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ABSTRACT

The function of water for plants is crucial, including playing the roles in metabolic reactions. The aims of this article are to give
information on the effects of drought stress on plant morphology, physiology, and biochemistry, as well as mitigation methods in
drought stress management for plant production. Plants manage drought stress using a mechanism, namely drought escape, drought
avoidance and drought tolerance. Drought escape is the ability of plants to accelerate flowering or life cycle, drought avoidance is the
ability of plants to reduce water loss and increase water absorption through morphological changes in the root system, drought tolerance
is the plant adaptation to drought by changes in plant physiological and biochemical processes. Physiological changes that occur include
closing the stomata and decreased photosynthesis. The biochemical responses include the synthesis of solute compounds as a form of
osmotic adjustment in the cell called osmotic adjustment to reduce water loss from the cell. The biochemical indicators are the increased
concentrations of abscisic acid (ABA), proline, and sugar (trehalose). ABA acts as a signal to stimulate stomatal closure to reduce the
transpiration rate. Proline is an indicator of plants adapting to drought stress, playing a role in the osmotic adjustment of cells to retain
in the cell. Trehalose is a compatible sugar acting as an osmoprotectant, it can maintain the integrity of cell membranes (water
replacement) and form hydrogen bonds (water entrapment). Plants under drought stress conditions can adapt by making morphological,
physiological, and biochemical responses by osmotic adjustment. These conditions need to be managed so that appropriate strategies
and technologies are needed as mitigation measures.
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1. Introduction

The aims of this article are to give information on the effects of drought stress on plant morphology, physiology,
and biochemistry, as well as mitigation methods in drought stress management for plant production. Water is a vital
requirement for the survival of plants. Plant tissues are composed mostly of these, which are about 80% to 95%,
predominantly found in the cytoplasm and vacuoles [1]. However, some tissues have a content of about 10—15%,
one of which is dormant seeds [2]. Water is a major factor in plant growth since it is needed by plants to carry out
physiological processes [3]. In plants, these are the main molecule that makes up protoplasm (cytoplasm, nucleus,
and organelles) [4]. Besides that, these is a solvent for dissolved substances in cells. If water is used as a solvent for
acidic or alkaline components, it will be positively charged (K*, Ca™, NH4") or negatively charged (NO3~ SOs,
HPOy), respectively. The functions of these as a medium for metabolic and physiological reactions in plants, in
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which metabolic and physiological activities can decrease when there is a lack of water and also plays a role as a
medium for transporting essential nutrients and minerals from the soil so that a lack of water can reduce the rate of
nutrient uptake from the soil by roots [5]. These is also one of the main factors determining plant production related
to biomass production and transpiration rate [6]. Water will affect cell turgidity, thereby affecting the process of
opening and closing stomata. The conversion of sunlight will be reduced if the stomata are closed, which will affect
the photosynthesis results [7]. These are also affects transpiration in plants, in which more water will increase the
transpiration rate and vice versa [8].

Plants are always exposed to various stress conditions, including biotic stresses such as pests, pathogens,
viruses, nematodes [9], and abiotic stresses, namely drought, water saturation, temperature, and salinity . One of the
stresses influencing the growth and yield of cultivated plants is drought [10]. According to the agronomic point of
view, drought is defined as the relationship between moisture and water availability in the soil. These absorption
and dissolved mineral nutrients decrease when there is a lack in the soil [12]. Disruption in the absorption process
disrupts metabolic processes, impacting plant physiological and morphological functions, which can affect yields
[11]. Drought occurs due to climate change and soil type. All regions in the world with a share of seawater will
experience El Nifio, a condition in which the sea surface temperature (SST) warms up, resulting in a long drought
that decreases the water availability, which is predicted to affect the rate of evapotranspiration [13]. In Indonesia, in
the range of 2019, EI Nifio had an impact on the expansion of dryland areas almost three times compared to that in
2017 [14]. The characteristics of soil types are very diverse [15], so the ability of the soil to hold water in field
capacity varies according to the soil texture [16, 17]. Sandy soil type can hold water about 2.1 in/ft, clay can hold
these around 3.8 in/ft, while clay soils can hold these around 4.4 in/ft [18].

In the soil these are divided into four types, including chemical, hygroscopic, capillary, and groundwater [19].
Chemical water located in the soil surface that still contains chemicals (from rain) and is a type of soil that is not
available to plants. Hygroscopic is strongly bound by the soil (permeates). Capillary fills the capillary pores
(infiltration) in the soil with a greater cohesive force than the adhesion force on soil particles, making it available to
plants. Whereas groundwater can continue to fall to the bottom layer due to the influence of gravity (percolation).
Available of these is defined as the condition or difference between the amount of the field capacity and the amount
of the wilting point [20]. Field capacity is the amount of capillary in the soil, while the wilting point is the amount
of hygroscopic water in the soil.

2. Water deficit

The ideal soil composition consists of 45% mineral content, 25% water, 25% air, and 5% organic matter [22,
23]. This condition will stabilize the water tension at field capacity (pF) on the soil, stabilizing the force of attraction
between water molecules (cohesion) and between water molecules and soil particles (adhesion) becomes. If cohesion
is stronger than adhesion, the water can’t be bound by soil pores [24, 25]. In addition to being influenced by the
adhesive power, the soil’s ability to bind water also depends on the type of soil. The higher the clay content of the
soil, the lower the adhesion force, causing a low pF value, resulting in water saturation so that water is not available.
On the other hand, low cohesion will result in a high pF value, which in turn causes a water deficit [26, 27]. Besides
being influenced by field capacity force (pF), it is also influenced by water potential [28, 29]. At a pressure of 0
MPa, the soil is saturated with water, while -0.33 MPa at field capacity conditions and -1.5 to -3 MPa is the
permanent wilting point [30, 31]. In addition to the influence of pressure, according to Easton [23] and Datta et al.
[32], the volume of water in the soil also depends on the type of soil to bind water so that it will determine water
saturation (sand: 39%, clay: 50%, clay: 54%), field capacity (sand: 8-10%, clay: 20-35%, clay: 36—49%) and
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permanent wilting point (sand: 4%, clay: 9%, clay: 29%). A high pF value will lead to high percolation, resulting in
water loss and a low groundwater potential. Otherwise, a low pF value causes low water holding capacity with the
soil pores (adhesion), resulting in low groundwater potential.

In drought conditions, plants will lack water in the rhizosphere (around plant roots), decreasing groundwater
potential (W) and increasing osmotic potential in plant cells (¥'s), which decrease plant cell turgor pressure (\Vp) (-)
[33, 34]. Such conditions must be balanced by maintaining cell turgor pressure to remain in a positive condition.
Turgor pressure (Wp) that has a positive value depends on the ability of plant cells to balance the value of ¥ and the
value of W, with a certain scheme. This condition is called osmotic adjustment in plant cells (osmotic adjustment),
shown in an equation of ¥y, = ¥s + ¥, [35, 36].

Table 1: Water status relationship between water potential and soil water volume

1 1 0,

Water status pFWater potentla;/is;us Sand Soil wa(t;:lra;tatus ) Loam Availability to plant
Saturation 0 0 39 50 54 Unavailable
Field capacity (-) 125 (-)0.33 8-10 20-35 3649 Available
Wilting point (-)4.2 (-) 1.5 4 9 29 Unavailable

Source: [23, 32] - modified

Turgor pressure affects the shape, reaction, and cell changes in plants. Water deficit in grains (barley and corn)
was reported to decrease cell turgor pressure [37, 38]. Under decreased turgidity, water molecules leave the cell. If
water continues to leave the cell, the cell loses flexibility, resulting in wilting [39]. To prevent water from leaving
the cell, the cell applies an osmoregulation mechanism to maintain the turgor pressure remains positive (+). If
transpiration continues to occur, while the water absorption process continues to decrease, the cell is no longer able
to maintain turgidity, other than wilting, if the plant is unable to recover, the plant may die [40]. Water deficit in
plants can affect morphology and physiology. At the morphological level, water deficit will cause the leaves to
wither, the leaves to shrink, curling leaves, the small number of leaves, the elongated roots [41, 42], and early
flowering [43]. At the physiological level, it can disrupt metabolism, thereby affecting crop yields. The metabolic
process is characterized by the formation of compounds in response to drought conditions, such as sugar [44, 45],
glycine-betaine [46, 47], proline [48, 49], and ABA [50, 51].

