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ABSTRACT

Drought is one of the main abiotic stresses that cause crop yield loss. Improving crop yield under drought

stress is a major goal of crop breeding, as it is critical to food security. The mechanism of plant drought

resistance has been well studied, and diverse drought resistance genes have been identified in recent

years, but transferring this knowledge from the laboratory to field production remains a significant chal-

lenge. Recently, some new strategies have become research frontiers owing to their advantages of low

cost, convenience, strong field operability, and/or environmental friendliness. Exogenous plant growth

regulator (PGR) treatment and microbe-based plant biotechnology have been used to effectively improve

crop drought tolerance and preserve yield under drought stress. However, our understanding of the mech-

anisms by which PGRs regulate plant drought resistance and of plant-microbiome interactions under

drought is still incomplete. In this review, we summarize these two strategies reported in recent studies,

focusing on the mechanisms by which these exogenous treatments regulate crop drought resistance.

Finally, future challenges and directions in crop drought resistance breeding are discussed.
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INTRODUCTION

Abiotic stress negatively influences plant growth and develop-

ment, leading to heavy losses in global agriculture (Verma,

2016). Drought contributes to the inhibition of crop growth and

production. Because of global warming caused by human

activities, people are confronted with a more parched and

hotter planet. This situation is predicted to deteriorate in the

next 30 years, and it is expected that over 50% of the regions

on Earth will suffer from water scarcity in 2050 (Gupta et al.,

2020a). Therefore, cultivation of drought-resistant crops to

ensure food security is an urgent need.

In the process of evolution, plants have developed complex reg-

ulatory networks to cope with drought, including drought

escape, drought avoidance, drought tolerance, and drought re-

covery after stress. Drought avoidance and drought tolerance

are the main mechanisms for the improvement of plant drought

resistance. ‘‘Drought avoidance’’ is the ability of a plant species

to respond to drought by regulating morphological and physio-

logical characteristics such as root growth, leaf structure,

stomatal movement, photosynthesis, etc., in order to optimize

water uptake and minimize water loss. ‘‘Drought tolerance’’
Plant Com
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refers to plant tolerance to moderate and severe drought by os-

motic adjustment and an antioxidant defense system to maintain

cell turgor and scavenge harmful substances (Ludlow et al.,

1989). The mechanism of plant drought resistance has been

well studied in recent years, and diverse drought resistance

genes have been identified (Liu et al., 2013a; Mao et al., 2015;

Wang et al., 2016; Xiang et al., 2017; He et al., 2018, 2019;

Zhang et al., 2020a, 2020b), but transferring this knowledge

into crops with enhanced stress resistance remains

challenging (Tardieu, 2012; Zhu, 2016). Among major crops,

only one transgenic maize cultivar with a drought resistance

trait has been commercialized to date (Castiglioni et al., 2008).

In addition, the use of chemical fertilizers in agriculture has

caused heavy energy losses and significant damage to the

environment (Guo et al., 2010; White and Brown., 2010; Liu

et al., 2013b). Therefore, effective and environmentally friendly

new strategies for improving crop drought resistance are

urgently needed.
munications 3, 100228, January 10 2022 ª 2021 The Authors.
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Recently, a variety of new strategies have been devised to

improve plant performance under environmental stress.

Numerous studies have indicated that exogenous application of

various PGRs, such as hormones, hormone agonists, polyamines

(PAs), nutrients, antioxidants, osmoprotectants, and others, en-

hances crop drought tolerance (Raza et al., 2012; Latif et al.,

2016; Vaidya et al., 2019; Hassan et al., 2020; Huan et al.,

2020; Veroneze-Júnior et al., 2020). According to these studies,

the application of such compounds can enhance parameters

such as morphology, photosynthetic capacity, relative water

content (RWC), and gas exchange attributes. Furthermore, the

application of these compounds also promotes the

accumulation of osmolytes and antioxidants to maintain

osmotic balance and scavenge reactive oxygen species (ROS),

thereby ensuring the stability of membrane structures,

enzymes, and other macromolecules under drought stress.

Such priming treatment is a very promising strategy in modern

crop production management, as it enables plants to respond

to abiotic stress faster and more strongly (Xiao et al., 2017).

It has also been demonstrated that microbe-based plant biotech-

nology is an alternative strategy for effectively improving plant

drought resistance (Naseem et al., 2018). The rhizosphere is a

natural ecosystem that hosts various kinds of microbes,

including bacteria, actinobacteria, fungi, algae, and protozoa

(Mendes et al., 2013; Rout and Southworth, 2013). Plants and

the rhizosphere microbiome interact through several distinct

mechanisms. Plants fuel the soil food web through their

belowground carbon (C) inputs. In turn, the activities of the

rhizosphere microbiome release nutrients for plant growth and

determine the balance between C respiration and stabilization in

the soil. In addition, the microbiome interacts directly with plants

in the rhizosphere by feeding on (or infecting) roots, forming

symbiotic relationships, or promoting plant growth through

phytohormone production or the reduction of plant stress

signaling (de Vries et al., 2020). However, despite an increasing

understanding of plant-microbiome interaction mechanisms, our

understandingof thesemechanismsunderdrought isquite limited.

