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Abstract

Abiotic stresses are an increasing challenge to crop production all over the world.
These stresses include high and low temperatures, salinity, flooding, drought,
nutrient limitation, and toxic metals and organic pollutants. The costs associated
with abiotic stresses are potentially enormous, indicating a need for sound,
affordable, environmentally friendly approaches to decrease the adverse effects
of these stresses on plants. Unlike animals, plants cannot use avoidance and
escape as mechanisms of stress tolerance; consequently, their evolution is marked
by the development of highly beneficial interactions with their more mobile
companions, microbes. Some of these interactions involve highly sophisticated
symbioses that confer stress tolerance, such as with mycorrhizae and rhizobia
that help ameliorate nutritional and water deficiencies, while others are more
transitory. The agricultural application of beneficial microorganisms is increas-
ingly of widespread interest, with many research programs evaluating microbial
strains for their ability to provide protection against a single stress, such as phos-
phate limitation and cross-protection against multiple stresses. Knowledge of the
underlying physiological mechanisms by which diverse microbes mediate stress
tolerance, including cross-protection, is critical to the effective use of these
microbes to assure sustained agricultural production in changing environmental
conditions. Here we provide an overview of current knowledge on the physiolog-
ical impacts and modes of action of microbial mitigation of abiotic stress symp-
toms in plants. We indicate further research avenues to enable better use of the
protection capabilities of root-colonizing beneficial microbes in agricultural
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production systems affected by a changing climate. As a complement to previous
reviews summarizing the mechanisms of resistance to biotic stresses, this review
will focus on the mechanisms underlying microbially mediated abiotic stress
tolerance, especially tolerance conferred by plant growth-promoting rhizobacte-
ria (PGPRs).

7.1 Introduction

Food security is a fundamental need for society and one that is being threatened by
an exponentially increasing global population, unsustainable agricultural practices,
and a changing global climate. Developing countries in Africa and Asia account for
approximately 80% of the projected population growth, and, with an estimated 800
million people in these countries already undernourished, the Food and Agriculture
Organization (FAO) of the United Nations predicts that a 60% increase in world
food production over the next two decades is required to sustain these populations
(Jewell et al. 2010). This will require a significant increase in grain yields of major
crop plants, including rice, wheat, and maize (Godfray et al. 2010). Climate change
has exacerbated the frequency and severity of droughts, floods, and high tempera-
tures, causing yield reductions in our major cereal crops (Carmen and Roberto
2011; David and Christopher 2007), and decreased predictability of rainfall in many
parts of the world (Jewell et al. 2010).

The pressure to increase agricultural output has increased cultivation on mar-
ginal lands and accelerated the rate of land degradation. For example, irrigation
has led to salinity across large tracts of agricultural land (Shahbaz and Ashraf
2013), as illustrated by the threat of dry land salinity in almost 32 million hectares
in Iran. Similarly, the widespread and intense application of fertilizers has
incurred environmental costs in the form of nitrate contamination of groundwater,
greenhouse gas (GHG) production associated with industrial nitrogen fixation,
GHG production due to microbial-mediated denitrification, and depletion of
global phosphorus reserves. The need for fertilizers to achieve higher yields has
also contributed to rising costs for farmers worldwide. Our challenge for achiev-
ing global food security in the upcoming decades is to increase yields in a sustain-
able manner; that is, growers need access to a portfolio of production practices
that collectively enable sufficiently high yields and profits to meet global food
demand, but with sufficiently low environmental costs as to ensure sustainability
(Glick 2012, 2014).

Abiotic stress conditions are among the most important constraints to global
agricultural production (Jewell et al. 2010; Shrivastava and Kumar 2015), with
losses due to abiotic stress estimated at 70% worldwide (Acquaah 2007). Plant-
associated microorganisms are increasingly recognized for their potential contribu-
tions to enhancing crop growth, crop nutrition, and crop tolerance to abiotic stress
(Fig. 7.1).
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A growing body of research is expanding our understanding of how plant growth-
promoting microorganisms (PGPMs) enable agricultural plants to maintain produc-
tivity under stressed conditions (Dimkpa et al. 2009; Grover et al. 2010; Porcel et al.
2011; Shrivastava and Kumar 2015). Knowledge of these mechanisms has increased
dramatically in the past 15-20 years (Glick 2012) and may serve as the basis for
new strategies for selecting or engineering crop plants for an increased ability to
cope with climate change-induced stresses (Grover et al. 2010). This chapter will
focus on the role of PGPMs in the adaptation of agricultural crops to abiotic stress
conditions and will outline the major yield-limiting abiotic stresses faced by crop
plants: drought, salinity, nutrient deficiency, temperature, and metal toxicity. For
each stress, we will highlight mechanisms by which PGPMs enhance plant toler-
ance to the stress, if known, and will focus especially on stresses associated with
climate change.

7.2 Abiotic Stresses

Stress may be defined as any condition negatively affecting a living organism.
Abiotic stresses originate from the surrounding environment, such as in the form of
a physical or chemical condition that hinders plant growth, whereas biotic stresses
are caused by living organisms, such as those that cause disease or damage. Abiotic
stresses encountered by agricultural plants can broadly include low water availabil-
ity in the form of salinity or drought, flooding, high and low temperatures, high light
or ozone, anoxic conditions, high or low pH, nutrient deficiency, and exposure to
detrimental chemicals including some agricultural inputs, toxic metals, and organic
pollutants.



166 H. Etesami and G.A. Beattie

7.2.1 Effect of Abiotic Stresses on Plants

Abiotic stresses can cause deleterious effects in almost all phenological plant stages.
They can cause changes in biochemistry, morphology, and physiology that adversely
affect plant growth and productivity (Paul 2012; Wang et al. 2001). These are illus-
trated by the ability of various stresses to disrupt metabolism, promote membrane
disorganization, generate reactive oxygen species, inhibit photosynthesis, reduce
the potential for nutrient uptake, and alter hormone levels (Hasegawa et al. 2000).
The following section focuses on some of the most serious abiotic stresses limiting
the productivity of agricultural crops.

7.2.1.1 Salinity Stress

Soil salinity is one of the most devastating environmental factors limiting the pro-
ductivity and quality of crop plants in the semiarid areas of the world (Allakhverdiev
et al. 2000; Dodd and Perez-Alfocea 2012; Jamil et al. 2011; Ondrasek et al. 2009;
Paul 2012; Paul and Lade 2014; Ramadoss et al. 2013a; Shahbaz and Ashraf 2013;
Shanker and Venkateswarlu 2011; Yamaguchi and Blumwald 2005). It is responsi-
ble for major reductions in cultivated land area, particularly in areas where rising
sea levels are promoting encroachment into agricultural lands, and is affecting
extensive areas of land in both developed and developing countries. Soils are con-
sidered to have high salinity if their electrical conductivity (EC) at saturation is
above 4 dS m™' (America 2001), that is, above about 40 mM NaCl (Munns and
Tester 2008). This salinity can result from the combined processes of irrigation,
fertilization, and desertification (Munns and Tester 2008). The FAO reported that
more than 1 billion hectares of land throughout the world have been affected by
salinity (Ahmad 2013; FAO 2008). Because of global climate change, this area is
increasing (Shrivastava and Kumar 2015) and is estimated to exceed 50% of the
arable land by the year 2050 (Jamil et al. 2011).

