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Abstract: With the global climate anomalies and the destruction of ecological balance, the water
shortage has become a serious ecological problem facing all mankind, and drought has become a
key factor restricting the development of agricultural production. Therefore, it is essential to study
the drought tolerance of crops. Based on previous studies, we reviewed the effects of drought stress
on plant morphology and physiology, including the changes of external morphology and internal
structure of root, stem, and leaf, the effects of drought stress on osmotic regulation substances,
drought-induced proteins, and active oxygen metabolism of plants. In this paper, the main drought
stress signals and signal transduction pathways in plants are described, and the functional genes
and regulatory genes related to drought stress are listed, respectively. We summarize the above
aspects to provide valuable background knowledge and theoretical basis for future agriculture,
forestry breeding, and cultivation.
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1. Introduction

Drought is one of the most important factors restricting agricultural production,
which seriously affects crop yield [1,2]. Moreover, as one of the main restraining factors in
the process of plant growth, drought can hinder plant respiration, photosynthesis, and stom-
atal movement; thus, affecting plant growth and physiological metabolism. In response to
drought stress, plants activate their drought response mechanisms, such as morphological
and structural changes, expression of drought-resistant genes, synthesis of hormones,
and osmotic regulatory substances to alleviate drought stress. To better reveal the mech-
anism of drought resistance of plants, based on a lot of previous work, we summarized
the status quo and progress of studies on the morphological structure, physiological and
biochemical mechanism changes, internal signal transduction system, and molecular regu-
lation mechanism of plants under drought stress in recent years. Under drought conditions,
plants sense water stress signals and produce signal molecules, such as abscisic acid (ABA),
Ca2+, inositol-1, 4, 5-triphosphate (IP3), cyclic adenosine 5′-diphosphate ribose (cADPR),
NO, etc., and directly or indirectly lead to the morphological and physiological changes of
plants through signal transduction. Indirectly, drought stress signals induce the expression
of downstream genes. Functional gene products, such as proline (pro), glycine betaine
(GB), soluble sugar (SS), late embryogenesis abundant (LEA) proteins, and aquaporin
(AQP) can be involved in plant metabolism and, thus, affect plant state. Regulatory gene
products, such as calcium-dependent protein kinases (CDPKs), mitogen-activated protein
kinases (MAPKs), HD-zip/bZIP, AP2/ERF, NAC, MYB, and WRKY can cause changes in
plant morphology or physiology by regulating signal transduction pathways or acting as
transcription factors to regulate the expression of downstream genes, and further enable
plants to successfully survive in the arid environment (Figure 1).
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Figure 1. The process of plant drought-tolerance development.

We will elaborate from the following four parts. The first is the effect of drought stress
on the external morphology and internal structure of plants. The second part elaborates
the physiological and biochemical responses from the perspectives of osmotic regula-
tion metabolism, drought-induced protein metabolism, and reactive oxygen metabolism.
Here we summarize some important drought-regulating substances and we also briefly
summarize the generation and scavenging process of reactive oxygen species (ROS).
The third part is the signal transduction pathway in plants. We describe common sig-
nals in detail and elucidation of intracellular signal transduction pathways. The fourth
part is about the molecular regulation mechanism of plants. From the perspective of
genes, the anabolism and regulation mechanisms of osmotic regulation-related substances,
drought-induced proteins, signaling path-related substances, and transcription factors are
summarized respectively. All of the advances indicate that it is of great significance to study
the effects of drought stress on plants and explore the mechanism of drought tolerance.

2. Effects of Drought Stress on Plant Morphological Characteristics

When plants are subjected to drought stress, they will first respond to changes in
external form and internal structure. The most significant effect of water loss is that the
plant grows slowly and even dies. Studies have shown that plants under abiotic stress
can adapt to changing environmental factors through phenotypic plasticity. Therefore,
under the influence of the environment, xerophytes have formed certain morphological
characteristics in the process of evolution, and adapted themselves to drought in their
ontogenetic development under these characteristics. The drought-resistant plants have
morphological and structural characteristics that were adapted to the arid environment in
terms of leaves, stems, roots, and so on.

2.1. Drought Stress and the External Form of Plants

The obvious symptoms of water deficit during the vegetative period are plant height
decreased, leaf wilting, number and area of leaves changed. Plant height, severely affected
by drought, is closely related to cell enlargement and leaf senescence. The decrease in plant
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height is mainly due to decreased cell expansion, increased leaf shedding, and impaired
mitosis under drought conditions. Some studies have reported that plant height of lily [3],
maize [4], cane [5], and rice [6] decreased significantly under drought stress. In addition to
the changes in plant height, different organs of plants also differ significantly in morphology.
As an indicator of the degree of water shortage in direct response, leaves are the main
organs for plant assimilation and transpiration. Plant leaves generally adopt smaller
leaf areas, larger leaf thickness, and higher leaf tissue density to adapt to drought [7].
The change of leaf area, which directly affects plant photosynthesis and yield, is one of
the most easily observed features of plant leaves under drought stress. Previous studies
have shown that the main reasons for the change of plant leaf area are the leaf turgor
pressure, canopy temperature, and availability of photoassimilates [8]. Under the condition
of drought, the leaf turgor pressure and the rate of photosynthesis of plant leaves decrease,
which leads to the decrease of leaf area [9]. For morphological responses, Prunus sargentii
and Larix kaempferi experienced a significant decrease in leaf size, respectively in leaf
width and length under drought conditions [10]. Furthermore, Maclura pomifera [11],
Oryza sativa [6], Triticum aestivum [12], Lens culinaris [13], Dracocephalum moldavica [14] all
showed an obvious decrease in leaf area under drought stress. However, different plants
have different responses to drought stress, such as sugarcane leaves showed marginal
elongation under drought stress [5]. Another easily observed leaf morphology phenomenon
is leaf rolling, for the loss of the potential pressure due to water loss from the upper
epidermis of the leaf when plants are short of water. Under drought stress, the flag leaf
of wheat would be severely rolling [15]. In a xerophytic environment, conifers have thick
horny film, and their wilting and rolling motion can resist direct sunlight to improve their
water retention [16,17].

Apart from leaves, plant roots, as organs that directly absorb water, also play a
significant role in drought stress [18]. Developed roots can help plants to fully absorb and
utilize the water stored in the soil so that plants can survive the drought period [19]. What is
more, researches have shown that water is the main environmental factor affecting the
development of plant roots [20]. Therefore, the morphological changes of plant roots in arid
areas are particularly important. Root system configurations such as root hair, root branches,
and root density can significantly affect the water deficiency of plants. Drought stress can
inhibit the development of cotton seedlings, promote the elongation and thinning of fine
roots, shorten the life of fine roots with different diameters, promote the elongation of root
hairs, and accelerate their death [21]. Cunninghamia lanceolate can increase root complexity
and elongation, reduce root branching angles, leading to steeper and deeper roots system
to adapt to drought stress [22]. Maize treated by drought stress obtains more water from
dry soil by reducing lateral root branch density, making axial root elongation and rooting
depth larger [23]. Water also had a certain effect on the distribution of plant roots. Soybean,
field pea, and chickpea were sensitive to the soil moisture content of biomass decreased
more than the root, leading to a higher root/shoot ratio of soybean [24]. Drought can
also affect the external morphology of plants in other ways, such as the average internode
length of sugarcane increased by 39.02% after drought treatment in an early vegetative
stage, and drought stress would destroy the full root structure [25]. In addition to the above
characteristics, the root to stem ratio of plants also changes. The shoot and root biomass
of soybean decreased significantly under drought stress. Under the condition of water
restriction, the height, leaf size, and stem girth of maize plants decreased significantly [26].

2.2. Drought Stress, the Internal Structure, and Physical Property of Plants

In addition to the external form, the internal structure of plants also changed. There is
a developed cuticle in the outer wall of the leaf epidermis. The cuticle is a kind of lipid
membrane, which can reduce the loss of water to the atmosphere and acts as a barrier
for plant water evaporation. The thick cuticle can improve the plant’s energy reflection
and reduce transpiration, thus enhancing the plant’s drought resistance. The cuticular
lipids content of Arabidopsis thaliana leaves increased significantly under water shortage
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treatment. The increase of epidermal wax per unit area under drought stress was mainly
due to the increase of wax alkanes. Moreover, the water deficit increased the total amount
of cutin monomers, changed the proportion of the cutin monomers amount, increased the
thickness of the leaf cuticle, and the accumulation of osmium in the plant cuticle [27].
Tea leaves improve drought resistance through increasing wax coverage, cuticle thickness,
and osmiophilicity [28]. In addition, plant leaves tend to increase mesophyll palisade
tissue, decrease spongy tissue, increase the number of cell layers, but decrease the volume
and shorten the intercellular space to adopt drought [29]. Stomatal development is another
important index related to water stress. The drought process appeared to increase stomatal
length, stomatal width, stomatal density, and stomatal opening. The reduced stomatal
density of Hordeum vulgare leaves could increase its tolerance to water stress [30]. Ap-
ple cultivars, which exhibited significantly thicker cuticle, longer palisade cells, and thicker
spongy parenchyma had superior drought tolerance [31]. In the observation of micromor-
phology of blackberry after drought treatment, it was found that with the extension of
stress time, the morphology of leaf epidermis cells underwent a series of expansion changes.
Moreover, the walls of the epidermal cells and spongy tissue cells of the leaves thickened
with the duration of drought. Especially after treatment for a period of time, the spongy
tissue cells were obviously compressed and filled with sclerenchyma [32]. What is more,
the degree of lignification and channeling tissue on the epidermis had a great influence on
the drought resistance of the plant. The study found that plants with water deficits had
lower levels of lignin in their leaves than those with adequate water [33]. The xylem of the
stems and roots of the stress-treated plants was thicker than that of the normal rapeseed
plants. In addition, drought stress reduced the vessel’s inner diameter and increased the
number and inner diameter of root vessels [34]. Fresh and dry weights are also significantly
reduced under water deficit conditions [35]. In the study of Matthiola incana, the relative
water content did not change significantly with the increase of drought stress, but plant
height, stem fresh weight, stem dry weight, root fresh weight, and root dry weight all
decreased significantly [36]. Besides, water stress had significant effects on the essential oil
content and essential oil composition of Rosemary. With the decrease of soil water content,
stalk length, fresh weight, and fresh and dry weight of root decreased. At the same time,
the content of essential oil also presents the trend of first rising and then falling [37].

3. Effects of Drought Stress on Plant Physiological and Biochemical Characteristics

When plants are subjected to drought stress, a series of changes will occur in their
appearance, leading to a series of physiological and biochemical changes in plants. For ex-
ample, the changes in photosynthesis, osmotic regulatory substances, drought-induced pro-
teins, and antioxidant enzymes all reflect the different degrees of influence of plants under
drought stress.

3.1. Photosynthetic Capacity

Photosynthesis is one of the main processes affected by water stress. Leaf photosyn-
thetic products are the material basis of plant growth. The net photosynthetic rate directly
reflects the material productivity per leaf area. Therefore, theoretically speaking, it is a
reliable index to measure the biological production level of plants. The photosynthetic
rate and transpiration rate decrease with the decrease of soil relative water content. Pre-
vious studies have shown that the decrease of photosynthetic rate under drought stress
is the result of stomatal limitation and non-stomatal limitation. The stomatal limitation
was the main factor of photosynthetic rate decrease under mild drought. However, un-
der severe drought conditions, non-stomatal factors were the main reason for the decline
of the photosynthetic rate. When water is deficient, it will lead to the decrease of photo-
synthesis directly through decreasing CO2 availability resulted in diffusion limitations of
the stomata and the mesophyll [38]. Stomatal closure limits leaf absorption of CO2 and
prevents transpiration water loss due to turgor pressure and/or reduced water potential.
In a study by Victor Santos et al., they pointed out that photosynthesis in the canopy of the
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central Amazon forest decreased by 28% in the dry season and by 17% in the undergrowth,
compared with that in other seasons in 2015. They further suggested that the reduction
in photosynthesis was only related to the closure of stomata in trees in the canopy and
undergrowth [39]. It was also found in wheat that drought decreased stomatal conduc-
tance, increased stomatal resistance, and decreased photosynthetic rate and transpiration
rate [40]. However, with the increase of water deficit, non-stomatal factors began to play an
important role. At this time, the potential photosynthetic CO2 assimilation rate decreases,
which cannot be eliminated by increasing the external CO2 concentration. The decrease
of photosynthesis, which is dominated by non-stomatal factors, is related to the decrease
of activity or component content of many important processes related to photosynthesis.
For example, Ribulose-1,5-bisphosphate (RuBP) content and activity, as well as apparent
quantum yield, play a very important role in the photosynthetic assimilation process.
In the study by Carmen Gimenez, it was found that there was an obvious S-shaped curve
relationship between the photosynthetic rate and RuBP in sunflower leaves, suggested that
the reduction of photosynthetic rate was to some extent restricted by RuBP content [41].
Dhammika’s study on tobacco also confirmed that RuBP synthesis is limited under wa-
ter stress due to inhibition of the activity of synthetic enzymes [42]. Another substance
that is important for plant photosynthesis under water stress is the enzyme Ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCo). The activity of the RuBisCo enzyme had
no significant change or was less affected under mild water shortage, but decreased under
severe drought. In addition, changes in photochemical and biochemical processes such
as electron transfer rate decrease and photophosphorylation are also observed. The direct
manifestation of these changes is the occurrence of “photoinhibition”. With the increase of
drought intensity, the net photosynthetic rate, transpiration rate, and stomatal conductance
of cotton decreased [43]. Ma Ping et al. studied the effects of drought on photosynthesis in
apples. Soil relative water content (SRWC) decreased from 87% to 24% within 15 days after
the irrigation treatment was stopped, while leaf relative water content (LRWC), net photo-
synthetic rate (Pn), and stomatal conductance (GS) all showed a decreasing trend. Moreover,
they noted that the photochemical reaction was only slightly downregulated under severe
drought conditions. With the intensification of drought conditions, the activity of RuBisCo
decreased significantly, and the actual efficiency of photosystem II (ΦPSII) decreased [44].

The chloroplast is the site of photosynthesis in green plant leaves, which mainly uses
chlorophyll to absorb, transfer and transform light energy. Chlorophyll is continuously
metabolized in plants, closely related to photosynthesis and yield formation of plants.
As the most important and effective pigment in photosynthesis, chlorophyll can reflect the
growth status of plants and the degree of stress. Chlorophyll content tends to decrease
under drought stress and the ratio of chlorophyll “a”, “b”, and carotenoid was changed,
thus, in turn, causes changes in photosynthetic function [45]. The reason for the decrease
of chlorophyll content in leaves may be the degradation of chlorophyll directly caused by
drought. Drought stress could significantly reduce the contents of chlorophyll a, chloro-
phyll b, and total chlorophyll in chickpea during vegetative growth and anthesis [46].
In the study of 13 durum wheat native varieties from Iran and Azerbaijan, it was found
that different wheat varieties had different responses to drought stress. The chlorophyll
level of susceptible wheat cultivars decreased significantly under drought stress, while the
chlorophyll content of resistant wheat cultivars was still maintained [47]. In Chinese
cork oak (Quercus variabilis) seedlings, chlorophyll a, chlorophyll b, carotenoids (Car),
and total chlorophyll contents were significantly decreased at 40% and 20% field capacity,
despite there was no significant change in Chl a/Chl b and Car/Chl ratios [48]. The total
chlorophyll content and the ratio of Chl a/Chl b in oil palm were significantly decreased
under water stress [49]. However, not all plants show reduced chlorophyll content under
drought stress. Soheila pointed out that chlorophyll content in borage increased at lower
irrigation levels, mainly due to lower leaf area index and more radiation interception [50].
Besides, drought makes it difficult for plants to absorb nutrient elements and causes symp-
toms of deficiency of elements, which is also manifested as decreased chlorophyll content.
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Changes in plant pigments lead to the color of the plant changed into yellowish-brown
when they suffer from drought. From the point of view of drought resistance, plants with
high chlorophyll content generally have stronger drought resistance.

The pathways of CO2 assimilation in photosynthesis can be divided into the C4
pathway, C3 pathway, and Crassulacean acid metabolism (CAM) pathway. Under drought
stress, the C4 pathway was significantly superior to the C3 pathway. The leaves of C4
plants have a typical Kranz wreath structure and water use efficiency (WUE) is significantly
higher than that of the C3 pathway. Under the condition of water shortage, the C4 pathway
can assimilate CO2 to produce more organic matter, which is conducive to the plant to
resist early drying. The stomata of CAM plants open at night, absorb CO2, and form malic
acid catalyzed by phosphoenolpyruvate carboxylase (PEPC), which is stored in vacuoles.
Stomatal closure during the day, MAL decarboxylation gives off CO2. Because CAM
fixes CO2 by stomatal opening at night, transpiration loss during the stomatal opening
in the day is avoided, and the contradiction between stomatal transpiration and CO2
absorption under drought stress is solved. Different species have different assimilation
pathways and different environmental conditions can significantly change the carbon
metabolism pathways of plants. That is to say, changes in growth and development
level, growth conditions, nutritional status, and biological regulators can lead to a mutual
transformation of CO2 fixation pathways in plants. Increased ABA content in plants
under drought conditions promotes the operation of the C4 pathway. Similarly, the C3
pathway can also be transformed into the CAM pathway [51]. Winter’s studies on different
varieties of orchids and Mesembryanthemum crystallinum L. (Aizoaceae) have shown that
some species with highly flexible photosynthetic phenotypes have changes in assimilation
pathways when the external environment changes. They operate in C3 mode when not
stressed, or in CAM mode when drought or salinity stressed [52–54]. Milton Garcia support
that the C3-CAM shift is present in the cactus seeding process. Ideas are put forward that
there is a facultative component of CAM expression in the cactus. Shortly after germination,
the expression of C3 photosynthesis can promote plant growth when there is sufficient
water. Facultative CAM components can accelerate the development of constitutive CAM
and contribute to plant survival in water-deficient environments [55].

3.2. Osmotic Regulation Metabolism

Osmotic regulation is an important way for plants to reduce osmotic potential and
resist adversity stress under water stress. When plants are subjected to drought stress,
osmotic regulation can be realized in three ways, namely, the decrease of intracellular water,
the decrease of cell volume, and the increase of cell contents. These three pathways coexist
in plants, but not all plants have osmotic regulation. Osmotic regulation is generally con-
sidered to be the active regulation of cells to reduce osmotic potential by increasing solute.
Its initial effect is to reduce the free energy of water bound inside the cell, maintain the
difference of water potential inside and outside the cell, and enable the cell to absorb water
under the condition of lower external water potential. Thus maintaining the turgor pressure
required for cell growth [56]. Osmotic regulation can maintain stomatal conductance to
moderate water deficit by maintaining turgor pressure. It helps to keep the content of CO2
in mesophyll intercellular space at a high level so as to avoid or reduce the photosynthetic
inhibition on photosynthetic organs. Osmotic regulation can maintain normal or mini-
mize damage to biochemical, physiological, and morphological processes related to cell
growth, stomatal opening, and photosynthesis during environmental stress. The osmotic
regulating substances in plants mainly include organic osmotic regulating substances
and inorganic ions entering from the external environment. Organic osmotic regulating
substances, such as amine compounds (glycine betaine and polyamines), amino acid com-
pounds (proline), and trehalose, fructan, mannitol, and other compounds, play a major
role in regulating the osmotic type of cytoplasm. These substances are usually of small
molecular weight, highly soluble, and have little toxicity to cells. They can maintain the
normal osmotic pressure level, protect the protein activity and cell membrane structure, etc.
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The osmotic regulation of inorganic ions is closely related to the ion pump. For example,
the Na+, K+, H+ pump can regulate the concentration of inorganics inside and outside the
cell, thus changing the osmotic potential of the cell. At the same time, the change of inor-
ganic ion concentration will cause a change in cell morphology and function. Suomin Wang
et al. proposed that K+ and free proline accumulation played an important role in drought
adaptation of xerophytic plants and Na+ accumulation is one of the most effective strategies
for succulent xerophyte to adapt to drought [57]. At present, there are more studies on
osmotic regulation substances such as proline (Pro), soluble sugar (SS), glycine betaine
(GB), etc. Some studies have found that Pro accumulation is a protective measure taken by
plants to resist drought stress [58]. When PEG concentration was 30%, Pro content in rice
increased significantly [6]. Under drought stress conditions, osmotic regulation substance
content increased, which was positively correlated with plant stress resistance. However,
the variation range of osmotic regulation substance was different among different species.
By decreasing soluble sugar, polysaccharide, and fructose contents and increasing proline,
glucose, and trehalose contents, Lanzhou lily can improve its resistance to drought stress by
changing the contents of osmotic regulation, and secondary metabolites [3]. The contents
of soluble carbohydrates sucrose, glucose, and fructose in Maclura pomifera increased at
the initial stage of drought stress but decreased after 22 days of severe drought stress.
In addition, the affinity of osmotic substances proline and mannitol increased significantly
under drought stress [11]. In the study of Farooq et al., the contents of proline, glycine be-
taine, total soluble carbohydrate, and sucrose were significantly increased due to drought
stress in several pistachio genotypes [59].

