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Abstract Plant growth-promoting bacteria (PGPB) are
capable of alleviating environmental stress and eliciting
tolerance in plants to promote their growth. Several PGPB
elicit physical and/or chemical changes related to plant
defense in the form of induced systemic resistance (ISR)
under biotic stress. Researchers emphasized that PGPB-
elicited ISR has suppressed plant diseases caused by a
range of pathogens in both the greenhouse and field.
PGPB-elicited physical and chemical changes in plants
result in enhanced tolerance to drought, salt, and other
factors that have been described as a form of induced
systemic tolerance under abiotic stress. This review will
focus on recent research concerning interactions between
PGPB and plants under biotic and abiotic stresses. The use
of PGPB requires precise understanding of the interactions
between plant-bacteria, among bacteria-microbiota, and
how biotic and abiotic factors influence these relationships.
Consequently, continued research is needed to develop new
approaches to ameliorate the efficiency of PGPB and to
understand the ecological, genetic, and biochemical rela-
tionships in their habitat.
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Introduction

Exploitation of plant-microbe interactions can result in the
promotion of plant health and can play a significant role in
low-input sustainable agriculture applications for both food
and non-food crops. An understanding of the mechanisms
enabling these microbes to interact with plants will be
worthwhile to fully achieve the biotechnological potential of
efficient partnerships for a range of applications. The most
important and promising area of research for future studies is
developing microbes to promote the sustainable production of
cultivable crops under stresses (abiotic and biotic). In addi-
tion, the ability of microbes to confer stress resistance to plants
may provide a novel strategy for mitigating the impacts of
global climate change on agricultural and native plant com-
munities. Plants possess a range of defense apparatuses that
can be actively expressed in response to biotic and abiotic
stresses. Microbes could play a significant role in stress
management, once their unique properties of tolerance to
extremes, their ubiquity, and genetic diversity are understood
and methods for their successful deployment in agriculture
production have been developed. These microorganisms also
provide excellent models for understanding stress tolerance
mechanisms that can be subsequently engineered into crop
plants (Fig. 1) (Choudhary 2011, 2012).

Soil microorganisms play an important role in soil
processes that determine plant and soil productivity.
Exhaustive efforts have been made to explore soil micro-
bial diversity of the indigenous community, their distri-
bution and behavior in soil habitats to understand the
successful functioning of introduced microbial bio-inocu-
lants, and their influence on soil health. In prototype
observation experiments, the content of microbial biomass
carbon increased when soil moisture was higher than
19.5 %, whereas the content declined when soil moisture
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Fig. 1 Interaction between
belowground functioning and
above-ground responses. Left
and right parts of the figure
indicate responses (below- and
above-ground) under abiotic
and biotic stresses, respectively.
ABA abscisic acid, ROS reactive
oxygen species, ACC
1-aminocyclopropane
carboxylic acid, JAA indole-3-
acetic acid, EPS
exopolysaccharide, VOCs
volatile organic compounds,
AFCs antifungal compounds, JA
jasmonate, ET ethylene, VAM
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was lower than 19.5 %. It was concluded that 19.5 % was
the optimum water content for microbial biomass carbon in
the sampled soil ecosystem and it could be used to
demonstrate alterations and degradation of the soil
ecosystem as well as the irrigation requirement of crops
(Geng and others 2015). Improvement in agricultural sus-
tainability requires optimal use and management of soil
fertility and soil physical properties and relies on soil
biological processes and soil biodiversity (Tilak and others
2005; Roesti and others 2006). Plants play an important
role in selecting and enriching the type of bacteria by the
constituents of their root exudates. The bacterial commu-
nity develops in the rhizosphere which is a result of its
diverse nature and concentrations of organic constituents of
exudates and the corresponding ability of the bacteria to
utilize these as sources of energy. Therefore, the rhizo-
sphere bacterial community has an efficient system for
uptake and catabolism of organic compounds present in
root exudates (Barraquio and others 2000). It has been
described frequently that a plant obtains almost everything
directly from the soil to support growth. The soil must have
a structure that is physically capable of supporting the
above-ground half of the plant through its developing root
system as it grows. The soil needs to be maintained at an
appropriate pH, provides protection from toxic substances
and pathogens, and contains a suitable water level. In
addition to this, all the essential mineral elements that a
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plant requires are obtained from the soil. Most of these
elements are taken from the soil solution in their ionic form
(White 2003). The interaction between plant roots and
organisms within the rhizosphere assists in acquiring
essential mineral nutrients and prevents the accumulation
of toxic elements. The essential mineral element that most
frequently limits plant growth is P (phosphorus); it is taken
up in the form of inorganic phosphate (P;, H,PO, ) from the
soil solution. The concentration of P; in the soil solution
(2-10 pm) is very low, which limits P; diffusion to the root
system with the resultant P; depletion in the rhizosphere.
Plants have evolved several strategies against the limiting
nature of P;, to release and acquire P; from the soil wherein
the plant increases its carbohydrate allocation to the roots
which results in an increased root: shoot ratio and alters the
morphology of the root system by accelerating lateral root
growth and produces long root hairs to increase the volume
of soil explored. In addition, P deficiency increases the
abundance of P; transporter proteins, and promotes the
exudation of organic acids, RNases, and phosphatases to
mobilize P from organic/insoluble compounds (Ragho-
thama 2005). It is not surprising that a series of generalized
and specific plant-microbe associations in the rhizosphere
exist that allow efficient solubilization of all the minerals
that a plant requires.

The physico-chemical properties of soil are fundamental
to soil health including soil texture, which is one of the
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most influential factors. Soil particles held together cohe-
sively influence the precise pore structure of the soil. Soil
texture stability reflects the prevention of soil erosion when
the soil is exposed to climatic stresses. A well-aggregated
soil structure ensures soil tilth, soil-plant water relation,
water infiltration rates, soil aeration, root penetrability, and
organic matter accumulation which all contribute to soil
health (Miller and Jastrow 2000; Buscot 2005). It has been
demonstrated that microbial cooperation in the rhizosphere
reflects the formation and stabilization of soil aggregates
wherein soil particles are held together by bacterial prod-
ucts followed by hyphae of saprophytic and arbuscular
mycorrhizae (AM) which form stable microaggregates of
the size 2-20 um in diameter. These microaggregates are
bound by the microbial products again into quite large
microaggregates (20-250 pm in diameter) with bacterial
polysacharides acting as the binding agents. Finally,
microaggregates are then bound into macroaggregates of
the size >250 pum in diameter with bacterial polysaccha-
rides and AM mycelia that increase the size of microag-
gregates. The branching habit and three-dimensional
structure of the external mycelium of AM that colonize the
soil surrounding the roots allow persistence up to 22 weeks
after the plant has died (Miller and Jastrow 2000).

The formation of water-stable soil aggregates is evident
in different ecological situations as a result of the effect of
AM fungi in cooperation with other microbes, and the
involvement of glomalin, a glycoprotein produced by the
external hyphae of AM fungi. Glomalin participates in the
initiation and stabilization of soil aggregates because of its
glue-like hydrophobic nature (Requena and others 2001).
Distribution of natural plant communities is accompanied
by loss of physico-chemical and biological properties of
soil, for example, soil texture, plant nutrient availability,
OM content, and microbial activity which is the ultimate
result of degradation/desertification processes. It has been
investigated frequently that management of AM fungi
together with rhizobacteria can restore soil traits (Jeffries
and Barea 2001; Requena and others 2001). The increase in
N (nitrogen) content in the rhizosphere of the legumes
considerably accounts for improvement in nodulation and
N-fixing capacity, resulting from cooperative interaction of
the symbionts, for example, Rhizobium and AM fungi.
There is considerable experimental evidence to show that
several bacteria and fungi can colonize the root-soil envi-
ronment where they carry out a variety of interactive
activities known to benefit plant growth and health, as also
soil quality. Miransari (2014) reported the differences
between AM fungi and rhizobium symbiont mechanism
with plants and suggests the importance of such type of
interaction in agriculture and ecosystems by including
these microorganisms as biological fertilizer under field
conditions.
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The varied genetic and functional activities of the
microbial populations impart critical impacts on soil
functions based on the fact that microbes are the driving
forces for fundamental metabolic processes which involve
specific enzyme activities. Most of the microbial interac-
tions in the rhizosphere are responsible for key environ-
mental processes, that is, the biogeochemical cycling of
nutrients and matter and the maintenance of plant and soil
health (Nannipieri and others 2003; Barea and others
2004). Several investigators have reported that soil-borne
microbes interact with plant roots and soil constituents at
the root-soil interface wherein C fluxes are crucial deter-
minants of rhizosphere function (Toal and others 2000).
The release of root exudates provides sources of C com-
pounds for the heterotrophic soil biota whereby microbial
activity in the rhizosphere affects the rooting pattern and
the supply of available nutrients to plants (Gryndler 2000).

Bacterial-Elicited Induced Systemic Tolerance

Environmental stresses such as drought, temperature,
salinity, air pollution, heavy metals, pesticides, and soil pH
are major limiting factors in crop production because they
affect almost all plant functions. Habitat-imposed abiotic
and biotic stress is a serious condition and also land-
degradation is a problem in arid and semiarid regions,
causing major losses in productivity. About 20 % of cul-
tivable and at least half of irrigated lands around the world
are severely affected by environmental stresses. However,
in these conditions, there are plant populations successfully
adapted and evolutionarily different in their strategy of
stress tolerance. Vascular plants do not function as auton-
omous individuals, but house diverse communities of
microbes. The role of these microbes can no longer be
ignored. Microbial interactions are critical not only for the
host, but for fungal survival in stressed environments.

