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Abstract

It is consensus that plant growth-promoting bacteria (PGPB) be studied exten-
sively in the last two decades, but several of them are not fully investigated/
explored especially in arid and semiarid regions worldwide. They have been
deployed as potent source of bioactive compounds useful in prospecting of sus-
tainable agricultural. In the present scenario to meet food security, a number of
different approaches have been employed to cultivate crops in salt- and drought-
prone area. Hence, nowadays, the use of microbial inoculation to alleviate abi-
otic stress and amelioration of crops could be considered a more cost-effective
eco-friendly approach. By keeping current approaches available for plant-
microbe interaction, it is needed to pursue prospective research in this area. In
the present chapter, authors will emphasize the role of benign PGPB in crop
cultivation under stress through produced elicitors/determinants. It is very urgent
need to explore this approach for sustainable agriculture grown under stress and
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also to understand the mutual interactive activities belowground. Therefore, an
exploitation of PGPB-plant interactions may be opted in the amelioration of
plant health in arid and semiarid area.

7.1 Introduction

Among the total agricultural production around world, legumes encompass 25 %
which include mainly pulses and oil seeds, namely, soybean and peanut. Based on
the report generated by FAOSTAT (2012), India ranks first in worldwide pulse pro-
duction and soybean ranks fourth. Abiotic and biotic stresses are major constraints
for agriculture production worldwide. Therefore, an immediate and imperative inte-
grated approach is required to avoid stresses and dissemination of the low-cost tech-
nologies in legume production (Reddy et al. 2013). In food web life does not exist
without producers and, in natural resources wherein plants represent huge diversity
in agroecosystems (AES), provides benign to detrimental metabolites. Among the
benign are foods rich in proteins, feeds, and organic manures, and fix dinitrogen
(N,) improves soil structural characteristics and encourages beneficial microorgan-
isms and the reclamation and revegetation of barren/degraded lands (Chaer et al.
2011). Based on these attributes, legumes are one of the most promising compo-
nents of the Climate Smart Agriculture concept (FAO 2013). It finds major applica-
tion as livestock forage and silage, grain, blooms, pharmaceutical/industrial, fallow/
green manure, and human consumption as these are the good source of protein and
rich in iron and vitamin B complex.

In India top legume producers constitute of Madhya Pradesh, Uttar Pradesh,
Maharashtra, Rajasthan, Andhra Pradesh, Karnataka, Chhattisgarh, Gujarat,
Jharkhand, and Bihar. Rajasthan ranks good enough in this list (Fig. 7.1a, b). The
Thar Desert (Great Indian Desert) is a part of Rajasthan (constitutes 60 % of its area
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Fig.7.1 (a) Top ten states in pulse production of India. (b) Major soybean-producing states of
India. Fourth advance estimate (Source: DES, DAC, India)
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Fig 7.2 Different climatic zones of Rajasthan state (Source: http://www.nicra-icar.in/nicrare-
vised/index.php/component/content/article?layout=edit&id=195)

in Thar Desert). Geographically, Rajasthan lies between 23° 3’ to 30° 12’ longitude
and 69° 30 to 78° 17’ latitude. It occupies 342,239 km? land area which solely
implies 10.41 % of the total land area of India. The Thar Desert lies between 24° to
28° N latitude and 68° to 71° E longitude, occupying an area of about 200,000 km?.
Its vegetation describes 911 wild species belonging to 780 genera and 154 families.
Rajasthan consist of three climatic zones, namely, arid zone, semiarid temperate
zone, and semiarid tropical zone (Fig. 7.2). Enduring flora of the Thar Desert (arid
zone) involves tree and shrubs including cultivated leguminous plants, e.g., Vigna
(V. aconitifolia, V. mungo, V. radiata, V. unguiculata, etc.), Pisum sativum, Cicer
arietinum, Trigonella foenumgraecum, Cajanus cajan, Cyamopsis tetragonoloba,
Lens culinaris, Vicia faba, Phaseolus lunatus, Lablab purpureus, Canavalia ensi-
formis, Arachis hypogea, etc. (http://dst.rajasthan.gov.in/), whereas semiarid zone is
rich in Glycine max, Arachis hypogaea, Cajanus cajan, Cicer arietinum, V. unguic-
ulata, etc. Legumes grown in these regions posses problem of abiotic stresses like
salinity, alkalinity, high temperature, and drought, which lead to dehydration and
osmotic stress in soil and thereby reduction in crop yields worldwide. Around 70 %
of yield losses in major crops occur due to abiotic stress (da Silva et al. 2014).

