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Abstract

Abiotic stresses, including salinity, drought, high temperature, chilling injury,
and heavy metal toxicity, have become major limiting factors for the global agri-
cultural production. Moreover, these environmental conditions have increased
over time due to change in global climate pattern and human interference. Using
a diverse array of microorganisms harbored by plants to improve plant growth
and host stress tolerance may benefit in sustaining the increases in food produc-
tion in many regions of the world. Microbes help in rendering plants tolerant to
these unfavorable environmental stresses. This cross-stress protection provided
by microbial inoculants plays an important role in maintaining ecological bal-
ance and holds promise for generating more tolerant crops. Microorganisms not
only provide “non-nutritional” effects in stabilizing soil aggregates, prevent ero-
sion, detoxify pesticides, and suppress plant diseases and soilborne pathogens,
but they can also fix atmospheric nitrogen, solubilize mineral phosphate, decom-
pose organic wastes and residues, improve nutrient cycling, produce bioactive
compounds, produce phytohormone and siderophore, as well as enhance osmo-
lyte production, plant—water relation, photosynthetic capacity, protein assimila-
tion, plant hormonal status, ionic balance, antioxidant production, and other
physiological parameters inside the plant. In addition, using compatible multiple
microbial consortia consisting of bacterial symbionts and fungal symbionts act-
ing synergistically, providing various beneficial effects, is also a potential techni-
cal tool. Furthermore, intensive selection of stress-tolerant bioinoculants could
improve plant abiotic stress tolerance and thus enhance crop productivity under
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stressful conditions. This chapter documents the potential of microorganisms
and highlights insights into the mechanisms underlying improved stress toler-
ance in plants by microbial colonization.
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5.1 Introduction

Plants face several unfavorable abiotic stresses including salinity, drought, heat,
chilling injury, and heavy metal toxicity that severely impact plant growth and
development and finally decrease their overall yield to about 70% (Saxena et al.
2013). Practical strategies were developed worldwide for mitigating stress toxic
effects through the development of tolerant varieties, shifting crop calendars, using
chemicals that may be toxic for the environment, resource management practices,
etc. (Grover et al. 2011). While most of these practices are time-consuming and
costly, microbial inoculation as a safe, low-cost, effective, environment-friendly
approach can increase plant stress tolerance and can also maintain ecosystem health
(Naveed et al. 2014; Talaat and Shawky 2014a, 2015; Meena et al. 2015; Talaat
et al. 2015a). Indeed, microbe’s ability to confer plant stress resistance may open a
new avenue for alleviating the adverse effect of global climate change on agricul-
tural production (Grover et al. 2011).

Plant roots are colonized by soilborne bacteria and fungi that may have benefi-
cial effects on the agriculture crops by inducing plant adaptation to abiotic stresses
(Grover et al. 2011). Arbuscular mycorrhizal fungi (AMF) are microscopic filamen-
tous fungi that colonize cortical tissues and extend hyphae into the rhizosphere
(Shokri and Maadi 2009). It has a positive effect on the poorly mobile nutrients such
as phosphorus and other nutrients such as N, K, Ca, Mg, Fe, Zn, and Cu of plants
subjected to unfavorable environmental stresses (de Andrade et al. 2008; Bagheri
et al. 2012; Talaat and Shawky 2011, 2013). AM symbiosis helps plants to cope
up with abiotic stresses by defending roots against soilborne pathogens, improving
rhizosphere and soil conditions, modifying microbial communities, maintaining
membrane integrity, stimulating plant growth regulator production, enhancing/
selective nutrient uptake and preventing nutritional disorder, inducing osmoregula-
tor accumulation, controlling reactive oxygen species (ROS) accumulation by
enhancing antioxidant enzyme activity and antioxidant molecule content, improv-
ing photosynthesis process, enhancing protein synthesis, and changing transcript
levels of genes involved in signaling pathway or stress response, as well as struc-
tural adaptations (Zhang et al. 2010b; Maya and Matsubara 2013; Talaat and Shawky
2014a, b, 2015; Shabani et al. 2016).

Nitrogen-fixing bacteria which are also called diazotrophic bacteria can fix
atmospheric nitrogen for the plant. They can act as free-living bacteria or form a
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symbiosis with legumes and establish root nodules where biological nitrogen fixa-
tion occurs (Gomez-Sagasti and Marino 2015). Rhizobia, a group of associative
diazotrophic bacteria, are often used as co-inoculants with other microbes, either
bacteria or fungi, to enhance plant growth and productivity under different stressful
conditions (Figueiredo et al. 2008; Ahmad et al. 2013; Gomez-Sagasti and Marino
2015).

Other types of beneficial soilborne microbes that are defined as plant growth-
promoting bacteria (PGPBs) can colonize the rhizosphere/endorhizosphere of plants,
stimulate plant growth, and confer enhanced resistance to biotic and abiotic stresses.
Rhizospheric bacteria capable of promoting plant growth under different conditions
are known as plant growth-promoting rhizobacteria (PGPRs). They colonize the rhi-
zosphere of many plant species and impart benefit to the plants indirectly by reduc-
ing plant pathogens or directly by releasing phytohormones (auxins, cytokinins,
gibberellins, and abscisic acid); producing essential enzymes, 1-aminocyclopropane
-1-carboxylate (ACC) deaminase, to reduce ethylene level in the root of developing
plants; fixing nitrogen; solubilizing and mineralizing nutrients, particularly mineral
phosphate; mobilizing nutrients in the rhizosphere; producing siderophores to facili-
tate root uptake of metal nutrients; emitting volatile organic compounds (VOCs);
producing antioxidants; producing exopolysaccharides (EPS); and biofilm formation
(Grover et al. 2011). The term induced systemic tolerance (IST) is referred as PGPR-
induced physical and chemical changes in plants to respond to changing environ-
mental conditions and mitigate the impacts of stress (Belimov and Wenzel 2009;
Cohen et al. 2015; Singh and Jha 2016). Bacteria belonging to different genera
including Achromobacter, Arthrobacter, Azotobacter, Azospirillum, Bacillus,
Burkholderia, Enterobacter, Klebsiella, Microbacterium, Paenibacillus, Pantoea,
Pseudomonas, Serratia, Streptomyces, etc. can improve the host plant growth under
abiotic stress conditions (Grover et al. 2011; Nadeem et al. 2016).

Today, sustainable agricultural practices should be productive, profitable, energy-
conserving, eco-friendly, conserving of natural resources, and ensuring food safety
and quality. Effective microorganism (EM) application can minimize the investment
of money and labor, minimize the environmental impact, and support food safety and
food security. It consists of naturally occurring beneficial microorganisms: photosyn-
thetic bacteria (Rhodopseudomonas spp.), lactic acid bacteria (Lactobacillus spp.),
yeast (Saccharomyces spp.), actinomycetes, and fermenting fungi (Aspergillus and
Penicillium) (Higa 2004). It can enhance crop production and protection by promot-
ing seed germination; enhancing plant growth, root development, flowering, fruiting,
and ripening; increasing the efficacy of organic matter as fertilizers; increasing nutri-
ent availability in the rhizosphere of plants; developing resistance of plants to pests
and diseases; suppressing soilborne pathogens and pests; and increasing the produc-
tion of antioxidants that suppress the negative impact of free radicals in plant metab-
olism (Higa 2004; Talaat 2015a). It can also decrease the damage to plants caused by
soil salinization by improving various physiological and biochemical processes
inside the plant cell (Talaat 2014, 2015b; Talaat et al. 2015a).

Interestingly, the use of multi-strain microbial inocula is a potential biotechno-
logical approach to ameliorate the deleterious effects of the stressful conditions on
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plant and enhance its fitness. Co-inoculation with Paenibacillus polymyxa and
Rhizobium tropici ameliorated the harmful impact of water deficit on Phaseolus
vulgaris L. (Figueiredo et al. 2008). The combined interaction of Pseudomonas and
Rhizobium protected mung bean from saline soil (Ahmad et al. 2013). Co-inoculation
of PGPBs and Rhizobia with legume plants also supported the growth of plant dur-
ing metal phytostabilization and phytoextraction strategies (Gomez-Sagasti and
Marino 2015). Furthermore, co-inoculation of PGPR Dietzia natronolimnaea strain
STR1 and AMF Glomus intraradices alleviated the negative impact of salinity on
the growth of Ocimum basilicum (Bharti et al. 2016a).

The present chapter appraises the crucial role of useful soil microbes in plant
tolerance to major abiotic factors, such as salinity, drought, heat, chilling injury, and
heavy metal toxicity. Special emphasis is given to the physiological impacts and
how the compatible multiple microbial consortia mitigate the abiotic stress symp-
toms in the plants. Moreover, it explores the beneficial effects of using stress-
tolerant bioinoculants to develop plant stress tolerance. Finally, major aspects for
future work in the current direction have also been highlighted.