To date, improvements in plant quality, production,
abiotic and biotic stress resistance, nutrient, and water use
have relied largely on manipulating plant genomes by
breeding and genetic modification. Increasing evidence
indicates that the function of microbes seems to parallel
more than one of these characteristics (Choudhary 2012).
Besides developing mechanisms for stress tolerance,
microorganisms can also impart some degree of tolerance
to plants toward abiotic stresses like drought, chilling
injury, salinity, metal toxicity, and high temperature. In the
last decade, bacteria belonging to different genera,
including Rhizobium, Bacillus, Pseudomonas, Pantoea,
Paenibacillus, Burkholderia, Achromobacter, Azospiril-
lum, Microbacterium, Methylobacterium, variovorax,
Enterobacter, and so on, have been reported to provide
tolerance to host plants under different abiotic stress
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environments (Table 1). Use of these microorganisms per
se can alleviate stresses in agriculture thus opening a new
and emerging application of microorganisms. Production
of indole acetic acid, gibberellins, and some unknown
determinants by microbes results in increased root length,
root surface area, and number of root tips, leading to
enhanced uptake of nutrients thereby improving plant
health under stress conditions (Egamberdieva and
Kucharova 2009). Identification of genes controlling stress
tolerance traits in microbes would enhance our knowledge
about the molecular basis of the stress tolerance mecha-
nisms. In a recent review, authors suggest an important
aspect to generate transgenic medicinal plants encoding the
genes of particular traits of microbes and these transgenic
plants have the ability to withstand the stress environment
(Shahzad and others 2015).

Plant growth-promoting bacteria (PGPB) have been
found to improve growth of tomato, pepper, canola, bean,
and lettuce under saline conditions (Barassi and others
2006a, b; Yildirim and Taylor 2005). Some microbial
strains produce cytokinin and antioxidants, which result in
abscisic acid (ABA) accumulation and degradation of
reactive oxygen species (ROS). Inoculation of Azospirillum
brasilense Sp245 in wheat (Triticum aestivum) under
drought stress resulted in a better water status and an
additional ‘‘elastic adjustment’’ resulting in better grain
yield and mineral quality (Mg, K, and Ca) at harvest.
Another microbial strain, Achromobacter piechaudii ARV8
which  produced 1-aminocyclopropane-1-carboxylate
(ACC) deaminase, conferred induced systemic tolerance
(IST) against drought and salt in pepper and tomato
(Mayak and others 2004a, b).

Many aspects of plant life are regulated by ethylene
levels and the biosynthesis of ethylene is subjected to tight
regulation, involving transcriptional and post-transcrip-
tional factors regulated by environmental cues, including
biotic and abiotic stresses (Hardoim and others 2008). In
the biosynthetic pathway of ethylene, S-adenosylmethion-
ine (S-AdoMet) is converted by l-aminocyclopropane-1-
carboxylate synthase (ACS) to l-aminocyclopropane-1-
carboxylate (ACC), the immediate precursor of ethylene.
Under stress conditions, the plant hormone ethylene
endogenously regulates plant homoeostasis and results in
reduced root and shoot growth. In the presence of ACC
deaminase-producing bacteria, plant ACC is sequestered
and degraded by bacterial cells to supply nitrogen and
energy (Fig. 2). Furthermore, by removing ACC, the bac-
teria reduce the deleterious effect of ethylene, ameliorating
plant stress and promoting plant growth (Glick 2007).
Saleem and others (2007) have reviewed the role of
microbes containing ACC deaminase in stress agriculture.
Inoculation with ACC deaminase-containing bacteria
induced longer roots which might be helpful in the uptake

of relatively more water from deep soil under drought
stress conditions, thus increasing water use efficiency of
the plants under drought conditions (Zahir and others
2008).

Microbial polysaccharides can bind soil particles to
form microaggregates and macroaggregates. Plant roots
and fungal hyphae fit in the pores between microaggregates
and thus stabilize macroaggregates. Plants treated with
exopolysaccharide (EPS)-producing bacteria display
increased resistance to water stress due to improved soil
structure (Sandhya and others 2009). EPS can also bind to
cations including Na™ thus making it unavailable to plants
under saline conditions. Chen and others (2007) correlated
proline accumulation with drought and salt tolerance in
plants. Introduction of proBA genes derived from Bacillus
subtilis into A. thaliana resulted in production of higher
levels of free proline resulting in increased tolerance to
osmotic stress in the transgenic plants. Increased produc-
tion of proline along with decreased electrolyte leakage,
maintenance of relative water content of leaves, and
selective uptake of K™ ions resulted in salt tolerance in Zea
mays coinoculated with Rhizobium and Pseudomonas
(Bano and Fatima 2009). Accumulation of proline buffers
cellular redox potential under environmental stresses
(Wahid and Close 2007). Trehalose metabolism in PGPB a
is key for signaling plant growth, yield, and adaptation to
abiotic stress and its manipulation had a major agronomical
impact on plants (Suarez and others 2008; Duan and others
2013). Figueiredo and others (2008) reported increased
plant growth, N content, and nodulation of Phaseolus
vulgaris L. under drought stress due to coinoculation of
Rhizobium tropici and P. polymyxa. Phaseolus vulgaris
(common bean) plants inoculated with Rhizobium etli
overexpressing the trehalose-6-phosphate synthase gene
had more nodules with increased nitrogenase activity and
high biomass compared with plants inoculated with wild-
type R. etli. Three-week-old plants subjected to drought
stress fully recovered whereas plants inoculated with a
wild-type R. etli died. Microarray analysis of 7200
expressed sequence tags from nodules of plants inoculated
with a strain of over expressing trehalose-6-phosphate
synthase gene revealed upregulation of genes involved in
stress tolerance, suggesting a signaling mechanism for
trehalose (Figueiredo and others 2008).

Some of the volatiles organic compounds (VOCs)
emitted from Bacillus (Ryu and others 2004) are bacterial
determinants involved in IST. The volatiles emitted by
PGPB down regulate hktl (high-affinity k* transporterl)
expression in roots but upregulates it in shoots, orchestring
lower Na™ levels and recirculation of Na* in the whole
plant under salt conditions (Zhang and others 2008). Root
colonization of A. thaliana by Pseudomonas chlororaphis
06 induced tolerance in the plants against biotic and
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Table 1 PGPB-mediated IST against abiotic stress

Stress type

Bacterial inoculate

Plant species

Reference

Salt

Drought

Osmotic stress

Temperature

Nutrient
deficiency

Pseudomonas spp.

Agrobacterium tumefaciens, Zhinguelliuella,
Brachybacterium

Saurashtrense, Vibrio, Brevibacterium casei, and
Haererohalobacter

Pseudomonas pseudoalcaligenes, Bacillus pumilus
Azospirillum brasilense

Pseudomonas mendocina

Azospirillum sp.

Bacillus subtilis

Pseudomonas syringae, Pseudomonas fluorescens,
Enterobacter aerogenes

P. fluorescens

Azospirillum

Achromobacter piechaudii

Bacillus cereus, Bacillus
Subtilis, and Serratia
Burkholderia phytofirmans
Pseudomonas spp.

Pseudomonas spp.

Pseudomonas mendocina

Rhizobium tropici, Paenibacillus polymyxa

Bacillus
Pseudomonas chlororaphis

Ensifer meliloti bv.mediterranense

Bradyrhizobium elkanii

Achromobacter piechaudii

Bacillus

Bacillus subtilis

A. brasilense

Arthrobacter sp., Bacillus sp.
Azospirillum

Bacillus Amyloliquefaciens and Azospirillum
brasilense

Burkholderia phytofirmans
Burkholderia phytofirmans

Pseudomonas fluorescens, Pantoea agglomerans,
Mycobacterium sp.

Azospirillum sp., Azotobacter chroococcum,
Mesorhizobium ciceri, Pseudomonas fluorescens

Azotobacter chroococcum, Azospirillum brasilense,
Pseudomonas putida, Bacillus lentus

Bacillus sp., Burkholderia sp., Streptomyces
platensis

Bacillus sp.,

Soybean (Glycine max. L)
Arachis hypogaea

Rice (Oryza sativa)

Barley (Hordeum vulgare)
Lettuce (L. sativa L. cv. Tafalla)
Pea (Phaseolus vulgaris)
Arabidopsis thaliana

Maize (Zea maize)

Groundnut (Arachis hypogaea)

Lettuce (Lactuca sativa)

Tomato (Lycopersicon
esculentum)

Cucumber (Cucumis sativus L.)

Wheat (7. aestivum)
Maize (Zea mays L. cv. Kaveri)

Asparagus (Asparagus officinalis
L.

Lettuce (Lactuca sativa L.)

Common bean (Phaseolus
vulgaris L.)

Lettuce (Lactuca sativa L.)
Arabidopsis thaliana

Bean (Phaseolus vulgaris cv.
Flamingo)

Flat crown (Albizia adianthifolia)
Tomato (L. esculentum),

pepper (Capsicum annuum)
Potato (Solanum tuberosum)
Arabidopsis

Rice (Oryza sativa L.)

Pepper (C. annuum)

Wheat (7. aestivum)

Wheat (Triticum aestivum)

Vitis vinifera L.
Grapevine (Vitis vinifera)

Wheat (Triticum aestivum)
Chickpea (Cicer arietinum L.)
Zea maize L.

Zea maize L.

Zea maize L.

Kasotia and others (2012)
Shukla and others (2012)

Jha and others (2010)

Omar and others (2009)
Kohler and others (2009)
Dardanelli and others (2008)
Zhang and others (2008)
Nadeem and others (2007)

Saravanakumar and Samiyappan
(2007)

Barassi and others 2006a, b
Mayak and others (2004b)

Wang and others (2012)

Naveed and others (2013a, b)
Sandhya and others (2010)
Liddycoat and others (2009)

Kohler and others (2008)
Figueiredo and others (2008)

Arkhipova and others (2007)
Cho and others (2008)
Mnasri and others (2007)

Swaine and others (2007)
Mayak and others (2004a, 2004b)

Gururani and others (2013)
Zhang and others (2010)
Cassan and others (2009)
Sziderics and others (2007)
Pereyra and others (2006)

Abd El-Daim and others (2014)

Theocharis and others (2012)
Barka and others (2006)
Egamberdiyeva and Hoflich

(2003)
Rokhzadi and Toashih (2011)
Yazdani and others (2009)
Oliveira and others (2009)

Adesemoye and others (2008)
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Table 1 continued

Stress type Bacterial inoculate

Plant species Reference

Bacillus polymyxa, Mycobacterium phlei,
Pseudomonas alcaligenes

Zea maize L. (Zea maize cv. Felix) Egamberdiyeva (2007)

Fig. 2 ACC deaminase activity

shown by endophyte at interface Plant cell Endo ) hytic
between plant and bacterial cell .
bacterial cell
Entry into bacterial cell
Aminoacids through
exudation

Plant

S-adinosyl
methionine

carboxylate (ACC)

lACC OoXi

Ethylene

6 wth- Indole-3-aceticacid (mum—————— Indole-3-aceticacid

1-aminocyclopropane
carboxylate synthase

1-aminocyclopropane

Amino acids

1-aminocyclopropane
carboxylate (ACC)