As an osmotic regulating substance, proline (Pro) is preferentially stored in plant
vacuoles. When the cell is subjected to osmotic stress, Pro is transported to the cytoplasm,
and the osmotic potential is reduced by increasing the concentration of the cytoplasm so
that the cell can still absorb extracellular water under the condition of low osmotic potential;
thus, maintain the cell protoplasm and the external environment of osmotic balance [60].
Pro has a strong ability to hydrate, so it can also play a protective role in cell structure.
In the event of plant injury, Pro interacts with proteins to form a hydrophobic skeleton to
stabilize and protect biological macromolecules and cell membrane structures. Pro is also a
variety of free radical scavengers [58]. Pro can reduce the oxygen damage caused by stress
through chelating singlet oxygen and hydroxyl radical. Another way of Pro to remove
ROS is to stimulate the activity of POD, catalase (CAT), superoxide dismutase (SOD),
polyphenol oxidase (PPO), and other enzymes in plants. Under the stress of adversity,
Pro can bind to proteins to form a protective film with water molecules on the surface
of proteins. The formation of a protective membrane restrains the flow of water to the
outside of the cell and reduces the loss of water. Moreover, the protective membrane has a
good protective effect on proteins and other biological macromolecules, maintaining the
high structure and activity of biological macromolecules. For denatured proteins under
the stress of adversity, Pro can improve the hydrophilicity of denatured proteins after
combining with it. It keeps the dissolved state of the denatured proteins so as to avoid the
agglutination of the denatured proteins interfering with the metabolic activities of the cells.
Therefore, Pro is an important osmotic regulating substance.

Glycine betaine is a water-soluble substance with amphoteric characteristics. As an
effective non-toxic osmotic regulator, it can bind to both hydrophilic and hydropho-
bic regions of biological macromolecules such as enzymes. Drought stress can cause
the accumulation of glycine betaine and it can improve the drought-resistant ability of
plants [61], which have been proven in sunflower [62], wheat [63], barley [64], pepper [65],
Axonopus compressus [66], etc. The application of glycine betaine can effectively improve
the osmotic regulation ability, stomatal conductance, and carboxylation efficiency of CO2
assimilation so as to promote photosynthesis [67]. In other words, under drought stress,
glycine betaine can stabilize the structure and properties of biological macromolecules,
such as the key enzymes of the dicarboxylic acid cycle, terminal oxidases, and the pho-
tosystem, etc., which have important physiological significance in maintaining normal
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respiration and photosynthesis of plants [58]. Soluble sugar (SS) is an important energy and
carbon source in the organism and participates in many processes of plant life metabolism.
The soluble sugar in general plants includes glucose, fructose, sucrose, and other carbo-
hydrates. The accumulation of soluble sugar can reduce the water potential of cells and
improve the ability of plants to absorb water and retain water. In addition, most osmotic
regulators fail to protect proteins and biofilms with further water loss under severe drought
stress. Only soluble sugars can take the place of water molecules and form hydrogen
bonds with proteins to maintain the specific structure and function of proteins. Moreover,
the increase of soluble carbohydrates between biofilms can avoid the direct collapse of the
biofilm system.

However, osmotic regulation also has limitations. The improvement in drought
resistance of plants is only temporary. Moreover, it has a very limited effect on plant
drought tolerance. If drought stress is severe, the turgor pressure of plants cannot be
maintained. The effects of drought are present even within the range of osmotic adjustment
of water potential. Osmotic regulation can only alleviate drought damage of plants to a
certain extent.

3.3. Drought-Induced Proteins

Drought-induced proteins are newly synthesized proteins in plants under drought
stress, which play a protective role in plant adaptation to stress and can improve plant
drought tolerance. Drought-induced proteins can be divided into two categories according
to their functions: (1) functional proteins, which play a direct protective role in cells,
mainly include ion channel proteins, LEA proteins, OSM proteins, and metabolic enzymes,
etc. (2) Regulatory proteins, including protein kinases, phospholipase C, phospholipase D,
G protein, calmodulin, transcription factors, and some signaling factors, are involved
in signal transduction or gene expression regulation in water stress and play indirect
protective roles. Three important drought-inducible proteins, LEA, AQP, and dehydrin,
are highlighted below.

3.3.1. Late Embryogenesis Abundant Protein

Late embryogenesis abundant (LEA) protein is a dehydrating protective protein
enriched in the late stage of seed embryo development. LEA protein is rich in lysine
and glycine, most of which are between 10 and 30 kD, and a few of which are above
30 kD. LEA is a large family of proteins, with more than 50 of them found in Arabidopsis
alone [68]. It is regulated by plant development stage, ABA and dehydration signal, etc.,
and can be expressed in many tissues and organs of plants, with high hydrophilicity
and thermal stability. The ability to capture enough water into cells is closely related
to the dehydration tolerance of plants and the protection of tissues from water stress.
Most LEA proteins do not have a stable secondary structure, but they may acquire an
α-helix structure after drying [69]. LEA protein can participate in the process of crop
resistance to environmental stress and plays a key role in this process, which is closely
related to its amino acid composition and structure. Most LEA proteins contain a high
proportion of polar amino acids, which makes them highly hydrophilic. What is more,
most LEA proteins contain some conserved sequences. These sequences can form high
helical folding under stress conditions, and such structure may have a hydrophobic effect
with the membrane system of some denatured proteins. By stabilizing lipid membrane
or functional proteins, a large amount of water loss can be prevented, thus reducing the
influence of the external environment on intracellular metabolism [70]. In addition, there is
a dynamic equilibrium between random conformation and α-helix in the dissolved state
of LEA protein, which is also one of the reasons that LEA protein can participate in the
resistance of crops to environmental stress [71].

One of the important functions of LEA protein in response to stress such as drought
is its ability to scavenge ROS. Plants will produce a large number of reactive oxygen
free radicals under adverse conditions, which have strong oxidation properties and can
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damage cell membranes and proteins, etc. Therefore, the scavenging of reactive oxygen free
radicals becomes an important protection mechanism of plants under adverse conditions.
Hara et al. found that the dehydrin CuCOR19 in Citrus reticulata can scavenging hydroxyl
radicals and hydrogen peroxide and reduce the damage of reactive oxygen free radicals
to plants [72]. Dean et al. found that glycine, lysine, and histidine were vulnerable to free
radical attacks, and the total contents of glycine, lysine, and histidine in citrus dehydrin
CuCOR19 were up to over 40%. Therefore, LEA protein could consume part of free radicals
through three amino acids and play a protective role on plants. Because the LEA protein
has no obvious secondary structure, the oxidation of some amino acids is obviously not
sufficient to completely destroy its function [73]. Lea protein can prevent the loss of water
by binding to the lipid membrane through the α helix structure, so it has the function of
binding to the membrane to stabilize the membrane. For example, in corn, dehydrin DHN1
can bind to vesicle membrane containing acidic phospholipids, and its helicity will be
significantly enhanced, indicating that functional conformational changes of DHN1 have
occurred at the membrane interface, which may be related to dehydrin maintaining the
stability of vesicle membrane and other intimal structures under adversity [74]. Hara et al.
also found that overexpression of CuCOR19 in tobacco could inhibit lipid membrane
peroxidation of tobacco [75]. Thalhammer et al. found that the Arabidopsis LEA proteins
COR15A and COR15B could bind to lipid membranes under drought conditions and play
a protective role in lipid membranes [76]. In addition to scavenging reactive oxygen free
radicals and maintaining the stability of the intimal system, LEA protein can be used as
a cryo-protectant and metal ion protectant to participate in a wide range of stress. It was
found that most of the LEA proteins of the dehydrin family play an important role in
the process of cold resistance in plants. The accumulation of dehydrin gene WCS120 was
significantly correlated with its survival rate during winter in wheat [77]. Overexpression
of DHNS in Arabidopsis thaliana showed that the cold tolerance of Arabidopsis thaliana was
improved [78]. There is no domain associated with metal ion binding in dehydrin, but the
proportion of histidine in dehydrin is high. It is speculated that the high proportion of
histidine in dehydrin makes dehydrin have the ability to bind metal ions. It was also
found that His-X and His-X3-His (X is an arbitrary amino acid) structures existed in many
dehydrators, and further study confirmed that the ability of these domains to bind metal
ions was significantly higher than that of other amino acids [79]. However, in the study
of Ricinus communis, it was found that there was no correlation between the ability of
dehydrin to bind metal ions and histidine content, which indicated that dehydrin had a
more complex mechanism of binding metal ions [80].

Similar to soluble sugar in cells, LEA proteins with high hydrophilicity bind a large
number of water molecules, allowing plants to maintain normal metabolism without dam-
aging cells even in the event of severe dehydration [81]. The facultative α-helix structure
formed by LEA protein interacts with the cell membrane under dehydration conditions,
making the cell membrane maintain a relatively stable state even under dehydration
conditions, thus preventing water loss [71]. In addition, most of the LEA genes have
ABA response elements in their promoter regions, so the increase of endogenous ABA
content in plants under drought conditions can also lead to the increase of LEA gene expres-
sion [82]. Under drought stress, LEA protein is also a good enzyme protectant. For example,
the LEA genes of Boea hygrometrica, LEA1, and LEA2, were transferred into tobacco (Nico-
tiana tabacum L.) to obtain transgenic tobacco. It has found that the transgenic tobacco
superoxide dismutase (SOD), peroxidase (POD), and photosynthetic system II related
enzyme activity was increased. Moreover, the water content of leaves also increased. Thus,
the stability of its protein is enhanced [83]. Overexpression of some LEA genes can improve
the drought resistance of plants. Studies have confirmed that the overexpression of wheat
LEA gene TaLEA3 into Leymus chinensis can improve drought resistance [84].
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3.3.2. Dehydrin

Dehydrin, a member of the Lea-II family with a molecular weight of 9~200 kDa, is a
drought-induced protein widely found in higher plants. It is produced during late embryo-
genesis and responds to low temperature and exogenous ABA, or typically accumulates
in dehydration stressed plants under drought, salt, and extracellular freezing. Dehydrin
is rich in glycine and lysine and lacks cysteine and tryptophan. It is highly hydrophilic.
In addition, dehydrin is a heat-stable protein that remains stable in boiling water and is
thought to play an important role in protecting cells from damage caused by cell dehydra-
tion. An important structural feature of dehydrin is that it has three conserved regions: K, S,
and Y fragments. The K fragment consists of 15 amino acids (EKKGIMD-KIKEKLPG) and
is rich in lysine. The K fragment is usually located at the C end of the protein sequence and
can form the amphipathic α-helix, which is the important structural basis of its hydrophilic-
ity [70]. The S fragment is composed of a series of serine residues, and phosphorylation of
the S fragment has been shown to enable dehydrin to enter the nucleus guided by signal
peptides [85]. The conserved sequence of fragment Y is (T/V) D (E/Q) YGNP, located at the
N-terminal of the dehydrated protein. The fragment Y is homologous to the nucleic acid
binding sites of some bacterial and plant molecular chaperones. In addition, dehydrin has
some conservative less rich in polar amino acid of Φ fragments and approved a similar
nuclear localization signal (NLS) sequence [86]. According to the number of K, S, and Y
fragments, the plant dehydrin gene family can be divided into five subfamilies: Kn, SKn,
YnSKn, YnKn, and KnS.

In an aqueous solution, dehydrin forms the largest amount of hydrogen bonds with
neighboring water molecules, while the proportion of external hydrogen bonds is very
low, which does not form the hydrophobic core required for folding protein. Therefore,
the dehydrin protein presents an unstructured and disordered protein form without a fixed
three-dimensional structure. However, when the microenvironment around the dehydrin
protein changes, the conformation of the dehydrin protein also changes. In the dehydrated
state, the K fragment forms an α-helix type conformation in which the negatively charged
amino acids lie on one side of the helix, the hydrophobic amino acids on the other, and the
positively charged amino acids lie on the polar nonpolar interface. The α-helix with both
hydrophilic and hydrophobic properties can interact with the dehydrated surfaces of other
proteins or biofilm surfaces [87]. Therefore, dehydrin plays a stabilizing role in protecting
the membrane system. Stress often dehydrates plant cells, destroys the hydration protection
system on the surface of membrane lipid bilayers, reduces the space between membrane
lipid bilayers, and causes membrane fusion and severe destruction of membrane structure.
The amphiphilic α-helix formed by the K fragment in the dehydration condition enables
the dehydrin to participate in the hydrophilic and hydrophobic interactions. Due to its high
hydration ability, dehydrin binds with membrane lipids to prevent excessive loss of water in
cells, maintain the hydration protection system of membrane structure, prevent the decrease
of membrane lipid bilayer spacing, and thus prevent membrane fusion and the destruction
of biofilm structure [88]. Dehydrin also protects the protein. The amphipathic α-helix
formed by the K fragment can bind the dehydrin to the hydrophobic point of the partially
denatured protein, acting as a molecular chaperone to prevent the further denaturing of
the protein. In addition, the middle fragment of dehydrin contains a large number of polar
amino acid residues, which can produce synergistic effects with small polar molecules and
low molecular weight substances (carbohydrates, amino acids, water molecules, etc.) in
the nuclear matrix and cytoplasmic matrix, enhancing the protective effect of dehydrin on
proteins [70].

3.3.3. Aquaporin

Aquaporin (AQP) is a class of intrinsic proteins in the plasma membrane or vacuolar
membrane that specifically transport water, ranging from 26 kD to 30 kD, and belongs to the
same family of major intrinsic protein (MIP) proteins as ion channels and glycerol channels.
Based on the homology and structural characteristics of amino acid sequences, the AQPs
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family of plants is classified into four types: plasma membrane intrinsic proteins (PIPs);
tonoplast intrinsic proteins (TIPs); nodulin 26-like intrinsic proteins (NIPs); small and
basic intrinsic proteins (SIPs) [89]. Among them, PIPs are mainly located in the plasma
membrane and can be divided into PIP1, PIP2, and PIP3 according to the homology
difference between N-terminal and C-terminal sequences. TIPS are mainly distributed in
the vacuolar membrane and can be divided into five groups according to different tissue
location, namely α, β, γ, δ and ε, which are important aquaporins in plants. NOD26 is
the first member of the NIP family found in plants, located on the symbiotic membrane of
soybean and rhizobia [90]. According to the structural differences of ar/R of aquaporins
and the specificity of transport substrates, NIPS is divided into three categories: NIPI, NIPI,
and NIPIII. This subfamily can transport other substances except for water molecules [91].
SIPs are the smallest family of AQPs in plants, mainly located in the endoplasmic omentum,
and can be divided into SIP1 and SIP2 according to the different NPA sequences in the
N-terminal and B-ring [92].

The expression of AQP showed strong temporal and spatial specificity. AQP is highly
expressed in tissues and organs that need a lot of water flow, such as root epidermis,
outer cortex and endodermis cells, xylem parenchyma cells near xylem vessels, phloem as-
sociated cells, guard cells, etc. The physiological function of AQP is closely related to its
expression period and location, and its functions cover a series of physiological processes
such as seed maturation and germination, cell elongation, root growth, leaf extension
and movement, petal expansion, pollen, and ovule development [93–98]. At the sub-
cellular level, AQP is mainly distributed in membrane systems such as cell membrane,
vacuole membrane, endoplasmic omentum membrane, chloroplast membrane, and mito-
chondrial membrane. It was also found that AQP was redistributed at the subcellular level
in different tissue sites and in different environments [99,100]. AQP located in the cell mem-
brane at the cellular and subcellular levels is mainly responsible for water absorption and
effluent. AQP located on the invaginated plasma membrane contributes to water transport
between the protoplast and the vacuole. AQP located in the vacuolar membrane plays a
role in regulating turgor. The specific distribution of plant AQP indicates that strong water
flow across cells occurs in this region. In general, at the cellular level, the plasma membrane
intrinsic protein (PIP) is mainly responsible for water absorption and outflow, and the
vacuolar membrane intrinsic protein—tonoplast intrinsic protein (TIP)—is responsible for
regulating turgor pressure, thus maintaining the integrity of cells [101]. For the whole
plant, the specific distribution of plant AQP indicates that there is strong water flow across
cells in this region [102].

AQP plays an important role in water transport. During the transmembrane trans-
port of water in plants, AQP promotes the transmembrane transport of water inside and
outside of cells by reducing the resistance encountered in the transmembrane transport
of water and accelerates the rate of water migration between cells along the gradient of
water potential. This is an important function of AQP in the transmembrane transport
of water between different intracellular regions. At the same time, AQP is also the main
way of water in and out of the cell, balancing the water potential inside and outside the
cell. For example, the AQP on the cell membrane of plant root cells can regulate 70%~90%
of the water flowing through the root. Water is absorbed by the root system of the plant,
which passes through the casparian strip into the vessels. The vascular system ensures that
water is transported in large quantities through the plant. In many plants, AQP expres-
sion has been found in vascular bundles and adjacent tissues [103,104]. This suggests that
plant AQP can accelerate water transport and facilitate water flow in and out of vascular
bundles. In addition, plant AQP can maintain the water potential balance between xylem
parenchyma cells and transpiration flow [105]. When the transpiration and water potential
of the ducts are higher than that of parenchyma cells, the water will be stored in the vacuole
through AQP transport. When the water potential of parenchyma cells is higher than the
transpiration water potential of the ducts, AQP will transfer the stored water to the ducts.
Water is transported across the plasma membrane and vacuole membrane of parenchyma
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cells through AQP. In addition to water molecules, aquaporin also transports other physi-
ologically important neutral small molecules, such as CO2, H2O2, glycerol, NH3/NH4

+,
boron, silicon, and urea, which are involved in a series of important physiological processes
in plants, such as photosynthesis, nutrient absorption, cell signal transduction, and stress
response. The function of AQP determines its positive role in drought stress.

3.4. Reactive Oxygen Metabolism
3.4.1. Production and Basic Function of Reactive Oxygen Species

Oxygen is necessary for aerobic organisms to maintain their own life activities.
When oxygen is not completely reduced in the metabolic process, a series of metabolites
and their derivatives with more active chemical properties will be produced, called reactive
oxygen species (ROS). ROS include superoxide radical O2

−, H2O2, singlet oxygen 1O2,
hydroxyl radical ·OH, and organic oxygen radical (RO·, ROO·), etc. [106]. Under normal
conditions, the ROS produced in plants maintains a balance with its scavenging system.
However, when plants are under drought stress, ROS production and clearance will be out
of balance. Drought can cause the increase of reactive oxygen free radicals and make plant
cells suffer oxidative stress. When ROS exceeds the capacity of the ROS scavenging system,
it will cause the accumulation of ROS and oxidative damage. The production of these free
radicals will lead to a variety of harmful cytological effects, such as biofilm lipid peroxida-
tion, protein denaturation, DNA strand breakage, and blocked photosynthesis. Two types
of protection systems, enzymatic and non-enzymatic, have been formed correspondingly
in the process of long-term evolution in plants to maintain a moderate level of ROS.

ROS can be produced in plants through many metabolic pathways. For example,
in the process of photosynthesis and respiration, plant mitochondria, chloroplasts and
peroxisomes, and some other organelles or parts with high oxidation activity or strong
electron transfer function can also produce ROS. Chloroplasts are the main source of
ROS production in green plants [107]. When plants are in a water-deficient environment,
the absorption efficiency of light energy decreases. The blocked fixation of carbon dioxide
in plants results in a decrease in NADP+ supply and a relative increase in the rate of
photosynthetic electron transfer to O2. Oxygen and so on are used as electron acceptors to
form O2

−. In turn, O2
− can trigger a series of chain reactions to produce a large amount of

ROS in plants [108]. Mitochondria are another important ROS-producing organelle. In the
process of electron transfer in the respiratory chain, some electrons leak in the midway,
making O2 form O2

− [109]. ROS in plants can also be produced in the plasma membrane
and plasmid. NADPH oxidase, pH-dependent cell wall peroxidase, oxalate oxidase,
and amine oxidase on the plasma membrane are all sources of ROS. Besides, enzymes in
the endoplasmic reticulum and other organelles, such as cyclooxygenase, peroxidase,
and lipoxygenase, can produce ROS through a series of chemical reactions.

