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ABSTRACT
Drought stress affects plant growth and causes significant issues in meeting global demand for food crops and fodder. Drought can cause physiological,

physicochemical, and morphological changes in plants, which negatively affects plant growth and productivity. To combat this under the increasing global
threat of water shortage and rapid population expansion, it is crucial to develop strategies to meet global food demands. Plant growth-promoting rhizobacteria
(PGPR) may provide a safe solution to enhancing crop yields through various mechanisms. These soil bacteria can provide drought tolerance to crop plants,
allowing them to survive and thrive in water-scarce conditions. Productions of phytohormones, free radical-scavenging enzymes, and stress-combating
enzymes that can increase tolerance to drought-induced stress are key features of plant-associated microbial communities. This review summarizes the
beneficial properties of microbes that help plants tolerate water scarcity and highlights the bacterial mechanisms that enhance drought tolerance in plants.
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INTRODUCTION

Agricultural productivity is severely affected by climate
change, particularly changes in weather patterns at regional
or global scales. Increased anthropogenic activities, such
as industrialization, urbanization, deforestation, agriculture,
and changes in land-use patterns, lead to the emission of
greenhouse gases, which increases the rate of climate change.
The effects of climate change include increases in tempera-
ture, fluctuations in rainfall patterns, and higher atmospheric
carbon dioxide (CO2) concentrations. According to the In-
tergovernmental Panel on Climate Change (IPCC) report
published in 2018, an estimated 1.0 ◦C increase in global
temperature has occurred because of industrialization (IPCC,
2018). It has also been proposed that the continuation of
anthropogenic activities at the current rate could increase
the global temperature by up to 1.5 ◦C by the year 2052
(IPCC, 2018). Due to high temperature, drought, or soil
moisture stress, has become one of the major abiotic stresses
in arid and semi-arid ecosystems. However, drought can also
be caused by low rainfall, salinity, unfavorable fluctuating
temperature, and high light intensity.

Plant growth requires certain physiological and physio-
chemical conditions for optimum growth. Biotic and abiotic

stresses such as pathogens, drought, and pH imbalance,
can have adverse effects on plant growth, productivity, and
yield. Among the abiotic stresses, drought stress is one of
the most pressing concerns, especially as a growing popu-
lation demands a well-functioning agricultural sector with
high output (Vurukonda et al., 2016). Drought conditions
generate stress in plants, impacting their biochemical and
molecular properties, which can result in stunted growth
and poor yield (Meena et al., 2017). These changes mainly
occur due to altered metabolic functions—for example, re-
duced light-harvesting properties because of reductions in
photosynthetic pigments.

Several researchers have found and demonstrated the
potential of soil microorganisms to combat drought stress
(Naylor and Coleman-Derr, 2018). Plant growth-promoting
rhizobacteria (PGPR) may colonize the rhizosphere, where
they confer properties beneficial to plant growth (Candido et
al., 2015). They may also elicit physical or chemical changes
associated with plant defense. These PGPR may also enable
induced systemic tolerance (IST), whereby the ability of
the plants to withstand abiotic stresses is increased due to
physical and chemical changes (Sarma et al., 2012). Thus,
PGPR help plants adapt to adverse environmental conditions
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and can mitigate drought stress by altering responses at the
gene level. Many drought-tolerant PGPR strains have been
identified as having potential to enhance plant physiological
responses to water scarcity, thereby enhancing plant growth
and survival under drought conditions (Niu et al., 2018).
Inoculation of wheat plants with a consortium of PGPR and
arbuscular mycorrhizal fungi resulted in a 41% increase in
yield. Mutually beneficial relationships between soil mi-
crobiota and plants can result in an overall enhancement in
plant growth and higher yields while also conferring drought
tolerance in an environmentally friendly manner (Khan et
al., 2018). This review summarizes the beneficial properties
of microbes that help plants tolerate water scarcity and
highlights the bacterial mechanisms that enhance drought
tolerance in plants.

EFFECT OF DROUGHT STRESS ON PLANT

Water scarcity is one of themost prevalent abiotic stresses
affecting crop plants. Drought stress arises when water avai-
lability in soil decreases. Additionally, water is also regularly
lost through evapotranspiration due to high atmospheric
temperature. Under these conditions, plants decrease leaf
water potential and turgor pressure. This also leads to the
closure of stomata, which in turn causes plant metabolism to
slow down and the cessation of enzymatic reactions. Severe
water shortage and lower photosynthetic rates ultimately
lead to stunted plant growth and eventual death (Fahad et al.,
2017).

Drought stress can lead to certain consequences in plant
as follows. One is inhibition of cell enlargement and di-
vision. This affects normal biochemical and physiological
functions such as ion uptake, photosynthesis, respiration,
translocation, and nutrient metabolism. Along with reducing
the elongation of cells at the initial stages of plant growth,
this inhibition can also affect seed germination. Another
is low turgor pressure, which results in dwarfism. A lack
of sufficient water reduces leaf growth, thus reducing the
photosynthetic area and negatively influencing the photosyn-
thetic pigments (chlorophyll a and b). There is also oxidative
damage in thylakoids through reactive oxygen species (ROS)
production. This has an impact on plant chlorophyll and
carotenoids and causes degradation of the core complexes
of photosystems I (PSI) and II (PSII), thus inhibiting essen-
tial photochemical processes (Roach and Krieger-Liszkay,
2014).