Salinity has a broad range of negative effects on plant growth. It can reduce ger-
mination, plant vigor, and crop yield for many crops, from cereals to horticultural
species (Munns and Tester 2008). It has a particularly negative effect on biological
nitrogen fixation, as it can reduce nodulation, nitrogen fixation, and the total nitro-
gen content in legumes (van Hoorn et al. 2001; Mensah and Ihenyen 2009; Rabie
and Almadini 2005; Egamberdieva et al. 2013; Paul and Lade 2014). This is consis-
tent with the finding that symbiotic nitrogen fixation is among the most sensitive
plant processes to water deficits, with sensitivity occurring during both the forma-
tion of symbiotic nodules and the subsequent period of nitrogen fixation and plant
nitrogen uptake (Sinclair et al. 2010). Salinity also reduces the photosynthetic
capacity of plants, due at least in part to the partial closure of stomata (Meloni et al.
2003) and can reduce protein synthesis and lipid metabolism (Parida and Das 2005).

Almost all micro- and macronutrients decrease in plant roots and shoots with
increasing salinity of the growth medium (Paul and Lade 2014). The high Na* and
CI~ content on the roots affects the activity of the uptake systems and alters com-
petitive interactions among ions for binding and transport into root cells (Tester and
Davenport 2003); this can affect the uptake of nutrients as well as water (Paul and
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Lade 2014). The accumulation of Na* and CI~ ions may cause metabolic distur-
bances, with buildup in the intercellular spaces leading to cell dehydration and
death. The dehydration that accompanies high salinity is associated with oxidative
stress (Hichem et al. 2010; Johnson et al. 2003) and thus can involve damage to
membranes and other macromolecules by ROS (Carmen and Roberto 2011;
Pitzschke et al. 2006; Porcel et al. 2011). ROS-induced cellular damage is associ-
ated with drought and heat stress as well as salinity (Zhu 2001a), with all potentially
promoting protein denaturation (Smirnoff 1998) and activating similar cell signal-
ing pathways (Knight 2000; Shinozaki and Yamaguchi-Shinozaki 2000; Zhu 2001b;
Zhu 2002) and responses, including the accumulation of stress proteins, antioxi-
dants, and compatible solutes (Cushman and Bohnert 2000; Pitzschke et al. 2006;
Wang et al. 2003).

In general, saline conditions inhibit plant growth through two phases. During the
first phase, inhibition is mainly achieved by the decreased water availability due to
higher solute concentration of the soil solution. Salt stress increases external osmotic
pressure, which decreases leaf water potential and turgor, and ultimately causes
stomatal closure. If the salt stress is prolonged, the second, salt-specific phase sets
in, and ion toxicity is the main factor that constrains plant metabolism and survival
(Chen et al. 2007; Munns 2002; Munns 2005; Munns and Tester 2008; Pandolfi
et al. 2012; Sanchez et al. 2008; Tester and Davenport 2003).

7.2.1.2 Drought Stress

By some estimates, drought is the most significant environmental stress impacting
global agricultural production (Cattivelli et al. 2008; Kijne 2006; Tuberosa and
Salvi 2006). Approximately, 60% of all crops produced in developing countries are
grown without irrigation (FAO 2009b), indicating that the majority of crops are
vulnerable to drought. Agriculture accounts for approximately 70% of global water
use, and irrigation account for up to 90% of total water withdrawals in arid nations
(Council 2008; FAO 2009a). The water withdrawal requirement for irrigation is
expected to increase by another 14% in developing countries by 2030, with an
increase of 10% for every 1 °C increase in temperature in arid and semiarid regions
(Grover et al. 2010); these statistics illustrate how strategies to decrease water
demands for agriculture will be critical.

Similar to salinity stress, soil water deficits can reduce the photosynthetic capac-
ity, increase photorespiration, and cause increased ROS production (Miller et al.
2010). On a whole-plant level, water-stressed plants wilt and are unable to sequester
assimilates into the appropriate plant organs. Severe drought conditions result in
reduced yield and plant death (Jewell et al. 2010).

7.2.1.3 Salinity-Induced Nutrient Deficiencies

Crop performance may be adversely affected by salinity-induced nutrient deficien-
cies. Nitrogen (N) accounts for about 80% of the total mineral nutrients absorbed by
plants, and inadequate N is often a growth-limiting nutritional stress (Marschner
1995). Salinity reduces N uptake and accumulation (Feigin 1985). Salinity also
reduces phosphorus (P) uptake and accumulation (Paul and Lade 2014); this effect
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is due to a reduction in P availability due to the formation of calcium phosphate
precipitates (Navarro et al. 2001; Parida and Das 2005; Rogers et al. 2003). The
maintenance of adequate levels of potassium (K) is also jeopardized by salinity,
with sodium-induced K deficiency implicated in various crops (Botella et al. 1997).

7.2.1.4 Temperature Stress

Global climate change is predicted to result in increases in the air temperature on
Earth’s surface by 3-5 °C in the coming 50-100 years (Polle and Luo 2014), with a
consequent increase in frequency and intensity of drought and heat waves (Hansen
et al. 2012). High soil temperatures in tropical and subtropical areas are already a
major problem for crop production. Higher temperatures influence photosynthetic
rate, plant water relations, flowering, and fruit set. In some regions, low tempera-
tures limit the productivity and areas of cultivation of agricultural crops (Grover
et al. 2010).

7.2.1.5 Pollutant Stress

Heavy metals are natural constituents of the environment, but due to indiscriminate
use, heavy metal contamination has become a serious problem worldwide, includ-
ing in some agricultural regions (Luo et al. 2011). All heavy metals are toxic to
plants when present in high soil concentrations (Riesen and Feller 2005). High con-
centrations of heavy metals can decrease nutrient uptake, inhibit various enzymatic
activities, induce oxidative stress, inhibit root and shoot growth, and lower yields
(Athar and Ahmad 2002; Sandalio et al. 2001). Heavy metals can also be accumu-
lated by agriculturally important crops; their entry into the food chain can nega-
tively impact animal and human health (Sanita di Toppi and Gabbrielli 1999). In
addition to heavy metals, many organic contaminants can be present in soil (Chen
et al. 2015) and impact plant health.

7.3  Response of Plants to Stresses

Plants can generally tolerate moderate and transient exposure to environmental
stresses, with severe stress sometimes causing extreme responses, including inhibit-
ing flowering and seed formation and inducing senescence or plant death. Among
the general responses of plants to stress (Fig. 7.2), a primary response is typically
modification of gene expression to promote adaptation to a specific stress (Bhatnagar-
Mathur et al. 2008).

An example of this is the induction of genes that promote the synthesis and accu-
mulation of compatible solutes in response to soil water deficits. Other examples are
the activation of ROS scavenging systems, transporter systems, and proteins
involved in plant hormone regulation (Des Marais and Juenger 2010; Hiz et al.
2014; Parida and Das 2005; Santner et al. 2009). Plant hormone signaling pathways
may be involved in biotic and abiotic stress responses (Egamberdieva et al. 2015;
Khan and Khan 2013; Li et al. 2012; Shabani et al. 2009). Among the most exten-
sively studied hormonal pathways, including the methyl jasmonate, salicylic acid,
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Fig. 7.2 The effect of environmental stresses on plant survival (Hopkins and Huner 2009)

and ethylene pathways (Egamberdieva et al. 2015; Khan and Khan 2013; Li et al.
2012; Shabani et al. 2009), only ethylene will be discussed here due to its key role
in plant responses to a variety of abiotic stresses.

