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A review on detection of drought stress in tea plants through
morphological, physiological, and biochemical approaches

Abstract. Tea plants (Camellia sinensis) are important commodities with high economic value, but their
production is greatly affected by environmental stresses such as drought and extreme temperatures.
Global warming in recent years has led to extreme weather events and an increase in the earth's
temperature, which also causes drought. Drought stress is one of the most significant abiotic factors
affecting crop productivity. However, despite significant progress, there remains a notable gap in
research, particularly the lack of integrated studies that combine morphological, physiological, and
biochemical indicators for early and precise detection of drought stress in tea plants. To identify and
mitigate the impact of this stress, a comprehensive approach is needed that includes morphological,
physiological, and biochemical aspects. The morphological approach includes changes in leaf structure,
stomatal size and number, and root growth patterns. From a physiological perspective, plant response
to drought can be seen through measurements of transpiration rate, leaf water potential, and
photosynthetic capacity. On the biochemical side, the accumulation of compounds such as proline,
antioxidant enzymes, and stress-related hormones, such as abscisic acid, plays a crucial role in plant
adaptation to drought conditions. This review summarizes the latest findings related to these indicators
by analyzing relevant articles published between 2007 and 2024, obtained through reference searches
on Google Scholar and academic databases such as Scopus, EBSCO, and Clarivate. The articles were
further analyzed using descriptive methods. This review aims to summarize the latest findings related
to these indicators and identify the most effective methods for detecting drought stress in tea plants. A
deeper understanding of the tea plant's response to drought through these three approaches is expected
to provide a solid basis for developing better drought management strategies to maintain tea plant
productivity amid increasingly extreme climate change
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Introduction

Drought is a climate disaster that occurs under
most climatic conditions and can have
considerable economic, social, and
environmental impacts (Meng et al., 2023). In
recent decades, drought caused by rapid
warming has deeply affected the global climate.
Global climate change will lead to new
combinations of temperature and precipitation
patterns. Extreme precipitation events become
more common by the late 21t century due to
anthropogenic warming, particularly in high
altitudes; however, the specific responses of high-
altitude species are mostly unknown(Zhu et al.,
2020) , especially for tea.

Tea plants, as evergreen crops, are highly
sensitive to drought stress, which negatively
impacts their growth, yield, and quality.
According to a report from the International Tea
Committee (International Tea Committe (ITC),
2024)), some tea-producing countries experience
a 15-30% drop in yield during extreme drought
seasons. In India, for example, tea production in
Assam and Darjeeling fell by almost 20% in the
summer of 2021 due to extreme weather (Food
Agricultural Organization, 2022). Climate change
is also causing some previously suitable lands for
tea cultivation to become unsuitable. A study
conducted by Ahmed et al. (2020) shows that in
Kenya, it is estimated that about 26% of tea
plantation areas will lose their suitability for
high-quality tea cultivation by 2050. Similarly,
climate model simulations in Indonesia project a
reduction in the optimal area of tea cultivation in
West Java by 12-18% if temperatures continue to
increase by more than 2°C (Fatawa et al., 2024).
Climate change is also causing shifts and
uncertainty in harvest seasons. For example,
green and black tea production experienced
significant harvest irregularities in Sri Lanka,
making production planning and marketing
difficult(Srilanka Teaboard, 2023) . A similar
situation was reported in some (Food
Agricultural Organization, 2022) tea plantations
in West Java, where the timing of young leaf flush
became erratic, resulting in supply irregularities
(Badan Litbang Pertanian., 2022). Furthermore,
changes in temperature and humidity affect the
content of secondary metabolites such as
catechins, teaflavins, and tearubigins that
determine the flavor and aroma of tea. Research
by (Han et al, 2018) showed that high
temperatures and drought can reduce catechin
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levels by up to 25%, leading to a decrease in the
sensory quality and selling value of tea.