Table 2: Plants responses to drought stress

Response
Morphology Physiology Biochemical

Strengthens the roots system (roots .
) Stomatal closure ABA synthesis
% elongated)
& Reduce leaf surface area Reduce COz fixation Decreased activity of rubisco
%D Accumulation of solute
2 Rolling the leaves Decreasing photosynthesis compounds (proline, glycine-
a betaine, sugar)

Dropping leaves Increased antioxidant

PPing Increased ROS compounds compounds
Early flowering Drought tolerant gene expression

Source: [52] - modified

2.1 Drought responses
Drought causes plants to experience an increase in osmotic pressure, resulting in a decrease in cell turgor
pressure. If the drought continues beyond the limit of permanent wilting, the plant may suffer damage and death [40,
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53]. As a form of anticipation, plants carry out certain mechanisms to keep physiological and metabolic processes
running. Drought causes water deficit in plants, affecting their morphology [54]. There are three levels of water
deficit, consisting of mild drought stress (lower water deficit), moderate drought stress (middle water deficit) when
the water potential decreases, and severe drought stress (higher water deficit). Mild, moderate, and severe drought
stress occurs when the water potential decreases to 0.1 MPa, up to 1.2 MPa to 1.5 MPa, and more than 1.5 MPa,
respectively. This condition can decrease the relative water content (RWC) in plants, for example, leaves. Moderate
to severe drought stress can decrease RWC in teak [55]. The decrease in RWC in soybean plants can reduce the
water potential in the leaves [56]. In tomatoes, a decrease in RWC can affect fruit weight and the amount of
chlorophyll in leaves [57]. Mild, moderate, and severe drought stress will reduce RWC by about 8—-10%, 10-20%,
and more than 20%, consecutively. The continuous severe drought stress will disrupt the physiological processes of
the plant. Disruption of plant physiological processes ultimately results in decreased yields of several crops (tomato,
corn, potato, rice, and wheat) [58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68].

Table 3: Relationship between drought stress and the sensitivity of plant metabolic processes

Sensitivity
Afffected process Very susceptible | Susceptible | Unsusceptible
(-) decreased Pressure (Bar) (-)
(+) increased ol1[2]3]4]5]6]7]8]9]10]11]12]13]14] 15

Cell growth (-)
Cell wall synthesis (-)° |
Protein synthesis (-)*
Proto-chlorophyll formation (-)™
Nitrate reductase (-) |
ABA Synthesis (+)
Stomatal conductivity (-)
Fixation of CO> (-)
Respiration

Xylem conductivity ()"
Proline synthesis (+) |
Sugar synthesis (+) | |

i |

Note: *= fast growing tissue; **= etiolated leaves; ***= xylem dimension factor; Source: [36] - modified

2.2 Adaptation strategy

According to Rini et al. [11], plants respond to drought stress by three mechanisms (escape, avoidance,
and tolerance). Drought escape is a form of plant adaptation to drought stress by accelerating the generative
phase. In this condition, the plant stops the vegetative phase and tries to produce seeds before drought stops its
life cycle [69]. Wheat plants accelerate the generative phase and terminate vegetative growth to minimize water
loss [70]. This strategy is common for plants to complete their life cycle as long as the environment is still
possible before facing drought. In Arabidopsis plants, this strategy is carried out by using water efficiently for
growth [71]. These mechanisms include early flowering and harvest age, as well as plant plasticity [72].
Drought avoidance is an adaptation of plants to maintain water availability under stress conditions, keeping the
water potential in cells remains high. One of the common morphological indications is its effect on root
elongation [11,73]. In potato plants, this strategy is indicated by the elongation of roots and differences in the
number of shoots [74]. Differences in root morphology in Arabidopsis are used to increase water uptake so that
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the water content in the tissue remains balanced [75]. The physiological effects that occur may be a decrease
in the rate of transpiration and a decrease in the area of transpiration, such as small leaf and a small number of
leaves [76]. Drought tolerance is a condition for plants to survive despite experiencing drought stress (water
deficit) [11].
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Figure 1: Crops mechanism in drought stress [65] - modified

2.3 Stress signal mechanisms

Plants respond to drought stress in the form of a sign, called signal perception (SP), due to the introduction of
a stimulus to stress conditions. This signal begins with a disturbance in the balance of the cell wall so that signal
activation will occur in the form of protein molecules [11, 72]. The difficulty of roots in absorbing water can provide
a signal by modifying the cell membrane so as not to lose cell turgidity [77]. SP is assisted by components in the
form of smaller molecules, such as diacylglycerol (DAG) and phosphatidic acids (PA), which are referred to as
second messengers (SM) that will transmit SP as a form of stress signal in plants before signal transduction (ST)
occurs [11]. Drought will cause changes in osmotic pressure in cells so that SP will stimulate the hydraulic signal
(HS) in plant cells by trying to increase dissolved materials so that water does not leave the cell. HS in Arabidopsis
plants is initiated by the AHK1 kinase (protein) compound, which functions as an osmo-sensor in the plant cell
membrane layer [78]. Osmo-sensors in Arabidopsis plants are associated with calcium channels called
hyperosmolality gated calcium-permeable channels (OSCA) that allow Ca?* influx processes in cell membranes [79].
In addition to another OSCA, there is another osmo-sensor called MSL (mechanism sensitive like ion channels).
MSL is an osmo-sensor found in plant cell membranes affecting the process of K* influx [80]. Another osmo-sensor
found in plant cell membranes is receptor-like protein kinase (RLKs) which play an important role in inducing
abscisic acid (ABA) as a signal form against drought stress [81].
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Figure 2: Signaling plant networks against drought stress [11,72] - modified
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After exposure to drought stimulates SP assisted by SM, the next step is ST initiation. ST is a protein kinase
molecule that is a series of signals in plants experiencing abiotic stress, including drought, to stimulate certain protein
kinases in response to stress [11]. Mitogen-activated protein kinase (MAPK) and Calcium-dependent protein kinase
(CDPK) are types of ST in plants connected to target molecules in the MAPK cascade system, functioning as ST in
the phosphorylase and dephosphorylation processes [82]. In cotton and arabidopsis plants, MAPK is found in leaf
cell membranes and affects the regulation of stomata and growth (length) of plant roots [83, 84]. MAPK interaction
with sucrose nonfermenting related protein kinase-1 (SnRK1) also affects carbohydrate metabolism to be converted
into simpler molecules during drought stress [85]. CDPK is an ST formed due to the influx of Ca®>"" in plant cell
membranes that affect ABA regulation and stomata regulation in potato plant leaves [86]. In strawberries, CDPK is
identified on cell membranes in the form of FaCDPK appearing in the fruit ripening phase under drought stress
conditions. This FaCDPK causes an increase in ABA in strawberry fruit [87]. In soybean plants, CDPK is identified
as GmCDPK3, which can lead to an increase in proline and chlorophyll. This condition increases plant resistance to
drought conditions [88]. In addition to MAPK and CDPK, drought stress leads to the production of ROS
compounds in the form of hydroxyl peroxide (H20,) and singlet oxygen (O2), which decrease the amount of
chlorophyll, thereby forcing plants to form antioxidant compounds, one of which is proline [89]. High ROS
compounds can cause oxidative stress so that cells can die. Therefore, cells respond by activating antioxidant
enzymes to prevent cell damage [90].
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2.4 Physiological effects and mechanisms

Plant growth and development are related to cell division, elongation, and differentiation, which depend on
water availability [91, 92, 93]. In 15 wheat genotypes, water deficit can reduce yields by 20% to 25% [94]. Moderate
and severe water drought stress will increase the dry weight of wheat grain per 1000 grains by 1.95% to 2.07% as a
result of the starch formation response [95]. There is no significant reduction in the yield of quinoa plants under
drought stress. However, there is an increase in the amount of proline, glutamine, Na, K, and ABA and a decrease
in the stomatal opening, thereby reducing transpiration [96]. Water deficit in rice plants is a limiting factor that can
reduce yields up to 25.4% and affect root length as a strategy to deal with drought stress [97]. In some plants, water
deficit inhibits flower formation [98, 99]. The conclusion is that water deficit can inhibit flowering, increase the
number of solutes and reduce yields in plants.