ACC deaminase

a-ketobutyrateand NH;

abiotic stresses due to the production of a volatile
metabolite, 2R, 3R-butanediol. Studies with Arabidopsis
mutant lines indicated that induced drought tolerance
requires salicylic acid (SA), ethylene, and jasmonic acid-
signaling pathways (Cho and others 2008). Higher tem-
peratures influence photosynthetic rate, plant water rela-
tions, flowering, and fruit set in tropical and temperate
crops. Similarly, low temperature is a major factor limiting
the productivity and geographical distribution of many
species, including important agricultural crops. Srivastava
and others (2008) isolated a thermotolerant Pseudomonas
putida NBRI0987 from drought-affected rhizosphere of
chickpea. Over production of stress sigma (S) (RpoS) was
observed by this microorganism when grown under high
temperature stress at 40 °C compared with 30 °C. A ther-
motolerant Pseudomonas sp. strain AMK-P6 induced
thermotolerance in sorghum seedlings due to synthesis of
high molecular weight protein in leaves and improved plant
biomass as well as biochemical status in terms of proline,
sugar, amino acid, and chlorophyll contents (Ali and others
2009). A plant growth-promoting bacterium Burkholderia
phytofirmans PsJN, capable of epiphytic and endophytic
colonization of grapevine tissue and organs (Compant and
others 2005), could protect the plants against heat as well

as chilling stress (Ait Bakra and others 2006). The bac-
terized plantlets showed significantly increased levels of
starch, proline, and phenolics. PsJN is also reported for the
higher expression of I-aminocyclopropane-1-carboxylate
deaminase which hydrolyzes the ethylene precursor
I-aminocyclopropane-1-carboxylate into ammonia and o-
ketobutyrate, thereby reducing the destructive effects of
cold and drought by lowering the production of ethylene in
plants (Sessitsch and others 2005; Theocharis and others
2012; Naveed and others (2013a, b)).

The role of abscisic acid (ABA) had been suggested
behind AM-mediated stress response of plants (Aroca and
others 2008). The addition of exogenous ABA consider-
ably enhanced the ABA content in shoots of non-AM
plants, concomitant with the expression of the stress mar-
ker genes Lsp5cs and Lslea and the gene Lsnced. By
contrast, the addition of exogenous ABA decreased the
content of ABA in shoots of AM plants and did not pro-
duce any further enhancement of the expression. Coinoc-
ulation of lettuce with PGPB Pseudomonas mendocina and
G. intraradices or G. mosseae augmented an antioxidative
catalase under severe drought conditions, suggesting that
they could be used in inoculants to alleviate the oxidative
damage (Kohler and others 2008). A 14-3-3 protein-
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encoding gene from Glomus intraradices growing in vitro
and subjected to drought stress was identified (Porcel and
others 2006). The role of these proteins that regulate both
signaling pathways and also effector proteins was sug-
gested as imparting protection to the host plants against
drought stress. Glutathione and ascorbate have an impor-
tant role in conferring protection and maintain metabolic
function of plants under water deficit conditions. Low
accumulation of these compounds in lavender plants col-
onized by the autochthonous drought tolerant Glomus
intraradices and Glomus sp. strain indicated high drought
tolerance in plants (Marulanda and others 2007). Mycor-
rhized lavender plants showed improved water content,
root biomass, and N and K contents. AM symbiosis has
frequently increased resilience of host plants to salinity
stress, perhaps with greater consistency than to drought
stress. Growth in saline soils was increased by inoculation
with Glomus spp., with AM plants having increased
phosphate and decreased Na' concentrations in shoots
compared to uninoculated controls (Giri and Mukerji
2004). Salt resistance was improved by AM colonization in
maize (Feng and others 2002) and clover (Ben Khaled and
others 2003) with AM effect correlated with improved
osmoregulation or proline accumulation. AM inoculation
also improved NaCl resistance in tomato, with the extent of
improvement related to salt sensitivity of the cultivar (Al-
Karaki and others 2001).

Salinity is the major constraint for enhancing agricul-
tural productivity in arid and semiarid regions of the world.
Saline soils occupy 7 % of the earth’s land surface (Ruiz-
Lozano and others 2001) and increased salinization of
arable land will result in 50 % land loss by the middle of
the 21st century (Wang and others 2003). Precisely, sec-
ondary salinity developed from irrigation is widely
responsible for reducing water and soil quality, edging crop
growth, and leading to the rejection of agricultural land
(Egamberdiyeva and others 2007). Salt stress disrupts ion
homeostasis in plant cells whereby plants have adopted
some strategies to attain ion homeostasis that include two
main mechanisms for maintenance of ion homeostasis:
exclusion and compartmentalization of ions accomplished
by a salt-inducible enzyme, Na*™/H™" antiporter (Parida and
Das 2005). Ion concentrations in the cytosol are maintained
in balance by various ion channels. Removal of sodium
from the cytoplasm or compartmentalization in the vac-
uoles is done by a salt-inducible enzyme, Na*/H" anti-
porter (Apse and others 1999). Na*t extrusion from plant
cells is powered by the operation of the plasma membrane
H'-ATPase generating an electrochemical H* gradient
that allows the plasma membrane Na®/H" antiporter to
couple the passive movement of H' inside the cells, along
its electrochemical potential, to the active extrusion of Nat
(Yamaguchi and Blumwald 2005). Molecular genetic
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analysis of Arabidopsis sos mutants has led to the identi-
fication of a plasma membrane Na*/H™ antiporter, SOS1,
which plays a role in salt stress sensing. The SOS1 tran-
script level is upregulated under salt stress. Sodium efflux
through SOS1 under salinity is regulated by the SOS3-
SOS?2 kinase complex (Chinnusamy and others 2005). Na™
sequestration into the vacuole depends not only on
expression and activity of Na*/H™ antiporters, but also on
V-type H"-ATPase and H"-PPase. These phosphatases
generate the necessary proton gradient required for activity
of Na™/H" antiporters. The tonoplast Na*/H" antiporter
NHX]I gene is induced by both salinity and ABA in Ara-
bidopsis (Shi and Zhu 2002) and rice (Fukuda and others
1999; Horie and Schroeder 2004). Another ion carrier
channel, AtHKT1, has been shown to function as a selective
Na + transporter in Arabidopsis (Yamaguchi and Blum-
wald 2005). AtHKTI was identified as a putative regulator
of Na* influx in plant roots. Based on various research
results, AtHKTI was proposed to play a role in long-dis-
tance Na* transport and Na™ circulation in the plant, with
AtHKTI mediating Na™ loading into the leaf phloem and
Na™ unloading from the root phloem sap (Berthomieu and
others 2003). Bacillus sp. and Arthrobacter pascens sp.
isolated from rhizospheric soil of halophyte regions
showed reliability in growth promotion of maize by
increasing osmolytes including sugar and proline and ele-
vating antioxidant enzyme activity including superoxide
dismutase, peroxidase, catalase, and ascorbate peroxidase
(Ullah and Bano 2015). Another PGPB, Pseudomonas
koreensis strain AK-1, -inoculated soybean plant showed
growth promotion in salinity by reducing Na™ levels but
increased K™ levels in leaves and roots in comparison with
the non-inoculated salt-treated plants. AK-1-treated plants
also had increased stress enzyme activity along with pro-
line content as compared to nontreated plants (Kasotia and
others 2015).

In addition, salinity alters the normal homeostasis of
cells because of disruption of photosynthesis and increased
photorespiration, and generates high levels of reactive
oxygen species (ROS) such as the super oxide radical,
hydrogen peroxide, and hydroxyl radical (Miller and others
2010). Under optimal growth conditions, ROS are mainly
produced at low levels in organelles such as chloroplasts,
mitochondria, and peroxisomes (Apel and Hirt 2004). The
enhanced production of ROS during stress can pose a threat
to cells but it is thought that ROS also act as signals for the
activation of stress response and defense pathways
(Pitzschke and others 2006). The damage caused by ROS
to the biological membrane can be modulated by regulation
of membrane structures by adaptive mechanisms such as
alteration of composition and organization of lipids inside
the bilayer, in a way that prevents lipid peroxidation,
modification of the degree of polyunsaturated fatty acid
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(PUFA) unsaturation, mobility of lipids within the bilayer
and preventive antioxidant systems (Blokhina and others
2003). ROS also attack other macromolecules such as
proteins and DNA, with the formation of nucleotide per-
oxides especially at the level of thymine (Cullis and others
1987). Oxidative attack on proteins results in site-specific
amino acid modifications, fragmentation of the peptide
chain, aggregation of cross-linked reaction products, and
altered electrical charge. After oxidative modification,
proteins become sensitive to proteolysis and/or may be
inactivated, or may show reduced activity. ROS-induced
DNA damage includes single- and double-strand breaks,
abasic sites, and base damages. Furthermore, mitochondrial
DNA is more sensitive to oxidative damage than nuclear
DNA, in particular because of the absence of chromatin
organization and lower mitochondrial DNA repair activi-
ties (Yakes and Van Houten 1997). As a major site of ROS
production both in animal and plant cells is the mito-
chondrial electron transport chain (ETC), the importance of
ROS dependent damage on mitochondrial proteins such as
ETC proteins and mitochondrial DNA becomes clearer.
Because ROS are toxic but also participate in signaling
events, plant cells require at least two different mecha-
nisms to regulate their intracellular ROS concentrations by
scavenging of ROS: one that will enable the fine modula-
tion of low levels of ROS for signaling purposes, and one
that will enable the detoxification of excess ROS, espe-
cially during stress (Mittler 2002). Plants have evolved
both non-enzymatic and enzymatic mechanisms to cope
with deleterious effects of ROS in the cells. To control the
level of ROS and to protect cells under stress conditions,
plant tissues contain several enzymes that scavenge ROS
such as superoxide dismutase [SOD; E.C. 1.15.1.1],
ascorbate peroxidase [APX; E.C. 1.1.1.11], catalase [CAT;
E.C. 1.11.1.6], glutathione reductase [GR; E.C. 1.6.4.2],
monodehydroascorbate reductase [MDHAR; E.C. 1.6.5.4],
glutathione peroxidase, alternative oxidase, and dehy-
droascorbate reductase [DHAR; E.C. 1.8.5.1], and detoxi-
fying  lipid  peroxidation  products  (glutathione
S-transferase, and phospholipid-hydroperoxide glutathione
peroxidase) (Blokhina and others 2003).