Over the past few years, the use of exogenous PGRs and

microbe-based plant biotechnology to enhance crop drought

resistance has become pioneering research because of their bet-

ter field operability and environmental friendliness. In this review,

we summarize studies of exogenous PGR application and micro-

bial inoculation that aimed to improve crop drought resistance,

focusing on the mechanisms by which these exogenous treat-

ments regulate crop drought resistance. Finally, we propose

and discuss future challenges and directions in crop drought

resistance breeding.
ROLES OF EXOGENOUS PLANT
GROWTH REGULATORS IN DROUGHT
RESISTANCE

In recent years, a large number of studies have demonstrated that

application of exogenous PGRs by seed priming, root irrigation,

or foliar spraying is an effective strategy to improve drought resis-

tance by: (1) improving plant antioxidant capacity, (2) promoting

plant osmotic adjustment capacity, (3) protecting the photosyn-

thetic system and maintaining plant photosynthetic efficiency,
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(4) changing the external and internal structure of roots and

leaves to improve water absorption and transport, (5) regulating

the processes of nutrient and energy metabolism, and (6) regu-

lating the expression of functional genes and the activities of

functional proteins (Table 1). In this review, exogenous PGRs

are classified into hormones, PAs, nutrients, amino acids,

sugars, and others in order to discuss their specific roles in the

regulation of plant drought resistance.
Hormones

Abscisic acid (ABA) plays a vital role in drought response. A series

of studies have shown that exogenous ABA treatment is an

effective way to improve plant drought resistance. For example,

exogenous ABA treatment can regulate the processes of energy

metabolism, amino acid metabolism, and lipid metabolism;

promote the accumulation of flavonoids, betaine, and other

substances; improve enzymatic and non-enzymatic antioxidant

regulation systems; and enhance the photosynthetic perfor-

mance and RWC of plants to promote plant growth and improve

drought resistance of a diversity of crops, includingmaize, wheat,

sweet potato, pearl millet, and other plants (Zhang et al., 2012;

Wei et al., 2015; Awan et al., 2020; Huan et al., 2020). In

addition, spraying leaves with 2 mg/l 10,40-trans-diol-ABA, a key

precursor of ABA biosynthesis in fungi, enhanced the drought

tolerance of tobacco seedlings by upregulating many

transcription factors and some key regulators in the ABA

signaling pathway (Liu et al., 2021). Some studies have shown

that treatment with ABA and jasmonate or benzylaminopurine

simultaneously is more effective in promoting plant drought resis-

tance (Awan et al., 2020; Huan et al., 2020).

Although ABA can be used directly as an agrochemical, its use has

been limited by its rapid conversion into biologically inactive me-

tabolites (Gupta et al., 2020b). Therefore, to overcome the

limitations of ABA use in various agricultural applications, several

types of ABA-mimicking agents have been developed. Pyrabactin

was the first synthetic ABA agonist discovered; it displays several

ABA-like activities, such as inhibition of seed germination, induc-

tion of stomatal closure, and enhancement of root hydraulic con-

ductivity (Park et al., 2009; Puli and Raghavendra, 2012; Fan

et al., 2015). In 2013, the dihydroquinolinone-sulphonamide

analog quinabactin (also known as ABA mimic 1 [AM1]) was

identified by two separate teams as a potential ABA-mimicking

agent that exhibited nine- and eight-fold better agonist activities

than ABA and pyrabactin, respectively. According to Cao et al.

(2013) and Okamoto et al. (2013), quinabactin induced a range of

ABA-like biological responses, including inhibition of seed germi-

nation, control of leaf water loss, and enhancement of drought

tolerance in Arabidopsis and soybean. The structural optimization

of quinabactin led to the identification of AM1 fluorine derivatives

(AMFs) that exhibited more pronounced agonist activities than

the parent compound quinabactin. The AMF ABA analogs dis-

played long-lasting effects on the promotion of stomatal closure

and the induction of stress-responsive gene expression (Cao

et al., 2017). Recently, Vaidya et al. (2019) combined virtual

screening, X-ray crystallography, and structure-guided design to

developopabactin (OP), anABAmimicwith up toanapproximately

seven-fold increase in receptor affinity relative toABAandup to10-

fold greater activity in vivo. They demonstrated that OP has activ-

ities in multiple monocots and eudicots and addressed the
uthors.



PGRs Crops Mechanism References

Hormones ABA maize (Zea mays L.) enhanced glycinebetaine (GB)
accumulation, modulated water

relations and plant growth, increased

the levels of Glutathione (GSH) and AsA

Zhang et al. (2012)

wheat (Triticum aestivum L.) Wei et al. (2015)

ABA/JA pearl millet (Pennisetum glaucum L.) Improved the capacities of antioxidant

enzymes

Awan et al. (2020)

ABA/6-BA sweet potato (Ipomoea batatas) increased the endogenous hormone

contents, enhanced carbon

metabolism enzyme activities,

improved photosynthesis, and
regulated the source-sink balance

Huan et al. (2020)

AsA chickpea (Cicer arietinum L.) enhanced antioxidant capacity Hussain et al. (2020)

Melatonin maize (Zea mays L.) maintained growth, enhanced root

vigor and leaf cuticle formation,

improved photosynthetic
characteristics, promoted aquaporin

activity, increased water uptake and

transport, and improved capacities of

antioxidant enzymes, regulated the
carbohydrate balance to improved

male fertility

Ahmad et al. (2019); Huang

et al. (2019); Qiao et al. (2020)

soybean (Glycine max) Zhang et al. (2019a, 2019b);