This review summarizes recent research
on physiological, biochemical, and molecular
responses of tea plants to drought stress. Tea
plants are susceptible to changes in
environmental conditions, such as fluctuations in
temperature, humidity, light intensity, and water
availability. Non-optimal environmental
conditions can cause stress to the plant, which in
turn affects its growth, development, and
productivity. Environmental stresses can be
divided into several types, including abiotic
stresses (such as drought, salinity, extreme
temperatures, and light) and biotic stresses (such
as pathogen and pest attacks). Each type of stress
can trigger specific responses in plants, either
morphologically, physiologically, or
biochemically. One of the stresses that often hits
tea plantations is drought stress, which can cause
a decrease in water content in plant tissues,
changes in leaf structure, and accumulation of
osmoregulatory compounds (Qian et al., 2018)

Drought stresses can be characterized by
extreme temperatures, such as high
temperatures, which affect key enzymes in the
photosynthetic process(Sun et al., 2022)
Increased light intensity causes a decrease in
chlorophyll and the yellowing of tea leaves
(Zhang et al., 2023). Plants adapt to drought stress
in their environment through drought escape,
drought avoidance, drought tolerance strategies,
or a combination of all three (Yadav & Sharma,
2016) By plants, these strategies are packaged in
various forms of morphological, physiological,
biochemical, and molecular adaptations as a
unified plant adaptation system in response to
water deficits in the environment (Zlatev, 2012).

Drought stress is the inevitable factor that
exists in various environments without
recognizing borders and with no clear warning,
thereby hampering plant biomass production,
quality, and energy. It is a key important
environmental stress that occurs due to
temperature dynamics, light intensity, and low
rainfall (Seleiman et al, 2021). Drought is a
serious threat to tea plantations, significantly
affecting tea shoot production. The negative
impact of these factors will cause a decrease in the
water potential of plant cells, resulting in osmotic
stress. Osmotic stress causes oxidative damage
and involves the formation of reactive oxygen
species (ROS) in plant cells, which then causes
membrane damage(Nour et al, 2024). The
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production of ROS in plant cells displays both
detrimental and beneficial effects. However, the

exact pathways of ROS-mediated stress
alleviation are yet to be fully elucidated (Sachdev
et al., 2021)

Plants can respond to stress
morphologically, physiologically, and

biochemically. Tea plants can adapt to a variety
of stresses, but tolerance levels vary by cultivar.
A deep understanding of how tea plants respond
to various drought stresses is essential for
developing adaptation and mitigation strategies.
Morphological, physiological, and biochemical
analysis methods provide effective tools to study
plant responses holistically. Morphological
analysis involves visual observations and
physical measurements of plant parts such as
leaves, stems, and roots. Physiological analysis
involves the study of vital plant functions,
including the processes of photosynthesis,
respiration, and transpiration. Meanwhile,
biochemical analysis focuses on the identification
and quantification of important compounds in
the plant that play a role in adaptation and
defense mechanisms. Therefore, the objective of
this review is to critically analyze current
methods used to detect drought stress in tea
plants across morphological, physiological, and
biochemical domains, highlight their advantages
and limitations, and propose an integrated
framework for more accurate and early detection.
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Materials and Methods

The reference search of this review was
conducted through Google Scholar and academic
websites such as Scopus, Ebsco, and Clarivate
using the keywords “drought stress,” “Camellia
sinensis,” “climate change,” and “morphological,
biochemical adaptation”. The articles obtained
are relevant for further analysis using descriptive
methods. Articles published between 2007 and
2024 were considered to ensure the inclusion of
recent and appropriate findings. A total of
approximately 54 articles were initially retrieved.
Inclusion criteria comprised original research
articles, review papers, and book chapters that
addressed drought stress detection in tea plants
through  morphological, physiological, or
biochemical approaches. Studies focusing on
general drought stress in other crops were
included only if they provided comparative
insights applicable to tea plants.

Results and Discussion

Morphological Responses of Tea Plants under
Drought Stress

Drought stress reduces plant height,
decreases the number and area of leaves, reduces
the fresh and dry weights of the leaves,
significantly reduces root length and weight, and
reduces the content of leaf photosynthetic
pigments (Shil & Dewanjee, 2022) Tea plants
exhibit various morphological adaptations to
cope with drought stress, which are crucial for
maintaining their growth and productivity.
These adaptations include changes in leaf
structure, root development, and overall plant
architecture.