7.3.1 Ethylene Production

The phytohormone ethylene (C,H,) is found only in gaseous form and is produced
endogenously by almost all plants (Babalola 2010); it mediates a wide range of
developmental processes as well as responses to stress. Ethylene is an efficient plant
growth regulator (Arshad and Frankenberger 2002), but can inhibit growth when its
concentrations are high. Stress conditions such as flooding, wounding, drought,
chilling, pathogen infection, and salinity may induce the accumulation of ethylene
to high concentrations (Babalola 2010; Gnanamanickam 2006). The ethylene bio-
synthetic pathway is of interest because of the presence of microbial enzymes that
interfere with this pathway, described below. Ethylene is synthesized from the
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precursor 1-aminocyclopropane-1-carboxylate (ACC) by the enzyme ACC oxidase,
and this ACC is derived from S-adenosyl methionine (SAM) by the enzyme ACC
synthase (ACS). This synthesis occurs in two phases in response to stress. First, low
levels of ethylene induce the expression of stress-related genes; and second, high
levels of ethylene cause plant growth inhibition and detrimental effects such as
chlorosis and abscission (Glick et al. 2007b), as well as inhibition of developmental
processes including root elongation, lateral root growth, root hair formation, and
nodulation (Alikhani et al. 2010; Belimov et al. 2009; Botella et al. 2000; Guinel
and Sloetjes 2000; Ligero et al. 1999; Mayak et al. 2004; Pierik et al. 2006; Saleem
et al. 2007; Yuhashi et al. 2000).

7.4 Improving Plants to Increase Abiotic Stress Tolerance

Plant breeding and plant engineering are both tools that have been used to improve
the tolerance of crops to abiotic stress (Jewell et al. 2010; Araus et al. 2008; Ashraf
and Akram 2009; Dwivedi et al. 2010; Mittler and Blumwald 2010; Sreenivasulu
et al. 2007; Valliyodan and Nguyen 2006; Witcombe et al. 2008). The major con-
straint to improving the abiotic stress tolerance of crops are the gaps in our under-
standing of the complex physiological, biochemical, developmental, and genetic
mechanisms involved in stress tolerance and the difficulty in combining favorable
alleles to create improved high-yielding genotypes. Transgenic plants are primarily
tested under controlled greenhouse conditions, with only a few reports of evaluating
performance under field conditions. Challenges to enhancing the stress tolerance of
crops include the polygenic nature of stress resistance, the time requirements for
introducing multiple genes into a plant, and insufficient knowledge of the dynamics
of the expression of the introduced genes following a stress stimulus (Bhatnagar-
Mathur et al. 2008; Dodd and Perez-Alfocea 2012; Manchanda and Garg 2008;
Schubert et al. 2009). Unfortunately, transgenic approaches and molecular breeding
programs for improving crop tolerance to stress have generally not brought promis-
ing results in farmers’ fields (Bhatnagar-Mathur et al. 2008; Dodd and Perez-Alfocea
2012; James et al. 2008; Munns and Tester 2008; Ramadoss et al. 2013a; Schubert
et al. 2009; Wang et al. 2003) with some notable exceptions (Munns et al. 2006). In
general, the development of stress-tolerant crop varieties through genetic engineer-
ing and plant breeding is an essential but a long and expensive process.

7.5 Using Microbes to Enhance the Abiotic Stress
Tolerance of Plants

Microorganisms have been found to enhance the growth of diverse crops grown
under a range of stresses. This finding suggests that microbial inoculants can be an
effective practice to alleviate crop stress and one that complements the development
of stress-tolerant plant germplasm (Paul and Lade 2014). Microbial inoculants that
alleviate plant stress offer a possible cost-effective, environmentally friendly,
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agricultural input, which can generally be developed in a shorter time frame than
new plant germplasm (Dodd and Perez-Alfocea 2012; Shrivastava and Kumar
2015). Additional advantages of developing microbial products over plant products
for improving plant abiotic stress tolerance include the more rapid screening and
modification of microbes than plants, the relative ease with which multiple plant
growth-promoting (PGP) traits can be identified or engineering in a single microbe,
and the potential application of a single inoculant to multiple crops. Evidence sup-
porting the contribution of microbes to abiotic stress tolerance will be elaborated
below, but includes the finding that genetic differentiation in plant-associated
microbes can drive local adaptation of plants to their environment (Rodriguez and
Redman 2008) and the evolutionary history of mutualistic interactions between
plants and microbes that helped drive plant adaptation to stressful conditions (Glick
2012).

7.6  The Rhizosphere as a Selective Force for Microbes

The rhizosphere, which is the region of soil influenced by plant roots, offers an
environment rich in nutrients for microorganisms (Bais et al. 2006). Plants release
as much as 20% of their fixed carbon into the rhizosphere. These rhizodeposits con-
tain an array of organic compounds, including sugars (such as glucose, xylose, fruc-
tose, maltose, sucrose, and ribose), organic acids (such as citric, malic, lactic,
succinic, oxalic, and pyruvic acids), amino acids, fatty acids, nucleotides, putres-
cine, and vitamins. Microbes use these compounds for nutrition and as signal mol-
ecules to indicate the presence of the plant (Lugtenberg 2015). Microbes also
influence the chemical milieu of the rhizosphere by secreting an array of com-
pounds, including enzymes, waste products, secondary metabolites, and even phy-
tohormones, which may influence plant growth and defense (Ortiz-Castro et al.
2009).

Although the microbial communities on roots are diverse, the composition of
these communities may be influenced by the plant (Sessitsch et al. 2002), suggest-
ing the possibility that plants select or enrich for microbes that provide a benefit to
the plant. Distinct plant species, and even distinct cultivars, have been found to have
a detectable influence on the diversity of their rhizosphere communities (Berg and
Smalla 2009; Buée et al. 2009; Hartmann et al. 2008; Acosta-Martinez et al. 2008;
Marschner et al. 2001; Germida and Siciliano 2001; Manter et al. 2010; Siciliano
and Germida 1999; Van Overbeek and Van Elsas 2008). Whereas some microbes are
found primarily outside of the roots, those that colonize the intercellular sites within
roots, designated endophytes, may have the greatest impact on the plant due to their
close proximity to the plant tissues and thus greater opportunities for chemical
exchange.

A breadth of rhizosphere microorganisms have been found to promote plant
growth in the absence of plant exposure to environmental stress. These are generally
referred to as plant growth-promoting rhizobacteria (PGPRs) (Hayat et al. 2010),
but can more generically be called plant growth-promoting microorganisms
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(PGPMs). About 2-5% of rhizobacteria exert a beneficial effect on plant growth
following inoculation onto plants in a soil containing competitive microflora (Paul
and Lade 2014). PGPRs include bacteria of diverse genera such as Arthrobacter,
Azotobacter, Azospirillum, Bacillus, Enterobacter, Pseudomonas, Rhizobium, and
Serratia (Gray and Smith 2005), as well as Streptomyces spp. (Dimkpa et al. 2009;
Tokala et al. 2002). Although the arbuscular mycorrhizal fungi (AMF) (Jeffries
et al. 2003) and symbiotic nitrogen-fixing bacteria also provide clear benefits to
plant growth, they are generally not regarded as PGPMs (Franche et al. 2008).
PGPMs may benefit plants via a diversity of mechanisms (Hayat et al. 2010;
Lugtenberg and Kamilova 2009; Paul 2012), and these include, but are not limited
to, the production of a compounds such as plant growth regulators, siderophores,
and enzymes that influence plant hormone accumulation, biological nitrogen fixa-
tion, and activities that enhance nutrient solubilization, protection from phytopatho-
gens, and protection from abiotic stresses. The main focus of this review is on the
mechanisms by which rhizosphere bacteria, including endophytes, benefit plant
health by modulating the effects of abiotic stress.