5.2 Salt Stress

Soil salinization is a devastating ecological and agronomical problem that limits
agricultural production and land development in many areas on the earth.
Approximately 7% of the global land surface is salt-affected. More than 800 million
hectares of global land are affected by salinity (Munns and Tester 2008). Plant cells
can sense salt stress through membrane disorganization; enzyme damage; metabolic
toxicity; inhibition of photosynthesis, respiration, and protein synthesis; distur-
bance in nutrient accumulation; toxicity of excessive Na* and CI7; disturbance in
water and osmotic potential; reduction in assimilate translocation to sinks; and
increasing ROS production in chloroplasts (Talaat and Shawky 2013, 2014a, b;
Pedranzani et al. 2016). Indeed, increasing salinization of soils, increasing costs of
fertilizers, and increasing need for food to feed the global population are the main
factors that stressed the need for full exploitation of soil microbes. Exploitation of
soil microbes for utilizing salt-stressed land is an effective tool and may provide a
quick-fix solution to this problem. The benefit to mankind and the economic poten-
tial make it a worthwhile task.

5.2.1 Plant Growth-Promoting Bacteria in Salt Stress Mitigation

PGPRs can act as elicitors of tolerance to salt stress. They facilitate growth in the
saline environment via inducing different physical and biochemical changes in
stressed plants, to confer IST. Certain PGPR strains confer salt tolerance by protect-
ing the plants from the negative impact of high Na* concentrations in the soil. For
example, soil bacterium Bacillus subtilis strain GB03 conferred salt tolerance in A.
thaliana by tissue-specific regulation of HKTI (high-affinity K* transporter 1).
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GBO03 under saline condition concurrently downregulates HKT'I expression in roots
and upregulates its expression in shoots, which lowered the accumulation of Na*
throughout the plant compared with controls (Zhang et al. 2008). Similarly, soil
bacterium inoculation with GBO3 promoted the growth of white clover under salt
stress by decreasing shoot and root Na* accumulation, thereby improving K*/Na*
ratio. GBO3 also regulated chlorophyll content, leaf osmotic potential, cell mem-
brane integrity, and ion accumulation in salt-affected plants (Han et al. 2014).
Furthermore, inoculation with Bacillus sp. strain L81 and Arthrobacter oxidans
strain BB1 significantly reduced A. thaliana Col 0 mortality under salt stress, which
might be due to the induction in the expression of PR/ that is a gene associated to
the SA-dependent pathway (Barriuso et al. 2008). Co-inoculation of B. subtilis and
Arthrobacter sp. alleviated the deleterious effects of salt stress on wheat growth by
increasing plant dry biomass and by inducing the accumulation of sugars and pro-
line (Upadhyay et al. 2011). Recently, the multi-strain consortium of three bacterial
species P. fluorescens, B. megaterium, and V. paradoxus enhanced the leaf chloro-
phyll content in cucumber plants subjected to saline conditions (Nadeem et al.
2016). Hence, the multi-strain bacterial inoculum can play a crucial role in protect-
ing the plant from saline soil.

PGPR improves salt stress tolerance in different plant species by producing ACC
deaminase, phytohormones, siderophores, exopolysaccharides (EPS), antioxidants,
and volatile organic compounds (VOCs) (Grover et al. 2011). PGPB with ACC
deaminase activity colonizes the rhizosphere and keeps ethylene levels low that is
beneficial for root growth and plant survival under saline conditions. High K*/Na*
ratio, relative water content, chlorophyll level, and low proline content were detected
in salt-stressed maize inoculated with Pseudomonas syringae, Enterobacter aero-
genes, and P. fluorescens containing ACC deaminase activity (Nadeem et al. 2007).
Similarly, improved root length, shoot height, as well as fresh and dry weight was
observed in salt-stressed wheat plants inoculated with ACC deaminase-producing
Klebsiella spp. SBP-8 (Singh et al. 2015). Inoculation with Enterobacter sp.
UPMRI18 containing ACC deaminase activity induced antioxidant enzyme activi-
ties (SOD, APX, and CAT) and upregulated ROS pathway genes (CAT, APX, GR,
and DHAR) of salt-affected okra plants (Habib et al. 2016). PGPB also promotes
plant growth and development under soil salinization by enhancing the synthesis of
plant hormones. Production of indoleacetic acid, gibberellins, and some unknown
determinants by PGPR improved wheat salt tolerance as a result of increasing root
length, root surface area, and number of root tips, which increased nutrient uptake
(Egamberdieva and Kucharova 2009). Salt-stressed Medicago plants infected with
IAA-overproducing PGPR Sinorhizobium meliloti strain showed high antioxidant
enzyme activity (Bianco and Defez 2009). Inoculation with Streptomyces producing
the PGP activity of an auxin and siderophore significantly improved the germina-
tion rate, shoot length, dry weight, and N, P, Fe, and Mn concentrations in salt-
stressedwheatplants(Sadeghietal.2012). Furthermore,exopolysaccharide-producing
bacteria inoculation could restrict Na* influx into roots. EPS production by PGP
strains helps in binding cations, including Na*, and thus decreases the content of
Na* available for uptake by plants, which is especially beneficial for alleviating salt
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stress in plants. Wheat seedling inoculation with bacteria that produce EPS restricted
sodium uptake and stimulated plant growth under salt stress (Grover et al. 2011).
PGPR can also enhance salt tolerance via enhancing ROS-scavenging system.
Inoculation of paddy with two root-associated bacteria Pseudomonas pseudoalca-
ligenes and Bacillus pumilus enhanced salt tolerance via regulating lipid peroxida-
tion, SOD activity, caspase-like protease activity, and programmed cell death (Jha
and Subramanian 2014). In addition, plant perception of bacterial VOC causes a
tissue-specific regulation of HKT1 that controls Na* homeostasis under saline con-
ditions. VOCs from PGPB downregulated high-affinity K* transporter 1 (HKT1)
expression in roots, but upregulated it in shoot tissues and thus reduced the Na*
levels in the whole plant (Yang et al. 2009). Soybean plants exposed to volatile
emissions from Pseudomonas simiae strain AU not only decreased root Na* levels
but also enhanced the proline accumulation, which protect the plant cells from
osmotic stress. Consistent with induced systemic tolerance under salt stress, inocu-
lation with AU VOC:s resulted in increase in the vegetative storage protein and sev-
eral other proteins that can help the stressed plants to sustain their growth and
development (Vaishnav et al. 2015). Recently, Herbaspirillum sp. strain GW103,
which is capable of producing plant beneficial factors, such as auxin, siderophore,
and ACC deaminase, alleviated salinity stress in Chinese cabbage by increasing the
root K*/Na* ratio that generated balance in the ion homeostasis and thus contributed
to biomass increase (Lee et al. 2016). Inoculation with Enterobacter sp. SBP-6 con-
taining ACC deaminase activity and showing other PGP traits like phosphate solu-
bilization, phytohormone production, and nitrogen fixation to wheat plants
ameliorated the negative impact of saline conditions. It significantly improved plant
biomass, chlorophyll content, K* uptake, and K*/Na* ratio, while it diminished Na*,
proline, and malondialdehyde contents (Singh and Jha 2016).

Co-inoculation of PGPR with symbiotic bacteria under saline conditions is a
potential biotechnological approach that improves both the plant productivity and
the soil health. Co-inoculation of Serratia proteamaculans ATCC 35475 and
Rhizobium leguminosarum bv. viciae 128C56G alleviated the inhibitory effect of
salinity on plant growth, antioxidant enzyme activity, photosynthesis process, and
mineral content of Lactuca sativa (Han and Lee 2005). Inoculation by Pseudomonas
sp. 54RB and Rhizobium sp. Thal-8 decreased the electrolyte leakage, while it
increased the proline production, the relative water content, and the K* ion uptake
of maize plants subjected to salinity stress (Bano and Fatima 2009). Likewise, co-
inoculation of Pseudomonas and Rhizobium enhanced growth, nodulation, and
ionic acquisition of mung bean grown under saline conditions (Ahmad et al. 2013).

Halotolerant bacteria isolated from saline environments have potential to improve
plant establishment under saline conditions through direct or indirect mechanisms
and would be most appropriate as bioinoculants under such conditions. Inoculation
with 14 halotolerant bacterial strains ameliorated salt stress in canola plants through
the reduction of ethylene production via ACC deaminase activity (Siddikee et al.
2010). Inoculation with the salt-tolerant rhizosphere bacteria (Bacillus pumilus,
Pseudomonas mendocina, Arthrobacter sp., Halomonas sp., and Nitrinicola
lacisaponensis) enhanced chlorophyll, carotenoids, and protein contents, as well as
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the accumulation of individual phenolics (gallic, caffeic, syringic, vanillic, ferulic,
and cinnamic acids), flavonoid quercetin, and IAA, which induced salt stress toler-
ance in wheat (Tiwari et al. 2011). Wheat plants inoculated with saline-adapted
Azospirillum strains had higher shoot dry weight, grain yield, and N concentrations
than the uninoculated ones under saline conditions (Nia et al. 2012). Inoculation by
halotolerant bacteria Halobacillus sp. and B. halodenitrificans ameliorated salinity
stress in wheat by improving root elongation and root dry weight (Ramadoss et al.
2013). Bacillus sp. and Arthrobacter pascens sp. isolated from rhizospheric soil of
halophyte regions promoted the growth of salt-stressed maize plants by enhancing
sugar and proline accumulation as well as increasing SOD, POX, CAT, and APX
activities (Ullah and Bano 2015). Another PGPB, Pseudomonas koreensis strain
AK-1, mitigated salt stress and promoted soybean growth by reducing Na* level
while increasing K* level, stress enzyme activity, and proline content in leaves and
roots (Kasotia et al. 2015). Inoculation with ACC deaminase-producing PGPB
Enterobacter cloacae strain KBPD isolated from salt-affected soil alleviated salt
toxicity in Vigna radiata L. by increasing shoot length, root length, fresh and dry
weights, as well as total chlorophyll content. Salt-affected plants had higher proline
content, while inoculation with E. cloacae KBPD reduced its content (Bhise et al.
2016). Carotenoid producing halotolerant PGPR Dietzia natronolimnaea STR1
promoted growth and protected wheat plants from damage to salt stress via modu-
lating the expression of stress-responsive genes. It modulated ABA-signaling of
cascade genes (TaABARE and TaOPR1), expression of SOS pathway-related genes
(SOSI and SOS4) and ion transporters (TaNHX1, TaHAK, and TaHKT1), expression
of TaST (a salt stress-induced gene), and gene expression of various antioxidant
enzymes (APX, MnSOD, CAT, POD, GPX, and GR), which contributed to increased
salt stress tolerance in these plants. Inoculated plants subjected to salinity stress
recorded also higher proline and lower MDA levels in comparison to the uninocu-
lated ones (Bharti et al. 2016b).