Leaf Morphology and Anatomy. Under
drought stress, tea plants exhibit smaller leaves,
thicker cuticles, and reduced stomatal
conductance to minimize water loss. In tea plants,
which are cultivated in tropical and subtropical
regions with seasonal rainfall, the ability to
maintain high water content during drought
periods is an important physiological feature in
abiotic stress resistance. The cuticle layer
becomes thicker, enhancing the leaf's ability to
retain moisture. Additionally, there is an increase
in trichome (leaf hair) density, which reflects
sunlight and reduces leaf temperature, further
conserving water. Stomatal density may also
decrease, leading to reduced transpiration rates.
These modifications collectively enhance the
plant's drought tolerance (Qian et al., 2018).

Relative water content (RWC) decreases
significantly during drought but recovers
partially upon rehydration (Shen et al., 2022).
RW(C is a physiological parameter that reflects the
water status of plant tissues, particularly their
hydration level relative to their maximum water-
holding capacity. Relative water content is a
direct measure of the dehydration state of plant
organs and is tightly linked with cell volume and
turgor under most Dbiologically relevant
circumstances, and these are likely to be the key
drought stress signals to which most plant
biochemical systems respond (Sack et al., 2018).

Root System Adaptations. Drought stress is
a major environmental constraint that limits
water availability for tea plants. One of the key
adaptive responses to this stress is modification
of root system architecture (RSA)— particularly
an increase in root depth, length, and biomass to
improve water acquisition from deeper soil
layers. Drought is one of these stresses (Gupta et

Anjarsari IRD, Suminar E, Wiharti NR. 2025. A review on detection of drought stress in tea plants through
morphological, physiological, and biochemical approaches. Jurnal Kultivasi, 24 (1): 69-81.



72

al., 2020) (Gupta etal., 2020), and roots have
evolutionarily to become the first organ that
senses the changes in soil moisture and adapts to
them at morphological, anatomical, and
molecular scales (Zahedi et al., 2024) (Amtmann
et al., 2022)(). Fresh water availability is projected
to decline by 50% owing to climate change,
whereas water demand for agriculture is
expected to double by 2050 (Gupta et al.,
2020)Temperature extremes, whether too hot or
too cold, can damage plant tissues, disrupt
physiological processes, and reduce the quality
and quantity of tea production. In addition to the
changes already mentioned, tea plants may also
undergo modifications to the root system in
response to environmental stress. For example,
plants may develop deeper roots or increase the
production of lateral roots to enhance the uptake
of water and nutrients from the soil, which may
become more difficult to access due to
unfavorable environmental conditions. Tea
plants subjected to drought stress often develop
deeper and more extensive root systems. This
adaptation allows them to access water from
deeper soil layers, improving their ability to
withstand prolonged dry periods.

Drought rhizogenesis, where new roots
form wunder drought conditions, has been
observed in some plant species, enabling rapid
water uptake upon rehydration (Thiep et al.,
2015). Root system architecture (RSA) is the
spatial distribution of roots in the soil profile
(Pandey & Bennett, 2019)and it is primarily
shaped by length, branching, angle, and
thickness. Root System  Architecture is
characterized by a series of traits including
rooting depth, root growth angle, root-to-shoot
ratio, root diameter, root length density, root
surface area, root volume, root distribution, root
tip frequency, and root hair development
(Germon et al., 2020). Roots have developed the
ability to change the RSA traits in response to
water stress (‘plasticity’) (Kang et al., 2022). A
review showed that drought decreased total root
length and tip frequency, increased rooting
depth, and had no effect on root branching in tree
species (Brunner et al., 2015). According to Xiao
et al., (2020) the root system configurations, such
as root hair, root branches, and root density, can
significantly affect the water deficiency of
plants.According (Zhou et al., 2018) found that
tea seedlings exposed to progressive drought for
21 days had a 46% increase in root mass fraction
and a significant increase in specific root length
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(SRL), allowing the plant to exploit a larger soil
volume for water absorption. Furthermore,
according to (Wang et al., 2020) that root scanning
and 3D modeling demonstrated that tea plants
under drought conditions increase vertical root
penetration by an average of 12.4 cm deeper
compared to control plants. The study
emphasized that drought-stressed plants showed
a shift toward fewer but thicker roots in upper
layers and denser root networks in deeper soil
strata (>30 cm depth).