PLANT ADAPTATIONS TO DROUGHT STRESS

Plants employ various methods to promote tolerance
to drought stress. Drought tolerance generally varies inter-
and intra-specifically. To assess the degree of tolerance in
plants, various drought-related indicators are used, such as

morphological characteristics, water potential, tendency to
naturalize osmotic pressure, and cell membrane stability.
Plants generally survive under drought conditions through
the following mechanisms: i) drought tolerance, which is
defined as plants’ potential to adjust to or tolerate drought-
like conditions; ii) drought escape, which is the ability of
plants to conclude their life cycles before the inception of
drought and escape from inhospitable conditions by regula-
ting the somatic and reproductive cycles according to the
availability of water; iii) drought avoidance, where plants
can “avoid” drought-like conditions by retaining water in
their cells through various adaptive modifications, achieved
through molecular signals that control water uptake and loss,
and certain signals result in the closing of stomata, thus
reducing transpiration, or bifurcation of plant roots to boost
the ability to absorb water from the soil; and iv) drought
resistance, where cellular processes, including modification
of the cell wall constitution through control of osmotic
pressure, cellular elasticity, and protoplasmic resilience to
maintain the physical cell structure and its activities, allow
the plant to maintain normal cell function and morphology.

Plants employ various mechanisms to survive in water-
scarce environments. These processes are assisted by other
molecular changes to maintain cell homeostasis. Root cell
division increases to augment water uptake. Changes in root
architecture in such cases are mediated through chemical
signaling, including increased production of phytohormones
like auxin, cytokinins, gibberellic acid, and abscisic acid
(ABA). Since the stomata close to reduce water loss through
transpiration, CO2 and nutrient uptake are also affected.
Sometimes, plants modify pigments that aid in photosynthe-
sis to maintain cellular functions. Additionally, the amino
acids proline and glycine may aid in the maintenance of the
structural integrity of the cellular membrane and counter-
balancing the deleterious effects of ROS in plants (Hoque et
al., 2008).

PRESENT STRATEGIES TO MITIGATE THE ADVERSE
EFFECT OF DROUGHT STRESS

Various strategies are being adopted to meet global de-
mands for food and other plant derivatives under adverse
conditions. Plant breeders employ practices such as breeding
drought-tolerant varieties or incorporating genetic enginee-
ring techniques.

Breeding of drought-tolerant varieties

Conventional plant breeding practices employ methods
of propagating superior wild-type varieties of plants that can
survive under harsh drought conditions. However, genetic
variation in the prevailing germplasm is not a reliable solution
as it requires extensive crossing and screening of the potential
genotypes (i.e., those exhibiting favorable characteristics),
which can be laborious and time consuming (Kumar et al.,
2014).
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Genetic approaches for the improvement of drought tolerance
in plant

Certain genes and their transcripts, which can have
multiple functions, are modified when they undergo drought-
induced stress to improve adaptation to these conditions,
resulting in the manifestation of drought-responsive genes
(Mir et al., 2012). Breeding of genetically superior plants
requires focusing on these drought-responsive genes, which
code for the production of proteins that are involved in
absorption and transportation of water and ions and are
responsible for transcriptional regulation, signaling cascades,
and structural protection of the cell and its membrane (Khan
et al., 2016). To increase stress tolerance, scientists are
targeting the genes that code for antioxidant production,
growth regulators, and compatible solutes (Roy et al., 2011).
Expression of the genes that encode for the enzymes choline
monooxygenase and beta aldehyde dehydrogenase in higher
plants elevates glycine betaine (GB) levels and allows the
plants to flourish, even under drought stress (Giri, 2011).

The enzyme superoxide dismutase (SOD) is produced
by plants during metabolic damage caused by unfavorable
environmental conditions. Genes associated with the pro-
duction of SOD have been incorporated into crops like
alfalfa, potato, and rice to produce drought-tolerant tran-
sgenic varieties (Perl et al., 1993; McKersie et al., 1996).
By incorporating genes encoding ascorbate peroxidase and
mono dehydro-ascorbate reductase, researchers have develo-
ped transgenic tobacco that is able to produce optimal yields
under drought stress (Eltayeb et al., 2007). Late embryo-
genesis abundant (LEA) proteins enable plants to preserve
their structural and physiological processes, such as their
ionic balance, that are disturbed during water scarcity. These
LEA protein-encoding genes may be used to enhance plant
growth under drought stress (Browne et al., 2002).

Generation of drought stress tolerance in plant through
agronomical practices

Application of growth regulators and osmoprotectants at
regular intervals has been shown to have a positive influence
on drought stress tolerance in crops. A method called “seed
priming” involves the hydration of seeds in a controlled
manner, while avoiding the emergence of the radicle, to
encourage pre-germinative metabolic activity (Khan et al.,
2018). Rice seedlings primed using 5% polyethylene glycol
(PEG) and sodium chloride result in better yield under
drought stress (Goswami et al., 2013). Similarly, exogenous
application of growth regulators (e.g., jasmonates, gibberellic
acid, and salicylic acid) and osmoprotectants (e.g., GB) on
the foliage of certain plants confers beneficial responses
such as better stomatal conductance and transpiration rates
as well as photosynthetic and antioxidant activity. These

applications can also enhance GB and proline accumulation
under water scarcity (Ashraf and Foolad, 2007; Rivas-San
Vicente and Plasencia, 2011). Production of ABA analogs
that target ABA receptors in plant cells has also been shown
to improve drought-tolerance in plants (Sah et al., 2016).
Additionally, silicon usage can improve water absorption,
root growth, net photosynthetic rate, stomatal conductance,
and plant defense (Habibi and Hajiboland, 2013).

EFFECT OF DROUGHT STRESS ON SOIL MICRO-
BIOMES

Soil-inhabiting microorganisms play a vital role in main-
taining soil health and plant nutrient uptake (Jia et al., 2020).
These microbes form complex relationships with plant roots
and are also affected by biotic and abiotic stresses (Candido et
al., 2013). The life cycles and overall health of plants appear
to be dependent on their associationwith soil microorganisms
(whether symbiotic or non-symbiotic) under unfavorable en-
vironmental conditions. Water scarcity not only affects plant
growth, but also has a strong effect on the soil and its mi-
crobiomes. Soil bio-physicochemical properties may change
over time, which may alter the water-holding capacity of
the soil. This change ultimately influences microbial colo-
nization and plant-microbe interactions (Silva and Lambers,
2020). Nonetheless, soil microbiomes may regulate and in-
fluence plant growth and yield through various metabolic
mechanisms by forming ecological communities (Hartmann
et al., 2017). This is achieved through the modification of
plant processes and morphology via plant-microbe asso-
ciations, which enhance the tolerance of plants to drought
conditions, promoting their survive (Qiao et al., 2017; Tth
et al., 2017).