5.2.2 Arbuscular Mycorrhizal Fungi in Salt Stress Mitigation

Mycorrhizal infection has gained a considerable importance as a shotgun approach
to overcome the salt-induced reduction in crop production by altering the physio-
logical and biochemical properties of the host plant. It has been considered a bio-
ameliorator of saline soils. Several mechanisms have been reported behind
mycorrhizal elicited plant stress tolerance. It alleviated salinity-induced injuries by
regulating water uptake, increasing nutrient acquisition, inducing organic solute
accumulation, maintaining photosynthetic capacity, improving protein synthesis,
altering plant hormonal status, and enhancing ROS-scavenging activity resulting in
higher crop yield (Talaat and Shawky 2015).

The improved salt tolerance of AM plants could be due to a more efficient uptake
of nutrients. Symbiosis between AMF and most plant species provides nutrients
such as phosphorus and others including N, K, Ca, Mg, Fe, Zn, and Cu (Shokri and
Maadi 2009). Arbuscular mycorrhizal colonization and arbuscule formation
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effectively alleviated salinity-induced injuries by increasing N, P, K*, Ca**, and
Mg?** uptake and decreasing Na* concentration in wheat (Talaat and Shawky 2011).
Indeed, AMF may act as a first barrier for ion selection during the fungal uptake of
nutrients from the soil or during their transfer to the host plant. For example,
Rhizophagus intraradices can take up K*, Mg?*, and Ca?* while avoiding Na* uptake,
which suggest that AMF can induce a buffering effect on the Na* uptake (Hammer
et al. 2011). AMF colonization can also improve the water absorption capacity of
maize plants grown under saline conditions, by increasing root hydraulic conductiv-
ity and by adjusting the osmotic balance (Sheng et al. 2008). Moreover, mycorrhi-
zae can increase the root growth and thus could enhance the plant adaptation to
adverse soil conditions (Talaat and Shawky 2012; Pedranzani et al. 2016). Indeed,
root growth promotion can lead to a larger root surface and consequently increase
the water acquisition and nutrient uptake. Change in polyamine balance is a fre-
quent response of plant metabolism to the mycorrhizal colonization influencing
many physiological aspects including stress resistance and resulting in better per-
formance of plants under stressful conditions (Smith and Read 2008). Mycorrhization
improved wheat salt stress tolerance by altering polyamine balance; it changed Put,
Spd, and Spm content as well as reduced the activities of diamine oxidase and poly-
amine oxidase. It also improved host plant nutrient status via increasing N, P, K*,
Fe, Zn, and Cu acquisition and diminishing Na* uptake and thus increased the fit-
ness of wheat plant to salt stress (Talaat and Shawky 2013).

Mycorrhizal symbiosis can also play as an ecosystem service provider to guarantee
plant productivity in saline soils by improving carbon and nitrogen metabolisms. It
alleviated the deleterious effect of salinity through improving relative water content
and membrane stability index; inducing a better osmotic adjustment via compatible
solute accumulation such as soluble sugars, free amino acids, proline, and glycinebe-
taine; altering ionic balance via increasing N, K*, and Mg?* acquisition and decreasing
Na* uptake; enhancing photosynthetic efficiency via improving photochemical reac-
tions of photosynthesis, gas exchange capacity, chlorophyll content, Chl a/b ratio,
carbonic anhydrase activity, and carbohydrate content; promoting protein synthesis
via enhancing nitrate content and nitrate reductase activity; as well as preventing oxi-
dative stress via alleviating membrane lipid peroxidation and decreasing H,O, content
(Talaat and Shawky 2011, 2014a). Inoculation via Rhizophagus irregularis to salt-
affected Populus cathayana plants enhanced plant—water status (relative water content
and water-use efficiency), which could increase the capacity of photosynthesis and
thus biomass production (Wu et al. 2015). Furthermore, AMF can improve plant
adaptation to saline soils by eliminating the ROS. Mycorrhizal symbiosis altered the
plant physiology of salt-stressed wheat plants by reducing membrane lipid peroxida-
tion, membrane permeability, and H,O, content as well as by enhancing ROS-
scavenging system activity via increasing the antioxidative enzyme (SOD, POX, CAT,
and GR) activity and the antioxidant molecules (glutathione, ascorbate, and glycine-
betaine) concentration (Talaat and Shawky 2014b). AM Digitaria eriantha plants
grown under saline conditions had higher CAT, APX, and SOD activity, higher stoma-
tal conductance value, higher endogenous jasmonate level, and lower hydrogen per-
oxide level than the non-AM ones (Pedranzani et al. 2016).
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Influence of AMF on organic acids in maize leaves under salt stress was studied
by Sheng et al. (2011), who found that AM symbiosis increased the accumulation of
organic acids such as oxalic acid, fumaric acid, acetic acid, malic acid, and citric
acid, whereas the concentrations of formic acid and succinic acid decreased, and no
significant effect was found on lactic acid concentrations. Mycorrhizal infection can
also alter plant hormonal status in salt-stressed plants. Lower ABA levels were
detected in Glomus intraradices-colonized lettuce plants indicating that AM plants
were less strained than non-AM plants by salinity stress imposed; hence, they accu-
mulated less ABA (Jahromi et al. 2008). An increase in strigolactone, a new class of
plant hormone, in mycorrhizal-treated plants was demonstrated to overcome salin-
ity effects in lettuce plants (Aroca et al. 2013). Higher cytokinin concentration and
higher translocation of photosynthetase were detected in AMF-inoculated plants
subjected to salt stress (Hameed et al. 2014).

Potential molecular mechanisms underlying AMF-mediated plant salt stress tol-
erance were reported. AMF-induced plant salinity tolerance may be influenced by
genes encoding  Al-pyrroline-5-carboxylate  synthetase (LsP5CS), late
embryogenesis-abundant protein (LsLea), and ABA (Lsnced) (Kapoor et al. 2013).
Cyclic nucleotide-gated ion channels (CNGCs) assisted the AM-inoculated plants
to survive under saline conditions by supplying the sodium reallocation within the
plant tissues (Ruiz-Lozano et al. 2012). Although the Na*/H* antiporters — LeNHX
and LeNHX?2 — catalyze the transfer of Na* out of the cytoplasm into either vacuole
or apoplasm, the AM symbiosis under salt stress did not alter the expression of
LeNHX1 and LeNHX?2 genes (Ouziad et al. 2006). Inoculation of three native AMF
from a Mediterranean saline area to salt-stressed maize plants showed significant
increase in K* and reduction in Na* accumulation as compared to salt-stressed non-
mycorrhizal ones, concomitantly with higher K*/Na* ratios. This effect correlated
with the regulation of ZmAKT2, ZmSOS1, and ZmSKOR genes in their roots (Estrada
et al. 2013). Mycorrhizal infection enhanced the rice salt tolerance by decreasing
Na* root-to-shoot distribution and increasing Na* accumulation in rice roots. In
aerial plant tissues, the AM symbiosis may favor Na* extrusion from cytoplasm, its
sequestration into the vacuole, the unloading of Na* from the xylem, and its recircu-
lation from photosynthetic organs to roots through regulation of the expression of
OsNHX3, OsSOS1, OsHKT2;1 and OsHKTI;5 genes encoding plant transporters
involved in ion homeostasis (Porcel et al. 2016).

Mycorrhizal-colonized plants can also interact with several soil microorganisms
including PGPR to increase the plant salt tolerance. Inoculation with PGPR P. men-
docina alone and in combination with an AMF Glomus intraradices or G. mosseae
improved the biomass of salt-stressed Lactuca sativa cv. Tafalla plants, along with
antioxidant enzymes and proline content in foliage (Kohler et al. 2009). The com-
bined application of AMF and PGPB attenuated the negative salinity effects on the
plants by producing phytohormone and increasing nutrient uptake (Dodd and Perez-
Alfocea 2012). Co-inoculation with a mixture of AMF from the genera Glomus,
Gigaspora, and Acaulospora and the rhizobia Sinorhizobium terangae resulted in a
positive osmotic adjustment that improved salinity tolerance in Acacia saligna
(Soliman et al. 2012). Co-inoculation of AMF (Glomus etunicatum) and PGPB
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(Methylobacterium oryzae CBMB20) alleviated salt stress and significantly
increased dry biomass and nutrient accumulation, while it significantly reduced pro-
line content and Na* uptake in maize plants (Lee et al. 2015). Co-inoculation of
PGPR Dietzia natronolimnaea strain STR1 and AMF Glomus intraradices posi-
tively influenced the growth of Ocimum basilicum plants grown in salt-affected
soils (Bharti et al. 2016a).