Stem and Branch Modifications. Drought
stress can lead to reduced stem elongation and
altered branching patterns in tea plants
(Rokhmah et al., 2022). These changes result in a
more compact plant architecture, which reduces
the overall water requirement and exposure to
sunlight, thereby minimizing water loss. Drought
stress can reduce cell division and expansion,
nutrient uptake and transport, and alter
phytohormone metabolism and signaling, as well
as general metabolism in plants (Xiao et al., 2020).
Reductions in  stem  elongation and
photosynthetic rates can result from acclimation
and can intensify with increasing stress (Xu et al.,
1997). The reduction in stem elongation under
drought stress may result from a reduction in cell
division, expansion, or both. Cell expansion, an
increase in cell volume, is very sensitive to
drought stress. Reduced cell size is often
observed across a range of drought severities
(Zhao et al., 2011). Loosening of the cell wall to
increase plasticity and the presence of adequate
turgor pressure are key factors that facilitate cell
expansion  (Cosgrove, 2015). Cell wall
extensibility is affected by multiple enzymes,
including  expansins.  Expansins increase
loosening of the cell wall, potentially by breaking
bonds among cellulose microfibrils and/or
hemicelluloses, thereby allowing turgor pressure
to expand the cell (Cosgrove, 2015)

In addition, drought stress often triggers
stomatal closure in tea leaves to reduce water
loss, which limits CO, intake and inhibits
photosynthesis. As a result, the growth rate is
reduced, and the formation of new leaves is
inhibited. Extreme temperatures, such as heat
waves, can cause thermal stress that damages
proteins and cell membranes, while low
temperatures can freeze plant tissues. All these
factors result in reduced yield and quality of tea
production. Proper agronomic management,
including efficient irrigation, plant protection,
and selection of stress-resistant varieties, is
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essential to reduce the negative impact of
environmental stress on tea plants (Samarina et
al., 2020).

Physiological Responses of Tea Plants under
Drought Stress

Photosynthesis Performance. Environmen-
tal stresses such as drought extremes significantly
impact tea plants' growth and morphological
development. Drought causes water stress that
inhibits photosynthesis, reduces leaf growth, and
affects water use efficiency. Excess or lack of
water can also cause stress conditions, as water is
a core environmental factor affecting plant
growth and development (Rezamela et al., 2020)

Photosynthesis is the essential metabolic
activity that produces energy and carbohydrates
for the growth and development of tea plants.
Drought reduces photosynthesis due to stomatal
closure, limiting CO, uptake (Ding & Jiang, 2022).
This leads to decreased carbohydrate synthesis
and overall energy production (Gu et al., 2020).
The foliar photosynthetic rate is decreased with
the decrease of relative water content (RWC) and
water potential under drought stress (Qian et al.,
2018)

Tea plants regulate their growth and
development under temperature stress through
physiological and biochemical adaptations, such
as adjusting their photosynthetic machinery,
activating  stress-responsive  genes,  and
accumulating compatible solutes to maintain
cellular osmotic balance. Drought stress reduces
the availability of water for tea plants, leading to
stomatal closure, decreased photosynthesis, and
ultimately, reduced growth. Tea plants respond
to drought stress by closing stomata to minimize
water loss, developing a deeper root system to
access deeper soil moisture, and synthesizing
protective compounds like proline and
antioxidants to mitigate oxidative damage caused
by drought-induced reactive oxygen species
(Morris, 2023)

When exposed to drought stress,
physiological changes in tea plants include
various complex responses that affect overall
plant growth and development. In addition,
drought stress can affect the photosynthesis
process of tea plants. Decreased photosynthesis
can occur due to disruption in the carbon dioxide
uptake process or damage to photosynthetic
pigments due to oxidative stress. Plant cells may
also change the cell membrane’s structure and
composition, affecting the cell’s permeability to
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water and nutrients. As a result, the tea plant may
experience a decrease in its uptake of water or
essential nutrients from the soil, which may
hinder its growth and development (Maritim et
al., 2015)

Prolonged drought stress can also lead to
chronic stress conditions that inhibit the overall
growth and productivity of the tea plant. One of
the main changes occurs in the chlorophyll
content, a pigment that plays an important role in
photosynthesis. Drought stress and extreme
temperatures often lead to a decrease in
chlorophyll content, which impacts
photosynthetic efficiency and plant growth (Li et
al., 2024).