The major limiting factors affecting the agricultural productivity worldwide are
environmental stresses. Ecosystem of Rajasthan’s Thar Desert is mainly affected
with high temperature, salinity/alkalinity, low pH and several other abiotic factors.
Apart from decreasing yield these introduces devastating impact on plant growth
(Suzuki et al. 2014). High salinity and severe drought are the major constraints
affecting the agricultural practices in Rajasthan. Out of this, soil degradation through
salinization accounts the most wherein the main cause of salinization is irrigation.
However, annual precipitation of rainfall (APRF) is poorly disseminated to make
certain harvestable crops in arid and semiarid regions, resulting in gradual degrada-
tion (Singh et al. 2012). It has been reported that APRF affects approx. 50 % of
irrigated areas worldwide and causes very stern threat to AES and leads to decline
of natural resources (Gabrijel et al. 2009). In India, 8.4 Mha land is affected by soil
salinity and alkalinity per se, of which about 5.5 Mha are waterlogged (Singh et al.
2012). And hence, over recent decades, soil salinization threatening environment
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health and sustainable development induced by human activities had developed
sound land-use policies and planning actions for integrated land management to
come in scenario (Zhang et al. 2011).

Soil salinization is considered as the occurrence of suspended inorganic ions that
include Cl-, SO,*, Mg*, Ca**, K*, Na*, HCO;~, and COs>" in the aqueous phase of
soil milieu. The change in soil salinity affects the survival of salt-sensitive plants
so-called glycophytes, e.g., soybean. Soil with EC, greater than 40 mM NaCl (4
dS/m) is considered saline (USDA Salinity Laboratory). Hence, increase in these
limits leads to two major stresses for the plant osmotic and ionic stress. The occur-
rence of osmotic stress outside the plant root is the result of a rise in salt over thresh-
old level which reflects hassles in H,O uptake, cell growth, and expansion of lateral
bud (Munns and Tester 2008). The ionic stress rose upon increase in toxic level of
Na* that accumulates in leaf tissues over threshold level and causes leaf mortality
with chlorosis/necrosis, whereby hindering cellular metabolic and enzyme activities
(Chaves et al. 2009; Nawaz et al. 2013). To reduce salt-led phytotoxicity, the halo-
phytes develop strategies to limit Na* uptake; further accumulation in shoot tissues
is significant for survival (Zhang et al. 2008a, b).

According to crisis management plan (national) 2014, arid region of Rajasthan
has shown drought efficiency of 2 in 5 years and semiarid region has 1 in 3 years.
Drought has been considered as subtle peril of natural ecosystem and so-called
creeping phenomenon and varied from one place to another. Land becomes dry
when it gets light rain and sleet and leads to deep drought that cause noteworthy
harm to the confined economy. Drought may also affect cropping system and threat-
ens lasting erosion of AES enterprises (Kasotia and Choudhary 2014a, b). Water
deficit caused by drought results in reduced turgor pressure of plant cells which
thereby affects worth and measure of crop yield worldwide. It affects phenetic and
genetic parameters of the plant and reflects reduction in cell division, enlargement,
and differentiation including overall plant growth (Huang et al. 2012).

