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Abstract: Drought intensity that has increased as a result of human activity and global warming
poses a serious danger to agricultural output. The demand for ecologically friendly solutions to
ensure the security of the world’s food supply has increased as a result. Plant growth-promoting
rhizobacteria (PGPR) treatment may be advantageous in this situation. PGPR guarantees the survival
of the plant during a drought through a variety of processes including osmotic adjustments, improved
phytohormone synthesis, and antioxidant activity, among others and these mechanisms also promote
the plant’s development. In addition, new developments in omics technology have improved our
understanding of PGPR, which makes it easier to investigate the genes involved in colonizing plant
tissue. Therefore, this review addresses the mechanisms of PGPR in drought stress resistance to
summarize the most current omics-based and molecular methodologies for exploring the function
of drought-responsive genes. The study discusses a detailed mechanistic approach, PGPR-based
bioinoculant design, and a potential roadmap for enhancing their efficacy in combating drought stress.

Keywords: agricultural sustainable; food security; omics approaches; PGPR

1. Introduction

Due to continuous climate change and human activity, many abiotic stressors are
becoming more intense, with drought stress being one of the most difficult. Drought is a
term used to describe climatic conditions in which there is less precipitation than usual or
none during a specific period [1]. It is roughly divided into four types: agricultural, socio-
economic, hydrological, and meteorological drought. Although unexpected meteorological
dryness is common in typical regions, around one-third of the net land area is comprised
of semi-arid and arid regions [2]. Inadequate water supply creates severe socio-economic
issues and crop loss and proves lethal to plants. By 2052, roughly half of the cultivable
areas would likely be severely constrained in terms of plant growth due to drought [3].

Our primary food sources are grains and legumes, which require a lot of water to grow.
Such crops are particularly vulnerable to drought, which can cause significant agricultural
damage and jeopardize food security globally [4]. Because of this, the scarcity of water
supplies is a serious environmental issue on a global scale. Globally, drought cases have
worsened, altering the ecosystem’s structure and operation [5]. Negative climatic events
such as droughts will worsen, spread faster, and last longer, especially in semi-arid and
arid regions [6]. Industrialization has increased the average temperature globally by 1.0 ◦C,
according to the 2018 report of the Intergovernmental Panel on Climate Change (IPCC).
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This shows that maintaining human activity at its current level might result in a 1.5 ◦C
increase in global temperature by 2052 [7].

Therefore, it is more important than ever to improve production to cater to the ever-
world’s increasing food needs. Globally, policy development and extensive research are
being performed to cope with drought stress. A few practical ways used to prevent drought
include creating drought-resistant cultivars, improving resource management, altering
crop calendars, etc. Integrating microorganisms into the agricultural system can be a less
expensive and environmentally friendly solution to increase productivity during severe
water shortages [8,9]. Plant–microbe interactions in the soil environment are crucial for
sustaining primary production. A successful strategy for reducing drought stress is the
integration of microorganisms as bioinoculants [10].

A combination of arbuscular mycorrhizal fungus (AMF) and PGPR increased wheat
plant output by about 41% [11,12]. Similar to this, pepper plants primed with PGPR showed
a 40% increase in root size and enhanced tolerance to water deficiency [13]. Numerous re-
search on maize, peppermint, guinea grass, foxtail millet, and pulses have also highlighted
the significance of rhizobacteria in reducing the effects of drought stress [14–17]. Although
PGPRs aid plant survival during periods of extreme drought, which are frequently accom-
panied by dangerously low water level in the soil, they are unable to maintain agricultural
output. Synthetic microbial communities (SynComs, Bengaluru, India) have recently been
used in the creation of inoculants. This combines concepts from genetics and microbial
ecology. SynComs are tiny microbial consortia that, to some extent, mimic the experien-
tial function and microbiome organization seen in natural habitats [18]. The microbial
community’s complexity decreases, but the host and microbe’s natural connection is kept.
This enables a variety of duties that cannot be performed by a single bacterium [19]. Nay-
lor, et al. [20] observed an increase in Actinobacteria in the C4 grass under drought stress, a
group of bacteria previously linked to plant development under stress [21].

Drought diminishes subterranean water levels, deteriorates water quality, worsens
soil erosion, and can eventually cause additional disasters such as floods, fire, and the
spread of diseases in addition to having an impact on food production. According to the
United Nations World Water Development report 2018, there are an estimated 55 million
people impacted by drought globally, and 700 million people might be displaced as a result
of it by 2030 [22]. The socio-economic effects of drought also result in significant financial
losses. For instance, the prolonged California drought resulted in around USD 3.8 billion in
agricultural losses, of which USD 1.7 billion in crop income losses occurred between 2014
and 2016 [23]. Similarly to this, the 2005 drought in Spain’s Ebro River Basin had a negative
financial effect of almost USD 0.57 billion [24]. Long-term losses and the impact of drought
stress exist. Due to rising groundwater pumping costs [25] and annual rainfall declines that
harm agricultural areas that rely on rain, inter-seasonal dry periods and moisture shortages,
it is unavoidable that drought-like conditions will arise [25]. Making a paradigm shift
towards agricultural sustainability and finding answers to problems relating to drought
stress and its effects on food security becomes crucial [26]. Interestingly, plant growth-
promoting microorganisms such as rhizobacteria have proven to be more effective and
ecofriendly in the mitigation of drought stress in plants compared with synthetic chemicals.
Therefore, this present review discusses the most recent developments in PGPR and the
molecular processes underlying drought stress resistance. In addition, formulating effective
rhizobacteria-based bio-inoculants is a cost- and environmentally friendly alternative tool
to reduce drought stress and improve agricultural sustainability. Therefore, this present
review discusses the most recent developments in PGPR and the molecular processes
underlying drought stress resistance. Additionally, formulating an effective rhizobacteria-
based bio-inoculant is a cost- and environmentally friendly alternative tool to reduce
drought stress and improve agricultural sustainability.
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2. Drought’s Detrimental Effects on Crop Plants

A leaf‘s relative water content (RWC) is a crucial factor for determining the water
condition of plants since it is associated with tissue metabolism [27]. Relative water content,
which falls between total wilting potential and field capacity (FC), refers to the real quantity
of water in the soil (that is accessible for plant absorption). The amount of moisture that
remains in the soil after gravitational force, when it is entirely water saturated and is held in
the macropores, represents the maximum amount of readily available water. On the other
hand, the permanent wilting point (PWP) is the osmotic potential at which the plant cannot
extract soil water content. In addition to RWC, numerous plant characteristics, including
the total anhydrous weight of the leaf, the total anhydrous weight of the stem, leaf area
index, available node numbers, plant fiber quality, the canopy of the plant, and root growth
can be used to study the impacts of drought stress on the plant [26,28].

However, its broad impacts depend on several variables including species of plants and
their genetic makeup, plant age and size, intensity, and the duration of the stress [29]. Dif-
ferent subcellular spaces, cell organs, and the whole plant can be impacted by drought [30].
A lack of water can hinder the germination of the seed in the early phases of plant growth,
impede cell elongation, and later slow down plant growth [31]. Because they are shorter
and have fewer leaves, plants are able to absorb less photosynthetically active radiations
(PARs), which in turn limits yield and photosynthesis. The mass movement of water-
soluble nutrients, such as sulfate, silicon, nitrate, magnesium, and calcium, is disrupted by
drought, which is crucial for regular plant development. Because less nitrate is absorbed
from the soil during a drought, important enzymes such as nitrate reductase (NR) may be
affected [32]. The rate of photosynthesis, which is impacted by stomata’s lower conduc-
tivity and a corresponding spike in photorespiration, is the first immediate indicator of
dryness in plants [33]. The efficacy of the PSII photosystem, the quantity of chloroplast’s
CO2, and several other non-stomatal variables are all known to have an impact on net
photosynthesis [34].

Stomata closure can also result in the production of lipid peroxidation, reactive oxygen
species (ROS), membrane integrity loss, and the degradation of lipids, nucleic acids, and
protein [35]. In times of drought, oxidation of the photosynthetic apparatus typically results
in a decrease in the levels of chlorophyll. In addition, it increases the stress level of ethylene
in plants, which slows down plant growth in several ways [36]. The effects of drought stress
can also be observed on the cell’s energy level, abscisic acid (ABA) level, and respiration
rate [37]. During the growth phases of the plant, drought can be more harmful. For instance,
if it stops photosynthesis during one stage of development, it might result in male sterility
because pollen maturation stops since there are not enough carbohydrates in the cell [38].
Therefore, drought has a detrimental impact on both the quality and quantity of plant
development (Figure 1); hence, reducing the impact of drought stress is very crucial to
preserving food security globally.
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Figure 1. General positive and negative impacts of drought stress on plants.

3. Mechanistic Outlook of PGPR in Drought-Stressed Plants

It is currently known that a variety of mechanisms, such as antioxidant machinery,
change in osmotic tuning, stomatal conductivity, plant hormonal levels, exo-polysaccharide
production (EPS), and uptake of nutrients, and the secretion of volatile organic compounds
(VOCs) allow microorganisms to stimulate resistance against drought stress. By using
these methods, PGPR affects the biochemical, physiological, morphological, system biology,
and molecular levels in plants, exerting its drought mediating properties and assisting
in preserving plant life in the face of intense drought. Additionally, the combined use
of silicon (Si) and PGPR supports plant physiological fitness for enhanced carboxylation
associated with faster development under a variety of abiotic challenges, including salt and
drought [39].

3.1. Physiological Components
3.1.1. Osmotic Tuning

When there is a drought, rhizobacteria can produce osmolytes that can accelerate plant
development [40]. Since proline has a high hydration potential, it may easily attach to
proteins, making them soluble and reducing the likelihood of being denatured. Proline is
an essential osmolyte that accumulates in plants during drought [41]. In addition, proline
controls cells’ redox potential and reduces acidity by free radicals’ neutralization. B. cereus,
Serratia sp., and B. subtilis were used to inoculate a dehydrated cucumber, this resulted in a
four-fold increase in the level of proline [42]. New research provides a positive relationship
between plant proline content and their ability to withstand drought stress. For example,
proline levels increased in response to drought in chickpea, garden pea, soybean, and
rice [43,44]. The 1-pyrroline-5-carboxylate synthetase (P5CS) and proline dehydrogenase
(ProDH) are two important genes that are involved in the regulation of the level of proline
in plant cells at the molecular level [45]. Trehalose, a reducing disaccharide, protects other
cellular components and proteins during times of dryness and prevents the lipid bilayer
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from solidifying. The trehalose-6-phosphate synthase gene produces it [46,47]. Betaine,
an alkaloid quaternary ammonium molecule that is water soluble [48], helps to fortify
the photosynthetic apparatus by increasing the production of protecting enzymes and
maintaining the integrity of the membrane in dry conditions. Additional osmolytes that
enhance drought tolerance include spermidine, spermine, putrescine, and cadaverine. To
further increase plants’ ability to withstand drought stress, it is necessary to describe on
a genetic level an enhanced representation of key genes controlling the metabolic and
synthesis pathways of these suitable osmoprotectants.

3.1.2. VOCs Production

VOCs produced by bacteria typically consist of lipid-soluble liquids with high vapor
pressure. Their production is species-specific and takes a role in cell signaling, growth pro-
motion, and interspecific communication. The growth stimulation caused by rhizobacteria-
based VOCs has received attention in several publications. The closure of the stomata in
Arabidopsis confers drought resilience on the host, according to a study employing the
VOC 2R-3R-butanediol produced by P. chlororaphis O6 [49]. Limited levels of VOCs are also
produced by plants, which continuously expel them from their leaves. However, during
stress, their synthesis is increased, which causes a dramatic decline in the amount of carbon
fixed by photosynthesis. These VOCs act as messengers to trigger defensive reactions
associated with stress.

3.1.3. Enhanced Nutrient Uptake

Due to weakened soil structure, water shortage prevents nutrient dispersion and
movement within the soil. According to some findings, when plants are inoculated with
helpful rhizobacteria, their uptake of nutrients is improved. For instance, B. thuringien-
sis inoculation in drought-stricken Lavender plants caused a dramatic increase in both
micronutrients (Zn2+, Mn2+, and Cu2+,) and macronutrients (K+, Mg2+, and Ca2+) in the
plant’s stem area. When subjected to drought stress, Cucumis plants treated with rhi-
zobacteria showed enhanced K+ and P+ ion content. In addition, inoculating peas with
V. paradoxus 5C-2 encouraged the development of nodules in their roots, and the result was
greater nitrogen levels in the leaves [50]. Similar to this, increased K+ levels brought on by
an indigenous bacterium in local Salvia and Lavandula plant species later led to a decrease
in stomatal conductance, which is crucial for sustaining turgor pull under extreme dryness.
According to this viewpoint, concurrent inoculation of Arbuscular Mycorhizza (AM) and
PGPR in plants is also a successful strategy for dealing with severe drought. For instance,
the content of K+ in Trifolium plants increased by 2.17 times after being treated with a
mixture of B.thuringiensis and AM increased by an additional 3.48 times after being treated
with AM and P. putida. A considerable increase in the number of micronutrients was also
recorded in addition to the earlier results [51]. Similar research comparing the efficiency
of PGPR, and AM revealed that lettuce treated with Bacillus and Klebsiella had higher
K+ and P+ concentrations as well as more biomass than plants treated with AM [52]. In
addition to expanding green cover and lowering the world’s carbon footprint, more study
on rhizobacterial-mediated nutritional improvement of plants may serve as an alternative
for bio-fortification that is environmentally beneficial (Figure 2).
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Figure 2. Proposed routes for efficient development and commercialization of biofertilizers to mitigate
drought stress in crops.