Nutrient Use Efficiency. Nutrient use
efficiency (NUE) refers to the ability of plants to
absorb, translocate, and utilize nutrients
efficiently for growth, development, and yield
production. Under drought stress, NUE become
a critical factor as water scarcity directly affects
nutrient availability, uptake, and metabolism in
plants. This is particularly important in tea plants
which are often grown in regions prone to
periodic drought. Mineral nutrients play
electrochemical, structural, and catalytic roles in
all biological organisms and are essential for the
completion of the plant life cycle (Lopez et al,,
2023). Abiotic stresses and nutrient deficiency
severely impact the growth, development, and
productivity of plants (Shikha et al., 2023).
Environmental changes cause abiotic stress in
plants primarily by altering the uptake and
utilization of the nutrients. Maintaining nutrient
use efficiency under abiotic stress is an effective
means of increasing plant stress resistance. Thus,
the intensification of abiotic stresses will require
the development of plants with high nutrient use
efficiency (Liang et al.,, 2023). For tea plants,
maintaining NUE under drought stress is vital for
sustaining yield and quality. Strategies to
enhance NUE include:

Breeding for Drought-Resilient  Varieties:
Developing tea cultivars with traits such as
deeper root systems or higher water use
efficiency (WUE) can improve Nutrient Use
Efficiency under drought conditions. WUE is an
important parameter in assessing how efficiently
plants use water to produce biomass or
photosynthetic products. Under drought stress
conditions, WUE is very relevant because it
reflects the ability of plants to adapt to water
limitation to improve the production of adapted
varieties, future breeding programs must
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combine desirable plant traits that complement
climate, soil, and management practices (e.g.,
sowing dates, fertilization, plant density, etc.) in
target production systems (Varshney et al., 2021).

Optimized Fertilization Practices:

Fertilization optimization is one of the
important strategies in managing drought stress
in tea plants especially in the context of climate
change, which increases the frequency and
intensity of droughts in plantation areas. Tea
plants are very sensitive to water availability, and
a lack of water can inhibit physiological processes
such as photosynthesis, nutrient uptake, and the
formation of secondary metabolites that
determine yield quality. Therefore, proper
application of fertilizers in terms of type, dosage,
timing, and application method can help improve
water use efficiency (WUE), stimulate root
growth, and strengthen the plant's defense
system against drought stress (Zerfu, 2018).
Fertilizer management enhances WUE by
promoting  stomatal regulation, osmotic
adjustment, and the maintenance of leaf turgor
pressure under water-limited conditions (Farooq
et al., 2009). Adequate nitrogen and potassium
supply, for example, supports deeper and more
extensive root development, improving water
and nutrient acquisition from the soil (Xu et al.,
2010). Moreover, balanced fertilization can
upregulate the synthesis of antioxidant enzymes
such as superoxide dismutase (SOD) and catalase
(CAT), which protect plant cells against oxidative
damage caused by drought-induced reactive
oxygen species (ROS) (Ashraf, 2010).

