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Response Mechanism of Plants to Drought Stress
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Abstract Drought stress is an important factor affecting plant growth and development. It will provide a theoretical basis for cultivating new

stress-resistant varieties and improving water utilization rate of plants by studying the regulation mechanism of osmotic adjustment and water

transportation under drought stress, and understanding the physiological and biochemical characteristics and stress resistance mechanism.
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1 Introduction

The growth and development of plants are affected by biotic and
abiotic stresses in an ecological environment. In recent years, due
to the intensification of global warming, shortage of water re-
sources, rise of temperature in various regions, and uneven distri-
bution of precipitation, the range of arid and semi-arid areas in
China has gradually expanded, and plants are increasingly stressed
by drought. Plant structural characteristics and physiological and
biochemical reactions will be inhibited under drought stress,
which will weaken the growth and development rate and even lead
to plant death. Tt will provide a theoretical support for genetic en-
gineering of plant drought resistance and offer a theoretical basis
for screening target genes, breeding new varieties of drought re-
sistance and improving plant water utilization rate by studying the
expression and regulation mechanism of plant related genes under
drought stress, and further understanding the adaptation and re-
sistance mechanism of plants to drought stress. Therefore, this pa-
per describes the expression and regulation of plant genes under
drought stress, and systematically introduces the expression of
genes related to osmotic adjustment substances and water transpor-
tation in plants, as well as the regulation mechanism of these

genes.

2 Plant response to drought stress at physiological
level

2.1 Osmotic adjustment of plants Osmotic adjustment is an
important physiological mechanism for plants to adapt to drought
stress. It can induce solute accumulation and reduce osmotic po-
tential to maintain normal cell oncotic pressure under drought
stress. Osmotic regulators in plants mainly include proline, solu-
ble protein, soluble sugar, betaine, etc. o

2.1.1 Proline. When plants endure drought adversity, they will
quickly synthesize and accumulate a large amount of proline to im-
prove their osmotic adjustment ability to cope with drought adversi-

ty. Among them, proline is highly soluble, highly hydrophilic and
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non-toxic'> . The accumulation and synthesis of proline in plants
does not interfere with physiological and biochemical reactions in
cells, but interacts with proteins to protect and maintain cell mem-
brane function when plants are injured™ | slow down cell damage,
and transport proline to cytoplasm when cells are under osmotic
stress to maintain the osmotic pressure balance between cell proto-

“!. The synthesis of proline can

plasm and external environment
be divided into two ways due to different initial substrates: one is
glutamic acid (Glu) pathway, and the initial substrate is L-Glu;
the other is ornithine (Orn) pathway, and the initial substrate is
L-Orn. Studies have shown that both Orn and Glu can be used as
precursors for proline synthesis, but proline is mainly synthesized
from Glu""'.
and osmotic stress, while Orn is the main pathway when nitrogen

is abundant™®’.

Glu is the main pathway under nitrogen deficiency

Under drought conditions, the induced expression of coding
genes is usually related to the increase of proline synthesis, and
the introduction of exogenous P5CS gene into plants can improve
the proline level of plants under drought stress, thus improving
their drought resistance. The synthesis and accumulation ways of
proline often vary with plants, physiological conditions, tissues
and organs. According to the size of plants, Orn pathway is domi-
nant in seedlings and Glu pathway is dominant in adult plants.
However, both pathways play equally important roles under osmot-
ic pressure conditions'”’ .