3.1.4. Modulation of the Phytohormonal Level

The growth and development of the plant can be modulated by a variety of chemical
regulators. Cytokinins, gibberellins, abscisic acid, ethylene, and auxins, are just a few of the
several molecules that make up these substances, which are more commonly referred to as
phytohormones. Plants with PGPR are more resistant to drought by altering the number
of plant hormones [53]. Drought-induced water shortage lowers photosynthetic rates and
adversely impacts root metabolism. The root tips’ surface area increases in PGPR injected
plants’ significant reprogramming of their root system architecture [54], which improves
water and nutrient transport when exposed to drought stress. Auxins, also referred to as
IAA, play a key role in regulating various metabolic processes in plants, including xylem
and phloem differentiation, primary and secondary root formation, cell division promotion,
shoots and roots elongation, and tropic movement. Several studies describe the production
of auxin by rhizobacteria-coated crops [55], such as wheat infected with Azospirillium by
modifying endogenously IAA, enhancing the leaf water level [56]. Similar research verified
the link between B. amyloliquefaciens S-134 auxin production and increased yield of grain
under drought stress [57].

Similar to this, wheat plants treated with B. thuringiensis demonstrated root hair elon-
gation and a notable improvement in the density of the root hair through ACC deaminase
and auxin production by rhizobacteria, aiding in improved soil nutrient and water uptake.
These findings are consistent with earlier research, which suggests that a group of bacteria
including B. megatherium, P. putida, B. thuringiensis, and P. brassicacearum improved the level
of IAA in both clover and Arabidopsis [58,59]. It was previously demonstrated that almost
80% of the microorganisms isolated from the rhizosphere of different crops can release and
produce a secondary metabolite called auxins [60].

Bradyrhizobium, Pseudomonas, and Azospirillum, three common IAA-producing bacteria,
can promote root growth [61]. Gibberellins (GAs), being another example of phytohor-
mones, play a crucial role in the germination of seeds, stem elongation, the commencement
of flowering, senescence, and the ripening of the fruit. When informed to the host, GA-
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synthesizing bacteria aid in enhancing tolerance to drought stress [62]. Many previously
published studies, such as those using a consortium of Promicromonospora spp. SE188,
B. cepacia SE4, and A. calcoaceticus SE370 on cucumber and gibberellin-producing rhizobac-
terium P. putida H-2-3 on soybean, suggest an increment in the level of GA after inoculation
with rhizobacteria [63]. A. brasilense, A. lipoferum, P. fluorescens, B. subtilis, A. diazotrophicus,
B. cereus, Burkholderia sp., B. licheniformis, and H. seropedicae, are typical examples of rhi-
zobacteria that produces GA [64]. ABA and GA are produced by maize plants treated with
A. lipoferum [65]. Cytokinins are one more class of phytohormones in charge of photosyn-
thesis, stomatal regulation, stem development, and cell division in plants. Increased levels
of cytokinin in PGPR-briefed wheat were responsible for reducing the impacts of drought
and boosting crop output [66].

Aside from its numerous biological functions, ABA also protects against several
ecological challenges including drought [67]. The carotenoid route is promptly used
by plants to produce ABA in response to drought. Zeaxanthin serves as a precursor
molecule for the production of ABA and is found mostly in plastids and to a lesser extent
in the cytoplasm. Its fast production under osmotic stress starts in the roots, where it is
then transferred to the leaves through the vascular tissues, controlling the closing and
opening of stomata and enhancing the resistance of the plant to drought [68]. By producing
ABA, maize plants inoculated with A. lipoferum increase turgidity and relative water
content. When leaves of grapes are treated with P. fluorescens or B. licheniformes, water
loss from the leaves can be reduced by up to 4% and 10% [69]. However, several findings
have shown a reduction in the content of ABA following treatment with PGPR [63]. A
thorough investigation encompassing numerous plant species and PGPR is required to
clarify this uncertainty.

Plants’ root development and maturation are impacted by drought stress attributable
to an elevated ethylene (ET) production in plants. Stress ethylene is the increased quantity
of ET produced in response to various biotic and abiotic stimuli [70]. When ET suddenly
rises over a threshold, it can have a number of inhibitory effects on plants, including
preventing the germination of seeds and impeding root growth, which causes senescence.
IAA has been shown in several studies to play a function in lowering the level of ET and
stimulating root growth in plants that were primed with PGPR [71]. PGPR live in the
growing plant’s seeds or roots, where they consume tryptophan and related compounds
found in their exudates before metabolizing them into IAA and releasing them into the
rhizoplane of the plant. IAA produced by plants and IAA obtained from bacteria can
either enhance the production of ACC synthase, an enzyme of the plant that catalyzes
the conversion of S-adenosyl methionine (SAM) to ACC, or stimulate the development of
plants. In higher plants, ACC serves as ET’s forerunner [72].

A portion of this newly generated ACC is discharged from roots and seeds into
the plant’s rhizosphere, where the PGPR enzyme ACC converts it into ketobutyrate and
ammonia [73]. Plants must be protected against the negative effects of elevated ethylene
levels by this bacterial enzyme. Therefore, PGPR implicates its advantages under various
abiotic conditions by altering the ACC level [74]. Numerous ACC deaminase-positive
rhizobacteria have been researched for their ability to promote plant development in
drought-prone environments [75]. For example, pea [76], tomato, and pepper have a long
history of being primed with ACCd-producing bacteria [77]. Similarly, pepper primed with
B. licheniformes K11 treatment had better resistance to drought [78]. During the drought,
velvet beans showed improved shoot and root morphology and increased plant biomass.
The effects were caused by reduced ethylene release in the leaves and roots of velvet
beans [79].

Foxtail millet treated with EPS-producing and ACCd-positive P. fluorescens DR7
demonstrated enhanced soil moisture and soil aggregate adhesion to the root tissue, which
improved plant life by enhancing tolerance to drought [80]. Salicylic acid (SA) is also crucial
for drought resistance and plant defense [81]. Improved drought tolerance was seen after
external application quadrupled the level of SA in barley roots [82]. In drought-affected
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sugarcane plants, the combined treatment of Herbaspirillum spp. and G. diazotrophicus led
to the overexpression of salicylic acid production genes and several genes responsive to
drought stress [83]. Activation of several genes, including TGA, PR, SA, and WRKY enables
the plant to respond more effectively to numerous stresses [84]. Similar to this, exogenous
jasmonic acid (JA) increases a plant’s ability to withstand drought by supporting enzymatic
antioxidants and boosting the organic osmoprotectants activities [85]. When introduced to
A. thaliana, P. chlororaphis O6 boosted the transcripts of many drought-responsive genes,
such as the ethylene-response gene, HEL, the SA-regulated gene, VSP1, PR-1, jasmonic
acid marker genes, and the pdf-1.2 [86]. In conclusion, phytohormones are essential for
accomplishing the goal of drought-resistant crops with their tremendous potentials. More-
over, through unravelling their intricate interaction and adjusting the regulation of genes
associated to phytohormones, plants’ responses to drought may be changed.

3.1.5. Fabrication of Exopolysaccharides (EPS)

The ability of rhizobacteria to produce EPS is an essential trait for enhancing plant
development under drought because it aids in the formation of hydrophilic biofilms on
plant roots, protecting them from the soil’s drying factors [87]. EPS produced by bacteria
is often made up of hetero or homo-polysaccharides, which form biofilms by adhering as
a capsule on the cell surface. Although the components of polysaccharides vary across
various PGPR, galactose, glucose, and mannose are often found in monomers. The water
retention capacity of each PGPR varies due to these varying components of polysaccharide,
and it can be as high as seventy grams of water to a gram of polysaccharide [88].

The constitution of the bacterial growth medium (the ratio of nitrogen/carbon), the
ecological parameters of the surroundings, and the bacterial development phase all af-
fect the synthesis of EPS. The impacts of EPS-triggered tolerance to drought in plants
primed with PGPR have been extensively reported in several findings of wheat, maize,
and sunflower [89]. EPS-producing bacterium Azospirillum improved drought resilience by
modifying soil structural and binding characteristics [90]. Rhizobacteria promote healthy
plant growth, including enhanced shoot development, root development, and net dry
mass increment. Therefore, EPS functions by holding together the particles of the soil
and preserving the rhizosphere’s water level. Guanine cyclase is synthesized by cells in
response to a stressful environment, which produces EPS [91].

3.2. Biochemical and Morphological Strategy
3.2.1. Protection by Improved Antioxidants Stature

Due to an increased rate of photorespiration and damaged components of photo-
synthesis, drought is frequently followed by an overproduction of ROS [92]. In addition,
interfering with the 3-D membrane protein arrangements are ROS such as hydrogen per-
oxide, superoxide ions, singlet oxygen, and hydroxyl ions. This leads to increased ion
escape and permeability, metabolic distress, severe damage, chlorophyll impairment and
ultimately, and the death of the plant. Plants have developed an antioxidant system with
enzymatic and non-enzymatic strategies to control excessive ROS. Its primary enzymatic
components are, superoxide dismutase (SOD), glutathione reductase (GR), alternative oxi-
dase (AOX), catalase (CAT), glutathione S-transferase (GST), guaiacol peroxidase (GPOD),
ascorbate peroxidase (APX), and peroxidase (POX). In contrast, its non-enzymatic com-
ponents include various glutathione (GSH), flavonoids, ascorbate (AsA) anthocyanins,
tocopherol (Vit E), cytochrome f (Cytf), and carotenoids (CAR) [28].

Despite having strong antioxidant defense mechanisms, plants’ output sharply drops
when there is a water shortage [93]. Two strains of PGPR strains, B. firmus str. 40 and
B. pumilus DH-11, primed potato plants and caused an increase in the ROS-quenching
enzymes catalase and ascorbate peroxidase. Similar to this, it was discovered that in
plants primed with PGPR, the specific activities of the enzyme that quench ROS such as
CAT, SOD, and APX increased [94]. Maize, wheat, and Cucumber all showed a similar
relationship between CAT profiles and drought resistance [95,96]. However, in order
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to look at the damage to ROS which takes place during drought, additional research
concentrated on the evaluation of enzymatic antioxidants. For uninoculated plants, the
PGPR-primed cucumber leaves showed decreased lipid peroxidation levels and electrical
conductivity [97]. These results unequivocally demonstrate how enzymes act as quenchers
of ROS and how PGPR help plants produce an excess of enzymatic antioxidant apparatus
to withstand drought stress.

3.2.2. The Re-Establishment of Turgor Pressure

The soil’s water potential heavily influences how much water plants can absorb.
Drought circumstances can significantly alter water potential, which can cause osmotic
stress and eventually loss of water, which can impede the development and growth of
the plant. Most plants have developed a biochemical process for adjusting to osmotic
stress to cope with the drought challenge. This is characterized by the active deposition of
different organic, inorganic, and soluble osmolytes at the cell level. These complementary
solutes function by raising cell turgor pressure and assisting in the maintenance of reduced
water potential without affecting real hydration levels [98]. In addition, protecting cellular
components such as organelles, membranes, enzymes, and proteins against oxidative
damage are some of the functions of these osmolytes [99].

3.2.3. Attuned Stomatal Conductivity

When drought starts, the amount of water in the soil decreases, which causes the
stomata to close and affects how quickly plants can produce oxygen. In contrast, a PPGR-
primed plant increases photosynthesis by raising water levels, and more CO2 diffuses
in the mesophyll region due to an increased conductivity of the stomata. The stomata’s
response to drought stress is exhibited when the guard cells and epidermal cells cause
stomatal closure by direct dissipation of humidity and by reacting to changes in the water
potential of the leaf, with the closure of the stomata occurring when the value of the water
potential is reduced to a critical level. In guard cells, the directionality of K+ regulates
the turgor pressure and water potential as well as the opening and closing of stomata.
The guard cell membrane contains a variety of protein pumps, channels, and complexes,
for efficient trans-membrane K+ transport, including cholinergic receptors, GTP-binding
proteins, ABA-binding proteins, and light receptors. The closing of the stomata assists
plants in preserving water during droughts [100].

The movement of the stomata-mediated bacteria helps in better control of the stomata.
For instance, stomata were seen to close in P. chlororaphis O6-primed plant independent
of the ABA status of the plant [86]. Similarly, a reduced stomatal opening was seen
after the inoculation of both ABA-deficient and normal Arabidopsis, which resulted in
decreased transpiration loss and provided drought resistance [93]. ROS and Free radicals
are frequently produced under prolonged water stress circumstances, and when they react
with the photosynthetic system, they permanently damage it. In these circumstances,
priming with rhizobacteria can be beneficial because it raises the level of water in plants
and improves photosynthesis by increasing the conductivity of the stomata. To have a good
understanding of the precise pathways that start the microbial regulation of the stomatal
movement in plants experiencing water scarcity, more research is required.