PGPR ROLE IN MITIGATING DROUGHT STRESS

Rhizospheric microorganisms are beneficial to plants as
they are involved in nutrient fixation and other processes
that promote physiological responses to biotic and abiotic
stresses. These microbes may enhance the tolerance and
resistance of plants to pests, pathogens, drought, salinity,
and pH imbalances (Goswami and Deka, 2020). Plant-
microbe associations may vary as they depend on the type
of PGPR, i.e., extracellular, root colonizing, or endophytic
(Gray and Smith, 2005). Rhizospheric microorganisms also
aid atmospheric nitrogen fixation and uptake of other micro-
and macronutrients such as phosphorous, zinc, and potas-
sium. These microbes may also induce phytohormone and
siderophore production, promote signal transduction, and
modify immune responses for optimal growth. Table I shows
some of the soil bacteria identified in recent years that are
known to alleviate drought stress in plant.
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Microbes use a variety of mechanisms to survive under
adverse conditions, and their association with plants may

provide numerous advantages to the host plants growing un-
der stressed conditions (Table I). During drought conditions,

TABLE I

Different mechanisms used by soil bacteria identified in recent years for drought stress alleviation and plant growth promotion

Bacterium Mechanism(s) Crop(s) Reference

Azospirillum lipoferum Increased secondary metabolites and peroxidase enzyme activity Juglans regia Behrooz et al., 2019
Azospirillum brasilense Reduced pod abortion rate Glycine max Silva et al., 2019
Azotobacter chroococcum Increased secondary metabolites and peroxidase enzyme activity Juglans regia Behrooz et al., 2019

Stimulated biosynthesis of secondary metabolites Mentha pulegium Asghari et al., 2020
Azospirillum brasilense Stimulated biosynthesis of secondary metabolites Mentha pulegium Asghari et al., 2020
Bacillus amyloliquefaciens Decreased membrane lipid peroxidation, higher enzymatic

activities, higher total phenolic content
Mentha piperita Chiappero et al., 2019

Modulation of indole-3-acetic acid (IAA), indole-3-carboxylic
acid (ICA), and indole-3-lactic acid (ILA)

Triticum aestivum Raheem et al., 2018

Bacillus cereus Increased stomatal conductance, higher transpiration, differential
gene expression

Glycine max Martins et al., 2018

Modulation of gene expression, ILA production, and phosphate
solubilization

Sorghum bicolor Bruno et al., 2020

Bacillus megaterium Decreased expression of ethylene-related genes Solanum lycopersicum Ibort et al., 2018
Modulation of phytohormones, increased metabolites Cicer arietinum Khan et al., 2019a

Bacillus pumilus Protection of chloroplast submicroscopic structure, increased
chlorophyll content, improved water state

Glycyrrhiza uralensis Zhang et al., 2019

Bacillus sp. Modulation of aminocyclopropane-1-carboxylate (ACC) deaminase Mucuna pruriens Saleem et al., 2018
Modulation of IAA and salicylic acid, alterations in root system
architecture

Triticum aestivum, Zea
mays

Jochum et al., 2019

Bacillus sp. ESA 402 Recovery of photosynthesis, nitrogen accumulation Sorghum bicolor Santana et al., 2020
Bacillus spp. Reduced glutathione reductase activity, increased proline accumu-

lation
Megathyrsus maximus Moreno-Galvn et al.,

2020a
Bacillus subtilis Enhanced expression and activity of vacuolar H+-pumping

pyrophosphatase
Capsicuum annuum Vigani et al., 2019

Increased stomatal conductance, higher transpiration, differential
gene expression

Glycine max Martins et al., 2018

Modulation of phytohormones, increased metabolites Cicer arietinum Khan et al., 2019b
Bacillus thuringiensis Increased stomatal conductance, higher transpiration, differential

gene expression
Glycine max Martins et al., 2018

Uptake of nutrients from the soil, increased arbuscular mycorrhizal
fungus (AMF) colonization

Thymus vulgaris,
Santolina
chamaecyparissus,
Lavandula dentata

Armada et al., 2018

Modulation of phytohormones, increased metabolites Cicer arietinum Khan et al., 2019b
Bacillus velezensis Metabolite reprogramming Triticum aestivum Abd El-Daim et al., 2019
Bradyrhizobium japonicum Improved root nodulation, reduced pod abortion rate Glycine max Silva et al., 2019
Curtobacterium herbarum Reduced oxidative stress and lipid peroxidation Lactuca sativa Silambarasan et al., 2019
Enterobacter hormaechei Modulation of ACC deaminase and exopolysaccharide (EPS)

production
Setaria italica Niu et al., 2018

Enterobacter sp. Decreased expression of ethylene-related genes Solanum lycopersicum Ibort et al., 2018
Modulation of IAA and salicylic acid, alterations in root system
architecture

Triticum aestivum, Zea
mays

Jochum et al., 2019

Modulation of ACC deaminase Mucuna pruriens Saleem et al., 2018
Gluconacetobacter
diazotrophicus

Positively regulated defense genes, increases in plant biomass,
gas exchange, and osmoprotectant solutes

Oryza sativa Filgueiras et al., 2020

Root development, improved biochemical composition Oryza sativa Silva et al., 2020
Micrococcus luteus IAA production, increased photosynthesis Helianthus tuberosus Namwongsa et al., 2019
Moraxella pluranimalium Modulation of IAA, ICA, and ILA Triticum aestivum Raheem et al., 2018
Myroides odoratimimus Modulation of gene expression, IAA production, and phosphate

solubilization
Sorghum bicolor Bruno et al., 2020

Paenibacillus illinoisensis Enhanced expression and activity of vacuolar H+-pumping
pyrophosphatase