Zhang et al. (2020c)

tomato (Solanum lycopersicum L.) Liu et al. (2015); Ding
et al. (2018)

cotton (Gossypium hirsutum L.) Hu et al. (2020)

SA barley (Hordeum vulgare L.) maintained photosynthesis, enhanced

antioxidant defense abilities and

energy metabolism

Habibi (2012)

wheat (Triticum aestivum L.) Sharma et al. (2017)

SA/MeJA maize (Zea mays L.) increased osmolytes and endogenous

ABA accumulation, improved

capacities of antioxidant enzymes

Tayyab et al. (2020)

ABA agonists AMFs soybean (Glycine max) activated ABA signaling, promoted

stomatal closure, and induced the

expression of stress-responsive genes

Cao et al. (2017)

OP tomato (Solanum lycopersicum L.)/

wheat (Triticum aestivum L.)

activated ABA signaling, decreased the

blade surface temperature

Vaidya et al. (2019)

pyrabactin pea (Pisum sativum L.) induced stomatal closure, improved

root hydraulic properties

Puli and Raghavendra (2012)

maize (Zea mays L.) Fan et al. (2015)

quinabactin soybean (Glycine max) activated ABA signaling, induced

stomatal closure

Okamoto et al. (2013)

Polyamines (Spd/Put/Spm)Polyamines

(Spd/Put/Spm)

maize (Zea mays L.) protected mesophyll cells structurally

and functionally, changed endogenous

PAs and phytohormones, improved
photosynthesis, water-use efficiency,

Li et al. (2018a)

rice (Oryza sativa L.) Farooq et al. (2009)

barley (Hordeum vulgare L.) Kubi�s, 2005

Table 1. Roles and mechanisms of PGRs in crop drought tolerance.
(Continued on next page)
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PGRs Crops Mechanism References

leaf water status, osmoregulation, and
antioxidant defense system

wheat (Triticum aestivum L.) Gupta et al. (2012); Liu

et al. (2016); Ebeed

et al. (2017); Doneva
et al. (2021); Hassan

et al. (2020); Marci�nska

et al. (2020)

Nutrients K wheat (Triticum aestivum L.) improved growth and yield

components

Raza et al. (2012)

N wheat (Triticum aestivum L.) improved growth and root

development

Gevrek and Atasoy (2012)

N/P/K wheat (Triticum aestivum L.) improved water relations, gas-

exchange characteristics and nutrient

contents, improved growth, increased
osmolyte accumulation and improved

antioxidant machinery

Shabbir et al. (2015); 2016

Se maize (Zea mays L.) maintained plant growth, enhanced
relative water contents and total

chlorophyll, upregulated osmotic

adjustment and antioxidant defense

system, activated the expression of
PSY, SDH, and ADH gene

Nawaz et al. (2013, 2014,
2015, 2016); Bocchini

et al. (2018)

Si rice (Oryza sativa L.) enhancement of photochemical
efficiency and adjustment of the

mineral nutrient absorption and

phytohormone levels

Chen et al. (2011)

wheat (Triticum aestivum L.) Xu et al. (2017)

urea/NBPT maize (Zea mays L.) protected photosynthetic apparatus,

improved osmotic adjustment and

antioxidant defense system

Gou et al. (2017)

Zn maize (Zea mays L.) enhanced parameters including

morphology, chlorophyll contents,

RWC, gas-exchange attributes,
activities of antioxidant enzymes, and

the content of proline and soluble sugar

Shemi et al. (2021)

Amino acid Arg wheat (Triticum aestivum L.) upgraded water status and reduced

oxidative stress and methyl-glyoxal

(MG) toxicity

Hasanuzzaman et al. (2018)

BABA faba bean (Vicia faba L.) improved the osmotic adjustment and

antioxidant defense ability, changes in

endogenous ABA and JA

concentrations, regulated the
expression of drought tolerance-

related genes

Abid et al. (2020)

maize (Zea mays L.) Shaw et al. (2016)

Table 1. Continued (Continued on next page)

4
P
la
n
t
C
o
m
m
u
n
ic
a
tio

n
s
3
,
1
0
0
2
2
8
,
J
a
n
u
a
ry

1
0
2
0
2
2
ª

2
0
2
1
T
h
e
A
u
th
o
rs
.

P
la
n
t
C
o
m
m
u
n
ic
a
tio

n
s

N
e
w

s
tra

te
g
ie
s
fo
r
c
ro
p
d
ro
u
g
h
t
re
s
is
ta
n
c
e



PGRs Crops Mechanism References

GABA snap bean (Phaseolus vulgaris L.) improvement in growth, water status,
membrane integrity, osmotic

adjustment, antioxidant defense, and

nutrient acquisition

Abd El-Gawad et al., 2021

L-ornithine sugar beet (Beta vulgaris var.

saccharifera L.)

improved osmotic adjustment and

antioxidant defense system

Hussein et al. (2019)

Pro oats (Avena sativa L.) enhanced leaf mesophyll thickness

and metaxylem area, suppressed leaf

midrib thickness and phloem area,
increased proline and total soluble

protein contents, improved

photosynthesis, growth, seed oil

quality, and enhanced seed oil 1,1-
diphenyl-2-picryl-hydrazyl (DPPH ) free

radical-scavenging activity

Ghafoor et al. (2019)

maize (Zea mays L.) Ali et al. (2007); 2013

5-ALA sunflower (Helianthus annuus L.) modulated growth, secondary

metabolism, and antioxidant defense

Rasheed et al. (2020)