7.7  Mechanisms by Which Microbes Enhance Abiotic
Stress Tolerance in Plants

The importance of environmental stress in reducing crop yields has fostered a large
body of research exploring the role of rhizosphere organisms in plant health in
stressed environments (Grover et al. 2010; Paul 2013; Paul and Lade 2014;
Venkateswarlu et al. 2008; Yang et al. 2009). Bacteria and fungi have been identi-
fied that can improve plant yields in these stressed environments (Banik et al. 2006;
Barassi et al. 2006; Belimov et al. 2015; Chakraborty et al. 2015; Choudhary 2012,
2015; Dahmardeh et al. 2009; Damodaran et al. 2014; Davies et al. 2011; del Amor
Francisco and Cuadra-Crespo 2012; Dimkpa et al. 2009; Egamberdieva et al. 2008;
Egamberdieva 2009; Egamberdieva 2011; Etesami and Alikhani 2016a, b; Fu et al.
2010; Gray and Smith 2005; Hamilton et al. 2016; Kaymak et al. 2009; Khan et al.
2012; Mayak et al. 2004; MiloSevi¢ et al. 2012; Nadeem et al. 2007; Paul 2012;
Paul and Nair 2008; Ramadoss et al. 2013a; Rojas-Tapias et al. 2012; Shrivastava
and Kumar 2015; Soleimani et al. 2011; Tiwari et al. 2011; Upadhyay et al. 2009;
Yang et al. 2009, 2010; Yildirim and Taylor 2005; Vurukonda et al. 2016). The
bacterial genera that have been implicated in these benefits include Rhizobium,
Bacillus, Pseudomonas, Pantoea, Paenibacillus, Burkholderia, Achromobacter,
Azospirillum, Microbacterium, Methylobacterium, Variovorax, and Enterobacter
(Barassi et al. 2006; Dodd and Perez-Alfocea 2012; Grover et al. 2010; Nia et al.
2012; Ramadoss et al. 2013a; Selvakumar et al. 2009; Upadhyay et al. 2009; Yang
et al. 2009, 2010; Yildirim and Taylor 2005). Some of these organisms are capable
of activating systemic changes in plants that confer tolerance to abiotic stress; this
phenomenon has been designated induced systemic tolerance (Yang et al. 2009).
This section explores our understanding, to date, of the mechanisms by which
PGPMs alleviate abiotic stress tolerance in plants.
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7.7.1 Indole Acetic Acid Production

Plants regulate their resource allocation to roots versus shoots to optimally balance the
size of their root systems, which are critical for nutrient and water uptake, and their
aboveground tissues, which are required for photosynthesis and reproduction. Some
microbes promote greater root growth by interfering with this regulation. Although this
interference could conceivably come at the cost of fitness to the plant, many studies
have shown that under conditions of environmental stress, microbial inoculants that
promote plant root growth provide measurable benefits to plant growth and/or plant
health. In particular, inoculation of plants with various PGPRs have been shown to
enhance the formation of lateral roots and root hairs (Paul and Lade 2014) and roots
with a larger root surface area (Diby et al. 2005; Paul and Sarma 2006); collectively,
these morphological changes increase the opportunities for water and nutrient uptake.

A major mechanism by which bacteria can influence plant root system develop-
ment is via the production of the auxin indole-3-acetic acid (IAA). This phytohor-
mone is a major hormone used by plants to regulate growth. It is involved in a breadth
of physiological processes including plant cell division and differentiation, germina-
tion, vascular development, and root growth. Of particular interest for the study of
PGPR is the influence of IAA on root length and the initiation of lateral roots. Low
TAA production levels generally increase root length and lateral root initiation,
whereas high levels promote the opposite. The ability of bacteria to produce IAA was
recognized, in part, due to the negative impacts of high IAA production on plant
development (Costacurta and Vanderleyden 1995; Ludwig-Miiller 2004). IAA pro-
duction has been detected in diverse bacteria, including methylobacteria, streptomy-
cetes, cyanobacteria, and archaea, with the percentage of soil bacteria capable of
TAA production estimated to be as high as 80% (Khalid et al. 2004). At present, the
majority of known PGPRs are capable of IAA production (Hayat et al. 2010).

The contribution of IAA production by Azospirillum brasilense to root growth
under nonstressed conditions has been well documented (Spaepen and Vanderleyden
2011; Spaepen et al. 2007). A. brasilense strains induce morphological changes in
plant roots (Spaepen et al. 2008). For example, cell-free supernatants of A. brasi-
lense cultures induced root elongation and increased root surface area, dry weight,
and lateral root development in rice (El-Khawas and Adachi 1999) and soybean
(Molla et al. 2001) under hydroponic conditions. Moreover, similar responses by
bean plants were observed upon the exogenous application of IAA and PGPR
strains (Remans et al. 2008). Lastly, the association of a loss of IAA production via
mutagenesis with a loss of root enhancement activity provided direct evidence that
TAA production was at least one mechanism responsible for plant growth promotion
by A. brasilense (Kundu et al. 1997).

The contribution of IAA production to root growth under environmentally stress-
ful conditions has been identified with other microbes. Sadeghi et al. (2012) demon-
strated that a Streptomyces isolate produced IAA and promoted growth of wheat
under high salinity conditions. Similarly, Yao et al. (2010) found that an TAA-
producing Pseudomonas putida strain promoted the growth of cotton seedlings
under high salinity conditions. The finding that this P. putida strain also inhibited
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production of the stress-inducible phytohormone abscisic acid illustrates the com-
plexity of elucidating mechanisms underlying plant growth promotion. The benefits
of TAA production by PGPR may be augmented by the production of an enzyme,
ACC deaminase (Etesami et al. 2014a, 2015a, b); this enzyme is described below.
Bacteria can produce other phytohormones as well, including cytokinins (Arkhipova
et al. 2007) and gibberellins (Botinni et al. 2004), which may contribute to plant
growth under stressful conditions (Arkhipova et al. 2007), but the research on these
phytohormones in PGPR is far less extensive than for IAA.

7.7.2 ACCDeaminase Production

PGPRs that produce the enzyme ACC deaminase can modulate plant growth by
modulating the level of ethylene in the roots (Glick 2014; Singh et al. 2011). The
enzyme ACC deaminase catalyzes the cleavage of ACC, which is an immediate
precursor of ethylene in the ethylene biosynthetic pathway (Glick et al. 2007a). This
cleavage reaction releases ammonia and a-ketobutyrate, both of which can be
metabolized by bacteria (Glick et al. 2007b), and concurrently limits further pro-
duction of ethylene by the plant (Fig. 7.3).