3.3. Molecular Strategy

Studies on PGPR have shown that it has the ability to start molecular changes. Plants
are better able to tolerate the harmful effects of drought stress because of these PGPR-
induced genetic changes [101]. Numerous studies have shown their function in causing
molecular change, such as activating the nitrogenase gene in O. sativa plants because
IAA-producing rhizobacteria reveal different nifH transcriptional patterns [102]. Drought
has been demonstrated to enhance the expression of the 9-cis-epoxycartenoid dioxygenase
(NCEDs) gene profiles, which is essential for the synthesis of ABA in plants [103]. By alter-
ing the expression, 2R, 3R-butanediol produced by acetoin produced by B. amyloliquefaciens
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IN937 and B. subtilis GB03 causes growth increment in Arabidopsis. It was also explained
that B. subtilis GB03-synthesized acetoin increased the transcription rate of auxin alongside
triggered choline production and glycine betaine. Exerting water stress in P. aeruginosa
causes transcription of Alg genes, which are important for removing water stress, in the
alginate biosynthesis gene cluster [104]. Wheat primed with B. thuringiensis exhibits a
similar alginate-mediated drought tolerance. The importance of P. putida GAP-P45 in
controlling the expression of crucial genes involved in polyamine biosynthesis (CPA, ADC,
SPDS, SAMDC, AIH, and SPMS) and as well as elevating spermidine and putrescine levels
in plant cells under drought circumstances was recently brought to light by research by
Sen, et al. [105]. According to recent real-time PCR findings, inoculating M. oleifera with
B. pumilus increased the leaf’s levels of folate, tocopherols, and carotenoids by upregulat-
ing the genes involved in γ-tocopherol methyltransferase (TMT), lycopene cyclase (LBC),
phytoene desaturase (PDS), and phytoene synthase (PSY) [106].

3.4. Aspect of System Biology

Rhizobacteria PGPR has a positive effect on plants by advancing key physiologi-
cal processes including photosynthesis, nutrient, and water absorption. These activities
help plants grow and develop. PGPR preserves ionic equilibrium and osmotic balance in
plants by controlling the level of plant hormone, altering the expression of genes, influ-
encing protein function, and changing the production of metabolites. Ionic toxicity and
osmotic stress were subsequently reduced by increased antioxidant levels, accumulation
of osmolyte, restoration of turgor pressure, synthesis of EPS synthesis, and nutritional
status improvement (Table 1). The regulatory mechanism of plant drought resistance
that can be changed by rhizobacteria is an area of great interest in the systems biology of
plant-rhizobacterial relationships.

Table 1. Summary of current drought mitigation impacts of rhizobacteria on crops.

Plants Strains/Consortium Impacts of PGPR Experimental Type References

Oryza sativa B. laterosporus B4 and
B. amyloliquefaciens Bk7

Increased chlorophyll
content, antioxidants, and

leaf proline
Laboratory experiment Kakar, et al. [107]

Zea mays Proteus
sp. and Pseudomonas sp.

Increased gibberellic acid,
and IAA Pot experiment Yasmin, et al. [108]

S. italica P. fluorescens
DR7

Increased seedling growth,
and seed germination Laboratory experiment Niu, Song, Xiao and

Ge [80]

P. Sativum and
V. mungo

Pseudomonas sp.
RJ15, B. subtilis

RJ46, and
O. pseudogrignonense

RJ12.

Increment in
ROS-quenching enzymes,

and osmolytes
Pot experiment

Saikia, Sarma, Dhandia,
Yadav, Bharali, Gupta

and Saikia [14]

M. piperita
B. amyloliquefaciens

GB03 and P. fluorescens
WCS417

Improved total
phenolic content

and increased status of
antioxidant of the plant

Laboratory experiment

Chiappero, del Rosario
Cappellari, Alderete,

Palermo and
Banchio [15]

M. maximus Bacillus spp.

Reduced activity of
glutathione reductase

and increment in
proline accumulation

Pot experiment Moreno-Galván,
et al. [109]

Zea mays

E. cloacae and
P. aeruginosa,

L. adecarboxylata+
Biochar and

A. xylosoxidans

Improvement in the yield
of grain yield and content

of chlorophyll
Pot experiment

Danish, Zafar-ul-Hye,
Mohsin and
Hussain [16]
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Table 1. Cont.

Plants Strains/Consortium Impacts of PGPR Experimental Type References

T. aestivum A. brasilense
and B. subtilis

Increment in the
production of EPS,

antioxidants and osmolytes
Pot experiment

Ilyas, Mumtaz, Akhtar,
Yasmin, Sayyed, Khan,

Enshasy, Dailin,
Elsayed and Ali [89]

Petunia P. fluorescens 90F12-2
and P. poae 29G9

Greater shoot biomass,
higher leaf nutrient content

Greenhouse
experiment

Nordstedt, Chapin,
Taylor and Jones [75]

Z. mays P. pseudoalcaligenes

Stimulated production of
VOC and

increment in the
photosynthetic
pigments and

phytohormones

Laboratory experiment Yasmin, et al. [110]

T. aestivum A. zeae
Increased content of P and
N and Improvement in the

yield of grain
Field experiment

Karimi, Goltapeh,
Amini, Mehnaz and

Zarea [56]

T. aestivum B. megaterium
(MU2)

RWC improvement,
increment in carotenoid,

and chlorophyll a,b
Pot experiment Rashid, et al. [111]

A. thaliana Pseudomonas sp.

RWC improvement,
increment in biomass,

proline and
chlorophyll contents

Laboratory experiment Yasmin, et al. [112]

S. lycoperciscum P. agglomerans

Induces a direct and earlier
emergence of roots from

stem tissues and
determines modifications

of root morphological
parameters and
root architecture

Invitro and ex vitro
acclimatization Luziatelli, et al. [113]

Solanum tuberosum
A. xylosoxidans,

P. oryzihabitans, and
V. paradoxus

Increased auxin and ACC
deaminsae production,

decreased concentration of
ethylene and enhanced

tuber yield and root
biomass improvement

Pot experiment Belimov, et al. [114]

Helianthus annus
Enterobacter sp.,

B. sporothernoduran and
Pseudomonas sp.

Production of Siderophore,
improvement of

chlorophyll content,
plant biomass and

availability of nutrients
such as iron and nitrogen

Pot experiment Pourbabaee, et al. [115]

Zea mays Azospirillium sp.

Increment of proline
content, shoot

enhancement, dry weight,
and improvement of the

seedling growth rate
of germination

Pot experiment García, et al. [116]

Foxmillet P. fluorescens

Enhancement of the rate of
seed germination, and root

improvement.
adhering soil to root tissue

dry mass ratio

Pot experiment Niu, Song, Xiao and
Ge [80]
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Table 1. Cont.

Plants Strains/Consortium Impacts of PGPR Experimental Type References

Wheat P. azotoformans
Improvement of the rate of

seed germination, shoot
length and root length

Pot experiment Ansari, et al. [117]

Zea mays Bacillus sp.

Reduction in the activities
of peroxidase, glutathione
reductase and ascorbate

activities, improved
content of proline content,

and nutrient uptake

Pot experiment Silva, et al. [118]

4. Advancement in the Molecular Study of Drought-Responsive Genes

Plants exposed to drought have been found to have altered gene expression profiles
(Table 2). Gene expression studies are a popular method for determining and assessing
an organism’s environmental response [119]. The transcriptome is made up of all the
mRNA that is present in a cell at any given stage or in any environment. Microarrays with
hybridization-based access to the transcriptome and RNA sequencing are two distinct meth-
ods [120]. B. phytofirmans PsJN, a strain that colonizes potatoes, has its whole transcriptome
sequenced in order to investigate its impact on enhancing drought tolerance [121]. Through
transcriptome investigation of rapeseed and its symbiotic organism, Stenotrophomonas rhi-
zophila, it was possible to identify spermidine, a growth regulator produced in response
to abiotic stress [122]. In Arabidopsis leaves, P. putida MTCC5279 inoculation resulted in
the upregulation of five hundred and twenty genes and the downregulation of 364 genes;
the most frequently overexpressed genes were those engaged in the restoration of genetic
integrity, the inhibition of ethylene and ABA signaling, and the activation of induced
systemic resistance [123].

Data on the habitat-based dispersion of microbial communities with traits that are
resistant to stress can be found using an alternate method called metagenomics. One of
the most effective techniques for identifying novel cultivable flora from specific habitats
is metagenomics. Metagenomics has proven that when certain PGPR isolates are used
as a therapy, the endophytic microbial community changes, improving resistance to dis-
ease in pine, tomato, and potato [124–126]. The makeup of rhizobacterial communities
changed following the inoculation of Rhizobium, according to a recent study conducted
on soybean [127]. In order to identify systems and target proteins that may be supported
by a comparative analysis of stressed, PGPR-coated, and non-stressed plants, proteomics
studies under drought stress are helpful [128].

Priming of P. polymyxa B2 on Arabidopsis, resulted in enhanced expression of erd15
encoding early response to dehydration 15 (erd15) and encoding late embryogenesis abun-
dant protein (bab18) and improving drought tolerance [129]. Photosynthetic proteins
and antioxidants were found to be more abundant in barley primed with P. indica under
drought, according to proteomic analyses [130]. Metaproteomics is gaining prominence as a
method to understand the system created by the intersection of several metabolic networks
occurring in the ecosystem. Proteins associated with photosynthesis and plant defense
were overexpressed in the rice’s aerial portions and subsurface sections, respectively, ac-
cording to a proteomic study of the inoculation of S. meliloti [131]. Similar to this, a recent
study used the metabolomics technique to characterize most of the metabolomic variants
of S. bicolor that conferred resistance to drought after being primed with PGPR employing
UHPLC-HDMS [132]. Variation in metabolism caused by changes in the environment
results in changes in the pattern of exudation pattern [133,134]. Dehydrin-like genes are
known to have differential expression during drought stress in the leaves and roots of
sunflowers [135]. Moreover, using 2D-PAGE, specific proteins responsive to dryness have
been identified in the wheat plant roots [136]. A combinatorial investigation identified six
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differently expressed stress proteins using 2D-PAGE and differential display PCR with
B. licheniformis K11-primed pepper plant [78].

Similar to this, P. fluorescens Q8r1-96 caused a distinct profile for numerous defense-
related genes when it was inoculated in wheat [137]. Real-time PCR was used to identify
changed translational profiles of the transcription factors CTR1 and DREB2, as well as
altered hormonal levels in wheat plants treated with B. subtilis (LDR2) during drought
stress [138]. Microarray analysis altered the expression of several genes involved in drought
signalling in the P. chlororaphis O6-colonized A. thaliana. The ethylene-response gene,
the salicylic acid-regulated gene, HEL, PR-1, and the jasmonic acid-marker genes, pdf-1.2
and VSP1, were all overexpressed in the primed plants [139]. The microarray methodology
has been used in plant–microbe interactions in contemporary wild emmer and wheat
as drought response methods [140]. The ABA-dependent signaling genes that provide
resistance to drought in sugar cane cv. SP70-1143 were shown to be upregulated attributable
to the N2 fixing G. diazotrophicus PAL5 and sugarcane [141]. The level of the antioxidant
SOD was increased in several studies investigating the function of nanoparticles in the
mitigation of drought stress [142]. Utilizing SiNPs enhanced the tolerance of wheat plants
to drought stress [143]. For plant tolerance to drought research, ZnO, copper, silver, and
nanosilica NPs were also used to enhance drought tolerance in plants [144]. Therefore, other
novel pathways from the inhabitant of the rhizosphere with the help of several high-end
technologies may likely be found suitable for the mitigation of drought stress.

Table 2. Notable drought-responsive genes produced by PGPR for drought mitigation in plants.

PGPR Host Plant Role Notable Genes Identified Reference

Pseudomonas strains A. thaliana Improved drought resistance

ACS, ACO, (biosynthesis
of ethylene),

CPA, ADC, SAMDC, SPMS,
SPDS, and AIH (biosynthesis

of polyamine), Pdf1.2 (JA
marker gene), VSP1

(ethylene-responsive gene),
and

PR1 (a gene involved in the
regulation of SA)

Wang, et al. [145]

Bacillus spp. P. nigrum Improved drought resistance VA, Cadhn, and Shsp Guterman [146]

P. florescens O. sativa Improved drought resistance COC1, COX1 ERD15, Hsp20,
bZIP1, and PKDB Wang, et al. [147]

Pseudomonas strains L. barium Improved drought resistance RAB18, LbSKOR, and LbKT1 Kaushal [26]
B. amyloliquefaciens

5113, and A. brasilense N040 T. aestivum Increment in the redox cycle
of ascorbate-glutathione SAMS1, HSP 17.8, and APX1 Wu, et al. [148]

5. Seed Priming with PGPR Bioinoculants in the Mitigation of Drought Stress

An environmentally friendly alternative to traditional agricultural pesticides is the
creation of bio-formulations to promote soil fertility, plant growth, and the eradication
of plant diseases [149,150]. However, their broad usage is constrained by the enormous
amount of bio-inoculum needed for each plant [151]. We need to implement a flexible
strategy that allows farmers to provide customized microbial inoculants based on the soil,
crop, and environmental variables in the field to maximize the efficacy of bio-inocula [152].
Moreover, less research has been carried out on effective inoculation techniques for large-
acre crops, which slows down the use of these crops at the commercial level. Direct
applications of bio-inoculants to the seeds, soil, and the entire plant through foliar spray
and root dipping are all possible [153]. Recent research on the combined use of PGPR and
biochar found that RWC and critical nutrient absorption increased [154]. When there is
a danger that the bio-inoculant would damage the seeds, its direct application to the soil
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is often recommended. However, the technique is expensive because a larger volume is
needed per acre of farmland [155].