5.2.3 Effective Microorganisms in Salt Stress Mitigation

Using EM application as a biological strategy to enhance plant salt stress tolerance
can increase the saline soil utilization and become an emerging challenge as a prom-
ising environmentally friendly method. It provides an inexpensive and viable
method for alleviating the effect of soil salinization on crop production (Talaat
2014, 2015b; Talaat et al. 2015a). It protected the plant cell against the oxidative
damage and enhanced the plant survival under soil salinization by countering the
lipid peroxidation via enhancing the enzymatic activities of antioxidative enzymes
involved in the ascorbate—glutathione cycle and a higher redox status of the antioxi-
dants ascorbate and glutathione. Indeed, EM treatment enhanced the H,O,-
scavenging capacity of the ascorbate—glutathione cycle to attenuate the activation of
plant defenses (Talaat 2014). Preventing oxidative stress and eliminating ROS are
the most effective mechanisms used by EM-treated plants to cope with salinity
stress (Talaat 2015a). EM application can also increase plant salinity tolerance by
enhancing the nutrient acquisition and improving the osmotic adjustment via com-
patible solute accumulation. EM treatment reduced Na* uptake, increased N, P, K*,
Ca*, Mg*, Fe, Zn, and Cu absorption, and enhanced important osmolytes such as
soluble sugar, free amino acid, proline, and glycinebetaine accumulation in
Phaseolus vulgaris plants subjected to saline conditions (Talaat et al. 2015a).
Moreover, the application of EM could improve salt stress tolerance by the regula-
tion of protein synthesis and the modulation of polyamine pool. It activated the
nitrate uptake and enhanced the NR activity, which could be a reason for the
observed increase in the protein content. It also regulated the ionic homeostasis,
modified the biosynthesis of polyamines, decreased the activity of the polyamine
catabolizing enzymes, prevented the oxidative stress via decreasing the MDA and
H,0, contents, and enhanced the membrane stability index in Phaseolus vulgaris
plants grown in salty soils (Talaat 2015b).

53 Water Stress

Drought is one of the major environmental factors that limit crop production world-
wide by altering a series of physiological, biochemical, and molecular responses. It
disrupts photosynthesis and protein synthesis, increases photorespiration, affects
plant hormone balance, alters the normal homeostasis of cells, and induces high
levels of ROS in plant cells (Cohen et al. 2015; Talaat et al. 2015b; Talaat and
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Shawky 2016). Therefore, there is a serious need to find new ways to cope with the
threat of global water deficiency on agricultural production. Microbial inoculants
are a powerful strategic tool in inducing plant drought tolerance.

5.3.1 Plant Growth-Promoting Bacteria in Water Stress
Mitigation

Microbial inoculants can alleviate the negative impact of water deficit by inducing
different physical and biochemical changes in plants. Probably specific mechanisms
are responsible for plant performance under this condition. Azospirillum-inoculated
wheat seedling showed better phospholipid composition in its root than that in non-
inoculated ones when exposed to water-deficit condition, which suggested that bac-
terial inoculation led to changes in the root cell membrane elasticity and thus
improved tolerance to water deficiency (Pereyra et al. 2006). Root colonization with
rhizobacteria Pseudomonas chlororaphis 06 enhanced water stress tolerance in
Arabidopsis by reducing water loss and increasing stomatal closure. The volatile
metabolite 2,3-butanediol produced by P. chlororaphis 06 increased salicylic acid
(SA) content and thus induced the stomatal closure and subsequently drought resis-
tance. Hence, induction of drought tolerance in Arabidopsis by P. chlororaphis 06
is through a SA-dependent mechanism (Cho et al. 2008). Indeed, studies with
Arabidopsis mutant lines revealed that induced water stress tolerance requires SA,
ethylene, and jasmonic acid signaling pathways. Additionally, many bacteria can
ameliorate the adverse effect of water deficiency by increasing osmoprotectant
accumulation. Both Gram-negative (Azospirillum and Pseudomonas) and Gram-
positive (Bacillus) strains promoted water stress resistance of basil plants by induc-
ing the production of proline and soluble carbohydrates in root and leaf tissues.
Inoculated plants had also higher chlorophyll content, confirming the positive effect
of bacteria under drought conditions (Heidari et al. 2011). Wheat seedlings inocu-
lated by Azospirillum under osmotic stress had better water status, which could be
attributed to the morphological changes in xylem vessels of the coleoptiles, upregu-
lation of its own indole-3-pyruvate decarboxylase gene, and enhanced bacterial
IAA synthesis (Pereyra et al. 2012). As a drought tolerance mechanism, plants over-
express zeatin to delay the leaf senescence. Inoculation by engineered strains of
Sinorhizobium meliloti with ipt gene enhanced the concentration of zeatin and cyto-
kinin and improved the activity of antioxidant enzymes in the leaves of alfalfa plants
grown under severe drought conditions (Xu et al. 2012). Furthermore, drought
stress amelioration was detected in wheat inoculated with Burkholderia phytofir-
mans strain PsJN by modulation of metabolism and improving the ionic balance
(Naveed et al. 2014). Azospirillum brasilense Sp 245 strain ameliorated the deleteri-
ous effect of drought on Arabidopsis thaliana via altering root architecture, stimu-
lating photosynthetic and photoprotective pigments, and retarding water loss in
correlation with enhancement of ABA levels (Cohen et al. 2015). Overall, modulat-
ing water stress tolerance and minimizing the stress damage could be induced in the
plant tissues by the microbial activities irrespective of the microbial origin.
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PGPR ameliorates the negative effect of water deficiency on plant cells via a so-
called process induced systemic tolerance (IST), which includes:

(a) Production of cytokinins that causes abscisic acid accumulation in leaves and
results in the stomatal closure

(b) Production of indoleacetic acid which improves root growth and nutrient uptake

(c) Degradation of the ethylene precursor ACC by bacterial ACC deaminase

(d) Production of antioxidants that causes ROS degradation and reduces damage to
cells and biomolecules

(e) Production of volatile organic compounds (VOCs)

(f) Production of exopolysaccharides which tends to improve soil structure by
facilitating the formation of macroaggregates

(g) Production of siderophores to facilitate root nutrient uptake (Grover et al. 2011)

PGPR containing ACC deaminase significantly lowered the ACC level in water-
stressed plants and thus decreased the ethylene synthesis and the plant damage.
Inoculation with rhizobacteria containing ACC deaminase, Pseudomonas fluores-
cens biotype G (ACC-5), increased fresh weight, dry weight, root length, shoot
length, number of leaves per plant, and water-use efficiency of water-stressed peas.
Longer roots might increase the water uptake from deep soil, thus increasing water-
use efficiency (Zahir et al. 2008). PGPB Pseudomonas sp., P. putida, and B. mega-
terium with IAA-producing abilities alleviated water stress in Trifolium repens
(Marulanda et al. 2009). Certain PGPBs alleviated plant drought stress via VOC
production. Osmotic-stressed Arabidopsis plants inoculated by the soil microbe
Bacillus subtilis GBO3 VOCs accumulated higher levels of choline and glycinebe-
taine, which are important osmoprotectants that confer dehydration tolerance in
plants than plants without VOC treatment (Zhang et al. 2010a). PGPR-induced
water stress tolerance can also be achieved via enhancing the antioxidant enzyme
activity and the antioxidant molecule concentration. Pseudomonas fluorescens Pf1
ameliorated drought by increasing catalase and peroxidase activities, as well as pro-
line accumulation in green gram plants (Saravanakumar et al. 2011). Water stress
amelioration and plant growth promotion were detected in wheat plants inoculated
with Bacillus safensis strain W10 and Ochrobactrum pseudogregnonense strain IPS.
These PGPBs enhanced antioxidant responses via elevating activities of antioxidant
enzymes catalase, peroxidase, ascorbate peroxidase, superoxide dismutase, and glu-
tathione reductase as well as increasing accumulation of antioxidants carotenoids
and ascorbate (Chakraborty et al. 2013). PGPR-treated potato plants had higher
gene expression of ROS-scavenging enzymes as well as higher photosynthetic per-
formance, which displayed increased tolerance to various abiotic stresses (Gururani
et al. 2013). Certain PGPR may also indirectly ameliorate drought by enhancing the
production of exopolysaccharide. Rhizobacteria Pseudomonas putida strain P45
with exopolysaccharide-producing abilities improved sunflower drought resistance.
Exopolysaccharides possess unique water-holding and water-cementing properties,
thus helping in the formation and stabilization of soil aggregates and regulation of
nutrients and water flow across plant roots through biofilm formation (Sandhya
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et al. 2009). Pseudomonas aeruginosa strain Pa2 produce exopolysaccharides that
enhanced bacterial ability to maintain soil moisture content and increased maize
drought tolerance (Naseem and Bano 2014).