Excess ethylene

\W'

Moderate ethylene
v

Root elongation
ACC deaminase

Root elongation

PGPR

Fig. 7.3 A model to explain how ACC deaminase-producing bacteria lower ethylene in roots. A
significant portion of the ethylene precursor 1-aminocyclopropane-1-carboxylate (ACC) is exuded
from plant roots or seeds and is subject to hydrolysis by ACC deaminase-producing bacteria,
releasing ammonia and a-ketobutyrate (a-KB). This hydrolysis reduces the ACC levels outside of
the plant, which, due to the equilibrium between internal and external ACC levels, results in
decreased ACC levels inside the plant. The metabolic benefit of the ACC degradation to the growth
of ACC-producing microorganisms increases their growth, and this provides a positive feedback to
further decrease the ACC levels, ultimately resulting in a reduction in the endogenous biosynthesis
of ethylene (Glick 2012)
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As described above, plants respond to a variety of stresses by accumulating eth-
ylene, and this accumulation can inhibit root development. By decreasing ACC lev-
els in plants, ACC deaminase-producing microorganisms decrease plant ethylene
levels and alleviate this inhibition (Glick et al. 2007b). Interestingly, the cost of
overriding this endogenously induced growth inhibition does not seem to outweigh
the benefit for plants grown under stressful conditions, as plants inoculated with
ACC deaminase-producing bacteria, or expressing a bacterial ACC deaminase trans-
gene, develop a more extensive root system and exhibit enhanced tolerance to envi-
ronmental stresses (Arshad et al. 2007; Safronova et al. 2006; Stearns et al. 2005).

ACC deaminase-producing PGPRs have been used successfully to protect a vari-
ety of plant species against growth inhibition resulting from stress exposure (Ali
et al. 2012, 2014; Barnawal et al. 2012; Etesami et al. 2014b; Glick 2014; Li et al.
2012,2013; Ramadoss et al. 2013b; Shakir et al. 2012; Siddikee et al. 2011). Although
a diversity of bacteria and fungi express ACC deaminase, this activity has been stud-
ied most extensively in PGPRs (Glick 2005), including the genera Achromobacter,
Acidovorax, Alcaligenes, Enterobacter, Klebsiella, Methylobacterium, Pseudomonas,
Rhizobium, and Variovorax (Esquivel-Cote et al. 2010). Bacteria in the symbiotic
nitrogen-fixing genus Bradyrhizobium can also reduce ethylene accumulation in
plants, and this activity enhances nodulation by helping prevent plant suppression of
new nodule primordia. Unlike PGPR, however, these symbiotic bacteria do not
secrete ACC deaminase, but rather secrete a modified amino acid, rhizobitoxine, that
inhibits the ethylene biosynthetic enzymes ACC synthase and -cystathionase
(Sugawara et al. 2006). To date, rhizobitoxine production has been found in some
plant pathogens, but not in PGPRs.

7.7.3 Increased Nutrient Mobilization

Many of the soil nutrients required by plants are present in soil but not in an avail-
able form because they are in the form of insoluble precipitates or are bound to
inorganic and organic soil constituents. Plant nutrient deficiency is stressful but can
also exacerbate the adverse effects of other abiotic stresses (Baligar et al. 2001;
Grieve and Grattan 1999; Khoshgoftarmanesh et al. 2010). Several studies show
that plants exposed to environmental stresses require additional supplies of mineral
nutrients to minimize the adverse effects of stress (Endris and Mohammad 2007;
Heidari and Jamshid 2010; Kaya et al. 2002). The best-characterized mutualistic
interactions in the rhizosphere, namely, the AMF- and symbiotic nitrogen-fixing
bacteria-plant interactions, help plants overcome nutrient deficiencies that are
incurred in soils with low fertility (Glick 2012). PGPRs can enhance the availability
of these nutrients by increasing their solubility or uptake. A diversity of mechanisms
by which microorganisms may increase nutrient availability is shown in Fig. 7.4. In
this section, we will discuss the ways in which PGPR can be applied to improve
crop health and productivity in nutrient-poor environments. The discussion will
focus on the most limiting nutrient, N, with some discussion of P and iron, for
which the solubility is especially affected by the soil pH (Jewell et al. 2010).
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Fig.7.4 Schematic representation of mechanisms by which PGPR may affect nutrient availability
in the rhizosphere (Etesami et al. 2015a)

7.7.3.1 Nitrogen

Environmental stress can reduce the fixed nitrogen that legumes obtain from symbi-
otic nitrogen fixation. The process of infection and formation of root nodules is
strongly repressed by ethylene (Peters and Crist-Estes 1989; Sugawara et al. 2006);
therefore, the ethylene that accumulates in response to environmental stresses such
as drought and salinity may be responsible, at least in part, for stress-mediated
reductions in available nitrogen. This mechanism suggests that PGPR interference
in ethylene signaling (Sect. 7.7.2) could help ensure continued fixation under stress-
ful conditions. Other environmental stresses, including iron and phosphorus (P)
deficiencies, also depress symbiotic nitrogen fixation, such as by reducing nodule
mass, leghemoglobin content, and nitrogenase activity (Garcia et al. 2015; Tang
et al. 1990; Pereira and Bliss 1989).

PGPRs may alleviate the effects of these stresses on symbiotic nitrogen fixation
by a variety of mechanisms, as shown in Fig. 7.5. These include producing [AA that
increases the size of the root system (Parmar and Dadarwal 1999) or number of root
hairs (Yahalom et al. 1991), thus increasing the opportunities for nodulation (Glick
2012; Theunis 2005).

They also include enhancing the uptake of iron and P and thus preventing nutri-
ent deficiencies that inhibit nodulation and nodule function. Co-inoculation of
PGPR with rhizobia has been explored as a mechanism of ensuring adequate fixed
nitrogen under stressful conditions. For example, Egamberdieva et al. (2015)
showed that co-inoculation of Mesorhizobium spp. symbionts with Pseudomonas
extremorientalis strain TSAU20 restored growth and nodulation to a legume,
Glycyrrhiza uralensis, exposed to high salinity. This strain produces TAA
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Fig. 7.5 Mechanisms by which PGPRs may alleviate the effects of stress on nodule number and
nitrogen fixation in a legume plant. A, Stress-affected legume plant in the absence of inoculation
by PGPR; B, stress-affected legume plant inoculated with PGPRs

(Egamberdieva and Kucharova 2009) and was previously shown to alleviate salt
stress in the legume Galega officinalis when applied alone or with the rhizobial
symbiont (Egamberdieva et al. 2013).

Environmental stresses such as salinity and drought may also influence plant N
content by reducing root growth and thus reducing the surface area for uptake of
nutrients, such as inorganic fertilizers. PGPRs that enhance root growth may there-
fore restore N nutrition. Although many bacteria enhance plant growth under high
salinity conditions (Egamberdieva and Kucharova 2009; Selvakumar et al. 2009;
Upadhyay et al. 2009), Azospirillum spp. were shown to increase plant N content
(Nia et al. 2012) and the uptake of N, as well as P and K, under high salinity and
other stressful environmental conditions (Carmen and Roberto 2011). Similarly, a
Streptomyces sp. isolate increased wheat growth in saline soils as well as increased
the concentration of N, P, Fe, and Mn in wheat shoots grown in normal and saline
soil (Sadeghi et al. 2012).