Sugars Chitosan potato (Solanum tuberosum L.) improved relative tissue water content,
photosynthesis and stomatal

conductance, osmoregulation, and

antioxidant defense system

Jiao et al. (2012)

sugarcane (Saccharum spp.) Mirajkar et al. (2019)

sunflower (Helianthus annuus L.) Shehzad et al. (2020)

maize (Zea mays L.) Veroneze-Júnior et al. (2020)

Trehalose sunflower (Helianthus annuus L.) improved photosynthesis, plant

growth, yield, seed quality, and

antioxidant defense system

Kosar et al. (2020)

maize (Zea mays L.) Ali and Ashraf. (2011)

Others ALA maize (Zea mays L.) induced photosystem II activity and the

gene expressions of carbon fixation
and chlorophyll metabolism enzymes

Sezgin et al. (2019)

AsA cauliflower (Brassica oleracea L.) improved osmoregulation and the

enzymatic and non-enzymatic
antioxidant defense systems

Latif et al. (2016)

BBS wheat (Triticum aestivum L.) improved the enzymatic and non-

enzymatic antioxidant defense
systems

Elkeilsh et al. (2019)

DCPTA maize (Zea mays L.) improved N metabolism Xie et al. (2019)

GlyBet sweet potato (Ipomoea batatas) maintained osmotic potential Tisarum et al. (2020)

H2O2 rice (Oryza sativa L.) induced amylase activity under

drought stress

Wang et al. (2018)

NO/GSNO sugarcane (Saccharum spp.) protected the photosynthetic
apparatus and improved shoot and

root growth

Silveira et al. (2016)

Table 1. Continued (Continued on next page)
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limitations of existing sulfonamide molecules. OP functions as an

antitranspirant to enhance drought tolerance and hyperactivates

ABA transcriptional responses in wheat. All these studies

indicate that synthetic ABA agonists have great application pros-

pects for the mitigation of drought impacts on crop yields.

Salicylic acid (SA) is another plant hormone that regulates plant

growth and abiotic stress responses. Proteomic data from wheat

plants treated with exogenous SA and drought showed that the

differentially expressed proteins induced by exogenous SA under

drought stress were involved in the regulation of photosynthesis,

carbon assimilation, proteinmetabolism, amino acidmetabolism,

energy metabolism, redox balance, signal transduction, and

other biological processes, suggesting that SA may regulate

these physiological processes to enhance wheat drought resis-

tance (Sharma et al., 2017). In addition, Hussain et al. (2020)

suggested that the application of acetylsalicylic acid (a

derivative of SA) also improved the drought resistance of

chickpea by activating the antioxidant defense system. As the

main representative jasmonate substances, jasmonic acid (JA)

and methyl jasmonate (MeJA) are also endogenous PGRs in

higher plants. The combined application of SA and MeJA has

been shown to promote the accumulation of endogenous ABA

and osmotic adjustment substances and to improve the

activities of antioxidant enzymes, thereby improving maize

drought resistance (Tayyab et al., 2020).

Melatonin is an evolutionarily conserved pleiotropic molecule that

exists ubiquitously in living organisms and has rich biological func-

tions (Hardeland, 2015; Debnath et al., 2019). In the last few years,

the role of melatonin in plants has been studied progressively. A

series of studies have shown that exogenous melatonin

application by foliar spraying, root irrigation, or seed

pretreatment effectively improves the drought resistance of

maize, soybean, cotton, and tomato by boosting their growth,

photosynthesis, and antioxidant activities (Liu et al., 2015; Ding

et al., 2018; Ahmad et al., 2019; Huang et al., 2019; Zhang et al.,

2019a, 2019b, 2020c; Hu et al., 2020; Qiao et al., 2020). The

physiological and molecular activities of melatonin in plants

indicate that it is an essential molecule in the stimulation of field

crops, especially under abiotic stress.

PAs

PAs are low-molecular-weight aliphatic polycations that exist in all

living organisms and are considered to be a new class of PGRs.

PAs are widely involved in many physiological and biochemical

processes, including seed germination, root development, plant

architecture formation, in vitro plant regeneration, flowering,

senescence, photosynthesis, membrane stability, enzyme activa-

tion, ion transport, hormone activity, cell death, DNA synthesis,

gene transcription,protein translation, andchromatinorganization

(Moschou and Roubelakis-Angelakis, 2014; (Tian et al., 2018);

Igarashi and Kashiwagi, 2019). There are three major PAs in

plants: putrescine, spermidine, and spermine. Endogenous plant

PA levels were induced by abiotic stress (Alcázar et al., 2020).

Treatment with spermidine regulated endogenous PA levels and

plant hormones, effectively improving the antioxidant capacity of

plants under drought stress (Kubi�s, 2005; Li et al., 2018a). Gupta

et al. (2012) and Doneva et al. (2021) reported that exogenous

putrescine treatment promoted the accumulation of proline,

soluble sugars, and other osmotic adjustment substances in
uthors.
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wheat plants under drought stress and improved their antioxidant

capacity and photosynthesis. In addition, some studies have

explored the cooperative effects of different PAs on plant

drought resistance. For example, combined treatment with two

or three exogenous PAs effectively enhanced the drought

resistance of rice and wheat (Farooq et al., 2009; Liu et al., 2016;

Ebeed et al., 2017; Hassan et al., 2020; Marci�nska et al., 2020).

Compelling evidence thus indicates that PAs have a protective

role against drought stress in different plant species.