At the same time, studies have shown that the proline content
in plants is not high, but it will change along with the external en-
vironment'*'. Different degrees of drought stress also have adverse
impacts on proline content in plants. With the extension of drought
stress, proline content in plants tends to gradually increase, and a
higher content of proline helps plants to adjust and adapt to
drought and water shortage’”’. The content of proline increases
significantly with the degree of stress, that is, plants with strong
drought tolerance have higher content of proline"® ™",

2.1.2 Soluble protein. When plants endure drought adversity,
soluble protein is also an important osmotic adjustment substance,
which can regulate and increase water absorption of plants under
drought conditions, promote water absorption of plants, and fur-
ther maintain physiological processes such as cell growth, photo-

[12]

synthesis and respiration Under mild drought, plants can re-

sist drought stress damage by increasing protein content in cells,
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and with the intensification of drought stress, it shows a trend of
first increasing and then decreasing. Severe drought stress often
inhibits normal protein synthesis and induces protein degradation

of plants, and the leaves can not carry out normal metabolism, so
13-14]

the protein content decreases accordingly Among the solu-
ble proteins in plant cells, many enzymes have specific metabolic
regulation functions. Others may act as dehydration protectors,
providing binding pads for intracellular bound water, increasing
the amount of bound water in plant tissues so that the cell structure
does not suffer more damage when dehydrated. In addition, plants
also synthesize some new or increased proteins under drought
stress, such as drought-induced proteins, LEA proteins and os-
motins. Osmotin is a natural component of plants, which is formed
and accumulated in large quantities with the adaptation of plants to
various stresses, and is rich in roots, stems, crowns and peripher-
al tissues of immature flower buds. Stress-inducing proteins play a
protective role in plant adaptation to stress and may improve plant
stress tolerance "’

Moreover, with the intensification of drought stress, the solu-

ble protein in plants increases first and then decreases, which is
the osmotic adjustment mechanism of plants to cope with drought.
Soluble protein content does not change significantly in the early
stage of drought stress, but will increase significantly in the later
stage. The rise of soluble protein is due to a protective mechanism
by which plants self-regulate in response to adversity, and the
decline of soluble protein is due to the obstruction of protein syn-
thesis in plants, resulting in a large amount of soluble protein
degradation.
2.1.3 Soluble sugar. Under drought stress, soluble sugar can
reduce the damage caused by osmotic water loss by maintaining
cell water content and regulating cell osmotic pressure, so as to
adapt to adversity!™. With the increase in soluble sugar content,
the concentration in the cytoplasm increases, the permeability of
cell membrane decreases, and the integrity of cell membrane in-
creases, which ensures the normal activity and physiological func-
tion of cells, enhances the resistance of cells to the adverse exter-
nal environment, and provides a good physiological basis for the
normal activity and physiological function of cells.

Meanwhile, drought stress significantly induces the accumu-
lation of soluble sugar content in plant leaves. After drought
stress, the soluble sugar content in plant leaves increases, and the
accumulation is the most obvious under severe drought stress, but
there is a significant decrease in the late stage of drought. When
plants are in the early stage of drought, the increase of soluble
sugar content in leaves plays an important role in plant osmotic ad-
justment, which may be because the protective enzyme system in
plants adapts them to stress, thus increasing the soluble sugar con-

tentm] .

However, with the intensification of drought stress, the
synthesis of sugar may be hindered, coupled with the fibrosis of
sugar, the soluble sugar content of leaves begin to decline. In the
relevant studies of plants such as Capsicum annuum, Lycium ru-

thenicum, Dasiphora fruticosa and Hedysarum scoparium, the

change in soluble sugar content also shows the same trend * "’

The accumulation of soluble sugar in plants not only plays a vital
role in improving drought resistance and osmotic adjustment of
plants, but also plays an important role in maintaining the stability

T In addition to osmotic adjustment, it also

of plant proteins
plays a role in maintaining the stability of plant proteins™’. At
the same time, the plants with strong resistance always maintain a
higher content of soluble sugar, and the drought resistance index is
positively correlated with soluble sugar content.