7.7.3.2 Iron

Despite the abundance of iron in soils, its availability for plants and microbes is
low (Schmidt 2003; Wintergerst et al. 2007). Under aerobic conditions, iron
exists predominantly as ferric iron (Fe**), which reacts to form highly insoluble
hydroxides and oxyhydroxides (Desai and Archana 2011; Zuo and Zhang 2010).
These insoluble precipitates have a very low bioavailability to plants and microbes
and are even less bioavailable in alkaline soils, such as calcareous soils, than in
acidic soils. Concentrations of soluble Fe** are optimal for most plants at 10~* to
10-8 M, but are insufficient for growth at 10=° M or lower. Due to the generally
low bioavailability of iron, plants and microbes have evolved effective mecha-
nisms for iron sequestration. Plants have two strategies for mobilizing iron
(Fig. 7.6).
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In the first, designated Strategy I, the soil is acidified in the rhizosphere through
the activity of a root plasma membrane-bound H*-ATPase, Fe** is reduced into fer-
rous iron (Fe?*) by an iron chelate reductase enzyme, and Fe** is taken up by a
membrane-bound Fe?* transporter (Hartmann et al. 2008). All plant species except
grasses use this iron acquisition mechanism. In contrast, grasses synthesize, secrete,
and take up low-molecular-weight phytosiderophores; we designate this as Strategy
II. Phytosiderophores are a form of mugineic acids that strongly chelate ferric iron
and solubilize it for plant uptake by specialized ferric iron transport proteins, such
as the yellow stripe protein in corn (Charlson and Shoemaker 2006; Curie et al.
2001; Guerinot 2010). Strategies I and II are often not sufficient to meet the iron
nutritional needs of plants, particularly in calcareous and alkaline soils. One
approach to enhance iron mobilization to plants is amending soils with synthetic
iron-chelating compounds such as ethylenediaminetetraacetic acid (EDTA) and
ethylenediamine-N,N’-bis (2-hydroxyphenylacetic acid) EDDHA could provide a
solution, but these are poorly biodegradable and can pose a threat to the environ-
ment, the main risk being the accumulation in groundwater (Kaparullina et al.
2011). An alternative approach is to exploit the iron mobilization abilities of micro-
organisms (Zuo and Zhang 2010).

Iron-chelating compounds called siderophores are produced by diverse plant-
associated bacteria. These low-molecular-weight organic compounds are induced
under low-iron conditions. Following secretion, they bind ferric iron with a high
affinity, increasing its solubilization from iron oxide precipitates in the soil; the
subsequent binding of the Fe*-siderophore complexes to highly specific bacterial
siderophore receptors facilitates concurrent uptake and reduction of Fe** to Fe*

<
<

Fig. 7.6 Schematic representations of iron uptake systems of plant roots and role of siderophore
(Sid)-producing bacteria in enhancing iron availability for plant. Plants acquire iron from the soil
through the plasma membrane (PM) of their root epidermal cells by two different strategies
(Strategies I and II). In non-grass species (Strategy I), acidification of the rhizosphere occurs in
part through the activity of a plasma membrane (PM) H*-ATPase. This H* excretion contributes to
the solubilization of Fe*3, which is reduced to Fe*? by the FRO2 ferric chelate reductase, transfer-
ring electrons (e”) from NADPH to Fe**. Fe*? is then transported through the plasma membrane of
root epidermal cells by the iron-regulated transporter 1 (IRT1) (Lemanceau et al. 2009). In grasses,
Strategy II involves the synthesis of phytosiderophores (P-Sid) from nicotianamine (NA), which is
derived from methionine (Met). P-Sid is secreted from the roots by an uncharacterized mechanism
into the rhizosphere where it chelates Fe**. The Fe*-P-Sid complex is then transported into the
epidermal cells of the roots by proteins such as the yellow stripe 1 (YS1) transporter. Bacteria do
not take up Fe-Sid complexes, but rather obtain iron through a reduction-based mechanism
involving Fe-Sid membrane receptors, acquiring Fe?* while releasing Sid for subsequent reuse. Sid
increases the Fe*? pools in the rhizosphere, increasing Fe** available to the root P-Sid. Given the
differences in the binding affinity among siderophores, P-Sids that have a higher affinity for Fe**
than Sid may acquire it via ligand exchange
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(Boukhalfa and Crumbliss 2002). PGPR inoculants that increased iron uptake into
plants with concurrent stimulation of plant growth have been reported (Barzanti
et al. 2007; Burd et al. 2000; Carrillo-Castafieda et al. 2002; Lemanceau et al. 2009).
Moreover, a contribution of microbial siderophores to the iron nutrition of plants
using Strategies I and II has been reported (Jin et al. 2006; Johnson et al. 2002;
Rasouli-Sadaghiani et al. 2014; Robin et al. 2008; Vansuyt et al. 2007).

The opportunities for ligand exchange between microbial siderophores and phy-
tosiderophores suggest a role for microbial siderophores in enhancing the iron nutri-
tion of gramineous plants. In particular, when plants use Strategy II for iron
acquisition, their phytosiderophores may be able to compete with the bacterial sid-
erophores for iron binding, as supported by studies showing differences among bac-
terial siderophores in their affinity for iron (Dulla et al. 2010), and the fact that a
siderophore or phytosiderophore with a high affinity for Fe’* will be able to steal the
Fe* from one with a lower affinity for Fe**. This mechanism of uptake, designated
ligand exchange, was first demonstrated with a fungal siderophore that enhanced
iron uptake by barley (Yehuda et al. 1996). However, the extent to which bacterial
siderophores are produced in sufficiently high amounts in the rhizosphere to impact
the iron nutrition of plants remains an unanswered question (Crowley et al. 1988).

Microbial siderophores may also enhance iron uptake by plants that use Strategy I
for iron acquisition. One proposed mechanism is via the transfer of ferric ions from a
microbial siderophore to a plant ferric chelate reductase, thus promoting iron reduc-
tion and transport into the plant. The extent to which this mechanism facilitates
enhanced iron uptake into the plantis not yet known (Crowley et al. 1988). Alternatively,
bacteria may alter the signaling pathways that are involved in the physiological
responses of the plant to iron deficiency. For example, IAA has a major role in activat-
ing plant responses that lead to rhizosphere acidification and iron acquisition by roots
(Bacaicoa et al. 2011), with roles for ethylene implicated as well (Lucena et al. 2006).
The ability of bacteria to produce IAA (Sect. 7.7.3) and alter plant ethylene signaling
(Sect. 7.7.2) suggests mechanisms by which PGPR may influence the iron nutrition of
plants. The finding that PGPRs enhance iron acquisition in non-gramineous (Sharma
et al. 2003; Johnson et al. 2002; Vansuyt et al. 2007) indicates that one or more of these
mechanisms may promote physiologically relevant levels of iron uptake into plants.

7.7.3.3 Phosphorus

Phosphorus (P) is generally the second most limiting nutrient for plant growth after
nitrogen. P is soluble in a monobasic (H,PO,~) or dibasic (HPO, >-) form, but even
in soils with abundant P, usually only about 1% of the soil P is actually in a soluble
form. Over 90% of soil P is generally insoluble in an inorganic form, such as apatite,
or in an organic form, such as inositol phosphate (soil phytate), phosphomonoesters,
and phosphotriesterase (Khan et al. 2007); these require mineralization before they
become plant available. Due to limited P bioavailability in most soils, P limitation is
often a limiting factor for plant growth (Khan et al. 2007). Plant strategies to acquire
P include the root exudation of organic acids or enzymes to chelate inorganic P or
enzymatically release phosphate from organic compounds (Hong et al. 2008; Park
et al. 2007; Xiao et al. 2007). In addition, plants adjust their root architecture to
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low-P conditions through inhibition of primary root growth, promotion of lateral
root growth, enhancement of root hair development, and cluster root formation,
which all promote P acquisition by plants (Jain et al. 2007; Ma et al. 2003; Niu et al.
2013; Osmont et al. 2007). Lateral roots, in particular, play an important role in P
acquisition by increasing soil exploration (Zhu et al. 2005), the absorptive surface of
the root system (Pérez-Torres et al. 2008), and P solubilization (Lynch 2007).