The ROS function has two sides. ROS can destroy plant biofilm systems. For example,
·OH can directly induce the peroxidation decomposition of the unsaturated fatty acid
chain in phospholipids, thus destroying of membrane structure. However, the peroxides
and NO in ROS are mainly produced by NADPH oxidase, glutathione oxidase, and NO
synthase, with low activity, so they cannot directly interact with lipids to induce lipid
peroxidation (LPO). Pacher et al. showed that they can react quickly to produce peroxyni-
trite, which initiates the LPO reaction [110]. The forced destruction of membrane structure
will lead to a series of biological dysfunction. ROS can also degrade biomacromolecules
in plants. Almost all proteins or enzymes can be damaged by ROS oxidation. ROS can
lead to decreased or loss of protein function, peptide chain breakage, protein cross-linking,
the transformation of amino acid residues change, and changes in immunochemical prop-
erties, etc. [111]. The damage of ROS to protein is mainly through carbonylation and
glycosylation. The oxygen-free radicals can interact with the sulfhydryl group of the active
center of the enzyme to oxidize it into disulfide bonds, resulting in the inactivity of the
enzyme. ROS can indirectly disrupt plant growth and development through the loss of
enzyme activity. ROS can also interact with purines, pyrimidines, and deoxyribose in
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DNA molecules to cause the breakage, degradation, and modification of single or double
strands of DNA, thus damaging genetic material [112]. In addition to the toxic effects of
plant damage, ROS in plants is also involved in the process of resisting external stress
and regulating plant growth and development. Oxidative burst is an important process
in which ROS is involved in plant defense response. When the pathogen infects the plant,
the plant produces a large amount of ROS through oxidative burst, which directly kills
the pathogen [113]. In addition to biotic stress, ROS also plays a key regulatory role in
response to abiotic stress [114].

3.4.2. Reactive Oxygen Scavenging System

In order to protect plants from ROS damage, there are endogenous antioxidant protec-
tion systems, including non-enzymatic antioxidants and antioxidant enzymes. The syner-
gistic effect of antioxidants and antioxidant enzymes makes the production and quenching
of ROS in vivo in a dynamic balance, thus alleviating or mitigating stress damage and mak-
ing plants adapt to drought stress. The non-enzymatic scavenging systems of ROS in plants
mainly include ascorbate, reduced glutathione (GSH), vitamin E, mannitol, carotenoids,
and flavonoids. These substances can react directly with ROS or appear as substrates
of enzymes in the ROS scavenging mechanism. In addition, some small molecules such
as vitamins are also involved in scavenging oxygen free radicals and preventing lipid
peroxidation. It is an indispensable part of the body’s anti-oxidation defense system. En-
zymes involved in antioxidant protection in plants mainly include SOD, CAT, APX, DHAR,
MDHAR, GR, and POD. The main function of SOD is to remove O2

−, and can convert O2
−

to H2O2. SOD plays a key role in the enzyme system and is the first line of defense against
ROS elimination system in plants. CAT and POD are mainly responsible for the removal of
H2O2 in organisms. Besides, APX, GR, DHAR, and MDHAR are also very important H2O2
scavenging enzymes. Together, they form a second line of defense against ROS elimination
systems in plants. GPX plays an important role in scavenging oxidative metabolism of
lipids and alkyl peroxides, constituting the third line of defense against ROS scavenging.

SOD is one of the most important metal enzymes in the antioxidant enzyme system
and plays a core role in the protective enzyme system. It alternately oxidizes and reduces
the metals connected with the enzyme, and catalyzes the disproportionation reaction of
O2
− to generate O2 and H2O2. Its activity is considered to be an important index of

plant stress resistance. Generally speaking, SOD activity in plants under drought stress
is positively correlated with an antioxidant capacity [115]. SOD activity increased under
mild or short-term water stress but decreased under severe or long-term water stress.
However, some studies believe that the change of SOD activity is complex. For example,
with the increase of stress intensity, SOD activity always decreases, or first decreases and
then increases, or remains unchanged. The above differences may be due to the fact that
the response of plants to water deficit is initiated not by water deficit itself, but by the
degree of water deficit perceived by plants. Plant SOD can be divided into three types:
Mn-SOD, Cu/Zn-SOD, and Fe-SOD according to the metal atoms bound by SOD. Cu/Zn-
SOD is composed of two subunits, each of which contains a Cu and a Zn, and is the most
abundant one among the three superoxide dismutases. Each subunit of Mn-SOD and
Fe-SOD contains only one metal ion. Mn-SOD and Fe-SOD have similar sequences and
identical characteristic domains. Lower plants are dominated by Fe-SOD and Mn-SOD,
while higher plants are dominated by Cu/Zn-SOD. Cu/Zn-SOD is mainly located in
cytoplasm and chloroplasts, Mn-SOD is mainly located in mitochondria, and Fe-SOD is
generally located in chloroplasts of some plants. In addition to cytoplasm, chloroplast,
and mitochondria, SOD also exists in glyoxylate circulators and peroxisomes [116].

APx is one of the important components of the AsA-GSH redox pathway in plants.
APx is about 30 kDa and generally exists in monomer form. Homodimer may also appear
in some cAPx. It uses ascorbic acid (AsA) as an electron donor to catalyze the reaction
between AsA and H2O2 to produce MD (monodehydroascorbate acid) and water. AsA,
as both reactant and reaction product, can be recycled continuously, so that APx can be fully
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catalyzed to protect the chloroplast to maintain normal function. Four APx isozymes have
been isolated: cytoplasmic isozyme cAPx, APx in chloroplasts, soluble sAPx in chloroplast
stroma, and tAPx in membrane binding form in chloroplast thylakoids. In addition, a kind
of peroxide object binding APx was also found. tAPx and sAPx exist in similar molar ratios
in chloroplasts. Cytoplasmic cAPx and chloroplast APx have different electron donors and
different internal sequences.

CAT is a heme-containing tetramer enzyme found in all plant cells that rapidly breaks
down H2O2 into H2O and O2. CAT mainly exists in peroxisomes in cells and is responsible
for scavenging H2O2 produced in peroxisomes. CAT is also found in glyoxylic acid
circulators and its function is mainly to remove H2O2 produced by photorespiration
or fatty acid β-oxidation reaction [117]. Since H2O2 can be directly diffused across the
membrane, H2O2 generated by other parts can also be diffused into peroxisomes and
decomposed by CAT. In synergy with SOD, H2O2 can remove potentially harmful O2

−

and H2O2 in plants, thus minimizing the formation of ·OH. CAT is not directly involved in
the decomposition process of H2O2. Its scavenging mechanism is that the heme iron of the
enzyme reacts with H2O2 to generate an iron peroxide active body, which then oxidizes
1 molecule of H2O2.

The non-enzymatic ROS scavenging system in plants mainly includes ascorbate, re-
duced glutathione (GSH), vitamin E, mannitol, carotenoids, and flavonoids, which can react
directly with ROS or act as enzyme substrates in the ROS scavenging mechanism. In ad-
dition, as an indispensable part of the body’s anti-oxidation defense system, some small
molecules such as vitamins also participate in the removal of oxygen free radicals, prevent-
ing lipid peroxidation. For example, some cysteine-rich small molecular proteins in plants,
such as metallothionein (MT) [118] and gibberellin-induced protein (GIP) [119], can also
degrade H2O2. Overexpression of these antioxidant proteins can significantly reduce the
content of H2O2 in plants after abiotic stress treatment, thus improving the stress resistance
of transgenic plants.

Actually, there are two types of glutathione: reduced glutathione (GSH) and oxidized
glutathione (GSSG). Among them, reduced glutathione (GSH) is commonly known as
glutathione, which can scavenge free radicals in cells that have toxic effects. GSH is a
mercapto tripeptide compound formed by the polymerization of glutamic acid, cysteine,
and glycine, in which the mercapto group as the active group is easy to combine with
some substances, such as free radicals and heavy metals to play a detoxification effect.
In the biosynthesis of glutathione, GSH biosynthesis catalyzed by glutamate-cysteine ligase
(GCL) and glutathione synthetase (GS) plays a crucial role in maintaining homeostasis and
preventing redox damage [120]. For example, when a small amount of H2O2 is generated
inside the cell, GSH reduces H2O2 to H2O under the action of GPx, and its own is oxidized
to GSSG. Under the action of glutathione reductase, GSSG receives H to reduce to GSH,
so that the scavenging reaction of free radicals in the body can be carried out continuously,
thus stabilizing the membrane structure.

Ascorbic acid (AsA), also known as vitamin C, is a kind of abundant small molecule
antioxidant substance commonly found in plants [121]. AsA can act as an important
antioxidant and enzyme cofactor in plants, regulating photosynthesis, photooxidation,
cell division, and playing an important role in plant signal transduction [122,123]. In plants,
AsA content was positively correlated with plant stress resistance. The content of AsA
varies greatly among different tissues of plants. For example, Smirnoff has suggested that
AsA is present in chloroplast stroma in significantly higher concentrations than in other
tissues [124]. As an important antioxidant in plants, AsA can directly or indirectly reduce
the amount of ROS. AsA can directly remove ROS including O2

−, 1O2. Indirectly, AsA can
reduce α-tocopherol and act as an electron donor for APx to remove H2O2, thus achieving
the ROS scavenging purpose [125]. In addition, AsA also plays an important role in
photoprotection as a cofactor in the lutein cycle, thereby protecting organisms and their
normal metabolism from damage caused by oxidative stress [126]. More importantly,
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because the end product of the AsA oxidation reaction is non-toxic DHA or 2, 3-DKG,
the free radical reaction chain can be terminated.

The ascorbate-glutathione cycle (AsA-GSH) is the main pathway of AsA and GSH
regeneration. In this cycle, AsA acts as an electron donor for ascorbate peroxidase (APx)
to remove H2O2. Monodehydroascorbate (MDHA) generated by oxidation can be re-
duced by MDHAR, and can also disproportionate to generate AsA and dehydroascorbate
(DHA). DHAR uses GSH as an electron donor to reduce DHA to AsA, and the oxidized
glutathione (GSSG) generated can be reduced to GSH again by GR, so as to complete the
process of scavenging ROS, such as H2O2 and regenerating AsA and GSH. The AsA-GSH
cycle plays an important role in the antioxidant protection of plants under drought stress.
A study on the response of AsA-GSH circulatory metabolic enzymes in Coffea canephora to
drought stress showed that APX, GR, and DHAR activities increased under drought stress,
but MDHAR activity had no significant change [127]. By studying sunflower and sorghum,
Jingxian et al. found that there were differences in the response of AsA-GSH circulatory
metabolic enzymes to drought stress in different plant organelles. They proposed that the
chloroplast AsA-GSH cycle was the main method to remove H2O2 in sunflower under
drought stress, while the cytoplasmic AsA-GSH cycle was the main method to remove
H2O2 in sorghum [128].

4. Drought Stress Signal Transduction in Plants

The signal transduction process of plants from sensing environmental stimuli to
responding to them generally includes three parts: (1) the sensory transduction and
response of sensory cells to environmental stimuli, namely the original signal sensory
transduction process, producing intercellular messenger; (2) the intercellular messenger
is transmitted between cells or tissues, and finally acts on the receptor cell site; (3) the
transduction and response of acceptor cells to intercellular messengers lead to physiological,
biochemical, and functional changes in the acceptor tissues, which are ultimately reflected
in the response of plants to environmental stimuli or adversity [129].

4.1. Plant Drought Stress Signal

The decrease of soil water content caused the change of leaf water status, and then
affected the physiological function of plants. Leaf water potential reflects plant water
status and is related to specific stress degrees. The decrease of leaf water potential and
turgor pressure affected the synthesis, transportation, and distribution of plant hormones,
such as ABA and cytokinin. Changes in turgor pressure caused by cell water loss may be
the reason for cell perception of water stress, which is also known as the hydraulic signal
of plant drought stress [130]. Besides hydraulic signal, the electrical signal also plays an
important role in plant signal transduction under drought stress. Fromm et al. proposed
through their study on maize in dry soil that electrical signals play an important role in the
communication between roots and shoots of water-deficient plants [131]. What is more,
when plants feel the initial drought signal, the osmotic stress signal is converted into an
intracellular chemical signal by the membrane receptor, which triggers the downstream
effector to produce the second messenger. Then the signal is amplified gradually through
the cascade transmission of the signal. In the process of signal transduction of dry early
stress, the second messengers involved in signal transduction mainly included plant
hormone signals, Ca2+, IP3, phosphatidic acid, and ROS signals.

Plant hormones are a kind of chemical signal molecules that regulate plant growth.
They often play a regulatory role in a low concentration. They can transmit cell signals
in different parts of plants and among cells so that the remote transmission of plant sig-
nals can be realized. When soil water content decreases, some physiologically active
substances act as chemical signals, and their content increases, which is called a positive
signal. For example, under drought stress, the content of IAA, ABA, and ethylene in-
creases. In contrast, a decrease in a biologically active substance is called a negative signal,
such as cytokinins.
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ABA is a small molecule lipophilic plant hormone, which is a crucial signal molecule
in plant water stress. As a kind of plant hormone, ABA can control plant growth, in-
hibit seed germination and promote aging. In addition to regulating plant growth and
development, ABA is also involved in regulating plant responses to various external
stresses, embodied in content increasing greatly when the plant is in drought, high salt,
low temperature, and other adversities. Moreover, ABA plays a pivotal role in the informa-
tion connection between the aboveground and underground parts of plants. When plants
are under drought stress, ABA produced in the rhizosphere can be used as a positive
signal to regulate the physiological activities of aboveground parts. When plants are under
water stress, root cells are the first to experience environmental changes and produce
ABA, which transmits the signal to other organs and tissues of plants through vascular
bundles, causing senescence of leaves and stomatal closure, so as to reduce water loss.
ABA can be transported from the underground part to the aboveground part through the
xylem, leading to increased ABA content in the leaves. In fact, ABA induces a wide range
of downstream signaling factor responses, including kinases, phosphatases, G-proteins,
and proteins in the ubiquitin pathway.

ABA has multiple receptors, such as ABAR/CHLH, •GCR2, •GTG1/2, and
PYR/PYL/RCAR. These receptor proteins have the activity of protein kinases, which can
be activated by binding ABA molecules to change the protein structure, and then activate
or inhibit the activity of downstream signaling proteins to transmit signals between cells.
Research on ABA receptors is still ongoing, and the exact function of the different receptors
remains questionable. ABAR/CHLH is a magnesium ion chelatase H subunit located in
plant cyto-plastids/chloroplasts. It not only catalyzes the synthesis of chlorophyll in cells
but also participates in the reverse signal transfer between plastids/chloroplasts and the
nucleus under stress conditions [132,133]. GCR2 protein is a G protein coupled receptor
located in the plasma membrane of the cell. The C-terminal of GCR2 protein can interact
with the A subunit of G protein (GPA1) to form a complex. The specific binding of ABA
and GCR2 protein induces the release of G protein. The G protein is then separated into Gα
and Gβγ dimer, and the signal response of ABA is regulated by the downstream effector of
GCR2 protein [134]. G protein, consisting of Gα, Gβ, and Gγ subunits, plays an important
role in response to plant hormone signaling by synergistic G-protein coupled receptors
and their downstream effectors. GTG1/2 was first identified and named by Pandey et al.
through bioinformatics analysis. In the ABA signal transduction pathway model with
GTG1/2 as the receptor, GPA1–GTP promoted GTG–GTP to maintain a high level by
inhibiting GTG1/2 protease activity, thus reducing the binding probability of GTG–GDP
and ABA. On the contrary, the binding of GTGSGDP to ABA can lead to the configuration
change and then initiate ABA signaling response, but the specific molecular mechanism has
not been clarified. The PYR/PYL/RCAR protein binds to ABA molecules outside the cell
membrane, which in turn binds and inhibits the phosphatase activity of the downstream
protein phosphatase PP2C [135].

As an essential mineral element in plants, Ca2+ plays an important role in maintaining
the stability of cell membrane and cell wall structure and participating in intracellular
homeostasis and regulation of growth and development in terms of cell structure and phys-
iological functions. Wang et al. found that extracellular Ca2+ can activate the increase of
intracellular Ca2+ concentration through the calcium-sensing receptor (CAS) on the plasma
membrane of guard cells of Arabidopsis thaliana, thus confirming the role of extracellular
Ca2+ as the first messenger [136]. In addition, as mentioned above, in response to drought,
plants synthesize the hormone ABA, which causes stomatal closure to reduce water loss.
During stomatal closure, the concentration of Ca2+ in the cytoplasm increases, and Ca2+

acts as the second messenger in osmotic stress response [137]. Drought-induced transient
increase of intracellular Ca2+ in guard cells promotes stomatal closure, maintains plant
water, improves water use efficiency, and ultimately enhances plant adaptation to drought
by interacting with or without ABA signaling pathways and downstream signal trans-
duction mechanisms. In stomatal closure, the ABA-dependent Ca2+ signaling pathway is
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the main pathway. ABA activates plasma membrane calcium channels in various ways
and stimulates intracellular calcium reservoirs to release Ca2+. More Ca2+ will inhibit the
inward potassium channel and further affect the anion channel. The phenomenon of anion
outflow and depolarization will block the inward potassium channel and promote the
outward potassium channel, leading to potassium ion outflow [138]. The guard cells are
under low turgor pressure due to a large outflow of anions and potassium ions, making
the stomata close gradually. IP3 and cyclic adenosine 5′-diphosphate ribose (cADPR) are
also key second messengers in guard cells that can regulate Ca2+ concentration. IP3 and
cADPR can release Ca2+ in guard cells and increase the concentration of Ca2+, while ABA
can rapidly increase IP3 and cADPR in guard cells. These three second messengers ini-
tiate calcium channels to transfer calcium ions into the cytoplasm and accumulate in
large quantities, causing ion channels to interact with each other to produce a series of
effects that promote stomatal closure [139,140]. Ca2+ transmits stress signals downstream
by interacting with protein receptors. Major Ca2+ signal transduction pathways are in-
volved in calcium-regulated kinase-mediated phosphorylation, including the regulation of
downstream gene expression by Ca2+ regulating transcription factors and Ca2+ sensitive
promoter elements [141]. Calcium-dependent protein kinases (CDPKs), calmodulin (CaM),
and calcineurin B-like proteins (CBLs), which have been identified in plants, can recog-
nize specific Ca2+ and rely on these calcium signals to transmit downstream to adapt to
drought stress.

A certain amount of ROS produced under stress can be used as signal molecules to
activate relevant active substances or defense systems, and mitigate the damage caused by
abiotic stress [142]. Among ROS, H2O2 is mostly used as an important signal molecule for
animal and plant cells to respond to various stresses because H2O2 is a very stable ROS
with the longest half-life and strong diffusivity. Different plant organelles have different
responses to cellular REDOX signals under drought stress. Although H2O2 is produced
faster in peroxisomes and chloroplasts, mitochondria are the most vulnerable organelles
to oxidative damage [143,144]. Increased mitochondrial production of H2O2 may be an
important alarm signal, up-regulating the antioxidant defense system or triggering pro-
grammed cell death when oxidative stress intensifies. Studies have shown that H2O2 can
regulate calcium mobilization, protein phosphorylation, and gene expression. Pei et al.
found that H2O2 can regulate Ca2+ influx in protoplasts and increase of [Ca2+]cyt in guard
cells by activating Ca2+ channels in the plasma membrane of guard cells of Arabidopsis
thaliana. In addition, they further proposed that ABA-induced H2O2 production and
H2O2

−activated Ca2+ channels are important mechanisms of ABA-induced stomatal clo-
sure [145]. Mori et al. also reported an inevitable link between ROS signaling and stomatal
closure in plants [146]. Yan et al. also reached the same conclusion: ABA can promote the
production of ROS, and the ROS produced can act as signal molecules to regulate stomatal
closure [147]. In addition, H2O2 also induces the phosphorylation of mitogen-activated
protein kinase (MAPK), which is involved in multiple signal transduction cascades that
regulate downstream gene expression [148].

4.2. Intracellular Transduction Pathways and Regulation Mechanisms of Plant Drought
Stress Signals

Drought stress signal transduction can be divided into two pathways. The first path-
way is the ROS-activated MAPK cascade pathway. MAPK cascade regulates antioxidant
defense system and osmotic regulation system in plants. Furthermore, the damage caused
by drought stress can be relieved by removing ROS and changing the osmotic poten-
tial of cells. The other pathway is Ca2+-dependent stress signaling bypass mediated by
calmodulin-dependent protein kinase (CDPK). Ca2+ signal is produced under drought
stress, and Ca2+ signal further regulates the expression of plant protective proteins, such as
LEA protein through CDPK, which is involved in the late response to drought stress,
and ultimately enhances the drought resistance of plants.

Mitogen-activated protein kinases (MAPKs) are a class of important protein kinases
involved in signal transduction, which play an extremely important role in plant growth,
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development, and stress response [149]. The MAPK cascade consists of three components:
MAPK, MAPKK (MAPK kinase), and MAPKKK (MAPK kinase kinase). When the first
member of this pathway, MAPKKK, is activated, the other two components undergo se-
quential phosphorylation and are activated in turn. The reason is that MAPKKK can double
phosphorylate the serine (Ser) and serine/threonine (Ser/Thr) in MAPKK, thus activating
it. The protein kinase of MAPK containing n conservative district and a very conservative
TXY motif between the VII and the III subregion [150]. MAPKK initiates MAPKK by dual
phosphorylation of threonine (T) and tyrosine (Y) residues at both ends of the X site [151].
As a result, MAPKK phosphorylates MAPKK and MAPKK phosphorylates MAPKK. Acti-
vated MAPKK can activate transcription factors and also cause cellular signaling responses
through interactions with other proteins.