2.1.4 Betaine. Betaine exists widely in plants and is the main
organic osmotic regulator of plants. It is synthesized in the follow-
ing steps: choline—betaine aldehyde chloride— betaine, and is
catalyzed by two enzymes. The enzymes required for the first step
of the synthetic pathway vary with organisms. In higher plants,
choline monooxygenase ( CMO) catalyzes the first reaction. In
marine invertebrates and Escherichia coli, the first reaction is cata-
lyzed by choline dehydrogenase (CDH) to produce betaine alde-
hyde chloride”™. The synthesis of betaine in plants to resist the
damage of stress is affected by two factors, namely, cumulative
concentration and localization. The cumulative concentration of
betaine is not static in different plants or varying parts of the same
plant, but with the degree of stress, different changes occur in dif-
ferent parts, thus improving plant stress tolerance. Studies have
found that the content of betaine exists in leaves or chloroplasts of

. . 23-25
tobacco, maize and rice :

, and the content is different, giving
the plants different tolerance. Betaine is synthesized not only in
leaves or chloroplasts, but also in roots, and is also induced by
light and ABA™.

When plants are subjected to drought stress, they will main-
tain water balance in the body, promote plant growth and develop-
ment, and reduce the damage of drought stress on plants by adjus-
ting the betaine content in the body, so as to adapt to the stressed
environment and improve drought resistance. Gao Xiuping
et al. " found that the betaine content in plants under drought
stress was significantly higher than that under normal water supply
conditions. Similarly, spraying exogenous betaine also leads to the
same result. For plants growing under drought stress, the applica-
tion of exogenous betaine can improve the stress resistance of
plants, increase the water content of seedlings, and enhance the
yield and leaf area growth rate'™ . In addition, the optimum con-
centration of betaine obtained by seed soaking, root soaking and
hydroponics can also play a good role in drought resistance ™.

Therefore, betaine plays an important regulatory role under
drought stress. Betaine, as an important osmotic adjustment sub-
stance of plant cells, can improve plant resistance through external
application. In addition to promoting plant growth and improving
plant resistance, it can also improve plant yield, which is very im-
portant for the development and utilization of crops. The develop-
ment and utilization of this aspect can be increased in the future to
cultivate more resistant and high-quality plants.

2.2 Stomatal regulation of plants Stomata play a regulatory

role in photosynthesis and transpiration, and become an important
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channel for water transportation and gas exchange, making plants
better adapt to the ecological environment. Stomata are located on
the surface of plant leaves and consist of many small holes, each
surrounded by two guard cells. Stomatal protective cells are very
sensitive to changes in plant growth environment and adjust the
size of stomatal aperture through inlet and outlet water flow' ™.
The regulation of stomatal size is a defense mechanism for plants to
cope with adversity stress.

Under drought stress, the stomatal opening of plants will de-
crease or close to reduce the intensity of transpiration, reduce the
water loss of plants, and form a protective mechanism to adapt to
the arid environment. Previously, scientists thought stomata open-
ing was due to less water being taken up by plant roots under dry
conditions, resulting in less water in the leaves. Therefore, the
degree of opening and closing is regulated by inducing stomata in
plant leaves, which is called “hydraulic control theory” ™. Sub-
sequent studies have also demonstrated that stomatal regulation is
the regulation of chemical signals transmitted from roots to leaves,
and one of which is ABA. When ABA is released into guard cells,
it causes water loss, thereby reducing or even closing stomatal
opening .

Meantime, drought stress increases stomatal density, and de-
creases stomatal conductance, length, width, opening and opening
rate™ . Yu Haigiu™ also obtained the decreasing trend of stoma-
tal opening and tension when subjecting maize to drought stress.
Therefore, plants reduce water loss by minishing stomatal opening
and tension to cope with drought stress. Other studies found that
stomatal opening and stomatal size decreases significantly with the
intensification of drought stress™’. With the intensification of
drought stress, leaf stomatal density presents a trend of first in-
creasing and then decreasing, that is, moderate drought can in-
crease leaf stomatal density, whereas excessive drought can de-
crease leaf stomatal density ™’

This may be due to the fact that mild and moderate drought
stress can inhibit the growth of cells, resulting in decreased leaf
area, increased unit cell area, and increased stomatal density.
This conclusion has been confirmed in the studies of Chinese wild-

rye, ginger and jujube”’.

