and reasonable irrigation were
helpful for improving the quality of summer tea, especially in years with dry and hot weather (Ge et al., 2024).
The use of shading measures such as shading nets or tree shade can not only improve the flavor of tea, but also
reduce pests and diseases and increase the diversity of microorganisms in the soil. Both ecological and economic
benefits are good (Zou et al., 2022; Que and Zhao, 2024). Although some farmers are worried that shading will

affect the yield, it is still possible to achieve both yield and quality by adjusting the shading intensity and
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controlling the watering frequency (Chen et al., 2023a). Overall, the practice of combining shading and irrigation
has a promising promotion prospect in the tea-growing areas of Zhejiang Province and is also highly accepted by
farmers.

9 Limitations and Research Gaps

9.1 Variability across tea varieties and regions

Most current research focuses on a few common varieties, such as “Longjing 43" and “Fuding White Tea”, and
the scope of research is mainly limited to some specific regions. In fact, different tea plant varieties and different
ecological environments respond greatly to shading and irrigation. For instance, for some varieties, the quality
components such as amino acids and tea polyphenols will change significantly after shading, but the same shading
method has no obvious effect on another variety (Li et al., 2020; Hu et al., 2024). Some studies in emerging
tea-growing areas such as the United States have found that the impact of shading on tea plants is quite different
from that in traditional tea-growing areas, indicating that the origin environment and the genetic background of
the variety may jointly affect the mechanism of shading and irrigation, but these have not been fully studied yet
(Zhang et al., 2022).

9.2 Lack of molecular data linking treatments to gene expression

Although some studies using transcriptome and metabolome analysis have found that shading affects some
metabolic pathways in tea plants, such as the expression of genes that control amino acid, chlorophyll and
flavonoid synthesis (Teng et al., 2020), but most of these studies only analyzed shading as one factor. There is not
much molecular evidence that truly and systematically links shading, irrigation frequency and other field
management measures to the expression of key genes related to tea quality. Especially, there is still a lack of
in-depth molecular-level research on how shading and irrigation affect bud growth and tea quality through signal
transduction, hormone regulation, etc. (Sun et al., 2020; Fang et al., 2022).

9.3 Short-term trials vs. long-term effects

Most existing studies have been short-term treatments, such as shading or irrigation for 7 to 20 days, mainly
focusing on the growth and quality changes of buds and leaves during this period (Zhu et al., 2023). However, in
real production, shading and irrigation are often long-term management measures. In the long term, it remains
unclear whether these treatments will affect the entire growth cycle, yield changes, quality stability, and even the
stress resistance of tea plants. Some studies have found that prolonged shading may suppress the carbon and
nitrogen metabolism of tea plants, having a negative impact on yield and quality (Li et al., 2020; Chen et al.,
2023a). However, at present, there is still a lack of cross-seasonal and multi-year continuous observation data,
which also makes it difficult for us to offer scientific and reliable long-term management suggestions to tea
farmers.

10 Concluding Remarks

Shading is an important method to improve the quality of tea in summer. Research has found that appropriate
shading can significantly increase the content of amino acids in tea, especially umami amino acids and theanine.
At the same time, it can also reduce polyphenols and bitter substances, making the color of the tea better and the
taste more mellow. Methods like using double-layer shading nets not only improve the microclimate of the tea
garden and lower the temperature, but also keep the soil moist, which helps the buds and leaves grow faster and
the quality of the leaves is also higher. Shading can also regulate the metabolism of carbon and nitrogen, promote
the synthesis of photosynthetic pigments, and at the same time control the expression of some related genes,
making tea plants more adaptable to adverse conditions such as high temperatures and dryness, and also easier to
accumulate beneficial substances.

Shading works even better when combined with a reasonable irrigation frequency. Moderate watering can help
maintain soil moisture and root vitality. As a result, not only will buds grow faster, but the quality of tea will also
be higher. Studies show that in the hot and strong summer environment, the combination of shading and irrigation
is a good way to scientifically manage tea gardens. As long as the right shading materials are selected, the degree

of shading and the watering time are well controlled, the growth environment of tea plants can be better regulated,
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and both the quality and yield of tea can be improved. Shading can also regulate plant hormones, enhance the
efficiency of photosynthesis and nutrient distribution, making tea plants more heat-tolerant and better able to
utilize water and fertilizer resources. These achievements provide theoretical support and practical operation
methods for tea gardens to achieve efficient and sustainable development.

In the future, remote sensing technology can be used to monitor the light, temperature and soil moisture of tea
gardens in real time, providing accurate data support for shading and irrigation. The intelligent irrigation system
that utilizes artificial intelligence technology can automatically adjust the frequency of watering based on the
weather and the growth of tea plants, achieving both water conservation and effectiveness. There is also an
intelligent shading system that can automatically adjust the shading degree according to different weather
conditions and the needs of the tea plants. These data-driven management tools will drive tea gardens to shift from
traditional models to more precise, efficient and sustainable modern agriculture.
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