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A B S T R A C T 
Long-lived plants, such as perennial woody species, are subjected to harsh environmental circumstances as a result 
of global warming. Drought stress is one of the most harmful abiotic stresses to plant growth and productivity of 
all the abiotic stresses. A group of microbes and microbe-derived substances that have been shown to improve 
plant development under biotic and abiotic stress conditions. Plants are home to a wide variety of microorganisms. 
Members of these microbial communities interact with one another and with the plant, and there is mounting 
evidence that the microbial community can help plants develop, enhance drought tolerance, aid disease defence, 
and even help with environmental remediation. These bacteria supply the plant with a variety of services and 
benefits in exchange for the plant providing decreased carbon and other metabolites to the microbial community. 
Soils are typically moist environments with low carbon content that support diverse soil microbial populations. The 
rhizo-microbiome's microbes are involved in nutrient acquisition and assimilation, improved soil texture, and 
extracellular substances such as hormones, secondary metabolites, antibiotics, and different signal chemicals are 
secreted and modulated, all of which leads to improved plant development. The microbes and compounds they 
produce are bio stimulants that help plants respond to stress. Studies have demonstrated that inoculating plants 
with plant-growth-promoting rhizobacteria (PGPR) or treating plants with microbe-to-plant signal molecules is an 
effective way to stimulate crop development. The goal of this review is to highlight the various ways in which plant 
growth promoting microorganisms (PGPM) can be used to improve crop production under drought stressed 
condition. The most up-to-date information on microbial inoculant technology is discussed. As a result, a deeper 
understanding of the mechanisms that determine the composition and structure of microbial communities, as well 
as the involvement of the host in the recruitment and management of its microbiome, is critical. Plant defence 
mechanisms, in particular, appear to provide a layer of protection against pathogens while also actively managing 
the makeup of the general microbiome, according to a growing body of studies. Plants detect water deficits at 
their roots and send a signal to their shoots, which cause them to synthesize abscisic acid (ABA) in their leaves. 
ABA is a crucial phytohormone that controls physiological and molecular responses to drought stress, including 
stomatal closure, gene expression, and osmo-protectants and stress proteins accumulation. The initial stage in the 
propagation of synthesized ABA is through ABA transporters. ABA inflow in guard cells is sensed by numerous 
protein kinases that regulate stomatal closure, such as SnRK2s and MAPKs, to limit water loss. To develop drought 
stress resistance in entire tissues, ABA mediates a wide array of gene expression machines using stress-responsive 
transcription factors like DREBs and AREBs. We present an overview of current research into the mechanisms used 
by the plant host to select and control its microbiome in this review. Recent research on the role of keystone 
microbial species, phytohormones, and abiotic stress in plant-driven dynamic microbial structure is reviewed in 
detail. 
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Many stress factors (both biotic and abiotic) affect a 

plant's development and productivity during its life cycle, 

including pathogenicity, competitiveness, drought, salinity, 

lack of or excessive quantities of essential elements, heavy 

metals, and high/low temperature. Drought is a major abiotic 

stress that mostly affects dry and semiarid lands, which 
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account for around one-third (49 million km2) of the world's 

land surface [1-2]. Drought is one of the primary causes of 

food production reductions around the world [3-4]. Different 

definitions of drought have been proposed because to 

differences in hydro-meteorological variables, socio-

economic considerations, and the stochastic character of 

water needs in different parts of the world [5-6]. Drought 

definitions are grouped into four kinds according on the 

variable used to define it: (1) A meteorological drought is 

defined as a period of time when there is no precipitation. 

(2) A shortage of sufficient surface and subsurface water 

resources for established water usage is referred to as a 

hydrological drought (3) socio-economic drought, defined as 

a period in which water assets frameworks fail to meet water 

demands, and (4) agricultural drought, defined as a period in 

which soil moisture declines, resulting in crop failure [5]. 

The focus of this review is on agricultural drought. Drought 

is one of the biggest constraints to food production around 

the world, with national cereal production estimated to have 

decreased by 9–10 percent [5]. Drought is anticipated to 

wreak havoc on agricultural growth on more than half of the 

world's arable land by 2050 [7-8]. Drought severity, 

frequency, and length in cotton (Gossypium hirsutum L.), 

soybean (Glycine max L.), and corn (Zea mays L.) are 

expected to rise as a result of ongoing global climate change 

in many crop-producing areas across the world [9-10]. 

Evaluated the results of published studies covering the years 

1980–2015 and found that drought stress reduced maize 

(Zea mays L.) and wheat (Triticum aestivum L.) yields by 

roughly 40% and 21%, respectively, on a global scale [11]. 

The green revolution greatly improved plant 

production; nevertheless, ever-increasing global population 

and climate change (which is producing drought stress) are 

putting a strain on our ability to feed the globe. As a result 

of the catastrophic losses in crop production caused by 

drought stress during the previous few decades, there is a 

worldwide interest in enhancing yield and plant drought 

resistance. The current study's goal was to combine multiple 

drought tolerance mechanisms and optimize these processes. 

Drought stress causes plants to go through morphological, 

physiological, biochemical, and molecular changes [12]. 

Plant growth, survival, and productivity are influenced by 

abiotic and biotic stressors. Drought and excessive salinity 

are two of the most critical environmental conditions that 

have a detrimental impact on seed germination, seedling 

growth and the development, and, as a result, agricultural 

yield, food quality, and global food security. Stress tolerant 

plant growth promoting fungus (PGPF) may promote 

agricultural seed germination, seedling establishment, plant 

growth, and production under adverse environmental 

conditions [13-20]. 