PGPB are likely associated with most plant species and
are commonly present in many environments (Gray and
Smith 2005). These PGPB have the potential to improve
crop production under stress conditions solely and/or in
combination with other microbes. Multi-strain bacterial
consortia have proven to be useful for enhancing plant
growth and development particularly in conditions in
which single inoculation was not so effective; however, the
compatibility of strains with each other is a very important
aspect to obtain better results. The literature showed that
genetically engineered bacteria can also be used effectively
for promoting plant growth under normal and stress

conditions (Nadeem and others 2015). More interestingly,
the combined inoculation of PGPBs and Rhizobia allowed
a longer and more persistent exudation of nod-gene-in-
ducing flavonoids that, ultimately, improve the perfor-
mance of symbiotic nitrogen fixation (SNF). The combined
interaction of PGPBs and Rhizobia with legume plants also
supports the establishment of seedlings and improves the
vitality of legumes during metal phytostabilization and
phytoextraction strategies (Gomez-Sagasti and Marino
2015).

PGPB can improve plant performance under stress
environments and, consequently, enhance yield both
directly and indirectly (Dimkpa and others 2009). Some
PGPB may exert a direct stimulation on plant growth and
development by providing plants with fixed nitrogen,
phytohormones, and iron that has been sequestered by
bacterial siderophores, and soluble phosphate (Rodriguez
and Fraga 1999; Hayat and others 2010). Others do this
indirectly by protecting the plant against soil-borne dis-
eases, most of which are caused by pathogenic fungi
(Lutgtenberg and Kamilova 2009). Common adaptation
mechanisms of plants exposed to environmental stresses,
such as temperature extremes, high salinity, drought and
nutrient deficiency, or heavy metal toxicity, include chan-
ges in root morphology (Potters and others 2007), a process
in which phytohormones are known to play a key role
(Spaepen and Vanderleyden 2010). The majority of root-
associated bacteria that display beneficial effects on plant
growth have been shown to produce IAA, and inoculation
of various plant species with such bacteria has resulted in
increased root growth and/or enhanced formation of lateral
roots and root hairs (Patten and Glick 2002). According to
Glick and others (1999), PGPB expressed an indole-3-
pyruvate decarboxylase enzyme that converts tryptophan to
indole-3-acetic acid via indole-3-pyruvic acid. Bioassay
experiments of canola seeds and mung bean cuttings
inoculated with Pseudomonas putida strain GR12-2 resul-
ted in a significant increase of lateral root development and
adventitious roots, respectively, compared to uninoculated
controls (Mayak and others 1999). Bacterial IAA produc-
tion also stimulates the activity of the enzyme
1-aminocyclopropane-1-carboxylate (ACC) deaminase, by
a signaling cascade, which hydrolyzes the ethylene pre-
cursor ACC to ammonia and a-ketobutyrate (Glick 2005).
In the signaling events, IAA activates the transcription of
ACC synthase that results in the production of high level of
ethylene which feedback inhibits IAA signal transduction,
thereby limiting the extent that IAA can further activate
ACC synthase transcription (Glick and others 2007; Pray-
itno and others 2006; Stearns and others 2012). In the
presence of ACC deaminase, there is much less ethylene
and subsequent ethylene feedback inhibition of IAA signals
transduction so that the bacterial IAA can continue to both
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promote plant growth and increase ACC synthase tran-
scription. However in this case, a large portion of the
additional ACC is cleaved by bacterial ACC deaminase.
The net result of this cross-talk between IAA and ACC
deaminase is that by lowering plant ethylene levels, ACC
deaminase facilitates the stimulation of plant growth by
TIAA (Glick 2014).

It was also observed that inoculation with PGPB
containing ACC deaminase was effective in increasing
water use efficiency in peas under drought stress condi-
tions (Zahir and others 2008). Mayak and others (2004a,
b) also reported that inoculation with PGPB containing
ACC deaminase confers resistance against drought stress
in tomatoes and peppers. According to Yang (1987),
ACC is the precursor of ethylene and the last step of
ethylene biosynthesis is catalyzed by 1- aminocyclo-
propane-1-carboxylic acid oxidase (ACO), which con-
verts ACC into ethylene. In this study, inoculated plants
showed low expression of the ACC oxidase gene as
compared to non-inoculated plants. This verifies that
ACC deaminase breakdowns the ACC level which results
in the low expression of the ACC oxidase gene. ACC
deaminase activity could be helpful in sustaining plant
growth and development under stress conditions by
reducing stress-induced ethylene production. ACC levels
and, consequently, ethylene synthesis increases in plants
under drought stress conditions have been frequently
reported (Mayak and others 2004a, b; Arshad and others
2008). Therefore, the inhibitory effects of ethylene
induced by drought stress might have been eliminated
through ACC deaminase activity of the PGPB. Shah and
others (1998) isolated the strains UW1, UW2, and UW3
of P. putida from the rhizosphere of bean, corn, and
clover, which possessed the ACC deaminase capacity.
Mayak and others (2004a, 2004b) reported that A. pie-
chaudii ARVS8 contains ACC deaminase activity and thus
should be able to lower ethylene production in inoculated
host plants.

Modulation of other major plant hormones could
improve crop salt tolerance by reducing the toxic effects of
salinity (Bianco and Defez 2009). When plants are sub-
jected to environmental stress conditions such as those
listed above, the balance between the production of ROSs
and the quenching activity of the antioxidants is upset,
often resulting in oxidative damage (Jubani-Mari and oth-
ers 2010; Miller and others 2010). Plants with high levels
of antioxidants, either constitutive or induced, have been
reported to have greater resistance to this oxidative damage
(Ahmad and others 2008; Kohler and others 2008). The
activities of the antioxidative enzymes such as CAT, APX,
guaiacol peroxidase (POX), GR, and SOD increase under
salt stress in plants, and a correlation between these
enzyme levels and salt tolerance has been described (Apel
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and Hirt 2004). It has been found that Medicago plants
infected with TAA-overproducing PGPB strains showed
high antioxidant enzyme activity which contributed to
enhance plant protection against salt stress (Bianco and
Defez 2009). Drought, salt, and temperature stress induce
metabolic rearrangements and regulatory networks, which
can delay plant growth and development, reduce produc-
tivity, and in extreme cases cause plant death (Krasensky
and Jonak 2012). This can be alleviated by use of endo-
phytic PGPB which moreover provide abiotic stress toler-
ance (Choudhary 2012).

The EPS production of PGPB was found to be higher
under stress conditions, indicating that EPS production in
bacteria occurs as a response to the stress (Roberson and
Firestone 1992). Probably EPS can provide a microenvi-
ronment that holds water and dries more slowly than the
surrounding microenvironment, thus protecting bacteria
from drying and fluctuations in water potential (Hepper
1975; Wilkinson 1958). Production of EPS by bacteria
improved RAS permeability by increasing soil aggregation
and maintaining higher water potential around the roots; in
this way, there was an increase in the uptake of nutrients by
plant, with an increase in plant growth; in addition, the
bacteria protected the seedlings from drought stress
(Sandhya and others 2009; Alami and others 2000; Bezzate
and others 2000). Higher EPS content and better aggrega-
tion of RAS could help the plants to take up a higher
volume of water and nutrients from rhizosphere soil (Miller
and Wood 1996), resulting in better growth of plants, and
also, this was useful to counteract the negative effects of
drought stress (Munns 2002). ABA accumulation is one of
the most important responses of a plant to water stress. It
plays a key role in plant water maintenance under stress
conditions by inducing stomatal closure (Leung and
Giraudat 1998). It has been reported that NO serves as a
signaling component for ABA accumulation in plants
(Garcia-Mata and Lamattina 2001, 2002). A consortium
culture applied with SNP (0.1 mM) decreased a high
amount of LWL under drought conditions. This reduced
LWL correlated with smaller stomatal aperture. Smaller
size was found in SNP-treated plants, approx. 2.8 pum.
These results suggest that NO plays an important role in
leaf water maintenance under osmotic stress. Similar
results were reported in a previous study (Garcia-Mata and
Lammattina 2001).

There are many reports that rhizobacteria containing
ACC deaminase can decrease salinity-induced shoot
growth inhibition (Mayak and others 2004b). Although the
simplest interpretation of these data is that rhizobacterial
reduction of root ACC concentrations (Penrose and Glick
2001) diminished long-distance ACC signaling (Belimov
and others 2009) and hence foliar ethylene evolution (Else
and Jackson 1998), alternative explanations should also be
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considered. Rhizobacterial inoculation with Achromobac-
ter piechaudii AVRS had no effect on leaf relative water
content of tomato seedlings grown with 207 mM NacCl, and
actually decreased the relative water content of plants
growth with 120 Mm NaCl (Mayak and others 2004b).
Such evidence that foliar water relations are not responsi-
ble for the improved growth of inoculated plants is not
surprising in view of evidence that preventing a salinity-
induced decrease in foliar turgor (via root pressurization)
has no long-term (days to weeks) influence on plant growth
(Munns and others 2000). However, Achromobacter pie-
chaudii increased foliar K and P concentrations by 24, and
62 %, respectively, while decreasing Ca® and Mg™? con-
centrations by 21 and 14 %, respectively (averaged over
two salt concentrations). Interestingly, although rhizobac-
terial inoculation decreased foliar Na concentrations (by
24 %) when plants were grown with 120 mM NacCl, there
was no significant effect at a higher salt concentration
(207 mM). Although further work is required to substan-
tiate whether these nutritional changes are a universal
response to the presence of ACC deaminase-containing
bacteria in the rhizosphere, changes in tissue nutrient ratios
may also be physiologically important in regulating growth
under salinity (Rodriguez-Rosales and others 2008).