Nutrients such as nitrogen (N), phosphorus
(P), and potassium (K) play a crucial role in
enhancing the drought resistance of tea plants.
Nitrogen supports the synthesis of proteins and
chlorophyll that are important in maintaining
photosynthetic activity, while phosphorus
strengthens root growth, thereby increasing the
plant’s ability to absorb water. Potassium has a
special role in regulating stomatal aperture and
maintaining osmotic balance, which is important
in maintaining cell turgor in times of water deficit
(Taiz and Zeiger, 2015). The nutrient supply is
crucial to improving tea plant health and
productivity, Fertilizer optimization is a key
strategy to manage drought stress in tea by
improving water use efficiency, enhancing root
development, and supporting physiological

resilience (Que & Zhao, 2024). Balanced
application of nitrogen, phosphorus, and
especially potassium helps maintain
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photosynthesis, regulate stomatal function, and
promote osmotic adjustment under water deficit.
The increased uptake of nutrients from soil
due to the application of chemical nutrients
or biofertilizers  might have  produced
enough carbohydrate in leaves for
translocation to the sink for maximum
productivity (Easwaran et al., 2023). Biofertilizers
such as mycorrhizae and phosphate-solubilizing
bacteria can enhance nutrient uptake and root
health, increasing the plant’s ability to access
moisture during drought. Integrating organic
and inorganic fertilizers improves drought
tolerance and tea yield by supporting antioxidant
defense and metabolic stability. The integration
of organic and inorganic fertilizers enhances
drought tolerance in tea by improving soil
structure and water-holding capacity (via organic
inputs), while ensuring immediate nutrient
availability (via inorganic sources). This synergy
promotes root development, osmotic adjustment
(e.g., proline and soluble sugars), and activates
antioxidant enzymes, thereby stabilizing cellular
metabolism under drought stress. The improved
nutrient balance also supports chlorophyll
maintenance  and  secondary  metabolite
production, contributing to sustained yield and
quality under water-limited conditions (Manzoor
et al., 2024). Thus, targeted fertilization not only
mitigates drought impacts but also sustains tea
productivity under climate stress (Easwaran et
al., 2023). Integrated fertilization improved the
soil nutrient status, which is associated with the
improvement of tea growth and quality
(Manzoor et al., 2024)

Soil Moisture Conservation Techniques: The
scarcity of water caused by rising temperatures
and unpredictable rainfall patterns is responsible
for the limited crop yields in arid and semi-arid
regions (Li et al.,, 2018). Hence, it is crucial to
manage water usage on farmland to preserve
water  resources in  agricultural areas.
Implementing mulching or other soil moisture
retention practices can mitigate the effects of
drought, thereby supporting consistent nutrient
availability and uptake (Demo & Bogale, 2024).
Mulching helps conserve water resources, reduce
soil erosion, and minimize nutrient runoff, which
can improve water quality (Blaise et al., 2021).
Among the reviewed strategies, optimized
fertilization practices emerge as one of the most
directly effective methods to enhance NUE under
drought stress. The reason is that targeted
nutrient management immediately addresses the
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nutrient imbalance caused by limited water
availability. Overall, a combination of optimized
fertilization practices with soil moisture
conservation offers a practical and immediately
implementable solution, while breeding for
drought-resilient varieties is crucial for long-term
resilience. The following table summarizes the
comparison of NUE strategies under drought
stress:

Table 1. Summarizes the comparison of nutrient
use efficiency (NUE) strategies under drought
stress

Strategy Mechanism  Strength
Breeding for Develops Sustainable
drought-resilient traits like long-term
varieties deep roots solution,

and higher  genetic

WUE improvement
Optimized Enhances Immediate
fertilization nutrient effect: improves
practices availability =~ physiological

and uptake  resilience
integrated Enhances Improves
fertilization nutrient drought
(chemical + absorption  tolerance,
biofertilizers) and soil boosts

health antioxidant

systems

Soil moisture Retains soil ~ Easy to
conservation water, implement,
techniques (e.g.,  supports cost-effective
mulching) consistent

nutrient

uptake

Biochemical Responses of Tea Plants to
Drought Stress

Tea plants exhibit various biochemical
responses to mitigate the adverse effects of
drought stress. These responses are crucial for
maintaining cellular homeostasis and ensuring
plant survival under water-deficient conditions.