Plant-associated microbial communities, such as 

mycorrhizal fungi, nitrogen-fixing bacteria, and plant 

growth-promoting rhizobacteria (PGPR), increase crop 

productivity and resilience to stress. PGPR bacteria are a 

diverse group of root-colonizing bacteria with strong root 

colonization abilities and the ability to create a variety of 

enzymes and metabolites that assist plants cope with biotic 

and abiotic stressors. Their contributions to the management 

of abiotic conditions like drought are only now beginning to 

be recognized [21]. Rhizobia and arbuscular mycorrhizal 

(AM) fungi may help the legume Glycyrrhiza (licorice) cope 

with abiotic stress, however the potential benefits these 

symbiotic microbes provide to their host plant are heavily 

influenced by environmental conditions. The effects of 

single and combined inoculation with a rhizobium 

Mesorhizobium tianshanense Chen and an AM fungus 

Rhizophagus irregularis were investigated in a greenhouse 

pot experiment. Walker and Schuessler studied the 

performance of Glycyrrhiza uralensis Fisch. seedlings under 

various water regimes. Drought stress reduced rhizobium 

nodulation while increasing mycorrhizal colonisation. 

Additionally, co-inoculation of rhizobium and the AM 

fungus enhanced nodulation in both well-watered and 

drought-stressed environments. Glycyrrhiza seedling growth 

was highly dependent on mycorrhizal fungi. Under well-

watered conditions, the seedlings showed a negative growth 

dependency on rhizobium, but under drought stress, they 

demonstrated a positive response [22]. There is a special 

need to identify methods that boost plants' drought 

resistance and allow the growth of crops that meet food 

demands despite restricted water resources [23-24]. 

 

Plant responses and genetic regulation under drought 

Drought stress is becoming increasingly important 

among the several abiotic variables threatening agricultural 

productivity around the world. Drought is a meteorological 

phrase that is typically defined as a combination of lower 

rainfall, dwindling groundwater levels, and limited water 

supply paired with an increase in temperature [25-26]. 

Drought tolerance is the result of a number of molecular, 

cellular, and physiological mechanisms, including the 

induction/repression of numerous genes that induce 

osmolyte build up, a better antioxidant system, reduced 

transpiration, inhibited shoot growth, and reduced tillering 

[27]. Drought is a significant environmental stressor that has 

negative consequences for plant growth. To cope with 

drought, plants have evolved a variety of developmental, 

morphological, physiological, cellular, and molecular 

processes [28] (Ye et al. 2017). Plant responses to drought 

resistance are regulated by C2H2 zinc finger proteins in both 

ABA-dependent and ABA-independent ways. Furthermore, 

through controlling the amounts of ROS-scavenging 

activities, proline, H2O2, and other cellular components, 

C2H2 proteins can improve rice plant drought tolerance.  

Rice responds to drought stress by producing 

ZFP245, a C2H2-type zinc finger protein. Rice roots, stems, 

leaves, and panicles all express ZFP245 [29]. The ZFP245 

protein, which has a DLN-box/EAR-motif at its C-terminus, 

is a trans-activator that is found in the nucleus. It was 

discovered that overexpression of ZFP245 improved rice's 

drought tolerance. In plants, ABA plays a crucial role in the 

osmotic stress response. Exogenous ABA sensitivity was 

increased in ZFP245-overexpressing rice, implying that 

ZFP245 plays a role in stress responses via an ABA-

dependent pathway. ZFP245 also enhanced the expression 

of OsP5CS, which encodes a P5CS, and OsProT, which 

encodes a proline transporter, when stressed. Under drought 

stress, ZFP245 was also expressed in rice seedlings. 

Overexpression of ZFP245 enhanced the levels of 

superoxide dismutase (SOD) and peroxidase (POD), 

suggesting that ZFP245 may improve rice drought tolerance 

by activating the ROS scavenging system. ZFP245 also 

raised the amount of proline in rice plants, possibly resulting 

in higher resistance to oxidative stress [30]. In Arabidopsis, 

the C2H2 zinc finger protein ZAT18 is transcriptionally 

activated by dehydration stress. Under drought stress, 

ZAT18-overexpressing plants lost less water and had more 

water in their leaves than control plants. Plants 

overexpressing ZAT18 were also more resistant to stress, 
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with lower levels of electrolyte leakage and malonic 