Microorganisms have been widely shown to enhance plant growth by enhancing
the bioavailability of P for plants. This is a well-known function of mycorrhizal
fungi, which form an extensive network that can extract P from a large volume of
soil, but is also a function of many bacterial genera. In fact, enhancing plant P bio-
availability is the most common mode of action identified in the PGPRs that have
been characterized. The major mechanisms by which PGPR do this are by convert-
ing insoluble phosphates such as Ca;(PO,), (Rodriguez et al. 2004) into soluble
forms through the release of organic acids that promote acidification and releasing
phosphates from organic phosphates via the secretion of extracellular phosphatases
(Glick 2012; Gyaneshwar et al. 2002; Van Der Heijden et al. 2008). The ease of with
which P-solubilizing bacteria can be identified using a classic plate assay (Pilovskaya
1948) enabled an extensive number of studies that have screened bacteria for P solu-
bilization activities. These studies have identified diverse bacteria and have often
screened and identified strains with resistance to target environmental stresses, such
as high salinity (Barassi et al. 2006; Son et al. 2006), high concentrations of heavy
metals (Zaidi et al. 2006), and low pH (Son et al. 2006), as well as with an ability
to colonize roots and promote plant growth (Taurian et al. 2010). Consequently,
P solubilization is a common trait in characterized PGPRs.

7.7.4 Induction of Increased Plant Osmolyte Accumulation

The accumulation of osmolyte compounds can enhance plant tolerance to salinity,
drought, and heat (Chen et al. 2007; Dodd and Perez-Alfocea 2012). Osmolytes are
low-molecular-weight organic compounds that are used by cells to maintain turgor
pressure and cell volume, especially under water-limited conditions. To withstand
water limitation, cells of all organisms synthesize metabolites to maintain turgor
pressure and full hydration of cytoplasmic constituents, which is critical to the
structural integrity of membranes, enzymes, and other cellular components
(Majumder et al. 2010). Major types of osmolytes are sugar alcohols (glycerol and
methylated inositols), complex sugars (trehalose, raffinose and fructans), quater-
nary amino acid derivatives (proline, glycine betaine, b-alanine betaine, proline
betaine), tertiary amines (ectoine) and sulfonium compounds (dimethyl sulfonium
propionate) (Majumder et al. 2010). The accumulation of proline, a widely distrib-
uted osmolyte in plants, correlates with tolerance to drought and salinity stress
(Szabados and Savouré 2010; Wang et al. 2015). Proline accumulation is a sensitive
physiological index of the response of plants to salt and other stresses (Peng et al.
2008) and helps maintain higher leaf water potentials during stress and protect
against oxidative stress, potentially by function as an antioxidant (Hayat et al. 2012).
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PGPRs can favor osmolyte accumulation in plants exposed to salinity stress. To
date, this has been shown for the osmolyte proline. Plants inoculated with PGPR
strains showed increased proline accumulation when grown under high salinity con-
ditions (Bano and Fatima 2009; Jha et al. 2011; Kohler et al. 2009; Upadhyay et al.
2012; Zarea et al. 2012), and this occurred in a variety of plant species, including
lettuce, wheat, and corn. These results suggest that PGPR can promote an enhanced
adaptive response of plants to high external salt concentrations, namely, osmolyte
accumulation, indicating that this is one of the many mechanisms by which microbes
promote plant tolerance to salinity stress (Bianco and Defez 2009; Munns and
Tester 2008; Dodd and Perez-Alfocea 2012).

7.7.5 Exopolymer production

Many soil microbes secrete extracellular polymeric substances (EPSs) into the envi-
ronment, and these EPS can confer a wide range of benefits to plants. For example,
these high-molecular-weight secreted compounds promote soil aggregate stability,
which is one of the most important properties controlling plant growth in semiarid
environments (Paul and Lade 2014). These EPS, which are comprised primarily of
extracellular polysaccharides, proteins, and DNA, are also central to the function and
structural integrity of biofilms (Donlan 2002). They serve as a matrix that promotes
biofilm adherence to surfaces and as a matrix that binds water, thus contributing
greatly to the water-holding capacity of the soil and the biofilms on root surface
(Grover et al. 2010). EPS-producing PGPRs have been associated with aggregation of
root-adhering soils (Alami et al. 2000; Upadhyay et al. 2011) and improved soil struc-
ture (Sandhya et al. 2009), both of which are associated with increased plant resistance
to water stress. EPS-producing PGPRs have also been proposed to bind cations includ-
ing Na*, thus potentially decreasing the content of Na* available for plant uptake and
thus helping to ameliorate the negative impact of salinity on plant growth (Ashraf et al.
2004; Geddie and Sutherland 1993; Grover et al. 2010; Upadhyay et al. 2009).

7.7.6 Promotion of lon Homeostasis in Plants

PGPR may alter ion homeostasis in plants such that the plants are better able to
tolerate salinity stress. Salinity stress generally results in the accumulation of Na* in
leaves due to transport in the transpiration stream and an accompanying deficit in
K*. This physiological response is so consistent that the K*/Na* ratio is used as an
indicator of plant salt tolerance (Hamdia et al. 2004). A breadth of reports have
documented that PGPR-inoculated plants grown in saline soils have a higher K* ion
concentration and, in turn, a higher K*/Na* ratio, than uninoculated plants (Jiang
et al. 2012; Kasotia et al. 2015; Kohler et al. 2009; Nadeem et al. 2012; Rojas-
Tapias et al. 2012; Safronova et al. 2012; Shrivastava and Kumar 2015; Yao et al.
2010; Nadeem et al. 2007; Chang et al. 2014; Egamberdieva et al. 2015; Nadeem
etal. 2009; Wang et al. 2016; Mayak et al. 2004). Potassium plays a key role in plant
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water stress tolerance and is responsible for stomatal movements in response to
changes in leaf water status (Caravaca et al. 2004); thus, PGPR-associated increases
in K* concentration may help prevent salinity-induced stomatal closure. Although
the mechanism by which PGPR alter ion uptake into roots is largely unknown,
Zhang et al. (2008) demonstrated that a Bacillus subtilis strain can mediate the level
of salt tolerance in Arabidopsis thaliana by regulating the K* transporter HKT1.
Interestingly, these changes in HKT1 expression, namely, downregulation in roots
and upregulation in shoots, were induced by the mixture of volatile compounds
emitted by this B. subtilis strain, demonstrating that volatile bacterial signals can
affect ion homeostasis and salinity stress tolerance in plants via an effect on a high-
affinity K* transporter. Some reports also suggest that bacteria influence Ca?* levels,
which have an early signaling role in the response to high salinity (Fu et al. 2010).

7.7.7 Induction of Plant Production of Antioxidant Enzymes

Microbes may help prevent or reduce oxidative damage to plants by secreting anti-
oxidant enzymes. The production of oxygen-based radicals is the bane of all aerobic
species. These radicals, collectively called reactive oxygen species (ROS), include
peroxides, superoxide, hydroxyl radical, and singlet oxygen. Due to their reactive
nature, ROS can damage cellular macromolecules and organelles. Various abiotic
stresses lead to the production of ROS in plants; these include salinity and drought
stress (Hichem et al. 2010; Johnson et al. 2003). To protect against oxidative stress,
plant cells produce both antioxidant enzymes and nonenzymatic antioxidants
(Hasegawa et al. 2000; Mayak et al. 2004; Miller et al. 2010). Plant tolerance to
high salinity has been correlated with high antioxidant enzyme activities, including
catalase, ascorbate peroxidase, glutathione reductase, and superoxide dismutase
(Apel and Hirt 2004; Miller et al. 2010; Mittova et al. 2002, 2003).