For inoculating plants, foliar spraying and root dipping are frequently used, although
they have the disadvantage of requiring the establishment of a plant nursery and a higher
formulation dosage. As an alternative, seed-applied inoculation is a cost-effective technique
that successfully establishes PGPR in its preferred environment, namely the rhizosphere of
the intended crop [156]. An efficient method for producing seed-based inoculants is seed
coating [157]. Fillers, inoculants, and binders are combined with seeds in simple mixing
machinery or more specialized apparatus to accomplish microbial-based coating of the
seed. Common sticky substances including CMC, polysaccharide PelGel, gum Arabic,
and methylcellulose are examples of binders. Bulking agents such as talc, lime, and peat
are examples of fillers. Some substances, such as alginate, function as both binders and
fillers [158,159]. In recent years, chitosan and biochar have also been utilized as binders and
fillers [160,161]. In order to increase microbial survivability, binders are used. For typical
germination of seed and subsequent plant growth, the concentration and kind of filler and
binder must be arranged correctly. According to a recent study, utilizing P. putida to coat
chickpea seeds with SiO2 and starch enhanced yield due to an increased biomass under
drought stress [83].

Calcium chloride (CaCl2), P. lentimorbus B-30488, and sodium alginate-coated chick-
peas, increased colony-forming units and tolerance to drought [162]. The finding made
a strong case for calcium chloride and sodium alginate’s effectiveness in promoting the
B-30488 biofilm and resisting drought. Superabsorbent polymers (SAPs), which can tolerate
over a hundred times their weight in water, are water-soluble polymeric compounds that
have been employed in agriculture for a long time [163]. In seed coating technology, super-
absorbent polymers are used with additional materials to produce pelleted or encrusted
seeds [164]. Hydro-absorbers and superabsorbent polymers boosted the germination
potential of the seed by increasing the water supply close to the seed [165].

Only a small part of the numerous published research on the ability of different micro-
bial inoculants to increase productivity and tolerance to various abiotic and biotic stressors
has been scaled up for widespread agricultural usage. Failure of lab-selected PGPR strains
to boost plant growth in the field is one of the typical issues limiting the bulk production
of bio-inoculants [166]. The development of novel PGPR inoculums is concentrated on
screening tests in the lab that are based on the specific PGPR mechanism, namely nitrogen
fixation, auxin production, the activity of ACC deaminase, and solubilization of calcium
phosphate. IN contrast, in field situations, the isolated pure culture strains with PGPR char-
acteristics may not always promote plant growth. On the other hand, isolates showing little
in vitro growth promotion may have a different plant growth promotion mechanism [167].

Furthermore, using the traditional in vitro PGPR screening procedures, beneficial
strains are often eliminated based on lower effectiveness [168]. A further obstacle to their
widespread usage is the selective character of bio-inoculants, which prefer to target just one
pathogen in contrast to their inorganic counterparts. This may lead to variable quality in a
field situation when several elements are present [169]. Therefore, it is essential to carefully
assess a variety of ecological factors before selecting a bio-inoculant for a provided location.
The most powerful and active microorganisms should ideally be chosen from a familiar
agroecosystem. Other obstacles to the widespread adoption of bio-inoculant for sustainable
agricultural systems include the formulation’s brief lifespan, fumigants’ alteration of the
microbial ecology, and the presence of mineral-based fertilizers and herbicides.

6. Omics Approaches Employed in the Microbe-Mediated Mitigation of
Drought Stress

The cellular structure of plants contains intricate and intertwined interactions between
the microorganism and the plant. It is crucial to research how various signals provided
by microbes colonizing plants are altered and integrated, as well as how this affects crop
development. Numerous abiotic and biotic environmental stresses must be overcome by a
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plant. The signal produced by microbial interactions with plants can take many different
forms; in roots, it elicits sustained metabolic biochemical, and physiological responses
in distal and/or local plant parts. Such reactions are connected to stress on all levels;
some of them are beneficial, while others may be harmful. Due to escalating climate
changes and significant crop losses, it is crucial to define and understand plant–microbe
interactions in relation to defense against abiotic stress [17,170]. Multi-omic techniques can
interpret plant alterations at the cellular and molecular levels to uncover these pathways
(Figure 3). Incorporating studies on plant–microbe interactions and their surrounding
environment, multi-omic methodologies such as metabolomics, genomics, proteomics,
phenomics, and transcriptomics developed multilayered data that can react in real-time to
what is happening inside cells. These processes of integrating, analyzing, and deciphering
large data can produce a wealth of information with tremendous potential for applications
in the field.
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It has been well-established by prior studies on the morphophysiological, molecular,
and biochemical interactions between microbes and plants under stress that microbial asso-
ciations greatly impact the responses of plants to different environmental conditions [171].
The biological information produced by multi-omics techniques might open a new route
for stress management, which can reveal the complex plant–microbe interactions and relate
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the molecular alterations that result from plant tolerance to abiotic stress [126,172]. Devel-
opments in high-end computational and instrumentation integration support the analysis
and generation of data in omics approaches that assist in decoding proteins, distinct signal
molecules, gene cascades, and genes associated with their metabolic pathways and genetic
networks in a bid to showcase their functions.

Gene mutation technology, metabolite profiling, gene editing, proteomic analysis, and
RNAi-mediated gene silencing are other examples of technological advancements that
have made it simpler to comprehend massive amounts of molecular data that are used to
improve our knowledge on microbe-mediated mitigation approaches for abiotic stresses
in plants [173]. As a thorough and integrated analytic method, multi-omic techniques
emerged to deal with one of the dynamic and intricate microbial associations with plants
to control the consequences that have been produced in the plants to help them cope
with stress.

Studies using a wide range of omic techniques (genomics, metagenomics, metabolomics,
and proteomics) broaden our understanding of how plants and microbes interact. The acti-
vation of gene and metabolic pathways, enzymes, protein accumulation, and augmentation,
cascades, metabolites, and stress-adaptive gene regulation are some of the mechanisms
behind the interactions between microbes and plants exposed to stresses. The dynamic
information provided by these integrated omic techniques is associated with the overall
impacts of plants on a variety of stressed conditions. Such research opens a new path
for the coordination of tried-and-true tactics in the area of plant–microbe interaction un-
der induced stress. Furthermore, it is crucial to understand how microbial metabolites
affect plant–microbe interactions and how they might help plants cope with water stress.
However, many of the factors underlying the precise mechanisms of drought tolerance in
crop plants can be addressed by the omics-based generation of big data based on detailed
techniques involving genomic, metabolomic, transcriptomic, and proteomic studies on
abiotic stress and plant–microbe interactions.

Currently, there are vast amounts of omics data. Rapid and high-throughput iden-
tification of several genes concurrently for a relevant characteristic is made possible by
the integration of omics data. Switching from single gene analysis to pathway or network
analysis radically alters the way we perform our present research. We can develop fu-
ture crops and understand plant–microbe mechanisms using a three-step road plan [174],
through the vast knowledge of domestication and improvement gathered from omics
data in conjunction with the new gene editing tools. In this approach, crop breeding and
plant–microbe interactions for food security in the future will meet a variety of human
demands while also adjusting to agricultural system reform. Such a success will be made
possible by the information discovered through omics data, which will aid in the growth of
sustainable agriculture. Considering this, we suggest the integration of multi-omics with
systems biology using a top-down (phenotype to genotype) and bottom-up (genotype to
phenotype) approach that might be useful to create high-quality agronomic characteristics
for crop advances under biotic and abiotic stresses.

Major Constraints and Future Prospects

As a result of the increased need for larger outputs and better production, a growing
number of crops, sustainable agriculture, and soil fertility, rhizo-engineering is becoming
more popular in research to create a novel environment that allows plants and microbes
to interact. Plant rhizo-engineering’s growth-promoting rhizobacteria are a promising
component, and they have a variety of clear advantages [175,176]. PGPRs are useful
in the reduction in several abiotic and biotic pressures. In addition, PGPRs are known
to accelerate the growth of plants through a variety of methods, including antioxidant
processes, phytohormone synthesis, control of ethylene, induction of induced systemic
resistance, and production of exopolysaccharide.

Although many reports exist on PGPR-mediated drought mitigation, unfortunately,
detailed drought-induced signaling involving soil–plant–microbe tripartite relation is
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challenging. This is primarily due to the complex and interwoven mechanisms that govern
the establishment of root microbiomes. Moreover, it is important to have an in-depth
knowledge of microbe-mediated mitigation mechanisms in the plant for crop improvement.
Genetic engineering and plant breeding techniques are often used for the development of
drought-tolerant crop varieties, but it is a long-drawn process.

Furthermore, it is currently uncertain how consistently PGPRs work in field conditions.
This worry stems from the poor quality of inocula and bacteria’s inability to compete with
indigenous populations under challenging circumstances. To compete with indigenous
populations for scarce resources, colonize, and survive in specific sections of roots, the
inoculated strain of PGPR must be rhizosphere adept. As a result, the soil must be supplied
with high concentrations of beneficial bacterial strains for agronomic purposes [177]. A
multi-strain bacterial consortium may be helpful when a single bacterial strain is ineffective
in promoting stress tolerance [178]. The inoculation method is very important since a poor
technique might provide inconsistent and incorrect outcomes. Using liquid inoculation,
seed coating, and peat-based inoculants are some of the present effective inoculation
methods [175].

Consequently, the choice and performance of strong strains in nutrient-poor soils
and fluctuating weather conditions determine the commercial viability of PGPRs. This
strongly relies on the PGPRs’ shelf life, the viability of the cells, their protection from
the soil environment, their ease of use, and their cost-effectiveness. Moreover, these
strains must have been found to be nonpathogenic and nontoxic [179]. The microbial
formulations must be properly prepared so that the rhizobacteria are not antagonistic to
one another. The performance of PGPRs can be improved by microencapsulation, which
also lowers costs and increases viability and shelf life [180]. In general, using PGPRs to
address biotic and abiotic stressors and advance sustainable agriculture is a promising
strategy. The collaboration of biotechnologists, agriculturalists, microbiologists, farmers,
and industrialists will be essential to its successful commercialization. Every step must be
geared towards agricultural sustainability.

7. Conclusions

This article offers a thorough analysis of how drought affects crop plants and promotes
the use of rhizobacteria for plant development as an eco-friendly strategy for dealing with
drought and achieving sustainable agriculture. Additionally, the investigation of numerous
drought-responsive genes utilizing omics-based and molecular methods has increased our
understanding of the various functional characteristics of rhizobacteria during drought.
Finding different rhizobacterial microbes might lead to a better understanding of how they
are connected, which can help with the management of crop health. Microbial inoculants
are the best possible candidates for healthier and cleaner food options, as well as eco-
friendly and agricultural sustainability. According to recent studies, rhizobacteria can
enhance plants’ drought tolerance. Plants that have been exposed to rhizobacteria use a
variety of strategies, such as synthesis of phytohormone, increased level of antioxidant,
osmolyte movement, enhanced nutrient absorption, as well as the synthesis of VOC, and
EPS. Often, the RWC of the plant during a drought is improved by all the aforementioned
mechanisms. It is commonly known that PGPR therapy increases RWC; however, the
precise mechanism behind this change is unknown. It is well-accepted that plants’ rapid
closure of the stomatal after an increase in ABA is caused by PGPR during drought increases
RWC. Another widely recognized theory, however, links the increase in RWC to changes
in the physiological function’s responsiveness alongside the closure of the stomatal. The
significance of understanding the mechanisms underpinning bacterial-mediated tolerance
to drought through improved RWC is highlighted by these conflicting viewpoints.