Water deficit causes plants to carry out physiological responses by reducing transpiration, closing stomata, and
reducing the number of leaves [11, 72, 73]. In tomato plants, a decrease in the rate of photosynthesis is due to a lack
of water and a high rate of respiration, resulting in the efficient use of water [100]. The stomatal closure to suppress
the transpiration rate is related to the efficiency of photosynthesis. In photosynthesis, the efficiency of light
absorption and transformation is determined by chlorophyll fluorescence and electron transport [101]. Low light
absorption by chlorophyll can result in low light waves, decreasing the CO, and energy absorbed [102, 103]. The
decrease in CO; uptake in canola and wheat plants can reduce the rate of photosynthesis and ultimately reduce
biomass in production [104]. Water deficit leads to the production of radical compounds called ROS. If there is no
balance between the rate of photosynthesis, the production of antioxidant compounds can be inhibited, as illustrated
in the research on canola plants [105]. The decrease in the rate of photosynthesis is also influenced by the ABA
response as a signal of drought stress, which results in regulation of stomatal closure [106, 107]. ABA is formed in
roots and transported to leaves to signal and regulate stomatal closure due to lack of water stimulated by certain
genes such as NPF4.6 and DTX5.0 [108]. A further impact is the reduction of CO; for photosynthesis. The decrease
in the CO; carboxylation process and the closing of stomata due to abiotic stress can reduce the rate of photosynthesis,
decreasing the number of functional Ribulose 1.5 bisphosphate carboxylae oxygenase (RuBisCo) in photosynthesis
[109]. The conclusion is that drought stress causes morphological and physiological responses in plants.
Morphological responses occur in root elongation, leaf size, and the number of leaves. Physiologically roots can
respond by transporting ABA to regulate stomatal closure to reduce evaporation. Closure of stomata results in low
CO absorption, causing the photosynthesis process to be not optimal.

The general response of plants to water deficit is to close their stomata, which is beneficial to reduce water loss
[110, 111]. In addition, water deficit can affect hydraulic conductivity due to hydraulic signals, gas exchange, water
potential, and ABA determination in leaves (stomata) [107]. In wheat, stomatal conductivity results in transpiration
efficiency, which is influenced by leaf transpiration and assimilation rate [112]. Water loss during the vegetative
phase causes soybean plants to balance water potential (osmotic adjustment) by dropping leaves, reducing leaf size,
closing stomata, and folding leaves for water usage efficiency through transpiration reduction, however this reduces
leaf area index (LAI) and so reduces photosynthetic rate [113]. The stomatal closure is a plant response to drought
stress, which can decrease transpiration and photosynthesis rate. However, this regulation is a complex mechanism
interconnected between external (water availability) and internal (ABA response) factors.

The photosynthesis process is influenced by the activity of supporting enzymes, one of which is RuBisCo.
RuBisCo plays a role in photosynthesis, namely photosystem II [114]. Under drought stress, the amount of light
absorption is small, decreasing the activity of RuBisCo [115, 116]. Drought stress is often accompanied by an
increase in temperature, resulting in photoinhibition, which can impair RuBisCo’s ability to activate the photosystem
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II pathway [117]. This decrease occurs because the CO, carboxylase process by RuBisCo is not optimal [72].
Drought stress inhibits the RuBisCo enzyme, which can lead to a reduction in carboxylate assimilation. Hence, the
regeneration of RuBP will ultimately inhibit the rate of photosystem II [118]. High temperatures and drought stress
in rice, wheat, and corn restrict RuBisCo function by inhibiting the RuBisCo activase enzyme, which can reduce
photosynthetic optimization [114]. Photosynthetic products are usually transported to parts of the plant. However,
in drought conditions, there is a change in carbohydrate translocation in plants so that limited carbohydrates are
translocated to places contributing to resisting drought stress [45, 119]. Carbohydrates are translocated in the form
of simple components to maintain osmotic balance, which is in roots are used for morphological growth to increase
water uptake and ABA induction [120]. Increasing the amount of carbohydrates in plant parts during the vegetative
and generative phases is a method used by plants to survive under drought stress [121].

The plants’ response to drought stress is to maintain osmotic balance in cells [69, 122]. One of the mechanism
to maintain this balance is to form soluble compounds to hold water out of the cell (compatible solute) [123, 124].
In addition, these soluble compounds are antioxidant compounds that protect cell membranes from damage caused
by ROS, one of which is proline [47, 125, 126, 127]. Proline and glycine-betaine are used as antioxidants and cell
membrane protection from radical compounds (ROS) [128]. High proline in the leaves of rice, soybean, and
sugarcane plantlets is a physiological indication of plants to resist water deficit [48, 125, 129]. In wheat cv. Chakwal
50, the proline content increased as a result of drought stress, indicating an osmotic adjustment process in cells in
addition to free radical scavengers [130]. The presence of proline in soybean plants can increase water stress
resistance and stabilize protein structure [131]. Proline is used as an indicator in drought-tolerant plants so that it is
used as the basis for breeding drought-resistant transgenic plants [132]. Proline, in chloroplasts, is a synthesis of
glutamate, which is reduced to glutamate semialdehyde (GSA) by the P5CS enzyme (encoded by two genes) and
converted spontaneously to P5SC (encoded by one gene) [126]. In mitochondria, proline undergoes catabolism with
the help of proline oxidase (PDH) to form P5C, which is then converted to glutamate [123].

In simple terms, the water balance in plants can be described as the equal amount of water coming out
(transpiration) and water coming in (absorption). The imbalance condition will interfere with plant physiology,
causing plants to experience stress [133]. In relation to physiological processes, drought stress is related to turgor
pressure, stomatal opening, photosynthetic rate, enzyme damage, and root density [72]. Stomata closure is a response
that occurs when plants have a lack of water which will ultimately reduce plant growth rates due to low CO;
absorption [134]. The direct inhibiting factor for plant growth is not water potential but osmotic potential and turgor
pressure [135, 136]. The influence of turgor pressure can result in osmotic adjustments in plants to reduce water loss
[137]. Plants regulate water balance by generating phytohormones, such as ABA, through their roots. ABA is a plant
mediator in response to drought, which is synthesized mostly in roots [108, 138, 139]. ABA is said to be the main
internal signal allowing plants to resist drought, which is transported to the leaves to affect stomata closure to reduce
transpiration [42, 140, 141]. ABA is a simple sequence of carotenoid compounds. In fungi, ABA is synthesized
through the metileritritol phosphate (MEV) pathway, which begins with the formation of mevalonate. Meanwhile,
ABA in plants is synthesized through the MEP pathway, starting with the formation of carotenoids into more specific
compounds (zeaxanthin) [139]. Assisted by the zeaxanthin epoxidase (ZEP), zeaxanthin is converted to violaxanthin
and turned to neoxanthin. In Arabidopsis, the gene involved in this process is ABA4. Neoxanthin will be converted
into xanthine with NCEDs enzymes as activators (found in arabidopsis, corn, tomatoes, cowpea, and grains). In
maize, the gene involved is known to be VIP14. Xanthine is converted to abscisic aldehyde and then to ABA. The
genes involved in this process are ABA2 and ABA3 in Arabidopsis plants and TaNAC48 in wheat [142].

©2022 Reviews in Agricultural Science
175



Please cite this article as
Pamungkas et al. Reviews in Agricultural Science, 10: 168-185, 2022
https://doi.org/10.7831/ras.10.0_168

| Decreased in water and nutrient
uptake

Decreased in seed weight and
seed composition

Decreased in germination rate

Reduction in cell division,
elongation and differentiation

| | Reduction in root growth and -

development

DROUGHT
STRESS

The effect
[

H Reduction in number of leaves

Decreased in yields

H Reduction in flowering

— Reduction in chlorophyll contents

L1 Reduction in photosynthesis

Figure 3: The impact of drought stress on crops [137] - modified

ABA formed in the roots is transported to the leaves and the flowers. NCED2 and NECD3 proteins are known
to play a more dominant role in the synthesis of ABA in roots, while NCEDS5, NCED6, and NCED9 are more
dominant in the flowering part. Apart from being an early signal of drought that will be transported to the leaves,
ABA will also affect the growth of stressed plant roots by increasing water influx by the roots [143]. ABA transport
to the leaves occurs with enzymes (such as CLE25) as activators. When ABA reaches the leaves, it becomes a signal
for stomata to close [144]. Stomatal closure can be beneficial to reduce transpiration [145, 146], but the rate of
photosynthesis will decrease, photorespiration will increase, and the accumulation of ROS compounds will increase
[147]. The ABA-mediated gene for stomatal closure in wheat is TaNAC48 [142]. When the stomata close, there is
a lack of CO,. The excess O from photosynthesis is bound by RuBisCo molecules, and some of these compounds
can form ROS chemicals. RuBisCo should be able to bind CO» absorbed from PEP (in C4 plants). With the decrease
in the amount of CO,, the O, bound by RuBisCo can produce CO,, but more energy (ATP) is required, thereby
reducing the efficiency of photosynthesis. When the stomata are closed, there will be a buildup of singlet oxygen
(O") and hydroxide compounds (H»0O>) as a result of photosynthesis, forming toxic ROS compounds. This condition
is anticipated by forming direct antioxidant compounds (carotenoids, mannitol) and antioxidant enzymatic reactions,
such as SOP, APX, and CAT, which can convert ROS compounds into O, and H,O [76, 90, 148, 149]. However,
severe and long-duration stress causes an imbalance between ROS and antioxidants. If the ROS is higher than the
antioxidant, it will attack the fatty acids on the membrane (PUFAs) so that the cell membrane will be damaged, and
if the plant cannot adapt, the plant will be sensitive and die [150]. The increase in ROS compounds that are not
matched by an increase in antioxidant compounds and other solute compounds causes membrane damage to plant
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cell walls and other responses such as proline formation and an increase in reaction enzymes such as SOP, APX,
and CAT [76].