The full name of CDPK is calmodulin-dependent/calmodulin-independent protein
kinase or calmodulin-like domain protein kinase. It belongs to Ser/Thr type protein kinases
and is a large family encoded by multiple genes. Under the stimulation of external signals,
plant cells showed changes in Ca2+ concentration and then activated CDPK. CDPK reg-
ulates downstream gene expression and product activity through the phosphorylation
cascade. These products play an important role in the regulation of gene expression, en-
zyme metabolism, ion, and water transmembrane transport, and other microscopic aspects
so that plants show macroscopic changes such as growth and development, stress resistance
changes [152].

5. Drought Stress Signal Transduction in Plants

Generally, drought stress response genes can be divided into functional genes and
regulatory genes. The products of functional genes directly resist environmental stress,
such as aquaporin genes, osmoregulatory factors (such as sucrose, proline, and betaine)
synthase genes, protective proteins (such as LEA protein, molecular chaperone, etc.) genes.
The products of regulatory genes, such as protein kinase genes, protein phosphatase
genes, phospholipid metabolism-related genes, and stress-related transcription factor
genes, are involved in signal transduction and regulation of gene expression to indirectly
respond to stress. These proteins act by participating in plant stress signal transduction
pathways or by regulating the expression and activity of other effector molecules.

5.1. Functional Genes
5.1.1. Osmotic Adjustment Related Genes

According to the different pathways of proline accumulation, the related enzymes
can be divided into three categories. The first category is the enzymes related to proline
synthesis, including4-pyrroline-5-carboxylate synthetase (P5CS), pyrroline-5-carboxylate
reductase (P5CR), and ornithine-δ-aminotransferase (δ-OAT). The second category is re-
lated to the degradation of proline enzymes, including proline dehydrogenase (ProDH)
and 4-pyrroline-5-carboxylate dehydrogenase (P5CDH). The third category is proline
transport-related enzyme ProT. The synthesis sites of proline in plants are cytoplasm and
chloroplast, and the synthesis pathways include glutamic acid (Glu) and ornithine (Orn)
synthesis pathways [153]. Glutamic acid synthesis pathway mainly occurred under os-
motic stress and nitrogen deficiency, while ornithine synthesis pathway existed in nitrogen
abundant environment [154]. In the glutamic acid synthesis pathway, Glu is catalyzed by4-
pyrroline-5-carboxylate synthetase (P5CS) to produce glutamic semialdehyde (GSA). Subse-
quently, GSA is automatically cycled to form pyrroline-5-carboxylic acid (P5C), which gen-
erates proline (Pro) under the action of pyrroline-5-carboxylate reductase (P5CR) [155,156].
Substrates and enzymes in the first step of the ornithine synthesis pathway are different
from those in the glutamate pathway. The substrate was ornithine (Orn) and the enzyme
was ornithine-δ-aminotransferase (δ-OAT). The substrates and products under the two
pathways mainly include Glu, Orn, GSA, P5C, and Pro. The enzymes required for the
reaction include P5CS, P5CR, and δ-OAT. Kishor et al. transferred the P5CS and P5CR
genes into tobacco. It was found that although the mRNA levels of both were increased,
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the proline level of P5CR transgenic tobacco was not significantly increased, while the
proline level of P5CS transgenic tobacco was significantly increased [157]. La Rosa et al.
obtained the same result that when soybean P5CR gene was overexpressed in tobacco,
the activity of P5CR was increased five times, but the level of proline in transgenic tobacco
was not significantly increased [158]. These results indicated that the increase of proline
was more affected by P5CS than by P5CR. Therefore, the P5CS enzyme is the rate-limiting
enzyme of proline metabolism and determines the synthesis of proline. Sharma et al. found
that Arabidopsis P5CS1 mutants underproduce proline during stress [159]. Baocheng et al.
introduced P5CS cDNA from moth bean (Vigna aconitifolia L.) into rice (Oryza sativa L.)
genome. The transgenic plants showed overproduction of the P5CS enzyme and accumu-
lation of proline [160]. Similarly, in transgenic AtP5CS tobacco, its proline content was
significantly increased, and its osmotic regulation ability was enhanced [161]. The same
effect was also shown in potato [162], sugarcane [163], soybean [164], etc. δ-OAT is another
key enzyme in proline synthesis and its activity was significantly enhanced under drought
conditions [165]. Overexpression of δ-OAT in plants can significantly increase proline
content in tobacco, rice, etc. [166,167]. In addition, the degradation of proline occurs in
mitochondria and is the reversal of the synthesis pathway of glutamic acid. Proline is first
oxidized by proline dehydrogenase (ProDH) to P5C, which is reduced to glutamic acid
by 4-pyrroline-5-carboxylate dehydrogenase (P5CDH) [168]. Studies have shown that
Arabidopsis proline dehydrogenase (PDH1) mutants block Pro catabolism and found that
plants maintain growth through active Pro catabolism under low water potential [159].
What is more, proline transport requires the participation of ProT. This transporter belongs
to the amino acid/auxin permease (AAAP) gene family in plants and is a typical Na+-
dependent sub-amino acid transporter. The transporter is directly absorbed by proline
coupling along with the Na+-electrochemical gradient, which requires the participation
of Na+-K-ATPase and belongs to active transport [169]. However, many studies have
proved that the alteration of ProT expression cannot change proline accumulation in a
directed way. In Arabidopsis thaliana plants overexpressing HvProT, the proline content in
the aboveground part decreased while that in the root increased [170].

The synthesis of glycine betaine (GB) in plants, mainly accomplished by the en-
zymatic reaction, has been elucidated in many studies. Choline, as the initiator of GB
synthesis, is obtained through the methylation of three adenosine-methionine-dependent
phospho-ethanolamine (PE) catalyzed by the cytoplasmic enzyme phospho-ethanolamine
N-methyltransferase (PEAMT) [171]. The PEAMT enzyme has two tandem methyltrans-
ferase domains at the N terminal and C terminal. The N-terminal methyltransferase
domain methylate PE to phosphate-monomethyl-ethanolamine (P-MME), and the C-
terminal methyltransferase domain methylate P-MME to phosphate-dimethylethanolamine
(P-DME), and P-DME to phosphocholine (PC) [172]. PC is then converted to choline in dif-
ferent ways. McNeil et al. found a different transformation pathway for PC in spinach and
tobacco, the former by direct dephosphorylation to choline, and the latter by first contain-
ing PC in phosphatidylcholine and then metabolizing it to choline [173]. Next, betaine is
synthesized by a two-step oxidation reaction. The first step was to oxygenate choline into
betaine aldehyde with the help of a ferredoxin-dependent choline monooxygenase (CMO).
The CMO catalyzed step is the rate-limiting step in GB biosynthesis [174]. The second step
is NAD+-dependent betaine aldehyde dehydrogenase (BADH) catalyzed the oxidation
of betaine aldehyde into betaine [175,176]. CMO is a ferredoxin-dependent rate-limiting
enzyme encoded by a single gene. CMO has Rieske-type [2Fe-2s] active site and is the only
matrix enzyme with the Rieske iron-sulfur center, usually localized in the chloroplast or
other subcellular compartments [177]. Under normal conditions, CMO activity is low and
unstable. Since the reduced ferredoxin is produced by photosynthetic electron transport,
the CMO activity in plants can be improved to a certain extent under light induction.
The CMO plays a balancing and speed-limiting role in this process. Due to the toxic effect
of betaine aldehyde on plant cells in this step, CMO should not only synthesize enough
betaine aldehyde for further synthesis of betaine but also limit the excessive accumulation
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of betaine aldehyde in the plant. The catalytic enzyme BADH is a dimer encoded by a single
chain nuclear gene with two alleles. It is composed of two monomers of equal molecular
weight. It belongs to the superfamily of aldehyde dehydrogenases and also has nonspecific
effects on other aldehyde substrates [178]. BADH is dependent on both NAD+ and NADP+,
but in plants, BADH shows higher activity in the presence of NAD+ [179]. The BADH of
monocotyledons may be located in microsomes, while that of dicotyledons may be located
in the chloroplast stroma. BADH has two isozymes (BADH I and BADH II), in which
BADHII plays a more important role [180]. BADH, as the most important catalytic enzyme
in the synthesis of betaine, has low activity under normal conditions. However, under the
stress conditions of low temperature, drought, and high salinity, the isozyme activity of
BADH was significantly increased, which resulted in the synthesis of a large amount of
betaine, indicating that the activity of BADH was induced by stress. With advances in
genomics and proteomics as well as genetic engineering techniques, some plant species
have been engineered using genes from the GB biosynthetic pathway that confer tolerance
to abiotic stresses. Most of the plants that have been genetically engineered to produce
GB are naturally non-GB accumulative plants [181]. Shen et al. isolated and identified the
CMO gene from spinach and transferred it into tobacco, and found that salt tolerance and
drought tolerance of transgenic tobacco were also significantly improved [182]. Similarly,
other studies have also shown that CMO transgenic rice and tobacco can significantly
improve their tolerance to salt and drought stress [183,184]. Ishitani et al. isolated and
cloned the BADH gene from barley and transferred it into tobacco, which improved the
drought tolerance of tobacco to a certain extent [185]. Fan et al. transferred the SoBADH
gene from spinach into the sweet potato and found that the transgenic plants showed
stronger BADH activity and eventually showed increased tolerance to abiotic stress [186].
Li et al. transferred the SoBADH gene into tomatoes to produce transgenic plants with
higher levels of betaine and greater stress resistance [187].

The metabolism of soluble sugar in plants is very complex. Taking sucrose as an
example, FBPase (fructose-1, 6-bisphosphatase) and sucrose phosphate synthase (SPS) are
important rate-limiting enzymes in the sucrose synthesis pathway. The enzyme FBPase,
one of the key enzymes in the gluconeogenesis pathway, catalyzes the hydrolysis of
fructose-1 6- diphosphate (FDP) to fructose -6- phosphate (F6P). The catalytic product of
FBPase in the cytoplasm is sucrose, while the catalytic product of FBPase in the chloroplast
is starch. Cho et al. constructed FBPase overexpressed Arabidopsis lines and found that
the soluble sugar content of the transgenic plants was significantly increased [188]. On the
contrary, decreasing the activity of FBPase in potato cytoplasm by antisense technique
resulted in a decrease in sucrose synthesis rate [189]. SPS catalyzed the synthesis of
sucrose-6-phosphate using uridine diphosphate glucose (UDPG) as the donor and fructose
6-phosphate as the receptor. Sucrose 6-phosphate is dephosphorylated and hydrolyzed to
form sucrose and phosphate ions under the action of sucrose phosphate phosphorylase
(SPP). This reaction is basically irreversible. However, SPS and SPP exist in the plant
body in the form of complex, so SPS catalysis of sucrose production is actually irreversible.
Therefore, SPS is a key enzyme controlling sucrose synthesis in plants [190]. Park et al.
transferred the Arabidopsis AtSPS1 gene into tobacco and found that the sucrose content
of transgenic tobacco increased, accompanied by plant height growth, stem diameter
thickening, and fiber lengthening [191]. Moreover, previous studies have confirmed that
the SPS activity and sucrose content of transgenic plants obtained by introducing ZmSPS1
into tomato [192], potato [193], and Arabidopsis [194] were significantly increased.

5.1.2. Drought-Induced Protein Genes

LEA protein is a protein that is highly expressed in late embryonic development.
It plays a crucial role in plant response and resistance to drought, mainly by capturing
water, stabilizing and protecting the structure and function of proteins and membranes,
and protecting cells from water stress as a molecular chaperone and hydrophilic solute [195].
Sivamani introduced the ABA-responsive gene HVA1 (a member of group 3 LEA protein
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genes) into spring wheat (Triticum aestivum L.), and found that the transgenic wheat had
significantly higher water use efficiency and better growth characteristics under water
deficit condition than the control wheat [196]. Under drought stress, seed germination
rate, seedling fresh weight, and root length of CmLEA-S (a melon Y3SK2-type LEA gene)
transgenic plants were significantly higher than those of wild-type plants. They also
had less wilting and yellowing, more proline, less MDA, and stronger APX and CAT
activities [197]. Luo et al. constructed Capsicum annuum L. plants with the expression
of CaDHN5 (a dehydrin gene) downregulated by VIGS (Virus-induced Gene Silencing)
and Arabidopsis plants with transgenic overexpression of CaDHN5. It was found that
CaDHN5 was positively correlated with the expression of manganese superoxide dismutase
(MnSOD) and peroxidase (POD) genes [198]. Under drought stress, seed germination rate
and survival rate of OeSRC1 (a Ks-type dehydrin gene) transgenic tobacco plants were
higher than those of wild-type tobacco plants, and they accumulated more free proline,
but electrolyte leakage did not change significantly [199].

Plant aquaporin (AQP) is a membrane channel located in the plasma membrane and
intracellular module, which can promote the transport of water, small neutral molecules,
and gases across biofilm [200]. Aquaporin belongs to the MIP family of proteins that regu-
late cellular water movement and maintain water relationships in plants, especially under
drought stress. As mentioned earlier, AQP can be divided into PIPs, TIPs, NIPs, and SIPs,
as well as the genes that encode them. Among them, plasma membrane intrinsic proteins
(PIPs) and tonoplast intrinsic proteins (TIPs) mediate the main pathways of intracellu-
lar water transport, maintain intracellular and intercellular water relations under stress,
and are involved in many processes of the drought stress response. Zhang etc. found that
rose water channel protein RhPIP2;1 can influence plant growth and stress reaction by
interacting with the membrane MYB protein RhPTM [201]. Overexpression of CrPIP2;3 in
Arabidopsis thaliana (a PIP2 gene from rose) can promote the survival and recovery of trans-
genic plants under drought stress by regulating water homeostasis, thus affecting drought
tolerance of plants [202]. The seed germination rate, seed yield, seed vigor, and root
length of transgenic Arabidopsis thaliana lines overexpressing JcPIP2;7 (a plasma membrane
intrinsic protein gene) and JcTIP1;3 (a tonoplast intrinsic protein gene) under mannitol
condition were significantly higher than those of the control [203]. Peng et al. tested the
effect of the ginseng PgTIP1 gene by transgenic it into Arabidopsis plants and showed
that it altered root morphology and leaf water channel activity, thereby altering drought
tolerance [204]. The overexpression of CsTIP2;1 in Arabidopsis plants increased the expan-
sion of mesophyll cells, midrib aquiferous parenchyma abundance, H2O2 detoxification,
and stomatal conductance, and then significantly improved the water and oxidation state,
photosynthetic capacity, transpiration rate, and water use efficiency of leaves under the
condition of continuous dry soil [205].

5.2. Regulatory Genes

Regulatory genes are genes that regulate stress signal transduction and functional
gene expression. The regulatory genes of drought stress response can be divided into
the following categories. The first is the transcription factors related to the regulation of
stress gene expression, including bZIP, MYB, MYC, EREBP/APZ, CBFI (CRT/DRE binding
factor), DREB1A (DRE binding), etc. These transcription factors can be strongly induced by
water stress and their expression can further regulate the expression of various functional
genes. The second type of protein kinases is related to the sensing and transduction of
stress signals, such as receptor protein kinases, ribosomal protein kinases, transcription
regulatory protein kinases, etc. These kinases usually play the role of stress signal cascading
amplification. Among them, the most important are the three key kinases included in
the MAPK cascade: MAPK, MAPKK, and MAPKKK. The third type is related to the
second messenger generation and transduction of enzymes, such as phospholipase D,
phospholipase C. Phospholipase C catalyzes the hydrolysis of PIP into diesterphthalein
glycerol (DG) and inositol triphosphate (IP3). IP3 can induce the release of Ca2+ stored
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in the endoplasmic reticulum into the cytoplasm, and thus initiate the intracellular signal
transduction process.

5.2.1. Signal Transduction Related Genes

The key step of ABA biosynthesis is to catalyze 9-cis-epoxycarotenoid dioxygenase
(NCED) [206]. In Arabidopsis thaliana, drought tolerance is regulated by the NCED gene.
The overexpression of the AtNCED3 gene in Arabidopsis leads to the increase of endoge-
nous ABA level, and drought and ABA promote gene transcription. Overexpression
of this gene in plants resulted in a decrease in leaf respiration rate and an increase in
drought resistance. The antisense inhibition of this gene made it sensitive to drought,
suggesting that the expression of this gene plays a key role in ABA biosynthesis under
drought stress [207]. Under drought stress, the increased activity of ABA synthase (such
as ZEP, NCED, LOS5/ABA3, and AAO) in plant root cells produced a large amount of
ABA, which was transported to leaf cells through transpiration flow. ABA is perceived
by ABA receptors on guard cells and is transported across the membrane by intracellular
second messengers [calcium messenger, proton messenger, inositol triphosphate (IP3), etc.].
Thus, a variety of ion channels and enzymes related to physiological and biochemical
reactions are activated to regulate stomatal movement and eventually lead to stomatal
closure. Other studies have shown that under drought conditions, ABA promotes open
stomatal closure and inhibits closed stomatal opening in isolation. During stomatal closure,
ABA, H2O2, and NO may all act on the MAPK signaling pathway. In the future, tomato-
derived LeNCED1 was transferred into tobacco (with tetracycline as control). When tobacco
leaves were treated with tetracycline, the increase of ABA content in the leaves induced
NCED transcription, but there was no significant difference in the tomato transformed with
LeNCED1 under the strong promoter CaMV35S [208].

Calmodulin, calmodulin-like proteins, calmodulin B-like proteins, and calcium-dependent
protein kinases (CDPKs) are the four major families of calcium-binding proteins in plants. As a
Ca2+ signal sensor, CDPK is closely related to the further transmission of cellular Ca2+ signal.
Because the N-terminal serine/threonine-protein kinase domain of CDPKs can be fused with
the carboxy-terminal calmodulin-like domain containing the EF-hand calcium-binding site,
CDPKs are independent of exogenous calmodulin interactions but can be directly activated by
Ca2+ binding [209,210]. Although most CDPK genes are commonly expressed in organisms,
some CDPK genes are expressed only in specific tissues or are induced by hormonal, biological,
or abiotic stress conditions. Salt stress, drought stress, and other abiotic stress can significantly
improve the transcription level of CDPK [211,212]. Urao et al. cloned two CDPK genes,
named AtCDPK1 and AtCDPK2, from Arabidopsis thaliana. The expression of these two genes
can be induced by drought, suggesting that these two genes are involved in osmotic stress
signal transduction [213]. The protein kinases AtCDPK10 and AtCDPK30 expressed in maize
protoplasts can activate the promoter of the HVA1 gene induced by drought and high salt
stress, and the mutant without the CDPK region is not responsive to various stresses and ABA.
Therefore, it is speculated that AtCDPK10 and AtCDPK30 are the positive regulators of the
plant stress signal transduction pathway [214]. Moreover, Saijo et al. found that overexpression
of OsCDPK7 in rice enhanced drought stress resistance of rice [215].

The MAP protein kinase genes isolated from Arabidopsis thaliana were induced by
drought, high salinity, and low-temperature stress, including AtMPK3, AtMPK4, AtMPK6,
AtMEK1, and AtMEKK1. Studies have shown that the MAP kinase cascade system is not
only regulated by phosphorylation and dephosphorylation at the protein level but also
induced by environmental stress signals at the transcriptional level. Mizoguchi et al. found
that AtMEKK1 is involved in the MAP kinase cascade signaling of drought, high salinity,
low temperature, and traumatic stress in Arabidopsis. The cascade pathway consists of At-
MEKK1 (MAPKK kinase), AtMEK1 (MAPKK kinase), and AtMPK4 (MAPKK kinase) [216].
It has also been reported that drought or high salinity also activates SIMK (stress-induced
MAPK) in Medicago sativa cells and SIPK (salicylic acid-induced protein kinase) in tobacco
cells. Chitlaru et al. found that hypertonic stress could rapidly activate a protein kinase,
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and confirmed that the protein kinase belonged to MEK1 [217]. Xiong et al. found that
the OsMAPK5 gene in rice was induced by a variety of biological and abiotic stresses,
and overexpression of this gene in rice could enhance drought resistance, salt resistance
and low-temperature tolerance of transgenic rice [218].

5.2.2. Transcription Factor Genes

In the process of signal transduction under drought stress, transcription factors (TF)
regulate and reduce the damage to plants from multiple levels by activating multiple
pathways, which plays a crucial role in the growth and development of plants under
stress [219]. Among them, the transcription factor gene families related to drought stress
mainly include HD-Zip/bZIP, AP2/ERF, NAC, MYB, and WRKY. However, Different tran-
scriptional factors play different transcriptional regulatory roles under drought conditions,
depending on plant species and strain, development stage, and drought treatment intensity.
Gong et al. pointed out that the 43 transcription factor genes in drought response of tomato
drought-resistant lines mainly came from 5 families with the most abundant expression
changes, which were WRKY, NAC, BHLH, AP2/EREBP, and HSF in turn, while MYB, bZIP,
and CCAAT families had less abundant expression [220]. Different from tomato, the high-
est abundance of the 261 transcription factor genes in rice were MYB (35 members) and
AP2/EREBP (28 members), followed by 21 bHLH, 11 HSF, 27 NAC, and 15 WRKY. Moreover,
drought-resistant rice cultivars could activate more upregulated transcription factors than
non-drought-resistant rice cultivars. For example, the number of upregulated transcription
factors in the AP2 family of rice drought-resistant variety was 35 more than that of rice
non-drought-resistant variety after 18 days of drought [221].