Several studies have reported that rhizobacteria induce plant synthesis of antioxi-
dant enzymes in response to salinity stress (Heidari and Golpayegani 2012; Paul
and Lade 2014; Singh et al. 2013; Chakraborty et al. 2013; Nautiyal et al. 2008;
Bianco and Defez 2009; Kohler et al. 2009; Jha and Subramanian 2013). These
PGPR-induced antioxidant enzymes are believed to contribute to salinity stress tol-
erance by eliminating hydrogen peroxide from salt-stressed roots (Kim et al. 2005).
PGPRs may also alleviate drought stress, as shown following inoculation of maize
with five drought-tolerant plant growth-promoting Pseudomonas sp. strains
(Sandhya et al. 2009).

7.7.8 Reduction of Toxicity of Heavy Metals
and Organic Pollutants to Plants

Heavy metals at elevated levels are generally toxic to plants, impairing their metab-
olism and reducing plant growth. Previous studies have demonstrated that most
heavy metal and other xenobiotic contaminants inhibit the root growth of plants
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(Arshad et al. 2007). Microbes have a variety of mechanisms for detoxifying heavy
metals (Chen et al. 2015; Gadd 2000; Glick 2010; Lim et al. 2003; Lin and Lin
2005; Malik 2004; Soleimani et al. 2011). For example, microbial cell walls have
functional groups that can bind heavy metal ions, and this binding and immobiliza-
tion may have contributed to the reduced uptake of cadmium (Cd) into barley
plants following inoculation with PGPR (Luo et al. 2011; Scott and Karanjkar
1992). PGPRs may also promote plant health by reducing the phytotoxic effects of
heavy metals, as shown for nickel (Ni) and Cd toxicity following inoculation of
Methylobacterium oryzae and Burkholderia sp. strains on tomato (Madhaiyan
et al. 2007).

Organic pollutants may also be harmful to plants. Some endophytes enhance
plant tolerance to pollutants and do so by degrading them (Garipova 2014).
Organic pollutants may accumulate in plant tissues in the absence of degradative
enzymes (Burken 2004), but may be completely degraded in the presence of an
endophyte capable of degradation (Lodewyckx et al. 2002a, b; Moore et al. 2006).
Although pollutant degradation abilities are found in both endophytes (Barzanti
et al. 2007) and free-living bacteria (Mrozik and Piotrowska-Seget 2010), genes
encoding the degradative enzymes for specific pollutants occurred more fre-
quently in endophytic bacteria in the presence of those pollutants than in bacteria
isolated from soil (Siciliano et al. 2001). The ability of endophytes to degrade
pollutants following their extraction from the soil by plants illustrates the contri-
bution of endophytes to both bioremediation of soils and safe cultivation of agri-
cultural products in contaminated soils (Garipova 2014). For example, it was
shown experimentally that pea plants treated with the endophyte Pseudomonas
utilized the 2,4-D herbicide from soil without accumulating it in tissues (Germaine
et al. 2006).

Plants synthesize and accumulate ethylene in response to contaminant-induced
stresses (Arshad et al. 2007); thus, microbes may influence plant responses to heavy
metal contaminants by interfering with ethylene synthesis. Bacteria that produce
ACC deaminase (Sect. 7.7.2) have been examined for their ability to mitigate the ill
effects of soil contamination caused by xenobiotic chemicals and heavy metals on
plants. These bacteria have been shown to promote plant growth in the presence of
heavy metals by reducing the stress ethylene synthesized in plants (Arshad et al.
2007, 2008; Belimov et al. 2005; Glick et al. 2007b; Ma et al. 2010; Madhaiyan
et al. 2007; Rajkumar et al. 2006; Safronova et al. 2006). In addition to ACC deami-
nase activity, bacterial siderophores may help plants reduce heavy metal toxicity by
increasing the supply of iron to the plant (Burd et al. 2000).

7.7.9 Induction of Resistance to Temperature Stress

Microbes can also increase plant resistance to temperature stress (Su et al. 2015;
Selvakumar et al. 2008a, b). For example, a thermotolerant Pseudomonas sp. strain
induced thermotolerance in sorghum seedlings (Ali et al. 2009), and a Burkholderia
phytofirmans strain capable of epiphytic and endophytic colonization of grapevines
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(Compant et al. 2005) protected plants against heat as well as chilling stress (Ait
Barka et al. 2006; Bensalim et al. 1998). The mechanisms by which these benefits
are conferred, however, are poorly understood.

7.8  Selection of the Most Stress-Tolerant Microorganisms

The ability to use microbial inoculants to enhance plant tolerance to abiotic stress
requires that the introduced microbes tolerate the stressful conditions (Devliegher
etal. 1995), as well as compete effectively with the native microflora after inocula-
tion (Rekha et al. 2007). Thus, the selection of most effective root-colonizing bacte-
rial strains is required to fully realize the benefits of inoculation. A general approach
to identifying potential PGPR strains to promote plant growth under environmen-
tally stressful conditions has therefore been to isolate organism from a stressful
environment, as illustrated by the isolation of halotolerant bacteria from wheat roots
grown in saline soil and their subsequent success in stimulating plant growth
(Egamberdieva et al. 2008). An alternative approach is to screen bacterial isolates
for those that are tolerant to the relevant stress (Lifshitz et al. 1986; Shrivastava and
Kumar 2015). In general, microorganisms tolerating extreme environmental condi-
tions have been found suitable for use in various agricultural practices (Egamberdieva
and Kucharova 2009). Thus, an effective strategy for the rapid identification of effi-
cacious PGPR strains to use as bioinoculants for stressed crops may be the isolation
of indigenous microorganisms from stress-affected soils and from plants grown in
such soils, with subsequent screening on the basis of traits contributing to stress
tolerance and plant growth promotion and ultimately screening for improved growth
or health of plants growth under environmentally stressful conditions (Grover et al.
2010).

7.9 Concluding Remarks and Future Perspectives

Plants developed mutualistic associations with mycorrhizal fungi very early follow-
ing their transition from aquatic to terrestrial habitats. They embraced these fungi as
a means of establishing a network for acquiring enough water and nutrients to meet
their needs in their new, water-limited home. This mutualism illustrates the early
dependence of plants on microbes in their adaptation to environmental stress.
Microbes still play a critical role in conferring the phenotypic plasticity necessary
to tolerate a wide range of environmental insults. Although we have identified some
of the mechanisms by which bacteria can promote plant tolerance to abiotic stress,
ranging from the secretion of bioactive compounds to interference in plant hor-
monal signaling, many mechanisms have yet to be discovered. Knowledge of these
mechanisms, and the full complement of mechanisms expressed by any given
microbial inoculant, is important in moving forward in evaluating the growth-
promoting potential and plant-protective effects of inoculants in the field. Given the
increasing exposure of our agricultural crops to abiotic stresses, and particularly to
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drought, salinity, and nutrient limitation, the optimization of inoculants for agricul-
tural use is critical as a complement to the on-going efforts to develop stress-tolerant
crop varieties.
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