Plants such as tomato plants [151], sunflower plants [152], sugarcane [153] respond to drought stress by
forming compatible solutes, namely sugars with low molecular weights that are osmoprotectant compounds (stress
protecting agents) [154]. Regarding the function of trehalose, there are at least two supporting theories. The first
theory is water replacement because it can form hydrogen bonds with surrounding structural molecules that function
as a substitute for water, for example, trehalose with lipid molecules will function as membrane integrity guards
during drought stress (changes in the membrane from a fluid phase to a gel phase). The second theory is water
entrapment since it can play a role in collecting water by forming hydrogen bonds to form a water layer in the cell
[155]. Trehalose is a disaccharide group formed from the breakdown of carbohydrates into two glucose molecules
[156]. Plants under drought stress will increase ABA synthesis, playing a role in stomatal closure and stimulating
signal transduction by forming a protein cascade, namely TPS1 protein. This protein will activate transcriptional
genes such as the TreGP gene (TGP), which will play a role in the formation of trehalose as a compatible solute in
cells that supports osmotic adjustment in cells [156, 157].

3. Drought stress management

Drought stress has an impact on agriculture crop cultivation, thereby decreasing crop production. Therefore, it
is necessary in this condition to require management to increase crop production. This condition has management
variations so that appropriate strategies and technologies are needed as mitigation measures. Mitigation management
can be done by: 1) Use early maturing varieties and drought stress tolerance varieties. The use of early maturing to
facing drought stress can be used to increase crop index (CI) and it will maintain high yields [158]. Drought tolerance
varieties can respond and induces expression of drought stress related genes so that the plant will survive in these
conditions [159]. 2) Using mechanical soil conservation such as making terraces and bed planting which are used to
suppress surface water flow and hold back puddles. The terraces are supported and can help in binding soil particles
and also to bind water longer whereas bed planting can enhances the water infiltration rate and can maintain moisture
conditions [160]. 3) Applying a good irrigation system. Drought and water scarcity conditions need irrigation
management, this should be seen within supply and demand management for plant [161]. 4) Biological conservation
using mulch to improve soil structure and to increase the ability of the soil to hold water. Mulching is one of the
important managements practices for conserving soil moisture in plants cultivation. That evaporates from soil with
mulch will be condenses on the lower surfaces and go back to the soil thus conserving moisture [162]. 5) Selecting
drought-tolerant plants both in vitro and in vivo by using selector agents such as PEG. The in vitro screening using
PEG-6000 is an alternative for the early selection of drought tolerance varieties, it is known through gene markers
of varieties that are considered optimal growth in drought stress [163]. 6) Applying osmo-protectant compounds,
such as glycine betaine. Glycine betaine exogenous application can reducing the aggregation of ROS, that can
improving SOD and CAT activities which will result in an osmotic adjustment mechanism [164].
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Figure 4: Mitigation in drought stress

4. Conclusion

Drought stress causes plant to be in a state of water deficit. Water deficit has an impact on cell division, cell

elongation, cell differentiation, and a decrease in CO> fixation so that it can reduce photosynthetic results and the

accumulation of ROS compounds, thereby decreasing crop production. This condition stimulates plants responses

through morphological and physiological changes. Mitigation management can be done by several ways such as use

tolerance varieties (early maturing), soil conservation, good irrigation system, use mulch as biological conservation,

selection in vitro to screening drought stress tolerance varieties and exogenous application osmo-protectant like

glycine betaine.

REFERENCES

[1] Jaganathan GK, Song G, Liu Wei ez al. (2017) Relationship between seed moisture content and acquisition of impermeability in
Nelumbo nucifera (Nelumbonaceae). Acta Botanica Brasilica Journal, 31(4): 639-644.

[2] Ferreira L, Bernandes Da Silva, Fernandes NA, De Aquino LC et al. (2017) Temperature and seed moisture content affect
electrical conductivity test in pea seed. Journal of Seed Science, 39(4): 410-416.

[3] Tatrai ZA, Sanoubar R, Pluhar Z et al. (2016) Morphological and physiological plant responses to drought stress in Thymus
citriodorus. International Journal of Agronomy Hindawi Corporation: 1-8

[4] Bhatla SC and Lal MA (2018) Plant physiologi, development and metabolism. Springer Publhiser, Singapore: 1-9.

[5] XueR, Shen T and Marschener P (2017) Soil water content during and after plant growth influence nutrient availability and
microbal biomass. Journal of Soil Science and Plant Nutrition, 17(3): 702-715.

[6] Quemada C, Perez Esqudero JM, Gonzalo R et al. (2021) Remote sensing of plant water content monitoring: A Review.
Remote Sensing Journal, 13(2088): 1-37

[71 Driesen E, Van Den Ende W, De Proft M and Saeys W (2020) Influence of environmental factors light, CO2, temperature and
relative humidity on stomatal opening and development: A Review. Agronomy Journal, 10(1975): 1-28.

[8] Henry C, Jhon GP, Pan R et al. (2019) A stomatal safety efficiency trade off constrains responses to leaf dehydration. Nature
Communication, 10(3398): 1-9.

[91 Dresselhaus T and Huckelhoven R (2018) Biotic and abiotic stress responses in crop plants. Agronomy, 8(267): 1-6.

[10] JenalJ, Sahoo SK and Dash GK (2020) An introduction to abiotic stress in plants. Advances in Agronomy, 9: 163—183.

[11]

Rini DS, Budiarjo, Gunawan I ef al. (2020) The mechanism of plant response to drought stress. Journal of Ilmu-ilmu Hayati
LIP, 19(3B): 373-384.

©2022 Reviews in Agricultural Science
178



Please cite this article as
Pamungkas et al. Reviews in Agricultural Science, 10: 168-185, 2022
https://doi.org/10.7831/ras.10.0_168

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Badan Penanggulangan Bencana Daerah (BPBD) Yogyakarta Region (2019) Dry season is coming, beware of drought. Musim
Kemarau Datang, Waspada Kekeringan. http://www.bpbd.jogjaprov.go.id/musim-kemarau-datang-waspada-kekeringan
(Accessed on 19 September 2021)

Thuoma SO and Madramootoo CA (2017) Recent advances in crop water stress detection. Computers and Electronics in
Agriculture, 141: 267-275.

Rismayantika F, Saraswati R, Shidiq IPA et al. (2020) Identification of dry areas on agricultural land using normalized
difference drought index in Magetan Regency. IOP Conf. Series: Earth and Environmental Science, 540: 1-8.

Tamara D (2021) 8 Types of Soil in Indonesia and Their Characteristics and Benefits (in Indonesia).
https://m.kapanlagi.com/plus/8-jenis-jenis-tanah-di-indonesia-beserta-karakteristik-dan-manfaatnya-012b07-0.html (Accessed
on 27 September 2021)

Al Khairi Y (2019) Soil structure and texture-definition, types and function (in Indonesia).
https://www.99.co/id/panduan/struktur-dan-tekstur-tanah-pengertian-jenis-hingga-fungsinya. (Accessed on 20 September 2021)
Tanga KK, Kusuma MN, Musarofa et al. (2020) The process of filtration and dispersion of sandy loam soil types in river water
treatment. Proceedings: Seminar Teknologi Kebumian dan Kelautan (SEMITAN II), 2(1): 1-4.