The stomatal conductance of plant
leaves decreases significantly with the increase of drought stress.
In addition, plants with strong drought resistance will adjust leaf
structure according to soil moisture to maintain their growth and
development.

In summary, stomatal tension, opening and density are im-
portant indexes to measure drought resistance of plants. Plants
with strong drought resistance have small stomata and high densi-
ty, and sensitive stomatal conductance to soil water change, so

they have better adjustment ability.

3 Plant response to drought stress at molecular level
3.1 Aquaporin gene Aquaporins regulate the water balance of
plants by controlling the flow of water molecules into and out of

cells. Compared with animals and microorganisms, plant aquapor-

ins are particularly abundant in species. More than 100 kinds of
aquaporins have been discovered so far. According to the se-
quence homology, subcellular localization and structural charac-
teristics of AQPs, they can be classified into 7 categories. Studies
have found that different AQPs have diverse localization™. For
example, it resembles AQP but has completely different subcellu-
lar localization; different subtypes of vacuolar membrane embed-
ding protein also have different localization; different subtypes of
vacuolar imbedding proteins are also co-expressed in vacuoles,
and different subtypes of vacuolar membrane embedding proteins of
the same type are found in plant vacuoles. This suggests that the
subcellular patterns of AQP localization in plants are diverse and
specific .

The expression of plant aquaporins is influenced by environ-
mental factors and hormones. It is found that aquaporins can im-
prove plant tolerance under drought stress. The expression of hyd-
rotonin gene significantly improves the drought resistance of
plants, such as rice, wheat, banana, tomato, apple and tobacco.
When Ta-AQP7 is overexpressed in tobacco, the drought resist-
ance of tobacco is significantly improved. Overexpression of
MaPIP2-7 in bananas can significantly improve the drought toler-
ance of bananas. Under stress conditions, the expression of most
AQPs is reduced at the transcriptional and protein levels, and the
activity of AQP channels is reduced or even disappears. AQP
shutdown can reduce the environmental conditions in the early
phase of drought, which can stimulate the synthesis and expression
of aquaporins. However, under long-term drought stress, soil wa-
ter shortage will inhibit the activity of aquaporins in roots. The ex-
pression analysis of 35 aquaporin genes in Arabidopsis thaliana
showed that most PIP and TIP genes had higher expression levels
under drought conditions, while NIP had lower expression lev-
els™’. In addition, AQP gene is also regulated by the expression
of plant hormones such as abscisic acid ( ABA), gibberellin
(GA) and brassinosteroid (BR). Brassinolide controls the activi-
ty of AQP on A. thaliana cell membrane and can alter the water
permeability of cell membrane'* ~*'.

In summary, plant aquaporins are abundant in species, nu-
merous in family and complex in expression. The expression of
AQPs, is affected by environment and hormones. Under stress
conditions, the general expression is to increase AQPs, content.
Overexpression of AQPs can improve drought resistance of plants,
and plant hormone leaves can also induce the expression of aqua-
porins. At present, although some achievements have been made
in molecular structure and expression regulation mechanism of
plant AQPs, the signal transduction related to AQPs gene expres-
sion regulation, the isolation of AQPs gene promoter, and the
analysis of expression types are not very clear, and all need further
research.

3.2 Antioxidant metabolism gene The expression of ABP9Y,
GOMPK3 and ZFP245 genes can promote the removal of reactive
oxygen species and enhance the drought resistance of plants.
Li Jing et al. ™ showed that the expression of ABP9 gene in
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A. thaliana can reduce plant oxidative damage, thus playing an
important role in plant drought resistance. Under drought condi-
tions, the expression of GbMPK3 gene can significantly improve
the antioxidant enzyme activity of tobacco, and cope with drought
by enhancing plant reactive oxygen scavenging capacityHSJ.