Amino acids

Proline exists widely in higher plants and plays roles in drought

response mainly through the mechanism of osmotic adjustment.

Ali et al. (2007, 2013) revealed that foliar spraying of maize

seedlings with proline effectively promoted the growth of maize

plants by improving photosynthesis and increasing antioxidant

compounds. In addition to proline, other amino acids can also

improve plant drought resistance. For example, spraying L-

ornithine improved the drought resistance of sugar beet

(Hussein et al., 2019). Treatment of roots with arginine and the

nitric oxide (NO) donor sodium nitroprusside improved the

drought resistance of wheat (Hasanuzzaman et al., 2018).

In addition, somenon-protein-codingaminoacidsalsoplay roles in

crop drought resistance. g-aminobutyric acid and b-aminobutyric

acid are induced under abiotic stress and improve plant drought

resistance via mechanisms including promotion of endogenous

ABA and JA accumulation, regulation of drought stress-related

gene expression in leaves and roots, induction of stomatal closure,

and improvement of osmotic adjustment ability and antioxidant

capacity (Shaw et al., 2016; Abid et al., 2020; Abd El-Gawad

et al., 2021). 5-aminolevulinic acid (5-ALA) is an essential precursor

of chlorophyll molecule biosynthesis. Rasheed et al. (2020)

showed that 5-ALA-mediated stress tolerance is related to lower

cellular levels of ROS (H2O2), decreased lipid peroxidation

(malondialdehyde (MDA) content), and reduced degradation of

photosynthetic pigments.

Nutrients

Nitrogen (N), phosphorus (P), andpotassium (K) are essential plant

macronutrients that are normally applied in the form of chemical

fertilizer in agricultural production to promote crop growth and

yield. However, drought reduces the capacity of plants to absorb

nutrients from the soil. Foliar spraying of N, P, or K alone or in com-

bination can effectively alleviate the negative effects of drought

stress on wheat growth and production (Raza et al., 2012;

Gevrek and Atasoy, 2012; Shabbir et al., 2015, 2016). According

to Gou et al. (2017), spraying urea (N source) and urease

inhibitor on maize leaves can also effectively increase dry weight

and photosynthetic pigment content, improve RWC, promote

the accumulation of osmotic adjustment substances such as

proline and soluble sugars, and improve the activities of

antioxidant enzymes such as catalase (CAT), peroxidase (POD),

and superoxide dismutase (SOD).

In addition, some studies have shown that exogenous application

of selenium (Se), silicon (Si), and zinc (Zn) can also effectively

improve plant drought resistance. For example, exogenous Se

has been applied to wheat by soaking seeds, fertilization, or foliar

spraying, thereby maintaining wheat growth under drought stress
Plant Com
and enhancing the production of osmolytes and antioxidant en-

zymes (Nawaz et al., 2013, 2014, 2015). Bocchini et al. (2018)

found that Se treatment activates several genes that belong to

special classes and are involved in tolerance to abiotic stress;

these include phytoene synthase (PSY), essential for maintaining

leaf carotenoid content, sorbitol dehydrogenase (SDH), whose

activity regulates the level of important osmolytes during

drought stress, and alcohol dehydrogenase (ADH), whose

activity plays a central role in biochemical adaptation to

environmental stress. Si helps plants to resist high salt and

drought stress (Zhu and Gong, 2013). Exogenous Si treatment

effectively enhanced photosynthetic efficiency and modulated

nutrient uptake (K, Na, CA, Mg, Fe, Si) and endogenous plant

hormone levels (ABA, indole-3-acetic acid [IAA], JA), thereby

promoting plant growth under drought stress (Chen et al., 2011;

Xu et al., 2017). Zn is another essential micronutrient that plays

critical roles in drought resistance by detoxifying ROS and

increasing antioxidant enzymes (Sofy, 2015). According to

Shemi et al. (2021), the application of Zn to maize leaves

enhanced parameters such as morphology, chlorophyll

contents, RWC, gas exchange attributes, activities of antioxidant

enzymes, and levels of proline and soluble sugars under drought

stress. The aforementioned studies show that exogenous

application of nutrients improved crop drought resistance not

only by promoting nutrient metabolism and growth but also by

regulating various physiological processes under drought stress.

Sugars

As one of the main osmotic adjustment substances, trehalose

plays an important role in plant drought stress response (Lunn

et al., 2014). Specifically, it acts as a signal molecule and

antioxidant in plant stress responses (Iturriaga et al., 2009). For

instance, Joshi et al. (2020) found that overexpression of

trehalose synthase effectively improved rice drought resistance.

Exogenous trehalose treatment has also been reported to

effectively improve photosynthetic efficiency and water usage

in maize, promote the growth and yield of sunflower, and

activate the antioxidant defense system of crops (Ali and

Ashraf, 2011; Kosar et al., 2020). Chitosan is another type of

polysaccharide reported to effectively enhance plant drought

resistance. For example, exogenous chitosan treatment

promoted plant growth, photosynthetic efficiency, osmotic

adjustment, and antioxidant capacity, ultimately improving yield

under drought stress in various crops, including sunflower,

maize, potato, and sugarcane (Jiao et al., 2012; Mirajkar et al.,

2019; Shehzad et al., 2020; Veroneze-Júnior et al., 2020).