In plants, ROS are continuously produced as byprod-
ucts of various metabolic pathways localized in different
cellular compartments. A common feature of these spe-
cies is their capacity to cause oxidative damage to pro-
teins, DNA, and lipids. Under physiological steady-state
conditions, these molecules are scavenged by different
antioxidative defense components that are often confined
to particular compartments (Apel and Hirt 2004). Under
normal growth conditions, the production of ROS in cells
is low, whereas during stress, their rate of production is
enhanced. ROS accumulation during stress results from
the imbalance between production and scavenging of
ROS. Major ROS-scavenging mechanisms of plants
include SOD, APX, and CAT enzymes. Antioxidants such
as ascorbic acid and glutathione, which are found in high
concentrations in chloroplasts and other cellular com-
partments, are also crucial for plant defense against
oxidative stress (Miller and others 2010). For the detox-
ification of excess ROS in plants, the overall balance
between different antioxidants is crucial for determining
the steady-state level of superoxide radicals and hydrogen
peroxide, and has to be tightly controlled (Mittler 2002).
Bacillus amyloliquefaciens UCMBS113 and Azospirillum
brasilense NO40 showed higher heat tolerance in young
seedlings of wheat. The enhancement of heat tolerance by
bacteria seems to be associated with reduced generation
of reactive oxygen species (and consequently less cell dam-
age), small changes in the metabolome and preactivation of

certain heat shock transcription factors (Abd El-Daim and
others 2014).

Induction of antioxidant enzymes (catalase and total
peroxidase) is involved in the alleviation of salinity stress
in lettuce plants inoculated with PGPB strains (Kohler and
others 2010). Under non-saline conditions, inoculation with
Pseudomonas mendocina and fertilization led to similar
increases in plant growth (about 30 % greater than the
control plants). Salinity decreased the dry weight of the
shoots and roots for all lettuce plants. However, the plants
inoculated with P. mendocina had significantly greater
shoot biomass than the control plants at both medium and
high salinity levels. Salt-stressed Mf-RD64 plants showed
much less oxidative damage (reduced chlorosis, necrosis,
and drying) compared with salt-stressed Mr-1021 plants.
These effects were connected to the enhanced activity of
the antioxidant enzymes SOD, APX, GR, and POX (Bianco
and Defez 2009).

Several studies correlated accumulation of nitrogen-
containing compounds (NCC) with drought and salt tol-
erance in plants (Parida and Das 2005). The most fre-
quently accumulating NCC include amino acids, amides,
imino acids, proteins, quaternary ammonium compounds,
and polyamines. Very high accumulation of cellular pro-
line (up to 80 % of the amino acids pool under stress and
5 % under normal conditions) due to increased synthesis
and decreased degradation under a variety of stress con-
ditions such as salt and drought has been documented in
many plant species (Szabados and Savoure 2009). Several
comprehensive studies using transgenic plants or mutants
demonstrate that proline metabolism has a complex effect
on development and stress responses. Proline has been
proposed to act as a compatible osmolyte and to be a way
to store carbon and nitrogen. Saline and drought are known
to induce oxidative stress. Several studies showed that
proline may have an antioxidant activity acting as a ROS
scavenger. Proline may also function as a molecular
chaperone able to stabilize the structures of proteins and
enhance the activity of different enzymes, and its accu-
mulation plays a role in maintenance of cytosolic pH and
regulation of intracellular redox potential (Hare and Cress
1997; Kavi Kishor and others 2005; Verbruggen and
Hermans 2008). Under abiotic stress conditions, increased
proline biosynthesis was observed for various plant species
inoculated with different PGPB (Barka and others 2006;
Jha and others 2010; Kohler and others 2009; Sandhya and
others 2010; Vardharajula and others 2011). The synthesis
of proline as well as other compatible solutes requires an
energy cost (41 mol of ATP) and occurs at the expense of
plant growth, but may allow the plant to survive and
recover from the presence of high external salt concen-
trations (Munns and Tester 2008).
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A key factor limiting plant growth is excessive Na™, a
harmful mineral element not required by most plants. High
Na™ tissue content is often considered as the most critical
factor responsible for salt toxicity. A possible survival
strategy of plants under saline conditions was to sequester
absorbed Na* in roots. Although toxic ions such as Na™
and Cl™ can benefit plant adaptation to salinity by con-
tributing to vacuolar osmotic adjustment, it is generally
accepted that salt tolerance in glycophyte species is mostly
related to the exclusion of these ions from the leaves
thereby avoiding or delaying toxic effects (Munns and
Tester 2008). Hence, any contribution of the soil biota
toward maintaining the homeostasis of toxic ions must
benefit plant growth under salinity. Microbes can alter root
uptake of toxic ions and nutrients by altering host physi-
ology (by regulating ion transporter expression and/or
activity) and modifying physical barriers around the roots
(more extensive rhizosheaths formed by bacterial
exopolysaccharides), or by directly reducing foliar accu-
mulation of toxic ions (Na®, Cl7) while improving the
nutritional status of both macro- (N, P, and K) and
micronutrients (Zn, Fe, Cu, and Mn), mostly via unknown
mechanisms. Nutrients may also become more accessible
to the plant due to microbial-induced changes in rhizo-
sphere pH (organic acid excretion) and/or chelation with
organic molecules (siderophores) exuded by microbes.
Particular importance has been attached to microbial
enhancement of in planta K*/Na™ ratios (Giri and others
2007; Sharifi and others 2007) in beneficial plant/microbe
interactions.

In the case of PGPB, decreased plant Na* accumulation
could be explained by the excretion of bacterial
exopolysaccharides, which bind cations (especially Na™) in
roots, thus preventing their transfer to leaves and helping
alleviate salt stress in plants (Ashraf and others 2004). The
authors suggested that a higher proportion of the root zone
of inoculated seedlings was covered in soil sheaths, which
reduced apoplastic flow of sodium ions into the stele.
Furthermore, ACC deaminase-containing PGPB increased
plant N, P, and K uptake, resulting in higher K™:Na™ ratios
in salinized maize plants and increased P, K*, and Ca®"
uptake at the expense of Mg?" and Na™ uptake in salinized
tomatoes (Mayak and others 2004b). Although these
studies suggest that PGPB can mediate plant ionic relations
by alterations of the radix processes, exposing Arabidopsis
plants to bacterial volatile organic compounds from
Bacillus subtilis decreased root transcriptional expression
of a high-affinity K™ transporter (AtHKTI) but upregulated
it in the shoots, not only decreasing root Na™ import but
facilitating Na™ exclusion from the shoot by retrieving Na™
from the xylem and facilitating root-to-root Na* recircu-
lation (Zhang and others 2008). As AtHKT] differentially
adjusts Na* and K* levels depending on the plant tissue,
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the induction of this transporter may explain the reduced
Na® accumulation in the plants and the improved salt
tolerance, as supported by the typical salt stress phenotype
and inhibited growth observed when exposing an AtHKT]
mutant to bacterial volatile organic compounds (Zhang and
others 2008).

However, the beneficial effect of PGPB under salinity
has been also related to the alleviation of osmotic stress by
maintaining higher stomatal conductance and photosyn-
thetic activities (del Amor and Cuadra-Crespo 2012). In
turn, this could lower accumulation of toxic ions (N a™ and
Cl7) and improve the leaf K*:Na™' ratio, thus delaying
toxic effects through both growth and/or energetic main-
tenance of ion-exclusion mechanisms (Pérez-Alfocea and
others 2010). Bacteria-triggered induced systemic toler-
ance fortifies plant cell wall strength and alters host
physiology and metabolic responses, leading to an
enhanced synthesis of plant defense chemicals upon chal-
lenge by pathogens and/or abiotic stress factors (Broetto
and others 2005).

Bacterial-Elicited Induced Systemic Resistance

PGPB-mediated resistance in plants completely overcomes
the effect of a pathogen and/or related damaging factors
(Agrios 1988; Vaan loon 1997). Plants possess a powerful
immune system as a protective guard against microbial
pathogens and parasites, which is coordinated by a com-
plex signaling network. According to the types of mole-
cules recognized by plants as indicators of a pathogen
attack, they have two types of immune systems, termed
PAMP-triggered immunity (PTI) and effector-triggered
immunity (ETI) (Vleesschauwer and HoFte 2009; Eulgem
and Somssich 2007; Jones and Dangl 2006). A schematic
presentation of plant immune systems is shown in Fig. 3.
PTI is triggered by recognition of pathogen- or microbe-
associated molecular patterns (PAMPs/MAMPs). PAMPs/
MAMPs are referred to as small molecular motifs con-
served within a class of microbes, hence characteristic of
microbes, and recognized by pattern recognition receptors
(PRRs) which are localized in the plant cell membrane,
leading to activation of a basal level of resistance
(Vleesschauwer and HoFte 2009; Chisholm and others
2006). But some microbial pathogens have the ability to
escape PTI through secretion of effector molecules
(Vleesschauwer and HoOFte 2009; Gohre and Robatzek
2008). For these type of pathogens, plants adapted them-
selves to produce cognate R (resistance) proteins which are
typically localized inside the plant cell that recognize,
either directly or indirectly, these pathogen-specific effec-
tor proteins, resulting in a superimposed layer of defense
variably termed ETI, gene-for-gene resistance, or R gene-
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Fig. 3 Role of PTI and ETI in
induced resistance. PTI PAMP-
triggered immunity, ET7
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dependent resistance (Vleesschauwer and HoFte 2009;
Jones and Dangl 2006). After recognition of effector
molecules, a limited number of host cells culminate in
programmed cell death restricting further growth or spread
of the infection. This hypersensitive response (HR) is
thought to benefit the plant by restricting pathogen access
to water and nutrients and is correlated with an integrated
set of physiological and metabolic alterations that are
instrumental in impeding further pathogen ingress, among
which exists a burst of oxidative metabolism leading to the
massive generation of ROS (Vleesschauwer and HoFte
2009; Glazebrook 2005). Despite having such a strong
immune system, sometimes plants are affected by infec-
tious microbes. These microbes have the capability to
escape the plant’s immune system and that is how they can
infect plants and lead to reduced quality and quantity of the
product. For this type of microbe, plants require an
enhanced level of resistance and this resistance is provided
by PGPB (Choudhary and Johri 2009).