Capsicuum annuum Vigani et al., 2019

Pantoea agglomerans Rhizosphere soil aggregation through EPS Triticum aestivum Amellal et al., 1998
Providencia rettgeri Modulation of gene expression, IAA production, and phosphate

solubilization
Sorghum bicolor Bruno et al., 2020

Pseudomonas fluorescens Increased root colonization, ACC deaminase, soil moisture, and
EPS production

Setaria italic Niu et al., 2018

Decreased membrane lipid peroxidation, higher enzymatic
activities, higher total phenolic content

Mentha piperita Chiappero et al., 2019

Pseudomonas migulae Modulation of IAA, ACC deaminase, and EPS production Setaria italic Niu et al., 2018
Pseudomonas putida Bacterially mediated miRNA expression Cicer arietinum Jatan et al., 2019
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PGPR can promote drought tolerance in many crops, inclu-
ding chickpea, maize, mung bean, pea, pepper, tomato, and
wheat. Certain drought-tolerant strains of PGPR may extend
this property to the plants when they are in an association
with them. During drought conditions, stress-induced plant
hormones like ethylene are up-regulated in plants, requiring
the precursor aminocyclopropane-1-carboxylate (ACC). On
the other hand, some PGPR may produce ACC deaminase,
which cleaves ACC to alleviate stress (Etesami and Ma-
heshwari, 2018). Soil bacteria may also provide additional
benefits during plant growth under two simultaneous stress
conditions, for example high metal and salinity levels along
with drought (Bruno et al., 2020).

Under drought conditions, Acinetobacter and Pseudo-
monas are able to increase shoot growth, leaf biomass,
and overall photosynthetic activity in grape plants (Rolli
et al., 2015). The parameters or extent of plant growth
may vary depending on the specific plants and microbes,
as demonstrated by the effects of Azospirillum brasilense,
Bacillus pumilus, and arbuscular mycorrhizal fungus (AMF)
on three types of leguminous trees in desert environments
(Bashan et al., 2012). The PGPRmay also live as endophytes
in different parts of plants, such as the leaves and tubers, by
entering the vascular system through the endodermis and
root cortex and can positively influence plant growth under
stressed conditions (Kushwaha et al., 2020). The colonization
frequency of these PGPR represents their effectiveness in
adapting to specific ecological niches. It has been shown
that endophytes living in desert date palms can successfully
cross-colonize in the roots of other palm species as well as
Arabidopsis (Li et al., 2017). Roots of the desert date palm
are able to selectively modify the endophytic community
to encourage plant growth under drought conditions. This
seems to be a crucial requirement in maintaining the plant
and its life cycle in oasis ecosystems (Santoyo et al., 2016).

Nutrient availability

As shown in Fig. 1, PGPR may increase the uptake of
soil nutrients by plants through fixation, mineralization, and
solubilization. Plants are unable to synthesize nitrogen for
amino acid and protein production; therefore, they com-
pletely rely on soil microorganisms for biological nitrogen
fixation. These microbes (e.g., Azospirillum, Azotobacter
(free-living nitrogen-fixing bacteria), Rhizobium sp., Bier-
nacki sp., and Klebsiella pneumoniae (symbiotic microbes))
may form a symbiotic or non-symbiotic relationship with the
plant (Gopalakrishnan et al., 2015). Application of nitrogen-
fixing PGPR in agricultural fields can restore healthy growth
and metabolism, maintain appropriate nitrogen content in the
rhizosphere, and improve soil quality and nodule formation.
Co-inoculation of bacteria can also have a positive influence
on plant growth. Paenibacillus polymyxa and Rhizobium

Fig. 1 Plant growth-promoting rhizobacteria (PGPR) raising nutrient avai-
lability to plants under drought stress.

tropici can increase nodule formation, nitrogen content, and
dry biomass of the shoots compared to un-inoculated plants
under drought conditions (Figueiredo et al., 2008). Bradyrhi-
zobium sp. enhances plant growth by increasing nitrogen and
phosphorus uptake and regulation in lupin under drought
conditions (Egamberdieva et al., 2017). Similarly, Bacillus
sp. ESA 402 can support sorghum growth by positively
influencing the photosynthesis rate, the recovery of photo-
synthesis, and nitrogen accumulation in the shoots (Santana
et al., 2020).

Nutrient bioavailability for plant uptake is severely affec-
ted by drought conditions (Naylor and Coleman-Derr, 2018).
In such scenarios, PGPRmay fix the nutrients by solubilizing
complex phosphates. Such nutrient-solubilizing PGPR in-
clude Bacillus subtilis, Bacillus megaterium, Pseudomonas
fluorescens, and Pseudomonas putida. By secreting iron-
binding proteins and siderophores, PGPR provide a channel
for easy absorption of nutrients during drought stress. Phyl-
lobacterium produces siderophores that can be used by
strawberry plants to sequester iron, resulting in improved
growth and yield and higher-quality fruit under drought stress
(Flores-Flix et al., 2015).

Root development

Plant growth-promoting rhizobacteria may influence root
development and architecture and lateral root formation, thus
allowing the plants to withstand drought stress (Vacheron
et al., 2013; Ngumbi and Kloepper, 2016). Rhizobacteria
influence the growth and differentiation of root cells and
amplify root hair density by increasing the number of cortical
cells around the radial axis, thus indirectly providing a
larger surface area for the root hair-forming epidermal cells
(Cohen et al., 2008; Salomon et al., 2014). Rhizobacteria
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are also able to produce volatile organic compounds (VOCs)
that induce division in lateral root founder cells, which
further differentiate into the lateral leaf primordia. Studies
have suggested that the root alterations caused by PGPR
increase water and nutrient absorption by increasing the
overall surface area of the root (Timmusk et al., 2014).