Others

In addition to the aforementioned PGRs, many other PGRs have

been found to function in plant drought resistance (Table 1). For

example, spraying maize leaves with the new PGR DCPTA

regulated the N metabolism process of maize under drought

stress and improved maize drought resistance at the early

flowering stage (Xie et al., 2019). Sezgin et al. (2019) reported

that exogenous a-lipoic acid (ALA) improved the photosynthetic

performance of maize seedlings exposed to drought by

inducing the expression of genes encoding carbon (C)

fixation and chlorophyll metabolism enzymes such as ribulose-

1,5-bisphosphate carboxylase (Rubisco), phosphoenolpyruvate

carboxylase (PEPc), Rubisco activase (RCA), chlorophyll
munications 3, 100228, January 10 2022 ª 2021 The Authors. 7



Figure 1. Mechanistic pathway for PGPR-mediated drought tolerance in plants.
Main mechanisms of PGPR-mediated plant drought resistance.

(1) PGPRs regulate the accumulation of abscisic acid (ABA), auxin (IAA), cytokinin (CK), and gibberellin (GA) in plant cells to activate signal transduction

pathways.

(2) PGPRs produce ACC deaminase to reduce ethylene (ET) content in roots, activating signal transduction pathways.

(3) PGPRs produce exopolysaccharide (EPS) to form EPS biofilms, rhizosheath structures (RS), and small soil aggregates, helping plants to absorb water

and nutrients under drought stress.

(4) PGPRs produce volatile organic compounds (VOCs) under drought stress, activating plant drought response without direct plant contact.
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metabolism magnesium chelatase (MgCHLI), and chlorophyllase

(Chlase) and by increasing Rubisco LSU protein content (Sezgin

et al., 2019). H2O2 is an ROS that plays a dual role in plant

cells. In rice aleurone layers, exogenous H2O2 (as a signaling

molecule) triggered heme oxygenase-1 (HO-1, EC.1.14.99.3)

and delayed programmed cell death via cyclic guanosine mono-

phosphate, which possibly induced amylase activity under

drought stress (Wang et al., 2018). In addition, b-cyclocitral (the

main oxidation product of b-carotene), b-sitosterol, ascorbic

acid, GSNO (the main NO reservoir in cells), NO, glycine

betaine, and PopW (a hairpin protein from Ralstonia

solanacearum ZJ3721) have been shown to maintain plant

photosynthesis and RWC and to promote osmotic adjustment

and antioxidant defense, thereby enhancing plant drought

resistance (Latif et al., 2016; Silveira et al., 2016; Elkeilsh et al.,

2019; Deshpande et al., 2020; Rasheed et al., 2020; Tisarum

et al., 2020; Zhou et al., 2020). Based on the aforementioned

studies, we found that a large number of synthetic compounds

that effectively improve plant drought resistance are

osmoprotectants or antioxidants. Although exogenous PGRs

can enhance crop drought resistance through various

physiological mechanisms, the two main mechanisms are

improvements in osmoregulation and the antioxidant defense

system of crops. This conclusion provides guidance and

experience for the screening of effective compounds to

improve crop drought resistance.

IMPROVING DROUGHT RESISTANCE BY
MICROBIAL INOCULATION

Under abiotic stress, different changes and enrichment in rhizo-

sphere communities are associated with changes in plant metab-

olites (Santos-Medellı́n et al., 2017). Many previous studies have
8 Plant Communications 3, 100228, January 10 2022 ª 2021 The A
shown that plant root microbes are associated with the drought

resistance of host plants (Walters et al., 2018; Xu et al., 2018;

Zhang et al., 2019a, 2019b). Plant growth-promoting

rhizobacteria (PGPR) are a type of bacteria that live in the

rhizosphere or as epiphytes in roots and have positive effects

on the growth, nutrient uptake, and systemic stress resistance

of their host plants (Vurukonda et al., 2016). Studies have

revealed three main mechanisms of PGPR-mediated plant

drought resistance (Figure 1): (1) synthesis of PGRs such as

ABA, gibberellin (GA), and IAA; (2) production of 1-

aminocyclopropane-1-carboxylate (ACC) deaminase to reduce

ethylene content in roots; (3) production of exopolysaccharide

(EPS) (Lakshmanan et al., 2017). In addition, some volatile

organic compounds (VOCs) produced by PGPR secondary

metabolism may regulate plant growth without inoculation or

physical contact with plants (Cappellari et al., 2017; Rojas-Solı́s

et al., 2018; Hashem et al., 2019).

Effects of PGPRs on PGR levels in plants under drought
stress

Under drought stress, PGPRs regulate the accumulation of PGRs

in plant cells, and this is one of the main mechanisms by which

root microbes promote plant drought resistance (Arvin et al.,

2012; Spence et al., 2014; Lakshmanan et al., 2017). Cohen

et al. (2009) reported that inoculation of maize with the

endophyte Azospirillum lipoferum enhanced the production of

ABA, IAA, and GA in host plants and further improved plant

drought resistance. IAA exists in both plants and microbes and

plays important roles in the regulation of root development.

Studies have shown that Bacillus thuringiensis and Azospirillum

can synthesize IAA to promote the growth of lateral roots and

root hairs in host plants, contributing to improved water

absorption capacity and drought resistance (Arzanesh et al.,
uthors.
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2011; Armada et al., 2014). In addition, endophytes can promote

root growth and reduce yield loss under drought conditions. For

example, inoculation of wheat and maize plants with Pantoea

alhagi or Burkholderia phytofirmans improved plant growth, root

length, and drought resistance (Naveed et al., 2014; Chen et al.,

2017). Liu et al. (2018) reported that arbuscular mycorrhizal

fungi upregulated the expression of IAA biosynthesis genes and

downregulated the expression of genes encoding outward IAA

transporters in roots, thus improving IAA levels in roots,

enhancing the growth of root hairs, and promoting plant

drought resistance.