dialdehyde (MDA). After drought stress, ZAT18-

overexpressing plants had significantly lower levels of H2O2 

and much higher levels of POD and SOD activity. These 

findings suggested that ZAT18 plays a favourable effect in 

drought tolerance in Arabidopsis [31-32] identified a new 

type of C2H2 zinc finger protein gene from sweet potato 

called IbZFP1 that is drought-responsive. IbZFP1 works as a 

transcriptional activator and is found in the nucleus. NaCl, 

PEG, and ABA treatments all induced IbZFP1 [33]. In 

transgenic Arabidopsis plants, overexpression of IbZFP1 

greatly improved salt and drought tolerance. IbZFP1 

overexpression increased the expression of genes involved 

in ABA signalling, proline biosynthesis, and ROS 

scavenging in response to salt and drought stress. The 

transgenic overexpression lines showed enhanced activity of 

9-cis-epoxy-carotenoid dioxygenase, pyrroline-5-

carboxylate synthase, superoxide dismutase, catalase, 

ascorbate peroxidase, and peroxidase. ABA, proline, soluble 

sugars, and chlorophyll levels were all significantly higher, 

but H2O2 and MDA levels were much lower. Under salt and 

drought stress, the levels of both LEA gene transcripts and 

LEA proteins rose in IbZFP1-overexpressing Arabidopsis 

seedlings [34]. Plants with the IbZFP1 gene may be able to 

withstand abiotic stressors better. In rice, the drought 

tolerance (DST) gene encodes a zinc finger transcription 

factor belonging to the C2H2 subclass. DST expression was 

suppressed in response to drought and salt stress. DST 

mutations resulted in the down-regulation of peroxidase 24 

precursor (a H2O2 scavenger), resulting in H2O2 build up in 

guard cells, which enhance stomatal closure, reducing water 

loss and increasing tolerance to drought stress. DST's effect 

in response to salt and drought conditions was independent 

of ABA, and it differed from the ABA-induced H2O2 build 

up route in modulating stomatal closure [35]. Plants are 

sessile organisms that must adapt to harsh environmental 

circumstances in order to survive and flourish. Various 

mobile molecules are necessary to transfer extracellular 

stimuli from the detecting tissue to the target in higher plants 

in order to ensure optimal growth maintenance. Local and 

long-distance transmission via small molecules is critical in 

land plants for preventing water loss by transpiration from 

guard cells and adapting to drought stress [36-37]. The 

detection of water deficit signals, as well as the 

physiological, cellular, and molecular responses, have all 

been studied extensively in plants in response to drought 

stress. Plants detect water deficits at their roots and send a 

signal to their shoots, causing them to synthesise abscisic 

acid (ABA) in their leaves. ABA is a crucial phytohormone 

that governs physiological and molecular responses to 

drought stress, including stomatal closure, gene expression, 

and osmo-protectants and stress proteins accumulation. The 

initial stage in the propagation of synthesised ABA is 

through ABA transporters. ABA inflow in guard cells is 

sensed by numerous protein kinases that regulate stomatal 

closure, such as SnRK2s and MAPKs, to limit water loss. 

To develop drought stress resistance in entire tissues, ABA 

mediates a wide array of gene expression machines with 

stress-responsive transcription factors, such as DREBs and 

AREBs. Drought stress signalling, with a focus on gene 

networks linked to ABA-related cellular and intercellular 

responses during drought stress. ABA, a phytohormone, is a 

crucial role in drought stress avoidance, adaptation, and 

resistance [38] (Fig 1). 

 

 

Fig 1 Drought stress response and tolerance (Wang et al. [39]) 

Abbreviations – ABA – Abscisic acid , DST- Drought and Salt tolerance, AZF- Arabidopsis zinc-finger protein; STZ-Salt tolerance zinc 
finger; SCOF-1-  Soybean cold-inducible ; ENA1- Encoding a Na+-ATPase; COR-Cold-regulated; SOD- Superoxide dismutase; LEA- Late 
embryogenesis abundant group ; ROS- Reactive oxygen species; POD- Peroxidase ; DREBA2A- Dehydration-responsive element binding 
2A ; ZFP179- Zinc finger protein 179 ; CBF-C-repeat-binding factor ; CTR - C-repeat; DRE, dehydration element ; DST- Drought and salt 
tolerance ; maC2H2 - Multiple-adjacent-C2H2 ; MDA - Malonic dialdehyde ; P5CS - Delta 1-pyrroline-5-carboxylate synthetase ; ProT - 
Proline transport; C2H2 zinc finger ; spC2H2 -  Separated-paired-C2H2 ; TaZNF - Triticum aestivum predicted Dof zinc finger protein ; 
tC2H2 - Triple-C2H2. 
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Microorganisms (pgpr, pgpf, amf): Supporting plant 

performance under drought stress 

The soil is a living, dynamic matrix that is important 

not just for agriculture and food security, but also for the 

survival of all life processes. Thousands of bacterial species 

are found in the soil. Plant growth promoting rhizobacteria 

(PGPR) are root colonization bacteria (rhizobacteria) that 

promote plant growth through direct or indirect methods. 

Endophytic and epiphytic bacteria that colonize roots have 

been shown to affect soil security [40-41]. Drought-stressed 

seed germination [42], and techniques for clean-up [43]; 

alienate pathogens; reduce plant diseases; improve plant 

resistance to diseases, salt stress, cold, and heavy metal 

toxicity; and improve crop growth, development, yield, and 

quality by directly synthesizing hormones, antibiotics, and 

other secondary metabolites, as well as by regulating plant 

related gene expression and others [44-48]. 

Interactions between plants and soil microbiomes are 

in high demand all around the world. Plant growth-

promoting rhizobacteria (PGPR) are bacteria that invade 

plant roots or the rhizosphere and boost plant development 

directly through nutrient immobilization or by acting as a 

defence regulator. Over the last few decades, PGPR has 

established itself as a viable eco-friendly alternative to 

chemical fertilizers. As a result, they're widely used in 

agriculture, horticulture, forestry, and environmental 

cleaning efforts. In natural and agricultural soils, a variety of 

abiotic and biotic variables influence rhizosphere ecology, 

and these factors can vary the effects of PGPR on plant 

health. Manipulation of the rhizospheric microbiome by 

rhizo-engineering has emerged as a modern tool for 

understanding the structural, functional, and ecological 

behaviour of PGPR populations in the rhizosphere [49]. 

Also, drought stress has become a severe limiting 

factor for plant productivity and seedling growth, in addition 

to climate change. The symbiosis of arbuscular mycorrhizal 

fungi (AMF) has been proposed to promote plant growth 

and water efficiency in low-water conditions. Under well-

watered and water-deficient situations, Caucasian Hackberry 

(Celtis Caucasica L.) seedlings inoculate with mycorrhizal 

fungus Rhizophagus intraradices and Funneliformis 

mosseae. For 90 days, mycorrhizal and non-mycorrhizal 

seedlings were treated with 75 percent FC (control), 50, and 

25 percent FC. Under regular irrigation and drought 

treatments, the plant growth parameters dry shoot weight, 

leaf area, seedling height, dry root weight, length of root, 

number of secondary roots, and chlorophyll content were 

higher in mycorrhizal seedlings than in non-inoculated 

seedlings. H2O2 and malondialdehyde (MDA) levels in 

leaves were reduced by the AMF symbiosis. Surprisingly, 

there was a positive association between colonization rate 

and plant growth as well as antioxidant enzyme activity 

[50]. Plant growth, survival, and productivity are influenced 

by abiotic and biotic stressors. 