Ball (2001) Soil and Water Relationship. https://www.noble.org/news/publications/ag-news-and-views/2001/september/soil-
and-water-relationships/. (Accessed on 20 September 2021)

Kompasiana (2017) Hygroscopic, capillari and soil water content (in Indonesia). http://petanibangga.blogspot.com/2017/12/air-
higroskopis-air-kapiler-dan-kadar.html (Accessed on 20 September 2021)

Badan Meteorologi Klimatologi and Geofisika (BMKG) Indonesia (2022) Level of water availability for plants in December
2021 (Indonesia). https://www.bmkg.go.id/iklim/ketersediaan-air-tanah.bmkg?p=tingkat-ketersediaan-air-bagi-tanaman-
desember-2021&tag=&lang=ID (Accessed on 21 January 2022)

Widnyana IMGSumiyati and Tika IW (2017) The study of wilting point pattern and field capacity in cultivation of sweet
pepper in differents planting media. BETA (Biosistem dan teknik Pertanian), 5(1): 1-6.

Kishor SK and Khumar A (2018) Composition of soil, waste treatment of soil, inorganic and organic components in soil and
soil pollution by addition of pesticides and fertilizers. Course M.Sc. Chemistry 2" Year, 1-11.
http://www.nou.ac.in/Online%20Resourses/10-
5/S0i1%20Composition%20and%200rganic%20Inorganic,%20Treatment%20for%20M.Sc.%20Part%2011%20,%20(I).pdf
(Accessed on 23 October 2021)

Easton and Zachary M (2016) Soil and soil water relationship. Publication BSE-194P, 1-9.
https://ext.vt.edu/content/dam/ext vt _edu/topics/agriculture/water/documents/Soil-and-Soil-Water-Relationships.pdf (Accessed
on 23 October 2021)

Salam AK (2020) Ilmu Tanah. Soil Science. Global Mandiri Publisher. Lampung, Indonesia

Widoretno W, Harijati N and Mastuti R (2019) Plant physiology. Hand Book, 4-17. https://nanopdf.com/queue/handout-retno-
mastuti_pdf?queue id=-1&x=1634895614&z=MTgyLjluNjkuODE= (Accessed on 23 October 2021)

Khodijah S and Soemarno (2019) Study on the ability of soil to store water available at Garlic Center, Pujon District, Malang
Regency (in Indonesia). Jurnal Tanah dan Sumberdaya Lahan, 6 (2): 1405-1414.

Haryati U (2014) Soil physical characteristics of upland vegetable cultivation areas, its relationship with land processing
strategies (in Indonesia). Jurnal Sumberdaya Lahan, 8 (2): 125-138.

Markovic N, Filipovic V, Legovic T et al. (2015) Evaluation of different soil water potential by field capacity threshold in
combination with a triggered irrigation module. Soil and Water Res., 10 (3): 164-171.

Darmayanti FD and Sutikto T (2019) Estimation of total water available to plants in various soil textures using the saturated
water content measurement method (in Indonesia). Jurnal Berkala Ilmiah Pertanian, 2 (4): 164—168.

Barzegar A, Yousefi A and Zargoosh N (2016) Water stress and soil compaction impacts on clover growth and nutrient
concentration. Eurasian Journal of Soil Science, 5(2): 139-145.

Fields JS, Fonteno WC, Jackson BE et al. (2020) The use of dewpoint hygrometry to measure low water potentials in soilles
substrate components and composites. Agronomy, 10(1393): 1-11.

Datta S, Taghvaeian S and Stivers J (2017) Understanding soil water content and thresholds for irrigation management.
Oklahoma Cooperation Extension Service BAE-1537, 1-9.

Bueckert RA (2013) General principles of plant water relations. Prairie Soils and Crops Journal, 6(1): 107-118.

©2022 Reviews in Agricultural Science
179


http://www.bpbd.jogjaprov.go.id/musim-kemarau-datang-waspada-kekeringan
https://m.kapanlagi.com/plus/8-jenis-jenis-tanah-di-indonesia-beserta-karakteristik-dan-manfaatnya-012b07-0.html
https://www.99.co/id/panduan/struktur-dan-tekstur-tanah-pengertian-jenis-hingga-fungsinya
https://www.noble.org/news/publications/ag-news-and-views/2001/september/soil-and-water-relationships/
https://www.noble.org/news/publications/ag-news-and-views/2001/september/soil-and-water-relationships/
http://petanibangga.blogspot.com/2017/12/air-higroskopis-air-kapiler-dan-kadar.html
http://petanibangga.blogspot.com/2017/12/air-higroskopis-air-kapiler-dan-kadar.html
https://www.bmkg.go.id/iklim/ketersediaan-air-tanah.bmkg?p=tingkat-ketersediaan-air-bagi-tanaman-desember-2021&tag=&lang=ID
https://www.bmkg.go.id/iklim/ketersediaan-air-tanah.bmkg?p=tingkat-ketersediaan-air-bagi-tanaman-desember-2021&tag=&lang=ID
http://www.nou.ac.in/Online%20Resourses/10-5/Soil%20Composition%20and%20Organic%20Inorganic,%20Treatment%20for%20M.Sc.%20Part%20II%20,%20(I).pdf
http://www.nou.ac.in/Online%20Resourses/10-5/Soil%20Composition%20and%20Organic%20Inorganic,%20Treatment%20for%20M.Sc.%20Part%20II%20,%20(I).pdf
https://ext.vt.edu/content/dam/ext_vt_edu/topics/agriculture/water/documents/Soil-and-Soil-Water-Relationships.pdf
https://nanopdf.com/queue/handout-retno-mastuti_pdf?queue_id=-1&x=1634895614&z=MTgyLjIuNjkuODE
https://nanopdf.com/queue/handout-retno-mastuti_pdf?queue_id=-1&x=1634895614&z=MTgyLjIuNjkuODE

Please cite this article as

Pamungkas et al. Reviews in Agricultural Science, 10: 168-185, 2022
https://doi.org/10.7831/ras.10.0_168

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Chavarria G and dos Santos HP (2014) Plant water relations: absorption, transport and control mechanism. Advances and
Selected Plant Physiology Aspect, pp.106—132. https://ainfo.cnptia.embrapa.br/digital/bitstream/item/59779/1/InTech-Plant-
water-relations-absorption-transport-and-control-mechanisms.pdf (Accessed on 27 September 2021)

Nonami H and Boyer JS (1989) Turgor and growth at low water potentials. Plant Physiol., 89: 798-804.

Fitter AH, Hay RKM (1994) Environmental physiology of plants. Translation. Third Print. Gadjah mada University Press: 148—
150.

Riboldi LB, Oliviera RF and Angelocci LR (2016) Leaf turgor pressure in maize plants under water stress. Australian Journal
of Crop Science, 10(6): 878-886.

Istanbuli T, Baum M, Tauchan H and Hamwieh A (2020) Evaluation of morpho-physiologycal traits under drought stress
conditions in Barley (Hordeum Vulgare, L.). Photosynthetica, 58(4): 1059—1067.

Bernard SM (2015) Plant water relations. https://www.accessscience.com/media/EST/media/525300PV0001.pdf (Accessed on
27 September 2021)

Rao KVM, Raghavendra AS and Reddy SJ (2006) Physiologi and Molecular Biology of Stress Tolerance in Plants. Published
by Springer, Netherlands :15-31.

Opalofia L, Yusniwati and Swasti E (2018) Drought tolerance in some of rice line based on morphological at vegetative stage.
International Journal of Environment, Agriculture and Biotechnology, 3(6): 1995-2000.

ChunHC, Lee S, Choi YD et al. (2021) Effect of drought stress on root morphology and spatial distribution of soybean and
Adzuki Bean. Journal of Integrative Agriculture, 20(10): 2639-2651.

Malinowska M, Donnison I and Robson P (2020) Morphological and physiological traits that explain yield response to drought
stress in mischantus. Agronomy, 10: 1-17.

Yanli D, Zhao Q, Chen L et al. (2020) Effect of drought stress during soybean R2-R6 growth stages on sucrose metabolism in
leaf and seed. International Journal of Molecular Science, 21(618): 1-19.

Tovignan TK, Sagbadja HA, Diatta C et al. (2020) Terminal drought effect on sugar partioning and metabolism is modulated
by leaf stay green and panicle size in the stem of sweet shorgum (Shorgum bicolor, L. Moench). CABI Agriculture and
Bioscience, 1(4): 1-11.

Alaei S, Mahna N, Hajilou J et al. (2016) The effect of glycine-betain on alleviation of drought stress in strawberry plant. Eco.
Env. And Cons., 22(3): 1145-1150.