Rhizosphere bacteria also induce plant drought tolerance when applied in com-
bination with rhizobial strains. Co-inoculation with Paenibacillus polymyxa and
Rhizobium tropici alleviated drought stress in common bean (Phaseolus vulgaris
L.) by increasing the plant growth, nitrogen content, and nodulation as well as by
altering the phytohormone content (Figueiredo et al. 2008).

Moreover, adapted drought-tolerant microorganisms may compensate for the
stress effect and can be active in promoting plant establishment. The use of adapted
autochthonous microorganisms to regenerate arid soils is an attractive possibility.
Inoculation with five drought-tolerant PGP Pseudomonas spp. strains, namely, P.
entomophila, P. stutzeri, P. putida, P. syringae, and P. montelli, ameliorated maize
drought stress by modifying compatible solute accumulation and antioxidant status
(Sandhya et al. 2010). The stress protecting agent Stenotrophomonas rhizophila
DSM14405T produced spermidine, which is a general, highly efficient stress pro-
tectant (Alavi et al. 2013). Autochthonous bacteria strains of Bacillus megaterium,
Enterobacter sp., Bacillus thuringiensis, and Bacillus sp. alleviated water stress in
Lavandula and Salvia by increasing K content, depressing stomatal conductance,
and controlling shoot proline accumulation (Armada et al. 2014). The autochtho-
nous bacteria Bacillus thuringiensis and the allochthonous bacteria Pseudomonas
putida alleviated drought stress impact on wheat plants through improving the con-
tent of nutrients and relative water as well as decreasing the stomatal conductance,
electrolyte leakage, proline content, and APX activity (Ortiz et al. 2015).

5.3.2 Arbuscular Mycorrhizal Fungi in Water Stress Mitigation

Mycorrhizal soil community is a vital component in the plant—soil system. AM
symbiosis facilitates the nutrient transfer from soil to host plants. It also improves
drought tolerance through enhancing water uptake by extraradical hyphae, improv-
ing gas exchange and water-use efficiency, improving osmotic adjustment as a result
of the enhancement in compatible solute accumulation, altering plant hormonal sta-
tus, regulating antioxidant system, and improving soil structure by glomalin (Gong
et al. 2013; Yooyongwech et al. 2013; Ortiz et al. 2015; Pedranzani et al. 2016).
AMF enhancing the host plant drought tolerance can also be achieved by proteins
with chaperone-like activity, such as that of luminal binding protein (BiP), which
prevent intramolecular and intermolecular interactions in endoplasmic reticulum
that can result in permanent misfolding or aggregation and thus loss of their func-
tion (Porcel et al. 2007).

AMF-induced drought tolerance can be mediated through lowered oxidative
burst via increasing antioxidant enzyme activity and antioxidant molecule content.
AM associations improved the C. equisetifolia drought tolerance via lowering the
plasma membrane permeability and malondialdehyde content as well as by enhanc-
ing peroxidase activity and P, soluble sugar, and soluble protein concentrations
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(Zhang et al. 2010b). Mycorrhization enhanced photosynthetic efficiency, induced
glutathione accumulation, as well as reduced hydrogen peroxide accumulation and
oxidative damage to lipids in rice plants grown under drought stress conditions
(Ruiz-Sanchez et al. 2010). AMF inoculation mitigated the oxidative stress gener-
ated in Poncirus trifoliata under water deficiency by increasing the mRNA levels of
four stress-responsive genes CSD/ (copper/zinc SOD), MIOX1 (myo-inositol oxy-
genase), GLX1 (glyoxalase), and TTCS (transparent testa 5), which encode enzymes
responsible for elimination of ROS, alleviating oxidative stress and detoxification of
cytotoxic compounds (Fan and Liu 2011). Higher shoot and root biomass as well as
higher flavonoids as one of the ROS scavengers were observed in Glomus
etunicatum-colonized pistachio plants as compared to non-colonized ones under
drought conditions (Abbaspour et al. 2012). Colonization of pomegranate plants by
Rhizophagus intraradices resulted in considerably higher shoot superoxide dis-
mutase and catalase activity under water-deficit conditions (Bompadre et al. 2014).
AM symbiosis improved plant drought tolerance by elevating the production of
isoprenoids, nonvolatile compounds, and antioxidants (Rapparini and Penuelas
2014). In addition to antioxidant concentration and antioxidant enzyme activity,
mycorrhizal plants possess a H,O, efflux pathway to prevent oxidative burst being
induced under water stress conditions. Funneliformis mosseae-colonized trifoliate
orange seedlings had lower oxidative burst under drought conditions, which resulted
from a combination of higher antioxidant enzyme activity (superoxide dismutase
and catalase), lower O,~ accumulation, higher H,O, effluxes, and higher Ca?*
influxes (Zou et al. 2015). Increases in shoot/root biomass ratio; shoot dry matter
content; stomatal conductance value; CAT, APX, and SOD activity; and endoge-
nous jasmonate accumulation and decreases in H,0O, level were recorded in AM
Digitaria eriantha plants grown under drought conditions (Pedranzani et al. 2016).

The symbiotic association formed by AMF with higher plants under water-deficit
conditions could increase the water uptake from the soil and improve the regulation
of stomatal aperture to get higher water-use efficiency. AMF inoculation improved
maize drought tolerance by affecting plant—water relation through inducing changes
in cytokinin and auxin concentrations, enhancing stele tissue size, increasing soil
aggregate stability and soil available water, as well as enhancing stomatal conduc-
tance (Boomsma and Vyn 2008). AMF can alter water regulation in water-stressed
Poncirus trifoliata plants through modulation in hormonal signaling or by stimulat-
ing the accumulation of osmolytes (Fan and Liu 2011). Abscisic acid plays an
important role as one of the non-nutritional mechanisms by which AM symbiosis
influences stomatal conductance in drought-exposed plants (Ludwig-Muller 2010).
In addition, improving plant—water status in AM-inoculated Zea mays plants played
an indirect role in enhancing osmotic adjustment, gas exchange capacity, effective-
ness of photochemistry of PSII, and nutrient uptake under water-deficit conditions
(Zhu et al. 2012). Greater leaf water potential, gas exchange, stomatal conductance,
and photosynthetic rates were detected in mycorrhizal sunflowers grown under
drought stress (Gholamhoseini et al. 2013). Furthermore, AM symbiosis can
enhance drought tolerance through improving soil structure by glomalin. AM sym-
biosis increased plant growth under drought stress indirectly via affecting soil
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moisture retention via glomalin’s effect on soil water-stable aggregates (Wu et al.
2008). Extensive hyphal network formation and glomalin secretion by AMF can
improve soil structure and enhance water and nutrient uptake, thus improving plant
growth under drought conditions (Gong et al. 2013). Mycorrhization has also been
known to ameliorate the drought-induced deficiency in nutrients such as P, K, Ca,
Mg, Fe, and Zn. Pistachio plants inoculated with two AMF species (G. mosseae and
G. intraradices) under soil water deficit showed significant increases in P, K, Zn,
and Mn concentrations (Bagheri et al. 2012). G. mosseae inoculation improved P
concentration in sunflowers and thus improved plant drought tolerance and seed oil
yield (Gholamhoseini et al. 2013). Mycorrhizal inoculation significantly minimizes
drought stress-imposed effects on wheat plants by enhancing plant growth, nutrient
uptake, and the relative water content (Ortiz et al. 2015).

AMF could also mitigate the adverse effects of drought stress by regulating plant
endogenous ABA concentration. Changes in plant ABA concentration caused by
AMF have been postulated to induce the expression of many stress-related genes
including aquaporin genes encoding membrane intrinsic proteins that facilitate
transport of certain small molecules in addition to water across biological mem-
branes. Expression of two aquaporin genes (GintAQPFI and GintAQPF2) was
improved in both root cortical cells holding arbuscules and extraradical mycelia of
Zea mays plants colonized by Glomus intraradices under drought stress. Thus, the
fungal AQPs could mediate the AM plant’s ability to enhance water uptake under
water deficiency (Li et al. 2013). Moreover, in Rhizophagus intraradices, 14-3-3
protein and aquaporins (GintAQPF1 and GintAQPF2) could be activated by the
simultaneous increase in the expression of plant genes encoding D-myo-inositol-3-
phosphate synthase (IPS) and 14-3-3-like protein GF14 (14-3GF) that are respon-
sible for ABA signal transduction. These findings suggested that co-expression of
IPS and 14-3GF is responsible for the crosstalk between maize and R. intraradices
under drought stress and potentially induces the synergistic actions of the symbiotic
partners in enhancing plant drought tolerance. Hence, mycorrhizal colonization
decreased root ABA concentration mainly by downregulating AO expression under
drought stress. Consequently, Rhizophagus intraradices improved plant—water sta-
tus by modulating ABA-mediated abiotic signaling pathway involving IPS and
14-3-3 proteins (Li et al. 2016).