Effect of ACC deaminase-containing PGPRs on plant
drought resistance

Ethylene, a plant hormone, is important for the normal growth and

development of plants, and drought stress results in ethylene

accumulation. Under stress, most plants secrete the ethylene

synthesis precursor ACC as a root exudate. High levels of

ethylene accumulation inhibit growth and development and

may even lead to plant death (Iqbal et al., 2017). ACC

deaminase can degrade ACC into amines and ketobutyric acid,

thereby reducing ethylene accumulation under drought stress,

and this is one of the main mechanisms of PGPR-mediated plant

drought resistance (Volpe et al., 2018). Studies have shown that

inoculation of tomato and pepper with Achromobacter ARV8, a

PGPR that produces ACC deaminase, reduces ethylene levels

and improves drought resistance of host plants (Mayak et al.,

2004). In addition, inoculation with ACC deaminase-producing

PGPRs has positive effects on photosynthetic efficiency,

stomatal conductance, water-use efficiency, transpiration rate,

vapor pressure, chlorophyll content, and carbon content of

maize plants under drought stress (Danish et al., 2020; Nadeem

et al., 2020). ACC deaminase-producing PGPRs also

enhance osmotic adjustment and antioxidant defenses of host

plants under drought stress (Gowtham et al., 2020; Zarei et al.,

2020).

Effect of EPS-producing PGPRs on plant drought
resistance

EPS is a polysaccharide macromolecule with high water-holding

capacity produced by rhizobacteria (Roberson and Firestone,

1992). The EPS-producing bacteria Pseudomonas putida GAP-

P45 can form a biofilm on the root surface, and plants inoculated

with this strain show greater soil aggregation, more root-adhering

soil, and high leaf RWC (Sandhya et al., 2009). Nadeem et al.

(2020) found that EPS-producing bacteria improved the photo-

synthetic rate, stomatal conductance, and other physiological

characteristics of maize under drought stress. Studies showed

that the integrated use of ACC deaminase-producing bacteria

and EPS-producing bacteria had more beneficial effects on plant

drought resistance than the use of either bacteria separately

(Nadeem et al., 2020). Soil structure is very important for crop

production. Drought stress can change the biochemical and

physicochemical properties of soil, making it unsuitable for the

growth of crops and bacteria (Bais et al., 2006; Berg and

Smalla, 2009). EPS-producing bacteria are conducive to the

formation of small soil aggregates, which are important for the

maintenance of soil structure and health (Wezel et al., 2014).

Inoculation with EPS-producing bacteria optimized soil

structure, increased root adhering soil per unit root tissue, and
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further improved plant drought resistance (Alami et al., 2000;

Sandhya et al., 2009). EPS is also conducive to the formation of

rhizosheath structures on plant roots, which aid the absorption

of nutrients and water (Roessner et al., 2001; Kohler et al.,

2008; Wezel et al., 2014). In addition, EPS-producing bacteria

have been shown to participate in the regulation of osmotic

adjustment and the antioxidant defense system. We may

conclude that PGPR application in combination with EPS is a

promising measure for combatting drought stress and thereby

increasing global food security.
PGPRs generate VOCs and regulate drought-
responsive gene expression

VOCsareproducts emitted into theatmosphere fromnatural sour-

ces (Holopainen and Gershenzon, 2010). Some VOCs produced

by PGPRs can regulate plant growth without inoculation or

physical contact with plants (Cappellari et al., 2017; Rojas-Solı́s

et al., 2018; Hashem et al., 2019), and this is another effective

way for PGPRs to improve plant drought resistance. These

VOCs stimulated numerous signal transduction pathways in

plants to initiate a cascade of complex metabolic reactions,

which not only alleviated symptoms caused by stress but also

enhanced plant growth (Schulz-Bohm et al., 2018). Yasmin et al.

(2020) reported that VOCs of Pseudomonas pseudoalcaligenes

induced systemic resistance in maize under drought stress. The

VOC-exposed maize increased its drought resistance by

reducing electrolyte leakage and MDA accumulation, enhancing

chlorophyll and proline biosynthesis, and activating antioxidant

enzymes in shoots and roots.

As mentioned above, microbes can promote plant drought resis-

tance by regulating the accumulation of ABA, IAA, cytokinin, GA,

ethylene, or other signaling molecules in plant cells, activating

downstream signal transduction pathways and thereby control-

ling a series of physiological and biochemical responses. Drought

stress causes changes in the expression of various stress-

responsive genes at the transcriptional level. Wang et al. (2005)

found that the endophytic bacteria Pseudomonas fluorescens

upregulated the expression of 105 genes in Arabidopsis, and

this was positively correlated with stress resistance, indicating

that rhizosphere microbes play roles in the regulation of

drought-responsive genes (Wang et al., 2005). According to the

study of Liu et al. (2020), inoculation of Arabidopsis and

soybean with Paenibacillus polymyxa CR1 induced the

expression of the drought-responsive genes Response to

Desiccation 29A (RD29A) and Response to Desiccation 29B

(RD29B) and improved drought resistance. In addition,

increases in RD29A and RD29B mRNA levels were further

enhanced when plants encountered P. polymyxa CR1 for a

second time, indicating that RD29A and RD29B are ‘‘memory

genes’’ for P. polymyxa CR1 inoculation. Inoculation of wheat

with Arthrobacter protophormiae (SA3), Dietzia natronolimnaea

(STR1), and B. subtilis (LDR2) induced the expression of

CONSTITUTIVE TRIPLE RESPONSE 1 (TaCTR1), involved in the

ethylene signaling pathway, and DEHYDRATION RESPONSIVE

ELEMENT BINDING 2 (TaDREB2), a transcription factor gene,

thus enhancing plant drought resistance (Barnawal et al., 2017).