Magana CE, Luis FC, Machado IE et al. (2019) Contribution of glycine btaine and proline to water deficit tolerance in pepper
plant. Hort. Sci. Journal, 54(6): 1044—1054.

Nasrin S, Saha S, Begum HH et al. (2020) Impact of drought stress on growth protein, proline, pigment content and antioxidant
enzyme activities in rice (Oryza sativa L. Var. BRRI Dhan-24). J. Bio. Sci., 29(1): 117-123.

Maghsoudi K, Emam Y, Niazi A et al. (2018) P5CS expression level and proline accumulation in the sensitive and tolerant
wheat cultivars under control and drought stress condition in the presence/absence of silikon and salicylic acid. Journal of Plant
Interaction, 13(1): 461-471.

Lei W, Huang S, Tang S et al. (2016) Determination of abcisic acid and its relationship to drought stress based on cowpea
varieties with different capability of drought resistence. American Journal of Biochemistry and Biotechnology, 12(1): 79-85.
Wang X, Ji Q, Xie J et al. (2021) Abcisic acid and jasmonic acid are involved in drought priming-induced tolerance to drought
in wheat. The Crop Journal, 9: 120-132.

Hussain S, Qadir T, Khaliq A ef al. (2019) Drouhgt stress in plants: An overview on implications. Tolerance mechanism and
agronomic mitigation strategies. Plant Science Today, 6(4): 389-402.

Ordog V (2011) Plant physiology. http://www.esalq.usp.br/lepse/imgs/conteudo/Plant-Physiology-by-Vince-Ordog.pdf
(Accessed on 27 September 2021)

Androcioli LG, Douglas Mariani Z, Daniel Soares A et al. (2020) Effect of water deficit on morphoagronomic physiological
traits of common bean genotypes with contrasting drought tolerance. Water, 12(217): 1-13.

Galeano E, Vasconcelos TS , Novais de Oliveira P ez al. (2019) Physiological and molecular responses to drought stress in teak
(Tectona grandis, L.f.). PLoS One, 14(9): 1-26.

Chowdhury JA, Karim MA, Khaliq QA et al. (2017) Effect drought stress on water relation traits of four soybean genotype.
SAARC Journal Agri., 15(2): 163-175.

©2022 Reviews in Agricultural Science
180


https://ainfo.cnptia.embrapa.br/digital/bitstream/item/59779/1/InTech-Plant-water-relations-absorption-transport-and-control-mechanisms.pdf
https://ainfo.cnptia.embrapa.br/digital/bitstream/item/59779/1/InTech-Plant-water-relations-absorption-transport-and-control-mechanisms.pdf
https://www.accessscience.com/media/EST/media/525300PV0001.pdf
http://www.esalq.usp.br/lepse/imgs/conteudo/Plant-Physiology-by-Vince-Ordog.pdf

Please cite this article as

Pamungkas et al. Reviews in Agricultural Science, 10: 168-185, 2022
https://doi.org/10.7831/ras.10.0_168

[57]

[58]

[59]

[60]
[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]
[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Sakya AT, Sulistyaningsih E, Indradewa D et al. (2018) Physiological characters and tomato yield under drought stress. IOP
Conf. Series: Earth and Enviromental, 200: 1-7.

Nemeskeri E and Heyles L (2019) Physiological responses of selected vegetable crop species to water stress. Agronomy,
9(447): 1-19.

LiuJ,Hu T, Feng P et al. (2019) Tomato yield and water use efficiency change with various soil mouisture and pottasium
levels during different growth stages. PloS One, 10(1371): 1-14.

Song L, Lin J and He J (2019) Effect of severe water stress on maize growth processes in the field. Sustainability, 11: 1-18.
Benjamin JG, Nielsen DC, Vigil MF et al. (2014) Water deficit stress effect on corn (Zea mays, L.) root: shoot ratio. Open
Journal of Soil Science, 4: 151-160.

Muthoni J and Shimelis H (2020) Heat and drought stress and their implication on potato production under dry African tropics.
Australian Journal of Crop Science, 14(09): 1405-1414.

Romero AP, Alacron A, Valbuena RI ef al. (2017) Physiological assessment of water stress in potato using spectral
information. Frontiers in Plant Science, 8: 1-13.

Rykaczewska K (2017) Impact of heat and drought stresses on size and quality of the potato yield. Plant Soli Environ., 63(1):
40-46.

Panda D, Mishra SS et al. (2021) Drought tolerance in rice: Focus and recent mechanisms and approaches. Rice Science, 28(2):
1-17.

Saha S, Begum HH and Nasrin S (2019) Effect of drought stress on growth and accumulation of proline in five rice varieties
(Oryza sativa, L.). Journal Asiat. Soc. Bangladesh Sci., 45(2): 241-247.

Nowsherwan I, Shabbir G, Malik SI ef al. (2018) Effect of drought stress on different physiological traits in bread wheat.
SAARC Journal Agri., 16(1): 1-6.

Hooshmandi B (2019) Evaluation of tolerance to drought stress in wheat genotypes. IDESIA (Chile) Journal, 37(2): 37-42.
Abobatta WF (2019) Drought adaptive mechanism of plants-a review. Ology Journal Advances in Agriculture and
Environmental Science, 2(1): 62—-65.

Shavrukov Y, Kurishbayev A, Jatayev S et al. (2017) Early flowering as a drought escape mechanism in plants: How can it aid
wheat production. Frontiers in Plants Science, 8(1950): 1-8.

Monroe JG, Powel T, Price N et al. (2018) Drought adaptation in Arabidopsis thaliana by extense genetic loss of function.
eLife Research Article, 7: 1-18.

Farooq M, Wahid A, Kobayashi N, Fujita D et al. (2009) Plant drought stress: Effect, mechanism and management. Agron.
Sustain. Dev., 29(2009): 185-212.

Lestari EG (2006) Review Mechanism of Tolerance and Methods to Select Drought Resistance Plants. Berita Biology Journal,
8(3): 215-222.

Gouveia CSS, Gananca Jose FT, Nobrega HGM et al. (2019) Drought avoidance and phenotypic flexibility of sweet potato
Ipomoea batatas, L. Lam.) under water scarity conditions. Not. Bot. Hort. Agrobo., 47(4): 1034-1046.

Bouzid M, He F, Schmitz G et al. (2019) Arabidospis species deploy distinct strategies to cope with drought stress. Annals of
Botany Journal, 124: 27-40.

Moradi P (2016) Key plant products and common mechanisms utilized by plants in water deficit stress responses. Botanical
Sciences, 94(4): 657-671.

Saladi G (2014) From signal perception to gene expression: early responses of plant to drought. Revue Agrobiologia Journal, 5:
5-10.

Takahashi F, Kuromori T, Urano K ef al. (2020) Drought stress responses and resistance in plant: From celluler responses to
long distance intercelluler communication. Frontiers in Plant Science, 11: 1-14

Lamers J, Van Der Meer T and Testerink C (2020) How plant sense and respond to stressful environments. Plant Physiology,
182: 1624-1635.

Haswell ES and Paul EV (2015) The ongoing search for the molecular basis of plant osmosensing. Gen. Physiol., 145(5): 389—
394.

Ye Y, Ding Y, Jiang Q ef al. (2017) The role of receptor like protein kinase (RLKs) in abiotic stress response in plant. Plant
Cell Rep., 36: 235-242.

©2022 Reviews in Agricultural Science
181



Please cite this article as

Pamungkas et al. Reviews in Agricultural Science, 10: 168-185, 2022
https://doi.org/10.7831/ras.10.0_168

[82] He, Wang C, Wang H, et al. (2020) The function of MAPK cascades in response to various stresses in horticulture plants.
Frointers in Plant Science, 11: 1-12.

[83] Wang C, Lu W, He X et al. (2016) The cotton mitogen activated protein kinase kinase 3 function in drought tolerance by
regulating stomatal responses and root growth. Plant Cell Physiol., 57(8): 1629-1642.

[84] Ho HL (2015) Functional roles of plant protein kinases in signal transduction pathways during abiotic and biotic stress.
Biodivers. Biopros. Dev., 2(2): 1-8.

[85] Khorasgani OA(2018) Regulation of trehalose/sucrose-non-fermenting-related protein kinase 1 and its signaling pathways
involved in drought stress responses. MOJ Sci., Rep., 5(2): 39—40.

[86] Kardile HB, Vikrant, Sharma NK ef al. (2018) Calcium dependent protein (CDPK) in abiotic stress tolerance. P1. Sci. Res.,
34(2): 253-259.