Compatible solute accumulation is another important mechanism underlying
AMF-mediated protection of drought-exposed plants. Inoculated citrus plants by
Glomus versiforme enhanced the plant osmotic adjustment under drought condi-
tions via improved nonstructural carbohydrates and K*, Ca**, and Mg?* levels (Wu
and Xia 2006). Sugars and proline accumulation as osmolytes decreased the osmotic
potential in Macadamia tetraphylla water-stressed mycorrhizal plants, which lead
to subsequent plant drought tolerance (Yooyongwech et al. 2013). In contrast,
AM-mediated decrease in soluble sugar concentration in Erythrina variegata
drought-exposed plants (Manoharan et al. 2010) was related to the lower levels of
drought injury in these plants. Inoculation of drought-exposed Poncirus trifoliata
plants with Funneliformis mosseae decreased proline accumulation and improved
its growth performance and biomass production (Zou et al. 2013). Furthermore,
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AMF colonization improved free polyamines and soluble nitrogenous compound
levels in water-stressed plants (Rapparini and Penuelas 2014).

Higher upregulation of the message levels of phospholipase D delta, calcineurin
B-like proteins (CBL 1), and histone acetyltransferase (HAT) was detected in
Arabidopsis thaliana seedlings colonized by Piriformospora indica, an endophytic
fungus, under drought conditions. These increases could result from the priming of
the expression of a quite diverse set of stress-related genes in the leaves (Sheramati
et al. 2008).

Interaction between AMF and PGPR could have beneficial effect on the develop-
ment of revegetation in water limitation soils. Inoculation with the PGPR P. men-
docina alone or in combination with an AMF, G. intraradices or G. mosseae,
conferred drought resistance to lettuce plants by stimulating nitrate reductase, phos-
phatase, and catalase activities in plant roots and proline accumulation in leaves
significantly, which support the potential use of dual application of PGPR and AMF
as an inoculant to ameliorate the adverse effect of water stress on the plant antioxi-
dant system (Kohler et al. 2008).

5.4 Heat Stress

With the recent advent of global warming, heat stress has become a major area of
concern to crop production. Plants react to temperature changes at cellular, tissue,
and organ levels. Generation of several toxic ROS in cells, protein denaturation and
aggregation, fluidity of membrane lipids, inactivation of enzymes in chloroplast and
mitochondria, inhibition of protein synthesis, and loss of membrane integrity are the
major types of cellular damage that result from higher temperatures (Ali et al. 2011;
Meena et al. 2015). Rhizosphere microbes have positive impact on counteracting
the adverse effects of heat stress on plants.

5.4.1 Plant Growth-Promoting Bacteria in Heat Stress
Mitigation

PGPB may enhance plant thermotolerance through several mechanisms including
biological nitrogen fixation, enhancing the bioavailability of phosphorous, iron, and
other mineral nutrients; production of phytohormones including indoleacetic acid,
abscisic acid, gibberellic acid, brassinosteroids, jasmonates, and salicylic acid; pro-
duction of ACC deaminase; as well as generation of antioxidants (Grover et al.
2011). In this respect, three PGPR isolates P. alcaligenes PsA15, Bacillus polymyxa
BcP26, and Mycobacterium phlei MbP18 conferred heat and salt stress tolerance by
enhancing growth and nutrient acquisition of maize plants and consequently
improve their survival under these stressful conditions (Egamberdiyeva 2007).
More interestingly, heat tolerance induced by bacteria can be due to reducing the
ROS generation and thus less cell damage as well as to inducing changes in the
activation of certain heat shock transcription factors (Abd El-Daim et al. 2014).
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Pseudomonas aeruginosa strain 2CpS1 showing ACC deaminase activity amelio-
rated the deleterious impacts of temperature stress on wheat by increasing plant
height, root length, leaf area, dry matter, chlorophyll content, relative water content,
and decreasing cell membrane injury (Meena et al. 2015).

Furthermore, adapted thermotolerant microorganisms can promote plant estab-
lishment and alleviate heat stress effects. Thermotolerant strain of Pseudomonas sp.
AKM-P6 possessing PGPR activities helped sorghum seedlings to withstand heat
stress by inducing heat shock proteins (HSPs) in leaves, reducing membrane injury,
and increasing proline, chlorophyll, sugar, amino acid, and protein content (Ali
et al. 2009). Inoculation with a PGP-thermotolerant Pseudomonas putida strain
AKMP7 improved survival and growth of heat-stressed wheat plants via increasing
root and shoot length, dry biomass, tiller, spikelet, and grain formation; improving
proline, chlorophyll, sugar, starch, amino acid, and protein level; and reducing
membrane injury and the activity of several antioxidant enzymes such as SOD,
APX, and CAT (Ali et al. 2011).

5.4.2 Arbuscular Mycorrhizal Fungi in Heat Stress Mitigation

Mycorrhizal infection evokes various physiological and biochemical processes to
help plants to sustain their development under heat stress. Antioxidant compounds
such as polyphenol and ascorbic acid were enhanced in the leaves of mycorrhizal
strawberry compared to that in non-mycorrhizal ones under heat stress conditions
(Matsubara 2010). Anti-oxidative activity of superoxide dismutase and ascorbate
peroxidase, content of ascorbic acid and polyphenol, and scavenging activity of
2,2-diphenyl-1-picrylhydrazyl radical were increased in mycorrhizal cyclamen
under heat stress, which suggested that the AM symbiosis can alleviate ROS dam-
age, protect plants against oxidation, and improve heat stress tolerance during plant
production (Maya and Matsubara 2013).

Colonization of Arabidopsis thaliana plants by Paraphaeosphaeria quadrisep-
tata as a rhizosphere fungus improved plant heat stress tolerance by induction of
HSP101 and HSP70 proteins, the conserved components of the stress response
(McLellan et al. 2007). Endophytic fungus Paecilomyces formosus LWL1 mitigated
heat damage in japonica rice by improving plant growth attributes (plant height,
fresh weight, and dry weight), downregulating the stress-related signaling mole-
cules (abscisic acid and jasmonic acid), as well as increasing the contents of total
protein and chlorophyll (Waqas et al. 2015).

5.5  Chilling Injury

Low temperature stress (cold or chilling) is a serious problem that reduces agricul-
tural output potential by influencing cellular metabolism, macromolecule activity,
antioxidant—ROS balance, decreasing osmotic potential in the cellular milieu, solid-
ification or rigidification of plasma membrane, and destabilization of protein
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complexes (Barka et al. 2006; Chen et al. 2013; Pedranzani et al. 2016). Microbial
inoculants are potential candidates that can improve plant cold stress tolerance.

5.5.1 Plant Growth-Promoting Bacteria in Chilling Injury
Mitigation

PGPR root colonization can improve the plant ability to withstand cold stress.
Epiphytic bacterial species with ice-nucleating activity (ice* bacteria), such as
Pseudomonas syringae, contribute to the frost injuries of many cold-sensitive plants
via reducing the plants’ ability to supercool, a process that prevents the formation of
membrane-damaging ice crystals (Lindow and Leveau 2002). Inoculation of grape-
vine (Vitis vinifera) with a PGPR, Burkholderia phytofirmans strain PsJN, lowered
the rate of biomass reduction and electrolyte leakage — an indicator of cell mem-
brane injury — during cold treatment (4°C) and promoted post-chilling recovery.
Levels of starch, proline, and phenols and rates of photosynthesis and starch deposi-
tion were also enhanced (Barka et al. 2006). Burkholderia phytofirmans PsJN accli-
mated grapevine to cold by improving plant photosynthesis and regulating
carbohydrate metabolism (Fernandez et al. 2012). Moreover, Burkholderia phytofir-
mans PsIN primed Vitis vinifera L. and conferred cold stress tolerance by modulat-
ing stress-related gene expression, carbohydrate metabolism, and metabolite
accumulation (Theocharis et al. 2012).

Cold-tolerant PGPB Pantoea dispersa strain 1A isolated from a subalpine soil in
the North Western Indian Himalayas and cold-tolerant Serratia marcescens strain
SRM (MTCC 8708) isolated from flowers of summer squash exhibited PGP charac-
teristics like IAA production, P-solubilization, HCN, and siderophore production.
Higher biomass and nutrient acquisition were observed in cold-stressed wheat seed-
lings when their seeds were bacterization with these strains (Selvakumar et al.
2007a, 2007b). Pseudomonas lurida M2RH3 (MTCC 9245), a psychrotolerant bac-
terium, solubilized phosphate; produced siderophores, IAA, and HCN; and pro-
moted the growth of cold-stressed wheat seedling (Selvakumar et al. 2011).
Cold-tolerant Pseudomonas spp. and Rhizobium leguminosarum-PR1 acclimated
lentil to cold and improved its iron acquisition, nutrient uptake, and growth (Mishra
etal. 2011).