The HD-Zip transcription factors belong to a homeobox protein encoding 60 con-
served amino acid homeodomains (HD), which consists of six families, namely HD-Zip,
KNOX, PHD, BELL, WOX, and ZF-HD [222]. Among them, homeodomain-leucine zip-
per (HD-zip) is a plant-specific transcription factor, which consists of DNA-homologous
domain and additional Leu zipper (Zip) components [223]. The former binds specifically
to DNA, while the latter mediates the formation of protein dimer, a transcription factor
involved in regulating plant growth and development under normal growth conditions
and environmental stress [224]. Based on sequence conservatism, structural characteristics,
function, and other characteristics, HD-Zip transcription factors can be divided into four
subfamilies (HD-Zip I~ HD-Zip IV). Different subfamily members have different biologi-
cal functions, some are involved in the cross-interaction of multiple hormonal pathways,
and some interact with key genes and downstream genes of hormonal pathways [222].
Atalou et al. proposed that the expression of subfamily I and II genes of the HD-Zip family
of transcription factors were induced by drought stress. These two genes participate in the
hormone signaling pathway, regulate the expansion, division, and differentiation of plant
cells by interacting with the hormone pathway genes and downstream genes, and thus
improve the drought resistance of plants [225]. Expression analysis by Deng et al. showed
that CpHB-7 negatively regulates the expression of ABA-responsive genes, which also
explains the reduced sensitivity of transgenic plants with ectopic CpHB-7 to ABA during
seed germination and stomatal closure [226]. Arabidopsis thaliana with overexpression of
HD-Zip I subfamily gene Hahb-4 showed strong tolerance to water stress and insensi-
tivity to ethylene because the overexpression of Hahb-4 gene inhibited the expression of
ethylene synthesis genes ACO, SAM, and downstream ethylene signaling genes ERF2 and
ERF5 [227]. Fan et al. silenced RhHB1, which encodes a homeodomain-leucine zipper I
γ-clade transcription factor in rose flowers, resulting in an increased content of JA-Ile and
a decreased tolerance to dehydration. It has also been shown that RhHB1 can inhibit the
expression of lipoxygenase 4 (RhLOX4) by directly binding to the promoter of RhLOX4.
In other words, the JA feedback loop mediated by the RhHB1/RhLOX4 regulatory module
provides dehydration tolerance by fine-tuning the level of bioactive JA [228].

AP2/ERF transcription factors play an important role in plant stress resistance and
previous studies have shown that they can participate in the process of drought stress
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resistance in plants through different pathways. AP2/ERF can regulate drought stress
response by affecting the synthesis of plant hormones. Cheng et al. proposed that as
the upstream component of jasmonic acid and ethylene signals, ERF1 can integrate JA,
ET, and abscisic acid signals through stress-specific gene regulation, and play a posi-
tive role in drought tolerance [229]. Wan et al. found a drought-induced upregulated
ERF transcription factor gene OsDERF1, and the overexpression of OsDERF1 in rice re-
duced the tolerance of rice to drought stress at the seedling stage. It has been demon-
strated that OsDERF1 can directly bind to the GCC boxes in the promoter regions of
negative regulatory factors OsAP2-39 and OsERF3 and activate their expression. However,
OsAP2-39 and OsERF3 can bind to the GCC box of ACS and ACO promoter of ethylene
synthesis genes and inhibit the expression of these genes, thus inhibiting the synthesis of
ethylene. Therefore, the reduction of ethylene content by overexpression of OsDERF1 is
one of the important reasons for the decrease of drought tolerance in rice [230]. Zhang et al.
found that overexpression of JERF1 can improve drought tolerance of transgenic rice and
that JERF1 can activate expression of OsABA2 and Os03G0810800, two key enzymes of
ABA synthesis, and increase ABA content. These results suggest that JERF1 may regulate
drought response through the ABA pathway. Moreover, AP2/EREBP can also respond
to drought stress by affecting metabolite synthesis in plants. By overexpressing DREB1A
in Arabidopsis thaliana, Maruyama et al. found that the contents of starch degrading en-
zyme, sucrose metabolizing enzyme, and sugar alcohol synthase changed, affecting the
content changes of monosaccharide, disaccharide, and trisaccharide, thus enhancing the
drought resistance of transgenic plants [231]. In upland rice, OsERF71-overexpressing
lines, different from OsERF71 interference lines, were found to enhance drought resistance
by increasing the expression of OsP5CS1 and OsP5CS2 regulating proline synthesis [232].
The overexpression of FaDREB2 in Broussonetia papyrifera can increase the content of soluble
sugar and proline in vivo, and thus enhance the tolerance [233]. It was also found in rice
that when the rice gene JERF3 was overexpressed, the accumulation of sugar and proline in
rice could be increased to resist drought [234]. Similarly, overexpression of GmERF3 could
improve the drought resistance of tobacco by increasing soluble sugar and proline content,
respectively [235]. In addition, some people have pointed out that AP2/EREBP protein
is also involved in ROS clearance. Through GUS activity test and SOD activity detection,
Wu et al. found that JERF3 can bind to the GCC box of NtSOD, thereby activating the
expression of NtSOD, improving the activity of SOD, enhancing the ability of ROS scaveng-
ing, and improving the tolerance of tobacco to osmotic stress [236]. What is more, AP2/ERF
transcription factor can also regulate drought resistance of plants by participating in the
regulation of wax synthesis. Wang et al. found that OsWR1 physically interacts with
the DRE and GCC boxes in the promoter of wax-related genes OsLACS2 and OsFAE1′-L,
which can directly regulate the expression of these genes, thereby altering long-chain
fatty acids and alkanes to regulate wax synthesis. Therefore, the drought resistance of
overexpression of OsWR1 was significantly improved [237].

MYB is one of the largest transcription factor families in plants. It is widely involved in
the regulation of secondary metabolism, response to hormones and environment, the guid-
ance of cell differentiation and morphogenesis, and also plays a key role in resistance to
drought and other abiotic stresses [238]. The N-terminal of MYB transcription factor is a
conserved helix-turn-helix (HTH) protein DNA binding domain consisting of 52 amino
acids, which directly determines the accuracy of binding to target genes and can bind to cis
components, such as GCC box, DRE, ABRE, W box, etc. The C-terminal is the transcrip-
tional initiating region, which determines the transcriptional activity of a transcription
factor and its interaction with other genes or components to manipulate the expression
efficiency of downstream genes [239]. According to the structure of the DNA binding do-
main, the MYB transcription factor family can be divided into 1R-MYB, 2R-MYB, 3R-MYB,
and 4R-MYB subfamilies. In Arabidopsis plants overexpressing OsMYB3R-2, expression of
genes dehydration-responsive element-binding protein 2A, COR15a, and RCI2A was signifi-
cantly increased, leading to enhanced abiotic stress resistance [240]. The Arabidopsis thaliana
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overexpressing GaMYB85 had higher free proline and chlorophyll content, showed higher
seed germination rate under mannitol treatment, and higher drought resistance efficiency
than the wild type under water shortage conditions, most probably via an ABA-induced
pathway. Furthermore, the ectopic expression of GaMYB85 resulted in increased transcrip-
tion levels of stress-related markers such as RD22, ADH1, RD29A, P5CS, and ABI5 [241].
GbMYB5 gene silencing decreased the proline content and antioxidant enzyme activity
increased the malondialdehyde (MDA) content and decreased the tolerance of cotton to
drought stress. However, in tobacco lines overexpressing GbMYB5, proline content and
antioxidant enzyme activity increased, while MDA content decreased. The expression
levels of the antioxidant genes SOD, CAT, and GST, polyamine biosynthesis genes ADC1
and SAMDC, and the late embryogenesis abundant protein-encoding gene ERD10D and
dry-responsive genes NCED3, BG, and RD26 were significantly increased in tobacco over-
expressing GbMYB5 [242]. Wang et al. constructed GmMYB84 overexpressing soybeans,
which has longer primary root length, greater proline, and ROS contents, higher antiox-
idant enzyme activities [peroxidase (POD), catalase (CAT), and superoxide dismutase
(SOD)], lower dehydration rate, and reduced malondialdehyde (MDA) content. In addi-
tion, they found that some ROS-related genes of the transgenic plants were upregulated
under abiotic stress, and GmMYB84 could directly bind to the promoters of GmBOHB-1
and GmBOHB-2 genes through electrophoretic mobility shift assay and luciferase reporter
analysis [243]. Chen found that MdMYB46 can directly bind to lignin biosynthesis-related
gene promoter to promote secondary cell wall biosynthesis and lignin deposition, and can
also directly activate stress response signals to improve salt and osmotic stress tolerance of
apple [244]. Geng also found that MdMYB88 and MdMYB124 could regulate root xylem
development and regulate cellulose and lignin accumulation in response to drought by
directly binding to MdDVND6 and MdMYB46 promoter under drought conditions [245].

The WRKY protein family, named for its highly conserved WRKYGQK DNA domain,
is a zinc finger-type transcription regulator, which is a unique transcription factor in plants.
In addition to the presence of at least one highly conserved WRKYGQK sequence and zinc
finger structure, the WRKY domain also specifically interacts with the (T) (T) TGAC (C/T)
sequence (W box) of the target gene promoter [246]. W-boxes are found in the promoters
of many genes related to plant defense response and even in the self-promoters of some
WRKY transcription factor genes. Therefore, WRKY transcription factors may regulate the
expression of downstream functional genes or other regulatory genes through binding with
W-box, thus participating in the regulation process of various physiological activities in
plants. Overexpression of TaWRKY10 in tobacco enhanced drought resistance, which was
characterized by higher proline and soluble sugar content, lower ROS, and MDA content,
and increased germination rate, root length, survival rate, and relative water content
under stress conditions. This is because TaWRKY10 plays a positive role in drought
stress by regulating osmotic balance, scavenging ROS and transcription of stress-related
genes [247]. Moreover, Yan et al. found that GhWRKY17 regulates plant sensitivity to
drought by reducing ABA levels, and regulates the expression of ROS scavenging genes,
such as APX, CAT, and SOD. In other words, GhWRKY17 responds to drought and salt
stress by regulating the ABA signaling pathway, and ROS production in plant cells [248].
Similarly, GhWRKY68 responds to drought and salt stress by regulating ABA signaling
and cellular ROS, too [249]. In addition, WRKY transcription factors also can participate in
the process of stress resistance by regulating the expression of other transcription factors.
Wei et al. proposed that two ERF family genes NtERF5 and NtEREBP-1 in transgenic
plants overexpressing TcWRKY53 were negatively induced, suggesting that TcWRKY53
may regulate osmotic stress responses through interaction with ERF transcription factors
rather than direct regulation of functional genes [250].

The NAC family of transcription factors is a class of plant-specific transcription factors
with a variety of biological functions, which is characterized by highly conserved and
specific NAC domains in the N-terminal of proteins. NAC plays an important role in
plant resistance to drought stress by directly or by regulating the expression of genes
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involved in drought response. Fujita et al. indicated that RD26, as a dehydration-induced
NAC protein, plays a transcriptional role in ABA-induced gene expression in plants un-
der abiotic stress [251]. Moreover, Yong et al. showed that LlNAC2 was involved in
DREB/CBF-COR and ABA signaling pathways to regulate stress tolerance in lily [252].
Arabidopsis thaliana with overexpression of PwNAC2 exhibited greater drought tolerance
by scavenging ROS, reducing membrane damage, slowing water loss, and increasing
stomatal closure. In addition, the ABA or CBF pathway marker genes transgenic with
the PwNAC2 gene were significantly increased in Arabidopsis, suggesting that PwNAC2
enhanced plant tolerance to abiotic stress through multiple signaling pathways [253].
Jiang et al. proposed that RhNAC3, as a positive regulator, could improve the dehydra-
tion tolerance of rose petals mainly by regulating osmotic regulation-related genes [254].
In transgenic Arabidopsis thaliana, overexpression of VvNAC17 enhanced drought resistance
and upregulated expression of ABA and stress-related genes such as ABI5, AREB1, COR15A,
COR47, P5CS, RD22, and RD29A [255]. However, excessive expression of stress-related
genes may have negative effects on plant growth and development. Nakashima found
that transgenic plants overexpressing OsNAC6 improved drought, high salinity, and blast
resistance, but resulted in dwarfing and low yield.

6. Conclusions

As mentioned above, in the past studies, the changes of plant external morphology
and internal biochemical properties under drought stress have been described in detail.
We have also gained a good understanding of signal transduction networks and molecular
regulatory mechanisms in plants. Nevertheless, our current research is still incomplete and
there are still many scientific problems to be solved. For example, ABA signaling networks
are poorly described. In addition, although some famous abiotic stress-related gene families,
such as AP2/ERF, MYB, NAC, etc., have been extensively studied by predecessors, there are
still many unknown mechanisms in the large molecular regulation. Plants respond to water
scarcity in different ways, and this is a complex process that we still need to work on
unraveling. The research on the strategies of plants to cope with drought stress can help
us to better use scientific means to improve the adaptability of plants to water shortage
environment and increase the yield of crops to play a more important role. Therefore,
this review provides valuable background knowledge and theoretical basis for selective
breeding, cross breeding, and molecular breeding of agricultural and forestry crops in the
future by systematically analyzing and summarizing the mechanisms of plant response
to drought.
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65. Korkmaz, A.; Değer, Ö.; Kocaçınar, F. Alleviation of water stress effects on pepper seedlings by foliar application of glycinebetaine.

N. Z. J. Crop Hortic. Sci. 2015, 43, 18–31. [CrossRef]
66. Nawaz, M.; Wang, Z. Abscisic Acid and Glycine Betaine Mediated Tolerance Mechanisms under Drought Stress and Recovery in

Axonopus compressus: A New Insight. Sci. Rep. 2020, 10, 6942. [CrossRef]
67. Ma, X.L.; Wang, Y.J.; Xie, S.L.; Wang, C.; Wang, W. Glycinebetaine application ameliorates negative effects of drought stress in

tobacco. Russ. J. Plant Physiol. 2007, 54, 472. [CrossRef]
68. Bies-Ethève, N.; Gaubier-Comella, P.; Debures, A.; Lasserre, E.; Jobet, E.; Raynal, M.; Cooke, R.; Delseny, M. Inventory, evolution

and expression profiling diversity of the LEA (late embryogenesis abundant) protein gene family in Arabidopsis thaliana. Plant
Mol. Biol. 2008, 67, 107–124. [CrossRef] [PubMed]

69. Bremer, A.; Wolff, M.; Thalhammer, A.; Hincha, D.K. Folding of intrinsically disordered plant LEA proteins is driven by
glycerol-induced crowding and the presence of membranes. Febs J. 2017, 284, 919–936. [CrossRef]

70. Close, T.J. Dehydrins: Emergence of a biochemical role of a family of plant dehydration proteins. Physiol. Plant. 2010, 97, 795–803.
[CrossRef]

71. Soulages, J.L.; Kim, K.; Arrese, E.L.; Walters, C.; Cushman, J.C. Conformation of a group 2 late embryogenesis abundant protein
from soybean. Evidence of poly (L-proline)-type II structure. Plant Physiol. 2003, 131, 963–975. [CrossRef] [PubMed]

72. Hara, M.; Fujinaga, M.; Kuboi, T. Radical scavenging activity and oxidative modification of citrus dehydrin. Plant Physiol. Biochem.
2004, 42, 657–662. [CrossRef] [PubMed]

73. Dean, R.T.; Fu, S.; Stocker, R.; Davies, M.J. Biochemistry and pathology of radical-mediated protein oxidation. Biochem. J. 1997,
324, 1–18. [CrossRef]

74. Koag, M.C.; Fenton, R.D.; Wilkens, S.; Close, T.J. The binding of maize DHN1 to lipid vesicles. Gain of structure and lipid
specificity. Plant Physiol. 2003, 131, 309–316. [CrossRef]

75. Hara, M.; Terashima, S.; Kuboi, F.T. Enhancement of cold tolerance and inhibition of lipid peroxidation by citrus dehydrin in
transgenic tobacco. Planta 2003, 217, 290–298. [CrossRef]

76. Thalhammer, A.; Hundertmark, M.; Popova, A.V.; Seckler, R.; Hincha, D.K. Interaction of two intrinsically disordered plant
stress proteins (COR15A and COR15B) with lipid membranes in the dry state. Bba Biomembr. 2010, 1798, 1812–1820. [CrossRef]
[PubMed]

77. Vítámvás, P.; Kosová, K.; Prá Ilová, P.; Prášil, I.T. Accumulation of WCS120 protein in wheat cultivars grown at 9 ◦C or 17 ◦C in
relation to their winter survival. Plant Breed. 2010, 129, 611–616. [CrossRef]

78. Puhakainen, T.; Hess, M.W.; Mäkelä, P.; Svensson, J.; Palva, E.T. Overexpression of Multiple Dehydrin Genes Enhances Tolerance
to Freezing Stress in Arabidopsis. Plant Mol. Biol. 2004, 54, 743–753. [CrossRef] [PubMed]

79. Chaga, G.S. Twenty-five years of immobilized metal ion affinity chromatography: Past, present and future. J. Biochem. Biophys.
Methods 2001, 49, 313–334. [CrossRef]

80. Kruger, C.; Berkowitz, O.; Stephan, U.W.; Hell, R. A metal-binding member of the late embryogenesis abundant protein family
transports iron in the phloem of Ricinus communis L. J. Biol. Chem. 2002, 277, 25062–25069. [CrossRef]

81. Ingram, J.; Bartels, D. The Molecular Basis Of Dehydration Tolerance In Plants. Annu. Rev. Plant Biol. 1996, 47, 377–403. [CrossRef]
[PubMed]

82. Hundertmark, M.; Hincha, D.K. LEA (Late Embryogenesis Abundant) proteins and their encoding genes in Arabidopsis thaliana.
BMC Genom. 2008, 9, 118. [CrossRef]

83. Liu, X.; Wang, Z.; Wang, L.; Wu, R.; Phillips, J.; Deng, X. LEA 4 group genes from the resurrection plant Boea hygrometrica confer
dehydration tolerance in transgenic tobacco. Plant Sci. 2009, 176, 90–98. [CrossRef]

84. Wang, L.; Li, X.; Chen, S.; Liu, G. Enhanced drought tolerance in transgenic Leymus chinensis plants with constitutively expressed
wheat TaLEA3. Biotechnol. Lett. 2009, 31, 313–319. [CrossRef] [PubMed]

85. Alsheikh, M.K. Ion Binding Properties of the Dehydrin ERD14 Are Dependent upon Phosphorylation. J. Biol. Chem. 2003, 278,
40882–40889. [CrossRef] [PubMed]

86. Monroy, A.F.; Castonguay, Y.; Laberge, S.; Sarhan, F.; Dhindsa, L.P.V.A. A new cold-induced alfalfa gene is associated with
enhanced hardening at subzero temperature. Plant Physiol. 1993, 102, 873–879. [CrossRef] [PubMed]

87. Hara, M.; Terashima, S.; Kuboi, T. Characterization and cryoprotective activity of cold-responsive dehydrin from Citrus unshiu. J.
Plant Physiol. 2001, 158, 1333–1339. [CrossRef]

88. Allagulova, C.R.; Gimalov, F.R.; Shakirova, F.M.; Vakhitov, V.A. The Plant Dehydrins: Structure and Putative Functions. Biochem.
Biokhimiia 2003, 68, 945–951. [CrossRef]

http://doi.org/10.1016/j.tplants.2009.11.009
http://doi.org/10.1071/PP9780817
http://doi.org/10.1111/j.1439-037X.2008.00305.x
http://doi.org/10.4067/S0718-95162014005000028
http://doi.org/10.1007/s10725-019-00510-5
http://doi.org/10.1080/01140671.2014.936945
http://doi.org/10.1038/s41598-020-63447-0
http://doi.org/10.1134/S1021443707040061
http://doi.org/10.1007/s11103-008-9304-x
http://www.ncbi.nlm.nih.gov/pubmed/18265943
http://doi.org/10.1111/febs.14023
http://doi.org/10.1111/j.1399-3054.1996.tb00546.x
http://doi.org/10.1104/pp.015891
http://www.ncbi.nlm.nih.gov/pubmed/12644649
http://doi.org/10.1016/j.plaphy.2004.06.004
http://www.ncbi.nlm.nih.gov/pubmed/15331095
http://doi.org/10.1042/bj3240001
http://doi.org/10.1104/pp.011171
http://doi.org/10.1007/s00425-003-0986-7
http://doi.org/10.1016/j.bbamem.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20510170
http://doi.org/10.1111/j.1439-0523.2010.01783.x
http://doi.org/10.1023/B:PLAN.0000040903.66496.a4
http://www.ncbi.nlm.nih.gov/pubmed/15356392
http://doi.org/10.1016/S0165-022X(01)00206-8
http://doi.org/10.1074/jbc.M201896200
http://doi.org/10.1146/annurev.arplant.47.1.377
http://www.ncbi.nlm.nih.gov/pubmed/15012294
http://doi.org/10.1186/1471-2164-9-118
http://doi.org/10.1016/j.plantsci.2008.09.012
http://doi.org/10.1007/s10529-008-9864-5
http://www.ncbi.nlm.nih.gov/pubmed/18936880
http://doi.org/10.1074/jbc.M307151200
http://www.ncbi.nlm.nih.gov/pubmed/12917402
http://doi.org/10.1104/pp.102.3.873
http://www.ncbi.nlm.nih.gov/pubmed/8278537
http://doi.org/10.1078/0176-1617-00600
http://doi.org/10.1023/A:1026077825584


Horticulturae 2021, 7, 50 30 of 36

89. Johanson, U.; Karlsson, M.; Johansson, I.; Gustavsson, S.; Kjellbom, P.J. The complete set of genes encoding major intrinsic
proteins in Arabidopsis provides a framework for a new nomenclature for major intrinsic proteins in plants. Plant Physiol. 2001,
126, 1358–1369. [CrossRef] [PubMed]

90. Rougé, P.; Barre, A. A molecular modeling approach defines a new group of Nodulin 26-like aquaporins in plants.
Biochem. Biophys. Res. Commun. 2008, 367, 60–66. [CrossRef]

91. Mitani-Ueno, N.; Yamaji, N.; Zhao, F.J.; Jian, F.M. The aromatic/arginine selectivity filter of NIP aquaporins plays a critical role in
substrate selectivity for silicon, boron, and arsenic. J. Exp. Bot. 2011, 62, 4391–4398. [CrossRef] [PubMed]

92. Ishikawa, F.; Suga, S.; Uemura, T.; Sato, M.H.; Maeshima, M. Novel type aquaporin SIPs are mainly localized to the ER membrane
and show cell-specific expression in Arabidopsis thaliana. FEBS Lett. 2005, 579, 5814–5820. [CrossRef]

93. Frigerio, L. Mapping of Tonoplast Intrinsic Proteins in Maturing and Germinating Arabidopsis Seeds Reveals Dual Localization
of Embryonic TIPs to the Tonoplast and Plasma Membrane. Mol. Plant 2011, 4, 180–189.