An enhanced defensive capacity in plants developed
when appropriately stimulated by specific environmental
stimuli whereby plants can resist biotic stress. There are
mainly two forms of induced resistance, SAR (systemic
acquired resistance) and ISR (induced systemic resistance)
wherein plant defenses are preconditioned by biotic stimuli
through prior infection and/or treatment that results in
resistance upon challenge. Induction and expression of
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genes involved in SAR and ISR are dependent on the
nature of the elicitor and the regulatory pathways involved.
These pathways are activated by a specific signaling
molecule or elicitor which activates different intermediate
molecules in a cascading manner and forms a network of
interconnected signaling pathways which regulate induced
defense in plants against pathogens (Jain and others 2013;
Choudhary and others 2007). Induction of SAR involves
exposing the plant to various types of biotic stimuli
wherein a specific time period is required for the estab-
lishment of SAR which depends on the type of plant and
elicitors. Accumulation of pathogenesis-related (PR) pro-
teins and salicylic acid (SA) is induced in SAR, whereas
ISR is triggered by PGPB and does not involve accumu-
lation of PR proteins and/or SA and it relies on pathways
regulated by jasmonates (JA) and ethylene (ET) (Choud-
hary and others 2007; Pieterse and others 2001; Yan and
others 2002). Moreover, PGPBs elicit a range of defense-
responsive activities in plants including activation of
antioxidant status by reprogramming defense-related
enzymes, modulation of quorum sensing phenomenon, and
activation of the phenylpropanoid pathway leading to
phenolic production, lignin deposition, and transgenera-
tional defense response to combat the pathogen challenge
(Mishra and others 2015).

Studies on plant microbe interactions showed PGPB-
elicited ISR against various pathogens to reduce
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susceptibility to respective concerned diseases, for exam-
ple, carnation (Dianthus caryophyllus) with reduced sus-
ceptibility to wilt caused by pathogenic fungus Fusarium
sp. and cucumber (Cucumis sativus) with reduced suscep-
tibility to the foliar disease caused by Colletotrichum
orbiculare, respectively (Compant and others 2005). A
huge diversity of PGPB have been obtained that induce
resistance against different pathogens, diseases, and insects
(Table 2). ISR and SAR both induce resistance in plants by
activating different sets of genes, products of which make
plants resistant against any further pathogen attack. Ara-
bidopsis, a model of the plant world, has been widely used
for plant—microbe interactions. Expressions of a specific set
of pathogen-inducible defense-related genes have been
reported in Arabidopsis after induction of the SA, JA, and
ET pathways. As previously described, whenever plants get
affected by any pathogen, accumulation of SA takes place
in the infected region and formation of a phloem-mobile
signal is also induced. Subsequently, in the distal part of
the plant, the SA concentration increases and volatile
methyl salicylate (MeSA) is released. The accumulation of
SA in SAR has been proven by using the Arabidopsis SA-
nonaccumulating mutant plant NahG which expresses the
bacterial salicylate hydroxylase (nahG) gene responsible
for conversion of SA into catechol and therefore is unable
to express SAR (Pieterse and others 1998). SA is the pri-
mary molecule for SAR which activates further signaling
cascades to activate the genes responsible for resistance
against a pathogen, called a pathogenesis-related (PR) gene
which encodes different PR proteins of families PR-2, PR-
5, and PR-1. All of these PRs in plants have some
antimicrobial properties primarily against fungal pathogens
(vanWees, Luijendijk, Smoorenburg, van Loon and Pie-
terse 1999; Uknes and others 1992; Kombrink and Soms-
sich 1997). NPR-1 protein encoded by npr-1 gene allowed
SAR establishment as it activates PRs genes after getting a
signal from SA accumulation (Pieterse and others 1998).
Therefore, the sequence of the signaling event in SAR is in
such a way that after recognition of a pathogen, SA
accumulation takes place which activates the npr-1 gene
followed by activation of PRs genes. It has been proven
that the volatile MeSA is released as a long-distance
mobile signal for SAR wherein MeSA itself appears to be
biologically inactive, but in the systemic tissue, MeSA is
hydrolyzed to SA by the MeSA-esterase activity of SA-
binding protein-2 (Park and others 2007; Vlot and others
2008a, b; Heil and Ton 2008; Vleesschauwer and HoOFte
2009).

On the other hand, ISR has a more diverse and complex
route to establish a higher degree of prior resistance
without any infection. In place of the PRs gene, defense-
related gene activation takes place in ISR by employing
JA- and ET-mediated signaling. In JA signaling defense-
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related protein thionin is expressed after induction of JA
(Epple and others 1995; Wasternack and Parthier 1997;
Pieterse and others 1998), including that of proteinase
inhibitors, whereas pathogen-inducible genes are induced
in ET signaling (Saskia and others 1999). Unlike SAR, ISR
is elicited by nonpathogenic rhizobacteria or PGPB and
there is no need for initial infection as required in SAR.
After elicitation from PGPB, transient synthesis of JA and
ET takes place and formation of a phloem-mobile signal
moves these signals toward the distal part of the plant, and
after challenge inoculation, JA and ET response activates
npr-1 gene expression, which encodes the NPR-1 protein
followed by activation of defense-related genes. NPR-1
protein is known as a master regulator of both defense
pathways, as upon receiving the signal it activates
expression of either the PR gene or defense-related gene
for the establishment of SAR and ISR, respectively. Like
MeSA, methyl jasmonate (MeJA) also works as a volatile
signal for the distal part of the plant. Expression of dif-
ferent defense-related genes depends on the fact that NPR -
1 is getting a signal from JA or ET or from both in concert.
vanWees, Luijendijk, Smoorenburg, van Loon, and Pie-
terse (1999) have elaborately described different defense-
related gene activations by JA and ET. Expression of the
pathogen-inducible genes, Hel (encoding a hevein-like
protein), ChiB (encoding a basic chitinase), and PdfI.2
(encoding a plant defensin) and proteins encoded by all of
these three genes showed antifungal activity through ET
signaling (Samac and others 1990; Potter and others 1993;
Penninckx and others 1996). Likewise, the activation of the
Hel, ChiB, and Pdfl.2 genes was also mediated by JA
signaling (Penninckx and others 1996; Thomma and others
1998). For the expression of plant defense proteins
exhibiting antagonistic and proteinase inhibitory activities,
ET- and JA-mediated signalings are required in a cohort
manner (Penninckx and others 1998). The Pall gene that
encodes phenylalanine ammonia-lyase (PAL) played an
important regulatory role in the synthesis of lignin and SA
in Arabidopsis, and was also found to be induced by JA
(Mauch-Mani and Slusarenko 1996; McConn and others
1997). Besides, JA is also involved in plant protection from
insects and herbivory, for example, tomato produced JA-
induced expression of the Pin gene which encoded for the
proteinase inhibitor proteins (Farmer and Ryan 1992) and
protects the plant against herbivory (Heitz and others
1999). Expression of the Atvsp gene (encoding vegetative
storage protein) is also induced by JA signaling in Ara-
bidopsis. Vegetative storage protein (VSP) possesses acid
phosphates activity and by using this activity it retards
development of insects and increases the mortality rate. In
this way, by activation of such a wide range of different
defense-related genes, PGPB-elicited ISR helps protect
plants against a broad range of pathogens, insects, and



J Plant Growth Regul (2016) 35:276-300

Table 2 PGPB-mediated biocontrol of different plant diseases, pathogens, and insects

Disease/pathogen/insect

References

PGPBs Crops
Carnobacterium Spp.SJ-5 Soybean
Burkholderia tropica Maize

Bacillus amyloliquefaciens

Enterobacter sp

Azospirillum brasilense

Bell pepper

Chickpea

Prunus cerasifera L.

Fusarium oxysporum

Colletotrichum

Gloeosporioides, Fusarium
culmorum, Fusarium oxysporum

and Sclerotium rolfsii
Myzus persicae
(Sulzer)
Fusarium avenaceum

Rhizosphere fungi

Paenibacillus polymyxa E681 Sesame Fungal disease
Bacillus cereus MJ-1 Red pepper Myzus persicae
Bacillus subtilis and Bacillus Arabidopsis Erwinia carotovora
Amyloliquefaciens

Bacillus licheniformis Pepper Myzus persicae
Streptomyces marcescens Tobacco Blue mold

90-116

Bacillus pumilus SE 34 Tobacco Blue mold
Pseudomonas sp Groundnut Rhizoctonia bataticola
Bacillus sp. Cucumber Cotton aphids
Bacillus subtilis G803 Pepper Myzus persicae
Pseudomonas aeruginosa Mung bean Root rot

Bacillus amyloliquefaciens Tomato Tomato mottle virus
Pseudomonas fluorescens Tobacco Tobacco necrosis virus

Jain and Choudhary (2014)
Tenorio-Salgado and others (2013)

Herman and others (2008)

Hynes and others (2008)
Russo and others (2008)
Ryu and others (2006)
Joo and others (2005)
Ryu and others (2004)

Lucas and others (2004)
Zhang and others (2002)

Zhang and others (2002)
Gupta and others (2002)
Stout and others (2002)

Kokalis-Burelle and others (2002)

Siddiqui and others (2001)
Murphy and others (2000)
Park and Kloepper (2000)

herbivores (Berger and others 1995). There are a number of
bioactive natural chemicals known as allelochemicals
produced during plant—microbe and microbe—microbe
interactions. Allelochemicals are a subset of metabolites,
which are not required for growth, development, and
reproduction of the organism. Some PGPB are also for
production of different allelochemicals such as side-
rophore, antibiotics, volatiles, and so on, which can be used
as a weapon against plant pathogens and thereby PGPB
protect plants from diseases. Allelochemicals may work in
a competitive manner such as siderophores for the acqui-
sition of iron or may directly cause damage by inhibiting
the gene machinery of the target pathogen such as antibi-
otics and volatiles (Choudhary and others 2007).