Chemical fertilizers and other agrochemicals have 

been used indiscriminately in the drive to improve 

agricultural yields due to increased pressure on food 

production. Synthetic agrochemicals have been shown to 

have negative environmental effects, and biofertilizers are 

developing as a viable alternative. Biofertilizers are 

environmentally friendly fertilizers that help crops grow and 

yield. They are made up of active or dormant 

microorganisms that are applied to soil or used to treat 

agricultural seeds. Rhizobacteria is one of the leading 

contenders in this regard [51] (Fig 2). 

 

Fig 2 PGPR, PGPF, AMF-induced systemic tolerance to drought 
stress. Under stress, PGPR, PGPF, AMF secretes cytokinin 

antioxidants, and ACC deaminase destroys ACC and inhibits ET 
synthesis. (Lephatsi et al. [52]) 

 

Drought-stressed performance by PGPR 

A plant bio stimulant is any substance or 

microorganism that is supplied to plants with the purpose of 

enhancing nutrient efficiency, abiotic stress tolerance, and/or 

crop quality features, regardless of its nutrient content [53]. 

Within the taxonomic, functional, and ecological variety of 

agricultural bio stimulants, there are two basic types to 

consider: (i) Rhizobium endosymbionts that are mutualistic 

and (ii) Rhizospheric PGPR (‘plant growth-promoting 

rhizobacteria') that are mutualistic. Rhizobium and related 

taxa are sold as biofertilizers, which are microbial inoculants 

that make it easier for plants to get nutrients. The biology 

and agricultural applications of Rhizobium-based symbioses 

have been thoroughly studied in scientific journals and 

textbooks. PGPRs are multifunctional proteins that affect all 

aspects of plant life, including nutrition and growth, 

morphogenesis and development, biotic and abiotic stress 

responses, and interactions with other organisms in 

agroecosystems [54-61]. Several of these tasks are 

performed by the same species, while others are strain-

specific or reliant on synergistic interactions within bacterial 

consortia. The intricacy of PGPRs, as well as the varying 

responses of plant cultivars and receiving settings, limit their 

usage in agriculture. In addition, the technical problems 

connected with inoculant formulation leads to variable 

results in practice [62-63]. Despite this, the global market 

for bacterial bio stimulants is expanding, and PGPR 

inoculants are now thought of as plant ‘probiotics,' or 

effective contributors to plant nutrition and immunity [64]. 

By direct or indirect methods, PGPR-based 

biostimulants improve nutrient uptake and drought 

resistance, as well as crop quality [65]. Pseudomonas, 

Bacillus, Enterobacter, Klebsiella, Azobacter, Variovorax, 

Azosprillum, and Serratia are among the several registered 

PGPR formulations on the market [66-71], but the use of 

PGPR in agriculture is only a small part of global 

agricultural practice [72]. 

Plant roots emit a wide range of organic nutrients 

(organic acids, phytosiderophores, sugars, vitamins, amino 

acids, nucleosides, mucilage) and signals that attract 

microbial communities, particularly those that can 
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metabolize plant-exuded chemicals and thrive in this 

microbial habitat [73-74]. The rhizospheric soil bacteria that 

surround the plant root compete for this nutritional benefit, 

affecting the plant's development, yield, and defence 

systems as free-living microbes or in a mutualistic 

interaction with the plant root (endophytic/epiphytic) [75]. 

Plant development is influenced by these rhizobacteria. 

When reintroduced by plant inoculation in a soil with 

competing microflora, about 2–5% of rhizobacteria have a 

good influence on plant development and are referred to be 

plant growth promoting rhizobacteria (PGPR). The direct 

mechanism, which encourages plant development directly in 

a direct mode, is the most common method of action for 

PGPR. Nitrogen fixation, phytohormone synthesis, 

phosphate solubilization, and increased iron availability are 

all part of this plant growth promotion mechanism. By 

removing pathogens or triggering plant defensive responses, 

PGPR can indirectly improve plant development [76-83].  

 

Drought-stressed performance by AMF  

Several components of plant physiology are 

negatively affected by environmental conditions such as 

water shortages, salinity, and plant diseases. For example, it 

causes photosynthesis to be uncoupled, enzyme structure to 

be disrupted, and nutrient uptake and/or transport to the 

shoot to be reduced, resulting in a hormonal and nutritional 

imbalance in the plant. Furthermore, drought stress causes 

osmotic stress, which can lead to turgor loss, which inhibits 

plant growth and development. Drought stress also causes 

the creation of reactive oxygen species (ROS), which causes 

oxidative damage to carbohydrates, protein synthesis, and 

lipid metabolisms in plants, as well as membrane damage 

and cell death [84]. Drought stress is a significant abiotic 

element that limits plant growth and ecosystem production 

all around the planet [85]. Plant growth is slowed as a result 

of a shortage of moisture at the whole-plant level, which 

causes reductions in leaf size, stem extension, and root 

propagation, as well as disrupting plant water relations and 

lowering water efficiency. CO2 absorption by leaves 

decreases at the cellular level due to stomatal closure, 

membrane damage, and altered enzyme activity [86]. The 

production of reactive oxygen species (ROS) causes lipid 

peroxidation, which increases membrane permeability [87-

89]. The first result of drought stress is the build-up of 

reactive oxygen species (ROS) [90]. ROS generation at 

excessive amounts can harm the photosynthetic system and 

other vital activities of cells by damaging oxidative lipids, 

proteins, and nucleic acids, causing oxidative damage [91]. 