5.5.2 Arbuscular Mycorrhizal Fungi in Chilling Injury Mitigation

The underlying potential mechanisms improved plant cold stress tolerance as a result
of AMF inoculation. AM symbiosis enhanced photosynthetic characteristics, chloro-
phyll synthesis, plant—water status, water-use efficiency, and SOD, CAT, POD, and
APX activities in plants grown under cold stress (Zhu et al. 2010; Abdel Latef and
Chaoxing 2011). Furthermore, osmotic adjustment is one of the most important
mechanisms in plants to achieve low temperature tolerance. Mycorrhization enhanced
the accumulation of osmoprotectants such as soluble sugar, soluble protein, and pro-
line in tomato plants under low temperature stress (Abdel Latef and Chaoxing 2011).
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AM mediated also increase in the accumulation of phenolics, flavonoids, and lignin
accompanied with significant decrease in the H,O, accumulation in cucumber sub-
jected to low temperature stress (Chen et al. 2013). AM symbiosis enhanced shoot
dry matter content, photosynthetic efficiency, and CAT, APX, and SOD activities,
while it decreased H,O, and MDA contents in Digitaria eriantha plants under cold
stress condition, which could help plants to cope with stressful conditions (Pedranzani
et al. 2016). At the molecular level, Aroca et al. (2007) found that AM symbiosis
enhanced Phaseolus vulgaris tolerance to cold, drought, and salt stress by regulation
of root hydraulic properties, which were closely correlated with the regulation of
PIP2 protein levels and phosphorylation state.

5.6 Heavy Metal Toxicity

Heavy metal toxicity is an increasingly serious problem worldwide that reduces
agricultural output potential and damages the health of ecosystem. Some of these
metals are essential plant micronutrients such as Cu, Fe, Mn, Ni, and Zn and are
required for beneficial plant growth and development, while others have no known
biological function such as Cd, Pb, and Hg. High contents of heavy metals in soils
are generally considered a matter of concern as they can accelerate rate of mortality,
reduce potential survival, and induce toxicity symptoms. They severely damage
plant metabolic activities by altering the structure and function of enzymes, the
permeability and function of plasma membrane, the uptake and distribution of
macro- and micronutrients, the hormonal balance and water movement, the photo-
synthetic process, the nitrogen assimilation, as well as the production of ROS (Garg
and Singla 2012; Islam et al. 2016). Therefore, interaction between the rhizospheric
microorganism and the plant activity related to soil metal toxicity is inevitable.
Restoration and remediation of metal-polluted soils through biological remediation
is safe, low-cost, effective, eco-friendly, and socially accepted strategy. Microbial
inoculants such as PGPRs or mycorrhizae could protect plants from the harmful
effects of heavy metal-contaminated areas.

5.6.1 Plant Growth-Promoting Bacteria in Heavy Metal Toxicity
Mitigation

PGPB as bioinoculants can improve plant heavy metal stress tolerance via inducing
different biochemical changes in stressed plants. PGPR Pseudomonas aeruginosa
OSG41 enhanced chickpea growth under chromium stress with considerable
decrease in proline content (Oves et al. 2013). PGPR inoculation increased SOD,
CAT, DHAR, GR, and APX activities in potato under salt, water, and heavy metal
stresses, which enhanced photosynthetic efficiency and ultimately plant growth
(Gururani et al. 2013).
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Furthermore, PGPB was used as a tool for rhizoremediation in contaminated
soils. They can reduce the injury effect of heavy metals on plant and enhance its
fitness by employing various mechanisms, such as:

(a) Influencing the pH and the redox potential in the rhizosphere through releasing
organic acids

(b) Reducing the heavy metal mobilization in contaminated soils

(c) Improving the bacterial migration from the rhizoplane to the rhizosphere, which
can reduce Cd plant uptake

(d) Forming the iron—siderophore complexes, which can be taken up by the host
plant

(e) Forming the bacterial exopolysaccharides, which can develop the soil sheaths
around the plant root, thus reducing the sodium flow into the stele

(f) Production of indoleacetic acid

(g) Production of ACC deaminase (Gadd 2004; Dimkpa et al. 2009)

Inoculation with PGPR strain, Klebsiella mobilis CIAM 880, resulted in 120%
higher grain yield and twofold decreased in grain Cd content of barley plants grown
on Cd-contaminated soil. Here, free Cd ions can be bound by bacteria into complex
forms that cannot be taken up by the plant (Pishchik et al. 2002). Methylobacterium
oryzae and Burkholderia sp. reduced nickel and cadmium stress in tomato via
reducing their uptake and translocation (Madhaiyan et al. 2007). Moreover, some
bacteria can protect plants against nickel, lead, iron, or zinc toxicity by siderophore
production. Microbial siderophores were able to alleviate metal-induced oxidative
stress in plants. By chelating and reducing toxic metal concentrations in the root
zone, siderophores exerted a bioprotective effect by lowering the formation of cell-
damaging free radicals, thereby enabling a microbial I[AA-mediated plant biomass
increase (Dimkpa et al. 2009). Rhizobacteria containing ACC deaminase activity
improved plant growth and development as well as enhanced plant heavy metal
stress tolerance (Belimov and Wenzel 2009). Several PGPR modulated plant—soil
chemistry by mediating the methylation of Pb, Hg, Se, As, Tn, and Sn. These bacte-
ria can transfer a methyl group to the metals, resulting in volatile methylated metal
compounds that can easily excavate the soil zone (Bolan et al. 2014).

An extensive range of PGPR has been identified as most efficient candidates in
phytoremediation. Significant enhancement of heavy metal phytoremediation by
Alnus firma with an endophytic strain of Bacillus thuringiensis GDB-1 was reported
by Babu et al. (2013). Enterobacter sp. 192 and Klebsiella sp. strains inoculated in
Brassica napus L. improved its growth and resulted in bioaccumulation of Cd, Pb,
and Zn (Jing et al. 2014). The recombinant strain KT2440-spPCS, which developed
throughthe cloning of phytochelatin synthase (PCS) genes from Schizosaccharomyces
pombe expressed in Pseudomonas putida KT2440, enhanced resistance to Hg, Cd,
and Ag and a three- to fivefold increase in Cd accumulation (Yong et al. 2014).
Introducing glutathione synthase gene gcsgs into endophytic Enterobacter sp.
CBSBI1 improved phytoremediation efficiency of host plant (Qiu et al. 2014). PGPR
increased the phytoextraction ability of plants via enhancing the mobility of heavy
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metal and improving their bioavailability by releasing chelating agents, acidifica-
tion, phosphate solubilization, and redox changes. Some others produce organic
acids, such as gluconic, oxalic, and citric acids that can mobilize and solubilize the
heavy metals (Ullah et al. 2015).

More interestingly, the use of multi-strain inocula could be one of the better
strategies to improve plant growth under contaminated soil. Co-inoculation of
PGPBs with Rhizobia allowed a longer exudation of nod-gene-inducing flavonoids,
which improve the performance of symbiotic nitrogen fixation. This co-inoculation
with legume plants also supported the seedling vitality and their survival during
metal phytostabilization and phytoextraction strategies (Gomez-Sagasti and Marino
2015).

In addition, for effective microbe-assisted bioremediation, metal-resistant PGPB
can facilitate the growth and development of plants by restricting their uptake of
excess metal and thus prevent its bio-amplification in the ecosystem. Clover-
inoculated with a Cd-adapted autochthonous PGPR, Brevibacillus and grown in soil
contaminated with Cd, resulted in growth-promoting effects and a reduction in Cd
transfer from soil to plants. Cd accumulated by PGPR in their cells and, thus,
reduced the bioavailable Cd concentrations, thereby reducing its uptake by plants
and rhizobia (Vivas et al. 2005). Lupine inoculated with a consortium of metal-
resistant PGPR (including Bradyrhizobium, Pseudomonas sp., and Ochrobactrum
cytisi), for reclamation of multi-metal-contaminated soil, showed increment in plant
growth. This mixture also succeeded to reduce plant toxicity symptoms and metal
accumulation in both shoots and roots. This ameliorating impact might also be due
to more intimate bacteria—plant relationships such as those ensured by endophytic
PGPRs (Dary et al. 2010). Inoculation with copper-resistant bacteria had a positive
effect on the upregulation of antioxidative defense mechanism (improved SOD,
CAT and APX, and GPX activities) that eliminated the ROS and reduced the MDA
content in wheat. They also found that bacterial inoculation prevented the negative
impact of copper stress on protein synthesis/production by lowering the metal toxic-
ity, which might be due to the fact that bacterial inoculation activates the gene
expression profile of metal detoxifying enzymes to cope with the metal stress (Wang
etal. 2013). Cd-tolerant PGP Bradyrhizobium sp. exhibit several PGP traits (synthe-
sis of IAA, ACC deaminase, siderophores) increased shoot dry weight and Cd accu-
mulation in roots of Lolium multiflorum grown in Cd-contaminated soil. They also
detected that Bradyrhizobium sp. improved the extractable Cd concentrations in the
rhizosphere, as well as it diminished the accumulation of Cd in root and shoot of
Glycine max by increasing Fe availability (Guo and Chi 2014). Copper-resistant
bacteria Providencia vermicola with different PGP traits (synthesis of the plant
required hormone (IAA), P solubilization, siderophore production, and efficient
ACC deaminase activity) protected lentil plants grown in copper-contaminated soil
from copper toxicity. It increased root and shoot length, plant dry weight, leaf area,
pod number, seed weight, gas exchange characteristics, N and P accumulation, leaf
chlorophyll content, and root nodulation. Anti-oxidative defense mechanism also
improved by inducing the expression of ROS-scavenging enzymes, such as ascor-
bate peroxidase, superoxide dismutase, catalase, and guaiacol peroxidase with
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alternate decrease in malondialdehyde, H,O,, proline, and total phenolic contents
and electrolyte leakage (Islam et al. 2016). Thus, using multifarious growth-pro-
moting bacteria with metal resistance properties holds a great potential to be used as
biofertilizer in metal-contaminated soils.