Siderophore

The transition metal iron is one of the most important and
essential micronutrients for the animal and plant worlds, as
it is crucial for some life-holding processes such as respi-
ration, photosynthesis, N,-fixation, and so on. Despite
being the fourth most frequent element on earth, it is not
readily available in many environments because of the very
low solubility of the Fe** ion. In such iron-limiting envi-
ronments, it is difficult for plants and microbes to survive

and be productive. For the survival of self and the host
plant in such environments, PGPB secrete iron-binding
ligands called “siderophores,” which form complexes with
Fe’" ion and make it available to the host organism (Gupta
and Gopal 2008). Siderophores are low molecular weight
organic compounds with a very high and specific affinity to
chelate iron (Boukhalfa and Crumbliss 2002). Although a
wide range of siderophores are produced by different plant
growth promoting microorganism’ pseudobactines, also
known as pyoverdin or fluorescein, are the most important
that exhibit a distinctive phenotypic trait of the rRNA
homology group I species of the genus Pseudomonas
(Visca and others 2007). Siderophores produced by dif-
ferent PGPB decrease the growth of pathogenic fungi in the
vicinity by sequestering Fe’™ ions and showed heterolo-
gous siderophores produced by co-inhabitants (Compant
and others 2005; Loper and Henkels 1999; Whipps 2001).
Although fungi also produce siderophores, they have lower
affinity for ferric ions (Compant and others 2005; Loper
and Henkels 1999; O’Sullivan and O’Gara 1992.). In
addition to protection by siderophores via ferric iron
between biocontrol bacteria and plant deleterious
microorganisms, it also triggers an immune response in
plants (Hofte and Bakker 2007). A lot of research has been
done on pseudobactines in the past decade demonstrating
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their role in triggering resistance in plants. For instance,
pseudobactines produced by Pseudomonas putida WCS358
were reported to suppress Ralstonia solanacearum in Eu-
calyptus urophylla (Ran and others 2005), Erwinia caro-
tovora in tobacco (Van Loon and others 2008), and Botrytis
cinerea in tomato (Meziane and others 2005). Pseu-
dobactines are also effective against viral pathogens, such
as pseudobactines produced by Pseudomonas fluorescens
WCS374r make Arabidopsis plants resist against turnip
crinkle virus (TCV) (Djavaheri 2007), whereas Pseu-
domonas fluorescens CHAO produced by pseudobactines
protect Tobacco plant from Tobacco necrosis virus(TNV)
(Maurhofer and others 1994). Recently, Arora and others
(2001) have isolated two strains of PGPB Rhizobium
meliloti, RMP3 and RMPs, from Mucuna pruriens which
produce siderophores and showed strong antagonism
against the pathogen Macrophomina phaseolina.

Antibiotics

Discovery of the characteristic of PGPB to produce
antibiotics has significantly increased our knowledge about
biocontrol of diseases. Fluorescent pseudomonads produce
a wide range of antibiotics that include 2, 4-di-
acetylphloroglucinol (DAPG), pyoluteorin (PLT), pyrrol-
nitrin (PRN), phenazine-1-carboxylic acid (PCA), 2-
hydroxy phenazines, and phenazine-1-carboxamide (PCN)
which have different structural configurations. Beside
Pseudomonas, a wide range of bacteria produce different
types of antibiotics which target different pathogens and
protect plant from respective diseases (Fernando and oth-
ers 2005; Raaijmakers and Weller 1998).

Among the aforesaid antibiotics, DAPG is most fre-
quently reported in PGPB-mediated disease control and is
produced by Pseudomonas fluorescens CHAOQ that induce
resistance against oomycete Hyaloperonospora arabidop-
sidis (Iavicoli and others 2003) and the root knot nematode
Meloidogyne javanica (Siddiqui and Shaukat 2003).
DAPG-mediated ISR was shown by Pseudomonas
chlororaphis Q2-87 in Arabidopsis against the leaf patho-
gen Pseudomonas syringae pv. tomato (Vleesschauwer and
Ho6Fte 2009). Several bacterial strains have the ability to
produce a huge array of antibiotics and help suppress
diverse microbial competitors, for example, Bacilluscereus
strain UW85 produced zwittermycin (Pal and Gardener
2006; Silo-Suh and others 1994) and kanosamine (Milner
and others 1996). By studying a set of Arabidopsis mutants
and transgenic lines implicated in defense-signaling path-
ways, it was found that DAPG-induced resistance follows a
different signaling route in comparison to ISR. This path-
way does not depend on the master regulator NPR-1 or
functional JAR1 protein but is regulated by the eir/
(ethylene-insensitive root-1) gene, which is ET insensitive
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in the roots only (Vleesschauwer and HoFte 2009; Roman
and others 1995). The absence of ISR expression after
exogenous exposure of DAPG on the eirl mutant sug-
gested that an intact ET signaling pathway is required for
the establishment of DAPG-inducible resistance (Vleess-
chauwer and HoFte 2009; Iavicoli and others 2003). PCA,
a green-pigmented heterocyclic nitrogenous compound,
produced extracellularly by several PGPB with antagonis-
tic activity coupled with the accumulation of toxic super-
oxide radicals in the target cells (Hassett and others 1992,
1993; Chin-A-Woeng and others 1998; Fernando and
others 2005). PCA produced by Pseudomonas fluorescens
2-79 and Pseudomonas aureofaciens 30-84 exhibited
antagonism against Gaeumannomyces graminis var. tritici
(Thomashow and others 1990). Stem rot disease of canola
caused by Sclerotinia was suppressed by activity of the
Pseudomonas chlororaphis strain PA-23 (Zhang and Fer-
nando 2004). Hu and others (2005) have isolated Strain
M-18 from the rhizosphere soil of sweet melon, using
1-aminocyclopropane-1-carboxylate (ACC) as a sole
nitrogen source and it was found that this strain is capable
of production of PCA and pyoluteorin antibiotics.

Volatiles

n context to plant defense, PGPB production of volatile
organic compounds (VOCs) eliciting plant growth pro-
motion and inducing systemic resistance provides a new
insight in PGPB—plant interactions. Several different types
of VOCs produced by bacteria have been reported, which
play a crucial role in plant defense. Some of the most
common VOCs include dodecane, 2-undecanone, 2-tride-
canone, 2-tridecanol, tetramethyl pyrazine 2, 3- butanediol,
and 3-hydroxy-2-butanone (acetoin). Among these, 2, 3-
butanediol and 3-hydroxy-2-butanone are the most impor-
tant and recent research on bacterial-produced VOCs
confirmed their role in elicitation of ISR (Ryu and others
2003). Two bacterial strains namely, Bacillus subtilis
GBO3 and Bacillus amyloliquefaciens IN937a, were found
to consistently release 2,3-butanediol and 3-hydroxy-2-
butanone, and A. thaliana plants treated with these strains
have shown significant resistance against the challenge
inoculation of Erwinia carotovora subsp. Carotovora
SCCI1. The priming activity of such VOCs to induce
resistance against diseases was reported with a genetically
modified Bacillus strain which is unable to produce VOCs
(Ryu and others 2003). Besides Bacillus, several strains of
Pseudomonas fluorescens were also reported for the pro-
duction of VOCs and were shown to be more effective in
controlling root and seedling diseases (Duffy and Défago
1997; Schnider and others 1995; Cronin and others 1995;
Raaijmakers and Weller 2001; Raaijmakers and others



J Plant Growth Regul (2016) 35:276-300

291

1997, 1999; Raaijmakers and Weller 1998; Landa and
others 2002).

Studies on mechanisms of induced systemic resistance
(ISR) are suggested to be valuable in extension of micro-
bial-elicited ISR to practical agriculture. Choudhary and
others (2007, 2008) elaborately described induced resis-
tance and its mechanism of action in plants. Plants have the
ability to acquire an enhanced level of resistance to
pathogens after exposure to biotic stimuli provided by
many different PGPB. These in association with plant roots
elicit a steady state of defense or ISR in plants. This is
often referred to as rhizobacteria-mediated ISR. PGPB-
elicited ISR was initially observed in carnation, common
bean, and in cucumber with reduced susceptibility to
Fusarium wilt, halo blight, and Colletotrichum orbiculare,
respectively. Several PGPB that colonize root systems with
seed applications protect plants against foliar diseases,
which include Pseudomonas fluorescens, P. putida, Bacil-
lus pumilus, and Serratia marcescens. Induced resistance is
a physiological “state of enhanced defensive capacity”
elicited by specific environmental stimuli, whereby the
plant’s innate defenses are potentiated against subsequent
biotic challenges. This enhanced state of resistance is
effective against a broad range of pathogens and parasites
(van Loon 2000).

PGPB can suppress diseases through antagonism
between bacteria and soil-borne pathogens, as well as by
inducing a systemic resistance in the plant against both root
and foliar pathogens. The induced resistance constitutes an
increase in the level of basal resistance to several patho-
gens simultaneously, which is of benefit under natural
conditions in which multiple pathogens exist (Van Loon
and Glick 2004). Plants possess a range of active defense
apparatuses that can be actively expressed in response to
biotic stresses (pathogens and parasites) of various scales
(ranging from microscopic viruses to phytophagous insect).
The timing of this defense response is critical and reflects
the difference between coping and succumbing to such
biotic challenged of necrotizing pathogens/parasites
(Choudhary and others 2007). Pathogenic microorganisms
affecting plant health are major and chronic threats to food
production and ecosystem stability worldwide. Despite
inconsistency in field performance, biological control is
considered an alternative or supplemental means of
reducing root diseases in agro-ecosystems (Sharma and
Johri 2003). The widely recognized mechanism of bio-
control mediated by PGPB is competition for an ecological
niche/substrate, production of inhibitory allelochemicals,
and ISR in host plants to a broad spectrum of pathogens.
Earlier attempts to commercialize products containing
fluorescent pseudomonad strains of PGPB generally failed
due to lack of long-term viability of these asporogenous

bacteria. Although commercialization of PGPB is mainly
proceeding with Bacillus spp. rather than pseudomonads,
the preponderance of research on PGPB as elicitors of
growth promotion or ISR employs PGPB strains that are
fluorescent pseudomonads. Compared to plant growth-
promoting Pseudomonas rhizobacteria, relatively little is
known about the lifestyle of plant-associated Bacillus spp.,
which was originally considered as typical soil bacteria,
despite their well-established advantages for beneficial
action on plant growth and biocontrol (Kloepper and others
2004).