Additionally, using PGPR-based bio-inoculants to help plants cope with drought is a
new approach to using microbes in dryland agriculture. By combining research on plant–
microbe interactions with their physical environments, multi-omics techniques can be
extremely beneficial in the improved design of the bio-inoculants to achieve maximum ben-
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efit under challenging abiotic stress factors. This is performed by producing multi-faceted
knowledge that can explain the current situation within cells. Furthermore, recent advances
in cutting-edge technologies, such as metabolomics and transcriptomics have provided us
new information on how PGPR interact with one another and colonize the rhizosphere of
plants, which may lead to the development of novel strategies for enhancing stress resis-
tance. Moreover, because the coating of the seed efficiently transports the PGPR into the
rhizosphere of the plant, it may be a successful strategy for the formulation of bioinoculants
that are rhizobacteria-based. The efficiency of inoculants from rhizobacteria in drought,
however, has limited studies so far. To improve the broad usage of rhizobacterial strains
in industrial-scale agriculture, a more concentrated investigation is needed to identify the
right rhizobacterial strains, their best delivery methods, and potential field candidates.
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44. Szablińska-Piernik, J.; Lahuta, L.B. Metabolite profiling of semi-leafless pea (Pisum sativum L.) under progressive soil drought and
subsequent re-watering. J. Plant Physiol. 2021, 256, 153314. [CrossRef]

45. Bao, G.; Ashraf, U.; Wang, C.; He, L.; Wei, X.; Zheng, A.; Mo, Z.; Tang, X. Molecular basis for increased 2-acetyl-1-pyrroline
contents under alternate wetting and drying (AWD) conditions in fragrant rice. Plant Physiol. Biochem. 2018, 133, 149–157.
[CrossRef]

46. Suárez, R.; Wong, A.; Ramírez, M.; Barraza, A.; Orozco, M.D.C.; Cevallos, M.A.; Lara, M.; Hernández, G.; Iturriaga, G.
Improvement of drought tolerance and grain yield in common bean by overexpressing trehalose-6-phosphate synthase in
rhizobia. Mol. Plant-Microbe Interact. 2008, 21, 958–966. [CrossRef]

47. Vílchez, J.I.; García-Fontana, C.; Román-Naranjo, D.; González-López, J.; Manzanera, M. Plant drought tolerance enhancement by
trehalose production of desiccation-tolerant microorganisms. Front. Microbiol. 2016, 7, 1577. [CrossRef]

48. Bhat, M.A.; Kumar, V.; Bhat, M.A.; Wani, I.A.; Dar, F.L.; Farooq, I.; Bhatti, F.; Koser, R.; Rahman, S.; Jan, A.T. Mechanistic insights
of the interaction of plant growth-promoting rhizobacteria (PGPR) with plant roots toward enhancing plant productivity by
alleviating salinity stress. Front. Microbiol. 2020, 11, 1952. [CrossRef] [PubMed]

49. Cho, S.M.; Kang, B.R.; Han, S.H.; Anderson, A.J.; Park, J.-Y.; Lee, Y.-H.; Cho, B.H.; Yang, K.-Y.; Ryu, C.-M.; Kim, Y.C. 2R,
3R-butanediol, a bacterial volatile produced by Pseudomonas chlororaphis O6, is involved in induction of systemic tolerance to
drought in Arabidopsis thaliana. Mol. Plant-Microbe Interact. 2008, 21, 1067–1075. [CrossRef] [PubMed]

50. Belimov, A.A.; Dodd, I.C.; Hontzeas, N.; Theobald, J.C.; Safronova, V.I.; Davies, W.J. Rhizosphere bacteria containing 1-
aminocyclopropane-1-carboxylate deaminase increase yield of plants grown in drying soil via both local and systemic hormone
signalling. New Phytol. 2009, 181, 413–423. [CrossRef] [PubMed]

51. Ortiz, N.; Armada, E.; Duque, E.; Roldán, A.; Azcón, R. Contribution of arbuscular mycorrhizal fungi and/or bacteria to
enhancing plant drought tolerance under natural soil conditions: Effectiveness of autochthonous or allochthonous strains. J. Plant
Physiol. 2015, 174, 87–96. [CrossRef] [PubMed]

52. Durán, P.; Acuña, J.; Armada, E.; López-Castillo, O.; Cornejo, P.; Mora, M.; Azcón, R. Inoculation with selenobacteria and
arbuscular mycorrhizal fungi to enhance selenium content in lettuce plants and improve tolerance against drought stress. J. Soil
Sci. Plant Nutr. 2016, 16, 211–225. [CrossRef]

53. Ullah, A.; Manghwar, H.; Shaban, M.; Khan, A.H.; Akbar, A.; Ali, U.; Ali, E.; Fahad, S. Phytohormones enhanced drought
tolerance in plants: A coping strategy. Environ. Sci. Pollut. Res. 2018, 25, 33103–33118. [CrossRef]

54. Ortiz-Castro, R.; Campos-García, J.; López-Bucio, J. Pseudomonas putida and Pseudomonas fluorescens influence Arabidopsis root
system architecture through an auxin response mediated by bioactive cyclodipeptides. J. Plant Growth Regul. 2020, 39, 254–265.
[CrossRef]

55. Singh, T.B.; Sahai, V.; Ali, A.; Prasad, M.; Yadav, A.; Shrivastav, P.; Goyal, D.; Dantu, P.K. Screening and evaluation of PGPR
strains having multiple PGP traits from hilly terrain. J. Appl. Biol. Biotechnol. 2020, 8, 3–4.

56. Karimi, N.; Goltapeh, E.M.; Amini, J.; Mehnaz, S.; Zarea, M.J. Effect of Azospirillum zeae and seed priming with zinc, manganese
and auxin on growth and yield parameters of wheat, under dryland farming. Agric. Res. 2021, 10, 44–55. [CrossRef]

57. Raheem, A.; Shaposhnikov, A.; Belimov, A.A.; Dodd, I.C.; Ali, B. Auxin production by rhizobacteria was associated with improved
yield of wheat (Triticum aestivum L.) under drought stress. Arch. Agron. Soil Sci. 2018, 64, 574–587. [CrossRef]

58. Marulanda, A.; Azcón, R.; Chaumont, F.; Ruiz-Lozano, J.M.; Aroca, R. Regulation of plasma membrane aquaporins by inoculation
with a Bacillus megaterium strain in maize (Zea mays L.) plants under unstressed and salt-stressed conditions. Planta 2010, 232,
533–543. [CrossRef] [PubMed]

59. Bresson, J.; Varoquaux, F.; Bontpart, T.; Touraine, B.; Vile, D. The PGPR strain Phyllobacterium brassicacearum STM 196 induces a
reproductive delay and physiological changes that result in improved drought tolerance in Arabidopsis. New Phytol. 2013, 200,
558–569. [CrossRef] [PubMed]

60. Agrawal, R.; Satlewal, A.; Varma, A. Characterization of plant growth-promoting rhizobacteria (PGPR): A perspective of
conventional versus recent techniques. In Heavy Metal Contamination of Soils; Soil Biology; Sherameti, I., Varma, A., Eds.; Springer:
Cham, Switzerland, 2015; Volume 44. [CrossRef]

61. Enebe, M.C.; Babalola, O.O. The influence of plant growth-promoting rhizobacteria in plant tolerance to abiotic stress: A survival
strategy. Appl. Microbiol. Biotechnol. 2018, 102, 7821–7835. [CrossRef]

62. Khan, N.; Bano, A.; Ali, S.; Babar, M. Crosstalk amongst phytohormones from planta and PGPR under biotic and abiotic stresses.
Plant Growth Regul. 2020, 90, 189–203. [CrossRef]

63. Kang, S.-M.; Waqas, M.; Khan, A.L.; Lee, I.-J. Plant-growth-promoting rhizobacteria: Potential candidates for gibberellins
production and crop growth promotion. In Use of Microbes for the Alleviation of Soil Stresses; Miransari, M., Ed.; Springer: New York,
NY, USA, 2014; Volume 1, pp. 1–19.

64. Bottini, R.; Cassán, F.; Piccoli, P. Gibberellin production by bacteria and its involvement in plant growth promotion and yield
increase. Appl. Microbiol. Biotechnol. 2004, 65, 497–503. [CrossRef]

http://doi.org/10.1371/journal.pone.0052565
http://doi.org/10.3390/ijerph17072459
http://www.ncbi.nlm.nih.gov/pubmed/32260284
http://doi.org/10.1016/j.jplph.2020.153314
http://doi.org/10.1016/j.plaphy.2018.10.032
http://doi.org/10.1094/MPMI-21-7-0958
http://doi.org/10.3389/fmicb.2016.01577
http://doi.org/10.3389/fmicb.2020.01952
http://www.ncbi.nlm.nih.gov/pubmed/32973708
http://doi.org/10.1094/MPMI-21-8-1067
http://www.ncbi.nlm.nih.gov/pubmed/18616403
http://doi.org/10.1111/j.1469-8137.2008.02657.x
http://www.ncbi.nlm.nih.gov/pubmed/19121036
http://doi.org/10.1016/j.jplph.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25462971
http://doi.org/10.4067/S0718-95162016005000017
http://doi.org/10.1007/s11356-018-3364-5
http://doi.org/10.1007/s00344-019-09979-w
http://doi.org/10.1007/s40003-020-00480-5
http://doi.org/10.1080/03650340.2017.1362105
http://doi.org/10.1007/s00425-010-1196-8
http://www.ncbi.nlm.nih.gov/pubmed/20499084
http://doi.org/10.1111/nph.12383
http://www.ncbi.nlm.nih.gov/pubmed/23822616
http://doi.org/10.1007/978-3-319-14526-6_23
http://doi.org/10.1007/s00253-018-9214-z
http://doi.org/10.1007/s10725-020-00571-x
http://doi.org/10.1007/s00253-004-1696-1


Plants 2022, 11, 3090 21 of 25

65. Cohen, A.C.; Bottini, R.; Piccoli, P.N. Azospirillum brasilense Sp 245 produces ABA in chemically-defined culture medium and
increases ABA content in arabidopsis plants. Plant Growth Regul. 2008, 54, 97–103. [CrossRef]

66. Zaheer, M.S. Effect of Plant Growth Promoting Rhizobacteria (PGPR) and Cytokinins on the Growth and Yield of Wheat
(Triticum aestivum L.) under Drought. Doctoral Dissertation, Islamia University, Bahawalpur, Pakistan, 2019. Available online:
http://173.208.131.244:9060/xmlui/handle/123456789/2261 (accessed on 23 October 2022).

67. Cohen, A.C.; Bottini, R.; Piccoli, P. Role of abscisic acid producing PGPR in sustainable agriculture. In Bacterial Metabolites in
Sustainable Agroecosystem; Maheshwari, D.K., Ed.; Springer International Publishing: Cham, Switzerland, 2015; pp. 259–282.

68. Cardoso, A.A.; Gori, A.; Da-Silva, C.J.; Brunetti, C. Abscisic acid biosynthesis and signaling in plants: Key targets to improve
water use efficiency and drought tolerance. Appl. Sci. 2020, 10, 6322. [CrossRef]

69. Salomon, M.V.; Bottini, R.; de Souza Filho, G.A.; Cohen, A.C.; Moreno, D.; Gil, M.; Piccoli, P. Bacteria isolated from roots and
rhizosphere of Vitis vinifera retard water losses, induce abscisic acid accumulation and synthesis of defense-related terpenes in
in vitro cultured grapevine. Physiol. Plant. 2014, 151, 359–374. [CrossRef]

70. Husain, T.; Fatima, A.; Suhel, M.; Singh, S.; Sharma, A.; Prasad, S.M.; Singh, V.P. A brief appraisal of ethylene signaling under
abiotic stress in plants. Plant Signal. Behav. 2020, 15, 1782051. [CrossRef]

71. Ravanbakhsh, M.; Sasidharan, R.; Voesenek, L.A.; Kowalchuk, G.A.; Jousset, A. Microbial modulation of plant ethylene signaling:
Ecological and evolutionary consequences. Microbiome 2018, 6, 52. [CrossRef]

72. Shakir, M.A.; Asghari, B.; Muhammad, A. Rhizosphere bacteria containing ACC-deaminase conferred drought tolerance in wheat
grown under semi-arid climate. Soil Environ. 2012, 31, 108–112.

73. Vandana, U.K.; Singha, B.; Gulzar, A.; Mazumder, P. Molecular mechanisms in plant growth promoting bacteria (PGPR) to resist
environmental stress in plants. In Molecular Aspects of Plant Beneficial Microbes in Agriculture; Sharma, V., Salwan, R., Khalil, L.,
Al-Ani, T., Eds.; Elsevier: Amsterdam, The Netherlands, 2020; pp. 221–233.

74. Meena, M.; Swapnil, P.; Divyanshu, K.; Kumar, S.; Tripathi, Y.N.; Zehra, A.; Marwal, A.; Upadhyay, R.S. PGPR-mediated induction
of systemic resistance and physiochemical alterations in plants against the pathogens: Current perspectives. J. Basic Microbiol.
2020, 60, 828–861. [CrossRef]

75. Nordstedt, N.P.; Chapin, L.J.; Taylor, C.G.; Jones, M.L. Identification of Pseudomonas Spp. that increase ornamental crop quality
during abiotic stress. Front. Plant Sci. 2020, 10, 1754. [CrossRef]

76. Arshad, M.; Shaharoona, B.; Mahmood, T. Inoculation with Pseudomonas spp. containing ACC-deaminase partially eliminates
the effects of drought stress on growth, yield, and ripening of pea (Pisum sativum L.). Pedosphere 2008, 18, 611–620. [CrossRef]

77. Mayak, S.; Tirosh, T.; Glick, B.R. Plant growth-promoting bacteria that confer resistance to water stress in tomatoes and peppers.
Plant Sci. 2004, 166, 525–530. [CrossRef]

78. Lim, J.-H.; Kim, S.-D. Induction of drought stress resistance by multi-functional PGPR Bacillus licheniformis K11 in pepper. Plant
Pathol. J. 2013, 29, 201. [CrossRef]

79. Saleem, M.; Law, A.D.; Sahib, M.R.; Pervaiz, Z.H.; Zhang, Q. Impact of root system architecture on rhizosphere and root
microbiome. Rhizosphere 2018, 6, 47–51. [CrossRef]

80. Niu, X.; Song, L.; Xiao, Y.; Ge, W. Drought-tolerant plant growth-promoting rhizobacteria associated with foxtail millet in a
semi-arid agroecosystem and their potential in alleviating drought stress. Front. Microbiol. 2018, 8, 2580. [CrossRef]

81. Singh, B.; Usha, K. Salicylic acid induced physiological and biochemical changes in wheat seedlings under water stress. Plant
Growth Regul. 2003, 39, 137–141. [CrossRef]

82. Bandurska, H. The effect of salicylic acid on barley response to water deficit. Acta Physiol. Plant. 2005, 27, 379–386. [CrossRef]
83. Rocha, I.; Ma, Y.; Vosátka, M.; Freitas, H.; Oliveira, R.S. Growth and nutrition of cowpea (Vigna unguiculata) under water deficit as

influenced by microbial inoculation via seed coating. J. Agron. Crop Sci. 2019, 205, 447–459. [CrossRef]
84. Liu, F.; Xing, S.; Ma, H.; Du, Z.; Ma, B. Cytokinin-producing, plant growth-promoting rhizobacteria that confer resistance to

drought stress in Platycladus orientalis container seedlings. Appl. Microbiol. Biotechnol. 2013, 97, 9155–9164. [CrossRef] [PubMed]
85. Qiu, Z.; Guo, J.; Zhu, A.; Zhang, L.; Zhang, M. Exogenous jasmonic acid can enhance tolerance of wheat seedlings to salt stress.