These studies indicate that regulation of stress-responsive

gene expression is a key strategy by which rhizosphere microbes

control the drought resistance of host plants.
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PGPRs improve osmotic adjustment and antioxidant
systems of host crops under drought stress

Osmotic adjustment and the antioxidant defense system are two

crucial ways in which plants resist drought stress (Ludlow et al.,

1989). According to a series of studies, we found that

improvements in the osmotic regulation system and the

antioxidant system of host plants were the main ways by which

rhizosphere microbes improved plant drought resistance. For

example, inoculation of wheat with PGPRs promoted the

accumulation of proline and soluble proteins, thus improving

drought resistance (Azmat et al., 2020). Inoculation of soybean

with the endophytic bacteria Sphingomonas sp. promoted the

accumulation of compatible sugar solutes and amino acids to

improve drought resistance (Asaf et al., 2017). Drought stress is

often accompanied by the production of ROS, which can cause

oxidative damage to plants (Mittler, 2002). Rhizosphere

microbes have been reported to reduce ROS accumulation

caused by drought. For example, one study (Batool et al., 2020)

found that the PGPR B. subtilis HAS31 maintained potato

growth and yield under drought stress by activating CAT, POD,

SOD, and other antioxidant enzymes. Inoculation of tomato and

maize with the ACC deaminase-producing bacteria B. subtilis

rhizo SF48 or Pseudomonas fluorescens strains improved

antioxidant enzyme activities, alleviated oxidative damage

caused by drought, and improved crop yield (Gowtham et al.,

2020; Zarei et al., 2020).
SUMMARY AND PROSPECTS

Improving drought resistance in crop plants is a challenge for

plant breeders and crop physiologists, as it is a complex genetic

trait that involves multiple pathways. As discussed above, exog-

enous applications of PGRs and microorganisms are effective

strategies for improving plant drought resistance by controlling

plant physiological and biochemical characteristics, but the ge-

netic andmolecular mechanisms remain largely unclear. Whether

exogenous application of these PGRs or microbes will be equally

effective in the field is still unknown and requires further study.

Genetic improvement and some exogenous treatments (such as

exogenous PGR treatment and microbial inoculation) have been

shown to improve crop drought resistance under extreme

drought stress. Nonetheless, this does not mean that better

yields will ultimately be obtained. Stress resistance and high yield

may be mutually exclusive outcomes, as both are energy-

consuming processes, and the trade-offs between them are

poorly understood. It is possible for us to spray all our fields

with ABA: the plants will grow slowly, close their stomata, and

probably survive a short-term drought. But in the meantime, sto-

matal closure will reduce the amount of carbon dioxide absorbed

by the leaves, which may lead to a decrease in photosynthetic ef-

ficiency. Lack of energy may eventually limit crop yields. In addi-

tion, drought is often accompanied by elevated temperatures.

Stomatal closure will cause a decrease in transpiration, which

is not conducive to a reduction in leaf temperature. To increase

both stress tolerance and yield, scientists must make more ef-

forts to balance these potentially competing processes. Using

specific drought-inducible promoters to control the expression

of functional genes may be a good approach because this strat-

egy reduces energy consumption and ensures the growth of
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plants under non-stress conditions (Liu et al., 2019; Chen et al.,

2020).

As mentioned above, microorganisms regulate plant drought

resistance by regulating plant physiological and biochemical

characteristics. Owing to the limitations of traditional technology,

the gene network by which root microorganisms regulate host

plant drought resistance remains unclear. There are many

microbes in natural soil, but a large fraction of them cannot be

cultivated in the laboratory, limiting the extent to which we can

understand them. The vast majority of previous research on inter-

actions between crops and single microorganisms has been con-

ducted in the laboratory, rarely under natural conditions. Future

studies should aim to explore the interactions between themicro-

biome and host plants, particularly under field conditions.

‘‘Drought’’ has a wide range of meanings, mostly because of the

scales (temporal and spatial) of the events being considered. The

temporal and spatial scales at which farmers operate should be

the guiding focus. All research aiming to improve drought resis-

tance and reduce yield loss in the field must ultimately be evalu-

ated on farms (Passioura, 2007, 2010). As shown in this review, as

plant physiologists or molecular biologists, we have studied and

been interested in the performance of plants under sudden and

severe drought stress with durations of a few hours or days,

and we have evaluated plant drought resistance using some

physiological characteristics or survival rates. However, in

agricultural production, this type of sudden and severe drought

stress is a rare event. The environment is more complex and

diverse, and drought is often accompanied by other stresses.

Therefore, the key to scaling up drought resistance strategies is

to facilitate dialogue among farmers, agronomists, breeders,

plant physiologists, and molecular biologists and to connect

their work.
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