In the literature on elicitation of ISR by pseudomonads,
the most often investigated component of mechanisms
accounting for ISR is the study of signaling pathways in the
plant Arabidopsis thaliana (Van Loon and Glick 2004).
Fewer published accounts of ISR by Bacillus spp. are
available which showed that specific strains of the species
B. amyloliquefaciens, B. subtilis,B. pasteurii, B. cereus, B.
pumilus, B. mycoides, and B. sphaericus elicit significant
reductions in the incidence or severity of various diseases
on a diversity of hosts. One aspect of mechanisms is to
determine which compounds associated with plant defense
against pathogens are produced during PGPB-elicited ISR.
Elicitation of ISR in sugar beet was associated with
enhanced peroxidase activity and increased production of
one chitinase isozyme and two isozymes of B-1,3-glu-
canase that was produced by the B. mycoides strain Bac J,
and B. pumilus strains 203-6 and 203-7 (Bargabus and
others 2004), respectively. In the tobacco blue mold sys-
tem, Zhang and others (2002) reported that plants treated
with B. pumilus strain SE34 had greatly increased levels of
salicylic acid, compared with that of nontreated plants or
plants treated with two gram-negative bacteria, 1 day after
challenge inoculation with the pathogen. In the tomato late
blight system reported by Yan and others (2002), elicitation
of ISR by B. pumilus SE34 on tomato lines with various
mutations in signaling pathways was tested. ISR was eli-
cited on nahG lines, which breakdown endogenous sali-
cylic acid, but not in the ethylene-insensitive NR/NR line
or in the jasmonic acid insensitive dfl/dfl line. These
results are consistent with studies on several strains of
Pseudomonas spp. that elicit ISR in Arabidopsis thaliana
(Van Loon and Glick 2004) where ISR is typically inde-
pendent of salicylic acid and does not result in activation of
the PR1a gene that encodes production of the pathogenesis-
related (PR) protein PR1a. Similar results were reported by
Zhang and others (2002). In the tobacco blue mold system,
SE34 as well as two strains of gram-negative bacteria eli-
cited ISR on both wild-type and nahG transgenic tobacco
lines evidenced by significant reductions in the severity of
blue mold on bacterized plants compared with that on
nonbacterized plants. The conclusion that SE34 elicits ISR
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via salicylic acid-independent pathways confirms the
model with ISR elicited by Pseudomonas spp. in A. thali-
ana (van Loon and Glick 2004).

Various results were found with B. pumilus strain T4
(Park and Kloepper 2000) that elicited ISR in tobacco
against wildfire, caused by Pseudomonas syringae pv.
tabaci. In this system, a bacterized transgenic line of
tobacco (Nicotiana tabacum cv. Xanthi-nc) with a GUS
reporter gene fused to the PR1a promoter had significantly
reduced severity of wildfire compared with nonbacterized
controls. Elicitation of ISR by strain T4 was associated
with a significant increase in GUS activity in microtiter-
plate and whole-plant bioassays. Hence, with strain T4,
elicitation of ISR results in activation of PR1a, which is
activated during the salicylic acid-dependent signaling
pathway (Van Loon and Glick 2004). In another study of
signaling pathways, Ryu and others (2003) found different
results with strain T4 in Arabidopsis spp. In this study, B.
pumilus T4 and SE34, B. amyloliquefaciens IN937a, and B.
subtilis GBO3 were evaluated for elicitation of ISR against
two different pathovars of Pseudomonas syringae (pvs.
tomato and maculicola). Strains T4 and SE34 elicited ISR
against both pathogens, whereas strains IN937a and GB03
did not elicit protection against either pathovar. When
tested on NahG plants, both T4 and SE34 elicited ISR
against Pseudomonas syringaepv. maculicola. However,
against Pseudomonas syringaepv. tomato, ISR was elicited
by T4 but not by SE34. Hence, although a salicylic acid-
independent pathway was dominant in the tests, a salicylic
acid-dependent pathway appeared to be activated during
ISR elicited by strain SE34 against one pathovar. Addi-
tional tests of T4 and SE34 on various mutant lines of
Arabidopsis spp. (Ryu and others 2003) revealed that in
agreement with results on signaling during ISR elicited by
Pseudomonas spp., ISR elicited by strain SE34 was
dependent on NPRI1, jasmonic acid, and ethylene, whereas
ISR elicited by strain T4 was dependent on ethylene. In
contrast to results on signaling during ISR elicited by
Pseudomonas spp., ISR elicited by strain T4 was inde-
pendent of NPR1 and jasmonic acid.

The observed increases in lipoxygenase (LOX) activity
in plant tissue expressing resistance in diverse pathosys-
tems have been reported (Croft and others 1990). The
activities of plant peroxidase (POD) and phenylammoni-
alyase (PAL) enzymes are known as stress indicators. POD
participates in the cell wall polysaccharides processes such
as oxidation of phenols, suberization, and lignification of
host plant cells during the defense reaction against patho-
genic agents (Ray and others 1998). The high peroxidase
activities detected in treatments are linked to lignification
and generation of hydrogen peroxides that inhibit patho-
gens directly or generate other free radicals with antimi-
crobial effects (Hammerschmidt 1999). The peroxidase

@ Springer

activity results reported in this study are in agreement with
those of Podile and Lakshmi (1998), who observed an
increase in POD activity in pea plants treated with B.
subtilis 7 days after inoculation with Fusarium udum. PAL
plays a key role in the phenylpropanoid pathway wherein
lignin is one of the major products. Deposition of lignin is
an inducible defense mechanism employed for protection
against pathogen invasion (Liang and others 1989). The
type of bacterized plant response induced after challenge
with a pathogen resulted in the formation of structural
barriers, such as thickened cell wall because of the depo-
sition of callose and the accumulation of phenolic com-
pounds at the site of pathogen attack (Benhamou and others
1998). PAL activity was higher in plants grown from
microbiolized seeds that were challenge inoculated with
charcoal rot pathogen. PAL activity is reflective of disease
proliferation and consequent stress. Studies with different
plant species showed that PAL activity increases with the
biotic and abiotic stresses including bacterial infection
(Hammerschmidt 1999; Yan and others 2002).

The role of volatiles of microbial origin as signal
molecules for plant defense has come to light recently. A
comparison has been drawn between herbivore-induced
plant volatiles (HIPVs) as an elicitor of plant defenses and
two other classes of signaling molecules, C6 green-leaf
volatiles (GLVs) and C4 bacterial volatiles which appear to
prime plant defenses, thereby enhancing the capacity to
mobilize cellular defense responses when plants are faced
with herbivore/pathogen attacks (Choudhary and others
2008). Volatile signals generated by certain nonpathogenic
bacteria have also been shown to trigger defense responses
in Arabidopsis (Ryu and others 2003). Ryu and others
(2004) examined the role of airborne bacterial metabolites
in triggering ISR by growing PGPB and Arabidopsis
seedlings on separate sides of divided Petri dishes. ISR was
activated by exposure of Arabidopsis seedlings to volatile
organic compounds (VOCs) from the Bacillus sp. on con-
tinuous exposure for as short as 4 days by a significant
reduction in symptomatic leaves inoculated with the soft
rot-causing pathogen Erwinia carotovora. VOCs collected
from growth-promoting bacteria B. subtilis GB03 and
B.amyloliquefaciens IN937a showed consistent difference
in the composition of volatile blends compared to VOCs
which were recovered from the non-growth-promoting
bacterial strain DHS5a. Strains GB03 and IN937a consis-
tently released two of the most abundant compounds, 2,
3-butanediol and 3-hydroxy-2-butanone (acetoin), whereas
these metabolites were not released from DH5a or water-
treated MS media (Ryu and others 2003). Several other
VOCs were also observed, including dodecane, 2-unde-
canone, 2-tridecanone, 2-tridecanol, and tetramethyl pyr-
azine from a complex bacterial bouquet that did not exhibit
ISR priming activity. Bacteria employ different mechanisms
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to produce VOCs; for example, in the Bacillus sp. strain
GBO03 and IN937a, 2,3-butanediol and acetoin were pro-
duced under low atmospheric O, partial pressure to provide
an alternative electron sink for the regeneration of NAD™
when usual respiration was not possible (Ryu and others
2004).

No disease protection was observed when Bacillus
strains were genetically blocked for the production of 2,
3-butanediol; this confirmed the priming activity of the
compound to induce resistance against disease. The
involvement of known signaling pathways in Arabidopsis
was screened by exposing defined mutants and transgenic
plant lines to bacterial emissions containing VOCs espe-
cially 2, 3-butanediol. ISR triggered by GB03 VOC was
independent of SA, NPR1, and the JA signaling pathway
but was more or less mediated by ethylene. Interestingly,
ISR activation by the strain IN937a was independent of all
the signaling pathways and this opens up the possibility of
involvement of additional VOCs which utilize alternative
pathways to trigger ISR. From a more general perspective,
the diversity within populations of antagonistic microor-
ganisms with a common biocontrol trait is a means to
improving biocontrol. This approach builds on existing
knowledge of mechanisms while exploiting genetic dif-
ferences that have evolved to enable microbial populations
to compete successfully in diverse soil and rhizosphere
environments. Understanding the diversity within popula-
tions of biocontrol agents holds the promise of pairing
specific genotypes with their most supportive plant hosts or
soil environments to maximize root colonization and dis-
ease suppression. In addition, agricultural management
practices as well as the “history” of cultivation in a crop
rotation cycle may be supportive or contra-productive for
the successful establishment of biocontrol active Bacilli in
a given crop. PGPBs also serve as biocontrol agents by the
biopriming method. Biopriming is a popular approach of
seed treatment which includes inoculation of seed with
beneficial microorganisms to protect the seed from various
seed- and soil-borne diseases. Seed priming is commonly
being used in many horticultural crops to facilitate uniform
seed germination and amplify growth. Therefore, PGPBs
are becoming a viable alternative for inorganic chemicals
(Bisen and others 2015).

Conclusion

Increased incidences of abiotic and biotic stresses impact-
ing productivity in principal crops are being witnessed all
over the world. Extreme events like prolonged droughts,
intense rains, and flooding, heat waves, and frost damage
are likely to further increase in the future due to climate
change. A wide range of adaptations and mitigation

strategies are required to cope with such impacts. The
development of stress tolerant crop varieties through
genetic engineering and plant breeding can help to over-
come stresses to some extent. However, because such
strategies are time-consuming and cost intensive, there is a
need to develop simple and low cost biological methods for
the management of stresses, which can be used on a short-
term basis. The above-discussed review indicates the role
of PGPB in plant protection against biotic stresses ranging
from microorganisms and parasites to nematodes and
insects, and in tolerance to biotic stresses by the production
of different osmoprotectants. Due to effective root colo-
nization and their interaction with plant and other microbial
populations, PGPB have great potential for improving root
growth, enhancing biomass yield, and increasing crop
yields. In addition to normal growth-promoting traits,
PGPB also protect the plant from certain biotic and abiotic
stresses by using some particular mechanisms; for exam-
ple, the presence of the ACC deaminase enzyme and the
production of EPS are one of the very important mecha-
nisms that play a key role for reducing the negative impact
of salinity and drought. PGPB enhance defense-related
enzymes, phenolic production, and elicit jasmonic and
ethylene pathways in plants to combat biotic stress.
Through these and other mechanisms, PGPB not only
promote plant biomass yield in normal conditions but also
create a favorable environment that is conducible for
microbes themselves as well as for plant growth in adverse
conditions.
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