Ecotoxicol. Environ. Saf. 2014, 104, 202–208. [CrossRef] [PubMed]
86. Cho, S.-M.; Kim, Y.H.; Anderson, A.J.; Kim, Y.C. Nitric oxide and hydrogen peroxide production are involved in systemic drought

tolerance induced by 2R, 3R-butanediol in Arabidopsis thaliana. Plant Pathol. J. 2013, 29, 427. [CrossRef]
87. Rolli, E.; Marasco, R.; Vigani, G.; Ettoumi, B.; Mapelli, F.; Deangelis, M.L.; Gandolfi, C.; Casati, E.; Previtali, F.; Gerbino, R.

Improved plant resistance to drought is promoted by the root-associated microbiome as a water stress-dependent trait. Environ.
Microbiol. 2015, 17, 316–331. [CrossRef]

88. Vu, B.; Chen, M.; Crawford, R.J.; Ivanova, E.P. Bacterial extracellular polysaccharides involved in biofilm formation. Molecules
2009, 14, 2535–2554. [CrossRef]

89. Ilyas, N.; Mumtaz, K.; Akhtar, N.; Yasmin, H.; Sayyed, R.; Khan, W.; Enshasy, H.A.E.; Dailin, D.J.; Elsayed, E.A.; Ali, Z.
Exopolysaccharides producing bacteria for the amelioration of drought stress in wheat. Sustainability 2020, 12, 8876. [CrossRef]

90. Bashan, Y.; Holguin, G.; De-Bashan, L.E. Azospirillum-plant relationships: Physiological, molecular, agricultural, and environ-
mental advances (1997–2003). Can. J. Microbiol. 2004, 50, 521–577. [CrossRef]

91. Borlee, B.R.; Goldman, A.D.; Murakami, K.; Samudrala, R.; Wozniak, D.J.; Parsek, M.R. Pseudomonas aeruginosa uses a cyclic-di-
GMP-regulated adhesin to reinforce the biofilm extracellular matrix. Mol. Microbiol. 2010, 75, 827–842. [CrossRef]

http://doi.org/10.1007/s10725-007-9232-9
http://173.208.131.244:9060/xmlui/handle/123456789/2261
http://doi.org/10.3390/app10186322
http://doi.org/10.1111/ppl.12117
http://doi.org/10.1080/15592324.2020.1782051
http://doi.org/10.1186/s40168-018-0436-1
http://doi.org/10.1002/jobm.202000370
http://doi.org/10.3389/fpls.2019.01754
http://doi.org/10.1016/S1002-0160(08)60055-7
http://doi.org/10.1016/j.plantsci.2003.10.025
http://doi.org/10.5423/PPJ.SI.02.2013.0021
http://doi.org/10.1016/j.rhisph.2018.02.003
http://doi.org/10.3389/fmicb.2017.02580
http://doi.org/10.1023/A:1022556103536
http://doi.org/10.1007/s11738-005-0015-5
http://doi.org/10.1111/jac.12335
http://doi.org/10.1007/s00253-013-5193-2
http://www.ncbi.nlm.nih.gov/pubmed/23982328
http://doi.org/10.1016/j.ecoenv.2014.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24726929
http://doi.org/10.5423/PPJ.OA.07.2013.0069
http://doi.org/10.1111/1462-2920.12439
http://doi.org/10.3390/molecules14072535
http://doi.org/10.3390/su12218876
http://doi.org/10.1139/w04-035
http://doi.org/10.1111/j.1365-2958.2009.06991.x


Plants 2022, 11, 3090 22 of 25

92. Verma, G.; Srivastava, D.; Tiwari, P.; Chakrabarty, D. ROS modulation in crop plants under drought stress. In Reactive Oxygen,
Nitrogen Sulfur Species in Plants: Production, Metabolism, Signaling Defense Mechanisms; Hasanuzzaman, M., Fotopoulos, V.,
Nahar, K., Fujita, M., Eds.; John Wiley & Sons: New York, NY, USA, 2019; pp. 311–336. [CrossRef]

93. Cruz de Carvalho, M.H. Drought stress and reactive oxygen species: Production, scavenging and signaling. Plant Signal. Behav.
2008, 3, 156–165. [CrossRef]

94. Narayanasamy, S.; Thangappan, S.; Uthandi, S. Plant growth-promoting Bacillus sp. cahoots moisture stress alleviation in rice
genotypes by triggering antioxidant defense system. Microbiol. Res. 2020, 239, 126518. [CrossRef] [PubMed]

95. Ghanbari, F.; Kordi, S. Hardening pretreatment by drought and low temperature enhanced chilling stress tolerance of cucumber
seedlings. Acta Sci. Pol. Hortorum Cultus 2019, 18, 29–37. [CrossRef]

96. Yaseen, R.; Aziz, O.; Saleem, M.H.; Riaz, M.; Zafar-ul-Hye, M.; Rehman, M.; Ali, S.; Rizwan, M.; Nasser Alyemeni, M.;
El-Serehy, H.A. Ameliorating the drought stress for wheat growth through application of ACC-deaminase containing rhizobacte-
ria along with biogas slurry. Sustainability 2020, 12, 6022. [CrossRef]

97. Singh, M.; Tiwari, N. Microbial amelioration of salinity stress in HD 2967 wheat cultivar by up-regulating antioxidant defense.
Commun. Integr. Biol. 2021, 14, 136–150. [CrossRef]

98. Takahashi, F.; Kuromori, T.; Urano, K.; Yamaguchi-Shinozaki, K.; Shinozaki, K. Drought stress responses and resistance in plants:
From cellular responses to long-distance intercellular communication. Front. Plant Sci. 2020, 11, 556972. [CrossRef] [PubMed]

99. Huang, B.; DaCosta, M.; Jiang, Y. Research advances in mechanisms of turfgrass tolerance to abiotic stresses: From physiology to
molecular biology. Crit. Rev. Plant Sci. 2014, 33, 141–189. [CrossRef]

100. Pirasteh-Anosheh, H.; Saed-Moucheshi, A.; Pakniyat, H.; Pessarakli, M. Stomatal responses to drought stress. In Water Stress and
Crop Plants; Ahmad, P., Ed.; John Wiley & Sons: New York, NY, USA, 2016; Volume 1, pp. 24–40. [CrossRef]

101. Shariati, J.V.; Malboobi, M.A.; Tabrizi, Z.; Tavakol, E.; Owlia, P.; Safari, M. Comprehensive genomic analysis of a plant growth-
promoting rhizobacterium Pantoea agglomerans strain P5. Sci. Rep. 2017, 7, 15610. [CrossRef] [PubMed]

102. Defez, R.; Andreozzi, A.; Bianco, C. The overproduction of indole-3-acetic acid (IAA) in endophytes upregulates nitrogen fixation
in both bacterial cultures and inoculated rice plants. Microb. Ecol. 2017, 74, 441–452. [CrossRef]

103. Ali, S.; Hayat, K.; Iqbal, A.; Xie, L. Implications of abscisic acid in the drought stress tolerance of plants. Agronomy 2020, 10, 1323.
[CrossRef]

104. Chang, W.; van de Mortel, M.; Nielsen, L.; de Guzman, G.; Li, X.; Halverson, L.J. Alginate production by Pseudomonas putida
creates a hydrated microenvironment and contributes to biofilm architecture and stress tolerance under water-limiting conditions.
J. Bacteriol. 2007, 189, 8290–8299. [CrossRef]

105. Sen, S.; Ghosh, D.; Mohapatra, S. Modulation of polyamine biosynthesis in Arabidopsis thaliana by a drought mitigating
Pseudomonas putida strain. Plant Physiol. Biochem. 2018, 129, 180–188. [CrossRef] [PubMed]

106. Sonbarse, P.P.; Kiran, K.; Sharma, P.; Parvatam, G. Biochemical and molecular insights of PGPR application for the augmentation
of carotenoids, tocopherols, and folate in the foliage of Moringa oleifera. Phytochemistry 2020, 179, 112506. [CrossRef]

107. Kakar, K.; Ren, X.L.; Nawaz, Z.; Cui, Z.Q.; Li, B.; Xie, G.L.; Hassan, M.; Ali, E.; Sun, G.C. A consortium of rhizobacterial strains
and biochemical growth elicitors improve cold and drought stress tolerance in rice (Oryza sativa L.). Plant Biol. 2016, 18, 471–483.
[CrossRef] [PubMed]

108. Yasmin, H.; Nosheen, A.; Naz, R.; Bano, A.; Keyani, R. L-tryptophan-assisted PGPR-mediated induction of drought tolerance in
maize (Zea mays L.). J. Plant Interact. 2017, 12, 567–578. [CrossRef]

109. Moreno-Galván, A.E.; Cortés-Patiño, S.; Romero-Perdomo, F.; Uribe-Vélez, D.; Bashan, Y.; Bonilla, R.R. Proline accumulation and
glutathione reductase activity induced by drought-tolerant rhizobacteria as potential mechanisms to alleviate drought stress in
Guinea grass. Appl. Soil Ecol. 2020, 147, 103367. [CrossRef]

110. Yasmin, H.; Rashid, U.; Hassan, M.N.; Nosheen, A.; Naz, R.; Ilyas, N.; Sajjad, M.; Azmat, A.; Alyemeni, M.N. Volatile organic
compounds produced by Pseudomonas pseudoalcaligenes alleviated drought stress by modulating defense system in maize (Zea mays
L.). Physiol. Plant. 2021, 172, 896–911. [CrossRef]

111. Rashid, U.; Yasmin, H.; Hassan, M.N.; Naz, R.; Nosheen, A.; Sajjad, M.; Ilyas, N.; Keyani, R.; Jabeen, Z.; Mumtaz, S. Drought-
tolerant Bacillus megaterium isolated from semi-arid conditions induces systemic tolerance of wheat under drought conditions.
Plant Cell Rep. 2022, 41, 549–569. [CrossRef]

112. Yasmin, H.; Bano, A.; Wilson, N.L.; Nosheen, A.; Naz, R.; Hassan, M.N.; Ilyas, N.; Saleem, M.H.; Noureldeen, A.; Ahmad, P.
Drought-tolerant Pseudomonas sp. showed differential expression of stress-responsive genes and induced drought tolerance in
Arabidopsis thaliana. Physiol. Plant 2022, 174, e13497. [CrossRef]

113. Luziatelli, F.; Gatti, L.; Ficca, A.G.; Medori, G.; Silvestri, C.; Melini, F.; Muleo, R.; Ruzzi, M. Metabolites secreted by a plant-
growth-promoting Pantoea agglomerans strain improved rooting of Pyrus communis L. cv Dar Gazi cuttings. Front. Microbiol. 2020,
11, 539359. [CrossRef]

114. Belimov, A.; Dodd, I.; Safronova, V.; Shaposhnikov, A.; Azarova, T.; Makarova, N.; Davies, W.; Tikhonovich, I. Rhizobacteria
that produce auxins and contain 1-amino-cyclopropane-1-carboxylic acid deaminase decrease amino acid concentrations in the
rhizosphere and improve growth and yield of well-watered and water-limited potato (Solanum tuberosum). Ann. Appl. Biol. 2015,
167, 11–25. [CrossRef]

115. Pourbabaee, A.; Bahmani, E.; Alikhani, H.; Emami, S. Promotion of wheat growth under salt stress by halotolerant bacteria
containing ACC deaminase. JAST 2016, 18, 855–864.