94. Muto, Y.; Segami, S.; Hayashi, H.; Sakurai, J.; Murai-Hatano, M.; Hattori, Y.; Ashikari, M.; Maeshima, M. Vacuolar proton pumps
and aquaporins involved in rapid internode elongation of deepwater rice. Biosci. Biotechnol. Biochem. 2011, 75, 114–122. [CrossRef]
[PubMed]

95. Javot, H. Role of a Single Aquaporin Isoform in Root Water Uptake. Plant Cell 2003, 15, 509–522. [CrossRef]
96. Heinen, R.B.; Ye, Q.; François, C. Role of aquaporins in leaf physiology. J. Exp. Bot. 2009, 2971–2985. [CrossRef] [PubMed]
97. Bots, M. Aquaporins of the PIP2 Class Are Required for Efficient Anther Dehiscence in Tobacco. Plant Physiol. 2005, 137, 1049–1056.

[CrossRef] [PubMed]
98. Liu, D.; Tu, L.; Wang, L.; Li, Y.; Zhu, L.; Zhang, X. Characterization and expression of plasma and tonoplast membrane aquaporins

in elongating cotton fibers. Plant Cell Rep. 2008, 27, 1385–1394. [CrossRef]
99. Wudick, M.M.; Luu, D.T.; Maurel, C. A look inside: Localization patterns and functions of intracellular plant aquaporins. New

Phytol. 2010, 184, 289–302. [CrossRef]
100. Maurel, C.; Santoni, V.; Luu, D.T.; Wudick, M.M.; Verdoucq, L. The cellular dynamics of plant aquaporin expression and functions.

Curr. Opin. Plant Biol. 2009, 12, 690–698. [CrossRef]
101. Fotiadis, D.; Jeno, P.; Mini, T.; Wirtz, S.; Muller, S.A.; Fraysse, L.; Kjellbom, P.; Engel, A. Structural Characterization of Two

Aquaporins Isolated from Native Spinach Leaf Plasma Membranes. J. Biol. Chem. 2001, 276, 1707–1714. [CrossRef] [PubMed]
102. Otto, B.; Kaldenhoff, R. Cell-specific expression of the mercury-insensitive plasma-membrane aquaporin NtAQP1 from Nicotiana

tabacum. Planta 2000, 211, 167–172. [CrossRef]
103. Yamada, S. A family of transcripts encoding water channel proteins: Tissue-specific expression in the common ice plant. Plant

Cell 1995, 7, 1129–1142.
104. Kaldenhoff, R. The blue light-responsive AthH2 gene of Arabidopsis thaliana is primarily expressed in expanding as well as in

differentiating cells and encodes a putative channel protein of the plasmalemma. Plant J. Cell Mol. Biol. 2010, 7, 87–95. [CrossRef]
[PubMed]

105. Netting, A.G. pH, abscisic acid and the integration of metabolism in plants under stressed and non-stressed conditions: Cellular
responses to stress and their implication for plant water relations. J. Exp. Bot. 2000, 51, 147–158. [CrossRef] [PubMed]

106. Mignolet-Spruyt, L.; Xu, E.; Idänheimo, N.; Hoeberichts, F.A.; Mühlenbock, P.; Brosché, M.; Van Breusegem, F.; Kangasjärvi, J.
Spreading the news: Subcellular and organellar reactive oxygen species production and signalling. J. Exp. Bot. 2016, 67, 3831–3844.
[CrossRef] [PubMed]

107. Dietz, K.-J. Thiol-Based Peroxidases and Ascorbate Peroxidases: Why Plants Rely on Multiple Peroxidase Systems in the
Photosynthesizing Chloroplast? Mol. Cells 2016, 39, 20–25. [PubMed]

108. Pospía il, P. Molecular mechanisms of production and scavenging of reactive oxygen species by photosystem II. Biochim. Biophys.
Acta 2012, 1817, 218–231. [CrossRef] [PubMed]

109. Dröse, S.; Brandt, U. Molecular mechanisms of superoxide production by the mitochondrial respiratory chain. Adv. Exp. Med. Biol.
2012, 748, 145–169.

110. Pacher, P.; Beckman, J.S.; Liaudet, L. Nitric Oxide and Peroxynitrite in Health and Disease. Physiol. Rev. 2007, 87, 315–424.
[CrossRef] [PubMed]

111. Stadtman, E.R.; Moskovitz, J.; Levine, R.L. Oxidation of methionine residues of proteins: Biological consequences. Antioxid Redox
Signal 2003, 5, 577–582. [CrossRef] [PubMed]

112. Marnett, L.J. Oxyradicals and DNA damage. Carcinogenesis 2000, 21, 361–370. [CrossRef] [PubMed]
113. Wojtaszek, P. Oxidative burst: An early plant response to pathogen infection. Biochem. J. 1997, 322, 681–692. [CrossRef]
114. Mittler, R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 2002, 7, 405–410. [CrossRef]
115. Scandalios, J.G. Oxygen Stress and Superoxide Dismutases. Plant Physiol. 1993, 101, 7–12. [CrossRef]
116. Slooten, L. Factors Affecting the Enhancement of Oxidative Stress Tolerance in Transgenic Tobacco Overexpressing Manganese

Superoxide Dismutase in the Chloroplasts. Plant Physiol. 1995, 107, 737–750. [CrossRef] [PubMed]
117. Willekens, H.; Chamnongpol, S.; Davey, M.; Schraudner, M.; Langebartels, C.; Van Montagu, M.; Inzé, D.; Camp, W. Catalase is a

sink for H2O2 and is indispensable for stress defense in C3 plants. Embo J. 1997, 16, 4806–4816. [CrossRef] [PubMed]
118. Hassinen, V.H.; Tervahauta, A.I.; Schat, H.; K Renlampi, S.O. Plant metallothioneins–metal chelators with ROS scavenging

activity? Plant Biol. 2011, 13, 225–232. [CrossRef] [PubMed]

http://doi.org/10.1104/pp.126.4.1358
http://www.ncbi.nlm.nih.gov/pubmed/11500536
http://doi.org/10.1016/j.bbrc.2007.12.079
http://doi.org/10.1093/jxb/err158
http://www.ncbi.nlm.nih.gov/pubmed/21586431
http://doi.org/10.1016/j.febslet.2005.09.076
http://doi.org/10.1271/bbb.100615
http://www.ncbi.nlm.nih.gov/pubmed/21228479
http://doi.org/10.1105/tpc.008888
http://doi.org/10.1093/jxb/erp171
http://www.ncbi.nlm.nih.gov/pubmed/19542196
http://doi.org/10.1104/pp.104.056408
http://www.ncbi.nlm.nih.gov/pubmed/15734911
http://doi.org/10.1007/s00299-008-0545-6
http://doi.org/10.1111/j.1469-8137.2009.02985.x
http://doi.org/10.1016/j.pbi.2009.09.002
http://doi.org/10.1074/jbc.M009383200
http://www.ncbi.nlm.nih.gov/pubmed/11050104
http://doi.org/10.1007/s004250000275
http://doi.org/10.1046/j.1365-313X.1995.07010087.x
http://www.ncbi.nlm.nih.gov/pubmed/7534555
http://doi.org/10.1093/jexbot/51.343.147
http://www.ncbi.nlm.nih.gov/pubmed/10938821
http://doi.org/10.1093/jxb/erw080
http://www.ncbi.nlm.nih.gov/pubmed/26976816
http://www.ncbi.nlm.nih.gov/pubmed/26810073
http://doi.org/10.1016/j.bbabio.2011.05.017
http://www.ncbi.nlm.nih.gov/pubmed/21641332
http://doi.org/10.1152/physrev.00029.2006
http://www.ncbi.nlm.nih.gov/pubmed/17237348
http://doi.org/10.1089/152308603770310239
http://www.ncbi.nlm.nih.gov/pubmed/14580313
http://doi.org/10.1093/carcin/21.3.361
http://www.ncbi.nlm.nih.gov/pubmed/10688856
http://doi.org/10.1042/bj3220681
http://doi.org/10.1016/S1360-1385(02)02312-9
http://doi.org/10.1104/pp.101.1.7
http://doi.org/10.1104/pp.107.3.737
http://www.ncbi.nlm.nih.gov/pubmed/12228398
http://doi.org/10.1093/emboj/16.16.4806
http://www.ncbi.nlm.nih.gov/pubmed/9305623
http://doi.org/10.1111/j.1438-8677.2010.00398.x
http://www.ncbi.nlm.nih.gov/pubmed/21309968


Horticulturae 2021, 7, 50 31 of 36

119. Wigoda, N.; Ben-Nissan, G.; Granot, D.; Schwartz, A.; Weiss, D. The gibberellin-induced, cysteine-rich protein GIP2 from Petunia
hybrida exhibits in planta antioxidant activity. Plant J. 2010, 48, 796–805. [CrossRef] [PubMed]

120. Musgrave, W.B.; Yi, H.; Kline, D.; Cameron, J.C.; Wignes, J.; Dey, S.; Pakrasi, H.B.; Jez, J.M. Probing the origins of glutathione
biosynthesis through biochemical analysis of glutamate-cysteine ligase and glutathione synthetase from a model photosynthetic
prokaryote. Biochem. J. 2013, 450, 63–72. [CrossRef]

121. Noctor, G.; Foyer, C.H. Ascorbate and glutathione: Keeping Active Oxygen Under Control. Annu. Rev. Plant Physiol. Plant Mol. Biol.
1998, 49, 249–279. [CrossRef]

122. Barth, C. The Timing of Senescence and Response to Pathogens Is Altered in the Ascorbate-Deficient Arabidopsis Mutant vitamin
c-1. Plant Physiol. 2004, 134, 1784–1792. [CrossRef]

123. Veljovic-Jovanovic, S.D.; Pignocchi, C.; Noctor, G.; Foyer, C.H. Low ascorbic acid in the vtc-1 mutant of Arabidopsis is associated
with decreased growth and intracellular redistribution of the antioxidant system. Plant Physiol. 2001, 127, 426–435. [CrossRef]

124. Smirnoff, N. Ascorbate biosynthesis and function in photoprotection. Philos. Trans. R. Soc. Lond. 2000, 355, 1455–1464. [CrossRef]
125. Liebler, D.C.; Kling, D.S.; Reed, D.J. Antioxidant protection of phospholipid bilayers by alpha-tocopherol. Control of alpha-

tocopherol status and lipid peroxidation by ascorbic acid and glutathione. J. Biol. Chem. 1986, 261, 12114–12119. [CrossRef]
126. Davey, M.W.; Montagu, M.V. Plant L-ascorbic acid: Chemistry, function, metabolism, biovailability and effects of processing.

J. Sci. Food Agric. 2000, 80, 825–860. [CrossRef]
127. Pinheiro, H.A.; Damatta, F.M.; Chaves, A.R.M.; Fontes, E.P.B.; Loureiro, M.E. Drought tolerance in relation to protection against

oxidative stress in clones of Coffea canephora subjected to long-term drought. Plant Sci. 2004, 167, 1307–1314. [CrossRef]
128. Zhang, J.; Kirkham, M.B. Enzymatic responses of the ascorbate-glutathione cycle to drought in sorghum and sunflower plants.

Plant Sci. 1996, 113, 139–147. [CrossRef]
129. Davies, W.J.; Zhang, J.H. Root Signals and the Regulation of Growth and Development of Plants in Drying Soil. Annu. Rev. Plant

Physiol. Plant Mol. Biol. 1991, 42, 55–76. [CrossRef]
130. Chazen, O.; Neumann, P.M. Hydraulic Signals from the Roots and Rapid Cell-Wall Hardening in Growing Maize (Zea mays L.)

Leaves Are Primary Responses to Polyethylene Glycol-Induced Water Deficits. Plant Physiol. 1994, 104, 1385–1392. [CrossRef]
131. Fromm, J.; Fei, H. Electrical signaling and gas exchange in maize plants of drying soil—ScienceDirect. Plant Sci. 1998, 132,

203–213. [CrossRef]
132. Walker, J.C.; Willows, D.R. Mechanism and regulation of Mg-chelatase. Biochem. J. 1997, 327, 321–333. [CrossRef]
133. Mochizuki, N.; Brusslan, J.A.; Larkin, R. Arabidopsis genomes uncoupled 5 (GUN5) mutant reveals the involvement of Mg-

chelatase H subunit in plastid-to-nucleus signal transduction. Proc. Natl. Acad. Sci. USA 2001, 98, 2053–2058. [CrossRef]
134. Liu, X.; Yue, Y.; Li, B.; Nie, Y.; Li, W.; Wu, W.H.; Ma, L. A G protein-coupled receptor is a plasma membrane receptor for the plant

hormone abscisic acid. Science 2007, 315, 1712–1716. [CrossRef]
135. Yin, P.; Fan, H.; Hao, Q.; Yuan, X.; Wu, D.; Pang, Y.; Yan, C.; Li, W.; Wang, J.; Yan, N. Structural insights into the mechanism of

abscisic acid signaling by PYL proteins. Nat. Struct. Mol. Biol. 2009, 16, 1230–1237. [CrossRef] [PubMed]
136. Wang, W.H.; Yi, X.Q.; Han, A.D.; Liu, T.W.; Chen, J.; Wu, F.H.; Dong, X.J.; He, J.X.; Pei, Z.M.; Zheng, H.L. Calcium-sensing receptor

regulates stomatal closure through hydrogen peroxide and nitric oxide in response to extracellular calcium in Arabidopsis. J. Exp.
Bot. 2012, 63, 177–190. [CrossRef] [PubMed]

137. Case, R.M.; Eisner, D.; Gurney, A.; Jones, O.; Muallem, S.; Verkhratsky, A. Evolution of calcium homeostasis: From birth of the
first cell to an omnipresent signalling system. Cell Calcium 2007, 42, 345–350. [CrossRef]

138. Kim, T.H.; Böhmer, M.; Hu, H.; Nishimura, N.; Schroeder, J.I. Guard Cell Signal Transduction Network: Advances in Understand-
ing Abscisic Acid, CO2, and Ca2+ Signaling. Annu. Rev. Plant Biol. 2010, 61, 561–591. [CrossRef]

139. Li, S.; Assmann, S.M.; Albert, R. Predicting essential components of signal transduction networks: A dynamic model of guard cell
abscisic acid signaling. Plos Biol. 2006, 4, e312. [CrossRef]

140. McAdam, S.A.M.; Brodribb, T.J. Separating active and passive influences on stomatal control of transpiration. Plant Physiol. 2014,
164, 1578–1586. [CrossRef]

141. Kudla, J.; Batistic, O.; Hashimoto, K. Calcium Signals: The Lead Currency of Plant Information Processing. Plant Cell 2010, 22,
541–563. [CrossRef]

142. Miller, G.; Shulaev, V.; Mittler, R. Reactive oxygen signaling and abiotic stress. Physiol. Plant. 2008, 133, 481–489. [CrossRef]
143. Kohli, S.K.; Khanna, K.; Bhardwaj, R.; Abd Allah, E.F.; Ahmad, P.; Corpas, F.J. Assessment of Subcellular ROS and NO Metabolism

in Higher Plants: Multifunctional Signaling Molecules. Antioxidants 2019, 8, 641. [CrossRef] [PubMed]
144. Singh, A.; Kumar, A.; Yadav, S.; Singh, I.K. Reactive oxygen species-mediated signaling during abiotic stress. Plant Gene 2019, 18,

100173. [CrossRef]
145. Pei, Z.M.; Murata, Y.; Benning, G.; Thomine, S.; Klüsener, B.; Allen, G.J.; Grill, E.; Schroeder, J.I. Calcium channels activated by

hydrogen peroxide mediate abscisic acid signalling in guard cells. Nature 2000, 406, 731–734. [CrossRef] [PubMed]
146. Mori, I.C.; Schroeder, J.I. Reactive oxygen species activation of plant Ca2+ channels. A signaling mechanism in polar growth,

hormone transduction, stress signaling, and hypothetically mechanotransduction. Plant Physiol. 2004, 135, 702–708. [CrossRef]
[PubMed]

147. Yan, J.; Tsuichihara, N.; Etoh, T.; Iwai, S. Reactive oxygen species and nitric oxide are involved in ABA inhibition of stomatal
opening. Plant Cell Environ. 2007, 30, 1320–1325. [CrossRef]

http://doi.org/10.1111/j.1365-313X.2006.02917.x
http://www.ncbi.nlm.nih.gov/pubmed/17076804
http://doi.org/10.1042/BJ20121332
http://doi.org/10.1146/annurev.arplant.49.1.249
http://doi.org/10.1104/pp.103.032185
http://doi.org/10.1104/pp.010141
http://doi.org/10.1098/rstb.2000.0706
http://doi.org/10.1016/S0021-9258(18)67210-2
http://doi.org/10.1002/(SICI)1097-0010(20000515)80:7&lt;825::AID-JSFA598&gt;3.0.CO;2-6
http://doi.org/10.1016/j.plantsci.2004.06.027
http://doi.org/10.1016/0168-9452(95)04295-4
http://doi.org/10.1146/annurev.pp.42.060191.000415
http://doi.org/10.1104/pp.104.4.1385
http://doi.org/10.1016/S0168-9452(98)00010-7
http://doi.org/10.1042/bj3270321
http://doi.org/10.1073/pnas.98.4.2053
http://doi.org/10.1126/science.1135882
http://doi.org/10.1038/nsmb.1730
http://www.ncbi.nlm.nih.gov/pubmed/19893533
http://doi.org/10.1093/jxb/err259
http://www.ncbi.nlm.nih.gov/pubmed/21940718
http://doi.org/10.1016/j.ceca.2007.05.001
http://doi.org/10.1146/annurev-arplant-042809-112226
http://doi.org/10.1371/journal.pbio.0040312
http://doi.org/10.1104/pp.113.231944
http://doi.org/10.1105/tpc.109.072686
http://doi.org/10.1111/j.1399-3054.2008.01090.x
http://doi.org/10.3390/antiox8120641
http://www.ncbi.nlm.nih.gov/pubmed/31842380
http://doi.org/10.1016/j.plgene.2019.100173
http://doi.org/10.1038/35021067
http://www.ncbi.nlm.nih.gov/pubmed/10963598
http://doi.org/10.1104/pp.104.042069
http://www.ncbi.nlm.nih.gov/pubmed/15208417
http://doi.org/10.1111/j.1365-3040.2007.01711.x


Horticulturae 2021, 7, 50 32 of 36

148. Hossain, M.A.; Bhattacharjee, S.; Armin, S.-M.; Qian, P.; Xin, W.; Li, H.-Y.; Burritt, D.J.; Fujita, M.; Tran, L.-S.P. Hydrogen peroxide
priming modulates abiotic oxidative stress tolerance: Insights from ROS detoxification and scavenging. Front. Plant Sci. 2015, 6,
420. [CrossRef] [PubMed]