There is a cross talk between drought and salt stress as they eventually result in
osmotic imbalance and lead to dehydration of the cell (Nakashima et al. 2014). This
comprises three parameters: (1) restoration of ionic and osmotic equilibrium of the
cell to develop homeostasis, (2) production of detoxification mechanisms to restore
stress damage, and (3) induction of cell signaling to control cell division and meta-
bolic pathways. Soil drying and salinization alter optimal supply of water, mineral
nutrients, small organic molecules, proteins, and hormones in xylem (Pérez-Alfocea
et al. 2011). Under stress condition plant cell implies signal transduction pathway
that leads to production of secondary messengers, e.g., Ca*?, ROS, and IMP. When
plant possesses abiotic and biotic stresses, cytosolic level of calcium increases in the
plant cell. Thereafter several simultaneous pathways are activated by calcium-
interacting proteins (Kim et al. 2009). Mainly two stress responses are revealed by
salinity stress, i.e., osmotic stress and ionic stress, whereas drought stress shows
only osmotic stress (Huang et al. 2012). Osmotic stress produced by drought stress
and salinity stress leads to ABA-dependant and ABA-independent signaling (Saibo
et al. 2009), while ionic stress is alleviated by salt overly sensitive pathway (SOS
pathway). Upon occurrence of salt stress, ion homeostasis of plant gets distressed
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that results in the rise of Na* and lack of K* in the cytoplasm. To mitigate such
imbalance, ion transporters (plasma membrane Na*/H* antiporter SOS1 and the
high-affinity K* transporter 1 (HKT1)), located in the cell membrane, reflect exclu-
sion of Na* entry into and exit out of cells and regulate Na*/K* ration (Huang et al.
2012; Brini and Masmoudi 2012).

To alleviate such stressful conditions in plant, plant growth-promoting bacteria
(PGPB) have been reported to implicate in the metabolism and growth of plants
(Kang et al. 2014; Kasotia and Choudhary 2014b). In addition, PGPB that resides in
the spermosphere (sphere that surround the seed) and rhizosphere (area around
roots with 1-10 mm) enhance plant growth, after attaching to root surface. To allevi-
ate abiotic stress, PGPB strains have been reported and include Bacillus,
Burkholderia, Acinetobacter, Enterobacter, Azospirillum, Beijerinckia, Rhizobium,
Serratia, Erwinia, Flavobacterium, Alcaligenes, etc. (Bharti et al. 2013). These
microbes secrete bacterial AAC-deaminase, volatiles, antioxidants, cytokinin, IAA,
and unknown metabolites in response to plant’s ethylene, HKT1, ROS, and ABA
under salt and drought stress (Yang et al. 2009). These microbial determinants result
in “induced systemic tolerance (IST)” in plants, and further IST has been utilized to
overcome the harmful effects of abiotic stress (Yang et al. 2009).

In higher plants, ethylene is produced under various abiotic stresses. It is a sim-
ple gaseous hydrocarbon that regulates many physiological processes, including
root and shoot growth, seed germination, flower development, ripening of fruits,
and senescence of plant organs. Under various abiotic stress conditions (salinity,
chilling, drought, wounding, temperature, and heat), the level of C,H, increases in
plants (Li et al. 2013). Synthesis of ethylene mediated through L-methionine via
the intermediates, S-adenosyl-L-methionine (SAM) and 1-aminocyclopropane-1-
carboxylic acid (ACC) following Yang cycle (Yang and Hoffman 1984). The instant
originator of C,H, is ACC (Chen et al. 2013). It has been described that ACC-
deaminase secreted by PGPB reduces the deleterious levels of ethylene. Bacteria
use ACC as nitrogen source and degrade it to ammonia and a-ketobutyrate that are
readily assimilated.’ Salinity results in elevated levels of Na*:K* which can be
reduced by HKT1. HKT1 plays main physiological role in Na* homeostasis and
thereby protects both mono- and dicotyledonous plants upon toxic level of Na*
(Almeida et al. 2013). Among transporters, tt is one of Na* transporters that allows
to transport Na* back to the soil by coupling to H* (Shi et al. 2002), transporters that
avoid toxic level of Na* in the leaf tissues (Byrt et al. 2007), and antiporters that
seize Na* in the vacuoles along with H*-ATPase/H*-PPase (Apse et al. 1999).
Bacterial volatiles help the plant to regulate expression of HKT1 gene in maintain-
ing low Na*:K* ratio in plant (Zhang et al. 2008a, b).