http://doi.org/10.1002/9781119468677.ch13
http://doi.org/10.4161/psb.3.3.5536
http://doi.org/10.1016/j.micres.2020.126518
http://www.ncbi.nlm.nih.gov/pubmed/32604045
http://doi.org/10.24326/asphc.2019.2.4
http://doi.org/10.3390/su12156022
http://doi.org/10.1080/19420889.2021.1937839
http://doi.org/10.3389/fpls.2020.556972
http://www.ncbi.nlm.nih.gov/pubmed/33013974
http://doi.org/10.1080/07352689.2014.870411
http://doi.org/10.1002/9781119054450.ch3
http://doi.org/10.1038/s41598-017-15820-9
http://www.ncbi.nlm.nih.gov/pubmed/29142289
http://doi.org/10.1007/s00248-017-0948-4
http://doi.org/10.3390/agronomy10091323
http://doi.org/10.1128/JB.00727-07
http://doi.org/10.1016/j.plaphy.2018.05.034
http://www.ncbi.nlm.nih.gov/pubmed/29886249
http://doi.org/10.1016/j.phytochem.2020.112506
http://doi.org/10.1111/plb.12427
http://www.ncbi.nlm.nih.gov/pubmed/26681628
http://doi.org/10.1080/17429145.2017.1402212
http://doi.org/10.1016/j.apsoil.2019.103367
http://doi.org/10.1111/ppl.13304
http://doi.org/10.1007/s00299-020-02640-x
http://doi.org/10.1111/ppl.13497
http://doi.org/10.3389/fmicb.2020.539359
http://doi.org/10.1111/aab.12203


Plants 2022, 11, 3090 23 of 25

116. García, J.E.; Maroniche, G.; Creus, C.; Suárez-Rodríguez, R.; Ramirez-Trujillo, J.A.; Groppa, M.D. In vitro PGPR properties and
osmotic tolerance of different Azospirillum native strains and their effects on growth of maize under drought stress. Microbiol.
Res. 2017, 202, 21–29. [CrossRef] [PubMed]

117. Ansari, F.; Jabeen, M.; Ahmad, I. Pseudomonas azotoformans FAP5, a novel biofilm-forming PGPR strain, alleviates drought stress
in wheat plant. Int. J. Environ. Sci. Technol. 2021, 18, 3855–3870. [CrossRef]

118. Silva, R.; Filgueiras, L.; Santos, B.; Coelho, M.; Silva, M.; Estrada-Bonilla, G.; Vidal, M.; Baldani, J.I.; Meneses, C. Gluconacetobacter
diazotrophicus changes the molecular mechanisms of root development in Oryza sativa L. growing under water stress. Int. J. Mol.
Sci. 2020, 21, 333. [CrossRef] [PubMed]

119. Schlauch, K.A.; Grimplet, J.; Cushman, J.; Cramer, G.R. Transcriptomics Analysis Methods: Microarray Data Processing, Analysis
and Visualization Using the Affymetrix Genechip®Vitis Vinifera Genome Array. In Methodologies and Results in Grapevine Research;
Delrot, S., Medrano, H., Or, E., Bavaresco, L., Grando, S., Eds.; Springer: Dordrecht, The Netherlands, 2010. [CrossRef]

120. Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009, 10, 57–63. [CrossRef]
121. Sheibani-Tezerji, R.; Rattei, T.; Sessitsch, A.; Trognitz, F.; Mitter, B. Transcriptome profiling of the endophyte Burkholderia phytofir-

mans PsJN indicates sensing of the plant environment and drought stress. MBio 2015, 6, e00615–e00621. [CrossRef]
122. Alavi, P.; Starcher, M.R.; Zachow, C.; Müller, H.; Berg, G. Root-microbe systems: The effect and mode of interaction of stress

protecting agent (SPA) Stenotrophomonas rhizophila DSM14405T. Front. Plant Sci. 2013, 4, 141. [CrossRef]
123. Vargas, L.; de Carvalho, T.L.G.; Ferreira, P.C.G.; Baldani, V.L.D.; Baldani, J.I.; Hemerly, A.S. Early responses of rice (Oryza sativa L.)

seedlings to inoculation with beneficial diazotrophic bacteria are dependent on plant and bacterial genotypes. Plant Soil 2012, 356,
127–137. [CrossRef]

124. Vandana, U.K.; Rajkumari, J.; Singha, L.P.; Satish, L.; Alavilli, H.; Sudheer, P.D.; Chauhan, S.; Ratnala, R.; Satturu, V.;
Mazumder, P.B. The endophytic microbiome as a hotspot of synergistic interactions, with prospects of plant growth promotion.
Biology 2021, 10, 101. [CrossRef]

125. Fadiji, A.E.; Babalola, O.O. Exploring the potentialities of beneficial endophytes for improved plant growth. Saudi J. Biol. Sci.
2020, 27, 3622–3633. [CrossRef]

126. Fadiji, A.E.; Babalola, O.O. Metagenomics methods for the study of plant-associated microbial communities: A review. J. Microbiol.
Methods 2020, 170, 105860. [CrossRef] [PubMed]

127. Zhong, Y.; Yang, Y.; Liu, P.; Xu, R.; Rensing, C.; Fu, X.; Liao, H. Genotype and rhizobium inoculation modulate the assembly of
soybean rhizobacterial communities. Plant Cell Environ. 2019, 42, 2028–2044. [CrossRef] [PubMed]

128. Silva-Sanchez, C.; Li, H.; Chen, S. Recent advances and challenges in plant phosphoproteomics. Proteomics 2015, 15, 1127–1141.
[CrossRef]

129. Sukweenadhi, J.; Kim, Y.-J.; Choi, E.-S.; Koh, S.-C.; Lee, S.-W.; Kim, Y.-J.; Yang, D.C. Paenibacillus yonginensis DCY84T induces
changes in Arabidopsis thaliana gene expression against aluminum, drought, and salt stress. Microbiol. Res. 2015, 172, 7–15.
[CrossRef] [PubMed]

130. Ghabooli, M.; Khatabi, B.; Ahmadi, F.S.; Sepehri, M.; Mirzaei, M.; Amirkhani, A.; Jorrín-Novo, J.V.; Salekdeh, G.H. Proteomics
study reveals the molecular mechanisms underlying water stress tolerance induced by Piriformospora indica in barley. J. Proteom.
2013, 94, 289–301. [CrossRef] [PubMed]

131. Chi, F.; Yang, P.; Han, F.; Jing, Y.; Shen, S. Proteomic analysis of rice seedlings infected by Sinorhizobium meliloti 1021. Proteomics
2010, 10, 1861–1874. [CrossRef] [PubMed]

132. Carlson, R.; Tugizimana, F.; Steenkamp, P.A.; Dubery, I.A.; Hassen, A.I.; Labuschagne, N. Rhizobacteria-induced systemic
tolerance against drought stress in Sorghum bicolor (L.) Moench. Microbiol. Res. 2020, 232, 126388. [CrossRef]

133. Martínez-Cortés, T.; Pomar, F.; Merino, F.; Novo-Uzal, E. A proteomic approach to Physcomitrella patens rhizoid exudates. J. Plant
Physiol. 2014, 171, 1671–1678. [CrossRef]

134. Luziatelli, F.; Ficca, A.G.; Bonini, P.; Muleo, R.; Gatti, L.; Meneghini, M.; Tronati, M.; Melini, F.; Ruzzi, M. A genetic and
metabolomic perspective on the production of indole-3-acetic acid by Pantoea agglomerans and use of their metabolites as
biostimulants in plant nurseries. Front. Microbiol. 2020, 1475. [CrossRef]

135. Liang, C.; Wang, W.; Wang, J.; Ma, J.; Li, C.; Zhou, F.; Zhang, S.; Yu, Y.; Zhang, L.; Li, W. Identification of differentially expressed
genes in sunflower (Helianthus annuus) leaves and roots under drought stress by RNA sequencing. Bot. Stud. 2017, 58, 42.
[CrossRef]

136. Wang, Y.; Qiu, L.; Song, Q.; Wang, S.; Wang, Y.; Ge, Y. Root proteomics reveals the effects of wood vinegar on wheat growth and
subsequent tolerance to drought stress. Int. J. Mol. Sci. 2019, 20, 943. [CrossRef] [PubMed]

137. Yi, Y.; de Jong, A.; Frenzel, E.; Kuipers, O.P. Comparative transcriptomics of Bacillus mycoides strains in response to potato-root
exudates reveals different genetic adaptation of endophytic and soil isolates. Front. Microbiol. 2017, 8, 1487. [CrossRef] [PubMed]

138. Barnawal, D.; Bharti, N.; Pandey, S.S.; Pandey, A.; Chanotiya, C.S.; Kalra, A. Plant growth-promoting rhizobacteria enhance
wheat salt and drought stress tolerance by altering endogenous phytohormone levels and TaCTR1/TaDREB2 expression. Physiol.
Plant. 2017, 161, 502–514. [CrossRef] [PubMed]

139. Cho, S.-M.; Kang, B.R.; Kim, Y.C. Transcriptome analysis of induced systemic drought tolerance elicited by Pseudomonas chlororaphis
O6 in Arabidopsis thaliana. Plant Pathol. J. 2013, 29, 209. [CrossRef]

140. Akpinar, B.A.; Kantar, M.; Budak, H. Root precursors of microRNAs in wild emmer and modern wheats show major differences
in response to drought stress. Funct. Integr. Genom. 2015, 15, 587–598. [CrossRef]

http://doi.org/10.1016/j.micres.2017.04.007
http://www.ncbi.nlm.nih.gov/pubmed/28647119
http://doi.org/10.1007/s13762-020-03045-9
http://doi.org/10.3390/ijms21010333
http://www.ncbi.nlm.nih.gov/pubmed/31947822
http://doi.org/10.1007/978-90-481-9283-0_22
http://doi.org/10.1038/nrg2484
http://doi.org/10.1128/mBio.00621-15
http://doi.org/10.3389/fpls.2013.00141
http://doi.org/10.1007/s11104-012-1274-8
http://doi.org/10.3390/biology10020101
http://doi.org/10.1016/j.sjbs.2020.08.002
http://doi.org/10.1016/j.mimet.2020.105860
http://www.ncbi.nlm.nih.gov/pubmed/32027927
http://doi.org/10.1111/pce.13519
http://www.ncbi.nlm.nih.gov/pubmed/30646427
http://doi.org/10.1002/pmic.201400410
http://doi.org/10.1016/j.micres.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25721473
http://doi.org/10.1016/j.jprot.2013.09.017
http://www.ncbi.nlm.nih.gov/pubmed/24120527
http://doi.org/10.1002/pmic.200900694
http://www.ncbi.nlm.nih.gov/pubmed/20213677
http://doi.org/10.1016/j.micres.2019.126388
http://doi.org/10.1016/j.jplph.2014.08.004
http://doi.org/10.3389/fmicb.2020.01475
http://doi.org/10.1186/s40529-017-0197-3
http://doi.org/10.3390/ijms20040943
http://www.ncbi.nlm.nih.gov/pubmed/30795585
http://doi.org/10.3389/fmicb.2017.01487
http://www.ncbi.nlm.nih.gov/pubmed/28824604
http://doi.org/10.1111/ppl.12614
http://www.ncbi.nlm.nih.gov/pubmed/28786221
http://doi.org/10.5423/PPJ.SI.07.2012.0103
http://doi.org/10.1007/s10142-015-0453-0


Plants 2022, 11, 3090 24 of 25

141. Vargas, L.; Santa Brigida, A.B.; Mota Filho, J.P.; De Carvalho, T.G.; Rojas, C.A.; Vaneechoutte, D.; Van Bel, M.; Farrinelli, L.;
Ferreira, P.C.; Vandepoele, K. Drought tolerance conferred to sugarcane by association with Gluconacetobacter diazotrophicus: A
transcriptomic view of hormone pathways. PLoS ONE 2014, 9, e114744. [CrossRef]

142. Ghasemlou, F.; Amiri, H.; Karamian, R.; Mirzaie-asl, A. Alleviation of the effects of on drought stress Verbascum nudicuale by
methyl jasmonate and titanium dioxide nanoparticles. Iran. J. Plant Physiol. 2019, 9, 2911–2920.

143. Khan, M.A.; Asaf, S.; Khan, A.L.; Ullah, I.; Ali, S.; Kang, S.-M.; Lee, I.-J. Alleviation of salt stress response in soybean plants with
the endophytic bacterial isolate Curtobacterium sp. SAK1. Ann. Microbiol. 2019, 69, 797–800. [CrossRef]

144. Seleiman, M.F.; Al-Suhaibani, N.; Ali, N.; Akmal, M.; Alotaibi, M.; Refay, Y.; Dindaroglu, T.; Abdul-Wajid, H.H.; Battaglia, M.L.
Drought stress impacts on plants and different approaches to alleviate its adverse effects. Plants 2021, 10, 259. [CrossRef]

145. Wang, Y.; Ohara, Y.; Nakayashiki, H.; Tosa, Y.; Mayama, S. Microarray analysis of the gene expression profile induced by the
endophytic plant growth-promoting rhizobacteria, Pseudomonas fluorescens FPT9601-T5 in Arabidopsis. Mol. Plant-Microbe Interact.
2005, 18, 385–396. [CrossRef]

146. Guterman, L. Distortions to Agricultural Incentives in Colombia; Agricultural Distortions Working Paper Series No. 1856–2016–
152637; Word Bank: Washington, DC, USA, 2007; Available online: https://ideas.repec.org/p/ags/wbadwp/ (accessed on
1 August 2022).