149. Colcombet, J.; Hirt, H. Arabidopsis MAPKs: A complex signalling network involved in multiple biological processes. Biochem. J.
2008, 413, 217–226. [CrossRef] [PubMed]

150. Hirt, H. Multiple roles of MAP kinases in plant signal transduction. Trends Plant Sci. Trends Plant Sci 1997, 2, 11–15. [CrossRef]
151. Payne, D.M.; Rossomando, A.J.; Martino, P.; Erickson, A.K.; Sturgill, T.W. Identification of the regulatory phosphorylation sites in

pp42/mitogen-activated protein kinase (MAP kinase). Embo J. 1991, 10, 885–892. [CrossRef] [PubMed]
152. Tuteja, N.; Mahajan, S. Calcium signaling network in plants: An overview. Plant Signal. Behav. 2007, 2, 79–85. [CrossRef]
153. Delauney, A.J.; Verma, D.P.S. Proline biosynthesis and osmoregulation in plants. Plant J. Cell Mol. Biol. 1993, 4, 215–223. [CrossRef]
154. Hua, X.J.; van de Cotte, B.; Van Montagu, M.; Verbruggen, N. Developmental regulation of pyrroline-5-carboxylate reductase

gene expression in Arabidopsis. Plant Physiol. 1997, 114, 1215–1224. [CrossRef]
155. Savouré, A.; Jaoua, S.; Hua, X.-J.; Ardiles, W.; Van Montagu, M.; Verbruggen, N. Isolation, characterization, and chromosomal

location of a gene encoding the ” 1-pyrroline-5-carboxylate synthetase in Arabidopsis thaliana. FEBS Lett. 1995, 372, 13–19.
[CrossRef]

156. Hu, C.A.; Delauney, A.J.; Verma, D.P. A bifunctional enzyme (delta 1-pyrroline-5-carboxylate synthetase) catalyzes the first two
steps in proline biosynthesis in plants. Proc. Natl. Acad. Sci. USA 1992, 89, 9354–9358. [CrossRef]

157. Kishor, P.; Hong, Z.; Miao, G.H.; Hu, C.; Verma, D. Overexpression of [delta]-Pyrroline-5-Carboxylate Synthetase Increases
Proline Production and Confers Osmotolerance in Transgenic Plants. Plant Physiol. 1995, 108, 1387–1394. [CrossRef]

158. Larosa, P.C.; Rhodes, D.; Rhodes, J.C.; Bressan, R.A.; Csonka, L.N. Elevated Accumulation of Proline in NaCl-Adapted Tobacco
Cells Is Not Due to Altered Delta-Pyrroline-5-Carboxylate Reductase. Plant Physiol 1991, 96, 245–250. [CrossRef]

159. Sharma, S.; Villamor, J.G.; Verslues, P.E. Essential role of tissue-specific proline synthesis and catabolism in growth and redox
balance at low water potential. Plant Physiol. 2011, 157, 292–304. [CrossRef]

160. Zhu, B.; Su, J.; Chang, M.; Verma, D.P.S.; Fan, Y.-L.; Wu, R. Overexpression of a ∆1-pyrroline-5-carboxylate synthetase gene and
analysis of tolerance to water- and salt-stress in transgenic rice. Plant Sci. 1998, 139, 41–48. [CrossRef]

161. Yamchi, A.; Rastgar Jazii, F.; Mousavi, A.; Karkhane, A.A.; Renu. Proline Accumulation in Transgenic Tobacco as a Result of
Expression of Arabidopsis ” 1-Pyrroline-5-carboxylate synthetase (P5CS) During Osmotic Stress. J. Plant Biochem. Biotechnol. 2007,
16, 9–15. [CrossRef]

162. Hmida-Sayari, A.; Gargouri-Bouzid, R.; Bidani, A.; Jaoua, L.; Savouré, A.; Jaoua, S. Overexpression of ∆1-pyrroline-5-carboxylate
synthetase increases proline production and confers salt tolerance in transgenic potato plants. Plant Sci. 2005, 169, 746–752.
[CrossRef]

163. Guerzoni, J.T.S.; Belintani, N.G.; Moreira, R.M.P.; Hoshino, A.A.; Domingues, D.S.; Filho, J.O.C.B.; Vieira, L.G.E. Stress-induced
∆1-pyrroline-5-carboxylate synthetase (P5CS) gene confers tolerance to salt stress in transgenic sugarcane. Acta Physiol. Plant.
2014, 36, 2309–2319. [CrossRef]

164. Zhang, G.-C.; Zhu, W.-L.; Gai, J.-Y.; Zhu, Y.-L.; Yang, L.-F. Enhanced salt tolerance of transgenic vegetable soybeans resulting from
overexpression of a novel ∆1-pyrroline-5-carboxylate synthetase gene from Solanum torvum Swartz. Hortic. Environ. Biotechnol.
2015, 56, 94–104. [CrossRef]

165. Hervieu, F.; Dily, F.L.; Billard, J.-P.; Huault, C. Effects of water-stress on proline content and ornithine aminotransferase activity of
radish cotyledons. Phytochemistry 1994, 37, 1227–1231. [CrossRef]

166. Roosens, N.H.; Bitar, F.A.; Loenders, K.; Angenon, G.; Jacobs, M. Overexpression of ornithine-δ-aminotransferase increases
proline biosynthesis and confers osmotolerance in transgenic plants. Mol. Breed. 2002, 9, 73–80. [CrossRef]

167. Wu, L.; Fan, Z.; Guo, L.; Li, Y.; Zhang, W.; Qu, L.J.; Chen, Z. Over-expression of an Arabi-dopsisd δ-OAT gene enhances salt and
drought tolerance in transgenic rice. Chin. Sci. Bull. 2003, 48, 2594–2600. [CrossRef]

168. Kiyosue, T.; Yoshiba, Y.; Yamaguchi-Shinozaki, K.; Shinozaki, K. A nuclear gene encoding mitochondrial proline dehydrogenase,
an enzyme involved in proline metabolism, is upregulated by proline but downregulated by dehydration in Arabidopsis. Plant
Cell 1996, 8, 1323–1335.

169. Rentsch, D.; Hirner, B.; Frommer, S.W.B. Salt Stress-Induced Proline Transporters and Salt Stress-Repressed Broad Specificity
Amino Acid Permeases Identified by Suppression of a Yeast Amino Acid Permease-Targeting Mutant. Plant Cell 1996, 8, 1437–1446.
[PubMed]

170. Ueda, A.; Shi, W.; Shimada, T.; Miyake, H.; Takabe, T. Altered expression of barley proline transporter causes different growth
responses in Arabidopsis. Planta 2007, 227, 277–286. [CrossRef]

171. Nuccio, M.L.; McNeil, S.D.; Ziemak, M.J.; Hanson, A.D.; Jain, R.K.; Selvaraj, G. Choline import into chloroplasts limits glycine
betaine synthesis in tobacco: Analysis of plants engineered with a chloroplastic or a cytosolic pathway. Metab. Eng. 2000, 2,
300–311. [CrossRef] [PubMed]

172. Brendza, K.M.; Haakenson, W.; Cahoon, R.E.; Hicks, L.M.; Palavalli, L.H.; Chiapelli, B.J.; McLaird, M.; McCarter, J.P.; Williams,
D.J.; Hresko, M.C.; et al. Phosphoethanolamine N-methyltransferase (PMT-1) catalyses the first reaction of a new pathway for
phosphocholine biosynthesis in Caenorhabditis elegans. Biochem. J. 2007, 404, 439–448. [CrossRef]

173. McNeil, S.D.; Nuccio, M.L.; Ziemak, M.J.; Hanson, A.D. Enhanced synthesis of choline and glycine betaine in transgenic tobacco
plants that overexpress phosphoethanolamine N-methyltransferase. Proc. Natl. Acad. Sci. USA 2001, 98, 10001–10005. [CrossRef]

http://doi.org/10.3389/fpls.2015.00420
http://www.ncbi.nlm.nih.gov/pubmed/26136756
http://doi.org/10.1042/BJ20080625
http://www.ncbi.nlm.nih.gov/pubmed/18570633
http://doi.org/10.1016/S1360-1385(96)10048-0
http://doi.org/10.1002/j.1460-2075.1991.tb08021.x
http://www.ncbi.nlm.nih.gov/pubmed/1849075
http://doi.org/10.4161/psb.2.2.4176
http://doi.org/10.1046/j.1365-313X.1993.04020215.x
http://doi.org/10.1104/pp.114.4.1215
http://doi.org/10.1016/0014-5793(95)00935-3
http://doi.org/10.1073/pnas.89.19.9354
http://doi.org/10.1104/pp.108.4.1387
http://doi.org/10.1104/pp.96.1.245
http://doi.org/10.1104/pp.111.183210
http://doi.org/10.1016/S0168-9452(98)00175-7
http://doi.org/10.1007/BF03321922
http://doi.org/10.1016/j.plantsci.2005.05.025
http://doi.org/10.1007/s11738-014-1579-8
http://doi.org/10.1007/s13580-015-0084-3
http://doi.org/10.1016/S0031-9422(00)90389-3
http://doi.org/10.1023/A:1026791932238
http://doi.org/10.1360/03wc0218
http://www.ncbi.nlm.nih.gov/pubmed/8776904
http://doi.org/10.1007/s00425-007-0615-y
http://doi.org/10.1006/mben.2000.0158
http://www.ncbi.nlm.nih.gov/pubmed/11120642
http://doi.org/10.1042/BJ20061815
http://doi.org/10.1073/pnas.171228998


Horticulturae 2021, 7, 50 33 of 36

174. Bhuiyan, N.H.; Akira, H.; Nana, Y.; Vandna, R.; Takashi, H.; Teruhiro, T. Regulation of betaine synthesis by precursor supply and
choline monooxygenase expression in Amaranthus tricolor. J. Exp. Bot. 2007, 4203–4212. [CrossRef]

175. Chen, T.H.H.; Murata, N. Glycinebetaine protects plants against abiotic stress: Mechanisms and biotechnological applications.
PlantCell Environ. 2011, 34, 1–20. [CrossRef]

176. Sakamoto, A.; Murata, N. The role of glycine betaine in the protection of plants from stress: Clues from transgenic plants. Plant
Cell Environ. 2002, 25, 163–171. [CrossRef] [PubMed]

177. Rathinasabapathi, B.; Burnet, M.; Russell, B.L. Choline Monooxygenase, an Unusual Iron-Sulfur Enzyme Catalyzing the First Step
of Glycine Betaine Synthesis in Plants: Prosthetic Group Characterization and cDNA Cloning. Proc. Natl. Acad. Sci. USA 1997, 94,
3454–3458. [CrossRef]

178. Rhodes, D.; Nadolska-Orczyk, A.; Rich, P.J. Salinity, Osmolytes and Compatible Solutes; Springer: Dordrecht, The Netherlands, 2002;
pp. 181–204.

179. Fitzgerald, T.L.; Waters, D.L.E.; Henry, R.J. Betaine aldehyde dehydrogenase in plants. Plant Biol. 2009, 11, 119–130. [CrossRef]
180. Fujiwara, T.; Hori, K.; Ozaki, K.; Yokota, Y.; Mitsuya, S.; Ichiyanagi, T.; Hattori, T.; Takabe, T. Enzymatic characterization of

peroxisomal and cytosolic betaine aldehyde dehydrogenases in barley. Physiol. Plant. 2008, 134, 22–30. [CrossRef] [PubMed]
181. Wani, S.H.; Singh, N.B.; Haribhushan, A.; Mir, J.I. Compatible solute engineering in plants for abiotic stress tolerance—Role of

glycine betaine. Curr. Genom. 2013, 14, 157–165. [CrossRef]
182. Shen, Y.-G.; Du, B.-X.; Zhang, W.-K.; Zhang, J.-S.; Chen, S.-Y. AhCMO, regulated by stresses in Atriplex hortensis, can improve

drought tolerance in transgenic tobacco. Tag. Theor. Appl. Genet. Theor. Und Angew. Genet. 2002, 105, 815–821. [CrossRef]
[PubMed]

183. Mitsuya, S.; Kuwahara, J.; Ozaki, K.; Saeki, E.; Fujiwara, T.; Takabe, T. Isolation and characterization of a novel peroxisomal
choline monooxygenase in barley. Planta 2011, 234, 1215–1226. [CrossRef]

184. Wu, S.; Su, Q.; An, L.J. Isolation of choline monooxygenase (CMO) gene from salicornia europaea and enhanced salt tolerance of
transgenic tobacco with CMO genes. Indian J. Geo-Mar. Sci. 2010, 47, 298–305.

185. Ishitani, M.; Nakamura, T.; Han, S.Y.; Takabe, T. Expression of the betaine aldehyde dehydrogenase gene in barley in response to
osmotic stress and abscisic acid. Plant Mol. Biol. 1995, 27, 307–315. [CrossRef]

186. Fan, W.; Zhang, M.; Zhang, H.; Zhang, P. Improved Tolerance to Various Abiotic Stresses in Transgenic Sweet Potato (Ipomoea
batatas) Expressing Spinach Betaine Aldehyde Dehydrogenase. PLoS ONE 2012, 7, e37344. [CrossRef]

187. Li, M.; Li, Z.; Li, S.; Guo, S. Genetic Engineering of Glycine Betaine Biosynthesis Reduces Heat-Enhanced Photoinhibition by
Enhancing Antioxidative Defense and Alleviating Lipid Peroxidation in Tomato. Plant Mol. Biol. Rep. 2014, 32, 42–51. [CrossRef]

188. Cho, M.H.; Jang, A.; Bhoo, S.H.; Jeon, J.S.; Hahn, T.R. Manipulation of triose phosphate/phosphate translocator and cytosolic
fructose-1,6-bisphosphatase, the key components in photosynthetic sucrose synthesis, enhances the source capacity of transgenic
Arabidopsis plants. Photosynth. Res. 2012, 111, 261–268. [CrossRef] [PubMed]

189. Zrenner, R.; Krause, K.e.; Apel, P.; Sonnewald, U. Reduction of the cytosolic fructose-1,6-bisphosphatase in transgenic potato
plants limits photosynthetic sucrose biosynthesis with no impact on plant growth and tuber yield. Plant J. 2010, 9, 671–681.
[CrossRef] [PubMed]

190. Huber, S.C.; Huber, J.L. Role and regulation of sucrose-phosphate synthase in higher plants. Annu. Rev. Plant Physiol. Plant Mol. Biol.
1996, 47, 431–444. [CrossRef]

191. Park, J.Y.; Canam, T.; Kang, K.Y.; Ellis, D.D.; Mansfield, S.D. Over-expression of an arabidopsis family A sucrose phosphate
synthase (SPS) gene alters plant growth and fibre development. Transgenic Res. 2008, 17, 181–192. [CrossRef]

192. Nguyen-Quoc, B.; N’Tchobo, H.; Foyer, C.H.; Yelle, S. Overexpression of sucrose phosphate synthase increases sucrose unloading
in transformed tomato fruit. J. Exp. Bot. 1999, 50, 785–791. [CrossRef]

193. Ishimaru, K.; Hirotsu, N.; Kashiwagi, T.; Madoka, Y.; Nagasuga, K.; Ono, K.; Ohsugi, R. Overexpression of a Maize SPS Gene
Improves Yield Characters of Potato under Field Conditions. Plant Prod. Sci. 2008, 11, 104–107. [CrossRef]

194. Strand, Å.; Foyer, C.H.; Gustafsson, P.; Gardeström, P.; Hurry, V. Altering flux through the sucrose biosynthesis pathway in
transgenic Arabidopsis thaliana modifies photosynthetic acclimation at low temperatures and the development of freezing tolerance.
Plant Cell Environ. 2010, 26, 523–535. [CrossRef]

195. Hand, S.C.; Menze, M.A.; Toner, M.; Boswell, L.; Moore, D. LEA proteins during water stress: Not just for plants anymore. Annu.
Rev. Physiol. 2011, 73, 115–134. [CrossRef]

196. Sivamani, E.; Bahieldin, A.; Wraith, J.M.; Al-Niemi, T.; Dyer, W.E.; Ho, T.D.; Qu, R. Improved biomass productivity and water use
efficiency under water deficit conditions in transgenic wheat constitutively expressing the barley HVA1 gene. Plant Sci. Int. J.
Exp. Plant Biol. 2000, 155, 1–9. [CrossRef]

197. Poku, S.A.; Chukwurah, P.N.; Aung, H.H.; Nakamura, I. Over-Expression of a Melon Y3SK2-Type LEA Gene Confers Drought
and Salt Tolerance in Transgenic Tobacco Plants. Plants 2020, 9, 1749. [CrossRef]

198. Luo, D.; Hou, X.; Zhang, Y.; Meng, Y.; Zhang, H.; Liu, S.; Wang, X.; Chen, R. CaDHN5, a Dehydrin Gene from Pepper, Plays an
Important Role in Salt and Osmotic Stress Responses. Int. J. Mol. Sci. 2019, 20, 1989. [CrossRef] [PubMed]

199. Poku, S.A.; Seçgin, Z.; Kavas, M. Overexpression of Ks-type dehydrins gene OeSRC1 from Olea europaea increases salt and
drought tolerance in tobacco plants. Mol. Biol. Rep. 2019, 46, 5745–5757. [CrossRef] [PubMed]

200. Kaldenhoff, R.; Fischer, M. Aquaporins in plants. Acta Physiol. 2006, 187, 169–176. [CrossRef]

http://doi.org/10.1093/jxb/erm278
http://doi.org/10.1111/j.1365-3040.2010.02232.x
http://doi.org/10.1046/j.0016-8025.2001.00790.x
http://www.ncbi.nlm.nih.gov/pubmed/11841661
http://doi.org/10.1073/pnas.94.7.3454
http://doi.org/10.1111/j.1438-8677.2008.00161.x
http://doi.org/10.1111/j.1399-3054.2008.01122.x
http://www.ncbi.nlm.nih.gov/pubmed/18429940
http://doi.org/10.2174/1389202911314030001
http://doi.org/10.1007/s00122-002-1006-1
http://www.ncbi.nlm.nih.gov/pubmed/12582904
http://doi.org/10.1007/s00425-011-1478-9
http://doi.org/10.1007/BF00020185
http://doi.org/10.1371/journal.pone.0037344
http://doi.org/10.1007/s11105-013-0594-z
http://doi.org/10.1007/s11120-012-9720-2
http://www.ncbi.nlm.nih.gov/pubmed/22297909
http://doi.org/10.1046/j.1365-313X.1996.9050671.x
http://www.ncbi.nlm.nih.gov/pubmed/8653116
http://doi.org/10.1146/annurev.arplant.47.1.431
http://doi.org/10.1007/s11248-007-9090-2
http://doi.org/10.1093/jxb/50.335.785
http://doi.org/10.1626/pps.11.104
http://doi.org/10.1046/j.1365-3040.2003.00983.x
http://doi.org/10.1146/annurev-physiol-012110-142203
http://doi.org/10.1016/S0168-9452(99)00247-2
http://doi.org/10.3390/plants9121749
http://doi.org/10.3390/ijms20081989
http://www.ncbi.nlm.nih.gov/pubmed/31018553
http://doi.org/10.1007/s11033-019-05008-x
http://www.ncbi.nlm.nih.gov/pubmed/31385239
http://doi.org/10.1111/j.1748-1716.2006.01563.x


Horticulturae 2021, 7, 50 34 of 36

201. Zhang, S.; Feng, M.; Chen, W.; Zhou, X.; Lu, J.; Wang, Y.; Li, Y.; Jiang, C.Z. In rose, transcription factor PTM balances growth and
drought survival via PIP2;1 aquaporin. Nat. Plants 2019, 5, 290–299. [CrossRef] [PubMed]

202. Zheng, J.; Lin, R.; Pu, L.; Wang, Z.; Jian, S. Ectopic Expression of CrPIP2;3, a Plasma Membrane Intrinsic Protein Gene from
the Halophyte Canavalia rosea, Enhances Drought and Salt-Alkali Stress Tolerance in Arabidopsis. Int. J. Mol. Sci. 2021, 22, 565.
[CrossRef]

203. Khan, K.; Agarwal, P.; Shanware, A.; Sane, V.A. Heterologous Expression of Two Jatropha Aquaporins Imparts Drought and Salt
Tolerance and Improves Seed Viability in Transgenic Arabidopsis thaliana. PLoS ONE 2015, 10, e0128866. [CrossRef]

204. Peng, Y.; Lin, W.; Cai, W.; Arora, R. Overexpression of a Panax ginseng tonoplast aquaporin alters salt tolerance, drought tolerance
and cold acclimation ability in transgenic Arabidopsis plants. Planta 2007, 226, 729–740. [CrossRef] [PubMed]

205. Martins, C.P.S.; Neves, D.M.; Cidade, L.C.; Mendes, A.F.S.; Silva, D.C.; Almeida, A.-A.F.; Coelho-Filho, M.A.; Gesteira, A.S.;
Soares-Filho, W.S.; Costa, M.G.C. Expression of the citrus CsTIP2;1 gene improves tobacco plant growth, antioxidant capacity and
physiological adaptation under stress conditions. Planta 2017, 245, 951–963. [CrossRef]

206. Seo, M. Complex regulation of ABA biosynthesis in plants. Trends Plant Sci. 2002, 7, 41–48. [CrossRef]
207. Iuchi, S.; Kobayashi, M.; Taji, T.; Naramoto, M.; Seki, M.; Kato, T.; Tabata, S.; Kakubari, Y.; Yamaguchi-Shinozaki, K.; Shinozaki, K.