Plant hormones, such as auxin and cytokinin, produced
by PGPR may also promote plant growth and development
(Arkhipova et al., 2007). The soil bacterium B. subtilis pro-
duces cytokinin and can enhance the growth of lettuce by
increasing the amount of this phytohormone in the plant cells.
Pseudomonas simiae (aided by various bacterial quorum-
sensing molecules) can enhance auxin production in the
meristem of Arabidopsis, leading to an increase in cell divi-
sion rate by inducing the expression of an auxin-responsive
gene (Verbon and Liberman, 2016). This auxin-responsive
gene in turn enhances the lateral root growth rate without
inhibiting the growth of primary roots (Ortiz-Castro et al.,
2011). Auxin signaling is also affected by the bacterial com-
pound indole, which is utilized in various processes such as
biofilm formation and virulence. The application of indole
may induce lateral root primordium development (Sun et al.,
2020).

Bacterial quorum-sensing molecules such as diketopipe-
razines (DKPs) and N -acyl-homoserine lactones (AHLs)
influence root development in auxin-dependent and auxin-
independentmanners, respectively. Diketopiperazines trigger
auxin-inducible gene functions, possibly by binding to the
auxin receptor itself. At high concentrations, AHLs induce
lateral root growth while inhibiting primary root growth
by altering the functional response of cytokinin. Short-
chain AHLs at lower concentrations increase primary root
elongation by positively influencing meristematic cell divi-
sions involving calmodulin and G-protein signaling. Another
molecule, pyocyanin (PCN) modulated by quorum sensing,
can regulate root phenotypes independent of both auxin
and cytokinin, likely by modifying the levels of ROS in
the primary root tip via manipulation of ethylene levels
(Ortiz-Castro et al., 2014).

Bacillus megaterium can manipulate root morphology
by producing the volatile compound dimethyl disulfide.
This process involves a unique mechanism through which
plant root development is influenced independently of either
auxin or ethylene (Meldau et al., 2013). Alcaligenes faecalis
has a positive effect on drought-affected maize plants by
increasing water and ultimately nutrient uptake and root
length by up to 10% compared to the plants not inoculated
with the PGPR, thus imparting drought tolerance in the crop
(Naseem and Bano, 2014). Another study on maize plants
reported that Burkholderia phytofirmans and Enterobacter
sp. can promote tolerance in drought-affected plants. Plants
inoculated with these PGPR showed up to 70% increases

in root biomass caused by improved water uptake (Naveed
et al., 2014). Similarly, Bacillus thuringiensis can alleviate
drought stress by inducing root hair and lateral root growth
in wheat plants (Timmusk et al., 2014).

Phytohormone production

Phytohormones are responsible for various physiological
processes in plants. Rhizobacteria can produce different
plant hormones efficiently, which can support plants, al-
lowing them to thrive when water is scarce (Fig. 2). The
indole-3-acetic acid (IAA)-producing bacteria Azospiril-
lum, Bradyrhizobium, and Pseudomonas can promote root
proliferation (Enebe and Babalola, 2018). Cytokinins syn-
thesized by PGPR are involved in physiological processes
such as apical dominance, cell division, chloroplast diffe-
rentiation, leaf senescence, and nutrient mobilization (Vejan
et al., 2016). The cytokinin-producing bacterium B. sub-
tilis increases plant growth under drought stress conditions
(Arkhipova et al., 2007). Bacillus subtilis along with several
other PGPR (Azospirillum lipoferum, A. brasilense, Aceto-
bacter diazotrophicus, Herbaspirillum seropedicae, Bacillus
cereus, B. subtilis, Bacillus licheniformis, Burkholderia sp.,
and P. fluorescens) also produce gibberellins or diterpenes,
hormones that are involved in fruit and flower growth, seed
germination, and floral induction (Bottini et al., 2004).

Abscisic acid is a stress-signaling hormone that regu-
lates stomatal aperture closure. Studies have reported that
inoculation of plants with certain PGPR results in increased
levels of ABA and contributes to drought-tolerant properties.
Abscisic acid production by A. lipoferum in maize can en-
hance cell turgidity and relative water content. Reductions
in the rate of water loss by 4% and 10 % have been observed
in grape leaf tissues when inoculated with B. licheniformis
and P. fluorescens, respectively (Salomon et al., 2014).
Paenibacillus polymyxa and R. tropici can modify stomatal
conductance and help maintain hormone homeostasis, while
Azospirillum sustains cell turgor by adjusting the osmotic
pressure in wheat plants (Creus et al., 2004).

Aminocyclopropane-1-carboxylate deaminase production

Ethylene is a plant hormone that promotes fruit ripening
along with several other physiological responses in plant life
cycles. Under stressed conditions, it is produced in excess,
resulting in a cascade of detrimental effects that retard plant
growth (e.g., obstruction of seed germination and root deve-
lopment). As the precursor for ethylene, ACC is found in
excessive amounts in plants under drought stress conditions.
In such cases, various rhizobacteria can hinder the action
of ACC by producing ACC deaminase, which breaks down
the ACC molecule into α-ketobutyrate and ammonium. This
decreases the levels of ethylene in the plant, thus protec-
ting it from stress-induced growth inhibition (Chandra et
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Fig. 2 Schematic representation of different plant growth-regulating hormones produced by plant growth-promoting rhizobacteria and their functions in
supporting plants under drought stress. ABA = abscisic acid; SA = salicylic acid; JAs = jasmonates; GAs = gibberellins; IAA = indole-3-acetic acid.

al., 2019). Variovorax paradoxus can decrease ethylene le-
vels in plant leaves and slow ethylene synthesis in the wild
type Arabidopsis thaliana, an ethylene-overproducing plant.
Agrobacterium, Achromobacter, Azospirillum, Burkholde-
ria, Enterobacter, Pseudomonas, Rhizobium, and Ralstonia
have all demonstrated ACC deaminase production under
drought stress (Bresson et al., 2014). By inoculating legume
plants with these microorganisms, increases in nodule for-
mation have been observed. Bacillus amyloliquefaciens and
Agrobacterium fabrum can promote considerably higher
yields in wheat, whether inoculated individually or com-
bined. These bacteria produce ACC deaminase that catabo-
lizes the ethylene produced in response to drought stress
(Zafar-Ul-Hye et al., 2019).