The end product of peroxidation of unsaturated lipids in the 

cell is malondialdehyde (MDA). As a result, it's a good 

biomarker for determining how much lipid peroxidation is 

generated by oxidative stress in the cell [92-94]. Plants 

demonstrate a wide range of responses to drought resistance 

at the whole plant, cellular, and molecular levels as a 

complicated phenomenon [95-97]. A common mechanism 

for detoxifying generated ROS during stress response is the 

ROS-scavenging enzymatic system, which includes catalase 

(CAT), superoxide dismutase (SOD), peroxidase (POD), 

and ascorbate peroxidase (APX) [98-100]. Plant–organism 

symbioses are an important ecological component for 

bettering plant development in mistreated habitats [101]. 

Arbuscular mycorrhizal fungi (AMF) have recently been 

studied for their critical functions in the vine, citrus, apple, 

peach, strawberry, and other plants [102-104]. Furthermore, 

some researches have demonstrated that the activation of 

antioxidant enzymes in host plants by AMF symbiosis may 

be attributable to mycorrhization's growth-stimulating 

effects under drought stress [105-107]. The AMF are 

obligatory symbionts and ubiquitous soil microorganisms 

that provide a direct relationship between soil and roots 

[108-109]. Plant mineral nutrition, water acquisition, and 

tolerance to biotic and abiotic stressors are all improved by 

AMF [110-111]. However, the mycorrhizal association is a 

reforestation approach that has become increasingly popular 

in recent years [112-113]. Mycorrhizal fungi have been 

shown to improve plant tolerance to abiotic stress like 

drought and salinity, as well as biotic stress like infections 

[114-115]. The amount of water in the soil has a significant 

impact on spore germination; as a result, mycorrhizal 

formation and development should be adjusted accordingly 

[116]. Despite the fact that limiting soil water resources had 

a negative influence on the number of AMF hyphae, the 

AMF nevertheless increased host plant nutrient intake [117-

118]. Drought stress affects root colonisation in different 

ways depending on the severity and frequency of the 

drought [119]. In an experiment, Citrus sinensis Osbeck 

grafted on Poncirus trifoliata was exposed to a short-term 

(up to six days) soil water shortage, which resulted in a non-

significant reduction of root mycorrhizal colonisation by 

Glomus versiforme [120]. The importance of mycorrhiza in 

drought stress reduction has long been recognised, and 

among the most well-known benefits for host plants are 

enhanced nutritional status and reduced water deficit 

damage [121-124. The goal of this study was to see how the 

AMF-symbiosis affected the morphology and enzymatic 

antioxidant scavenging system of Celtis caucasica seedlings 

when they were water-stressed [125]. 

 

Drought stress alleviation by PGPF 

Crop plants are subjected to a variety of abiotic 

stressors, such as high temperatures, drought, salt, flooding, 

and heavy metal deposition, all of which have a direct 

impact on crop plant growth and productivity [126-127]. 

Most cultivated lands are subjected to one or more of the 

aforementioned stresses, which can reduce crop plant yields 

by up to 70% [128]. Climate change threatens the future 

production of crop plants, particularly cereal crop plants, 

posing a serious threat to food security [129]. Root 

construction modifications, mineral solubilization from dead 

organic substances, and (secondary) metabolite production 

have all been linked to PGPF-mediated growth promotion in 

plants under stress or pressure [130]. The naturally 

occurring PGPF in the soil system has the ability to enhance 

the plant's immune system and improve plant growth under 

stressful situations [131]. Trichoderma sp. evoked abiotic 

stress resistance in response to phytopathogen-induced 

biotic pressure [132]. T. atroviride treatment boosted maize 

plant drought tolerance by increasing antioxidant enzyme 

machinery [133]. Treatment with T. hamatum induced 

growth and drought tolerance in Theobroma cacao. With 

increased antioxidant enzyme defence machinery, T. 

harzianum treatment reduced salt (NaCl) tolerance capacity 

in Indian mustard plants [134]. With an increase in relative 

water content and a decrease in transpiration rate, T. 

harzianum treatment boosted the drought tolerance ability of 

N. tabacum plants [135]. Antibiotic production, 

mycoparasitism, opposition, and ISR activation are also 

elicited [136]. Plants' cell walls are strengthened by PGPF, 

which inhibits solute leakage during abiotic stress [137]. 

Callose formation during stress promotes sieve pore 
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clogging and improves plasma membrane deposition and 

cell wall apposition [138]. Lignin has a role in plant defence 

against a variety of pathogens, including pests, and its action 

is amplified in plants when stress tolerance is induced 

(heavy metals, salt, high or low temperature, drought, and 

other stresses [139]. PGPF achieves saline tolerance by 

increasing sterol content for fatty acid enzyme modification 

[140-141]. 

 

Molecular mechanism of microorganism aided drought 

tolerance 

Crop productivity, food quality, and global food 

security are all severely hampered by biotic and abiotic 

stressors. Stress affects a variety of plant factors, including 

physiological, biochemical, and molecular. Because 

inorganic fertilizers and pesticides are used in agriculture, 

soil fertility is depleted and pollution occurs. As a result, 

safer and more long-term agricultural production methods 

must be developed. Under such circumstances, the use of 

plant growth promoting microorganisms (PGPM) and 

mycorrhizal fungi can help plants thrive. It provides a cost-

effective and environmentally friendly solution for 

safeguarding plants from stress Plant growth may be aided 

by PGPM, which regulates plant hormones and improves 

nutrition [142]. The use of stress-tolerant PGPM and AM 

fungi may improve plant growth and survival under harsh 

conditions [143]. Microbes exploited indirect and direct 

ways to support plant growth and development amid 

stressful situations. Microbes use a variety of biochemical 

and molecular pathways to promote growth and 

development [144]. PGPM produces compounds that lower 

pathogen populations in the plant's environment. 