Phytohormone. Plants accumulate
hormones [e.g., abscisic acid (ABA) or salicylic
acid (SA), or methyl jasmonate (MJ) under abiotic
stress conditions and pathogen attack. Among
the hormones, Abcisic acid is involved in several
abiotic and biotic stress conditions and is
therefore considered an essential and versatile
compound. In contrast, SA, M], and ethylene (ET)
help in resistance against biotic stress (Bharath et
al., 2021). Abscisic acid (ABA) is a stress hormone
that accumulates under different abiotic and
biotic stresses. A typical effect of ABA on leaves
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is to reduce transpirational water loss by closing
stomata and simultaneously defending against
microbes by restricting their entry through
stomatal pores (Bharath et al., 2021). When plants
were exposed to water stress (drought), an
increase in ABA was typical due to either
synthesis or degradation of ABA or both (Chen et
al., 2020 )(Ma et al., 2018)(; (Gietler et al., 2020)).
The soil-water deficit could be perceived as a
signal by roots to trigger ABA’s de novo synthesis
(Qi et al, 2018). Salicylic acid (SA) is an
endogenous  growth regulator naturally
produced by plants and belongs to the group of
phenolic acids. It plays an important role in
regulating plant growth, development, and
physiological processes such as photosynthesis
and metabolism. SA also enhances plant
resistance to biotic and abiotic stresses
(Damayanthi et al., 2023).

Under drought-stress conditions, ABA and
Salicylic Acid (SA) contents rapidly accumulated
in the cells of tea plants, and drought-resistance
tea cultivars showed higher ABA and SA
contents than drought-susceptible tea cultivars
(Liu et al., 2015). ABA is generally emphasized
and regarded as a key drought-sense signal from
root to shoot. Stomatal closure can also result
from direct evaporation of water from guard cells
through an active metabolic process involving the
reversal of ion fluxes responsible for stomatal
opening. This process is regulated by ABA, which
mediates signaling between shoots and roots
(Sharma et al., 2023). ABA limits transpiration
water loss and gas exchange by inducing
stomatal closure (Kishor et al., 2022).

Secondary Plant Metabolites. Drought
negatively impacts the quality of active
ingredients in medicinal and aromatic
plants (Emami et al., 2024). Water availability is
a crucial environmental factor influencing the
growth, development, and synthesis of medicinal
plant constituents. Drought stress can influence
the biosynthesis of secondary metabolites in tea
plants, such as flavonoids and tannins. These
compounds have antioxidant properties and may
play roles in mitigating oxidative stress. Changes
in secondary metabolite profiles can also affect
the quality attributes of tea, including flavor and
aroma. Water stress causes a reduction in plant
size, reduces plant leaf area, decreases whole
biomass, and not only alters the plant structurally
and anatomically but also leads to fluctuation of
their secondary chemical constituents. Secondary
plant metabolites (SPMs) are useful to assess the
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quality and quantity of the therapeutic
ingredients, and such metabolites synthesized by
the plant help to cope with the negative effects of
stress for adaptation and defence (Shil &
Dewanjee, 2022).

On the other hand, under drought
conditions, tea plants can synthesize a wide
variety of flavonoids, including anthocyanins,
flavonones, flavonols, and flavanols. As
important secondary metabolites in tea plants,
flavonoids not only play a role in the stress
response of tea plants but also have a significant
impact on tea quality (Dong et al, 2019).
Flavonoids are responsible for the bitter taste of
tea infusions by activating bitter receptors in
humans. Flavonoid glycosides are also the main
pigments in green tea infusions that determine
the appearance and quality of green tea (Li et al.,
2023). These secondary metabolites not only
serve as defense agents against pathogens and
pests but also have important roles as
antioxidants that help reduce drought damage.
Under the influence of environmental stresses
such as drought and temperature extremes, the
biochemistry of tea plants undergoes significant
changes that reflect adaptation and stress
response. One common response is the increased
production of antioxidant compounds such as
polyphenols and flavonoids. Tea plants produce
these compounds as a defense mechanism
against environmental stress, such as excessive
UV exposure or extreme temperatures.

Proline. Proline degradation is equally
essential for supplying energy under long-term

osmoregulation

Chemical
chaperone

Jurnal Kultivasi Vol. 24 (1) April 2025
ISSN: 1412-4718, eISSN: 2581-138X

stress and when the plants are relieved from
stress. Proline is synthesized in
chloroplasts/cytoplasm but transported through
proline porters to the root and shoot tips, where
it supplies energy by oxidation in mitochondria
(Kishor et al, 2022). In addition, under
environmental stress conditions, such as drought
or excess water, tea plants can show an increase
in the production of osmotic compounds such as
proline, which help maintain osmotic pressure
and water balance in their cells.