147. Wang, D.; Pan, Y.; Zhao, X.; Zhu, L.; Fu, B.; Li, Z. Genome-wide temporal-spatial gene expression profiling of drought
responsiveness in rice. BMC Genom. 2011, 12, 149. [CrossRef] [PubMed]

148. Wu, Y.; Ma, L.; Liu, Q.; Vestergård, M.; Topalovic, O.; Wang, Q.; Zhou, Q.; Huang, L.; Yang, X.; Feng, Y. The plant-growth
promoting bacteria promote cadmium uptake by inducing a hormonal crosstalk and lateral root formation in a hyperaccumulator
plant Sedum alfredii. J. Hazard. Mater. 2020, 395, 122661. [CrossRef] [PubMed]

149. Mishra, J.; Arora, N.K. Bioformulations for plant growth promotion and combating phytopathogens: A Sustainable Approach. In
Bioformulations: For Sustainable Agriculture; Arora, N., Mehnaz, S., Balestrini, R., Eds.; Springer: New Delhi, India, 2016; pp. 3–33.
[CrossRef]

150. Orozco-Mosqueda, M.; Flores, A.; Rojas-Sánchez, B.; Urtis-Flores, C.A.; Morales-Cedeño, L.R.; Valencia-Marin, M.F.;
Chávez-Avila, S.; Rojas-Solis, D.; Santoyo, G. Plant growth-promoting bacteria as bioinoculants: Attributes and challenges for
sustainable crop improvement. Agronomy 2021, 11, 1167. [CrossRef]

151. Oliveira, R.S.; Rocha, I.; Ma, Y.; Vosátka, M.; Freitas, H. Seed coating with arbuscular mycorrhizal fungi as an ecotechnologicalap-
proach for sustainable agricultural production of common wheat (Triticum aestivum L.). J. Toxicol. Environ. Health Part A 2016, 79,
329–337. [CrossRef] [PubMed]

152. Gadhave, K.R.; Devlin, P.F.; Ebertz, A.; Ross, A.; Gange, A.C. Soil inoculation with Bacillus spp. modifies root endophytic
bacterial diversity, evenness, and community composition in a context-specific manner. Microb. Ecol. 2018, 76, 741–750. [CrossRef]
[PubMed]

153. Mahmood, A.; Turgay, O.C.; Farooq, M.; Hayat, R. Seed biopriming with plant growth promoting rhizobacteria: A review. FEMS
Microbiol. Ecol. 2016, 92, fiw112. [CrossRef]

154. Hafez, E.M.; Alsohim, A.S.; Farig, M.; Omara, A.E.-D.; Rashwan, E.; Kamara, M.M. Synergistic effect of biochar and plant growth
promoting rhizobacteria on alleviation of water deficit in rice plants under salt-affected soil. Agronomy 2019, 9, 847. [CrossRef]

155. Vosátka, M.; Látr, A.; Gianinazzi, S.; Albrechtová, J. Development of arbuscular mycorrhizal biotechnology and industry: Current
achievements and bottlenecks. Symbiosis 2012, 58, 29–37. [CrossRef]

156. Azmat, A.; Yasmin, H.; Hassan, M.N.; Nosheen, A.; Naz, R.; Sajjad, M.; Ilyas, N.; Akhtar, M.N. Co-application of bio-fertilizer and
salicylic acid improves growth, photosynthetic pigments and stress tolerance in wheat under drought stress. PeerJ 2020, 8, e9960.
[CrossRef]

157. Pedrini, S.; Merritt, D.J.; Stevens, J.; Dixon, K. Seed coating: Science or marketing spin? Trends Plant Sci. 2017, 22, 106–116.
[CrossRef]

158. Anis, M.; Zaki, M.J.; Dawar, S. Development of a Na-alginate-based bioformulation and its use in the management of charcoal rot
of sunflower (Helianthus annuus L.). Pak. J. Bot. 2012, 44, 1167–1170.

159. Lally, R.D.; Galbally, P.; Moreira, A.S.; Spink, J.; Ryan, D.; Germaine, K.J.; Dowling, D.N. Application of endophytic Pseu-
domonas fluorescens and a bacterial consortium to Brassica napus can increase plant height and biomass under greenhouse and field
conditions. Front. Plant Sci. 2017, 8, 2193. [CrossRef] [PubMed]

160. Głodowska, M.; Schwinghamer, T.; Husk, B.; Smith, D. Biochar based inoculants improve soybean growth and nodulation. Agric.
Sci. 2017, 8, 1048–1064. [CrossRef]

161. Ruiz-de-La-Cruz, G.; Aguirre-Mancilla, C.L.; Godínez-Garrido, N.A.; Osornio-Flores, N.M.; Torres-Castillo, J.A. Chitosan mixed
with beneficial fungal conidia or fungicide for bean (Phaseolus vulgaris L.) seed coating. Interciencia 2017, 42, 307–312.

162. Khan, N.; Mishra, A.; Chauhan, P.; Nautiyal, C. Induction of Paenibacillus lentimorbus biofilm by sodium alginate and CaCl2
alleviates drought stress in chickpea. Ann. Appl. Biol. 2011, 159, 372–386. [CrossRef]

163. Quastel, J. ‘Krilium’ and synthetic soil conditioners. Nature 1953, 171, 7–10. [CrossRef]
164. Leinauer, B.; Serena, M.; Singh, D. Seed coating and seeding rate effects on turfgrass germination and establishment. HortTechnol-

ogy 2010, 20, 179–185. [CrossRef]
165. Gorim, L.; Asch, F. Effects of composition and share of seed coatings on the mobilization efficiency of cereal seeds during

germination. J. Agron. Crop Sci. 2012, 198, 81–91. [CrossRef]

http://doi.org/10.1371/journal.pone.0114744
http://doi.org/10.1007/s13213-019-01470-x
http://doi.org/10.3390/plants10020259
http://doi.org/10.1094/MPMI-18-0385
https://ideas.repec.org/p/ags/wbadwp/
http://doi.org/10.1186/1471-2164-12-149
http://www.ncbi.nlm.nih.gov/pubmed/21406116
http://doi.org/10.1016/j.jhazmat.2020.122661
http://www.ncbi.nlm.nih.gov/pubmed/32305720
http://doi.org/10.1007/978-81-322-2779-3_1
http://doi.org/10.3390/agronomy11061167
http://doi.org/10.1080/15287394.2016.1153448
http://www.ncbi.nlm.nih.gov/pubmed/27077274
http://doi.org/10.1007/s00248-018-1160-x
http://www.ncbi.nlm.nih.gov/pubmed/29511840
http://doi.org/10.1093/femsec/fiw112
http://doi.org/10.3390/agronomy9120847
http://doi.org/10.1007/s13199-012-0208-9
http://doi.org/10.7717/peerj.9960
http://doi.org/10.1016/j.tplants.2016.11.002
http://doi.org/10.3389/fpls.2017.02193
http://www.ncbi.nlm.nih.gov/pubmed/29312422
http://doi.org/10.4236/as.2017.89076
http://doi.org/10.1111/j.1744-7348.2011.00502.x
http://doi.org/10.1038/171007a0
http://doi.org/10.21273/HORTTECH.20.1.179
http://doi.org/10.1111/j.1439-037X.2011.00490.x


Plants 2022, 11, 3090 25 of 25

166. Dangi, S.R.; Tirado-Corbalá, R.; Gerik, J.; Hanson, B.D. Effect of long-term continuous fumigation on soil microbial communities.
Agronomy 2017, 7, 37. [CrossRef]

167. Finkel, O.M.; Salas-González, I.; Castrillo, G.; Conway, J.M.; Law, T.F.; Teixeira, P.J.P.L.; Wilson, E.D.; Fitzpatrick, C.R.; Jones, C.D.;
Dangl, J.L. A single bacterial genus maintains root growth in a complex microbiome. Nature 2020, 587, 103–108. [CrossRef]

168. Cardinale, M.; Ratering, S.; Suarez, C.; Montoya, A.M.Z.; Geissler-Plaum, R.; Schnell, S. Paradox of plant growth promotion
potential of rhizobacteria and their actual promotion effect on growth of barley (Hordeum vulgare L.) under salt stress. Microbiol.
Res. 2015, 181, 22–32. [CrossRef] [PubMed]

169. Vurukonda, S.S.K.P.; Giovanardi, D.; Stefani, E. Plant growth promoting and biocontrol activity of Streptomyces spp. as endophytes.
Int. J. Mol. Sci. 2018, 19, 952. [CrossRef] [PubMed]

170. Meena, K.K.; Sorty, A.M.; Bitla, U.M.; Choudhary, K.; Gupta, P.; Pareek, A.; Singh, D.P.; Prabha, R.; Sahu, P.K.; Gupta, V.K. Abiotic
stress responses and microbe-mediated mitigation in plants: The omics strategies. Front. Plant Sci. 2017, 8, 172. [CrossRef]
[PubMed]

171. Farrar, K.; Bryant, D.; Cope-Selby, N. Understanding and engineering beneficial plant–microbe interactions: Plant growth
promotion in energy crops. Plant Biotechnol. J. 2014, 12, 1193–1206. [CrossRef] [PubMed]

172. Kissoudis, C.; van de Wiel, C.; Visser, R.G.; van der Linden, G. Enhancing crop resilience to combined abiotic and biotic stress
through the dissection of physiological and molecular crosstalk. Front. Plant Sci. 2014, 5, 207. [CrossRef]

173. Luan, Y.; Cui, J.; Zhai, J.; Li, J.; Han, L.; Meng, J. High-throughput sequencing reveals differential expression of miRNAs in tomato
inoculated with Phytophthora infestans. Planta 2015, 241, 1405–1416. [CrossRef]

174. Fernie, A.R.; Yan, J. De novo domestication: An alternative route toward new crops for the future. Mol. Plant 2019, 12, 615–631.
[CrossRef]

175. Katiyar, D.; Hemantaranjan, A.; Singh, B. Plant growth promoting Rhizobacteria-an efficient tool for agriculture promotion. Adv.
Plants Agric. Res. 2016, 4, 426–434. [CrossRef]

176. del Carmen Orozco-Mosqueda, M.; Fadiji, A.E.; Babalola, O.O.; Glick, B.R.; Santoyo, G. Rhizobiome engineering: Unveiling
complex rhizosphere interactions to enhance plant growth and health. Microbiol. Res. 2022, 16, 127137. [CrossRef]

177. Kumar, P.; Kundu, A.; Kumar, M.; Solanki, R.; Kapur, M.K. Exploitation of potential bioactive compounds from two soil derived
actinomycetes, Streptomyces sp. strain 196 and RI. 24. Microbiol. Res. 2019, 229, 126312. [CrossRef]

178. Smyth, E.; McCarthy, J.; Nevin, R.; Khan, M.; Dow, J.; O’gara, F.; Doohan, F. In vitro analyses are not reliable predictors of the
plant growth promotion capability of bacteria; a Pseudomonas fluorescens strain that promotes the growth and yield of wheat.
J. Appl. Microbiol. 2011, 111, 683–692. [CrossRef] [PubMed]

179. Tabassum, B.; Khan, A.; Tariq, M.; Ramzan, M.; Khan, M.S.I.; Shahid, N.; Aaliya, K. Bottlenecks in commercialisation and future
prospects of PGPR. Appl. Soil Ecol. 2017, 121, 102–117. [CrossRef]

180. Mutturi, S.; Sahai, V.; Sharma, S.; Bisaria, V. Strategies for high-density cultivation of bioinoculants in submerged culture
with special reference to pseudomonads. In Microbial Inoculants in Sustainable Agricultural Productivity: 1: Research Perspectives;
Singh, D.P., Singh, H.B., Prabha, R., Eds.; Springer: New Delhi, India, 2016; pp. 181–196.

http://doi.org/10.3390/agronomy7020037
http://doi.org/10.1038/s41586-020-2778-7
http://doi.org/10.1016/j.micres.2015.08.002
http://www.ncbi.nlm.nih.gov/pubmed/26640049
http://doi.org/10.3390/ijms19040952
http://www.ncbi.nlm.nih.gov/pubmed/29565834
http://doi.org/10.3389/fpls.2017.00172
http://www.ncbi.nlm.nih.gov/pubmed/28232845
http://doi.org/10.1111/pbi.12279
http://www.ncbi.nlm.nih.gov/pubmed/25431199
http://doi.org/10.3389/fpls.2014.00207
http://doi.org/10.1007/s00425-015-2267-7
http://doi.org/10.1016/j.molp.2019.03.016
http://doi.org/10.15406/apar.2016.04.00163
http://doi.org/10.1016/j.micres.2022.127137
http://doi.org/10.1016/j.micres.2019.126312
http://doi.org/10.1111/j.1365-2672.2011.05079.x
http://www.ncbi.nlm.nih.gov/pubmed/21672102
http://doi.org/10.1016/j.apsoil.2017.09.030

	Introduction 
	Drought’s Detrimental Effects on Crop Plants 
	Mechanistic Outlook of PGPR in Drought-Stressed Plants 
	Physiological Components 
	Osmotic Tuning 
	VOCs Production 
	Enhanced Nutrient Uptake 
	Modulation of the Phytohormonal Level 
	Fabrication of Exopolysaccharides (EPS) 

	Biochemical and Morphological Strategy 
	Protection by Improved Antioxidants Stature 
	The Re-Establishment of Turgor Pressure 
	Attuned Stomatal Conductivity 

	Molecular Strategy 
	Aspect of System Biology 

	Advancement in the Molecular Study of Drought-Responsive Genes 
	Seed Priming with PGPR Bioinoculants in the Mitigation of Drought Stress 
	Omics Approaches Employed in the Microbe-Mediated Mitigation of Drought Stress 
	Conclusions 
	References