[87] Crizel RL, Ellen CP, Isabel LV et al. (2020) Genome wide identification and characterization of the CDPK gene family reveal
their involvement in abiotic stress response in Fragaria x ananassa. Scientific Report, 10: 1-17.

[88] Wang D, Liu XX, Yu Q et al. (2019) Functional analysis of the soybean GmCDPK3 gene responding to drought and salt
stresses. International Journal of Molecular Science, 20: 1-22.

[89] Nxele X, Klein A and Ndimba BK (2017) Drought and salinity stress alter ROS accumulation, water retention and osmolyte
content in shorgum plants. South African Journal of Botany, 108: 261-266.

[90] Hasanuzzaman M, Bhuyan MHMB, Zulfigar F et al. (2020) Reactive oxygen species and antioxidant defense in plants under
abiotic stress: revisiting the crucial role of a universal defense regulator. Antioxidant, 9(681): 1-52.

[91] Setter TL and Flannigan BA (2001) Water deficit inhibits cell division and expression of transcripts involved in cell
proliferation and endoreduplication in maize endosperm. Journal of Experimental Botany, 52(360): 1401-1408.

[92] LiY, He L, Gonzales NAP, Graham J et al. (2017) Going with the flow: Water flux and cell shape during cytokinesis.
Biophysical Journal, 113: 2487-2495.

[93] Litvin AG, Van lersel MW and Malladi A (2016) Drought stress reduces stem elongation and alters gibberellin releated gene
expression during vegetative growth of tomato. J. Amer. Soc. Hort. Sci., 141(6): 591-597.

[94] Jahan A and Ahmed F (2018) Effect of drought stress on growth and yield of wheat genotypes. Bangladesh Agron., 20(2): 97—
105.

[95] Zhao W, Liu L, Shen Q et al. (2020) Effect of water stress on photosynthesis, yield and water use efficiency in winter wheat.
Water, 12(2127): 1-19.

[96] Gamez AL, Soba D, Zammareno AM et al. (2019) Effect of water stress during grain filling on yield, quality and physiological
traits of Illpa and rainbow quinoa (Chenopodium quinoa Willd.) cultivars. Plant, 8(173): 1-15.

[97] ZhangJ, Zhang S, Cheng M et al. (2018) Effect of drought on agronomic traits of rice and wheat: A meta analysis. Int. J.
Environ. Res. Public Health, 15(839): 1-14.

[98] Pingping W, Chubin W and Biyan Z (2017) Drought stress induced flowering and enhances carbohydrate accumulation in
Averrhoa carambola. Horticultural Plant, 3(2): 60-66.

[99] CuiY, Ning S, Jin J et al. (2020) Quantitative lasting effects of drought stress at a growth stage on soybean evapotranspiration
and above ground biomass. Water, 13(8): 1-19.

[100] Liang G, Liu J and Zang J (2020) Effect of drought stress on photosyntetic and physiological parameters of tomato. J. Amer.
Soc. Hort. Sci., 145(1): 12-17.

[101] Wang W, Wang C, Pan D et al. (2018) Effect of drought stress on photosyntetic and chlorophyll fluorescence image of soybean
(Glycinn max) seedlings. Int. J. Agric. and Biol Eng., 11(2): 196-172.

[102] Fathi A and Tari DB (2016) Effect of drought stress and its mechanism in plants. International Journal of Life Sciences, 10(1):
1-6.

[103] Martin-St Paul N, Delzon S and Cochard H (2017) Plant resistance to drought depends on timely stomatal closure. Ecology
Letters, 10(11): 1-13.

[104] Maliba Bheki G, Inbaraj PM and Berner JM (2019) Photosyntetic responses of canola and wheat to elevated of CO2, O3 and
water deficit in open top chambers. Plants, 8(171): 1-16.

[105] Rezayian M, Niknam V and Ebrahimzadeh H (2018) Effect of drought stress on the seedling growth, development and
metabolic activity in different cultivars of canola. Soil Science and Plant Nutrition, 64(3): 360-369.

©2022 Reviews in Agricultural Science
182



Please cite this article as

Pamungkas et al. Reviews in Agricultural Science, 10: 168-185, 2022
https://doi.org/10.7831/ras.10.0_168

[106] Hsu PK, Dubeaux C, Takahashi Y et al. (2021) Signaling mechanism in abscisic acid —mediated stomata closure. The Plant
Journal, 105: 307-321.

[107] Tombesi S, Nardini A, Frioni T et al. (2015) Stomatal closure is induced by hydraulic signal and maintained by ABA in
drought stressed grapevine. Scientific Report, 5(12449): 1-12.

[108] Kuromori T, Seo M and Shinozaki K (2018) ABA transport and plant water stress responses. Trends in Plant Science, 23(6):
513-523.

[109] Muhammad I, Shalmani A, Ali M et al. (2021) Mechanism regulating the dynamics of photosyntesis under abiotic stress.
Frontiers in Plant Science, 11: 1-25.

[110] Sloan BP, Thompson SE and Feng X (2021) Plant hydraulic transport control transpiration response to soil water stress.
Hydrology and Earth System Sciences. https://hess.copernicus.org/preprints/hess-2020-671/hess-2020-671.pdf (Accessed on 27
September 2021)

[111] Buckley TN (2019) How do stomata respond to water status?. New Phytologist, 224: 21-36.

[112] LiY,LiH, Li Y et al. (2017) Improving water use efficiency by decreasing stomatal conductance and transpiration rate to
maintain higher ear photosyntesic rate in drought resistant wheat. The Crop Journal, 5: 231-239.

[113] Sacita AS, June T and Impron (2018) Soybean adaptation to water stress on vegetative and generative phase. Agrotech Journal,
3(2): 1-11.

[114] Perdomo JA, Bauca SC, Silva EC et al. (2017) Rubisco and rubisco activase play an important role in the biochemical
limitations of photosyntesis in rice, wheat and maize under high temperature and water deficit. Frointers in Plant Science,
8(490): 1-15.

[115] Shobhkhizi A, Rayni MF, Barzin HB et al. (2014) Influence of drought stress on photosynthetic enzymes, chlorophyll, protein
and relative water content in crop plants. International Journal of Biosciences, 5(7): 89—100.

[116] Parry Martin AJ, Andralojc PJ, Khan S et al. (2002) Rubisco activity: Effects of drought stress. Annals of Botany Journal, 89:
833-839.

[117] Nouri MZ, Maumeni A and Komatsu S (2015) Abiotic stresess: Insight in to gene regulation and protein expression in
photosyntetic pathways of plants. Int. J. Mol. Sci., 16: 20393-20416.

[118] Slattery RA and Ort DR (2019) Carbon assimilation in crops at high temperature. Plant Cell Environ., 42: 2750-2758.

[119] Du'Y, Zhao Q, Chen L et al. (2020) Effect of drought stress during soybean R2-R6 growth stages on sucrose metabolism in leaf
and seed. International Journal of Molecular Sciences, 21(618): 1-19.

[120] Falchi R, Petrusa E, Zancani M et al. (2019) Summer drought stress: Differential effect on cane anatomy and non structural
carbohydrate content in overwintering Cabernet Sauvignon and Syrah Vines. Bio. Web. Conferences, 13: 1-6.

[121] Gupta SD, Manjri, Singh A et al. (2018) Effect of drought stress on carbohydrate content in drought tolerant and susceptible
chickpea genotypes. International Journal of Chemical Studies, 6(2): 1674—-1676.

[122] Blum A (2016) Osmotic adjustment is a prime drought stress adaptive engine in support of plant production. Plant, Cell and
Environment. Jhon Wiley and Sons Ltd., 1-8.

[123] Singh A, Sharma MK and Sengar RS (2017) Osmolytes: Proline metabolism in plants as sensor of abiotic stress. Journal of
Applied and Natural Science, 9(4): 2079-2092.

[124] Li C, Wang Z, Nong Q ef al. (2021) Physiological changes and transcriptome profiling in Sacharum spontaneum L. leaf under
water stress and re-watering conditions. Scientific Reports, 11(5525): 1-14.

[125] Arteaga S, Yabor L, Diez MJ et al. (2020) The use of proline in screening for tolerance to drought and salinity in common bean
(Phaseolus vulgaris, L.) genotypes. Agronomy, 10(817): 1016.