Drought spur the formation of proline.
Proline is one of several small molecules
classified as osmolytes or osmoprotectants (X.
Liang et al., 2013). Proline is one of the amino
acids produced by plants when experiencing
abiotic stress. One of the abiotic stresses in
question is drought stress. Plants that experience
drought stress will wusually try to make
physiological ~adaptations. One form of
physiological adaptation is to produce proline.

Proline is synthesized as a compound that
helps the plant maintain cell turgor. Proline
content in drought-tolerant plants is seen to
increase in accumulation compared to drought-
sensitive plants (Masheva et al.,, 2022). Proline
levels can be used as an indicator of drought
resistance (Khan et al., 2025), but not all plants
produce it, including even drought-resistant
species. The following illustrates the potential
function of proline and proline metabolism in
stress protection (Fig. 1).

Energi Production
NADPH/NADP+
Redox regulation

Glutathione Proline

pool metabolism

S + B

Figure 1. Potential functions of proline and proline metabolism in stress protection (Liang et al., 2013)
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The figure shows changes in proline and
total sugar levels in tea clones, along with the
duration of drought stress. The increase in
proline content is a characteristic of plants in
acclimatizing to stress. Proline accumulation was
highest in clone 276 (50.13%) after 40 days of
drought stress, while clone 278 (1.54%) showed
the smallest increase compared to control plants.
Proline acts as an osmoprotectant during drought
stress; high proline accumulation in clone 276
indicates that this clone has genotypic tolerance
to drought. Proline accumulation helps maintain
water balance and prevent membrane distortion.
Under water stress conditions, resistant and
tolerant cultivars accumulate higher proline
levels than susceptible cultivars (Masheva et al.,
2022). Total sugar content increased after 40 days
of drought stress by 52.20% and 52.08% for clones
285 and 399, respectively, compared to the control
(Chaeikar et al., 2020). During drought stress,
especially severe or prolonged, plants utilize
soluble sugars optimally to maintain growth.

An increase in total sugar content under
drought conditions is a positive characteristic of
drought-tolerant plants. Activation of the ROS
system helps protect proline and soluble sugars
against oxidant stress. Abiotic stress leads to
increased accumulation of proline, which acts as
an osmolyte. Proline helps stabilize antioxidant
proteins and enzymes, scavenge ROS, restore
intracellular redox balance, and trigger cellular
signaling M. ]J. Zhang et al, 2020).
Environmental stress also affects enzyme activity
and  secondary  metabolite = production.
Antioxidant enzymes such as superoxide
dismutase (SOD), catalase (CAT), and peroxidase
(POD) have increased activity in response to
stress-induced oxidative stress (X. Zhang et al.,
2023). Reactive oxygen compounds (ROS)
produced in response to stress can damage cells,
so an increase in antioxidant enzyme activity
helps protect plant cells from oxidative damage
(Han & Wang, 2023).
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utilized. NUE also plays an important role in
strengthening the plant's adaptive response to
drought. The integration of these three
approaches allows for more accurate
identification of stress and supports the
development of adaptation strategies to enhance
tea plant resilience under climate change. Future
research should focus on field experiments
evaluating the combined effects of optimized
fertilization, biofertilizer application, and soil
moisture  conservation techniques  across
different environments would provide practical
insights. Exploring the role of microbial
inoculants and biostimulants in enhancing
physiological and biochemical responses under
drought conditions is also recommended.
Developing predictive models that link
morphological, physiological, biochemical, and
environmental data will further support
precision management strategies in tea
cultivation under climate change.

Conclusion

Detection of drought stress in tea plants through
morphological, physiological, and biochemical
approaches provides a comprehensive picture of
plant responses to water deficit. Changes in leaf
structure, decreased photosynthetic activity, and
accumulation of proline, ABA, and secondary
metabolites are important indicators that can be
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