Regulation of drought tolerance by gene manipulation of 9-cis-epoxycarotenoid, a key in abscisic acid biosynthesis in Arabidopsis.
Plant J. Cell Mol. Biol. 2001, 27, 325. [CrossRef]

208. Awan, S.Z.; Chandler, J.O.; Harrison, P.J.; Sergeant, M.J.; Bugg, T.D.H.; Thompson, A.J. Promotion of Germination Using
Hydroxamic Acid Inhibitors of 9-cis-Epoxycarotenoid Dioxygenase. Front. Plant Sci. 2017, 8, 357. [CrossRef] [PubMed]

209. Cheng, H.S. Calcium signaling through protein kinases. The Arabidopsis calcium-dependent protein kinase gene family. Plant
Physiol. 2002, 129, 469. [CrossRef] [PubMed]

210. Harmon, A.C.; Gribskov, M.; Gubrium, E.; Harper, J.F. The CDPK superfamily of protein kinases. New Phytol. 2001, 151, 175–183.
[CrossRef]

211. Botella, J.R.; Arteca, J.M.; Somodevilla, M.; Arteca, R.N. Calcium-dependent protein kinase gene expression in response to
physical and chemical stimuli in mungbean (Vigna radiata). Plant Mol. Biol. 1996, 30, 1129–1137. [CrossRef]

212. Patharkar, O.R.; Cushman, J.C. A stress-induced calcium-dependent protein kinase from Mesembryanthemum crystallinum
phosphorylates a two-component pseudo-response regulator. Plant J. Cell Mol. Biol. 2000, 24, 679–691. [CrossRef]

213. Urao, T.; Katagiri, T.; Mizoguchi, T.; Yamaguchi-Shinozaki, K.; Hayashida, N.; Shinozaki, K. Two genes that encode Ca(2+)-
dependent protein kinases are induced by drought and high-salt stresses in Arabidopsis thaliana. Mol. Gen. Genet. MGG 1994, 244,
331–340. [CrossRef]

214. Sheen, J. Ca2+-Dependent Protein Kinases and Stress Signal Transduction in Plants. Science 1997, 274, 1900–1902. [CrossRef]
215. Saijo, Y. A Ca2+-Dependent Protein Kinase that Endows Rice Plants with Cold- and Salt-Stress Tolerance Functions in Vascular

Bundles. Plant Cell Physiol. 2001, 42, 1228–1233. [CrossRef]
216. Mizoguchi, T.; Irie, K.; Hirayama, T.; Hayashida, N.; Yamaguchi-Shinozaki, K.; Matsumoto, K.; Shinozaki, K. A gene encoding a

mitogen-activated protein kinase kinase kinase is induced simultaneously with genes for a mitogen-activated protein kinase and
an S6 ribosomal protein kinase by touch, cold, and water stress in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 1996, 93, 765–769.
[CrossRef]

217. Chitlaru, E.; Seger, R.; Pick, U. Activation of a 74 kDa plasma membrane protein kinase by hyperosmotic shocks in the halotolerant
alga Dunaliella salina—ScienceDirect. J. Plant Physiol. 1997, 151, 429–436. [CrossRef]

218. Xiong, L. Disease Resistance and Abiotic Stress Tolerance in Rice Are Inversely Modulated by an Abscisic Acid Inducible
Mitogen-Activated Protein Kinase. Plant Cell 2003, 15, 745–759. [CrossRef]

219. Shinozaki, K.; Yamaguchi-Shinozaki, K. Gene networks involved in drought stress response and tolerance. J. Exp. Bot. 2007, 58,
221. [CrossRef]

220. Gong, P.; Zhang, J.; Li, H.; Yang, C.; Zhang, C.; Zhang, X.; Khurram, Z.; Zhang, Y.; Wang, T.; Fei, Z. Transcriptional profiles of
drought-responsive genes in modulating transcription signal transduction, and biochemical pathways in tomato. J. Exp. Bot.
2010, 61, 3563–3575. [CrossRef] [PubMed]

221. Degenkolbe, T.; Do, P.T.; Zuther, E.; Repsilber, D.; Walther, D.; Hincha, D.K.; K Hl, K.I. Expression profiling of rice cultivars
differing in their tolerance to long-term drought stress. Plant Mol. Biol. 2009, 69, 133–153. [CrossRef]

222. Ariel, F.D.; Manavella, P.A.; Dezar, C.A.; Chan, R.L. The true story of the HD-Zip family. Trends Plant Sci. 2007, 12, 419–426.
[CrossRef]

223. Nakashima, K.; Yamaguchi-Shinozaki, I.K. Transcriptional Regulatory Networks in Response to Abiotic Stresses in Arabidopsis
and Grasses. Plant Physiol. 2009, 149, 88–95. [CrossRef] [PubMed]

224. Harris, J.C.; Hrmova, M.; Lopato, S.; Langridge, P. Modulation of plant growth by HD-Zip class I and II transcription factors in
response to environmental stimuli. New Phytol. 2011, 190, 823–837. [CrossRef]

225. Agalou, A.; Purwantomo, S.; Overnäs, E.; Johannesson, H.; Zhu, X.; Estiati, A.; de Kam, R.J.; Engström, P.; Slamet-Loedin, I.H.;
Zhu, Z.; et al. A genome-wide survey of HD-Zip genes in rice and analysis of drought-responsive family members. Plant Mol.
Biol. 2008, 66, 87–103. [CrossRef]

226. Deng, X.; Phillips, J.; Bräutigam, A.; Engström, P.; Johannesson, H.; Ouwerkerk, P.B.F.; Ruberti, I.; Salinas, J.; Vera, P.; Iannacone,
R.; et al. A homeodomain leucine zipper gene from Craterostigma plantagineum regulates abscisic acid responsive gene expression
and physiological responses. Plant Mol. Biol. 2006, 61, 469–489. [CrossRef]

http://doi.org/10.1038/s41477-019-0376-1
http://www.ncbi.nlm.nih.gov/pubmed/30833710
http://doi.org/10.3390/ijms22020565
http://doi.org/10.1371/journal.pone.0128866
http://doi.org/10.1007/s00425-007-0520-4
http://www.ncbi.nlm.nih.gov/pubmed/17443343
http://doi.org/10.1007/s00425-017-2653-4
http://doi.org/10.1016/S1360-1385(01)02187-2
http://doi.org/10.1046/j.1365-313x.2001.01096.x
http://doi.org/10.3389/fpls.2017.00357
http://www.ncbi.nlm.nih.gov/pubmed/28373878
http://doi.org/10.1104/pp.005645
http://www.ncbi.nlm.nih.gov/pubmed/12068094
http://doi.org/10.1046/j.1469-8137.2001.00171.x
http://doi.org/10.1007/BF00019547
http://doi.org/10.1046/j.1365-313x.2000.00912.x
http://doi.org/10.1007/BF00286684
http://doi.org/10.1126/science.274.5294.1900
http://doi.org/10.1093/pcp/pce158
http://doi.org/10.1073/pnas.93.2.765
http://doi.org/10.1016/S0176-1617(97)80007-7
http://doi.org/10.1105/tpc.008714
http://doi.org/10.1093/jxb/erl164
http://doi.org/10.1093/jxb/erq167
http://www.ncbi.nlm.nih.gov/pubmed/20643807
http://doi.org/10.1007/s11103-008-9412-7
http://doi.org/10.1016/j.tplants.2007.08.003
http://doi.org/10.1104/pp.108.129791
http://www.ncbi.nlm.nih.gov/pubmed/19126699
http://doi.org/10.1111/j.1469-8137.2011.03733.x
http://doi.org/10.1007/s11103-007-9255-7
http://doi.org/10.1007/s11103-006-0023-x


Horticulturae 2021, 7, 50 35 of 36

227. Manavella, P.A.; Arce, A.L.; Dezar, C.A.; Bitton, F.; Renou, J.-P.; Crespi, M.; Chan, R.L. Cross-talk between ethylene and drought
signalling pathways is mediated by the sunflower Hahb-4 transcription factor. Plant J. Cell Mol. Biol. 2006, 48, 125–137. [CrossRef]

228. Fan, Y.; Liu, J.; Zou, J.; Zhang, X.; Jiang, L.; Liu, K.; Lü, P.; Gao, J.; Zhang, C. The RhHB1/RhLOX4 module affects the dehydration
tolerance of rose flowers (Rosa hybrida) by fine-tuning jasmonic acid levels. Hortic. Res. 2020, 7, 74. [CrossRef]

229. Cheng, M.C.; Liao, P.M.; Kuo, W.W.; Lin, T.P. The Arabidopsis ETHYLENE RESPONSE FACTOR1 regulates abiotic stress-
responsive gene expression by binding to different cis-acting elements in response to different stress signals. Plant Physiol. 2013,
162, 1566–1582. [CrossRef]

230. Wan, L.; Zhang, J.; Zhang, H.; Zhang, Z.; Quan, R.; Zhou, S.; Huang, R. Transcriptional activation of OsDERF1 in OsERF3 and
OsAP2-39 negatively modulates ethylene synthesis and drought tolerance in rice. PLoS ONE 2011, 6, e25216. [CrossRef]

231. Maruyama, K.; Takeda, M.; Kidokoro, S.; Yamada, K.; Sakuma, Y.; Urano, K.; Fujita, M.; Yoshiwara, K.; Matsukura, S.; Morishita,
Y.; et al. Metabolic pathways involved in cold acclimation identified by integrated analysis of metabolites and transcripts
regulated by DREB1A and DREB2A. Plant Physiol. 2009, 150, 1972–1980. [CrossRef]

232. Li, J.; Guo, X.; Zhang, M.; Wang, X.; Zhao, Y.; Yin, Z.; Zhang, Z.; Wang, Y.; Xiong, H.; Zhang, H. OsERF71 confers drought
tolerance via modulating ABA signaling and proline biosynthesis. Plant Sci. 2018, 270, 131–139. [CrossRef]

233. Li, M.-R.; Li, Y.; Li, H.-Q.; Wu, G.-J. Ectopic expression of FaDREB2 enhances osmotic tolerance in paper mulberry. J. Integr.
Plant Biol. 2011, 53, 951–960. [CrossRef] [PubMed]

234. Zhang, H.; Liu, W.; Wan, L.; Li, F.; Dai, L.; Li, D.; Zhang, Z.; Huang, R. Functional analyses of ethylene response factor JERF3 with
the aim of improving tolerance to drought and osmotic stress in transgenic rice. Transgenic Res. 2010, 19, 809–818. [CrossRef]

235. Zhang, G.; Chen, M.; Li, L.; Xu, Z.; Chen, X.; Guo, J.; Ma, Y. Overexpression of the soybean GmERF3 gene, an AP2/ERF type
transcription factor for increased tolerances to salt, drought, and diseases in transgenic tobacco. J. Exp. Bot. 2009, 60, 3781–3796.
[CrossRef] [PubMed]

236. Wu, L.; Zhang, Z.; Zhang, H.; Wang, X.-C.; Huang, R. Transcriptional modulation of ethylene response factor protein JERF3
in the oxidative stress response enhances tolerance of tobacco seedlings to salt, drought, and freezing. Plant Physiol. 2008, 148,
1953–1963. [CrossRef] [PubMed]

237. Wang, Y.; Wan, L.; Zhang, L.; Zhang, Z.; Zhang, H.; Quan, R.; Zhou, S.; Huang, R. An ethylene response factor OsWR1 responsive
to drought stress transcriptionally activates wax synthesis related genes and increases wax production in rice. Plant Mol. Biol.
2012, 78, 275–288. [CrossRef]

238. Liu, J.; Osbourn, A.; Ma, P. MYB Transcription Factors as Regulators of Phenylpropanoid Metabolism in Plants. Mol. Plant 2015, 8,
689–708. [CrossRef]

239. Dubos, C.; Stracke, R.; Grotewold, E.; Weisshaar, B.; Martin, C.; Lepiniec, L.C. MYB transcription factors in Arabidopsis. Trends
Plant Sci. 2010, 15, 573–581. [CrossRef]

240. Dai, X.; Xu, Y.; Ma, Q.; Xu, W.; Wang, T.; Xue, Y.; Chong, K. Overexpression of an R1R2R3 MYB gene, OsMYB3R-2, increases
tolerance to freezing, drought, and salt stress in transgenic Arabidopsis. Plant Physiol. 2007, 143, 1739–1751. [CrossRef] [PubMed]

241. Butt, H.I.; Yang, Z.; Gong, Q.; Chen, E.; Wang, X.; Zhao, G.; Ge, X.; Zhang, X.; Li, F. GaMYB85, an R2R3 MYB gene, in transgenic
Arabidopsis plays an important role in drought tolerance. BMC Plant Biol. 2017, 17, 142. [CrossRef]

242. Chen, T.; Li, W.; Hu, X.; Guo, J.; Liu, A.; Zhang, B. A Cotton MYB Transcription Factor, GbMYB5, is Positively Involved in Plant
Adaptive Response to Drought Stress. Plant Cell Physiol. 2015, 56, 917–929. [CrossRef]

243. Wang, N.; Zhang, W.; Qin, M.; Li, S.; Qiao, M.; Liu, Z.; Xiang, F. Drought Tolerance Conferred in Soybean (Glycine max. L) by
GmMYB84, a Novel R2R3-MYB Transcription Factor. Plant Cell Physiol. 2017, 58, 1764–1776. [CrossRef]

244. Chen, K.; Song, M.; Guo, Y.; Liu, L.; Xue, H.; Dai, H.; Zhang, Z. MdMYB46 could enhance salt and osmotic stress tolerance in
apple by directly activating stress-responsive signals. Plant Biotechnol. J. 2019, 17, 2341–2355. [CrossRef]

245. Geng, D.; Chen, P.; Shen, X.; Zhang, Y.; Li, X.; Jiang, L.; Xie, Y.; Niu, C.; Zhang, J.; Huang, X.; et al. MdMYB88 and MdMYB124
Enhance Drought Tolerance by Modulating Root Vessels and Cell Walls in Apple. Plant Physiol. 2018, 178, 1296–1309. [CrossRef]

246. Eulgem, T.; Rushton, P.J.; Robatzek, S.; Somssich, I.E. The WRKY superfamily of plant transcription factors. Trends Plant Sci. 2000,
5, 199–206. [CrossRef]

247. Wang, C.; Deng, P.; Chen, L.; Wang, X.; Ma, H.; Hu, W.; Yao, N.; Feng, Y.; Chai, R.; Yang, G.; et al. A wheat WRKY transcription
factor TaWRKY10 confers tolerance to multiple abiotic stresses in transgenic tobacco. PLoS ONE 2013, 8, e65120. [CrossRef]
[PubMed]

248. Yan, H.; Jia, H.; Chen, X.; Hao, L.; An, H.; Guo, X. The cotton WRKY transcription factor GhWRKY17 functions in drought and
salt stress in transgenic Nicotiana benthamiana through ABA signaling and the modulation of reactive oxygen species production.
Plant Cell Physiol. 2014, 55, 2060–2076. [CrossRef] [PubMed]

249. Jia, H.; Wang, C.; Wang, F.; Liu, S.; Li, G.; Guo, X. GhWRKY68 reduces resistance to salt and drought in transgenic Nicotiana
benthamiana. PLoS ONE 2015, 10, e0120646. [CrossRef]

250. Wei, W.; Zhang, Y.; Han, L.; Guan, Z.; Chai, T. A novel WRKY transcriptional factor from Thlaspi caerulescens negatively regulates
the osmotic stress tolerance of transgenic tobacco. Plant Cell Rep. 2008, 27, 795–803. [CrossRef]

251. Fujita, M.; Fujita, Y.; Maruyama, K.; Seki, M.; Hiratsu, K.; Ohme-Takagi, M.; Tran, L.-S.P.; Yamaguchi-Shinozaki, K.; Shinozaki,
K. A dehydration-induced NAC protein, RD26, is involved in a novel ABA-dependent stress-signaling pathway. Plant J. Cell
Mol. Biol. 2004, 39, 863–876. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1365-313X.2006.02865.x
http://doi.org/10.1038/s41438-020-0299-z
http://doi.org/10.1104/pp.113.221911
http://doi.org/10.1371/journal.pone.0025216
http://doi.org/10.1104/pp.109.135327
http://doi.org/10.1016/j.plantsci.2018.01.017
http://doi.org/10.1111/j.1744-7909.2011.01087.x
http://www.ncbi.nlm.nih.gov/pubmed/22067051
http://doi.org/10.1007/s11248-009-9357-x
http://doi.org/10.1093/jxb/erp214
http://www.ncbi.nlm.nih.gov/pubmed/19602544
http://doi.org/10.1104/pp.108.126813
http://www.ncbi.nlm.nih.gov/pubmed/18945933
http://doi.org/10.1007/s11103-011-9861-2
http://doi.org/10.1016/j.molp.2015.03.012
http://doi.org/10.1016/j.tplants.2010.06.005
http://doi.org/10.1104/pp.106.094532
http://www.ncbi.nlm.nih.gov/pubmed/17293435
http://doi.org/10.1186/s12870-017-1078-3
http://doi.org/10.1093/pcp/pcv019
http://doi.org/10.1093/pcp/pcx111
http://doi.org/10.1111/pbi.13151
http://doi.org/10.1104/pp.18.00502
http://doi.org/10.1016/S1360-1385(00)01600-9
http://doi.org/10.1371/journal.pone.0065120
http://www.ncbi.nlm.nih.gov/pubmed/23762295
http://doi.org/10.1093/pcp/pcu133
http://www.ncbi.nlm.nih.gov/pubmed/25261532
http://doi.org/10.1371/journal.pone.0120646
http://doi.org/10.1007/s00299-007-0499-0
http://doi.org/10.1111/j.1365-313X.2004.02171.x
http://www.ncbi.nlm.nih.gov/pubmed/15341629


Horticulturae 2021, 7, 50 36 of 36

252. Yong, Y.; Zhang, Y.; Lyu, Y. A Stress-Responsive NAC Transcription Factor from Tiger Lily (LlNAC2) Interacts with LlDREB1 and
LlZHFD4 and Enhances Various Abiotic Stress Tolerance in Arabidopsis. Int. J. Mol. Sci. 2019, 20, 3225. [CrossRef]

253. Zhang, H.; Cui, X.; Guo, Y.; Luo, C.; Zhang, L. Picea wilsonii transcription factor NAC2 enhanced plant tolerance to abiotic stress
and participated in RFCP1-regulated flowering time. Plant Mol. Biol. 2018, 98, 471–493. [CrossRef]

254. Jiang, X.; Zhang, C.; Lü, P.; Jiang, G.; Liu, X.; Dai, F.; Gao, J. RhNAC3, a stress-associated NAC transcription factor, has a role in
dehydration tolerance through regulating osmotic stress-related genes in rose petals. Plant Biotechnol. J. 2014, 12, 38–48. [CrossRef]

255. Ju, Y.-L.; Yue, X.-F.; Min, Z.; Wang, X.-H.; Fang, Y.-L.; Zhang, J.-X. VvNAC17, a novel stress-responsive grapevine (Vitis vinifera L.)
NAC transcription factor, increases sensitivity to abscisic acid and enhances salinity, freezing, and drought tolerance in transgenic
Arabidopsis. Plant Physiol. Biochem. 2020, 146, 98–111. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms20133225
http://doi.org/10.1007/s11103-018-0792-z
http://doi.org/10.1111/pbi.12114
http://doi.org/10.1016/j.plaphy.2019.11.002
http://www.ncbi.nlm.nih.gov/pubmed/31734522

	Introduction 
	Effects of Drought Stress on Plant Morphological Characteristics 
	Drought Stress and the External Form of Plants 
	Drought Stress, the Internal Structure, and Physical Property of Plants 

	Effects of Drought Stress on Plant Physiological and Biochemical Characteristics 
	Photosynthetic Capacity 
	Osmotic Regulation Metabolism 
	Drought-Induced Proteins 
	Late Embryogenesis Abundant Protein 
	Dehydrin 
	Aquaporin 

	Reactive Oxygen Metabolism 
	Production and Basic Function of Reactive Oxygen Species 
	Reactive Oxygen Scavenging System 


	Drought Stress Signal Transduction in Plants 
	Plant Drought Stress Signal 
	Intracellular Transduction Pathways and Regulation Mechanisms of Plant Drought Stress Signals 

	Drought Stress Signal Transduction in Plants 
	Functional Genes 
	Osmotic Adjustment Related Genes 
	Drought-Induced Protein Genes 

	Regulatory Genes 
	Signal Transduction Related Genes 
	Transcription Factor Genes 


	Conclusions 
	References