Plant growth-promoting rhizobacteria may regulate the
amount of ethylene in plants by monopolizing the expres-
sion of the hormone-producing genes acs (encoding ACC
synthase) and aco (encoding ACC oxidase). Burkholderia
phytofirmans significantly enhances the expression of both
acs and aco in A. thaliana (Poupin et al., 2016), while Phyl-
lobacterium brassicacearum more specifically targets the
expression of acs7 and acs11 in the same plant. Phyllobac-
terium brassicacearum inoculation improves the elongation
of root hairs; however, this effect is only partially dependent
on the ethylene-signaling pathway (Bresson et al., 2014).

Exopolysaccharide (EPS) production

Soil bacteria may improve soil health and positively

influence plant drought stress tolerance by mediating phy-
siochemical and hydrological alterations in the rhizosphere.
Microbial biofilms are made up of specific arrangements
and attachments of bacterial cells through EPS. This EPS
is made up of homo- and heteropolysaccharides on the cell
surfaces as a capsule or slime. Bacteria that produce EPS
confer beneficial properties on drought stress-affected plants
by producing a rhizosheath around the roots, preventing
desiccation. These rhizosheaths also maintain soil moisture
content even in dry sandy or desert soil (Naseem et al., 2018).
The presence of EPS-producing B. subtilis facilitates water
availability for plants by reducing evaporation. The EPS
may improve soil water retention properties and hydraulic
conductivity as it has high water-holding capacity, which
may modify soil matrix structures and connectivity of pore
spaces, ultimately improving plant growth (Zheng et al.,
2018).

Production of EPS by plant-associated microbes plays a
significant role in supporting plant growth during times of
water scarcity. Plant roots are covered by a hydrophilic bac-
terial EPS-containing biofilm, providing protection against
desiccation. Such biofilms are formed by Acinetobacter and
Pseudomonas strains around plant roots that predominantly
function as an additional sheath to shield the roots from soil
dryness (Rolli et al., 2015).

Polysaccharide constituents of EPS affect its water re-
tention ability, which may exceed 70 g water per gram of
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polysaccharide. The EPS produced by Azospirillum sig-
nificantly enhances tolerance to water stress in plants by
amending the soil structure and its aggregation properties.
Sunflower plants treated with EPS-producing Rhizobium
have been shown to improve water and nitrogen uptake,
attributed to the increased root-adhering soil (RAS)/root tis-
sue (RT) ratio and macroporosity (Vurukonda et al., 2016).
Rhizobia can ameliorate drought stress in okra by impro-
ving soil aggregation in the rhizosphere via sufficient EPS
production (Yadav et al., 2018). Drought-tolerant Bacillus
and Pseudomonas strains produce EPS that increases the
RAS/RT ratio andmacroaggregate stability, which ultimately
improves nutrient and water uptake from soils. Additionally,
EPS can act as an emulsifier, protecting biomembranes and
quenching ROS. Alginate production by B. thuringiensis
also stimulates drought tolerance in wheat (Timmusk et al.,
2014).

The synthesis and chemical constitution of EPS are
governed by the bacterial growth phase, the composition
of the growth medium (carbon/nitrogen ratio), and other
environmental factors. Stress conditions may also trigger the
formation of guanylate cyclase in cells, subsequently leading
to the production of EPS. The gene Sp7 and its mutants noeJ
and noeL (encoding mannose-6-phosphate isomerase and
GDP-mannose 4,6-dehydratase, respectively) are involved
in the synthesis of mannose and fructose, which are the
major constituents of EPS, in A. brasilense (Lerner et al.,
2009). Water deficit conditions can induce the expression of
alg (encoding mannuronan C-5-epimerase) in Pseudomonas
aeruginosa, which has a complicated role in reducing the ef-
fect of drought stress (Muhammadi and Ahmed, 2007). Thus,
the EPS produced by PGPR during water shortage conditions
can promote the development of roots and shoots and the
total dry weight of plants, showing that EPS can influence
soil aggregation and water regulation in the rhizosphere.

Osmolyte production

Production of osmolytes in the presence of PGPR in re-
sponse to drought stress can promote plant growth (Ngumbi
and Kloepper, 2016). The concentration of proline, an impor-
tant osmolyte, increases in plants when exposed to water
scarcity. Proline promotes plant growth by preserving cell
membranes, proteins, and other subcellular structures, re-
ducing the number of free radicals, and buffering cellular
redox potential. Inoculating maize plants with P. putida
produces positive effect due to the accumulation of proline,
which leads to increases in the concentrations of amino
acid and soluble sugar, relative water content, leaf water
potential, and plant biomass, resulting in better drought
tolerance (Sandhya et al., 2010). However, a recent study
reported lower osmolyte concentrations in sugarcane after

treatment with PGPR (Chandra et al., 2018). Bacterial pro-
duction and accumulation of some xeroprotectants, such as
trehalose, may preserve the vitality of plants by providing
osmotic stress tolerance. Trehalose acts as an osmoprotectant
in plants when their cells are dehydrated due to external
environmental conditions. It also acts as a signaling molecule
and a non-reducing sugar that confers stability to enzymes
and proteins produced under drought conditions and protects
the integrity of the cell membrane through the expression
of the trehalose-6-phosphate synthase gene (Vlchez et al.,
2016).