Siderophore produced by these bacteria in the rhizosphere, 

for example, lowered iron availability to certain diseases, 

limiting their growth [145]. They also help plants grow by 

fixing nitrogen from the air, solubilizing phosphate, and 

generating plant hormones [146]. Nutrient mobilization, 

exopolysaccharide formation, and rhizobitoxine production 

are some of the other methods [147] that assist the plant in 

coping with its unfavourable surroundings Rhizobitoxine 

inhibits the production of ethylene, which helps plants grow 

and develop in stressful situations [148]. In addition, 

important enzymes such as ACC-deaminase, chitinase, and 

glucanase may have the ability to improve plant growth and 

development under stress conditions [149]. Furthermore, 

some bacteria have sigma factors that allow them to modify 

gene expression in unfavourable conditions to counteract 

harmful effects [150]. Aside from PGPM, another crucial 

aspect of growth and development is the interaction of fungi 

with the root of the higher plant. AM is the most frequent 

type of mycorrhizae found in agricultural fields. These fungi 

are crucial players in nutrient cycle, absorption, and 

translocation. These microbial processes assist the plant in 

maintaining its current growth in a stressful environment by 

reducing the detrimental effects of stress on plant growth 

and development. As a result, the PGPM were discovered to 

be a viable alternative to inorganic fertilizers and 

insecticides. As a result, the plant-microbe interaction may 

be significant for future food security and sustainable 

agriculture [150]. 

Drought is widely acknowledged as a major 

environmental stress that has piqued the interest of 

environmentalists and agricultural scientists alike. It is a 

major agricultural issue that limits plant growth and output 

all around the world. Drought stress affects almost all of the 

world's major agricultural lands. It has a wide range of 

consequences on human society, including the economy 

[151-152]. Various growth factors as well as stress response 

genes are affected by drought stress. Limited water content 

affects cell size and membrane integrity, produces reactive 

oxygen species, and promotes leaf senescence, all of which 

contribute to lower agricultural output [153]. Despite this, 

plants endure a variety of physiological and molecular 

changes when they are deprived of water, including an 

increase in ethylene production, a change in chlorophyll 

concentration, damage to the photosynthetic system, and 

inhibition of photosynthesis [154]. Drought stress also 

causes an accumulation of free radicals, which can lead to 

changes in membrane function, protein folding, lipid 

peroxidation, and ultimately cell death [155]. Droughts are 

expected to become more frequent and intense as a result of 

climate change. Drought stress tolerant microorganisms 

have the potential to improve plant growth and development 

when there is a lack of water. Microbes have evolved, 

adapted, and/or acquired a tolerance mechanism that allows 

them to thrive in low-water-potential situations. They can 

build thick walls or go inactive, gathering osmolytes and 

creating exopolysaccharides (EPS) in the process. These 

plant-associated microorganisms have a variety of ways for 

dealing with the negative effects of drought on both plants 

and soil. They give fertilizer and superior environmental 

conditions for ongoing plant growth, regardless of water 

content. Beneficial microorganisms that colonize the 

rhizosphere enhance plant growth and development in a 

variety of ways, both directly and indirectly. Among the 

possible mechanisms are: (1) Phytohormones such as 

indole-3-acetic acid (IAA), cytokinins, and abscisic acid 

(ABA) are produced; (2) Bacterial exopolysaccharides are 

produced. (3) Systemic tolerance was induced by ACC 

deaminase (4) Phytohormones produced by plants play a 

significant role in growth and development [156]. In 

stressful situations, PGPR can also produce plant hormones 

that encourage plant growth and division. During drought 

stress, IAA, auxin that regulates vascular tissue 

differentiation, adventitious and lateral root differentiation, 

cell division, and shoot growth [157]. ABA is a key growth 

regulator in drought-stressed plants. When PGPR is 

introduced into a seed or plant, the concentration of ABA 

rises, regulating plant physiology to withstand drought 

stress. Drought stress is alleviated by ABA through 

modulating root hydraulic conductivity and the transcription 

of drought-related genes [158]. For example, Azospirillum 

brasilense, improves Arabidopsis thaliana's drought 

tolerance mostly through increased ABA levels [159]. 

During times of stress, the 1-aminocyclopropane-1- 

carboxylate (ACC) is a direct precursor of ethylene. ACC is 

hydrolyzed by bacterial ACC deaminase into ammonia and 

alphaketobutyrate [160]. Drought stress tolerance and PGPR 

improve biomass, water potential, and decrease water loss in 

stressed maize plants. These inoculants reduce antioxidant 

activity while increasing proline, free amino acid, and sugar 

synthesis in plants [161]. The chlorophyll concentration in 

soybean plants falls when there is a lack of water, reducing 

photosynthesis. To combat this, inoculation of Pseudomonas 

putida H- 2-3 is required, which alleviates drought stress by 

increasing chlorophyll content, increasing shoot length, and 

increasing biomass [162]. Furthermore, combining 

endophytic and rhizospheric PGPR improves stress 

tolerance abilities. Microbe-produced exopolysaccharide 

improves drought tolerance in some plants. For example, 
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when three drought-tolerant bacterial strains, Maize plants 

were inoculated with Proteus penneri (Pp1), Pseudomonas 

aeruginosa (Pa2), and Alcaligenes faecalis (AF3), through 

the proline content, they demonstrated a potential rise in 

relative water content, protein, and sugar [163]. In order to 

survive in such drought conditions, bacteria develop a 

number of physiological, biochemical, and molecular 

mechanisms to protect themselves. They produce EPS, a 

compatible solute, and spore development [164-165] found 

that bacteria that produce EPS render plants resistant to 

water during drought stress. During drought stress, 

compatible solutes such as glycine, proline, betain, and 

trehalose accumulate, assisting bacteria in maintaining 

membrane permeability, enzyme integrity, and protein 

function. Plant growth, nitrogen uptake, and relative water 

content are all enhanced by mycorrhizal inoculation 

combinations with particular bacteria, reducing the impact 

of drought. Because of the increase of proline in the shoot 

and root, the combination of Pseudomonas putida and 

Bacillus thuringiensis reduces stromal conductivity and 

electrolyte leakage [166]. On the basis of the foregoing 

explanation, it is obvious that plants with drought-tolerant 

microbial communities can maintain adequate development 

and survival in drought conditions. 