[126] Meena M, Divyanshu K, Kumar S ef al. (2019) Regulator of L-proline biosynthesis, signal transduction, transport,
accumulation and its vital role in plants during variable environmental conditions. Heliyon Journal, 5: 1-20.

[127] Winaya A, Maftuchah and Zainudin A (2020) The identification of osmoprotectant compunds from Jatrhopa curcas Linn. Plant
for natural drought stress tolerance. 6 International Conference on Energy and Environment Research ICEER. Energy Reports
Journal, 6(2020): 626-630.

[128] Jabeen M, Akram NA, Ashraf M et al. (2019) Assesment of biochemical changes in Spinach (Spinacea oleracea, L.) subjected
to varying water regimes. Sains Malaysiana Journal, 48(3): 533-541.

[129] Mwenye O Jhon, Van Rensburg L, Van Biljon A et al. (2016) The role of proline and root traits on selection for drought stress
tolerance in soybeans: a review. South African Journal of Plant and Soil, 33(4): 245-256.

©2022 Reviews in Agricultural Science
183


https://hess.copernicus.org/preprints/hess-2020-671/hess-2020-671.pdf

Please cite this article as

Pamungkas et al. Reviews in Agricultural Science, 10: 168-185, 2022
https://doi.org/10.7831/ras.10.0_168

[130] Ahmeed M, Ul-Hassan F, Qadir G et al. (2017) Response of proline accumulation in bread wheat (7riticum aestivum, L.) under
rainfed conditions. Journal of Agricultural Meteorology, 74(3): 147-155.

[131] Nguyen TTQ, Pham HBV, Le TV, Phung TKH et al. (2020) Evaluation of proline, soluble sugar and ABA content in soybean
Glycine max (L.) under drought stress memory. AIMS Bioengineering Journal, 7(3): 114-123.

[132] Kaur G and Asthir B (2015) Proline: a key player in plant abiotic stress tolerance. Biologia Plantarium Journal, 59(4): 609-619.

[133] Balestrini R, Chitarra W, Antoniou C ef al. (2018) Improvement of plant performance under water deficit with the employment
of biological and chemical agents. The Journal of Agricultural Science, 156: 680—688.

[134] Ratzman G, Zakharova L and Tietjen B (2019) Optimal leaf water status regulation of plants in dryland. Scientific Report,
9(3768): 1-9.

[135] Anderegg WR, Wolf A, Velez AA et al. (2017) Plant water potential improves prediction of empirical stomatal models. PloS
One, 12(10): 1-17.

[136] Turner NC (2018) Turgor maintanance by osmotic adjusment: 40 years of progress. Journal of Experimental Botany, 69(13):
3223-3233.

[137] Nadeem M, Li J, Yahya M et al. (2019) Research progress and perspective on drought stress in legumes: A review.
International Journal of Molecular Sciences, 20(2541): 1-32.

[138] Ali S, Ayat K, Igbal A et al. (2020) Implication of absicic acid in the drought stress tolerance of plants. Agronomy, 10(1323):
1-28.

[139] Wang X, Li Q, Xie J et al. (2021) Abcisic acid and jasmonic acid are involved in drought priming induced tolerance to drought
in wheat. The Crop Journal CSSC, 9(2021): 120-132.

[140] Bharath P, Gahir S and Raghavendra AS (2021) Abscisic acid induced stomata closure: An important component of plant
defense against abiotic and biotic stress. Frontiers in Plant Science, 12(615114): 1-18.

[141] Chen J, Gong Y, Gao Y et al. (2021) TaNAC4S8 positively regulates drought tolerance and ABA responses in wheat (Triticum
aestivum, L.). The Crop Journal, 9: 785-793.

[142] Huber AE, Melcher PJ, Pineros MA et al. (2019) Signal coordination before, during and after stomatal closure in response to
drought stress. New Phytologist Journal, 224(2019): 675-688.

[143] Sah SK, Reddy KR and Li J (2016) Absicic acid and abiotic stress tolerance in crop plants. Frontiers in Plant Science, 7(571):
1-26.

[144] De Ollas VC and Dodd IC (2016) Physiological impacts of ABA - JA interactions under water limitation. Plant Mol. Biol., 91:
641-650.

[145] Anosheh HP, Moucheshi AS, Pakniyat H et al. (2016) Stomatal responses to drought stress. Water stress and crop plants: A
Sustainable Approach. Volume 1. First Edition. 24—40.

[146] St Paul Nicolas KM, Delzon S and Cochard H (2017) Plant resistance to drought depends on timely stomatal closure. Ecology
Letters, 1-11.

[147] Abid M, Ali S, Qi LK et al. (2018) Physiological and biochemical changes during drought and recovery periods at tillering and
jointing stages in wheat (7riticum aestivul, L). Scientific Reports, 8(4615): 1-15.

[148] Laxa M, Liiebthal M, Telman W et al. (2019) The role of plant antioxidant system in drought tolerance. Antioxidant, 8(94): 1—
31.

[149] Weng M, Cui L, Liu F et al. (2015) Effects of drought stress on antioxidant enzymes in seedlings of different wheat genotypes.
Pak. J. Bot., 47(1): 49-56.

[150] Nur CA, Murti RH and Putra ETS (2020) Effect of drought on physiological processes, growth and yield of rubber tree (Hevea
brasiliensis Mull. Arg.). Warta Perkaretan Journal, 39(1): 57-72.

[151] Zivanovic B, Komic SM, Tosti T et al. (2020) Leaf soluble sugars and free amino acids as important components of abcisic
acid mediated drought response in tomato. Plants, 9(1147): 1-17.

[152] Kosar F, Akram NA, Ashraf M et al. (2018) Trehalose induced improvement in growth, photosynthetic characteristics and
levels of some ley osmoprotectants in sun flower (Helianthus annus, L.) under drought stress. Pak. J. Bot., 50(3): 955-961.

[153] Ferreira Thais HS, Tsunada MS, Bassi D et al. (2017) Sugarcane water stress tolerance mechanisms and its implications on
developing biotechnology Solutions. Frointers in Plant Science, 8(1077): 1-18.

[154] Laguna KA, Ponce JLC, Medrano RR et al. (2018) Trehalose accumulation provides drought tolerance to genetically modified
maize in open fields trials. Pak. J. Agri. Sci., 55(4): 1009-1020.

©2022 Reviews in Agricultural Science
184



Please cite this article as

Pamungkas et al. Reviews in Agricultural Science, 10: 168-185, 2022
https://doi.org/10.7831/ras.10.0_168

[155] Mohammadkhani N and Heidari R (2008) Drought induced accumulation of soluble sugars and proline in two maize varieties.
World Applied Sciences, 3(3): 448-453.

[156] Hasanuzzaman M, Mahabub AM, Nahar K et al. (2014) Trehalose induced drought stress tolerance: A comparative study
among different brassica species. Plant Omics, 7(4): 271-283.

[157] Lunn JE, Delorge I, Figueroa CM et al. (2014) Small molecules: From structural diversity to signaling and regulatory roles,
Trehalose metabolism in plants. The Plant Journal, 79 (2014): 544-567.

[158] Noviana I, Haryati Y, Sari R ef al. (2021) Adaptation to climate change by using drought tolerance and early maturing rice
varieties in Majalengka Regency. 1% International Conference on Sustainable Tropical Land Management. IOP Conf. Series.
Earth and Environmental Science, 648 (2021): 1-8.

[159] Van Oosten MJ, Costa A, Punzo P ef al. (2016) Genetics of drought stress tolerance in crop plants. Drought stress tolerance in
plants. Chapter 2. Springer International Publishing Switzerland, 39-69.

[160] Rajanna GA, Dass A and Paramesha V (2018) Excess water stress: Effects on crop and soil and mitigation strategies. Popular
Kheti Journal, 6(3): 48-53.

[161] Pereira LS (2000) Management of irrigation system to crop with drought. Medit Journal, 2 (2000): 33-38.

[162] Saleem MS, Raza MAS, Ahmad S et al. (2016) Understanding and mitigating the Imiact of drought stress in cotton - A review,
Journal Agri. Science, 53(3): 1-16.

[163] Perez CAH, FCG Merino, JLS Castillo et al. (2021) In vitro screening of sugarcane cultivars (Saccharum spp. Hybrids) for
tolerance to polyethylene glycol induced water stress. Agronomy, 11(598): 1-13.

[164] Niu T, Zhang T, Qiao Y et al. (2021) Glycinebetaine mitigates drought stress induced oxidative damages in pears. PloS One,
16(11): 1-20.

©2022 Reviews in Agricultural Science
185