Xi et al. " found that the expression of ZFP214 gene could pro-

Yuan

mote the synthesis of antioxidant enzymes in rice to inhibit the ac-
cumulation of reactive oxygen species and enhance the drought tol-

erance of plants.

4 Response of plant hormones to drought stress

4.1 ABA ABA controls plant responses to biotic and abiotic
environmental stresses by affecting transcriptional and post-tran-
scriptional modifications of downstream regulatory factors in its
signaling pathway, thereby enhancing plant resistance' . Tts syn-
thesis begins with a series of reactions of acetyl-coenzyme formed
by the metabolism of sugars, fats and proteins to synthesize farne-
syl pyrophosphate (FPP). The process of FPP forming ABA can
be divided into two ways: One is terpenoid pathway, also known
as C,5 direct pathway, which directly forms C,; ABA from FPP
through cyclization and oxidation; the other is carotenoid pathway,
also known as C,, intermediate pathway, where FPP is converted
to B-carotene in the plastid, and then to retinaldehyde, which is
finally converted to ABA in the cytoplasm. Under normal circum-
stances, the content of ABA is relatively low, but when the plant
is short of water, the content of ABA in the body will increase
greatly. With the increase of drought stress, the ABA content of
Pinus massoniana from different germplasm sources shows different
upward trends, which may be due to the difference in plant resist-
ance, and the increase amplitude and trend vary with germplasm
sources. At present, more than 150 plant genes are known to be
induced by exogenous ABA, and 245 ABA-inducing genes and
nearly 300 drought-inducing genes have been identified in
A. thaliana related experiments. Among the 245 ABA-inducing
genes, drought can induce more than 150 genes. These results
may indicate that ABA is involved in the regulation of a large
number of genes during drought stress*

In summary, ABA, as an important plant hormone, plays an
important role in plant growth and development, response to
drought stress, agricultural production, disaster reduction and
yield protection, and ecological environment restoration, and its
regulatory mechanism is mainly manifested in an increasing trend,
while the increasing trend and amplitude vary among plants. The
synthesis and decomposition of ABA are manifested in both leaves
and roots of plants. Some key mechanisms of ABA signal trans-
duction have been studied, but there are still some key regulatory
mechanisms that have not been fully explained and need further
study.

4.2 TAA [TAA is a plant hormone that improves water absorp-
tion by promoting plant root growth, thereby increasing drought re-
sistance in plants. The content of IAA in plants does not change

regularly. For example, under drought stress, the IAA content in

Tamarix chinensis was significantly higher than that in the control
group, while that in Picea koraiensis and Dalbergia odorifera grad-
ually decreased with the aggravation of drought™’.

4.3 GA GA mainly involves in plant growth and development
and seed germination, and can quickly break organ dormancy. It
is found that the GA content of some plants increases under
drought stress, which promotes the synthesis of IAA and increases
the TAA content of plants, thus improving the drought resistance of

plants l

5 Conclusions

Drought stress seriously affects the growth and development of
plants, so it is particularly important to study the drought resist-
ance mechanism of plants under drought stress. In this paper, the
definition, classification structure and synthetic expression of re-
lated genes such as proline, soluble sugar, soluble protein, aqua-
porin, stomata, betaine and ABA are reviewed, and their regula-
tory mechanism under drought stress is further expounded. Cur-
rently, with the rapid development of molecular biology and relat-
ed disciplines, people can understand the physiological functions
of osmotic adjustment substances and the mechanism of binding
physiological functions, and study the genes of osmotic adjustment
substance synthase. However, the synthesis and regulation of os-
motic adjustment substances, especially the accumulation under
environmental stress, are still unclear. The transformation and ex-
pression of osmotic adjustment synthase genes in plants and stress-
resistant varieties need more research on how plants respond to
drought stress under random stress conditions, which signal trans-
duction factors stimulate the expression of genes related to proline
synthesis and degradation under stress conditions, and transcrip-
tion factors regulate the transcription and expression of these

genes, elc.
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