 

Regulation of the drought-responsive genes  

Drought avoidance and/or drought tolerance 

mechanisms, which include morphological, physiological, 

and molecular responses, are used by plants to cope with 

drought deficient conditions [167-168]. Identifying essential 

regulators capable of enhancing plant drought tolerance has 

taken a lot of time and effort, and - to date AREB/ABF 

[abscisic acid (ABA)-responsive element binding 

proteins/factors], DREB/CBF (drought-responsive cis-

element binding protein/C-repeat-binding factor), and NAC 

[no apical meristem] (NAM) were discovered to play critical 

functions. In influencing the expression of an array of 

drought-responsive genes (DRGs), Arabidopsis activation 

factor (ATAF) and cup-shaped cotyledon (CUC)] [168]. 

However, ectopic expressions of these regulators found to 

be insufficient for creating drought tolerant (or resistant) 

plants, as they hampered plant development and yield 

potential. Drought tolerance was mediated primarily by 

increasing stomata closure (to reduce water evaporation), 

which inhibited photosynthesis and resulted in growth 

retardation in transgenic plants constitutively over-

expressing the drought-regulated TFs and their target DRGs 

[169]. As a result, recent research has begun to look into 

fine-tuning DRG expression in certain temporal and spatial 

patterns in order to avoid deleterious consequences on the 

host. These efforts are beginning to provide positive results 

in improved yields in a number of crops under various 

water-deprivation conditions in experimental setups [170]. 

However, none of the research have yet to discover 

commercial-grade transgenes (DRGs) that improve crop 

production in both drought and ideal conditions. As a result, 

there is a pressing need to look into additional options for 

ensuring long-term crop production in the face of drought 

[171]. A lack of water has a deleterious impact on various 

elements of plant physiology [172]. For example, it causes 

photosynthesis to be uncoupled, enzyme structure to be 

disrupted, and nutrient uptake and/or transport to the shoot 

to be reduced, resulting in a hormonal and nutritional 

imbalance in the plant [173-175]. Furthermore, drought 

stress causes osmotic stress, which can lead to turgor loss, 

which inhibits plant growth and development [176]. Drought 

stress also causes the creation of reactive oxygen species 

(ROS), which causes oxidative damage to carbohydrates, 

protein synthesis, and lipid metabolisms in plants, as well as 

membrane damage and cell death [177-178]. Plants rely 

heavily on root-associated microorganisms to cope with a 

variety of environmental stressors, such as drought [179-

180]. Arbuscular mycorrhizal fungi (AMF), which are 

members of the phylum Glomeromycota, form a symbiotic 

connection with their hosts. AMF consume photosynthetic 

products, such as sugars, from the roots of the host plant 

[181-182]. AMF not only improves stomatal control while 

also increasing water and nutrient uptake to alleviate the 

deleterious effects of drought [183]. For example, under 

drought stress, AMF-inoculated Poncirus trifoliata and 

Rosmarinus officinalis plants showed increased stomatal 

conductance [184-186]. AMF regulates numerous pathways 

to prevent oxidative damage under drought stress, in 

addition to increasing water use efficiency (WUE) and 

represents a possible avenue to improve next-generation 

agriculture [187]. The development of AMF-mediated 

processes in response to drought stress involves changes in 

the level of plant hormones including strigolactones, 

jasmonic acid (JA), and abscisic acid (ABA), as well as an 

improvement in plant water status via enhancing hydraulic 

conductivity [188]. AMF improved plant drought tolerance 

in Solanum lycopersicum by modulating the 14-3-3 genes 

(TFT1-TFT12) in the ABA signalling pathway and 

improving plant water relations [189]. 

 

Transcription factor mediated responses  

Arbuscular mycorrhizal fungi (AMF) help host plants 

grow more vigorously under stress by mediating a series of 

complex communication events between the plant and the 

fungus, which result in increased photosynthetic rate and 

other gas exchange-related traits, as well as increased water 

uptake [190]. Beneficial rhizosphere bacteria are 

increasingly being used for this purpose, for example, for 

biofertilization, disease and pest management, and the relief 

of environmental stresses [191-192]. Many strains of 

Trichoderma spp. are plant growth-promoting fungus 

(PGPF), which can colonise roots and act as opportunistic 

symbionts. Trichoderma spp. can stimulate the plant 

immune system (induced systemic resistance, ISR) and pre-

activate (prime) molecular defence mechanisms against a 

wide range of diseases in addition to direct biocontrol of soil 

infections [193-197]. Furthermore, the favourable effects of 

these PGPF on plant growth and abiotic stress relief have 

been widely described [198-200]. Several proteomic and 

transcriptome investigations, primarily on the aboveground 

section of the plant, have described the cascade of molecular 

events that characterise the commencement of the plant–

Trichoderma interaction [201-204]. Pattern recognition 

receptors (PRRs) sense microbe-associated molecular 

patterns (MAMPs) and activate MAMPs/DAMPs-triggered 

immunity (MTI/DTI) [205-206]. Only a few genes that code 

for receptor/recognition protein–Trichoderma elicitor 

pairings have been identified so far. Effector-triggered 

immunity (ETI) is thought to be activated by Trichoderma 

effectors [207]. Trichoderma-stimulated cell death was seen 

during root colonisation [208], which is consistent with ETI-

induced programmed cell death. Salicylic acid (SA)-

mediated and jasmonate (JA)/ethylene (Et)-mediated 

signalling have been identified as early events initiated by 

host-Trichoderma recognition, while abscisic acid (ABA) 
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and indole-3-acetic acid (IAA) have also been hypothesised 