The inoculation of PGPR in crop plants including maize,
sorghum, pea, potato, chickpea, rice, and soybean results
in increased levels of proline in the plants when grown
under drought stress (Ngumbi and Kloepper, 2016). These
proline levels are enhanced by several PGPR, including
B. thuringiensis in the case of Lavandula dentata (which
produces higher levels of proline in plant shoots) (Armada et
al., 2016) and Bacillus polymyxa in tomato (which invokes
enhanced growth) (Shintu and Jayaram, 2015). Arthroba-
cter sp., Bacillus sp., and Burkholderia sp. also increase
proline levels in plants under drought stress (Dodd and
Pérez-Alfocea, 2012). It has been shown that a consortium
of PGPR strains (B. cereus, B. subtilis, and Serratia sp.)
can protect cucumber plants from dehydration, coincident
with 4-fold increase in proline level compared to those of
untreated controls (Wang et al., 2012). The higher proline
contents due to inoculation of PGPR might be beneficial for
plants as it protects their cellular structures and functions
under drought stress (Sandhya et al., 2010).

Volatile organic compound production

The VOCs produced by PGPR may directly or indi-
rectly influence optimal plant growth, disease tolerance,
and drought stress tolerance. These microbial VOCs have
also been known to affect and regulate plant endogenous
auxin homeostasis and regular nutrient uptake (Ngumbi and
Kloepper, 2016). Upregulation of auxin homeostasis in Ara-
bidopsis upon treatment with B. subtilis has been reported,
highlighting the fact that these microbial VOCs possess the
potential to stimulate the biosynthesis of the osmoprotectants
choline and GB, which induce drought tolerance in plants
(Sharifi and Ryu, 2018). The VOCs produced by B. subtilis
also induce tissue-specific gene regulation of high-affinity
K+ transporter (HKT1), which inhibits uptake of Na+ ions
by roots while enhancing the shoot to root translocation
process, thus imparting IST to plants under saline conditions
(Sharifi and Ryu, 2018).

Bacillus amyloliquefaciens and B. subtilis produce the
VOCs 3-hydroxy-2-butanone (acetoin) and 2R-3R-butane-
diol, which promote increased growth in Arabidopsis by
monopolizing gene expression involved in the maintenance
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of cell wall structure. Application of 2R-3R-butanediol pro-
duced by Pseudomonas chlororaphis can influence sto-
matal aperture closure in Arabidopsis. This VOC also in-
fluences numerous phytohormone-signaling pathways that
include ethylene, jasmonates, and salicylic acid (Asari et
al., 2016). Under drought stress, wheat leaves produce se-
veral terpenoids and benzenoid compounds, including α-
phellandrene, α-pinene, benzaldehyde, β-pinene, camphene,
geranyl acetone, limonene, and para-cymene (Timmusk
et al., 2014). Production of β-pinene, benzaldehyde, and
geranyl acetone in plants also increases under stressed con-
ditions. However, it has been observed that treatment with
B. thuringiensis decreases these VOC emissions compared
to untreated plants under the same conditions, thereby de-
creasing the loss of carbon content and thus increasing plant
growth. Bacteria also produce certain chemicals used in cell
to cell communication, generally known as quorum-sensing
molecules. These signaling molecules, including AHLs, may
also induce systemic tolerance against stress (Filgueiras et
al., 2020).

Antioxidant defense

Drought stress enhances the production of ROS that af-
fects the ambient redox regulatory state of plant cells (Laxa
et al., 2019). In such conditions, the assimilation of antioxi-
dant enzymes such as catalase (CAT) and peroxidase have
been shown to protect the plant from oxidative injury by
decreasing the degree of damage caused. The presence of
soil bacteria may induce drought tolerance by modulating
the antioxidant system. Inoculation with B. pumilus and
Bacillus firmus results in significant increases in levels of
ROS-scavenging enzymes such as CAT, ascorbate peroxi-
dase, and SOD in potato plants, with the CAT activity being
1.8 times higher than that in untreated plants (Gururani et
al., 2013). The same increases in CAT activity have been
shown after inoculation with P. fluorescens and B. subtilis
in potato plants, revealing that the ability of the plants to
tolerate drought stress and resist the associated damage is
linked to increased levels of ROS-scavenging enzymes. This
positive correlation between the increased levels of CAT in
plants and drought tolerance has also been observed in other
plants, including cucumber, maize, and wheat (Sandhya et
al., 2010; Wang et al., 2012). Rhizophagus intraradices and
Piriformospora indica reduced the malondialdehyde and
hydrogen peroxide contents as well as electrolyte leakage in
finger millet seedlings under drought conditions as compared
with control plants; proline content, along with secondary
metabolite and phenol accumulation, also increased signifi-
cantly, with antioxidant enzyme activity resulting in an up to
25% decrease in drought-induced lipid peroxidation (Tyagi
et al., 2017). Bacterially mediated proline accumulation and
glutathione reductase activity have also been reported as

mechanisms that can reduce drought stress in Guinea grass
(Moreno-Galván et al., 2020a). Based on Bacillus-maize
interactions, antioxidant response to bacterial inoculation
under drought stress has been demonstrated to be dependent
on proline accumulation and decreases in ascorbate peroxi-
dase and glutathione reductase activities (Moreno-Galván et
al., 2020b).

During plant-microbe interactions, soil bacteria pro-
duce several chemical compounds for signaling purposes.
These molecules, which are produced by PGPR in the rhizo-
sphere, are known as microbe-associated molecular patterns
(MAMPs). They include simple amino acids and sugars as
well as large polysaccharides and proteins (Rosier et al.,
2018). These MAMPs may also trigger plant defense sy-
stems, causing them to produce ROS, which further results
in high proline production and activation of different antioxi-
dant systems. Proline accumulation during different plant
stresses has been well documented and described. Proline is
a signaling molecule, which may act as an effective osmolyte,
metal chelator, and antioxidative defense molecule (Hayat et
al., 2010). It has also been reported that different signaling
molecules produced by soil bacteria commonly known as
nodulation factors (NFs) may enhance cell division in sym-
biotic associations between microbes and plants. The higher
rates of cell division and endophyte interactions may increase
ROS production at the early stage of infection (Montiel et
al., 2018). To combat the ROS produced during abiotic and
biotic stresses, plants produce enzymatic and nonenzymatic
antioxidants and increase proline accumulation. Soil bac-
teria associated with plants may also produce extracellular
enzymatic and nonenzymatic antioxidants along with some
phenolic compounds, which further help the plant to detoxify
the ROS and convert these species into stable nonreactive
species (Fig. 3).