Upon induction of salinity and drought, there is a rise in variety of ROS species
which include radical (O,~, OH, HO,, and RO) and non-radical forms (H,O,, and
'0,) synthesized in plant cells (Gill and Tuteja 2010). To alleviate toxic level of ROS
species, plant tissues per se contain several enzymatic (superoxide dismutase, cata-
lase, glutathione reductase, peroxidase, etc.) and nonenzymatic (phenolic com-
pounds, ascorbate, glutathione, carotenoid, and a-tocopherol) scavenging
mechanisms (Jaleel et al. 2009; Gill and Tuteja 2010). The balance between the
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generation of ROSs and further the sequestration of antioxidants for ROSs gets
disturbed under environmental stress conditions and leads to oxidative damage
(Miller et al. 2010).

The induced activities resulted by PGPB detoxify plant cell by elevating antioxi-
dant enzyme levels in plant cells (Kohler et al. 2008). The rise in ABA in plants
showed a developmental process and allows an adaption to environmental stimuli in
plants (Figueiredo et al. 2008; Fujita et al. 2011). Characteristically, it gets increased
in roots, xylem sap, and shoots under osmotic stress (Albacete et al. 2008). For this
cytokinin-producing bacteria are known to confer resistance (Nishiyama et al. 2011;
Liu et al. 2013). Above all, PGPB secretes some more hormones such as IAA and
GA that helps in the promotion of amplified root growth which leads to nutrient
uptake in plants under stress (Kochar et al. 2011; Duca et al. 2014; Kang et al.
2014). They also act as signaling molecule in bacteria (Bashan and de-Bashan
2010). Nitrogen fixation via rhizobia-legume symbiosis is a well-known mecha-
nism employed by PGPB to fix atmospheric nitrogen. PGPB convert atmospheric
nitrogen to ammonia, a form that can be used up by plants (Franche et al. 2009).
These bacteria contain enzyme complex nitrogenase that fixes atmospheric nitrogen
to ammonia (Santi et al. 2013). Moreover PGPB influence soil fertility by solubiliz-
ing organic and precipitated phosphates in soil (Khan et al. 2009). PGPB excretes
organic acids, namely, gluconic/citric acid, that dissolve calcium phosphates in the
form of Pi and PO,*~ (orthophosphate) and solubilize inorganic phosphate available
largely in soil to bioavailable phosphorous. Besides, many phosphatase and cellulo-
Iytic enzymes are released for enzyme-labile soil organic phosphorous in favor of
plant availability (Richardson and Simpson 2011).

To chelate iron in soil, PGPB also produce siderophore (Fe-III chelating agent)
which can solubilize and sequester iron, whereby alleviating stress and allowing
plant growth. Kintu et al. (2001) reported that microbially produced siderophores
are of size <10,000 Da and showed the ability to chelate ferric ion as scavenging
agent to fight against low iron stress (Kintu et al. 2001). Proteases secreted by PGPB
break down complex proteins available in soil into plant-usable amino acids. They
catalyze total hydrolysis of proteins to peptides and thereby function as degradative
enzymes (Zhang et al. 2008a). In response to osmotic stress in soil, PGPB secretes
compatible solutes which help them to adapt in external osmolarity (Paul and Nair
2008). Compatible solutes are low molecular weight hydrophilic molecular osmo-
lytes including carbohydrates, amino acids, and their modified forms (Wood 2011).
PGPB colonizes plant roots and alleviates the debilitating effects of salt stress (Paul
2013). Production of microbial EPS in soil under stress helps in removal of drought
stress and whereby develops water retention capacity of soil (Sandhya et al. 2009).
It is reported that EPS also binds to positively charged ions including Na* and there-
fore reduces the toxic level of Na* in soil and ameliorates plant growth (Nunkaew
etal. 2014).

PGPB have been proven to be best eco-friendly remedy to accelerate the growth
of plant in nutrient-deficient soil with respect to chemical fertilizers which are least
available to plant. PGPB solubilizes nutrient and makes them available for uptake
by plants (Choudhary 2011). There are some legumes like mung bean and soybean
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which are incapable of growing in drought and salt stresses as they may be devoid
of mechanisms to survive in stressed conditions or due to unavailability of nutrient
or increased secretion of ethylene hormone or decreased secretion of plant growth-
promoting hormones.
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