5.6.2 Arbuscular Mycorrhizal Fungi in Heavy Metal Toxicity
Mitigation

AMF play one of the most important ecological roles in phytostabilization of toxic
trace elements in soil by sequestration and thus can increase the survival of mycor-
rhizal plants in polluted soils. AM plant in heavy metal-polluted soil shows higher
biomass and more tolerance because of:

Metal adsorption to chitin in the cell wall
Chelation of metals inside the fungus
Metals bound to metallothioneins or PCs inside the fungal or plant cells
Sequestration of heavy metals by siderophores, which deposit the heavy metals
in root apoplasm or in soil
Restriction of metals by compounds secreted by the fungus
6. Immobilizes heavy metal on its hyphae and sequesters it inside the cell, thereby
lessening its transfer to shoot
7. Changes in rhizophere pH and microflora, thereby decreasing heavy metal
availability
8. Precipitation in polyphosphate granules in the soil
9. Plasma membrane acts as a living and selective barrier of toxic metals
10. Promotes plant growth and thus dilutes metal concentrations in plant tissues
11. Regulation of gene expression (Hossain et al. 2012; Shirmohammadi et al.
2014)

el s

9]

AMF enhanced plant Zn tolerance by absorbing and crystallizing it in AMF
hyphae and cortical cells of mycorrhizal root, and thus Zn transfer to shoot was
decreased (Khan et al. 2000). AMF enhanced Fe and Mn uptake in plants, at high
concentrations, while it decreased Mn translocation in shoots and retain Fe in roots
(Leyval et al. 2002). AMF produced glycoprotein (Glomalin), which has a metal
chelating function and thus reduces the metal availability and decreases toxicity
risk. One gram of glomalin could extract up to 4.3 mg of Cu, 0.08 mg of Cd, and
1.12 mg of Pb from the polluted sites (Gonzalez-Chavez et al. 2004). Furthermore,
AMF colonization also enhances nutrient and water uptake, thereby maintaining
better nutrient status. Mycorrhizal sunflower plants showed higher P/Cd, N/Cd, and
S/Cd ratios in both shoots and roots than non-mycorrhizal ones. Higher N and S
uptake in mycorrhizal plants leads to higher production of thiol-rich proteins, while
higher P status leads to phosphate complexation with metal ions inside the cells that
could have an important role in heavy metal detoxification (de Andrade et al. 2008).
AMF in the roots of Pteris vittata modulated the activity of two major enzymes,
namely, glutamine synthetase (which control the use of nitrogen inside the cells)
and S-adenosyl methionine (SAM) synthase (which catalyze the SAM formation
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from methionine and ATP) under arsenic exposure (Bona et al. 2010). AMF induced
a clear protective effect against the high concentration of Mn in the soil which was
related to “dilution” of the metal in plant tissues, because of increased growth and,
to a varying degree, of mechanisms of exclusion, immobilization, or retention by
which uptake and root-to-shoot transport of heavy metals are restricted (Bati et al.
2015).

Four AM fungal genes (GrosMT1, GinZnT1, GmarMT1, and GintABCI) play a
vital role in maintenance of the cellular homeostasis against metals. Zn transporter
GinZnT1 helps in vacuolar Zn compartmentalization. GmarMT1 codes for metallo-
thioneins (MTs), the major metal chelators, regulates the fungal redox potential, and
protects it against oxidative stress. GintABC1 codes for a polypeptide of 434 amino
acids and participates actively in Cu and Zn detoxification. GintMT1 contributes to
the pool of cytosolic thiols and regulates redox status of the extraradical mycelia of
G. intreradices through its metal chelation activity or its —SH group (Gonzalez-
Guerrero et al. 2010; Azcon et al. 2013). AMF colonization improved plant heavy
metal tolerance/detoxification by inducing the expression of several plant genes
coding for proteins. Inoculation with AMF F. mosseae or G. intraradices restored
normal growth in a white poplar clone grown on Cu- and Zn-polluted soil, and this
was associated with upregulation of foliar metallothionein and polyamine biosyn-
thetic gene expression (Cicatelli et al. 2010). Moreover, Glomus intraradices colo-
nization increased transcriptional of a GSH-dependent GST gene in Medicago
truncatula Zn-stressed plants (Hossain et al. 2012). Inoculation with AMF
Funneliformis mosseae significantly lowered nickel (Ni) translocation from roots to
the aboveground parts of tall fescue plants, which may be due to the activation of
mechanisms in mycorrhizal plants roots, viz., chelation of Ni and/or compartmenta-
tion within vacuoles. The ATP-binding cassette (ABC) transporter and metallothio-
nein (MT) transcripts accumulated to considerably higher levels in the roots of
mycorrhizal plants than in the corresponding non-mycorrhizal ones, which proba-
bly made metal levels insufficient for the expression of these genes in the shoots
(Shabani et al. 2016).

Furthermore, AMF symbiosis can ameliorate the injury of heavy metal by stimu-
lating or modifying specific physiological mechanisms related to the adaptation to
stressful environments. AMF colonization alleviated cadmium stress in Medicago
truncatula via promoting photosynthesis process through increasing the plant’s
ability to use light energy, maximizing the area available for CO, assimilation, facil-
itating the electron transport, preventing inhibition of aminolevulinic acid synthesis
and protochlorophyllide photoreduction, increasing the density of photosynthetic
units, increasing the photosynthesis-related proteins, as well as reducing the gluco-
neogenesis/glycolysis and the antioxidant processes (Aloui et al. 2011). Glomus
mosseae colonization promoted the relative water and chlorophyll contents, cellular
sucrose and glycinebetaine accumulation, as well as enzymatic components of anti-
oxidant defense system in pea plants subjected to arsenic contaminated soil, which
signifying the role of AM colonization in the higher turgor maintenance and lower
leaf chlorosis (Garg and Singla 2012). AMF were confirmed to be strong growth
stimulants in olive Mn-stressed plants by optimizing P absorption and ensuring a
greater supply of macronutrients and micronutrients (Bati et al. 2015). Funneliformis
mosseae not only improved nutrition and water absorption, but there was also a
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significant increase in the content of leaf pigments (chlorophyll, carotenoid) under
Ni stress. Mycorrhization increased the carotenoids amount in tall fescue nickel-
stressed plants. Carotenoids as antioxidants can quench singlet oxygen and can
scavenge free radicals (Shabani et al. 2016).

5.7  Conclusion and Future Perspectives

The beginning of the twenty-first century is marked by global scarcity of water
resources, global warming, environmental pollution, and increased salinization of
soil and water, which cause major reductions in crop productivity and quality. A
significant increase in agricultural productivity is required to fulfill the food supply
requirements to feed the world’s growing population, and that should be based on
sustainable practices that minimize the environmental impact but also support food
safety and food security. Plant-associated microorganisms are a powerful strategy in
this regard. Plants in their natural environment are colonized by both endocellular
and intracellular microorganisms. Rhizosphere microorganisms, particularly bene-
ficial bacteria and fungi, can control abiotic stresses and are considered as eco-
friendly strategies to improve crop yield. Utilizing microbial inoculation subordinates
the plant stresses and is an alternative to traditional remediation methods that
involve the addition of synthetic chemicals, which are time-consuming and increase
the cost of the final crop. Some PGPR can enhance plant growth and productivity
via providing plants with fixed nitrogen, soluble phosphate, iron, and phytohor-
mones. Others can do this indirectly by protecting the plant against soilborne dis-
eases. PGPR can also adapt plants to different abiotic stress factors through the
presence of the ACC deaminase enzyme, the production of exopolysaccharides, the
enhancement of defense-related enzymes, the production of phenolic compounds,
and the eliciting of jasmonic and ethylene pathways in plants.

To help plants to combat abiotic stresses, selection of the appropriate microbial
inoculants (mycorrhizae or PGPRs) is one of the most important technical traits. In
addition, using compatible multiple microbial consortia consisting of bacterial sym-
bionts and fungal symbionts acting synergistically, providing various beneficial
effects, is also a powerful strategic tool. Hence, future research has to be focused on
the application of multi-microbial inoculation, which could be an effective approach
to reduce harmful impact of stress on plant development, but prerequisites for effec-
tive combinations need to be established. Furthermore, the challenge in the twenty-
first century lies on developing stable multiple stress tolerance traits, thus improving
yields particularly in areas with adverse environmental conditions and contributing
to global food security.

Genetic techniques may point out to new insight in the alleviating role of micro-
bial inoculants under abiotic stresses. Therefore, using microorganism application
as an elicitor to increase plant abiotic stress tolerance and to incorporate microbial
genes into stressed plants is now being addressed and getting the interest of scien-
tists in such studies. Furthermore, special attention should be drawn on isolating
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bacteria from stressful conditions. Indeed, their use as bioinoculants could help to
emerge a new dimension into the microbial inoculant application to plants under
abiotic stress conditions. The application of isolated, characterized, and tested
stress-tolerant microbial strains can enhance plant stress tolerance and could be
used as a feasible strategy for improving crop production under the stressful
conditions.
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