Metabolic reprogramming

Recent studies have reported that microbes may be in-
volved in metabolic and molecular reprogramming in plants
under drought stress. Some metabolites including succinic
acid, pyruvic acid, dihydroxyacetone, thiamine pyrophos-
phate, and uridine diphosphate are significantly reduced in
wheat during drought stress, while treatment with Bacillus
velezensis significantly enhances these metabolites to help
combat the stress (Abd El-Daim et al., 2019). Azotobacter
chroococcum and A. brasilense enhance the accumulation
of ABA, proteins, soluble sugars, phenols, flavonoids, and
oxygenated monoterpenes in pennyroyal under drought stress
(Asghari et al., 2020). Additionally, a bacterial consortium
including B. subtilis, B. thuringiensis, and B. megaterium
has been shown to induce significant accumulation of aspar-
tate, glycerol, riboflavin, L-asparagine, nicotinamide, and
3-hydroxy-3-methyglutarate in the leaves of chickpea under
drought stress (Khan et al., 2019b). Thus, the metabolic
alterations induced by drought can be further modified by
plant-associated bacteria to reduce drought impacts.
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Fig. 3 Detoxification of reactive oxygen species (ROS) to stable nonreactive species during drought stress by the enzymatic and nonenzymatic antioxidants
produced by the plant itself and plant growth-promoting rhizobacteria (PGPR). MAMPs = microbe-associated molecular patterns; NFs = nodulation factors;
TPCs = total phenolic compounds; SOD = superoxide dismutase; CAT = catalase; GPx = glutathione peroxidase; GR = glutathione reductase.

Regulation of stress-responsive genes

The presence of PGPR may modulate and modify stress-
responsive genes that impart IST in plants. Certain genes,
e.g., erd15 (encoding early response to dehydration 15) and
bab18 (encoding late embryogenesis abundant protein), are
induced in Arabidopsis when inoculated with P. polymyxa
(Sukweenadhi et al., 2015). Inoculation of a consortium
including B. cereus, B. subtilis, and Serratia sp. has been
shown to improve tolerance to drought in cucumber plants by
conserving photosynthetic activity through inhibition of the
downregulation of ascorbate peroxidase genes, rbcL (enco-
ding RuBisCO large subunits) and rbcS (encoding RuBisCO
small subunits). A macroarray analysis of sequence tags
after treatment with Rhizobium etli showed overexpression
of trehalose-6-phosphate synthase gene, a gene that over-
sees regulation of carbon and nitrogen metabolism, in bean
plants (Suárez et al., 2008). Bacillus licheniformis can in-
duce the over expression of several stress-responsive proteins
(adenosine kinase, protein 10, dehydrin-like protein, early
nodulin, S-adenosylmethionine synthetase, and vacuolar
H+-ATPase) under water-scarce conditions in pepper plants
(Vurukonda et al., 2016). Similarly, B. amyloliquefaciens and
A. brasilense induce upregulation of apx1 (encoding ascor-
bate peroxidase), sams1 (encoding S-adenosyl-methionine
synthetase), and hsp17.8 (encoding heat shock protein) in
wheat leaves (Tiwari et al., 2017). Gluconacetobacter di-
azotrophicus can activate ABA-dependent signaling genes
in sugar cane (Vargas et al., 2014), and P. aeruginosa can
up-regulate the expression of dreb2 A (encoding dehydration-
responsive element-binding protein), cat1 (encoding CAT),
and dhn (encoding dehydrin) in mung bean plants (Sarma
and Saikia, 2014). Enterobacter sp. has been shown to
induce expression of salt stress-responsive genes (rab18,
rd29 A, rd29B), regulons ofABA-responsive elements (abre),

dehydration-responsive elements (DRE), and dehydration-
responsive element-binding proteins (dreb2b), which cause
ABA-independent activation under high salinity conditions
inArabidopsis (Kim et al., 2014).Pseudomonas chlororaphis
prompts transcription and upregulation of the jasmonic acid
marker genes vsp1 and pdf-1.2, the salicylic acid-regulated
gene PR-1, and the ethylene-responsive gene hel, while cau-
sing downregulation of drought-signaling response genes in
A. thaliana (Cho et al., 2013).

CONCLUSIONS AND FUTURE PROSPECTS

Plant growth-promoting rhizobacteria have the potential
to confer tolerance to abiotic and biotic stresses including
drought in plants. Three important interconnected factors
affect how productive ecosystems are: plants, soils, and mi-
crobes. Soil microbes may enhance plant growth indirectly or
directly by producing a variety of chemicals. The presence of
consortia of microbes having different properties to deal with
drought stress and enhance the plant growth may provide bet-
ter drought tolerance. Similarly, the presence of bacteria with
multiple properties that enhance plant survival under diffe-
rent stresses (e.g., metal toxicity, salinity, xenobiotics, and
pathogen attack) can also increase the chances of plant sur-
vival when more than two stress conditions occur, including
drought. Furthermore, it is important to understand the che-
mical signaling and molecular mechanisms through which
PGPR affect plants and interact with them during stressed
conditions. Specific microbial products and processes could
be developed for exogenous application to increase their
beneficial properties, allowing more extensive application
in agricultural systems, especially in drought-prone areas.
Similarly, the application of genetically modified PGPR
strains could also be assessed in the field. However, the risk
involved must be evaluated before the use of such techniques
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at larger scales. Overall, the treatment of crop plants with
PGPR is likely to be beneficial in conferring drought toler-
ance in plants, allowing improved plant growth, metabolism,
and yield. The development of microbe-based ecofriendly
techniques for sustainable agriculture under drought stress
conditions should be encouraged.
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