to play essential roles [209]. Recent research suggests that 

regulatory mechanisms such epigenetic (DNA methylation, 

histone modification) and post-transcriptional (alternative 

splicing, AS) modifications are important pathogenic 

modulators [210-211] and may also play a role in forming 

positive relationships [212]. Higher cytosine DNA 

methylation has been linked to the reduction of 

Burkholderia phytofirmans-induced plant growth 

stimulation in potatoes [213], suggesting that DNA 

(de)methylation may play a role in positive interactions. A 

recent analysis of AS patterns in various plant species, 

including tomato, found that 39–70% of multi-exon genes 

produce at least one splice variant [214] and that most genes 

involved in plant defence undergo AS during plant–

pathogen interactions [215-217]. However, AS is still poorly 

understood in plants, especially in Solanaceous species 

[218-219]. Several studies have found that fungal symbiosis 

improves resilience to a number of stressors, including 

drought, salinity, herbivory, temperature, metals, and 

pathogens [220-222]. AMF may form interdependent links 

with about 90% of plant species, including flowering plants, 

bryophytes, and ferns [223-224]. Vesicles, arbuscules, and 

hyphae generate vesicles, arbuscules, and hyphae in roots, as 

well as spores and hyphae in the rhizosphere. The formation 

of a hyphal network by the AMF with plant roots improves 

root access to a vast soil surface area, resulting in improved 

plant growth [225]. AMF improves plant nutrition by 

increasing the availability of numerous nutrients as well as 

their transfer [226]. AMF improves soil quality by affecting 

its structure and texture, which in turn improves plant health 

[227-228]. The breakdown of soil organic materials can be 

accelerated by fungal hyphae [229]. Plant growth is harmed 

by drought stress, which affects enzyme activity, ion uptake, 

and nutrient assimilation [230-231]. Drought stress relief by 

AMF has been demonstrated in a variety of crops, including 

wheat, barley, maize, soybean, strawberry, and onion [232-

235]. Plant drought resistance may be attributable to the 

extra-radical hyphae of fungi and the huge volume of soil 

investigated by roots [236-239]. 

 

 

Fig 3 When faced with a stressful situation, priming alters responses. Stress or other priming stimuli, such as microorganisms, can 
prime a naive plant. Primed and naive plants have different response patterns; a primed plant may respond to stress induction more 
quickly or robustly than a naive plant. It could also be sensitised, triggering the response at a reduced fitness cost. The primed plant's 

response mechanisms may be tweaked even more to control a gene network that differs from that of a naive plant (Lephatsi et al. [52] 
 

Post-transcriptional modifications and epigenetic control  

Plant immunity and defences are preconditioned by 

PGPR, resulting in increased resistance to abiotic stressors, a 

phenomenon known as priming. When compared to non-

primed plants, the plant responds more quickly and/or 

robustly to stress in this stage, resulting in better stress 

tolerance (Fig 3) [240]. The 'primed state,' a state of 

preparedness achieved, has been related to efficient 

activation of the defence mechanisms, resulting in increased 

stress resistance. Various processes, including systemic 

acquired resistance (SAR) and induced systemic resistance, 

can be used to describe the increased resistance (ISR). SAR 

is a defence response mechanism that is activated in the 

plant's distal sections in response to localized infection 

[241], conferring resistance to further stress exposures and 

priming the plant to fight itself in the event of an attack. 

ISR, on the other hand, is mediated by microorganisms that 

mediate plant growth, such as PGPR, which colonize the 

root system and promote resistance in the plant [242-243]. 

SAR resistance is induced by the SA response pathway 

[244], whereas ISR resistance is induced through the ET and 

JA response pathways. The emergence of SAR and ISR as 

critical priming mechanisms has been well documented 

[245-248]. However, there is still a grey region where these 

priming mechanisms operate. Despite the fact that the 

processes of priming are unknown, several ideas have been 

presented, including the accumulation of dormant proteins 

implicated in signal amplification, such as MAPKs [249]. 
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Following stress perception, transcription factors are 

activated, enhancing transcription of defense-related genes 

[250], and epigenetic changes including DNA modifications, 

histone modifications, or chromatin abnormalities [251]. 

Plant priming has been proposed as a viable technique for 

stress regulation since it improves defence responses 

without compromising a plant's overall fitness, and the 

resulting stress resistance or tolerance cannot be reversed by 

microorganisms, resulting in long-term resistance [252]. The 

chemistry of the rhizosphere and the evolution of plant-

rhizomicrobiome interactions are still poorly understood, but 

new research suggests that certain PGPR species can pre-

condition plants for enhanced defence responses to abiotic 

stressors [253-257]. 
 

CONCLUSION 
 

Drought tolerance in primordial terrestrial plants has 

been retained throughout the evolution of angiosperms, with 

intense levels restricted to resurrection plants. The 

fundamental mechanism for maintaining cell turgor is 

osmotic adjustment, which allows water intake and hence 

aids in plant metabolic maintenance. In this connection, the 

association of specific microflora can help the plants 

conquer the negative effects of plant stress. This review 

focuses on the ability of these microorganisms to influence 

the plant responses against drought stress. Therefore, there is 

a need to undertake more and more studies to understand 

this complex interaction between the plants and microbiome 

at the molecular level. Moreover, these beneficial 

microorganisms are believed to play an important role in the 

development of biofertilizers for the sustainable 

improvement of crop production under drought 

environments. Though several research studies have 

encompassed the utilization of beneficial microorganisms- 

PGPR, PGPF, AMF with this objective, but due to several 

factors the transformation of the same from laboratory to 

field could not be accomplished satisfactorily. 
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